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The goal for an effective malaria transmission-blocking
vaccine (TBYV) is to induce immunity against the stages
of the parasite that infect mosquitoes so that malaria
transmission can be reduced or halted. Malaria trans-
mission is generally spatially confined to an infectious
source, thus a TBV used in a community can effec-
tively suppress malaria transmission to others. Anti-
bodies induced by TBVs target antigens on the surface
of sexual and mosquito midgut stages of the malaria
parasite and antibodies interfere with the develop-
ment of the parasites in the midgut of the mosquito.
Proteins synthesized in the gametocytes (pre-fertiliza-
tion antigens, in Plasmodium falciparum: Pfs230 and
Pfs48/45) and in the zygotes-ookinetes (post-fertilization
antigens, in P. falciparum: Pfs25 and Pfs28) represent
some of the key target antigens for the development of
TBVs. All the four proteins contain multiple cysteine-
rich sequences and the epitopes recognized by transmis-
sion-blocking antibodies are reduction-sensitive con-
formational in nature. The inability to express properly
folded proteins has frustrated a protein-based TBV
development approach and DNA-based vaccine con-
structs were envisaged to overcome the conformational
problem in recombinant proteins. Indeed studies in
mice and monkeys have firmly established the value of
DNA-based TBV approach. Although immunogenic in
larger animals, delivery of DNA-based TBVs needs to
be further optimized to elicit a strong and long lasting
functional immune response. This DNA vaccine plat-
form can also facilitate evaluation of a cocktail of pre-
and post-fertilization antigens in pre-clinical setting
prior to the development of an ideal and effective TBV
for clinical trials in human volunteers.
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MALARIA continues to remain among the top three infec-
tious organisms (malaria, TB and HIV) affecting billions
of people globally. More than a century has passed since
the discovery of the causative agent of malaria' and the
role of mosquito in malaria transmission', and an esti-
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mated 300-500 million people living in more than 100
countries in various regions of the world currently still
suffer from clinical malaria annually. While there are four
species of the Plasmodium parasites that cause malaria in
humans, malaria caused by P. falciparum results in an es-
timated 1 million deaths per year, 90% of which in Africa
alone, mostly children under the age of five. Extreme
poverty, political instability, deteriorating socioeconomic
conditions, environmental degradation, population migra-
tions and inadequate health care infrastructure are just
some of the many reasons implicated in our inability to
control malaria. While drugs, insecticide-treated bed-nets
and other mosquito vector control interventions are used
to control or reduce the impact of malaria, widespread
prevalence of drug resistance in the parasites and insecti-
cide resistance in the vectors have essentially resulted in
the current worsening global malaria situation. A safe, ef-
fective and affordable malaria vaccine is expected to pro-
vide a long-lasting approach to prevent infection, reduce
disease severity, prevent death and interrupt transmission.
The complex life cycle of the malaria parasite is ac-
companied by extensive developmental changes in the
parasites in the vertebrate host and in the mosquito vector
that carry out parasite transmission. Successful cyclic
transmission process ensures continuous evolution of ge-
netic diversity in the parasite population and the spread of
anti-malarial drug resistance. Various asexual and sexual
stages of the malaria parasite provide numerous targets
for mounting an immunological attack by vaccines. For
instance, the sporozoite stages of the parasite inoculated
during mosquito blood feeding initiate the infection in the
liver and have been shown to be excellent targets for hu-
moral and cellular immunity during their exoerythrocytic
life cycle. Asexual stages developing within erythrocyte are
associated with clinical malaria including pathogenic effects
and death and are targets of protective immune mecha-
nisms mediated by antibodies and a number of cytokines.
These asexual stages are also intimately associated with a
well-described phenomenon of antigenic variation, which is
proving to be a big hurdle toward asexual stage vaccine
development. Likewise, erythrocytic sexual stages and
mosquito midgut stages of the parasites have been shown
to be effective targets of transmission-blocking antibodies.
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Based on the effectiveness of vaccination against infec-
tious diseases in the second part of the last century, sig-
nificant efforts are being made to develop anti-malaria
vaccines. Successful vaccines against polio, yellow fever,
small pox, measles, etc. not only protect the vaccinated
individuals but also protect others in the community by
reducing further dissemination of the pathogen. Malaria
vaccines have long been the subject of intense research,
and although they have yet to be realized clinically, they
have become a real technical possibility. The complexity
of malaria vaccine development is reflected in the fact
that functionally and antigenically different stages of the
parasite need to be targeted to achieve a complete protec-
tion and parasite transmission reduction. Malaria vaccines
currently under development are aimed at both protecting
the vaccinated individuals and reducing malaria transmis-
sion within the community.

Malaria infection and consequence of partial
immunity

Malaria parasites have evolved to complete their life cycle
in the human host of diverse genetic background. Success-
ful establishment of various life cycle forms of the parasite
during chronic infection is likely regulated by a pro-
grammed and coordinated expression of genes (approxi-
mately 5300 open reading frames suggested by the genome
project) in the various life cycle stages of the parasite®*.
This alone begs the question whether immune response
against a handful subset of these potentially immunogenic
polypeptides can elicit immunity that can effectively stop
the infection, prevent clinical malaria and interrupt trans-
mission. Few, if any, individuals develop sterile immunity,
nonetheless, individuals repeatedly exposed to infectious
mosquito bites over time, gradually acquire partially pro-
tective immunity and the acquired immunity persists as
long as the individuals are exposed to repeat infections.
Natural immunity may display a spectrum of anti-parasite
activity and in areas of high transmission such immunity
may limit parasite infectivity, be effective in limiting
parasite replication thus having an impact on actual para-
site burden in the human host and may also effectively
limit actual parasite transmission, i.e. infectivity of game-
tocytes in the mosquitoes and subsequent transmission to
other hosts.

While gradual acquisition of natural immunity is indis-
putable, the mechanisms of stage-specific partially pro-
tective immunity in infants, adults and during pregnancy
remain rather elusive’. This raises a question pertaining
to long-term impact of a candidate vaccine that elicits
only partially effective immunity: whether partial immu-
nity conferred by a vaccine would benefit or actually de-
prive those individuals an opportunity to gradually acquire
protective natural immunity and make those populations
more vulnerable to future malaria attacks? One can argue
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that if a partially protective vaccine in some individuals
saves lives, then it should be considered a desirable op-
tion in the interim, while we continue to strive for im-
proving these ‘imperfect’ vaccines. Identification of novel
antigens, evaluation of various immunostimulatory adju-
vants and ways to deliver them for optimum immuno-
genicity must go on. In the end, a successful malaria vaccine
deployment will depend upon actual use of combination of
vaccines targeting multiple targets and more likely inte-
grating malaria vaccine programme with other malaria
control options, including effective chemotherapy and
anti-vector programmes limiting human—vector inter-
actions. An approach that results in actual reduction of
malaria transmission can have benefits beyond the direct
goal of transmission reduction.

One of the several challenges faced by malaria vaccine
developers is dealing with the question of parasite genetic
polymorphism reflected in continuous antigenic variation
within the parasite surface antigens resulting in evasion of
immune response by the parasite’. Thus antigenic varia-
tion may render vaccines targeting asexual life cycle stages
of the parasite ineffective and dilute their overall effec-
tiveness due to increased prevalence of vaccine-resistant
parasites in the hosts. One approach would be to combine
vaccines targeting various common genotypes of the para-
site present in the target host populations. Alternatively,
approaches that limit transmission of vaccine-resistant
parasites can effectively limit the repertoire of circulating
parasite genotypes within the populations. The remainder
of this review will focus on the latter vaccine concept, i.c.
a malaria transmission-blocking vaccine (TBV)*°. Sev-
eral excellent reviews have been published updating the
concept and pre-clinical and phase I clinical trials with
candidate TBVs. This review will particularly focus on
some of the more recent vaccine approaches based on the
concept of DNA vaccination.

The concept of malaria TBVs

TBVs against malaria are intended to induce immunity
against the sexual stages of the parasite that infect mos-
quitoes so that malaria transmission is reduced or halted.
The goal for any effective malaria TBV is to elicit high
levels of antibodies which in turn when ingested by mos-
quitoes will inhibit parasite development in the mosquito
midgut (Figure 1). Malaria transmission occurs locally
and ‘focally’, i.e. spatially confined to few hundred meters
of an infectious source, thus TBVs used in a community
can effectively suppress malaria transmission to others®™.
Conceptually, the primary goal of TBV is to prevent or
effectively reduce mosquito infectivity and thus reduce
transmission. An effective transmission reduction will not
only result in reduced mortality and morbidity but also, in
some cases, lead to elimination of the parasite in areas of
low transmission. In addition, when combined with other
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protective vaccines or chemotherapeutic agents, such a
vaccine may effectively limit spread of vaccine escape or
drug-resistant mutant parasites. In addition, TBV may
even help maintain a malaria-free zone in areas where
successful parasite elimination is achieved by other ma-
laria control approaches in use. Beginning with the early
work of Huff ez al.'’ in avian malaria parasite P. gallina-
ceum, the concept of TBV was firmly established by
Gwadz'' and Carter and Chen'* by immunizing animals
with purified sexual stage parasites and assessing malaria
transmission to mosquitoes. These studies also demon-
strated that the effective immunogenicity was elicited by
sexual stage antigens and antibodies alone were sufficient
to reduce or prevent parasite infectivity in the mosqui-
toes, i.e. transmission blocking. Additional role for com-
plement has also been demonstrated for some antibodies.

Just like mosquitoes are essential to malaria transmis-
sion, no transmission can occur if the mosquitoes are not
infected or do not support the parasite development. Ma-
laria transmission blocking immunity aims to achieve the
latter, i.e. to block parasite’s development by interfering
with the initial stages of development taking place soon
after ingestion of infected blood meal (Figures 2 and 3).
The stages successfully affected by antigen-specific
transmission-blocking immunity include fertilization be-
tween male and female gametes or zygotes undergoing
transformation into ookinetes.

There is no convenient laboratory animal model for
routine evaluation of transmission of P. falciparum and
P. vivax. The efficacy of transmission-blocking antibodies
has been evaluated using a mosquito membrane feeding
assay (MFA). The MFA involves feeding female anopheline
mosquitoes on a mixture of test antibodies and infectious
cultured gametocytes (for P. falciparum) or gametocytes
obtained from an infected person or chimpanzee (for P.
vivax)"’ and measuring oocyst burden in the mosquito
midgut (Figure 2). The MFA, although providing a pow-
erful and valuable tool to evaluate functional activity of

Immunize people

Antibodies picked up by
the mosquitoes during
blood meal will stop
parasite development

(NON INFECTIOUS
MOSQUITOES)

|

No further malaria
Transmission

Figure 1. The concept of malaria transmission-blocking immunity.
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elicited anti-bodies, remains tedious, expensive, cumber-
some and often unpredictable.

Further studies using monoclonal antibodies (MAbs)
were instrumental in the identification of several antigens
in the sexual stages of the human malaria parasite. Such
studies have identified two major categories of antigens:
those known as pre-fertilization target antigens expressed
in the gametocytes (Pfs230 and Pfs48/45 in P. falcipa-
rum) (Figure 3) and those known as post-fertilization tar-
get antigens which are predominantly expressed during
zygote to ookinete development of the parasite in the
mosquito midgut (Pfs25 and Pfs28 in P. falciparum)
(Figure 3)"*. Homologues of many of these antigens have

%

Mosquitoes feeding on blood

.
Malarial oocysts in the mosquito midgut

Figure 2. Membrane feeding of mosquitoes.
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Figure 3. Sexual developmental stages of Plasmodium and relevant
pre- and post-fertilization target antigens for the development of trans-
mission-blocking vaccines.
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also been identified in other species of Plasmodium, in-
cluding P. vivax, P. gallinaceum (avian parasite), P. berg-
hei and P. yoelii (rodent parasites)G’ls.

Pre-fertilization antigens (Pfs230 and Pfs48/45) are
expressed while gametocytes circulate in the human host,
and are targets of natural immune responses. It has been
suggested that immune response against these antigens
might even be boosted after natural infection thus main-
taining high circulating antibodies. This is an important
consideration for focusing vaccine development efforts
on these antigens. Humans exposed naturally do mount
an immune response and transmission-reducing activity
of these sera correlates with the presence of antibodies
against Pfs230 and Pfs48/45. In sharp contrast, post-
fertilization antigens (Pfs25 and Pfs28) are expressed
only during mosquito stage parasite development. As one
would predict these antigens are not targets of natural
immune response elicited during infection, however, im-
munization studies have amply demonstrated that when
appropriately formulated with adjuvants, these antigens
are highly immunogenic. The preceding discussion thus
makes the important point that immune responses (either
naturally elicited during infection or actively induced by
vaccination) against pre-fertilization antigens are likely to
be boosted during natural infection while no such boosting
would occur for post-fertilization antigens (see Kaslow”).
It is for these reasons it has been a desirable goal to com-
bine these pre-fertilization and post-fertilization antigens
in a multivalent, multi-component vaccine to target the
transmission stages of the parasite at several points dur-
ing sporogonic development in the mosquito (double-
headed arrows in Figure 3).

Critical requirements for TBV development

Pre-fertilization and post-fertilization antigens have
already been identified using specific MAbs and mos-
quito membrane feeding assay. One of the rather peculiar
findings that has emerged is that the target epitopes on
these antigens recognized by every single transmission-
blocking antibody are relatively cysteine-rich and are di-
sulfide bond-dependent and conformational in nature.
Thus it has not been possible to precisely map the target
epitopes in all the antigens. This rightaway rules out any
synthetic peptide-based vaccine approach at the moment.
Thus efforts have largely remained focused in trying to
faithfully recreate properly folded recombinant antigens
containing the relevant epitopes recognized by transmis-
sion-blocking antibodies.

Pre-fertilization target antigens have been rather diffi-
cult to express in appropriate conformation. For example,
Pfs48/45 has not been expressed at all thus far in a suit-
able form for evaluation in preclinical trials. Pfs230, on
the other hand, is too large to express as a single recom-
binant product. A smaller fragment (aa: 443-1132) ex-
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pressed in E. coli did induce partially effective antibodies
when formulated only in complete Freund’s adjuvant and
not alum'®, Given the past and continuing efforts in nu-
merous laboratories, success of recombinant expression
of Pfs230 and Pfs48/45 is not predictable, at least not in
the near foreseeable future. Further consideration on pos-
sible conformational features'”'® might be helpful in re-
fining and guiding selection of antigenic regions for
expression studies. Such fragments containing a proper
combination of B and T cell epitope, and if folded prop-
erly, might elicit functionally effective transmission-
blocking antibodies.

To date most success has been achieved with post-fer-
tilization antigens (Pfs25 and Pvs25, P. vivax homologue
of Pfs25). Proteins expressed in eukaryotic expression
vectors (S. cerevisiae or P. pastoris) although heteroge-
neous in nature have reproducibly shown reactivity with
the MAbs which recognize conformational epitopes and
elicited transmission-blocking antibodies in mice and
nonhuman primates. Not too surprising, these proteins
expressed in E. coli, on the other hand, were not properly
folded and did not elicit transmission-blocking antibodies
in mice and nonhuman primates. More recently, post-
fertilization target antigens expressed in yeast and formu-
lated in alum have undergone limited phase I clinical trial
only with limited success'’*>. There are several reasons
for limited immunogenicity in humans. One of the many
obvious reasons is that only a small proportion of expressed
protein might have been present in native conformation.
Future human trials must await further improvement in
recombinant expression and formulation using more potent
immunomodulatory adjuvants. These post-fertilization
antigens have also undergone evaluation as DNA vaccines.
As discussed later in this review, immunization with
Pfs25-based DNA plasmid in PBS revealed potent immu-
nogenicity in mice and rhesus monkeys®>**. Likewise
immunization with Pvs25 and Pvs28 DNA vaccines in
mice has also revealed impressive and potent immuno-
genicity"’.

DNA-based immunization

The demonstration that cells can be transfected in vivo
following injection of DNA led to the concept that im-
mune responses can be induced by injection of plasmid
DNA encoding an antigen®’. These initial observations
rapidly developed into a new field of vaccinology based
on delivery of naked DNA plasmids encoding a variety of
antigens®®>*. The interest in this novel technology has
seen explosive proliferation of efforts and DNA vaccines
are quite effective in priming the immune responses and
inducing immunological memory. DNA vaccines elicit
strong immune responses in mice and the responses vary
from antigen to antigen in different hosts. Like other sub-
unit vaccines, the DNA vaccination strategy too needs
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further optimization for effective immunogenicity in larger
animals and non-human primates.

It has been suggested that immunogenicity of DNA
vaccines may largely rely on the built-in adjuvant effect
of unmethylated CpG motifs in the context of certain
flanking bases present in the plasmid DNA*. These motifs
which are common in some bacterial and viral genomes
but absent in mammalian genomes have a broad range of
effects on NK cells, B cells, and APCs such as dendritic
cells (DC)*°*. The CpG motifs belong to the pathogens
associated molecular patterns recognized by specialized
‘Toll-like receptors’, in particular TLR-9. A few studies
have attempted to investigate the role of TLRY in in vivo
immunogenicity of DNA vaccines™ . Spies et al.”® found
that while IL-12 production by bone marrow derived DCs
was affected in TLR-9 KO animals, the CTL response to
a model antigen, ovalbumin was however, normal and
concluded that TLR9-CpG interactions play only minor
role in the efficiency of DNA vaccination. On the other
hand, a recent study’’ reported an effect on the magnitude
of antibody and cellular immune responses by TLR9 and
such effects may vary from one immunogen to another and
on the amount and dose schedule of vaccination. These
studies do, however, suggest that TLR9-CpG interaction
may not be the only mechanism governing Th1 biased
immune responses typically induced by DNA vaccines.
The current thought is that there might be other cell sen-
sors responding to double-stranded plasmid DNA. The
support for such notion also comes from the fact that dif-
ferent TLRs are recognized by single-stranded versus
double-stranded RNA molecules®’.

Cellular targets of injected DNA include muscle cells,
(i.m. immunization) and keratinocytes (epidermal gene
gun immunization), however the DNA is also picked up
by professional antigen-presenting cells present at the site
of injection (DC, Langerhan cells in the skin)***'. Once
internalized, DNA interacts most likely with an intracel-
lular receptor, for example, “Toll-like receptor’ (TLR-9)
via CpG motifs and triggers production of co-stimulatory
cytokines*’. Interestingly, malarial pigment haemozoin,
present in large quantities in the blood stages, has been
shown™ to affect DC maturation and interact with TLR-9.
There are significant differences between mouse and
rhesus or humans in that TLR-9 is expressed on all DCs
in mice, whereas it is expressed only on plasmacytoid,
and not myeloid, DCs in humans. Whether this is the rea-
son for poor immunogenicity of DNA vaccines in larger
animals remains to be investigated. The elicitation of
humoral immune responses requires a coordinated se-
quence of events that include: antigen acquisition and
processing by antigen-presenting cells, presentation of
MHC class II associated peptides to CD4 T cells in sec-
ondary lymphoid organs (i.e. draining lymphnodes), CD4
T cell activation/proliferation and migration to B cell
areas in the lymphoid organs; antigen internalization by B
cells; cognate interaction between B cells and antigen-
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specific CD4 T cells ultimately resulting in clonal B cells
expansion and further differentiation into high-affinity
antibody producing plasma cells (affinity maturation).
Defects in any of these events can lead to defective anti-
body production in response to vaccination.

Although significant successes have been achieved in
laboratory animal species, the level of immunity and pro-
tection afforded by DNA vaccines in larger animals and
humans is often more limited than by conventional vac-
cines. One easy explanation could be offered as due to in-
adequate (compared to body mass) doses of DNA plasmids
tested in larger animals. Several approaches have been
used to influence the magnitude as well as the type of
immune response induced by DNA vaccines”. These can be
divided into two broad categories, one focusing on the
enhancement of antigen expression and the other on the
use of immunomodulatory adjuvants. Enhancement of an-
tigen expression has been achieved by using strong pro-
moters, optimization of codon usage, mutations affecting
post-translational modifications, increasing uptake of
administered DNA and targeting of expressed antigen to
specific antigen-presenting cells of the immune system*>™’,
Other immunomodulatory modifications include: genetic
(such as plasmid backbone modification with CpG motifs),
co-delivery by various routes (intradermal, intramuscular,
intranasal) of plasmids encoding various cytokines,
chemokines and co-stimulatory molecules™ and chemicals
(such as alum), complexation with cationic lipids (cationic
polylactide—co-glycolide polymer, block polymers, mono-
phosphoryl lipid A, the saponin derivative QS21, dimethyl-
dioctadecyl ammonium bromide, etc.) approaches™ . Ad-
ditionally, use of neutral or cationic polymeric excipients
such as, maltodextrin, chitosan has been shown to en-
hance in vivo expression of plasmid encoded antigen and
thus potentiate immunogenicity’”’". Heterologous prime-
boost approach, i.e. priming with DNA vaccine followed
by boosting by the same antigen delivered in a different
format, for example, live vectors, recombinant proteins,
etc.”” has consistently revealed potent immunogenicity of
DNA vaccines and as such continues to be explored for
various DNA vaccines currently under development.

The use of cationic lipid formulation of DNA vaccines
has shown specially marked improvement in the overall
immunogenicity of DNA vaccines. Of particular interest
are cationic lipid formulations which are undergoing pre-
clinical trials’®>”’®, Anthrax, tuberculosis and rabies DNA
vaccine plasmids formulated in cationic lipids (Vaxfectin
and DMRIE/DOPE) elicited strong immune responses in
test animals (rabbits, mice and horses)””®'. In a recent
study, Cai et al.** reported on significantly improved an-
tibody levels as well as protective immunity in cattles
immunized with a cocktail of three DNA vaccines in the
presence of dimethyldioctadecyl ammonium bromide.

Various ways to deliver the DNA plasmid by means
other than needle injection have also been explored®’. Gene
gun-based delivery of DNA vaccines has been shown to
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be an effective way to induce immune responses against
antigens which are otherwise poorly immunogenic by other
routes. Another technology involves delivery of DNA
plasmids using microenhancer arrays (MEAs). In this
technique, DNA is pipetted onto MEA chips fabricated
using isotropic potassium hydroxide etch technique, and
DNA soaked pads are moved laterally 5-6 times in alter-
nating directions at the site of topical administration. Using
the MEA approach, Mikszta et al.® reported significantly
enhanced humoral and cellular immunogenicity of DNA
vaccines based on hepatitis B surface antigen. Yet an-
other promising approach that has shown consistently
improved immunogenicity of DNA encoded antigens is
the physical method of electroporation. Otten et al.®” re-
ported substantial improvement in the potency of HIV
DNA vaccine in nonhuman primates, as demonstrated by
early onset of cellular and humoral immune responses. In
vivo electroporation increases expression of DNA en-
coded antigens which in turn translates into lowering the
amount of DNA to be administered in larger animals on
per unit body weight basis. These, in addition to other
mechanisms, seem to provide an explanation for im-
proved immunogenicity of DNA plasmids delivered by in
vivo electroporation method®**°.

Recent findings on transmission-blocking DNA
vaccine constructs

To evaluate safety, immunogenicity and efficacy of the
Pfs25 DNA vaccine in nonhuman primates, rhesus ma-
caques (Macaca mulatta) were immunized with DNA
vaccine plasmids (VR-1020) encoding Pfs25, Pfg27-Pfs25
hybrid and empty plasmid alone. Immunization with four
doses of DNA vaccine constructs elicited antibody with
titers approaching 20,000 (figure 1 in ref. 24). However,
antibody titers after four DNA doses were not sufficiently
high to reduce parasite’s infectivity in membrane feeding
assays. Further boosting with recombinant Pfs25 formu-
lated in Montanide ISA-720 increased antibody titres
(30-80 fold) and significantly blocked transmission of P.
Sfalciparum gametocytes to Anopheles mosquitoes (~90%
reduction in oocyst numbers in the midguts)**. Transmis-
sion-blocking assays also revealed that the blocking activity
was inversely correlated with serum dilution and similar re-
sults were obtained in two different species of mosquitoes
(A. gambiae and A. stephensi). Further characterization of
sera revealed that antibodies induced by DNA vaccines
recognized native Pfs25 in purified gametes of P. falcipa-
rum and IgG1 was the dominant isotype of elicited antibod-
ies. NaSCN (a chaotropic reagent) mediated dissociation of
bound antibody revealed that the avidity of antibodies after
DNA immunization was higher than that of antibodies elic-
ited by a single protein immunization, and the antibody
avidity improved further after the protein boost.

These studies thus demonstrated that Pfs25 DNA vac-
cine was immunogenic in rhesus monkeys and the anti-
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body responses were further boosted by heterologous
immunization using recombinant protein (Pfs25). Not
only did the protein boost improve antibody responses
quantitatively (enhanced antibody titres), but also qualita-
tively and functionally. Antibodies after the protein boost
did appear to undergo further affinity maturation, as re-
vealed by avidity assays and detection of IgG2 and IgG4
isotypes among a dominant IgG1 response. The final dis-
tinction was provided by the membrane feeding assays in
which antibodies after the protein boost resulted in a
dose-dependent inhibition of gametocyte infectivity in
mosquitoes. These studies suggest the importance of
priming with DNA vaccine as an alternative approach to
recombinant protein vaccines in future vaccine trials in
humans. Moreover, the DNA vaccines can facilitate de-
livery of several antigens simultaneously and elicit both
cellular and humoral immune responses. This observation
provides the strong rationale for combining post-
fertilization antigen Pfs25 with pre-fertilization target an-
tigens Pfs230 and Pfs48/45 in a cocktail of DNA vaccines
for increased efficacy of transmission-blocking activity.

DNA vaccine constructs encoding P. vivax post-
fertilization, zygote/ookinete surface proteins, Pvs25 and
Pvs28 have also undergone tests in mice. Antibodies pro-
duced in mice after immunization with three doses recog-
nized respective antigens by Western blotting and immuno-
fluorescence assays in the parasites and in an ELISA with
high titres (see figures 1 and 2 in ref. 13). In membrane-
feeding assays using P. vivax infected blood from chim-
panzees (P. vivax parasites unlike P. falciparum cannot
be cultured), these antibodies resulted in potent (>90 %)
blocking of P. vivax transmission to mosquitoes. Several
combinations of homologous and heterologous antigen-
delivery prime boost strategy were also evaluated and the
results suggested that antibody titres and transmission-
blocking activities by the three prime-boost strategies
(DNA prime/DNA boost, DNA prime/protein boost, and
protein prime/protein boost) were comparable with
slightly better immunogenicity of heterologous antigen-
delivery prime/boost as compared to DNA/DNA alone.
These results demonstrate once again potent and trans-
mission-blocking immunogenicity of DNA vaccines en-
coding Pvs25 and Pvs28.

Effect of plasmid backbone modification on DNA
vaccine vectors

Since the immunogenicity of DNA plasmids relies to a
large extent on the presence of CpG motifs as built-in
adjuvants, we wished to assess if insertion of additional
CpG motifs in the plasmid backbone would improve im-
munogenicity further. Any improvement would be impor-
tant especially to address the issue of relatively poor
immunogenicity of DNA vaccines in nonhuman primates.
Sequences representing CpG ODNs shown to be active
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for human cells (K type ODN — 5’ATCGACTCTCGAG-
CGTTCTTCGTTCGTTCTC3’, 31bp or D type-ODN-
5GGTGCATCGATAG AGGGGTGCATCGATACAG-
GGGGG3, 45 bp, the immunostimulatory CpG motifsare
underlined) were introduced in the wild type and Pfs25
DNA vaccine plasmids. After modification, D type ODN
modified plasmid contained three extra CpG core of D
ODN and K type ODN modified plasmid contained five
extra K type CpG motifs. Immunostimulatory effects of
these plasmids on human PBMC with respect to expression
of DC markers (CD83-CD40), maturation of DCs, pro-
duction of IL-6, yIFN, IL-@ have been described in detail
elsewhere’'. Mice immunized with D type ODN modified
Pfs25 DNA vaccine plasmid yielded enhanced specific
antibody titres with approximately 3-fold higher Pfs25-
specific [gG2a. These results imply that modification of
plasmid backbone by D type CpG motif might enhance
the antigen-specific total IgG responses and similar modi-
fications could be even desirable if Th1-type immune re-
sponses and Ig(G2a isotype-switch are expected as outcomes
for any successful DNA vaccination. Results of these
studies demonstrate that plasmid backbone modification
by insertion of additional CpG motifs can improve im-
munogenicity of DNA vaccines.

Natural malaria infection boosts immunity

An adaptive immune response requires periodic immu-
nological boosting achieved by repeat immunizations,
thus maintaining effective levels of protective immunity.
Such boosting of P. falciparum transmission-blocking
immunity elicited by vaccine is even more desirable since
the success of such immunization will depend upon main-
taining high antibody titres and continuing ability of im-
munized people to suppress malaria transmission through
reduction of infection in the mosquitoes. It is often stated
that natural exposure to recurring infection can provide
booster antigenic stimulation for vaccine-induced immu-
nity (natural boosting or anamnestic response). This notion
is supported by the fact that pre-fertilization antigens ex-
pressed in the gametocyte stages, for example, Pfs230
and Pfs48/45 are indeed targets of natural immune re-
sponse9, however, a direct experimental evidence for
natural boosting has not been possible to obtain thus far.
No studies exist in animal models of human malaria in-
fections or in human populations where boosting of ma-
laria transmission-blocking antibody responses elicited
by immunization is demonstrated to occur through natural
infection. Longitudinal field studies in endemic areas in
infected subjects of various age groups is one way to as-
sess natural boosting occurring during subsequent trans-
mission cycles.

In our own studies, we developed a mouse model to
test this concept experimentally. Mice were immunized
with a DNA vaccine (plasmid VR1020 encoding P. berg-
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hei pre-fertilization target antigen Pbs48/45) followed by
infection with P. berghei (ANKA strain 2.34). These re-
sults demonstrated that Pb48/45 DNA vaccine-primed
immune responses could be boosted during repeat para-
site infections and the antibodies recognize Pb48/45 as
confirmed by IFA using fixed gametocytes of P. berghei
and HEK?293 cells transfected with Pb48/45 plasmids and
by Western blotting®”.

TBYV development — still a long, dusty and bumpy
road

Limited clinical trials with sexual stage protein vaccines
such as post-fertilization antigens Pfs25 and Pvs25 have
proved not to be optimal, most likely due to improper
conformational folding and heterogeneity of purified re-
combinant proteins'®>*, Clinical trials with other sexual
stage antigens such as pre-fertilization target antigens
Pfs230 and Pfs48/45 have not even been attempted due to
inability to express these proteins to date in appropriate
conformation. While full length Pfs230 may be too large
to express, smaller fragments of Pfs230 have shown only
partial transmission-blocking immune responses in pre-
clinical trials. In general, in spite of intense efforts in our
own laboratory and several other laboratories, Pfs230 and
Pfs48/45 proteins or immunogenic fragments have yet to
become available for pre-clinical trials. This has ham-
pered understanding several key issues, all likely to im-
pact the success of an effective TBV containing pre- and
post-fertilization target antigens. The end result of course
has been our inability to go ahead with preclinical and
clinical TBV evaluation of a cocktail of antigens. There
are several important questions that need to be addressed
systematically in future studies. In order to elicit func-
tional transmission-blocking antibodies, pre-fertilization
and post-fertilization antigens need to be expressed in ap-
propriate conformation. Because of the conformational
nature of epitopes, it has not been possible to map target
epitopes. To date, most efforts have remained focused in
trying to faithfully recreate properly folded recombinant
antigens containing the relevant B and helper T cell epi-
topes. Given that recombinant forms of pre- and post-
fertilization antigens are either not available or are not
optimally folded we believe that DNA vaccine constructs
can facilitate an initial investigation of all the major is-
sues stated above. DNA encoding various antigens or de-
sired fragments can be cloned easily, formulated using
cationic lipids if desired, combined to produce a cocktail
of vaccines, can be tested by alternate delivery methods
and can be used to jump-start investigation of an impor-
tant issue of natural boosting of vaccine-primed immune
response during natural infection. An underlying assump-
tion of course is that proteins expressed in mammalian
cells after immunization with DNA vaccine plasmids, are
likely to be folded more like that in eukaryotic parasite
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