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Malaria is transmitted by protozoan parasites of the Plasmodium genus, via
mosquito vectors. Highly effective vaccines could be a valuable tool to control
the disease, but have remained elusive, in part due to the complex lifecycle of
the parasite. Transmission-blocking vaccines (TBVs) take the unconventional
approach of targeting the mosquito stages of the parasite life cycle. TBVs are
yet to be tested in large-scale human trials, but represent a prominent area of
interest for malaria vaccine research and development. Because TBVs rely on
passive antibody transfer from a blood meal to the mosquito midgut, tech-

TBVs aim to reduce malaria incidence
by inducing production of antibodies to
antigens that are expressed on the para-
site within the midgut of the mosquito,
thereby blocking parasite development
and further spread of the disease. The pro-
cess of TBV inhibition of parasite trans-
mission from mosquito to host is shown
in Figure 1. Once immunized with a TBV,
the host produces antibodies against spe-

niques to boost host antibody generation are a focus of investigation. In this
review, immunostimulants and delivery systems for conjugating, self-assem-
bling, or coadministrating TBV antigens and adjuvants are summarized.

1. Introduction

Malaria is an infectious disease caused by Plasmodium para-
sites. It is transmitted by the Anopheles mosquito and impacts
numerous populations with significant fatalities worldwide.[!
An estimated 217 million cases of malaria resulted in 445 000
deaths in 2016, with many of the victims being infants.”l There
are more than 100 known Plasmodium species, however only
five are capable of infecting humans: P. falciparum, P. vivax,
P. ovale, P. malarige, and P. knowlesi. Vaccine efforts have focused
on P. falciparum and P. vivax, as they are the cause of most
malaria morbidity and mortality.®’! Development of an effective
vaccine would be an invaluable tool to help combat the disease,
and thus has been the subject of intense research and develop-
ment.) To date the most advanced malaria vaccine is based on
the circumsporozoite protein (CSP) and is in late stage clinical
trials.l This vaccine was developed to target the pre-erythrocytic,
sporozoite stage of the disease to prevent infection of the host.
However, due to the complexity of the Plasmodium parasite and
its life cycle, this vaccine alone is likely insufficient to effectively
control the spread of malaria. In order to effectively prevent the
spread of the disease, a vaccine must significantly reduce the
incidence of malaria at the population level, an area in which
transmission-blocking vaccines (TBVs) hold promise.[®~]
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cific stages of parasite development. TBVs
are not intended to be prophylactic, so an
Anopheles mosquito carrier can still infect
a vaccinated host. However, if another
mosquito feeds from the vaccinated
human host, it would uptake transmis-
sion-blocking antibodies produced by the host along with the
parasite. The specific antibody would then interact with the
target antigens that are expressed either on gametes, zygotes,
or ookinetes to halt the development of mature malaria para-
sites and block the transmission process from the mosquito to
the next human host.

One of the challenges in developing an effective TBV relates
to the testing metrics for gauging efficacy in preclinical and
early-stage clinical studies. Since TBVs are not intended to
induce protection in vaccinated subjects, traditional controlled
animal and human infection and challenge experiments are
not available. A human transmission-blocking challenge model
for malaria has not yet been developed. It is possible to directly
assess whether mosquitoes can transmit the disease to healthy
animals after feeding on immunized and malaria-infected
ones. Although this gives a highly functional measure of
vaccine efficacy, there could be differences in terms of both
Plasmodium and animal host biology between different
model systems and humans. More pragmatically, the protein
sequences of most TBV antigen targets have limited sequence
similarity between plasmodium species, so that a recombinant
protein antigen from one species generally cannot be used to
immunize against another.

The main goal in assessing a TBV is to quantify how the
serum of the immunized host inhibits the development of
oocysts in the mosquito midgut post-feeding. The standard
membrane feeding assay (SMFA) has been developed and opti-
mized for the purpose of quantifying the transmission reducing
activity (TRA) induced by vaccines.'% The SMFA involves first
mixing purified antibodies or serum from immunized subjects
in human blood with cultured gametocytes, feeding the sample
to Anopheles mosquitoes through a membrane, then around a
week later dissecting the mosquito midguts to determine num-
bers of oocysts that have developed.'!! The direct membrane
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feeding assay (DMFA) uses the same principle but uses gameto-
cytes obtained directly from infected humans. The SMFA is con-
sidered the “gold standard” assay for assessing TBV function and
is used widely in preclinical and clinical vaccine development.
One limitation of the SMFA is that it is a long, labor-intensive,
and technically challenging procedure, so it is not carried out
in a large number of laboratories. Throughout all stages in the
research and development pipeline, the efficacy of any antiserum
or purified IgGs from immunized rodents, rabbits, nonhuman
primates, or humans can be assessed using the SMFA.

The inhibition of oocyst development by TBV-induced immu-
nity is thought to be entirely mediated by antibody binding to
the parasite, so purified IgG or serum are typically used in the
SMFA. Hematological factors such as total lymphocyte counts
also can influence transmission blocking,!? although modu-
lating such factors would likely have too many side effects to be
implemented as a transmission-blocking strategy.

2. Transmission-Blocking Antigens

Only a handful of antigens have been widely explored as TBV
candidates. As shown in Table 1, so far, most of the clinical
focus has been on the P. falciparum antigens Pfs25 and Pfs230.
These and most other TBV antigens are present at the earlier
gamete stage (Pfs230) and/or the later ookinete stage (Pfs25).
Some studies have been performed with the P. vivax antigen
Pvs25. Additionally, some antigens originating from the Anoph-
eles mosquito midgut known to mediate parasite invasion can
be targeted for transmission blocking.

2.1. Gamete Surface Antigens

Gamete surface antigens are expressed during parasite fertiliza-
tion. They are also present on gametocytes, which circulate in the
human host and may naturally boost transmission-blocking anti-
body production.'®!”] Several TBV antigens are expressed on the
P. falciparum gamete, such as Pfs230,1'8] Pfs48/45, and Pfs47!1)
(and their analogues from P. vivaxt3¢38)) as well as HAP2.[20)
Pfs230 and Pfs48/45 have been shown to have a male
gamete-specific function presumed to be involved in ligand
interactions during fertilization.[?122l The presence of naturally
occurring antibodies against these two proteins in malaria-
exposed humans is associated with transmission inhibition.[*!
Pfs230 is a 310 kDa surface protein expressed on the P. falci-
parum gametocyte. Pfs230 is a challenging antigen to produce
due to its large size and the large number of disulfide bonds
involved in its structure.’l Seven paired domains of Pfs230
have been predicted, and transmission-blocking epitopes
are located in these domains. Pfs48/45 is a protein from
P. falciparum that is expressed during the sexual differentiation
of the parasite and plays an important role in fertilization.!’!
Monoclonal antibodies which target Pfs48/45 epitopes prevent
parasite fertilization.2°?7] Pfs48/45 is a cysteine-rich protein,
containing 16 cysteines which form multiple disulfide bonds.
Because of this, production of properly folded Pfs48/45 protein
is a challenge. The recognition of transmission-blocking
Pfs48/45 mADs is dependent on the properly folded tertiary
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structure.l’’] Expression of various truncated C-terminal por-
tions of the protein has been successfully produced as fusion
proteins, with the other protein fragments presumably serving
to assist solubilization.?82%)

Pfs47 is a contiguous paralog of Pfs48/45 and it is located
1.5 kilobases apart from Pfs48/45.' It is expressed on the
surface of female gametocytes and gametes.’% Disruption
of Pfs47 genes in parasites and monoclonal antibodies against
Pfs47 leads to decreased oocyst formation.3!

HAP2 is also located on the surface of the gamete membrane,
and has been investigated as a transmission-blocking antigen.?!
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Figure 1. Transmission-blocking vaccine concept. (1) Once a human host is immunized with a TBV, (2) circulating antibodies are generated which
recognize transmission-blocking targets on the parasite. (3) When an Anopheles mosquito intakes a blood meal from an infected host, both antibodies
and gametocytes are ingested. The antibodies are intended to (4) block the gamete fertilization process or block development of ookinetes from
zygotes, or (5) prevent the migration of ookinetes out of the midgut to the salivary gland.

HAP2 was originally found in Arabidopsis thaliana,3 and was
later also identified as Generative Cell Specific 1 (GSC1) isolated
from Lilium longiflorum pollen.?% HAP2 homologs are present
in higher plants and several pathogenic protists, including Plas-
modium species. This antigen has been shown to be a key factor
on fertilization and has recently been identified as a eukaryotic
class 1I fusion protein.**l The role of HAP2 in parasite develop-
ment has been investigated in P. berghei, where it is expressed
on the surface of the male gametocyte and microgamete.*>! Tar-
geting of HAP2 in P. berghei can affect the fertilization of the
sexual stages of parasite by disrupting the ability of male gam-
etes to fuse with female gametes.[*?

The Putative Secreted Ookinete Protein 12 (PSOP12) is
a member of the 6-cys family of proteins that play important
roles in the recognition and fertilization of gametes.3%! The pro-
tein was found to be expressed in both P. berghei gametocytes
and ookinetes.’”] Several new TBV candidates have also been
identified from research with P. berghei beyond PSOP12,38
including PSOP253° and Pb51, which are expressed not only
on the gametocytes and ookinetes but also on the sporozo-
ites.*) PbPH, which contains a pleckstrin homology domain,
has also been identified as a potential target.*!]

2.2. Ookinete Surface Antigens
These antigens are active on the ookinete surface membrane,

likely facilitating interactions between the ookinete and the
midgut environment of the mosquito vector.
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Pfs25 is a 25 kDa surface protein expressed on the sur-
face of the P. falciparum ookinete which enables the migra-
tion across the mosquito midgut to form an oocyst.[*?l Pfs25
is one of the most well-characterized and explored TBV
antigen candidates. Pfs25 is expressed on the surface of both
the zygote and ookinete.”>*3] Because Pfs25 is expressed only
in the mosquito midgut, associated antibodies are not natu-
rally boosted by the immune system of an infected human
host. Pvs25 is a homolog to Pfs25 expressed by P. vivax that
can induce transmission antibodies with immunization.[*l
It is expressed on macrogametes and ookinetes and contains
22 cysteine residues. Clinical-grade, recombinant Pvs25 has
been expressed at the large scale in Saccharomyces cerevisiae
in the form of Pvs25H.* Pys25H is 20.5 kDa and comprises
residues 23-195 from Pvs25. Pvs25H formulated with Alhy-
drogel induced antibodies with weak transmission-blocking
activity in clinical trials.'”! Pvs28 is another P. vivax surface
antigen which is only expressed on the ookinete, and contains
20 cysteine residues.*?l It has also been produced recom-
binantly by S. cerevisiae and can induce transmission-blocking
antibodies.[*4

Pfs25 from P. falciparum and analogous Pfs25-like proteins
from other Plasmodium species have protein structures which
include four epidermal growth factor (EGF)-like domains and
are anchored to the surface of the parasites by glycosylphos-
phatidylinositol.*!  One transmission-blocking anti-Pfs25
monoclonal antibody, 4B7, recognizes the f-hairpin epitope in
Pf525151_13o(ILDTSNPVKT).#748] A durable antibody response
is important, but has proven challenging to achieve.[*l The
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Table 1. Clinical activity of transmission-blocking malaria vaccines.
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Antigen Modification Adjuvant Dose and schedule Outcomes Trial ID
Pfs25 (P. pastoris) EPA toxin conjugate Alhydrogel 8,16, 0r47 ug Weak transmission-blocking activityl'®! NCT01434381
day 0, 56, 120, 300
Pfs25 (P. pastoris) EPA toxin conjugate Alhydrogel 47 ug NCT01867463
day 0, 56, 112, 480
Pfs25M (P. pastoris) EPA toxin conjugate Alhydrogel 16 pg Pfs25M NCT02334462
Pfs230D1M 15 pg Pfs230DTM
day 0, 28, 168, 530
Pfs25 (P. pastoris) - ISA51 5,20, 80 ug Transmission-blocking activity induced NCT00295581
Pvs25 (S. cerevisiae) day 0, 28, 56 Halted due to reactogenicityl'l
Pvs25 (S. cerevisiae) - Alhydrogel 5,20, 80 ug Weak transmission-blocking activity['’]
day 0, 28, 180
Pfs25 (N. benthamiana) Virus-like particle Alhydrogel 2,10, 30,100 ug Weak transmission-blocking activity® NCT02013687
MVA Pfs25-IMX313 Multimerization (IMX313) - 5x10°-10'° - NCT02532049
Vaccinia viral vector (MVA) viral particles
Pfs25 Self-conjugate? Alhydrogel 10 and 25 pg Withdrawn NCT00977899
day 0, 24, 48
Pfs25 with Pfs230D1M EPA toxin conjugations ASO1 Pfs25:16 and 47 ug - NCT02942277

(P. pastoris)

Pfs230: 13 and 40 ug
day 0, 28, 168

Information inferred from the clinicaltrials.gov website.

expression and purification of Pfs25 has been reported in
many different expression systems, including yeast, >3
plant,P4 Escherichia coli,”® and algae.”® The immunogenicity
of Pfs25 has been studied in nonhuman primates to assess
the efficiency of antibody production and safety risks. Immu-
nization of rhesus macaques (Macaca mulatta) with a DNA
vaccine plasmid encoding Pfs25 or a Pfg27-Pfs25 led to
transmission-blocking immunity compared to empty plasmid
alone.’”l Another study using a plasmid-encoding Psf25
was delivered with in vivo electroporation to baboons also
induced functional antibodies with transmission-blocking
activity.[8l

2.3. Midgut Proteins of the Mosquito

Carboxypeptidase and alanyl aminopeptidase N1 (APN1) are
midgut glycoprotein targets expressed in the mosquito itself.>’]
APN1 is expressed on the surface of Anopheles mosquito mid-
guts and plays a role in ookinete invasion.®”l Anti-APN1 IgG
has transmission-blocking activity for both P. berghei and P. fal-
ciparum.[61l APN1 comprises a 135 amino acid sequence, how-
ever, use of a fragment sequence of 59 amino acids at the N
terminus of mature APN1 has been shown to be immunogenic
in murinel®” and rabbit®! studies.

3. TBV Adjuvants and Antigen Approaches

Adjuvants can generally be classified into two groups: immu-
nostimulatory molecules and delivery systems. Immunostim-
ulatory molecules include saponins and molecules which
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target Toll-like receptors (TLR) ligands, C-type lectin receptors
(CLR) ligands, or nucleotide-binding oligomerization domain
(NOD)-like receptors. Delivery systems include emulsions,
aluminum salts, lipid vesicles, and virus-like particles (VLP).
Immunostimulatory and delivery system adjuvants can also
be integrated or combined to further increase effectiveness.
Many synthetic carriers have been examined for malaria vac-
cines,[®! such as lipid based adjuvants, %% polymeric par-
ticles (such as PLA/PLGAI®] and PLGAI®®)), ISCOMs,[®% and
virus-like particles.”®7!] Antigen engineering approaches, in
which antigens are engineered to express functional domains
to form oligomeric structures are used for enhancing immune
responses.

3.1. Saponins

Saponins are triterpene or steroid glycosides isolated from
plants. Quil-A is a mixture of triterpene glycosides, and is one
of the most commonly used saponins in vaccine adjuvants.’?
Due to potential toxicity, it is not used in human vaccines.
Saponin-based adjuvants can enhance cell-mediated immu-
nity and antibody production. They can induce cytotoxic CD8+
T lymphocyte responses. Saponins bind cholesterol and have
been shown to cause hemolysis of red blood cells.”3! Saponins
induce other immune responses such as inflammation”* and
monocyte proliferation.””]

The saponin QS21 has been explored with TBV antigens.
QS21 is a purified component of Quil-A that has lower toxicity
and higher adjuvant activity compared to Quil-A.’677] Pfs25 was
incubated with aluminum hydroxide (alum) or alum/QS21 and
administered to rabbits with three injections on day 0, 28, and
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36. The rabbits vaccinated with alum/QS21 showed marginally
better transmission-blocking activity compared to the group
without QS21.178l

ISCOMs are 40 nm cage-like particles whose principal com-
ponents are Quil-A and the antigen of interest, together with
lipids and cholesterol.””) ISCOMs can induce both CD8+ and
CD4+ cell responses by encouraging MHC class I responses.!
Previous studies have shown that ISCOMs could destabilize
endosomal membranes, leading to greater presentation by MHC
molecules.B) There have been limited studies involving TBV
antigens with ISCOMs; however, there have been several studies
using non-TBV malaria vaccines developed using ISCOMs,
including studies in non-human primate models. For example,
the antigen Pf155.RESA which is expressed on merozoites®)
was mixed with ISCOMs to form an immunogenic complex.
This approach led to higher antibody production in rabbits and
monkeys immunized with this approach compared to Freund’s
adjuvant.®?

3.2. Emulsions

Emulsion adjuvants are often used in vaccine research and
development. There are generally three types of emulsions:
oil-in-water, water-in-oil, and water-in-oil-in-water. The prod-
ucts of oil-in-water emulsions are surfactant-stabilized, oil
nanoparticles dispersed in an aqueous water phase. For
emulsion systems, the interaction with antigens is caused
by hydrophobic and electrostatic force, which could result in
interprotein interactions and conformational changes of the
antigens.

Emulsion—-antigen electrostatic interaction can be influ-
enced with ionic surfactantsi®*#4 or ionic proteins.®® The
interactions are influenced by the charge of the components,
as well as the buffer formulation, pH, and ionic strength.[867]
Another important factor is the size of the emulsion particle.
When the size of the individual emulsion particles decreases,
the net surface area is increased, which leads to a greater
area available for protein adsorption.®*l Protein-protein inter-
actions are an important factor for proteins in emulsions.
Covalent aggregation involving new disulfide bond formation
can occur.®¥ Precipication of the formulation might occur due
to strong surface protein interaction within the emulsion;®
this could be avoided by increasing electrostatic shielding, or
by including cosolvents to increase water viscosity.”!] High
protein concentration could reduce stability of the emulsion
formulation, which might be due to the production of a vis-
coelastic protein film by interprotein interaction on the single
surface of the emulsion.’® Figure 2 shows common interac-
tions between antigens and emulsions, including hydrophobic
interactions, electrostatic interactions, or protein—protein
interactions.l?

Oil-in-water emulsions can generate strong antibody
responses against associated antigens, and stimulate both Thl
and Th2 response.”® For example, MF59 has been shown to
induce recruitment of dendritic cells and monocytes and
enhance monocyte differentiation into dendritic cells.® Den-
dritic cells can trigger direct interaction with B cells for initia-
tion of antigen-specific responses.[!
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Figure 2. Common protein interactions within emulsion systems.
A) Hydrophobic interactions with the oil phase resulting in o-helical tran-
sitions. B) Electrostatic interactions binding charged surfaces of antigen
and emulsion. C) Protein—protein interactions resulting in flocculation
between particles. D) Protein—protein interactions on the surface of the
emulsion, resulting in increased surface viscosity. Reproduced with per-
mission.l®?l Copyright 2013, MediMedia.

3.2.1. Montanide: 1ISA720 and ISA51

Montanides (e.g., ISA720 and ISA51) are metabolizable oils,
which have similar physical characteristics to incomplete Fre-
und’s adjuvant (IFA) but are more biodegradable. Montanides
generate a water-in-oil emulsion containing squalene and man-
nide-monooleate as an emulsifier.’®) The immunogenicity of
Pfs48/45 with ISA-51 was studied in Olive baboons; baboons
received doses of 50 pg Pfs48/45 with ISAS51, administered
three times. Antibody titer remained high and stable for five
months, with 80% transmission-blocking activity. The anti-
body titer decreased by 50% after seven months, and transmis-
sion-blocking activity dropped below 60%.°71 The montanide
adjuvant ISA51 has been used in a malaria vaccine clinical
trial with Pfs25; however, unexpected local reactogenicity was
observed in volunteers.'¥l Pvs25 combined with ISA720 was
found to induce transmission-blocking activity in M. mulatta
monkeys.%!

3.2.2. MF59

MF59 is an oil-in-water nanoscale emulsion composed of
squalene and stabilized by Tween 80 and Span 85.°1 MF59 can
stimulate strong T helper cell responses; however, it has limited
ability to enhance CD4+ Th1 and Th2 responses. It has also been
shown to directly interact with monocytes, macrophages, and
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granulocytes to produce cytokines and chemokines for immu-
nostimulation.'% Limited preclinical studies have been conducted
with TBV antigens. In one study, it was found that mice
immunized with 50 pg of Pfs25 with MF59 could produce a
strong antibody response with transmission-blocking activity.!'!l
However, other vaccine studies with MF59 have been less
promising with non-TBV malaria antigens. A study of mice
immunized with MSP-1 protein adjuvanted with MF59 revealed
a weak immune response,'?l while another study of mice
vaccinated for PvDBP with MF59 adjuvant also showed an
antibody production response weaker than that achieved using
a montanide adjuvant.[1%

3.3. Aluminum Salts

Insoluble aluminum salts, abbreviated as alum or sometimes
Al, can incorporate antigens as well as immunogenic adjuvants.
Antigen adsorption onto aluminum salts is easy to achieve,
since the aluminum salts are denser than aqueous solutions.
The strength of the interaction between antigens and aluminum
salts is antigen dependent and can significantly influence the
immune response. The mechanism for the adjuvant to asso-
ciate with the antigen is primarily based on electrostatic interac-
tion,!'% and may also involve hydrogen bonds, van der Waals
forces, hydrophobic interaction, and ligand exchange.[10>10]
There are two widely used aluminum adjuvants: aluminum
hydroxide and aluminum phosphate. At neutral pH, aluminum
hydroxide has a positive charge while aluminum phosphate has
a negative charge, so the aluminum adjuvant can be selected
to compliment the charge of the antigen at neutral pH. One
of the well-known brands of aluminum hydroxide adjuvant is
Alhydrogel, manufactured by Brenntag.'”’! This is a sterilized
wet gel suspension of aluminum hydroxide which possesses
a positive charge at pH 5-7, adsorbing antigens with negative
charges in this pH range. Since alum adsorbs proteins, it
prevents antigen precipitation, degradation or adsorption to the
storage vessel. Other physical conditions that could affect the
antigen—adjuvant interaction include temperature, size of gel
particles, and the ionic strength of the mixture.l'%1%] The tem-
perature influences the rate of adsorption between antigen and
adjuvant, while the size of the gel particles affects the interac-
tion surface area available to interact with antigen.''% As with
emulsion adjuvants, and the pH and ionic strength affect the
adsorption by altering the charge on the gel and antigen.

Alum can stimulate the immune system by triggering mono-
cyte differentiation into dendritic cells. This activation might
be due to a direct interaction with NLPR3 inflammasome, or
by indirect interaction by releasing uric acid, an endogenous
danger signal.''!l In mice, studies have shown that alum tends
to induce Th2 response. The activation of Th2 could be due
to the activation of NLRP3 inflammasomes to produce IL1j3
and 118,12 which then signals a Th2 response and antibody
production.['13]

Alhydrogel has been used extensively for TBV studies. In
a human trial, Pvs25 was absorbed onto Alhydrogel and ten
volunteers in three groups received different dose of antigens
(5, 20, and 80 ng) with intramuscular injections on days 0, 28,
and 180. Results showed that oocyst inhibition was achieved by
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vaccine-induced antibodies, although not at levels sufficient for
an effective vaccine.'” Alhydrogel has been used in conjunc-
tion with a number of other adjuvants discussed in this review.

The APN1%0-1% protein fragment contains linear B cell
epitopes and CD4+ T cell epitopes.''% Female M. mulatta
received three injections of 50 ug APN1%-1% (prime on day 0,
boost on day 28 and 70) adsorbed on alum, and it was observed
that the anti-APN1 IgG titer remained high until day 150, with
no adverse reaction near the injection site.['!*]

3.4. CpG Oligodeoxynucleotide (CpG ODN)

The immunogenicity of coadministered DNA-based adju-
vants has been found to rely upon the CpG muotif, which is
an immunostimulatory sequence composed of unmethylated
cytosine-phosphate-guanine. When tested with hepatitis B
antigens, CpG DNA was found to have mucosal adjuvant prop-
erties similar to cholera toxin. CpG ODN is a synthetic oligo-
nucleotide-presenting CpG motifs. The CpG sequence induces
immune responses by directly activating B cells, natural killer
cells, and antigen-presenting cells!'’® and both CD4+ T cells!!'®
and CD8+ T cells.'"”] When Pfs25 was absorbed onto an alum
carrier and combined with CpG ODN, there was a significant
increase in the Pfs25-specific antibody response.[118]

To further test CpG for TBV applications, a transmission-
blocking peptide (NH2-CPLPWELHDGC-COOH) and four
other malaria peptides (CSP, MSP-1) were synthesized using
Fmoc chemistry. ODN was synthesized with CpG motifs and
a nuclease-resistant phosphorothioate backbone. A hydrazone
linkage between CpG-ODN and the peptide was formed by
introducing free hydrazino groups at the amino terminus of
the TBV peptide and other peptides. The final conjugation
process of CpG-ODN to peptide was modified at the 5 end
with a C6 linker terminating with an aldehyde group. Micro-
particles were used to entrap the five peptides with CpG-
ODN and were prepared by using poly(lactide-co-glycolide) in
a water/oil/water emulsion and solvent evaporation. Mice
received 10 pg of each peptide. Mice injected with micropar-
ticles exhibited enhanced blocking activity compared to mice
injected with alum.''l Another study focused on developing
a multistage vaccine, which could target both pre-erythrocytic
and sexual stages of Plasmodium. Genetically-linked CSP and
Pvs25 were transfected in Sf9 cells, which could generate the
platform for the baculovirus dual-expression system (BDES).['20]
A dose of 1 x 108 PFU of BDES particles was used to immunize
mice, and the results showed 82% transmission-blocking activity.

3.5. Lipid-Based Nanoparticles
3.5.1. Liposomal Adjuvants

Liposomal vaccines utilize lipid nanoparticles generally con-
taining different types of lipids forming a bilayer with an
aqueous core, and have become a useful carrier system in
vaccine development. The major advantages of liposomes are
their biocompatibility and flexibility for loading a wide range
of cargos (both antigens and adjuvants). The composition of
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liposomes or other types of lipid-based vaccines can be easily
modified by selecting specific types of lipids with different
charges or lipid side-chain lengths. Antigens are gener-
ally adsorbed to the surface of liposomes in a poorly defined
manner. Antigens can also be entrapped in the core of
liposomes or chemically conjugated to the surface, although
these approaches are more complex and burdensome. One of
the most well-known liposomal malaria vaccine adjuvants is
GlaxoSmithKline’s liposome-based AS01.121:122 ASO1 contains
two active lipid molecular adjuvants embedded in the liposome
bilayer: monophosphoryl lipid A (MPL) and QS21. AS01 is used
with recombinant full-length CSP in the RTS,S vaccine, and is
also used in the Shingrix shingles vaccine.

Glucopyranosyl lipid A (GLA)-LSQ is a liposomal adjuvant
composed of QS21 and glucopyranosyl lipid A, which is a
synthetic version of MPL. When carrier protein-conjugated Pfs25
was mixed with GLA-LSQ for vaccination, mice vaccinated with
the liposomal adjuvant induced a T follicular helper (Tth) cell
response and produced durable, antigen-specific antibodies.*’!
In another experiment, Pfs48/45-6C fragments were genetically
fused with GMZ2, which itself is a hybrid protein of asexual blood
stage antigen and merozoite surface protein 3 (MSP3), forming
a conjugate termed GMZ2.6C. Mice received 5 pg of GMZ2.6C
with GLA-LSQ or other types of emulsions, such as GLA-SEQ
(stable emulsion with QS21) in three immunizations. The
results showed that mice vaccinated with the liposomal adjuvant
exhibited high titer against sexual and asexual antigens, and based
on a splenocyte assay, the mice immunized with GLA-LSQ and
GLA-SEQ showed strong IFNysecretion but not IL-5 secretion.['3]

The interaction of liposome adjuvants with antigens is
generally not well-defined and not as easy to characterize as
antigen adsorption to alum. In order to conjugate antigens with
liposomes, several strategies have been developed. One strategy
involves enhanced electrostatic interaction of the antigen with
cationic liposomes. An example of this approach is the lipo-
some formulation CFA01, which contains cationic lipids with an
immunostimulatory molecule.?* Besides electrostatic interac-
tions, antigen binding to lipid vesicle surfaces can be achieved
by covalent or noncovalent interaction, through different types
of conjugation. This strategy involves incorporation of a func-
tionalized lipid into the liposomes, and possibly a functionalized
protein or peptide antigen via cloning or chemical conjuga-
tion. Interactions involving functionalized lipids can include
maleimide lipids which covalently react with thiol-containing
antigens. Another conjugation strategy has been to noncovalently
bind recombinant his-tagged antigens with liposomes which
contain lipids such as 3(nitrilotriacetic acid)-ditetradecylamine
(NTA3-DTDA.['" This approach has more affinity than nickel-
chelated lipids with a single Ni-NTA chelator on the lipid head
group.l126l Recently, chelated cobalt metal in a porphyrin-phospho-
lipid has been shown to induce very stable noncovalent binding
of his-tagged antigens to preformed liposomes on the basis of
intra-bilayer his—tag coordination with cobalt-porphyrin.[12’]

3.5.2. Bacterial Outer Membrane Vesicles (OMVs)

Bacterial OMVs are around 100 nm, and are produced by
gram-negative organisms. The vesicles are usually produced
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by mucosal pathogens and contain phospholipid and immune
stimulators, such as LPS and DNA, which can trigger maturation
of immune system as well as cytokine signals. OMVs are potent
immunostimulants which can penetrate mucosal membranes.
However, they have a complex biochemical composition that is
difficult or impossible to precisely quantify. A study involving
the combination of OMVs with Pfs48/45 and AnAPN1 was
reported.'?] Immunization of mice using antigen-carrying
OMVs (with nonspecific binding) produced a similar level of
IgG titer compared to mice immunized with antigen combined
with cholera toxin or MF59 adjuvants. LPS could target TLR4
receptors and lead to the activation of TRIF and MyD88 path-
ways which can induce inflammatory cytokines and TNFo.[19]

3.6. Other Types of Nanoparticles

Gold nanoparticles show potential for use in vaccine delivery,
offering flexibility in particle size and shape, as well as ease in
applying surface modifications.['3*-1321 Gold nanoparticles can
be recognized by dendritic cells and other antigen-presenting
cells in order to improve vaccine delivery.'33134 Recent studies
have shown that the size of nanoparticles is an important factor
for inducing immune responses, including the interaction
with dendritic cells or other antigen-presenting cells, as well
as the polarization of T cells response. Pfs25 was covalently
immobilized onto differently shaped gold nanoparticles by
using 4-aminothiophenol (4-ATP) and a glutaraldehyde spacer.
4-ATP serves as the foundation for the surface modification by
binding directly to the gold nanoparticle, due to thiol groups
having a strong affinity for gold.'** Incubation with 4-ATP gen-
erated stable amine-functionalized gold nanoparticles.['* The
next step was to incubate the particles with Pfs25 containing
glutaraldehyde, which resulted in chemically conjugated Pfs25-
gold nanoparticles.'36137] Mice were immunized with 10 g
Pfs25 containing different shapes of gold nanoparticles as veri-
fied by electron microscopy (Figure 3). Spherical gold nanopar-
ticles produced more effective antibody compared to the other
shapes of the nanoparticles.[3”]

Polymer nanoparticles have also been investigated as vac-
cine delivery adjuvants. A study tested the effectiveness of
poly(p,1-lactide-co-glycolide) nanoparticles (PLGA-NP) as an
adjuvant compared to a nanoemulsion (NE) approach. The
NE contained squalane, Span-80, and Tween-80 in saline
and was formed by high-pressure homogenization. After
mice received 10 pg of Pfs25, the serum was collected and
purified to check transmission-blocking activity. Mice immu-
nized with the NE generated better blocking activity com-
pared to the mice that received PLGA-NP.['*] Based on these
results, polymer nanoparticles have not yet shown promise
as a TBV delivery adjuvant. This might be due to the size of
the PLGA-NP significantly increasing, from 260 nm to over
1 um after incubating with Pfs25, while the size of NE did
not increase significantly after mixing with Pfs25.1'38] In other
studies, PLGA-NP maintained nanoscale-size after mixing
with antigen and did show enhanced antibody titers against
vaccine antigens, including the hepatitis B core antigen.[3’]
Therefore, further research is warranted to explore PLGA
with transmission-blocking antigens.
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Figure 3. Different shapes of gold nanoparticles used for conjugation
with Pfs25. A) Spherical gold nanoparticles, B) star shape gold nano-
particles, C) cage shape gold nanoparticles, and D) triangular nanoparticles.
Reproduced with permission.['3”l Copyright 2015, Elsevier.

3.7. Microparticle Delivery Systems

Polylactofate (PLE) is a poly(lactide-co-glycolide) glycolide deriv-
ative is notable for its biocompatibility, biodegradability, and
physical properties. Biodegradable microparticles (BMPs) were
synthesized by a double emulsion system (solid-in-water-in-oil-
in-water), which could produce nanoparticles-in-microparticles,
on which were loaded the APN1 mosquito midgut antigen.
Mice immunized with APN1-loaded BMPs with alum were
compared to APN1-loaded BMPs with IFA. Both APN1-BMP/
alum and APN1-BMP/IFA induced transmission-blocking anti-
body titers capable of effective oocyst inhibition at 60 and 180 d
after the immunization.'*% Another microparticle approach is
gel core liposomes, which are prepared by a reverse phase evap-
oration technique. Pfs25 and the polymer polyacrylic acid were
added into a lipid mixture in saline with sonication to passively
load into the gel core liposomes.'*!] The gel core liposomes
loaded with Pfs25 produced a higher antibody level and the
secretion of IL2 and IFNywas higher compared to alum, which
indicates a stronger cell-mediated immune response. The bio-
degradable microparticle delivery system can provide a method
to slowly release the antigen.

4. Antigen Engineering

4.1. Virus-Like Particles

VLPs are nanoparticles which resemble viruses with repetitive
3D protein arrangement, but lack pathogenic genetic materials.
VLPs can range in size from 20 to 200 nm and can promote
enhanced draining of particles to lymph nodes, which is ideal
for facilitating uptake into antigen-presenting cells. The highly
repetitive fragments could also enhance complement fixation and
cross-linking of B cell receptors.[*? To attach the antigen to the
VLPs for vaccine development, genetic or chemical conjugation
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is used. Genetic approaches are suitable for short peptides
and proteins, but insertion of a larger sequence fragment can
inhibit correct VLP scaffold assembly.'*3] For large proteins,
chemical conjugation may be a more straightforward option to
link the antigen to the scaffold and is based on chemical gen-
eration of reactive amino acids on the antigen and scaffold.!'*4
Chemical conjugation of TBV antigens was performed using
a dual plug-and-display synthetic assembly involving the SpyTag
and SpyCatcher peptides. SpyTag is a short peptide that can
“plug into” its SpyCatcher protein partner through an isopep-
tide bond. Neither SpyTag nor SpyCatcher contain a cysteine
residue.' A set of analogous peptides, SnoopTag and Snoop-
Catcher have also been used. Expi293 cells were transfected
with Pfs25-SpyTag or Pfs28-SnoopTag constructs to produce
antigens with reactive amino acids, and were purified by size-
exclusion chromatography. VLPs were produced by transfecting
IMX313 vectors, with N-terminus binding to SpyCatcher and
C-terminus to SnoopCatcher, in E. coli to form a VLP containing
SpyCatcher-IMX-SnoopCatcher.' The conjugation of antigen
to VLPs could be attained by forming spontaneous isopeptide
bonds; for example, the interaction of the SpyTag antigen with
the SpyCatcher domain occurs through a condensation reaction.
The SnoopTag—antigen connects with the SpyCatcher domain
on the VLP which releases ammonia to form a stable conjuga-
tion as shown in Figure 4.1l When mice received vaccine con-
taining 0.7 ug of Pfs25 or Pfs28 antigen with VLPs, the antibody
response against both Pfs25 and Pfs28 was greater than the
response to the antigen alone.l*% A similar study was performed
using another VLP approach termed SpyCatcher-AP205. AP205
is a bacteriophage made by single-stranded RNA (ssRNA), which
has a unique sequence in the coat protein that is not similar to
other ssSRNA phages.'*”] The assembled VLPs are very stable
and the AP205 coat proteins are able to incorporate large pro-
teins at the N and C terminals,"*® which makes AP205 a good
carrier for antigens. SpyCatcher-AP205 was synthesized in E. coli
and conjugated with a Pfs25-SpyTag. Additionally, in the same
study another VLP called Qb was used, with Pfs25—thiol chemi-
cally conjugated with the Qb VLP. Mice received 1 pg of the
Pfs25 vaccine combined with AP205, Qb, or IMX313. IMX313
is discussed in the following section. The results show a higher
anti-Pfs25 IgG titer in all the three VLP groups compared to sol-
uble Pfs25 antigens. However, the Pfs25 conjugated with AP205
showed better blocking efficacy compared to the other two VLP
methods.'*1 VLPs were generated using the AP205 coat protein
and SpyTag/Catcher VLP system by using Pfs48/45 0.6C, which
is an antigen containing a transmission-blocking epitope fused
in frame with part of the glutamate rich protein (GLURP).I>¥
GLURP antibodies have been shown to induce antibody-
dependent monocyte-mediated inhibition of parasite growth in
vitro.>1] Mice immunized with VLP display of Pfs48/45 0.6C had
significantly increased specific antibody production compared to
mice immunized with the antigen with Montanide ISA720.1150)
In another approach, the Alfalfa mosaic virus coat protein
was fused with Pfs25 via a genetic engineering approach to
form a 20 nm purified Pfs25-VLP, as shown in Figure 5.0
This VLP was expressed with a plant expression system in
Nicotiana tabacum. Mice received different doses of Pfs25-VLP
(1, 0.1, and 0.01 pg) combined with Alhydrogel. Mice vac-
cinated with at least 0.1 pg of Pfs25-VLP induced strong
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Figure 4. Overview of a dual plug-and-display synthetic assembly. IMX313 is fused at its N-ter-
minus to SpyCatcher and at its C-terminus to SnoopCatcher. Expression in Escherichia coli and
spontaneous multimerization yields SpyCatcher—IMX-SnoopCatcher nanoparticles. Upon mixing,
SpyTag—antigen A forms a spontaneous isopeptide bond with the SpyCatcher domain through
a condensation reaction. SnoopTag—antigen B forms a spontaneous isopeptide bond with the
SnoopCatcher domain with release of ammonia. Conjugation yields dual-decorated nanoparticles
for immunization. Reproduced with permission.%6l Copyright 2017, American Chemical Society.

transmission-blocking activity in mice. This construct has
recently entered clinical trials (NCT02013687).

4.2. Multimerization Technology

The multimerization domain IMX31 is a scaffold from the hep-
tameration domain of the complement binding protein C4b.
C4b is one of the major complement proteins that regulates
the classical complement pathway and activate monocytes.>
Studies have also shown that C4b can bind to the CD40 receptor
and directly activate B cells.'>}! Antigens tagged with IMX313 can
self-assemble into supramolecular complexes with seven identical
subunits. Antigens fused to IMX313 have previously been shown
to increase antibody titer as well as enhance antigen localization to
lymph nodes for improved immunogenicity.'>*1>% For TBV appli-
cations, constructs of Pfs25-IMX313 were produced in P. pastoris

www.adv-biosys.com

in the spleen and lymph nodes containing a
population of antigen-specific B cells that
can differentiate B cells into plasma cells or
memory B cells.'> Pfs25-IMX313 has recently
entered clinical trials with a viral delivery
vector (NCT02532049).

4.3. Antigen Carrier Conjugates

Antigens can Dbe covalently conjugated
directly to a wide number of carriers. Outer-
membrane protein complex (OMPC) derived
from Neisseria meningitidis serogroup B
can be used as a carrier for the capsular
polysaccharide polyribosylribitol phosphate
(PRP) of the bacteria capsule.'>® Pfs25 was
chemically conjugated with OMPC through
a maleimide/thiol reaction, binding the
antigen  with  N-g-[maleimidocaproyloxy]
sulfo-succinimide ester to form maleimide-
activated Pfs25. The thiol derivative of
OMPC was prepared by reacting the pro-
tein with N-acetylhomocysteine thiolac-
tone.’>  The complex of Pfs25-OMPC
was prepared by mixing maleimide-acti-
vated Pfs25 and thiolated-OMPC together.
The complex was used for vaccination of
mice (0.5 or 2.5 pg doses) and monkeys
(4 or 40 ug doses), which resulted in longer-
lasting antibody production compared to
animals vaccinated with the antigen in
ISA51.81  Another approach attempted
to conjugate antigens to the Z domain of
Staphylococcus  aureus protein A, which
is an analog of the B domain in the
Ig-binding domains (IBDs) and could serve

(Figure 6), and the Pfs25-IMX313 heptamers were purified for
vaccination. Mice were also primed and boosted with a viral vector
containing Pfs25-IMX313, which resulted in an improvement
in antibody response compared to Pfs25 alone. This approach
resulted in a higher germinal center response, a dynamic structure
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Figure 5. Genetically engineered Pfs25 VLPs. Pfs25 was genetically fused
to the Alfalfa mosaic virus coat protein and expressed in plants. The puri-
fied VLPs formed 19.3 nm particles that induced transmission-blocking
activity in mice when adjuvanted with alum. Reproduced under the
terms and conditions of the Creative Commons Attribution License.0l
Copyright 2013, The Authors, Published by PLoS.
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Figure 6. IMX313 multimerization. A) Four constructs used. In viral vectors: (1) Pfs25 (aa 22-194) fused to an N-terminal secretion signal peptide
tPA; (2) Pfs25-IMX313 fused to tPA. In P. pastoris: (3) Pfs25 (aa 22-194) with a C-terminal hexahistidine (His6) tag; (4) Pfs25 fused to IMX313 with
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C4bp. Reproduced with permission.l'> Copyright 2016, Springer Nature.

as a ligand for B lymphocytes.> The Z domain was geneti-
cally conjugated to an orhelical coiled-coil domain!*®¥ of
tetrabrachion (TB)I'®Y or cartilage oligomeric matrix pro-
tein (COMP),'%?) in order to increase its stability and binding
avidity. The Z domain was transfected into and expressed by
E. coli to produce COMP-IBD fusion proteins. The Pvs25 was

conjugation.'*y There has been relatively limited use of petide

vaccines in TBVs. Recently, a peptide vaccine based on two short
sequences conjugated to KLH (SYHLFKNDNSIKRAKLKC for
P. falciparum and TYNYFKDDEFIKRAKLKC for P. berghei) tar-
geting the conserved Plasmodium fusion loop of HAP2 induced
antibodies that inhibited transmission in the SMFA.

then chemically conjugated to COMP-IBD
protein using a heterobifunctional cross-
linker to form a tricomponent complex
(Figure 7). Mice received 30 pg of Pvs25 with
the tricomponent complex via a subcuta-
neous route. Mice that were immunized with
the tricomponent complex showed enhanced
antibody response and better transmission-
blocking activity.[163]

Another important use of carrier protein
conjugates is related to peptide vaccines.
Peptides vaccines have the advantages of
low cost, scalability, simplicity in production
and characterization, and have well-defined
antigen targets. However, they typically lack
tertiary conformation and are usually poorly
immunogenic. For immunization, peptides
are often conjugated to larger proteins that
improve peptide vaccine immune responses.
Keyhole limpet hemocyanin (KLH) is a
large immunogenic carrier protein obtained
from the keyhole limpet, a marine organism
and is one of the most carriers for peptide

Adv. Biosys. 2018, 1800011
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sion.l'83l Copyright 2014, American Society for Microbiology.
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4.4. Protein Toxin Conjugates

Some toxin proteins can be used as antigen carriers and adju-
vants, such as diphtheria toxin, cholera toxin (CtxB), and Endo-
toxin A (EPA). CRM197 is a commonly used immunogenic,
nontoxic form of diphtheria toxin with a single amino acid
mutation (glycine 52—glutamic acid).'*! These toxins can
serve as mucosal adjuvants in a manner similar to the infection
pathway of many pathogens. ADP-ribosylating enterotoxins
from Vibrio cholerae (cholera toxin)'®®l and E. coli (heat labile
toxin)l'”l are well-characterized mucosal adjuvants. Mucosal
applications involving Pfs25 have been tested in conjunction
with cholera toxin. Specifically, it has been proposed that the
B subunit of the CtxB could facilitate immune responses while
having a lower toxicity compared to the & subunit of the cholera
toxin.l'%® In a study, Pfs25 was genetically conjugated to the
N-terminal of CtxB, and mice received 20 ug of the conjugated
Pfs25-CtxB by oral administration. Specific IgG antibody tier
was found to be higher in mice injected with 20 pg of Pfs25-
CtxB than Pfs25 alone after the first injection; however, after
the third injection, the level of IgG was similar when compared
between Pfs25-CtxB and Pfs25 alone.l'%]

EPA is a detoxified form of exotoxin A from Pseudomonas
aeruginosa,7>171 which has been shown to enhance immune
responses. Thiol-modified Pfs25H (Pfs25-SH) and maleimide-
modified EPA (EPA-mal) were conjugated to form a 60 nm nan-
oparticle. Furthermore, mixing the Pfs25-EPA complex with
Alhydrogel resulted in adsorption of the complex into a larger
particles, which were used for immunization in outbred mice.
Mice receiving Pfs25-EPA with Alhydrogel had around 100
times higher IgG production compared to unconjugated Pfs25
with Alhydrogel.’? Since then, this formulation has entered
Phase I clinical trials. Several volunteers observed local and sys-
temic symptoms, and specific antibody titer was not retained
after the third booster.l’]

4.5. DNA Vaccines

DNA vaccines introduce genetic materials via DNA plasmids to
transform host cells, causing in situ production of the vaccine
antigen in host tissues. DNA vaccines were first introduced in
the early 1990s, due to their simple design and the ability to
induce both cellular and humoral immune responses. More-
over, the platform of DNA vaccines makes it easy to develop a
combination vaccine to target multiple stages of malaria para-
site by using a single plasmid or a mixture of plasmids which
encode antigens present at different stages. DNA, which is
highly negatively charged, is frequently complexed with cationic
molecules or polymers such as chitosan for vaccination.!'”?
DNA vaccines encoding Pfs25 and Pvs25 have been devel-
oped, and were shown to be immunogenic when administered
with in vivo electroporation in micel'’3174 and nonhuman pri-
mates.’® Another report showed the application of a DNA vac-
cine encoding both Pfs25and Pfs48/45. Immunization with the
combination DNA plasmid (Pfs25 with Pfs48/45) elicited more
than 95% inhibition compared to mice immunized with a DNA
plasmid encoding Pfs48/45 alone. Such results show that com-
bining antigens can enhance transmission-blocking activity.[”>]
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Another study tested the delivery of plasmids through lipo-
somal carriers. Cationic liposomes were mixed with a Pfs25
plasmid in order to form lipoplexes with different charge
ratios. Various charge ratios were achieved by altering the ratio
between the cationic lipid head groups and the nucleotide
phosphates in the composition of the lipoplexes. Mice were
injected with vaccines containing 25 pg of DNA plasmid, and
booster injections were administered at three and six weeks
after primary injection. Mice immunized with lipoplexes with
optimized charge ratios had more effective production of IgG
compared to naked plasmid DNA.[7¢]

5. Conclusion

TBVs proposed as a new tool to control malaria, but have not
been tested in large-scale clinical trials yet. Adjuvants and con-
jugation schemes have been developed that improve antibody
generation with TBV antigens. A large amount of TBV research
has focused on Pfs25. Since Pfs25 itself is a poor immunogen,
various antigen engineering and adjuvant approaches have
been developed to enhance its immunogenicity. Other TBVs
are also being assessed, including those that are expressed on
gametocytes such as Pfs230 and Pfs48/45, which might lead to
natural boosting of transmission-blocking immune responses
in infected individuals.

Results from initial clinical studies with Pfs25 and Pvs25
imply that new strategies using next-generation adjuvants and
delivery systems might be necessary to enhance the production
of transmission-blocking antibodies to levels capable of inhib-
iting the life cycle of the parasite at a mosquito carrier stage.
Preliminary published results with toxin conjugates and VLPs
do not appear to be highly promising, although several clinical
studies are still ongoing (Table 1) and results for these are yet to
be reported. It was concluded that a more immunogenic vaccine
than Pfs25-EPA/Alhydrogel will be needed to effectively block
malaria transmission.['¥] Development of new TBV antigens or
fragments may be worthwhile, as well as new delivery systems
as for improving TBV results. Future TBV approaches could
benefit from (i) development of a safe adjuvant with optimized
antigen density and dose for vaccination; (ii) a simple method
for antigen—adjuvant conjugation; (iii) capacity for large-scale
vaccine production and dose-sparing; and (iv) stability at elevated
temperatures. If TBVs are validated as an effective tool to control
malaria, future endeavors may benefit from multiple transmis-
sion-blocking antigen targeting, allowing inhibition of malaria
parasites over a range of stages in order to achieve a vaccine
effectiveness capable of controlling the transmission of malaria.
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