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Ithough recent control measures

have significantly reduced malaria
cases and deaths in many endemic areas,
an effective vaccine will be essential to
eradicate this parasitic disease. Malaria
vaccine strategies developed to date focus
on different phases of the parasite’s com-
plex life cycle in the human host and
mosquito vector, and include both sub-
unit-based and whole-parasite vaccines.
This review focuses on the 3 live-attenu-
ated malaria vaccination strategies that
have been tested in humans to date, and
discusses their progress, challenges and
the immune correlates of protection that
have been identified.

Introduction

Malaria constitutes one of the most
severe public health problems worldwide,
killing 473,000- 789,000 of the 135-
287 million infected people in 2012."
Five species of Plasmodium parasites cause
malaria in humans, but most cases of
severe disease and deaths are caused by
P. falciparum, although P. vivax is widely
prevalent and causes severe disease and
relapses. The recent scale-up of control
measures such as drugs and insecticide-
treated bednets have significantly reduced
malaria morbidity and mortality, but a
vaccine that stops transmission of the par-
asite between the mosquito vector and the
human host is widely considered to be
essential for eradication.

The design of effective malaria vaccines
has been hindered by multiple hurdles,
including the fact that the parasite
expresses different sets of antigens as it
progresses from the sporozoites inoculated
in the skin through the liver and blood
stages, and its ability to undergo antigenic
In addition,

variation. individuals
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naturally exposed to malaria fail to
develop sterile protection, although the
severity of their symptoms diminishes
after repeated blood stage infections (at
least in areas of high transmission), and
this partial immunity wanes over time in
the absence of regular exposure.”

Several lines of evidence suggest that, in
spite of these challenges, the development
of malaria vaccines is feasible. Although nat-
urally acquired immunity does not protect
against re-infection, it does result in pro-
gressively better clinical outcomes. Also,
early experiments in the 1960s showed that
transfer of serum from individuals with nat-
urally acquired anti-malaria immunity to
acutely-ill children controlled their symp-
toms.” Subsequently, a few experimental
vaccines yielded encouraging results, as
described below. However, to date none
have accomplished the World Health Orga-
nization strategic criteria that must be met
prior to widespread distribution of new
malaria vaccines, which include inducing at
least 50% protection against severe malaria
that lasts a2 minimum of one year; and, in
the longer term, induction of >80% pro-
tection for 4 years against clinical disease

caused by both P. vivaxand P. fulciparum.”

P. falciparum malaria vaccine design
strategies

Many different malaria vaccine strate-
gies have been tested in mouse models of
malaria, and several have progressed to
human clinical trials. They can be classi-
fied in terms of the stage of the parasite’s
life cycle that they target, namely pre-
erythrocytic vaccines that block parasite
development before the symptomatic
blood stages, blood stage vaccines that aim
to inhibit erythrocyte invasion and reduce
symptoms; and transmission blocking vac-
cines that prevent formation of viable
oocysts in the mosquito. Regarding the
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antigens they employ, while

approaches use live-attenuated whole par-

some

asites, the majority consist of one or a few
antigenic proteins selected on the basis of
their  biological ~ and
properties.

immunogenic

Subunit vaccines

The most advanced malaria vaccine is
RTS,S, a pre-erythrocytic, subunit based
vaccine currently in Phase III clinical trials
(reviewed in ref. 5). It is based on a C-
terminal fragment of the circumsporozoite
protein (CSP), the main sporozoite sur-
face protein, and contains known B and T
cell epitopes. After initial studies showed
that RTS,S could protect 6/7 malaria-
naive volunteers against challenge with the
homologous parasite strain,®” field studies
in semi-immune adults from endemic
regions achieved 34% vaccine efficacy,
although protection waned with time.*”
These studies led to pediatric efficacy tri-

10-16
als,

in which significant reductions in
the risk of uncomplicated malaria (30%),
severe malaria (58%) and P. falciparum
infection (37%) were achieved in children
ages 1-4 years'® that persisted for
>3 years,' "> but waned by year 5.'°

Later studies in infants produced short-

term anti-infection vaccine efficacies of
~65% with 40-60% reductions in the
risk of clinical disease'®'"” that dropped
substantially by month 18."® The most
recent field studies reported ~50% reduc-
tion in the rate of P. falciparum infection
and the incidence of clinical malaria in
young children that lasted ~1 year,'”'®

however protection in infants
only ~30%." Although very promising,
RTS,S has not achieved the levels of pro-

tection and longevity thought necessary

‘was

for malaria eradication. Other antigens
are also being investigated, but RTS,S is
the

development.

advanced in  clinical

20,21

most

‘Whole-parasite approaches

Approaches that use whole, attenuated
live parasites have achieved 100% protec-
tion. Here, we focus on 3 such strategies,
in which parasites are attenuated either by
irradiation, coverage with anti-erythro-
cytic malaria drugs during immunization,
or genetic modification, resulting in para-
sites that arrest during liver stage develop-
ment or that fail to complete blood stages,
preventing symptomatic blood stage infec-
tions (Fig. 1).

Attenuation by Irradiation

Attenuation of malaria parasites by irra-
diation was the first of these strategies to be
developed: proof-of-concept experiments
in mouse models in the late 1960s showed
that i.v. immunization with sporozoites
obtained from ry-irradiated mosquitoes
induced sterile protection against challenge
with a lethal strain of P. bergbei.22’23 It was
later shown that volunteers bitten by
Y-irradiated mosquitoes infected with
human Plasmodium parasites were pro-
tected against challenge with either homol-
ogous and heterologous wild-type parasites
strains.>*2® However, the fact that at least
1,000 mosquito bites were required for
protection, and the impracticality of using
live irradiated mosquitoes under field con-
ditions casted doubts on the feasibility of
developing this Radiation Attenuated
Sporozoites (RAS) strategy into a viable
vaccine. Nevertheless, this approach was
extensively explored in the ensuing years
(reviewed in ref. 29), providing invaluable
data of the role of humoral and cellular
responses in protection against malaria.>*"
2 These studies also showed that protec-
tion could last at least 9 months,?”° estab-
lished the number of bites required for
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Figure 1. Live attenuated pre-erythrocytic malaria vaccines tested in human volunteers. (A) In the PfSPZ strategy, parasites are irradiated while in
the mosquito vector, and arrest at different times during early development (red arrows) depending on the specific mutations induced. Late liver stages
are absent, and no merozoites are released (indicated in the figure by the fact that those stages are greyed out). (B) In CPS under chloroquine (CQ) cover-
age, parasites complete liver stage development, and erythrocyte-infective merozoites are released, but the presence of CQ prevents development past
the intra-erythrocytic trophozoite stage (red arrows). (C) The p52~/p36~ GAP knockout results in very early liver stage arrest before formation of the par-
asitophorous vacuole (red arrow). Modified from ref. 45.
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protection, and a radiation dose that
yielded consistent attenuation, allowing
parasites to invade and transform inside
hepatocytes but not to form infectious
merozoites, thus preventing breakthrough
infections. >3+

Technical advances by Sanaria allowing
the production of aseptic, cryopreserved
irradiated sporozoites that could be deliv-
ered by needle significantly advanced this
strategy as a viable malaria vaccine candi-
date, known as PfSPZ.>®*” The first
results from a dose escalation study in
human volunteers were not encouraging:
although PfSPZ was safe and well toler-
ated, only 2/44 immunized volunteers
were protected against challenge, a result
that was ascribed to inefficient i.d. and s.c.
administration of sporozoites resulting in
suboptimal immunogenicity.”” However,
the same study reported that i.v. adminis-
tration of PfSPZ to non-human primates
induced long-lasting T cell and antibody
responses,37 and led to a clinical trial to
deliver PfSPZ by i.v. injection, which pro-
tected, respectively, 60% and 100% of
volunteers immunized with 4 or 5 doses
of 135,000 cryopreserved PfSPZ sporo-
zoites.”® The main caveat to this very
promising approach is that protection
required several large doses of cryopre-
served sporozoites, which are currenty
expensive and laborious to produce. In
addition, it remains to be demonstrated
whether the protection is long lasting, and
whether such large sporozoite doses deliv-
ered by i.v. are safe for children, the pri-
mary target population of any malaria
vaccine. Nevertheless, these results are a
significant advance toward an attenuated
live parasite vaccine, and will be instru-
mental in understanding the immune cor-
relates of protection afforded by irradiated
sporozoites.

Attenuation by Drug Coverage

Initial work conducted in a mouse
model of malaria in the late 1970s showed
that sterile protection could also be
achieved by infecting animals with wild
type sporozoites under the coverage of the
anti-malarial drug chloroquine (CQ),
which prevents completion of the intraer-

ythrocytic cycle of the parasite.””
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Subsequent studies designed to character-
ize the immune response elicited by
this immunization strategy, alternatively
known as Chemoprophylaxis and Sporozo-
ite (CPS) immunization or Immunization-
Treatment-Vaccination (ITV), showed that
sterile protection could be achieved with
very few mosquito bites, suggesting that
CPS/ITV might be more efficient than
RAS.*** Human clinical trials conducted
in the last 5 years have confirmed these
results: 3 series of 15 P. falciparum-infected
mosquito bites under CQ coverage (for a
total of 36-45 bites) conferred 100% pro-
tection against challenge with 5 wild-type
P.  falciparum-infected mosquitoes 2
months after the last immunization.
Importantly, the protection was long last-
ing, since 4 of 6 volunteers rechallenged
>2 years later were still protected, while the
other 2 displayed a 3-6 day delay in the
onset of patency.**

Since CQ kills late blood stages but has
no effect on sporozoites, liver stages or
early blood stages,">* it is possible that
CQ-CPS/TTV could induce cross-stage
immunity against blood stage parasites by
exposing the host’s immune system to
blood stage antigens expressed by late liver
stage and early blood stage parasites.
However, a recent human trial to identify
which stage of the parasite’s life cycle is
targeted by CQ-CPS/ITV induced protec-
tive immunity showed that volunteers
were protected against challenge with P.
Jalciparum sporozoites, but not blood
stages.”” In contrast, similar studies in the
mouse model of malaria infection have
suggested that CQ-CPS/ITV can induce
cross-stage protection.*>*® This discrep-
ancy between the human and mouse stud-
ies can be attributed to the fact that in the
human trials, volunteers were under con-
stant CQ treatment and developed only
submicroscopic parasitemia (as detected
by PCR) after the first course of immuni-

434 . . .
347 \whereas in the animal studies

zation,
cross-stage protection was shown to be
dependent on low-grade, transient parasi-
temia that developed after CQ had been
withdrawn,”*® and was lost when CQ
treatment was maintained throughout the
experiment.*® While CQ-CPS/ITV con-
stitutes an effective approach, widespread
CQ resistance prevents its use in malaria

endemic regions. A recent study in mice
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by our group showed that CPS/ITV under
artesunate (AS) coverage, which eliminates
early blood stage parasites and does not
cause transient low-grade parasitemia after
drug withdrawal, efficiently elicits anti-
sporozoite protection but does not yield
significant cross-stage protection.45
Although AS-CPS/ITV has not yet been
tested in humans, it will be interesting to
determine whether it can induce sterile
protection against sporozoite challenge.
The use of AS could be advantageous
because it would prevent the subpatent
parasitemia observed in CQ treated indi-
viduals, reducing side effects, as well as the
possibility of breakthrough infections.
CPS/ITV  strategies using other anti-
malarial drugs have also been tested in
rodent models, and suggest that the most
efficient approaches are those that result
in progression through the liver stages but
do not allow any blood stage develop-

ment.*>2

Genetic Attenuation

Immunization of mice with rodent
Plasmodium sporozoites carrying deletions
of specific genes that cause the arrest of
the parasite during early liver stage devel-
opment (including UIS3, UIS4, p36, p52
and sapl) can elicit long-lasting sterile
protection from sporozoite challenge.”””’
An attempt to transfer this Genetically
Attenuated Parasite (GAP) approach to
human experimental vaccination studies
led to the generation of p52 and p36/p52
knockouts in P. falciparum, which were
able to infect mosquitoes and invade hepa-
tocytes, but arrested during the liver
stage.”®>? These promising results led to a
dose escalation human clinical safety trial
of the p36/p52 double knockout.®® This
parasite was determined to be safe and
well tolerated, and no breakthroughs were
observed after the bite of 5 infected mos-
quitoes. However, 1 out of 6 volunteers
experienced blood stage parasitemia after
a second dose of 200 infective bites, sug-
gesting  that this
completely attenuated.®® In consequence,

mutant was not
a triple knockout parasite in which sapl is
deleted in addition to p36 and p52 was
constructed, and recently shown to be

completely attenuated in a humanized
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mouse model with human hepatocytes
and red blood cells.®" Tt will be interest-
ing to compare the protection elicited by
this strategy in human volunteers to those
that use irradiated and chemically attenu-
ated parasites. Because the deleted genes
arrest parasite development during the
early liver stage, it is likely that this GAP
mutant will behave like RAS, although it
may require lower doses to induce protec-
tion, since the vast majority of GAP para-
sites. will invade and develop within
hepatocytes until the missing functions
that would have been provided by the
deleted genes prevent further develop-
ment. On the other hand, both of these
strategies expose the immune system of
the host to a more restricted range of
antigens than CPS/ITV, which has been
shown to induce better protection than
irradiated sporozoites. A late arresting
GAP could provide the optimal vaccina-
tion strategy by producing controlled and
that
expresses a broader range of antigens than
early-arresting GAPs. Deletion of the P.
yoelii FabB/f gene leads to late arrest dur-
ing liver stage development in the mouse

consistent arrest of a parasite

model of malaria, and has been shown to
result in enhanced protection as com-
pared to both RAS and early arresting
GAP.** Unfortunately, the deletion of
the P. falciparum ortholog of this gene
abrogates sporozoite production,®® and
thus the identification of other late-arrest-
ing GAPs will be critical in the develop-

ment of whole-parasite vaccines.

Immunity elicited by whole-parasite
vaccination

Although natural exposure to malaria
parasites does not lead to sterile immu-
nity, several of the strategies described
above have shown that it is possible to
elicit high levels of protection that persist
for significant periods of time. Although
the reasons for this difference are still
unclear, the use of experimental vaccina-
tion can provide important clues to under-
stand the development of anti-malaria
immunity.

The RTS,S vaccine was designed
around known B and CD4" T cell CSP
epitopes, and induces strong antibody
responses to CSP, which have been associ-
ated with protection from infection in
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several clinical trials and have been shown
to persist for months to years post-vacci-
nation.®*®> In addition, there is evidence
that protection also correlates with CSP-
specific CD4™ T cells that produce func-
tional cytokines, including IL2, IFNv,
TNF, and CD40L.***

Antibodies have also been shown to
play a role in protection against malaria
induced by whole-parasite vaccination
approaches. Early studies showed that
immunization with irradiated sporozoites
induced antibody responses to whole spor-
ozoites and CSP, which inhibited invasion
of hepatocytes by sporozoites iz vitro and
correlated with protection.’®?>%? These
results were recapitulated by i.v. immuni-
zation with PfSPZ of both non-human
primates and humans, which also demon-
strated the dose-dependent nature of pro-
tective antibody responses.””*® Initial
analyses of antibody responses elicited by
CPS/TTV showed that they are mostly
focused on pre-erythocytic antigens,® in
particular CSP and LSA-1. Although
both antibodies and memory B cells were
elicited by exposure to the parasite, they
did not correlate with sterile protection.®®
Functional studies showed that high con-
centrations of IgG from protected volun-
teers provided only minimal inhibition of
gliding motility and traversal, although
in vivo studies using immunized mice
reduced liver stage burden by over 90%.%
In volunteers immunized with GAP, it
was shown that exposure to 200 bites
induced antibody responses against CSP
but not LSA-1 or blood stage antigens.®
In addition, we showed that volunteer sera
collected 3 months after exposure to GAP
inhibited sporozoite invasion of hepato-
comparable to those

cytes at levels

observed in sera collected 2 weeks after a
series of high doses of PfSPZ, and these
levels were strongly correlated with anti-
body titers against CSP.”® Further studies
will be needed to establish whether these
functional antibodies correlate with pro-
tection against malaria.

The identification of other antigens
targeted by humoral responses elicited by
whole-parasite vaccination will help guide
future vaccine design. Protection elicited
by RAS immunization was shown to be
associated with antibody responses against
both previously identified and novel
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antigens, although no single antigen could
be associated with protection.”" A similar
approach using sera from volunteers
immunized via the CPS/ITV strategy
showed that protection was associated
with the recognition of variable numbers
of pre-erythrocytic antigens.®” Whether
responses against any of these individual
proteins were responsible for protection
remains to be determined.

Protection elicited by whole-parasite
vaccination in human volunteers has also
been linked to IFNy-producing CD8*
T cells, but more recently CD4" T cells,
vd T cells and NK cells have also been
implicated. Mouse studies suggested that
cytotoxic CD8" T cells can kill parasite-
infected  hepatocytes through  direct
contact,’>”? and their depletion lead to
significant loss of protection (reviewed in
ref. 74). Although the mechanism of
action of these cells in human immunity
remains unknown, early studies showed
that humans produce CSP-specific cyto-
toxic T lymphocytes when exposed to
malaria sporozoites via irradiated mosqui-
toes,”’ and serum from these individuals
contained high levels of IFNvy and
CRP.” Later studies of non-human pri-
mates immunized with PfSPZ by iv.
showed persistent induction of IFNwy-
and TNF-producing, sporozoite-specific
central and effector memory CD8* T
cells, and IFNy-producing CD8™ T cells
were shown to be more abundant in liver
than peripheral blood.”” More recently,
PfSPZ clinical studies have reported
dose-dependent levels of IFNy-producing
CD8™ T cells that correlated with protec-
tion.”® These studies also showed that
long-lasting cytotoxic central and effector
memory CD4" cells were induced by

immunization with irradiated

33,76

sporo-
zoites, and that these cells can lyse
autologous B cells pulsed with CSP pep-
tides.”® They also produce IFNy, IL2
and TNF after sporozoite stimulation,
although cytokine levels did not correlate
with protection.””*®  Few targets of
CD8" and CD4™ cells besides CSP and
LSA-1 have been characterized to date,
although some studies have identified
larger numbers of potential targets.””””®
The establishment of definitive correla-
tions between protection and T cell
responses to specific antigens will be
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important for future anti-malarial vaccine
design. Finally, although no differences
were observed in the amount of IFNrvy
produced before and after immunization,
protected volunteers exposed to high
doses of PfSPZ displayed increased pro-
portions of ¥ T cells.”®

Initial data from CPS/ITV vaccinated
humans showed that protection associated
with multifunctional effector memory T
cells that produced IFNvy, IL2 and TNF
upon stimulation with parasite-infected
erythrocytes.®>” CD4™ T cells, as well as
uncharacterized CD4~ CD8 T cells
were major contributors to these cytokine
levels, while CD8™ cells did not produce
any detectable cytokines.43 More detailed
analyses showed that in addition to CD4"
T cells, ¥8 T cells, NK and NKT cells also
contributed to IFNy production up to
400 days post-challenge.””  Stimulation
with sporozoites confirmed that CD4™"
(but not CD8") T cells were major con-
tributors to IFN7y production.”” However,
experiments addressing the mechanism of
action of T cells in the CPS/ITV model
determined that protection was associated
with the expression of degranulating
marker CD107a" by CD4" T cells and
with production of granzyme B by CD8™"
T cells, but not with production of IFNvy
by either CD4™, CD8" or v& T cells,
confirming the role of cytotoxic T cells in
protection against experimental malaria
infection.®

Although the lack of protection data
for GAP-vaccinated volunteers limits the
interpretation of the results, initial analy-
ses suggest that CD4™ T cells generated
IFNw, IL2 and TNF in response to sporo-
zoite stimulation, whereas CD8' T cells
mainly produced IFNy.®® Stimulation
with individual antigens also showed that
CD8" T cells were mostly responsible for
production of IFNvy, while TNF was
mostly produced by CD4™ T cells.

The human experimental vaccination
studies described above have provided
many clues regarding factors that contrib-
ute to anti-malarial immunity, but they
have not yet yielded a clear picture of the
immunological correlates of protection.
Both RAS and CPS/ITV report malaria-
specific induction of IFNw, but the differ
in the cell types responsible for the pro-
duction of this cytokine, as well as the
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degree to which it correlates with protec-
tion. These apparently conflicting data
could result from intrinsic differences
among the whole-parasite strategies that
can be explained by mouse studies, which
suggest a prominent role for IFNvy-pro-
ducing CD8™ T cells in protection against
liver stages, whereas CD4™ T cells seem to
be important during blood stages. Thus,
the CD4™ response observed in CPS/ITV
could result from the fact that they allow
the expression of late liver stage and early
blood stage antigens, while the correlation
between protection and induction of
IFNy-producing CD8" T cells observed
in RAS could result from the earlier arrest
of these parasites during the liver stage.
Alternatively, it is possible that variations
in the experimental techniques used by
the different research groups could influ-
ence these observations. Side by side com-
parison of human samples generated by

the

approaches would better define the contri-

various  whole-parasite  vaccine
bution of cellular immunity to protection

against malaria infection.

Conclusion

Several anti-malaria vaccination strate-
gies show promise but each one has cav-
cats that must be addressed before they
can be deployed. Subunit vaccines could
be easier to implement, but the best candi-
date identified to date has shown less than
the desired efficacy in field studies. In con-
trast, whole-parasite approaches show high
efficacy in naive individuals, but present
safety, manufacturing, and delivery chal-
lenges, and their efficacy in the field has
not been determined. Whether any of
these candidates will be able to surpass
their current limitations remains to be
established, but nevertheless, they can all
provide important clues to understand
malaria immunity. Progress in malaria
vaccine development will depend on the
integration of the data generated by cur-
rent and future studies using advanced
immunobiology systems analyses to iden-
tify immune correlates of protection eli-
cited by whole parasite vaccines, as well as
antigenic profiling, which could lead to
the design of subunit vaccines with
improved efficacy.
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