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Abstract

In 2013 there were an estimated 584,000 deaths and 198 million clinical illnesses due to malaria,
the majority in sub-Saharan Africa. Vaccines would be the ideal addition to the existing
armamentarium of anti-malaria tools. However, malaria is caused by parasites, and parasites are
much more complex in terms of their biology than the viruses and bacteria for which we have
vaccines, passing through multiple stages of development in the human host, each stage expressing
hundreds of unique antigens. This complexity makes it more difficult to develop a vaccine for
parasites than for viruses and bacteria, since an immune response targeting one stage may not offer
protection against a later stage, because different antigens are the targets of protective immunity at
different stages. Furthermore, depending on the life cycle stage and whether the parasite is extra-
or intra-cellular, antibody and/or cellular immune responses provide protection. It is thus not
surprising that there is no vaccine on the market for prevention of malaria, or any human parasitic
infection. In fact, no vaccine for any disease with this breadth of targets and immune responses
exists. In this limited review, we focus on four approaches to malaria vaccines, (1) a recombinant
protein with adjuvant vaccine aimed at Plasmodium falciparum (Pf) pre-erythrocytic stages of the
parasite cycle (RTS,S/AS01), (2) whole sporozoite vaccines aimed at Pf pre-erythrocytic stages
(PfSPZ Vaccine and PfSPZ-CVac), (3) prime boost vaccines that include recombinant DNA,
viruses and bacteria, and protein with adjuvant aimed primarily at Pf pre-erythrocytic, but also
asexual erythrocytic stages, and (4) recombinant protein with adjuvant vaccines aimed at Pf and
Plasmodium vivax sexual erythrocytic and mosquito stages. We recognize that we are not covering
all approaches to malaria vaccine development, or most of the critically important work on
development of vaccines against £ vivax, the second most important cause of malaria. Progress
during the last few years has been significant, and a first generation malaria candidate vaccine,
RTS,S/AS0O1, is under review by the European Medicines Agency (EMA) for its quality, safety
and efficacy under article 58, which allows the EMA to give a scientific opinion about products
intended exclusively for markets outside of the European Union. However, much work is in
progress to optimize malaria vaccines in regard to magnitude and durability of protective efficacy
and the financing and practicality of delivery. Thus, we are hopeful that anti-malaria vaccines will
soon be important tools in the battle against malaria.
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Introduction

In 2013 at least $2.6 billion was invested in malaria control programs, which utilize tools
including insecticide impregnated bednets, residual insecticide spraying, and early diagnosis
and treatment?. These programs have had a tremendous impact on reducing malaria
morbidity and mortality during the past decade.> However, even in the face of this large
investment, in 2013 there were an estimated 584,000 deaths and 198 million clinical
ilinesses due to malaria, the majority in sub-Saharan Africa.l

Vaccines would be the ideal addition to the existing armamentarium of anti-malaria tools. A
vaccine was used to eradicate smallpox from the world and polio from the Western
hemisphere, and vaccines have had dramatic impacts on many infectious diseases. It is
because of these successes that vaccines are considered the most cost effective single
intervention for control, prevention, elimination, and eradication of infectious diseases.

However, malaria is caused by parasites, and parasites are much more complex in terms of
their biology than the viruses and bacteria for which we have vaccines. For example their
genomes are much larger than those of viruses and bacteria (Pf has >5400 genes) and they
have multiple stages of their life cycles, which viruses and bacteria do not have (Figure 1).
These different stages, (1) must be attacked by different arms of the immune system,
depending on whether the parasites are inside or outside of host cells and (2) are in many
cases antigenically distinct. For example, protective antibodies against sporozoites injected
by mosquitoes do not recognize the asexual erythrocytic stages that cause all disease. Thus,
if one sporozoite evades vaccine-induced protective antibodies, a week later 10,000-40,000
merozoites will escape the liver. Each can invade a different erythrocyte, and none of these
erythrocytic stage parasites are recognized by antibodies to the circumsporozoite protein
(CSP), the major antigen on the sporozoite surface.

This complexity makes it more difficult to develop a vaccine for parasites than for viruses
and bacteria. In fact there is no vaccine on the market for prevention of any human parasitic
infection. There are five species of Plasmodium that cause malaria in humans, Plasmodium
falciparum (Pf), Plasmodium vivax, Plasmodium malariae, Plasmodium ovale, and
Plasmodium knowlesi. Pf is responsible for more than 98% of malaria mortality and has the
most significant drug resistance of all the human malaria parasites. Furthermore, the most
progress has been made on Pf vaccines. For these reasons, in this review we focus primarily
on anti-Pf vaccines.

The malaria parasite has a complex life cycle and significant antigenic diversity. Hence,
there are many different approaches to the development of malaria vaccines.2 They include
targeting the production of antigen specific protective antibodies, CD4+ T cells, and/or
CD8+ T cells. Some are focused on the sporozoite and/or liver stages of the life cycle (pre-
erythrocytic stages), some on the asexual erythrocytic stages, and some on the sexual
erythrocytic and mosquito stages. Some are focused on preventing infection to prevent all
disease, some in reducing the morbidity and mortality of the asexual erythrocytic stages by
reducing the rate at which individuals become infected and/or reducing asexual erythrocytic
stage multiplication, and some aim at reducing or preventing transmission to mosquitoes.
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With the renewed emphasis on malaria elimination and eradication, it has been suggested
that the primary focus of malaria vaccine development should be for vaccines that interrupt
malaria transmission (VIMTs).3

In this limited review, we focus on four approaches to malaria vaccine development,
including the approach closest to licensure. However, we recognize that we are not covering
all approaches to malaria vaccine development, or the critically important work on
development of vaccines against £ vivax, the second most important cause of malaria, and a
parasite that is expected by many to be more difficult to eliminate than Pf.

Purified Recombinant Circumsporozoite Protein Vaccine, RTS,S/AS01

The RTS,S malaria candidate vaccine antigen targets the Pf circumsporozoite protein (CSP),
a 412 amino acid protein (7G8 clone sequence) present on the sporozoite surface, expressed
by early liver forms and exported into the cytoplasm of hepatocytes. It has a characteristic
central NANP repeat region and non-repeat flanking regions with both conserved and
variable segments. Functional properties have been unraveled, with conformational status
determining biological activity related to parasite binding, motility, cell traversal and
biochemical properties.*

CSP was the first malaria protein to be cloned and has been an early target of malaria
vaccine research. It was shown to be a key target of protective immunity induced by
irradiated sporozoite vaccines in animal models.® Passive transfer of CSP-specific antibodies
and CD4+ and CD8+ T cells can protect rodents from experimental infection.®”

Initial candidate vaccine constructs targeting the central repeat region of the PFCSP failed to
provide substantial protection.8? Based on experience acquired during the development of
the first genetically engineered hepatitis B vaccine, a new construct was generated at GSK
and tested through a collaboration with the Walter Reed Army Institute of Research. The
hepatitis B surface antigen (HBsAg) was used as carrier matrix. The repetitive
immunodominant B-cell epitope from the central region (NANP repeats) and T-cell epitope
containing C-terminal flanking region (CSP amino acids 207-395 of the 3D7 clone of the
NF54 strain of Pf) were fused to the HBsAg protein, and expressed together with free
HBsAg in Saccharomyces cerevisiae. The new vaccine was designated RTS,S to indicate the
presence of the CSP repeat region (R), T-cell epitopes (T) fused to the HBsAg (S) and
assembled with unfused copies of HBsAg. The resulting proteins assembled into virus-like
particles (VLPs), similar to those formed by the unfused HBsAg proteins.10

The first study to establish RTS,S as a promising malaria vaccine candidate also showed the
key role of adjuvantation.1! Three different vaccine formulations were tested and one
(RTS,S/AS02) protected 6 out of 7 individuals against controlled human malaria infection
(CHMI) by the bite of mosquitoes infected with Pf 3D7 sporozoites. The RTS,S/AS02
formulation was first selected for further development, before a switch to the RTS,S/AS01
formulation with superior immunogenicity and efficacy.1213 Both AS01 and AS02 include
the immune-enhancers monophosphoryl lipid A (MPL) and QS21 (Stimulon® adjuvant
licensed from Antigenics Inc.). MPL consists of a chemically detoxified form of the parent
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lipopolysaccharide (LPS) from the Gram negative bacterium Sa/monella minnesota. QS21 is
a natural saponin molecule purified from the bark of the South American tree, Quillaja
saponaria. AS02 contains in addition an oil in water emulsion while AS01 contains a
liposomal suspension.14

The targeted vaccine’s mechanism of action is to induce a specific anti-PfCSP immune
response that prevents initiation of patent blood-stage infection by killing parasites at the
pre-erythrocytic stage. There is currently no established correlate of protection, but
associations between anti-PfCSP antibody levels and CD4+ T cell activation have been
shown,15.16

The GSK-sponsored RTS,S pediatric development program has been under the leadership of
a public— private product development partnership between GSK and the PATH Malaria
Vaccine Initiative (MV1), with support from the Bill & Melinda Gates Foundation, since
2001, in collaboration with multiple African, European and American research institutions.
The overall objective of the program is to reduce the burden of disease related to 2.
falciparum malaria in infants and children residing in sub-Saharan African malaria-endemic
countries. The vaccine would ideally be implemented through the existing infant vaccine
delivery program, the Expanded Program on Immunization, in conjunction with other
malaria control interventions.

Phase 2 studies in conditions of natural exposure in various countries in Africa confirmed
that the vaccine conferred partial protection against malaria in children, and demonstrated
favorable safety down to infants in the EPI age-range and HIV-infected children.
Immunogenicity of 0, 1, 2 and 0, 1, 7-months, regimens was shown, and it was demonstrated
that three doses were better than two doses when assessed for immunogenicity or vaccine
efficacy.1/:18

In 2009, a multicenter phase 3 trial of RTS,S/AS01 was undertaken in 11 research centers
across 7 countries with various patterns of malaria transmission. The study population
included children aged 5-17 months at first experimental immunization, and infants first
immunized at 6-12 weeks of age together with routine vaccines from the Expanded Program
on Immunization (EPI).19 The phase 3 study, analyzed as per the WHO malaria vaccine
advisory committee recommendations2° showed across all study centers a vaccine efficacy
against clinical malaria (primary case definition was fever and parasitemia >5000/pL blood)
over 14 months after first vaccination of 50.4% (95% CI=45.8-54.6) in 6000 children in the
older age category, and 30.1% (95% CI=23.6-36.1) in 6537 infants of the younger age
category (intent-to-treat analysis (ITT)). Peak anti-PfCSP antibody levels were also lower in
the younger infants.21.22 A site-specific analysis of vaccine efficacy over 20 months of
follow-up post first immunization showed some evidence of heterogeneity in VE across
study centers, but no demonstration that VE was associated to intensity of transmission.
Point estimates of vaccine efficacy ranged between 41% and 70% (ITT, p< 0.05 in all study
sites) in children in the older age category. In infants of the youngest age category, point
estimates of VE ranged from —57% to 49% ITT.21-23
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Analyses of both phase 2 and phase 3 studies showed reduced point estimates of vaccine
efficacy in consecutive post-RTS,S/AS01 vaccination time windows, suggesting waning of
efficacy.23:24 In the phase 3 trial, over 18 months of follow-up post dose 3 vaccination
(according-to-protocol [ATP] analysis, follow-up for efficacy starting 14 days post dose 3),
the reduction in incidence of all malaria events attributed to vaccination in 3 successive 6-
month periods in the older age category was 68% (95% CIl=64-72), 41% (95% CI=36-46)
and 26% (95% CI=19-33), and in the younger age category 47% (95% CI=39-54), 23%
(95% CI=15-31) and 12% (95% Cl=1-21).23 Results from further follow-up in the study,
including the effect of a booster dose at Month 20 have now been published.2>

Without a booster dose, when considering children in the older age category over the whole
follow-up period (average 48 months), primary RTS,S/AS01 vaccination provided 28%
(95% CI1=23-33) protection against clinical malaria, and the total number of cases averted
ranged in different study sites between 215 and 4,443 per 1,000 children vaccinated. No
protection against severe malaria was seen when considering the total follow-up period. The
reduction of early exposure to blood stage infection associated with vaccination may have
delayed acquisition of blood-stage immunity, with a displacement of incidence of severe
malaria toward older age as suggested by a negative point estimate of vaccine efficacy
(—41.0%, (95% ClI=-98.5 to —0.8) between Month 21 and study end. When a booster dose at
Month 20 was given, overall protection against clinical malaria and severe malaria were 36%
(95% Cl1=32-41) and 32% (95% Cl=14-47), respectively, and depending on study site, 205—
6565 cases of malaria were averted per 1000 children vaccinated. When considering other
endpoints of public health interest, vaccination with a booster dose provided overall partial
protection against incident severe malaria anemia and blood transfusion, malaria
hospitalization and all-cause hospitalization. Primary vaccination without a booster dose
reduced malaria hospitalizations and all-cause hospitalizations, but the reductions in incident
severe malaria anemia and blood transfusion were not statistically significant.

When considering the younger age category, point estimates of vaccine efficacy, when
significant, were lower than in the older age category. Vaccine efficacy against clinical
malaria, over the whole study (average follow-up 38 months) was 18% (95% Cl=12-24)
without a booster dose, and 26% (95% Cl1=20-32) with a booster dose. There was no
evidence for protection against severe malaria. Vaccination with a booster dose reduced
malaria hospitalizations by 25% (95% CI=6-40) but there was no evidence for the reduction
of other endpoints of public health interest.

There is presently no evidence in favor of a specific biological mechanism explaining the
difference in immunogenicity of RTS,S/AS01 in young infants and older children, but the
role of immune immaturity, inhibition by passively transferred maternal anti-PfCSP or anti-
HBs antibodies, existing anti-hepatitis B immunity, and an inhibitory effect of the co-
administration of other vaccines from the immunization program are considered.

Safety results were favorable, although a risk of simple febrile seizures was seen when
children were vaccinated at a susceptible age. In children aged 5-17 months upon first
vaccination, simple febrile seizures occurred at an incidence of about 1 per 1,000 doses of
primary immunization and about 2.5 per 1,000 Month 20 booster doses. An unexplained,
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increased reporting of cases of meningitis due to a heterogeneous group of pathogens, with
no cluster in time-to-event, was reported in children in the older age category (11 in the
boosted group, ten in the non-boosted group, and one in the control group), but not in the
younger age category.2®

The RTS,S/AS01 candidate vaccine is currently under review for its quality, safety and
efficacy by the European Medicine Agency (EMA) under article 58, which allows the EMA
to give a scientific opinion about products exclusively for markets outside of the European
Union, before consideration for WHO pre-qualification. Submission for review by national
regulatory authorities in sub-Saharan African countries would follow.

Although RTS,S/AS01 phase 3 results showed the potential for a considerable impact on the
malaria burden in some settings, a vaccine with higher efficacy levels could fulfill more
ambitious goals expressed by the global health community, such as improved control
including a broader age target, reduction of transmission and containment of drug-resistant
malaria. The degree and duration of vaccination-induced protection will be key factors
determining the ability of vaccine-based approaches to contribute to elimination in areas
with different transmission patterns, from very low to high endemicity, and from regions
with highly seasonal to perennial malaria transmission.

Efforts toward the generation of higher vaccine efficacy are ongoing. Various approaches are
being considered in the context of multi-institutional collaborations, including increasing
immunogenicity using RTS, S/AS01-only based alternative immunization regimens, the use
of other PfCSP-based platforms, and combination of RTS,S/AS01 with alternative antigen
targets of the pre-erythrocytic, blood or sexual stages.

Whole Plasmodium falciparum (Pf) Sporozoite (SPZ) Vaccines

It has been known for four decades that it is possible to induce highly effective pre-
erythrocytic stage immunity in humans using attenuated whole parasites. Studies in which
volunteers were immunized by exposure to the bites of mosquitoes carrying radiation
attenuated Pf sporozoites (PfSPZ) showed that when subjects were exposed to the bites of
>1,000 mosquitoes carrying radiation attenuated PfSPZ, 13/14 (93%) were protected against
first CHMI by the bite of infected mosquitoes from 2 to 10 weeks after last exposure, 5/6
were protected for at least 10 months, and there was protection against heterologous strains
of Pfin 7/7 CHMIs by mosquito bite.26-28 These results in humans are supported by prior
and subsequent studies in animal models, which likewise have shown high-grade
protection,2® and which indicate that protection induced by radiation-attenuated sporozoites
is based primarily on the induction of CD8+ T cell responses targeting antigens expressed
during liver stage development.39-32 |n 2009 and 2011 it was reported that when subjects
who were taking chloroquine chemoprophylaxis were exposed to the bites of 45 mosquitoes
carrying fully infectious PfSPZ, 10/10 (100%) were protected against CHMI by mosquito
bite 8 weeks after the last exposure to PfSPZ and 4/6 were protected against CHMI by
mosquito bite 28 months after last immunizing exposure to mosquitoes.33:34 This second
approach, which induces potent, long-lasting immunity using a fraction of the PfSPZ dose
required for irradiated PfSPZ, is called “chemoprophylaxis with sporozoites (CPS).” The
protection induced by CPS appears to be based on cell-mediated immunity, like that of
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radiation-attenuated sporozoites; a variety of immune cell populations have been identified
as correlates. 3536

The company Sanaria was founded to translate the mosquito-based immunization approach
into injectable whole PfSPZ malaria vaccines, and to use the vaccine(s) to eliminate malaria
from geographically defined areas through mass immunization and to prevent malaria in
non-immune visitors to malarious areas. To be considered for these indications such a
vaccine must be highly effective (>85-90% protective efficacy sustained for at least 6
months), and amenable to mass administration. In 2013 it was reported that intravenous (1V)
immunization of humans with radiation attenuated, aseptic, purified, cryopreserved PfSPZ,
Sanaria® PfSPZ Vaccine, protected 6/6 (100%) subjects receiving the highest dose regimen
tested in that trial against CHMI by mosquito bite.32 To achieve this milestone and to
eventually achieve licensure, Sanaria and its collaborators have had or will have to overcome
a series of challenges outlined below.

Manufacture and delivery of PfSPZ—The first challenge was to produce an injectable
vaccine that could be transported to all places and which was aseptic, pure, adequately
attenuated, and potent. It took several years refining manufacturing processes to produce the
first lots of radiation attenuated, aseptic purified, vialed PfSPZ that met these standards;
these were cryopreserved in liquid nitrogen vapor phase (LNVP) enabling long term stability
and transport without the need for electricity to support a cold chain. In 2009 a successful
Investigational New Drug application (IND) was submitted to the U.S. FDA.30:37 Since then
PfSPZ have been shipped successfully to more than 12 clinical sites in the USA, Europe,
and Africa; the criteria for success were safety and infectivity of PfSPZ Challenge,38-42 and
safety, immunogenicity, and and/or protective efficacy of PfSPZ Vaccine and PfSPZ-
CVac.30:32.38-43 The manufacturing team at Sanaria is now moving toward scale-up and
manufacture suitable for phase 3 clinical trials, licensure, and launch, and the logistics team
is working with partners to establish a LNVP delivery system for PfSPZ products.** Their
contention is that an electricity-free LNVP delivery system will have significant advantages
over current cold chains.

Administration of PfSPZ—When feeding, mosquitoes inoculate PfSPZ directly into the
circulation by cannulating microcirculatory vessels, but the majority of PfSPZ are deposited
in the dermis and subcutaneous tissue. For the first clinical trial, PfSPZ Vaccine was
administered by subcutaneous (ID) or intradermal (SC) injection. PfSPZ Vaccine was safe
and well tolerated, but poorly immunogenic, and the best protective efficacy against
homologous CHMI by mosquito bite was 2/16 (12.5%).30 Two explanations were
considered for the poor immunogenicity and protective efficacy, (1) the vaccine was not
potent and (2) the SC and ID routes of administration were not efficient. Studies in non-
human primates (NHPs) demonstrated that when radiation attenuated PfSPZ were
administered by IV injection they were highly potent, but not when administered SC. Four
months after the last immunization with the highest doses given to humans, ~3% of all
CD8+ T cells in the livers of NHPs immunized 1V were specific for PfSPZ, whereas less
than 0.1% were specific for PfSPZ in NHPs immunized SC.3° All current and planned trials,
including a trial planned for ~450 African infants, will use direct venous inoculation (DV1)
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of PfSPZ, the method of administration that is expected to be used for the first licensed
PfSPZ-based vaccine.

Clinical development of PfSPZ Vaccine—With these results in hand, a dose escalation
trial of PFSPZ Vaccine administered by IV injection was initiated. There was a dose response
for antibody and T cell responses.32 4-6 doses of 3 x 104 PfSPZ (maximum total of 1.8 x
10°) protected only one of the 11 subjects. However, 6/9 subjects immunized with 4 doses of
1.35 x 10° PfSPZ (total of 5.4 x 10°) were protected, and 6/6 (100%) subjects immunized
with 5 doses of 1.35 x 10° PfSPZ (total of 6.75 x 10°) were protected against CHMI by
mosquito bite.32 It was clear that as with subjects immunized by the bite of PfSPZ-infected
mosquitoes, 28 there was a threshold that had to be passed to achieve protection. Based on the
data from mosquito bite immunization studies,28:33:36.45 jt was hypothesized that increased
numbers of PfSPZ will be needed to achieve protection at 6 months and for protection
against heterologous (non-vaccine) strains of Pf.

Based on the published results, some unpublished data and the mosquito bite immunization
results, a four-stage clinical development plan (CDP) was developed and is being
implemented by an international PfSPZ consortium. The first stage was designed to
establish, (1) reproducibility of the tolerability, safety, immunogenicity and protective
efficacy of the previous trial, 30 (2) durability of high level protection for at least 6 months,
(3) protection against heterologous strains of Pf after CHMI by mosquito bite and natural
exposure in Africa, (4) immunogenicity and protective efficacy in Africans with previous
exposure to malaria, (5) an immunological assay that predicts protection, (6) operational
feasibility of mass administration of PfSPZ Vaccine, (7) projective efficacy of reduced
numbers of doses of vaccine, and (8) equivalence of IV injection through an in-dwelling IV
catheter of PfSPZ in 1.0 mL,30 and direct venous inoculation (DVI1) by injection into a vein
of PfSPZ in 0.5 mL through a 25 gauge needle in regard to safety, tolerability,
immunogenicity and protective efficacy. Clinical trials based on this CDP are now underway
at 3 sites in the USA (NCT02015091, NCT02215707), and in Mali (NCT01988636),
Tanzania (NCT02132299), and Equatorial Guinea (NCT02418962) and additional trials are
planned to begin in 7 countries in 2015-16, including in children and infants. In stage 2 of
the CDP, the intent is to test the vaccine in the elderly and HIV seropositive populations and
to determine a final dosing regimen that will provide high level sterile protection against
parasitemia for at least 6 months duration, in malaria-exposed and malaria-naive individuals
6 months of age and older. Thus far, 388 subjects have received 1577 doses of PfSPZ
Vaccine ranging from 2 x 103 to 2.2 x 10% PfSPZ, with the testing of higher doses
anticipated in the next set of trials. Based on the results of completed and ongoing and
planned trials, phase 3 clinical trials will be conducted (stage 3 of the CDP). A Biologics
License Application (BLA) to the U.S. FDA and other regulatory agencies would follow
their completion. In stage 4 (post-licensure) the vaccine would be used in mass
administration campaigns to halt transmission of Pf malaria and to eliminate the parasite
from geographically defined areas. It will also be used to prevent malaria in multiple
populations, including travelers and infants in endemic areas.
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PfSPZ Challenge—Sanaria has also developed a product called Sanaria® PfSPZ
Challenge, which is composed of aseptic, purified, cryopreserved, infectious PfSPZ. PfSPZ
Challenge is identical to PfSPZ Vaccine, except that the PfSPZ are not attenuated. Sanaria
and its collaborators have been assessing different routes and doses of PfSPZ
Challenge.38-42:46 8 clinical trials have been conducted in the Netherlands,38 UK39
Tanzania,*® USA (NCT01546389), Kenya,*! Germany,*2 Spain (NCT01771848), and Gabon
(NCT02237586). They were designed to demonstrate, (1) 100% infection rates, (2) a pre-
patent period comparable to the bite of five PFSPZ-infected mosquitoes (<11.5 days), (3) a
dose response in regard to infectivity and pre-patent period, and (4) comparability of IV and
DVI injection. It has been established that the administration of 3200 PfSPZ by 1V and DVI
injection?2:46 induces 100% infection rates in non-immune individuals with a pre-patent
period of 11.2-11.4 days, and there is a dose response. Injection of ~23 times more PfSPZ
by the IM route (75,000 PfSPZ) gives a similar outcome,*8 and 100% infection rates have
been achieved in non-immune Europeans#2:46 and semi-immune Africans.*! Results will
soon be available from studies using doses of 10,000-50,000 PfSPZ by the 1D route in non-
immunes (NCT01546389), and studies of a dose of 3200 PfSPZ by DVI in semi-immunes
with sickle cell trait (NCT02237586).

PfSPZ-CVac—The PfSPZ-Chemoprophylaxis Vaccine (Sanaria® PfSPZ-CVac) utilizes
PfSPZ Challenge administered to individuals taking malaria chemoprophylaxis to duplicate
the results of the CPS approach to vaccination. It has been studied by the ID
(NCT01728701)*3 and DVI routes (NCT02115516). Unpublished results demonstrate that
PfSPZ-CVac requires fewer parasites than PfSPZ Vaccine to achieve high-level protective
efficacy (NCT02115516). This is thought to be due to the fact that the parasites replicate
10,000-40,000 times and express more than 80% of the Pf proteome, thus presenting the
immune system with much more of the same antigens and thousands of more antigens than
do irradiated PfSPZ. Clinical trials of PfSPZ-CVac are being planned for sites in the US,
Ghana, Germany and Indonesia.

PfSPZ-GAL and other genetically attenuated PfSPZ Vaccines—The PfSPZ in
PfSPZ Vaccine are attenuated by irradiation and the PfSPZ in PfSPZ-CVac are attenuated by
an antimalarial drug. Another approach is to attenuate the parasites by creating mutant
parasites that are deficient in specific genes. This was first attempted for Pf by knocking out
the genes encoding P52 and P36.4748 However, this did not fully attenuate the parasites, and
one of the first 6 volunteers exposed to PfAp52Ap36 genetically attenuated parasites (GAP)
developed Pf parasitemia.*® This clinical result was predicted by 7 vitro studies.>0 In
addition to p52and p36a third gene, sap1 (also known as s/arp), which is involved in the
regulation of transcription, has been knocked out in Pf, and these parasites are moving
toward a clinical trial administered by mosquito bite.>! Recently another gene, B9, like P52
and P36, a member of the Plasmodium 6-Cys family of proteins that is involved in liver
stage parasitophorous vacuole membrane formation, has been identified as a potential target
for creating a GAP.>2 In the rodent malaria parasite, 2 berghei (Pb), a PbALIAs/arp parasite
is 100% attenuated and more protective than a PbAs/arp p520p36 GAP.52 PIAAS/arp has
been made and shown to be fully attenuated /7 vitro.53 It has now been manufactured by
Sanaria as an aseptic, purified, cryropreserved product called PfSPZ-GAL (genetically

Am J Prev Med. Author manuscript; available in PMC 2016 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoffman et al.

Page 10

attenuated 1), and is intended to move into clinical trials in the next year. The
PfAp52Ap36Asapl and the PTAMRAS/arp parasites arrest early, more or less at the same stage
as irradiated PfSPZ, and are expected to give comparable immunity. It would be ideal to
produce a genetically attenuated Pf that fully develops in the liver, and that arrests either at
the late liver stage or after invading erythrocytes. Such a knockout would hopefully mimic
the CPS/PfSPZ-CVac approach and produce much more efficient protection than PfSPZ-
GAL

Whole SPZ approach: summary and conclusion—The parasites that cause malaria
are complex. The subunit vaccine approach seeks to unravel that complexity and identify a
few important targets among the greater than 5000 proteins in the parasite’s proteome, and
induce protective immune responses against these selected targets. The whole PfSPZ
approach does not try to distinguish among the potential targets, and allows the parasite to
present potential targets. It required development of a new technology platform to move the
whole PfSPZ approach forward. Both PfSPZ Vaccine and PfSPZ-CVac have now been show
to induce high-level protective efficacy against CHMI by mosquito bite (PfSPZ Vaccine) and
injection of PfSPZ Challenge by DVI (PfSPZ-CVac) in humans, and PfSPZ-GA1 will soon
move into clinical trials. In the next few years the team at Sanaria and its many collaborators
will undertake the studies required for licensure applications with the goal to prevent Pf
malaria in individuals and to halt transmission and eliminate Pf malaria in communities.
However, many challenges remain that must be overcome to realize this grand vision.

Heterologous Prime Boost with DNA, Recombinant Viruses and Bacteria

and Recombinant Protein with Adjuvant

RTS,S/AS01 and the PfSPZ vaccines represent two different approaches to inducing
protective pre-erythrocytic immune responses, based primarily on antibody-mediated and
cell-mediated immune mechanisms, respectively (as discussed above). A third approach to
pre-erythrocytic Pf vaccine development is to attempt to induce high levels of antibodies,
CDA4+ T cells responses, and CD8+ T cell responses in the same individual, and to do this
using subunit vaccine approaches, meaning that just one or a few proteins are targeted. Such
a multi-armed immune response could provide two lines of defense that together result in
high grade protection — antibodies to block sporozoite entry into hepatocytes, and for those
remaining sporozoites that still invade hepatocytes, CD8+ T cell responses to kill developing
parasites within hepatocytes. Recombinant proteins with adjuvants can induce extremely
high levels of antibodies (e.g. RTS,S/AS01), and thereby muster the first line of defense, but
do not induce protective CD8+ T cell responses. Thus there has been a major effort to
develop vaccine platforms able to induce high levels of protective CD8+ T cell responses
against one or a small number of target antigens.

The first platform explored was “naked DNA,” in which the gene encoding the selected pre-
erythrocytic stage protein is spliced into a plasmid and expression of the protein driven by an
upstream promoter. The recombinant DNA is injected into the muscle where passive uptake
leads to intracellular expression of the malarial antigen /n7 vivoto engage Class | major
histocompatibility complex (MHC) presentation and induce cytotoxic or IFN-y producing T
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cell responses. Protective CD8+ T cell responses using this approach were first induced in a
murine model using DNA plasmids encoding Plasmodium yoelii CSP.>* A follow-on human
trial of pDNA encoding PfCSP likewise induced cytotoxic, CD8+ T cell responses, but these
were of relatively low magnitude>® and a subsequent clinical trial in which pDNA encoding
PfCSP was combined with plasmids encoding four additional pre-erythrocytic stage antigens
plus escalating doses of a sixth plasmid encoding human granulocyte macrophage-colony
stimulating factor (nGM-CSF) showed no protection against CHMI by mosquito bite.>®

In a second gene-based approach, the selected transgene is spliced into the genome of viral
vectors rendered non-replicating through the deletion of one or more essential genes, or the
genome of replicating vectors that are non-pathogenic. Viral vectors add efficiency and
potency, enabling targeted transfection of host cells (e.g., the receptor-mediated entry of
serotype 5 adenovirus vectors using the coxsackie adenovirus receptor, or CAR), rather than
relying upon passive uptake. They also provide an adjuvant effect by presenting pathogen
associated molecular patterns that stimulate the innate immune system, potentiating the
adaptive response. Viral vectors can be engineered to express the recombinant antigens on
the surface of the capsid, strengthening the induction of humoral immunity.5” However, like
DNA plasmids, viral vectors used alone have failed to induce significant protection against
CHMI by mosquito bite even when two or more antigens have been tested in
combination,58:59.97

The most promising approach to induce strong antibody and T cell responses to malaria has
been heterologous prime boost approaches in which different vaccine platforms are given in
sequence.89-82 For reasons that remain somewhat unclear, this approach improves
immunogenicity and protective efficacy relative to either construct given one or more times
by itself. One factor may be that viral vectors express viral proteins in addition to the
transgene product, and these likewise induce antibody and T cell responses. If a second dose
of the same vector is given, this “anti-backbone” immunity may partially neutralize the
vaccine or may kill antigen presenting cells during antigen processing, thereby aborting the
anamnestic response. However, if the second administration of the antigen uses a
heterologous platform, the only antigenic determinant that is common to both the prime and
the boost is the targeted malaria transgene, removing antigen competition as the boosted
response develops. This may explain the phenomenal responses, especially for CD8+ T cell
responses, that are seen in some prime boost combinations.%3

The benefit of DNA priming was first demonstrated in mice more than 15 years ago with a
DNA prime and recombinant virus boost®%-62 and was also demonstrated in non-human
primate models.8485 |t was first assessed clinically with PFCSP DNA prime and RTS,S/
ASO02 boost, and this achieved the simultaneous induction of antibody, CD4+ and CD8+
responses in the same individuals, although the T cell responses were considered to be only
modest.6:67 Since then additional subunit malaria vaccines have employed the DNA prime/
heterologous boost technique. The immune responses are of greater magnitude and/or
characterized by better focus on inducing responses from protective epitopes than when
either vector is given alone.58:69 |n the most successful application of the DNA prime/
heterologous boost combination to date, a mixture of two plasmids encoding the pre-
erythrocytic stage antigens PFCSP and PFAMAL was administered in three priming doses,
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followed by a single boost with an adenovirus vector (Ad); this regimen, developed by the
US Navy, sterilely protected 4/15 (28%) of malaria-naive volunteers against CHMI by
mosquito bite.”0 Protection was associated with CD8+ T cell responses, a first for gene-
based vaccine approaches to curtailing human infections. Subsequent mapping implicated
effector memory CD8+ T cells targeting specific PFAMAL class | epitopes as the basis of
protection.59

Another approach is to combine different viral vectors in sequence. The best example is
under development at the University of Oxford, and is now being tested in multiple sites in
Africa: a single priming injection is given, comprising an Ad vector encoding the pre-
erythrocytic stage antigen TRAP (which is fused to a multi-epitope (ME) string derived from
several pre-erythrocytic stage antigens), followed by a single boost with a poxvirus vector
(MVA) encoding the same ME-TRAP antigen.’! The combination of Ad followed by pox
induced very strong CD8+ T cell responses in humans and protected 3/14 malaria-naive
volunteers against CHMI by mosquito bite58; however, when second vector constructs
expressing CSP were added to those expressing TRAP, protection was not improved,’2 and
interference was observed when MSP1 and AMA1 were combined.”3 As with the DNA/Ad
vaccine, protection induced by the Ad/MVA vaccine correlated with CD8+ T cell
responses.>®

Immunization with recombinant bacteria, such as Listeria monocytogenes (Lm) has also
shown promise for induction of CD8+ T cells that are protective against malaria
infection.”7> Recombinant Lm home to the liver, the primary target of pre-erythrocytic
stage malaria vaccines, and preferentially enter dendritic cells in vivo.”® The use of Lm to
effectively stimulate robust, multifunctional, cell-mediated immunity against malaria
harnesses recent advances made in humans in the cancer vaccine field.””’8

While the improved immunogenicity and protection resulting from heterologous prime-
boost approaches have been encouraging, the need for further progress is widely recognized,
and consequently a great deal of research has been conducted to strengthen subunit vaccine
approaches. For example, the ability to manufacture complex proteins in native
configuration has been improved through codon harmonization, aiming to induce higher
affinity antibodies; likewise the expression of transgenes has been optimized by appropriate
synonymous codon substitutions.”®:80 The sometimes limited immunogenicity of protein or
peptide-based vaccines has been improved by new adjuvants and by particle-based delivery
systems.13 The challenge of antigenic heterogeneity has been addressed by combining
representative antigenic types into a single formulation, or by constructing immunogens
consisting of conserved, shuffled or consensus sequences.>¢:81 The immunogenicity of DNA
plasmids has been improved by permeabilizing host cell membranes to increase uptake using
electroporation8? and by the addition of auxiliary plasmids encoding immunostimulatory
cytokines.®® The limitations faced by some viral vectors due to pre-existing immunity
(induced by prior immunization or prior infections with naturally occurring, cross-reactive
viruses) has been addressed by the selection of vector backbones showing a low degree of
serorecognition in the human population®3 or by modifications to capsid proteins.83 Finally,
aiming for synergy, antigens have been combined into pairs or more complex cocktails,>8
allowing the targeting of several parasite stages simultaneously, although antigen
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combination can also result in interference and reduced immunogenicity for one or more of
the components. These and many other improvements to subunit technologies have resulted
in significant, if incremental, progress.

Several recent efforts in malaria vaccines are directed at combining the strongest inducers of
antibodies — recombinant proteins in adjuvant — with the strongest inducers of CD8+ T cells
— Ad vectors or Ad/MVA prime-boost combinations.84-87 For example, RTS,S/AS01 and
Ad/MVA ME-TRAP combined regimens are being evaluated in collaborative efforts
(NCT01883609). While such regimens add complexity to the regimen — as many as three
vaccine platforms administered together or in sequence, ongoing studies will hopefully
confirm the potential to induce a multi-armed immune response targeting multiple antigens
and potentially multiple parasite stages. Whether or not this newest development in subunit
vaccine design can achieve the simultaneous induction of strong antibody and T cell
responses against multiple targets using a practical approach remains to be seen.

Most work on heterologous prime boost approaches has focused on pre-erythrocytic stage
vaccines. However, there are now exciting efforts which are moving this approach into the
development of asexual erythrocytic stage vaccines such as those focused on RH5 or other
blood stage antigens.88 It is envisioned that eventually an effective pre-erythrocytic stage
vaccine can be combined with an effective erythrocytic stage vaccine to provide multiple
layers of defense against disease and death.

In parallel with the efforts to simultaneously induce protective humoral and cellular immune
responses must come identification of new protein/epitope targets of protective immunity
and the incorporation of those proteins/epitopes into subunit vaccines without reduction of
the immunogenicity of other proteins/epitopes through antigen competition. Many groups
are using the tools of genomics, transcriptomics, and proteomics to identify these new
targets.89 The next decade should see the systematic evaluation of large numbers of potential
candidate antigens and the down-selection of combinations interacting synergistically to
induct protective responses targeting multiple stages of the parasite life cycle. Hopefully this
will result in highly protective subunit vaccine candidates.

Sexual Erythrocytic and Mosquito Stage Transmission Blocking Vaccines

Transmission-blocking vaccines (TBV) target sexual erythrocytic and early mosquito stage
antigens as the parasite passes from a human host to a mosquito, and require herd immunity
to reduce the incidence of infections in a community. TBV are especially attractive in
campaigns to eliminate malaria from an area, and therefore can be referred to as a Vaccine
that Interrupts Malaria Transmission (VIMT),3 but also can play a role to reduce the spread
of escape mutant parasites when added to vaccines that are targeting other parasite stages.
TBV were originally conceived as “an approach to malaria control based on immunization
of the host against extracellular malarial gametes, the stage in the mosquito guts, in order to
block transmission by the mosquito vector”.%0

TBV emerged as a concept in the 1970s with two seminal papers providing proof of the
concept using animal models. In studies of the avian parasite Plasmodium gallinaceum,t
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chickens that were immunized with formalin- or radiation-treated parasites developed
antibody that immobilized microgametes and blocked transmission to mosquitoes; this
activity could be reproduced by immunizing with purified gametes.?2 In monkeys,
immunization with P knowlesi gamete preparations required immunopotentiators such as
Freund’s complete adjuvant in order to induce antibodies that successfully blocked infection
of mosquitoes. However, after successful immunization, the spleen was not required for
effective immunity, since splenectomized animals equally blocked transmission. Further,
transmission-blocking activity induced by gamete immunization also blocked transmission
of parasite strains other than the strain used to vaccinate the monkeys.% In these initial
animal studies, TBV acted against the extracellular gamete to prevent fertilization, and did
not have activity against the gametocyte stages that reside within erythrocytes.%

These seminal studies established several principles that continue to guide TBV
development. (1) Gamete antigens are one source of TBV candidates; subsequent studies
have shown that antigens expressed later in development and after fertilization can be
targeted (such as Pfs25 and Pfs28 in P, falciparum), as can antigens expressed by the
mosquito itself (e.g., AgAPN1).93 (2) Aside from the mosquito antigens, the leading TBV
candidate antigens have been identified using monoclonal antibodies prepared from B cells
of mice after immunization with whole parasites. (3) The activity of TBV is mediated by
1gG, and therefore inducing and sustaining an adequate titer of functional antibody over 1-2
years of malaria transmission remains the primary goal of candidate TBV products. (4)
Epitopes recognized by transmission-blocking antibodies can be conserved between
different parasite isolates, although sequence variation exists to greater or lesser degrees
with all existing TBV candidates. (5) The leading antigens under consideration as vaccine
targets are poorly immunogenic in primates, and therefore the recent focus of TBV
development has dwelled on enhancing immunogenicity of candidate vaccines without
incurring undue reactogenicity.

Four antigens have been the primary focus of TBV development. The £ falciparum antigens
now known as Pfs230 and Pfs48/45 are expressed by gametocytes, appear on the surface of
the gametes and newly fertilized zygotes, and are then shed as zygotes transform9: the
orthologues of these were identified using fertilization blocking antibodies induced by
immunization with 2 gallinaceum gametes.9%:96 Two other proteins, whose £ falciparum
orthologues are known as Pfs25 and Pfs28, are expressed on the surface of zygotes during
their development to ookinetes, and were initially identified using mAbs prepared from mice
that had been immunized with £ gallinaceum ookinete preparations.94

Among these antigens, Pfs25 has advanced furthest as a product and, along with its 2 vivax
orthologue Pvs25, are the only TBV antigens evaluated in human trials to date. Pfs25 was
included among 7 P, falciparum antigens incorporated into an attenuated vaccinia virus
vector to create a multi-stage vaccine called NYVAC-Pf7, but antibody responses against
most of the antigens were poor.97 Interestingly, the highest level of antibody response to any
antigen in NYVAC-Pf7 was elicited against the Pfs25 antigen, but no transmission blocking
activity was detected for immune sera in the membrane feeding assay that is used to measure
parasite transmission to mosquitoes in the laboratory setting. Early clinical grade
recombinant protein products were prepared in S. cerevisiae, %899 but trials of a Pfs25
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candidate expressed in this system and formulated with alum were terminated early owing to
reactogenicity, likely due to a unbound antigen in the formulation. Conversely, Pvs25
expressed in S. cerevisiae and formulated with alum was found to be well-tolerated in
humans9; antibody responses were modest, but encouragingly functional transmission
blocking activity was detected and correlated with antibody concentration. Unfortunately,
efforts to enhance responses to S. cerevisiae-expressed Pvs25 and Pichia pastoris-expressed
Pfs25 by formulation with Montanide ISA51, a water-in-oil emulsion, were halted early due
to unexpected reactogenicity, including erythema nodosum seen in 2 vaccinees who received
the Pvs25 product.10

The current emphasis in TBV development has been on increasing immunogenicity against
the lead candidate antigens without unduly raising safety concerns. Safety concerns undergo
particular scrutiny for TBV products, because these will not directly protect a vaccinee from
becoming infected but will only benefit the vaccinee when herd immunity brings malaria
transmission down across the entire community. Several research groups are exploring virus-
like particles or carrier-conjugated particles as strategies to enhance immunogenicity without
increasing reactogenicity or adverse event risks. Conjugation of Pfs25 to the outer
membrane protein complex of Neisseria meningitidis (OMPC) produced impressive results
in rhesus monkeys: alum-adjuvanted Pfs25-OMPC increased antibody titers by 1-3 logs
over Pfs25 monomer in Montanide or alum adjuvants, and antibody levels were sustained for
18 months after Pfs25-OMPC immunization, with potent transmission blocking activity
observed in membrane feeding assays.192 Pfs25 has also been conjugated to individual
carrier proteins as an alternative to OMPC. When Pfs25 is chemically conjugated to the
carrier protein EPA (the detoxified recombinant form of the Pseudomonas aeruginosa
exotoxin A), antibody responses are significantly increased.193 The Pfs25-EPA polymer
appears as a nanoparticle with average diameter 20 nm,194 and the particle properties of this
entity may contribute in part to its immunogenicity. Carrier proteins used in conjugated
vaccines can also function to provide T cell help to poorly immunogenic antigens that lack
potent T cell epitopes. Researchers are pursuing other particle-delivery technologies in
addition to chemical conjugates, such as fusion proteins that form VLPs.105

Thus far, the Pfs25 candidates prepared as particles that have entered phase 1 clinical trials
include the Pfs25-EPA conjugate formulated with Alhydrogel, and a purified plant-derived
Pfs25 VLP also combined with Alhydrogel.19 Results from these trials have not yet been
announced. The efficacy requirements for a TBV that will eliminate malaria from any
particular area remain uncertain, and therefore the criteria by which clinical trial results will
be assessed for further advancement remain a subject of discussion. Initial efforts to define
criteria using mathematical models estimated that TBV should reduce mosquito infections
by >85% to have the desired impact,107 but more knowledge is needed to understand how
TBV will reduce human infections and not only mosquito infections.198 Further, an animal
model of transmission suggests that even lower levels of activity can contribute to
elimination.109 Thus, TBVs will also need to be assessed in conjunction with other
interventions for their potential contribution to elimination efforts. For example TBV may be
used in combination with vaccines against other parasite stages, or in combination with
drugs and vector control measures.
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In light of this background, current TBV efforts are focused on establishing the proof of
concept that vaccines delivered to humans can induce functional antibodies that reduce
mosquito infections. During early phase trials, the endpoint measurements are made in
membrane feeding assays, which are performed in the laboratory by adding sera to cultured
parasites and then feeding this material to mosquitoes to demonstrate functional antibody
activity. As trials progress in target populations in endemic areas, the goal will be to show
that these vaccines can completely prevent infection of mosquitoes that feed on naturally
infected vaccinees. In practice, the activity of TBV should last for at least an entire malaria
season, and a single additional dose given a year later should be able to boost this response
for a second malaria season during an elimination campaign.

Future steps for enhancing vaccine activity will likely include combining 2 or more TBV
antigens to assess additive or synergistic effects, combining TBV with malaria vaccines
against other parasite stages to assess their combined activity for interrupting malaria
transmission, and re-examining the potential for adjuvants other than alum to enhance and
sustain the antibody response induced by TBV. While most effort at present focuses on 2
falciparum TBV, progress against this parasite species provides a path to develop TBV for P
vivax. Because P vivaxis not tractable to /n vitro culture, improved tools are needed for
proxy assays of vaccine activity, such as chimeric rodent malaria parasites engineered to
express 2. vivax TBV antigens,119 or more robust monkey models of £ vivax transmission to
assess TBV activity.

In this paper we have described four of the major approaches to malaria vaccine
development. Progress during the last few years has been significant. A phase 3 clinical trial
for one has been completed and efficacy, albeit not optimal, has been demonstrated. Because
vaccines are the most efficient tools for controlling and eliminating infectious diseases,
development efforts should be accelerated. However, much work will be needed in the future
to optimize vaccines in regard to magnitude and durability of protective efficacy and
financing and practicality of delivery. We are hopeful that anti-malaria vaccines will soon be
important tools in the battle against malaria.
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Figure 1. Life cycle of P. falciparum and stages at which antibodies and cellular immune
responses are primary for protection

Note: When an infected female Angpheles spp. mosquito feeds on a human, she inoculates
uninucleated sporozoites into the tissues or directly into the bloodstream. Sporozoites
rapidly pass through the bloodstream to the liver (probably within 2 min, but less than 60
min). In hepatic sinusoids they may penetrate and pass through Kupffer cells and invade
hepatocytes. Sporozoites may invade several hepatocytes before finding the correct
hepatocyte in which to develop. During a minimum of 5.5 days, the uninucleated 2
falciparum sporozoite develops to a mature liver-stage schizont with an average of 30,000
and range of 10,000-40,000 uninucleated merozoites. The hepatocyte containing mature
liver-stage schizonts die or rupture releasing “sacks” containing merozoites called
merosomes containing thousands of uninucleated merozoites, each of which can invade a
normal erythrocyte. In the erythrocyte, the invading merozoite develops during
approximately 2 days to a mature asexual erythrocytic-stage schizont with an average of 16
uninucleated merozoites. When fully mature, the infected erythrocyte ruptures, releasing the
merozoites, which then invade normal erythrocytes, initiating the cycle of intraerythrocytic-
stage development, rupture, and reinvasion that leads to a 10-20-fold increase in the
numbers of P, falciparum parasites in the bloodstream approximately every 2 days and to all
the clinical manifestations and pathology of malaria. Alternatively, erythrocytic-stage
parasites can develop to sexual-stage parasites, gametocyte. In the gut of the mosquito,
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gametocytes escape from erythrocytes and form gametes. The male gamete fuses with the
female, forming a zygote. By 18-24 h, the zygote has transformed into an ookinete. The
ookinete traverses the midgut wall by passing through epithelial cells and comes to rest
adjacent to the basal lamina. Here it begins to transform into an oocyst in which sporozoites
are produced. By day 12, they are released into the hemocele of the mosquito and migrate to
the salivary glands. In the salivary glands, they become infectious for humans and are
released into the human host when the mosquito feeds.

Source. Figure is from Hoffman, SL. Malaria vaccine development, a multi-immune
response approach. 1996. ASM Press, Washington, DC.
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