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ABSTRACT

Malaria is an illness caused by Plasmodium parasites transmitted to humans by infected mosquitoes. Of
the five species that infect humans, P. falciparum exacts the highest toll in terms of human morbidity
and mortality, and therefore represents a major public health threat in endemic areas. Recent advances
in control efforts have reduced malaria incidence and prevalence, including rapid diagnostic testing,
highly effective artemisinin combination therapy, use of insecticide-treated bednets, and indoor residual
spraying. But, reductions in numbers of cases have stalled over the last few years, and incidence may
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have increased. As this concerning trend calls for new tools to combat the disease, the RTS,S vaccine has
arrived just in time. The vaccine was created in 1987 and began pilot implementation in endemic
countries in 2019. This first-generation malaria vaccine demonstrates modest efficacy against malaria
illness and holds promise as a public health tool, especially for children in high-transmission areas where

mortality is high.

Introduction
Malaria

Malaria is a parasitic disease characterized by mosquito trans-
mission, distribution in mostly tropical and subtropical cli-
mates, an incubation period of 7-14 days, and systemic
symptoms such as fever, chills, abdominal pain, vomiting,
muscle and joint pain, fatigue and malaise. Of the five species
of malaria that infect humans, P. falciparum exacts the highest
toll in terms of human morbidity and mortality, and therefore
represents a major public health threat in areas where malaria
is transmitted. P. falciparum infection causes asymptomatic
infection in as much as 87% of individuals in endemic areas."
Infected persons may develop clinical signs of illness consis-
tent with uncomplicated malaria, which carries <1% mortality
risk. Other infected individuals experiencing more serious
disease manifest with symptoms of severe malaria, including
impaired consciousness, respiratory distress, multiple convul-
sions, prostration, shock, abnormal bleeding, and jaundice.
A diagnosis of severe malaria carries a 90% risk of death for
patients who remain at home and 20% for hospitalized
persons.” For severe malaria, mortality risk increases with
age and disease severity,” and decreases with early initiation
of appropriate therapy. Some manifestations of severe malaria
carry a more grave prognosis than others.*

According to the World Health Organization (WHO), an
estimated 219 million cases of malaria occurred worldwide in
2017, slightly decreased from 239 million in 2010 and
increased from 217 million in 2016.” Approximately 92% of
cases in 2017 occurred in sub-Saharan Africa, and the remain-
der were in Southeast Asia and the Eastern Mediterranean
regions. Nearly half of all 2017 malaria cases worldwide

occurred in five countries: Nigeria, Democratic Republic of
the Congo, Mozambique, India and Uganda. Unfortunately,
the ten African countries with highest malaria burden docu-
mented increased malaria cases in 2017 compared with the
previous year,” increasing concern that recent gains in malaria
control are at high risk of reversal.

Worldwide, malaria caused an estimated 435,000 deaths in
2017, representing a decrease from 451,000 reported in 2016
and 607,000 in 2010.°> Children <5 years of age remain the
most vulnerable to malaria death, and represent 61% of all
malaria deaths in 2017.° Despite gains in malaria mortality
since 2010, only incremental improvements have been docu-
mented since 2015, signaling an urgent need to introduce new
strategies to further reduce malaria deaths.

An effective malaria vaccine would be an important tool to
combat the enormous socioeconomic burden caused by this
disease. Vaccines promote both individual and public health,
and are thus considered among the most highly successful
public health tools. After provision of clean water and sanita-
tion, vaccination against infectious diseases has contributed
the greatest to public health worldwide, compared with other
human interventions.

In recognition of malaria’s global importance, the United
Nations Sustainable Development Goal 3, to ensure healthy
lives and promote well-being for all at all ages, targets a 90%
reduction in malaria incidence and mortality by 2030.° This
goal also includes malaria elimination in at least 35 endemic
countries. Advances in malaria control include strategies to
control the vector using insecticide-treated bed nets, larval
source management, and indoor residual spraying.
Intermittent preventive therapy provides antimalarials to vul-
nerable groups to clear parasites and prevent infection. Other
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efforts that remain in development include mass drug admin-
istration and genetically modified mosquitoes. In parallel with
these efforts, the first WHO-directed malaria vaccine imple-
mentation studies are underway to determine how to max-
imize public health benefit of the most advanced malaria
vaccine to date, the RTS,S vaccine.

Human malaria is caused by five Plasmodia species, of which
P. falciparum is the most common and the most deadly. P. vivax
is also an important cause of morbidity and mortality worldwide.
Malaria parasites are members of the genus Plasmodium, a class
of unicellular eukaryotes that are obligate parasites of multiple
species of insects and vertebrae, including birds and mammals.
Over 100 species of Plasmodium exist in nature. The life cycle
includes development in an insect host that feeds on a vertebrate
host and injects infectious parasites during a blood meal.
Infectious parasites travel from the bite site to the systemic
circulation, where they undergo further development and repli-
cation before infecting individual red blood cells. Infected red
blood cells eventually lyse, causing malaria clinical signs and
symptoms. Some infected red blood cells are ingested by mos-
quitoes during a subsequent blood meal, and perpetuate the
parasite life cycle.

For P. falciparum, female anopheline mosquitoes transmit
sporozoite stage parasites during a blood meal. These sporozoites
travel through the venous circulation to the liver, where they
invade hepatocytes and produce 30-40,000 progeny over 6 days,
completing the pre-erythrocytic stage of parasite development.
During this phase, the parasite does not cause clinical signs and
symptoms in the host. Subsequently, infected hepatocytes burst to
release progeny merozoites, each of which aims to invade a red
blood cell. After erythrocyte invasion, each merozoite then propa-
gates within 48-72 hours to produce ~16-24 merozoites. Infected
red blood cells rupture in synchrony, causing increases in cytokine
production that lead to clinical symptoms of fever, headache,
chills, sweats, vomiting, myalgias and malaise. Malaria symptom
severity correlates with parasite load.” The first stages of clinical
illness are characterized by periodic fevers with frequency that is
characteristic for different species of human malaria (24 hours for
P. knowlesi, 48 hours for P. falciparum, P. ovale and P. vivax, and
72 hours for P. malariae), and correspond to release of a new
generation of merozoites in the bloodstream (Figure 1). Infected
red blood cells rupture to release merozoites, and each merozoite
can invade a new erythrocyte to continue blood stage replication.
During this blood stage, parasitized erythrocytes will develop
either: 1) progeny asexual merozoites that are released to invade
other erythrocytes, or 2) male or female gametocytes that can be
ingested by a mosquito during a blood meal. Ingested male and
female gametocytes fuse in the mosquito midgut to form the
zygote, a diploid phase of development when homologous recom-
bination yields significant genetic variability of progeny. This high
degree of genetic polymorphism permits the P. falciparum parasite
to evade destruction because human immune responses are gen-
erally directed against variable antigenic sites on the parasite.
Parasite genetic variability also renders individuals susceptible to
repeat and multiple concurrent infections, including individuals
vaccinated with the RTS,S/AS01 vaccine. A recent study of vacci-
nees demonstrated a slightly diminished efficacy against
P. falciparum strains that are heterologous to the sequence con-
tained in RTS,S,” providing evidence for vaccine escape related to
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genetic variability. No known immunological cross-reactivity is
known to exist between P. falciparum and other human malaria
species, but this area remains understudied.

Malaria vaccines are classified by the parasite developmen-
tal stage targeted: pre-erythrocytic vaccines, blood stage vac-
cines, and transmission blocking vaccines. Some vaccines may
target multiple developmental stages. An ideal malaria vaccine
would effectively prevent the first stages of parasite develop-
ment completely, blocking further stages from developing and
preventing transmission. As the RTS,S vaccine targets the
circumsporozoite protein on the sporozoite surface and tar-
gets P. falciparum parasites before they infect liver cells, it is
considered a pre-erythrocytic vaccine.

Key issues

® P. falciparum malaria causes significant morbidity and
mortality worldwide, causing death in 90% of indivi-
duals with untreated severe malaria.

® In 2017, 92% of malaria cases occurred in sub-Saharan
Africa, where 10 countries reported increased cases
despite efforts to control the disease.

® An efficacious malaria vaccine would be an important
tool to combat the enormous socioeconomic burden
caused by malaria.

® RTS,S/AS01 is the first malaria vaccine to be tested in
Phase 3 clinical trials and the first to be assessed in routine
immunization programs in malaria-endemic areas.

® Results of Phase 3 testing show that among children
aged 5-17 months who received 4 doses of RTS,S/
AS01, vaccine efficacy against malaria was 36% over
4 years of follow-up.

® Phase 3 efficacy was lower among infants who received the
vaccine with other childhood vaccines at 6, 10 and 14 weeks
of age, and did not justify further use in this age group.

® RTS,S/AS01 shows the most benefit in areas with intense
malaria transmission, including reductions in malaria
cases, overall hospital admissions, and the need for
blood transfusions.

® WHO has recognized the public health potential of the
RTS,S/AS01 vaccine and acknowledged the need for
further evaluation before individual countries consider
adopting its use in routine vaccination schedules.

® RTS,S/AS01 pilot implementation studies are underway
in Ghana, Kenya and Malawi to address outstanding
questions related to public health use of the vaccine.

® Significant hurdles for integration of RTS,S into
a country’s vaccination schedule include the need for
vaccination during non-routine visits and requirement
for at least four doses, including a booster given
18 months after the first dose.

Design

RTS,S vaccine was created in 1987 as part of a collaboration
between GlaxoSmithKline (GSK) and the Walter Reed Army
Institute of Research (WRAIR) that began in 1984. At the
time, both groups were attempting to develop a vaccine based
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Figure 1. Life cycle of the malaria parasite (courtesy of PATH malaria vaccine initiative, found at http://www.malariavaccine.org/malaria-and-vaccines/vaccine-
development/life-cycle-malaria-parasite).

Malaria infection begins when an infected female Anopheles mosquito bites a person, injecting Plasmodium parasites, in the form of sporozoites, into the
bloodstream. 2. The sporozoites pass quickly into the human liver. 3. The sporozoites multiply asexually in the liver cells over the next 7-10 days, causing no
symptoms. 4. In an animal model, the parasites, in the form of merozoites, are released from the liver cells in vesicles, journey through the heart, and arrive in the
lungs, where they settle within lung capillaries. The vesicles eventually disintegrate, freeing the merozoites to enter the blood phase of their development. 5. In the
bloodstream, the merozoites invade red blood cells (erythrocytes) and multiply again until the cells burst. Then they invade more erythrocytes. This cycle is repeated,
causing fever each time parasites break free and invade blood cells. 6. Some of the infected blood cells leave the cycle of asexual multiplication. Instead of
replicating, the merozoites in these cells develop into sexual forms of the parasite, called gametocytes, that circulate in the bloodstream. 7. When a mosquito bites an
infected human, it ingests the gametocytes, which develop further into mature sex cells called gametes. 8. The fertilized female gametes develop into actively
moving ookinetes that burrow through the mosquito’s midgut wall and form oocysts on the exterior surface. 9. Inside the oocyst, thousands of active sporozoites
develop. The oocyst eventually bursts, releasing sporozoites that travel to the mosquito’s salivary glands. 10. The cycle of human infection begins again when the
mosquito bites another person.

on proof-of-concept studies that radiation-attenuated sporo-
zoites protected against malaria infection.” The circumspor-
ozoite protein (CSP) antigen was identified as a target of the
immune response generated by radiation-attenuated sporo-
zoites, and was subsequently cloned and sequenced by the
U.S. National Institutes of Health (NTH) and WRAIR.!®!! Ag
a full-length CSP antigen proved difficult to produce at the
time, the research team used GSK’s Escherichia coli elabora-
tion system to produce a subunit antigen based on the central
repeat region, work supported by epitope mapping of protec-
tive monoclonal antibodies to this region.'” Among four
candidate antigens produced, one advanced to clinical testing
in humans with controlled human malaria infection (CHMI),
and demonstrated protection in a single volunteer."> Multiple
attempts to advance a standalone CSP subunit vaccine con-
tinued, but none showed significant clinical efficacy.'*

Using expertise gained during development of the Energix-
Bvaccine against Hepatitis B,'” researchers at GSK then
pioneered the use of hepatitis B surface antigen as a carrier
matrix for the CSP central repeat region, and added the CSP
C terminal region that contains T- and B-cell epitopes, all
based on the P. falciparum NF54 strain. This formed the RTS,
S vaccine, in which “R” represents the central repeat region,
a single polypeptide chain corresponding to a highly-
conserved tandem repeat tetrapeptide NANP amino acid
sequence, and “I” represents T-lymphocyte epitopes sepa-
rated by immunodominant CD4" and CD8" epitopes (Th2R
and Th3R). This combined RT peptide is genetically fused to
the N-terminal of Hepatitis B surface antigen (HBsAg), the
“S” (Surface) portion when co-expressed in yeast cells, yield-
ing virus-like particles that display both CSP and S at their
surfaces. A second “S” portion is an unfused HBsAg that
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spontaneously fuses to the RTS component, hence the name
RTS,S (Figure 2). The particulate and highly repetitive nature
of the RTS,S antigen provides enhanced presentation to the
immune system, and likely facilitates the strong anti-CSP
antibody and T-cell responses measured in vaccinated
individuals.

Multiple adjuvants have been tested with RTS,S, almost all
from GSK’s adjuvant systems. The very first clinical trial of
RTS,S adjuvanted with alum versus alum + 3-O-desacyl-4'-
monophosphoryl lipid A (MPL), a combination known as AS04,
found AS04 to be more highly immunogenic and protective
against CHML'” Subsequently, 6 candidate adjuvants were tested
with RTS,S in rhesus monkeys and showed that an oil-in-water
emulsion + MPL and the saponin QS-21 from Quillaja saponaria
extract (AS02A) provided superior antibody and CMI responses.
The adjuvants AS02, AS03 (oil-in-water emulsion) and AS04 were
each tested in clinical trials of RTS,S with CHMI, and demon-
strated equivalent antibody responses in the AS03 and AS04
groups, but the AS02A formulation provided enhanced protection
against CHML'® Stability studies prompted development of
a lyophilized RTS,S formulation for reconstitution with AS024,
and the combination showed equivalent efficacy against CHML"
Subsequently, a newer adjuvant system AS01, comprised of lipo-
somes, MPL, and QS-21, provided an opportunity to improve
RTS,S immunogenicity. A CHMI study at WRAIR documented
greater efficacy and increased anti-CSP antibody and CD4" T cell
responses for ASOl compared with AS02 in malaria-naive
adults,” findings confirmed in Kenyan adults.”’ This RTS,S/
ASO01 formulation of the vaccine was subsequently tested as part
of a Phase 2 program in preparation for the Phase 3 clinical
trial. >>2°

Phase 3 study

The RTS,S/ASO1 vaccine advanced to Phase 3 testing from
2009-2014 in 7 sub-Saharan African countries, and enrolled
15,459 participants, including 8922 children 5-17 months of age
and 6537 infants 6-12 weeks of age.”” Participants were randomly
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assigned at first vaccination in a 1:1:1 ratio to receive three doses
of RTS,S/AS01 at months 0, 1 and 2 and a booster dose at month
20; three doses of RTS,S/AS01 and a dose of meningococcal
serogroup C conjugate vaccine (Menjugate, Novartis, Basel,
Switzerland) at month 20; or a comparator vaccine (Menjugate
for infants and rabies vaccine (Verorab, Sanofi Pasteur, Paris,
France) for children) at months 0, 1, 2 and 20. The study was
conducted in a double-blind manner such that neither partici-
pants nor study staff who assessed primary endpoints and adverse
events had knowledge of study treatment assignment. Vaccine
was given via intramuscular injection. Infant vaccinations were
aligned with co-administration of routine oral polio and parent-
eral DTP-containing vaccines per the Expanded Program of
Immunization regimen. The study was conducted in two phases,
a double-blind phase from months 0-32 and an extension phase
from month 33 until study closure. Infants 6-12 weeks of age were
followed over median 38 months, and children 5-17 months of
age were followed for median 48 months. The primary aim of the
Phase 3 trial was to assess RTS,S/ASO1 efficacy over a year of
follow-up in 2 age categories. Secondary aims included assessment
of a booster dose of RTS,S/AS01 at month 20 with follow-up
through a 12 month period. Additional analyses conducted at
the end of the extension phase included efficacy against clinical
malaria over the entire follow-up period. The primary efficacy
outcome was clinical malaria detected by passive surveillance, and
was defined as an illness accompanied by an axillary temperature
of at least 37.5°C and the presence of P. falciparum asexual
parasitemia of at least 5000 parasites per mm®, or a case of malaria
meeting the primary definition of severe malaria. Severe malaria
was defined as the presence of P. falciparum asexual parasitemia of
at least 5000 parasites per mm?> with at least one marker of severe
disease and without diagnosis of a coexisting illness.>’”

With regard to the primary aim, efficacy measured by
negative binomial regression against first or only episode of
clinical malaria in the 12 months after dose 3 was 31.3%
(97.5%CI 23.6-38.3%, p < .0001) for infants and 55.8%
(97.5%CI 50.6-60.4%, p < .0001) in the 5-17 month age
group.”’
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Figure 2. Graphical depiction of circumsporozoite (CSP) and RTS,S structures. CSP comprises an N-terminal region containing a signal peptide sequence and Region
| that binds heparin sulfate proteoglycans and has embedded within it a conserved five amino acid (KLKQP) proteolytic cleavage site sequence; a central region
containing four-amino acid (NANP/NVDP) repeats; and a C-terminal region containing Region Il [a thrombospondin (TSP)-like domain] and a canonical glycosylpho-
sphatidylinositol (GPI) anchor addition sequence. The region of the CSP included in the RTS,S vaccine includes the last 18 NANP repeats and C-terminus exclusive of
the GPI anchor addition sequence. Hepatitis B virus surface antigen (HBsAg) monomers self-assemble into virus-like particles and approximately 25% of the HBsAg
monomers in RTS,S are genetically fused to the truncated CSP and serve as protein carriers. The CSP fragment in RTS,S contains three known T-cell epitopes: a highly
variable CD4 + T-cell epitope before the TSP-like domain (TH2R), a highly variable CD8 + T-cell epitope within the TSP-like domain (TH3R), and a conserved
“Universal” CD4 + T cell epitope (CS.T3) at the C-terminus. (Figure courtesy of a recent publication'® and open access, http://creativecommons.org/licenses/by/4.0/).
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For the additional efficacy endpoint assessed at the end of
study extension of follow-up, the vaccine demonstrated four-
dose efficacy measured by negative binomial regression
against clinical malaria of 25.9% in infants 6-12 weeks of
age, and 36.3% efficacy over median 48 months in children
5-17 months of age.”” Over the same follow-up period, the 3
dose regimen showed reduced efficacy against clinical malaria
in both age groups (Table 1). Efficacy against clinical malaria
decreased over the follow-up period for all groups and regi-
mens, but waned more slowly in the 4-dose group.”” Among
infants 6-12 weeks of age, vaccine efficacy of both the 3 and
4-dose regimens against clinical malaria and severe malaria
were lower than efficacy in children 5-17 months of age.
Consistent with findings for other longitudinal studies of
malaria in children, severe malaria was not a common out-
come in this clinical trial, likely because participants received
prompt diagnosis and treatment for clinical malaria before
progression to severe disease.

With regard to vaccine safety, the RTS,S/AS01 profile is
similar to other routine vaccines given to children except for
an increased risk of febrile seizures. Children aged 5--
17 months at first vaccination were more likely than controls
to have a febrile seizure within 7 days after vaccination,
especially the third dose. This effect was transient, and all
affected children recovered after 7 days. Safety surveillance
also suggested a potential increased risk of meningitis and
cerebral malaria in this same age group.”” A study in Kenyan
children with WHO Stage 1 or 2 HIV disease found that RTS,
S/AS01 was well-tolerated in this population, and that they
can be safely included in future vaccination programs.”®

RTS,S/ASO1

The RTS,S vaccine was developed by a public-private partner-
ship in 2001 between GSK and PATH’s Malaria Vaccine
Initiative, with support from the Bill and Melinda Gates
Foundation to PATH. The goal of the partnership is to
develop RTS,S for infants and young children living in
malaria-endemic regions in sub-Saharan Africa.

RTS,S antigen is produced by GSK Biologicals.
Commercial production of RTS,S purified bulk antigen is
a continuous process that begins with fed-batch fermentation
of the recombinant yeast strain Saccharomyces cerevisiae
RIX4397 from a two-tiered cell bank system, followed by
harvesting of the yeast cells, disruption, extraction and pur-
ification. The purification process includes different types of
chromatography ultracentrifugation, and filtration. RTS,S is
stored at —70°C in sterile containers. A single fermentation
produces one single fermentation broth from which one sin-
gle extraction is performed. This leads to a single batch of
purified RTS,S antigen without blending or re-processing at
any stage of manufacturing. Controls are applied during the

Table 1. RTS,S/AS01 Phase 3 efficacy results.

manufacturing process to monitor product purity, yield, and
integrity. Process validation includes identification and vali-
dation of the critical manufacturing parameters and demon-
stration of process consistency for at least 3 consecutive
batches. Release specifications include: visual appearance,
pH, identity and antigenic activity, purity, protein content,
S to RTS ratio, endotoxin, sterility, size distribution profile,
lipid content, and polysaccharide content. RTS,S potency is
measured by ELISA with a capture antibody directed against
the CS (RT) part of the virus-like particle, and detection
antibody raised against the S protein.*’

AS01 adjuvant system is formulated at GSK Biologicals.
The formulation process includes mixing concentrated lipo-
some bulk intermediate with formulation buffer (PO4/NacCl),
then adding QS-21 liquid bulk. After pH check and sterile
filtration, the adjuvant is filled into the final containers.*

The reconstituted RTS,S/AS01 product is a preservative-
free liquid suspension for injection that appears opalescent,
colorless to pale brown. The vaccine consists of two parts. The
first is the powder or lyophilized form containing RTS,S,
presented in a 3 mL glass vial closed with rubber stoppers
and aluminum caps, containing 2 doses of RTS,S antigen.
The second is the liquid suspension of the AS01 adjuvant
system, presented in a 3 mL glass vial closed with rubber
stoppers and aluminum caps, also containing 2 doses of the
adjuvant system. The liquid adjuvant is used to reconstitute
the RTS,S lyophilized antigen such that 1 vial of each pro-
duces 2 doses of vaccine for intramuscular injection.*”

The RTS,S component is based on a large segment of the
CSP (Amino acids 207 to 395 of the CSP from NF54 strain of
P. falciparum)."® The two RTS and S protein components are
expressed in genetically engineered Saccharomyces cerevisiae
yeast cells, and then fuse spontaneously into virus-like parti-
cles displaying CSP and S sequences at their surface.'” The
adjuvant system ASO1 contains the immunostimulants QS-21
and MPL, and is formulated as a liposome-based adjuvant.

Doses for the ongoing implementation studies continue to
be manufactured and donated by GSK, and the company will
continue to donate additional vaccine doses for planned Phase
4 studies.

The vaccine was not intended for marketing in malaria-
free areas, and the Committee for Medicinal Products for
Human Use (CHMP) of the European Medicines Agency
was asked to review the Phase 3 data and to provide
a scientific opinion based on vaccine quality and the risk/
benefit assessment from a regulatory perspective. This process
is known as article 58, and is invoked for medicinal products
manufactured for human use in a European Union (EU) state
that are intended exclusively for markets outside the EU, yet it
requires that products meet the same standards as those
marketed in the EU. The CHMP performed a scientific eva-
luation of the vaccine and issued a positive opinion in

Age Group

6-12 weeks of age (n = 6537) 5-17 months of age (n = 8922)

Vaccine Efficacy against clinical malaria, 3-dose group (95% Cl)
Vaccine efficacy against clinical malaria, 4-dose group (95% Cl)
Vaccine Efficacy against severe malaria, 3-dose group (95% Cl)
Vaccine efficacy against severe malaria, 4-dose group (95% Cl)

18.3% (11.7 to 24.4)
25.9% (19.9 to 31.5)
10.3% (-17.9 to 31.8)
17.3% (-9.4 to 37.5)

28.3% (23.3 to 32.9)
36.3% (31.8 to 40.5)
1.1% (-23.0 to 20.5)
32.2% (13.7 to 46.9)




July 2015, indicating that the risk/benefit assessment is favor-
able. The CHMP noted that the benefits may be especially
important for children in high transmission areas.

Later in October 2015, the WHO Strategic Advisory Group
of Experts (SAGE) on immunization and the Malaria Policy
Advisory Group (MPAC) reviewed Phase 3 data for RTS,S.
The WHO adopted recommendations from these advisory
groups to conduct pilot implementation studies of RTS,S/
ASO1 using a 4-dose schedule in 3 to 5 moderate-to-high
transmission settings sub-Saharan Africa. The WHO recom-
mends that these studies assess feasibility of 4-dose adminis-
tration, the impact on child mortality, and any evidence of
increased risk of cerebral malaria in vaccine recipients. The
vaccine is currently being piloted in children 5-17 months of
age in Ghana, Kenya and Malawi. Results of these implemen-
tation studies are expected to guide advisory groups, policy
makers and individual countries in their decision for RTS,S/
ASO1 licensure and deployment.

RTS,S/AS01 vaccination is expected to lead to a later
increased risk of malaria in older children. Seven-year follow-
up of 5-17 month old children who received 3 doses of vaccine
in Kilifi, Kenya and Korogwe, Tanzania demonstrated a waning
effect of efficacy over time. After 5 years, vaccinated children
suffered increased risk of clinical malaria compared to
controls.”® This is not surprising, and is true for other malaria
interventions including insecticide-treated nets and seasonal
malaria chemoprophylaxis. Whereas this reversal in malaria
risk may be viewed as a disadvantage, the goal of early vaccina-
tion is to prevent malaria in young children who are at high risk
for severe malaria complications, including adverse neurodeve-
lopmental outcomes. Annual booster doses of RTS,S may be
considered to alleviate risk for this rebound phenomenon.

Commercial and public health issues

Pricing for RTS,S/ASO1 has not yet been determined. Groups
including PATH and GSK agree that vaccine should be made
available to infants and children at highest risk. Existing
mechanisms that provide other vaccines to African children at
no cost may help achieve this goal. The RTS,S/AS01 vaccine use
fits within Gavi’s mission to save children’s lives and protect
people’s health by increasing equitable use of vaccines in lower-
income countries. RTS,S/AS01 was part of Gavi’s Vaccine
Investment Strategy review in 2018, but was not subject to
investment decisions as the malaria vaccine implementation
program is ongoing. GSK has stated that pricing will be set at
manufacturing cost plus a return of about 5% that will be used to
reinvest in vaccines against neglected tropical diseases. After
data from pilot implementation studies becomes available, sub-
sequent recommendations from the WHO, including necessary
prequalification, may help facilitate financial support for RTS,S/
ASO1 to reach areas that need it most.

Efficacy of RTS,S/AS01 vaccine is modest, yet still provides
significant public health benefit. The Phase 3 results demon-
strated that among children who received 4 doses of vaccine,
1744 clinical malaria cases were prevented for every 1000 chil-
dren vaccinated. This benefit increased in settings of intense
malaria transmission. Using Phase 3 data, modeling studies
conducted by four different groups under WHO supervision
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found that 4 doses will avert 116,480 cases of clinical malaria
and 484 deaths per 100,000 children vaccinated.”® These model-
ing studies also determined that RTS,S/AS01 would have mar-
ginal impact in areas where malaria prevalence is below 3%, and
that the median incremental cost-effectiveness ratio is compar-
able to other current antimalarial interventions, including $25
USD per case averted and $87 USD per disability-adjusted life
years averted, assuming $5 USD per dose of vaccine.
Transmission intensity and vaccine cost play a central role in
estimates of cost effectiveness. Compared to other interventions
targeting infants and children at risk for malaria, including long-
lasting insecticide-treated nets and seasonal malaria chemopro-
phylaxis, RTS,S/ASO1 vaccination remains cost-effective as
a second or third intervention in areas where parasite prevalence
is >10%.%

Ultimately, political will is required for RTS,S uptake and
deployment. Fortunately, politicians desire to combat malaria
illness and death, but RTS,S vaccination must first be accepted
as a viable intervention for malaria, which can take consider-
able time and effort in the case of a partly protective vaccine.
After acceptance, political will can then work to overcome
obstacles to vaccine implementation.

Intramuscular vaccine delivery

RTS,S/AS01 is delivered as a lyophilized injection delivered
intramuscularly. Four doses are currently indicated for chil-
dren, with the first dose given at 5 months of age. The first 3
doses are administered monthly, and the third should be
completed by 9 months of age. The fourth dose should be
administered at 15-18 months.

Immunogenicity

The immunogenicity profile of RTS,S has been extensively
investigated, including attempts to correlate vaccine immuno-
genicity with protection.’*' In summary, anti-CSP antibody
titers against the NANP repeat region, and increased titers
and responses have been correlated with a reduced risk of
clinical malaria, but no threshold defining protection has been
established.” CD4" T cell responses are also increased after
RTS,S/AS01 immunization, and may be associated with
protection.*>**

Immunogenicity has also been explored in vulnerable
groups, including children living with HIV. A study of RTS,S/
ASO01 in Kenyan children with WHO stage 1 or 2 HIV disease
reported that anti-CSP antibody geometric mean titer (GMT)
was greater in vaccinees than controls 1 month after dose 3
(329.2 EU/mL versus 0.3 EU/mL), but was lower than children
in the Phase 3 study (621 EU/mL). Although children in the
RTS,S group experienced fewer episodes of clinical malaria,
severe malaria, hospital admission due to malaria, and anemia
than controls, these differences were not significant, and the
study was not powered for these outcomes.*®

The Phase 3 clinical trial demonstrated greater vaccine-
induced immunogenicity in older children versus infants.
Among children aged 5-17 months, anti-CSP antibody
increased to 318.2 EU/mL 1 month after the booster dose,
compared with 34.2 EU/mL in children who did not receive
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the boost. One year later, levels dropped to 52.4 EU/mL and
19.3 EU/mL, respectively. In young infants 6-12 weeks of age,
anti-CSP antibody increased to 169.9 EU/mL 1 month after
the booster dose, compared with 6.2 EU/mL in infants not
boosted. One year later, levels dropped to 15.9 EU/mL and 3.7
EU/mL, respectively. Infants in the top tertile of anti-CSP
antibody response after the primary series experienced
a 36.9% reduction in risk of clinical malaria compared with
infants in the lowest anti-CSP antibody tertile. This associa-
tion was not seen in older children.”” The rapid anti-CSP
antibody decline in all participants was characterized by an
initial rapid half-life of ~40 days followed by a more gradual
loss of vaccine-induced antibody ~600 days.**

Cross-protection

Studies of RTS,S vaccine cross-protection demonstrate mixed
evidence of decreased malaria infections with vaccine-type CSP
in vaccinees versus controls.*>*” A recent study of variation at the
C-terminal sequence, part of RTS.,S, demonstrated a slightly
diminished efficacy for P. falciparum strains that contain
sequences heterologous to RTS,S,® and suggests that vaccine effi-
cacy may depend somewhat on how closely CSP in the commu-
nity matches that found in the vaccine. We do not yet know if
vaccine deployment will result in increased circulating heterolo-
gous parasites resistant to RTS,S, a phenomenon that has occurred
with other vaccine products including S. pneumoniae vaccines.

Patient acceptance and preference

Parents of children living in malaria-endemic areas are likely
willing to accept a malaria vaccine with a reactogenicity pro-
file similar to scheduled vaccines. Additional potential side
effects such as the risk of febrile seizure for a partly effective
vaccine will require careful explanation and health informa-
tion campaigns to inform the public of the risks and benefits
of vaccination. Vigilant monitoring for changes in attitudes
and practice regarding other antimalarial measures will also
be needed, including bednet use, seasonal malaria chemopro-
phylaxis, and treatment seeking behavior. These measures are
known to reduce risk of malaria morbidity and mortality, and
should not be replaced by vaccination. Part of the current
RTS,S/AS01 implementation study activities include qualita-
tive assessment of behavior change that may occur during
vaccine introduction.

Current treatment options

The RTS,S/AS01 vaccine is unique and represents a first for
malaria vaccine development. No other malaria vaccine,
including vaccines specifically targeting P. falciparum, has
advanced to Phase 3 testing, received favorable opinion from
the CHMP of the European Medicines Agency, or been con-
sidered by the WHO advisory committees for implementation
studies in African settings of moderate-to-high malaria
transmission.

Other candidate malaria vaccines against P. falciparum in
advanced development include PfSPZ Vaccine and R21. Both
products continue to be tested for safety and efficacy in

malaria-naive and malaria-experienced individuals. These
and other candidate malaria vaccines are listed in the WHO
Rainbow Tables*® and have been recently reviewed.*>°

The PfSPZ Vaccine is a live, radiation-attenuated, whole
sporozoite vaccine based on the NF54 strain of P. falciparum.”*
When injected intravenously, 3-5 doses of PfSPZ Vaccine pro-
vide up to 100% protection against homologous CHMI with
NF54 strain parasites in malaria-naive adults,”>>* and durable
but incomplete protection against heterologous CHMI with 7G8
strain parasites in malaria-naive adults.”® In malaria-endemic
areas, similar dosing in malaria-experienced adults provides
more modest protection against CHMI> and naturally-
occurring malaria.”® Recent testing in malaria-experienced,
African adults who received five doses of 2.7 x 10” live, attenu-
ated sporozoites demonstrated 52% efficacy against intense,
heterogeneous P. falciparum infection by time-to-event analysis,
and 29% efficacy by proportional analysis over a 6-month
period.”® Multiple studies of PfSPZ Vaccine are ongoing in
both children and adults to optimize dose and regimen, includ-
ing a large Phase 3 trial planned for Bioko Island in Equatorial
Guinea. Like RTS,S/AS01, the PfSPZ Vaccine is designed to
target the parasite’s pre-erythrocytic sporozoite stage, and thus
prevent infection in the human host. Studies in non-human
primates demonstrate that PfSPZ Vaccine generates a local
CD8" T cell response in the liver that inhibits hepatocyte
infection.”’ Challenges for PfSPZ Vaccine include requirements
for vaccine storage in liquid nitrogen and intravenous adminis-
tration that would necessitate additional infrastructure for vac-
cine delivery and advanced training for community health
workers who administer vaccines.

The R21 vaccine is similar to the RTS,S vaccine, inasmuch
as both are virus-like particle-based vaccines based on CSP.
R21 particles are formed from a single CSP-hepatitis B surface
antigen (HBsAg) fusion protein, which achieves a much
higher proportion of CSP displayed on the antigen surface
compared with RTS,S. R21 is thus designed to induce
a greater anti-CSP antibody response and lower anti-HBsAg
antibody response when compared with RTS,S/AS01, and is
considered a next-generation RTS,S-like vaccine.”” Like
RTS,S/AS01 and PfSPZ Vaccine, R21 targets the parasite’s
pre-erythrocytic sporozoite stage. Because it contains
a greater amount of CSP per HBsAg particle, R21 may induce
higher anti-CSP antibody responses than RTS,S/AS01. As the
magnitude of this anti-CSP antibody response to the NANP
repeat region seems to correlate with RTS,S/AS01-induced
protection,’ the enhanced immune response to CSP induced
by R21 may result in superior efficacy and/or duration of
protection. When administered with adjuvant Matrix-M, pre-
clinical testing demonstrated enhanced protection against
challenge and increased T cell responses when compared
with Montanide adjuvant.”” As R21 is early in development,
questions remain regarding efficacy against CHMI in malaria-
naive individuals and against naturally-occurring malaria in
malaria-experienced persons living in endemic areas.

Future prospects

The ongoing RTS,S/AS01 implementation studies will provide
practical information on the feasibility of administering 4



doses of vaccine in children, and on the overall efficacy and
safety profile. These critical investigations will inform WHO
policy on broad use of RTS,S/AS01. The prospect of vaccine
introduction into moderate and highly endemic areas is
highly promising for malaria control efforts.

In parallel with implementation studies, alternate dosing
schedules for RTS,S/ASO1 are being assessed in children in
malaria-endemic areas, based on results from a trial in
malaria-naive adults that demonstrated enhanced protection
against CHMI when the third dose was delayed and adminis-
tered as one-fifth of the full dose.”® The immunologic basis for
this improved protection includes enhanced CSP-specific
antibody avidity and somatic hypermutation in B-cells specific
for CSP.>® If results are replicated in ongoing studies in
children, this alteration in vaccine schedule would not require
changes in vaccine formulation and would dramatically
increase vaccine efficacy and overall benefit of RTS,S/AS01
vaccination. Additional considerations include annual boost-
ing of RTS,S vaccination in the most vulnerable groups in
efforts to compensate for the rapid decay in vaccine-induced
CSP antibody after vaccination.

Alternate adjuvants for RTS,S should also be considered,
inasmuch as the antigen depends heavily on a strong adjuvant
to enhance height and duration of antibody response. The
enhanced immunogenicity provided by adjuvants must also
be weighed against potential side effects, and an alternate
adjuvant that does not increase risk of febrile seizure in
children would offer advantage.

GSK continues to manufacture vaccine for the current
implementation studies, but long-term vaccine supply is
uncertain. As vaccine manufacturers must plan well in
advance of production to meet demand, and countries do
not yet know if the WHO will recommend RTS,S for use,
additional delays in vaccine production and delivery may
occur should implementation studies be favorable for vaccine
use. Issues of vaccine transport and storage would also need
attention at the national, regional and local levels, as would
training of health care personnel. These challenges can surely
be overcome through advocacy and partnerships.

Conclusion

After decades of clinical development, the RTS,S/AS01 vaccine
has achieved an important milestone as the very first vaccine
against malaria to be tested in Phase 3 clinical trials, and now in
implementation studies. As the WHO, Gavi and other groups
weigh the risk/benefit, cost-effectiveness and practical issues of
vaccine implementation capacity in resource-limited settings,
consideration should extend to potential impacts on health
status, poverty, and social justice for persons living in endemic
areas. Future advances, including enhanced protection using
a delayed, fractionated dosing schedule and alternate adjuvants
are likely, and can continue to be developed to achieve the
ultimate goal of malaria eradication.
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