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PRESENTATION

The current doctoral thesis is presented following the University of Barcelona
recommendations on presentation of doctoral thesis by compendium of

publications.

The thesis is presented as a collection of four articles published in peer-
reviewed international journals on work conducted at the Centro de
Investigagdo em Saude da Manhica (CISM) in Mozambique, and at the

Barcelona Centre for International Health Research (CRESIB), in Spain.

The first manuscript is an introductory review article on the challenges towards
the development on an effective malaria vaccine. The other three articles
provide original data from the RTS,S/AS candidate malaria vaccine clinical

trials conducted in Mozambican children and infants.
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1.

SUMMARY

1.1. Resumen (Castellano)

La malaria, causada por el parasito Plasmodium falciparum sigue siendo
un gran problema de salud publica y una causa importante de mortalidad y
morbilidad en el Africa Sub-Sahariana, especialmente entre los nifios y
lactantes. El parasito y su vector mosquito Anofeles spp. tienen una
tremenda capacidad de adaptacion, incluyendo la capacidad de adquirir
resistencia a los farmacos antipaludicos e insecticidas. Es por tanto
prioritario desarrollar nuevas herramientas preventivas, entre las cuales
una vacuna segura y eficaz, un elemento clave para contrarrestar esta

tendencia.

La vacuna candidata contra la malaria mas avanzada, denominada
RTS,S/AS, ha progresado hasta un ensayo de Fase Il siguiendo un plan
de investigacién y desarrollo clinico resultado de una colaboracion sin
precedentes entre centros de investigacion Africanos, Europeos vy
Americanos junto con la GSK Biologicals y PATH Malaria Vaccine

Initiative (MVI).

Esta tesis describe algunas de las fases criticas de estos logros,
reportando los ensayos clinicos de la vacuna candidata contra la malaria

RTS,S/AS llevados a cabo en nifios y lactantes de Mozambique.



Esta tesis analiza en detalle la evaluacion de la seguridad de esta
estrategia, la respuesta inmunolégica (tanto humoral como celular) que
esta vacuna confiere, y la duracion de la proteccion durante un periodo
de seguimiento de un afo en los lactantes. Presentamos también los
datos completos de 4 afios de seguimiento de la inmunogenicidad de la
RTS,S/AS024 administrada a nifilos de 1 a 4 afios de edad en el momento

de su primera vacunacion.

Estos estudios demuestran que la vacuna es segura, bien tolerada y
altamente inmunogénica, produciendo respuestas tanto humorales como
celulares. La vacuna también protege a los nifios y lactantes contra la
malaria clinica. Ademas se describe por primera vez una asociacion entre
el riesgo de malaria clinica y los niveles de anticuerpos contra la proteina

de circumsporozoito del Plasmodium falciparum.

Los resultados aqui presentados apoyan la tesis de que el desarrollo de
una vacuna eficaz, inmunogénica y segura contra la malaria es posible, y
debera ser la base, junto con otros estudios, del proceso de registro de la

que podra ser la primera generacion de vacunas contra la malaria.



1.2. Summary (English)

Malaria, caused by Plasmodium falciparum parasites remains a huge
public health problem and a major cause of morbidity and mortality in sub-
Saharan Africa, especially among children and infants. The parasite and
its vector — the Anopheles spp mosquito - have tremendous adaptability
capacities, including the acquisition of resistance to anti-malarial drugs
and insecticides, making the development of new preventive tools, such
as a safe and effective vaccine, a key element to counter balance this

tendency.

The most advanced malaria vaccine candidate, RTS,S/AS has progressed
to a Phase Il trial through a research and development plan as a result of
an unforeseen partnership between African, European and American
research institutions together with GSK Biologicals and the PATH Malaria

Vaccine Initiative (MVI1).

This thesis describes some critical stages of the clinical development plan
of this vaccine, reporting clinical trials of the RTS/AS candidate malaria
vaccine conducted in Mozambican children and infants. Here we
illustrates the assessment of the RTS,S/AS02p safety, humoral and
cellular mediated immune responses and the duration of protection over a
one year period in infants. We also provide a detailed immunogenicity
data of 4 years of follow-up of children aged 1 to 4 years by the time of

immunization with RTS,S/AS02,.



These studies principally show that the vaccine is safe, well tolerated and
highly immunogenic, eliciting both humoral and cell-mediated antibodies.
The vaccine also protects children and infants against clinical malaria.
Importantly, they also describe for the first time an association between
the risk of clinical malaria and Plasmodium falciparum anti-

circumsporozoite antibody titters.

The presented results support the hypothesis that developing a safe,
immunogenic and efficacious malaria vaccine is feasible and, together with
other studies, they should be the basis for the registry process of what

should be the first generation of vaccines against malaria.



2.

INTRODUCTION

2.1. Brief history of malaria

The name malaria — from mala and aria meaning bad air - was first used
by ltalians in 1740 associated to the cause of intermittent fevers (also
known as jungle fever, marsh fever, paludal fever, or swamp fever) after
exposure to marsh air or miasma.

Early references from malaria can be traced back to 2700 BC in China,
Mesopotamia (2000 BC), Egyptian papyri (1570 BC), Ancient Greece (500
BC) and Hindu texts (VI century BC). Hippocrates (400 BC) distinguished
the intermittent nature of malaria fever from the continuous fever
associated to other infectious diseases affecting humans (1). Descriptions
of severe periodic tertian and quartan fevers and spleen enlargements can
be found in some of these historical documents (2).

The evidence that the causal agent of malaria were parasites was first
presented in 1880 by the French army doctor Alphonse Laveran (1845 -
1922), who described microorganisms in the blood of patients with malaria.
While examining blood slides from a group of malaria patients (using a
crude light microscope), Laveran recognized four distinct forms of the
malaria parasite in different stages of its life cycle (later proved to
correspond to both male and female gametocytes, schizont and
trophozoites). In 1907, Laveran received the Nobel Prize for such

discovery.



In 1897, Ronald Ross described for the first time the malaria parasite in
wild-caught mosquitoes. He identified sporozoites in the salivary glands of
mosquitoes that had been previously fed on malaria infected birds (2, 3).
Subsequently, he infected 21 of 28 fresh sparrows with these mosquitoes
further demonstrating the causal relationship (4). In 1902 he was awarded
the Nobel Prize for this discovery. However, Ross was not the only
researcher who confirmed the malaria life cycle in the mosquito. Between
1898 and 1900, the causal agent of human malaria and its vector was
described in parallel by a group of Italian scientists (Grassi, Bignami,
Bastianelli, Celli, Golgi and Marchiafava), who contributed not without
controversy and animated scientific debate to the detailed description of

the parasite life cycle and its mode of transmission.

2.2. The first attempt of malaria eradication

A few decades later, the scientific community embarked in an ambitious
plan to eradicate malaria. Feeling that the complexity of the malaria
parasite’s life cycle had been untangled, and in possession of effective
antimalarial therapeutic and preventive arsenal, the WHO launched in 1955
the Global Malaria Eradication Programme. The main premise was the
combination of massive deployment of vector control strategies using the
powerful insecticide dichlorodiphenyl-trichloroethane (DDT) and the use of
chloroquine (then extremely effective and cheap) for the treatment of
clinical cases. DDT was available since 1874, but its insecticidal proprieties

were only discovered in 1939 by Paul Muller (5), and chloroquine was a by-
6



product of the second world war, developed to protect soldiers fighting in
endemic areas.

By 1978, 37 out of 143 malaria endemic countries in 1950 were freed from
malaria, with only 10 of these countries located outside Europe and the
Americas (6). Success of the activities in Africa, the continent most
severely affected by the disease, was limited, and for this reason WHO'’s
policy was switched in that same year from eradication and elimination to
malaria control (focusing on prevention and treatment).

The great success obtained by the eradication programme in the
temperate climate areas of Europe, some countries in the Americas,
northern of Africa and Middle East (where malaria could be eradicated)
was overcome by a failure in most of sub-Saharan Africa. One of the
biggest obstacles was the widespread distribution of Anopheles gambiae, a
long-lived and aggressive malaria vector, associated with several logistic,
administrative, financial, political, infrastructural and social challenges.
With the exception of a few pilot programs, no sustained malaria control
efforts were ever set up in sub-Saharan Africa (7).

By the end of 1996, campaigns using DDT, elimination of mosquito
breeding sites and mass treatment had freed more than 500 million people
from the threat of disease (8), but significant endemic areas remained
scattered around the globe, highlighting the terrible burden that this

disease caused.



2.3. Worldwide burden and distribution of malaria

Malaria is the most important parasitic infection affecting humans and
remains endemic in 106 countries (Figure 1). Sub-Saharan Africa accounts
for a significant piece of the malaria burden and the vast majority of malaria
deaths (9, 10).

Between 2005 and 2009, global estimates of malaria cases decreased by
19 million (from 244 to 225 million annual cases respectively). The total
number of deaths also decreased from 985.000 to 781.000 during the
same period and Africa accounted for the largest absolute decline of cases

and fatalities (11).

I Countries or areas where malaria transmission occurs
Countries or areas with limited risk of malaria transmission

“This map is intended as a visual aid only and not as a definitive source of information about malaria endemicity. Source: ©WHO 201 1.All rights reserved.

Fig. 1: Distribution of malaria endemic countries (Source: WHO World Malaria Report 2010).



The malaria burden estimation, especially in Africa, relies primarily on
mortality and morbidity data collected by the health information systems.
In most endemic affected areas, this information are based on history of
reported febrile illness and clinical signs, thus over or underestimating the
true burden of the disease. Additionally, the health system network in
areas where malaria is endemic is usually fragile and scarce, further
hindering the management of this disease.

In recent years, increased interest and funding has substantially
supported the scale-up of malaria control interventions such us the use of
long lasting insecticide treated bed-nets (LLITNs), campaigns of indoor-
residual spraying (IRS) and the adoption of effective artemisinin-based
combination therapy (ACT) as first drug of choice for malaria treatment
that are leading to a reduction in malaria morbidity and mortality in certain
areas (11).

The WHO reports that eleven countries in Africa (Algeria, Cape Verde,
Botswana, Madagascar, Namibia, Sao Tome and Principe, South Africa,
Swaziland, Eritrea, Rwanda and Zambia) experienced around 50%
reduction in malaria cases or malaria admissions and deaths although
Rwanda, Sao Tome and Principe, and Zambia noticed malaria
resurgence in 2009 (after a previous decreasing tendency) (11).

Malaria is not uniformly distributed. Various factors account for the larger
variation of the malaria transmission intensity including, among others,

the distribution and behavior of the human host, the vector and parasite



species, the geophysical and climatic features, the environment and the
socio-economic status (12).

A current categorization of malaria endemicity divides it into three types
(Table 1) (13). Stable endemic malaria refers to the continuous exposure
of a population to a fairly constant rate of malaria inoculation. On the
other hand, in an unstable endemic malaria situation, a population is
subjected to more or less permanent malaria transmission but under
circumstances in which there are large fluctuations in the rates at which
malarial inoculations are delivered to individuals within the population.
Epidemic malaria occurs when a population, or even a small group of
individuals, is exposed to an increase in malaria transmission rates
above that previously or normally experienced. If P. falciparum is

implicated, malaria epidemics can be accompanied by significant fatality

rates.

Table 1: Characteristics of the malaria transmission (13)

Type of Distribution Inoculation rates  Protective Transmission
Malaria immunity characteristics
Stable Sub-Saharan Africa Regular, low to Highin older Perennial or
very high age groups; low  seasonal; regular
in children <5 contact between
years vectors and human
hosts
Unstable Mediterranean, Asia and Irregular, low to Unreliable in Perennial or
Western Pacific, Central medium older age seasonal; irregular
and South America and groups; absent contact between
Caribbean in children <5 vectors and human
year old hosts
Endemic Highlands areas of tropical  Rising suddenly, = Low or absent Very variable,
Africa; Central Asia and low to medium in all age subject to sudden
Caucuses; Asia and Latin groups and rapid change

America

10



Recently, a new malaria eradication strategy has been developed based

in three main premises (14):

- Aggressive control in highly endemic countries, to achieve low
transmission and mortality in countries with the highest disease and
mortality burdens.

- Progressive elimination of malaria from the endemic margins, to
shrink the malaria map.

- Research into vaccines and improved drugs, diagnostics, insecticides
and other interventions, and into delivery methods that reach all at

risk populations.

Applied to malaria, eradication is defined as the permanent reduction to
zero of the worldwide incidence of malaria as a result of deliberate efforts
while elimination refers to the cessation of malaria transmission (no
incidence of locally contracted cases) in a defined geographic area or an
entire country. The WHO defines malaria control as the reduction of the
disease burden to a level at which it is no longer a public health problem
(6). By 2010, 109 countries were categorized as malaria free, 67
controlling endemic malaria and 32 as malaria-eliminating countries

(Figure 2) (14).

11
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Figure 2: Categorization of countries as malaria free, eliminating or controlling
malaria, 2010 (Source: Feachem et al, Lancet 2010)

There is no doubt that P. falciparum still remains a challenging enemy to
defeat and that is fighting back to survive, either using immune system
evasion mechanisms or acquiring resistance to anti-malarial drugs, now
including the artemisinin derivates as seen in Asia (15). Additionally, the
development of insecticide resistance from the mosquito vector further
complicates control efforts (16). Albeit the development of an effective
malaria vaccine has been hampered by the parasite’s extreme
complexity and poorly understood immune mechanisms, there is an
overall consensus that, together with other preventive measures, it will
constitute a key tool for the control, elimination, or even eradication of the

disease (17, 18).
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2.4. Malariain Mozambique

Mozambique is situated in a region which presents favorable conditions for
malaria occurrence. The climatic and environmental conditions (high
temperature and humidity, precipitation pattern, abundance of natural
breeding sites), geography (low altitude, several rivers and lakes), type of
predominant vector species (Anopheles gambiae), population distribution
(majority of population live in high-risk areas), poor socio-economic status
conditions and limited access to health services are in favor of the high

persistence of the disease.

Malaria is characterized to be endemic throughout Mozambique, varying
between mesoendemic and hyperendemic areas. The transmission is
constant, with highest peaks during and following the rainy seasons
(January to April). Ninety percent of malaria prevalence is attributable to
Plasmodium falciparum, while only 9.1 and 0.9% of all infections are
caused respectively by P. malariae and P. ovale (19).

Malaria is also responsible for almost 44% of the total outpatient visits,
57% of admissions in the pediatric population and about one third of all
inpatient deaths (20). Most of the deaths are related to severe malaria
cases that often presents as cerebral malaria, respiratory distress or as
malaria associated with severe anemia which invariably requires a blood

transfusion to save the patient, especially in children under 5 years.

Malaria during pregnancy is also a major public health issue in

Mozambique. According to the malaria national control program,
13



approximately 34% of pregnant women are infected with P. falciparum,

with the highest parasite prevalence linked to primigravidae (21).

The association of maternal anemia and malaria infection is one of the
most common co-morbidities presented at the health facilities (22). At least
68% of pregnant women have hematocrit levels below 33% (21), situation
that also contributes to the elevated maternal mortality rates observed in

rural areas (400 per 100,000 births).

The Manhica Health Research Center (CISM) established in 1996 in
Manhiga district, southern Mozambique runs a continuous demographic
and morbidity surveillance system. Using a reputable platform for
epidemiological and intervention studies, this center helps in filling the gap
in accuracy of national health statistics and contributes with evidence-

based policy changes to the entire country and internationally.

An initial study to establish the malariometric indexes in the Manhiga region
was done from 1996 to 1999 as part of a larger epidemiological study in
Mozambique (20). About 2057 children bellow 10 years of age were
enrolled in the study. The authors estimated a 90% prevalence of
Plasmodium falciparum among all malaria infections. The prevalence of
asexual P. falciparum ranged from 13.7-21.7% at the end of the dry season
to 30.5-34.0% at the end of rainy season. A 36% crude malaria attributable
fraction (MAF) of fever was depicted from a separate case-control study

using 1021 hospital based cases of fever and their corresponding
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community non-febrile age-matched controls. To estimate the incidence of
clinical malaria episodes, weekly home-based active case detection was
done in two separate cohorts. Every child had between 0 to 6 clinical
malaria episodes. Importantly, no episodes occurred in very young children
(newborns and children less than 2 months) and in up to 71% of the
children evaluated, proving that malaria clusters significantly in certain
population groups. The highest incidence ranging from 0.65 to 0.74
episodes per 100 person-weeks at risk was found in children aged 6 to 48
months, highlighting that infants and young children were at highest risk.
Saute and colleagues also noted significant differences in the spatial
incidence of malaria episodes in regions just a few miles apart with a
higher incidence in children living near the river or in swampy areas.

Malaria has been estimated as the leading cause of death in the district,

according to a study based on verbal autopsies reports (23).

Treatment and prevention

As in most of African countries, the WHO global malaria eradication
program previously described failed to succeed in Mozambique. In the
early 70’s the attention of the program was changed to treatment rather
than prevention. In 1982, the newly created Mozambican national malaria
control program adopted a strategy focused on the prompt malaria
diagnosis and treatment, vector control and health promotion. A number of

reasons, including an inadequate coverage of the national health system
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(almost absent from rural areas), insufficient infrastructures, the civil
conflict, the concentration of residual spraying campaigns only in the major
urban areas, and the advent of resistance to chloroquine rendered this

strategy to be ineffective for the adequate control of malaria.

Two trials done in Manhicga supported the malaria first line treatment policy
changes in Mozambique. These studies demonstrated a 69%
parasitological resistance of P. falciparum to chloroquine and 100% clinical
efficacy of three different drug combinations, namely amodiaquine plus
sulphadoxine-pyrimethamine (AQ+SP), amodiaquine plus artesunate
(AQ+AS) and sulfadoxine-pyrimethamine plus artesunate (SP+AS) (24). In
line with these results, the Mozambican national malaria control program
changed the first line treatment for uncomplicated malaria from chloroquine
to the combination AQ+SP in 2002. Following WHO recommendations to
use artemisinin-based combination therapy (ACTs) to treat malaria in P.
falciparum endemic areas (25), the first line treatment was then
successively changed to AS+SP in 2004 and finally arthemether plus
lumefantrine (AL) in 2009. Quinine is the drug of choice for the treatment of
severe malaria or for cases where other treatment alternatives are not

indicated or unavailable (26).

Other preventive measures currently used in Mozambique include the free
distribution of ITNs (preferably LLITNS), indoor residual spraying (IRS)
campaigns and the intermittent preventive treatment in pregnant women

(IPTp).
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3.

Malaria: the parasites, life-cycle and vectors

3.1. The Plasmodium species and distribution

Malaria transmission is granted through the bites of an infected female
Anopheles mosquito. There are around 400 Anopheles species in the world
but only 30 are of major importance. Five species of Plasmodium can infect
humans under natural conditions: P. falciparum, P. vivax, P. ovale, P.
malariae and P. knowlesi. Each of those species has particularities in terms
of their morphology, immunology, geographical distribution, clinical patterns
and drug susceptibility. Plasmodium falciparum is responsible of the most
severe forms of the malaria and its associated death toll, especially in Sub-
Saharan Africa. P. ovale is confined to West Africa and is the rarest
parasite. P. malariae can be found worldwide with relatively low frequency
while P. vivax, the most widespread malaria specie, rarely causes fatal
outcomes, but is now known to be less benign than previously considered.
P. ovale and P. vivax life cycles have some particularities. Regardless of
producing normal hepatic schizonts, these species can develop some forms
of dormant liver stage known as hypnozoites. These dormant forms can
remain inactive for long periods (weeks, months and sometimes years)
before being re-activated and causing malaria relapses. Plasmodium
falciparum and P. malariae do not produce hypnozoites, thus not being able

to relapse. Thus, the recurrence of malaria in patients infected by these
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species reflects the proliferation of surviving blood-stage parasites from an
earlier infection (malaria recrudescence), or just a new infection.

Recently, P. knowlesi, a malaria parasite usually affecting monkeys and
easily misdiagnosed as P. malariae, has been implicated in severe or even
life threatening forms of human malaria particularly on the island of Borneo
(27-29).

Although rare, malaria transmission not always involves mosquitoes. Some
infections can be acquired following transfusion of malaria parasitized blood
products, exposure to tissues with contaminated erythrocytes, organ

transplantation or through the placental barrier.

3.2. Lifecycle

The malaria parasite infects both human and mosquitoes spending its

lifecycle partly in the mosquito and partly in the human host (Figure 3).

When an infected female Anopheles mosquito takes a blood meal on
human, sporozoites contained in their salivary gland are injected into the
skin reaching the blood stream. New evidences indicate that a proportion of
sporozoites are captured by the lymph nodes and degraded (30). In less
than an hour they reach the hepatocytes (liver cells) probably intermediated
by Kupfer cells. Inside the hepatocytes, the sporozoites replicate and
develop into schizonts, at this stage called pre-erytrocytic schizonts, which

contain thousands of merozoites. When the liver cell ruptures, the
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merozoites are released into the bloodstream (starting the asexual
erytrocytic stage). Every merozoite try to invade an erythrocyte and multiply
inside them forming what is known as erytrocytic schizonts. After 48 hour-
long waves for all plasmodia species (with the exception of P. malariae
which lasts 72 hours), these schizonts burst, killing the erythrocyte, and
releasing new merozoites to the blood stream, a phenomenon that
perpetuates the erythrocytic stage of the cycle. The release of the parasites
from blood schizonts triggers the classical malarial paroxysm, i.e. the
occurrence of fever, sweats and chills. The periodicity of these intermittent
fevers is determined by the duration of these waves. The 48-hour
paroxysms caused by P. falciparum are less predictable, especially in non-
immune patients, because of the occurrence of non-synchronized waves of
blood schizonts rupture, and today’s use of antipyretic medication.
Plasmodium knowlesi has a daily (quotidian) cycle and, if unchecked, can
rapidly reach potentially lethal densities (27).

After several erythrocytic cycles, some of merozoites invade erythrocytes
and instead of differentiating into schizonts, may follow a different pathway
and become gametocytes, the sexual stages of the life cycle.

To perpetuate the lifecycle, the gametocytes need to be ingested by
another female Anopheles mosquito. In the mosquito gut, the gametocytes
quickly divide into a number of microgametocytes (male gametes) each with
a flagellum (exflagelation). They become free and following contact with a

female gamete (macrogametocyte), fertilization occurs. The zygote
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develops into a motile ookinete, which traverses the stomach wall of the

mosquito, forming an oocyst. Inside it, thousands of sporozoites are formed.

Once mature, the oocysts bursts spreading the sporozoites to all parts of

the mosquito, particularly to the salivary glands and are injected into the

human body during the next mosquito meal.
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Figure 3: Plasmodium falciparum life-cycle
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3.3. The Anopheline vector

There are around 400 Anopheles species in the world, of which 60 species
are malaria vectors, within them only 30 species are of major importance.
They are distributed mostly in tropical and subtropical regions, although
some species can survive in temperate climates. In general, mosquitoes are

not found in regions with altitudes above 2000-2500 meters.

The Anopheles gambiae complex and Anopheles funestus group, closely
linked to the malaria infection transmission in several regions across Africa,
include the most efficient mosquito vectors of malaria affecting humans (31-
33). These vectors have a strong preference for feeding on humans and a
long lifespan compared with other anopheline species. An adult female
anopheline lives an average of 3 weeks or more under optimal conditions
while their parent males live only a few days. In conditions where the
ambient temperature exceeds 35°C, or humidity falls below 50 percent, the
longevity of the anophelines is significantly reduced, directly influencing the

transmission of malaria (34).

The terms anthropophagic or anthropophilic and zoophagic or zoophilic are
used to describe the mosquitoes preference for humans or animals (cattle)
respectively. Most of the anopheline feed between dusk and dawn.
Anopheles gambiae, can feed over a period starting at 10.00 pm to 06.00
am. The resting habits of the mosquitoes are important for targeting

preventive measures. For instance, some female mosquitoes rest during
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4,

daylight in the walls within house interiors where the environment is cool
and humid. The use of indoor residual spraying is suitable for these species

(34).

Pathogenesis and clinical features

The infection with malaria parasites may result in a wide diversity of
clinical features virtually ranging from the complete absence of symptoms
to a mild, moderate, severe or even life-threatening disease (35),
depending on the immune status of the infected host. In children living in
endemic areas, the most common clinical manifestation of P. falciparum
malaria is a common nonspecific febrile illness that requires laboratory
confirmation. Most of the clinical symptoms associated with malaria are
caused by the inflammatory cascade prompted by erythrocyte lyses at the

end of a cycle of asexual parasite development.

Malaria disease is normally classified as uncomplicated (the most
common and widespread presentation) or complicated (severe malaria,
mostly associated to P. falciparum infection, believed to occur in only 1-
2% of all cases). Malaria complications can happen extremely fast in
children and fatal outcomes may occur in the very early stages of the
disease. Uncomplicated malaria does not pose an immediate danger but
requires prompt treatment, especially if P. falciparum is present, to avoid it

developing into severe disease. The classical symptoms are the
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occurrence of recurrent fever, dizziness, arthromyalgias, anorexia,
vomiting, malaise and headaches. Spleen enlargement can be often

found in children.

Severe (complicated) malaria cases can present with coma,
hypoglycemia, seizures, severe anemia, acute renal failure, jaundice,

respiratory distress, pulmonary edema, shock and acidosis.

In general, high levels of peripheral parasitaemia are associated to poorer
prognoses although as a result of the parasite’s capacity to sequester in
the deep microvasculature, low peripheral parasitemias may not represent
a high parasite mass and can also be associated to severe cases.
Furthermore, two children with similar levels of parasitemia can present a
complete different pattern of disease, from cerebral malaria or severe

anemia to a virtual absence of the disease.

There are some differences in the clinical patterns of the severe malaria
cases among non-immune adults and semi-immune African children with
organ failure being frequently found in adults rather than in children (36).
Children in Africa frequently present severe anemia and cerebral malaria
but, when occurring, respiratory distress is also a dangerous form of

severe malaria, particularly if associated to other syndromes (36-38).

In endemic areas, cerebral malaria typically occurs in children under 5

years of age, and is rarely seen above the age of 10 in children who have
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been exposed to P. falciparum from birth. The definition of cerebral
malaria is not straightforward, but a simplified way of typifying it is based
on the presence of P. falciparum asexual parasitemia and altered
consciousness (Blantyre coma scale <2), in the absence of other obvious
causes of impaired consciousness. The Blantyre coma scale is useful for
assessing children not yet able to speak (39). It gives a total score from O
(worst) to 5 (best) based on motor and verbal responses, and eye
movements. Children with cerebral malaria usually develop a coma after
1-3 days history of fever. This coma may be accompanied by one or
more seizures, an arched back, posturing, an altered respiratory pattern
and/or gas abnormalities (39). Other acute neurologic features include a
generalized decrease in muscle tone, cranial nerve palsies and retinal
abnormalities including hemorrhage (40). The resulting neurological
sequelae may include ataxia, hemiplegia, speech disorders, blindness,

paralysis, epilepsy, and cognitive and behavioral deficits.

Signs of respiratory distress include deep (acidotic) breathing, low chest
wall indrawing, increased respiratory rate and nasal flaring. It is believed
that the malaria associated respiratory distress is caused by a metabolic
disturbance rather than by a pathological process at the lung level, as
documented by the findings of normal oxyhemoglobin concentrations and

normal chest X-rays in most of affected patients (41, 42).

The deep sequestration of mature blood schizonts within the venous

microvasculature of vital organs is the core pathological process in severe
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malaria P. falciparum malaria. The organ distribution of sequestration
determines the resulting clinical syndrome (43). If sufficient numbers of P.
falciparum schizonts are attached to blood vessels in the brain, cerebral
malaria can result (44); in the placenta, premature delivery, low birth
weight and increased neonatal mortality can result as consequence of the

reduced fetal blood supply (45, 46).

Severe malaria-related anemia (hemoglobin concentration less than or
equal to 5 g/dL) also consists of a group of conditions with multifactorial
causes, including the direct and indirect immune mediated destruction of
both parasitized and non-parasitized erythrocytes, and bone-marrow
suppression associated with imbalances in cytokine concentrations (47).
Blood transfusions and iron supplementation remain the cornerstone of
anemia treatment in malaria endemic areas (48). Children with severe
anemia tend to be younger than those with cerebral malaria, but the two

conditions often overlap.

Prompt access, diagnosis and treatment of malaria is critical to save lives,
especially in Africa where more than three quarters of deaths are
estimated to occur in the first 24 hours after hospital admission, and within

the first 2 days of onset of symptoms (49).
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5.

Immunity and host genetics

A complete understanding of the host immune response to malaria
parasites is of paramount importance to achieve the ambition of an

effective and safe malaria vaccine (50).

The exact immune mechanisms against malaria are complex and still not
fully elucidated. Uncertainty also regards which of the 5300 antigens
encoded by the P. falciparum parasite produces the key protective
immune responses in humans, although some evidence implicates about
20 of these (51). This is due to the complex life cycle of the malaria
parasites that consists of a sexual phase in the mosquito vector and a
pre-erythrocytic or liver-stage in the human host. For people living in
endemic zones, continuously exposed to infective bites throughout their
life, natural acquired immunity (NAI) to malaria begins to develop early in
childhood. This slowly build up of immunity is age dependent, stage-
specific and most importantly, quickly wanes in the absence of a

continuous exposure to the plasmodium species.

The initial protection acquired is against the life threatening forms of the
disease (cerebral malaria, severe malaria anemia, malaria with respiratory
distress and death). Gradually it encompasses a protection against more
milder clinical disease (anti-disease immunity) and eventually is capable
of suppressing the circulating parasites (anti-parasite immunity) (52). Anti-

disease immunity is reflected by the age evolution of fever and is believed
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to quickly develop, with a reduction in the frequency of clinical
presentation of malaria. The second type, anti-parasite immunity is slowly
acquired and leads to a progressive decrease in parasite prevalence and
multiplicity of infection (63). On the contrary to other viral and bacterial
infections, there is no sterilizing immunity under natural circumstances. As
a result, as an individual living in an endemic area grows up, the number
and severity of clinical malaria episodes decreases, although infection

continues to occur.

The acquisition of immunity is also mediated by the intensity of
transmission. People living in areas where transmission is perennial and
high tend to quickly develop NAI, thus concentrating the burden of severe
disease and death in children less than 5 years of age and pregnant
women. Generally this immunity persists as long as the individual remains
in the area of stable transmission.  Conversely, in low transmission
areas, this acquisition takes longer to occur and all age groups show
similar levels of clinical disease, with adults being also vulnerable to
severe disease episodes. A similar situation is characteristic of areas
were transmission of malaria is epidemic or unstable, not allowing the
acquisition of NAI as transmission is extremely variable and during short

time periods.

Individuals not previously exposed to Plasmodium infective bites, and
therefore ‘non-immune’ or ‘malaria-naive’, are at great risk of rapidly

developing severe disease and death when not promptly treated.
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Both humoral and cellular immune responses are thought to be involved
in the protective response against malaria. Paradoxically, part of the
immune responses may play an important role in the malaria

pathogenesis (54, 55).

The duration of this antimalarial immunity can vary from person to person.
As the immunity wanes, the risk of potential life-threatening complications
increases. A shift for older-age cases of malaria is generally the first
indicator that immunity has been lost in an entire community (13). For this
reason preventive malaria control programs must be sustained for long
and continuous periods even after proved success, as the whole
populations becomes vulnerable to epidemic malaria. A good example
occurred in the highlands of Madagascar between 1949 and 1960. After
almost a complete malaria transmission interruption, using a combination
of IRS and mass chloroquine treatment (56), malaria reemerged and a
severe epidemic caused by P. falciparum in 1986 ended with high fatality

rates in all age groups during the following two years (57).

Some conditions alter the human susceptibility to malaria. Most of these
human genetic polymorphisms, especially those affecting red blood cells
have been selected to high frequencies because they have protected
against the effects of malarial infections (13). There is strong
epidemiological evidence that thalassemias, sickle cell hemoglobin and

glucose-6-phosphate dehydrogenase (G6PD) deficiency protect against
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severe falciparum malaria. Some authors describe a reduction of the risk
of P. falciparum death of about 50% and 90% in patients with alpha
thalassemias/G6PD or in West African child with sickle cell trait
respectively (58-61). The current burden of some genetic diseases seems
to be a result of our past contact with malaria. About one-third of a million
to half a million babies are born each year with severe forms of these

inherited disorders (62).

How exactly the immune system acts in preventing malaria is still not yet
clearly understood (63). Despite recent advances in the biotechnology
field of research, no clear surrogate markers of immune response fully

predictive of protection against malaria have been yet identified.
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6.

Malaria control strategies

In the last decade, several international initiatives were created to tackle
malaria, among others, the WHO’s Roll Back Malaria program, the
Medicines for Malaria Venture, the PATH-Malaria Vaccine Initiative, the
Multilateral Initiative in Malaria and the Global Fund to Fight AIDS, TB and
Malaria, aimed to support and implement prevention and treatment
programs as well as to support research in innovative therapies and

prevention tools.

There are four main strategies to deal with malaria: 1) Effective drugs for
malaria treatment and prevention, 2) Vector control, 3) Mechanisms to
reduce contact between mosquitoes and humans and 4) Vaccines to

prevent malaria.

6.1. Effective drugs for malaria treatment and prevention

The first widely used effective malaria treatment, Quinine, used since the
17™ century for the treatment of fevers, was finally isolated in 1820 from
extracts from the Andean Cinchona tree and is still being used currently
as the first line therapy for severe malaria in most endemic countries.
Chloroquine was the basic treatment for the erytrohrocytic stages of the
malaria parasites, although the dormant hepatic stages of P. vivax and P.
ovale also require further treatment with primaquine, the only drug that
currently is available and effective against hypnozoites. The advent of

resistance of P. falciparum to chloroquine (first reported in Thailand and
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then globally widespread) in most endemic countries has limited its use,
despite its low price, wide availability and efficacy. Other antimalarial
drugs such as proguanil, amodiaquine, primaquine, sulfadoxine-
pyrimethamine, halofantrine, mefloquine and Ilumenfatrine were
developed to overcome the parasite resistance to chloroquine and the
antifolates. In recent years, a new class of drugs, artemisinins (extracted
from the millenarian Chinese plant Artemisia annua) has become the
base of the antimalarial treatment. In fact, artemisinin based combination

therapy are the current recommended WHO malaria first line treatment.

The rationale for the use of ACTs strategy is that the synergistic result of
the combined therapy is more effective compared to the monotherapy,
and also provides a way in which resistance can be defeated (64-66).
The probability in which resistance is developed simultaneously to two
therapeutic agents with independent mechanisms of action is extremely
low, in the order of 1: 10" treatments (this frequency being the product of
the probabilities of acquiring a resistant mutation to each therapeutic
agent multiplied by the total number of parasites in a typical infection)
(67). Furthermore, in account of their gametocydal action, artemisinin

derivatives may also reduce malaria transmission.

Intermittent preventive treatment (IPT) in pregnant women and children
has also emerged as a novel strategy to tackle malaria. It implies the
administration of a full course of antimalarial treatment to a population at

risk at a specified time points, benefiting from the contacts of this
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population with the health systems, independently of the infection status
(68). Antenatal visits are used to deliver the drug to pregnant women, and
vaccination visits part of the EPI schemes are used to deliver them to
infants. Different regimens for this preventive therapy are used (and are
being explored), depending on the patterns of susceptibility and
resistance (69). Sulfadoxine-pyrimethamine is the most widely used drug

for IPT in children and pregnant women.

6.2. Vector control
As previously said, vector control has been the main principal strategy of
antimalarial control programs. This strategy is based on the use of
insecticides, larvicides and other environmental procedures. Indoor
residual spraying (IRS) with DDT or a pyrethroid has been shown to be
effective in reducing the vectorial capacity and thus malarial disease in a
wide variety of settings, and is particularly effective in locations where

mosquitoes are indoor-resting and malaria is seasonally transmitted.

The efficacy of IRS depends on a variety of factors such as the chemical
proprieties of the product, the susceptibility of the vector, the quality of
indoor spraying, the residual efficacy and the cooperation of communities
to get complete coverage of their houses (70). Despite some controversy
and increased scientific evidence supporting the use of DDT, WHO has
re-allowed its use in areas where the malaria vectors remains susceptible

(71).
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6.3. Mechanisms to reduce contact between mosquitoes and
humans

Insecticide-treated mosquito nets (ITNs) prevent malaria transmission by
not allowing a contact between the infected mosquitoes and the human
host. The addition of insecticide further enhances the physical barrier that

the net provides between the vector and the host.

Randomized clinical studies have demonstrated that the use of ITNs
reduced both malaria specific and all-cause pediatric deaths (72, 73),
proving that ITNs are among the most cost effective public health tools.
Also a series of community based randomized controlled trials in a range
of malaria transmission settings in sub-Saharan African have shown a
reduction by a third in all-cause under 5 child mortality in association to

the use of ITNs (74).

Despite its proven benefits, current ITN use in sub-Saharan Africa also is
low and needs to be scaled-up. Also the rapid loss of efficacy of ITNs
because of washing and associated low retreatment rates limits the
effectiveness of ITNs programs. The adoption of long lasting insecticide

treated nets can render these programs more cost-effective.
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6.4. Vaccines to prevent malaria

6.4.1. The beginning

The need of new and innovative tools to be integrated in the fight
against malaria has guided the search for malaria vaccine for years. In
line with some technological advances during the last century, the first
successful human immunization against mosquito-transmitted malaria
was reported in 1973. It consisted of several bites of X-ray irradiated
Plasmodium infected mosquitoes which delivered viable attenuated
sporozoites (75), conferring an immune response without being
capable of causing clinical disease. This strategy was, however, clearly
unpractical to be considered in terms of mass immunization. Irradiated
sporozoites of P. falciparum and P. vivax protected one naive volunteer
against challenge by infective mosquitoes for at least 3 and 6 months
respectively as reflected by a positive species-specific circumsporozoite

reaction (76).

During the 90’s several trials of the SPf66, the first synthetic malaria
vaccine, contributed to generate a mix of hope and controversy, but
further development of this candidate was halted after consistent
demonstration of low or no efficacy results (77-81). Since then, many
potential vaccine candidates entered pre-clinical development with only
a few reaching ulterior phases. However, a vaccine against malaria

remains the missing tool in the malaria preventive arsenal.
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Several progresses occurred during the last years, accompanying an
unforeseen investment in this area of research and development (82,
83). The ideal vaccine should be one capable of inducing a lifelong
sterilizing immunity, provide cross-species protection, protect children
and infants and be compatible with routine immunization schedules.
The objective of most vaccines is to induce antibody and T-cell
responses to one or a few antigens, but for effective vaccination these
need to be of greater magnitude, duration, and strain-transcedence
than in naturally acquired immunity (51). Almost all of the vaccines
under development are directed at P. falciparum, responsible for the
vast majority of severe malaria disease and deaths. However, several
challenges face the development of an effective malaria vaccine since
the very beginning, among others, the lack of immune correlates of
protection, the lack of reliable and predictive animal models and the

multiple stages and antigenic diversity and variability of the parasites.

6.4.2. Goals and target for malaria vaccines

Classically, the development of malaria vaccines has been directed to
target one of the different stages of the Plamodium life cycle in the
human (pre-erythrocitic and erythrocytic stages) or mosquito hosts

(sexual stage)(Figure 4).
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Figure 4: Targets for malaria vaccines (84).

6.4.3.  Pre-erythrocytic vaccines

Pre-erythrocytic vaccines strategies are designed to elicit an antibody
response to neutralize sporozoites and prevent them from invading the
hepatocyte, as well as to elicit a cell-mediated immune response that
will inhibit intra-hepatic parasite development. Therefore this type of
vaccine would prevent infection and the advent of clinical disease. The
observation that immunization of mice with irradiated sporozoites
conferred protection (85), and that this protection could be obtained
vaccinating with the CS protein alone (86) are the hallmark of the pre-

erythrocytic vaccines. The RTS,S/AS is the most advanced malaria
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vaccine in development and targets the Plasmodium falciparum
cirscumporozoite protein (CSP) in its pre-erythrocytic stage. This

vaccine will be further described below as part of the current thesis.

6.4.4. Erythrocytic (blood) stage vaccines

Erythrocytic stage vaccines aim to elicit antibodies to inactivate
merozoite antigens and/or antigens expressed on RBC surface through
antibody-dependent cellular cytotoxicity and/or complement lysis, as
well as T-cell responses able to inhibit the development of the parasite
in erythrocytes. By controlling the parasite density limiting RBC
invasion, these vaccines would reduce the morbidity, although not
preventing the infection.

Some blood stages vaccines in clinical development include apical
membrane antigen 1 (AMA-1), erythrocyte-binding antigen-175 (EBA-
175), glutamate-rich protein (GLURP), merozoite surface protein 1
(MSP-1), MSP-2, MSP-3 and serine-repeat antigen 5 (SERAS), all of
which are highly expressed on the surface of the merozoite (17, 87-96).
A recent phase Il trials of the most advanced blood-stage candidates,
AMA1 and MSP-1 showed no efficacy in African children (17, 93, 97).
New strategies are being implemented to enhance the efficacy of some

of these vaccine candidates.
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6.4.5. Sexual stage vaccines (transmission blocking)

Sexual stage vaccines aim to prevent the transmission of the parasite
from the vector to new hosts, not to prevent infection or disease. The
rationale is that vaccinated humans elicit anti-gametocyte antibodies
that could be transferred to the female anophelines during their blood
meal, thus blocking the parasite development inside the vector (98).
These antibodies, inhibiting the parasite development in the mosquito’s
midgut, would block further transmission. Efficacious transmission
blocking vaccines are thought to be highly desirable in pre elimination
settings where interruption of transmission becomes a key aim of an
immunization programme. The main antigens assessed as vaccine
candidate are the Plasmodium falciparum surface proteins Pfs25,

Pfs28, Pfs48/45 and Pfs230.
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7. Malaria vaccine development

7.1. Clinical development pathway

For testing new malaria vaccines candidates in a logical and most

economical approach, the following pathway has been proposed

(Figure 5) (99):
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Figure 5: The pathway of malaria vaccine development
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Phase 1 trials are designed to primarily evaluate the safety profile and immune
response of an experimental vaccine candidate in malaria-naive and malaria
exposed volunteers. Only a small number of volunteers is recruited and both

local and systemic side effects following vaccination are evaluated.

Phase 2 studies are sub-divided in two categories: phase 2a, in which tens of
non-immune volunteers are artificially challenged with malaria and phase 2b in
which natural exposure to infected mosquitoes is allowed to occur. These
studies evaluate safety and potential side effects, immune responses, efficacy
against infection and clinical disease and determine optimal dosage and

schedule.

A phase 3 clinical trial continues evaluating safety and potential side effects as
well as efficacy on a large scale. They are conducted with the final vaccine

formulation and in the target population in which it will be used if licensed.

Phase 4 trials are designed to monitor post-marketing safety, duration of

protection and assess vaccine compliance. They are also important for

surveillance of rare adverse effects not detected during the previous phases.
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RTS,S/AS vaccine clinical research and development plan

Early clinical development of RTS,S starts with the alliance between
SmithKline (currently GlaxoSmithKline) Biologicals and the Walter Reed
Army Institute of Research (WRAIR) in 1984. This initial development
was based under the hypothesis that a subunit vaccine based on the P.
falciparum circumsporozoite (CS) protein would protect humans from
malaria infection (100). In a subunit vaccine, like the current hepatitis B
vaccine, parts or the complete antigen that elicits protective immunity to
the whole organism are identified and engineered from the proteomic
complement of the pathogen (51).

A distinguishing characteristic of RTS,S compared with other previous
CS-based vaccine candidates, was the inclusion of both the CS repeat
antibody targets as well as portions of the C-terminal nonrepeat regions
that constitute targets for cell-mediated immunity (101). The result was a
recombinant protein vaccine, composed by the Hepatitis B surface
antigen DNA that was fused to DNA encoding a large part of the P.
falciparum circumsporozoite protein (CSP). Once expressed in yeast, the
fusion product (RTS) binds hepatitis B surface antigen (S) forming RTS,S
particles that are mixed with a new family of adjuvant system (AS)
designed to stimulate strong immune responses in humans (51)

The formulation RTS,S associated to the proprietary adjuvant AS024 has
been demonstrated to be more immunogenic and confer higher efficacy

in experimental sporozoite challenges than RTS,S formulated with other
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adjuvants (102-104). ASO02, is an oil-in-water emulsion with
monophosphoryl lipid MPL immunostimulants and the saponin derivative
QS21 (a triterpene glycoside purified from the bark of Quillaja saponaria).
A new recent developed adjuvant, AS0O1, in which a liposome replaces
the oil-in-water emulsion, in the formulation with MPL and QS21
immunostimulants, has been shown to be less reactogenic, more

immunogenic and to be more protective than RTS,S/AS024 (105, 106).

8.1. RTS,S/AS clinical trials

8.1.1. Adult trials

The RTS,S/AS02 vaccine entered clinical trials in malaria non-endemic
and endemic countries. Studies with malaria-exposed adults in The
Gambia and Kenya (107, 108) and with malaria-naive adults in Belgium
and the USA (103) have shown the vaccine to be safe and
immunogenic. The vaccine, given according to a 2 or 3 dose
immunization schedule, protected between 42% and 86% of healthy
non-immune volunteers against infection in homologous sporozoite
challenge studies (109). In addition a prolongation of the pre-patent

period was observed in the majority of non-protected volunteers (109).

In a double-blind, randomized, controlled Phase llb study in an endemic
region of The Gambia, the vaccine efficacy against infection was 34%
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(95% ClI: 8% to 53%; p = 0.014) over one malaria transmission season,
but quickly waned over time: during the first 9 weeks of surveillance
efficacy was 71% (95% Cl: 46% to 85%; p < 0.0005), decreasing to 0%
(95% CI: -52% to 34%) over the subsequent 6 weeks (108). After a
single booster dose given prior to the next malaria season, the
estimated vaccine efficacy against infection was 47% (95% CI 4% to

71%; p=0.037).

8.1.2. Pediatric trials

The final target of the vaccine is the administration to a pediatric
population, and desirably its inclusion in the Expanded Program on
Immunization (EPI). This premise has determined the next steps on the
RTS,S/AS vaccine development plan: the selection of the optimal dose
and formulation to be used in children and infants. Two sequential
phase | double-blind, randomized controlled, staggered, age and dose
de-escalation trials to evaluate the safety and immunogenicity of a 0.1
mL, 0.25 mL and 0.5 mL doses of RTS,S/AS025 were conducted in
Gambian children aged 6 to 11 years and 1 to 5 years respectively in a
0, 1 and 3-month vaccination schedule (110). The control arms of these
studies received rabies vaccine. The 0.25 mL dose RTS,S/AS024 (25
Mg RTS,S antigen in 0.25 mL AS02) was selected for future pediatric
development, because it exhibited comparable immunogenicity to the
0.5 mL dose, with a tendency to a lower reactogenicity profile (110).

Another expected observation was that the antibody response to the
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vaccine components was better at the youngest age group than in

adults.

Prior to the launch of a larger phase llb proof-of-concept efficacy study,
a small phase |, double-blind randomized controlled trial in 60
Mozambican children aged 1 to 4 years further confirmed the 0.25 mL
dose of RTS,S/AS02, as having a good safety and immunogenicity

profile (104).

In the larger phase lIb trial carried out in Mozambique, 2022 children
aged 1 to 4 years of age at the time of enrollment were randomized to
receive RTS,S/AS024 or the control vaccines. The study was designed
to evaluate efficacy against P. falciparum clinical malaria and efficacy
against malaria infection in two separate cohorts. The vaccine efficacy
against the first clinical malaria episode was 29.9% (95% CI: 11 — 44.8;
p=0.004) and led to a 57.7% (95% CI: 16.2 — 80.6; p=0.019) reduction
in admissions for severe malaria during the six-month follow-up period;
the study also showed a 45% reduction in rate of infection in the RTS,S
vaccinated children compared to controls (111). In an extended
surveillance period of the same group of children, the vaccine efficacy
against clinical malaria was estimated to be 35.5% (95% CI: 21.6 —
46.6; p<0.0001) and against severe malaria was 48.6% (95% CI: 12.3 —
71.0; p=0.02) at 18 months follow-up (112). Clinical benefit persisted for

3.5 years after vaccination (VE against clinical malaria of 30.5% over 42
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months), with no rebound of malaria cases in the RTS,S/AS02
vaccinated group (113).

In preparation for the infant and phase lll trials, it was necessary to
adequate the formulation to the standard self-disposable syringes used
to deliver vaccines through the EPI. A bridging phase I/ll randomized
double-blind study to evaluate the safety and immunogenicity of 3
doses of RTS,S/AS025 (0.5 mL dose) in comparison to 3 doses of the
existing formulation RTS,S/AS024 (0.25 mL dose) was then carried out
in Mozambique. Both formulations contain the same constituents but
the final volume was adjusted to be compatible with existing EPI
practices. In other words, the terminology RTS,S/AS024 stands for the
adult formulation while RTS,S/AS02p for the pediatric one. This study
showed that the two presentations had similar safety and
immunogenicity profile and demonstrated that the response of the
vaccine to the HBsAg component was not inferior when compared to
the licensed control vaccine Engerix-B™ (GSK Biologicals, Belgium)

(114).

The first administration of the RTS,S/AS02p vaccine to infants was
done in Mozambique between 2005 and 2007. In this study, 214
infants were randomly assigned to receive three doses either of
RTS,S/AS02p at or the hepatitis B vaccine Engerix-B at 10, 14 and 18
weeks of age, as well as routine EPI vaccines (DTPwHib, Hepatitis B
and Polio vaccines) given at 8, 12, and 16 weeks of age. The vaccine
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was exceptionally well tolerated and reduced the risk of infection by
65.9% (Cl: 42.6 — 79.8; p<0.0001) during the initial three month follow-
up period after the final immunization (115). Furthermore, when the
same vaccine was co-administered with the EPI vaccines to Tanzanian
infants, it showed no interference with the immunological responses

and similar degree of reduction in malaria infection incidence (116).

Another trial in children 5 to 17 months old, this time with the adjuvant
ASO01, in Tanzania and Kenya showed that the vaccine was well
tolerated and antibody responses against CSP were consistently high
(GMT 540 EU/mL, 95% CI: 501 -582). The time to first episode of
clinical malaria was reduced by 53% (95% CI 28 — 69, p<0.001) over an

8 month follow-up period after the third dose (117).

At this stage it was considered that enough evidence to lead to a phase
[l trial had been accumulated under different transmission settings,

different ethnic populations and different researchers (101).
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9.

HYPOTHESIS AND OBJECTIVES

9.1. Hypothesis

9.1.1.

9.1.2.

9.14.

The RTS,S/AS02p is a candidate malaria vaccine with an
acceptable reactogenicity and safety profile in children and
infants.

The RTS,S/AS02p vaccine confers partial efficacy against
clinical malaria to infants living in an endemic country that lasts
at least 12 months after immunization.

The RTS,S/AS02p vaccine elicits detectable cellular immune
responses to both CSP and HbS antigens after infant
immunization.

The RTS,S/AS024 vaccine is immunogenic and induces long-

lasting anti-circumsporozoite antibodies.
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9.2. Objectives

9.2.1.

9.2.2.

9.2.2.1.

9.2.2.2.

9.2.2.3.

9.2.24.

General objective

To generate information on the safety, immunogenicity and
duration of protection conferred by the RTS,S candidate
malaria vaccine in young children and infants in a malaria

endemic area.

Specific objectives

To summarize and describe the developments towards an
effective malaria vaccine

To describe the safety, immunogenicity and duration of
protection of the RTS,S/AS02p malaria candidate vaccine in
infants less than 1 year during 14 months of follow-up of a
randomized phase llIb trial.

To evaluate the cellular immune responses in infants after
immunization with the RTS,S/AS02p malaria vaccine
candidate.

To evaluate the humoral immune responses to the P.
falciparum  circumsporozoite protein (CSP) of the
RTS,S/AS024 malaria vaccine during a four year period after

immunization.
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10. MATERIALS & METHODS

10.1. The study site and population

All studies were conducted at the Manhica Health Research Centre
(CISM), located in the Manhiga district, southern Mozambique. CISM
runs a demographic surveillance system in the area since 1996 (118).
There are two distinct seasons, a warm and rainy (from November to
April) and a cool and dry period throughout the rest of the year. The
average temperature is 23°C

The total population of district is around 150.000 inhabitants,
approximately half of which being covered by the demographic
surveillance system. Every person living for at least 3 months in the
surveillance area has a unique permanent identifier number. A full
description of the geographical and socio-demographic characteristics

of the study community can be found elsewhere (118).

10.2. Morbidity surveillance

A morbidity surveillance system, using a passive case detection
approach, was established in 1996 in the main health facility (Manhiga
District Hospital) and has integrated progressively other five peripheral
health centers (111, 119). All outpatient and inpatient visits from
children under 15 years of age are recorded using standardized
questionnaires. Information collected includes personal and
demographic data (linked to the demographic surveillance system

through the unique permanent identification number), clinical data
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(signs and symptoms, physical examination, duration of
signs/symptoms), auxiliary diagnostic results data (blood parasites
reading, packed cell volume), final diagnoses and treatment received
as well as the outcome. Additional information, such as more detailed
and comprehensive physical examination and further auxiliary
laboratory including blood cultures (routinely collected from all children
under 2 years of age and under specific criteria to all children), chest
X-rays, blood sugar, total blood counts among others are collected
from admitted children.

The participants of the clinical trials reported in the current thesis were
living in the catchment area of the Manhiga District Hospital and the

health posts of Maragra, Ilha Josina Machel and Taninga (figure 6).

Distrito da Manhicga

Figure 6: Map showing the Manhiga district, the study area (in green)

and the local health network.
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10.3. Methodology of studies

10.3.1.  First article
The first manuscript is a review article which presents an overview of
the need of a safe and efficacious malaria vaccine, and was based on a
non-systematic review of the scientific literature. It included a brief
description of the challenges towards the development of a malaria

vaccine.

10.3.2. Second and third articles
These two manuscripts come from the first RTS,S/AS02p candidate
malaria vaccine ftrial in infants living in a malaria endemic area. This
study was a phase llb, randomized controlled trial to assess the safety,
immunogenicity and efficacy of the RTS,S/AS02p candidate malaria
vaccine administered to 214 infants aged 10, 14 and 18 weeks of age
staggered with the administration of of DTPw, Hib, and Polio vaccines
at 8, 12 and 14 weeks of age. The control arm received Hepatitis B
vaccine (Engerix-B™) at the times RTS,S/AS02p was given. The
participants, from the villages of Taninga and llha Josina Machel
(Manhiga district, southern Mozambique), were followed up for 12
months post administration of the third dose. Study activities were
completed on December 27th, 2007, when the last recruited child
completed 14 months of follow-up. Figure 7 represents the study

design.
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Passive Case Detection >

Figure 7: Trial design (second and third articles)

Safety endpoints included the occurrence of solicited and unsolicited
symptoms within 7 and 30 days after each vaccination respectively and
the occurrence of serious adverse events (SAEs) during the entire 14
month-long period. All SAEs were reported within 24 hours after
detection.

Antibody titres were measured against hepatitis B surface antigen (anti-
HBs) and P. falciparum circumsporozoite protein (anti-CS) at screening
and 1, 3’2 and 12 months post dose 3. Cellular mediated immune
responses (secreted IFN-y, IL-2 and IL-4) were also measured at the

same time points, except for the last visit.

Cases of clinical malaria and malaria infection by P. falciparum were
ascertained by a combination of passive case detection (PCD) and

active detection of infection (ADI). Two weeks prior to dose 3, all
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children received a combination of amodiaquine and sulfadoxine-
pyrimethamine to clear any parasitemia. Two weeks after dose 3,
children with negative slides started ADI (performed bi-weekly for 12
weeks). At each ADI visit, axillary temperature was recorded and
parasitemia determined. Children with positive results received
antimalarial treatment regardless of the presence or absence of
symptoms and were withdrawn from further ADI evaluation. PCD was
performed at Manhiga District Hospital and Ilha Josina and Taninga

Health posts.

The primary case definition of clinical malaria was the presence of fever
(axillary temperature = 37.5°C) with a P. falciparum asexual parasitemia
> 500/uL. This definition has a sensitivity and specificity > 90% in this
age group. The secondary case definition was fever or history of fever

in the previous 24 hours plus any asexual P. falciparum parasitemia.

Exploratory efficacy endpoints were first or only clinical episode of
P. falciparum malaria as well as multiple episodes of clinical malaria
detected by PCD during 14 months after dose 1. An additional endpoint
was first or only clinical episode of P. falciparum malaria detected by a

combination of ADI and PCD.

Analyses were done for intention to treat (ITT) and according to
protocol (ATP) cohorts, following a predefined analytical plan. The ITT
cohort included all children who received at least one dose of the study
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vaccine. All safety analyses were based on the ITT population. The
ATP cohort included participants that met all eligibility criteria,
completed the vaccination course and contributed to follow-up time
during the evaluation period. For exploratory analyses, the ATP cohort
was split into two follow-up periods: follow-up over study months 3-9
(ATP39) and study months 3-14 (ATP3.4). Vaccine efficacy (VE)
explored both first or only episode and multiple episodes of clinical

malaria detected during the two study periods.

Analysis of immunogenicity was based on the ATP cohort, excluding
children that received any blood product, immunosuppressants or
immune-modifying therapies. Measurements of anti-CS and anti-HBs
antibodies were summarized by Geometric Mean Titres (GMTs) with
95% confidence intervals (95% CI). Titres below the cut-off were
assigned an arbitrary value of half the cut-off of the assay for the

purpose of GMT calculation.

Reverse cumulative distribution plots of cytokine concentration were
used for rapid visual assessment of the distributions. Differences
between both vaccine groups in intracellular median stimulation indexes
and cytokine median concentrations in the supernatant were assessed
by using the Wilcoxon rank-sum test and comparison of proportions
was performed by using the Fisher exact test. McNemar chi-square and
Wilcoxon ranksum tests were used to compare pre-immune and post-

immune proportions and the distribution of positive responses in
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supernatant responders.

Person years at risk (PYAR) accounted for absences from the study
area and use of antimalarial drugs as previously described (111). VE
was defined as 1 minus the hazard ratio multiplied by 100 [(1 —
HR)*100] and was adjusted for distance to health facility and
community of residence (111). The adjusted VE was assessed using
Cox regression models (for the first or only episode) and Poisson

regression (for multiple episodes).

A test based on the Schoenfeld residuals was performed to assess
whether the hazard was constant over the surveillance period, and
alternative approaches were applied if the assumption of proportional

hazards was not supported.

The risk of clinical malaria as a function of immune response was
evaluated by comparing post-vaccination anti-CS titters for
RTS,S/AS02p recipients who either did or did not experience at least
one episode of clinical malaria meeting the primary case definition over
ATP3.14 follow-up, using the Wilcoxon Rank Sum test. The hazard rate
per 2-fold increase in post-vaccination anti-CS response was calculated
for both ATP3.9 and ATP3.14 follow-up, along with their 95% confidence

intervals.
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10.3.3. Fourth article

This manuscript derives from largest phase Ilb trial of the safety,
immunogenicity and efficacy of the RTS,S/AS025 candidate malaria
vaccine study. 2022 healthy children aged 1 to 4 years were enrolled
to receive either the RTS,S/AS024 or a control vaccine administered
intramuscularly in the deltoid following a 0, 1, 2 month schedule, after
written or thumb printed informed consent provided by their parents or

guardians.

In the control group, children aged 24 months and older received three
paediatric doses of hepatitis B vaccine (Engerix-B™). Because
children under 24 months in this group had already received hepatitis
B immunization by the time they were enrolled in the trial (as part of
their previous EPI immunization), they were vaccinated with 2
paediatric doses of a 7-valent pneumoccocal conjugate vaccine
(Prevnar™) administered at the first and third vaccinations and one
dose of Haemophilus influenzae type b vaccine (Hiberix™) at the
second vaccination. Vaccines were administered at the Manhi¢ca and

Ilha Josina health centres.

Children were enrolled into two cohorts to measure the vaccine efficacy
against either clinical malaria or malaria infection. In cohort 1, based in
Manhiga and Maragra, 1605 participants were followed-up using

passive surveillance to detect clinical episodes of malaria. In cohort 2,
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based in llha Josina, 417 participants were followed-up using active
surveillance to detect malaria infection, through visits that started 14
days after the third vaccine dose and were done every 2 weeks for 2.5
months and then monthly for 2 additional months. In children from
cohort 2, asymptomatic parasitaemia was presumptively cleared with a
combination of amodiaquine and sulfadoxine-pyrimethamine 14 days

prior to dose 3. Figure 8 illustrates the trial design.

VaccinationX X X PCD
Manhica B
Cohort 1 [ole]
N=1605 | Samplng X X X X X X x
Study Month 012 2% g % 21 33 45>
liha Josina | 2293 X X X X XXXXXX X X % X X
pling
Cohort 2
N =417 | Parasite d45
clearance
Vaccination X XX ADI
Double-blind phase Single-blind phase|  Open phase

PCD: Passive case detection; ADI: Active detection of infection

Figure 8: Trial design (fourth article)

Blood samples for determining anti-CSP antibody concentrations in
both cohorts and anti-HBsAg antibodies (only cohort 2) were obtained
at study months 0 (pre-vaccination), 3 (1 month after the third and final
vaccine dose), 8'%, 21, 33 and 45. RF1-like antibodies were measured
prior to vaccination and at study month 3, only in cohort 2. Serum was
separated for antibody determinations. Indirect fluorescent antibody

tests (IFAT) for blood stage anti-parasite antibodies were performed
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prior to vaccination. Primary analysis of immunogenicity was performed

on the ATP cohort (primary analysis).

The levels of IgG antibodies to the NANP repeat region of CSP (B cell
epitope) were measured by a standard, validated enzyme-linked
immunosorbent assay (ELISA) using plates adsorbed with the R32LR
antigen at a GSK validated laboratory (CEVAC, University of Ghent,
Belgium). Anti-HBsAg antibody levels were measured only in samples
from Cohort 2 at GSK laboratories by ELISA with a commercial kit
(AUSAB EIA, Abbott Laboratories, Abbott Park, IL) for the first 5
samplings, and with an in-house developed HBsAg ELISA for the last
month 45 sample. RF1-like antibodies levels were determined using an
in-house developed ELISA based competition assay with plate
adsorbed HBs antigen, performed at CEVAC, University of Ghent,

Belgium.

HBsAg levels were determined in both cohorts by ELISA with a
commercial kit (ETI-MAK-4® DiaSorin®, Saluggia, ltaly) at the
Microbiology Service of Hospital Clinic, Universitat de Barcelona, Spain,

according to the manufacturer’s instructions.

To determine the level of naturally-acquired P. falciparum-specific
antibodies prior to vaccination, IFAT in baseline serum samples from

children in the two study cohorts was conducted at the Barcelona
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Center for International Health Research (CRESIB, Hospital Clinic,

Universitat de Barcelona, Spain).

For each treatment group, the seropositivity rate for anti-CSP
antibodies (proportion of subjects with anti-CSP antibody concentration
of > 0.5 EU/mL) and their 95% Confidence Intervals (Cl) was tabulated
for each time point. Reverse cumulative distribution curves were plotted
stratified by age at day 0 (<24 months, 224 months) for serum antibody

titers measured prior to immunization and at months 8"2, 21 and 45.

For each treatment group in Cohort 2, the seroprotection rate for anti-
HBsAg antibodies (proportion of subjects with anti-HBsAg antibody
titers of > 10 mlU/mL) and their 95% CI were tabulated for each time
point. GMTs for anti-HBsAg antibodies measured in mIU/mL with 95%
Cl were calculated for each group at each time point when a serology

sample was taken.

The seroconversion rate for anti-RF1 antibodies (proportion of subjects
with anti-RF1 antibody titers of > 33 mlU/mL) were tabulated with 95%

Cl for all time points at which anti-RF1 antibodies were measured.

GMT calculations were performed by taking the anti-log of the mean of
the log titer transformations (log base 10). Titres below the cut-off were
assigned an arbitrary value of half the cut-off of the assay for the

purpose of GMT calculation.
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The relationship between blood stage IFAT titers and anti-CSP
antibodies in children vaccinated with RTS,S/AS02, was assessed by
multiple regression methods. Age at vaccination was categorized in four

groups, each one corresponding to a one year interval.

The relation between anti-CSP antibody concentrations as measured
30 days post dose 3 and the risk of infection and clinical malaria was
assessed in RTS,S/AS02, recipients. The hazard ratio of participants
with anti-CSP antibody titres in the highest tertile against those in the
lowest tertile was estimated, as well as the hazard ratio per ten-fold
increase in the value of anti-CSP antibodies, using Cox regression

models.
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11. ETHICAL ISSUES

The protocols involved in the two clinical trials presented in the second,
third and for the fourth articles were approved by the Mozambican
National Ethics Review Committee, the Hospital clinic of Barcelona
(University of Barcelona) Ethics Review Committee and the PATH Human
Subjects Protection Committee. The trials were conducted according to
the International Conference on Harmonization of Good Clinical Practice
Guidelines, and were monitored by GSK Biologicals. A local safety
monitor and a Data and Safety Monitoring Board (DSMB) closely
reviewed the conduct and the safety data of the studies. A written (or
thumbprint) informed consent was obtained prior to start of any trial
related procedures. The trials are registered at the ClinicalTrials.gov with
the identifiers numbers NCT00197028, NCT00197041 and

NCT00323622.

The first article was a review article, therefore not needing a specific

ethical clearance.
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Malaria vaccine

Towards an effective malaria vaccine
Pedro Aide, Quique Bassat, Pedro L Alonso

An effective malaria vaccine may be developed in the near future

hesitation the imminent end of
malaria,' little could he have imagined that
half a century later malaria would still be
one of the most important public health
challenges in the world. At the beginning
of the 21st century, 3000 million people
(almost half the world’s population) living
in malaria endemic areas in 100 countries
are at risk, with the biggest burden of both
disease and death concentrated in African
countries. Between 300 and 500 million
clinical cases and up to 2.7 million deaths
are believed to occur annually.”’
Although there are four species of
Plasmodium that infect humans, only
two (P vivax and P falciparum) cause
significant disease, with nearly all deaths
being caused by P falciparum.

hen in 1955 the malariologist
WPaul Russell predicted without

IS A MALARIA VACCINE
NECESSARY?

Over the last century, malaria has dis-
appeared from significant areas of the
world, and in some places this has been
due to the use of control measures.
Nevertheless, in areas where this infec-
tion still occurs, we are witnessing an
increase in the total number of malaria
cases due to population growth, which
implies that today more people die from
this disease than 40 years ago.*

The causes of this resurgence are many.
The parasite’s extended and increasing
resistance to the most common antima-
larial drugs, the mosquito’s resistance to
the widely used insecticides, the hitherto
insufficient interest of the pharmaceutical
industry in developing new drugs, the
shortcomings in the implementation of
available control measures, the collapse of
national malaria control programmes and
the increase in tourism and the migration
of non-immune populations to malaria
endemic areas, have all contributed to the
general rise in malaria cases.’

Despite the increasing availability of
effective malaria control tools, which
should have a combined positive effect
on the dynamics of the pandemic, a better
and definitive approach to deal with this
disease is clearly needed. Vaccines, tradi-
tionally considered first-class public
health tools, are relatively cheap, easy to

www.archdischild.com

administer and deployable through exist-
ing universal schemes. A malaria vaccine
could therefore become the key element
to boost malaria control.

WHY IS A MALARIA VACCINE NOT
ALREADY AVAILABLE?

The development of a malaria vaccine is
an old jigsaw puzzle which has not yet
been solved and presents a formidable
scientific challenge. Several factors may
explain this historic failure to produce an
effective vaccine.

From the immunological point of view,
the parasite shows great complexity. The
Plasmodium genus presents a myriad of
antigens which vary throughout the dif-
ferent stages of its life cycle, and against
which sequential consecutive immune
responses are required. Moreover, many
parasitic proteins exhibit high polymorph-
ism, and a single parasitic clone may have
up to 50 different copies of the gene coding
for an essential protein, expressing a
different version of such protein in each
successive wave of parasitaemia. This
particular antigenic variability appears
critical for the parasite’s survival, and
clearly is a disadvantage not only for the
infected individual but also for the scien-
tists aiming to design a vaccine.

Our knowledge about the acquired
immunity developed against the disease
is limited and incomplete. So far, no
surrogate of immunity has been found
and there is no certainty about which
specific antigens play a key role in the
development of immunity.

Moreover, no appropriate animal
model exists and the only way of testing
the efficacy of a vaccine depends on
logistically complex clinical trials being
carried out in malaria endemic areas. The
high calculated mean cost of developing a
malaria candidate vaccine (around $500
million) and the length of the process
before it can be marketed (up to 10—
12 years),® has discouraged pharmaceuti-
cal companies from investing in vaccines
destined for a market eager for solutions
but too poor in resources to pay for them.

IS A MALARIA VACCINE FEASIBLE?
There are four lines of argument supporting
the idea that malaria vaccines are feasible.

LEADING ARTICLES

The first argument is based on the
naturally acquired immunity that indivi-
duals living permanently in endemic
areas develop. Partial immunity against
the most severe forms of disease” (death
and severe disease) is progressively
acquired, followed by immunity against
clinical episodes and finally suppression
of the parasitaemia to low or undetect-
able levels.® Such protection requires a
continued booster effect which, however,
does not confer sterilising” immunity, as
individuals may become infected
although they do not develop clinical
symptoms. If such a model could be
reproduced by a vaccine, we would be
able to confer solid protection against the
disease.

The second model implies evidence of

potential passive immunity against
malaria. The administration of purified
immunoglobulins from  “immune”

malaria patients has been shown to
protect patients exposed to the infec-
tion."” "' Moreover, in endemic areas,
newborn infants seem to be protected
against clinical forms of the disease, a
possible consequence of the passive trans-
fer of maternal antimalarial antibodies
during pregnancy.'

The third line of argument is supported
by experiments carried in the 1970s,
during which non-immune volunteers
were intensively exposed to UV irradia-
tion-weakened sporozoites. When the
volunteers were re-challenged by nor-
mally infecting sporozoites, they had
acquired, in up to 90% of cases,” com-
plete (sterilising) although short-lived
immunity. This supports the viability of
a vaccine, and should be, despite obvious
practical limitations, another model to
imitate."* Recent research using geneti-
cally modified Plasmodium parasites
(UIS3-deficient) has also shown that this
model can be replicated successfully in
rodents."”

Finally, several studies'® '’ have shown
the efficacy of experimental malaria
candidate vaccines in humans (adults
and children). Nevertheless, despite dif-
ferent candidate vaccines successfully
protecting individuals in clinical phase 1T
trials and despite extensive immunologi-
cal analysis, we still do not know on what
immunological basis these individuals are
protected, as no clear surrogate measures
of immunity have been found.

STRATEGIES FOR VACCINE DESIGN
The ideal malaria vaccine would probably
be one that was safe and induced
sterilising life-long immunity against
infection from childhood. However, this
is unlikely in the short term. Given the
lack of surrogate markers of protection
and our incomplete understanding of
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malaria immunity, the choice of adequate
antigens becomes particularly difficult. It
would be reasonable to suppose that
antigens should be as conserved as possi-
ble, play a vital role in the parasite’s life
cycle and be amenable to immune chal-
lenge. Moreover, immune responses to
that antigen should ideally correlate with
a reduced risk of malaria. In the past, there
has been a greater emphasis on trying to
induce cellular responses together with
antibody responses, particularly when tar-
geting the pre-erythrocytic stages.'**°

The last few years have highlighted the
key role that improved and more potent
adjuvants may play. Identifying new
powerful adjuvants that remain safe,
effective and not too reactogenic will
surely enhance the possibilities of the
existing candidate antigens.

Malaria vaccines can be designed
according to the target population or the
life cycle stage targeted.

Vaccines designed according to the
target population

Different vaccines are needed for differ-
ent populations; a vaccine aimed at
protecting children living in a malaria
endemic area is not necessarily similar in
its concept to a vaccine aimed at protect-
ing non-immune individuals. In the first
case, the vaccine does not need to be
100% effective, as its effect will add to the
naturally acquired immunity. This vac-
cine would need to be directed against the
asexual stages and imitate naturally
acquired immunity. However, a vaccine
aimed at protecting the non-immune
individual (for instance, a tourist)
requires 100% efficacy, as it would need
to neutralise the parasite before it can
reach the bloodstream and cause clinical
symptoms. The model to follow in this

Schizonts

PEV

Sporozoites

Hepatic schizonts
Hepatic stage ,/

Merozoites

/EV

] Blood stage

Plasmodium life cycle and theoretical activity points of the different malaria vaccines.

case would be that of immunisation with
irradiated sporozoites.

Vaccines designed according to the
life cycle stage targeted

The complexity of the Plasmodium’s life
cycle suggests the possibility of establish-
ing different antigenic targets for each
stage. Figure 1 summarises the Plasmodium
life cycle and the respective targets of the
different types of stage-specific vaccines.

® Pre-erythrocytic vaccines (PEV) are
directed against sporozoites or intrahe-
patic parasitic stages, and are designed
to stop the parasite from reaching its
erythrocytic stage so as to prevent any
clinical manifestation.

® Blood stage or erythrocytic vaccines
(EV) are directed against the blood
stage antigens of the life cycle. They
should therefore prevent the invasion
of red blood cells by post-hepatic
merozoites, speed the parasitised ery-
throcytes” clearance and therefore
avoid their sequestration in the micro-
vasculature. The vaccine would not
interfere with infection but it would
decrease the severity of symptoms.

® Transmission blocking or ““altruistic”
vaccines (TBV) would not benefit the
individual but the community where
vaccinated individuals live, by blocking
human to human transmission. By
targeting the parasite’s sexual stages
(using antigens expressed in the mos-
quito stages rather than in humans),
this vaccine could prevent the appear-
ance of mutant strains. Since the
mosquito does not have an adaptive
immune response, the Plasmodium
genes coding for the mosquito-stage
life cycle are remarkably conserved,
and thus easier to identify and target.
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The combination of a vaccine of this
kind with a PEV or an EV could then
avert the appearance of potentially
dangerous immune selection.”' **

In reality, the predicted effects of such
types of vaccines are generally wider than
expected and may intertwine. Partially
effective PEVs have shown protection
against severe disease,'® a characteristic
traditionally believed to be typical of
EVs.” It is believed that by decreasing
the initial parasite inoculum, and subse-
quently causing a delay in the rupture of
hepatic schizonts, a more benign illness
may occur,” an identical mechanism to
that proposed for bed nets.”

A possible strategy is to combine anti-
gens from different stages (multistage
vaccines) in order to trigger an intense
and sequential immune response, or dif-
ferent antigens from the same phase
(multivalent vaccines), so as to increase
the efficacy and reduce the risk of emer-
gent resistance. However, the inclusion of
unnecessary components may increase
both the cost and any undesired effects.

VACCINES IN CLINICAL TRIALS

The development of a malaria vaccine
takes a long time and is expensive, and
several phases must occur before a
candidate vaccine can be tried in children.

Currently, several candidate vaccines
are being developed, most of which are
still in the preclinical phases. More than
50% of the approximately 75 candidate
vaccines in active development today are
based on just three antigens cloned two
decades ago: the circumsporozoite protein
(CSP), the merozoite surface protein
(MSP) and the apical membrane antigen
1 (AMA-1)."* The Plasmodium falciparum
genome project has identified hundreds
of parasite proteins that could form the
basis for new vaccines.”

The most advanced candidate vaccine,
the RTS,S/AS02A, has been developed
and jointly financed by GlaxoSmithKline
and the Malaria Vaccine Initiative
(MVI).** This pre-erythrocytic subunit
vaccine is based on the fusion of the
surface antigen from the circumsporo-
zoite (CS) with the hepatitis B surface
antigen (HBsAg), formulated with the
ASO02A adjuvant. In a phase IIb clinical
trial carried out in 2003 in children from 1
to 4 years of age in Mozambique, this
vaccine was shown to be safe, immuno-
genic and efficacious, reducing P falci-
parum clinical malaria cases by 30% and
episodes of severe disease by up to 58%.'
Moreover, this efficacy did not seem to
wane” after an 18 month follow-up
period, when the protection was main-
tained.”” These promising results need
now to be confirmed in the ideal target
population, which is children less than
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Table T Major malaria candidate vaccines in clinical development'2 '@ 28
Antigen Name Adjuvant Clinical phase  Producer/group
Pre-erythrocytic (PEV)
CSpP RTS,S'* % # ASO2A 1, 1b, 2a, 2b  MVI/GSK
CSP RTS,S ASO1B la, 2a WRAIR/GSK
CSP RTS,S ASOTE 1a, 1b, 2a MVI/GSK/WRAIR
Fowl pox 9 CSP+LSA-1 epitope/ None 1q, 1b, 2a Oxford
MVA CSP+LSA-1 epitope
Fowl pox 9MVA polyprotein None la, 2a Oxford/EMVI
LSA-1 E coli expressed LSA-NRC ASO2A 1a, 2a GSK/WRAIR
LSA-1 E coli expressed LSA-NRC ASO1B E la, 2a GSK/WRAIR
Erythrocytic (EV)
MSP-1 42 3D7 (FMP-1) E coli FMP1* 1a, 1b, 2a, 2b  WRAIR
expressed
MSP-1-C1 42 (FVO+ 3D7) ALOH P pastoris expressed la MVDU/NIH
MSP-1-C1 42 (FVO+ 3D7) ALOH+CPG P pastoris expressed la MVDU/NIH
AMA-1 3DT* FMP2.1 AS02 E coli expressed 1a, 1b WRAIR
AMA-1 C1 (FVO+ 3D7) ALOH E coli expressed 1a, 1b MVDU/NIH
AMA-1 C1 (FVO+ 3D7) ALOH + CPG E coli expressed la MVDU/NIH
AMA-1 C1 PICP-2.9 ALOH/MontanidelSA720/AS02 la BPRC
P pastoris expressed
SE 36 SERA ALCH E coli expressed la Osaka University, BIKEN
Foundation
MSP3/GLURP GMZ 2 ALOH L lactis expressed la
recombinant
MSP-1 19/AMA-1 chimera PfCP2.9 P pastoris expressed la SMMHS/Waning/MVl/WHO
Combination multi-stage vaccines
Recombinant FMP-1 plus la, 2a WRAIR
RTS,S, MSP-1 3DT+CSP
Mimetopes delivered on virosome 1a, 2a Pevion
CSP, AMA-1
Transmission blocking vaccines (TBV)
Pvs25 Saccharomyces expressed® ALCH la MVDU
Other approaches and targets
PFEMP1 Malaria in Pre-clinical
pregnancy |
vaccines[33
Attenuated parasite (sporozoite) Attenuated Pre-clinical Sanaria
sporozoite
vaccine'*
GPI Anti-toxic ] Pre-clinical

vaccines[34

ALOH, aluminium hydroxide; AMA, apica| membrane antigen; CSP, circumsporozoite protein; EV, eryfhrocyﬁc vaccines; GLURP, g|utamofe-rich protein; GPI,
glycosylphosphatidylinositol; GSK, GlaxoSmithKline Biological; LAS, liver-stage antigen; MDVU, Malaria Vaccine Development Unit; MSP, merozoite surface protein;
MVA, modified vaccine Ankara; NIH, National Institute of Health; PEV, pre-erythrocytic vaccines; WRAIR, Walter Reed Army Institute of Research.

1 year of age. Should this vaccine be
similarly effective in this age group, the
vaccine could be included in the
Expanded Programme of Immunization
(EPI), one of the few existing effective
mechanisms for the universal distribution
of health measures in poor countries.
Other candidate malaria vaccines in
different stages of clinical development
and further vaccine development strate-
gies (including prime boost, virosomes,
virus-like particles and peptides based on
the important parasite antigens) are
summarised in table 1. In the past
5 years, the number of groups working
with malaria vaccines has grown from
three to 11°" and in the next few years we
should have a clearer picture of the
efficacy of these candidate vaccines.

CONCLUSIONS
The promising advances that the beginning
of the 21st century is witnessing in the field

www.archdischild.com

of malaria vaccine research are framed in
an atmosphere of optimism and research
impetus that cannot and must not be
wasted. Different private initiatives have
worked together with the public sector in
order to finance the research needed to
obtain a vaccine that once seemed too far
away. It is essential that this momentum is
maintained to guarantee the development
of an effective vaccine. We face the
possibility of solving a formidable scientific
challenge and must not undermine it.
Vaccination of children from malaria ende-
mic areas with an effective and safe
vaccine, combined with the use of other
proven effective control measures, could
contribute decisively to decreasing the
intolerable malaria toll. It may now be the
appropriate moment to reflect upon the
strategies that will be needed in the future
to distribute this control tool at an afford-
able cost among those who need it most, an
equal or even bigger challenge.”

Arch Dis Child 2007,92:476-479.
doi: 10.1136/adc.2005.092551
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Abstract

Background: The RTS,S/AS02 vaccine has been shown to have a promising safety profile, to be immunogenic and to
confer protection against malaria in children and infants.

Methods and Findings: We did a randomized, controlled, phase I/llb trial of RTS,S/AS02p given at 10, 14 and 18 weeks of
age staggered with routine immunization vaccines in 214 Mozambican infants. The study was double-blind until the young
child completed 6 months of follow-up over which period vaccine efficacy against new Plasmodium falciparum infections
was estimated at 65.9% (95% Cl 42.6-79.8, p<<0.0001). We now report safety, immunogenicity and estimated efficacy
against clinical malaria up to 14 months after study start. Vaccine efficacy was assessed using Cox regression models. The
frequency of serious adverse events was 32.7% in the RTS,S/AS02p and 31.8% in the control group. The geometric mean
titers of anti-circumsporozoite antibodies declined from 199.9 to 7.3 EU/mL from one to 12 months post dose three of
RTS,S/AS02p, remaining 15-fold higher than in the control group. Vaccine efficacy against clinical malaria was 33% (95% Cl:
—4.3-56.9, p=0.076) over 14 months of follow-up. The hazard rate of disease per 2-fold increase in anti-CS titters was
reduced by 84% (95% Cl 35.1-88.2, p=0.003).

Conclusion: The RTS,S/AS02p malaria vaccine administered to young infants has a good safety profile and remains
efficacious over 14 months. A strong association between anti-CS antibodies and risk of clinical malaria has been described
for the first time. The results also suggest a decrease of both anti-CS antibodies and vaccine efficacy over time.
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Introduction

Plasmodium falciparum malaria is one of the most serious public
health problems worldwide[1]. The need for improved prevention
tools cannot be overemphasized. A safe and effective malaria
vaccine to be used in malaria-endemic areas, particularly during
early stages of life, could greatly contribute to reducing the
enormous burden of malaria, and perhaps contribute to future
eradication efforts.

The last decade has witnessed important progresses in the
development of a first generation malaria vaccine. GlaxoSmithK-

@ PLoS ONE | www.plosone.org

line’s (GSK) RTS,S, formulated with the Adjuvant System AS02
or ASO1, is currently the world’s most clinically-advanced malaria
vaccine candidate. This vaccine has been shown to be safe and
efficacious against malaria infection and disease in adult naive and
semi-immune volunteers [2,3]. In 2004, we reported the first
proof-of-concept study in African children aged 1 to 4 years
showing that the vaccine was safe, immunogenic and reduced the
risk of P. falciparum infection, uncomplicated malaria and severe
disease, and that protection lasted for at least 45 months [4,5,6].

Recognizing that malaria control strategies must prioritize
protection in infants [7,8,9] led us to a I/Ilb proof-of-concept trial
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to assess the safety, immunogenicity and efficacy of RTS,S/AS02y,
in children less than 12 months of age. Vaccine efficacy (VE)
against malaria infection was 65.9% (95% CI 42.6-79.8,
p<<0.0001) at the end of 6 months of follow-up [10].

A subsequent trial of the RTS,S/AS02p, in Tanzanian infants
has recently shown very similar results [vaccine efficacy of 65.2%
(95% CI 20.7-84.7, p=10.01)] [11]. Furthermore, another trial in
children 5-17 months old with RTS,S/ASOl in Tanzania and
Kenya yielded a 53% (95% CI 28-69, p<<0.001) reduction of
clinical malaria episodes over an 8 month follow up period [12].

This paper reports the safety, reactogenicity, immunogenicity
and efficacy of the complete 14 months follow-up period of the
Mozambican phase I/IIb proof-of-concept trial in infants, with
particular emphasis on safety and reactogenicity, given that it was
the first time that R'TS,S formulated with ASO2 was administered
to infants.

Methods

The protocol for this trial and supporting CONSORT checklist
are available as supporting information; see Checklist S1 and
Protocol S1.

Study site

The study was carried out by the Centro de Investigacio em
Satde de Manhiga (CISM) in the rural areas of Taninga and Ilha
Josina Machel, 50 Km north of Manhica village, Mozambique,
from June 2005 to December 2007. Detailed description of the
area can be found elsewhere [10,13].

Study Design

This study was a phase I/IIb, randomized controlled trial to
assess the safety, immunogenicity and efficacy of the RTS,S/
AS02p vaccine administered to infants at 10, 14 and 18 weeks of
age, staggered with EPI vaccines (DTPw/Hib [TETRActHib™
Aventis Pasteur]) at 8, 12 and 16 weeks of age. The study was
double-blind until the youngest child completed 6 months of
follow-up. After the unblinding, the study was considered single
blinded although both participants and field investigators
remained blinded. Only a senior statistician had access to the
treatment codes allocated to the subjects, and he was not involved
in the children follow-up. Data provided to the field investigators
did not include information of the allocated treatment per subject
during the entire duration of the trial.

A total of 214 children were enrolled and randomized to receive
either RTS,S/AS02, or the control hepatitis B vaccine, Engerix-
B™ Details of the malaria and control vaccines as well as the trial
profile for the double-blind phase have been presented elsewhere
[10]. Briefly, all women who considered enrolling their infant in
the study were screened for hepatitis B surface antigen (HBsAg)
and human immunodeficiency virus (HIV) in their third trimester
of pregnancy. Written informed consent was obtained before any
blood was taken for testing.

Infants were screened between 6 and 12 weeks of age and a
second written informed consent was obtained from parents/
guardians of all participants. Infants were enrolled if they were
born after a normal gestational period and in the absence of
obvious medical abnormalities. Children born to Hepatitis B and
HIV positive mothers were not included in the trial. Children were
excluded as well from participation if BCG vaccine had not been
given at least one week before the first study vaccination or if any
other vaccinations, other than the first dose of oral polio vaccine
(OPV) given at birth with BCG, had been given prior to
enrolment. Identification cards were provided soon after recruit-
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ment. Study activities were completed on December 27", 2007,
when the last recruited child completed 14 months of follow-up.

The protocol (NCT00197028) was approved by the Mozambi-
can National Bioethics Committee, the Hospital Clinic of
Barcelona Ethics Review Committee and the PATH Human
Subjects Protection Committee and implemented according to the
International Conference of Harmonization and Good Clinical
Practices guidelines. GSK monitored the study. A Local Safety
Monitor and a Data and Safety Monitoring Board oversaw the
design, conduct and results of the trial.

The sample size for the original study was based on an
evaluation of vaccine safety [10]. A trial with 100 subjects in each
group had 80% power to detect a 2.6-fold increase in SAE rates if
the rate in controls was at least 10%. The trial also had 90%
power to detect an efficacy against malaria infection of 45% or
more assuming an attack rate of at least 75% in the control group
over the surveillance period. Efficacy against clinical malaria was
an exploratory endpoint.

Evaluation of safety

Safety endpoints included the occurrence of solicited and
unsolicited symptoms within 7 and 30 days after each vaccination
respectively and the occurrence of serious adverse events (SALEs)
during the entire 14 month follow-up period. All SAEs were
reported within 24 hours after detection.

Vaccine safety was evaluated using active and passive follow-up.
All study participants were observed for at least one hour after
cach vaccine dose by a physician equipped with an emergency kit.
Children were visited daily in their homes for 6 days after
vaccination where any adverse events (AEs), local or general, were
registered on diary cards. Study physicians evaluated all suspected
grade 3 AEs and guided clinical management.

Passive follow-up was done through a health facility based
morbidity surveillance system [5,14]. All AEs irrespective of their
severity or relationship to vaccination were recorded during the 30
day period after each dose. SAEs were similarly detected and
reported throughout the study. Detailed definitions for solicited
and unsolicited AEs and SAEs as well as the classification of the
intensity can be found elsewhere [15].

Participants with SAEs were followed-up until events resolved.
Deaths occurring at home were investigated by a review of
available medical records and by verbal autopsy, as described
elsewhere [16].

Safety monitoring of hematological parameters [hemoglobin,
hematocrit, whole blood cell (WBC) and platelets] and biochem-
ical parameters [alanine amino transferase (ALT), total bilirubin
and creatinine| were measured one week after dose 1 and 1, 3%,
and 12 months after dose 3. Normality values considered were:
hemoglobin =80 g/L, hematocrit =25%, WBC 5-17x10°/L,
platelets =100 x 10°/L, ALT <60 pumol/L, creatinine =45 pumol/
L and bilirubin =34 pumol/L.

Biochemical, hematological and packed cell volume (PCV) tests
were determined as described elsewhere [10].

Evaluation of immunogenicity

Antibody titres were measured against hepatitis B surface
antigen (anti-HBs) and P. falciparum circumsporozoite protein (anti-
CS) at screening and 1, 3% and 12 months post dose 3.

Anti-CS antibodies were measured by a standardized ELISA,
using plates absorbed with recombinant R32LR with an assay cut-
off of 0.5 EU/mL. Anti-HBs antibodies were quantified using the
EIA kit from Abbott Laboratories and a GSK validated sandwich
ELISA described elsewhere [17]. The cut-off for the anti-HBs
ELISA was set at 10 mIU/mL.
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Cases of clinical malaria and malaria infection by P. falciparum
were ascertained by a combination of passive case detection (PCD)
and active detection of infection (ADI) as described elsewhere [10].
Briefly, two weeks prior to dose 3, all children received a
combination of amodiaquine and sulfadoxine-pyrimethamine to
clear any parasitemia. Two weeks after dose 3, children with
negative slides started ADI (performed bi-weekly for 12 weeks). At
each ADI visit, axillary temperature was recorded and parasitemia
determined. Children with positive results received antimalarial
treatment regardless of the presence or absence of symptoms and
were withdrawn from further ADI evaluation. PCD was
performed at Manhica District Hospital and Ilha Josina and
Taninga Health posts as described elsewhere [5,14].

The primary case definition of clinical malaria was the presence
of fever (axillary temperature =37.5°C) with a P. falciparum asexual
parasitemia >500/uL. This definition has a sensitivity and
specificity >90% in this age group [18]. The secondary case
definition was fever or history of fever in the previous 24 hours
plus any asexual P. falciparum parasitemia.

Exploratory efficacy endpoints were first or only clinical episode
of P. falciparum malaria as well as multiple episodes of clinical
malaria detected by PCD during 14 months after dose 1. An
additional endpoint was first or only clinical episode of P. falciparum
malaria detected by a combination of ADI and PCD.

Statistical methods

Analyses were done for intention to treat (I'T'T) and according to
protocol (ATP) cohorts, following a predefined analytical plan.
The ITT cohort included all children who received at least one
dose of the study vaccine. All safety analyses were based on ITT.
The ATP cohort included participants that met all eligibility
criteria, completed the vaccination course and contributed to
follow-up time during the evaluation period. For exploratory
analyses, the ATP cohort was split into two follow-up periods:
follow-up over study months 3-9 (ATP;_g) and study months 3-14
(ATP5 14). VE explored both first or only episode and multiple
episodes of clinical malaria detected during the two study periods.

Analysis of immunogenicity was based on the ATP cohort,
excluding children that received any blood product, immunosup-
pressant or immune-modifying therapy. Measurements of anti-CS
and anti-HBs antibodies were summarized by Geometric Mean
Titres (GMTs) with 95% confidence intervals (95% CI). Titres
below the cut-off were assigned an arbitrary value of half the cut-
off of the assay for the purpose of GMT calculation.

Person years at risk (PYAR) accounted for absences from the
study area and use of antimalarial drugs as previously described
[5].

VE was defined as 1 minus the hazard ratio multiplied by 100
[(1 = HR)*100] and was adjusted for distance to health facility [5]
and community of residence. The adjusted VE was assessed using
Cox regression models (for the first or only episode) and Poisson
regression (for multiple episodes).

A test based on the Schoenfeld residuals was performed to assess
whether the hazard was constant over the surveillance period, and
alternative approaches were applied if the assumption of
proportional hazards was not supported.

The risk of clinical malaria as a function of immune response
was evaluated by comparing post-vaccination anti-CS titters for
RTS,S/AS02y, recipients who either did or did not experience at
least one episode of clinical malaria meeting the primary case
definition over ATP; 4 follow-up, using the Wilcoxon Rank Sum
test. The hazard rate per 2-fold increase in post-vaccination anti-
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CS response was calculated for both ATPs g and ATP5 4 follow-
up, along with their 95% confidence intervals.

Analyses were performed using SAS version 9.1 (Cary, NC,
USA) and STATA version 10 (College Station, TX, USA).

Results

Of the 251 infants aged 6 to 12 weeks screened for eligibility,
214 were recruited and randomized to the RTS,S/AS02p, group
(107) or the control group (107). A total of 177 children completed
the 14 months follow-up period: 91 in the RTS,S/AS02p, group
and 86 in the Engerix-B™™ group (Fig. 1). Results of the initial 3.5
months of follow-up were reported elsewhere [10].

Vaccine safety

Safety data was available for 214 children. 107 received 301
doses of RTS,S/AS02p, and 309 doses of TETRActHib'™ and 107
received 303 doses of Engerix-B™ and 311 doses of TETRA-
ctHip™ . Compliance for completion of symptoms questionnaires
was 100%.

Solicited AEs RTS,S/AS02;, or Engerix-B™
vaccinations. Three recipients of the Engerix-B™' vaccine
reported grade 3 solicited general symptoms, all of them
considered to be related to the vaccine but resolving within the
7 day follow-up period (Table 1). None of the RTS,S/AS02p,
group participants reported grade 3 solicited general events. None
of the solicited local symptoms reported in either group were of
grade 3 intensity.

In both groups the most common solicited local symptom was
pain at the injection site. There was no apparent trend in
incidence of either pain or swelling with subsequent doses of
RTS,S/AS02y, or Engerix-B™.

Solicited AEs after TETRActHib™ vaccinations. Tive
children (4 in the Engeriv-B™ and 1 in the RTS,S group)
experienced grade 3 solicited general symptoms following either
the first or the second TETRActHib™ dosc (Table 2). All of these
events were considered to be related to vaccination and the
children fully recovered. None of the solicited local symptoms were
reported to be of grade 3 intensity.

Pain at the injection site was the most frequently reported
solicited local symptom. The incidence of pain and swelling was
similar in both vaccine groups. There was no apparent trend in
incidence of either pain or swelling with subsequent doses of
TETRActHib™.

Unsolicited adverse events. Unsolicited AEs occurring
within 30 days following vaccination were reported by 86.9% of
participants in both vaccine groups. In both groups, the most
frequently reported diagnosis was upper respiratory tract infection
(49.5% of subjects in the RTS,S/AS02y, and 45.8% of subjects in
the Engerix-B™ group) (data not shown).

No unsolicited AE was considered to be causally related to the
study vaccines.

Grade 3 unsolicited events were rare, occurring with similar
frequency in both comparison groups. Five subjects (4.7%)
reported ten grade 3 unsolicited AEs in the RTS,S/AS02p, group
[anemia (4), bronchopneumonia (1), P. falciparum infection (4),
pneumonia (1)] and seven subjects (6.5%) reported twelve grade 3
unsolicited AEs in the Engerix-B"™ group [anaemia (1), conjunc-
tivitis (1), pyrexia (1), bronchitis (1), bronchopneumonia (1), skin
furuncle (1), gastroenteritis (3), pneumonia (2), bronchospasm (1)]
(data not shown).

SAEs. 'There were 69 children with at least one SAE (35 in the
RTS,8/AS02p, and 34 in the Engerix-B™ group) as shown in
Table 3. The proportion of subjects reporting an SAE was similar

after
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251 Assessed for eligibility

37 Excluded
+ 30 Did not meet inclusion criteria

+ 6 Declined to participate
+ 1 Migrated

214 Randomized

|

A

Y

107 Allocated to the RTS,S/AS02; group
(Intention to treat-cohort)
e 6 withdrew consent
e 2 protocol violations
e 3 Absent/other reasons

107 Allocated to the Engen'x—B’M group
(Intention to treat-cohort)
+ 8 withdrew consent
+ 1 protocol violation

y

A4

96 Completed double-blind phase follow-up

e 2died
+ 2 withdrew consent
+ 1 lostto follow-up

96 Completed double-blind phase follow-up

¢ 4 withdrew consent
« 2died
« B Absent/other reasons

A 4

A 4

91 completed single blind phase (came to
month 14 visit)

86 completed single blind phase (came to
month 14 visit)

Figure 1. Trial Profile.
doi:10.1371/journal.pone.0013838.g001

in the RTS,S/AS02p, (32.7%, 95% CI 24.0-42.5) and the control
group (31.8%, 95% CI 23.1-41.5). None of them were considered
to be related to vaccination. The total number of SAEs classified
according to the Medical Dictionary for Regulatory Activities
(MedDRA)[19] preferred terms was 157 (75 in the RTS,S/AS02p,
and 82 in the control group).

During the entire follow-up period, 15 participants in the
RTS,S/AS02y, group reported P. falciparum as an SAE requiring
hospitalization, corresponding to 14.0% (95% CI 8.1-22.1). In the
control group, there were 13 participants hospitalized with
malaria, corresponding to 12.1% (95% CI 6.6-19.9). All cases
fully recovered. The other main diagnoses of SAEs requiring
admission were anaemia (15.9% vs 12.1%) gastroenteritis (12.1%
vs 16.1%) and pneumonia (8.4% vs 7.5%) in the RTS,S/AS02p,
and Engeriv-B™ groups, respectively (data not shown).

Four deaths occurred during follow-up (two in each group).
None of the deaths was judged to be related to vaccination. In the
RTS,S/AS02y, group, an eight month old girl died at home four
months after having received a study vaccine. The presumptive
diagnosis based on the verbal autopsy obtained from the mother
was staphylococcal septic shock (recorded history of fever,
generalised vesicular eruption, skin peeling and face swelling prior
to death).
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The second death in this group also occurred at home nine
months after the child had received the last study vaccination.
The 15 month HIV negative old boy had previously been
admitted for a Streptococcus pneumoniae pneumonia (confirmed by a
positive blood culture) and anaemia. According to the verbal
autopsy, the death occurred after about 3 weeks of fever,
vomiting, diarrhoea, abdominal pain and pallor. The parents did
not seek treatment at any health facility. The final diagnosis
following verbal autopsy review was chronic gastroenteritis with
severe dehydration.

In the Engerix-B™ group, a 10 month old boy died at home six
months after receiving the third dose of the vaccine. The child had
been seen by a field worker 3 days before he died and he appeared
to be in good health. The verbal autopsy performed to the mother
revealed that 24 hours prior to the fatal event the child abruptly
started with intense vomiting and diarrhoea. The mother took him
to a traditional healer who administered him “traditional
medication”. The child died shortly after. The probable cause of
death was severe dehydration from gastroenteritis. The possibility
of an adverse effect secondary to traditional medicine ingestion
could not be excluded.

The second death was of an 11 month old girl, who died at
home 7 months after the last vaccination with Engeriv-B™.
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According to the child’s father, the child had diarrhoea and fever
for 4 days, stopped eating, and progressively developed sunken
eyes and pallor. The child was not brought to the health centre.
Clinician’s review of the verbal autopsy report concluded that the
most probable cause of death was severe dehydration secondary to
gastroenteritis.

Monitoring  of and  biochemical
parameters. Hematological values outside the normal range
were infrequent. The majority of abnormal values of hemoglobin,
white blood cells and platelets were of grade 1 intensity and
occurred with similar incidence in the two groups. One child with

hematological

concomitant malaria in the RTS,S/AS02p group had a low
platelet count (44 x10°/1) of grade 2 intensity one month after the
last vaccination. This value was within the normal range
(167 x10?/L) at month 6.

Biochemistry values outside the normal range were also
infrequent. The majority of out of range ALT and bilirubin
values were of grade 1 intensity, occurring with a similar incidence
in the two groups. One participant in the RTS,S/AS02p, group
had a grade 2 ALT value one week after the first dose (162 umol/
L) which dropped to 38 umol/L one month after the third dose
and to 39 umol/L by study month 6. No creatinine values were
outside the normal ranges.

@ PLoS ONE | www.plosone.org

Table 1. Incidence of solicited general symptoms by dose within the 7-day follow-up after RTS,S/AS02p or Engerix-8™.
After dose 1 After dose 2 After dose 3
RTS,S/AS02p Engerix -B RTS,S/AS02p Engerix -B RTS,S/AS02p Engerix-B
(N=105) (N=106) (N=99) (N=100) (N=97) (N=97)
n % n % N % n % n % n %
General symptoms
Drowsiness
Any 27 25.7 37 349 32 323 26 26.0 28 289 32 33.0
Related 10 ©)5 11 10.4 8 8.1 3 3.0 3 3.1 5 5.2
Fever
Any 11 10.5 5 4.7 10 10.1 10 10.0 8 8.2 9 9.3
Related 1 10.5 5 4.7 10 10.1 9 9.0 8 8.2 9 9.3
Grade 3 0 = 0 = 0 = 1 1.0 0 = 1 1.0
Grade 3 related 0 - 0 - 0 - 1 1.0 0 - 1 1.0
Irritability
Any 43 41.0 39 36.8 49 49.5 39 39.0 42 423 46 47.4
Related 27 25.7 13 12.3 25 253 16 16.0 17 17.5 20 20.6
Grade 3 0 - 0 - 0 - 0 - 0 - 1 1.0
Grade 3 related 0 - 0 - 0 - 0 - 0 - 1 1.0
Loss of appetite
Any 19 18.1 27 255 25 253 24 24.0 28 289 29 29.9
Related 2 19 1 0.9 1 1.0 1 1.0 3 31 3 3.1
Local symptoms
Pain
Any 103 98.1 95 89.6 92 929 82 82.0 80 82.5 81 83.5
Grade 3 0 - 0 - 0 - 0 - 0 - 0 -
Swelling
Any 10 9.5 12 1.3 11 111 8 8.0 8 82 8 8.2
Grade 3 0 = 0 = 0 = 0 = 0 = 0 =
N= Number of subjects with at least one symptom sheet completed; n/% = number and percentage of subjects reporting a specified symptom.
doi:10.1371/journal.pone.0013838.t001

Vaccine immunogenicity

ATP analysis of vaccine immunogenicity at month 14 included
151 children (73 in the RTS,S/AS02p and 78 in the control
group). The anti-CS antibody GMTs declined from 199.9 EU/
mL one month post dose 3 to 58.8 EU/mL and 7.3 EU/mL by
3.5 and 12 months post dose 3 respectively in the RTS,S/AS02,
group. In the control group, anti-CS antibody GMTs were below
the assay cut off (0.5 EU/mL) at all post vaccination time points.

In the RTS,S/AS02p, group, the anti-HBs antibody GMTs
declined from 10082 mIU/mL one month after dose 3 to
2751 mIU/mL by 12 months post dose 3. In the Engeriv-B™
group, the anti-HBs GMTs were 3924 mIU/mL and
263.9 mIU/mL at the same time points. All children of both
RTS,S/AS02, and control groups were seroprotected for
Hepatitis B at 12 months post dose 3.

Vaccine efficacy

Results of VE analyzed over three different time periods are
summarized in Table 4.

It should be noted that the trial was not powered for VE against
clinical malaria and all analyses herein are exploratory.

VE analysis between months 3 to 9 of follow-up (ATPj o) was
48.8% (95% CI 11.3-70.4, p=0.017) against first or only clinical
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Table 2. Incidence of solicited general symptoms by dose within the 7-days follow-up after TETRActHib™ according to
randomization group.

After dose 1

After dose 2

After dose 3

RTS,S/AS02, Engerix -B RTS,S/AS02, Engerix -B RTS,S/AS02, Engerix -B
(N=107) (N=107) (N=102) (N=104) (N=100) (N=100)
n % n % N % n % n % n %
General symptoms
Drowsiness
Any 31 29.0 25 234 29 284 27 26.0 28 28.0 30 30.0
Related 12 1.2 12 1.2 3 29 8 7.7 5 5.0 3 3.0
Grade 3 0 - 1 0.9 0 - 0 - 0 - 0 -
Grade 3 related 0 - 1 0.9 0 - 0 - 0 - -
Fever
Any 10 9.3 13 12.1 6 5.9 12 11.5 8 8.0 5 30.0
Related 10 9.3 13 121 6 59 12 11.5 8 8.0 5 3.0
Grade 3 0 = 1 0.9 1 1.0 1 1.0 0 = 0 =
Grade 3 related 0 - 1 0.9 1 1.0 1 1.0 0 - 0 -
Irritability
Any 59 55.1 59 55.1 44 43.1 48 46.2 49 49.0 50 50.0
Related 40 374 47 439 18 17.6 29 27.9 26 26.0 23 23.0
Grade 3 0 - 1 0.9 0 - 0 - 0 - 0 -
Grade 3 related 0 - 1 0.9 0 - 0 - 0 - 0 -
Loss of appetite
Any 22 20.6 15 14.0 26 255 20 19.2 27 27.0 30 30.0
Related 3 28 2 1.9 0 - 1 1.0 4 4.0 3 3.0
Local symptoms
Pain
Any 105 98.1 103 96.3 98 96.1 102 98.1 92 92.0 93 93.0
Grade 3 0 - 0 - 0 - 0 - 0 - 0 -
Swelling
Any 22 20.6 18 16.8 14 137 22 21.2 16 16.0 22 220
Grade 3 0 - 0 - 0 - 0 - 0 - 0 -

episodes and 53.7% (95% CI 21.4-72.7, p=0.004) against

multiple episodes.

VE against first or only episodes of clinical malaria over the
entire follow-up period up to month 14 (ATP5_14) was 33.0% (95%

follow-up.

N= Number of subjects with at least one symptom sheet completed; n/% = number and percentage of subjects reporting a specified symptom.
doi:10.1371/journal.pone.0013838.t002

CI-4.3-56.9, p=0.076) and VE against multiple malaria episodes

was 25.9% (95% CI -15.7-52.6, p=0.167). Figure 2 shows

Kaplan-Meier curves of the cumulative incidence of first or only
episodes of clinical malaria in both groups. A test based on the

Table 3. Percentage of participants reporting SAEs classified by MedDRA primary organ class and preferred term over 14 months

RTS,S/AS02p (N=107)

Engerix-B (N=107)

Number of subjects with at least one SAE reported

Number of SAEs reported classified by MedDRA preferred term*

N = number of subjects with at least one administered dose and included in ITT cohort.

n/% = number/percentage of subject reporting at least once the symptom.

*Symptoms reported by a subject after a given dose and classified by the same Preferred Term are counted once.

doi:10.1371/journal.pone.0013838.t003
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n % 95% CI n % 95% CI
34 31.8 23.1-41.5 35 327 24.0-42.5
82 76.6 67.5-84.3 75 70.1 60.5-78.6
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Table 4. Vaccine efficacy evaluated for different follow-up periods.
RTS,S/AS02p

Engerix B (n=92) (n=93) Vaccine Efficacy

Events PYAR Rate Events PYAR Rate 95% CI P
ATP(z.9)
First or only (FO) episode of fever and parasitemia >500/ul 34 31.5 1.08 21 382 055 488%  11.3-704 0.017
FO episode of fever or history of fever* and parasitemia >0/ul 48 27.7 174 29 364 080 545%  27.3-71.5 0.001
Multiple episodes of fever and parasitemia>500/pl 45 36.2 124 23 402 057 53.7%  21.4-72.7 0.004
Multiple episodes of fever or history of fever* and parasitemia >0/ul 72 36.0 2.00 34 40.0 0.85 589%  35.8-73.6 <0.001
ATP(3-14)
First or only (FO) episode of fever and parasitemia >500/ul 45 51.3 088 36 617 058 33.0%  —4.3-56.9 0.076
FO episode of fever or history of fever* and parasitemia >0/ul 57 414 138 45 57.1 0.79 41.9%  13.7-60.9 0.007
Multiple episodes of fever and parasitemia>500/ul 74 68.9 1.07 58 725 0.80 25.9% —15.7-526  0.187
Multiple episodes of fever or history of fever* and parasitemia >0/ul 120 684 175 85 723 1.18 351%  2.2-57.0 0.039
ITT**(0-14)
First or only (FO) episode of fever and parasitemia >500/ul 54 794 068 46 90.2 0.51 259%  —9.9-50.0 0.136
Multiple episodes of fever and parasitemia>500/pl 105 m 094 82 113 0.72 243%  —129-49.2 0.173
Multiple episodes of fever and parasitemia>500/ul (PCD only) 95 112 085 80 113 0.71 176%  —24.2-453 0.355
*History of fever in previous 24 hours.
**|TT: n=107 for each group.
PYAR= Persons-years at risk. Vaccine efficacy adjusted estimates for area and distance from health center (km).
ATP = According to the Protocol; ITT= Intention to Treat; PCD = Passive Case Detection.
doi:10.1371/journal.pone.0013838.t004

Schoenfeld residuals (p = 0.049) suggested that the hazard was not 88.2, p=10.003) for the two follow-up periods (ATP; g and ATP5_4),
proportional over the follow-up period, consistent with the notion respectively.
that VE waned over the course of the study.

Analysis of the relationship between anti-CS antibody levels and Discussion
VE against clinical malaria suggested that within RTS,S
recipients, the hazard rates of disease per 2 fold increase anti-CS This is the first comprehensive safety and reactogenicity report
titres at one month post dose 3 were significantly reduced by of RTS,S/AS malaria vaccine in infants. We previously reported

84.1% (95% CI 43.5-95.5, p=10.004) and 72.4% (95% CI 35.1- that VE against new P. falciparum infections was 65.9% during the
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From 14 days after dose 3 of RTS,S/AS02; or Engerix-B™
Number at risk

Engerix-B™ 92 78 65 52 49 44 12

RTS,S/AS02, 93 90 76 63 59 53 11

Figure 2. Kaplan-Meier curves for the cumulative proportion of children with at least one episode of clinical malaria between study
months 3 to14 (ATP 3 14).
doi:10.1371/journal.pone.0013838.9g002
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mnitial three months after dose 3 in infants immunized in a
staggered schedule with routine EPI vaccines [10]. This report
goes further to include an exploratory analysis of VE against
clinical malaria observed during the study.

The RTS,S/AS02y, reactogenicity profile was similar to that
recorded in previous trials in older age groups [2,5]. The safety
profile in infants remained promising during the extended follow-
up, with no significant differences between groups in the frequency
of SAEs. No safety signals were found in the monitoring of
hematologic and biochemistry data.

We observed no strong evidence of significant differences in the
immunological responses to vaccination with RTS,S/AS02p in
infants in this trial compared to older children. Anti-CS antibody
titters decayed over time. However, there is no evidence that they
did so more precipitously in this trial compared to other pediatric
trials, where antibody decay profiles are consistent with a half-life
of 6 to 8 weeks. In this trial, anti-CS responses at 12 months post-
dose 3 remain 15 fold higher in the RTS,S/AS02y, group than in
the control group. Where longer follow-up data are available, low
but persistently elevated anti-CS responses have been reported
(10-30 times higher than in controls) also [6]. This is consistent
with the induction of long term T cell and B cell memory
responses by RTS,S/AS02. Such persistence of antibody responses
is likely to be seen in this infant population but this can only be
confirmed by longer follow-up as planned in the ongoing Phase 3
trials.

Anti-HBs responses were higher throughout the follow-up in
recipients of RTS,S/AS02, than of the licensed Hepatitis B
control vaccine probably reflecting the use of a different adjuvant
system. HBs antibody titters also decayed over time. However, all
children vaccinated with both RTS,S/AS02p, and Engerix-B™
vaccines reached seroprotection levels for anti-HBs 12 months post
Dose 3.

Vaccine efficacy against clinical malaria over the 12 months
follow-up period after dose three was 33% (95% CI -4.3-56.9,
p =0.076), whereas during the initial 3.5 months of double-blind
follow-up the efficacy was 65.8% (95% CI 25.3-84.4, p=0.007).
This difference could be due to chance as the confidence intervals
of the two estimates overlap, and the study is underpowered for
such analyses. Nevertheless, together with the data showing that
the hazard was not proportional over the follow-up periods, the
results suggest that VE against clinical malaria may have waned
over the 14 months follow-up period.

Caution is needed when attempting to compare the results of
this study with data reported from a previous phase IIb trial
conducted in this same area among children aged 1 to 4 years [5].
Cohort 2 of that trial had a very similar design to the infant study
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that we are reporting, including the administration of presumptive
treatment with effective antimalarials between dose 2 and 3 and an
initial follow-up through intense active detection of infections
(ADI). In both studies, VE against clinical malaria appeared to
wane over time [20]. This is in sharp contrast to cohort 1 of the
phase IIb trial where children were only followed-up by passive
case detection and did not have presumptive treatment. Among
these children VE persisted at 30% for 45 months [6]. Reasons for
this apparent differences in the duration of protection are
discussed elsewhere [20].

While several previous trials have shown a relationship between
anti-CS antibody responses and risk of malaria infection, this study
provides the first evidence of a similar relationship between anti-
CS antibodies and protection against clinical malaria. It is
probable that in trials in older populations similar analyses have
been confounded by the superimposed naturally acquired
Immunity.

In summary, these results confirm the good safety and
immunogenicity profile of RTS,S/AS02p, malaria vaccine in
African infants, as well as confirm protection against clinical
malaria for at least one year. Together they support the rationale
for the ongoing Phase III trial.
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Results from clinical trials in areas where malaria is endemic have shown that immunization with RTS,S/AS02A
malaria vaccine candidate induces partial protection in adults and children and cellular effector and memory
responses in adults. For the first time in a malaria vaccine trial, we sought to assess the cell-mediated immune
responses to RTS,S antigen components in infants under 1 year of age participating in a clinical phase I/Ilb trial
of RTS,S/AS02D in Mozambique. Circumsporozoite protein (CSP)-specific responses were detected in approxi-
mately half of RTS,S-immunized infants and included gamma interferon (IFN-y), interleukin-2 (IL-2), and com-
bined IL-2/IL-4 responses. The median stimulation indices of cytokine-producing CD4* and CD8™ cells were very
low but significantly higher in RTS,S-immunized infants than in infants that received the comparator vaccine.
Protection against subsequent malarial infection tended to be associated with a higher percentage of individuals
with CSP-specific IL-2 in the supernatant (P = 0.053) and with higher CSP-specific IFN-y-producing CD8" T-cell
responses (P = 0.07). These results report for the first time the detection of malaria-specific cellular immune
responses after vaccination of infants less than 1 year of age and pave the way for future field studies of cellular

4

immunity to malaria vaccine candidates.

Malaria remains one of the major world heath problems
affecting between 200 and 400 million people annually and
causing 2 to 3 million deaths, mostly children and pregnant
women living in sub-Saharan Africa (37). Infections by Plas-
modium falciparum, one of the four species of plasmodia that
affect humans, cause 80 to 90% of the malaria cases and are
responsible for 95% of all malaria-associated deaths (14).
Since most of the worldwide malaria burden is due to P. fal-
ciparum, efforts for prevention and eradication of malaria have
focused on this parasite, and a P. falciparum-customized ma-
laria vaccine is one of most promising tools (12, 25, 26).

The most abundant and immunogenic antigen on the surface
of Plasmodium sporozoites is the circumsporozoite protein
(CSP), which is a target for vaccine development (9, 10, 17, 27).
In vaccines based on irradiated sporozoites and CSP in human
and mouse models, antibodies to circulating sporozoites, fol-
lowed by cell-mediated responses to the protein after invasion
of hepatocytes, have been described as crucial for the genera-
tion of protective responses (7, 11, 13, 28, 29).

RTS,S is a subunit malaria vaccine candidate based on the
CSP of P. falciparum that has been under study for many years.

* Corresponding author. Mailing address: Barcelona Centre for In-
ternational Health Research (CRESIB), Hospital Clinic/IDIBAPS, C.
Rossello 132, 4°, 2>, Barcelona 08036, Spain. Phone: (34) 93 227
5706. Fax: (34) 93 227 9853. E-mail: palonso@clinic.ub.es.

¥ Published ahead of print on 3 August 2009.

The chimeric vaccine contains a portion of the NANP-repeats,
all four NVDP-repeats, and the complete carboxyl-terminal
region of CSP suggested to be targets for humoral and cellular
immunity, along with the amino-terminal region of HbsAg
(HBS) (16). The malaria vaccine candidate RTS,S (Glaxo-
SmithKline, Rixensart, Belgium) formulated with the adjuvant
system ASO1 or AS02 has proven to confer partial protective
immunity against malaria infection in malaria-naive adults (20,
21, 41), as well as in adults and infants in areas where malaria
is endemic (2-6). Clinical safety, immunogenicity, and efficacy
trials in infants and children have shown RTS,S/AS02 to be
safe and protective and to induce high antibody titers (2, 4,
6, 34).

Although the induction of a CSP-specific humoral response
after RTS,S vaccination has been well described, the genera-
tion of cellular immune responses has not yet been addressed
in infants or young children immunized with the RTS,S vaccine
candidate. In adults, protection conferred by the RTS,S vac-
cine has been associated with acquisition of strong antibody
and cellular responses to the CSP fragment of RTS,S (20, 22).
Malaria naive volunteers immunized with RTS,S/AS02 fre-
quently develop strong proliferative and IFN-y-producing T-
cell responses to peptides representing T-cell epitopes (Th2R
and Th3R) present in the vaccine (22). A correlation between
protection against experimental challenge and the CSP-specific
production of IFN-y by CD4" and CD8" T cells has been
described in a limited number of individuals (42).
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FIG. 1. Timeline of immunizations and blood sample collection. Timing for the blood samples used for cellular immunity studies are indicated:
BS0, preimmune; BS1, 4 weeks postimmunization; and BS2, 10.5 weeks postimmunization.

Current efforts are under way to proceed to phase III clinical
trials with the RTS,S vaccine, despite no currently identified
immune correlates of protection for vaccination with RTS,S in
infants or young children. The present study was integrated
into a phasel/IIb clinical trial of the RTS,S/AS02D candidate
vaccine in infants in a rural area of malaria endemicity in
Mozambique (4). We sought here to examine the cellular re-
sponses in infants vaccinated with RTS,S/AS02D and further
the development of assays for use in malaria vaccine trials in
infants and young children, the population most vulnerable to
severe malaria.

MATERIALS AND METHODS

Study population. This study was integrated into a randomized placebo-con-
trolled phase I/IIb clinical trial of the RTS,S/AS02D malaria candidate vaccine in
infants living in a rural area of Mozambique (4) (registry URL, clinicaltrials.gov;
trial registration no., NCT00197028). Briefly, mothers in their last trimester of
pregnancy living in the Ilha Josina and Taninga communities of Manhica district
in Maputo, Mozambique, were invited to enroll their newborns after delivery in
the clinical trial. After informed consent was obtained, the mothers were coun-
seled regarding sexually transmitted diseases and tested for human immunode-
ficiency virus and hepatitis B virus infection (UniGold HIV [Trinity Biotech];
Determine HIV1-2 and HBsAg [Abbott Laboratories]). Mothers with a positive
result for either serological test were excluded from the study and referred to the
Manbhica District Hospital for clinical management according to national guide-
lines.

Vaccines. The pediatric version of RTS,S/AS02A contains 25 pg of RTS,S
antigen and 0.125 ml of AS02D adjuvant as described by Macete et al. in 2007
(23, 24). The control vaccine Engerix-B is from GlaxoSmithKline, Belgium.
TETRACctHib (Adventis Pasteur, France), the vaccine used in the Expanded
Programme on Immunization (EPI) program, is a lyophilized vaccine combining
diphtheria and tetanus toxoid-pertussis vaccine (DTP) with Haemophilus influ-
enzae type b conjugate vaccine (polyribosyl ribitol phosphate conjugated to
tetanus protein).

Immunizations. All enrolled children received the standard polio (Chiron/
Novartis, San Francisco, CA) and DTPw/Hib (DTP plus H. influenzae type b)
vaccines as their EPI vaccinations at 8, 12, and 16 weeks of age at their local
community health post. At the first EPI vaccination visit, they were randomly
distributed into two immunization groups to receive either the RTS,S/AS02D or
the hepatitis B Engerix-B vaccines. These intramuscular immunizations were
given in a staggered manner blindly 2 weeks after the EPI vaccines at weeks 10,
14, and 18. A diagram of the immunization schedule is shown in the Fig. 1.

Blood samples. Approximately 2.0 ml of blood was drawn from infants prior to
study vaccination (blood sample BS0) and then 4 and 10.5 weeks (blood samples
BS1 and BS2) after the third immunization with RTS,S/AS02D or hepatitis B
vaccine by heel prick, finger prick, or venipuncture for later visits. Blood was
collected into heparin tubes at an ambient temperature and processed within 3 h
for cellular immunology and biochemistry assays.

Malaria case detection. Malaria infections caused by P. falciparum were as-
sessed by active detection and by passive case detection at health facilities in the
study area as described previously (4). Active detection occurred at predefined
intervals in which a blood slide for parasitemia determination was collected, and
the axillary temperature was recorded irrespective of symptoms. Passive case
detection was done through monitoring of all attendances at health facilities and
ascertainment of episodes of clinical malaria, including blood smear for infants
with documented fever (37.5°C or higher) or history of fever in the preceding
24 h, as described in detail elsewhere (24). Infants with any parasitemia > 0 were
considered cases and used in the current analysis. After vaccination, parasitemia-
positive infants were not included in the risk period for malaria for 28 days after
receiving treatment. Clinical management was provided according to standard
national guidelines.

Whole-blood cultures and peptide stimulation. To stimulate and culture whole
blood, 250 pl of heparinized blood was dispensed into three aliquots supple-
mented with 150 pl of RPMI 1640 (incomplete medium; Invitrogen/Gibco-
BRL), containing 20 mM HEPES, 100 U of penicillin ml ™%, 100 pg of strepto-
mycin ml~!, 2 mM L-glutamine, and mouse anti-human CD28 and anti-human
CD49d antibodies (BD Biosciences, San Jose, CA) at final concentrations of 1.2
pg ml~! each. The cultures were stimulated as follows with (i) CSP peptides
encompassing sequences present in RTS,S; (ii) HBS peptides present in RTS,S;
and (iii), as a negative control, the peptide diluent alone, dimethyl sulfoxide at a
1/1,000 dilution. CSP and HBS peptides were 15-mer long, overlapping peptides
by 11 amino acids used at 1.25 pg ml~" as described previously (39). Due to small
volumes of blood, positive control stimulation with mitogen (phytohemaggluti-
nin) was not possible for most of the donors and was performed in ca. 10% of the
samples in parallel with acridine orange-ethidium bromide staining to ensure
viability of >95%. Peptide stimulation incubation was performed at 37°C in 5%
CO, for ~42 h, after which 100 pl of the supernatant was collected and stored
at —80°C until use in cytokine detection assays. An approximate 42- to 48-h
stimulation yielded the best signal-to-noise ratio compared to 24- and 72-h
incubations (data not shown). Brefeldin A was added to the culture (Golgi Plug;
BD Pharmingen, San Diego, CA), and cells were kept in incubation for another
6 h prior to flow cytometry.

Intracellular cytokine staining (ICS). After an approximately 42-h peptide
stimulation, erythrocytes were lysed by adding fluorescence-activated cell sorting
lysing solution (BD Biosciences). Cells were then stained with fluorochrome-
conjugated antibodies to the cell surface markers anti-CD8/APC, anti-CD4/
fluorescein isothiocyanate, and anti-CD3/PerCP (BD Pharmingen); fixed and
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permeabilized with a solution containing paraformaldehyde and saponin (Cyto-
fix/Cytoperm; BD Biosciences), and stained with phycoerythrin-conjugated anti-
IFN-y or anti-IL-2 antibodies (Fastimmune; BD Biosciences). A minimum of
50,000 gated lymphocyte events were collected on a BD FACSCalibur cytometer,
and the unlabeled clones for anti-CD3, anti-CD4, anti-CDS8, anti-IFN-y, and
anti-IL-2 immunoglobulin G antibodies and Calibrite beads (BD Biosciences)
were used for compensation settings. To reduce interassay variations, we used
the control stimulated cells as a reference for specific stimulation. Plots of
CD3-CD4 and CD3-CDS8 versus each cytokine were generated for control stim-
ulated cells, and a threshold gating was placed to objectively exclude at least
99.5% cytokine-phycoerythrin-negative control cells from the cytokine-positive
quadrant. The same threshold was placed on the cells stimulated with CSP and
HBS peptides. Thus, antigen-specific cells were defined as the CD3* CD4* or
CD3" CD8" cells in the quadrant above the threshold. Stimulation indexes (SIs)
were calculated as ratios between the proportions of peptide-specific cells over
the proportion of control stimulated cells for each individual in order to account
for donor variation in background signal.

Determination of concentration of cytokines in supernatant. Detection of
human IFN-y, IL-2, and IL-4 in 25 pl of each supernatant, diluted 1:2, was
performed by using a four-bead CBA-Flex customized kit and analyzed using the
FCAP array software (v.1.0.1; BD Biosciences). To assess the antigen-specific
production of cytokines, concentration values from the control-stimulated cul-
ture supernatants were subtracted from the concentration values from peptide-
stimulated supernatants for the same blood sample. Threshold values for eval-
uating positive responses in supernatant were placed above the 98th percentile
for all preimmune cytokine levels using reverse cumulative distribution plots.
The cytokine cutoffs were therefore set as follows: IFN-y at 20 pg ml~!, IL-2 at
100 pg ml™!, and IL-4 at 5 pg ml~".

Statistical methods. The according-to-protocol (ATP) cohort included subject
samples that met all eligibility criteria and complying with all procedures defined
in protocol. Criteria for analysis of cellular immunity results included children
who correctly completed the protocol of three immunizations that were followed
up for 10 weeks and had an available sample (referred to as the cell-mediated
immunity [CMI] cohort) (Fig. 1).

Reverse cumulative distribution plots were used for rapid visual assessment of
the distributions (32). Differences between both vaccine groups in intracellular
median SIs and cytokine median concentrations in the supernatant were assessed
by using the Wilcoxon rank-sum test and comparison of proportions was per-
formed by using the Fisher exact test. McNemar chi-square and Wilcoxon rank-
sum tests were used to compare preimmune and postimmune proportions and
the distribution of positive responses in supernatant responders. Analyses were
performed using Stata 9 software (StataCorp LP).

RESULTS

Study population and samples included for analysis of cel-
lular immunity. From August 2005 to September 2006, 214
infants were enrolled in the phase I/IIb double-blind random-
ized placebo-controlled trial of RTS,S/AS02D in Mozambique
as described previously (4). Whole-blood cell cultures for cell
immunogenicity measures were performed from 206 blood
samples taken before immunization at BS0O, from 186 samples
taken 4 weeks after the third immunization (BS1), and from
188 samples taken 10.5 weeks after the third immunization
(BS2) (Fig. 1). Detection of secreted (supernatant) and non-
secreted (intracellular) cytokines were measured in the same
whole-blood cell cultures. The data were available for the
assessment of secreted cytokines at BS1 and BS2 for 62 and
65% of the samples, respectively, whereas for ICS from BS1
and BS2 the data were available from 80 and 70% of the
samples, respectively. Missing data were equally distributed
between the immunization groups.

Basal levels of secreted cytokines. Prior to assessing postim-
munization cytokine secretion, basal preimmune cytokine pro-
duction was analyzed. Preimmune specific levels of IFN-vy,
IL-2, and IL-4 were low (apart from one outlier) ranging from
mostly undetectable up to 45.2, 51.6, and 5.3 pg ml~!, respec-

INFECT. IMMUN.

tively. Median white blood cell counts were similar between
the RTS,S/ASO2D and hepatitis B immunization groups at
BSO (9.7, with an interquartile range [IQR] of 8.3 to 11.8, and
9.9, with an IQR of 8.7 to 11.6), as well as at other time points
(data not shown).

CSP-specific cytokine responses in supernatants after im-
munization. CSP-specific cytokine concentrations were as-
sessed after immunization at 4 weeks (BS1) and 10.5 weeks
(BS2) postimmunization. The median concentration of CSP-
specific IL-2 was significantly higher in the RTS,S/AS02D vac-
cine group compared to the hepatitis B vaccine group both at
BS1 and BS2 (Fig. 2). The median CSP-specific IL-2 concen-
trations at BS1 for the RTS,S/AS02D group and for the hep-
atitis B group were 24.5 (IQR = 1.0 to 43.6) and 0.0 (IQR =
1.0 to 22.6), respectively, and at BS2 the medians were 25.3
(IQR = 1.0 to 95.5) and 0.0 (IQR = 1.0 to 20.8), respectively.
A higher proportion of infants produced IFN-vy, IL-2, and IL-4
after immunization with RTS,S/AS02D compared to the pre-
immune group (Fig. 3). In particular, the proportion of infants
with an IL-2 response was significantly higher in the RTS,S/
AS02D group than in the hepatitis B group at both 4 weeks
(BS1, P < 0.01 [Fisher exact test]) and 10.5 weeks (BS2, P <
0.001 [Fisher exact test]) after immunization (Fig. 3B). Inter-
estingly, as shown in Fig. 3, a significantly higher proportion of
positive responders was more often observed at BS2 after a
longer (10.5-week) postimmunization interval.

HBS-specific production of cytokines in supernatant after
immunization. Since HBsAg was present in both the RTS,S/
AS02D and the control hepatitis B vaccines, HBS stimulation
was expected to generate cytokine production in both immu-
nized groups. Children immunized with the RTS,S formulation
showed slightly higher HBS-specific IFN-y and IL-2 responses
compared to the hepatitis B vaccine group (data not shown).
Compared to preimmune cytokine production, the proportion
of children with a HBS-specific IFN-y and IL-2 production
increased significantly for both vaccine groups at both 4 weeks
(BS1) and 10.5 weeks (BS2) (Fig. 3C and D). However, there
was a greater proportion of infants producing HBS-specific
IL-2 in the RTS,S group than in the hepatitis B vaccine group
(Fig. 3, P, = 0.05 [Fisher exact test]).

Assessment of CSP- and HBS-specific intracellular cytokine
production. To describe the role of CD4™ and CD8™" T cells in
IFN-y and IL-2 responses to RTS,S, intracellular IFN-y and
IL-2 cytokine staining was performed in the same cell culture
after supernatant collection. Averages of 21,155 * 9,763 CD4™"
T cells and 8,532 + 4,521 CD8™ T cells were analyzed for
IFN-y intracellular staining, and averages of 17,100 * 7,542
CD4" T cells and 6,917 = 3,773 CD8™" T cells were analyzed
for IL-2 intracellular staining. The percentage of antigen-spe-
cific cytokine-expressing cells was generally very low and, after
subtraction of control-stimulated values, the maximum ranged
from 3.5% to 6% depending on the stimulating antigen. Me-
dian SIs for both CD4" and CD8* T cells ranged from 0.81 to
1.34 in both immunization groups (Table 1). When CSP-spe-
cific responses were assessed, it was observed that children
immunized with RTS,S had a higher median SI of CSP-specific
IFN-y-producing CD8™ T cells (Table 1, Py, = 0.029 [Wil-
coxon rank-sum test]) and CSP-specific [L-2-producing CD4™
T cells than did the hepatitis B vaccination group (Table 1,
P, = 0.043 [Wilcoxon rank-sum test]). Evaluation of HBS-
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FIG. 2. Reverse cumulative distribution of cytokine concentration in supernatants from CSP-stimulated cell cultures. Plots for preimmune (a
to ¢) and for 4-week (d to f) and 10.5-week (g to i) postimmunization samples are shown in the top, middle, and bottom rows, respectively.
Immunization groups are represented by boldface (RTS,S/AS02D) and dotted (hepatitis B) lines. Arrowheads show the concentration cutoffs for
positive responses: 20 pg ml-1 for IFN-vy, 100 pg ml-1 for IL-2, and 5 pg/ml-1 for IL-4. The Wilcoxon rank-sum test was used to compare cytokine
concentrations between both immunization groups. Significant differences (P < 0.01) are indicated by asterisks (#*).
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FIG. 3. Frequency of CSP- and HBS-specific cytokine responses in
supernatants of children immunized with RTS,S/AS02D and hepatitis
B (Engerix-B) vaccines before immunization (BSO, [J), 4 weeks
postimmunization (BS1, E), and 10.5 weeks postimmunization (BS2,
). Differences in the proportions of positive responders before and
after immunization (brackets) and between immunization groups (ar-
rows) were assessed by using the McNemar chi-square and Fisher
exact tests, respectively. Significant differences: *, P < 0.05; %, P <
0.001.

specific responses showed that the median SI of HBS-specific
IL-2 and IFN-y-producing CD8™" T cells was also higher in the
RTS,S group than in the hepatitis B vaccine group (Table 1,
Pigpny = 0.015 and Py, = 0.030 [Wilcoxon rank-sum test]).

Evaluation of association between CSP-specific cytokine re-
sponses and malaria infection. As described by Aponte et al.
(4), “first or only” (FO) cases of P. falciparum infection postim-
munization, as assessed by both active and passive detection of
parasitemia, were documented during the follow-up period in
22 infants from the RTS.S/AS02D group and in 46 infants from
the hepatitis B control group, with a resulting adjusted vaccine
efficacy of 65.9% for malaria infection. The percentages of
infants having had a FO malaria case were similar between the
efficacy ATP cohort and the CMI cohort (24.4 and 24.2%,
respectively). We sought to assess whether there was any dif-
ference in CSP-specific cytokine responses in the RTS,S/
AS02D group between infants with reported malaria infection
and those without. Table 2 shows the median CSP-specific
intracellular CD4% and CD8* SIs for IL-2 and IFN-y re-
sponses and the proportion of infants with positive IL-2 super-
natant responses, according to FO cases of malaria para-
sitemia.

Among infants immunized with RTS,S, there was a trend
toward a higher proportion of individuals who did not have an
episode of malaria infection with a positive CSP-specific IL-2
response in supernatants (>100 pg ml~") compared to infants
who suffered an episode of malarial infection (P = 0.053
[Fisher exact chi-square test], Table 2). Likewise, the median
SI for IFN-y-producing CD8" T cells was higher in infants
with no FO malarial infection than in those with FO malaria,
although this difference did not reach significance (P = 0.07,
Table 2). There was no difference in cytokine production be-
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TABLE 1. Comparison of CSP- and HBS-specific IFN-y and IL-2 CD4" and CD8" responses between RTS,S/AS02D and control hepatitis B
immunization groups®

Immunization group

B Hepatitis B RTS,S/AS02D
T-cell stimulus Time (wk) after Pt b
third dose SI SI
n n
Median IOR Median IOR
IFN-y
CSP CD4™* 4 75 1.20 0.77-1.61 75 1.16 0.85-1.75 0.611
10.5 69 1.09 0.85-1.47 63 1.18 0.90-1.59 0.213
CSP CD8™" 4 75 1.04 0.67-1.57 75 1.04 0.66-1.57 0.891
10.5 69 1.05 0.67-1.41 63 1.25 0.84-1.85 0.029*
HBS CD4* 4 75 1.17 0.71-1.75 75 1.24 0.76-1.67 0.533
10.5 69 1.03 0.74-1.47 63 1.08 0.77-1.59 0.769
HBS CD8* 4 75 1.08 0.63-1.71 75 1.06 0.74-1.70 0.423
10.5 69 0.81 0.58-1.21 63 1.08 0.68-1.49 0.015*
1L-2
CSP CD4* 4 69 1.05 0.71-1.65 70 1.32 0.95-2.00 0.052
10.5 68 1.00 0.66-1.44 59 1.25 0.92-1.74 0.043*
CSP CD8* 4 69 1.04 0.66-1.86 70 1.14 0.78-1.86 0.626
10.5 68 0.86 0.54-1.38 59 1.04 0.76-1.61 0.086
HBS CD4* 4 69 1.19 0.69-1.79 70 1.34 0.95-1.79 0.185
10.5 68 1.04 0.72-1.37 59 1.18 0.81-1.88 0.065
HBS CD8* 4 69 1.14 0.62-1.67 70 1.16 0.83-1.65 0.451
10.5 68 0.89 0.52-1.26 59 1.28 0.63-1.65 0.030*

“ Results are from ICS assays and are expressed as SIs as described in Materials and Methods. IQR = quartile 25—75. n, Number of subjects.

b As determined by the Wilcoxon rank-sum test. *, P < 0.05 (significance).

tween infants who suffered malaria infection in the hepatitis B
vaccine group (P = 1.00 [data not shown]).

DISCUSSION

This study is the first description of cellular immune re-
sponses induced by a candidate malaria vaccine (RTS,S/
AS02D) in infants less than 1 year of age. Evaluation of cell-
mediated responses to both the CSP and HBsAg components
of RTS,S was performed in infants participating in a phase
I/IIb clinical trial (4). Our data show that the RTS,S/AS02D
vaccine was immunogenic in infants, eliciting detectable cellu-
lar immune responses to both CSP and HBS antigens after
immunization.

Secreted IL-2 was the strongest and most frequent CSP-
specific response observed and was detected in about a quarter
(25.3%) of the RTS,S/AS02D-immunized infants at 10.5 weeks
after immunization. In addition, HBS-specific IFN-y and IL-2
responses were more frequently induced by the RTS,S/AS02D
vaccine than by the control hepatitis B vaccine, possibly due to
a stronger Thl adjuvant effect of AS02D compared to alum
present in the Engerix-B hepatitis B vaccine.

Although RTS,S/AS02D immunization induced statistically
significant CSP-specific cellular immune responses detectable
by ICS compared to the hepatitis B group or preimmune re-
sponses, the percentage of positive cells was very low, as shown
by the SIs close to 1.0, and the biological significance of this is

TABLE 2. Associations between CSP-specific cytokine responses and malaria infection in RTS,S/AS02D-immunized infants

Malaria cases”

Time (wk) after No

Yes

Variable” . P
third dose . 9
n Median SI (IQR) 7 R‘E’f}(’)")“ders Median SI (IQR) 7 R?;‘:)O)“ders
SI
IFN-y (CD8" T cells) 4 57 1.030 (0.650-1.571) 18 1.119 (0.852-1.455) 0.669
10.5 46 1.398 (0.960-2.061) 17 1.121 (0.636-1.484) 0.074
IL-2 (CD4™" T cells) 4 56 1.355(0.915-2.000) 14 1.294 (1.045-1.667) 0.860
10.5 44 1.271 (0.943-1.794) 15 1.222(0.903-1.594) 0.741
Cytokines in supernatant
IFN-y 10.5 54 9.3(5) 17 0(0) 0.328
1L-2 10.5 54 31.5(17) 17 59(1) 0.053
1L-4 10.5 54 13.0 (7) 17 0(0) 0.188

“ CSP-specific cytokine responses are expressed as either SI values from ICS assays or as a percentage of infants with cytokines in supernatant (lower panel). n,

Number of subjects.

® ATP cohort, for first or only episode of malaria infection from 2.5 to 6 months of follow-up.
¢ As determined by the Wilcoxon rank-sum test for the ICS SI values and as determined by the Fisher exact chi-square test for the proportion with supernatant

cytokine response.
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unknown. When significant differences were observed between
immunization groups, median SIs for CSP-induced responses
were ~0.25 higher in the RTS,S/AS02D group than those in
the hepatitis B vaccine group. This translates into approximate
0.08 and 0.09% increments, respectively, in the CSP-specific
CD4" and CD8* T-cell populations in children immunized
with RTS,S. When comparing ICS to supernatant cytokines, no
correlation was observed between secreted and intracellular
cytokine levels (data not shown). This has often been described
for different assays and may be due to the duration of in vitro
stimulation and assay conditions favoring secretion and not hav-
ing reached the peak of intracellular cytokine accumulation (1).

A limitation of our ICS assay was that, due to the small
volumes of blood available, whole blood was used instead of
peripheral blood mononuclear cells (PBMC). ICS assays have
been extensively optimized in PBMC, particularly from adults
living in North America or Europe. Whole-blood assays may
give more background in ICS than PBMC, potentially weak-
ening the signal-to-noise ratio for antigen-specific responses
and complicating compensation settings. The true differences
between the immunization groups may thus be greater than
detected in the present study. Furthermore, several studies
have observed that the background levels in cells from African
subjects may be higher due to more chronic activation and
inflammation (18, 33, 43). The whole-blood ICS assay will thus
require further optimization for use in African infants for
malaria trials, similar to what has been done in the context of
tuberculosis studies (15).

There are concerns about the adverse effect of maternal
immunity and the immaturity of infants’ immune systems on
the induction of adequate antibody and effector T-cell IFN-y
responses (Thl) by malaria vaccines in neonates and infants
living in areas of endemicity (35, 36). In this safety/efficacy trial
in infants, RTS,S/AS02D immunization induced high titers of
anti-CSP antibodies, suggesting that the presence of mater-
nally transferred antibodies at a young immunization age did
not significantly modify the antibody immune response (4). It
has been suggested that IFN-y T-cell responses to natural
malaria exposure are infrequent in children (8, 38), and it is
hypothesized that repeated exposure and a mature immune
system may be required. In the present study, although weak,
RTS,S immunization clearly induced CSP-specific T-cell re-
sponses, thus demonstrating that CSP-specific T-cell immunity
can be elicited in infants less than 1 year of age.

In the main efficacy study, the RTS,S/AS02D immunization,
along with EPI vaccines, was shown to be safe, to induce a
strong antibody response to both CSP and HBS components,
and to have a calculated efficacy of 65.9% against malaria
infection (4). Since it is known that humoral immunity is not
sufficient for protection against malaria infection, the role of
cytokine-producing T cells has been under intense study in the
effort to identify correlates of malaria vaccine efficacy. In past
studies in adults, the RTS,S vaccine candidate has been shown
by various techniques to elicit cellular immune responses (5,
20, 22, 30, 40-42).The use of different assays to measure anti-
gen-specific T-cell activity, including both ex vivo and cultured
lymphoproliferation, IFN-y enzyme-linked immunospot, and
ICS methods, complicates interpretations. In malaria-naive
adults, a trend has been observed toward a higher proportion
of CSP-specific IFN-y CD4* and CD8™ responses in a small
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number of protected individuals (19, 42). In adults in an area
of malaria endemicity, cultured enzyme-linked immunospot
assay revealed an association between IFN-y-producing CD4™
cells and protection after RTS,S vaccination (31). To date, no
trials of RTS,S vaccination in areas of malaria endemicity have
reported detectable CD8™" responses, and published data in
infants and young children are limited to antibody immunoge-
nicity.

We found a suggestive association between not suffering an
infection episode and higher levels of CSP-specific IL-2 in
supernatant at 10.5 weeks postimmunization. In addition,
there was a trend toward an association between not having a
malaria infection episode and CSP-specific CD8" IFN-y re-
sponses, although these associations did not reach statistical
significance, possibly due to the lack of power to make these
associations with the given sample size. Surprisingly, stronger
cytokine responses were found after longer postimmunization
periods. The parallel increase of HBS-specific cytokine re-
sponses allows speculation that natural boosting by P. falcipa-
rum during the 6-week interval between BS1 and BS2 was not
solely responsible for the increase. This suggests that a certain
time period may be important to allow the development of
RTS,S-induced protective T-cell immunity, as suggested in a
previous RTS,S trial in adults (19). This interval may be more
relevant in the development of infant immunity.

As an initial description of CSP-specific T-cell immune re-
sponses elicited in infants immunized with the RTS,S vaccine,
the present study provides crucial background data for con-
ducting further malaria immunology studies in infants and in
identifying targets for immune correlates of protection. The
methods and results reported here pave the way for future
investigation both in optimizing assays adapted for detection of
cell-mediated immunity in young African infants and in incor-
porating other parameters of T-cell function and phenotype in
order to identify correlates of RTS,S vaccine efficacy.
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Previous studies with the malaria vaccine RTS,S/AS02, in young children in a malaria endemic area of
Mozambique have shown it to have a promising safety profile and to reduce the risk of Plasmodium
falciparum infection and disease.

In this study, we assessed the antibody responses to the P. falciparum and hepatitis B components of
the RTS,S/AS02, vaccine over a 45 months surveillance period in a large phase IIb trial which included
2022 children aged 1-4 years at recruitment.

g%words: The RTS,S/AS02,4 vaccine induced high anti-circumsporozoite antibody levels with at least 96% of chil-
S/AS02, dren remaining seropositive during the entire follow-up period. IgG titers decayed over the first 6 months
Malaria of follow-up to about 25% of the initial level, but still remained 30-fold higher until month 45 compared
Vaccine to controls. Children with higher levels of naturally acquired immunity at baseline, assessed by blood
Immunogenicity stage indirect fluorescent antibody test, had slightly higher anti-circumsporozoite levels, after adjusting
Children for the effect of age.

The RTS,S/AS024 vaccine also induced high levels of anti-hepatitis B surface antigen antibodies (sero-
protection >97%).

RTS,S/AS02, vaccine is immunogenic and induces long-lasting anti-circumsporozoite antibodies, per-
sisting at least 42 months after immunization. These antibodies may play a role in protection against
malaria.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Plasmodium falciparum is responsible for the high malaria mor-
bidity and mortality in malaria endemic countries, accounting for
around 250 million clinical malaria cases and 863,000 deaths every
year [1]. The GlaxoSmithKline (GSK) Biologicals pre-erythrocytic
RTS,S malaria vaccine antigen is a virus-like particle contain-
ing a mixture of RTS, a chimeric recombinant protein combining

* Corresponding author at: Centro de Investigacdo em Satide da Manhiga (CISM),
Instituto Nacional de Satide, Ministério de Satdde, Rua 12, P.O. Box 1929, Maputo,
Mozambique. Tel.: +258 21 810181; fax: +258 21 810002.

E-mail addresses: pedro.aide@manhica.net, pcpaid@gmail.com (P. Aide).

0264-410X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2011.03.041

polypeptide regions of P. falciparum circumsporozoite protein (CSP)
and the hepatitis B virus surface antigen (HBsAg), and S, the recom-
binant HBsAg alone. It is formulated in the ASO2 adjuvant system
[2,3]. Developments of this vaccine has included sequential steps
of phase I and phase Ila studies in adults in the USA [3], phase
I/IIb studies in adults in The Gambia [4], and finally children and
infant studies in Mozambique [5-7] and Tanzania [8]. We have
shown that the vaccine is immunogenic, inducing immunoglob-
ulin G (IgG) humoral antibodies and CD4* T cell and cytokine
responses to P. falciparum CSP [9]. Some previous trials have shown
an association between anti-CSP IgG levels in serum (measured
by a standardized ELISA) and vaccine efficacy against malaria
infection, but not against clinical disease [7,10,11]. The protective
immune mechanism of RTS,S/AS remains poorly understood, and
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is thought to involve humoral as well as cell-mediated immunity
[9].

The hepatitis B virus (HBV) HBsAg portion of RTS,S is also highly
immunogenic. The quality of the immune response to vaccination
with HBsAg (whether in Engerix-B™ or RTS,S/AS02,) cannot be
evaluated directly by a neutralisation test, since the hepatitis B virus
does not replicate in vitro. Nevertheless, the generation of mono-
clonal antibodies against various epitopes of HBsAg has allowed
the identification of a protective epitope in non human primates.
The RF1 monoclonal antibody (RF1 mAb) recognises this confor-
mational epitope on peptide 124-137 of the S protein and is able
to protect chimpanzees against infection with the virus [12]. In the
absence of a neutralisation assay for HBV, evaluation of the pres-
ence of RF1-like antibodies in serum from vaccinated subjects can
be used as a surrogate marker of protective capacity and thus pro-
vide a qualitative evaluation of the immune response to vaccination
[12].

Previous reports of the pivotal proof-of-concept trial of
RTS,S/AS02, in Mozambique have presented limited immuno-
genicity data [5,6,13]. In this article we report a more detailed
analysis of the anti-CSP, and anti-HBsAg antibody responses during
the entire 45 month follow-up period of the largest phase IIb trial
of RTS,S/AS conducted.

2. Materials and methods
2.1. Study site

This study was conducted by the Centro de Investigacdo em
Satide de Manhica, located in the Manhica District, Southern
Mozambique, from April 2003 to May 2007. The characteristics of
the area have been described in detail elsewhere [14-16]. Hep-
atitis B immunization (given at 2, 3 and 4 months of age together
with DTPw and oral Polio vaccines) was introduced in the Expanded
Program on Immunization (EPI) in Mozambique in July 2001.

2.2. Study design

This study was a phase IIb double-blind, randomised controlled
trial to assess the efficacy, safety and immunogenicity of the can-
didate RTS,S/AS02, malaria vaccine RTS,S/AS02,. Details of the
candidate malaria vaccine, the control vaccines, the trial design
and efficacy and safety analyses for the double-blind (study months
0-8.5), single-blind (study months 8.5-21) and open phases (study
months 21-45) have been presented elsewhere [5,6,13,17]. Briefly,
2022 healthy children aged 1-4years were enrolled to receive
either the candidate malaria vaccine or a comparator vaccine after
written or thumb printed informed consent provided by their
parents/guardians. HBsAg status was assessed at baseline, but pos-
itivity was not an exclusion criterion for the trial.

The RTS,S/AS024 and control vaccines were administered intra-
muscularly in the deltoid following a 0, 1, 2-month schedule.
Children in the control group aged 24 months and older received
three paediatric doses (0.5 ml) of hepatitis B vaccine (Engerix-B™,
GSK Biologicals, Rixensart, Belgium). Children under 24 months in
the control group had already received hepatitis B immunization
by the time they were enrolled in the trial as part of their previous
EPl immunization, and were therefore vaccinated with 2 paediatric
doses of a 7-valent pneumoccocal conjugate vaccine (Prevnar™,
Wyeth Lederle Vaccines, USA) administered at the first and third
vaccinations and one dose of Haemophilus influenzae type b vaccine
(Hiberix™, GSK Biologicals, Belgium) at the second vaccination.
Vaccines were administered at the Manhica and Ilha Josina health
centres.

Children were enrolled into two cohorts to measure the vac-
cine efficacy against either clinical malaria or malaria infection. In
Cohort 1, based in Manhica and Maragra, 1605 participants were
followed-up using passive surveillance to detect clinical episodes
of malaria. In Cohort 2, based in Ilha Josina, where malaria trans-
mission intensity was 10 times higher [17], 417 participants were
followed-up using active surveillance to detect malaria infection,
through visits that started 14 days after the third vaccine dose
and were done every 2 weeks for 2.5 months and then monthly
for 2 additional months. In children from Cohort 2, asymptomatic
parasitaemia was presumptively cleared with a combination of
amodiaquine and sulfadoxine-pyrimethamine 14 days prior to dose
3.

Blood samples for determining anti-CSP antibody concentra-
tions in both cohorts and anti-HBsAg antibodies (only Cohort 2)
were obtained at study months 0 (prevaccination), 3 (1 month
after the third vaccine dose), 8%, 21, 33 and 45. RF1-like antibodies
were measured prior to vaccination and at study month 3, only in
Cohort 2. Serum was separated for antibody determinations. Indi-
rect fluorescent antibody tests (IFAT) for blood stage anti-parasite
antibodies were performed prior to vaccination. Primary analy-
sis of immunogenicity was performed on the ATP cohort (primary
analysis).

2.3. Antibody responses to the RTS,S/AS024 vaccine

The levels of IgG antibodies to the NANP repeat region of CSP
(B cell epitope) were measured by a standard, validated enzyme-
linked immunosorbent assay (ELISA) using plates adsorbed with
the R32LR antigen at a GSK validated laboratory (CEVAC, Univer-
sity of Ghent, Belgium). Antibody concentrations were calculated
using a reference standard curve with a 4 parameter logistic fitting
algorithm and expressed in EU/mL, with cut-off set at 0.5 EU/mL
[18].

Anti-HBsAg antibody levels were measured only in samples
from Cohort 2 at GSK laboratories by ELISA with a commercial kit
(AUSABEIA, Abbott Laboratories, Abbott Park, IL) for the first 5 sam-
plings, and with an in-house developed HBsAg ELISA for the last
month 45 sample (described elsewhere) [19]. RF1-like antibodies
levels were determined using an in-house developed ELISA based
competition assay with plate adsorbed HBs antigen, performed at
CEVAC, University of Ghent, Belgium. Dilutions of the test samples
and the reference serum were mixed with a fixed amount of RF1
mAD that was revealed through a colorimetric reaction. The signal
obtained was inversely proportional to the amount of anti-RF1 like
antibodies present in the samples. The amount of antibody compet-
ing with RF1 mAb for binding to the coated HBsAg was quantified
by comparison to a reference serum using a 4 parameters equation
(Softmax Pro Software), with an assay cut-off of 33 EU/ml.

2.4. Hepatitis B virus surface antigen

HBsAg levels were determined in both cohorts by ELISA with
a commercial kit (ETI-MAK-4® DiaSorin®, Saluggia, Italy) at the
Microbiology Service of Hospital Clinic, Universitat de Barcelona,
Spain, according to the manufacturer’s instructions.

2.5. Antibodies to blood-stage P. falciparum antigens by IFAT

To determine the level of naturally acquired P. falciparum-
specific antibodies prior to vaccination, IFAT in baseline serum
samples from children in the two study cohorts was conducted
at the Barcelona Center for International Health Research (CRESIB,
Hospital Clinic, Universitat de Barcelona, Spain). In vitro cultures
containing mostly mature asexual blood stages of P. falciparum
strains were grown at GSK Tres Cantos, Madrid, Spain. A pool was
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prepared with a mixture of 3D7, K1, FCR3 and HB3 cultures, and
parasitized erythrocytes were harvested and washed twice in PBS.
Cells were resuspended to 3-5% hematocrit in PBS and 20-25 ul
aliquots were placed onto 12-well multispot slides (Cell-Line Asso-
ciates, Newfield, NJ, USA), dried, packed and stored at —20°C in
self-sealed plastic bags containing silica gel as desiccant.

Two-fold serial dilutions of the test sera were prepared (high-
est dilution tested was 1/81,920), and 25 ! of each serum dilution
together with positive and negative control sera were placed onto
acetone-fixed IFAT slides containing whole P. falciparum parasites
and incubated in a wet chamber for 1 h at room temperature. After
washing the slides 3 times with PBS-Tween 0.05%, 15 .l of FITC-
labelled secondary antibody diluted in Evans Blue (1/100) were
added and incubated for 30 min at 37°C. Slides were washed 3
times with PBS-Tween 0.5%, mounted with buffered glycerine con-
taining DAPI(1:100,000), and examined with a NIKON fluorescence
microscope. The highest dilution giving positive fluorescence above
the negative control levels was scored under the UV light. For each
reading and each antibody, the end-point titer corresponded to the
reciprocal of the greatest serum dilution that yielded a positive
fluorescence.

The protocols (NCT00197041 and NCT00323622) were
approved by the Mozambican National Bioethics Committee,
the Hospital Clinic of Barcelona Ethics Review Committee and the
PATH Human Subjects Protection Committee and implemented
according to the International Conference of Harmonization and
Good Clinical Practices guidelines. A Local Safety Monitor and a
Data and Safety Monitoring Board oversaw the design, conduct
and results of the trial.

2.6. Statistical analysis

For each treatment group, the seropositivity (S+) rate for anti-
CSP antibodies (proportion of subjects with anti-CSP antibody
concentration of >0.5EU/mL) and their 95% Confidence Inter-
vals (CI) were tabulated for each time point. Reverse cumulative
distribution curves [20] were plotted stratified by age at day 0
(<24 months, >24 months) for serum antibody titers measured
prior to immunization and at months 8'/2, 21 and 45.

For each treatment group in Cohort 2, the seroprotection (SP)
rate for anti-HBsAg antibodies (proportion of subjects with anti-
HBsAg antibody titers of >10mlIU/mL) and their 95% CI were
tabulated for each time point. GMTs for anti-HBsAg antibodies mea-
sured in mIU/mL with 95% Cl were calculated for each group at each
time point when a serology sample was taken.

The seroconversion rate for anti-RF1 antibodies (proportion of
subjects with anti-RF1 antibody titers of >33 mIU/mL) were tabu-
lated with 95% CI for all time points at which anti-RF1 antibodies
were measured.

GMT calculations were performed by taking the anti-log of the
mean of the log titer transformations (log base 10). Titers below
the cut-off were assigned an arbitrary value of half the cut-off of
the assay for the purpose of GMT calculation.

The relationship between blood stage IFAT titers and anti-CSP
antibodies in children vaccinated with RTS,S/AS02, was assessed
by multiple regression methods. Age at vaccination was categorized
in four groups, each one corresponding to a one year interval.

The relation between anti-CSP antibody concentrations as mea-
sured 30days post dose 3 and the risk of infection and clinical
malaria was assessed in RTS,S/AS02, recipients. The hazard ratio
of participants with anti-CSP antibody titers in the highest tertile
against those in the lowest tertile was estimated, as well as the haz-
ard ratio per ten-fold increase in the value of anti-CSP antibodies,
using Cox regression models.

Table 1
Association between anti-CSP antibody responses and baseline IFAT titers, age and
cohort in vaccinated children.

Variable Relative 95% CI p value
change?

IFAT at baseline® 1.07 1.014-1.117 <0.0001

Cohort 1 1 0.04

Cohort 2 1.23 1.000-2.404

1 year at D1 1 1 <0.0001

2 years at D1 0.64 0.0661-1.632

3 yearsat D1 0.41 0.378-0.963

4 years at D1 0.46 0.510-1.303

Cohorts: 1=Manbhica, 2 =1lha Josina; D1=Dose 1; Global p<0.0001.

2 Relative change in anti-CSP antibody geometric mean concentration at 1 month
post dose 3.

b Per doubling the value of IFAT.

Analyses were done with SAS version 8 (Cary, NC, USA) and
STATA version 9.0 (College Station, TX, USA).

3. Results

A total of 2022 children aged 1-4 years were randomised and
received at least one vaccine dose of RTS,S/AS024 or control vaccine.
Of these, 1565 were included in the immunogenicity analysis: 795
in the RTS,S/AS02, group and 770 in the control group. Fig. 1 shows
the trial profile for the study.

3.1. Anti-CSP antibody responses

The magnitude and longevity of anti-CSP antibodies in the two
groups receiving RTS,S/AS02, (cohorts 1 and 2) as well as in the cor-
responding control groups is shown in Fig. 2. Among RTS,S/AS024
recipients, a robust response in the development of anti-CSP IgG
is followed by a decay in antibody concentrations over the first
6 months of follow-up to about 25% of the initial level. However
42 months after dose 3, 96% of participants remained seropositive
(30-fold higher compared to controls). Also worth noting is the
apparent lack of increase in anti-CSP antibodies or the proportion
of seropositives among the control group while being exposed to
high P. falciparum transmission.

The effect of age at time of vaccination on antibody responses
has been explored by plotting the reverse cumulative distribu-
tion curves for anti-CSP antibody GMTs by age group (<24 months,
>24 months) in both cohorts at different follow up periods (Fig. 3).
There is some evidence of higher immunogenicity 30days after
the third dose among the younger age group, but this difference
disappears over the subsequent follow-up period.

We also explored the relationship between blood stage IFAT
titers, as a reflection of intensity of P. falciparum transmission,
and anti-CSP immunogenicity. IFAT baseline values were signifi-
cantly higher in Cohort 2 (GMT [95% CI], 25,623 [21,360-30,737] in
controls and 27,496 [22,520-33,571] in vaccinated) compared to
Cohort 1 (2490 [2084-2976] in controls and 2449 [2107-2964] in
vaccinated) reflecting the higher malaria transmission intensity in
I1ha Josina. When doubling the IFAT titers at baseline, the vaccine-
induced anti-CSP antibodies modestly increased by 1.07 (95% CI:
1.04-1.09, p<0.0001) having adjusted for the effect of age and
cohort. However, children in Cohort 2 had 1.23 (95% CI: 1.01-1.50,
p=0.04) times higher anti-CSP antibody titers compared to those
in Cohort 1, having adjusted for both IFAT and age (Table 1).

We also looked at whether anti-CSP antibody responses induced
by the RTS,S/AS02, were influenced by pre-vaccination HBsAg sta-
tus (Table 2). In the RTS,S/AS024 group, 16 subjects in Cohort 1 and
9 in Cohort 2 were HBsAg positive at pre-vaccination. Responses
to anti-CSP were slightly lower in HBsAg positive children in com-
parison to HBsAg negative participants. However, in both cohorts,
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2584 assessed for eligibility

A

—

562 excluded
283 did not meet inclusion criteria
279 chose not to participate

2022 randomised

1012 received at last dose one in the
RTS,S/AS02, group

1010 received at last dose one in the control
group

217 excluded from ATP analyses with
reasons:

1 administration of a vaccine different
from the trial vaccine

70 Study vaccine dose not
administered according to protocol

4 Non-compliance with blood
sampling schedule

130 Essential serological data missing
12 Blood transfusion ‘L

A

795 children were eligible for the
immunogencity ATP analyses in double blind
phase

240 excluded from ATP analyses with
reasons:

69 Study vaccine dose not administered
according to protocol

9 Non-compliance with blood sampling
schedule

148 Essential serological data missing

14 Blood transfusion

A4

770 children were eligible for the immunogencity

ATP analyses in double blind phase

v

886 children completed single blind phase
867 re-consented (open phase)

878 children completed single blind phase
870 re-consented (open phase)

139 Did not complete open phase
11 consent withdrawal
12 Absent
38 migrated
75 did not attend
2 fatal SAE
1 lost to folow up

A

v

728 completed Month 45 |

133 Did not complete open phase
11 consent withdrawal
18 Absent
31 migrated
64 did not attend
9 fatal SAE

v

| 737 completed Month 45

Fig. 1. Trial profile.

almost 100% of the subjects were seropositive for anti-CSP antibod-
ies 1 month post dose 3.

Finally, we examined the relation between anti-CSP pre-
vaccination antibodies and anti-HBsAg IgG titers. Subgroup
analysis for Cohort 2 children showed no association between base-
line anti-HBsAg antibody titers and anti-CSP IgG titers 1 month
post dose 3. Even when adjusting by baseline IFAT and age, there
was no evidence of increased RTS,S immunogenicity with higher
anti-HBsAg titers (doubling the anti-HBsAg titers was associated
with an increase of 1.01 (95% CI: 0.94-1.08) in the anti-CSP titers
(p=0.854)).

3.2. Anti-HBsAg antibody responses

Table 3 shows anti-HBsAg seroprotection rates and antibody
GMTs, measured in samples from children in Cohort 2. We sub-

divided age groups in two categories: a first group of children
aged 24 months or older and that had not been previously immu-
nised with hepatitis B vaccine, and a second group of participants
younger than 2 years that had received hepatitis B vaccine through
the routine EPI program. In children aged >24 months the seropro-
tective levels of anti-HBsAg antibodies at day O were approximately
20%, reflecting natural exposure. Immunisation with RTS,S/AS02,
resulted in an increase of anti-HBsAg antibody titers from a GMT of
9.1 mIU/mLatbaseline to 11368.6 mIU/mL 1 month postdose 3, and
subsequently decreasing by 60% at month 82 (4556 mIU/mL) and
by 86% at month 45 (1557 mIU/mL). However, approximately 98%
of subjects had seroprotective levels of anti-HBsAg antibodies at
all time points. Among the control group that received Engerix-B™
approximately 90% of recipients were seroprotected following vac-
cination and remained so throughout the follow up. However, anti-
HBsAg antibody titers were lower than among RTS,S recipients.
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Fig. 2. The anti-CSP Antibody responses in children aged 1-4 years during the 45 months follow-up period. The figure represents the geometric mean concentration in the

RTS,S/AS02, and control groups in both cohorts.

In children <24 months of age, the pre-vaccination seropro-
tective levels of anti-HBsAg antibodies were high in both the
RTS,S/AS02,4 and control groups (>77%), reflecting the prior HBV
immunisation. Following administration of RTS,S, seroprotection
rates increased to 97% and remained so throughout the entire
follow-up. GMT values for anti-HBsAg antibodies in this group
increased from 62.9 mIU/mL at baseline to 51,035 mIU/mL 1 month
post dose 3. This value decreased by 75% (to 13,642 mIU/mL) at
month 82 and by 93% (to 3324 mIU/mL) at month 45. Among the
control group that received Prevnar™ and Hiberix™, seroprotec-
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tion levels declined from an average of 79% pre vaccination to 56%
at month 45. GMT of anti-HB antibodies also declined to 26.6 (95%
CI 13.0-54.1) at the end of follow-up, reflecting the natural decay
in antibodies and protection afforded by hepatitis Bimmunisation
during the first year of life.

3.3. RF1-like antibody responses

Table 4 shows anti-RF1 antibody GMTs and seropositivity rates
in Cohort 2 children at day 0 and 1 month after dose 3. No increase

30 days after dose 3

80
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Anti—-CSP antibody titres (EU/mI)

Fig. 3. Reverse cumulative distribution curves for the anti-CSP antibody titers by group, stratified by age at first dose in Cohort 1 and 2.
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Table 2

Anti-CSP seropositivity rates and antibody GMCs by pre-vaccination HBsAg serostatus and study cohort in the RTS,S/AS02, vaccine group.

Cohort Pre-vaccination status Timing N Seropositivity for anti-CSP n (%) Anti-CSP GMCs (95% CI)
HBsAg Baseline 584 69(11.8) 0.3(0.3-0.3)
Negative M3 584 579(99.1) 181.4 (164.7-199.8)
M8Ys 584 583(99.8) 43.0(38.8-47.7)
M21 544 534(98.2) 16.2 (14.4-18.1)
M33 476 457(96.0) 10.0(8.8-11.4)
Cohort 1 M45 440 422(95.9) 8.9(7.8-10.1)
HBsAg Baseline 16 1(6.3) 0.3(0.2-0.3)
Positive M3 16 16 (100) 154.2 (89.4-265.9)
M8Y2 16 16 (100) 42.0(23.5-75.1)
M21 14 14 (100) 17.7 (9.3-33.6)
M33 13 13 (100) 11.4(5.4-24.1)
M45 11 11(100) 9.5 (4.1-22.0)
HBsAg Baseline 176 62(35.2) 0.5(0.4-0.5)
Negative M3 169 169 (100) 267.9 (229.4-312.9)
M8Y2 143 143 (100) 55.2 (45.5-67.0)
M21 153 153 (100) 26.3 (22.0-31.5)
M33 141 139(98.6) 16.9 (13.7-20.9)
Cohort 2 M45 141 141 (100) 15.8(13.0-19.2)
HBsAg Baseline 9 2(22.2) 0.3(0.2-0.5)
Positive M3 9 9(100) 197.2 (88.7-438.3)
M8Ys 9 9(100) 30.1(10.2-89.1)
M21 9 9(100) 18.2(7.3-45.2)
M33 8 7(87.5) 7.7(1.7-35.7)
M45 9 9(100) 10.0 (3.5-28.3)

N=number of subjects with available results.

N/%=number/percentage of subjects with titer within the specified range.
95% CI=95% confidence interval.

M3, M8, M21, M33, M45 =months 3, 8, 21, 33 and 45 post dose 3

GMC =geometric mean concentrations.

in anti-RF1 seropositivity was observed in the Prevnar™ and
Hiberix™ control group. Among participants receiving Engerix-B™,
there was a 2.5 fold increase in anti-RF1 GMT and about 47% were
seroprotected. However, among RTS,S/AS02, recipients seroposi-
tivity rates were greater than 98% in both age groups. There was
also a marked increase in anti-RF1 GMT, being highest in children
less than 24 months than in the older age group (a 55 and 22-fold
increase in anti-RF1 antibody GMTs, respectively).

4. Discussion

Previous studies with RTS,S/AS02, in a endemic area of Mozam-
bique showed that vaccination of children aged 1-4 years induces
partial protection against infection and clinical malaria includ-
ing severe disease [5,6,13], and the clinical benefit conferred by
the vaccine is sustained over at least 45 months [13]. Here we
report the immunogenicity of RTS,S/AS02, with respect to both the

Table 3

Anti-HBsAg seroprotection rates and antibody GMTs by age category and vaccine group in Cohort 2.

Age Group Timing N Seroprotection n (%) Anti-HBs GMTs (95% CI)
RTS,S/AS024 Baseline 44 34(77.3) 62.9 (37.5-105.4)
M3 41 40(97.6) 51,035.4(27,918.9-93,291.8)
M 81/2 33 32(97.0) 13,642.0 (7342.2-25,347.1)
M21 37 36(97.3) 5935.3 (3218.6-10,945.1)
M33 33 32(97.0) 4008.6 (2266.7-7089.1)
Less than 24 months at M45 35 34(97.1) 3323.8(1908.4-5788.8)
day 0 Prevnar™ and Baseline 42 33(78.6) 92.4 (47.1-181.1)
Hiberix™ M3 33 26(78.6) 67.7 (33.9-135.4)
M81/2 31 23(74.2) 40.1(21.1-76.4)
M21 37 23(62.2) 35.5(17.7-71.2)
M33 33 16(47.1) 20.3 (10.9-54.1)
M45 35 18(56.3) 26.6 (13.0-54.1)
RTS,S/AS02, Baseline 148 28(18.9) 9.1(7.3-11.4)
M3 134 132(98.5) 11,368.6 (8518.9-15,171.6)
M81/2 121 118(97.5) 4556.4 (3499.8-5932.1)
M21 125 123(98.4) 2877.0 (2241.5-3692.8)
At least 24 months old M33 116 114(98.3) 1842.5 (1413.7-2401.3)
atday 0 M45 115 113(98.3) 1557.0 (1187.6-2041.4)
Engerix-B™ Baseline 142 29(20.4) 9.0(7.2-11.2)
M3 118 108(91.5) 349.9 (236.7-517.0)
M81/2 115 103(89.6) 153.5(110.6-213.0)
M21 127 109(85.8) 103.8 (74.8-144.1)
M33 115 90(78.3) 67.4 (47.5-95.7)
M45 113 102(90.3) 99.4 (73.1-135.1)

N =number of subjects with available results.

N/%=number/percentage of subjects with titer within the specified range.
95% CI=95% confidence interval.

M3, M8, M21, M33, M45 = months 3, 8, 21, 33 and 45 post dose 3

GMT = geometric mean titer.
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Table 4

Anti-RF1 seropositivity rates and antibody geometric mean titers (GMT) by age category in Cohort 2.

Age Group Timing N Seroprotection n (%) Anti-RF1 GMT (95% CI)
RTS,S/AS024 Baseline 43 2(4.7) 20.2 (14.6-28.0)
M3 39 39(100) 1113.6 (810.2-1530.7)
Less than 24 months old at day 0 Prevnar™ and Hiberix™ Baseline 40 102.5) 17.0 (16.0-18.1)
M3 34 1(2.9) 17.5 (15.5-19.7)
RTS,S/AS024 Baseline 146 4(2.7) 19.0 (16.3-22.0)
M3 132 130(98.5) 421.7 (346.1-513.8)
At least 24 months old at day 0 Engerix-B™ Baseline 143 2(1.4) 17.9(15.9-20.1)
M3 107 50(46.7) 43.2 (33.0-56.5)

N=number of subjects with available results.

N/%=number/percentage of subjects with titer within the specified range.
95% Cl=95% confidence interval.

M3 =month 3 post dose 3.

GMT = geometric mean titers.

P. falciparum and HBV components of the vaccine in the largest
phase IIb trial of RTS,S/AS02, conducted and over a total surveil-
lance period of 45 months. The RTS,S/AS024 candidate vaccine was
shown to be immunogenic in young African children, inducing high
anti-CSP antibody levels after three doses.

Recent Phase IIb trials of RTS,S/ASO1g (a slightly modified
Adjuvant System improving immunogenicity) in children have
indicated that higher titers of anti-CSP IgG antibodies may be
induced in children who have received previous immunization
with HBV vaccine [21,22]. Several possible mechanisms have been
proposed to explain this observation, including both B and/or T cell
priming by prior HBV vaccination [21]. However, in our study we
found no evidence that pre-vaccination anti-HBsAg antibody titers
had an influence on the levels of anti-CSP antibodies induced by
RTS,S/AS02,.

High levels of antibodies to asexual blood-stage antigens
acquired by natural exposure to P. falciparum infection were seen by
IFAT, especially in Ilha Josina. IFAT served as an indirect measure to
compare intensity of malaria transmission in the two trial sites [6].
RTS,S/AS02, recipients in Ilha Josina (Cohort 2) had higher anti-CSP
antibodies throughout the follow-up period than those in Manhica
(Cohort 1). Together with the observed higher level of anti-CSP anti-
bodies among the control group in Cohort 2 versus Cohort 1, and
the higher production of anti-CSP antibodies following immuniza-
tion in Cohort 2 compared to Cohort 1, it would appear that in areas
of higher transmission, immunogenicity is higher and this may be
a reflection of limited natural boosting.

Natural exposure induces a poor anti-CSP antibody response,
including that achieved at high transmission. As such, pre-
vaccination anti-CSP antibody levels were low in all study children
and remained so in the control group of Cohort 2 throughout
follow-up, therefore suggesting that parasite exposure induced
poor anti-CSPresponses (Fig. 2) that did not increase during the four
year surveillance period despite a very high incidence of infection
and disease; consequently we did not observe evidence of natural
boosting of anti-CSP antibodies.

In the RTS,S/AS02, group, anti-CSP antibody levels peaked
30days post dose 3, declining over the next 6 months to about 4
of the peak level, but remaining 30-fold higher than the cut-off
level until month 45 compared to pre-vaccination GMT or con-
trol individuals. These results are consistent with those observed
in a 5 year follow-up study conducted in Gambian semi-immune
adults vaccinated with RTS,S/AS02, [23] It is not clear if the sus-
tained IgG levels, presumably by long-lived plasma cells in the
bone marrow, are sufficient for an antibody-mediated contribu-
tion in protection. It would be of interest to study the kinetics
of memory B-cell response to CSP stimulus and the magnitude
of expansion and up-regulation of antibody production follow-
ing subsequent exposures to P. falciparum sporozoite infections.
Alternatively, vaccine-specific antibodies could last for decades

in the absence of antigenic re-exposure, as has been shown with
smallpox vaccination [26] and recently with other malaria anti-
gens upon natural infection [24,25]. Other human vaccines (e.g.
live measles, mumps, and poliovirus) also induce serum antibody
responses that persist for years, however it is unclear how durable
antibody responses may be affected by intermittent re-exposure to
the antigen, and this question remains open also for RTS,S/AS024
vaccination.

Another interesting observation is the effect of age on the anti-
body titers induced by the vaccine. One month after dose 3 of
RTS,S/AS02,4, anti-CSP IgG levels were higher in the younger chil-
dren (<2 years) compared to the older children (>2 years), further
demonstrating that the vaccine is highly immunogenic also in
young children.

We previously assessed the role of anti-CSP antibody responses
induced by RTS,S/AS02, in protection against malaria and found
that higher levels of anti-CSP IgG were associated with a lower
risk of infection in Cohort 2 [26]. The hazard ratio for P. falci-
parum infection of children per ten-fold increase in the value of
anti-CSP antibodies was 0.41 (95% CI 0.28-0.60, p<0.001). This is
consistent with results from subsequent infant phase I/IIb trials of
RTS,S/AS02p conducted in the same area and in Tanzania, in which
high antibody titers were also associated with protection against
infection [7,8]. However, no association was found between peak
CSP antibody responses and protection against clinical malaria in
any of the cohorts.

This indicates that anti-CSP antibodies, probably together with
other cellular immune responses, as shown in other RTS,S/AS stud-
ies in naive adults [11] and as measured in Mozambican infants
[9], are involved in initial protection against infection. However,
higher anti-CSP antibody titers did not predict greater protection
against clinical malaria [13]. One hypothesis is that the longevity
of protection found in Cohort 1 may be explained by the fact that
as a “leaky” vaccine, RTS,S/AS vaccination in the context of ongoing
malaria exposure has allowed the acquisition of natural immunity
to liver or blood-stage antigens in vaccine recipients that are simi-
lar to those that develop in unvaccinated controls [26]. Additional
studies will be required to determine the validity of this hypothe-
sis. In addition to the magnitude of the antibodies, the quality and
type of the IgGs may be relevant to their anti-parasite effector role.
Therefore, for a more complete understanding of the mechanism
of action of RTS,S/AS, future studies should include evaluation of
IgG isotypes, avidity and affinity and the biological function, e.g.
the neutralizing effect of antibodies to inhibit the migration, inva-
sion or development of sporozoites or an opsonizing capacity [27]
that may facilitate the phagocytosis and digestion of sporozoites
by antigen presenting cells. Likewise, the mechanism of induction
and maintenance of memory B cell responses to RTS,S/AS needs
to be investigated more thoroughly to better understand the pat-
tern of affinity maturation and kinetics of vaccine-specific anti-CSP
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antibody responses. Similarly, the contribution of cellular immu-
nity to RTS,S/AS-induced protection needs further investigation.
It remains to be established whether a fourth vaccine dose will
boost the antibody responses and help sustain their durability.
This will be tested in the ongoing phase III trial of RTS,S/ASO1g,
the primary objective of which is to gather the safety, efficacy and
immunogenicity data necessary for vaccine registration. The study
will also provide a unique opportunity to try to understand the
vaccine mechanisms of action and investigate immune correlates
of vaccine-induced protection. Possibilities for improving on the
partial protection against malaria observed in previous RTS,S/ASO
trials would include the combination of this vaccine with other P.
falciparum antigens and/or delivery systems in heterologous prime-
boost immunization schemes.

Finally, we evaluated the antibody responses induced by the
HBV portion of RTS,S. This trial gave us the unique opportunity of
having a head to head comparison of RTS,S and a licensed hep-
atitis B vaccine (Engerix-B™) in children older than 24 months.
RTS,S induced higher antibody levels and achieved greater levels
of seroprotection than did the commercially available hepatitis B
vaccine.

5. Conclusions

RTS,S/ASO2A has been found to be safe and to induce moder-
ate levels of protection against different malaria endpoints. Further
work is required to understand the exact immune mechanisms of
action. Detectable anti-CSP GMCs antibodies persisted up to month
45 (42 months after dose 3) in RTS,S/AS02,4 recipients, and at least
97% of the vaccine recipients had seroprotective levels of anti-
HBsAg antibodies 45 months after immunization. The anti-HBsAg
antibody response was significantly higher with RTS,S/AS02, com-
pared to Engerix-B™. The candidate malaria vaccine was highly
immunogenic for anti-CSP and anti-HBsAg antibodies, especially
in children younger than 24 months.

This vaccine, currently undergoing phase IlI trials will require
further improvements to expand its protection. Understanding the
immune mechanisms of action will increase our chance of improv-
ing its performance.

Engerix-B™ and Hiberix™ are trademarks of the GlaxoSmithK-
line group of companies. Prevnar™ is a trademark of Lederle.
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13. SUMMARY OF RESULTS

Article 1: Towards an effective malaria vaccine. Arch. Dis. Child.
2007

Malaria still affects almost half of the world’s population, with a very
significant burden of related morbidity and mortality. An effective malaria
vaccine, used in combination with the existing control tools, would act as

a key element to boost malaria control.

Several factors explain why to date this has not yet been achieved,
among others, the great complexity of the parasite, our limited knowledge
about how immunity against malaria is acquired and the lack of

appropriate animal models.

Despite that, there is currently enough evidence to support the
development of an effective malaria vaccine. Ideally, the perfect malaria
candidate vaccine should be safe, 100% effective not only in children but
also in infants, cheap, easy to administer and capable of conferring long

lasting immunity, an unrealistic proposal in the short term.

Malaria vaccines are being designed according to the target population or
according to the parasite life cycle (pre-erythrocytic, erythrocytic or
transmission blocking vaccines). Strategies to combine antigens from
different stages, aiming to trigger an intense and sequential immune

response, or different antigens from the same phase (multivalent
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vaccines), so as to increase the efficacy and reduce the risk of emergent

resistances, are also under consideration.

Currently, several candidate vaccines have reached different
development stages, although most of them are still in the preclinical
phases. The most advanced candidate vaccine, the RTS,S/AS024, has
been developed and jointly financed by GlaxoSmithKline and the Malaria
Vaccine Initiative (MVI). Two other candidate vaccines, the MVA-ME
TRAP (a pre-erythrocytic vaccine) and the MSP1/AS024 (an erythrocytic
vaccine using the same adjuvant as the RTS,S/AS02,) have also

undergone clinical trials in children from malaria endemic areas.

The significant, although partial, efficacy results established by recent
trials of the RTS,S candidate malaria vaccine have granted a reasonable
optimism with regards to the development of an effective malaria vaccine

in the near future.
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Article 2: Safety, immunogenicity and duration of protection of the
RTS,S/AS02; malaria vaccine: one year follow-up of a randomized
controlled phase l/llb trial.

Safety data was available for 214 children. 107 received 301 doses of
RTS,S/AS02, and 309 doses of TETRActHib™ and 107 received 303
doses of Engerix-B™ and 311 doses of TETRActHib™. The frequency of
serious adverse events was 32.7% (95% Cl: 24.0 — 42.5) in the
RTS,S/AS02p and 31.8% (95% CI: 23.1-41.5) in the control group.

The geometric mean titers of anti-circumsporozoite antibodies declined
from 199.9 to 7.3 EU/mL from one to 12 months post dose three of

RTS,S/AS02p, remaining 15-fold higher than in the control group.

Vaccine efficacy between months 3 to 9 of follow-up was 48.8% (95% CI:
11.3-70.4, p=0.017) against first or only clinical episodes and 53.7%
(95% CI: 21.4-72.7, p=0.004) against multiple episodes. VE over the
entire follow-up period (months 3 to 14) was 33.0% (95% CI -4.3-56.9,
p=0.076) and 25.9% (95% CI -15.7-52.6, p=0.167) against first or only
and multiple clinical malaria episodes respectively.

The hazard rate of disease per 2-fold increase in anti-CS titters at one
month post dose 3 was reduced by 84% (95% CIl 35.1-88.2, p=0.003)
and 72.4% (95% CI: 35.1 — 88.2, p=0.003) for the two follow-up periods

(ATP3_g and ATPs3.14), respectively.
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Article 3: Plasmodium falciparum-specific cellular immune
responses after immunization with the RTS,S/AS02p candidate
malaria vaccine in infants living in an area of high endemicity in

Mozambique.

Whole-blood cell cultures for cell immunogenicity measures were
performed from 206 blood samples taken before immunization, and from
186 and 188 samples taken at 4 and 10.5 weeks after the third dose.
Preimmune specific levels of IFN-y, IL-2, and IL-4 were low ranging from
mostly undetectable up to 45.2, 51.6, and 5.3 pg ml™, respectively.

The median stimulation index of cytokine- producing CD4" and CD8" cells
intracellular cytokine production by CD4" and CD8" cells was very low but
significantly higher in RTS,S immunized infants compared to those infants
having received the comparator vaccine.

Children immunized with the RTS,S formulation showed slightly higher
HBS-specific IFN-y and IL-2 responses as compared to the Hepatitis-B
vaccine group.

Medians of stimulation indices for both CD4" and CD8" T cells ranged
from 0.81 to 1.34 in both immunization groups.

Protection against subsequent malaria infection tended to associate with
a higher percentage of individuals with CSP-specific IL-2 in supernatant
(p=0.053) and with higher CSP-specific IFN-y CD8" T responses (p =

0.07) observed 10.5 weeks after immunization.
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Article 4: Four year immunogenicity of the RTS,S/AS02, malaria

vaccine in Mozambican children during a phase llb trial.

A total of 1565 children were included in the immunogenicity analysis: 795
in the RTS,S/AS024 and 770 in the control groups.

The RTS,S/AS02, vaccine induced high anti-circumsporozoite antibody
levels with at least 96% of children remaining seropositive during the
entire follow-up period. IgG titers decayed over the first 6 months of
follow-up to about 25% of the initial level, but still remained 30-fold higher
until month 45 compared to controls.

When doubling the IFAT titers at baseline, the vaccine-induced anti-CSP
antibodies modestly increased by 1.07 (95% CI: 1.04 — 1.09, p<0.0001)
after adjusting for the effect of age and cohort. Children in Cohort 2 had
1.23 (95% CI: 1.01- 1.50, p=0.04) times higher anti-CSP antibody titers

compared to those in Cohort 1.

The RTS,S/AS024 vaccine also induced high levels of anti-hepatitis B
surface antigen antibodies (seroprotection >97%).

In children < 24 months of age, the pre-vaccination seroprotective levels
of anti-HBsAg antibodies were high in both the RTS,S/AS02, and control
groups (>77%), reflecting the prior HBV immunisation. Following
administration of RTS,S, seroprotection rates increased to 97% and
remained so throughout the entire follow-up. GMT values for anti-HBsAg

antibodies in this group increased from 62.9 mIU/mL at baseline to 51035
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mlU/mL 1 month post dose 3. This value decreased by 75% (to 13642

mlU/mL) at month 8% and by 93% (to 3324 mlU/mL) at month 45.
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14.

vi.

Vii.

CONCLUSIONS

The development of a safe and effective malaria vaccine is feasible.
The RTS,S/AS02p malaria vaccine administered to young infants has a
good safety and reactogenicity profile.

In infants, anti-CS antibodies levels decreased over time but remained
15 fold higher in the RTS,S/AS02p group than in the control group at 12
months post third immunization.

A strong association between anti-CS antibodies and risk of clinical
malaria has been described for the first time in infants vaccinated with
RTS,S/AS02p.

In infants, both anti-CS antibodies and vaccine efficacy appear to
decrease over time.

The RTS,S/AS02p vaccine elicits detectable cellular mediated immune
responses to both CS and HBs antigens following immunization of
infants less than 1 year of age.

In children, the RTS,S/AS02, vaccine induces anti-circumsporozoite

antibodies that persist for at least 42 months after immunization.
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