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Background: Recent advances in mosquito eradication and antimalarial treatments have
reduced the malaria burden only modestly. An effective malaria vaccine remains a high
priority, but its development has several challenges. Among many potential candidates, the
RTS,S/AS01 vaccine (Mosquirix ™) remains the leading candidate.

Objective and Method: This review aims to understand the advances in the RTS,S/AS01
vaccine, and future comments regarding the vaccine’s effectiveness in malaria eradication.
Literature review for the past five decades was performed searching PubMed, EMBASE
Ovid, and Cochrane Library, with using the following search items: (“malaria” OR “WHO’s
malaria” OR “Plasmodium falciparum” OR “RTS,S” OR “RTS,S/AS01” OR “RTS,S/AS02”
OR “pre-erythrocytic malaria” OR “circumsporozoite” OR “Mosquirix”) AND (“vaccine”
OR “vaccination”).

Results: RTS,S/AS01, a recombinant pre-erythrocytic vaccine containing Plasmodium fal-
ciparum surface-protein (circumsporozoite) antigen, is safe, well-tolerated, and immuno-
genic in children. Three doses, along with a booster, have a modest efficacy of about 36% in
children (age 5-17 months) and about 26% in infants (age 6—12 weeks) against clinical
malaria during a 48-month follow-up. However, the efficacy varies among population
subgroups and with the parasite strain, it reduces without a booster and offers protection
for a limited duration. Because of its potential cost-effectiveness and positive public health
effect, the vaccine is being investigated in a pilot program for mortality benefits and broader
deployment.

Conclusion: The RTS,S/AS01 vaccine prevents malaria; however, it should be considered
another addition to the malaria-control program and not as an eradication tool because of its
relatively low to modest efficacy.
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Introduction

Malaria remains the most important human parasitic infection worldwide and is
caused by protozoal infection of the genus Plasmodium. It is a vector-borne
disease transmitted through the bites of infected female mosquitoes of the
Anopheles family. The disease affects nearly half of the world’s population,
mainly the low-middle income countries (LMIC) of Africa and South-east Asia.
Malaria causes more than 40 thousand deaths each year, with the most significant
risk among children under five years.! Five Plasmodium species — P. falciparum,
P vivax, P. malariae, P. ovale, and P. knowlesi (previously known as monkey
parasite), have been documented to infect humans, with the first two being the

most important.>
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A recent expansion of treatment and prevention efforts,
including novel antimalarial drugs and insecticides, has
reduced malaria’s global burden, albeit only modestly.”
Besides, the increasing resistance of the parasite to anti-
malarial or insecticidal agents and drug-induced toxic
effects with chemoprophylaxis lend urgency to the quest
World Health
Organization (WHO) has identified vaccine as an cost-

for new tools for malaria control.

effective measure to eliminate malaria in the world’s ende-
mic areas.’* ¢ Thus, in the last decade, notably, the focus
has shifted to accelerate the efforts towards an effective
vaccine, and one candidate has emerged to reach a large
phase-III trial while other potential candidates are showing

encouraging results.* '°

Challenges in Vaccine Development
Natural immunity against malaria develops in the residents
of endemic areas but only after prolonged exposure and is
usually incomplete. Therefore, malaria vaccines, which
induce antibodies that are qualitatively or quantitatively
superior to those occurring naturally, are the need of
the hour.'""'? A safe and effective vaccine enabling the
world to eradicate malaria would significantly advance
public health. However, the hope for an effective and
widely available vaccine has been tempered by several
challenges.>'%!3:14

The first and major barrier is the genetic and patho-
physiologic complexity of the malaria parasite.”*'°
Plasmodium genome is much larger and more complex
than bacterial or viral genomes. Moreover, the parasite
has a complicated life cycle, including an asexual phase
(schizogony) in man and a sexual phase (gametogony) in
the mosquito.” Therefore, different immune system arms
are required for different stages of the parasite, depend-
ing on its extracellular or intracellular location and dis-
tinct immunogenic properties. The protective antibodies
against sporozoites (sexual forms transmitted by the
mosquito in man) fail to recognize merozoites (asexual
erythrocytic stages that cause clinical malaria). Thus, if
one sporozoite escapes the vaccine-induced antibodies,
10—40 thousand merozoites will cause the disease a week
later. This poses a considerable challenge in designing an
ideal malaria vaccine.>®!'° Second, because malaria dis-
proportionately affects LMIC lacking the robust health
infrastructure, the vaccine manufacturers have little
incentive for malaria vaccines and continued targeting
vaccines for industrialized world markets.'>!¢ Third, the
stringent vaccine

regulation imposed by national

licensing authorities increases the cost of clinical devel-
opment pathways for vaccine licensure quite heavily.
Therefore, a newly produced vaccine has to cost more
than usual for the industry to regain its investments if not
supported by non-government organizations and made
available at subsidized rates through public-private

partnerships.'>'

Types of Malaria Vaccines

Parasite vaccines generally face the challenge of generat-
ing immunity with an immunogen that represents only
a tiny fraction (<1%) of the composition of the organism.
Although most malaria antigens, selected as vaccine can-
didates, are usual targets of natural immunity, there is
substantial stage specificity of the parasite’s antigen
expression. A candidate vaccine for one stage of the life
cycle is unlikely to impact on another stage. Most malaria

vaccines mainly target one of the three phases.>*!'%1¢

Pre-Erythrocytic Vaccines
The pre-erythrocytic vaccines target sporozoites, the sex-
ual forms that are transmitted by the mosquito in man.
They produce antibody-mediated inhibition of sporozoite
infection of the liver by blocking their entry into the
hepatocytes, thereby stopping the progression of the hepa-
tic (pre-erythrocytic) stage. This stage is a preparatory
phase of Plasmodium’s life cycle. The parasite infects
only a small number of hepatocytes initially and takes
about one week to complete this phase, allowing enough
time for a vaccine to act. Besides, the infected hepatocytes,
unlike the infected erythrocytes counterparts, express para-
site antigens that can induce T-cells to target and kill these
cells, thus preventing merozoites’ release into the
blood.>®!'2! For these reasons, vaccines directed against
the pre-erythrocytic stage are considered more effective
than other stage vaccines. Among many pre-erythrocytic
vaccine candidates under development, the RTS,S/ASO1
vaccine (brand name Mosquirix™) is the leading candi-
date being the first candidate to pass a Phase III trial and
enter a pilot program.>'%?2723

Whole sporozoite vaccines have also been investigated
using radiation, chemically or genetically attenuated
strains of P. falciparum sporozoites delivered by mosquito
bites. After entering into the liver, they partially develop in
the hepatocytes and induce a broad immune response,
including CD4 T cells, CD8 T cells, and antibodies without

. . 26—
causing disease. 6-30
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Erythrocytic Vaccines

These vaccines act when the merozoites are released from
the liver (after completion of the pre-erythrocytic stage)
and enter the blood to infect erythrocytes. They are also
referred to as blood-stage vaccines. Their goal is to stop
the invasion of red cells and prevent the parasite’s asexual
reproduction. They produce the antibodies that target the
merozoite surface proteins, thereby halting red cells’ inva-
sion. Besides, blood-stage vaccines may also target the

variant surface antigens of the erythrocyte membrane.*' >

Transmission Blocking Vaccines

They prevent the transmission of infection from patients to
mosquitoes and halt the spread of the disease. At the end
of the erythrocytic stage, some of the merozoites differ-
entiate into sexual stages. These are fed upon by mosqui-
toes and complete the sexual cycle in the gut. These
vaccines incorporate surface antigens of sexual forms of
the parasite (gametes and zygote) and generate antibodies
that prevent sexual reproduction of the parasite by block-
ing either the fertilization of the gametes or the develop-
ment of the zygote into sporozoites.**>® Recently,
a vaccine against mosquito saliva targeting the transmis-
sion of multiple mosquito-borne pathogens was investi-
gated and found to be safe and immunogenic.’

RTS,S/ASOl Vaccine

A sporozoite vaccine against P. falciparum malaria, devel-
oped in 1987 after animal studies, showed that antibodies
against circumsporozoite (CS) protein protect against
active infection with P falciparum.'" The vaccine is not
effective against other types of malaria, including P. vivax.

Structure

It is a monovalent recombinant protein vaccine that targets
a fragment of the CS protein. The CS protein (a 412 amino
acid protein) is the principal antigen on the sporozoite’s
surface and is also present early in hepatic infection. The
identification of P. falciparum CS protein as the major
component of the sporozoite coat led to the cloning and
sequencing of this gene. RTS,S/ASO1 contains a CS pro-
tein sequence fused to hepatitis B virus surface antigen
that acts as a carrier matrix for CS antigen central repeat
region and an immunogenic adjuvant ASOl. The “R”
stands for the central repeat region of the CS protein; the
“T” stands for the T-cell epitope of the CS antigen; and
first “S” for “Surface” portion which when co-expressed

on yeast cells, displays both CS protein and S at their
surfaces, while the next “S” stands for the hepatitis
B surface antigen (a carrier matrix). The RTS fusion
protein and free S protein assemble in RTS,S particles.
ASO1 includes the immune-enhancers monophosphoryl
lipid A and QS21. Monophosphoryl lipid A consists of
a chemically detoxified form of the parent lipopolysac-
charide from the gram-negative bacterium Salmonella
minnesota. QS21 is a natural saponin molecule purified
from the bark of the South American tree, Quillaja

- 5,6,18-21,38
saponaria.”” ?

Immunogenicity
RTS,S/AS01 vaccine is formed by tandem repeat region of
the CS protein, mainly copies of the four amino acid
sequence NANP combine with adjuvant-ASO1. It induces
a strong IgG antibody response to the conserved central
repeat region of the CS protein and potent T-cell (CD4+)
response.”*** Antibody levels reach high concentration,
often hundreds of micrograms per milliliter. The levels
correlate with protection against infection or clinical
malaria in several settings, but the absolute threshold
level for protection has not been clearly defined yet.*'*
One study found an antibody titer of 121 EU/mL to be
of 50%

infections.** CD4" T cells show a vigorous response post-

associated with the prevention malaria
vaccination and are thought to confer protection.'> Most
studies have reported an absence of substantial CS-specific
CDS8" T cell response and, thus, is not an essential med-
iator of protection of RTS,S/AS01.*'** Immunogenicity is
short-lived without additional booster dosing. Antibody
levels show an initial rapid decline with a mean half-life
of 40 days, followed by a more gradual decline at about 20
months.>

Efficacy

With the RTS,S/AS01 vaccine’s success in eliciting strong
immunogenicity, a double-blind, phase IIb, randomized
controlled trial was conducted in above two thousand
children aged 14 years in southern Mozambique in
2003-2004 (Figure 1).** It found that malaria’s incidence
rate was 37% lower than in controls during the first six
months after the third vaccine dose. Vaccine efficacy,
calculated as one minus the incidence rate ratio, was
27% for all clinical episodes and 58% for severe disease.
An additional single-blind follow-up for 12 months
demonstrated the vaccine efficacy of 29% for all clinical
episodes and 39% for severe malaria.*> Over the entire 18-
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Figure | Major events in the progress of RTS,S/ASOI vaccine.

month, the prevention was 35% and 49% for all episodes
and severe episodes, respectively. Age at vaccine admin-
istration was not associated with vaccine -efficacy.
Subsequent double-blind phase IIb trials in Africa also
showed significant protection in infants with an adjusted
efficacy of about 65% during the first six months after
vaccination.*¢™*®

With the encouraging results of early trials, a phase III
randomized trial of RTS,S/AS01 vaccine (a collaboration
between a private foundation, a vaccine manufacturer, and
a public health agency) was conducted between 2009 to
2014 in seven sub-Saharan countries - Burkina Faso,
Gabon, Ghana, Kenya, Malawi, Mozambique and the
United Republic of Tanzania.”> The vaccination schedule
consists of three baseline doses of 0.5 mL administered
intramuscularly at 0, 1, and 2 months, followed by the
fourth dose (booster) at 18 months after the 3rd dose. The
three doses had an efficacy of about 28% in children (age
5-17 months) and about 18% in infants (age 6—12 weeks)
against clinical malaria during a median follow-up after
the first dose, 48 months for children and 38 months for
infants. With a booster dose at 20 months after dose 1,
efficacy increased to about 36% in children and about 26%
in infants. Effectiveness waned over time, and without
booster dosing, the risk of severe malaria increased by
the trial end, notably in high-endemic areas.”

Further, a phase III extension study also demonstrated
that the protection declined over time with a three-dose
regimen with about 4% of overall estimated vaccine effi-
cacy over seven years.*” The lower vaccine efficacy in the
younger age (6—12 weeks) compared to older children
(5-17 months) observed in the pivotal phase III trial
might have resulted from interactions with other co-
administered vaccine response, the presence of maternally
acquired anti-CS antibodies, and immaturity of the
immune system.>>>° The studies also showed substantial
heterogeneity in with  varied

efficacy in regions

2019

WHO pilot program
2015 . Malawi, Ghana, Kenya
EMA approved

7 African countries

transmission intensity (defined as the estimated local pre-
valence of asymptomatic parasitemia in children).**>' The
efficacy was lower among children with a higher exposure
index.

Because malaria parasites are genetically different, the
RTS,S/AS01 vaccine, based on genetic sequences derived
from a single Plasmodium strain (3D7), has higher effi-
cacy against parasites with a genotype that matches the CS
protein allele in the vaccine than against the not matching
strains. In a local African population, only <10% of the
infections were vaccine-matched, and there was a modest
loss of protection against divergent parasites.'® The allele-
specific efficacy of the current vaccine has a profound
implication for its wide deployment.

In conclusion, the protective efficacy of RTS,S/ASO1
malaria vaccine is affected by multiple factors - more with
a booster dose, more in older children than infants, short-
term and waning with time, less in high transmission
intensity populations, and low with genetically diverse
parasites.

A next-generation RTS,S vaccine with additional CS
antigens, called the R21 vaccine, is under investigation for
the broader protective efficacy against genetically diverse
parasites.>® Other prospects to improve vaccine efficacy
include assessing alternate dosing schedules, booster doses
at frequent intervals, enhanced immunogenicity by use of
adjuvants, or as a part of a multicomponent product (in
combination with vaccines that target other stages of the

parasite’s life cycle).***°

Safety
Safety and tolerability of RTS,S/AS01 vaccine match with
other pediatric vaccines. There was an increased risk of
febrile seizures within seven days after any vaccine doses
among children in the older age group.”>® Among the
younger infants, this risk was only apparent after the
fourth dose.

There were no neurological sequelae
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following the febrile convulsions. In the pivotal phase III
malaria vaccine trial, although the incidence of severe
adverse events was similar across vaccine-group and con-
trol-group participants; however, meningitis was more
likely in the former.>>>° The exact reason for meningitis
remains unascertained and postulated due to diagnostic
bias following frequent lumbar punctures or chemical
reactivity due to ASO1 adjuvant. In 2015, the European
Medicines Agency found that the RTS,S/AS01 vaccine has
an acceptable safety profile that would continue to be

monitored (eg, in the pilot implementation program).’*->*

Public Health Effects

After clinical trials showing modest efficacy of RTS,S/
ASO01 candidate against malaria, four mathematical models
have quantified that addition of the vaccine to the existing
malaria-control program could potentially prevent 6% to
30% of mortality in children aged <5 years in endemic
regions, with significant public health benefit and cost-
effectiveness in high parasite prevalence areas.*

In April 2019, the WHO has started a malaria vaccine
pilot program to assess the effects on childhood mortality,
its safety during routine use, and the feasibility of deliver-
ing four doses in children in three African countries -
Malawi, Ghana, and Kenya.53 The three-dose intramuscu-
lar vaccination schedule for infants is at 6, 10, and 14
weeks of age with other routine childhood vaccination,
and for older children, dosing to start between 5-17
months and at 1-month intervals, followed by a fourth
booster dose 18 months after the 3rd dose in all age group.

Conclusion

The vaccine-based malaria-prevention strategy remains
a high priority for sustained, substantial, and cost-
effective control. Given the complexity of malaria immu-
nity, the development of an effective vaccine remains
a formidable challenge. The RTS,S/ASO1 vaccine has
shown low to modest efficacy in preventing clinical
malaria by P. falciparum, and multiple factors further
influence this efficacy. Because multiple dosing or dosing
outside of the routine pediatric vaccination schedule
requires considerable resources for wide vaccine deploy-
ment, it may endanger fund diversion from other malaria-
control programs (mosquito eradication interventions and
novel antimalarial drugs) to support the use of the vaccine.
This vaccine should be taken as another addition to (rather
than a replacement for) current measures. The policy
recommendation and the future position of RTS,S/ASO1

for childhood vaccination will depend on the ongoing pilot
studies.

RTS,S/AS01 vaccination prevents clinical malaria;
however, it might not be sufficient for global malaria
eradication.
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