ITEIT VAN PRETORIA
SITY OF PRETORIA
SITHI YA PRETORIA

Enzymatic and chemical modifications of
erythrocyte surface antigens to identify Plasmodium
falciparum merozoite binding sites

by

Kim Lisa Baron

A dissertation submitted in fulfilment of the requirements for the degree
Magister Scientiae
in

Pharmacology

in the
Faculty of Health Sciences
at the

University of Pretoria
Supervisor
Prof. A.D. Cromarty
Co-supervisor

Dr S.H. Stoychev

2014

© University of Pretoria



Acknowledgements

| would like to acknowledge and give sincere thanks to the following people for their
assistance, support and understanding throughout the duration of this study:

e My supervisor Prof. Duncan Cromarty for his constant support, encouragement,
patience and belief in me. It really was appreciated and | look forward to working
with you again in the future.

e My co-supervisor Dr Stoyan Stoychev for his great technical assistance, advice
and constant willingness to help and assist at all times.

e Ms Chanelle Pillay and Ms Tarryn Venter for their assistance in the invasion
assays.

e Ms Tracey Hurrell for her guidance and help on the flow cytometer.

e My parents Harry and Shirley and my brother Jason, for their constant love,
support and encouragement.

My husband Uri for his endless love, patience, support and motivation.

DAAD-NRF for the financial assistance.

© University of Pretoria



Table of Contents

DECIAIAION ... [
ADSIIACT ... ii
Glossary of ADDreviatioNS.........uuiiiiiii v
LISt Of FIQUIES ... e e e e e e e e e aaaaaaa Vi
LISt Of TaDI@S ..o X
(@ aT=T o] =T gt I [ 0 o Yo [0 o3 1 o 1 o 1
IO R 1 T = LB T Y 1
0 0 [ a1 0T ¥ Tt 1o IR 1
1.1.2 The human erythroCYLe ........coiieeiiiieeece e e e e 1
1.1.3 InCidence Of Malaria........ccooeiiiiiiiiiee 3
1.1.4 Plasmodium falciparum life cycle and pathogenesis..........c.cccccceevvieeeiiennnn, 5
O LT 1)Y= 1= [ o U USPPPPRR 9
1.1.6 Characterising and identifying erythrocyte membrane proteins involved in
11772 1 [ 1SRRI 12
1.1.7 The ‘intelligence’ of the malaria parasite...........ccccccvvviviiiiiiiiiiiiiiiiiiiniienn. 17
1.1.8 Malaria ProphylaxiS ..........ueoiieeeeeeiieiiiie e e e e e e e eeeees 19
1.1.9 Gel electrophoresis and Prote€OMICS ..........ccevvveeiiieiiiieee e e e eeeeens 23
L1.0.20 1N SUMIMAIY ettt ettt e et e e e e et e e e e e eaa e e e e eeaa e e e eeebnnaeaeees 24
1.2 SCOPE Of the STUAY .....uiiee e 25
1.2.1 StUdY MOLIVALION ... et e e e e e e e e e eeetea e e e e e e eeeeenes 25
0 (8 o | VA= V| o PR 25
1.2.3 StUAY ODJECHIVES.....ccoeeeeeeei e e e et e e e e e aanes 26
Chapter 2: Materials and MethodsS.........cocoveiiiiiiiiii e, 27
2.1 Erythrocyte GhoSt Preparation............cooeuuiiiiiiiiiie e e e e e e e e 27
2.1.1 Erythrocyte ghost iSOlation............ooooeiiiiie i, 27
2.1.2 Bicinchoninic acid (BCA) protein @ssay .........ccooveeeeeeeiieiieeeeeeeeeeeeeeeeeeee 28
2.1.3 Erythrocyte ghost solubilisation ..., 29
2.2 Enzyme and Chemical TreatMentS ............uuuuuiimiimiiiiiiiiiiiiiiiiiiiiniiieieieeeeneeeees 30
2.2.1 ENZYME trEAMENTS .....uiiiiiiiieii ettt e e e e eea e eeas 30

© University of Pretoria



2.2.2 ChemiCal tre@altMENTS ... ... e e e eeeees 32
2.3 Two-dimensional Gel Electrophoresis (2-DE) .........cuuuiiiiiieiiieeiiiiiiieeeeeeeeeeens 36
2.4 Sodium Dodecyl Sulfate (SDS) Polyacrylamide Gel Electrophoresis (PAGE) 39
2.5 Prote@0miC ANAIYSIS ......uuuuuiiiiiiiiiiiiiiiiiteiii e 42

2.5.1 In-gel digestion of protein bands.............ooooi, 42

2.5.2NAN0 LC-MS/MS... .ttt e e e e e e e eeeenes 44
2.6 Enzyme and Chemical Effects on INVasion...............cceeiiiiieeiieeiiiiciii e 45

2.6.1 SChIiZONT iSOIAtION .....ccoiiieeeeeeee e 45

2.6.2 INVASION @SSAYS ....cevevvririuniieeeeeeeeeettiiiiaseaaeeeesraeasssraaaaaeeeesssnnaaaeaeeeeennes 47

Chapter 3: Results and DiSCUSSION ......ccvviiiiiiiiiiiiiee et eeeeeaenaann 51
3.1 Erythrocyte Ghost ISOIatioN .........ccoooeeieiieeeeeee 51

3.1.1 ResSuUlts and diSCUSSION ......ccceeiiiiiiiiiiiiiie e et e e e e e e e e eeeenes 51
3.2 Erythrocyte Ghost SolubiliSation ..., 53

Nt =TS U RPN 53

G A B 1= o1 1 11 [0 o SRR 54
3.3 Two-Dimensional Gel Electrophoresis (2-DE)..........ccccceeiiiiiiiieeee 56

3.3.1 Results and diSCUSSION .....cccoeeeieeeeeeeeeeeeeeeeeeeeee e 56
G I o £ T I == U1 41T o £ PSR 57

S L RESUIS....ccceeeeeeeeeee 57

34,2 DISCUSSION ... 66
3.5 Sodium Periodate TreatmMents .........oooeeeeiiiiiieeeeeee e 71

S5 L RESUIS ..., 71

3.5.2 DISCUSSION ... 72
3.6 Tris(2-chloroethyl)amine (TCEA) Treatments ........ccccooeevvvvviiiiiiiieeeeeeeeeeiiiinn, 73

B.B.1 RESUILS ... e eaane 73

3.6.2 DISCUSSION ...ttt e e e e e e e et e e e e e e e e e eeabbn e e e e e eeeeeeene 76
3.7 1,11-Bis(maleimido)triethylene glycol (BM(PEG)3) Treatments ...................... 77

0t I =TS U | SRRSO 77

7 I 1= o1 1 11 [0 o SRR 79
3.8 ProteomiC ANAIYSIS ....cooeieeeeeeeeeeeeee e 80

.81 RESUILS ...t e e et e e e e e e e e e r e e e e e e e eaane 80

GRS T2 I 1= o1 1 11 [0 o RPN 84

© University of Pretoria



3.9 INVASION ASSAYS ....iiiiiieiiiiiie e e e e e e ettt e e e e e e e et e et b e e e e e e e e et e tbba e e e e e e e e eeeraaas 88

3.9, 1 RESUILS ..t e e e e e e e e e eeane 88
3.9.2 DUSCUSSION ...uuiiieeeeeeeeieiiiee e e e e ettt s e e e e e e e et eaebaa e e e e e e eeeeessann e e e aeeeeeeeenes 91
Chapter 4: Final Conclusions and RecommendationsS........cccccceeeevvvvnnnn.... 95
4.1 Discussion and CONCIUSIONS .......ooouiiiiiiiie e 95
4.2 Study Limitations and Recommendations............cccovveeeviiiiiiiiiiiieee e, 99
Y=Y =] o = 102
N 01 0 1= o G 112
Letter of Ethical APProval............oouiiiii i e 112

© University of Pretoria



Declaration

University of Pretoria
Faculty of Health Sciences
Department of Pharmacology

[, Kim Lisa Baron,
Student number: 27068392

Subject of the work: Enzymatic and chemical modifications of erythrocyte surface
antigens to identify Plasmodium falciparum merozoite binding sites

Declaration

1. | understand what plagiarism entails and am aware of the University’s policy in
this regard.

2. | declare that this dissertation is my own, original work. Where someone else’s
work was used (whether from a printed source, the internet or any other source)
due acknowledgement was given and reference was made according to
departmental requirements.

3. 1 did not make use of another student’s previous work and submit it as my own.

4. | did not allow and will not allow anyone to copy my work with the intention of
presenting it as his or her own work.

Signature

© University of Pretoria



Abstract

Malaria is a disease caused by the protozoan parasite Plasmodium where the
species that causes the most severe form of malaria in humans is known as
Plasmodium falciparum. At least 40% of the global population is at risk of contracting
malaria with 627 000 people dying as a result of this disease in 2012. Approximately
90% of all malaria deaths occur in sub-Saharan Africa, where approximately every
30 seconds a young child dies, making malaria the leading cause of death in children
under the age of five years old.

The malaria parasite has a complex life cycle utilising both invertebrate and
vertebrate hosts across sexual and asexual stages. The erythrocyte invasion stage
of the life cycle in the human whereby the invasive merozoite form of the parasite
enters the erythrocyte is a central and essential step, and it is during this stage that
the clinical symptoms of malaria manifest themselves. Merozoites invade
erythrocytes utilising multiple, highly specific receptor-ligand interactions in a series
of co-ordinated events. The aim of this study was to better understand the
interactions occurring between the merozoite and erythrocyte during invasion by
using modern, cutting-edge proteomic techniques. This was done in the hope of
laying the foundation for the discovery of new key therapeutic targets for antimalarial
drug and vaccine-based strategies, as there is currently no commercially available
antimalarial vaccine and no drug to which the parasite has not at least started
showing resistance.

In this study healthy human erythrocytes were treated separately with different
protein-altering enzymes and chemicals being trypsin, the potent oxidant sodium
periodate (NalOg4), the amine cross-linker tris(2-chloroethyl)amine hydrochloride
(TCEA) and the thiol cross-linker 1,11-bis(maleimido)triethylene glycol (BM(PEG)s3).
The resulting erythrocyte protein alterations were visualised as protein band
differences on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE), where treated and untreated control erythrocyte ghost protein fingerprints
were visually compared to one another. The protein bands showing differences
between treated and control samples were in-gel digested using trypsin then
sequenced by liquid chromatography tandem mass spectrometry (LC-MS/MS) and
identified using proteomics-based software. In this way, the erythrocyte proteins
altered by each enzyme/chemical treatment were identified.

Malaria invasion assays were performed where each treatment group of erythrocytes
as well as the control erythrocytes were incubated separately with schizont stage
malaria parasites for the duration of one complete life cycle. Using fluorescent
staining and flow cytometry, the invasion inhibition efficiency for each treatment
group was evaluated. By utilising these methods, the identification and the relative
importance of the erythrocyte proteins involved in the invasion process were
determined.
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Protein fingerprints of control and treated erythrocyte ghosts were visualised and
optimised on SDS PAGE where induced protein band differences were successfully
identified by LC-MS/MS. It was found that each treatment altered erythrocyte
proteins with changes found in Band 3, actin, phosphoglycerate kinase 1, spectrin
alpha, spectrin beta, ankyrin, haemoglobin, Bands 4.1 and 4.2, glycophorin A and
stomatin. The invasion assays revealed that TCEA inhibited invasion to the greatest
extent as compared to the other treatments, followed by BM(PEG)s; and trypsin.
Sodium periodate-treated erythrocytes could not be assessed using the invasion
assay due to auto-haemolysis. Band 3, glycophorin A, Band 4.1 and stomatin appear
to be of higher relative importance in the invasion process as compared to the other
altered erythrocyte proteins. These results confirmed the known roles of spectrin
alpha, spectrin beta, glycophorin A, Band 3 and Band 4.1 in invasion, and suggested
that ankyrin, Band 4.2 and stomatin may also be involved.

This study highlighted the potential that modern, cutting-edge proteomic techniques
provide when applied to previous comparative studies found in older literature, as
previously unidentified proteins that can be involved in invasion were revealed.

These results can be used as a foundation in future studies in order to identify new
key targets for the development of new antimalarial drug- and vaccine-based
strategies, with the hope of preventing the suffering of the millions of malaria-inflicted
people worldwide, and ultimately eradicating this deadly disease.

Keywords: Malaria, Plasmodium falciparum, erythrocytes, invasion, proteomics, gel
electrophoresis, LC-MS/MS, trypsin, sodium periodate, TCEA, BM(PEG)s.
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Chapter 1: Introduction

1.1 Literature Review

1.1.1 Introduction

The parasitic Plasmodium species is responsible for causing the deadly disease
malaria, which relies on both vertebrate and mosquito hosts during its complex life
cycle. Malaria is responsible for infecting hundreds of millions of people globally
each year, causing the deaths of more than 500 000 people and becoming the
leading cause of paediatric deaths in sub-Saharan Africa (Cowman and Crabb,
2006, WHO, 2013).

Despite the large amount of research being done worldwide with the aim of
significantly reducing and ultimately eliminating malaria completely, there is no
antimalarial drug available today that has not at least started showing signs of
resistance, and a long-term antimalarial vaccine is yet to reach the market (WHO,
2012). There is therefore a great need to discover and identify new key therapeutic
targets for antimalarial drug and vaccine developments. Ideal therapeutic targets
would be those erythrocyte proteins that are required for the invasion stage of the
malaria parasite life cycle. Erythrocyte invasion is a central and essential stage in the
life cycle, where the invasive form of the malaria parasite (the merozoite) enters the
erythrocyte beginning the asexual blood stage where massive increases in parasite
numbers occur and at which stage the clinical symptoms of malaria manifest. Thus,
inhibiting the invasion process would not only prevent the parasite’s life cycle, but
would spare the infected individual the suffering caused by the highly unpleasant
symptoms of malaria. Erythrocyte invasion involves specific interactions that occur in
a multi-step, coordinated series of events between merozoite ligands and erythrocyte
receptor molecules, the exact mechanisms of which remain unknown (Riglar et al.,
2011). These receptor-ligand complexes serve to be promising antimalarial
therapeutic targets. Therefore utilising modern, cutting-edge proteomic techniques to
better understand the proteomic interactions occurring between erythrocytes and
merozoites during the invasion process, holds promise in identifying new key targets
for antimalarial treatment strategies that may be capable of eradicating malaria.

1.1.2 The human erythrocyte

One of the most important cells in the blood is the red blood cell, also known as the
erythrocyte. These erythrocytes are unique cells within the human body as they are
non-nucleated and have a biconcave disk shape, which their structural plasma
membrane is responsible for, that plays an important role in cellular transport as well
as in antigenic and mechanical characteristics (Kakhniashvili et al., 2004, Mohandas
and Gallagher, 2008). Mature erythrocytes consist of a cytoplasm surrounded by a
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plasma membrane and do not have any internal organelles. The plasma membrane
encapsulates high concentrations of haemoglobin, an iron-containing metalloprotein,
within the cell that allows for the binding and release of oxygen and carbon dioxide at
the lungs and body tissues (Kakhniashvili et al., 2004). In order to succeed in
fulfilling this function, the erythrocyte, which is approximately 7 um in size, needs to
squeeze through capillaries as narrow as 1 pum in diameter repeatedly during its 120
day lifespan (Goodman et al., 1988, Mohandas and Gallagher, 2008, Yazdanbakhsh
et al., 2000). This is where the discoid shape of the erythrocyte, its unique highly
elastic and strong membrane and the cell’s ability to respond rapidly to fluid stresses
come into play (Mohandas and Gallagher, 2008).

The erythrocyte membrane consists of three layers being the external layer known
as the glycocalyx that is carbohydrate rich, followed by a lipid bilayer consisting of
cholesterol and phospholipids, which is secured on the cytoplasmic side of the cell to
the third layer, a two-dimensional network of intracellular skeletal proteins.
Transmembrane proteins passing through the bilipid layer to the exterior surface of
the cell and to the cytoplasm are located where they help to secure and anchor the
bilipid layer to the elastic skeletal protein network. These skeletal proteins allow for
the deformability, elasticity and durability of the erythrocyte (Mohandas and
Gallagher, 2008, Yazdanbakhsh et al., 2000).

There are more than fifty known transmembrane proteins found on the erythrocyte
membrane, copies of which are found in varying proportions that range from
hundreds to millions per cell surface. These proteins have various functions such as
transporter proteins, signalling receptors and adhesion proteins. Several proteins’
activities remain unknown. Well-defined membrane proteins include Band 3 (anion
transport), intercellular adhesion molecule-4 (adhesion), aquaporin 1 (water
transport) and the glycophorins (sialoglycoproteins acting as antigenic determinants)
(Mohandas and Gallagher, 2008).

The main erythrocyte proteins making up the meshwork of the membrane skeleton
include spectrin (comprised of spectrin alpha and spectrin beta subunits), actin,
protein 4.1, adducin, dematin, tropomyosin and tropomodulin (Bennett, 1989,
Bennett and Baines, 2001, Mohandas and An, 2006). The deformability and
mechanical strength of the erythrocyte is mainly due to the unique structural feature
of spectrin whose subunits lie in an anti-parallel arrangement. These spectrin alpha
and beta subunits through self associations form tetramers, which are at the core of
the erythrocyte cytoskeletal network (Yazdanbakhsh et al., 2000). Hence spectrin is
said to be responsible for erythrocyte membrane integrity and cellular shape
(Kirkpatrick, 1976, Marchesi et al., 1976). Spectrin forms interactions with actin,
protein 4.1, ankyrin, adducin, tropomyosin and tropomodulin. Cytoskeletal proteins
interact with the bilipid layer and transmembrane proteins, for example spectrin with
Band 3 via an ankyrin connection and spectrin with glycophorin C via protein 4.1
(Figure 1.1) (Liem and Gallagher, 2006, Mohandas and Gallagher, 2008,
Yazdanbakhsh et al., 2000).
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Figure 1.1: A diagram depicting the organisation of proteins associated with the human
erythrocyte membrane. The human erythrocyte has a unique structural organisation of
membrane and cytoskeletal proteins allowing for its mechanical strength, deformability and
elasticity (Liem and Gallagher, 2006) (with permission).

Erythrocyte ghosts are the erythrocyte membrane and cytoskeleton that remain after
hypotonic haemolysis during which the cell content is released. These ghosts remain
intact, retaining their original morphology and are often used in surface protein
studies as they are ‘clean’ and free of intracellular protein content (Schwoch and
Passow, 1973). Erythrocyte surface proteins are often assayed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS PAGE), where optimal erythrocyte
ghost protein concentration and protein solubility play important roles in the quality of
the resulting protein fingerprint.

1.1.3 Incidence of malaria

Malaria is a parasitic infection that has been recognised as a disease that has
affected humans for at least 10 000 years, yet the cause was only identified about
100 years ago and the complete life cycle of the responsible parasite finally
understood less than 30 years ago. The world distribution of malaria is restricted to
the tropical regions where infection rates are high as shown in Figure 1.2. There are
very few diseases in the world that have had comparable effects on the economy
and global health that malaria has had (Snow et al., 2005). Malaria, alongside
tuberculosis and HIV, is considered one of the world’s three most deadly diseases
(Goldberg et al., 2012). At least 40% of the global population is at risk of malaria with
over 200 million people affected worldwide annually, and approximately 0.6 million
people dying as a result of this disease (Ghansah et al., 2014, Smit et al., 2010,
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WHO, 2013). Malaria deaths are most prevalent in sub-Saharan Africa where 80% of
global malaria-associated deaths occur and where a malaria-inflicted child is
estimated to die every 30 seconds, making malaria the leading cause of death in
children under the age of 5 (Figure 1.2) (Florens et al., 2002, Smit et al., 2010). In
the year 2000 global malaria deaths stood at 890 340 people, decreasing to 627
000 global malaria deaths in 2012. This serves to indicate that although there has
been a decline in malaria mortality in recent years due to increased antimalarial
strategies and international support, the annual global malaria death figures are still
disturbingly high (WHO, 2013).

B Control: high contribution O Elimination (pre-elimination
to global deaths and elimination)
@ Control: low contribution O Malaria-free (prevention of
to global deaths reintroduction and malaria-free)

Figure 1.2: World map indicating the global distribution of malaria and the contribution to
malaria mortality by region. Visualisation of global malaria distribution and to what degree
antimalarial interventions have contributed towards the control or elimination of malaria
(Alonso and Tanner, 2013) (with permission).

Using their global model, Snow, Guerra, Noor et. al. estimated 515 million cases of
clinical malaria caused by Plasmodium falciparum in 2002 which was almost 50%
higher than what was estimated by the World Health Organization (WHO) for the
same year (Snow et al.,, 2005). In addition, according to the Institute for Health
Metrics and Evaluation (IHME) at the University of Washington, Malaria was
responsible for 1.24 million deaths globally in 2010, that being double the figure of
what was estimated by the WHO, which was 655 000 deaths (Figure 1.3) (Lancet,
2012, Shetty, 2012). The malaria associated death statistics although already
shocking, are most likely underestimated and have been so for years. Malaria can be
considered as an epidemic and urgently needs to be eradicated (Snow et al., 2005).
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Figure 1.3: Global malaria death statistics- The Lancet versus World Health Organization
(WHO). The number of malaria deaths worldwide in 2010 as stated by The Lancet and the
WHO differ by up to almost 100%. This difference can be at least partially attributed to a
significant amount of people dying due to malaria, but going undiagnosed (Shetty, 2012)
(with permission).

1.1.4 Plasmodium falciparum life cycle and pathogenesis

Malaria is caused by a protozoan parasite known as Plasmodium of which four
different species cause human malaria. These are: Plasmodium vivax, Plasmodium
ovale, Plasmodium malariae and Plasmodium falciparum. The Plasmodium species
that causes the most severe form of malaria in humans and is responsible for the
largest number of deaths is Plasmodium falciparum (Cowman and Crabb, 2006,
Dubovsky and Rabinovich, 2004).

The Plasmodium falciparum parasite has a complex life cycle that utilises both an
invertebrate and a vertebrate host. This form of malaria is primarily spread to the
human host via a female Anopheles mosquito which serves as a compulsory vector
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in the parasite’s life cycle. Upon biting a human, an infected mosquito injects
sporozoite forms of Plasmodium falciparum, residing in the mosquito’s salivary
glands, into this human host. The sporozoites are injected into the subcutaneous
tissue most of the time, but are also injected directly into the blood stream. These
sporozoites migrate to the liver where they evade the immune protection of the
kupffer cells, and invade hepatocytes. Only tens to hundreds of hepatocytes are
invaded by the mosquito-borne sporozoites and thus the parasite does not cause
any disease symptoms to the host at this stage (Miller et al., 1994). Within the
hepatocytes, the sporozoites multiply and develop into tens of thousands of
merozoites which are subsequently released into the blood stream where they seek
and invade healthy erythrocytes. This marks the beginning of the asexual blood-
stage life cycle of the parasite. Within the erythrocyte, merozoites go through the
sequential developmental stages of ring, trophozoite and schizont forms
respectively, dividing to form at least 16 daughter merozoites within 48 hours. The
increasing numbers of intraerythrocytic merozoites cause the infected erythrocytes to
burst. The subsequent egress of these merozoites into the blood stream results in
the rapid invasion of new, healthy erythrocytes, where the cycle of development is
repeated. This developmental process of Plasmodium falciparum daughter
merozoites takes 48 hours. These merozoites are the smallest extracellular form of
the parasite, measuring a mere 1-2 pum in length. The asexual blood stage of
Plasmodium falciparum is responsible for the majority of the clinical symptoms and
pathologies that humans experience upon contracting malaria (Cowman and Crabb,
2006, Gaur et al., 2004, Kuss et al., 2012, Miller et al., 2002, Riglar et al., 2011).

A small proportion of intraerythrocytic parasites develop into gametocytes (being
male or female) which are the sexual forms of the parasite. Gametocytes are
essential for the transmittance of the malaria infection, and are taken up by a female
Anopheles mosquito upon taking a blood meal from an infected human. These
gametocytes cause no harm to the insect. Within the mosquito’s gut the gametocytes
develop into mature gametes, fertilise to form zygotes and subsequently develop into
ookinetes (the motile invasive form of the parasite) that form oocysts in the gut lining
of the mosquito. Growth and division of these oocysts produce thousands of active
haploid sporozoites that burst out and migrate to the mosquito’s salivary glands.
These sporozoites in the mosquito’s salivary glands are then injected into a human
host when the infected mosquito bites during its blood meal (Figure 1.4) (Cowman
and Crabb, 2006, Lasonder et al., 2002, Miller et al., 2002). Sexual development and
fertilisation are vital processes of the malaria parasite’s life cycle.
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Figure 1.4: The life cycle of Plasmodium falciparum in the human host and Anopheles
mosquito. The malaria parasite has a complex life cycle utilising both invertebrate
and vertebrate hosts across sexual and asexual stages (Ménard, 2005) (with
permission).

An erythrocyte that has been infected with Plasmodium falciparum is radically
modified when it comes to the cell’'s morphology as well as adhesive and mechanical
properties. The parasite, although in a parasitophorous vacuole upon invading the
erythrocyte, has the ability to release and transport parasite proteins to the surface of
the erythrocyte in order to enhance the transmission and ultimately the survival of
the parasite. Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) is
an example of such a surface parasite protein. It is a highly variant molecule that is
expressed on the surface of mature infected erythrocytes (Baruch, 1999, Papakrivos
et al.,, 2005, Pei et al., 2005). PfEMP1 allows vascular sequestration as well as
rosetting of infected erythrocytes. Sequestration refers to the attachment of
erythrocytes infected with mature stage parasites to the endothelial cells that line
post-capillary venules, and this occurs mainly in the lungs, kidneys, heart and liver in
humans. However, this sequestration can occur in brain capillaries (the patient is
then said to be suffering from cerebral malaria) which can bring about a coma and
even death. Rosetting is the phenomenon where malaria-infected erythrocytes
surround a central infected erythrocyte, forming what can be described as an
erythrocyte cluster. Both erythrocyte sequestration and rosetting aid parasite survival
by helping to evade the immune system. That is, infected erythrocytes cluster and
bind to endothelial cells in specific organs, and therefore are not present in
peripheral circulation where they can be removed and destroyed in the spleen. While
these parasitic properties aid in malaria survival, they also contribute to severe
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pathologies experienced by the human host (Aikawa et al., 1990, Miller et al., 2002,
Pongponratn et al., 1991, Sherman et al., 1992).

The signs and symptoms of malaria result in multiple outcomes and pathologies,
where the severity of the disease can range from asymptomatic infection to death.
The degree of severity of the disease experienced by an individual depends on
multiple factors including age, pregnancy status and the status of the individual’s
immune system. The geographical origin, the species, the genotype of the parasite
and the degree of endemicity of malaria in the region also play a role in the patterns
of pathology. The clinical outcome of malaria encompassing such variables has been
well studied in African children (Figure 1.5) (Miller et al., 1994, Weatherall et al.,
2002).

Parasite factors Host factors Geographic and social factors
Drug resistance Immunity Access to treatment
Multiplication rate Proinflammatory cytokines Cultural and economic factors
Invasion pathways Genetics (sickle cell trait, Political stability
Cytoadherence thalassaemia, ovalocytosis, Transmission intensity
Rosetting Gerbich RBC, CD36. TNF-a., (Ancpheles spp., seasonality
Antigenic polymorphism ICAM-1. CR1. MHC locus) of transmission, infectious
Antigenic variation (PFEMP1) Age (no cerebral malaria in infants) bites per year, epidemics)
Malaria toxin Pregnancy

\/

Clinical outcome

Asymptomatic infection Fever Severe malaria Death
(symptomatic (metabolic acidosis, severe
infection) anaemia, cerebral malaria)

Figure 1.5: The clinical outcome of malarial infection is dependent on multiple factors. The
degree of severity of malaria in an individual depends on multiple parasite, host, geographic
and social factors, the combination of which result in a number of clinical outcomes ranging
from asymptomatic infection to death (Miller et al., 2002) (with permission).

Over the past few decades research dedicated to improve current knowledge of what
exactly constitutes the disease malaria, specifically severe malaria which leads to
the loss of millions of lives has been performed. It takes between 7-18 days after
initial infection with malaria parasites for symptoms of the disease to occur. In
uncomplicated or mild cases of malaria, symptoms may include muscular aches,
headaches, fever and chill cycles which can be accompanied by nausea, vomiting,
abdominal pain and diarrhoea. These symptoms usually reoccur every 48 hours
which is synchronised with the egress of new daughter merozoites from infected,
lysed erythrocytes. In cases of severe malaria, more serious disorders are
experienced such as respiratory distress, acute renal failure accompanied by
hypotension and shock, hypoglycaemia, severe anaemia and even coma and death.
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These symptoms mostly occur in children or in people who have no immunity to
malaria e.g. outside visitors to a malaria-inflicted area. Children who suffer from
severe malaria usually die within 72 hours after acquiring symptoms. Those that are
fortunate enough to survive severe malaria usually experience negative effects when
it comes to their mental and physical development (Breman et al., 2001, Chen et al.,
2000, Girard et al., 2007, Miller et al., 2002, Weatherall et al., 2002). The signs and
symptoms of severe malaria include pathological changes in the neurological, renal
and pulmonary systems of the individual as well as a high parasitemia (Phillips and
Solomon, 1990). Severe malaria is a complex, multisystem disorder that may appear
to affect a single organ (for example the brain), but involves several different organs
and tissues. For example metabolic acidosis is observed in cerebral malaria and
malarial anaemia (Marsh et al., 1995). The molecular and cellular events that occur
during the life cycle of Plasmodium falciparum are responsible for multiple
pathogenic activities that combine to cause severe malaria. Such events include
rapid accumulation of erythrocyte mass, destruction of healthy and infected
erythrocytes, the adhesion of infected erythrocytes to the endothelium leading to
microvascular obstruction, and over stimulation of inflammatory responses which
accumulatively lead to a reduction in tissue perfusion. These events can occur in
specific organs, like in the placenta during pregnancy or the brain in cases of
cerebral malaria (Miller et al., 2002).

1.1.5 Invasion

Invasion of the erythrocyte by the malaria parasite is a central and essential step in
the development of malaria, and it is the speed (invasion can occur anywhere
between 20 seconds and 1 minute) and efficiency of this process that has
contributed to the evolutionary success of Plasmodium falciparum (Pasvol, 2003,
Perkins, 1981). The invasion process of Plasmodium merozoites into erythrocytes
has been studied and visualised by both live cell imaging and electron microscopy,
thus rendering a good overall picture of this complex process (Aikawa et al., 1978,
Dvorak et al., 1975, Riglar et al., 2011). Merozoite invasion utilises multiple receptor-
ligand interactions and can be broken down into five basic steps: (1) initial
recognition and reversible binding by any part of the parasite to the erythrocyte; (2)
reorientation of the bound merozoite with its apical region facing towards the
erythrocyte membrane in an irreversible bond (merozoite is now committed to
invasion); (3) tight junction formation between the erythrocyte surface and the
merozoite apical region; (4) movement of the parasite through the tight junction from
the apical to the posterior region of the merozoite using an intracellular actin-myosin
motor while shedding the merozoite surface protein coat at the junction; and (5)
complete internalisation of the parasite into the erythrocyte by the creation of a
parasitophorous vacuole (Figure 1.6) (Cowman and Crabb, 2006, Gaur et al., 2004).
The apical end of the merozoite contains membrane-bound organelles known as the
rhoptries and micronemes, and the reorientation of the merozoite (step 2) allows the
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content of these organelles to interact with the erythrocyte surface. Key merozoite
ligands involved in the binding of erythrocyte receptors are localised in these apical
organelles. The release of parasite ligands from micronemes and rhoptries to the
apical surface of the merozoite has to be critically timed for successful erythrocyte
and merozoite receptor-ligand interaction (Gaur and Chitnis, 2011). For invasion to
be successful merozoite ligands must recognise and bind erythrocyte receptor
molecules in a multi-step, highly specific coordinated series of molecular events,
however the exact molecular mechanisms that occur during invasion are unknown.
Numerous surface proteins involved in the invasion process have been identified on
both the erythrocyte and the merozoite, however the functions of most of these
proteins remain unknown and the knowledge of exact receptor-ligand protein
interactions are lacking. These erythrocyte and parasite receptor-ligand proteins
have potential as promising targets for antimalarial drugs or vaccines that may
prevent the invasion process from occurring (Chitnis, 2001, Cowman and Crabb,
2006, Crosnier et al., 2011, Gaur et al., 2004).

Figure 1.6: Invasion of the erythrocyte by the Plasmodium falciparum merozoite. (A) initial
recognition and low-affinity, reversible binding of the merozoite ligands to erythrocyte
surface receptors; (B) reorientation of merozoite with its apical region irreversibly bound to
the erythrocyte membrane; (C) tight junction formation through high affinity bonds
between apical merozoite ligands and erythrocyte surface receptors; (D) tight junction
movement and parasite surface coat shedding from the apical to the posterior region of the
parasite, powered by an actin-myosin motor; and (E) complete internalisation of the
merozoite within a parasitophorous vacuole (Cowman and Crabb, 2006) (with permission).

Parasite ligands that are involved in the invasion process by binding to erythrocyte
receptors belong to two critical protein families, being the erythrocyte binding-like
(EBL) protein family and the Plasmodium falciparum reticulocyte binding-like (PfRh)
protein family. Proteins of the EBL family include the erythrocyte binding antigen
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(EBA) proteins: EBA-140 (also known as BAEBL), EBA-181 (also known as
JESEBL), EBL-1 and EBA-175 (Camus and Hadley, 1985, Gilberger et al., 2003,
Maier et al., 2002, Mayer et al., 2001, Thompson et al., 2001). Where the proteins of
the PfRh family include: PfRh1, PfRh2a, PfRh2b, PfRh4 and PfRh5 (Duraisingh et
al., 2003, Rayner et al., 2001, Stubbs et al., 2005, Triglia et al., 2005, Triglia et al.,
2001). To date there are no reports where these EBL and PfRh proteins have been
detected on the surface of the merozoite but they are stored within parasitic apical
organelles, principally being in the micronemes and in the rhoptries for the EBL and
PfRh protein families respectively (Ord et al., 2012). When merozoite ligands initially
interact with erythrocyte receptors, signalling cascades are triggered that result in the
release of EBL and PfRh proteins from the micronemes and rhoptries to the
merozoite apical surface. In this way the proteins have limited exposure to the host’s
immune system and prove to be elusive antimalarial drug and vaccine targets
(Adams et al., 1990). Merozoite surface antigens that have dominated recent malaria
research include Plasmodium falciparum apical membrane antigen 1 (PfAMA-1) and
merozoite surface protein 1 (MSP-1). PfAMA-1 is another parasite protein that is
localised within the apical region of the merozoite in the rhoptry organelles and
seems to be essential in apical interaction with the erythrocyte. PFAMA-1 is a leading
antimalarial vaccine target (Chitnis, 2001). Due to the fact that MSP-1 is evenly
distributed across the merozoite’s surface, it was thought for a long time that this
protein may possibly play a critical role in the initial interaction between the
merozoite and erythrocyte during invasion (Perkins and Rocco, 1988). MSP-1 has in
fact been reported to form a co-ligand complex with Band 3, a highly abundant
transmembrane transport glycoprotein present on the erythrocyte surface. This was
confirmed when it was found that two extracellular regions of Band 3, being regions
5ABC and 6A, functioned as crucial host receptors for MSP-1 carboxyl-terminal (C-
terminal) products MSP-14, and MSP-11¢ binding (Goel et al., 2003, Li et al., 2004).
The reason why no successful antibody has been made to block MSP-1 is that there
is a large antigenic diversity of this protein between parasite clones (Miller et al.,
1993).

Previous studies have repeatedly confirmed that glycophorin plays an important role
in the attachment of Plasmodium falciparum merozoites to erythrocytes in the
invasion process. The glycophorins are the relatively abundant and main
sialoglycoproteins of the erythrocyte membrane. Glycophorin is present in different
molecular forms on the erythrocyte surface, predominantly being glycophorins A, B,
C and D. The receptor-ligand interactions between the merozoite and the erythrocyte
glycophorins have been established. Erythrocyte binding antigens EBA-175, EBL-1
and EBA-140 have been found to bind glycophorin A, glycophorin B and glycophorin
C erythrocyte surface proteins respectively. PfRh4 binds to complement receptor 1
(CR1) on the erythrocyte membrane, where the erythrocyte receptors for the other
PfRh proteins remain unknown (Figure 1.7) (Camus and Hadley, 1985, Gaur and
Chitnis, 2011, Gaur et al., 2004, Pasvol et al., 1982a, Pasvol et al., 1982b,
Spadafora et al., 2010).
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Figure 1.7: Specific protein binding between erythrocyte surface receptors and merozoite
ligands. Highly specific binding occurs between erythrocyte membrane proteins and
merozoite ligands during invasion. The EBL (EBA-175, EBA-140, EBA-181 and EBL-1) and the
PfRh (PfRh1, PfRh2a, PfRh2b, PfRh4 and PfRh5) protein families play vital roles in the
attachment of the merozoite to the erythrocyte. These parasite proteins bind to erythrocyte
membrane proteins such as the glycophorins and CR1. GlyA, B and C refer to glycophorins A,
B and C; CR1 refers to complement receptor 1; and W, Y and Z represent unknown
erythrocyte receptor proteins. The black dots on the erythrocyte membrane proteins
represent sialic acid (Tham et al., 2012) (with permission).

1.1.6 Characterising and identifying erythrocyte membrane proteins
involved in invasion

Many of the erythrocyte surface proteins involved in the merozoite invasion of
erythrocytes during the Plasmodium falciparum life cycle remain unknown. In
addition to this there is a significant percentage of detected erythrocyte proteins that
are unidentified (Figure 1.8) (Kakhniashvili et al., 2004). Previous studies were
conducted where various enzymes and chemicals were utilised to modify the
cytoskeletal and surface proteins of erythrocytes. The effects of these erythrocytic
modifications on merozoites’ ability to invade erythrocytes were then assessed via in
vitro invasion assays. Invasion assays involve isolating either trophozoite or schizont
stages of malaria parasites and incubating them in the wells of a microtiter plate with
complete medium and enzymatically or chemically modified erythrocytes, with
untreated, healthy erythrocytes plated as a control. Incubation times vary depending
on the life stage of the parasites plated, but are calculated so as to ensure the
release of new merozoites and allow time for invasion and growth to occur at least
until the ring stage. Using blood films fixed with methanol and stained with Giemsa
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followed by microscopic analysis, or more recently using SYBR Green staining and
flow cytometric analysis, the percentage of newly infected erythrocytes per well is
determined. By calculating the number of infected erythrocytes as a percentage of
the control, the effect of specific chemical and enzyme treatments on erythrocyte
invasion efficiency can be determined. Erythrocytes that have been modified either
chemically or enzymatically have shown significant deficiencies in parasite invasion
efficiency (Bates et al., 2010, Breuer et al., 1983, Gaur et al., 2003, Gilberger et al.,
2003, Hadley et al., 1987, Miller et al., 1977, Mitchell et al., 1986). These erythrocyte
modification type studies serve to help in determining characteristics of or even
identifying erythrocyte proteins involved in the parasite invasion process (Table 1.1).
For example it was found that full length Plasmodium falciparum MSP-1 is
dependent on the presence of sialic acid to bind erythrocytes (Perkins and Rocco,
1988). These studies are possible because the target and the modification brought
about by each enzyme and chemical is known, although it cannot be claimed that
each and every specific site that can be modified by an enzyme or chemical on the
erythrocyte proteins has been established.

TRANSLATION MEMBRANE
INITIATION FACTORS, SKELETAL PROTEINS,
1.1% 11.0%

TRANSPORTERS AND
CHANNELS, 5.0%

UNKNOWN
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Figure 1.8: The percentage of unidentified and identified erythrocyte proteins. A pie chart
indicating the functional categories of 181 identified erythrocyte proteins expressed as a
percentage of the total amount of detected erythrocyte proteins. Almost a quarter of all
detected erythrocyte proteins remain unidentified (Kakhniashvili et al., 2004) (with
permission).
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Table 1.1: Interactions of EBL and PfRh proteins with host receptors
(Gaur and Chitnis, 2011).

Parasite ligand Erythrocyte receptor Binding phenotype
EBLs
EBA-175 Glycophorin A Ns Ts Cr
EBL-1 Glycophorin B Ns Tr Cs
EBA-140% Glycophorin C Ns Tr Cr
EBA-181°% Band 4.1 Ns Tr Cs
PfRhs
PfRh1 Receptor Y® Ns Tr Cr
PfRh2 Receptor Z° Nr Tr Cs
PfRh4 Complement Receptor 1 Nr Ts Cs
PfRhs5% Receptor W” Nr Tr Cr

N: neuraminidase treatment of erythrocytes; T: trypsin treatment of erythrocytes;
C: chymotrypsin treatment of erythrocytes; s: sensitive; r: resistant.
2 polymorphisms are known to affect receptor specificity. ® Receptor unknown.

Trypsin is a pancreatic serine protease enzyme that is found in the digestive systems
of many vertebrates, and that has the ability to cleave specific peptide bonds of
proteins through hydrolysis. Trypsin preferentially cleaves peptides at the carboxyl
side of the positively charged arginine and lysine residues, except for when either of
these amino acids is followed by a proline residue. When trypsin is used to digest a
protein into smaller peptide fragments, the protein is said to have been trypsinised.
Trypsinisation of a protein results in peptides that have Arginine or Lysine residues
at their C-terminal ends and which are therefore positively charged (Figure 1.9)
(Brown and Wold, 1973, Campbell and Farrell, 2008). On the erythrocyte surface,
trypsin is known to cleave sialoglycopeptides from for example the glycophorins
(Miller et al., 1977).
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Figure 1.9: The trypsinisation of a protein into smaller peptide fragments. (a) Trypsin

catalyses the hydrolysis of peptide bonds at the C-terminal of Arginine and Lysine amino
acids. (b) Trypsinisation results in proteins being hydrolysed to form multiple polypeptides
with C-terminal Lysine or Arginine residues (Campbell and Farrell, 2008) (with permission).

Sodium periodate (NalO,) is an oxidising agent that is the sodium salt of periodic
acid (Wee et al., 2006). Sodium periodate has the ability to cause oxidative stress in
biological membranes and hence bring about modifications. As a potent oxidant, the
periodate ion can modify phospholipids, sugars and amino acids in biological
membranes (Heller et al., 1984). Sodium periodate has the ability to cleave carbon-
carbon covalent bonds between vicinal diol groups and thus opens saccharide rings
exposing aldehyde groups (Figure 1.10). This action occurs in the carbon hydrate
moiety of glycoproteins present on the surface of erythrocytes (Furthmayr, 1977). It
has been found that all alpha-amino acids are modified by the oxidative power of
periodate, however this occurs at different rates and to varying extents depending on
the specific amino acid. Methionine and cysteine have been found to be the amino
acids most extensively affected by periodate in soluble proteins. Sodium periodate
has been shown to cause the complete cross-linking of the erythrocyte cytoskeletal
protein spectrin, and the partial cross-linking of other erythrocyte polypeptides
(Clamp and Hough, 1965, Gahmberg et al., 1978, Gorin and Godwin, 1966, Rippa et
al., 1981, Yamasaki et al., 1982).
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Figure 1.10: Sodium periodate oxidises sugars with vicinal hydroxy groups and this results
in the formation of aldehyde groups (Song et al., 2009).

Tris(2-chloroethyl)amine (TCEA) is a cytotoxic, antitumor alkylating agent (Figure
1.11). This amine cross-linker prevents changes in cell shape, including that of the
erythrocyte. TCEA has been found to alter the spectrin network bringing about
spectrin polymerisation and the cross-linking of various other erythrocyte membrane
proteins. This leads to a fixed and rigid erythrocyte membrane. Furthermore, TCEA
has the ability to permeate the erythrocyte membrane and enter the cytoplasm
causing the alkylation of haemoglobin to haemoglobin dimers (Breuer et al., 1983,
Wildenauer and Weger, 1979, Wildenauer et al., 1980) (with permission).
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Figure 1.11: Structure of trifunctional tris(2-chloroethyl)amine (Gresham et al., 2000) (with
permission).

The cross-linker 1,11-bis(maleimido)triethylene glycol (BM(PEG)3) selectively
conjugates the sulfhydryl (SH) groups of proteins. This homobifuctional,
bismaleimide cross-linker reacts with SH groups via its maleimide group to form a
stable thioether linkage. At pH 6.5-7.5 the reaction between sulfhydryls and
maleimide is highly specific, however at pH values greater than 8, although at a
significantly reduced reaction rate, maleimides have the ability to react with primary
amines (Figure 1.12) (Smyth et al., 1964, Thermo Fisher Scientific, 2012).
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Figure 1.12: BM(PEG)sis a selective thiol cross-linker which conjugates proteins through
their respective sulfhydryl groups (Thermo Fisher Scientific, 2012) (with permission).

Studies involving the modification of erythrocyte proteins by utilising enzymes and
chemicals followed by in vitro invasion assays have the potential to identify unknown
erythrocyte surface or skeletal proteins involved in merozoite invasion, as well as
possibly discover an erythrocyte protein that is vital for invasion across all
Plasmodium species. Studies carried out 30-40 years ago used similar surface
modification approaches but showed little success due to limited modifications that
could be detected using the techniques available at that time. Therefore applying
advanced scientific technigues available today to these studies together with new
selective labelling utilising different chemicals and enzymes, offers new insights and
opportunities for identifying erythrocyte proteins involved in Plasmodium falciparum
invasion (Gilberger et al., 2003, Hadley et al., 1987, Miller et al., 1977, Mitchell et al.,
1986, Orlandi et al., 1992, Perkins, 1981).

1.1.7 The ‘intelligence’ of the malaria parasite

The fact that malaria is caused by the Plasmodium parasite was discovered over a
hundred years ago and it has been almost forty years since Dvorak et. al. made
groundbreaking descriptions of the malaria parasite’s invasion of the human
erythrocyte (Cowman and Crabb, 2006, Dvorak et al., 1975). Furthermore millions of
U.S dollars have been spent on malaria research, just one example being the $750
million donated by the Bill & Melinda Gates Foundation to the Global Alliance for
Vaccines and Immunisation. Yet still the disease’s mechanisms of action are not
completely understood and as such malaria is yet to be globally eliminated (Murray
et al., 2012).
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Plasmodium falciparum is an ‘intelligent’ parasite and is difficult to hinder due to a
number of factors. Upon egress from an infected erythrocyte, the merozoite
recognises and invades a healthy erythrocyte within seconds to minutes at most.
The merozoite is thus exposed to the immune system in the blood stream for a very
short period of time, and therefore even though the immune system is capable of
recognising and responding to antigens on the merozoite surface, the time is too
short to mount a full immunological response to effectively destroy the merozoite
(Dvorak et al., 1975).

Different strains of the Plasmodium falciparum parasite are each capable of utilising
different erythrocyte receptor-merozoite ligand pairs during invasion and therefore
trying to block the few known receptor-ligand interactions between the erythrocyte
and parasite is proving ineffective, as no interactions have found to be crucial in all
Plasmodium strains (Boyle et al., 2010, Crosnier et al., 2011, Riglar et al., 2011).
Furthermore merozoites of any one such Plasmodium falciparum or Plasmodium
knowlesi strain do not depend solely on a single invasion pathway and are capable
of utilising multiple redundant invasion pathways (Chitnis, 2001, Crosnier et al.,
2011). This means the parasite is able to adapt to proteomic variations in erythrocyte
receptors via post-transcriptional regulation. Through this mechanism the parasite
has the ability to make use of alternative invasion pathways. For example
Plasmodium falciparum has the ability to use both a sialic acid-dependent and sialic
acid-independent pathway, and this is reported to be due to the transcriptional
activation of a single parasite ligand. When using the sialic acid-dependent pathway
the erythrocyte receptor-parasite ligand pairing would be for example glycophorin A
with EBA-175 or glycophorin C/D with EBA-140. The identity of the erythrocyte
receptor-parasite ligand pair utilised in the sialic acid-independent pathway remains
unknown, however the erythrocyte receptor has been dubbed ‘Receptor X' in
literature (Ganczakowski et al., 1995, Gaur et al., 2004, Mgone et al., 1996). There
are also changes in parasite protein expression which occur during invasion pathway
switching, that are not regulated during the transcription process and are controlled
by an unknown mechanism (Kuss et al., 2012).

Different Plasmodium falciparum strains have different levels of PfRh protein
expression, which affects the invasion pathway used. For example up regulation of a
neuraminidase (a sialidase that catalyses the hydrolysis of terminal sialic acid
residues) resistant parasite ligand (e.g. PfRh4) results in a switch from sialic acid-
dependent to sialic acid-independent invasion pathway utilisation, and vice versa for
high expression levels of neuraminidase sensitive parasite ligands (e.g. PfRh1)
(Duraisingh et al., 2003, lyer et al., 2007, Stubbs et al., 2005). Some Plasmodium
falciparum laboratory strains have the ability to utilise sialic acid residues on different
sialoglycopeptides during invasion i.e. switch from binding glycophorin A to binding
glycophorin B. The significance of this is that the parasite is not totally dependent on
one sialoglycopeptide, in this case being glycophorin A. Furthermore, making use of
genetically deficient erythrocytes, studies have found that Plasmodium falciparum is
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not completely dependent on any individual receptor or on the sialic acids of the
human erythrocyte for invasion to occur. This means that none of the receptor-
deficient erythrocytes tested were completely resistant to parasite invasion.
Therefore the malaria parasite has a great advantage when it comes to
circumventing obstacles such as receptor heterogeneity in various host populations,
as well as the host’'s immune system response (Chitnis, 2001, Dolan et al., 1990,
Gaur et al., 2004, Hadley et al., 1987, Mitchell et al., 1986, Perkins and Holt, 1988).

By having the ability to use multiple invasion pathways the Plasmodium falciparum
parasite is able to evade the human immune system. This is typically achieved in a
number of ways. Firstly, if an immune response is built up against any of the
immuno-dominant epitopes of the EBL proteins, there are alternative proteins to
which there is no immune response and thus little chance of invasion being
completely blocked. Secondly the parasite has the ability to invade erythrocytes of
different ages, as the quantity and presence of erythrocyte surface proteins change
throughout the cell’s lifespan. Lastly, it can therefore be stated that in spite of the
large amount of polymorphisms found in human erythrocyte surface proteins, there
have been no known erythrocytes that are completely resistant to Plasmodium
falciparum (Cowman and Crabb, 2006, Gaur et al., 2004, Miller et al., 2002). Utilising
complete invasion pathways as antimalarial drug or vaccine targets may be
impractical, however targeting the multiple molecular mechanisms that make up the
pathways offers hope for identifying targets for therapeutic interventions (Pasvol,
2003).

The ‘intelligence’ of the malaria parasite is further witnessed in the fact that it targets
erythrocytes, cells that are abundant and fragile, and does so without damaging the
erythrocyte in any way. This allows the parasite to utilise the erythrocyte to ‘hide’
from the immune system, as well as multiply. Another evasive tactic of the parasite is
to shed the merozoite surface antigens during entry into the erythrocyte, leaving a
high concentration of surface proteins in the blood stream to act as a decoy
mechanism for the host’s immune system.

1.1.8 Malaria prophylaxis

The best way to prevent malaria is to prevent people being bitten by infected
mosquitoes, i.e. vector control, and therefore avoid the disease completely by
utilising methods such as mosquito nets and insecticides. This however is not always
possible as can be seen in the WHO World Malaria Report of 2011, where only 11%
of the African population considered to be at risk of contracting malaria, had access
to indoor residual insecticide spraying. Thus antimalarial drugs remain vital in both
the prevention and the acute treatment of malaria (Murray et al., 2012, WHO, 2012).

There have previously been antimalarial chemotherapies that were successful,
however the Plasmodium falciparum parasite has become resistant to almost every
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antimalarial drug used in the chemoprophylaxis and the treatment of malaria.
Different antimalarial drugs act at different stages of the parasite’s life cycle, where
drugs used to treat a malaria infection typically act on parasites in the blood (i.e. on
intraerythrocytic parasites) and chemoprophylactic drugs act on merozoites
emerging from the liver (Figure 1.13). Antimalarial drugs in use today include the
quinolone derivatives, the antifolates and the artemisinin derivatives. The quinolone
derivatives include mefloquine, quinine and chloroquine which are blood
schizonticidal agents, and primaquine which has gametocidal action (Rang et al.,
2007). Chloroquine was once a mainstream drug prescribed for both the prophylaxis
and treatment of malaria, which is now outdated in most endemic malaria areas due
to parasite resistance that has spread rapidly (Becker et al., 2010, Goldberg et al.,
2012). Sulfadoxine-pyrimethamine and atovaquone-proguanil make up the
antifolates. Sulfadoxine-pyrimethamine is a blood schizonticide and sporontocide,
while atovaquone-proguanil inhibits mitochondrial electron transportation in the
parasite (Finkel et al., 2009). A drug known as artemisinin, a blood schizonticide, is
currently the only drug still effective against Plasmodium falciparum. The artemisinin
derivatives artesunate (a water-soluble derivative), artemether and artether
(synthetic analogues) are the preferred antimalarials, as they have a higher activity
and are more easily absorbed than artemisinin which is a poorly soluble chemical
(Rang et al., 2007). The first signs of resistance against artemisinin however have
recently been noted in Cambodia, Myanmar, Thailand and Viethnam and although the
evidence is not yet compelling, artemisinin should no longer be used as a
monotherapy (WHO, 2012). To support this statement is the occurrence of the
