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Malaria transmission blocking immunity and sexual stage vaccines
for interrupting malaria transmission in Latin America
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Malaria is a vector-borne disease that is considered to be one of the most serious public health problems due to
its high global mortality and morbidity rates. Although multiple strategies for controlling malaria have been used,
many have had limited impact due to the appearance and rapid dissemination of mosquito resistance to insecticides,
parasite resistance to multiple antimalarial drug, and the lack of sustainability. Individuals in endemic areas that
have been permanently exposed to the parasite develop specific immune responses capable of diminishing parasite
burden and the clinical manifestations of the disease, including blocking of parasite transmission to the mosquito
vector. This is referred to as transmission blocking (TB) immunity (TBI) and is mediated by specific antibodies and
other factors ingested during the blood meal that inhibit parasite development in the mosquito. These antibodies
recognize proteins expressed on either gametocytes or parasite stages that develop in the mosquito midgut and are
considered to be potential malaria vaccine candidates. Although these candidates, collectively called TB vaccines
(TBV), would not directly stop malaria from infecting individuals, but would stop transmission from infected person
to non-infected person. Here, we review the progress that has been achieved in TBI studies and the development of
TBV and we highlight their potential usefulness in areas of low endemicity such as Latin America.
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Malaria parasites are transmitted by Anopheles
mosquitoes in nearly 90 countries located in the poor-
est regions of the world, where approximately 2.5 bil-
lion people are exposed to Plasmodium falciparum and
Plasmodium vivax infection (Guerra et al. 2008). P. fal-
ciparum 1is responsible for 80% of the 300-500 million
malaria cases reported every year, most of which (80%)
occur in Africa. P. vivax infection is predominant in the
Middle East, Asia, Western Pacific and in Central and
South America and it is responsible for 70-80 million
cases per year (WHO 2010). In most P. vivax endemic
regions, the two parasites coexist and both may be trans-
mitted by the same mosquito vectors (Snounou 2004),
leading to an undetermined number of mixed infections.
Although current malaria control measures targeting the
mosquito vector and the parasite have helped eliminate
malaria in numerous endemic areas (Genton et al. 2008,
Greenwood et al. 2008), the emergence and rapid spread-
ing of insecticide-resistant mosquitoes and increases in
parasite resistance to multiple drugs have contributed to
malaria increases for decades (WHO 2010).
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Failure of these important control tools has prompted
the development, implementation and sustained appli-
cation of new and more cost-effective control measures,
including the use of long-lasting insecticide-impregnat-
ed bed-nets and new antimalarial drugs (Kelly-Hope et
al. 2008, WHO 2010). Vaccines are a promising avenue
for the future of malaria control, because how cost ef-
fective vaccines have proven to be for controlling other
pathogens and because they would act as a complement
to the current antimalarial arsenal (Richie & Saul 2002,
Moorthy et al. 2004).

Although malaria cases increased during the second
half of the past century, during the last decade they have
been on the decline. The factors responsible for this de-
crease have not yet been identified, but they have created
a growing optimism during the last few years about the
possibility of eliminating malaria in multiple regions of
the globe. A total of 39 Latin America (LA) countries, in-
cluding Argentina, Mexico, Costa Rica, El Salvador and
Guatemala, as well as island countries from the Carib-
bean, Africa and Oceania, have embarked on elimination
programs (Feachem & Phillips 2009). In Central America,
for example, between 2000-2008, all countries decreased
malaria incidence by over 50% and some of the countries
in the region, such as Belize, Costa Rica, El Salvador and
Nicaragua, have decreased malaria incidence by more
than 90% (WHO 2010). Although this dramatic result has
been achieved with currently available control measures,
for new malaria elimination and eradication efforts, new
tools and a comprehensive research agenda must be devel-
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oped (Alonso et al. 2011b). Among the tools being studied,
vaccines that could interrupt transmission are considered
a priority (Alonso et al. 2011a).

Malaria vaccine development is based on the obser-
vation that individuals permanently exposed to malaria
infections in endemic areas eventually develop clinical
immunity that significantly limits the intensity of the
disease and reduces mortality. In these areas, children
are highly susceptible to severe disease and death, but
adults frequently harbour asymptomatic infections that
allow them to lead an almost normal life (Greenwood et
al. 2005). Additionally, the observation that sera from
these immune individuals can also block the fertiliza-
tion of gametes and prevent further parasite develop-
ment, thus interrupting parasite transmission from pa-
tients to mosquito, provides the basis for the feasibility
of transmission blocking (TB) vaccines (TBV) (Green-
wood et al. 2005, 2008). These findings have stimulated
research into the human immune mechanisms involved
in protection against infection and disease (Girard et al.
2007, Targett & Greenwood 2008) and in the blockage of
parasite transmission from host to mosquito (Reed et al.
2006, Smith et al. 2011).

Parasite fertilization in the mosquito midgut can be
blocked by specific antibodies complement and cytok-
ines, which inhibit oocyst formation and subsequent de-
velopment in the sporogonic cycle within the mosquito
midgut (Sutherland 2009, Sinden 2010). Much effort
has been invested in searching for the parasite targets
of those protective responses, which could be used to
design malaria vaccines (Alonso et al. 2011a). Several
of the candidate genes have been expressed as recombi-
nant products and both protein and DNA-based vaccine
sub-units have been designed and tested in animals and
humans (Doolan & Hoffman 2001). Most of the vaccine
candidates that have been tested are immunogenic and
maintain at least a partial capacity to prevent the in-
fection, reducing blood infection and eliciting antibod-
ies that blocked parasite transmission to the mosquito
(Alonso et al. 2011a, Smith et al. 2011).

This review addresses the natural immune response
against the sexual parasite forms found in individuals
exposed to both the P. vivax and the P. falciparum ma-
laria parasites, as well as addresses the studies carried
out in both experimental animal models and humans
and their potential use for the design of TBV. We review
the potential usefulness of these vaccine candidates for
eliminating malaria in LA.

Role of immune responses in blocking parasite trans-
mission to mosquito - The sporogonic phase of the Plas-
modium life cycle is initiated in the mosquito midgut by
fertilizing sexually differentiated parasites. Male and
female gametes fuse to produce zygotes that transform
into motile ookinetes, which further develop into oocysts
in the epithelium of the mosquito midgut. Each mature
oocyst produces an abundant number of sporozoites that
migrate from the midgut to the salivary gland and are
eventually injected into the blood circulation during a
mosquito blood meal, stimulating an infection in the
vertebrate host (Aly et al. 2009).

After repeated exposure, individuals from malaria en-
demic areas develop both humoral and cellular immune
responses against proteins expressed in the different
forms of the parasite (Girard et al. 2007). The mosquito
ingests antibodies specific to sexual stage antigens and
other products of the vertebrate immune system, such as
cytokines and complement, during the blood meal. Once
in the mosquito midgut, these immune molecules inter-
fere with the development of the sporogonic cycle (Peiris
et al. 1988, Naotunne et al. 1991, Healer et al. 1999).

Although the role of cytokines in TB immunity (TBI)
is not completely understood, it has been observed that
both monkeys and humans infected with Plasmodium cy-
nomolgy and P. vivax, present peaks of parasitemia asso-
ciated with an increase in cytokines such as tumor necro-
sis factor-alpha (TNF-a) and interferon gamma (IFN-y).
Gametocytes suffer a crisis during this period, which is
associated with a decreased ability to infect the mosquito.
This loss of infectivity is believed to be associated with
the cytokine increases together with humoral or extracel-
lular factors produced by peripheral blood mononuclear
cell (Naotunne et al. 1991, Carter & Mendis 1992).

Although the molecular mechanisms of TBI are not
yet clearly understood, sera from individuals in malaria
endemic areas are able to block malaria transmission
(Mendis etal. 1987, Gamage-Mendis et al. 1992, Arevalo-
Herrera et al. 2005a, b, 2011, Smith et al. 2011). IgG anti-
bodies purified from these individuals are able to block
gamete fertilization and further development of zygotes
and ookinetes during the post-fertilization process in the
mosquito midgut. These antibodies block the interaction
of specific molecules required for gamete interactions
during the fertilization process (Lavazec & Bourgouin
2008, Sutherland 2009, Arevalo-Herrera et al. 2011).

Moreover, IgG antibodies may activate the comple-
ment system to induce lysis of mature gametes and
zygotes. Additionally, some immune factors such as
IFN-y and TNF-a, cytokines abundantly produced dur-
ing patient’s paroxysms, are associated with a reduc-
tion in gametocyte infection of mosquitoes (Naotunne
et al. 1993). These factors also appear to interfere with
gamete fertilization, ookinete motility and parasite
penetration into the mosquito midgut epithelial cells
(Kaslow 1990, Kaslow & Shiloach 1994). It has been
postulated that these cytokines, nitric oxide (NO) and
possibly other factors generated in the vertebrate host
induce the apoptosis of zygotes and ookinetes (Luck-
hart et al. 1998, Al-Olayan et al. 2002). NO has been
demonstrated to induce a loss of gametocyte infectivity
and inhibition of NO-synthase significantly decrease
the blocking effect (Cao et al. 1998).

The serum complement system involvement in TB
production was first demonstrated in Plasmodium gal-
linaceum, in which it was shown that newly fertilized
zygotes were susceptible to destruction by the alternative
complement pathway. Further studies demonstrated that
P. gallinaceum mature sporozoites that were derived from
mosquito salivary glands could be lysed by anti-sporozo-
ite antibodies from the sera of malaria-immunized chick-
ens (Grotendorst et al. 1986, Grotendorst & Carter 1987).
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This lysis could be abrogated by ethylene glycol tetraa-
cetic acid, which induces calcium depletion and therefore
inhibits complement activation (Touray et al. 1994).

Other studies have demonstrated that sera of hu-
mans exposed to P. falciparum contain IgG antibodies
that recognize sexual stage antigens such as Pfs230 and
Pfs48/45, which fix the complement and do not block
parasite development unless the complement is present
(Read et al. 1994, Roeffen et al. 1995). Although some
monoclonal antibodies (MAbs) specific for Pfs48/45 are
able to block parasite infection of mosquitoes without a
complement, others are dependent on its presence (Carter
et al. 1990). The IgG isotype produced in response to a
specific immunogen has been observed to depend on
both the route of immunization and the vaccine formu-
lation. Mouse experiments using a DNA 230 Pf-glyco-
syl-phosphatidyl-inositol (GPI) moiety vaccine induced
different IgG isotypes based on the vaccine formulation
and the vaccination route. Intramuscular injection prefer-
entially induced complement activating IgGl and IgG2a
isotypes (Fanning et al. 2003). Recent studies using spe-
cific gene disruption in parasite clones, such as pfs230
and pfs48/45, have shown that it was possible to study not
only their function in the mosquito midgut, but also their
role in complement-mediated TB. Pfs230 was found to
be not only critical for oocyst production but also cloned
with gene disruption retained resistance to the alternative
complement cascade, indirectly indicating that, under
normal conditions, this protein would be able to activate
the complement pathway (Eksi et al. 2006).

Induction of TBI in areas of high and low malaria
transmission intensity - The level of naturally acquired
TBI can be estimated by the proportion of sera display-
ing transmission-reducing activity in a given human
population and is measured using the standard mosquito
membrane feeding assay (SMFA) (van der Kolk et al.
2005) and the direct MFA (Mulder et al. 1999).

TBI appears to depend on the malaria transmission
intensity in areas such as Papua New Guinea (PNG) be-
cause in areas where malaria is highly endemic, the preva-
lence of TB activity was 75% for P. falciparum. Whereas
in Sri Lanka, which has a lower malaria prevalence, sera
from patients with acute primary P. falciparum infections
revealed that the prevalence of TB activity was 56%, sug-
gesting that the generation of TBI requires prolonged ex-
posure to multiple malaria inoculations (Premawansa et
al. 1994). These results appear to agree with studies on
naturally acquired immune responses to P. falciparum
sexual stage antigens conducted in Tanzania, where it was
observed that sera from individuals exposed to malaria
contained antibodies against Pfs230 and Pfs48/45, two
parasite proteins expressed on the P. falciparum gameto-
cyte surface. These antibodies increased with the duration
of gametocyte exposure and were associated with levels
of TB activity reaching greater than 90% (Bousema et al.
2010). However, studies carried out in Senegal and Cam-
eroon conflict with this observation. In Cameroon, where
malaria transmission is high, the levels of gametocytemia
are low, whereas in Senegal, where malaria transmission
is significantly lower, the percentage of gametocytes is

higher. In these studies it was demonstrated that TB is
higher in Senegal, where in theory there would be lower
antibody titres due to lower exposure of the community to
malaria parasites (Boudin et al. 2005).

In principle, TBI depends on the presence of gameto-
cytes in the human peripheral blood circulation, age, the
number of previous malaria infections and antibody titres.
Antibody titres are correlated with the time of exposure
to gametocytes and the number of gametocytes developed
during the infections; and sera of individuals with high an-
tibody concentrations are more efficient at blocking para-
site transmission to the mosquito. TBI does not increase
with age and tends to be higher in younger people (Boudin
et al. 2004, Dawes et al. 2009, Bousema et al. 2011).

Paradoxically, some sera containing low concentra-
tions of specific antibodies actually enhance parasite
transmission instead of inducing a low-level TB effect.
This enhancement is particularly evident in the sera of pa-
tients with recent infections (Gamage-Mendis et al. 1992,
Ramsey et al. 1996). It has been observed that, in these pa-
tients, subsequent infections increase both antibody levels
and the parasite TB activity (Ranawaka et al. 1988).

Another relevant aspect of TBI is its duration. TBI
responses appear to be short-lived and do not depend on
the malaria transmission intensity. In PNG and Colom-
bia it has been estimated that TBI lasts for less than four
months, whereas in Mexico and Sri Lanka, which have
lower malaria transmission intensities, the reported du-
ration is six months (Premawansa et al. 1994, Ramsey et
al. 1996, Arevalo-Herrera et al. 2011). Likewise, the lev-
els of antibodies against Pfs230 and Pfs48/45 presented
similar half-life (3 months), but titres could be boosted by
exposure to gametocytes in further infections (Bousema
et al. 2010). These studies have been conducted inde-
pendently and multiple factors, such as the diversity of
vector species as well as of Plasmodium strains circulat-
ing in different endemic regions, may be affecting the
results (Dawes et al. 2009, Bousema et al. 2011).

In LA, only three studies, one in Mexico and two in
Colombia, have been reported, (Table I) likely due to the
difficulty of establishing of Anopheles mosquito colonies
and the lack of SMFA (Solarte et al. 2011). In these stud-
ies, the levels of TB have been determined in both infect-
ed and uninfected individuals who have been exposed to
P. vivax and P. falciparum, with the latter being more
highly prevalent (Ramsey et al. 1996, Arevalo-Herrera
et al. 2005b, 2011). In Mexico, 23% of 104 sera samples
studied enhanced transmission and correlated with pa-
tients who only had a P. vivax malaria event. These sam-
ples were not correlated with antibody titres, but levels of
TBI were correlated with the presence of the complement
and the time between primary and secondary infections
(Ramsey et al. 1996). In one of the Colombian studies,
which used the sera of P. vivax-infected patients (n = 88),
22.7% had high TB activity, 36.4% had an intermediate
level, 29% had low blocking activity and 17% of them in-
duced transmission enhancing. The level of TB was asso-
ciated with ethnicity, fever and level of antibodies against
the parasite blood forms (Arevalo-Herrera et al. 2005c¢).
In the second study, conducted on individuals exposed to



Malaria transmission blocking in LA ¢ Myriam Arévalo-Herrera et al.

TABLE I

Studies on transmission blocking (TB) activity in low to moderate malaria transmission areas of Latin America

205

TB activity TB
Infected Oocyst
Malaria infection mosquitoes mean
Study site (subjects) (%) (%) Categories Reference
Southern coast Acutely infected: Ramsey et al. (1996)
(Mexico) primary cases (n = 63) 11 - -
secondary cases (n = 24) 23 - TE
thirdary cases (n = 17) 2.5 - -
2.6 - -
Pacific coast Acutely infected Arevalo-Herrera et al. (2005c¢)
(Colombia) (88 patients) 23 36 HTB
17 30 ITB
42 17 LTB
18 17 TE
Pacific coast Non-infected Arevalo-Herrera et al. (2011)
(Colombia) (44 malaria exposed) 114 6.8 HTB
15.9 9.1 ITB
29.5 36.4 LTB
43.2 477 TE

HTB: high TB (90-100%); ITB: intermediate TB (50-89%); LTB: low TB (0-49%); TE: transmission enhancing (< 0%).

malaria but who had not been infected at the time of the
study (n = 44), the TB activity results were 6.8% for high
TB, 9.1% for intermediate blocking activity and 36.4% of
low TB, with 18.1% showing an enhancing effect (Are-
valo-Herrera et al. 2011). No reports are available on TB
P. falciparum species in the region, probably due to the
lower prevalence of P. falciparum in LA. Preliminary
studies using sera collected in a village on the Colombian
Pacific coast indicate that only 5% of the sera presented
fully blocked P. falciparum parasite transmission block-
age (90-100%), whereas 32.5% of them showed between
50-89% TB activity and less than half (42.5%) showed a
poorly blocked transmission, with between 0-49% block-
age. In this region, both P. falciparum and P. vivax are
transmitted in approximately similar proportions (Y So-
larte, unpublished observations).

Evidence of the feasibility of TB vaccines - The fea-
sibility of vaccines that block parasite transmission from
humans to the mosquito vector is based on the following
observations: (i) transmission blockage can be achieved
by human immune mediators, such as immunoglobulins
or cytokines, which are induced by parasite components
expressed on the sexual parasite forms exposed to the hu-
man immune system during their circulation in the human
body and (ii) as observed in nature, malaria infections are
able to boost primary antibody responses against game-
tocytes and increase the TB effects of the corresponding
sera. Immunogenic proteins that are important for parasite
fertilization or other vital functions of the parasite sexual
forms are considered targets for TB vaccine development
(Carter et al. 2000, Stowers & Carter 2001).

These antigens have strong potential for boosting the
immune responses elicited naturally during the infection
or through vaccination (Carter et al. 2000, Sattabongkot
et al. 2004). Unfortunately, due to host immunological
pressure these targets have the disadvantage of antigenic
polymorphism (Mendis et al. 1991). In contrast, some
proteins critical for parasite development and survival
may only be expressed during the sporogonic cycle in
the mosquito midgut (Aly et al. 2009) and will never be
in contact with the human immune system. However,
the vaccination of humans and animal models has indi-
cated that these two models are able to elicit antibodies
and possibly cytokines with capacity to block parasite
development inside the mosquito vector (Kaslow 1990,
Tsuboi et al. 2003). Likewise, molecules within the mos-
quito may play critical functions for parasite invasion or
sporogonic development. These molecules could also be
used to induce antibody production upon the vaccina-
tion of a vertebrate host and ultimately induce blockage
of parasite development (Carter 2001). These vaccines
would also require good formulations because none of
these vaccines would either protect from the infection
or reduce the disease intensity and would be considered
altruistic vaccines (Wykes & Good 2007). The vaccines
would instead diminish the risk of infecting others in
their immediate surrounding. This type of vaccine would
have several beneficial effects. The first is prevention
of the spread of the disease within the community. The
second is prevention of the spread of parasites that might
have evaded the effect of vaccines directed against other
parasite stages, such as sporozoites and merozoites. Fi-
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nally, they would prevent the spreading of parasites re-
sistant to drugs used for treatment of the disease (Carter
2001, Tsuboi et al. 2003).

Strategies and protein candidates for TBV devel-
opment - Parasite transmission from human to human
through the mosquito vector requires a sophisticated pro-
cess of parasite fertilization to form zygotes, developing
motile ookinetes that invade the epithelium of the mos-
quito midgut to form oocysts that produce thousands of
sporozoites that migrate from the midgut to the salivary
glands to reinitiate a new infection in the human. This
complex cycle could, in principle, be interrupted in sev-
eral different places (Aly et al. 2009). Although there are
multiple factors in both the parasite and the vector that
are required for the successful development of this cycle,
learning how to interfere with this process would allow
blocking of human to human parasite transmission (Ghosh
et al. 2000). The most studied mechanisms for interrupt-
ing this process are immune interference of gamete fertil-
ization, ookinete invasion, oocyst maturation and sporo-
zoite migration and delivery (Florens et al. 2002, Lavazec
& Bourgouin 2008). Bacteria and reactive oxygen species
could also influence the mosquito physiology and its abil-
ity to sustain parasite development (Kumar et al. 2003).
Specific recognition of sporozoites to the salivary glands,
most likely via receptor-ligand interactions, may also be
an immune interference target (Ghosh et al. 2001).

Although hundreds of genes have been shown to be
expressed during the parasite life cycle, to date, only a few
of them have been cloned and expressed and even fewer
have been tested for vaccine potential. Among these pro-
teins, some restricted to the P. falciparum sexual stages
(P£s230, Pfs48/45 Pfs28/Pfs25) and others to that of P.
vivax (Pv28/25, Pvs230 and Pvs48/45) are expressed on
the surface of the sexual parasite stage where they can
accomplish critical functions for parasite development
(Table II) (Moreira et al. 2004, Coutinho-Abreu & Ra-
malho-Ortigao 2010). Some of these antigens belong to
a protein superfamily characterized by conserved struc-
tures with six cystein-rich glycoprotein domains that
contain an N-terminal secretory signal sequence domain
followed by four similar epidermal growth factor-like
domains anchored by a GPI moiety (Kaslow et al. 1988,
Alejo-Blanco et al. 1999). These are conserved across
Plasmodia species and highly conserved geographically
(Kocken et al. 1993). Because some of these antigens are
expressed on the gametocyte surface in human blood cir-
culation, they can induce immune responses that would
block their fertilization and responses against them can
be boosted by repeated natural infections in endemic
areas. The Pfs48/45 and Pfs230 proteins are the major
P. falciparum gametocyte/gamete surface antigens syn-
thesized during early gametocyte development (Kumar
& Carter 1984). A recent global analysis of the Pvs230
gene demonstrated limited sequence polymorphism. Al-
though there have been no reports on its immunogenicity
and its role in TB efficacy, the high degree of conserva-
tion of this gene would suggest its usefulness for vaccine
development (Doi et al. 2011).

Pfs48/45 is a hydrophobic glycoprotein doublet of 48
and 45 kDa, which contains six cystein-rich domains
and is expressed on zygotes. It appears to be involved
in the fertilization process and zygote formation (van
Dijk et al. 2001).

In the context, several Plasmodium proteins have also
been proposed as candidate targets for TB vaccines. Chi-
tinases are enzymes that have been found in prokaryotes
and eukaryotes and are mainly involved in cell wall mod-
ification, allowing the parasite to penetrate the chitin-
containing peritrophic matrix in the mosquito midgut.
Previous studies using recombinant Chitinase 1 of P. gal-
linaceum, hydrolysed polymeric chitin and derivatives
of chitin oligosaccharides suggest that P. gallinaceum
ookinetes use this enzymes to initiate mosquito midgut
invasion (Vinetz et al. 2000). Other proteins, including a
similar von Willebrand factor type A domain (WARP),
are present as soluble products in the micronemes of the
apical complex in mature ookinetes (Yuda et al. 2001)
and are involved in cell-cell interactions (Colombatti et
al. 1993, Lee et al. 1995). These proteins have been cloned
and expressed in Plasmodium berghei, P. falciparum and
P. vivax (Gholizadeh et al. 2009).

Monoclonal antibodies, titled MG25E, MG24C and
MGH4B, produced by immunizing mice with Anopheles
gambiae midgut lysate reacted against 110 kDa and
7 kDa midgut antigens and have been able to block the
transmission of P. vivax and P. falciparum to Anopheles
stephensi, Anopheles farauti and Anopheles albimanus
(Lal et al. 2001). Additionally, a novel midgut luminal
surface antigen in An. gambiae, aminopeptidase N,
has been characterised and shown to be indispensable
to ookinete invasion. Antibodies against this protein
strongly inhibited both P. falciparum and P. berghei de-
velopment, marking this protein as a potential vaccine
target (Dinglasan et al. 2007).

Constraints for the development of recombinant TB
vaccines - During the last two decades, some of these ma-
laria antigens have been pursued as vaccine candidates
and tested in animal models as well as in humans (Tsuboi
etal. 2003). In P. falciparum, the Pfs230, Pfs48/45, Pfs25
and Pfs28 antigens have been expressed as recombinant
proteins, formulated with different adjuvants and tested
in rodents, rabbits and primates (Hisaeda & Yasutomo
2002, Tsuboi et al. 2003) where they induced high lev-
els of TB antibodies (Kaslow et al. 1992, Kaslow 1996).
However, the major constraint in using these proteins for
TBV production is the high complexity of their struc-
tures (Chowdhury et al. 2009).

Although the expression of these cysteine-rich
proteins in their proper conformation and with suffi-
cient yield has been complicated, in a recent study, the
co-expression of a truncated C-terminal fragment of
Pfs48/45, that was fused with a maltose-binding pro-
tein and four proteins that acted as catalysts in protein
folding (DsbA, DsbC, FkpA and SurA), resulted in
the expression of correctly folded recombinant protein
that generated high titres of antibody in immunized
BALB/c mice and exhibited TB activity (Outchkourov
et al. 2008). An expression strategy involving the har-
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TABLE 11

Antigens of Plasmodium vivax and Plasmodium falciparum candidates for transmission blocking vaccine

Plasmodium parasite Antigen Parasite location Reference

P. falciparum Pfs230 Gametocytes Quakyi et al. (1987)
Pfs48/45 Gametocytes and gametes Kocken et al. (1993a)
Pfs25/28 Zigotes and ookinetes Kaslow et al. (1988)

P. vivax Pvs230 Gametocytes Doi et al. (2011)
Pvs48/45 Gametocytes and gametes (Not reported)
Pvs25/28 Zigotes and ookinetes Tsuboi et al. (1998)

monisation of codons for the translation of the protein
in heterologous systems such as Escherichia coli was
also recently used to produce recombinant Pfs48/45
protein. The purified protein that was recognized by
MADs directed against native epitopes of the protein
and testing in mice revealed a potent TB activity (>
90%) (Chowdhury et al. 2009).

An additional limitation in these proteins is the iden-
tification of parasite epitopes optimal for vaccine formu-
lation. A series of MADbs directed against Pfs48/45 that
recognize seven epitopes along the protein (I, I1a/Ilc, I1b,
IIL, IV and V) have displayed differential TB capacity.
The MAD directed against epitope I recognized a region
of 10 cysteines in the C-terminal extreme and it exhib-
ited strong TB effects (Outchkourov et al. 2008). M Abs
directed against region II1 did not show any effect, and
targeting regions Il and III only produced transmission
blockage when they were administered together, show-
ing the requirement of a synergistic effect. Moreover, al-
though the Pfs48/45 protein as a whole is relatively well
conserved, some of these epitopes appear to display low
polymorphisms and the configuration of epitopes Ila
(strain 7G8) and Ilc (strain NF54) appear to be unique to
each strain (Foo et al. 1991).

Pre-clinical studies to assess potential TB vaccine
candidates - As mentioned previously, all P. falciparum
sexual parasite antigens have been tested for their vaccine
potential in different pre-clinical studies using different
animal models (Kaslow 1996, Carter 2001). Recombi-
nant versions of Pfs48/45 were initially produced and,
although they displayed high immunogenicity in mice
and rabbits, the elicited antibodies failed to block parasite
transmission, suggesting that the recombinant proteins
did not adopt the proper folding required to mimic the
native epitope conformations (Milek et al. 1998).

The proper conformation of the C-terminal fragment
was achieved and immunisation of BALB/c mice with
the recombinant protein emulsified in Freund adjuvant
generated high antibody titres ranging from 1/30,000-
1/300,000 with 95% TB activity when tested in An. ste-
phensi (Outchkourov et al. 2008).

Pfs25 was expressed in Saccharomyces cerevisiae,
formulated in Freund’s or muramyl tripeptide adjuvant
(MF59) and was used to immunize CAF1 mice by intra-

peritoneal injection and Aotus vociferans by intramus-
cular injection. This protein did not elicit complete TB
antibodies in rodents (Kaslow et al. 1994).

In another study, Pfs25 was produced in Pichia pas-
toris and was conjugated to an outer-membrane protein
complex of Neisseria meningitides, adsorbed on alumin-
ium hydroxyphosphate and tested in mice, rabbit and
primates. This formulation displayed better immunoge-
nicity than formulations using the adjuvants Montanide
ISA 51 and ISA720, with antibodies titres between
1/20,000-1/100,000 and a TB activity in An. stephensi of
50% (Wu et al. 2006).

P. vivax, Pvs25 and Pvs28 that had been cloned, ex-
pressed in S. cerevisiae and formulated with aluminium
hydroxide were injected four times intraperitoneally in
BALB/c, C57BL/6, A/], B10.BR, CAF1, BALB.B and
C57BL/10 mice. Animals developed specific antibod-
ies titres of between 1/20,000-1/500,000 that were able
to block parasite transmission to Anopheles freeborni,
An. stephensi, An. gambiae and An. farauti mosquitoes
at a greater than 90% rate (Hisaeda et al. 2000). In an-
other study using Pvs25 and an adenovirus as the ad-
juvant, BALB/c mice were immunized four times by
different routes: intramuscular, subcutaneous and in-
tranasal. The MFA revealed a TB activity of 99% with
no significant differences between the routes of immu-
nization (Miyata et al. 2011).

Clinical grade Pvs25 formulated with different ad-
juvants was also tested in different monkey species.
A formulation using Montanide ISA 720 and tested in
Aotus lemurinus monkeys was highly immunogenic,
with a strong antibody response persisting for at least 10
months. These antibodies displayed TB activity in An.
albimanus tested using MFA with P. vivax gametocyte-
carrying human blood. Because this protein is expressed
on the surface of ookinetes and oocysts, but not in on
blood circulating parasites (gametocytes), challenging
Aotus monkeys with P. vivax parasites did not boost the
anti-Pvs25 antibody response elicited by vaccination.
These results confirm that re-vaccination with these
ookinete/oocyst proteins would be required for main-
taining immunity in endemic areas (Arevalo-Herrera
et al. 2005b). A similar vaccine formulation using Mon-
tanide ISA 720 and alum was also highly immunogenic
in Rhesus (Maccaca mulata) and chimpanzee models
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and induced long-lasting TB antibodies in An. freeborni
with TB activity of over 90% in the Montanide ISA 720
assays (Collins et al. 2006).

During the last decade, DNA vaccination routes
have been considered as an alternative vaccination
method that could potentially overcome the problems
with protein folding. DNA vaccines use the host cell ma-
chinery to produce the desired proteins, which are then
presented to the host immune cells in the context of the
mayor complex histocompatibility class I (McDonnell &
Askari 1996). These systems have multiple advantages:
first, because both Plasmodium and human proteins are
expected to be properly folded and, second, because the
in vivo production of the immunogen avoids the incon-
venience and cost of laboratory protein production, with
proper folding and easier purification and production
under Good Manufacturing Practice (GMP) conditions.
This process is significantly cheaper for DNA vaccines
than for protein vaccines.

A Pfs25-based DNA vaccine using VR1012 and
VR1020 plasmids and tested in BALB/c mice induced
potent TB activity, resulting in an up to 97% decrease
in oocyst numbers and a 75% decrease in infection
rates. Although these DNA vaccines elicited antibody
production, they were unable to reduce the parasite in-
fectivity however, a protein boosting immunization in-
duced a 30-fold increase in antibody titres and blocked
P. falciparum transmission to mosquitoes. In view of
the constraints of protein production, boosting antibody
titres through parasite challenge represents a promis-
ing alternative (Lobo et al. 1999). Recently, a Pbs48/45
DNA-was tested in BALB/c mice and although anti-
body levels were below the level of detection [optical
density (OD) = 0.4 in a 1/50 dilution], infection with
parasites efficiently boosted this response (OD = 1.2 in
a 1/2,500 dilution) (Haddad et al. 2006).

Testing TB vaccines have an advantage, as TB effica-
cy can be determined using SMFA. Whereas Phase II tri-
als to assess the efficacy of pre-erythrocytic and asexual
blood stage vaccine candidates require that human volun-
teers be exposed to a parasite infection challenge, the ef-
ficacy of TB vaccines candidates can be easily evaluated
in ex vivo assays that measure the blocking activity of the
immune responses elicited by the vaccines.

Clinical development of TB vaccine candidates - Be-
cause of limitations in producing some of the antigens
described above under GMP, only two TB vaccine can-
didates have been tested in Phase I clinical trials. In the
first, Pvs25 produced in S. cerevisiae, was formulated in
alhydrogel and inoculated at doses of 5, 20 or 80 ug by
intramuscular injection in 30 naive volunteers. The for-
mulation was safe and immunogenic and although only
a moderate antibody response was elicited, human sera
partially blocked P. vivax transmission to mosquitoes
(Malkin et al. 2003). In the second trial, P. falciparum
Pfs25 and P. vivax Pvs25 were evaluated in a Phase |
clinical trial, in which both proteins were formulated
with Montanide ISA 51. Because this formulation dis-
played overly strong reactogenicity, the trial had to be
stopped (Wu et al. 2008).
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Conclusion and perspectives - Although most stud-
ies on malaria TB immunity have focused on P. falci-
parum and have been carried out in Africa, growing
efforts are under way that attempt to understand TB im-
munity against P. vivax in both Asia and LA. A series
of studies conducted in Sri Lanka formed the basis for
more recent research being carried out in LA. Here, we
described studies conducted in the low and moderate
malaria transmission settings of Colombia and Mexico
where, as in most regions of LA, both P. vivax and P.
falciparum parasites circulate simultaneously. The re-
sults of the studies focusing on P. vivax TB indicate that
responses are greater than those described in Asia, with
a high prevalence of sera capable of completely block-
ing parasite transmission to mosquitoes. These results
are remarkable not only for the potential epidemiologi-
cal impact of these responses in the community, but
also because of their important implications for further
TB vaccine deployment in this continent. Additionally,
the availability of Aotus monkeys in several countries
of LA region, namely Colombia, represents a valuable
resource for addressing important questions regarding
TB immunity that are difficult to study in human popu-
lations. Indeed, the possibility of infecting Aotus with
strains of human malaria parasites capable of producing
gametocytes opens the possibility of assessing questions
regarding the levels priming and boosting required for
the long-term maintenance of TB vaccines protective ef-
ficacy (Herrera et al. 2011).

The National Institute of Allergy and Infectious Dis-
eases/National Institutes of Health (NIH) is currently
funding the establishment of the Centro Latino Ameri-
cano de Investigacion en Malaria, a research network in-
volving countries such as Colombia, Peru, Panama and
Colombia. The NIH supports a network of 10 Interna-
tional Centres of Excellence in Malaria located across the
tropical regions of LA, Africa and Asia. The availabil-
ity of well-established, laboratory-reared An. albimanus
mosquito colonies with capacities for carrying out MFA
to assess TB activity (using both malaria-infected hu-
man samples from endemic regions and samples from
non-human primates in different countries of the LA re-
gion) may allow for a valuable contribution of the region
to malaria elimination in other areas of the planet.
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