IntechOpen







MALARIA PARASITES

Edited by Omolade O. Okwa




Malaria Parasites
http://dx.doi.org/10.5772/1477
Edited by Omolade O. Okwa

Contributors

Guido Favia, Elke Bergmann-Leitner, Hiroko Asahi, Rajeev K. Tyagi, Tejram Sahu, Neeraj Kumar Garg, Punit Prabha, Rick
Paul, Anavaj Sakuntabhai, Cheikh Loucoubar, Jean-Francgois Bureau, Alison Machado, Laura Grange, Catherine Braun-
Breton, Valerie Choumet, Alfonso Marzal, Adeola Orogade, Alyssa Barry, James Beeson, John Reeder, Freya Fowkes,
Alicia Arnott, Philippe Grellier, John Chukwuka Igweh, Omolade Olayinka Okwa, Fourie Joubert, Sam Muchina

Kinyanjui

© The Editor(s) and the Author(s) 2012

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.0.

eBook (PDF) Published by IN TECH d.o.0.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.0.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Malaria Parasites
Edited by Omolade O. Okwa

p. cm.
ISBN 978-953-51-0326-4
eBook (PDF) ISBN 978-953-51-6912-3









Meet the editor

Dr Okwa, Omolade Olayinka is the Associate professor
(Parasitology) of Zoology at Faculty of Science, Lagos
State University, Nigeria. She is a Nigerian born scientist
with a Ph.d in Parasitology (1997) from the Department
of Veterinary Microbiology and Parasitology, a M. Sc
Cellular Parasitology (1992), and a B. Sc (Hons) Zoology
(1990) from the Department of Zoology, University of
Ibadan, Nigeria. She has 42 academic publications in local and internation-
al journals. Dr. Okwa is conducting research on Onchocerciasis and Malar-
ia and teaches parasitology at the undergraduate and postgraduate levels.
She received the Common wealth Academic Fellowship supported by
British Council tenable at Center for Entomology and Parasitology (CAEP),
School of Life sciences, Keele University, Staffordshire, United Kingdom
and was a honorary visiting research fellow there (October, 2004 — 2007).
While there, she worked on the Transmission dynamics of Malaria in
Nigeria. Dr. Okwa is a member of learned societies such as the Malaria
Society of Nigeria, Nigerian Society for Parasitology, Science Association
of Nigeria, Royal Society of Tropical Medicine and Hygiene, Zoological
Society of Nigeria, and Nigeria mosquito control association.












Malaria, transmitted by the female Anopheles mosquitoes, is still a public health
problem bestriding the world like a Colossus. It continues to burden our global society
as a deadly scourge and formidable foe. It's a global disease affecting approximately
half of the world population today. The struggle against malaria in developing
countries, which is rivalled only by Acquired immune deficiency syndrome (AIDS)
and Tuberculosis as the world’s most pressing health problem constitutes an
important challenge for the twenty-first century. Malaria is in fact the most important
and widespread of the tropical deadly diseases where it exacts a heavy toll of illness
and death on children and pregnant women. Nevertheless, the field of malaria
research is rapidly expanding globally.

However, there are still some challenges in the control of malaria parasite among the
hurdles of research in the field. For instance, the emergence of resistance to
conventional antimalarial drugs and insecticides means that new chemotherapeutic
approaches with alternative targets are needed. Better understandings of antimalarial
drugs and the biology of the parasites are needed to allow the development of new
medications. In vector control, Anopheline vectors of malaria consists of various
species and hence differing behavior associated with their biting activities and hence
transmission dynamics. Looking at the bright side, the battle line against malaria
appears to have been drawn looking at the quality, scope, intensity and wealth of
research from several parts of the world.

This book has been compiled based on contributions by group of scientists from
diverse parts of the world with diverse research experiences on malaria parasites.
These contributors had been carefully selected based on their wealth of experience.
The chapters give a panoramic view of the subject revealing the complex
interrelationship and ramifications of the malaria problem and efforts at its control.

This concise, diversified and intriguing masterpiece on malaria parasites is what every
scientist or anybody interested in malaria should have in the shelf. Malaria is
everybody’s business! The book is unique because it is the update and progress made
from different parts of the world on malaria parasites and from different angles. It is
therefore a substantial contribution to the field of malariology. These overall efforts



when juxtapose calls for more research and new development and gives reasons to
believe that malaria may be conquered in the near future.

Dr Omolade O. Okwa (Assoc .Prof)

Department of Zoology: Parasitology Unit
Faculty of Science, Lagos State University, Lagos,

Nigeria
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Introduction and Biology of Malaria






Malaria, a Pending Problem
In Sub-Saharan Africa

Omolade O. Okwa

Department of Zoology, Parasitology Unit, Lagos State University (LASU), Lagos,

Nigeria

1. Introduction

Human Malaria is still a serious problem in sub-Saharan Africa and the risk exists
throughout the region. It is a real fact that most malaria cases and deaths occur in sub-
Saharan Africa. This region has some of thepoorest countries of the world with 90% of
deaths occurring (approximately 3,000 deaths each day) [1] The disease remains one of the
leading causes of morbidity and mortality in the tropics. It is the most important and
widespread of the tropical deadly diseases.

It exacts a heavy toll of illness and death on children and pregnant women [2].

In 2008, there were 247 million cases of malaria and nearly one million deaths — mainly
among children living in sub-Saharan Africa [3]. A child dies every 45 second as a result of
malaria, the disease accounts for 20% of all childhood deaths [3]. Malaria kills 3,000 children
every day in sub-Saharan Africa—that is, a million a year [4].

In sub-Saharan Africa, many households, even children are familiar with malaria, where it
has a reputation of causing teeth chattering chills, shakes and fever.

Specific population ri sk groups include:

Young children in stable transmission areas who have not yet developed protective
immunity against the most severe forms of the disease.

Non-immune pregnant women are at risk as malaria causes high rates of miscarriage
(up to 60% in P. falciparum infection) and maternal death rates of 10-50%.
Semi-immune pregnant women in areas of high transmission. Malaria can result in
miscarriage and low birth weight, especially du ring the first and second pregnancies. An
estimated 200 000 infants die annually as a result of malaria infection during pregnancy.
Semi-immune HIV-infected pregnant women in stable transmission areas are at
increased risk of malaria during all pregnancies. Women with malaria infection of the
placenta also have a higher risk of passing HIV infection to their newborns.

People with HIV/AIDS are at increased risk of malaria disease when infected.
International travelers from non-endemic areas are at high risk of malaria and its
consequences because they lack immunity.

Immigrants from endemic areas and their children living in non-endemic areas and
returning to their home countries to visit friends and relatives are similarly at risk
because of waning or absent immunity.
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The following factors have made malaria a pending problem in sub-Saharan Africa.

2. The malaria parasite

Human Malaria is a parasitic disease caused by apicomplexan protozoan (single celled)
coccidian. These parasites are haematozoans ohaemosporinas of the family plasmodiidae.
A contributing factor to the malaria problem in sub-Saharan Africa is the diversity of the
parasite that infects humans. Four species infect man of which Plasmodium falcipariunis the
most virulent. The other species are P. vivax, P. malariae an®. ovale.P. falciparium andP.
vivax are the most common [3].

In sub-Saharan Africa, P. falcipariumposes the greatest threat because of its high level of
mortality and the complications arising. P . vivax is worldwide in tropical and some
temperate regions. P. vivax accounts for more than half of all malaria cases outside sub-
Saharan Africa. P. vivaxis unique in that a sporozoite injected into the blood stream may
stay in hepatocytes as hyponozoites.P. ovaleis mainly in found in tropical West Africa and

P. malariaeis found worldwide but with patchy dist ribution [3]. These malaria parasites can
develop within, invade red blood cells (erythrocytes) and consume up to 75% - 80% of their
haemoglobin as nutrient source [1].

For both P. vivax and P. ovale clinical relapses may occur weeks to months after the first
infection, even if the patient has left the malarious area. These new episodes arise from
"dormant" liver forms (absent in P. falciparumand P.malariag, and special treatment —
targeted at these liver stages — ignandatory for a complete cure [3].

3. Complications of malaria

P. falciparium causes severe complications as cerebrainalaria, severe anaemia, acute renal
failure, hypoglycemia and pulmonary infection. The two features that actually separate P.
falciparium from the other human malaria are the ability to attack erythrocytes of all ages,
causing high parasitaemia and enhanced growth and the capability to adhere to vascular
endothelium through sequestration [2].

P. falciparium is a threat because of high level of mortality and spreading drug resistance.
Cerebral malaria caused by P. falciparium is when infected blood cells obstruct blood vessels
in the brain; other vital organs can also be damaged often leading to death of patient.

Malaria in pregnancy is widespread. Pregnant women are especially vulnerable because of
iron deficiency, a special problem in malaria endemic areas .It endangess the health of women
and prospects for the new born. Malaria causes anaemia and low birth weight babies. This is
due to the loss of previously existing immunity. P. falciparium infects the Red Blood cells (RBC)
that adheres to and accumulates in the placenta in pregnant women. Pregnancy exacerbates
malaria through a nonspecific hormone-dependent depression of the Immune system. The
protective antiplasmodial activity is suppressed at pregnancy, which has clinical consequences
with important public health imp lications on pregnant women [2]. Malaria accounts for 6.5%
of abortions, 15% of premature deliveries and 0.7% death in utero [3].

Malaria infection leads to increased morbidit y and mortality and the delivery of premature
infants with low birth weights due to intrauterine growth retardation (IUGR) that may have
been as a result of placental parasitisation [2].Malaria infection in pregnancy is significant in
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sub -Saharan Africa where its fatality as a result of virulent P. falciparium is a far greater
problem than in most parts of the world [4].

Anaemia is another malaria complication that can lead to death. It occurs when P.
falciparium disrupts the erythrocytes and so decreaes the production of erythrocytes. The
pathology associated with P. falcipariummalaria is in particular due to adherence of infected
red blood cells in the brain causing metabolic disturbances and organ dysfunction [5].

What of the devastating effect on children? Those children who succumb to the infection but
survive are often left damaged. Recurrent infections can leave the child listless and with a
poor appetite. It reduces social interaction, leading to poor development. Two percent of
children who survive the cerebral form of the di sease are left with learning difficulties and
conditions such as spasticity and epilepsy [4].

4. The malaria vector

Malaria is transmitted by the Anophelesnosquito which carries infective sporozoites stage in
its salivary glands which it injects into the human blood stream during a blood meal.
Several Anophelesnosquitoes have been incriminated as the major malaria vectors. About 20
different Anophelespecies are locally important around the world. The vector population in
sub-Saharan Africa is uniquely effective, with the six species of the Anopheles gambiae
complex being the most efficient vectors of human malaria in the region, and often
considered the most important in the world [4]. An. funestusis also capable of producing
very high inoculation rates in a wide rang e of geographic, seasonal, and ecological
conditions. These vectors have proven effective in transmitting the malaria parasite to
humans across the region, in rural and urban areas alike. An. pharoensisis also widely
distributed in Africa, geographically and ecolog ically, and can maintain active transmission
of malaria even in the absence of the main malaria vector.

All of the important vector sp ecies bite at night. They breed in still waters or shallow
collections of freshwater like puddles, rice fields , and hoof prints. Transmission is more intense
in places where the mosquito is relatively long-lived (so that the parasite has time to complete
its development inside the mosquito) and where it prefers to bite humans rather than other
animals. For example, the long lifespan and strong human-biting habit of the African vector

species is the underlying reason why more than 85% of the world's malaria deaths are in sub-
Saharan Africa [3]. Mosquito’s habits therefore determine the geographic spread of the disease.

Malaria transmission is variable from one area to the other and this will impact on its
epidemiology and control. In a study by Oyewole et al [7] in a coastal area of southern
Nigeria in sub-Saharan Africa, several species of Anophelesmosquitoes occurred in
sympatry. These species all combined to the trarsmission of malaria in the area. They were
all competent vectors. For a mosquito to transmit malaria to man or other hosts the
following points are crucial:

i.  Vector capacity and competence:

Vectoral capacity has been used interchangeably to describe the ability of mosquitoes to
serve as a disease vector. It is defined qualitaively and is influenced by such variables as
vector density, longetivity and vector competence. Vectoral capacity takes into account
environmental, behavioral, cellular and biochemical factors that influence the association
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between a vector, the pathogentransmitted by the vector and the vertebrate host to which
the pathogen is transmitted [7].

Vector competence is a component of vectoral capacity and is governed by intrinsic and
generic factors that influence the ability of a vector to transmit a pathogen. Susceptibility to
sporozoite stage of Plasmodium specigs an important component of vectoral competence.

Vectors competence, however differ from one species to another and from place to place.
There are vector species complexes that varyin their behaviors, vectorial capacities and
competence and these present a real problem to malaria control. The main factor governing
the ability of Anopheles specie to act as malaria vector is the frequency with which it feeds on
humans. The vectors associated with stalle malaria are those which are strongly
antropophagic, often feeding on humans to th e exclusion of other hosts. Anopheline vectors
of malaria consists of various behavior assocated with their biting activities and hence
transmission dynamics [6].

There is a considerable lack of information regarding vector habits, such as where Anopheles
rest during the day, information that is critical for control efforts. Awolola et al. [8] reported

that there is little information on sporozoite rates of Anophelesnosquitoes. This observation

was the basis of several studies he carried ot in Nigeria from 2003 — 2005. The paucity of

data on species complexes and their bionomcs hampers future vector control as an

important component of malaria control.

Correct analysis of the distribution of specific malaria vectors is one of the prerequisites for
meaningful epidemiological studies and for planning and monitoring of successful malaria
control or eradication programmes. Control measures can only be effective if the abundance,
behaviour and proportion of the vectors are known. The existence of species complexes
containing morphologically cryptic sibling or isomorphic forms presents a major challenge
to malaria control programmes as these require vector identification using molecular
techniques. Meanwhile, the distri bution of the molecular M (Mopti) and S (Savannah) forms
of An. gambiae s.& still being determined for much of the West African regions [6, 8]. The
malaria problem in sub-Saharan Africa represents a peculiar case because the vectoral
system is the most complex anywhere.

Beier [9] had suggested that malaria transmission dynamics is variable throughout Africa

with huge variability in transmission patterns even within villages few kilometers apart.

This vectoral system diversity impacts on malaria epidemiology and control. The An.
gambiaecomplex is not the only vector in the field [6, 8]. Targeting only this species by
whatever method is nonsense. The diversity of the epidemiological situation within sub-

Saharan ecotypes presents differing malaria situation. Comprehensive knowledge of
behaviour and heterogeneities that exist within , and among these vectors, will always be of
benefit. Any strategy aiming at control will have to account for this heterogeneity.

ii. Host preference:

In some areas of sub-Saharan Africa peoplereceive 200 to 300 infective bites per year [4].
This is another component of vectoral capacity and competence. The attractiveness of a
blood meal host and the subsequent feeding succas of a mosquito depend on characteristics
such as host size, proximity to mosquito habitats, host abundance during mosquito host-
seeking periods, and host defense mechanisms [7, 8].
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There can also be differences in host attractveness for those mosquito species that feed on
humans, and it is not uncommon for some people to be more attractive to mosquitoes than
others. Studies have shown that humans appearto exude different amounts of the volatile
compounds that mosquitoes loves. Scientists are currently studying the reasons for the
difference in attractiveness in order to assist development of repellent compounds for
preventing blood feeding and attrac tants for mosquito traps [10,11].

Some mosquito species may never attack man. Different mosquito species have evolved to
blood feed on various types of vertebrate hosts. Some mosquitoes prefer mammalian blood,
while others would rather feed solely on bird s. There are even mosquitoes specialized to
feed on amphibians or reptiles. Opportunisti ¢ feeding mosquitoes will feed on any animal,
depending on host availability during the host-seeking period [10].

Some Anophelesmosquitoes feed indoors and hence endophagic, while others feed outdoors
hence exophagic. After blood feeding, some Anophelesnosquito may prefer to rest indoors
hence are endophilic, while others prefer to rest outdoors hence exophilic. Some mosquito
species search for hosts during daylight hours while others are active at dawn and dusk [10, 11]

The main factor governing the ability of Anophelesspecie to act as malaria vector is the
frequency with which it feeds on humans. The vectors associated with stable malaria are
those which are strongly antropophagic, often feeding on humans to the exclusion of other

hosts. Anopheline vectors of malaria consists of various behavior associated with their

biting activities and hence transmission dynamics [6].

5. Human immunity

This is another important factor, especially among adults in areas of moderate or intense
transmission conditions. Immunity is develope d over years of exposure, and while it never
gives complete protection, it does reduce the risk that malaria infection will cause severe

disease. For this reason, most malaria deathsn sub-Saharan Africa occur in young children,

whereas in areas with less transmission and low immunity, all ag e groups are at risk [3].

6. Climatic conditions

Transmission also depends on climatic conditions that may affect the abundance and
survival of mosquitoes, such as rainfall patt erns, temperature and humidity. In many places,
transmission is seasonal, with the peak during and just after the rainy season. Malaria
epidemics can occur when climate and other conditions suddenly favour transmission in
areas where people have little or no immunity to malaria. They can also occur when people
with low immunity move into areas with intens e malaria transmission, for instance to find
work, or as refugees [3].

7. Drug and vector resistances

Treatment and control of malaria have become more difficult because of drug and vector
resistances. Growing resistance to antimalarial medicines has spread very rapidly, undermining
malaria control efforts. Chloroqu ine was introduced in the 1950s. When resistance to the drug
developed in the 1970s, (Fansidar) sulphadoxine-pyrimethamine (SP) was introduced.
Resistance to these drugs is nw so high as to render them ‘“virtually useless [12]. These
ineffective drugs continue to be used despite the spectacular levels of resistance, leading to
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increased treatment failure. There have also been reports of increasing mutiple-drug resistance
to drugs other than chloroquine, such as amodiaquine, mefloquine, rendering treatment of

malaria even more problematic. Currently, the best available treatment, particularly for P.
falciparium malaria, is artemisinin-based combination therapy (ACT) [3]. Artemisinin is part of a

combination therapy that reduces or prev ents the problem of drug resistance.

Artemisinin and its derivatives like Artesunate, artemether, arteether and dihydroartemisin
are the more common drugs now in sub- Saharan Africa. This is not surprising as there is
currently no evidence for clinically relevant Artemisinin resistance. Nevertheless, Chloroquine
and SP continue to be used because they ci around 10 US cents per treatment, whilst
artemisinin combination treatment (ACT) costs US$1.50 per treatment. This is estimated to be
an annual cost of between US$100nillion and US$200 million a year [4].

When treated with an artemisinin-based mono therapy, patients may discontinue treatment
early following the rapid clearance of malaria symptoms. This results in partial treatment
and patients still have persistent parasites in their blood. Without a second drug given as
part of a combination (as is done with an ACT), these resistant parasites survive and can be
passed on to a mosquito and then another peson. Monotherapies are therefore the primary
force behind the spread of artemisinin resistance [3]. The limitations of these group of drugs
are the short duration of antimalarial activity and high recrudescence rate. However, there is
low toxicity and they are highly potent and rapidly metabolized [10].

If resistance to artemisinin develops and spreads to other large geographical areas, as has
happened before with chloroquine and (SP), the public health consequences could be dire,
as no alternative antimalarial medicines will be available in the near future [3]. At least 300
to 500 million malaria episodes are treated annually in sub-Saharan Africa. Moreover, many
communities engage in preventive and treatment practices outside what is provided by
"official” programs.

Malaria vectors have shown resistance to numerous insecticides, including DDT, various
organo-phosphates, and some carbamates. Mosquo control is being strengthened in many
areas, but there are signifiant challenges, including:

an increasing mosquito resistance to insecticides, including DDT and pyrethroids,
particularly in Africa; and
a lack of alternative, cost-effective and safe insecticides.

The development of new, alternative insecticid es is an expensive and long-term endeavour.
Detection of insecticide resistance should bean essential component of all national malaria
control efforts to ensure that the most effective vector control methods are being used [3].

8. Socio economy aspects

Malaria was a serious obstacle to the colonization of Africa. It caused a lot of suffering and
tragedy. Its effect was devastating. It interfered with human progress and development. The
disease is still a serious impediment to economic and social development in sub- Saharan Africa.

The socio- economic aspects of a disease ia significant factor in the epidemiology and
control of the disease. Malaria causes signifcant economic losses, and can decrease gross
domestic product (GDP) by as much as 1.3% in countries with high levels of transmission.
Over the long term, these aggregated annual losses have resulted in substantial differences
in GDP between countries with and with out malaria, particularly in Africa.
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The health costs of malaria include both personal and public expenditures on prevention
and treatment. In some heavy-burden countries, the disease accounts for:

up to 40% of public health expenditures;
30% to 50% of inpatient hospital admissions;
up to 60% of outpatient health clinic visits.

Malaria disproportionately affects poor people who cannot afford treatment or have limited
access to health care, trapping families and communities in a downward spiral of poverty.

Malaria is the commonest cause of work and school absenteeism in the tropics. It is the
commonest cause of outpatient attendance in sub-Saharan Africa. Economic costs due to
malaria are enormous if quantified [13].

Socio economic consequences of diseases afgetter appreciated when expressed as loss of
manpower. Poverty promotes malaria and malaria yields poverty. Socio economic cost can
be measured in terms of absenteeism, drugs purchase, doctor's fee, transport, and
opportunity cost of time spent waiting for trea tment. In Africa alone, the estimated annual
direct and indirect costs of malaria were US$800 million in 1987 and exceeded US$1800
million by 1995. Malaria undermines the health and welfare of families, endangers the
survival and education of children, debilitates the active population and impoverishes
individuals and countries. It is one of the most serious obstacles to mankind's effort to
develop agriculture, settlement, development projects and irrigation

Knowledge, attitudes and practices are essatial for control programmes. Without the
rational concept of the cause of a disease, it is impossible to design control programmes.
There still exist wrong misconceptions of malaria in sub Saharan Africa.

Women bear more brute of the disease than men in sub-Saharan Africa. They often tolerate
symptoms of malaria until they are critically ill because of the perception that sick women
are mean or lazy. Women are reproached when there are malaria epidemics for having
failed as custodians of health. Women are increasingly been informed to help them
recognize the symptoms of malaria in themselves and family members e.g., fever chills,
headache. When children are sick from malaria, women usually bear the psychological
effects. Severe convulsions, fever and other symptoms affecting children leave a
psychological effect of fear and restlessness on the mothers [14].

9. Conclusion

Malaria in sub-Saharan Africa is a problem of dimensions unlike malaria seen anywhere else
in the world today [13]. The magnitude of malaria is affected by a variety of factors, none of

which addressed alone is likely to effect a resolution. It is further compounded by the

generally poor social and economic conditions in sub-Saharan Africa.

Malaria could be brought under control in sub-Sa haran Africa as it has been in Europe and
America. Instead, it is being allowed to run out of control just like the AIDS epidemic
because of the indifference of Western government to the lives of the poorest people on the
planet [15].

Poor people who represent most of the continent’s malaria disease burden cannot afford to
pay much more than what they currently pa y for the old treatments, so costs must be
subsidized by national governments with the he Ip of international donors. What is missing
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is political will. Unless this situation changes, people will continue to die needlessly from
taking drugs that no longer work.

Malaria has therefore remained a deadly scourge and pending problem in Africa and is a yet
to be conquered disease.
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Biology of Malaria Parasites

John C. Igweh
Delta State University, Abraka Nigeria,
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1. Introduction

Plasmodium is a genus of parasitic protists. Infection by these organisms in known as
malaria. The genus plasmodium was described in 1885 by Ettore Marchiafava and Angelo
Celli. Currently over 200 species of this genus are recognized and new species continue to be
described.[]

Of the over 200 known species of plasmodiumAt least 11 species infect humans. Other
species infect other animals, including monkeys, rodents, and reptiles. The parasite always
has two hosts in its life cycle: a mosquito vector and a vertebrate host.p]

2. History

The organism itself was first seen by Lavern on November 6, 1880 at a military hospital in
Constantine, Algeria, when he discovered a microgametocyte exflagellating. In 1885, similar
organisms were discovered within the blood of birds in Russia. There was brief speculation
that birds might be involved in the transmission of malaria; in 1894 Patrick Manson
hypothesized that mosquito could transmit malaria. This hypothesis was independently
confirmed by the Italian physician Giovanni Ba ttista Grassi working in Italy and the British
physician Ronald Ross working in India, both in 1898. [3] Ross demonstrated the existence of
Plasmodium in the wall of the midgut and salivary glands of a Culex mosquito using bird
species as the vertebrate host. For this disovery he won the Noble Prize in 1902. Grassi
showed that human malaria could only be transmitted by Anophelesmosquito. It is worth
noting, however, that for some species the vector may not be mosquito.[4]

3. Biology

The genome of four plasmodiumspecies — plasmodium falciparumPlasmodium knowlest,
Plasmodium vivaxand Plasmodium yoelii- have been sequenced. All these species have
genomes of about 25 megabase organized into 14 chromosomes consistent with earlier
estimates. The chromosomes vary in length from 500 kilobases to 3.5 megabases and it is
presumed that this is the pattern throughout the genus.| 5]

4. Diagnostic characteristics of the genus Plasmodium

Merogony occur both in erythrocytes and other tissues
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Merozites, schizonts or gametocytes can beseen within erythrocytes and may displace
the host nucleus

Merzoites have a “signet-ring” appearance due to a large vacuole that forces the
parasite’s nucleus to one pole

Schizonts are round to oval inclusions that contain the deeply staining merozoites
Forms gamonts in erythrocytes

Gametocytes are “halter-shaped” similar Haemoproteusut the pigment granules are
more confined

Hemozoin is present

Vectors are either mosquito’s or sand flies

Vertebrate hosts include mammals, bird and reptiles

5. Life cycle

The life cycle of Plasmodiumwhile complex is similar to several other species in the
Haemosporidia.

All the Plasmodiumspecies causing malaria in humans ae transmitted by mosquito species
of the genus AnophelesSpecies of the mosquito generaAedesCulex,Mansonia andTheobaldia
can also transmitted malaria but not to humans. Bird malaria is commonly carried by
species belonging to the genusCulex. The life cycle of Plasmodiumwas discovered by Ross
who worked with species from the genus Culex.f]

Both sexes of mosquito live on nectar. Becaue nectar’s protein content alone is insufficient
for oogenesis (egg production) one or more blood meals is needed by the female. Only
female mosquito bite.

Sporozoites from the saliva of a biting female mosquito are transmitted to either the blood
or the lymphatic system of the recipient. It ha s been known for some time now that parasites
block the salivary ducts of the mosquito and as a consequence the insect normally requires
multiple attempts to obtain blood. The reason for this has not been clear. It is not known that
the multiple attempts by the mosquito may co ntribute to immunological tolerance of the
parasite.[4] The majority of sporozoites appear to be injected into the subcutaneous tissue
from which they migrate into the capillaries. A proportion is ingested by macrophages and
still others are taken up by the lymphatic system where they are presumably destroyed. 10%
of the parasites inoculated by the mosquitoes may remain in the skin where they may
develop into infective merozoites.[ 579

6. Hepatic stages

The majority of sporozoites migrate to the liver and invade hepatocytes. For reasons that is
currently unclear sporozoites typically penetrate several hepatocytes before choosing one to
reside within.[ 9] The sporozoite then matures in the hepatocyte to a schizont containing
many merozoites in it. In some Plasmodium species, such aslasmodium vivax and
Plasmoduim ovalethe parasite in the hepatocyte may not achieve maturation to a schizont
immediately but remain as a latent or dormant form and called a hypnozoite. Although
Plasmodium falciparunis not considered to have a hypnozoite form. This may not be entirely
correct . This stage may be as short as 48 houris the rodent parasite and as long as 15 days
in P. malariain humans.[10.1]
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There is considerable variaton in the appearance of the blood between individuals
experimentally inoculated at the same time. Even within a single experimental individual there
may be considerable variation in the maturity of the hepatic forms seen on liver biopsy.[ 19

A proportion of the hepatic stages may remain within the liver for considerable time — a
form known as hypnozoites. Reactivation of th e hynozoites have been reported for up to 30
years after the initial infection in humans. The factors precipitating this reactivation are not
known. In the species Plasmodium ovaleand Plasmodium vivax It is not yet known if
hypnozoite reactivation occurs with any of the remaining species that infect humans but this
is presumed to be the case 319

The development from the hepatic stages to the erythrocyte stages have, until very recently,

been obscure. In 2006 it was showed that the paasite buds off the hepatocytes in merosomes
containing hundreds of thousand of merozo ties. These merosomes ldge in the pulmonary

capillaries and slowly disintegrate there over 48 — 72 hours releasing merozoites.
Erythrocyte invasion is enhanced when blood fl ow is slow and the cells tightly packed: both

of these conditions are found in the alveolar capillaries.[15.14

7. Erythrocyte stage

After entering the erythrocyte, the merozoite lo se one of their members, the apical rings,
conoid and the rhopteries. Phagotropy commences and both smooth and granular
endoplasmic reticulum because prominent. The nucleus may become lobulated.[9]

Within the erythrocytes the merozoite grow firs t to a ring-shaped form and then to a larger
trophozoite form. In the schizont stage, the parasite divides several times to produce new
merozoites. Which leave the red blood cells ard travel within the bl oodstream to invade
new red blood cells. The parasite feeds by irgesting hemoglobin and other materials from
red blood cells and serum. The feeding processdamages the erythrocytes. Details of process
have not been studied in species other thanPlasmodium falciparum. so generalization may be
premature at this time.

Erythrocytes infected by Plasmodium falciparum tend to form clumps — rosettes — and these
have been linked to pathology caused by vascular occlusion. This rosette formation may be
inhibited by heparin. This agent has been used in the past as part of the treatment of malaria
but was abandoned because of an increased sk of haemorrhage. Low molecular weight
heparin also disrupts rosette formation and may have a lower risk of bleeding in malaria.[ 17]

8. Merozoites

The budding of the merozoites from interconnected cytoplasmic masses (pseudocytomeres)
is a complex process. At the tip of each bud a thickened region of pellicle gives rise to the
apical rings and conoid. As development pr oceeds an aggregation of smooth membranes
and the nucleus enter the base of the bud. The cytoplasm contains numerous large
ribosomes. synchronous multiple cytoplasmic cl eavage of the mature schizont results in the
formation of numerous uninucleate merozoites.

Escape of the merozoites from the erythrocyte has also been studies. The erythrocyte swells
under osmotic pressure. A pore opens in the erythrocyte membrane and 1-2 meorozites
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escape. This is followed by an eversion of the entire erythrocyte membrane. An action that
propels the merozoites into the blood stream.

Invasion of erythrocyte precursors has only recently been studied. The earliest stage
susceptible to infection were the erythroblasts — the stage immediately preceding the
reticulocyte stage which in turn is the immediate precursor to the mature erythrocyte.
Invasion of the erythrocyte is inhibited by an giotensin 2. This is normally metabolized by
erythrocytes to angiotensin (Ang) IV and Ang — (1-7). Parasite infection decreased the Ang —
(1-7) levels and completely abolished Ang IV formation. Ang — (1-7), like its parent
molecule, is capable of decreasing the level ofinfection. The mechanism of inhibition seems
likely to be an inhibition of protein Kinase A activity within the erythrocyte.

9. Placental malaria

More than a hundred late-stage trophozoites or early schizont infected erythrocytes of P.
falciparumin a case of placental malaria of a Tanzanian woman were found to form a nidus
in an intervillous space of placenta. While such a concentration of parasite in placental
malaria is rare, placental malaria cannot give rise to persistent infection as pregnancy in
humans normally lasts only 9 months. We have also found this kind of placental infection in
our own studies.[ 18

10. Gametocytes

Most merozoites continue this explicative cycle but some merozoites differentiate into male
or female sexual forms (gametocytes) (also in the blood), which are taken up by the female
mosquito. This process of differentiation into gametocytes occur in the bone marrow. Five
distinct morphological stages have recognized (stage I-V). Female gametocytes are produced
about four times as commonly as male. In chonic infections in humans the gametocytes are
often the only forms found in th e blood. Incidentally the characteristic form of the female
gametocytes in Plasmodium falciparurgave rise to this specie’s name.

Gametocytes appear in the blood after a number of days post infection. In P. falciprum

infections they appear after 7 to 15 days while on others they appear after 1 to 3 days. The

ratio of asexual to sexual forms is between 10:1 and 156:1. The half life of the gametocytes
has been estimated to be between 2 and 3 days but some are known to persist for up to four
weeks.[18.19

The five recognized morphological stages were first described by Field and Shute in 1956.

One constant feature of the gametocytes in dl stages that distinguishes them from the
asexual forms is the presence of a pellicular complex. This originates in small membranous
vesicle observed beneath the gametocytes plasmalemma in late stage I. The structure itself
consists of a subpellicular membrane vacuole. Deep to this is an array of longitudinally
oriented microtubules. This structure is likely to be relatively inflexible and may help to
explain the lack of amoeboid forms observed in asexual parasites.

Early stage one gametocytes are very difficult to distinguish from small round trophozoites.
Later stages can be distinguished by the distribution of pigment granulues. Under the
electron microscope the formation of the subpellicular membrane and a smooth plasma
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membrane are recognizable. The nuclei are recognizably dimorphic into male and female.
These forms may be found between 0 and 2 inP falcipruminfections.

In stage two gametocytes becomes D shaped. The nucleus may occupy a terminal end of the
cell or lie along its length. Early spindle formation may be visible. These forms are found
between days 1 to day 4 inP falciprum infections.

In stage three the erythrocyte becomes distorted. A staining difference between the male
and female gametocytes is apparent (male stain pink while female stain faint blue with the
usual stains). The male nucleus is noticeably larger than the female and more lobulated. The
female cytoplasm has more ribosomes,endoplasmic reticulum and mitochondria.

In stage four erythrocytes is clearly deformed and the gametocyte is elongated. The male
gametocytes stain red while the female stain violet blue. In the male pigment granules are
scattered while in the female they are denser. In the male the kinetochores of each
chromosomes are located over a nuclear pore. Osmophilic bodies are found in both but are
more numerous in the female. These forms are found between day 6 and day 10 inP
falciparuminfections.

In stage five the gametocytes are clearly recogiizable on light microscopy with the typical
banana shaped female gametocytes. The subpellicular microtubules depolymerise but the
membrane itself remains. The male gametocyte exhibit a dramatic reduction in ribosomal
density. Very few mitochondria are retained and the nucleus enlarges with a kinetochore
complex attached to the nuclear envelope. In the female gametocytes there are numerous
mitochondria, ribosome’s and osmophillic bodies. The nucleus is small with a transcription
factory.

Stages other than five are not normally found in the peripheral blood. For reasons not yet
understood stage 1 to IV are sequestered peferentially in the bone marrow and spleen.
Stage V gametocytes only become infections to mosquito’s after a further two days of
circulation.

11. Infection of mosquito

In the mosquito’s midgut, the gametocytes develop into gametes and fertilize each other,
forming motile zygotes called ookinetes. It has been shown that up to 50% of the ookinetes
may undergo apoptosis within the mighut. The re ason for this behavior is unknown. While

in the mosquito gut the parasites form thin cytoplasmic extensions to communicate with

each other. These structures pesist from the time of gametocyte activation until the zygote

transforms into an ookinete. The function of these tubular structures remains to be
discovered.[29]

The ookinetes penetrate and escape the midgut,then embed themselves onto the exterior of
the gut membrane. As in the liver the parasite tends to invade a number of cells before
choosing one to reside in. the reason for the bdavior is not known. Here they divide many
times to produce large number of tiny elongated sporozoites. These sporozoites migrate to
the salivary glands of the mosquito where they are injected into the blood and subcutaneous
tissue of the next host the mosquito bites.
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The escape of the gametocytes from the erythocytes has been until recently obscure. The
parasitophorous vacuole membrane ruptures at multiple sites within less than a minute
following ingestion. This process may be inhibited by cysteine protease inhibitors. After this
rupture of the vacuole the subpellicular membrane begins to disintegrate. This process also
can be inhibited by aspartic and the cysteine/ serine protease inhibitors. Approximately 15
minutes post-activation. The erythrocytes membrane rupture at a single breaking point a
third process that can be interrupted by protease inhibitors.

Infection of the mosquito has noticeable effects on the host. The presence of the parasite
induces apoptosis of the egg follicles.

12. Discussion

The pattern alternation of sexual and asexual reproduction which may seem confusing at
first is a very common pattern in parasite species. The evolutionary advantages of this type
of life cycle were recognized by Gregor Mendel.

Under favorable conditions asexual reproduction is superior to sexual as the parent is well
adapted to its environment and its descendents share these genes. Transferring to a new
host or in times of stress, sexual reproduction is generally superior as this produces a
shuffling of genes which on average at a population level will produce individuals better
adapted to the new environment.

Given that this parasite spends part of its life cycle in two different hosts it must use a
proportion of its available resources within ea ch host. The proportion utilized is currently
unknown. Empirical estimates of this parameter are desirable for modeling of its life
cycle.

Dormant Form
Plasmodium falciparum malaria

A report of P. falciparummalaria in a patient with sickle cell anemia four years after
exposure to the parasite has been published . A second report thatP. falciparummalaria had
become symptomatic eight years after leaving an endemic area has also been published{Y]

A third case of an apparent recurrence nine years after leaving an endemic area of P.
falciparum malaria has now been reported. A fo urth case of recurrence in a patient with
lung cancer has been reported. Two cases irpregnant woman both from Africa but who had
not lived there for over a year have been reported.

A case of congenital malaria due to both P. falciparumand P. malariaehas been reported in a
child born to a woman from Ghana, a malari a endemic area, despite the mother having
emigrated to Austria eighteen months before and never having return ed. A second case of
congenital malaria in twins due to P. falciparumhas been reported. The mother had left Togo
14 months before the diagnosis, had not retuned in the interim and was never diagnosed
with malaria during pregnancy.[ 2429

It seems that at least occasionally P. falciparurhas a dormant stage. If this is in fact the case,
eradication or control of this organism may be more difficult than previously believed.[ 252
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13. Drug induced

Developmental arrest was induced by in vitro culture of P. falciparumin the presence of sub
lethal concentration of artemisinin. The drug induced a subpopulation of ring stage into
developmental arrest. At the molecular level this is associated with over- expression of heat
shock and erythrocyte binding surface protein with the reduced expression of a cell-cycle
regular and a DNA biosynthesis protein.

The schizont stage-infected erythrocyte in an experimental culture of P. falciparum F32 was
suppressed to a low level with the use of atovaquone. The parasite resumed growth several
days after the drug was removed from the culture.[ 2§

14. Biological refuges

Macrophages containing merozoites dispersed on their cytoplasm. Called ‘merophores’,
were observed in P. vinkei petter an organism that causes murine malaria. Similar
merophores were found in the polymorph le ukocytes and macrophages of other murine
malaria parasite, P. yoelii nigeriensisand P. chabudi chaaudiAll these species unlike P.
falciparum are known to produce hyponozoites that may cause a relapse. The finding of
Landau et al. on the presence of malaria parasites inside lymphatics suggest a mechanism
for the recrudescence and chronicity of malaria infections.[29.30]

15. Evolution

As of 2007, DNA sequences are availab from less than sixty species of Plasmodiumand

most of these are from species infecting either rodent or primate hosts. The evolutionary

outline given here should be regarded as speculative, and subject to revision as more data
becomes available.pt.32]

The ‘Apicomplexa (the phylum to which Plasmodium belong) are thought to have originated
within the Dinofagellates -a large group of phot osynthetic protists. It is thought that the
ancestors of the Apicomplexa were originally prey organisms that evolved the ability to
invade the intestinal cells and subsequently lost their photosynthetic ability. Many of the
species within the Apicomplexa still possess plastids (the organelle in which photosynthesis
occur in photosynthetic eukaryot es), and some that lack plastids nonetheless have evidence
of plastid genes within their genomes. In the majority of such species, the plastids are not
capable of photosynthesis. Their function is not known, but there is suggestive evidence that
they may be involved in reproduction.| 3%

Some extant dinoflagellates, however, can invade the bodies of jellyfish and continue to
photosynthesise, which is possible because jellyfsh bodies are almost transparent. In host
organisms with opaque bodies, such an ability would most likely rapidly be lost. The 2008
description of a photosynthetic protist related to the Apicomplexa with a functional plastid
supports this hypothesis.[39

Current (2007) theory suggests that the generaPlasmodiumHepatocystisand Haemoprotus
evolved from one or more Leucoytozoorspecies. Parasites of the genud.eucocytozootinfect
white blood cells (Leukocytes) and liver and spleen cells, and are transmitted by ‘black flies’
(Simulium species) ----- a large genus related to the mosquitoes.
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It is thought that Leucocytozoorevolved from a parasite that spread through the orofaecal
route and which infected intestinal wall. At some point parasites evolved the ability to infect
the liver. This pattern is seen in the genus Cryptosporidiumto which Plasmodium is distantly
related. At some later point this ancestor developed the ability to infect blood cell and to
survive and infect mosquitoes. Once vector transmission was firmly established, the
previous orofecal route of transmission was lost.

Molecular evidence suggests that a reptile — specifically a squamte — was the first vertebrate
host of PlasmodiumBirds were the second vertebrate hosts with mammals being the most
recent group of vertebrates infected.

Leukocytes, hepatocytes and most spleen cells actively phagocytes particulate matter, which
makes the parasite’s entry into the cdl easier. The mechanism of entry of Plasmodiunspecies
into erythrocytes is still very unclear, as it takes place in less than 30 seconds. It is not yet
known if this mechanism evolved before mosquitoes became the main vectors for

transmission of Plasmodiuny39]

The genus Plasmodium evolved (presumably from its Leucocytozoorancestor) about 130
million years ago, a period that is coincident al with the rapid spread of the angiosperms

(flowering plants). This expansion in the angiosperms is thought to be due to at least one
gene duplication event. It seems probable that the increase in the number of flowers led to

an increase in the number of mosquitoes and their contact with vertebrates.[39]

Mosquitoes evolved in what is now South America about 230 million years ago. There are
over 3500 species recognized, but to date their ewlution has not been well worked out, so a
number of gaps in our knowledge of the evolution of Plasmodiumremain. There is evidence
of a recent expansion of Anopheles gambiae anfinopheles arabiensjzopulations in the late
Pleistocene in Nigeria.[37]

The reason why a relatively limited number of mosquitoes should be such successful vectors
of multiple diseases is not yet known. It has been shown that, among the most common
disease — spreading mosquitoes, the symbiont bacteriumWolbachiaare not normally present.
It has been shown that infection with Wolbachia can reduce the ability of some viruses and
Plasmodiunto infect the mosquito, and that this effect is Wolbachiastrain specific.

16. Classification
Taxonomy

Plasmodium belong to the family plasmodium, order Haemosporidia and phylum
Apicomplexa. There are currently 450 recognized species in this order. Many species of this
order are undergoing reexamination of their taxonomy with DNA analysis. It seems likely
that many of these species will be re-assigned after these studies have been completed. For
this reason the entire order is outlined here.[3839

Order Haemoporida
Family Haemoproteidae

Genus Haemoproteus
SubgenusParahaemoproteus
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SubgenusHaemoproteus
Family Garniidae

Genus FallisiaLainson, Landau & Shaw 1974
SubgenusFallisia

SubgenusPlasmodioides

Genus Garnia

Genus Progarnia

Family Leucocytozoidae

Genus Leucocytozoon
SubgenusLeucocytozoon
SubgenusAkiba

Family Plasmodiidae

Genus Bioccala

Genus Billbraya

Genus Dionisiu

Genus Hepatocystis

Genus Mesnilium

Genus Nycteria

Genus Plasmodium
SubgenusAsiamoebd elford 1988
SubgenusBennettiniaValkiunas 1997
SubgenusCarinamoeba Garnham 1996
SubgenusGiovannolaia Corradetti, Garnham & Laird 1963
SubgenusHaemamoeb@rassi & Feletti 1890
SubgenusHuffia Garnham & Laird 1963
SubgenusLucertaemoba Telford 1988
SubgenusLaveraniaBray 1963
SubgenusNovyellaCorradtti, Garnham & Laird 1963
SubgenusOphidiellaGarnham 1966
SubgenusPlasmodium Bray 1963 emend, Garnham 1964
SubgenusparaplasmodiunTelford 1988
SubgenusSauramoeb&arnham 1966
SubgenusVinekeia Garnham 1964

Genus Polychromophilus

Genus Ravella

Genus Saurcytozoon

The eleven ‘Asian’ species included here form a clade with P. vivax being clearly closely
related as are P. knowselland P. coatneyisimilarly P. brazilium and P. malaria are related.
P. hylobati andP. inui are closely related. P. gonderiappear to be more closely related to P.

vivax than P. malaria.

P. coatneyand P. inui appear to be closely related toP. vivax.pg|
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P. ovalds more closely related to P. malariathan to P. vivax.

Within the ‘Asian’ clade are three unnamed pote ntial species. One infect each of the two
chimpanzee subspecies included in the study (Pan troglodytes troglodytesnd pan troglodytes
schweinfurthii). These appear to be related to theP. vivax P. simiumclade.

Two unnamed potential species infect the bonbo (Pan paniscusand these are related to the
P. malaria P. brazilliuntalde.

17. Subgenera

The full taxonomic name of a species includes the subgenus but is ofen omitted. The full
name indicates some features of the morphology and type of host spedes. Sixteen subgenera
are currently recognized.

The avian species were discovered soon after the description ofP falciparumand a variety of

generic names were created. These weresubsequently placed into the genus Plasmodium
although some workers continued to use the genera Laverinia and Proteosomafor P.

falciparumand the avian species respectively. The % and 6" Congresses of Malaria held at
Istanbul (1953) and Lisbon (1958) recommended the creation and use ofsubgenera in this

genus. Laverinia was applied to the species infecting human and Haemamoeb&o those

infecting lizard and birds. Th is proposal was not universally accepted. Bray in 1955
proposed a definition for the subgenus Plasmodiumand a second for the subgenus Laverinia
in 1958. Garnham describeda third subgenus —Vinckeia — in 19644

18. Mammal infecting species

Two species in the subgenus Laveraniaare currelntly recognized: P. falciparumand P.

reichenowi Three additional species — Plasmodium billbrayi, Plasmodium billeollnisiand

Plasmodium gaboni may also exist (based on molecular data) but a full description of these
species have not yet been published. The preence of elongated gametocytes in several of
the avian subgenus and in Laveraniain addition to a number of clinical features suggested

that these might be closely related. Thisis no longer thought to be the case.f{

The type species isPlasmodium falciparum.

Species infecting monkeys and apes (the higherprimate other than those in the subgenus
Laveraniaare placed in the subgenus Plasmodium.The position of the recently described
Plasmodium Gor Aand Plasmodium Gor Bias not yet been settled. The distinction betweenP.
falciparumand P. reichenowand the other species infection higher primates was based on the
morphological findings but have sinc e been confirmed by DNA analysis.[4243

The type speces isPlasmodium malaria

Parasites infecting other mammals including lower primates (lemurs and others) are
classified in the subgenus VinckeiaVinckeia while previously considered to be something of
a taxonomic ‘rag has been recently shown — perhaps rather surprisingly — to form a coherent
grouping.

The type species isPlasmodium bubalif#4.45.46.47.4p
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19. Bird infecting species

The remaining groupings are based on the morphology of the parasites. Revision to this
system are likely to occur in the future as more species are subject to analysis of their DNA.

The four subgenera Giovannolaia, Haemamoeba, Huffia ardovyella were created by
Corradetti et al.for the known avian malaria species. A fifth — Bannettinia— was created in
1997 by Valkiunas. The relationship between the subgenera are the matter of current
investigation. Marinsen et al.‘s recent (2006) paper outlines what is currently (2007) known.
The subgenera Haemamoeba, Huffiand Bennettinia appear to be monophyletic. Novyella
appear to be well defined with occasional exceptions. The subgenus Giovannolaianeed
revision.[ 49.59

P. juxtanuclearas currently (2007) the only known member of the subgenus Bennettinia.

Nyssorhynchus is an extinct subgenus dPlasmodiumlt has one known member — Plasmodium
dominium>1].

20. Reptile infecting species

Unlike the mammalian and bird malaria those sp ecies (more than 90 curently known) that
infect reptiles have beenmore difficult to classify.

In 1966 Garnham classified those with large schizonts as Sauramoebathose with small

schizont as Carinamoeband the single then known species infecting snakes (Plasmodium
wenyoni)as Ophidiella. He was aware of the arbitrariness of this system and that it might

not prove to be biologically valid. This sche me was used as the basis for the currently
accepted system.p?9]

These species have since been divided in to 8 generaAsiamoeba, Carinamoeba, Fallisia Garnia
Lacertamoebaand Paraplasmodiumand Sauramoeba.Three of these genera (Asiamoeba,
Lacertamoebaand Plaraplasmodium)were created by Telford in 1988. Another species
(Billbraya australis)described in 1990 by Paperna and landau and is the only known species

in this genus. This species may turn out to be another subgenus of lizard infecting
Plasmodium.

With the exception of P. elongatumthe exoerythrocytic stage occur in the endothelial cells
and those of the macrophage - lymphoid system. The exoerthrocytic stage ofP. elongatum
parasite the blood forming celss.

The various subgenera are first distinguished on the basis of the morphology of the mature
gametocytes. Those of subgenusHaemamoebare round oval while th ose of the subgenera
Giovannolaia, Hiffiaand Novyellaare elongated. These latter genera are distinguished on the
basis of the size of the schizont: Giovannolaiand Huffia have large schizonts while those of
Novyellaare small.[57]

Species in thesubgenus Bennettininave the following characteristics:
The type species isPlasmodium juxtanucleare.

Species in the subgenusGiovannolaighave the following characteristics:
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Schizonts conyain plentiful cytoplasm, are larger than the host cell nucleus and
frequently displace it. They are found only in mature erythrocytes.

Gametocytes are elongated

Exoerythrocytic schizony occur in the mononuclear phagocyte system.

The type species isPlasmodium circumflexum.
Species in the subgenusHaeamoebhave the following characteristics:

Mature schizonts are larger than the host cell nucleus and commonly distplace it.
Gametocytes are large, round, oval or irregular in shape and are substantially larger
than the host nucleus.

The type species isPlasmodium relictum
Species in the subgenusHuffia have the following characteristics:

Mature schizonts, while varyin g in shape and size, contain plentiful cytoplasm and are
commonly found in immature erythrocytes.
Gametocytes are elongated.

The type species isPlasmodium elongated
The type of spices subgenusNovyellahave the following characteristics:

Mature schizonts are either smaller than or only slightly larger than the host nucleus
they contain scanty cytoplasm.

Gametocytes are elongated. Sexual stage in this subgenus resemble those of
Haemoproteus.

Exoerythrocytic schizongony occur in the mononuclear phagocyte system[52]

The type species isPlasmodium vaughni

21. Malaria parasites

Malaria parasites are micro-organisms that belong to the genusPlasmodium.There are more

than 100 species ofPlasmodiumwhich can infect many animal species such as reptiles birds,
and various mammals. Four species of Plasmodium have long been recognized to infect
humans in nature. In addition there is one species that naturally infect macaques which has

recently been recognized to be a cause ofzoonotic malaria in humans. (There are some

additional species which can, exceptionally or under experimental conditions, infect humans.)

3 1D O FL svbithXsHound worldwide in tropical and subtropical. It is estimated that
every year approximately | million people are killed by P. falciparum,especially in
Africa where this sp ecies predominates.P. falciparum,can cause severe malaria because
it multiples rapidly in the blood, and can thus cause severe blood loss (anemia). In
addition, the infected parasites can clog small blood vessels. When this occur in the
brain, cerebral malaria results, a complication that can be fatal.

3 Y L Wihich is found mostly in Asia, Latin America, and in some parts of Africa.
Because of the population densities especiallyin Asia it is probably the most prevalent
human malaria parasite. P. vivax (as well as P. ova)e has dormant liver stages
(“hypnozoites”) that can activate and invade the blood (“relapse”) several months or
years after the infecting mosquito bite.
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3 RY B ouhd mostly in Africa (especially We st Africa) and the island of the western
pacific. It is biologically and morphologically very similar of P vivax however,
differently from P. vivax, it can infect individuals who ar e negative for the Duffy blood
group, which is the case for many residents of sub-Saharan Africa. This explains the
greater prevalence of P. ovalgrather than P. vivaX in most of Africa.

3 P D O Odubhddworldwide, is the only human malaria parasite species that has a
quartan cycle (three-day cycle). (The three oher species have a tertian, two-day cycle.)
If untreated, P. malariacause a long-lasting, chronic infection that in some cases can last
a lifetime. In some chronically infected patients P. malaria can cause serious
complications such as the nephritic syndrome.

3 N QR Zfdund-throughout Southern Asia as a natural pathogen of long-tailed and
pigtailed macaques. It has recently been shown to be a significant cause of zoonotic
malaria in that region, particularly in Malaysia. P. knowlesihas a 24 —hour replication
cycle and so can rapidly progress from an uncomplicated to a severe infection.

22. Cellular and molecular biology of Plasmodium

Members of the genus Plasmodium are eukaryotic microbes. Therefore, the cell and
molecular biology of Plasmodiumwill be similar to other eukaryotes. A unique feature of the

malaria parasite is its intracellular lifestyle. Because of its intracellular location the parasite
has an intimate relationship with its host cell which can be described at the cellular and

molecular levels. In particular, the parasite must enter the host cell, and once inside, it
modifies the host cell. The molecular and cellular biology of host-parasite interactions

involved in these two processes will be discussed.

23. Host cell invasion

Malaria parasites are members of the Apicomplexa. Apicomplexa are characterized by a set
of organelles found in some stage of the parasite’s life cycle. These organelles, collectively
known as apical organelles because of their localization at one end of the parasite, are
involved in interactions between the parasite and host. In particular, the apical organelles
have been implicated in the process of host celll invasion. In the case ofPlasmodium three
distinct invasive forms have been identified: sporozoite, merozoite, and ookinete (see
Plasmodium Life Cycle). The following discussion focuses on the cellular biology of
merozoites and erythrocyte invasion. Reference to other Apicomplexa and Plasmodium
sporozoites will be made to illustrate common features.

Merozoites rapidly (approximately 20sec.) and specifically enter erythrocytes. This
specificity is manifested both for erythrocytes as the preferred host cell type and for a
particular host species, thus implying receptor — ligand interactions. Erythrocyte invasion is
a complicated process which is only partially understood at the molecular and cellular
levels.[53 Four distinct steps in the invasion process can be recognized:

1. [Initial merozoites binding

2. Reorientation and erythrocyte deformation
3. Junction formation

4. Parasite entry
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24. Merozoite surface proteins and host- parasite interaction

The initial interaction between the merozoite and the erythrocyte is probably a random
collision and presumably involves reversible in teractions between proteins on the merozoite
surface and the host erythrocyte. Several merozoite surface proteins have been described.
The best characterized is merozoite surface potein — 1 (MSP-1). Circumstantial evidence
implicating MSP — | in erythr ocyte invasion include its uniform distribution over the
merozoite surface and the observation that antibodies against MSP-I inhibit invasion.[ 54 In
addition, MSP-I does bind to band 3.[55] However, a role for MSP-I in invasion has not been
definitively demonstrated. Similarly, the circumsporozite pr otein (CSP) probably plays a
role in targeting sporozoites to hepatocytes by interacting with heparin sulfate
proteoglycans . [56]

Another interacting aspect of MSP-| is the proteolytic processing that is coincident with
merozoite maturation and invasion.[ 57] A primary processing occurs at the time of merozite
maturation and result in the formation of several polypeptides held together in a non-
covalent complex. A secondary processing occurs coincident with merozoite invasion at a
site near the C-terminus. The non-covalent canplex of MSP-I polypeptide fragments is shed
from the merozoite surface following proteolysi s and only a small C-terminal fragment is
carried into the erythrocyte. This loss of the MSP-I complex may correlate with the loss of
the ‘fuzzy’ coat during merozoite invasion. Th e C-terminal fragment is attached to the
merozoite surface by a GPI anchor and consists of two EGF-like modules. EGF-like modules
are found in a variety of protein and are usually implicated in protein-protein interactions.
One possibility is that the secondary proteolytic processing functions to expose the EGF-like
modules which strengthen the interactions between merozoite and erythrocyte. The
importance of MSP-I and its processing are implied from the following observations:

Vaccination with the EGF-like module s can protect against malaria, and
Inhibition of the proeolytic proces sing blocks merozoite invasion.

The exact role(s) which MSP-I and its processingplay in the merozoite invasion process are
not known.

25. Reorientation and secretory organelles

After binding to erythrocyte, the parasite reor ient itself so that the ‘apical end’ of the
parasite is juxtaposed to the erythrocyte membrane. This merozoite reorientation also
coincides with a transient erythrocyte deformat ion. Apical membrane antigen-1 (AMA-I) has

been implicated in this reorientation.[ 58] AMA-I is a transmembrane protein localized at the

apical end of the merozoite and bind erythrocyt es. Antibodies against AMA-I do not interfer

with the initial contact between merozoite and erythrocytes thus suggesting that AMA-I is

not involved in merozoite attachment. But antibodies against AMA-lI prevent the

reorientation of the merozoite and thereby block merozoite invasion.

specialized secretory organelles are located at tke invasive stages of apicomplexan parasites.
Three morphologically distinct apical organe lles are detected by electron microscopy;
mocronemes, rhoptries, and dense granules. Dense granules a& not always included with

the apical oganelles and probably represent a heterogeneoiws population of secretory
vesicles.
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The contents of the apical organelles are exp#led as the parasite invades, thus suggesting
that these organelles play some role in invasion. Experiments in Toxoplasma gondindicate
that the micronemes are expelled first and occur with initial contact between the parasite

and host.[59 An increase in the cytoplasmic concentration of calcium is associated with

microneme discharge.[89] as is typical of regulated secretion in other eukaryotes.

Dense granule contents are released after the parasite has completed its entry, and therefore,
are usually implicated in the modification of the host cell. For RESA is localized to dense
granules in merozoites and is transported to the host erythrocyte membrane shortly after
merozoite invasion.[61] However, subtilisin-like proteases, which are implicated in the
secondary proteolytic processing of MSP-| (discussed above), have also been localized to
Plasmodiumdense granules.p2.63 If MSP-I processing is catalyzed by these proteases, then at
least some dense granules must be discharged at the time of invasion.

26. Specific interactions and junction formation

Following merozoite reorientation and micron eme discharge a junction forms between the
parasite and host cell. Presumably, microneme proteins are important for junction
formation. Proteins localized to the micromenes include:

EBA-175, a 175 kDa ‘erythrocyte binding antigen P. falciparum

DBP, Duffy-binding protein from P. vivaxand P. knowlesi

SSP2 Plasmodiumsporozoite surface protein-2. Also known as TRAP (thrombospondin-
related adhesive protein).

Proteins with homology to SSP2/TRAP from ToxoplasmgMIC2), Eimeria (Etp100), and
Cryptosporidium

CTRP, circumsporozoite- and TRAP- related protein of Plasmodium found in the
ookinete stage.

Of particular note are EBA-175 and DBP which recognize sialic acid residues of the
glycohorins and the Duffy antigen, respectively. In other words, these parasite protein are
probably involved in receptor-ligand interact ion with proteins exposed on the erythrocyte

surface. Disruption of the EBA-175 gene resultsin the parasite switchingfrom a sialic acid-

dependentpathway to a sialic acid-independent pathway [ 64, indicating that there is some
redundancy with regards to the receptor — ligand interactions.

Comparison of sequences of EBA-175 and DBP reeal conserved structural features. These
include trans-membrane domains and receptor-binding domains.[ 65] The receptor-binding
activity has been mapped to a domain in which the cysteine and aromatic amino acid
residues are conserved between species. This ptative binding domain is duplicated in EBA-
175. The topography of the trans-membrane domain is consistent with the parasite ligands
being integral membrane proteins with the receptor-binding domain exposed on the
merozoite surface following microneme discharge.

The other microneme protein in the ‘TRAP’ family have also been implicated in locomotion
and / or cell invasion.[ 66 All of these proteins have domains that are presumably involved
in cell-cell adhesion, as N-terminal single sequences and trans-membrane domains at their
C- terminal.
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27. In summary

An electron-dense junction forms between the apical end of the merozoite and host
erythrocyte membrane immediately after reorientation.

Tight junction formation and microneme release occur at about the same time

Proteins localized to the micronemes bind to receptors on the erythrocyte surface

These observations suggest that the junction represents a strong connection between the
erythrocyte and the merozoite which is mediated by receptor-ligand interaction. Junction
formation may be initiated by microneme discharge which exposes the receptor-binding
domains of parasite ligands. This mechanism for initiating a tight host-parasite interaction is
probably similar in other invasive stages of apicomplexan parasites.

28. Parasite entry

Apicomplexan parasite actively invade host cells and entry is not due to uptake or
phagocytosis by the host cell. This is particularly evident in the case of the erythrocyte
which lacks phagocytic capability. Furthermore, the erythrocyte membrane has a 2-
dimensional submembrane cytoskeleton which precludes endocytosis. Therefore, the
impetus for the formation of the parasitophorous vacuole must come from the parasite.

Erythrocyte membrane proteins are redistributed at the time of junction formation so that
the contact area is free of erythrocyte membrane proteins. A merozoite serine protease
which cleaves erythrocyte band 3 has been described §7]. Because of the pivotal role band 3
plays in the homeostasis of the submembrane skeleton, its degradation could result in a
localized disruption of the cytoskeleton. An incipient parasitophorous vacular membrane
(PVM) forms in the junction area. This membrane invagination is likely derived from both
the host membrane and parasite component and expands as the parasite enters the
erythrocyte. Connection between the rhoptrie s and nascent PVM are sometimes observed.
In addition, the contents of the rhoptries are often lamellar (i.e. multilayered) membrane and
some rhoptry proteins are localized to the PVM following invasion , suggesting that the
rhoptries function in PVM formation.[ ©8]

Ookinetes lack rhoptries and do not form a parasitophorous vacuole within the mosquito
midgut epithelial cells. The ookinetes rapidl y pass through the epithelial cells and cause
extensive damage as they head toward the basal lamina.f?.7q Similarly, sporozoites can
enter and exit hepatocytes without undergoing exoerythrocyti ¢ schizogony. Those parasites
which do not undergo schzogony are free in th e host cytoplasm, whereas those undergoing
schizogony are enclosed within a PVM.[7] These observations suggest that the PVM is
needed for intracellular development and is not necessary for the process of host cell
invasion. As the incipient parasitophorous va cuole is being formed, the junction between
the parasite and host becomes ring-like and the parasite appear to move through this
annulus as it enters the expanding parasitophotous vacuole.

Apicomplexan parasite activity invade host cell and entry is not due to uptake or
phagocytosis by the host cell. In addition, the zoites are often motile forms that crawl
along the substratum by a type of motility referred to as ‘gliding motility’. Gliding
motility, like invasion, also involves the release of micronemal adhesions at the posterior
end of the zoite. One difference between glding motility and invasion is that the
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micronemes must be continuously released as the organism is moving. Thus gliding
motility does not involve this relatively small moving junction, but a continuous
formation of new junctions between the zoite and the substratum. In addition, the
adhesins are cleaved from the surface of the zoite as the adhesion reach the posterior of
the zotie and a trail of the adhesive molecules are left behind the moving zoite on the
substratum. However, the mechanism of motility and invasion are quite similar and thus,
during invasion the parasite literally crawls into the host cell through the moving
junction. In addition, some apicomplexans use this type of motility to escape from cells
and can traverse biological barriers by entering and exiting cells. Cytochalasins inhibit
merozoite entry, but not attachment. This inhi bition suggests that the force required for
parasite invasion is based upon actin-myosin cytoskeletal elements. The ability of myosin
to generate force is well characterized (eg.. muscle contraction). A myosin unigue to the
Apicomplexa has been identified and localized to the inner membrane complex.[ 72] This
myosin is part of a motor complex which is linked to the adhesins. Members of the TRAP
family and other adhesins have a conserved cytoplasmic domain. This cytoplamic domain
is linked to short actin fila ments via aldolase. The actin filaments and myosin are oriented
in the space between the inner membrane caonplex and plasma membrane so that the
myosin propels the actin filament toward the posterior of the zoite. The myosin is
anchored into the inner membrane complex and does not move. Therefore, the
transmembrane adhesins are pulled through the fluid lipid bilayer of the plasma
membrane due to their association with the actin filament. Thus the complex of adhesins
and actin filaments is transported towards the posterior of the cell. Since the adhesins are
either complexes with receptor on the host cdl or bound to the substratum, the net result
is a forward motion of the zoite. When the adhesins reach the posterior end of the parasite
they are proteolyitcally cleaved and shed from the zoite surface.

29. Summary

Merozoite invasion is a complex and ordered process. A tentative model of merozoite
invasion includes:

1. Initial merozotie binding involves reversible interactions between merozotie surface
proteins and the host erythrocyte. The exad roles of MSPI and other merozoite surface
proteins are not known.

2. Reorientation by an unknown mechanism result in the apical end of the merozotie
being juxtaposed to the erythrocyte membrane.

3. Discharge of the micronemes is coincident with the formation of a tight junction
between the host and parasite. The tight junction is mediated by receptor-ligand
interactions between erythrocyte surface proteins and integral parasite membrane
proteins exposed by microneme discharge.

4. localized clearing of the erythrocyte submembrane cytoskeleton and formation of the
incipient parasitophorous vacuole. PVM form ation is correlated with the discharge of
the rhoptries.

5. movement of the merozoite through the ri ng-shaped tight junction formed by the
receptor/ligand complex. The force is generated by myosin motor associated with the
trans-membrane parasite ligands moving along actin filaments within the parasite.

6. Closure of the PVM and erythrocyte membrane
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Many proteins that are involved in the inva sion process have been identified. However,
much still remains to be learned about the cellular and molecular biology of merozoite
invasion.[73.74

30. Host erythrocyte modification

Once inside of the erythrocyte, the parasite undergoes a trophic phase followed by
replicative phase. During this intra-erythrocyt ic period, the parasite modifies the host to
make it a more suitable habitat. For example, the erythrocyte membrane becomes more
permeable to small molecular weight metabolit es, presumably reflecting the needs of an
actively growing parasite.

Another modification of the host cell concerns cytoadherence of P. falciparum infected
erythrocyte to endothelial cells and the resulting sequestration of the mature parasite in
capillaries and post-capillary veinules. This sequestration likely leads to microcirculatory
alteration and metabolic dysfunctions which could be responsible for many of the
manifestation of severe falciparum malaria. The cytoadherence to endothelial cells confers at
least two advantages for the parasite: 1) a microaerophilic environment which is better
suited for parasite metabolism, and 2) avoidance of the spleen and subsequent destruction.

31. Knobs and cytoadherence

A major structural alteration of the host er ythrocyte are electron-dense protrusion, or
‘knobs’, on the erythrocyte membrane of P. falciparumcells. The knobs are induced by the
parasite and several parasite proteins are associated with the knobs.[5] Two proteins which
might participate in knobs formation are th e knob-associated histidine rich protein
(KAHRP) and erythrocyte membrane protein-2 ( PlEMP2), also called MESA. Neither
KAHEP nor PfEMP2 are exposed on the outer surface othe erythrocyte, but are localized to
the cytoplasmic face of the host membrane. Their exact roles in knob formation are not
known, but may involve reorganizing the submembrane cytoskel eton. The knobs are
believed to play a role in the sequestration of infected erythrocytes since they are points of
contact between the infected erythrocyte and vascular endothelial cells and parasite species
which express knobs exhibit the highest levels of sequestration. In addition, disruption of
the KAHRP results in loss of knobs and ability to cytoadhere under flow conditions.[ 76] A
polmerophic protein, called PfEMPI, has also been localized to the knobs and is exposed on
the host erythrocyte surface. The translocation of PEMPI to the erythrocyte surface depends
in part on another erythrocyte membrane associated protein called PfEMP3.[’7] PfEMPI
probably functions as a ligand which binds to receptors on host endothelial cells. Other
proposed cytoadherence ligand include a modified band-3, called pfalhesin.[ 78 Segestrin,
rifins and clag9.[79]

PfEMI is a member of the var gene family.[80] The 40-50var gene exhibit a high degree of
variability, but have a similar overall structure. PfEMPI) has a large intracellular N- terminal
domain, a transmembrane region and a C- terminal intracellular domain. The C- terminal
region is conserved between members of thevar family and is believed to anchor PfEMPI to
the erythrocyte submembrane cytoskeleton. In particular, this acidic C- terminal domain
may interact with the basic KAHRP of the knob[ 81 as well as spectrin and actin.[¢9
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The extracellular domain is characterized by 1-5 copies of Duffy-binding (DBL) domains.
These DBL domains are similar to the receptor-binding region of the ligand involved in

merozoite invasion (discussed above). The DBL domain exhibit a conserved spacing of
cystrine and hydrophobic residues, but otherwise show little homology analysis indicates

that there are five distinct classes (designated as AAAA........... and... £..) of DBL
domains.[83 The first DBL is always the same type (designated A and this is followed by a
cysteine- rich interdomain region (CIDR). A variable number of DBL in various orders make

up the rest of the extracellular domain of PfEMP-I.

Possible Receptors Identified By in Vitro Binding Assays

CD36

Ig Superfamily
ICAMI

VCAMI

PECAMI
Chondroitin sulfate A
Heparin sulfate
Hyaluronic acid

E- selectin
Thrombospondin
Resetting Ligands
CR-I

Blood group A Ag
Glycosaminoglycan

Several possible endothelial receptors have beenidentified by testing the ability of infected
erythrocytes to bind in static adherence assays.p4 One of the best characterized among
these is CD36, an 88 kDa intergral membraneprotein found on monocytes, platelets and
endothelial cells infected erythrocytes from most parasite isolates bind to CD36 and the
binding domain has been mapped to the CIDR of PfEMPI. However, CD36 has not been
detected on endothelial cells of the cerebral blood vessels and parasites from clinical isolates
tend to adhere to both CD36 and intracellular adhesion molecule — 1 (ICAMI). ICAMI is a
member of the immunoglobulin superfamily and functions in cell-cell adhesion. In addition,
sequestration of infected erythrocytes and ICAMI expression has been co-localized in the
brain.[89]

Chondroitin sulfate A (CSA) has been implicated in the cytoadhernce within the placenta
and may contribute to the adverse effects of P. falciparum during pregnancy. The role of
some the other potential receptors is not clea. For example, adherence to thrombospondin
exhibits a low affinity and cannot support binding under flow co ndition. Binding to

VCAMI, PECAMI and E- selectin appear to be rare and questions about their constrictive
expression on endothelial cells have been raised. However, cytoadherence could involve
multiple receptor/ligand interactions.

Resetting is another adhesive phenomenon exhibited by P. falciparuminfected erythrocytes.
Infected erythrocytes from some parasite isolates will bind multiple uninfected erythrocytes
and PfEMPI appears to have a role in at least some resetting. Possible receptors include
complement receptor-I (CRI), blood group A antigen, or glycosaminoglycan moieties on an
unidentified proteoglycan.
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The different types of DBL domains and CIDR (discussed above) bind to different
endothelial cell receptors| 86.87.For example, DBL, which comprises the first domain, bind to
many of the receptors associated with resdting. The binding of the CIDR to CD36 may
account for the abundance of this particular binding phenotype among parasite isolates.[8g]

32. Antigenic variation

The encoding of the cytoadherence ligand by a highly polymorphic gene family presents a
paradox in that receptor/ligand interactions are generally considered highly specific.
Interestingly, selection for different cytoadhere nt phenotypes result in a concomitant change
in the surface antigenic type.[89 Similarly, examination of clonal parasite lines revealed that
change in the surface antigenic type correlaed with difference in binding to CD36 and
ICAMI. For example, the parental line (A4) adhered equally well to CD36 and ICAMI,
whereas one of the A4-derived clones (C2§ exhibited a marked preference for CD36.[%]
Binding to ICAMI was then reselected by panning the infected erythr ocytes on ICAMI. All
three parasite clones (A4, C28,C28-I) exhibited distinct antigenic types as demonstrated by
agglutination with hyper-immune sera.

The expression of a particular PFEMPI will result in a parasite with a distinct cytoadherent
phenotype and this may also affect pathogenesis and disease outcome. For example, binding
to ICAM-I is usually implicated in cerebral pathology. Therefore, parasites expressing a
PfEMPI which binds to ICAMI may be more likely to cause cerebral malaria. In fact, higher
levels of transcription of particular var genes are found in cases of severe malaria as
compared to uncomplicated malaria.[ 9] Similarly, a higher proportion of isolates which
bind to CSA are obtained from the placenta as compared to the peripheral circulation of
either pregnant women or children.[ 99 Furthermore, placenta malaria is frequently
associated with higher levels of transcription of a particular var gene which binds CSA .[ 93
This phenomenon is not restricted to the placenta in that, there is a dominant expression of
particular var genes in the various tissue.p4 This tissue specific expression of particular var
genes implies that different tissues are selecting out different parasite populations based on
the particular PfEMPI being expressed on the surface of the infected erythrocyte. To CSA,
CD36, or ICAM-I. infected erythrocyte were collected from the placenta, peripheral
circulation of the mother, or peripheral circulation of the child. (designated as group 1-6)
expressed in different tissues (brain, lung, heart and spleen) from 3 different patients. PM30
died of severe malaria anemia. PM32 was diagnased with both cerebral malaria and severe
anemia. PM55 was diagnosed with only cerebral malaria.

Although sequestration offers many advantages to the parasite, the expression of antigens
on the surface of the infected erythrocyte provides a target for the host immune system. The
parasite counters the host immune responses by expressing antigenically distinct PfEMPI
molecules on the erythrocyte surface. This allows the parasite to avoid clearance by the host
immune system, but yet maintain the cetoadherent phenotype. This antigenic switching
may occur as frequently as 2% per generation in the absence of immune pressure®] The
molecular mechanism of antigenic switching is not known. Experimental evidence indicates
that the mechanism is not associated with duplic ation into specific expression-linked sites as
found in African trypanosomes. Only a single va r gene is expressed at a time (i.e... allelic
exclusion). The non-expressed genes are keptitent by protein which bind to the promoter
region. A gene can become activated by repositbning to a particular location in the nucleus



Biology of Malaria Parasites 31

and is associated with chromatin modification . This expression spot can only accommodate
a single active gene promoter. Thus the var promoter is sufficient for both the silencing and
the monoclinic transcription of a PfEMPI allele. [ %]

33. Summary

The malaria parasite modifies the erythrocyte by exporting proteins into the host cell.
One such modification is the expression of PfEMPI on the erythrocyte surface which
functions as cytoadherent ligand.

The binding of this ligand to receptors on ho st endothelial cells promotes sequestration
and allows the infected erythrocyte to avoid the spleen.

Numerous PfEMPI genes (i.e... thevar gene family) provide the parasite with a means
to vary the antigen expressedon the erythrocyte surface.

This antigenic variation also correlates with different cytoadherent phenotypes.
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1. Introduction

Mosquitoes are a family of around three and a half thousand species and belong to the order
of Diptera. They are found throughout the world except in places permanently frozen. Three
quarters of all mosquito species live in the humid tropics and subtropics, where the climate
is warm and moist, well adapted to the de velopment of all stages and allows adults
survival. Mosquitoes are classified in three subfamilies (Toxorhynchitinae Anophelinae
Culicinag. Anophelesnosquitoes are members of subfamily AnophelinaeLike all mosquitoes,
its life cycle consists in four stages: egg, larva, pupa, and adult. Female mosquitoes lay 30-
150 eggs every 2-3 days in water.Anophelesfavors as breeding places, quiet water, like
permanent or temporary ponds, or quite cove of rivers. Each egg is protected by an eggshell.
Mosquitoes can develop from egg to adult in as little as 5 days but usually take 10-14 days
in tropical conditions. Anophelesan be distinguished from other mosquitoes by their palps,
which are as long as the proboscis. Most Anophelesmosquitoes are not exclusively
anthropophilic or zoophilic. Anophelesmosquitoes are more frequent in tropical and
subtropical countries but are also found in temperate climates. They are not found at
altitudes above 2000-2500 m.

1.1 Pathogens transmitted by  Anopheles mosquitoes

Anophelesmosquitoes are vectors of several pattbgens. They can transmit O'nyong-nyong
virus as well as parasitic nematodes that cause lymphatic filariasis. Of the approximately

460 known species of Anophelesless than 100 can transmit human malaria in nature. The
primary malaria vectors in Africa, A. gambiae and A. funestus are strongly anthropophilic

and, consequently, are two of the most efficient malaria vectors in the world.

Malaria is a parasitic disease that affects 200 million people worldwide and causes 1.5 to 2.7
million deaths per year. Of the 300-500 million clinical cases annually, nearly 90% are in the
sub-Saharan countries of Africa where the malaria parasite, Plasmodium falciparumis
primarily transmitte d by the mosquito Anopheles gambiae. The increasing resistance of the
parasite to inexpensive drugs and the resistance of mosquitoes to insecticides have created
an urgent need for innovative methods that block parasite transmission during its
development within the insect. Strategies for the development of malaria vaccine candidates
target the stages found within humans e.g. the asexual erythrocytic stages. However vaccine
candidates have also been developed againstboth the sexual stages of malaria in the
mosquito (reviewed in [1] and against the mosquito vector itself (reviewed in [2]). The
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Anophelesnosquito not only carries the parasite from infected to uninfected people, but also
plays a vital role in the parasite life cycle [3; 4]. The development of Plasmodium within the
mosquito is a very complex process and represents a tight coevolved system in which
genetic features of both vector and parasite characterize the potential of the parasite to
develop and be transmitted. Identification of promising candidate antigens for a mosquito-
based transmission blocking vaccine or interference requires a good knowledge of both
partners and of proteins implie d in cross-talk between them.

1.2 Plasmodium life cycle in mosquito

When a female Anophelessucks the blood of an infected human host, it receives red blood
cells (RBCs) containing different stages of erythrocytic cycle, including gametocytes. In its
gut, all stages except the gametocytes aredigested (Figure 1). These hatch out from
RBCs into the lumen of host's midgut and become active to start the sexual cycle. After a
process termed exflagellation, the male microgametes detach from the parent gametocyte.

Fig. 1. Plasmodiunspecies life cycle inAnophelesnosquitoes

The female, macrogametocytes undergo oogenesis and becomes a haploid macro-gamete.
Zygotes are formed by fusion of male and female gametes. The zygotic stage ofPlasmodium
species develops to form ookinete. The ooknete passes through the epithelium of the
midgut and forms an oocyst on the exterior wall of the midgut. The oocyst matures to form
an enlarged structure, after which several nuclear divisions take place. Oocyst ruptures and
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releases hundreds of sporozoites. Eventually,these sporozoites migrate to the salivary gland

of the female anopheles mosquito. The interval between the acquisition of an infectious

agent by a vector and the vector's ability to transmit the agent to other susceptible vertebrate
hosts is called the extrinsic incubation period. This parameter is dependent on host, parasite
and environmental factors. Estimates are on the order of 10-14 days in areas of high malarial
transmission [5].

During the successive stages of parasite development within the mosquito vector, it is faced
to several barriers that are decisive for the fate of the parasite and the potential of its
transmission. The proteome analysis of thes barriers constitutes a first step to better
understand the vector/pathogen interactions.

1.3 The genome of Anopheles gambiae

Anopheles gambiae sensus stricto. was selected for full genome sequencing from the 60 or so
anopheline mosquito species that transmit malaria, largely because of the large number of
malaria fatalities attributed to bites from this mosquito [6; 7]. At 278 Mb, A. gambiaeggenome
is considerably larger than the genome size of Drosophila melanogastdB8](180 Mb), but
smaller than the size of many other mosquito disease vectors such asAedes aegyptiyhich at
approximately 1376 million base pairs is about 5 times the size of the genome of the malaria
vector [9]. The difference in size between A. gambiaeand D. melanogaster is largely due to
intergenic DNA. Despite evolutionarily dive rging 250 million years ago, the two insects
reveal remarkable similarities in their DNA sequences. However, there are also important
differences in their genomes. Almost half of the genes in both insect genomes are presently
identified as orthologs and show an average sequence identity of 56% [6]. This could be
explained by successive adaptation of these insects to different life strategies and/or
ecological niches, or to the evolutionary adaptation of pathogens to insect vectors or vice
versa. Studies have led to the identification of mosquito genes that regulate malaria parasite
infection in the mosquito ([10] and those involved in the ability to find and feed on blood of
human hosts [11]. In Aedes aegypti genome, an increase in gesi@ncoding odorant binding,
cytochrome P450, and cuticle domains relative to A. gambiaesuggests that members of these
protein families support some of the biolog ical differences between the two mosquito
species [9].

With the genome of A. gambiaein hand, scientists possess molecular information to
understand the biology of this arthropod ve ctor better, and to possibly fight malaria
transmission and other mosquito-borne human ilinesses.

1.4 Genome versus proteome

Actually, DNA is a chemical instruction manual for everything a plant or animal does, while
proteins are the dynamic components. DNA or mRNA sequences cannot sufficiently
describe the structure, function and cellular lo cation of proteins. Moreover, some important
functional, post-translational modifications, such as glycosylation and phosphorylation,
may not even be seen at the genome level. Hence, analysis of the human proteome revealed
that it is much more complex than the human genome. While scientists are still deciphering
the function of most of the 30,000 human genesesearchers estimate that each gene can give
instructions for as many as 100 different proteins. On top of that, every organ has a different
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distribution of proteins, and the distribu tion may change frequently according to
physiological modifications. The term “proteome” constitutes the total of proteins expressed
by the genome. The technical improvements of the past decade have enhanced proteomic
analyses and thereby enabled quantitative analysis of protein expression inside cells. The
proteome of several A. gambiaeorgans were deciphered using various proteomic approaches
and interesting insights in their function as well as in their putative interaction with
pathogens were thereby gathered.

1.5 Proteomics methods

Thanks to the combination of developments in new instrumentation, fragmentation
methods, availability of completed genome sequences and bioinformatics, there has been a
shift from analysis of one protein at the time to more comprehensive proteome analyses. In
the past decade, mass spectrometry (MS) haemerged as the dominant technology for in-
depth characterization of the protein components of biological systems {12; 13; 14] but a
number of other technologies, resources, and expertise are absolutely required to perform
significant experiments. These include protein separation science (and protein biochemistry
in general), genomics, and bioinformatics. Proteomics has evolved from 1D and 2D gel
electrophoresis (1DE and 2DE)/MALDI TOF (Mat rix Assisted Laser Desorption lonization)
MS to gel-free liquid chromatography (LC)-MS/MS (tandem mass spectrometry)
approaches. Present-day 1D/2D LC-MS/MS work flows exhibit much higher sensitivity,
speed, quantitative dynamic range and ease ofuse in comparison with gel-based resolving
techniques. These various approactes are summarized in Figure 2.

Fig. 2. Proteomic workflow
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Beyond protein identification, there are a numb er of well-established options available for
protein quantification. Difference gel electrop horesis (DIGE) following 2DE is one option.
Various mass spectrometry based methods have keen employed for quantitative analysis of
protein expression in a complex protein mixture upon particular modification, such as prior

to and after parasite infection. These quantitative approaches utilize the stable isotope-
labelling techniques combined with mass spectrometry analysis, including isotope coded

affinity tag (ICAT) [15; 16]), isobaric tag for relative and absolute quantitation (iTRAQ) [17],

and stable isotope labelling of amino acids in cell culture (SILAC) [18; 19].

2. Proteomic analyses of Anopheles gambiae

During the last ten years, several approacheswere followed to describe the protein content
of Anopheles gambi@e organs, hemolymph and saliva. The subsequent paragraphs will
present protein data obtained fr om these various approaches.

2.1 The peritrophic matrix (PM) proteome

The peritrophic matrix (or peritrophic membrane ) lines the gut of most insects at one or
more stages of the life cycle [20]. This is theonly region of the insect in contact with the
“external” environment not covered by cuticle. It has important roles in the facilitation of
the digestive processes in the gut and the pmotection of the insect from invasion by
microorganisms and parasites. Since it poses a partial, natural barrier against parasite
invasion of the midgut, it is speculated that modifications to the PM may lead to a complete
barrier to infection. In agre ement with this statement, it was showed that thickening of the
PM by experimental manipulation resulted in decreased Plasmodium infectivity [21]. Within
the blood mass, the Plasmodiumgametes mate and develop into motile ookinetes, a process
that takes 16—24 h depending on thePlasmodiumspecies. To traverse the gut epithelium, the
ookinetes must first cross the PM. For this purpose, the Plasmodium parasite secretes its own
chitinase, which allows it to penetrate this chitin-containing structure [22]. Detailed
characterization of the structure of the PM may help to find out new strategies to block the
parasite at the midgut stage. The complete PM proteome of A. gambiaewas determined
using 1D-electrophoresis followed by LC-MS [23]. Out of the 209 proteins identified by mass
spectrometry, 123 had predicted signal peptides, of which 17 also had predicted
transmembrane domains and were therefore candidate midgut surface proteins that were
coextracted from the gut during sample processing (Table 1). Among them were nine new
chitin-binding peritrophic matrix proteins, expanding the list from three to twelve
peritrophins. As expected, the number of protei ns with signal peptides is relatively more
abundant than those with transmembrane domains only. Based on their annotations, the
proteins fell into different classes, with dive rse putative functions ranging from immunity to
blood digestion. Only 5% of the detected proteins were either known PM proteins or
contained clear chitin binding domains (CBDs). Based on these results, the authors proposed
a structural model of A. gambiaePM to explain the putative interactions among the proteins
identified in their study. During the course of blood ingestion the PM is rapidly secreted by
the distended midgut epithelium. The chitin fibrils are assembled into a wide cross-hatched
pattern connected by peritrophins containi ng multiple CBDs. Between 0 and 24 h, the
crosshatch is fully stretched and then slowly contracts like an accordion between 36 and 48 h
post-blood feeding as blood digestion proceeds to completion. The various classes of
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peritrophins that have been identified by proteomic analysis were proposed to assemble
together to produce a PM as well as perform several of its functions.

Peritrophic | Protein/gene ID Domain/motifs/Known/putative Putatively
matrix function/comments secreted
Protein with
chitin binding
domains (CBD)
AGAP006795 2CBD yes
AGAP006796 1CBD yes
AGAP009830 A CBD yes
AGAP010364 2 CBD yes
AGAP001819 1CBD yes
AGAP010363 2 CBD yes
AGAP011616 3CBD yes
AGAP006433 4-CBD no
AGAP006434 4-CBD yes
AGAP006432 2 CBD; immune-responsive gene yes
AGAP006414 1 CBD; mucin domain; chitinase yes
Proteins with no
predicted CBD
AGAP006442 |12.9 Conserved hypothetical protein; yes
unknown function
AGAP004883 |19.7 Conserved hypothetical protein; snake yes
toxin-like protein folds/disulfide rich;
unknown function
AGAP007860 |33.8 Conserved hypothetical protein; yes
putative protein binding motifs; unknown
function
AGAP007612 |92.2 Conserved hypothetical protein; snake yes
toxin-like protein folds/disulfide rich;
unknown function
AGAP002851 |16.3 Conserved hypothetical protein; MD2- yes
lipid recognition domain
AGAP001352 |28.1 Conserved hypothetical protein; yes
odorant/hormone binding domain
AGAP010132 |52 1 Conserved hypothetical protein; CD36 yes
scavenger receptor Class B domain
AGAP006398 | 31.2 Conserved hypothetical protein; no
galactose-like binding protein/lectin-like
domain
AGAP004916 |35 0 Conserved hypothetical protein; yes

Fibrillin/fibrinogen-like; globular domain;
unknown function

Table 1. PM proteins identified by 1D and LC-MS
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The proteins of the PM may provide unique opportunities for the control of insect pests and

vector borne diseases. Immunological control of blood and tissue-feeding insects by the
effects of binding antibody to the proteins of the PM may be explored as well as other
functional genetics approaches based on tke understanding of the function of its

components.

2.2 Hemolymph proteome

Insects employ an open circulatory system for the transport of nutrients, wastes, and
signalling molecules throughout the body. The insect circulatory system also functions in
thermoregulation, promoting ventilation through the tracheal system, and the circulation of
humoral immune molecules and immune blood cells (hemocytes) that survey tissues for
foreign entities. The primary organ driving hemo lymph circulation in mosquitoes is a dorsal
vessel that is subdivided into an abdominal heart and a thoracic aorta. Hemolymph plays a
very important role in protecting against harmful microorganisms like Plasmodium. Two-
dimensional SDS-PAGE and microsequencing or peptide mass fingerprinting was used to
identify major proteins in the hemolymph of A. gambiae[24; 25]. They found about 280
protein spots in hemolymph and identified 28 spots, representing 26 individual proteins
(Table 2). Most of these proteins have known or predicted functions in immunity. These
include prophenoloxidase 2 subunit, two clip-d omain serine proteases (CLIP B4 and A6), a
thioester protein (TEP15), two serpins (SRPN2and SRPN15), a cystah and apolipophorin
[l (apoLPlll). Other proteins are implied, in iron transport like ferritin, or lipid biology.
Many of the proteins have been found in hemolymph in other insects but one protein is
novel: a new member of the MD-2-related lip id-recognition family. Fourteen spots were
induced following bacterial injection but not by wounding. Three of the identified proteins
increased in spot intensity or appeared de novo following bacterial injection: a
phenoloxidase, and two chitinase-like proteins. A subset of proteins decreased following
bacterial injections: these included the light and heavy chains of ferritin. Several proteins
appeared in hemolymph following any wound or injection. These included two isoforms of
phosphoglycerate mutase (PGM), triose phosphate isomerase (TPI), an actin, glutathione S
transferase S1-1, and adenylate kinase. Most of these are metabolic enzymes lacking signal
peptides that are likely to be released as a result of damage to muscles and other tissues by
injury. The map obtained is a useful tool for examining changes in hemolymph proteins
following blood feeding and infection by parasites.

Interestingly, antibodies raised against hemolymph proteins were shown to decrease
mosquito infection by Plasmodium vivax[26]. These antibodies are directed against 11
different antigens, 6 of which were specific of the hemolymph and four were common to
midgut and ovary. Identification of these antigens by mass spectrometry could lead to the
development of blocking va ccines against malaria.

2.3 Proteomics of salivary glands and saliva

Mosquito saliva and salivary glands are central to the interaction between parasite, vector
and mammalian host. Sporozoite maturation in the mosquito salivary glands before its
transmission to vertebrates is a key stage for the effective transmission to humans since it
increases the sporozoite’s ability to infect vertebrate hepatocytes [27; 28]. Additionally,
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sporozoites are injected into the vertebrate skin with nanoliter volumes of saliva. Saliva is a
complex biologically active solution, contains a large number of biomolecules responsible
for antihemostatic activity, which assist he matophagous arthropods during the feeding

process [29].

Hemolymph Protein/gene Domain/motifs/Known/putative Putatively
ID function/comments secreted
Constitutevely |agCP2491 OBP9, odorant binding protein yes
expressed agCP1503 apoLP-IIl, Apolipophorin 1l yes
proteins agCP1469 Ferritin, heavy yes
agCP1261 Ferritin, light chain yes
agCP5831 AgLLP1, lipocalin-like protein yes
agCP10937 D7H1, salivary D-7 like protein yes
agCP3566 TEP15, thioester protein yes
agCP9948 AgH-1, hemolymph glycoprotein family yes
agCP9547 ML3, ML-domain protein yes
AF007166 CLIPABG, Clip domain serine protease yes
agCP9254 CLIPB4, clip domain serine protease yes
agCp3768 Srpnl5, putative haplotype of Srpn9 Serpin | yes
ebiP6959 Srpn2, Serpin yes
agCP1375 chitinase no
agCP1985 Cystatin yes
ebiP1964 aldo/keto reductase no
AF004915 PPO2, prophenoloxidase subunit no
AF513639 GST-S1-2, glutathione S transferase no
Proteins
modulated
appearing after | BM624855 GST-SI-I, glutathione S transferase no
any injection agCP12756 Phosphoglycerate mutase no
agCP12096 Triosephosphate isomerase no
BM622046 Adenylate cyclise no
appearing or AY496420 BR-1, chitinase-like yes
altered after AY496421 BR-2, chitinase-like yes
bacterial injury | AJ010195 PO6, phenoloxidase no

Table 2. Proteins identified in Anopheles gambiae hemolymph

Following SDS-PAGE of A. gambiaesalivary proteins, under denaturing non-reducing

conditions and Edman sequencing, 12saliva proteins were identified [30]. Among these
proteins were A. gambiaeD7-related proteins 1-3, similar to Aedes aegypd7. The D7 proteins
are among the most abundant salivary proteins in adult female mosquitoes and sand flies
[31]. D7 sequences were identified in Culex quinquefasciatyg\n. arabiensis, An. stephensi, An.
darlingi mosquitoes and Lutzomyia longipalpisind Phlebotomus papatasand flies.
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The other identified proteins were GSG6, hypothetical protein 8 (CB1), similar to
hypothetical protein 9 (bB2) and herein called HP 9-like, SG1-like 2, putative 5 ;nucleotidase
and SG1. Edman degradation for other bands was reported to be unsuccessful, either
because the protein's amino terminus was blocked, or because PTH-amino acids could not
be reliably identified.

A proteomic analysis of salivary glands from female A. gambiae mosquitoes was carried out
[32]. Salivary gland extracts were hydrolyzed with trypsin using a 1-DE in-gel and an in
solution digestion and analyzed by LC-MS/MS . This led to identification of 69 unique
proteins, 57 of which were novel. A large proportion of the identified proteins were
involved in protein, carbohydrate and nucl eic acid metabolism, transport or energy
pathways. Almost 25% of the proteins could be not be ascribed any biological function. A
subcellular localization was assigned to each protein either based on the literature or the
presence of particular domains/motifs. The ma jority of the proteins were classified as
extracellular proteins. D7 family proteins, ap yrases and proteins of the salivary gland-like
(SGlike) family were the commonest extracellular proteins. Proteins involved in translation
and protein folding were the predominant cyto plasmic proteins with a small nhumber of
proteins classified as nuclear, vesicular or lysosomal proteins. Approximately 40% of
proteins could not be assigned any specific localization because of lack of any distinctive
features and lack of homology to other known proteins.

To further describe A. gambiae salivary gland and saliva contents, several techniques: 1-DE,
2-DE and LC-MS/ MS were combined to characterize the protein content of 8 year-old and
21 year-old mosquito salivary glands [33]. Overall, this study has identified five saliva
proteins and 122 more proteins from the salivary glands, including the first proteomic
description for 89 of these salivary gland prot eins. Proteomic analysis of 8 year-old blood-
fed mosquitoes allowed the identification of 55 proteins. LC-MS/ MS and 2-DE-MS
identified a similar number of proteins and both appear more effective than 1-DE-MS.
Thirty percent of the proteins iden tified are secreted (Table 3).

2D-E profiles suggested that several secretedproteins may present sequence divergence or
be extensively processed and/or post-translationally modified in  A. gambiaesalivary glands.

Since the invasion and sporozoite maturation take place during the process of salivary
glands ageing, the effect of salivary gland age on salivary component composition was
examined. LC MS/MS profiling of young versusold salivary gland proteomes suggests that
there is an over-representation of proteins involved in signalling and proteins related to the
immune response in the proteins from older mosquitoes.

A comparative proteomic analysis of salivary gland samples from infected or Plasmodium
bergheifree mosquitoes was performed using the iTRAQ labeling.

The expression levels of five secreted proteins were altered when the parasite was present.
The levels of GSG6, apyrase, D7 related-1 prtein precursor and D7 precursor allergen AED
A2 are decreased whereas the level of gVAGis increased in infected salivary glands.
Apyrase, GSG6 and D7 precursor allergen AED A2 were shown to be implied in blood
feeding [34; 35; 36]. In addition, GSG6 was foundto be a serological indicator of exposure to
Afrotropical malaria vectors [37].
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Secreted Protein/ gene ID | Domain/motifs/Known/putative
salivary gland function/comments
proteins

G1:18389879
AGAPO011971-PA
AGAP008278-PA
AGAP008284-PA
AGAP008282-PA
AGAP008283-PA
AGAP008281-PA
AGAP008280-PA
Gl:4127305
AGAP004334-PA
AGAP000150-PA

30 kDa protein, anti-platelet

Alpha-amylase, carbohydrate digestion

Apyrase, anti-aggregation

D7 precursor allergen AED A2

D7 related-1 protein precursor, anti-inflammatory
D7 related-2 protein precursor, anti-inflammatory
D7 related-3 protein precursor, anti-inflammatory
D7 related-4 protein precursor, anti-inflammatory
D7 related-5 protein precursor

GSG3

GSG5 precursor

AGAP008216-PA
AGAP008307-PA
AGAP008306-PA
AGAP006494-PA
AGAP003168-PA
AGAP006821-PA
AGAP001903-PA
AGAP006340-PA
AGAP004038-PA
AGAPO000607-PA
AGAPO006507-PA
AGAP000175-PA
AGAP012335-PA

GSG6, implied in blood-feeding

GSG7

Guanine nucleotide releasing factor

putative gVAG protein prec ursor, implied in defense
Hypothetical 10 kDa protein

Hypothetical 10.2 kDa protein

Hypothetical 8.8 kDa protein

Lysozyme precursor

Maltase, carbohydrate digestion

Putative 5’ nucleotidase precursor, anti-platelet
putative Salivary protein SG

Salivary D3 protein

Salivary gland 1-like 3 protein

SG3

Table 3. List of Anopheles gambiae salivary proteins possessing a signal peptide and detected
by proteomic approaches ([30; 32; 33]

The D7 short proteins bind serotonin with high affinity, as well as histamine and
norepinephrine, thus antagonizing the vasoconstrictor, platelet-aggregating, and pain-
inducing level of these factors [38]. gVAG is a defense-related protein [39]. These
observations suggest an important role of these proteins in the interaction between A.
gambiag Plasmodiumand the mammalian host and a putative modulation of the feeding
behaviour of the parasitized mosquito.

2.4 Anopheles gambiae head proteome

Many of the most dangerous pathogens have been shown to manipulate the behaviour of
their vectors, such as feeding behaviour, in ways that enhance the contact with the
vertebrate host and consequently favour pathogen transmission {40]. Several studies with
different systems support the idea that parasites indeed increase the probing and feeding
rate of their vectors by a variety of mechanisms [40].
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In the Plasmodium-Anophelemteraction, facts showing that Plasmodiumspp. influence the
behaviour of their mosquito vectors, Anophelespp. have accumulated [41; 42; 43; 44; 45; 46].
In this system, an altered behaviour of the vector has been shown when sporozoites have
invaded the salivary glands [43; 45; 46]. For instance, malaria parasites were shown to
manipulate their mosquito vectors in two di fferent ways and in a stage-dependent mode:
when the sporozoites are ready to be transmitted to the vertebrate hosts, the parasite
increases the biting rate of its vector [45; 46]. In contrast,at the oocyst stage and yet not
transmissible to the vertebrate host, the parasite decreases the contact between vectoand
vertebrate host by decreasing the natural host-seeking behaviour of the insect [46].
Moreover, it was recently shown that the presence of the parasite extends the oviposition
cycle of the mosquito, thereby enhancing malaria transmission [47]. Interestingly, few
studies have been undertaken to demonstrate the existence of a general manipulative
mechanism by which the parasite manipulate the host central nervous system. A 2-D DIGE
coupled with MS was used to analyse and compare the head proteome of A. gambiae
infected with Plasmodium berghei with that of uninfected mosquitoes [48]. This approach
allowed detecting modulations of 12 protein spot s in the head of mosquitoes infected with
sporozoites. After their identification by MS, th ese proteins were functionally classified as
belonging to metabolic, synaptic, molecular chaperone, signalling and cytoskeletal groups.
These results indicate an altered energy meabolism in the head of sporozoite-infected
mosquitoes. Some of the up-/down-regulated proteins identified, such as synapse-
associated protein, 14-3-3 protein and calmodilin, have previously been shown to play
critical roles in the CNS of both invertebrate s and vertebrates. Interestingly, two proteins
revealed in the study have been demonstrated to be involved in behavioural modifications
in other host—parasite systems. Tropomyosin has been shown to be involved in the
behavioural manipulation of crustacean gammarids by acanthocephalans [49], while
phosphoglycerate mutase was involved in cricket behavioural manipulation induced by
hairworms [50]. Furthermore, a heat shock response (HSP 20) and a variation of
cytoarchitecture (tropomyosins) have been shown. Discovery of these proteins demonstrates
potential molecular mechanisms that trigger behavioural modifications and offers new
insights into the study of close interactions between Plasmodiumand its Anophelevector.

2.5 Proteome of the eggshell

Insect eggshells offer the embryo protection from physical and biological damages and
assure their survival. Most current knowledge of insect eggshell morphology and

composition are based on studies of Drosophila melanogastdbl; 52]. Mosquito eggshells
show notable diversity in physical properties and structure, presumably resulting from

adaptation to the large variety of envi ronments exploited by these insects.

In contrast to Aedes mosquitoes, which are highly resistant to desiccation allowing embryos
to survive for months in dry conditions [5 3], eggshells of the human malaria vector, A.
gambiae are more permeable, restricting their survival and deve lopment to humid
environments [54]. Greater knowledge of the prot eins that comprise eggshells is required to
understand these differences and how they contribute to successful mosquito reproductive
strategies. A mass spectrometry/proteomics approach was used to identify 44 proteins as
putative components of the eggshell (Table 4)[55]. Among the identified molecules are two
vitelline membrane proteins and a group of seven putative chorion proteins. Enzymes with
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peroxidase, laccase and phenoloxidase activities expected to be involved in cross-linking
reactions that stabilize the eggshell structure, were also identified. Seven odorant binding
proteins were found in association with the mosq uito eggshell, although their role has yet to
be demonstrated.

Eggshell Protein/gene 1D Domain/motifs/Known/putative
function/comments

Odorant binding proteins

AGAP000641 OBP34/37
AGAP000642 OBP35
AGAP000643 OBP36
AGAP002025 OBP11
AGAP011647 OBP1
AGAP010648 OBP44
AGAP002189 OBP13

Enzymes

AGAP004038 chorion peroxidase
AGAP006176 Laccase 2
AGAP005959 Yellow-g2-dopachrome conversion enzyme
AGAP004978 Prophenoloxidase 9
AGAP003233 Peroxidase
AGAP007020 Thioredoxin

Vitelline membrane
components

AGAP002134 Vitelline membrane component
AGAP008696 Vitelline membrane component
Putative chorion

components

AGAP00655 Putative chorion protein
AGAP006555 Putative chorion protein
AGAP006553 Putative chorion protein
AGAP006554 Putative chorion protein
AGAP006549 Putative chorion protein
AGAP006556 Putative chorion protein
AGAP006550 Putative chorion protein
Others

AGAP006524 Unknown
AGAP006563 Unknown
AGAP003149 Unknown
AGAP010147 Unknown
AGAP004182 Unknown
AGAP006527 Unknown
AGAP003047 Schistosoma mansoni egg protein

AGAP004969 lonotropic glutamate receptor
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AGAP010252 Ribosomal protein L14
AGAP002306 Ribosomal protein L4
AGAP002830 c-1-Tetrahydrofolate synthase
AGAP012261 Unknown
AGAP005802 Unknown
AGAP005061 Unknown
AGAP000547 Unknown
AGAP006584 Unknown
AGAP005338 Unknown
AGAP003911 Unknown
AGAP004887 Ribosomal protein S17
AGAP000672 Unknown
AGAP007758 Unknown
AGAP006805 Unknown

Table 4. Proteome of Anopheles gambiae eggshell

2.6 Functional genomics approaches

Genomics, transcriptomics and proteomics studies have been complemented by studies
using RNAI for gene silencing. RNAI allows characterization of genes in vivo which can later
be targeted for transmission blocking studies. Boisson et al. [56] demonstrated the role of the
gene AgApy, which encodes an apyrase, in the probing behaviour of A. gambiae An RNAI-
mediated gene silencing approach has also beerused to assess the potential involvement of
10 selected A. gambiasalivary gland genes in regulating mosquito blood-feeding capacity
[36]. Silencing of several salivary gland transcripts; D7L2, anophelin, peroxidase,
5'nucleotidase and SG2 precursor, produced a significantly lowered blood-feeding
phenotype and increased probing time, confirming that these genes could play an important
role in blood-feeding.

3. Conclusion

In a recent publication, the results of an extensive qualitative proteomic analysis of Anopheles
gambiaeto better understand gene structures and their functions were presented [57]. In
their manuscript, the authors reported validation of existing genes, correction of existing
gene models, identification of novel genes, identification of novel splice variants,
confirmation of splice sites and assignment of translational start sites based on high-
resolution mass spectrometry-derived data. A total of 2,682 peptides were identified that
could not be mapped onto existing VectorBase annotations. This study emphasizes on the
interest of proteomic tools to complement other approaches for genome annotation.

Dissecting the molecular basis of the interplay between vector and pathogen is essential for
vector-borne disease transmission. Deciphering the proteome of the main mosquito barriers
for parasite development and transmission may pave the way to novel disease control
mechanisms.
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1. Introduction

Microbial symbiosis is an ubiquitous aspect of insect life and plays a fundamental role in the
adaptation of insects to the most diverse environments. A very large proportion of insects
are supposed to carry bacterial symbionts (Chaves et al., 2009). The variety of the
relationships between symbionts and insects are very wide as well as biological function
exerted by the symbionts and their localisation within the host. In fact, some are located
within host cells while some others are outside. The genetic modification of microbial
symbionts has been identified as novel tools to fight insect pests and vectors of infectious
diseases. In this frame, in the last years, the use of manipulated symbiont has attracted a lot
of attention for the potential application in the control of mosquito-borne diseases, with
particular interest to malaria control.

Malaria still represents a major health problem with particular impact in the developing
countries. Even though several control tools are employed for malaria control, such as bed
nets, Anti-malarial drugs, insecticides and other vector control measures, the disease continue
to exert a dramatic health burden on the world human populations. Consequently, new
effective tools for malaria control are expected. Human malaria is transmitted by some
mosquito species belonging to the genusAnophelesand methods aimed to control the malaria
infection by blocking the transm ission from mosquito to humans are particularly attractive.

Recently, quite a lot of attention has been addressed to the so-called Malaria Symbiotic
Control (Favia et al., 2008). In fact, moregenerally, symbiotic microorganisms offer some
possibilities for insect pest management strategies and two approaches are particular
attractive: The first one implie s the disruption of microbial symbionts required by insect
pests. The second approach is the manipulaton of microorganisms with major impacts on
insect traits contributing to their “pest status” for example their capacity to act as vector for
diseases like malaria and others. In particular, the paratransgenic approach looks feasible for
malaria control.

Paratransgenesis is the genett modification of insect symbionts to express anti-pathogen
molecules within the vector to block pathogen transmission. In case of malaria infection,
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mosquitoes should be “forced” to host symbio nts that have been previously manipulated to
express effecta molecules able to interfere with Plasmodium development, possibly blocking
transmission.

In the frame of insect borne diseases, Chagaglisease has already proven the feasibility of
paratransgenesis in the control of the infection. Vectors of Chagas disease are obligate
haematophagous triatomines that feed on vertebrate blood throughout their entire
developmental cycle. These insects harbour populations of bacterial symbionts within their
intestinal tract, which provide nutrients that insects do not acquire by the blood source.
These symbionts have been isolated, culturedoutside the host and genetically transformed
to express molecules that render the irsect refractory to the infection with Trypanosoma cruzi
the etiological agent of Chagas disease (Bearckt al., 2001). Once reintroduced in the vector
host, the paratransgenic insectvector showed refractoriness to parasite infection.

Thus, also on the basis of impulse related tothese very exciting results in paratransgenic
approach to control Chagas disease, since few years, some researches have been addressed
to the identification microbial symbiont that could be implemented in the development of
paratransgenic approach for malaria control.

In this chapter we will give an overview an up date of the recent advance in symbiont based-
malaria control.

2. Best symbiont candidates for malaria control

For malaria Symbiotic Control (SC), “good” cand idates are those microbes residing within
the mosquito, particularly those localised in the gut. In fact, malarial gametocytes, ingested
by a feeding mosquito, must transform to gametes, fuse to form zygotes, and then, as
ookinetes, migrate to the mosquito's midgut epithelium to develop as oocysts that release
sporozoites to infect the mosquito's sdivary glands. At the Oocysts stage of Plasmodium, the
protozoan parasite causing the malaria infection, represents a favourable target for control
method like paratransgenesis aimed to interrupt the disease tran smission. In fact, in natural
conditions, from thousands of gametocytes ingested by the mosquito vector in an infected
blood meal, generally less than ten oocysts will develop.

As stated above, paratransgensis has been alrady proposed to control insect borne diseases.
This is the case of Rhodnius prolixysa triatomine commonly known as the kissing bug,
vector of Trypanosoma cruzihe causative agent of the Chagas disease. R. prolixus harbours in
its gut some bacteria that provide nutrients to the insect. These bacteria have been cultivate
outside the host, modified to express specific anti-parasite effector molecules and
reintroduced within the vector (Beard et al., 2001). These paratransgeit insects have shown
to be unable to transmit the parasite. These evidences have posed the basis for the
development of paratransgenic-related strategies, based on gut symbionts, to control insect
borne diseases.

In the meanwhile they represent the cornerstone on which to base the development of SC of
malaria infection.

The search of gut symbiont has been primarily addressed to the identification of bacteria
residing in the mosquito gut. Some studies have described the structure of the bacterial
community present in several mosquito species (Demaio et al., 1996; Pidiyar et al., 2002,
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2004; Touré et al., 2000), pinpointing that different mosquito species harbour common
bacterial genera (e.g.PseudomonasStaphylococcysEnterobacterEscherichig some of which
might be cultivated outside the vector and ma nipulated by the means of genetic tools that
are already available.

Cultivability in cell-free media and applicability to genetic transformation are two of the
fundamental prerequisite of a “good” symbiont to be applied in paratransgenesis control of
insect vectors.

More recently, the application of advanced mole cular techniques, led to the identification of
bacterial species, never described before, has stble component of the microbiota associated
to malaria vectors.

For example in the African malaria vector Anophelesarabiensiswo new species have been
recently described (Kampfer et al., 2006a, 2006b). One was namedanibacter anophelifie
other Thorsellia anopheligo remark the close relationship with the mosquito host. In
particular, T. anophelishas been proposed in malaria paatransgenic control, since this
bacterium, by the means of sequencing of mgor bands generated in Denaturing Gradient
Gel Electrophoresis (DGGE) experiments, appears to be dominant in Kenyan populations of
Anopheles gambiae, the main African malaria vector (Briones et al., 2008) and dominance is
indeed one additional main features required for a symbiont to be employed in
paratransgenesis.

The list of bacteria well adapted to malaria vectors midgut has been rapidly growing in the
last few years. Among these bacteria two species have been recently described as particularly
well adapted to An. gambiaenidgut, Pantoea stewartind Elizabethkingia meningoseptica (Lindh
et al., 2008) and thus potentially useful for symbiotic control applications.

Recently, we have identified a Gram-negative Dproteobacteria as stably associated to
different mosquito species with particular regards to some main malaria vector species
(Favia et al., 2007, 2008; Damiani et al., @8, 2010; Crotti et al., 2009) and its further
microbiological and molecular characterization clearly indicate it as belonging to the genus
Asaia(Ricci et al. 2011a).

The relationship between Asaia and mosquito is particularly intriguing in the view of
paratransgenic applications since this bacteium localizes in the gut (Figure 1), in the
salivary glands and in the reproductive organs of both male and female adult mosquitoes.
These localizations are important since in the mosquito gut and salivary glands overlaps
with that of Plasmodiumthus supporting the use of Asaiafor paratransgenic applications.
The localization in the reproductive organs relates to vertical transmission routes that imply
favourable means to introduce modified bact eria in the field (Damiani et al., 2010).

Furthermore, Asaiais easily cultivable in cell-free media, is detectable at all developmental
stage of the mosquito and has high prevalence in mosquito populations. These
characteristics have indicated Asaia as one of the potentially best bacterial symbiont of
malaria vectors to develop paratransgenic protocols to control malaria infection.

Transformation of Asaia was originally achieved by a strain originally isolated from
Anopheles stephensbne of the major Asian malaria vector, and was attempted by using
different plasmid vectors.



60 Malaria Parasites

Among these, the plasmid pHM2 was the most efficient and transformed Asaia with high

efficiency. The gene cassette coding for the gres fluorescent protein (Gfp) was cloned into the

plasmid vector pHM2 thus providing an efficien tly detectable marker to trace mosquito body
colonization. Transformed Asaia cells were found to efficiently express the protein and showed
bright fluorescence useful for localization of the sy mbiotic cells in the insect body detectable by
fluorescent confocal laser scanning microscopy (Fgures 2 and 3). Furthermore, in laboratory,
when we proposed fed mosquitoes by cotton pad soaked in a mixture of sugar and “green”

bacteria, nearly 100% of the recipient populations resulted colonised by the modified Asaia

Fig. 1. Asaiabacteria in the gut of an adult An. stephensi mosquito.

Fig. 2. Asaiastrain expressing the green fluorescent protein in the midgut of an Anopheles
stephensfemale specimen.
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Fig. 3. Asaiastrain expressing the green fluorescent protein in the midgut of an An. stephensi
male specimen.

2.1 Effector molecules with anti- Plasmodium effects

Some molecules have proven to be effective in inhibiting the development of the malaria
parasite within the mosquito vector and may be implemented in paratransgenic
experiments aimed to block malaria transmission.

Among them has to be mentioned the small dodecapeptide SM1. This peptide is able to
interfere with a binding protein of the lumen of the mosquito midgut and salivary glands
that is required for Plasmodiuminvasion. This interference between SM1 and mosquito
midgut results in the inhibition of parasite development (Ghosh et al., 2001). A second
molecule to be mentioned is the snake venom phospholipase named PLA2 that is able to
block Plasmodiumdevelopment within the mosquito by the inhibition of the association
between ookinetes and midgut surface (Zieler et al., 2001).

A third molecule is Scorpine an antimicrob ial peptide isolated from the venom of the
scorpion Pandinus imperatgrwith anti-bacterial activity and a potent inhibitory effect on the
ookinete and gamete stages of the rodent malaria parasitePlasmodium berghei development
(Conde et al., 2000).

Other effector molecules to be mentioned are two single chain antibodies called anti-
PfNPNA1 and anti-Pbs 21 respectively.

The single-chain antibody PfNPNA-1 is based on a recombinant human monoclonal
antibody that specifically recognizes th e repeat region (Asn-Pro-Asn-Ala) of the Plasmodium
falciparum surface circumsporozoite protein and agglutinates sporozoites (Chappel et al.,
2004).

Pbs21 is an ookinete surface protein ofP. bergheia rodent’s parasite, belonging to a class of
sexual stage antigens able to induce in thevertebrate host a transmission-blocking immune
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response. The effectors of ths transmission-blocking immu nity are antibody molecules
directed against particular protein epitopes (Spano et al., 1996). Anti-Pbs 21 may be used in
paratransgenic experiment in the murine system to prove th e feasibility of the approach.

Some studies have already shown the possibility to use mosquito guts bacteria to deliver
anti-Plasmodium effector molecules within the mosquito vector (Riehle and Jacobs-Lorena
2005; Riehle et al., 2007).

In these studies are reported that E. coli bacteria expressing SM1 and PLA2, are able to
partially inhibit the parasite development. Very recently, Bisi & Lampe (2011) described
Pantoea agglomeramngineered to express and secrete antPlasmodium effector proteins. To
this purpose, plasmids that in cluded the pelB or hlyA secretion signals from the genes of
related species were constructed and tested fortheir efficacy in secreting SM1, anti-Pbs21,
and PLA2 in P. agglomeranand E. coli

Very interestingly, P. agglomerans was able to secrete HIyA fusions of anti-Pbs21 and PLA2,
and now ongoing experiments are evaluating these strains for anti-Plasmodiumactivity in
infected mosquitoes.

It is worth to remind that parasites tend to have a heterogeneous genome that favours
selection of individuals able to overcome barri ers such as drugs or possibly effector gene
products favouring the insurgence of resistant strains. Thus the possibility to release
paratrasgenic mosquito carrying microbial symbionts modified to express several different
molecules would circumvent the selection of resistant malaria strains.

The results cited above, represent a clear “pioof of principle” about the applicability of
paratransgenesis in malaria control.

In this context, the symbiotic bacterium Asaia previously described, may be very
successfully implied.

We engineered Asaiastrains that were transformed to produce fluorescent proteins; they
showed a remarkable capacity to colonize the midgut, reproductive organs ad salivary
glands of recipient mosquitoes (Favia et al., 2007; Damiani et al., 2008, 2010). These studies
underline the possibility of using this bacteriu m to express anti-parasite molecules within
the mosquito body, to inhibit the transmission of the parasite.

Furthermore, Asaiacan be transmitted, vertically to the progeny (by maternal, paternal and
trans-stadial routes) and horizontally between mosquito individuals by mating and co-
feeding (Favia et al., 2007, 208; Damiani et al., 2008, 2010).

As stated above, vertical transmission is important because it offers the chance of
introducing engineered bacteria into mo squito populations in the field. In  An. gambiadt has
been proven that vertical transmission occurs by an egg-smearing mechanism, where the
extracellular Asaia symbionts are smeared onto the eggsurface, thus is quite likely that
larvae, after emergence, are infected by thke bacteria by feeding on them and on egg
remnants (Damiani et al., 2010).

Larvae infection by bacteria in the breeding water, offers a way to spread recombinant
bacteria in the field, moreover the vertical transmission of Asaiasymbiont would allow the
“passage” of recombinant symbionts through the generations.
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Paternal transmission is also important because offers an alternative way to release
engineered bacteria in the field in addition to their release in the larval breeding site to
contaminate larvae and consequently adults by trans-stadial routes. Indeed, paternal
transmission suggests the possibility of releasing not biting male mosquitoes that would be
previously colonised with engineered bacteria (Damiani et al., 2010).

Ongoing studies are intended to modify Asaiato produce strains able to express and secrete
anti-Plasmodium effector molecules and to test their ability in blocking malaria transmission.

2.1.1 Not only bacteria

It is worth to mention that not only bacteria symbiont may find application in
paratransgenesis but several evdences indicate that virus, yeast and fungi may also be
successfully use.

Ren and collaborators (2008) discovered, clomd and characterized the first known DNV
(AgDNV) capable of infection and dissemination in An. gambiae. By the development of an
AgDNV-based expression vector to express gene(s) of interest inAn. gambiagan exogenous
gene (enhanced green fluorescent protein; EGFP) was expressed i\n. gambiaeamnosquitoes.
Wild-type and EGFP-transducing AgDNV virions were able to consistently infect An.
gambiadarvae, expressed EGFP was detected in adult tissues such as midgut, fat body and
ovaries and were transmitted to subsequent mosquito generations.

This work produced clear evidence that AgDNV could be used as part of a paratransgenic
malaria control strategy by transduction of anti- Plasmodiumeffectors or insect-specific toxins
in Anophelesnosquitoes.

In the last few months we have identified the yeast Wickerhamomyces anomalas stably
associated to some malaria vector species localising at the level of midgut and reproductive
organs of the host (Ricci et al., 2011b, 2011c)This localization, the possibility to easily
manipulate yeast and the chance to express #ector molecules in a eukaryotic organism
render W. anomalusa potential good candidate for paratransgenesis. Interestingly, very often
we found in the midgut and reproductive organs of the mosquito a large number of Asaia
bacteria in association with a relevant number of W. anomalusThis finding may support the
idea to use synergistically these two symbionts to release different effector molecules in the
mosquito.

We are now proceeding to achieve rapidly a stable transformation system to produce strains
of W. anomalusable to express and delivery anti-Plasmodiunpeptides.

Very recently, Fang et al (2011) develop transgnic fungi that kill malaria parasite in the
mosquito.

They used the fungus Metarhizium anisopliaeto infect mosquitoes through the cuticle.
Recombinant strains of M. anisopliaeexpressing three effector molecules (SM1, a single chain
antibody called PfNPNA-1 and an antimi crobial peptide called scorpine) targeting
sporozoites during their travel through the hemolymph to the salivary glands were used to
infect mosquitoes that had a Plasmodium-infected blood meal eleven days before.

The reduction in sporozoite counts was relevant and even more when using M. anisopliae
strain expressing scorpine and an [SM1](8): scopine fusion protein (with the reduction in
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sporozoite counts of 98%). These experiments prove thatMetarhizium-mediated inhibition of
Plasmodium development could be an additional tool to contrast malaria development
within the vector.

2.1.2 Not only paratransgenesis

Symbiont may be successfully implied in SC of mosquito vector even without their genetic

manipulation. This would be the case of W. anomalusIn fact several strains of this yeast
produce Killer toxins with an antimicrobial e ffect on a wide spectrum of human pathogens
(Séguy et al., 1998; Magliani et al., 2001)including insect-transmitted protozoan parasites

such as Leishmania spp. (Savoia et al., 2002). Preliminadata seems to confirm that the W.
anomalusstrain isolated from An. stephensi produces a killer toxin that is active against some
yeast strains (Ricci et al. manuscript in preparation). We will soon test if this killer toxin is

active against Plasmodium to verify the possibility to contrast malaria parasite development
by the release of this natural killer within mosquito organs.

One mosquito symbiont that has been extensvely studied is the alpha-proteobacterium
Wolbachia a very common cytoplasmic symbiont of the majority of insect species,
crustaceans, mites, and filarial nematodes (Serbus et al., 2008)Wolbachiaare maternally
inherited bacteria that inducing cytoplasmic in compatibility in mosquitoes that they use to
spread themselves through populations enhancing their transmission (Sinkins, 2004). This
ability of self-spreading through mosquito populations attracted a lot of attention in the last
few years and has been proposed as a gene dve system for mosquito genetic replacement,
for the reduction of population size or for mo dulating population ag e structure to reduce
disease transmission.

Interestingly, even though the very wide ra nge of insect species naturally infected by

Wolbachia natural infection has never been detected in species belonging to the genus
Anopheles(Ricci et al., 2002; Rasgon & Scott, 2004iawsirisup et al., 2008). On the other

hand cultured Anopheles cells can be infected (Jin et al.,, 2009), this has opened new
possibility to study perspectives in the use of endosymbiont to control malaria infection.

An “over-replicating” strain of Wolbachia pipientisamed wMelPop has recently been shown to
induce immune upregulation and inhibition of pathogen transmission in  Aedes aegyptthe
principal mosquito vector of dengue viruses, thus transient somatic infections of wMelPop
were performed by intrathoracic inoculation in  An. gambiae As consequence of these
inoculations, up-regulation of several specific immune genes was detected and some of these
have shown a direct influence on the development of malaria parasites. Similar results have
been achieved when using a stably infected An. gambiaesell line (Kambris et al., 2010).

Other studies have characterized somatic infections of two diverse Wolbachia strains
(wMelPop and wAIbB) in An. gambiae. After infection, wMelPop was localized in fat body,
head, sensory organs and othertissues but was not detected in midgut and ovaries, even
though both Wolbachiastrains inhibit P. falciparumoocyst in the mosquito midgut.

Even more interestingly, although not virulent in non-bloodfed mosquitoes, wMelPop was
found to be virulent for around 12-24 hours post-bloodmeal. All these data strongly indicate
that if stable transinfections would behave similarly to somatic infections, Woalbachiacould
potentially be used as part of a strategy to control malaria-transmitting mosquitoes (Hughes
et al., 2010).
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From this point of view, the “ Ae. aegyptilesson”, can be particularly important. Similar to
Anopheles Ae. aegyptihas never been detected as naturally infected by Wolbachijatrans-
infection of selected strains of Wolbachidn Ae. aegyptican block the development of dengue
infection (Walker et al., 2011).

Very recently the wMel Wolbachiastrain was introduced into Ae. aegyptifrom Drosophila
melanogaster showing a successfully invasion two natural Ae. aegypti populations in

Australia, reaching almost the fixation in a fe w months after the releases of wMel-infected

An. aegypti adults (Hoffmann et al., 2011).

These findings demonstrate that Wolbachia-based strategies can be a successful approach to
eliminate dengue infection and a similar approach may be developed to control malaria
infection.

3. Future development and conclusion

The concept that manipulation of microbial s ymbionts may represent an important tool to
contrast insect pests and insect vectors ofnfectious diseases is now widely accepted.

Recent studies have also pointed out that is possible to overcome many of the limitations
that since some time ago represented strong limitation to this approach, including the
difficulty to culture and transform many s ymbionts. As discussed in the previous
paragraph, to date several symbionts of insect pests and vector borne diseases can be
cultivated outside the host, manipulated to expr ess specific factors and reintroduced within
the host to produce in situ the effector molecules. A very informative example of advanced
studies in genetic manipulation of insect symbionts is Rhodococcus rhodniia bacterial
symbiont of the reduviid bug Rhodnius prolixus. This bacterium, if manipulated
appropriately, can be reintroduced to th e vector and inhibit the transmission of Trypanosoma
cruzi that causes Chagas disease (Beard et al2001). Another example regards the bacterium
Alcaligenes, a gut symbiont of the sharpshootetHomalodisca coagulagtéhe vector of Pierce’s
crop disease (Bextineet al., 2004).

Concerning malaria control, we have described some symbionts that can be cultured outside
the mosquito and can be genetically modified to produce specific molecules that have
proven to have an inhibitory effect on Plasmodiumdevelopment. In the last 5 years our
group has been focused in the study of symbiosis in mosquito vector. Our group as well as
others research units, have indicated few microorganisms that possess a strong potential in
the paratransgenic control of mosquito-borne di seases and in the very few last years, the
number of parasite of medical and veterinary for which the paratransgenic approach has
been proposed as one of the element of anintegrated control strategy is increasing as
demonstrated by study aimed to develop control method of Leishmania parasite (Hurwitz et
al., 2011). However, even if the genetic modification of insect symbionts to inhibit parasite
development, is clearly feasible and achievable in laboratories, many concerns need to be
properly addressed before this approach can be applicable in the field. Even though the
release of paratransgenic mosquito poses muchless ethical and safety concerns that the
release of genetically modified mosquitoes, for example the release of large-scale transgenic
mosquitoes, would cause not only an increase ofthe nuisance but also the health risk related
to other mosquito borne diseases (it is worth to remind that malaria vector mosquitoes may



66 Malaria Parasites

transmit other pathogens), the release into the field of modified symbionts needs to be
approached with caution since particularly bacteria may spread very rapidly by horizontal
transfer and colonize non target organisms with still unknown consequence. On the other
hand is possible to argue that there is no rea®n to believe that any of the effector molecules
identified to date will have any effects on non-target organisms (especially higher
organisms) being specifically intended against Plasmodium Still, it is necessary the release of
paratransgenic mosquitoes must refer to previous experiences with different Genetically
Modified Organisms (GMO) (i.e. GM plants) taki ng into account indications from different
national and international authorities that ha ve already established legal requirements for
the safety of these products (Aguilera et al., 2011).

If scientific and ethical concerns have to be properly addressed it is also equally important to
address concerns of public perception. First of dl it is important to underline that no single

approach can be successfullyper se but only an integrated catrol program that will merge

the benefits of different type of approaches would be effective in controlling malaria
infection. This is true also for the paratransgenic approach.

It is important to involve residents of the mala ria affected countries and their government in
official way. In this context it is particularly important to widely release the results of safety
tests regarding the use of paratransgenic mosquitoes without covering any possible risk
associated to the use of such an approach pipointing precisely the “real balance” between
potential benefits and risks associated to theimplementation of the paratransgenic strategy.
Christopher Boete (2011) has just published theresults of an important study about the use
of transgenic mosquitoes as a potential goproach to interrupt malaria transmission.

This study was performed through a questionnair e addressing questions related to the type

of research, the location, the nationality and the perception of the public involvement by
scientists. The results indicate that even if maaria researchers agree to interact with a non-
scientific audience pinpointing that “ they remain quite reluctant to have their research project
submitted in a jargon-free version to the evaluation and the prior-agreement by a group of non-
specialists The study shows the importance of fostering structures and processes that could

lead to an improved involvement of an unspecia lized public in the debates linking scientific,
technological and public health issues in Africa.

One more aspect that is very important to guarantee success to the paratransgenic approach
is the capacity to integrate laboratory and field work bringing together competences from
different disciplines and context to produce a variegate and efficient bulk of skills that will
be more effective that the simple sum of independent competences.

Before any possible field applications, the next step in the assessment of the paratransgenic
approach will take advantage by the so-called “semi-field” studies. They can be conducted
in mosquito-proof greenhouses that have been termed “malaria spheres” by Knols and
collaborators (2002). The green-houses consist ira space-limited ecosystem that recreates an
ecological contest with plants, breeding sites etc in which is possible to perform the tests.
These test will give important insights about the dynamic of tr ansmission of a due
symbiont, in fact releasing subsequent different small numbers of paratransgenic
mosquitoes into a malaria sphere containing non-paratransgenic mosquito population it will
be possible to determine to the minimum proporti on of paratatransgenic insects that need to
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be introduced for the symbiont to spread over the whole population. Furthermore it will be
possible to acquire information about the capacity of modified symbiont(s) to compete with
the natural microbiota. Moreover, all the data acquired by semi-field studies would also
provide valuable parameters for modelling experiments to assess the feasibility of
introducing GM-symbionts under true field conditions.

Even though laboratory and field issues have still to be fully overcame, the fast and growing
progress recently made in the field of the SC of insect pest and vectors of diseases, induces a
relevant optimism that this approach may be applicable for field testing within the next
decade thus offering a new weapon to the arsenal against malaria infection.
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1. Introduction

Malaria remains a devastating disease, particularly in the tropics. The annual incidence
of malaria worldwide is estimated to be betw een 294 and 500 million clinical cases, while
estimates of annual mortality from malaria, caused largely by the protozoan Plasmodium
falciparum range from 0.97 to 2.7 million worldwide (World Malaria Report 2010 1, World
Health Organization; Snow et al., 2005). The emergence of resistance to conventional
antimalarial drugs and insecticides means that new chemotherapeutic approaches with
alternative targets are needed (Ridley, 2002) Better understandings of antimalarial drugs
and the biology of the parasites are needed to allow the development of new
medications.

A review of the impact of continuous cultures of P. falciparumunderscores their significant
contributions to malaria research (Trager & Jensen, 1997). The mechanisms responsible for
the growth of the parasite, however, remain largely unknown. Culture media for P.
falciparum require human serum, a growth-promoting fraction derived from adult bovine
plasma (GFS), or lipid-enriched bovine albumi n (Asahi & Kanazawa, 1994; Asahi et al., 1996;
Cranmer et al. 1997; Jensen, 1979). Elucidation ahe factors able to induce the growth of P.
falciparum could be of help, not only for successful culture of the parasite, but also for
providing critical clues to understanding the biology of parasite proliferation during the
erythrocytic phase.

In order to identify the factors controlling para site development, and the effects of growth-
promoting factors on the parasite, we initially investigated growth-promoting substances to
formulate a chemically defined culture medium (CDM) suitable for sustaining the complete
development and intraery throcytic growth of P. falciparum We also developed a simple and
sensitive flow-cytometry-based assay for following each developmental stage of the
parasite’s erythrocytic growth. The distinct roles of the growth-promoting factors in the
growth of P. falciparumwere then investigated.

Ihttp://www.who.int/malaria/world_malaria_report_2010/en/index.htm
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2. Parasites and culture

Cultures of the FCR3/FMG (ATCC Catalogue No. 30932, Gambia) strain of P. falciparum
were used in all experiments. The parasites were routinely maintained using in vitro culture
techniques. The culture medium was devoid of whole serum, and consisted of basal
medium supplemented with 10% GFS (Daigo’s GF21; Wako Pure Chemical Industries,
Japan), as previously reported (Asahi, 2009 Asahi & Kanazawa, 1994; Asahi et al., 1996;
Asahi et al., 2005; Asahi et al., 2011). This comipte medium is referred to as GFSRPMI. The
basal medium consisted of RPMI-1640 contining 2 mM glutamine, 25 mM 4-(2-
hydroxylethyl)-piperazine ethane sulfonic acid, 24 mM NaHCO 3 (Invitrogen Ltd., USA), 25
pg/ml gentamycin (Sigma-Aldrich Corp., USA) and 150 uM hypoxanthine (Sigma-Aldrich).
Briefly, erythrocytes (RBC) were preserved in Alsever’s solution (Sigma-Aldrich; Asahi et
al., 1996) for 3—30 days. They were then washeddispensed into 24-well culture plates at a
hematocrit (% of packed RBC in medium) of 2% (1 ml of suspension/well), and cultured in a
humidified atmosphere of 5% CO ,, 5% O,, and 90% N, at 37°C. For subculture, 3-4 days after
inoculation, infected RBC and uninfected RBC were washed. Parasitemia (% of infected RBC
in total RBC) was adjusted to 0.1% (for subcuture) or 0.4% (for growth tests), by adding
uninfected RBC, and the hematocrit was adjusted to 2% by adding the appropriate volume
of either GFSRPMI or the testmedium. The cultures were synchronized at the ring stage by
three successive exposures to 5% (w/v) D-sorbitol (Sigma-Aldrich) at 41- and 46-h intervals.
After the third sorbitol treatm ent, residual schizonts and cell debris were removed by
isopycnic density centrifugation on 63% Percoll PLUS (GE Healthcare Bio-Science Corp.,
USA). The current cultivation method remains essentially the same as initially described
(Jensen, 2002), with a few refinements, particubrly in terms of th e culture medium. The
growth experiments were performed by replacing GFSRPMI with test samples. Growth rate
was estimated by dividing the parasitemia of th e test sample after incubation by the initial
parasitemia.

3. CDM for continuous intraerythrocytic growth of P. falciparum using lipids

The P. falciparumparasite develops through three distin ct stages within RBC during its cycle
of approximately 48 h: ring, trophozoite, and schizont (Bannister et al., 2000). However, the
development of P. falciparumrequires the presence of currently unknown factors present in
human serum (Jensen, 1979). Although numerous studies have attempted to identify the
factors and substances able to sustain parase growth (Asahi & Kanazawa, 1994; Asahi et
al., 1996, 2005; Cranmer et al., 1997; Divo and een. 1982; Lingnau et al., 1994; Mi-Ichi et
al., 2006; Nivet et al., 1983; Ofulla et al., 1993Willet and Canfield, 1984), the establishment of
a fully-defined culture medium for the parasi te has represented a major challenge. We
previously reported that GFS supported intraerythrocytic growth of P. falciparum (Asahi and
Kanazawa, 1994; Asahi et. al., 1996; Asahi et al2005). GFS contains lipil-rich albumin as a
major component. Similarly, Cranmer et al. (1997) described a commercially available lipid-
enriched bovine albumin (Albumax II; Invitr ogen) that could replace human serum for the
in vitro cultivation of P. falciparum These serum substitutes arecurrently widely employed
to maintain parasite cultures. However, ther e is still insufficient information on these
indispensable additives to allow direct identifi cation of the functional components required
for the growth of P. falciparum. The replacement of human serum or GFS in culture medium
with chemically- or functionally-defined subs tances could not only be advantageous for
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parasite culture, but could also provide critical clues about the parasite’s biology and its
requirements for proliferation at the erythroc yte stage. To establish a CDM for continuous,
intraerythrocytic growth of P. falciparum we initially characterized the ability of the various
components of GFS to sustain parasite growth (Asahi et al., 2005). Based on these results, we
subsequently determined the ability of structurally defined chemicals to sustain parasite
growth, and formulated a CDM for P. falciparumgrowth (Asahi, 2009).

3.1 The ability of GFS components to sustain parasite growth

We investigated the components of GFS and rdated substances that have shown an ability
to sustain parasite growth (Asahi et al., 2005) A simple total lipid fraction of GFS obtained
by lipid extraction has been shown to sustain complete parasite development. However,
specific proteins such as bovine and human albumin, as well as the simple total lipid
fraction of GFS, have also been shown to be important (Figure 1a). The simple total
lipid fraction of GFS contained phospholipids, diacylglycerides (DAG), cholesteral,
monoglycerides, nonesterified fatty acids (NEFA) and cholesteryl esters The components of
the NEFA fraction were mainly cis-9-octadecenoic acid (C18:1eis9, 43%), hexadecanoic acid

Fig. 1. Abilities of fractions derived from GFS (a) and a total simple lipid fraction of GFS (b)
to sustain growth of P. falciparum. Growth rate was estimated 4 days after inoculation.
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(C16:0, 21%), octadecanoic acid (C18:0, 14%), cis;8id2-octadecadienoic acid (C18:2)¢is9-
hexadecenoic acid (C16:1), cis5,8,11,14-eicosatetraenoic acid (C20:4),is5,8,11,14,17-
eicosapentaenoic acid (C20:5), andcis4,7,10,13,16,19-docosahexaenoic acid (C22:6). Each
NEFA enriched with bovine albumin (fatty-acid free) was tested for its ability to promote
parasite growth. Mixtures of NEFA, but not individual NEFA, sustained parasite growth to

a low extent (Figure 1b), but parasite growth in the presence of various combinations of
NEFA was still lower than that achieved with a simple total lipid fraction of GFS, or with
GFS- or human serum-containing medium. These results implied that, although the NEFA
components of the simple total lipid fraction are functional factors in promoting parasite
growth, other factor (s) must also contribute to the high growth-promoti ng activity of GFS.

3.2 CDM for intraerythrocytic growth of P. falciparum

Initial experiments designed to determine the factor (s) responsible for the high growth-
promoting activity of GFS involved culture of P. falciparumwith the lipid classes found in
the simple total lipid fraction of GFS, and di fferent concentrations of a mixture of the two
most abundant NEFA, C18:1cis9 (0-60 g/ml [212.4 M]) and C16:0 (0-30 pg/ml [117.0
M]) at a ratio of 2:1. The growth rate was dependent on the concentrations of the NEFA in
the mixture: the maximum effect was obtained with 30  g/ml C18:1-cis-9 plus 15 g/ml
C16:0, with declines at lower and higher concentrations. However, the growth rates were
much lower than that obtained with a simple to tal lipid fraction of GF S or with GFSRPMI.

A mixture of all the constituents detected in a simple total lipid fraction of GFS sustained
complete parasite growth. In an attempt to iden tify the factor (s) responsible for this growth-
promoting effect, each lipid was omitted from the medium in turn. Parasite growth in the
absence of phosphatidylcholine (PC) decreased to a level similar to that seen with the NEFA
mixture (Figure 2a). Phospholipids were also tested for their possible efficacies in
augmenting the ability of NEFA to promote parasite growth, by adding each phospholipid
to cultures with NEFA. Phospholipids, even PC alone, markedly amplified the growth-
promoting ability of the NEFA mixture (Figure 2b). These results indicate the critical
importance of PC for amplifying the parasite-growth-promoting ability of NEFA mixtures.
Phospholipids other than PC, such as phosphatidylethanolamine (PE), phosphatidylserine
(PS), and phosphatidic acid (PA), were also beneficial for parasite growth, while the growth
rates in the absence of phosphatidylinositol (PI), cholesterol, and cholesterol ester were
significantly higher (Figure 2a), indicating these phospholipids were detrimental. DAG had
no effect on the growth rate of the parasite at the concentrations tested.

The effects of various types of NEFA mixtures enriched with phospholipids were tested for

their abilities to promote parasite growth. The growth rate was dependent on the ratios of
the two NEFA; the highest growth rate occurred at 2:1 (C18:1cis9 to C16:0) at a total
concentration of 45 g/ml. The growth rates with the best mixtures of NEFA in the presence

of phospholipids were significantly higher than those with the same NEFA in the absence of
phospholipids (Figure 3). The culture media were also reconstituted by mixing

phospholipids with two types of NEFA (either C18:1-cis -9 plus a saturated NEFA or C16:0
plus an unsaturated NEFA). The best combination of NEFA was C18:1cis9 plus C16:0,
followed by cis-11-octadecenoic acid (C18:1leis-11) plus C16:0, C18:1eis-9 plus
pentadecanoic acid (C15:0), C18:kis9 plus C18:0, and C18:1-ci® plus tetradecanoic
acid (C14:0). The combinations of C16:1 plus C16:0gis-6-octadecenoic acid (C18:1eis-6) plus
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Fig. 2. Effects of various classes of lipids aml combinations of phospholipids on abilities of
NEFA to sustain growth of P. falciparum.The combination of 30 g/ml C18:1- cis9 and 15
g/ml C16:0 served as a control. Growth rate was estimated 4 days after inoculation.

C16:0, cis-13-octadecenoic acid (C18:leis13) plus C16:0, and C18:2 plus C16:0 showed
similar growth-promoting effects to that seen with C18:1-cis-9 plus C16:0 in the absence of
phospholipids. Combinations of C18:1-cis-9 plus dodecanoic acid (C12:0), C18:%kis9 plus
docosanoic acid (C22:0)cis,cis,cis6,9,12-octadecatrienoic acid (@8:3) plus C16:0, C20:4 plus
C16:0, C20:5 plus C16:0, andC22:6 plus C16:0 were detrimental to parasite growth. The
combination of trans-9-octadecenoic acid (C18:ltrans-9) plus C16:0 also deterred parasite
growth (Figure 4). The efficacies of NEFA in sustaining the growth of P. falciparum thus
varied markedly, depending on the type, total amount, and combinations used; saturated or
unsaturated NEFA with longer or shorte r carbon-chain lengths than the optimal
combination (C18:1cis-9 plus C16:0) promoted growth to lesser extents, or were detrimental
to the growth of P. falciparum Higher degrees of unsaturation were also detrimental to
parasite growth. The growth-promoting effects of NEFA with 18 carbons and one double
bond are specific to the cisform, and the position of the double bond in these NEFA
influences their growth-promoting effects.

Various PC containing different fatty acid moie ties, such as two of hexanoic acid, C12:0,
C14.0, C16:0, C18:1, 83:1 in racemic form, C18:2, and QO0:4, two different fatty acids of
C18:1 and C16:0, and C20:4 and C16:0, and PC derived from soy beans and egg yolk, were
tested at graded concentrations ranging from 20-320 M, for their abilities to augment the
effects of the NEFA mixture on parasite growth. Among the 12 tested PC, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (PC-di18:1) markedly amplified the growth-promoting ability of
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the NEFA mixture in a dose-dependent manner and over a wide range of concentrations, to
a level similar to that seen with GFSRPMI (Figure 5). This was followed by 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (PC-di16:0) and 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine
(PC-18:1/16:0). The addition of PC other than PC-dil8:1 at certain concentrations also
augmented the growth-promoting ability of the NEFA mixture to various extents, ranging
from 0-270%.

Fig. 3. Growth of P. falciparum with NEFA (C18:1¢is-9 plus C16:0) in the presence [lll) or
absence {lll) of phospholipids. Growth rate was estimated 4 days after inoculation. #, A
paired NEFA of C18:1-cis9 and C16:0 served as a control.

Specific proteins such asbovine and human albumin were shown to be required for P.
falciparum growth in serum-free culture with lipid s, as stated above. Recombinant human
albumin could replace serum albumin for sustaining parasite growth in the presence of
lipids (Figure 6).

All stages of P. falciparum cultured in the formulated CDM containing the best combination
of two NEFA, phospholipids, and human, bovine, or recombinant albumin were
morphologically indistinguishable from gr owth in complete medium (Figure 7).
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Fig. 4. Growth of P. falciparum in the presence of various cominations of paired NEFA. Each
saturated NEFA was added at 15 g/mlin the presence of 30 g/ml C18:1- cis9 (*) and each
unsaturated NEFA at 30 g/mlin the presence of 15 g/ml C16:0 (**). These culture media
contained phospholipids. #, NEFA (C18:1-cis-9 + C16:0) in the alsence of phospholipids
served as a control. Growth rate was estimated 4 days after inoculation.

4. Development of a measure of intraerythrocytic growth of P. falciparum
using flow cytometry and SYBR Green |

Growth-promoting and antimalarial effect s on plasmodia can be assessed both
quantitatively and qualitatively by directly examining RBC smears from blood or cultures
under a microscope; however, this method is tedious and subjective. Numerous novel in
vitro assays have been introduced that are meoe objective, faster, more sensitive, and
designed to be easier to handle. The most coimon of these include isotopic, enzymatic, and
enzyme-linked immunosorbent assays (ELISA) (Noedl et al., 2003). Isotopic assays rely on
the incorporation of radioactive 3H-hypoxanthine into the parasite DNA (Noedl et al., 2003;
Webster et al., 1985; Yayon et al., 1983). These nimds are relatively reliable and objective,
but not sufficiently sensitive, and require th e use of hazardous radioactive material. The
assays are well suited for screening large numbers of compounds. Parasite lactate
dehydrogenase levels have also been used to ssess the growth of malarial parasites (Asabhi,
et al., 2005; Makler and Hinrichs, 1993;Noedl et al., 2003). ELISA-based assays can provide
measures of parasite growth by quantifyin g biomolecules produced during parasite
development, such as histidine-rich protein 2 or parasite lactate dehydrogenase, by double-
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site sandwich ELISA (Druihe, et al., 2001; Noed et al., 2002; Noedl et al., 2003). ELISA-based
tests are rapid and easy to perform, and ar also well suited for the screening of large
number of drugs. These methods have beenwidely employed to detect and analyze the
growth of parasites, although they are poorly suited for discriminating the developmental
stages of the parasite in parasitized RBC. Flow cytometry using nucleic acid staining offers
the possibility of studying the cell cycle and developmental stages of intraerythrocytic
growth of malaria parasites. Flow cytometric analysis using intercalating dyes, such as
acridine orange, thiazole orange, hydroethid ine, propidium iodine, YOYO-1, and SYTO-16,
has already been used successfully to test human and murine samples (Barkan et al., 2000;
Janse and Van Vianen, 1994; Jimenez-Diaz et al2009; Jouin et al., 1995; Li et al., 2007;
Nyakeriga, 2004; Persson et al., 2006). However, the use of flow cytometry has been limited
by its lack of specificity and the complicated preparation required. We modified the flow
cytometry system and introduced SYBR Green | asan intercalating dye, allowing the growth
and development of P. falciparumto be analyzed with a high degree of accuracy (Izumiyama
et al., 2009).

Fig. 5. Effects of various types of PC containing different fatty acid moieties on the abilities
of NEFA to sustain growth of P. falciparum Growth rate was estimated 4 days after
inoculation. #, A paired NEFA of C18:1- cis9 and C16:0 served as a control.
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Fig. 6. Effects of various proteins on the ability of a mixture of NEFA and phospholipids to
sustain growth of P. falciparum Growth rate was estimated by dividing the parasitemia of
the test sample 4 days after inoculation by the initial parasitemia.

Ring form Trophozoite  Young schizont Schizont Merozoites

Fig. 7. Different stages of the parasite cultured in the formulated CDM, stained with Giemsa.

4.1 Optimization of flow cytometric measur  ement of infected RBC with SYBR Green |

The cytometer was equipped with a single argon-ion laser tuned to a fluorescence excitation

of 488 nm for 15 mW output (PAS flow cytometer, Partec Co. Ltd., Germany). A

FACSCalibur (Becton Dickinson Immunocytometry Systems, USA) was also used with a

single fluorescence measurement (530 nm). Analysis was performed using FCS express
software (De Novo Software Inc., Canada).
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In order to distinguish infected RBC or merozoites from platelets, leukocytes, and RBC
debris by flow cytometry, it is essential for them to retain their normal morphological
characteristics and membrane integrity, without disruption. We evaluated the effects of (1)
fixatives, (2) dilution buffer and concentratio n range of SYBR Green |, and (3) staining
period on the intensity of fluorescence of infected RBC. (1) Infected RBC in culture were
fixed using fixatives such as 1% paraformaldehyde or 1% glutaraldehyde in Tris-saline
solution (20 mM Tris (hydroxymethyl) aminom ethane hydrochloride at pH 7.2 and 138 mM
NaCl), phosphate-buffered saline (PBS) (10mM phosphate buffer at pH 7.2 and 138 mM
NaCl), or Alsever's solution. Paraformaldehyde combined with Alsever’s solution proved
the most useful fixative, with no noticeable lysis or deformity of infected/uninfected RBC,
such as often occurs when Tris-saline or PBS isused to dilute fixatives. (2) Concentration
ranges and dilution buffers for SYBR Green | were tested to determine the optimal solution
for producing clearly resolved peaks of fluorescence. Individual peaks in histograms
corresponding to the development stages of infected RBC showed most clearly with SYBR
Green | diluted at concentrations ranging from 0.00625-2 in Tris-saline at pH 8.8 (SYBR
Green I-basic). Both fixed and unfixed infected RBC gave the best results at 1 dilution of
SYBR Green 1. (3) The dependence of fluoresagce with time for fixed or unfixed infected
RBC in SYBR Green I-basic at 1 dilution was evaluated over 30 min by time-curve analysis
of P. falciparum cultures. The frequency distribution of fluorescence was similar after
staining for 5 min or longer with SYBR Gr een |-basic, although fluorescence could be
detected within seconds after addition of the fluorescent stain to fixed or unfixed infected
RBC. SYBR Green | in Tris-saline at pH 6.8and PBS resulted in inadequate signals for
infected RBC stained for less than 30 min, am in deformation and hemolysis of infected
RBC. Accordingly, the optimized protocol was fixation of infected/uninfected RBC by the
addition of 1% paraformaldehyde combined wi th Alsever’s solution, and staining the fixed
RBC, at measure by flow cytometry, by adding into SYBR Green I-basic solution containing
SYBR Green | at x1 dilution for 5 min.

4.2 Visualization of infected RBC popu lations with SYBR Green I-basic

Infected RBC populations were stained as described above. All developmental stages were
clearly stained with SYBR Green | with no autofluorescence of RBC (Figure 8).

ring form trophozoite schizont segmenter merozoite

Fig. 8. Developmental stages ofP. falciparumstained with SYBR Green I-basic.
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Infected RBC were stained with SYBR Green I|-basic by adding 8 x 18cells into 1 ml staining
solution, followed by analysis with flow cyto metry. SYBR Green I-basic provided brilliant
resolution of infected versus uninfected RBC and permitted visualization of infected RBC
populations with high accuracy. Infected RBC were located as three clusters in two-
parameter dot-plot presentations of infected/uninfected RBC from P. falciparumcultures: (1)
cluster 1 (C1) contained predominantly ring forms with low DNA content (low fluorescence
intensity); (2) cluster 2 (C2) contained predominantly late trophozoit es and young schizonts
with moderate DNA content (moderate fluorescence intensity); and (3) cluster 3 (C3)
contained late schizonts and segmenters with high DNA content (high fluorescence
intensity) (Figures 9a, b).

In regular cultures, schizonts burst spontaneously to release free merozoites, which then
enter new RBC and increase the number of infeced RBC. While the majority of released free
merozoites remain in culture for a while, the merozoites after culture indicate the

completion of schizogony. Parasites were synchronized at the ring form stage and cultured

over 45 h under the pressure of various concentrations of the anti-schizogony drug
chloroquine, to confirm the accuracy of counting the number of merozoites by flow

cytometry. Merozoites released from mature schizonts were counted clearly and sensitively
by flow cytometry (Figures 10a,b)

Fig. 9. Two-parameter dot-plot representation of fluorescent units and side scatter from
asynchronous culture (a) of P. falciparumand schizont-rich populations (b) separated by
Percoll sedimentation.
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Fig. 10. Merozoites released into surrounding medium were counted (a) and the number of
merozoites decreased under the pressure of gaded concentrations of chloroquine (b). The
numbers of merozoites are shown per 5,000 infected RBC (b).

5. Differing effects of NEFA and phospholipids on intraerythrocytic growth of
P. falciparum in serum-free medium

The efficacies of NEFA in sustaining general growth of P. falciparum varied markedly,
depending on the type, total amount, and combin ations. Certain structural characteristics of
NEFA, such as carbon-chain length, degreeand position of unsaturation, and isomerism
were important. However, the mechanisms responsible for the different abilities of the

various NEFA in the presence or absence of phogholipids, and of specific proteins such as
bovine and human albumin for promoting parasite growth are unknown. Subsequent

experiments therefore investigated the distinct effects of various NEFA on each
developmental stage of P. falciparum including schizogony, merozoite formation, and

reinvasion of RBC, to provide clues to the mechanisms underlying the growth-promoting

properties of NEFA.

5.1 Four typical growth patterns

To assess the effects of NEFA on each developmental stage of the pasite (schizogony,
merozoite formation, and reinvasion of RBC), synchronized P. falciparumwere cultured in
the presence of phospholipids and bovine albumin, further supplemented with one or two

NEFA. The distribution of the parasites among the different developmental stages was
determined using flow cytometry with SYBR Gr een I-basic at 25 and 45 h during the first
cycle of growth (Izumiyama et al., 2009). Late schizonts at 25 h (sckzont-25h), released
merozoites at 45 h (released merozoite-45h),new ring forms at 45 h (ring form-45h), and
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parasitemia at 45 h (parasitemia-45h) were canpared between parasites grown under test
conditions and those grown in complete medium GFSRPMI. Different types and
combinations of NEFA exerted markedly distinct effects on parasite growth in the
presence/absence of phospholipids. Four typical growth patterns were defined: no
inhibition (comparable to growth in complete medium); and three rate-determining steps in
growth including suppressed schizogony (SS); suppressed formation of merozoites (SMF);
and inhibited invasion of merozoites into new RBC (IMl)/formation of incomplete
merozoites (Figure 11).

Fig. 11. Representative modification of growth of P. falciparumcultured synchronously in the
presence of various growth promoters, indicating comparable growth, SS, SMF, and IMI.
Each developmental stage was compared with camplete growth in GFSRPMI (control): ring
forms (— |—), late schizonts (... X...), parasitemia (—X—), and released merozoites (closed
bars). Parasites at the ring stage (adjusted tdb.0% parasitemia) were maintained in different
culture media.

5.2 Growth-rate-determining steps in development of P. falciparum cultured in various
growth factors

All stages of the parasite cultured in medium supplemented with NEFA (C18:1- cis9 plus
C16:0) in the presence of phospholipids were comparable to those grown in GFSRPMI.
Medium containing C18:1-cis9 and C12:0 caused parasites to accumulate in clusters of ring
forms, by an SS effect. SS was also observed ithe presence of C16:0 alone, C18:2 plus C16:0,
C20:4 plus C16:0, or C18:1rans-9 plus C16:0. Partial SS (less suppressed) was detected when
the mixture of C18:1-cis13 plus C16:0 was added. C18:kis9 alone and C18:1leis9 plus
C22:0 suppressed the progression of parasites to merozoites following schizont formation,
by an SMF effect. SMF was also observed in parasites cultured in C18:Lis9 plus C16:0 in
the absence of phospholipids, indicating that exogenous phospholipids were crucial for the
development of complete merozoites. Adding C18:1-cis-13 plus C16:0 or C16:1 plus C16:0 to
the media caused accumulation of the merozoites released from matue schizonts, but the
merozoites did not invade new RBC, by the IMI effect. Partial IMI (less inhibited) was



86 Malaria Parasites

detected when C18:1-cis9 plus C14:0, C18:1-ci$ plus C16:0, C18:leis11 plus C16:0, or
C18:1-cis9 plus C18:0 were added. Any effects on steps that governed parasite growth rate
disrupted the cyclic behavior of the parasite, and reduced parasitemia at 45 h culture. These
results indicate that different NEFA exert distin ct roles in parasite development by arresting
development at different stages (Figure 12).

NEEA Growth_-r_ate _ _ Groyvth level _ _
determining step Ring --- Trophozoite --- Schizont --- Merozoite --- New ring
C18:1-cis-9 SMF ooC——— ——
C18:1-cis-9+C12:0 SS non———
C18:1-cis-9+C14:0 partial IMI (= — S—
C18:1-cis-6+C16:0 partial IMI SN —
Ciglciso+Cieo  COMPArADlel o= —
C18:1-cis-11+C16:0 partial IMI O S—
C18:1-cis-13+C16:0 partial SS, IMI =N —N. ——
C18:1-cis-9+C18:0 partial IMI (= —N. —
C18:1-cis-9+C22:0 SMF oo————7—
C16:0 SS —
C16:1+C16:0 IMI o= —
C18:2+C16:0 SS n——
C20:4+C16:0 SS n——=—>
C18:1-trans-9+C16:0 SS non—
Siine IV
GFSRPMI completegrowth ==X —

Fig. 12. Growth-rate-determining step and growth level in development of P. falciparum
cultured in the presence of NEFA alone or in combination. Growth of the parasite was
examined in the presence of optimal phospholipids, except for C18:1-cis-9 plus C16:0 in the
absence of phospholipids (*) and GFSRPMI. Bovine albumin was added to the medium,
except for GFSRPMI.
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5.3 Microscopic examination of  P. falciparum cultured with NEFA exerting IMI and
SMF effects

Microscopic examination revealed that parasites cultured in medium containing NEFA
(C18:1-cis9 plus C16:0), phospholipids and bovine albumin closely resembled parasites
grown in GFSRPMI. In contrast, the majority of ring forms cultured in media containing
C16:1 plus C16:0 or C18:%kis13 plus C16:0 (IMI effect) far 45 h were devoid of normal
structures. The majority of schizonts cultured in media containing C18:1- cis9 alone, C18:1-
cis9 plus C22:0, C18:1-ci® plus C16:0 in the absence ophospholipids (SMF effect) for 45 h
were found to be degenerate (Figure 13).

\ 4

Normal Abnormal

Ring forms

Schizonts

Fig. 13. Abnormal parasites (ring forms and schizonts) grown in non-optimal culture media.

6. Conclusions and future perspectives

In an attempt to elucidate the mechanisms responsible for growth of P. falciparum growth-
promoting factors were identified and a CDM su itable for complete growth of the parasite
was established. The CDM consists of paired NEFA, phospholipids with specific fatty acid
moieties, and specific proteins dissolved in basal medium RPMI1640 supplemented with
hypoxanthine. The most effective combination of NEFA was C18:1-cis9 and C16:0. The best
phospholipid crucial for serum-free culture medium supplemented with NEFA was PC-
di18:1 at concentrations of 80-320 g/ml. A simple protocol for flow cytometry with SYBR
Green | was developed and used to analyze the various developmental stages of P.
falciparum. Different stages of the parasite in RBC and released merozoites were quantified
using this flow cytometry protocol. These techni ques were applied to investigate the distinct
roles of the identified growth-promoting fa ctors in the development of the parasite,
demonstrating that different combinations of NEFA and phospholipids exerted distinct
roles in the growth of P. falciparum by sustaining development at different stages.

These findings can be usefully applied in diverse aspects malaria research, including drug
resistance, vaccine development, genetics, parasite biochemistry, and studies of the
relationship between the parasites and the host RBC. Culture in CDM produces similar
results to those using the original culture method with human serum (Trager & Jensen,
1997), with the added advantage of avoiding the adverse effects caused by human serum. In
particular, the methods reported here will allow the components crucial to each
developmental stage of the parasite to be esablished. We have already performed a large-
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scale analysis of the genome-wide gene expression inP. falciparumcultured in the various
CDM established here, to investigate the relationship between gene expression regulation
and parasite development at different stages. This comprehensive analysis identified a
number of genes possibly involved in arrestin g parasite development. These results will be
reported elsewhere. Interactions between growth-promoting factors and parasite
components can provide critical clues to the understanding of the general biology of P.
falciparum, and will provide the foundations for future drug and vaccine development
efforts aimed at eradicating this disease.
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1. Introduction

Infectious diseases continue to heavily burden our global society. Endemic and epidemic
malaria results in severe disease in an estimateé half-a-billion people each year, and causes
over 1.5 million deaths annually. Although progress has been made in the prevention and
treatment of falciparummalaria infections, more effective, tolerable and affordable therapies
are urgently needed. This deadly parasite displays unique human tropism, and the
development of novel intervention strategies have been hampered by the lack of robust, cost
effective, and predictive animal models that accurately reproduce the hallmark of human
infections. While rodents and non-human primates have been employed in biomedical
research and drug/vaccine development, they often do not yield reliable preclinical results
that translate into effective human treatments. “Humanized” mice have recently emerged as
powerful tools in the investigation of human diseases (Legrand et al., 2006; Manz, 2007,
Shultz et al., 2007). These are amenable animahodels transplanted with various kinds of
human cells and tissues (and/or equipped with human transgenes) that may be ideally
suited for direct investigation of human infectious agents such as malaria. Despite the
challenges, humanized mouse technology has made rapid progress over the last few years,
and it is now possible to achieve significant levels of human chimerism in various hosts,
organ/tissues, particularly the immune system s, liver and muscles. Such humanized mice
provide a new opportunity to perform preclinical studies of intractable human malaria
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parasite. However, the relevance of Plasmodium falciparuanfected humanized mice for
malaria studies has been questioned because othe low percentage of mice in which the
parasite develops. Malaria caused by Plasmodium falciparumis difficult to model in the
laboratory because of the specificity of this parasite for its human host, the complexity of its
life cycle and the substantial diversity of parasite strains. Consequently, most experimental
in vivo studies on malaria have heavily relied on different combinations of various murine
strains and Plasmodium spp. of rodent (Carlton et al., 2001; Hernandez-Valladares et al.,
2005) but biological differences between parasite species remain a major limitation. For
example, there are many indications that in human cerebral malaria, the preferential
sequestration of parasitized erythrocytes in the brain capillaries is the central precipitating
step (Medana and Turner, 2006), whereas this phenomenon is muwch less evident in rodent
models (Lou et al., 2001).

Limitations of experimental models have also hampered the evaluation of the impact of new
drugs or vaccines prior to clinical trials. Duri ng the preclinical screening of a new drug, its
activity has to be evaluated first against the development of P. falciparumin vitro, then
against the infection of a rodent Plasmodium in a mouse model and, finally, against P.
falciparuminfection in a monkey model (Fidock et al ., 2004) or in a humanized mouse model.

1.1 Perspectives

The stability, reproducibility and long-standin g tendency of parasitaemia in the developed
humanized model based on NOD/SCID/IL2R -null mouse (NSG), a mouse strain with
profoundly deficient adaptive and innate immu nity (NSG-IV model) might be validated by

selecting artesunate resistant mutants of P. falciparumthrough prolonged exposure of the
parasite to increasing levels of the drug.

2. The development of humanized mice

Advances in the ability to generate humanized mice have depended on a systematic
progression of genetic modifications to develop immunodeficient host mice. Three main
breakthroughs have occurred in this field (TIMELINE). First, the discovery of the Prkdcscid
(protein kinase, DNA activated, catalytic polypeptide; severe combined immunodeficiency,
abbreviated scid mutation in CB17 mice (Bosma etal., 1983) was soon followed by the
observation that human PBMCs (Mosier et al., 1988), fetal haematopoietic tissues (McCune
et al., 1988) and HSCs (Lapidot et al., 1992) could engraft in these mice. However,
engraftment occurred at only a very low level, and the engrafted human cells failed to
generate a functional human immune system. The limitations impeding human-cell
engraftment in CB17-scidmice include the spontaneous generation of mouse T and B cells
during aging (known as leakiness) and high levels of host natural killer (NK)-cell and other
innate immune activity, which limit the engraftment of the human hematopoietic
compartment (Greiner et al., 1998). Thescid mutation also results in defective DNA repair
and, consequently, an increase in radio sensilvity. Targeted mutations at the recombination-
activating gene 1 (Rag) and RagZ2loci prevent mature T- and B-cell development in the mice
but do not cause leakiness or radio sensitivity. However, these mice retained high levels of
NK-cell activity and had limited engraftmen t of human HSCs (Greiner et al., 1998;
Mombaerts et al., 1992; Shinkai et al., 1992).
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The second breakthrough was the development of immunodeficient non-obese diabetic
(NOD)- scid mice (Shultz et al., 1995). Crossing thescid mutation onto different strain
backgrounds led to the observation that NOD- scid mice supported higher levels of
engraftment with human PBMCs than did any of the other strains that were tested,
including C3H/HeJ- scidand C57BL/6-scidmice (Hesselton et al., 1995). Furthermore, it was
observed that NK-cell activity, which is one of the main impediments to the engraftment of
human haematopoietic cells (Christianson et al., 1996), was lower in NOD-scidmice than in
CB17-scidmice (Shultz et al., 1995). NODscid mice also have additional defects in innate
immunity that allow higher levels of human PBMC (Hesselton et al., 1995) and HSC (Lowry
et al.,, 1996; Pflumio et al., 196) engraftment. Incremental improvements in the extent of
human-cell engraftment as a result of the development of new genetic variations of NOD-
scidmice occurred over the following 10 years (TIMELINE), but the use of humanized NOD-
scidmice as a model for human immunity remains limited by their relatively short life span,
and the residual activity of NK cells and other components of innate immunity, which
impedes the engraftment of the human lymphoid compartment.

The third breakthrough was the humanization of immunodeficient mice homozygous for
targeted mutations at the interleukin-2 receptor (IL-2R) Achain locus (lI2rg; also known as
the common cytokine-receptor Achain, 4&) (Ishikawa et al., 2005; Itoet al., 2002; Shultz et al.,
2005;Traggiai et al., 2004). These mice supporgreatly increased engraftment of human
tissues, HSCs and PBMCs compared with dl previously developed immunodeficient
humanized mouse models. The IL-2R Achain is a crucial component of the high-affinity
receptors for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, and it is required for signaling through
these receptors (Sugamura et al., 1996). The absence of the IL-2Rchain leads to severe
impairments in T- and B-cell development and function, and completely prevents NK-cell
development (Cao et al., 1995; DiSato et al., 1995; Ohbo et al., 1996)

3. Optimization of immunosuppression protocols: Engraftment of
P. falciparum in humanized mice

After an obtainment of proliferation of Theileria sergenti in scid mouse grafted with bovine-
RBC (Tsuji et al., 1992), several studiesaised the possibility of obtaining P. falciparumin
immune deficient mice grafted with huRBCs (Badell et al., 2000; Moore et al., 1995; Tsuiji et
al., 1995). The researchers used different strate@gis to improve parasite survival considering
the fast clearance of the parasite in few hours after being inoculated. Moore et al tried to
adapt parasite in vitro partially in the serum of scid mice in place of human serum before
being inoculated into the mouse (Moore et al., 1995). A concentration of mouse serum higher
than 5% was found toxic for the parasite in culture. In this study, the NOD/scid mice were
intraperitoneally infected with 1% adapted parasite followed by 1 ml huRBCs injection
everyday. The parasite survival lasting up to 10 days was achieved with this protocol.
Although splenectomized mice had shown an improvement of parasite growth (>15 days),
variations in the parasitaemia from one mouse to another was detected. Another research
group (Badell et al., 1995) developed another strategy of P. falciparum survival in the
immunodeficient mice. They also noted that parasite inoculated through i.p. route into the
scid mouse was eliminated in few hours from the circulation. Moreover, mouse serum
added in in vitro cultures did not show any toxicity to parasite growth and parasite survival
was observed even at 10% serum. This experiment further confirmed the important role of



94 Malaria Parasites

residual innate immune effectors of mice in the clearance of parasite. The efforts have been
made to control innate immune effectors by various means such as irradiation and
cyclophosphamide treatment however with limited success. This group was able to establish
an immunomodulatory protocol for BXN mouse to deplete innate immune regulatory cells
and could achieve an average of 0.1% pargitaemia. This immunomodulatory protocol
comprised of an i.p. injection of 0.2 ml of dichloro-methylene-diphosphonate (CL ,MDP)
loaded liposome once per week to destroy the murine macrophages in conjunction with an
administration of an anti-PMN monoclonal antibody at every 5t day to block the
polymorphonuclear cells and also the injection of 1 ml of huRBCs & AB+ human serum in 1
ml of 10%-RPMI every day. Tsuji et al used splenectomized scid mice and administered
huRBCs by intravenous route from day 1 to 5. As from day 1 to 4 mice received an
intraperitoneal injection of 500 il of human serum as well as a subcutaneous injection of
an anti-mouse RBC antibody to replace murine RBC by huRBCs. Afterwards, the mouse
was reconstituted with the huRBCs followed by the irradiation, and was also injected with
1.6-4% parasitized huRBCs through an intravenous route. By employing this protocol
almost complete substitution of murine RBC by huRBCs was achieved (Tsuji et al., 1995).
Until recently, immunomodulatory protocol (destroying macrophages with CL2MDP-lip
and blocking PMN with an anti-PMN mo noclonal antibody) was applied to the
NOD/scid mice (Moreno Sabater et al., 2005). Moreover, a comparative study was carried
out to show differences in the capabilities of P. falciparumsurvival in BXN and NOD/scid
mice using the protocol with two intraperitoneal infections (i.e. primary infection on 3rd
day and secondary infection on 18th day) and with the injection of immunosuppressors
along with fresh huRBCs at every three days interval. In brief NOD/scid mouse allowed a
better development of the parasite for 35 days with 75% infectivity compared to only 8%
with BXN mice. In the BXN mouse strain the parasite could grow until day 7 post second
infections followed by a gradual decrease in parasitaemia. On the contrary NOD/scid
mice showed 0.25% average parasitaemia unti day 17 post second infection. Therefore
this protocol with NOD/scid mice showed an improvement of parasite survival (Moore et
al., 1995). Interestingly, this protocol does not imply either the need of splenectomy or in
vitro adaptation of the parasite prior to infection. Recently Inigo et al(Angulo-Barturen et
al., 2008), developed a murine model (NOD/scid 2m-/-) to study falciparummalaria in
non-myelodepleted mice grafted with human er ythrocytes with considerable success in
terms of parasitaemia and with 100% infectivity. They claimed to generate in vivo strains of
P. falciparumable to grow reproducibly in peripheral blood of humanized mouse with out
using immunosuppressors to deplete murine phagocytes. Despite the significant success
with this model cumbersome administration of 1ml RBC pellet i.p. everyday and in vitro
adaptation of falciparum strains prior to infection raise questions over its ideal nature. The
same group (Jimenez-Diaz et al., 2009) came up with the same protocol applied to
NOD/SCIDIL-2R A/- strain with slight modifications for the survival of the parasite.

Therefore to complement the descriptive analysis in humans by an experimental approach
in a model, we decided to perform in P. falciparum NOD/SCID model a systematic and
stepwise analysis of innate cell responses ad inflammation mediators produced in response

to the grafting of HURBC, of P. falciparum, as well as to agents employed to control innate
defences. The results brought new insights about the role and potency of innate defences
against human xenografts, such as HURBC, and human pathogens, such as P. falciparum
(Arnold et al.).
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ice

Fig. 1. Chronological events in the development of humanized mouse model

A main barrier to achieving an improved, workable P. falciparummouse model is the strong
pro-inflammatory effect of the parasite itself. In humans the asexual erythrocytic stages of P.
falciparum are known to result in a systemic inflammatory process that is responsible for
many of the symptoms of the disease. A second significant practical problem with all
existing models developed to date is that huRBC are injected by the intra-peritoneal (IP)
route, which relies on the successful migration of huRBC into the blood stream across the
peritoneum. This is a process that is not properly understood, and, th erefore, prevents any
rational analysis and further improvement of the model. With these limitations of current
models in mind, we th ought to improve the P. falciparum humanized mouse model,
particularly in terms of control of inflammatory reactions, and reproducibility of
parasitemia. We decided to address these $sues by using the IV route for huRBC and
parasite administration, and by investigatin g other means to increase control over the
mouse innate immune response. The use of thislV model led us to identify, among several
factors investigated, the effect of aging and that of inosine as significant in reducing
inflammatory reactions, and therefore improving P. falciparum growth. Moreover, after
using various strains of immunodeficient mice, we investigated, as others [14], the value of
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the NOD/SCID/IL-2Rc-null mouse (NSG mous e) which, due to the knock out of the Achain
of the IL-2 receptor, has been shown to better tolerate a variety of transplanted human cells
(Ito et al., 2002; King et al., 2007; Watanabe et al., 2007). The resulting new IV model based
on NSG mice presents several advantages over previously available models. It offers greater
reproducibility, with 100% of mice successfully grafted without the need for mouse-adapted
parasites, consistent curves of parasitemia, andhigh levels of infection with up to 40-50% of
total erythrocytes infected (Arnold et al., 2010).

4, Strategic planning for the development of humanized mouse model
4.1 Materials and methods
4.1.1 Mice

BALB/c, NOD/SCID and NSG mice are purcha sed from Charles River. Immunodeficient
mice were kept in sterile isolators. They are housed in sterilized cages equipped with filter
tops during the experimentation, and are provided with autoclaved tap water and a A
irradiated pelleted diet ad libitum. They are manipulated under pathogen free conditions
using laminar flux hoods.

4.1.2 Human red blood cells

Human whole blood is provided by the blood ba nk. Blood donors had no history of malaria
and all the blood groups are used without ob serving any difference on parasite survival.
Whole blood is washed three times by centrifugation at 900 xg, 5 minutes at room
temperature and buffy coat was separated in order to eliminate white blood cells and
platelets. Packed huRBCs are suspendedin SAGM (Adenine, Glucose and mannitol
solution) and kept at 4°C for a maximum of 2 weeks. Before use huRBCs are washed three
times in RPMI-1640 medium (Gibco/BRL, Gran d Island, N.Y.) supplemented with 1 mg
hypoxanthine per liter (Sigma, St Loui s, MO) and warmed 10 minutes at 37°C.

4.1.3 Parasites

P. falciparum lines 3D7, UPA, and K1 a& employed in the study, along with clinical isolates
taken from a patient at Bichat Hospital, Paris (which was used the day after being sampled).
The Uganda Palo Alto (UPA) strain employed is the Palo Alto Marburg line, used for all the
experiments conducted. Parasite cultures are not synchronized and therefore a mix of
various developmental stages was injected to infect mice. Parasites are maintained under in
vitro conditions at 5% hematocrit at 37°C in a candle jar in complete culture medium (RPMI-
1640 medium (Gibco/BRL), 35mM HEPES (Sigma), 24mM NaHCOs; 10% albumax
(Gibco/BRL) and 1mg of hypoxanthine (Sigma) per liter. Parasite samples are
cryopreserved using the glycerol/sorbitol method (Rowe et al., 1968). The cultures are
controlled for mycoplasma contamination by using polymerase chain reaction (PCR)
technigue. A non-lethal rodent parasite strain Plasmodium yoeliilXNL1.1 is preserved in 500il
aliquot of cryo-preserving buffer at -80°C at 22% parasitaemia. The strain is thawed at room
temperature, diluted twice in RPMI-1640 me dium followed by the injection of 50 x 106
parasite directly into the mice.
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5. Protocols to control residual innate immunity

5.1 (I.P. Protocol)

5.1.1 Immunomodulatory agents to suppress innate immunity

Numerous attempts have been made to increasethe success rate of thegrafting of infected

RBC. Un-sized dichloromethylene diphosphonate (Cl ,-MDP) encapsulated in liposome (clo-

lip) (provided by N. Van Rooijen, Amsterdam, The Netherlands) is injected through
intraperitoneal (i.p.) route in order to re duce the number of tissue MP, as described
previously (van Rooijen and van Kesteren-Hendrikx, 2003). The anti-PMN monoclonal
antibody NIMP-R14 (Lopez et al., 1984) is purified from a hybridoma. Its activity is
compared to that of two other anti-PMN monoclonal antibodies: RB6- 8C5 (purified from the

hybridoma) and 1A8 (BioXcell, Lebanon). The NIMP-R14 monoclonal antibody is used in all

the studies, unless specified. Various agents (from Sigma) (Table 1) are used to further
reduce innate immunity such as dexamethasone (1-5 mg/kg/day), TGF-A (100 ng -
1 ig/day) (PeproTech, Rocky Hill, NJ), cycl ophosphamide (75 mg/kg/day), cisplatinium
(1-10 mg/kg/day), and TM Al monoclonal antibody that targets NK cells (1 mg/kg/day).

Expertiments Performed Usin g I.P. Protocol With Vaious Immunomodulatory Rea gent

' 1E RI RI VXFURVH SDUDFLWHPL %HVW SDUD
JURWRFRO W RYE PR XV H WKDQ GD DYHUDJH G GD\V
DSMO 5% 18 88.8 7.18 12
nll%% 17 235 7.25 8
TGF> 200 Y
3 66.6 10 13
upg/day
Splenctomy 5 60 7 10
75 mg/K 7 100 7.6 9
Cyclophopshamide 9759
50 mg/Kg 12 41.6 6.8 9
Comfectlonls’ &KDED 7 71.42 1 24
P.Falciparum
Coinfection3 <RHO O
3 )DOFLSDUX 52 90.24 11.09 34
100
NAC 25 56 11.07 19
mg/Kg
Vitamine E 200 13 77 8.25 34
mg/kg
Trolox 4 mg/Kg 5 60 3.85 6
Anti-NK(TMB >1) 1mg 15 53.3 412 8
Futhan 200 4 50 2.75 4
pg/day
Bleeding 20 35 7.42 14
0.3 2 100 2 2
. 1% 2 100 4 4
3 )D O F L Gifh VaxXidus 5% 2 100 55 6
amount
7% 2 100 4 4
10% 2 100 55 6
400
PABA mg/Kg 4 100 4.5 5]
Folinic acid mg/Kg 4 100 45 5

one

Coinfection P.Chabaudand P.Yoelli, NAC and Vitamine E seem to have a beneficial effect in P.Falciparum
survival; however results are very heterogeneous form one mouse to other and from one experiment to other

Table 1. Various immune suppressants to control innate immunity

VLWHPLD
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The effect of splenectomy and of irradiation (100 - 300 cGy) is also tested. Other experiments
that evaluates the addition of metabolic agents such as pABA (400 mg/kg/day), and folinic
acid (400 mg/kg/day), or of antioxidants, such as vitamin E (20 mg/kg/day; Nepalm,
Cenexi, Fontenay-sous, France), N-acetylcysteine (100 mg/kg/day), trolox (4-100 mg/kg
/day), 8-aminoguanidine (100 mg/kg/day).

5.1.2 Chemical immunomodulation protocol and mouse infection

A previously described immunomodulation pr otocol (Badell et al., 2000), modified as
described in (Moreno et al., 2006) is employed. Onday -13, each mouse receives a dose of 10
mg/kg of mAb NIMP-R14 by i.p. injection. On day -12, each mouse receives 0.2 ml of the
suspension of clo-lip by the same route. On days -9, -6, -3 each mouse receives 0.5 ml of
huRBCs i.p. mixed with a dose of 10 mg/kg of mAb NIMP-R14 and 0.2 ml of clo-lip. On day

0 mice are infected with 50ul huRBCs parasitized by P. falciparum at a parasitaemia of 1% (all
the developmental forms, i.e. trophozoite, schizont and rings, were present) mixed with a
dose of 10 mg/kg of NIMP-R14 antibody. Afterwards, a dose of 10 mg/kg of antibody
NIMP-R14, 0.2 ml of clo-lip and 0.5 ml of huRBCs is injected i.p. at 3 day intervals, until the
end of the study. The infection is followed-u p by daily Giemsa stained thin blood films
drawn from the tail vein.

OHDQV WR FRQWURO ,QQDWH ,PPXQLW\

&OR301 OLS %ORRG P/ %ORRG P/
KHPDWRFULMW FOR ,LS KHPDWRFULW FOR ,LS
1,03 5 1,03 5

AN

-13 -12 -11 -10 9 -8 -7 6 5 4 -3 -2 -1 01 2 3 45 6 7 8 9 10 11

Fig. 2. Schematics of intraperitoneal immunomodulation protocol

5.2 Protocol for intravenous injection
5.2.1 Mouse infection and immunomodulation protocol

NOD/SCID mice are retro-orbitally injected wi th 400 pl huRBCs every 3 days to ensure a
satisfactory proportion of huRBCs (i.e. chimerism), at the time of infection ( 8 60%).
Simultaneously, 0.1 ml of un-sized dichloromethylene diphosphonate (Cl ;MDP)
encapsulated in liposome (clo-lip) (provided by Nico Van Rooijen) diluted in 0.4 ml RPMI is
intraperitoneally injected. Four injections at 2-3 day intervals are given before parasite
infection. At the time of the fifth injection, mi ce are retro-orbitally injected with 300 pl of a P.
falciparum infected huRBCs suspension in RPMI at a parasitaemia of 1% (all the
developmental forms, i.e. rings, trophozoites and schizonts were present). After infection
huRBCs and clo-lip are supplied every 3 days as described for the pre-infection step. In
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some experiments, 250 mg/kg of inosine (Sigma) is injected intraperitoneally every day as
the half-life of inosine is very short (Mabley et al., 2009). In experiments using NSG mice the
protocol has been adopted in order to achieve varying levels of adequate huRBCs chimerism
and to avoid overloading the mice. As such, different amounts of blood are employed, and
either 200, 400, 550 or 750 ul huRBCs are injected 3 times per week (i.e. Monday, Wednesday
and Friday) mixed with 250 pyl human AB serum, as it has previously been described that
human serum improves huRBCs survival in immunocompromised mice (Angulo-Barturen et

al., 2008); 4 injections are done prior to infection, and clo-lip is injected as described above. The
infection is followed-up by daily Giemsa stained thin blood films drawn from the tail vein.

5.2.2 Haematological parameters and grafting of  P. falciparum -huRBCs

The study blood samples are collected from mice retro-orbital sinus on heparin. Various
haematological parameters such as haematodt, leukocyte number and phenotype (Ly-6C
APC, Ly-6G APC (Miltenyi Biotec, Germany), CD115 PE, CD43 FITC, CD62L FITC, CD11b
FITC, DX5 FITC, CD122 PE (BD BiosciencesUK) in peripheral blood samples were
monitored, as well as the phenotype characterization of monocytes (CD11b+,CD115+),
inflammatory monocytes (CD43-, CD62L+, Ly-6C+), PMN (CD11b+, ly6G+), and natural
killer cells (DX5+, CD122+). Total leukocyte number (leukocytes/ il blood) is evaluated by
lysing 20 il of total blood with BD FACS™ Lysing solution, and counting on Malassez
haematocytometer. Since successfully grafted mice have a significant, but variable,
percentage of huRBCs in their peripheral blood, parasitaemia in mice is expressed as the
overall percentage of P. falciparuminfected RBCs among total RBCs, i.e. both human and
mouse RBCs observed on thin blood smears. Inaddition, the peritoneal blood parasitaemia
is measured on the smearsdrawn from the peritoneum.

Blood samples drawn from mice are used to determine the percentage of huRBCs in mouse
peripheral blood at regular intervals by flow cytometry on a FACScalibur (BD biosciences)
using FITC labeled anti-human glycophori n monoclonal antibody (Dako, Denmark).

5.2.3 Mouse cell isolation

In NOD/SCID mice inflammation is induced by IP injection of 1ml 3% thioglycolate (Sigma)
diluted in sterile PBS. 4-5 days after, the peritoneal cavity is washed with HBSS without
Ca*+ and Mg*+. The collected cells are washed twce in RPMI supplemented with L-

glutamine, Penicillin (100U/ml), Streptomycin  (100ug/ml), and 10% Fetal Calf Serum (FCS)
and seeded at 3x10 per well in a 96-well culture plate. Cell suspensions of splenocytes are
prepared in cold RPMI 1640 medium supplemented with 10% FCS and filtered on a 100 um
cell strainer to remove debris. Erythrocytes are lysed with ACK lysis buffer, and the

splenocytes are washed 2 times with RPMI suypplemented with 10% FCS and seeded at 3x19
per well of a 96 well culture plate.

5.2.4 Cytokines/chemokin e/chemiluminesence assay

100 pl blood samples are collected from the retio-orbital plexus with a Pasteur pipette, and
sera are stored at -80°C. Conditioned media obtaned after 16h stimulation of peritoneal cells
and splenocytes with lipopolysaccharide (LPS, 1 pg/ml) (Sigma) are stored at -80°C.
Cytokines and chemokines (IL-6, MCP-1, IFN A TNF A IL-12p70 and IL-10) are quantified
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using the BD™ Cytometric Bead Array mouse inflammatory kit (BD biosciences) following
the manufacturer's recommendations on a FACScalibur (BD biosciences).

'"HYHORSPHQW RI 16* ,9 PRGHO 6FKHPDWLF RI 4, Y ,PPXQRPRGXOD

(750 IRBC 250 (750 IRBC 250
I Hu serum) i.v. | Hu serum) i.v.

AN

14 13 12 <11 10 -9 8 -7 6 5 -4 3 2 -1 01234567 89 10 11 12 13

Hu RBC gratfting (%)

Clo-lip 100 |+ 400 |

Fig. 3. Development of NSG-IV (NOD/SCIDIL2R A/-) model: schematic of
immunomodulatory protocol

Since production of reactive oxygen intermediates (ROI) closely mirrors the state of
activation of macrophages and polymorphonu clear cells, luminol dependent photometric
assay is used to measure Reactive Oxygen Intermediates (ROI). Blood samples are collected
from NOD/SCID mice, washed with HBSS with freshly added Ca ++ and Mg+*. Washed
blood is diluted 1/ 10 in HBSS and 90ul blood were added to each well in a 96 well plate
(Nunc, Denmark) and incubated for 30 minutes at 37°C after adding 10 yl PMA (final
concentration 1 pg/ml) to stimulate the cells. 50ul of luminol (final concentration 200
pg/ml) solution are added immediately before measuring emissions.

5.2.5 Analysis of deep-seated organs for parasite differential count

NSG mice are used for the comparison of parasite differential counts in the peripheral
blood, with that in deep-seated organs. Four mice are infected with UPA strain, and when a
parasitaemia of >10% is reached a thin smearfrom peripheral blood is drawn before killing
the mouse, and harvesting its organs. Kidney, Liver, Spleen, Lung, and Brain are removed
from each mouse. Parasite content is assessl from blots made by repeatedly spotting
sections from each organ. These slides are tan stained with Giemsa. The last blots taken,
are considered to be the most representativeof the parasite content in the organ’s vascular
bed, and are examined at 1000x magnification toperform differential counts of each stage (>
200 parasites from each organ counted).
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6. Anticipated results

The present protocols illustrate an improvement of the mice with genetic deficiencies in
adaptive immunity for successful grafting of human cells or pathogens to study human
biological processesin vivo. Since non-adaptive immunity received little attention, we have
deployed our efforts to study innate defences, responsible for the substantial control of P.
falciparumand highlighted some of the remaining limitations on the development of the
optimal humanized mouse. In addition, nume rous attempts were made to enhance the
success rate of infected huRBC by employing various immunomodulatory agents
intraperitoneally to further suppress the residual innate immunity. This study came up with
some conclusions such as, 1) stable parasitaema with only a subset of mice 2) parasite
clearance and P. falciparum induced inflammation are correlated 3) P. yoeliiinduces less
inflammation than P. falciparum 4) huRBC, and the anti-inflammatory agents, induce low
grade inflammation. 5) repeated administrati ons of huRBC, clo-lip and anti-PMN reduce
inflammation and improve HURBC grafting 6) MO/MPs are critical in controlling P.
falciparum and huRBC grafting in NOD/SCID. A strong pro-inflammatory effect of the
parasite itself and poor understanding of migr ation of infected and uninfected huRBC into
blood stream across the peritoneum and subsequently, uneven distribution of huRBC are
two barriers to achieving an improv ed, workable humanized mouse model. The results
obtained by the IP protocols indicate that the SCID mice to study human biological
processesin vivo need to be carefully explored and that further attempts are required to
address the remaining limitations such as residual innate immunity and route of delivery of
huRBC to create an optimized humanized mouse model.

The complex biological processes often requirein vivo analysis of human cells: humanized
mice or mouse-human chimeras have been devdoped to meet this requirement, however,
with low percentage of infectivity and reproducibility supporting a long standing
parasitaemia only in a proportion of animal s. We have obtained improved parasitaemias
based on intravenous delivery of huRBC and P. falciparum instead of the intraperitoneal
route (IP) by testing various immunosuppressive drugs.

In essence the genetic background has also played an important role to optimize the
humanized mouse model. The intravenous mouse model (NSG-IV) shows the role of ageing
and inosine in controlling P. falciparuminduced inflammation. The success of humanized
mouse (NSG mice) model, with IV delivery of huRBC and P. falciparum in clo-lip treated
(immunosuppression of macrophages) mice, was 100% in terms of infectivity and
reproducibility. Synchronization, partial sequestration and receptivity to various strains of
P. falciparum without preliminary adaptation are some of the lucrative features of the
developed mouse model which is reliable and more relevant, and better meet the needs of
biomedical translational research.

7. Conclusion

In conclusion, the chapter demonstrates that the careful selection of mice with combined
deficiencies of adaptive and innate immunity, and the better control of innate immune
defenses by improving immunomodulatory protocols and using anti-inflammatory

substances, could provide a reproducible, long lasting and straightforward mouse model of



102 Malaria Parasites

P. falciparum infection. This model may be further used to obtain malaria parasites that
present a high level of resistance to different anti-malarial drugs such as artemisinin in vivo
and in vitro. Interestingly, the same model could be also used to test the efficacy of new
drugs, and in particular could be used to screen novel drugs for their effectiveness against
ART resistant P. falciparumparasites

8. Abbreviations

NOD- Non-Obese Diabetic; SCID-Severe Combined Immunodeficiency; IL2R - Interleukin-2
Receptor Achain; NK- Natural Killer; PBMCs: Peripheral Blood Monocytes; HSCs:
Hematopoietic stem cells; Rag-Recombination-Activating Gene; IL-Interleukin; huRBCs—
Human Red Blood Cells; PMN-Polymorpho nuclear; SAGM- Adenine, Glucose and
Mannitol solution; CL ;MDP- Dichloro-Methylene-Diphosphonate; NSG-NOD scid gamma;

TGF-Tumor Growth Factor; APC-Antigen Presenting Cell; FACS- Fluorescence Activated
Cell sorting; FCS- Fetal Calf Serum; FITC-Fluorescein isothiocyanate, phorbol-12-myristate-
13-acetate (PMA)
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1. Introduction

Making the erythrocyte its home for 48 hour s has important consequences for the human
malaria parasite Plasmodium falciparumindeed, erythrocytes are terminally differentiated
cells that lack a nucleus as well as intracellular organelles, are thus unable to endocytose or
exocytose macromolecules, and have lost seeral membrane transport activities upon
differentiation. Consequently, the parasite has to deeply remodel its host cell, from the very
beginning to ensure its entry into the red blood cell, throughout its growth and
multiplication to fulfil its needs for extracellula r nutrients, and to the very end of its intra-
erythrocytic development with the parasite-i nduced opening and curling of the red cell
membrane leading to the dispersion of newly formed merozoites into the blood flow. The
most spectacular, and first reported, modifications of the red blood cell membrane induced
by P. falciparum are electron dense protrusions name knobs and consisting of parasite
proteins exported to the red cell membrane and sub-membrane skeleton where they
eventually interact with host cell proteins. Knobs are directly related to the severity of
falciparum malaria because they mediate adherence of infected erythrocytes to the
microvasculature endothelium. More recent studies have revealed that the parasite might
export several hundreds of proteins, as well as membrane compartments, to the red cell and
divert enzymatic and structural host proteins to make the erythrocyte a suitable
environment for its growth. In the last decade, remodelling of its host cell by Plasmodium
falciparum has become an important and growing field of research. In this review, we will
describe the current stage of knowledge concerning red blood cell remodelling by
Plasmodium falciparumand the role of these parasite-induced modifications for its growth
and survival.

2. Early modifications of the red blood cell

Apicomplexan parasites share a conserved mode ofinvasion by actively entering their host
cell with the formation of a specialised ju nction with the host cell membrane and the
establishment of the parasite inside a sdf-induced parasitophorous vacuole (Aikawa et al,
1978). Initial attachment of the parasite to the host cell surface results from low-affinity
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reversible interactions (Dvorak et al, 1975) and induces the seqgential discharge of two
types of apical secretory organelles: 1/ the micronemes, small secretory organelles
underlying the parasite’s apical pole and prov iding a variety of adhesive proteins and 2/
the pear-shaped rhoptries providing rhoptry neck proteins that, in collaboration with
microneme proteins establish a junction between the invading parasite and its host cell
membrane named the “moving junction” (Aikawa et al, 1978). For malaria parasites, initial
attachment triggers waves of deformation of the red cell membrane (Figure 1) (Gilson &
Crabb, 2009), that cover the merozoite and migh facilitate the formation of the junction
between the merozoite’s apical pole and the host cell membrane. Noteworthy, to form this
junction, the parasite exports to the host cell membrane its own receptor, Ron2, for the
parasite surface ligand AMAL (Besteiro et al, 2009). Additional rhoptr y neck proteins, Ron4,
Ron5 and Ron8, are secreted to the cytosolidace of the host cell plasma membrane and
participate in the junction formation that provid es the parasite an anchoring to the host cell
membrane supporting forward motion of the pa rasite with the apical pole leading the way
(Besteiro et al, 2011). This active penetration promotesinvagination of the host cell plasma
membrane with the moving junction acting as a sieve excluding host cell integral membrane
proteins from the nascent parasitophorous vacuole membrane (PVM) while some glycosyl-
phosphatidylinositol (GPI)-anch ored and lipid raft-associated proteins enter the vacuole
(Aikawa et al., 1981; Atkinson et al, 1988; Dluzewski et al, 1989; Dluzewski et al, 1988).
Noteworthy, the malarial parasite seems to exploit glyco-sphingolipids and cholesterol
enriched microdomains of the erythrocyte membrane known as lipid rafts for invasion: this
is supported by the evidence that the merozoite infection is halted following disruption of
raft-cholesterol using the cholesterol depleting agent, methyl- Acyclodextrin (MBCD)
(Samuel et al, 2001). In addition, P. falciparumentry is blocked by lidocaine hydrochloride, a
local anaesthetic agent reversibly disrupting th e lipid rafts without altering the cholesterol
content of the erythrocyte membrane (Koshino & Takakuwa, 2009). A proposed mechanism
for this is that the disruption of rafts alte rs an erythrocyte raft hetero-trimeric guanine
nucleotide-binding protein-mediated signal transduction pathway that induces the
phosphorylation of sub-membrane skeletal proteins (Kamata et al, 2008). These
phosphorylations can modify the mechanical properties of the erythrocyte membrane
[reviewed in (Zuccala & Baum, 2011)] and favour membrane invagination. The major and
raft-associated erythrocyte membrane protein Band 3 appears to be phosphorylated on
tyrosine residues upon invasion (Pantaleo et al, 2010). This phosphorylation should result in
the clustering of Band 3 and thus be important for parasite entry by de-connecting Band 3
from the erythrocyte sub-membrane skeleton (Ferru et al, 2011). In addition, G-protein
coupled signalling through the AR-adrenergic receptor, has also been shown to regulate the
parasite invasion efficiency (Harrison et al, 2003) and growth (Murphy et al, 2006a). All
these studies strongly imply that erythrocyte rafts are functionally exploited for parasite
invasion and also serve as a platform for signalling events to take place.

The biogenesis of the PVM is dynamic and has not been completely resolved.
Immuoelectron microscopy studies have provided evidences that apical organelles of the
merozoite contain and release into the erythrocyte lipidic lamellar materials which could

participate in the PVM expansion (Bannister & Mitchell, 1989; Bannister et al, 1986;
Mikkelsen et al, 1988). Additionally, as described in (Dluzewski et al, 1995) the PVM does
not contain lipids solely from the host cell membrane as the surface area of newly infected
erythrocytes had not evidently decreased in size, suggesting the contribution of lipids from
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the parasite itself. On the other hand, exthange of lipids between the parasite and
erythrocyte membrane have also been reported (Hsiao et al, 1991) and studies using
fluorescent lipophilic probes revealed that the PVM does contain lipids from the host cell
membrane (Haldar et al, 1989; Wardet al, 1993). All these data illustrate that the biogenesis
of the PVM appears to have relative contributions from both parasite- and host cell
erythrocyte-derived lipids. In addition, a lipi d raft based biogenesis of the PVM has been
proposed (Hiller et al, 2003).

Although there is no formal proof for a role of rhoptry bulb proteins in the formation of the
parasitophorous vacuole, their association to the parasitophorous vacuole membrane
suggests that they participate in early stages of its biogenesis. However, direct evidences
have been obtained in T. gondij showing that rhoptry proteins , particularly protein kinases
and phosphatase, secreted to the parasitoptorous vacuole membrane or host cell nucleus
serve as effectors, and constitute major virulence factors that counteract the immune
response of the host (Behnkeet al, 2011; El Hajjet al, 2007; Gilbert et al. 2007; Saeij et al
2006). The Band 3 phosphorylation on tyrosine residues mentioned above might be induced
by a, yet unidentified, secreted parasite protein kinase or by the activation of an erythrocyte
tyrosine-kinase.

Fig. 1. Erythrocyte membrane deformations generated by aP. falciparum merozoite The
merozoite glides on the surface of a red blood cell membrane prior to entrance (Time lapse
of 0.5 s between each frame). The membrane isleformed by the strength of adhesion. The
adhesion site is transferred from the back of the merozoite (frame 1, white arrows) to its
apical pole (frame 8, white arrows). High speed live imaging with the participation of
Magali Roques and Manouk Abkarian.

Host proteins also participate in the development of the parasitophorous vacuole since
the selective vacuolar uptake of several DRM-associated erythrocyte membrane proteins
has been reported, including both transmembrane and GPI-anchored proteins (Lauer et
al., 2000; Murphy et al, 2004; Bietzet al, 2009). However, not all proteins derived from the
erythrocyte DRMs are recruited to the PVM, suggesting that the recruitment does not
depend only on their DRMs association. The moving junction is likely playing a central

role in this selection process that might participate in changing the physical properties of
the erythrocyte for efficient parasite entry (Mordue et al.,, 1999; Murphy et al, 2004).
Interestingly, dematin, an erythrocyte sub-me mbrane skeleton binding protein, was also
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recently found to be internalized by the parasite (Lalle et al, 2011). The biological
functions of these internalized proteins remain enigmatic and further studies are
necessary to determine whether internalization of these proteins is essential for the
parasite survival and in maintaining the stab ility of the vacuolar environment. However,
both Band 3 tyrosine-phosphorylation and dematin internalisation participate in a
parasite-induced fragility of the red cell membrane likely required for efficient merozoite
entry (Ferru et al, 2011; Khannaet al, 2002) while the Ring-infected Erythrocyte Surface
Antigen (RESA) released by the merozoite into the red blood cell upon invasion stabilizes
spectrin tetramers and confers the infected erythrocyte enhanced resistance to mechanical
and thermal degradation (Pei et al, 2007). Noteworthy, the binding of RESA to spectrin
tetramers also confers the newly infected erythrocyte resistance to further invasion (Pei et
al., 2007).

Moreover, using Plasmodium knowlesi parasites, Torii and collaborators have observed the
release of the dense granule contents into the lumen of the parasitophorous vacuole and the
concomitant invagination of the PVM adjacent to the released contents (Torii et al, 1989).
These results suggested that the dense granulesanother type of apical secretory organelles
of the merozoite, play a role in forming fing er-like channels extending into the surrounding
erythrocyte cytoplasm. Numerous studies using primarily Toxoplasma gondiparasites but
also Plasmodium falciparunshowed that the released dense granule contents transform the
parasitophorous vacuole into a metabolically active compartment [reviewed in (Mercier et
al., 2005)].

3. Living within the parasitophorous vacuole

The intracellular parasite living in the vacuole acquires nutrients by uptake from the host
cell cytosol and extracellular milieu, hence the PVM has dual roles: (i) protect the parasite
from extracellular harmful substances and (ii) facilitate nutrients access to parasite needs
(Lingelbach & Joiner, 1998). Upon parasite growth and parasitophorous vacuole
enlargement, extensions from the PVM form membranous wh orls and loops and tubular
elements projecting to the host cell periphery without fusing with the red blood cell
membrane. These PVM extensions form an intecconnected network of tubular and vesicular
membranes known as the tubovesicular network (TVN) (Atkinson & Aikawa, 1990;
Elmendorf & Haldar, 1994; Grellier et al, 1991). Inhibition of the parasite sphingomyelin
synthase activity, localised to the TVN (Elmendorf & Haldar , 1994), by dI-threo-1-phenyl-2-
palmitoylamino-3-morpholino-1-propanol (PPMP) arrested the assembly of the
interconnected TVN network and resulted in th e blockage of the delivery of extracellular
nutrients to the parasite (Lauer et al, 1997), indicating the importance of TVN in nutrients
import for the intracellular parasite. In addition, using a comparative transcriptomic
analysis of PPMP-treated P. falciparuminfected erythrocytes, Tamez and colleagues have
identified erythrocyte vesicle protein 1 (EVP1), a parasite protein implicated in the
maintenance of the TVN for nutrients import (Tamez et al, 2008). Furthermore, van Ooij et
al. have shown that the exported protein PfC435 localises at vesicles proposed to connect the
PVM and TVN and to be involved in the TVN formation (van Ooij et al, 2008). There are
most probably more proteins involved in the formation of this network, which call for
further investigations.
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3.1 Nutrient uptake and induction of new permeability pathways

The trophozoite growth is accompanied by extensive digestion of the red blood cell
cytoplasm. However, it is not sufficient to prov ide the parasite all the nutrients it needs to
sustain its growth: for example, haemoglobin do es not contain isoleucine, and several other
amino acids such as glutamate, methionine, cysteine and proline are under represented; in
addition, the red blood cell has lost many membrane transporter activities upon
differentiation from reticulocytes, thus limi ting the parasite’s access to extracellular
nutrients. Consequently, the intra-erythrocytic growth of the parasite depends on its ability
to efficiently uptake a range of essential nutrients from the extracellular milieu through the
host cell membrane to the TVN (Lauer et al, 1997). This is achieved by both the use of
constitutively active host cell transporters an d by the creation of new permeability pathways
(NPPs) in the host cell membrane [reviewed in (Kirk, 2001)].

The permeability to a wide range of physiologically relevant solutes is newly detected in the
infected erythrocyte membrane at the trop hozoite stage of the parasite (Ginsburg et al. 1985;
Homewood & Neame, 1974; Staines et aJ.2001). They might originate both from parasite-
encoded transporters that are delivered to the host cell membrane, and from the modulation
of endogenous transporters of the erythrocyte by parasite-encoded proteins. Indeed, the
NPPs depend on parasite proteins either as components of the NPPs or as modulators of
endogenous erythrocytic transporters as first demonstrated by their re-appearance in intact
infected erythrocytes following inactivati on by chymotrypsin treatment and further
suspension in a chymotrypsin-free medium (Baumeister et al, 2006). NPPs re-appearance
depends on the parasite viability and ability for protein secretion. Nguitragool and
collaborators have recently determined that the parasite Clag3 proteins, exported to the red
blood cell membrane, contribute to a novel ion channel with unusual selectivity and
conductance properties (Nguitragool et al, 2011). Moreover, several parasite protein-kinases
are exported to the erythrocyte cytosol (Nunes et al, 2007) that might modulate the activity
and specificity of pre-existing inactive membra ne transporters. A specific and high affinity
interaction of serum albumin with the surface of infected erythrocytes has also been shown
to stimulate anion conductance in the host erythrocyte membrane, thus clearly illustrating
the participation of both parasite and host factors in the activation of NPPs (Duranton et al,
2008).

3.2 Protrusions at the cell surface mediate sequestration of P. falciparum -infected
erythrocytes

The parasite-induced changes at the red blood cell membrane described above, would end
up in a very efficient splenic removal of infect ed erythrocytes from th e blood circulation if
the parasite had not been able to confer adesive properties to its host cell. Indeed,
cytoadherence of P. falciparuminfected erythrocytes to the microvasculature endothelium
has been observed which results in their seuestration at the mature trophozoite and
schizont stages of the parasite. This cytoadherence is mediated by the parasite adhesin,
PfEMP1, exposed at electron-dense protrusionsof the erythrocyte surface, referred to as
knobs (Baruch et al, 1995; Fairhurst & Wellems, 2006;Fremount & Miller, 1975). The key
player in knobs formation is the knob-associated histidine-rich protein (KAHRP or HRP-1)
as absence of this protein results in knobless infected erythrocytes (Crabb et al, 1997;
Kilejian, 1979). In addition, the C-terminal regi on of this protein has been shown to be
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essential for the formation of functional knobs (Rug et al, 2006). The knobs-mediated
cytoadherence of P. falciparuminfected erythrocytes and its implication in the pathogenesis
of severe malaria [reviewed in (Rowe et al, 2009) have been the subject of numerous studies
and reviews and will only be shortly describe d here with special focus on the molecular
organization of knobs.

As the parasite matures from trophozoite to schizont, the knobs increase in density (from 10-
35 to 45-75 knobs/um?) and eventually cover the entire red blood cell surface while their
size varies inversely from 160-110 nmto 70-100 nm in diameter (Gruenberg et al, 1983).
Their formation implies dynamic changes to the erythrocyte membrane and sub-membrane
skeleton, which involve redistribution and orga nization of constituents from both parasite
and host cell origin. The knob-associated histidine-rich protein (KAHRP) self-aggregates
(Kilejian et al, 1991) and anchors the carboy-terminal domain of PFEMPL1 to the erythrocyte
sub-membrane skeleton at the actin-protein 4.1-spectrin junction (Waller et al, 1999; Waller
et al, 2002). In addition, extractability data strongly suggest that other red blood cell
membrane-associated proteins are implicated because the insertion of PfEMPL1 in the red
blood cell membrane seems to rely more on protein-protein interactions than protein-lipid
interactions (Papakrivos et al, 2005). Indeed, beside KAHRP, other parasite and erythrocyte
proteins affect the amount and distribution of PfEMP1 at the red blood cell surface (Allred et
al, 1986; Fairhurst & Wellems, 2006). Many studies have contributed to provide an
integrated model of the knob structure [reviewed in (Maier et al, 2009)], implicating
erythrocyte cytoskeletal components such as spectrin, ankyrin and actin and thus altering
the physical properties of the erythrocyte by increasing its rigidity and adhesiveness (Pei et
al., 2005). However, while the 5' repeat region of KAHRP is required for the knob protrusion
(Rug et al, 2006), the precise interactions at the red blood cell membrane and sub-membrane
skeleton causing protrusion of the red blood cell plasma membrane still need further
investigations.

Besides the TVN and knobs, many other parasite-induced changes in the red blood cell and
different populations of vesicular-like membrane compartments have been observed in the
infected erythrocyte which might be implicated in the trafficking of nutrients, lipids and
parasite-encoded proteins within the host cell (Grellier et al, 1991; Hanssenet al, 2010;
Kilzer et al, 2010; Tamezet al., 2008).

4. The Maurer’s clefts, a hovel secretory compartment transposed in the host
cell cytosol

Within tens of seconds after merozoites entry and sealing of the parasitophorous vacuole,
the erythrocyte membrane deforms from its bi concave disc shape to an echinocyte shape
and returns to its normal state after several minutes (Gilson & Crabb, 2009) (Figure 2). This
echinocytosis might be the result of the invagination of the red cell membrane and changes
to the host cell cytoskeleton (Pantaleoet al.,2010) or induced by an efflux of potassium and
chloride ions (Gilson & Crabb, 2009). In addition, these fluctuations of the red cell
membrane might correlate with 1) the insertion of lipids in the external leaflet of the host
cell membrane likely secreted with the rhoptry content upon invasion that would result in
increasing the area of the red cell membraneexternal leaflet and explain the formation of
spicules; 2) modifications of the erythrocyte membrane / sub-membrane skeleton
interactions upon parasite entry. Two modifica tions of the erythrocyte Band 3 necessary for
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efficient parasite entry have been observed cleavage by the rhoptry protease Pfgp76
resulting in increased uptake of phospholip ids by the red cell membrane (Braun-Breton et
al,, 1992; Roggwiller et al, 1996) and hyper-phosphorylation resulting in the dissociation of
Band 3 interactions with the cytoskeleton (Ferru et al, 2011; Pantaleoet al., 2010). Such a
detachment is concordant with the spectacular echinocytic and transient shape
transformation of the erythrocyte after invasion . At approximately the time of resumption of
the erythrocyte to its normal shape, parasite-induced membranous compartments termed
Maurer's clefts are present and observed to be scattered within the host cell cytoplasm
(Gruring et al., 2011) before predominantly residing in close vicinity of the erythrocyte
periphery.

Fig. 2. Red blood cell deformations following the entry of a P. falciparummerozoite. Change
of the erythrocyte shape started about 2 min following entry of a P. falciparum merozoite,
with the formation of membrane spicules an d generating an echinocyte morphology. The
time scale post-invasion is indicated on each snap-shot. High speed live imaging with the
participation of Magali Roques and Manouk Abkarian

In 1902, the German physician Georg Maurer has described a peculiar dotted staining
pattern in the cytoplasm of P. falciparuminfected erythrocytes stained with Giemsa. Georg
Maurer has provided a complete and in-depth de scription of these structures that were then
named Maurer’s clefts in his honour (Lanzer et al, 2006). The significance of the discovery of
Maurer's clefts remained unrecognized for almost a century till presently it has become one
of the focuses of intense malaria researchconcerning their morphology, biogenesis and
functional roles.

4.1 Morphology of Maurer’s clefts

Trager and co-worker were among the first researchers to resolve the dotted pattern as long,
narrow, slender single membrane surrounded clefts (Trager et al, 1966). Ultra-structural
studies showed that Maurer’s clefts have a distinct morphology as stacks of flattened
lamellae of long slender membrane of about 02-0.5 um in length with translucent lumen

and electron dense coat of variable thickness (60-100 nm) located predominantly at the
erythrocyte membrane periphery as the parasite matures (Etzion & Perkins, 1989; Wickert &
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The Immunology of Malaria

Sam M. Kinyanjui
KEMRI-Wellcome Trust Research Programme, Kilifi,
Kenya

1. Introduction

The main impetus for trying to understand immunity to malaria is the need to develop
effective malaria vaccines. Despite years of krowing that humans can be immune to malaria
the mechanisms underlying this immunity are yet to be properly understood. This is, in
part, attributable to the complexity of the malaria parasite and its life cycle resulting in a
complex parasite-host relation. The outcome of a malaria infection is a consequence of
interactions between host, parasite and environmental factors. As such attempts to correlate
outcome with a single immunological parameter often results in spurious associations that
do not hold in diff