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Review

Key gaps in the knowledge of Plasmodium vivax, a neglected

human malaria parasite

Ivo Mueller, Mary R Galinski, | Kevin Baird, Jane M Carlton, Dhanpat K Kochar, Pedro L Alonso, Hernando A del Portillo

Plasmodium vivax is geographically the most widely distributed cause of malaria in people, with up to 2-5 billion
people at risk and an estimated 80 million to 300 million clinical cases every year—including severe disease and
death. Despite this large burden of disease, P vivax is overlooked and left in the shadow of the enormous problem
caused by Plasmodium falciparum in sub-Saharan Africa. The technological advances enabling the sequencing of the
P vivax genome and a recent call for worldwide malaria eradication have together placed new emphasis on the
importance of addressing P vivax as a major public health problem. However, because of this parasite’s biology, it is
especially difficult to interrupt the transmission of P vivax, and experts agree that the available methods for preventing
and treating infections with P vivax are inadequate. It is thus imperative that the development of new methods and
strategies become a priority. Advancing the development of such methods needs renewed emphasis on understanding
the biology, pathogenesis, and epidemiology of P vivax. This Review critically examines what is known about P vivax,
focusing on identifying the crucial gaps that create obstacles to the elimination of this parasite in human

populations.

Life cycle
Plasmodium vivax has unique biological features that
distinguish it as a species. The figure depicts the basic
understanding of the plasmodium life cycle, with the
inclusion of features that relate to P vivax. The most
obvious features that distinguish Pvivax from Plasmodium
falciparum  include the development of dormant
hypnozoite forms in the liver that cause subsequent
infections in the blood called relapses, the appearance—
sometimes before onset of clinical symptoms—of round
gametocytes in the peripheral blood (ie, not banana-
shaped gametocytes like those produced by P falciparum),
a predilection (or requirement) of merozoites for
reticulocytes as host cells, circulation of all blood-stage
developmental forms in the peripheral blood, the absence
of electron-dense protrusions (known as knobs in
P falciparum), and presence of numerous caveolae—vesicle
complexes along the surface of infected red blood cells.
Sporozoites, injected through the bite of anopheline
mosquitoes, migrate to the liver within minutes, invade
hepatocytes, and develop into either an actively dividing
schizont or a dormant hypnozoite.! The biological
determinant that dictates the active or dormant
development pathway is entirely unknown. The activation
of hypnozoites weeks, months, or even years later causes
the reactivation of a blood infection, clinical malaria, and
the potential for transmission of the sexual gametocyte
forms. The trigger for the activation of hypnozoites is not
understood, though stress seems to play a part, and distinct
patterns of relapse linked to local mosquito seasonal
abundance suggest a darwinian genetic process at work to
ensure transmission and the propagation of the species.
Another noteworthy biological feature of P vivax is its
preferential, if not exclusive, targeting of reticulocytes as
its host cells in the blood.® The biological basis of this
apparent requirement, apart from specific parasite
ligands that might allow entry into this host cell, is not
understood. This could also be a parasitic adaptation to
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limit hyperparasitaemias and associated virulence (since
reticulocytes comprise only 1-2% of erythrocytes), or the
reticulocyte might offer a special microenvironment to
support the growth of this species. While P vivax develops
in this host cell, it produces specific proteins to create
large so-called cleft structures in the infected red blood
cell membrane and many caveolae—vesicle complexes,
which look like a profuse speckling in Giemsa-stained
blood smears (known as Schiifnner’s dots); these clefts
and caveolae-vesicle complexes have also been seen in
electron micrographs.* The function of these intriguing
structures and their potential as targets of intervention
remain largely unexplored, though research can now
take advantage of proteomics and advanced microscopy
technologies to unravel their components and biological
roles.

Also of special note, P vivax becomes much more
amoeboid than P falciparum while it grows in the
reticulocyte, and it also greatly enlarges the host cell and
increases its deformability.’ All blood-stage forms of
P vivax are found in the peripheral circulation, like most
Plasmodium species, and the enhanced deformability
might somehow help their safe passage through
the spleen. If so, the parasite would not need adhesive
knobs for sequestration in deep vascular beds as a way
of avoiding passage through the spleen. Lack of
sequestration and cytoadherence in P vivax however,
needs to be critically re-evaluated, because formal
hypotheses of adherence to the spleen® and the lungs’
have been suggested. This scenario contrasts with the
consistent absence of mature asexual forms in
P falciparum infections (except in severe cases with very
high parasitaemias), because the mature asexual blood-
stage forms of P falciparum cytoadhere to a variety of
receptors and become sequestered in the deep vasculature
of various tissues and organs.” Red blood cells infected
with mature stages of P falciparum are rigid and cannot
pass safely through the spleen.
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Figure: Life cycle of the human malaria parasite Plasmodium vivax

Once infective sporozoites are inoculated into the skin by female anopheles mosquitoes, they reach the bloodstream and enter hepatocytes initiating the
exoerythrocytic stage. Within the liver, P vivax can either differentiate into tissue schizonts, which after thousands of mitotic replications in individual hepatocytes
release merozoites into the bloodstream, or differentiate into a dormant stage called a hypnozoite that, upon activation after months or years, causes clinical relapse.!
The merosome featured here has, so far, only been described in malaria in rodents’ but is predicted to be present in late stage liver infections with P vivax and other
species. During the erythrocytic stages, P vivax merozoites predominantly, if not exclusively, invade reticulocytes,? and these cells become enlarged and more
deformable.? This cyclical developmental process takes about 48 h. In addition, P vivax produces specific proteins to create caveola-vesicle complexes that appear as
profuse speckling in Giemsa-stained blood smears, known as Schifnner’s dots.* Moreover, some P vivax parasites can differentiate into mature gametocytes before a

clinical infection and illness develops, thus having the advantage of continued transmission to the insect vector before the appearance of clinical symptoms and
subsequent treatment.’ Circulating gametocytes are a rounded shape and on uptake in the blood meal of anopheles mosquitoes begin the sexual cycle, which
includes release of the male and female gametes, fertilisation, and formation of a motile ookinete that crosses the midgut epithelium. Differentiation into a new
replicative form known as the oocyst, release of sporozoites, migration, and invasion of the salivary glands ends this complex life cycle in which the parasite
undergoes more than ten stages of cellular differentiation and invades at least four types of cells within two different hosts.

Like most Plasmodium species, the shape of P vivax
gametocytes within infected red blood cells look circular
in Giemsa-stained blood smears, by contrast with
P falciparum and the chimpanzee parasite Plasmodium
reichenowi  with  their  characteristic  elongated
gametocytes." Another characteristic that distinguishes
vivax from falciparum malaria, and one of crucial clinical
importance, is that P vivax gametocytes develop early in
the infection and can be seen in the peripheral circulation
before or at the beginning of clinical symptoms. Thus, an
infected but asymptomatic, and therefore an as yet
untreated individual, might serve as a reservoir to
successfully transmit the infection to mosquitoes.® This
transmission before clinical disease and treatment might
in part explain why resistance to chloroquine has
emerged in P vivax parasites more than 30 years after
resistance in P falciparum. In essence, most gametocytes

produced during infections (blood stage) would have
experienced less drug pressure, thus reducing the chance
for transmission of mutated drug-resistant parasites.
However, this accepted view needs to be questioned,
since a comprehensive and retrospective analysis of
gametocytaemia and fever in patients with neurosyphilis
experimentally infected with P vivax, showed that
gametocyes were never seen in the blood before clinical
symptoms began.”

Burden and epidemiology

The worldwide burden of malaria caused by P vivax has
not been reliably estimated. Guerra and colleagues®
estimated 2-6 billion people living at risk, and Hay* and
Price® put the range of likely annual infections at
132 million to 391 million. The greatest proportion of the
worldwide vivax malaria burden almost certainly lies in
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south and southeast Asia (probably more than 80% of
infections), with perhaps underappreciated numbers of
infection in Africa.”" The total burden of malaria in the
Americas is low compared with that in Africa, but P vivax
seems to account for more than 70% of malaria in the
Americas and locally causes a substantial clinical and
socioeconomic burden. Effort must be invested in
mapping the range of and relative risk of infection with
P vivax on the basis of cartographic modelling of
assemblies of reliable cross-sectional data giving
quantitative measures of probability, as has been done
with P falciparum.” Special focus should be on
establishing the burden in particular risk groups, such as
young children or pregnant women. Given that over a
large part of its geographical distribution P vivax affects
all age groups, including the most economically active, it
will be importantto accurately estimate the socioeconomic
costs of P vivax across different levels of endemicity. The
research needed on the burden, epidemiology, clinical
patterns, and host response is summarised in panel 1.
The geographical distribution of endemic vivax malaria
overlaps with that of endemic falciparum malaria, except
in temperate zones, such as the Korean peninsula, where
only vivax malaria occurs, and in much of sub-Saharan
Africa where Duffy negativity seems to exclude endemic
vivax malaria. P falciparum tends to be dominant in cross-
sectional surveys of parasitaemia prevalence, and it
almost uniformly has higher mean parasitaemia
compared with P vivax. The higher prevalence of
P falciparum is not entirely the rule however, with Latin
American countries reporting upwards of 80% of
infections due to P vivax and regions of India and China
showing predominance of P vivax. Some studies suggest
vivax malaria might reduce the severity of falciparum
malaria, but others suggest that it might increase the risk
of severe disease.” These trends, which are very poorly
understood, might be the product of competition between
the species, as well as the outcome of immunomodulatory
effects resulting from unknown coinfection dynamics.
The seemingly uniform lower prevalence of vivax
malaria in endemic areas might be partly because of the
tendency of P vivax to achieve and maintain lower-density
parasitaemia (perhaps because of its strong host-cell
preference for reticulocytes), and the inverse relation
between diagnostic sensitivity and parasitaemia count.
Correct estimates for the burden of P vivax will thus
require improved diagnostic methods. The detection of
low level asymptomatic and mixed species infections
with conventional light microscopy is limited. Present
rapid diagnostic tests do not include a P vivax specific
antigen, but diagnose P vivax through the detection of
pan-plasmodium antigens (currently lactate de-
hydrogenase or aldolase) that have limited sensitivity at
parasitaemias of fewer than 200 parasites per pL.* PCR-
based assays, although more sensitive and high
throughput, are difficult to use in routine diagnostic
procedures. New, more sensitive, vivax-specific diagnostic

www.thelancet.com/infection Vol 9 September 2009

Panel 1: Advances needed in burden, epidemiology, clinical
patterns, and host response research

+ Estimate global burden of vivax malaria and define risk of
vivax malaria within the biological spatial limits of
transmission

+ Define the distribution of inherited blood disorders linked
to malaria and determine the association with protection
against vivax malaria

+ Characterise severe disease syndromes and establish case-
definition for severe vivax malaria

+ Lookat the targets of naturally acquired immunity and
find measurable signs of protection against P vivax
infections and clinical disease

+  Find the contribution of critical host immune responses
and parasite characteristics with clinical pathology

+ Find burden and clinical patterns associated with P vivax
in pregnancy

assays are therefore needed. Immunological assays
might be attractive since they can be used in worldwide
population surveys to detect asymptomatic carriers and
people recently exposed to P vivax.

The entomological inoculation rate (the product of the
vector biting rate times the proportion of mosquitoes
infected with sporozoite-stage malaria parasites) or the
incidence density of new infections measures the force
of infection with falciparum malaria. In the case of vivax
malaria, such measures provide only a partial assessment
of risk. The activation of hypnozoites to create acute vivax
malaria represents a major contributing factor. In
essence, the liver serves as a reservoir for new infections
in the blood, new episodes of disease, and possible
transmission. In any given community, no study reported
so far has successfully measured the relative contributions
of new mosquito inoculations of P vivax sporozoites
versus activation of dormant liver-stage hypnozoites to
the force of infection of the blood. Appropriate control
strategies for P vivax depend on addressing this general
lack of understanding. In P vivax endemic communities,
it might be preferable to focus resources on resolving
hypnozoite infections, even more so than preventing new
mosquito infections, which, relatively speaking, might
prove to be a minor contributor to the burden of blood
infections.

The inherited lack of Duffy glycoprotein expression
on the surface of red blood cells is known to prevent
invasion by P vivax merozoites,” and the dominance of
this trait among many Africans (especially in western
Africa) explains the near absence of P vivax infections
in these populations. Notably, this protective trait has
recently been questioned because P vivax infections
were detected in Duffy negative individuals in Africa
and Brazil.»* Despite these observations, the Duffy
factor represents a rare example of a widely accepted
hypothesis linking protection from vivax malaria to an
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inherited trait. Although other inherited blood disorders
might also have been selected for by P vivax, few have
been investigated. This lack of study might be the
product of both the perception of vivax malaria as being
unlikely to exert a survival pressure on human beings,
and the relative difficulty of exploring such associations
without a P vivax in vitro culture system. Genetic traits
linked to malaria represent «clinically important
associations, and such knowledge can support the
rational development of control strategies, as well as
the practical advantage of protecting clinical trials of
interventions from confounding by genetic factors.
Measuring the risk of infection and developing rational
control strategies will require a better understanding of
the epidemiology of endemic vivax malaria. This will be
especially true for estimating and monitoring the
worldwide burden of disease, the interactions with
falciparum malaria within and among hosts, the
contribution of the liver reservoir of infection, the role of
asymptomatic infections, and the epidemiology of
inherited blood disorders linked to vivax malaria.

Clinical aspects

Almost any textbook of medicine will refer to vivax
malaria as relatively benign compared with falciparum
malaria and only rarely causing death by rupture of the
spleen. Some texts will go on to explain that the non-
aggressive course of vivax malaria might be attributed
to its inability to adhere to vascular endothelium and its
strict preference for invading reticulocytes. This widely
accepted view of vivax malaria is now being challenged.
Recent studies have pointed to a spectrum of severe
disease that essentially resembles that of falciparum
malaria: cerebral malaria (including generalised seizure
and status epilepticus), hepatic dysfunction with severe
jaundice, acute lung injury, acute respiratory distress
syndrome, pulmonary oedema, shock, renal failure,
splenic rupture, severe thrombocytopenia and
haemorrhage, and severe anaemia.” In almost any
clinic treating patients who present with such
syndromes, the diagnosis would likely be severe
falciparum malaria. Even where reliable microscopic
diagnosis confirms only P vivax, P falciparum might
still be presumed and its adherent properties might be
cited as the basis of its apparent absence in peripheral
blood smears. Nonetheless, case reports of severe
falciparum-like malaria attributed to P vivax have been
published, including several using PCR diagnostics.*
Reliable exclusion of P falciparum by PCR diagnostics
has alerted health-care workers and the malaria research
community to the reality of severe and lethal disease
caused by P vivax. However, exclusion of other
infectious causes in such patients has thus far been
limited and some caution is therefore warranted.
Retrospective and prospective studies of hospital
admissions in endemic areas have supported P vivax as
a cause of falciparum-like syndromes of severe

disease.”” However, no longitudinal study of hospital
admissions has yet offered either the reassurance of
PCR diagnostics or the exclusion of other endemic
infections such as viral hepatitis, dengue, leptospirosis,
and bacterial sepsis among others, with the exception
of the recent report from India of severe vivax malaria
proven through PCR in 40 patients.”

The presentation of severe disease with PCR-
confirmed P vivax monoinfection seems as clinically
challenging as that of P falciparum. The risk of death
with a diagnosis of severe vivax malaria can be nearly
identical to that of patients diagnosed with severe
falciparum malaria.*? Severe vivax malaria has
presented with various clinical syndromes as already
detailed. In hospital-based studies, severe anaemia
proved the most common sign in one study,” whereas
respiratory distress®® or liver dysfunction”” were
predominant in the other studies. The perception of
vivax malaria as relatively benign compared with
falciparum malaria might stem in part from early
studies in predominantly temperate regions, which
generally showed a less aggressive clinical course.
Recent studies from Korea tend to support this view.*
Severe and fatal vivax infections might be largely limited
to either tropical strains or to chronic exposure.

If the clinical observations summarised here are
supported by more detailed investigation of the
pathophysiology of vivax malaria, the basis of severe
disease caused by falciparum malaria might require
re-evaluation.” The hallmark features of P falciparum
malaria that have been deemed causative factors for
severe disease in about 1% of cases—eg, sequestration
in deep vasculature and promiscuous invasion of all red
blood cells regardless of age—might have long been
viewed through a cloudy lens classifying these diseases
as malignant versus benign malaria. Moreover, these
hallmark causative factors could be different in P vivax,
since severe disease might be associated with multidrug
resistance.””” Clinical investigation of the patho-
physiology of severe vivax malaria will thus directly
affect the understanding of severe falciparum malaria,
and vice versa.

Chemotherapy
First-line therapies for the radical cure of vivax malaria,
chloroquine and primaquine, have not changed in
60 years and there is evidence of increased risk of failure
due to parasite resistance.”? Despite millions of doses
used each year for treatment of a potentially life-
threatening infection, we know little of the mechanisms
of activity or toxicity of primaquine. A practical means of
diagnosing therapeutic failure, much less understanding
the mechanism of parasite resistance, has not been
developed. The research needed in treatment, prevention,
and control is summarised in panel 2.

High-grade resistance to chloroquine appears
entrenched on the island of New Guinea and other
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islands of eastern Indonesia.” The risk of therapeutic
failure drops as you move north across western Indonesia
and into southern Burma, suggesting that the distribution
of Pvivaxis expanding towards Indochina and the Indian
sub-continent. Recent surveys show that Thailand and
India have little or no resistance, but it may be rising in
South America.” Today, P vivax resistance to chloroquine
is a substantial threat to health on the Malaysian
peninsula, the Indonesian archipelago, and in Oceania.
This problem will soon challenge health in the rest of
south and southeast Asia (the region with the greatest
vivax malaria burden), and in South America. However,
the public health urgency to detect and measure the
progression of chloroquine-resistant vivax malaria has
been almost completely ignored.

A method for diagnosing resistance to chloroquine in
vivax malaria was described over 10 years ago.** This
procedure has drawbacks, but has not been improved or
standardised. The method does not distinguish between
the reappearance of blood stages, relapse from liver
stages, or reinfection from biting mosquitoes. Parasites
breaking through normally effective doses of drugs and
remaining up to 28 days after treatment (ie, about three
times the pharmacological half-life of chloroquine)* are
classified as resistant regardless of origin. Apart from
these ambiguities, reliable diagnosis requires measuring
drug concentrations and thus imposes severe operational
limitations. Moreover, blood concentrations of drugs for
sensitivity or resistance classification derive from indirect
observations, and the diagnostic criteria apply only to
chloroquine therapy. Responding to the threat of
chloroquine-resistant vivax malaria urgently requires
validated and standardised tests, in vivo and in vitro,
adaptable to resource-limited settings and applicable to
multiple therapeutic options as well as development of
reliable molecular markers for resistance.

Therapies that can be given after chloroquine failure
have only been explored to a very limited extent. Evidence
of good effectiveness against resistant strains has been
described in a few cases for mefloquine and two
combination therapies: atovaquone and proguanil, and
dihydroartesunate and piperaquine.** Coping with the
growing distribution of chloroquine-resistant vivax
malaria needs further evaluation of these and other
therapies. Treatment strategies that effectively deal with
both falciparum and vivax malarias, including the
dormant liver stages of vivax malaria, might require
complex well-controlled trials. Despite the use of
artemisinin-combination treatments (ACTs) in many
countries to treat malaria on the basis of clinical diagnosis
for the treatment of mixed P falciparum and P vivax
infections, few ACTS have so far been thoroughly tested
for their effectiveness against P vivax. Consequently,
evidence-based treatment regimens for ACTs against
Pvivax are lacking.

Killing of the dormant liver stages is needed for the
successful control of vivax malaria, and this need
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Panel 2: Advances needed in treatment, prevention, and control

+ Develop blood schizonticidal therapies proven effective against multidrug-resistant

falciparum and vivax malaria

+ Develop tissue and liver schizonticidal therapies proven effective against vivax malaria
+ Develop in vivo and in vitro tools for assessment of both blood and tissue

schizonticidal drug resistance in vivax malaria

+ Develop a practical and affordable point-of-care diagnostic for G6PD deficiency
+ Expand vaccine development effort focusing upon coformulation strategies with

vaccines against falciparum malaria

«  Measure effect and cost effectiveness of insecticide-treated nets, intermittent
preventive treatment, and indoor residual spraying as interventions against endemic
vivax malaria in settings typical of the Americas, south Asia, and southeast Asia

+ Develop a model of P vivax, host and vector relations and apply the model to assess

the effect of different interventions on P vivax burden and transmission dynamics

imposes serious clinical, technical, and operational
challenges. Primaquine is the sole therapeutic option
available for doing this, and almost nothing is known of
its mechanism of action or haemolytic toxicity in
patients with an inborn deficiency of glucose-6-
phosphate  dehydrogenase  (G6PD)—a  problem
exacerbated by this deficiency being most common
among populations most in need of therapy. A
systematic survey of G6PD variants likely to impose
serious risk with primaquine therapy has not been
done, and a practical rapid diagnostic for this inherited
deficiency has not been developed.

A 14-day dosing regimen is another serious drawback
with primaquine. Most health authorities consider this
problem crippling, and studies comparing efficacy with
supervised versus unsupervised adherence support that
view.” An exaggerated sense of toxicity and intolerability
with primaquine in people considered good candidates
to receive it (G6PD-normal and non-pregnant) has
limited exploration of higher daily doses over shortened
periods. A theoretically safe and tolerable 3-day regimen
(60 mg twice-daily) has not been studied.” Lastly, because
of the difficulty of studying the G6PD status of a fetus,
primaquine cannot be given to pregnant women.

Primaquine might be the most effective drug available
for the prevention of vivax malaria in travellers, but it is not
licensed for this use in any country. Unlike all licensed
antimalarial drugs, primaquine prevents the formation of
liver stages during acute infection. This property prevents
the substantial problem of relapse weeks or months after
initial exposure to P vivax.” The economic burden imposed
with obtaining a regulatory change in the labelled
indication for a drug with lapsed patent protection has
thus far proved insurmountable.

The US Army invented tafenoquine, a drug in the same
8-aminoquinoline family as primaquine and intended
for essentially similar clinical use. The Medicines for
Malaria Venture is now developing tafenoquine for
elimination of hypnozoites caused by P vivax and
Plasmodium ovale infections, which likewise develops

For more on the Medicines for

Malaria Venture see
http://www.mmv.org
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Panel 3: The genome of P vivax

A major achievement by the vivax research community has been the recent completion
and analysis of the first P vivax genome sequence.** Using a patient isolate from

El Salvador adapted to growth in squirrel monkeys, sufficient DNA was procured for a
high-coverage sequence to be generated. At about 27 Mb and containing about

5400 genes, the P vivax genome has a similar size and gene count as the P falciparum
genome but differs in the repeat content and nucleotide bias of its 14 chromosomes,
which contain isochore-like regions of high guanine and cytosine content interspersed
with regions of high adenine and thymine bias mainly at the subtelomeric ends. No
substantial differences in metabolic pathways nor membrane transporter proteins were
discerned between the species, and indeed the identification of similar pathways in the
Pvivax apicoplast organelle means that these can potentially be targeted by antimalarial
drugs being developed for P falciparum. A major finding is the presence of expanded

P vivax gene families involved in red blood cell invasion and immune evasion—for
example, classes of genes coding for proteins found on the merozoite surface, although
the functional significance of this remains unclear. Through comparison of about

3300 homologous genes in P vivax and a closely related monkey species Plasmodium
knowlesi,* regions of the genome that seem to be evolving faster than other regions, and
that contain genes coding for exported proteins, were identified. Finally, analysis of the
genome sequence revealed more than 150 microsatellites that are already being used by

researchers to discern the genetic diversity and population structure of worldwide
populations of the parasite,**** an essential step toward development of control
measures. Although the P vivax genome has provided a snapshot into the biology of the
parasite, many questions remain, not least of which is how the switch to the dormant
hypnozoite form occurs—this is sadly not illuminated through the genome sequence.
However, transcriptome studies* coupled with sequencing of more P vivax isolates,” will
ensure that scientists have the genomic resources to continue their studies into such

intriguing phenotypes.
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this dormant stage in the liver. However, a substantial
gap in our understanding of how 8-aminoquinolines
achieve this therapeutic effect complicates this effort.
During the 1950s two clinical trials suggested primaquine
failed to kill liver stages unless given at the same time
with either quinine or chloroquine.” The importance of
this finding was forgotten after the drug was distributed
with chloroquine. The developers of tafenoquine must
now contend with development of a companion drug
that might substantially improve its therapeutic index, a
key issue given its apparently shared ability to induce
haemolysis in G6PD-deficient patients. The ability to
control vivax malaria in the coming decades might well
hinge upon the successful development of tafenoquine
and other drugs that safely eliminate hypnozoites.

P vivax hypnozoites

Relapses represent a parasitaemia emerging from a
dormant liver-stage hypnozoite, which happens despite
effective blood schizonticidal therapy of the primary
parasitaemia. The distinctions between reinfection,
relapse, and reoccurrence (clinical signs of a previously
subclinical parasitaemia) carry great importance in
understanding the assessment of treatment outcomes.
Although relapse has been known since the end of the
19th century, the dual role of the liver in supporting
primary and secondary blood-stage infections was not

considered until 1948, with the seminal observations by
Short and Garnham® of liver-stage schizonts in rhesus
monkeys infected with Plasmodium cynomolgi. Three
decades later, Krotoski and colleagues® formally showed
the presence of a hypnozoite in the liver of a rhesus
monkey experimentally infected with P cynomolgi, and a
chimpanzee infected with P vivax. Since then, little
progress has been made to characterise this parasite
stage. With funding in place research can resume in this
area, immediately building upon the investigations of
P cynomolgi liver-stage infections as done in the past and
also capitalising on vivax infections in New World
monkeys using specific parasite-host combinations that
are known to produce hypnozoites. A challenge for
rational experimentation on the hypnozoite forms will be
to develop molecular and cellular markers capable of
distinguishing the unique biological characteristics of
the hypnozoite. From a practical perspective, such
methods are also needed to distinguish clinical relapses
from either reinfection or reoccurence. As noted, the
hypnozoite represents an important reservoir for new
infections, which totally escape the conventional means
of malaria control—ie, use of insecticides, bednets,
diagnostic methods, and almost all chemoprophylactic or
chemotherapeutic interventions. Failure to effectively
attack the hypnozoite would have the same consequences
as failed control measures, and allow the life cycle of
P vivax to continue in human populations.

It would be a breakthrough to understand these
cryptic parasitic life forms. Initial molecular-based
studies with the msp1 and csp genes as genetic markers
suggested that the parasites causing relapses were
clonally identical to the parasites causing the first
primary attack.“* More recently, however, two
independent groups wusing microsatellite markers
identified from the genome sequence showed that
relapse infections often result from activation of
heterologous hypnozoites.** The genome sequence of
P vivax*® (panel 3) opens new avenues to advance our
scarce knowledge of the biology of hypnozoites and
relapses as well as our limited knowledge in other
crucial aspects of the life cycle such as merozoite
invasion and antigenic variation. The research needed
to further understanding of P vivax biology is
summarised in panel 4.

Merozoite invasion of reticulocytes and the
infected red blood cell membrane

Merozoites have evolved sophisticated molecular
machinery for the invasion of reticulocytes. Major
advances in revealing the generalised cascade of events
and species-specific receptor-ligand interactions that
occur as merozoites enter red blood cells have come
from investigations of  Plasmodium  knowlesi,
P falciparum, and P vivax.”* In the case of P vivax,
merozoites invade reticulocytes and use the Dufty blood
group antigens expressed on the surface of red blood
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cells as a receptor. As noted, human populations lacking
the Duffy factor are highly resistant to P vivax blood-
stage infections.”” Molecular approaches led to the
discovery of reticulocyte binding proteins 1and 2, which
have Dbeen implicated in the cell-tropism for
reticulocytes,” and to the discovery of the Dufty binding
protein and a specific region of this protein that adheres
to the Duffy antigen receptor for chemokines (DARC)
on red blood cells.”

The presence of additional pvrbp genes and possible
rbp pseudogenes in the P vivax genome* has raised the
possibility of a more complex role for this protein family
in invasion and, perhaps, evasion strategies. Also, two
reports of Duffy-negative individuals with P vivax
infections might counter the dogma that DARC is
absolutely essential for P vivax merozoite invasion of
red blood cells;** further molecular epidemiological
studies should be done to assess the likelihood and
frequency of such Duffy independent infections in the
context of understanding population dynamics of
P vivax transmission. As with P falciparum, P vivax
entry into red blood cells is a complex process, which is
anticipated to similarly involve other proteins located at
the merozoite surface or within its organelles, and
likely involves several alternative receptor mechanisms
and invasion pathways.® In-depth studies on the
association of different red blood cell phenotypes (and
the genetic traits shaping them) with risk of P vivax
infection and the development of high level parasitaemia
might shed much needed additional light on P vivax
capacities for invasion.

Antigenic variation, cytoadherence, and
sequestration

Antigenic variation is the process by which parasitic
microorganisms use built-in mechanisms to switch
expression of variant proteins encoded by multigene
families. The alternative expression of variant surface
antigens can be used for evading host immune
responses.” Presumptive variant surface antigen
proteins in P vivax include those that are expressed by
a subtelomeric multigene family called vir.” The vir
genes were first identified from a P vivax isolate and
implicated in immune evasion and chronic P vivax
parasitaemia. However, analysis of the expressed vir
gene repertoire of P vivax-harbouring reticulocytes
recovered from naturally infected individuals showed
neither allelic exclusion of vir gene expression nor
clonal expression of Vir proteins in individual
parasites.”® Thus, whereas some features of the Vir
proteins are consistent with a role of vir genes in
immune evasion, available data do not support the
existence of a genuine clonal antigenic variation process
involving these proteins.” These data, however, were
obtained from experiments involving a subset of
proteins expressed by this multigene family. The
completion of the first genome sequence from P vivax
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Panel 4: Advances needed in parasite biology

+ Investigate key steps in hypnozoite formation, metabolism, and reactivation
+ Find important processes in the invasion of reticulocytes with a particular focus on

ligand-receptor interactions

+  Study P vivax and reticulocyte blood-stage biochemistry and the infected red blood

cell membrane structures

+ Re-examine cytoadherent properties of P vivax and role of the spleen and variant

proteins

+ Develop continuous in vitro culture systems for blood-stage parasites

+  Expand use of P cynomolgi non-human primate models to investigate hypnozoite and

blood-stage parasite biology and pathogenesis

+ Discover targets for future vaccine and drug intervention on the basis of the biological

understanding of the parasite

(Salvador I strain)* has allowed the identification of the
complete vir gene repertoire in this strain and the
genome has also revealed eight new gene families,
most of which are located in subtelomeric regions. The
role of P vivax subtelomeric multigene families in
antigenic variation can now be revisited on a genome-
wide scale.

P falciparum infected red blood cells containing
trophozoites and schizonts sequester by adhering to the
endothelial cells of postcapillary venules via variant
surface antigens encoded by the var subtelomeric
multigene family. As a result, these forms rarely
appear in the peripheral circulation. By contrast, P vivax
parasitaemias typically have all blood-stage forms in the
peripheral circulation. The cytoadhesive properties of
P falciparum-infected red blood cells have been proposed
to provide the selective advantage of preventing their
clearance in the spleen.” The influence of the spleen in
somehow controlling expression of variant proteins in
malaria was clearly shown in P knowlesi, where
expression of the schizont-infected cell agglutination
antigens (homologs of the P falciparum variant
antigens® known as erythrocyte membrane protein 1,
expressed by var genes) on the surface of the infected
red blood cells was lost upon passage in splenectomised
rhesus monkeys and regained upon passage in intact
rhesus monkeys.® Supporting observations showing a
role for the spleen in variant antigen expression were
also reported for P falciparum, Plasmodium fragile, and
Plasmodium chabaudi infections.®* Moreover, in
patients that have been splenectomised and were
infected naturally with P falciparum, tissue sequestration
is impaired and mature stages are seen in the peripheral
blood circulation.” These data agree with the accepted
view that the spleen plays an important part in
controlling the expression of variant proteins in malaria
infections. How P vivax-harbouring reticulocytes move
through the spleen, whether expression of P vivax
variant multigene families are spleen-dependent, and
whether P vivax cytoadheres, remain crucial research
questions to be investigated.
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P vivax in vitro culture systems

A continuous in vitro culture system for P vivax, which
could generate unrestricted numbers of blood-stage
parasites, is among the most important technologies that
could be developed to advance research on P vivax.
However, this goal faces major inherent biological
hurdles, especially because of the need for reticulocyte
host cells; whether a continuous in vitro culture will be
attainable remains uncertain. A straightforward method
was reported in 1989 that enabled the maturation of
P vivax parasite blood samples from patients in short-
term cultures, and these ex vivo systems enabled limited
but valuable experimentation with these parasites from
the field.®® Also 20 years ago, efforts were made to
establish a continuous culture system for P vivax with
aotus monbkey reticulocytes to cycle P vivax under shaking
conditions.” In the past 10 years, improvement of this
method has taken advantage of human reticulocytes,
modified medium, and culture conditions combining
static and shaking periods.” Recently, the use of
haemopoietic stem cells and addition of specific factors
(that drove their differentiation into reticulocytes),
represented an improvement because this approach
provided a constant source of reticulocytes, albeit in low
percentages, needed to develop a continuous culture
system.” This system is technically demanding, not
highly reproducible (as several isolates failed to grow),
and does not support the exponential growth of P vivax to
obtain large parasite yields. Nevertheless, this research is
another step among many unpublished attempts to
establish a continuous P vivax culture system, and it is
probably too early to give up hope that creative insights
and technologies will one day be applied to achieve this
goal.

In addition to developing a continuous in vitro culture
for blood-stage parasites, in vitro systems for liver stages
would be invaluable to further our knowledge on
hypnozoites.”

Animal model systems

Animal model systems have substantially advanced
biomedical research for many health concerns, and
malaria is no exception. From non-human primate
experimental infections with malaria parasites of
monkeys, apes, and human beings, to small animal
model experimental infections with malaria parasites of
rodents, studies have helped to shed light on infection
dynamics, parasite biology, and pathogenesis.” Especially
given our lack of knowledge about hypnozoites and the
lack of a continuous culture system to study P vivax
blood-stage parasites, non-human primates have been
and continue to be especially important for P vivax
research. Monkey model systems have the advantages of
being able to control the timing of infections and
reinfections, the choice of parasite (species, strain,
isolate, or clone) and host (Saimiri, Aotus, or Macaca
species of monkey) combinations, and the elimination of

confounding factors such as malnutrition and other
diseases. Moreover, by use of non-human primates it is
possible to justify delayed or suboptimal treatments and
to devise and implement important sampling schemes
(eg, multiple blood draws and liver or bone marrow
biopsies). Aotus spp monkeys have been reliable for some
P vivax vaccine trials;* however, supplies of these small
New World monkeys have been a limiting factor in the
scope and breadth of possible research. Published
research also shows how P vivax infections of Saimiri
boliviensis monkeys have been crucial for cultivating the
parasite for the identification of vaccine candidate
antigens and addressing challenging Dbiological
questions,*”** as well as for attaining genomic DNA and
chromosomal material for supporting the Pvivax genome
project.”

Because of the limitations of using small New World
monkeys, with their small blood volumes, ape and
macaque malaria models have proven a valuable
alternative. Experimental infection of macaque monkeys
with P cynomolgi will be an especially important model to
study hypnozoite biology and severe malaria pathogenesis
and pregnancy complications, alongside possible New
World monkey models using P vivax where feasible.
P knowlesi and P cynomolgi parasites will also serve as
outstanding models for helping to answer questions on
the invasion of erythrocytes and the biology of the blood-
stage forms.

Immunology

As with falciparum malaria, people having chronic
exposure to vivax malaria tend to develop some acquired
immunity. Studies involving patients with neurosyphilis
who were experimentally infected with P vivax as a
therapeutic measure showed onset of clinical immunity
relatively rapidly compared with challenge with
falciparum malaria.” Field studies in Papua New Guinea
recently showed age-dependent onset of protective
immunity, with clinical illness caused by vivax malaria
being largely limited to children younger than 5 years.”
Onset of immunity to vivax malaria appeared to occur
earlier in life than with falciparum malaria. Studies in
Vanuatu, Thailand, and Sri Lanka support that view.””
Those studies could not separate the effects of age and
cumulative exposure, and among non-immune migrants
to Indonesian New Guinea suddenly exposed to heavy
transmission, children and adults seemed equally
susceptible to vivax malaria even after onset of age-
dependent clinical immunity to falciparum malaria.®
Reconciling these disparate findings will need in-depth
studies into distinct mechanisms of immune acquisition
driven by cumulative exposure to and acquisition of an
increasingly diverse memory of the antigenic repertoire
of the two parasites and by intrinsic factors related to age
and recent exposure. To clarify the nature of immune
acquisition to P vivax (and its difference to that of
P falciparum) prospective longitudinal studies in different
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age groups and in areas with differing intensity of
transmission might prove essential. So far only two such
studies, both showing clinical protection by IgG
antibodies against merozoite surface antigens have been
reported.®* Although P vivax is known to cause fever
with even very low levels of infection associated with very
high levels of proinflammatory cytokines,™* little is
known about effector cells and parasite triggers, and the
role of such host immune responses in the acute and
perhaps severe pathology of P vivax infections.

Irrespective of the mechanisms at work, studies in
heavily endemic areas show onset of protection from
severe disease syndromes after about 5 years of age. As
with P falciparum in holoendemic Africa,” interventions
aimed at reducing transmission must take into account
the consequences to the majority protected against severe
disease and the threshold of exposure that maintains that
protection.

Vaccines

The search for vaccines against P vivax remains a
formidable challenge. However, unlike P falciparum, very
few candidates have been studied. At present there are
only two P vivax subunit vaccine candidates in clinical
trials and a modest number of other candidates being
tested in preclinical trials**¥ compared with P falciparum
with more than 70 different vaccine formulations
available and 23 in clinical trials.®*

P vivax circumsporozoite protein (PvCSP) synthetic
long peptides were found to be safe and immunogenic in
people,® and a clinical trial (phase II) to assess the
vaccine’s protective efficacy is being planned. Also,
recombinant chimeric circumsporozoite proteins
encompassing repeats from the two major alleles, VK210
and VK247, are in preclinical development.” The
N-terminal, cysteine-rich region II of P vivax Duffy
binding protein (PvRII), alone or in combination with
the 19 kDa C-terminal region of merozoite surface
protein 1 (PvMSP1-19), was immunogenic in preclinical
studies with antibodies elicited against PvRII having a
substantial inhibitory effect in in vitro binding assays.®**
PvRII also showed limited efficacy in preclinical testing
in Aotus grisiemembra monkeys* as did a recombinant
fragment of merozoite surface protein 1 (N-terminal
region; Pv200L).” Together with the protection offered by
naturally acquired antibodies in longitudinal studies,**
these results supporta move towards clinical development
of these blood-stage antigens. Additionally, immune
responses induced by a P vivax mosquito stage antigen
(Pvs25) based transmission-blocking vaccine were
associated with transmission-blocking activity in aotus
monkeys™ and people.” However, adverse reactions
observed with the Montanide ISA 51 formulations”
suggest that a better tolerated formulation will be
required. Several other P vivax vaccine candidate antigens
have been under preclinical development, but they are
not yet scheduled for clinical testing. Efforts drawing on
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new data from the P vivax genome database,® and
capitalising on expertise in functional genomics,
computational analysis, protein production, functional
assays, and animal studies are urgently needed to
accelerate the preclinical and clinical testing of alternative
P vivax vaccine candidates. New creative directions must
also be explored to identify new vaccine candidates
among the elusive liver-stage antigens.”

In addition to increasing the conspicuously neglected
effort with vaccines against vivax malaria, vaccine
developers should acknowledge the overlapping
distribution of falciparum and vivax malaria and create
development strategies yielding a single formulation for
vaccination against both of these species.

Prevention and control

The almost singular focus of the malaria research
community on falciparum malaria, especially in
holoendemic Africa, has resulted in the emphasis on
so-called global control strategies uniquely well-suited to
that setting—eg, insecticide-treated nets and intermittent
preventive therapy for infants and pregnant women. Use
of insecticide treated nets has had limited effect in
southeast Asia,” and intermittent preventive therapy
strategies have not been evaluated outside of Africa.
Likewise, strategies uniquely well-suited to less endemic
settings, such as indoor residual spraying of insecticides
receives little attention from researchers and almost none
from implementing aid agencies.

Countries such as Brazil and Thailand where both
P falciparum and P vivax coexist best draw attention to
the challenges of control and even more the eventual
elimination of P vivax. Sustained vector control and good
access to effective treatment has meant that malaria
transmission in these countries was reduced over the
past 3040 years. In Brazil, P vivax cases now account for
more than 70% of the burden of disease.” In Thailand
the rate of decrease in incidence of P vivax, but not
P falciparum, has slowed in recent years resulting in now
roughly equal numbers of cases with either infection."”
These experiences show that P vivax cannot be easily
eliminated with available methods. If elimination of
malaria is to be done in P vivax endemic areas, a better
knowledge of P vivax and a set of new controls specifically
targeted against P vivax, are urgently needed.

As noted, a crucial weakness in controlling endemic
vivax malaria remains the limitations imposed by the
sole drug (primaquine) to attack the reservoir of
infection in the livers of countless people. Strategies
aiming for the elimination of malaria from any given
area must devise a way to attack this reservoir. Our
almost complete lack of understanding of the biology
(and vulnerabilities) of hypnozoites, combined with the
serious operational and clinical obstacles confronted
with primaquine, foreshadow poor prospects for the
practicality of an effective assault on this parasite in the
near future.
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Search strategy and selection criteria

We searched PubMed for papers written in English and
containing the term “Plasmodium vivax”. There were no date
limits included in our search.

Control of P vivax will also rely upon vector control, so
a comprehensive understanding of the ecology of vector
species that transmit P vivax is essential. Over the large
geographical range of P vivax, over 25 anopheline vector
species are known to transmit the disease.” Many of
them tend to have outdoor biting habits and are less
anthropophilic than the main vectors of P falciparum in
Africa. In addition, there is evidence of intimate
coevolution between P vivax and its vectors.™
Unfortunately, the published work on many of these
vectors is patchy and in many areas in-depth vector
ecology studies are lacking. New, in-depth entomology
studies are therefore urgently needed.

Control of endemic vivax malaria will require focus
upon interventions suited to environments with lower
transmission intensity than holoendemic Africa, and
upon strategies for elimination of hypnozoites. The
possible effect of these strategies on acquired immunity
among older children and adult populations where heavy
exposure occurs must also be considered.

The complex biology of P vivax makes it more difficult
to predict the effect of a given intervention on P vivax
burden and transmission levels. Detailed mathematical
models based on the best knowledge of this parasite, and
its host and vector relations will thus be required to
improve our ability to predict the effect of different
interventions (singly or combined) on P vivax at the
population level.

Conclusions

The search for effective interventions against P vivax
remains a formidable challenge. Given the substantial
difference in the biology, genetics, pathogenesis, and
epidemiology of P vivax outlined, it cannot simply be
assumed that interventions developed and tested for the
control of P falciparum in sub-Saharan Africa will be
similarly successful when used in P vivax endemic areas.
Unfortunately, the relative neglect of P vivax research in
the past means that we lack sufficient indepth
understanding of the biology and epidemiology of the
parasite, and have only started to understand host
immune responses and find measurable signs of this
protection to support rational development of new
interventions. This situation is further complicated by
the lack of or limited access to crucial research methods
such as in vitro culture, animal models, or modern
genomics and proteomic methods.

To address the crucial gaps in our knowledge on P vivax
and accelerate the development of useful methods of
control, a substantial increase in investment in P vivax
research (ranging from diagnostics, therapeutics, basic

biology, epidemiology, clinical studies to mathematical
modelling) is urgently needed. Given how complex and
interconnected the priority research areas are, a
coordinated interdisciplinary approach is essential. Only
by bringing together expertise in the different specialties
within P vivax research will it be possible to bridge the
gaps between disciplines to create intellectual and
operational synergies. The P vivax research community,
long labouring in relative obscurity and with severely
limited resources, has a history of collaborative work
reaching across continents and disciplines. Adequate
funding for the many necessary efforts sketched in this
Review would no doubt energise P vivax research and
stimulate the expansion of and rapid progress in this
community. The ability of people to control vivax malaria
today, and eventually eradicate it, very much hinges upon
such investment. In hindsight, the neglect of vivax
malaria now seems especially egregious. We must
consider further neglect unacceptable and immediately
relegate this to history.
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