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Malaria is one of the few diseases 
in which morbidity is still mea-

sured in hundreds of millions of cases 
every year. Plasmodium vivax and Plas-
modium falciparum are responsible for 
nearly all the malaria cases in the world 
and despite difficulties in obtaining an 
exact number, estimates indicate an 
astonishing 349–552 million clinical 
cases of malaria due to P. falciparum 
in 2007 and between 132–391 mil-
lion clinical episodes due to P. vivax in 
2009. It is becoming evident that eradi-
cation of malaria will be an arduous 
task and P. vivax will be one of the most 
difficult species to eliminate and per-
haps become the last standing malaria 
parasite. Indeed, in countries that suc-
ceed in decreasing the disease burden, 
nearly all the remaining malaria cases 
are caused by P. vivax. Such resilience 
is mainly due to the sophisticated mech-
anism that the parasite has evolved to 
remain dormant for months or years 
forming hypnozoites, a small structure 
in the liver that will be a major hurdle 
in the efforts toward malaria eradica-
tion. Furthermore, while clinical trials 
of vaccines against P. falciparum are 
making fast progress, a very different 
picture is seen with P. vivax, where only 
few candidates are currently active in 
clinical trials.

Introduction

There is consensus that Plasmodium 
vivax is the most widely distributed 
human malaria parasite in the world and 
the one that presents most challenges in 
the route toward malaria elimination. 

Almost 3 billion people lived at risk of 
P. vivax malaria in 2010. This should not 
be surprising if we consider that the para-
site is endemic in a third of the earth’s land 
mass, spanning approximately 44 million 
square kilometres within 95 countries. 
This represents an impressive geographi-
cal range stretching over three continental 
zones and including both, hot and tem-
perate climates,1 an achievement that no 
other human malaria parasite has made.

Despite the tremendous disease burden 
caused by P. vivax, most efforts in terms 
of research and development of preventa-
tive measures have been concentrated in 
its sibling, P. falciparum. Figure 1 shows 
a comparison of disease burden (Fig. 1A) 
and investment in research and global 
malaria vaccine pipeline (Fig. 1B) for each 
parasite. Disease burden is comparable for 
both parasites with a higher proportion of 
number of clinical cases caused by P. fal-
ciparum every year,2,3 a similar proportion 
in number of people being at risk and a 
more widespread presence of P. vivax in 
the world as shown here by the number of 
countries where this parasite is endemic.4,5 
The picture changes and a rather uneven 
distribution is seen when comparing the 
investment on research and the number 
of vaccines that are currently reaching 
clinical trial status. Between 2007 and 
2009, only 3.1% of the global funds were 
invested in P. vivax R&D, while 44.6% 
was destined to P. falciparum in a study 
where 52.3% of funds did not specify a 
particular strain.6 The differences in the 
number of clinical trials seem to reflect 
the levels of investment for each parasite. 
Only two trials for a P. vivax vaccine are 
currently active according to WHO and 
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NIH websites (http://www.who.int/vac-
cine_research/links/Global_malaria_vac-
cine_portfolio.pdf) (www.ClinicalTrials.
gov).

Why Is It So Difficult to Develop 
a P. vivax Malaria Vaccine?

Progress on P. vivax research has been 
slow and has traditionally followed the 
footsteps of P. falciparum. Many reasons 
have been proposed to explain this and we 
discuss below three major factors that have 
slowed down progress of P. vivax research; 
lack of investment, scarcity of tools and 
the high cost to develop new vaccines in 
general.

The paucity of resources toward 
P. vivax vaccine research and development 
could be attributed to many causes, such 
as the low appreciation and knowledge 
of the magnitude of the disease burden, 
epidemiology, pathobiology, and clinical 
manifestations of this type of malaria,3 
which has contributed for many years to 
the misperception that P. vivax causes a 
“benign” malaria that does not kill per 
se. Nevertheless, recent reports of severe 
disease and mortality caused by P. vivax 
have challenged this perception and simi-
lar mortality rates for both, P. vivax and 
P. falciparum have been reported in hos-
pitalized patients from Indonesian Papua 
or India.7,8 These studies indicate that 
between 21–27% of patients with severe 
malaria are due to infection of P. vivax8 
and the risk of P. vivax severe disease 
(1/270) and death (1/3959) can be com-
parable to the P. falciparum risk of severe 

disease (1/185) and death (1/1742).7 The 
most recent call to eradicate malaria9 has 
given impetus to the research on P. vivax, 
yielding greater knowledge on the parasite 
and helping researchers and funding agen-
cies to avoid “flying blind”.

A second reason for the slow pace in 
vaccine development is the lack of tools 
to assess novel vaccine candidates. Access 
to P. vivax parasites is limited to endemic 
countries due to the lack of a reliable and 
continuous in vitro culture methodology, 
which would permit maintainance and 
growth of a parasite in any laboratory. 
Numerous attempts have been made since 
the first report of a methodology to cul-
ture P. falciparum and P. vivax by Charles 
C Bass and Foster M Johns in 191210 in a 
series of investigations at the time of the 
construction of the Panama Canal. More 
than 100 years have passed and not only 
a long-term culture remains elusive but 
research on this area is still fragmentary 
and disconnected.11 To make things even 
more difficult for the development of a 
P. vivax vaccine, animal models to grow 
the parasite in vivo and to test new vaccine 
candidates are scarce. Nevertheless, great 
progress has been made in the develop-
ment of a challenge model using the new 
world’s monkey Aotus lemurinus grisei-
membra in Colombia.12

Another important factor to help 
explain the difficult process to produce 
a vaccine is the cost associated with such 
development, which is far higher than 
other approaches used for disease con-
trol and prevention. It is estimated that 
an investment of $600–800 million is 

required over a period of 10–15 y to cre-
ate a successful vaccine.13 In comparison, 
a new drug development would take 7–10 
y with a cost of $150–250 million.14 Less 
costly are vector control products and new 
diagnostic tools, which would require 
$60–65 million over a period of 10–12 y 
and $2–5 million over 3–5 y, respectively.6 
Figure 2 shows an average of the total 
costs for each of the four developments 
mentioned above.

Plasmodium vivax Vaccines: The 
Leading Candidates in Clinical Trials

It is noticeable that despite the huge 
disease burden caused by P. vivax, only a 
few vaccine candidates have been tested in 
clinical trials. Several new candidates are 
currently being investigated pre-clinically 
and there are excellent reviews discussing 
these.15,16 We will therefore focus on the 
candidates that have been tested in clini-
cal trials up to the year 2013.

The life cycle of the P. vivax malaria 
parasite is complex and involves female 
anopheles mosquitoes as the definitive 
host, where the parasite’s sexual develop-
ment is completed, and humans as the 
intermediate host, where the parasite 
completes asexual development and forms 
infectious sexual stages (gametocytes). 
Furthermore, the malaria parasite’s life 
cycle in humans alternates between intra-
cellular and extracellular stages.

Vaccines can be designed to target 
the Plasmodium parasite at various stages 
of its life cycle and they can be classified 
as pre-erythrocytic (PEV), blood stage 
(BSV), and transmission-blocking (TBV) 
vaccines. A major factor to consider is 
whether the vaccine targets the parasite 
at an extra- or intracellular compartment 
since the protective immunity will rely on 
either, antibodies or cytotoxic lympho-
cytes, respectively.

So far, three PEV and one TBV have 
been assessed in early phase I clinical trials 
and from these, only one program remains 
with plans for further phase II trials. A 
timeline of vaccines tested in clinical trials 
is shown in Figure 3.

Pre-erythrocytic vaccines
The pre-erythrocytic (PE) stage has 

traditionally been the most attractive 
phase to develop a vaccine and is currently 

Figure 1. a comparison of disease burden (A) and investment in research and global malaria vac-
cine development (B) for both, P. vivax and P. falciparum between 2007 and 2009. Figures based on 
references 1,5, and 6.
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the leading vaccination strategy for P. fal-
ciparum.17 Targeting the sporozoite is 
attractive for a number of reasons and 
perhaps the most important comes from 
the fact that this is the only stage where 
sterile protection has been achieved, as 
first shown 46 y ago in the seminal work 
by Ruth S Nussenzweig, in which sterile 
protection in mice was induced by using 
radiation-attenuated sporozoites (RAS) 
as vaccines.18 Moreover, the PE stage is a 
bottleneck where the number of sporo-
zoites (102) and/or infected hepatocytes 
(101–102) to attack is low, compared with 
the number of parasites during asexual 
(1011) or sexual (109) blood stages.19 The 
PE stage is also clinically silent and stop-
ping the parasite at this stage can prevent 
severe symptoms and death.

Despite being considered as a single 
stage, PE vaccines attack the parasite in 
two very different ways. Immune responses 
can be elicited (1) against the extracellular 
sporozoites for which antibodies can play 
a major role in stopping the parasite before 
reaching the liver (anti-sporozoite vaccine) 
or (2) against the infected hepatocytes 
whereby cytotoxic lymphocytes play a 
major role by destroying cells that express 
parasite antigens within the context of 
MHC class I molecules (bona fide liver-
stage vaccine). An optimal vaccine should 
induce both, antibodies and CD8+ T cells 
against an antigen that can be a target 
at both, the sporozoite and the infected 
hepatocyte stages. Recombinant viral vec-
tors are particularly efficient at eliciting 
such dual responses.20–22

Plasmodium parasites are notori-
ous for constantly escaping the immune 
responses, in particular at the blood 
stage. In contrast, after a mosquito bite, 
the free sporozoites are present in the 
blood for only a few seconds to min-
utes before infection of liver cells. The 
immune system is therefore usually inef-
ficient to respond to pre-erythrocytic 
antigens and the parasite is least expected 
to evolve strategies to avoid immune 
responses against such antigens, which 
makes them highly attractive candidates 
for vaccine development. Thus, it is not 
surprising that the sporozoite-specific 
circumsporozoite protein (CSP) is the 

leading target for vaccine development 
(see next section).

Plasmodium vivax Pre-erythrocytic 
Vaccines in Clinical Trials

The leading P. vivax vaccine candidate 
is a pre-erythrocytic vaccine that targets 
the circumsporozoite protein (CSP), 
which is considered to be the most abun-
dant protein on the surface of mature 
sporozoites23 and has a vital role for the 
parasite by mediating gliding motility 
and invasion of both, hepatocytes and 
mosquito salivary glands.24–26 In contrast 
to P. falciparum, a higher diversity is seen 
within the CSP molecule of P. vivax and 
two types are present around the world, 
VK210 and VK247, which differ in the 
central repetitive region of the molecule.27

Vivax-1 vaccine
This vaccine has been developed by 

joint efforts between the University of 
Maryland, New York University and Chi-
ron. Vivax-1 consists of a recombinant 
P. vivax CSP antigen (rPvCS) containing 
234 amino acids (aa) out of 373 present in 
the Belem strain of P. vivax. The protein 
was expressed in Saccharomyces cerevisieae 
and contains 15 aa of the N-terminal 
region, all the aa of the central repeat 
region (VK210) and 48 aa of the C-ter-
minal end. The antigen was purified from 
yeast cell lysate and adsorbed onto alumi-
num hydroxide (Alhydrogel) to formulate 
the vaccine. Initial evaluation of Vivax-1 
in Swiss-Webster mice resulted in high 

antibody titers that were able to recognize 
the native CS protein and inhibit in vitro 
invasion of hepatocytes by sporozoites.28

Vivax-1 was further assessed pre-clini-
cally in a study where immunized squirrel 
monkeys Saimiri sciureus boliviensis were 
challenged with P. vivax Salvador I spo-
rozoites. Results indicated that the vac-
cine was safe and induced high levels of 
anti-sporozoite antibodies and complete 
protection against the challenge was elic-
ited in 67% of the vaccinated monkeys. 
Even though there were not statistically 
significant differences between groups, 
this study supported further tests of the 
vaccine in clinical trials.29 Vivax-1 was 
tested in a phase I trial to assess safety and 
immunogenicity in humans using escalat-
ing doses of 50, 100, 200, and 400 ug of 
vaccine formulated in alhydrogel. Despite 
three consecutive immunizations, anti-
body responses were low or absent even 
in the group receiving the highest dose, 
which indicated that other formulations 
or adjuvants would be required to war-
rant further testing of a pre-erythrocytic 
CSP vaccine.30 This marked the end of 
the development of the Vivax-1 vaccine 
by joint efforts of the University of Mary-
land, New York University, and Chiron.

Long synthetic peptides (LSP) vaccine
Important efforts have also been made 

in the development of a pre-erythrocytic 
vaccine using solid phase peptide synthe-
sis technologies to produce long peptides 
using sequences of the CSP molecule.31 
The LSP vaccine consists of three peptides 

Figure 2. Costs associated with research and development of various novel control measures for 
infectious diseases and malaria.6,13,59
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of more than 70 aa each, spanning the 
N-terminal (N), C-terminal (C) and the 
central repeat region (R), the latter as a 
hybrid molecule containing a B-cell epit-
ope and a universal T helper epitope from 
the tetanus toxin.32 Development of an 
LSP has been possible due to the steady 
improvement in chemical techniques 
that allow production of longer peptide 
sequences with disulfide bonds that per-
mit correct folding similar to the native 
structures. LSP vaccines have advantages 
for their clinical application, such as the 
peptide stability in the absence of prote-
ases, lack of contamination with biologi-
cal agents and fast production with good 
inter-batch reproducibility and the facil-
ity to be produced under good laboratory 
practice (GLP).32

The LSP vaccine has been shown to 
immunogenic in new world monkeys 
of the genus Aotus lemurinus griseimem-
bra when administered three times at a 
dose of 100 ug formulated in montanide 
ISA720 or Complete Freunds Adjuvant 
(CFA).32 Results warranted a further 
phase I clinical trial to assess safety, toler-
ability, and immunogenicity of the three 
synthetic peptides in malaria-naive volun-
teers in Cali, Colombia.33 Volunteers were 

immunized three times with escalating 
doses of the LSPs (10, 30, or 100 ug/dose) 
formulated in montanide ISA720. Opti-
mal antibody and cellular responses were 
obtained at the highest dose of 100 ug of 
LSP and future phase II clinical trials are 
planned.

VMP001 vaccine
The vivax malaria protein 1 (VMP001) 

is a recombinant vaccine that encodes a 
chimeric form of the P. vivax CSP. The 
chimeric protein has been expressed and 
purified from E. coli for early pre-clinical 
test34 and for large-scale production under 
current good manufacturing practices 
(cGMP).35 The novelty of this vaccine is 
that it contains the sequences of the two P. 
vivax CSP variants that circulate around 
the world, raising the possibility of pro-
viding protection against a wider range of 
P. vivax strains and hence becoming a vac-
cine for global use.35 The CSP molecule 
of P. vivax isolates can be of two types, 
VK210 and VK247, which differ in the 
central repetitive region of the molecule 
and are present in isolates around the 
world.27

The VMP001 vaccine has been exten-
sively evaluated in pre-clinical models in 
combination with various novel adjuvants 

with the objective to enhance immune 
responses. Rhesus macaques have been 
immunized with the VMP001 adjuvanted 
with a stable emulstion (SE) or the TLR 4 
agonist glucopyranosyl lipid A (GLA) in 
SE (GLA-SE)36 and the TLR 7/8 agonist 
R848.37 Moreover, VMP001 has also been 
conjugated to lipid-enveloped poly(lactic-
co-glycolic acid) (PLGA) nanoparticles 
(VMP001-NPs), which enhanced germi-
nal center formation in mice and gener-
ated high and durable antibody titers 
with increased affinity to the CS repeat 
domains.38

Importantly, in July 2012, a phase I/
IIa clinical trial started to determine the 
immunogenicity and protective efficacy 
of the VMP001 formulated with the 
GSK adjuvant system AS01B (monophos-
phoryl lipid A “MPL” plus the Quillaja 
saponaria plant extract QS21 in Alum). 
The study incorporated a dose-escalation 
phase with doses of 15, 30, and 60 ug of 
VMP00139 (http://clinicaltrials.gov/ct2/
show/NCT01157897). Results are yet to 
be published.

Transmission blocking vaccines 
(TBV)

The anti-malarial transmission-block-
ing vaccine (TBV) strategy aims to induce 

Figure  3. timeline in the progress of vaccines tested to completion in clinical trials. (1) Vivax-1 vaccine.28–30 (2) LSP vaccine.31–33 (3) VmP001.34–38 (4) 
PVS25H.46–49
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an immune response in humans that will 
then disrupt the parasite’s life cycle within 
the mosquito, thus preventing fertiliza-
tion and development of ookinetes and 
oocysts. In other words, TBVs stop the 
mosquitoes from being infected by pre-
venting the completion of sexual develop-
ment of the parasite.

Similar to the PE vaccines, TBV are 
attractive because this also constitutes a 
bottleneck in the life cycle where a small 
number of parasites can be targeted and 
limited mechanisms have been developed 
to escape the immune response (target 
antigens are expressed in the mosquito 
and not humans), although some degree 
of polymorphism in Pvs25 has been found 
in isolates from Iran.40 It is considered 
that infected mosquitoes in the field usu-
ally have 2–5 oocyst in the midgut, thus 
being the smallest parasite population in 
the entire life cycle.19

TBVs are considered altruistic or 
delayed impact vaccines because they 
would not prevent vaccine recipients from 
contracting malaria and developing symp-
toms but they would stop passing the par-
asite to someone else through a mosquito 
bite. The term ‘community vaccine’ is 
sometimes preferred because deployment 
of TBVs would benefit a whole commu-
nity.41 More recently, the term “vaccines 
that interrupt malaria transmission” 
(VIMTs) has been introduced to include 
any pre-erythrocytic or blood-stage vac-
cine having an effect on parasite transmis-
sion. The inclusion of multiple parasite life 
stages within the VIMTs is of particular 
importance for P. vivax control due to the 
extreme difficulty to reduce transmission 
of this parasite because of the hypnozo-
ite development and the early formation 
of gametocytes that allow transmission 
before the clinical symptoms appear.42

Geographically, TBVs have a special 
niche for deployment. There are two 
major areas within the malaria-endemic 
world: (1) Countries where malaria has 
not been brought under control and 
where elimination is still a distant target 
and (2) countries where malaria has been 
brought under control and elimination 
is a short-term goal.43 The main objec-
tive in areas where malaria is well con-
trolled will be to reduce and interrupt 
transmission using TBVs. In contrast, 

pre-erythrocytic vaccines will be a better 
investment in areas where malaria has yet 
to be controlled in order to contribute to 
the decrease in cases but where attempt-
ing transmission interruption would not 
be cost effective.44

Pvs25H
Pvs25 is an ookinete surface protein 

that is required for midgut invasion and 
mediates further oocytst development.45 
P25 proteins from both, P. falciparum 
(Pfs25) and P. vivax (Pvs25) are the lead-
ing TBV candidates.46

The candidate vaccine Pvs25H is a 
recombinant protein of 20.5 kDa encod-
ing the aa 23–195 of the Pvs25 from the 
strain Salvador I of P. vivax.47 The protein 
was expressed in Saccharomyces cerevisiae 
and has been manufactured under GMP 
at the Walter Reed Army Institute of 
Research (WRAIR).

Pre-clinical studies in mice, rab-
bits, and rhesus monkeys have indicated 
that Pvs25H formulated in Alhydrogel 
induces antibodies that block develop-
ment of P. vivax in mosquitoes in ex vivo 
membrane feeding assays.48,49

There have been two phase I clinical 
trials using this vaccine. In the first one, 
the Pvs25H was adsorbed onto Alhydro-
gel and administered three times in a 
dose-escalation study by injecting either, 
5, 20, or 80 ug to 10 volunteers per group. 
The study was designed to assess safety, 
tolerability, immunogenicity, and trans-
mission blocking activity.47 The vaccine 
was safe, well tolerated, and induced anti-
body responses and transmission blocking 
activity. Nevertheless, results indicated 

that higher levels of transmission activity 
would be required for a deployable vac-
cine and the following attempts focused 
on optimizing the formulation and vacci-
nation regimen to induce higher antibody 
levels.

In the second phase I vaccine trial, 
Pvs25 was formulated as water-in-oil 
emulsions using Montanide ISA 51 in an 
attempt to enhance immunogenicity.46 
The study was designed to evaluate safety 
and immunogenicity of two malaria vac-
cine candidates, Pfs25/ISA 51 and Pvs25/
ISA 51. The study intended to administer 
the vaccines at escalating doses of 5, 20, 
and 80 ug of protein in adjuvant. How-
ever, two volunteers who received 20 ug of 
Pvs25/ISA 51 developed erythema nodo-
sum, due to this and other adverse events, 
vaccinations stopped and the study was 
closed to enrolment.

Future Challenges and 
Opportunities for the Development 

of a P. vivax Vaccine

For an infectious disease causing such 
a substantial burden, it is surprising that 
only four P. vivax vaccine candidates have 
been tested in early phase I clinical studies 
and from these only one might continue 
to Phase II trials. This reveals both the 
limited investments that are made in the 
area, and the complexity of the develop-
ment of a vaccine for this parasite. P. vivax 
has evolved extraordinary mechanisms 
that have permitted its expansion over 
the largest territory on earth, compared 
with other human malaria parasites. The 

Figure 4. Challenges in the development of P. vivax vaccines.
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hypnozoite, an apparently insignificant 
structure formed during the life cycle of 
the parasite, complicates dramatically the 
epidemiology as it permits adaptation of 
the parasite to temperate climates where 
no other human Plasmodium can survive. 
Hypnozoites make this disease extremely 
difficult to eliminate from endemic places 
and when both, P. vivax and P. falciparum 
co-exist, attempts to eliminate the parasite 
have succeeded only for the latter. The 
ability of P. vivax to remain dormant for 
up to two years places this pathogen at a 
similar level of difficulty to eliminate as 
the latent infections produced by Myco-
bacterium tuberculosis or HIV. There-
fore, it would be ideal to develop vaccine 
approaches to prevent the establishment 
of the hypnozoite, or with the ability to 
attack and destroy hypnozoite-bearing 
hepatocytes, provided that the hypnozoite 
is “visible” to the immune system. In this 
context, for the prevention of hypnozoites, 
pre-erythrocytic vaccines have the best 
chance to achieve this by neutralizing the 
sporozoites before reaching the liver or by 
destroying infected hepatocytes through 
the deployment of cytotoxic lymphocytes 
to the liver, as has been described with the 
use of persistent recombinant adenoviral 
vectored vaccines.22

Despite being the most intriguing 
structure of P. vivax, the hypnozoite is 
not the only notable attribute of the para-
site that makes diagnosis, treatment and 
elimination very difficult. P. vivax has a 
preference for reticulocytes50 and this has 
impeded the development of continu-
ous in vitro culture techniques. A third 
important feature of the P. vivax cycle 
is the ability to quickly develop gameto-
cytes,51 which has prompted the use of 
the expression of a fast and furious sexual 
life strategy.52 Blood gametocytes can be 
present within 8 d after mosquito inocu-
lation, which is followed by a continuous 
gametocyte production and circulation—
as opposed to P. falciparum which has a 
tendency to adhere to endothelial walls of 
blood vessels—making P. vivax transmis-
sion a very effective and dynamic process.52

Another challenge can potentially 
present during the development of blood-
stage vaccines. The Duffy-binding protein 
(DBP), PvRII, has been considered to be 
an attractive vaccine candidate against 

the asexual blood stages of the parasite 
because of the “absolute requirement by 
the P. vivax DBP for the DARC receptor” 
(Fy glycoprotein or CD234) on the surface 
of the red blood cells.53 Recent evidence, 
however, indicates that P. vivax can infect 
Duffy blood-group negative people and 
clinical malaria is commonly observed in 
Duffy-negative people,54 thus raising the 
possibility that additional vaccine strate-
gies might be required to halt the parasite 
at the blood stage. A list of these and other 
current challenges is shown in Figure 4.

In summary, Plasmodium vivax will 
be the biggest hurdle toward malaria 
eradication. For an infection with such a 
substantial disease burden there has been 
remarkably little vaccine development 
and very few laboratories have achieved 
to assess new vaccine candidates in clini-
cal trials. Partially responsible are the lack 
of tools to assess new vaccine candidates 
and the high cost associated with vaccine 
development and clinical trials. Neverthe-
less, inspired by the Gates malaria forum 
in 2007, the goal to eradicate malaria has 
come back to the global health agenda 
40 y after the initial commitment by the 
WHO to eradicate this disease and thus, 
efforts to prevent and cure the most preva-
lent and neglected form of malaria caused 
by P. vivax has increased as a result of this 
renewed interest and new vaccine candi-
dates are making good progress toward 
clinical assessment.

Finally, it is highly likely that we will 
see new clinical developments very soon 
and ideally these should maximize immu-
nogenicity without compromising safety. 
This could be achieved by designing vac-
cines to mimic pathogens without causing 
disease. Recombinant viruses and particle 
vaccines are good examples of platforms 
that can achieve this by simulating key 
features of pathogens, such as size, repeti-
tiveness, and toll-like receptor ligand 
stimulation resulting in an enhancement 
of the vaccine efficacy.55,56 Therefore, it 
will be very interesting to see recombinant 
adenoviruses and MVA entering the arena 
as a pre-erythrocytic, blood-stage, or 
transmission blocking vaccines. Such plat-
forms have demonstrated an unparalleled 
ability to stimulate both, antibody and 
T-cell responses in pre-clinical and clini-
cal studies for P. falciparum, while keeping 

a good safety profile.20,21,57,58 Other plat-
forms of great interest that would cer-
tainly make a substantial addition to the 
vaccine pipeline are the antigens delivered 
as particle vaccines, such as virus-like par-
ticles (VLPs) and RTS, S-like vaccines for 
P. vivax, which could enhance efficacy in 
comparison to a protein-based vaccine. 
Such platforms could be used in combina-
tion as a multi-antigen or multi-stage vac-
cine, mixing pre-erythrocytic candidates 
or even combining these with blood-stage 
or transmission-blocking vaccines. 

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

Acknowledgments

We would like to thank Prof Robert 
E Sinden for the insightful review of the 
manuscript. Arturo Reyes-Sandoval is a 
Jenner Investigator and a Wellcome Trust 
Fellow supported by the grant 097395.

References
1. Guerra CA, Howes RE, Patil AP, Gething PW, Van 

Boeckel TP, Temperley WH, Kabaria CW, Tatem AJ, 
Manh BH, Elyazar IR, et al. The international limits 
and population at risk of Plasmodium vivax trans-
mission in 2009. PLoS Negl Trop Dis 2010; 4:e774; 
PMID:20689816; http://dx.doi.org/10.1371/jour-
nal.pntd.0000774

2. Hay SI, Okiro EA, Gething PW, Patil AP, Tatem AJ, 
Guerra CA, Snow RW. Estimating the global clinical 
burden of Plasmodium falciparum malaria in 2007. 
PLoS Med 2010; 7:e1000290; PMID:20563310; 
http://dx.doi.org/10.1371/journal.pmed.1000290

3. Price RN, Tjitra E, Guerra CA, Yeung S, White 
NJ, Anstey NM. Vivax malaria: neglected and not 
benign. Am J Trop Med Hyg 2007; 77(Suppl):79-87; 
PMID:18165478

4. Gething PW, Elyazar IR, Moyes CL, Smith DL, Battle 
KE, Guerra CA, Patil AP, Tatem AJ, Howes RE, 
Myers MF, George DB, Horby P, Wertheim HF, Price 
RN, Müeller I, Baird JK, Hay SI. A long neglected 
world malaria map: Plasmodium vivax endemicity in 
2010. PLoS Negl Trop Dis 2012;6:e1814.

5. Gething PW, Patil AP, Smith DL, Guerra CA, Elyazar 
IR, Johnston GL, Tatem AJ, Hay SI. A new world 
malaria map: Plasmodium falciparum endemicity 
in 2010. Malar J 2011; 10:378; PMID:22185615; 
http://dx.doi.org/10.1186/1475-2875-10-378

6. PATH. 2011. Staying the course? Malaria Research 
and Development in a Time of Economic Uncerainty. 
Seattle. PATH. http://www.malariavaccine.org/files/
RD-report-June2011.pdf, PATH, Seattle.

7. Tjitra E, Anstey NM, Sugiarto P, Warikar N, 
Kenangalem E, Karyana M, Lampah DA, Price 
RN. Multidrug-resistant Plasmodium vivax asso-
ciated with severe and fatal malaria: a prospective 
study in Papua, Indonesia. PLoS Med 2008; 5:e128; 
PMID:18563962; http://dx.doi.org/10.1371/journal.
pmed.0050128

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20689816&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20689816&dopt=Abstract
http://dx.doi.org/10.1371/journal.pntd.0000774
http://dx.doi.org/10.1371/journal.pntd.0000774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20563310&dopt=Abstract
http://dx.doi.org/10.1371/journal.pmed.1000290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18165478&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18165478&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22185615&dopt=Abstract
http://dx.doi.org/10.1186/1475-2875-10-378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18563962&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18563962&dopt=Abstract
http://dx.doi.org/10.1371/journal.pmed.0050128
http://dx.doi.org/10.1371/journal.pmed.0050128


©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

2564 Human Vaccines & Immunotherapeutics Volume 9 Issue 12

8. Price RN, Douglas NM, Anstey NM. New develop-
ments in Plasmodium vivax malaria: severe disease 
and the rise of chloroquine resistance. Curr Opin 
Infect Dis 2009; 22:430-5; PMID:19571748; http://
dx.doi.org/10.1097/QCO.0b013e32832f14c1

9. Roberts L, Enserink M. Malaria. Did they really 
say ... eradication? Science 2007; 318:1544-5; 
PMID:18063766; http://dx.doi.org/10.1126/
science.318.5856.1544

10. Bass CC, Johns FM. The Cultivation of Malarial 
Plasmodia (Plasmodium Vivax and Plasmodium 
Falciparum) in Vitro. J Exp Med 1912; 16:567-
79; PMID:19867597; http://dx.doi.org/10.1084/
jem.16.4.567

11. Noulin F, Borlon C, Van Den Abbeele J, D’Alessandro 
U, Erhart A. 1912-2012: a century of research on 
Plasmodium vivax in vitro culture. Trends Parasitol 
2013; 29:286-94; PMID:23623759; http://dx.doi.
org/10.1016/j.pt.2013.03.012

12. Jordan-Villegas A, Zapata JC, Perdomo AB, Quintero 
GE, Solarte Y, Arévalo-Herrera M, Herrera S. Aotus 
lemurinus griseimembra monkeys: a suitable model 
for Plasmodium vivax sporozoite infection. Am J Trop 
Med Hyg 2005; 73(Suppl):10-5; PMID:16291761

13. Douglas RG, Sadoff J, Samant V. 2008. The Vaccine 
Industry. Philadelphia: Saunders.

14. Moran M, Ropars A, Guzman J, Garrison C. 2005. 
The new landscape of neglected disease drug develop-
ment., ed. TW Trust. London: The Wellcome Trust.

15. Galinski MR, Barnwell JW. Plasmodium vivax: who 
cares? Malar J 2008; 7(Suppl 1):S9; PMID:19091043; 
http://dx.doi.org/10.1186/1475-2875-7-S1-S9

16. Valencia SH, Rodríguez DC, Acero DL, Ocampo 
V, Arévalo-Herrera M. Platform for Plasmodium 
vivax vaccine discovery and development. Mem 
Inst Oswaldo Cruz 2011; 106(Suppl 1):179-92; 
PMID:21881773; http://dx.doi.org/10.1590/
S0074-02762011000900023

17. Agnandji ST, Lell B, Fernandes JF, Abossolo 
BP, Methogo BG, Kabwende AL, Adegnika AA, 
Mordmüller B, Issifou S, Kremsner PG, et al.; RTS,S 
Clinical Trials Partnership. A phase 3 trial of RTS,S/
AS01 malaria vaccine in African infants. N Engl J 
Med 2012; 367:2284-95; PMID:23136909; http://
dx.doi.org/10.1056/NEJMoa1208394

18. Nussenzweig RS, Vanderberg J, Most H, Orton 
C. Protective immunity produced by the injection 
of x-irradiated sporozoites of plasmodium berghei. 
Nature 1967; 216:160-2; PMID:6057225; http://
dx.doi.org/10.1038/216160a0

19. Sinden RE. A biologist’s perspective on malaria 
vaccine development. Hum Vaccin 2010; 6:3-
11; PMID:19946205; http://dx.doi.org/10.4161/
hv.6.1.9604

20. Reyes-Sandoval A, Berthoud T, Alder N, Siani L, 
Gilbert SC, Nicosia A, Colloca S, Cortese R, Hill 
AV. Prime-boost immunization with adenoviral and 
modified vaccinia virus Ankara vectors enhances the 
durability and polyfunctionality of protective malaria 
CD8+ T-cell responses. Infect Immun 2010; 78:145-
53; PMID:19858306; http://dx.doi.org/10.1128/
IAI.00740-09

21. Reyes-Sandoval A, Sridhar S, Berthoud T, Moore 
AC, Harty JT, Gilbert SC, Gao G, Ertl HC, Wilson 
JC, Hill AV. Single-dose immunogenicity and pro-
tective efficacy of simian adenoviral vectors against 
Plasmodium berghei. Eur J Immunol 2008; 38:732-
41; PMID:18266272; http://dx.doi.org/10.1002/
eji.200737672

22. Reyes-Sandoval A, Wyllie DH, Bauza K, Milicic 
A, Forbes EK, Rollier CS, Hill AV. CD8+ T effec-
tor memory cells protect against liver-stage malaria. 
J Immunol 2011; 187:1347-57; PMID:21715686; 
http://dx.doi.org/10.4049/jimmunol.1100302

23. Yoshida N, Potocnjak P, Nussenzweig V, Nussenzweig 
RS. Biosynthesis of Pb44, the protective antigen 
of sporozoites of Plasmodium berghei. J Exp Med 
1981; 154:1225-36; PMID:7026723; http://dx.doi.
org/10.1084/jem.154.4.1225

24. Tewari R, Spaccapelo R, Bistoni F, Holder AA, 
Crisanti A. Function of region I and II adhesive 
motifs of Plasmodium falciparum circumsporozoite 
protein in sporozoite motility and infectivity. J Biol 
Chem 2002; 277:47613-8; PMID:12244064; http://
dx.doi.org/10.1074/jbc.M208453200

25. Potocnjak P, Yoshida N, Nussenzweig RS, 
Nussenzweig V. Monovalent fragments (Fab) of 
monoclonal antibodies to a sporozoite surface antigen 
(Pb44) protect mice against malarial infection. J Exp 
Med 1980; 151:1504-13; PMID:6991628; http://
dx.doi.org/10.1084/jem.151.6.1504

26. Warburg A, Touray M, Krettli AU, Miller LH. 
Plasmodium gallinaceum: antibodies to circumspo-
rozoite protein prevent sporozoites from invading 
the salivary glands of Aedes aegypti. Exp Parasitol 
1992; 75:303-7; PMID:1426132; http://dx.doi.
org/10.1016/0014-4894(92)90215-V

27. Lim CS, Tazi L, Ayala FJ. Plasmodium vivax: recent 
world expansion and genetic identity to Plasmodium 
simium. Proc Natl Acad Sci U S A 2005; 102:15523-
8; PMID:16227436; http://dx.doi.org/10.1073/
pnas.0507413102

28. Barr PJ, Gibson HL, Enea V, Arnot DE, Hollingdale 
MR, Nussenzweig V. Expression in yeast of a 
Plasmodium vivax antigen of potential use in a 
human malaria vaccine. J Exp Med 1987; 165:1160-
71; PMID:3549959; http://dx.doi.org/10.1084/
jem.165.4.1160

29. Collins WE, Nussenzweig RS, Ballou WR, 
Ruebush TK 2nd, Nardin EH, Chulay JD, Majarian 
WR, Young JF, Wasserman GF, Bathurst I, et al. 
Immunization of Saimiri sciureus boliviensis with 
recombinant vaccines based on the circumsporozoite 
protein of Plasmodium vivax. Am J Trop Med Hyg 
1989; 40:455-64; PMID:2658634

30. Herrington DA, Nardin EH, Losonsky G, Bathurst 
IC, Barr PJ, Hollingdale MR, Edelman R, Levine 
MM. Safety and immunogenicity of a recombinant 
sporozoite malaria vaccine against Plasmodium 
vivax. Am J Trop Med Hyg 1991; 45:695-701; 
PMID:1763796

31. Corradin G, Céspedes N, Verdini A, Kajava AV, 
Arévalo-Herrera M, Herrera S. Malaria vaccine 
development using synthetic peptides as a techni-
cal platform. Adv Immunol 2012; 114:107-49; 
PMID:22449780; http://dx.doi.org/10.1016/
B978-0-12-396548-6.00005-6

32. Herrera S, Bonelo A, Perlaza BL, Valencia AZ, 
Cifuentes C, Hurtado S, Quintero G, López JA, 
Corradin G, Arévalo-Herrera M. Use of long 
synthetic peptides to study the antigenicity and 
immunogenicity of the Plasmodium vivax circum-
sporozoite protein. Int J Parasitol 2004; 34:1535-
46; PMID:15582530; http://dx.doi.org/10.1016/j.
ijpara.2004.10.009

33. Herrera S, Bonelo A, Perlaza BL, Fernández OL, 
Victoria L, Lenis AM, Soto L, Hurtado H, Acuña 
LM, Vélez JD, et al. Safety and elicitation of humoral 
and cellular responses in colombian malaria-naive 
volunteers by a Plasmodium vivax circumsporozoite 
protein-derived synthetic vaccine. Am J Trop Med 
Hyg 2005; 73(Suppl):3-9; PMID:16291760

34. Yadava A, Sattabongkot J, Washington MA, Ware 
LA, Majam V, Zheng H, Kumar S, Ockenhouse CF. 
A novel chimeric Plasmodium vivax circumsporozo-
ite protein induces biologically functional antibodies 
that recognize both VK210 and VK247 sporozoites. 
Infect Immun 2007; 75:1177-85; PMID:17158893; 
http://dx.doi.org/10.1128/IAI.01667-06

35. Bell BA, Wood JF, Bansal R, Ragab H, Cargo J 3rd, 
Washington MA, Wood CL, Ware LA, Ockenhouse 
CF, Yadava A. Process development for the produc-
tion of an E. coli produced clinical grade recombi-
nant malaria vaccine for Plasmodium vivax. Vaccine 
2009; 27:1448-53; PMID:19138714; http://dx.doi.
org/10.1016/j.vaccine.2008.12.027

36. Lumsden JM, Pichyangkul S, Srichairatanakul 
U, Yongvanitchit K, Limsalakpetch A, 
Nurmukhambetova S, Klein J, Bertholet S, Vedvick 
TS, Reed SG, et al. Evaluation of the safety and 
immunogenicity in rhesus monkeys of a recombi-
nant malaria vaccine for Plasmodium vivax with a 
synthetic Toll-like receptor 4 agonist formulated 
in an emulsion. Infect Immun 2011; 79:3492-
500; PMID:21690242; http://dx.doi.org/10.1128/
IAI.05257-11

37. Lumsden JM, Nurmukhambetova S, Klein JH, 
Sattabongkot J, Bennett JW, Bertholet S, Fox CB, 
Reed SG, Ockenhouse CF, Howard RF, et al. 
Evaluation of immune responses to a Plasmodium 
vivax CSP-based recombinant protein vaccine candi-
date in combination with second-generation adjuvants 
in mice. Vaccine 2012; 30:3311-9; PMID:22425788; 
http://dx.doi.org/10.1016/j.vaccine.2012.03.004

38. Moon JJ, Suh H, Polhemus ME, Ockenhouse CF, 
Yadava A, Irvine DJ. Antigen-displaying lipid-
enveloped PLGA nanoparticles as delivery agents 
for a Plasmodium vivax malaria vaccine. PLoS One 
2012; 7:e31472; PMID:22328935; http://dx.doi.
org/10.1371/journal.pone.0031472

39. Study of VMP001 and AS01B in Healthy Malaria-
Naive Adults. 

40. Zakeri S, Razavi S, Djadid ND. Genetic diversity 
of transmission blocking vaccine candidate (Pvs25 
and Pvs28) antigen in Plasmodium vivax clini-
cal isolates from Iran. Acta Trop 2009; 109:176-
80; PMID:18950597; http://dx.doi.org/10.1016/j.
actatropica.2008.09.012

41. Hill AV. Vaccines against malaria. Philos Trans 
R Soc Lond B Biol Sci 2011; 366:2806-14; 
PMID:21893544; http://dx.doi.org/10.1098/
rstb.2011.0091

42. malERA Consultative Group on Vaccines. A research 
agenda for malaria eradication: vaccines. PLoS Med 
2011; 8:e1000398; PMID:21311586; http://dx.doi.
org/10.1371/journal.pmed.1000398

43. Feachem RG, Phillips AA, Hwang J, Cotter C, 
Wielgosz B, Greenwood BM, Sabot O, Rodriguez 
MH, Abeyasinghe RR, Ghebreyesus TA, et al. 
Shrinking the malaria map: progress and prospects. 
Lancet 2010; 376:1566-78; PMID:21035842; http://
dx.doi.org/10.1016/S0140-6736(10)61270-6

44. Greenwood BM, Targett GA. Malaria vaccines 
and the new malaria agenda. Clin Microbiol Infect 
2011; 17:1600-7; PMID:21883665; http://dx.doi.
org/10.1111/j.1469-0691.2011.03612.x

45. Tomas AM, Margos G, Dimopoulos G, van Lin LH, 
de Koning-Ward TF, Sinha R, Lupetti P, Beetsma AL, 
Rodriguez MC, Karras M, et al. P25 and P28 proteins 
of the malaria ookinete surface have multiple and par-
tially redundant functions. EMBO J 2001; 20:3975-
83; PMID:11483501; http://dx.doi.org/10.1093/
emboj/20.15.3975

46. Wu Y, Ellis RD, Shaffer D, Fontes E, Malkin EM, 
Mahanty S, Fay MP, Narum D, Rausch K, Miles 
AP, et al. Phase 1 trial of malaria transmission block-
ing vaccine candidates Pfs25 and Pvs25 formulated 
with montanide ISA 51. PLoS One 2008; 3:e2636; 
PMID:18612426; http://dx.doi.org/10.1371/jour-
nal.pone.0002636

47. Malkin EM, Durbin AP, Diemert DJ, Sattabongkot 
J, Wu Y, Miura K, Long CA, Lambert L, Miles AP, 
Wang J, et al. Phase 1 vaccine trial of Pvs25H: a 
transmission blocking vaccine for Plasmodium vivax 
malaria. Vaccine 2005; 23:3131-8; PMID:15837212; 
http://dx.doi.org/10.1016/j.vaccine.2004.12.019

48. Hisaeda H, Stowers AW, Tsuboi T, Collins WE, 
Sattabongkot JS, Suwanabun N, Torii M, Kaslow 
DC. Antibodies to malaria vaccine candidates 
Pvs25 and Pvs28 completely block the ability of 
Plasmodium vivax to infect mosquitoes. Infect 
Immun 2000; 68:6618-23; PMID:11083773; http://
dx.doi.org/10.1128/IAI.68.12.6618-6623.2000

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19571748&dopt=Abstract
http://dx.doi.org/10.1097/QCO.0b013e32832f14c1
http://dx.doi.org/10.1097/QCO.0b013e32832f14c1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18063766&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18063766&dopt=Abstract
http://dx.doi.org/10.1126/science.318.5856.1544
http://dx.doi.org/10.1126/science.318.5856.1544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19867597&dopt=Abstract
http://dx.doi.org/10.1084/jem.16.4.567
http://dx.doi.org/10.1084/jem.16.4.567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23623759&dopt=Abstract
http://dx.doi.org/10.1016/j.pt.2013.03.012
http://dx.doi.org/10.1016/j.pt.2013.03.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16291761&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19091043&dopt=Abstract
http://dx.doi.org/10.1186/1475-2875-7-S1-S9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21881773&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21881773&dopt=Abstract
http://dx.doi.org/10.1590/S0074-02762011000900023
http://dx.doi.org/10.1590/S0074-02762011000900023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23136909&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1208394
http://dx.doi.org/10.1056/NEJMoa1208394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6057225&dopt=Abstract
http://dx.doi.org/10.1038/216160a0
http://dx.doi.org/10.1038/216160a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19946205&dopt=Abstract
http://dx.doi.org/10.4161/hv.6.1.9604
http://dx.doi.org/10.4161/hv.6.1.9604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19858306&dopt=Abstract
http://dx.doi.org/10.1128/IAI.00740-09
http://dx.doi.org/10.1128/IAI.00740-09
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18266272&dopt=Abstract
http://dx.doi.org/10.1002/eji.200737672
http://dx.doi.org/10.1002/eji.200737672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21715686&dopt=Abstract
http://dx.doi.org/10.4049/jimmunol.1100302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7026723&dopt=Abstract
http://dx.doi.org/10.1084/jem.154.4.1225
http://dx.doi.org/10.1084/jem.154.4.1225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12244064&dopt=Abstract
http://dx.doi.org/10.1074/jbc.M208453200
http://dx.doi.org/10.1074/jbc.M208453200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6991628&dopt=Abstract
http://dx.doi.org/10.1084/jem.151.6.1504
http://dx.doi.org/10.1084/jem.151.6.1504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1426132&dopt=Abstract
http://dx.doi.org/10.1016/0014-4894(92)90215-V
http://dx.doi.org/10.1016/0014-4894(92)90215-V
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16227436&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0507413102
http://dx.doi.org/10.1073/pnas.0507413102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3549959&dopt=Abstract
http://dx.doi.org/10.1084/jem.165.4.1160
http://dx.doi.org/10.1084/jem.165.4.1160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2658634&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1763796&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1763796&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22449780&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22449780&dopt=Abstract
http://dx.doi.org/10.1016/B978-0-12-396548-6.00005-6
http://dx.doi.org/10.1016/B978-0-12-396548-6.00005-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15582530&dopt=Abstract
http://dx.doi.org/10.1016/j.ijpara.2004.10.009
http://dx.doi.org/10.1016/j.ijpara.2004.10.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16291760&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17158893&dopt=Abstract
http://dx.doi.org/10.1128/IAI.01667-06
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19138714&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2008.12.027
http://dx.doi.org/10.1016/j.vaccine.2008.12.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21690242&dopt=Abstract
http://dx.doi.org/10.1128/IAI.05257-11
http://dx.doi.org/10.1128/IAI.05257-11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22425788&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2012.03.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22328935&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0031472
http://dx.doi.org/10.1371/journal.pone.0031472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18950597&dopt=Abstract
http://dx.doi.org/10.1016/j.actatropica.2008.09.012
http://dx.doi.org/10.1016/j.actatropica.2008.09.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21893544&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21893544&dopt=Abstract
http://dx.doi.org/10.1098/rstb.2011.0091
http://dx.doi.org/10.1098/rstb.2011.0091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21311586&dopt=Abstract
http://dx.doi.org/10.1371/journal.pmed.1000398
http://dx.doi.org/10.1371/journal.pmed.1000398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21035842&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(10)61270-6
http://dx.doi.org/10.1016/S0140-6736(10)61270-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21883665&dopt=Abstract
http://dx.doi.org/10.1111/j.1469-0691.2011.03612.x
http://dx.doi.org/10.1111/j.1469-0691.2011.03612.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11483501&dopt=Abstract
http://dx.doi.org/10.1093/emboj/20.15.3975
http://dx.doi.org/10.1093/emboj/20.15.3975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18612426&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18612426&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0002636
http://dx.doi.org/10.1371/journal.pone.0002636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15837212&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2004.12.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11083773&dopt=Abstract
http://dx.doi.org/10.1128/IAI.68.12.6618-6623.2000
http://dx.doi.org/10.1128/IAI.68.12.6618-6623.2000


©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Human Vaccines & Immunotherapeutics 2565

49. Sattabongkot J, Tsuboi T, Hisaeda H, Tachibana 
M, Suwanabun N, Rungruang T, Cao YM, Stowers 
AW, Sirichaisinthop J, Coleman RE, et al. Blocking 
of transmission to mosquitoes by antibody to 
Plasmodium vivax malaria vaccine candidates Pvs25 
and Pvs28 despite antigenic polymorphism in field 
isolates. Am J Trop Med Hyg 2003; 69:536-41; 
PMID:14695092

50. Galinski MR, Medina CC, Ingravallo P, Barnwell 
JW. A reticulocyte-binding protein complex 
of Plasmodium vivax merozoites. Cell 1992; 
69:1213-26; PMID:1617731; http://dx.doi.
org/10.1016/0092-8674(92)90642-P

51. Boyd M, Stratman-Thomas, W, Muench, H The 
occurrence of gametocytes of Plasmodium vivax dur-
ing the primary attack. Am J Trop Med Hyg 1936; 
s1–16:133–8

52. Galinski MR, Meyer EV, Barnwell JW. Plasmodium 
vivax: modern strategies to study a persistent 
parasite’s life cycle. Adv Parasitol 2013; 81:1-26; 
PMID:23384620; http://dx.doi.org/10.1016/
B978-0-12-407826-0.00001-1

53. Chitnis CE, Sharma A. Targeting the Plasmodium 
vivax Duffy-binding protein. Trends Parasitol 
2008; 24:29-34; PMID:18023618; http://dx.doi.
org/10.1016/j.pt.2007.10.004

54. Ménard D, Barnadas C, Bouchier C, Henry-Halldin 
C, Gray LR, Ratsimbasoa A, Thonier V, Carod JF, 
Domarle O, Colin Y, et al. Plasmodium vivax clini-
cal malaria is commonly observed in Duffy-negative 
Malagasy people. Proc Natl Acad Sci U S A 2010; 
107:5967-71; PMID:20231434; http://dx.doi.
org/10.1073/pnas.0912496107

55. Bachmann MF, Jennings GT. Vaccine delivery: 
a matter of size, geometry, kinetics and molecu-
lar patterns. Nat Rev Immunol 2010; 10:787-96; 
PMID:20948547; http://dx.doi.org/10.1038/
nri2868

56. Bachmann MF, Rohrer UH, Kündig TM, Bürki K, 
Hengartner H, Zinkernagel RM. The influence of 
antigen organization on B cell responsiveness. Science 
1993; 262:1448-51; PMID:8248784; http://dx.doi.
org/10.1126/science.8248784

57. Capone S, Reyes-Sandoval A, Naddeo M, Siani 
L, Ammendola V, Rollier CS, Nicosia A, Colloca 
S, Cortese R, Folgori A, et al. Immune responses 
against a liver-stage malaria antigen induced by 
simian adenoviral vector AdCh63 and MVA prime-
boost immunisation in non-human primates. Vaccine 
2010; 29:256-65; PMID:21029806; http://dx.doi.
org/10.1016/j.vaccine.2010.10.041

58. O’Hara GA, Duncan CJ, Ewer KJ, Collins KA, 
Elias SC, Halstead FD, Goodman AL, Edwards NJ, 
Reyes-Sandoval A, Bird P, et al. Clinical assessment of 
a recombinant simian adenovirus ChAd63: a potent 
new vaccine vector. J Infect Dis 2012; 205:772-81; 
PMID:22275401; http://dx.doi.org/10.1093/infdis/
jir850

59. Moram M, Ropars A, Guzman J, Diaz J, Garrison C. 
2005. The new landscape of neglected disease drug devel-
opment. London: The Wellcome Trust.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14695092&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14695092&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1617731&dopt=Abstract
http://dx.doi.org/10.1016/0092-8674(92)90642-P
http://dx.doi.org/10.1016/0092-8674(92)90642-P
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23384620&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23384620&dopt=Abstract
http://dx.doi.org/10.1016/B978-0-12-407826-0.00001-1
http://dx.doi.org/10.1016/B978-0-12-407826-0.00001-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18023618&dopt=Abstract
http://dx.doi.org/10.1016/j.pt.2007.10.004
http://dx.doi.org/10.1016/j.pt.2007.10.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20231434&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0912496107
http://dx.doi.org/10.1073/pnas.0912496107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20948547&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20948547&dopt=Abstract
http://dx.doi.org/10.1038/nri2868
http://dx.doi.org/10.1038/nri2868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8248784&dopt=Abstract
http://dx.doi.org/10.1126/science.8248784
http://dx.doi.org/10.1126/science.8248784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21029806&dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2010.10.041
http://dx.doi.org/10.1016/j.vaccine.2010.10.041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22275401&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22275401&dopt=Abstract
http://dx.doi.org/10.1093/infdis/jir850
http://dx.doi.org/10.1093/infdis/jir850



