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Synopsis

The malaria (parasite) is believed to have its origin in the West and Cen-
tral Africa. The tropics provide ideal breeding and living conditions for the
malaria vector, Ancopheles mosquito. The parasites spread to other areas
through the journey of man, following the nman migrations to the Mediter-
ranean, Mesopotamia, the Indian peninsula and Sonth-East Asia. And by
19th century, malaria reached its global limits with over one-half of the
world's population at significant risk and 1 in 10 affected axpected to die
from It. From most part of Europe and north Ameriea, 1955 - 1969, malaria
was eradicated wsing diligently a combination of, for example, Chloroquine
and DDT with provision of infrastructures that allow application of DDT to
breeding areas withot undue exposnre of DDT to man.

Repurts have shown that the resistance of the parasite to existing dimgs
is increasing, Therefore, there 9 a Inge and wgent need to discover and
validate new drug or vaccins targets to enable the development of new treal-
ments for malaria. Every year 300 milllon to 500 million people suffer from
this disease (90% of them in sub-Saharan Africa). About 1.5 million to 3 mil-
lion people die of malaria every year (85% of these ocenr in Africa). One child
dies of malaria somewhere in Africa every 20 asc., and there is one malarial
death every 12 sec somewhere in the world. Malaria kills in 1 year what
ATDS killad in 15 years. If required mfrastructures improve dramatically in
Saharan Africa, incidence of malaria will reduce by 80% (B. M. Greenwood,
Perammal Comn., 2009).

A number of solutions for the treatment of malaria are in development,.
Principal among them is the late-stage trials malaria vaccine, RTS or Mosquirix
far children, driven by the Pharmaceutical giant, GSK, but its effectivensss
declines slightly over time. A semi-synthetic version of the antimalarial drug
artemisinin developed (development started Dec., 2004) by UC Berkeley's Jay
Keasling is moving out of development into full-scale production by sancfi-
aventis Pharmaceutical. This has been made possible by a $53.3 million
graut from the Bill & Melinda Gates Foundation. The drug, produced by
genetically engineered bacteria, is mnch cheaper than the plant-derived drug
available today. It is yet unkuown how resistance of the parasite will play
out for this drug as resistence of the parasite to the plant derived one ex-
ist and biclogical mode of actions of the drug is unknown. At Covenant
University with collaborators from Universities of Heidelberg and Marburg,
Germany, naing novel techniquea from bioimformatics, we have computation-
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ally mined four (4) enzymatic dmyg target sites on the malaria parasite for
which the biological mode of actions of associated hioactive compounds will
be entirely known. This discovery provides for the firsl time antimalarial
drug target sites upon which a viable structural design pipeline is being
built. And also provides a viable platform to optimize the fitting of “in-
digenous” medicinal plants bisactive coonpounds via a rational drogs design
approach. We have also recently discovered other drug target sites, such as
signaling pathways and transcription factors and are developing techniques
towards dingnosing malaria at the liver stage. In eollaboration from John
Hopkins University, USA and Imperial College, UK with about $300k itial
grant (under review) from Bill & Melinda Gates Foundation, we are develop-
ing an evoliution-proof insecticide, equipped with the effective capability of
Dichlorodiphenyltrichloreethane (DDT) but designed to target only malaria
infected mosquitoes. Lastly, in eollaboration from University of Heidelberg,
Germany, MRTC, Mali and the John Hopking University, USA, we are also
developing models for successful deployment of Sterile Insect Technique (SI'T)
also towards the eradication of malaria infected mosqmitoes.
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Introduction

1.1 The malaria disease, origin and early his-
tory

Malaria is probably the only infection that can be treated in just three days,
vet that kills millions every year. Without prompt and appropriate treat-
ment, malaria may become a medical emergency by rapidly progressing to
complications and death[66]. The term malaria is derived from the Italian
‘mal’aria’, which means "bad air’, from the early association of the disease
with marshy areas[04].

Malaria[94] is transmitted through the bite of an infected female Anophe-
fes mosquito. Of the approximately 400 species of Anopheles throughout the
world, about 60 are malaria vectors under natural conditions, 30 of which
are of major importance. Malaria parasites are eukaryotic single-celled mi-
croorganisms that belong to the gemus Plasmodium. More than 100 species
of Plasmodium can infect mumerous animal species such as reptiles, birds and
various mammals, but only four species of parasite can infect humans under
natural conditions: Plosmodiuwm falciparim, Plasmodium vivar, Plosmodium
ovale and Plasmodivim malariae. These four species differ morphologically,
imnmnologically, in their geographical distribution, in their relapse patterns
and in their drog responses. P. falciparum is the agent of severe, potentially
fatal malaria and is the principal canse of malaria deaths in young children
in Africa[02]. The least common malaria parasite is P. ovale, which is re-
stricted to West Africa, while P. malariae is found worldwide, but also with
relatively low frequency. The most widespread malaria parasite is P. vivar

3



Covenant University Inaugural Lecture Series. Vol. 1, No. 1, March, 2011

4 Introdaction

but infections with this species are rarely fatal. Although P. falciparum and
P. vivar can bath canse severe blood lass {anemia), mild anemia is more com-
mon in P. wivaz infections, whereas severe anemia in P. falciparum malaria
is a major killer in Africa. In addition, in the case of P. faleiporum, the in-
fected exythroeytes can obstruct small blood vessels and if this oecurs in the
brain, cerebral malaria vesulis, a complication that is often fatal, particulaxly
in African infants. P. owale and P. vivar have dormant liver stages named
hypnozoites that may remain in this organ for weeks to many years hefore
the onset of a new round of pre-erythroeytic schizogony, resuliing in relapses
of malaria infection. In some cases P, maleriae can produce long-lasting
blood-stage infections, which, if left untreated, can persist asymptomatically
in the liman host for periods extending into several decades.

Carter and Mendis[81] hypothesized that the end of the last glacial pe-
riod and warmer global climate heralded the beginnings of agriculéure about
10000 years ago. It is argued that the entry of agrienltural practice into Africa
was pivotal to the sulwequent evolution and history of lnunan malaria, The
Neolithic agrarian revolution, which is believed to have begun about 8,000
years ago in the "Fertlle Crescent,” sowthern Turkey and northeastern Irag,
reached tha western and Central Africa around 4000 to 5000 years agn.
This led to the adaptations in the Anopheles vectors of hmanan malaria. The
Imman populations in sub-Saharan Africa changed from a low-density and
mobile hmting and gathering life-style to comnrmmnal living in settlements
cleared in the troplcal forest. This new, man-made environment led to an
increase in the numbers and densities of humans on the one hand and gener-
ated numerous small water collections close to the human habitations on the
other. This led to an increase in the mosguito population and the mosquitoes
in turn had large, stable, and aceessible sources of blood in the human popi-
lation, leading to very high anthropophily and great effleiency of the vectors
of African malaria. Even though the practice of agricalture had developed
throughowt the tropics and subtropics of Asia and the Middle East up to
several thousand years before those in Africa, simmltaneous animal domesti-
cation in Asia probably prevented the mosquitoss from developing exclusive
anthropophilic habits. In most parbs of the world, the anthropophilic index
(the probability of a blood meal being on a human) of the vectors of malaria
is mnch less than 0% and often less than 10 to 20%, but in sub-Saharan
Africa, it is 80 to almost 100%. This is probably the most important single
factor responsible for the stability and intensity of malaria transmission in
tropical Africa today.
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1.1 The malaria disease, origin and early history ]

The maluria (parasite) is believed to have its origin in the West and
Central Africa. The tropics provide ideal breeding and living conditions
for the malaria vector, Anopheles mosquito. The parasites spread to other
areas through the Journey of man, followlng the human mipgrations to Ehe
Mediterranean, Mesopotamia, the Indian peninsula and South-East Asia. By
the beginning of the Christian era, malaria was widespread aronnd the shores
of the Mediterranean, in southern Europe, across the Arabian peninsula and
in Central, South, and Southeast Asla, China, Manchuria, Korea, and Japan.
Malaria probably began to spread into northern Europe in the Dark and
Middle Ages via France and Britain. The growth in international trade in
the sixteenth century comtributed to the spread of disease, as international
traders introduced new sowrces of infection. Europeans and West Africans
introduced malaria in the New World at the end of 15th century AD. P.
viraz and P. malariae were possibly brought to the New World fram South-
East Asia by early trans-Pacific voyages. P. falciparum probably reached
the Americas throngh the African slaves brought by the Spanish colonisers
of Cenbral Amexica, At fivst the Caribbean and parts of Central and South
America were affected and from the mid-18th century, it spread across the
North American continent. Over the next 100 years, malaria spread across
the United States of America and Canada and by around 1850 A.D., it
prevailed through the length and breadth of the two American continents,
At this time, malaria was conmmon in [taly, Greece, London, Versailles, Paris,
Washington D.C., and even New Yark City.

Thus by 19th century, malaria reached its global limits with over one-half
of the world’s population at significant risk and 1 in 10 affected expected
ta die from it. From the time of the voyages of Colambus until the mid-
19th century, European trade and colonization in the tropics were marked
by enormons losses of life from melarin. On the coasts of West Africa, mor-
tality rates often exceeding 50% of a company per vear of comtact were the
norr. From the mid-19th century cwrward, with the use of the Cinchona
bark, mortality rates fell rapidly to less than one-cquarter of this. Up to
early 20th century, repeated untreated infections of P. vivax and prolonged
infections of P. malariae also contributed significantly to the mortality along
with the most lethal P, falciparam. Poor livhig conditions, poverty and
famine probably contributed to the high mortality. During the past
100} years, nearly 150 million to 300 million people would have died from the
effects of malaria, accounting for 2-5% of all deaths. In the sazly part of the
century, malaria probably accounted for 10% of global deaths and in India

B
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it probably accounted for over half, Clomntries popularised the need to erad-
icate this menace, via advertisements that incloded stamps with mosquita.
Some of these stamps are shown below:

\, o \ Y, \
SO AL !" THIASE 4 PNy /’Aﬁu'lilll A S UAT VERD S

Fignre 1.1: Some couniries stamps with mesguito picture.  Somree:
http: / /www.cde.gov /malaria/about /history /

Towards the end of the 19th century, Charles Lomis Alphomse Laveran,
a French army surgeon, noticed parasiies in the blood of a patient suffer-
ing from malaria, and Dr Ronald Ross, a British medical officer in Hyder-
abad, ndia, discovered that mosquitoss transmitted malaria and “explained
that malaria did oot emanate from the marshes as was believed, but from
pots amd tubs thrown everywhere”. The Italian professor Giovanni Battista
Grassi subsequently showed that human malaria could only be transmitted
by Anepheles mosquitoes.

The life cyele of malaria parasites is extremely compleax and requires spe-
cialized protein expression for survival in both the mvertebrate (mosquito)
and vertebrate (e.gz., lmman) hosts. These proteins are particularly required
for hoth intracellular and extracellular survival, for the invasion of a variety
of cell types and the evasion of host immumme responses . Using the most
lethal malaria parasite, P. faleiparum, the full life cycle of malaria can be
depicted as found in Figure 1.2,

All the clinical symptoms and pathological changes seen during human
infection are caused by the asexual blood stages (otherwise known as the
Intraerythrocytic Developmental Cycle (IDC)) of Plasmodinm. The IDC is
the target for the vast majority of antimalarial drogs and vaceine strategies.
Within host red blood eells (RBCs), the parasite undergoes enormous de-
velopmental changes diring its maturation. The fest round of IDC takes
48 hours, Observe that this cyrcle, I not broken can be infinite, leading to

6
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1.1 The malaria disease, origin and early history T
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Fignre 1.2: Life cycle of the Plasmodium falciperum in Man(a) and
Moaquito(h). 4]

the break-down of the system of the host. Using Bozdech et al.[19], this can
describe as follows. IDC initiates with merozoite frvasion of RBCs and is
followed by the formation of the parasitophorous vacuole (PV) during the
ring stage. The parasite then emlers a highly metabolic maturation phase,
the trophozoite stage, prior to parasite replication. In the schizont stage, the
cell prepares for reinvasion of new RBCs by replicating and dividing to form
up to 32 new merogoites. In some more detail(Ben Mamoun et al.[17]), the
ring stage takes the first 20-24h (after invasion), and beginning from 20-24h
(after invasion), develops to a trophozoite stage. The trophozotte stage then
undergoes mltiple ronnds of DNA replication and muclear divisions, giving
rise to schizont-stage parasites (beginning s 36h after mvasion). The final
stage, called the late schizont or segmenter stage (42-48h after invasion}, is
characterized by the production of individual merozoites within the infected
erythrocyte. Note that each of these merozoites is capable of infecting a new
ervihrocyte, The genetic machinery that controls this developmental process
has not yet been identified. Also some of these merozoites can mstead form
into gametocytes by turning on or off certain genes. These gametocytes can
then be picked up by feeding mosquitoes.

T
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Below in Figures 1.3 and 1.4 are two other fignres that encapsnlate this
life cycle, more graphically.

Ar e
S Rupnint s
o "

LETSET
vk
A } -
Cwml ' e ring daps
#
Tropbs Y
j 4 Vi | - i [4]
- i »
Vil e
.J; I.,‘ ‘
Biaprunsi ™
o haeomi — -

blale & Tovnals
dariirh ke

Fignre 1.3: Life cycle of the parasite P. faleiparum. The figure has been
prepared with tha help of the mformation, artwork and micrographs from
the CDC’s websites for parasite identification hitp:/ /www.dpd.cde.gov/dpdx
and hitp:/ [www.itg.be,[94]

1.2 Symptoms and Diagnosis

The aceumulation and sequestration of parasite infected RBCs in various or-
gans such as the heart, brain, hing, kidney, subeutaneous tissues and placenta
is & characteristic feature of infection with P. falciparum. Sequestration is a
result of the inberaction between parasite-derived proteins, which are present
on the surface of infected RBCs, and & number of host molecules expressed on.
the surface of uninfected RBCs, endothelial cells and in pome cases placental
cellg[14].
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1.2 Symptoms and Diagnosis 9

Figure 1.4 Life cycle of the Plasmodivm foleiparum in Man{a) and
Mosquito(h).[103]

Malaria symptoms can develop as soon ag 6-8 days after being bitten by
an mfected mosquito, or as late as several months after departure from a
malarions area. People infected with malaria parasites typically experience
fever, shivering, cough, respiratory distress, pain in the joints, headache,
watery dinrrhen, vomiting and comvulsions[68]. Severe malaria iz usually
complex and several ley pathopenic processes such aa janndice, Kidney failore
and severe anemia can combine to canse serious and often fatal disease|68).
Malaria is especially dangerons to pregnant women and small children and in
endemic countries it iz an important determinant of prenatal mortality[107].
Parasite sequestration in the placenta Is a key feature of infection by P.
falciparum during pregnancy and is associated with ssvere adverse outcomes
for both mother and baby, such as premature delivery, low birthweight and
increased mortality in the newborn[108]. After repeated exposurs to malaria
during pregnancy, women i sreas of endemicity slowly develop Dmmunity;
thus multigravid women are comparatively less susceptible to pregnancy-
associated malaria than primagravid women.

Malaria is diagnosed nsing a combination of elinical observatlons, case his-
tory and disgnostic tests, principally microscopic examination of blood[110].
Ideally, blood should be collected when the patient s temperature is rising,
as that is when the greatest number of parasites is likely to be found. Thick
blood films are used in routine diagnosis and as few as one parasite per
200pL: blood can be detected. Rapid diagnostic "dipstick’ tests, which fa-

9
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cilitate the detection of malaria antigens in a nger-prick of blood in a fow
mimmtes are easy to perform and do nol require trained personnel or a spe-
cial equipment(110]. However, they are relatively expensive and although P.
Joleiparum can be diagnosed, P. ovale, P. malariae and P. vivar canmot be
distinguished from one another using this method, Three consecutive days of
teats that do not indicate the presence of the pavasite can mile out noalaria,

1.3 Treatments and their development stages

Malaria can be cure, comtrol and prevent. Presendly, there are varions an-
timalarial drogs for curing the disease (from the blood stream of a malaria
infected person) with special preference to one or the other based on location
(see Fig 3.2 for example).

For controlling this menace, insecticides and bed nets are the available

means, while prevention can be hronght to bearing via the combine use
of msecticides and antimalarial drugs. By the 1950s, ihis combination is
what led to the elimination of malaria from the North America, Europe and
Aunstralin[120]. Another cheap mean is to use vaccine, but till date, there is
no licensed vaccines[121].
To come by, with any of these treatments, the following stages must be
followed painstakingly.
& Discovary
— can take over 2 years (typically ongoing)
— or watch the competition (“Me Tool” drugs)
¢ Preclinical testing
— Lab and animal testing
¢ Phase 1
— Limited munber of healthy volunteers are given the drog
— Safety and dosage determination
e Phase 2

= 100 to 300 patient voluntesrs
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— Testing for efficacy and side effects
» Phase 3
= 1000 to 5000 patient wolunteers
— Testing for long term reactions
= Regulatory povernmental agencies review and approval
o Post-marketing testing
Time range to complate the above cycle is between 7 to 15 years.

11
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Antimalarial efforts historically
and short comings

2.1 Antimalarial drugs

In this section, we ram through history, including ancient details about the
development of antimalarial compounds dating back from the use of bark
from plants.

The herb Artemisia anma (sweet wormwood) was known to the Chinese
as ging-hao for more than 2000 years. The Mawanhgolui Han dynasty
tombs, dating to 168 BC, mentioned it as a treatment for hemorrhoids.
In 340 AD, the anti-fever properties of ginghao were first described by
Ge Hong of the East Yin Dynasty. An appeal for help from Ho Chi
Minh to Zhou En Lai during the Vietnam War triggered the work on
thiz herb and in 1967, the Chinese scientists set up Project 523. The
active ingredient of ginghao was isolated by Chinese scientists in 1971.
An ethyl ether extract of ginghao fed to mice infected with the rodent
malaria strain, Plasmodium berghei, wag found to be as effective as
chloroguine and quinine at clearing the parasite. The hnman trails
were published in the Chinese Medical Journal in 1979. Many active
derivatives of artemisinin have since been synthesized and it is today a
very potent and effective antimalarial drug, particularly against diog
resistant malaria in many areas of southeast Asia. So far, clinically rel-
evant genetic resistance to artemisinin has not been reported, although
tolerance has been noted.

13
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The history of cinchona bark or later named quinine, of more than 350

years, is full of intrigus and drama, greatly influencing that of phar-
macy, botany, medicine, teade, theoretical and practleal chemistey and
tropical agriculture. The origin of cinchona remains shrouded in mys-
tery.
One of the tales attributes the identification of cinchona bark to South
American Indians. These natives supposedly noted that sick mountain
lions chewed on the bark of certain trees. Malaria patients were given
the bark and were helped.

Another holds that a member of a Pernvian Spanish garrison fivst dis-
covered the bark. This soldier, overcome by malaria, was left behind to
die by his comrades. Tortured by thirst, he crawled to a shallow pend,
where he drank deeply and [ell asleep. Omn awakening he found that his
fever had disappeared, and then he remembered that the water had a
bitter taste, A large tree trumk, split by lightoing, had fallen into the
poel; the bark from this tree, the soldier soon discovered, had both the
bitter taste and the remarkable power to cure malaria.

It is not very clear as to who brought the cinchona bark to Europe. Se-
bastiano Bado, an [talian, gives this honor to the Countess of Chinchon,
in an account published m 1663, The fowrth Count of Chinchon, Don
Luis Geronimo Fernandez de Cabrera de Bobadilla Cerday Mendoza,
wag appointed by Philip TV 1o rule the vast Spanigh South American
Fmpire. The count and his wife, Senora Ana de Osorio, arrived in Lima
in 1629. Shortly thereafter, according to Bado, the countess became
severely ill with tertian fever, and news of her suffering soon spread
throughout the colony. The governor of Loxa wrote the count, recom-
mending that some of the same medicine by which he had been recently
cured be given to Senora Ana. Don Juan was summoned to Lima, the
remedy given, and the countess enred. Soon the natives were swarm-
ing around the palace, both to express their joy at the recovery and to
learn the secret of the remedy. Upon hearing the people's pleas, the
generous Senora Ana ordered a large quantity of the bark and gave it
personally to the sick. The gratefnl sufferers, all of whom were cured,
named the new remedy los polvos de la condea, " the conntess” powder.”
In 1639, according to Bado, the countess returned to Spain, bringing a
largequanﬁtyofharkwithhﬁ She distributed her remedy among the
peons on the Chinchn estade, and also sent some to an ailing theclogy

14
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professor at the University of Aleal de Henares., At the same time, Juan
de Vega, Seora Ana's physician, who had also refurned to Spain with
a supply of bark, sold part in Seville at an exorbitami price, ane hun-
dred reals per pound. This nnserupulous practice was to be repeated
by many men in many places before the precious bark became readily
available,

The first partially suceessful separation of the active principle from
cinchona was achieved in 1811 by a Portoguese naval surgeon named
Bernadino A. Gomes. He extracted the gray back of poor wariety with
dilute acid and them nentralized it with alkali and managed to obtain a
few crystals which he named cinchonin (later, to be lmown a8 cincho-
French pharmacists, Joseph Pefletier and Joseph Bienaime Caventow,
appointed a full professor of toxicology at the Ecole de Pharmacie in
Paris at age 22, isolated a medicimally worthless guinine poor pow-
der, from the gray bark in 1817. In 1819, Friedlieb Runge isolated a
hase from cinchona, which he named "China base™ - which was dif-
ferent from cinchonine. Later, in 1820, Pelletier and Caventou iso-
lated from the yellow bark a sticky, pale yellow gum that could not
be indnced to crvstallize. The gom was soluble in acid, aleohol, and
ether and highly effective against malaria. The properties of the gnm
ware seen to be identical to "China™ base; but Runge's prior discovery
was overlooks. The two men named the new chemical quinine after
quinguina, the name glven by Peruvian Indians to the bark, meaning
meedicine of medicines or bark of barks. Pelletier and Caventon refused
any profit from their discovery. Instead of patenting the extraction
process, they pnblished all the details so that anyone conld manmfac-
ture gquinine. They received many honors, the most erative of which
wiis the Prix Monthyon of ten thonsand francs awarded by the French
Inatitute of Sclence. A momment was erected in Pacls commemorating
this achievement of Pelletier and Caventow.

Even today quinine remains an important snd effective treatment for
malaria in most parts of the world, although resistonce has been re-
ported sporadically in 1844 and 1910.

Many drugs were developed to protect the troops from malaria, particu-
larly during World War I, Chlorogquine, Primaguine, Proguenil, amodi-

15
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aquine and Sulfadoxdine/Pyrimethamine were all developed during this
time.

Dueing Weorld War I, Java and its valiable quinine stores fell into
Japanese forces. Am a result, the (German troops in Fast Africa suf-
fexed heavy casualties from malaria. In a bid to have their own anti-
malarial drugs, the German government initiated research into quinine
substitutes and entrusted it to Bayer Dye Works. Most of the work
was done at Bayer Farbenindustrie A.G. laboratories in Eberfeld, Ger-
many. Several thovsmnds of compounds were tested and some were
found ko be useful. Plasmochin naphthoate (Pamaguine) in 1926 and
quinacrine, mepaceine (Atabrine) in 1932 were the first to be found.
Plasmochin, an 8 amino quinoline, was quickly abandoned due to too-
icity, although its close structural analog primaquine is now used o
treat latent liver parasites of P. vivax and P. ovale. Atabrine, although
found snperior and persisting in the blood for at least a week, had to be
abandoned due to side effects like vellowing of the skin and psychotic re-
actions. The breakthrough came in 1934 with the synthesis of Resochin
{chloroguine) by Hans Andersag, followed by Somochin or Sontoquine
(3 methyl chloroquine). These compounds belonged to a new class of
antimalarials nown as 4 amino quinolines. But Farben scientists over-
estimated the compounds toxicity and failed to explore them further,
Moreover, they passed the formula for Resochin to Winthrop Stearns,
Farben's 1].5. sister company, in the late 1930s. Resochin was then
forgotien until the outbreak of World War IT.

With the German invasion of Holland and the Japansse occupation of
Java, the Allied forces wers cut off from guinime. This stimnlated a re-
newed search for obther mbimalarials both in the United Kingdom and
in the United States. After the Allied occupation of North Africa, the
Fremch soldiers raided o supply of German marmfactured Sontochin in
Tunis and handed it over to the Americans. Winthrop researchers made
glight adjustments to the captured drog and this new formulation was
called chloroquine. Later, it was found to be identical to the older and
supposedly toxic Resochin. However it was not available for the troops
nnfil the end of the War. Bui following World War II, chloroquine
and DDT became the two principal weapons in the global malaria con-
trol campaign. However, after only about ten to twelve years of nse,
chloroquine resistance appeared in P. foleipervn. Two initial focd of
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resistance developed sinmltaneonsly in Colombia and on the Cambodia-
Thailand border. From these loci, resistance spread throughout South
America and southern Asia. By the late 19708 chloroquine resistance
had reached Africa and has since spread across sub-Seharan Africa.

Other antimalaria drugs: The formula of Atabrine (mepacrine, & 9-amino-
acridine), was also soon solved by Allied chemists and it was produced
in large scale in the T.8. Tt immediately gained widespread acceptance
as an excellent therapeutic agent. After the experiments of Brigadier
N. Hamilton Fairley in Australia in 1043, it was also found to be nse-
ful as a prophylactic agent, protecting the troops in malarions areas.
[t is no longer used in view of many undesrable side effects. The
sucress of chlorogquine led to the exploration of many (nearly 15000}
compounds in the United States and another 4-aminoquinoline Camo-
quin {amodiaguin) was discovered. Studies on 8-aminoqninolines led to
the discovery of Primacquine by Elderfield in 1950. Meanwhile, British
investigators at ICI also carried out extensive studies on malaria drugs
and Curd, Davey and Rose syntheslsed antifolate drugs proguanil or
Paludrine (chlorgnanide hydrochloride) in 1944 and Daraprim or Mal-
ovide (pyrimethamine) was developed in 19562. However, resistance to
proguanil was observed within a year of introduction in Malaya in 1947.
P. falciparwm strains resistant to pyrimethamine, and cross-resjstant to
proguanil emerged in 1953 in Muheza, Tanzania. Sulfadaxine-pyrimethamine
combination was imrodnced in Thailand in 1967. Resistance to this was
first reported in Thailand later that year and spread quickly thronghout
Southeast Asia and recently appeared in Africa,

Mefloquine was jointly developed by the U.S. Army Medical Research
and Development Command, the World Health Organization (WHQ/TDR),
and Hoffman-La Roche, Inc. After World War I1, about 120 compounds
were produced at the Walter Reed Army Institute of Ressarch and
WR142490 (mefloquine), a 4-quinoline methanol was developed. Its
efficacy in preventing and treating resistant P. falciparum was proved
in 1974-76 and was usefol for the US Army in Sontheast Asia and
South America. By the time the drag became widely available in 1985,
evidence of resistance to meflogquine also began to appear in Asia,

In 1998 a new drug combination was released in Australia called Malarone.
This is & combination of proguanil and atowaquone. Atovaguone be-
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came avdlable 1992 and was used with suceess for the treatment of
Prneumocystis earrinil. The synergistic combination with proguanil is
found to be an effective antimalarial treatment.

Ii is important to note that the plant-derived drugs have cutlived many
of the synthetic drugs, to which reslstance has developed.

2.2 Imsecticides and bed nets

As early as 1825 Michael Faraday reported to the Royal Socisty of London
the formation of benzene hesachloride, However, 1t had to wait for more than

115 years to becomne useful as o pesticide. The use of chemicals to coutrol
troublesome insects so as to save food aops started by mid 19th century.
Paris green was nsed as an msecticide in 1867. Production of pyrethmm,
which 15 & natural insecticide derived from the chrysanthemum Bower, started
in the US by 1870, In 1883, Petrolaun was first recommmended in the TS for
inseck hites and stings. By 1897 ol of citronella was used as insect repellent,
Pyrethrum was frst vsed by Willisan Gorgas in Cuba where it was burned
inside sealed dwellings, In aromnd 1910, the German scientist G, Giemsa was
experimenting with different ways of using pyrethrum and developed a way
of spraying pyrethrum on walls with a spray pump. This method took over
two decades to catch on, and i wag used with grent succeag In South Africa
for the comtrol of malaria on sgar estates. In 1920 Oilsoaked sawdust was
firat. recoanmemded for mosquito control and Paris green was comsidered as
a mosgnito larvicide. Paris Greem was first used in malaria contral in the
1920z, It was used m cowrtries like Tndia, South Africa and Brasil.

In 1924, Paris green dust was applied to swamps in Louisiana for con-
trol of Anopheles mosquitoss. T 192, many chemicals were tested for
comtrol of msect-borns disease among Armed Forcss. By 1947, more than
13,000 such chemicals had been tested and classified, but the glory went to
Dmh]nrnﬁphenyltnnh]m*net -hate (DDT), resynthmimdhyPaulMullam
1939; In 1943, Van Linden gave the name lindane to the pesticide made with
the active isomers of the benzene hesachloride mixture.

DDT was first synthesized in 1874 by & Vienoese pharmacist, Othmear
Zeidler, he did not mvestigate the properties of the new substance tut simply
published his synthesis. Then in 1939 in Switzerland, Paul Mueller of the
Geigy Company, resynthesized this compound and discovered its insecticidal
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properties, The Geigy Company began to market the substance in 1940-41
ag a 5% dust called Gesarol spray Ingecticide and a 3% dust called Neoedd
dust imsecticide. The now universally used name, DDT, was first applied by
the British Ministry of Supply in 1943. DDT was first added to U.S. Army
supply lists in May 1943. Gahan and colleagnes, in Angnst 1943, made the
first practical tesis of DDT as a residual insecticide against adult vector
moscuultoes. The first feld test In which residual DDT wasz applied 4o the
interior surfaces of all habitations and outbuildings of a community to test its
effect on Anopheles vectors and malaria incidencs was in Italy in the spring
of 1944, This expeciment was carried out In the town of Castel Volturno at
the mouth of the Voltwrno River, north of Naples, by the Malaria Control
Demonstration Unit of the Malazia Control Branch of the Public Health Sub-
Commission, Allled Control Commission, Italy. Spraying began on 17 May
1944, and this experiment, together with a second one started later in the
Tiber Delta area, lasted 2 years. The war needs and experiments greatly
accelernted s acceptance and use and led to the discovery and application
of similar msecticides such as benzene hesachloride and dieldrin.

Tse of mosquito nets hag been dated to prehistroic thmes. Tt s said thag

Cleopatra, Quesn of Egypt, also slept undsr a mosquito neb.
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It should be said that the first intervention against malaria, that led to the
ancient Roman drainage program, was borne out of the association of the
disease with stagnant water (breeding grounds for Anopheles). It is said that
Emperor Nero drained the swamps near ancient Rome, in order to rid the
city of malaria.

3.1 First eradication campaign and setback:
1955-1978

Many drugs were developed to protect the troops from malaria, particularly
during World War 11, Chloroquine, Primaquine, Proguanil, amodiaquine and
Sulfadmdne/Pyrimethamine were all developed during this time.
Following World War 1I, with the success of DDT, the advent of less
toxic, maore effective synthetic antimalarials like Chloroquine (embedable in
household salt), and the enthusiastic and urgent belief that time and money
were of the essence, the World Health Organization (WHO) submitted at the
World Health Assembly in 1955 an ambitious proposal for the eradication of
malaria worldwide[58, 43, 24]. Eradication efforts began and focused on

¢ house spraying with residual insecticides,
» antimalarial drng treatment, and
o surveillance,

and would be carried oub in 4 snccessive steps:
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1. preparation,

2. attack,

3. consolidation, and
4. maintenance.

Sneeesses inchude elimination in nations with temperats clonates and sea-
sonal malaria transmission. Some countries such as India and Sri Lanka
had sharp redunctions in the munher of cases, followed by mereases to sub-
stantial levels after efforts ceased. Other nations had negligible progress
{(such as Indonesia, Afghanistan, Haiti, and Nicaragua). Some nations were
excluded completely from the eradication campaign (most of sub-Sabaran
Afyica). Sub-Saharan Africa was not ncluded (or even ignored) due to its
masgive reservoir of malaria and insulficient infrastrocture to support the
programums.  The emergence of drug resistance, widespread resisbance to
available insecticides, wars and massive population movements, difficulties
in obtaining sustained hunding from donor countries, and lack of commumity
participation made the long-term maintenance of the effort untenable. How-
ever, by 1949 mosquitoes registant to DDT and other new insecticides were
found. In 1962, Rachel Carson published Silent Spring. In it, she discussed
the decline in certain regions of the United States of the America robin, due
to its consumption of earthworms that were laden with the DDT used in
massive amounts to combat Dutch elm disease, Carson’s book sthomlated
widespread public concern about DDT and other pesticides, Through a se-
ries of legal hearings in the United States instigated by lawyers and scientists
working with the Environmmenrtal Defense Fond, DDT was eventually banmed
or severely restricted in most states. In 1972, the U.S. Environmental Pro-
tection Agency banned all DDT uses except those essential to public health.
Similar bans were instituted by Sweden in 1969 and later in most of the
developed conntries.

Completion of the eradication campaign was eventually abandoned. But
DDT is still being used in some developing couniries to control malaria, but
the debate is contimming, This studies have shown that Dichlorodiphemyl-
trichloroethane (DDT) is a powerful organo-chlorine pesticide against insect
vectars of diseases such as malaria and typhus. No other chemical produet is
as effective and affordable as the DDT in repellng mosquitoss from homes,
exterminatmg or disorientating msects that are not killed or repelled and
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largely eliminating their urge to bite in homes that have been treated once
or twice a year with tiny amounts. Due to its effectiveness and cost-wise
advantage aft killing insects, DDT, before being banned, has been & mainstay
to fight malaria world-wide. DDTs careful and intelligent usage has helped
recently Jamaica to be malaria free. In another studies in favour of the ban
of DDT, it was found that prenatal exposure to DDT coanses developmental
delays. A recent study also showed that in—ukero exposure to the organc-
chlorine pesticide dichlorodiphenyltrichloroethane and its treakdown prod-
uct, dichlorodiphenyltrichloroethane, indicate that exposure is associated
with poorer infant, (fmomths and older) and child nenrodevelopment[31, 109].
Another study showed that polybrominsted diphenylethers (PBDEs) and
polychlorinated biphenyls (PCBs) ¢an interact and enhance developmental
nenrabehavioral defects when the exposure occurs during a critical stage of
necnatal brain devalopment[80]. So the ahove dangers that ean result from
the usage of DDT with a potential of abiering the destiny of the npeoming
generations of the nations where it is persistently used without proper in-
frastructure is another motion in the continning support of the ban of DDT.

For now, the goal of most current National Malaria Prevention and Con-
trol Programs and most malaria activities conducted in endemic countries is
to reduce the mumber of malaria-related cases and deaths. To reduce malaria
transmission to & level where it is no longer a publie health problem is the
goal of what is called malaria ® control.”

3.2 Present malaria situation

The graphical distribution of malaria world-wide is shown in the Figure be-
lowwr:

And the distribution with respect to, where chloroquine Is no more effec-
tive is shown in Fignre 3.2 below.

Malaria affects more than 2400 million people representing over 40% of
the world's population, in more than 100 countries in the tropics from South
America to the Indian peninsula. The tropics provide ideal breeding and
living eonditions for the Anepheles mosquito, and hence this distribution.

Every year 300 million to 500 million people suffer from this disease (90%
of them in sab-Saharan Africa, two thirds of the remaining cases ocour in
six countries- Indian, Brazil, S Launks, Vietnam, Colombia and Solomon Is-
lands). WHO forecasts a 16% growth in malaria cases anmally. About 1.5
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Figure 3.1: Distribution of malaria world-wide. [96]

Figure 3.2: Distribmtion of malaria world-wide with locations where Chloro-
quine is no more effective. [66]
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million to 3 million people die of malaria every year (B5% of these ocenr in
Africa), accounting for about 4-5% of all [atalities in the world, This can
be graphically explained as crashing sixteen (16} air-tuses loaded with 500
people on a daily basis of the year. One child dies of malaria somewhere in
Africa every 20 sec., and there iz one malarial death every 12 sec somewhere
in the world. Malaria kills in 1 year what AIDS killed in 15 years. In 16
vears, if 5 million have died of AIDS, 50 million have died of malaria.

Malaria ranks third among the major infections diseases in causing deaths-
after pneumococeal acute regpiratory infections and tuberculosls. It is ex-
pected that by the twn of the century malaria would be the mmmber one
infectious killer disease in the world. It accounts for 2.6 percent of the tobal
disease burden of the world and it is responsible for the loss of more than
35 million disability-adjusted life-vears each year. Every year 30000 visitors
to endemic areas develop malaria and 1% of them may die. The estimated
global anmal cost (in 1995) for malaria is US$ 2 billion (direct and indirect
cogta, including Joss of labour). And the estimated worldwide expenditore
on malaria research ia USS 58 million, which is one thousandth of the US$
56 billion spent globally on health research annually. A total of US § 84 mil-
lion is the estimaded anmial expenditure on malarda research, prevention and
treatinent. A glemming scenario of how madequate the malaria treatment
development initiative has not been presently well funded is shown in the
following figures. The estimated worldwide expenditure per malaria fatality
is B 65; as compared to § 3274 for HIV/AIDS and $ 739 for asthma. That is
to say, one HIV/AIDS death is equal to about 50 malaria deaths!

Farly and effective chemotherapy for malaria has a pivotal role in reduc-
ing morbidity and mortality especially since a vaceine is unlikely to einerge
within the next decade. Multidrug resistance has been reported from most
parts of the world and as a result, monotherapy or some of the available
combination chemotherapies for malaria are edther ineffective or less effective.
MNew antimalarial reghmens are, therefore, nrgently needed and antimalarial
combination chemotherapy is widely advocated. Antimalarial combinations
can increase efficacy, shorten duration of treatiment (and hence increase com-
pliance}, and decrease the risk of resistant parasites arising throngh mntation
during therapy. Combination therapy with antimalarial drogs is the simul-
tapeous use of two or more blood schizonbocide]l dregs with ndependent
modes of action and different hiochemical targets in the parasite. The con-
cept of combination therapy is based on the synergistic or additive potential
of two or motre drugs, to improve therapeutic efficacy and also delay the

25




Covenant University Inaugural Lecture Series. Vol. 1, No. 1, March, 2011

26 Eradicatiom efforts worldwide

development of resistance to the individual components of the combination.
Artemisinin based combinations are known to improve cure rabes, reduce
the development of resistance and they might decrease transmission of drug-
resistant parasites. The total effect of artemisinin combinations (which can
be simmltaneons or sequential) is to reduce the chance of parasite recrude-
geence, reduce the within-patient selection pressure, and prevent fransmis-
gion. Tn Zambda, for example, convineing evidence of the failing eflicacy of
chloroquine resulted in the initiation of a process that eventually led to the
development and implamentation of a new national drug policy based on
artemisinin-lased combinational therapy (ACT)[91].
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Antimalarial efforts
(elsewhere): state or under
development

Recent increases in resources, political will, and commitment have led again
to discussion of the possibility of malaria treatment and control and, ul-
timately, eradication. This new dispenciation has been arguebly pursued
rigoriously by Bill and Melinda Gates Foundation.

A mumber of solutions for the treatment of malaria are in development.
Principal among them is the late-stage trials malaria vaccine, RTS or Mosquirix
for children, driven by the Pharmaceutical giant, GSK, but its effecfiveness
declines slightly over time. A semi-synthetic version of the antimalarial drug
artemisinin developed (development started Dec., 2004) by UC Berkeley’s Jay
Keasling is moving out of development into full-scale production by sanofi-
aventis Pharmaceutical. This has been made possible by a $53.3 million
grant from the Bill & Melinda Gates Foundation, The dmg, produced by
genetically engineered bacteria, is much cheaper than the plant-derived drug
available today. It is yet unknown how resistance of the parasite will play
out for this drug as resistance of the parasite to the plant derived one exist
and biological mode of actions of the drg is unknown.

In the sections that follow, we will briefly give an enumeration of other
initiatives.
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4.1 Antimalarial drugs

We provide an overview of antimalarial drugs development elsewhere. This
overview is taken fram the Osamor Ph.D thesis[78] and Winzeler pemspectives
in [113].

Dirugs are chemicals or other sabstances that alter the fanetion of an or-
ganism and are referred as medicinegs or therapentic drugs when used for the
prevention, treatment and alleviation of diseases as opposed to other hard
drugs, such as opiates, which are nsed illegally. Dimgs can be derived from
plant, mineral, animal, or synthetic sources. Many early folk medicmes, in-
clnding aspivin, opinm, and quinine were detived from plants. Minerals nsed
as medicines include boric acid, Epsom salta, and iodine. Many hormones
used to treat a bodily malfunction include insulin for diabstes, or growth
horinone to promote proper hnan development. The table below shows the
list of some available malaria drugs as they evolve with time and fail due to
resistance, non-vompliance, safety and formnlation issmes|160].

Drug Reg.(Yr) Organizations
Meflogrine 1984 Hoffinan La Roche, WRAIR
Halofankrine 1988 GSK, WRAIR
Artemether 1997  Malariaone Poulenc Rorer, Kunmig/TDR
Artemether-lumefantrine 1999 Novartis
Atovagnone--proguanil 2000 GSK
Artemotil (beta-artesther) 2000 Artecef, WRAIR [ TDR
Chlarproguanil-dapsone 2003 GSK / TDR
Artesunate- Amodiagquine 2007 Sanofi-Aventis /DNDi

Table 4.1: Some Awailable Malaria Drugs Showing Evolution with Time.
The table also shows respective vrganizations involved in various antimalar-
ial drug development. GSK, GlaxoSmithKline; WRAIR, Walter Reed Atmy
Institute of Research, WHO/TDR, World Health Organization Tropieal
Diesenses Research.(Source: Nwaka, 2008[160])

Natural prociets are the sonrees of the two moest important drogs enr-
rently svailable to treat severe P, foleiporum malaria, quinine snd derivatives
of artemisinin. In the case of artemisinin, relatively simple chemical modifi-
cations of the natural product parent compound have led to a series of highly
potent antimalarials that are playing an increasingly important role in the
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treatment of malaria[161]. However, the cost of these compounds may be
limiting, and so efforis to design fully synthetic endoperoxides that are less
expensive to produce are an important priority[162, 163].

Artesunate has been studied in combination with both sulfadoxine/ pyrimeth
and amodiaquine[165] in Africa, with good efficacy. Rosenthal[166] stated
that artemisinin analogs, in particular artesunate and artemether, have re-
cently shown great promise as rapidly acting as potent antimalarials, but the
ghort hall-lives of these compounds lead to many late recrndescences after
therapy, as seen with artesunate/sulfadoxine/pyrimethamine in Uganda{167]
mugpesting that combination therapies are necessary to fally exploit the po-
teney of this class.

Ideally, & combination regimen that prevents resistance development shonld
include at least two agents against which paragite reglstance has not yet de-
veloped and which have similar pharmacokinetics, so that low blood levels
of a single agent will nat be present. No such ideal regimen i= enrrently
available, although cllorproguanil/dapsone/artesunate may prove o fit this
description. Aléernatively, the combination of a short-acting, highly potent
compound and a longer-acting agent may prove effective, if the initial de-
crease in parasite burden is so great as to limit subssquemt resistance devel-
opment to the long-acting agent (e.g. artesunate/mefloquine), As another
alternative, two diugs with similar pharmaeokinetics may prove effective
even if resistance to each agent is preseni In the comnmmily (e.g. amodi-
aquine/mlfadoxine/pyrimethamine). Relatively slow-acting antimalarials {e.g.
antibiotics) in combinations like quinine and doxycycline may be effective[166].

Initintives like Medicine for Malaria Venture (MMV) had projects with
drugs at various stages of development as of second quacter of 2008 (shown
in Figure 4.1 helow). From figure 4.1, we have the cherry taste and powdery
form of Coartem dispersible (from Norvatis), newly formmlated for children
now ab regulatory stage and waiting to be recognized for nsage come late
2009. Also Azithromyein € is formulated to be safer antimalarial at preg-
ADCY. They all pass from exploratory to regulatory stages drug development
pipeline.

It is important to note that among drugs at various stage in MMV are
enzymatic pathways formd not in humans. The approaches used to find these
sibes are based on genome analysis, therefore, similar to our approaches, The
MMV ig also at the same stage we are at onr antimalarial doogs diseovery
program: discovery of novel inhibitors to interrupt some of thess pathways,
such as the non-mevalonate pathway of isoprenoid biosynthesis[168].
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4.2 Insecticides and bed nets

Indoor residual spraying (TRS) with insecticldes and the insecticide-treated
bed nets (ITNs) are mainstay tools for malaria control. IRS with DDT have
been respongible for the elimination of malaria from many conmtries[95]. And
more recently, [TNs have become a leading tool for malaria control[111] and
Pyrethroid insecticides are the preferred choices[86, 63, 98]. DDT was banned
due to its damaging effects (in particular, when used in areas with open
pukers, which are preminent features in areas, where presently the malaria
challenge is more severe) on non-targets organisms, like hnmans, birds, etc[26,
31, 109, 80, 45, 51]. Apart from this, as in the last century, one of the
major challenges to either IRS or the ITNg is the emergence of evolution of
insecticide resistance in Anopheles populations[98, 63, 102, 86).

Presemtly, insecticides recommended for malaria control by the World
Health Organization (WHOQ) represent just four elassea of compomd for
IRS and just one class of conponnds for ITNs[71, 25]. Tb manage resis-
tance, a munber of strategies have been developed, but resistance manage-
memd requires on-going survelllance and a level of application management
that is frequently problematic in regions where the malaria challenge is most
prevelant G0, 22]. Therefore, there is a new renewed effort to identify new
insecticidal eompounds for nse in malaria control[46, 119].

4.3 Vaccination

Vaccinafion has been the most cost-effective health intervention for s range
of infectious diseases, and this should one day include malaria. An overview
on the state of antimalarial vaccines can be found In [120, 121].

Most licensed vaceines generate antibodies against extracellular pathogens,
which ean be aceurately measired and often correlate with protection. Such
vaccines comprise whole inactivated microorganisms or, increasingly, parts
(or subunits) of microorganisms with appropriate adjuvante. As early as
1967, experimental inmminization with irradiated sporozoites was shown to
generate protective immmnity [12]. Proof-of-concept demonstrates that pro-
tection can indeed be induced through wsecinstion with a subunit vaccine
was recently obtained in children [13,14]. From [129], we noted that protec-
tive inumuity can. be generated by imuunization with rradiated sporozoites,
by allowing infected and irradiated mosquitoes to take blood meals on hu-
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man volumtesrs. T cells against liver-stage aptizens are considered the main
immune affectors in thie case. Howewver, the precise nature of the immmme
responses (effector mechanlams, antigen specificity and magnitade) that di-
rectly reduce or prevent malaria are unknown, and are often poorly modellad
in animals[120]. This makes the search for a malaria vaccine all the more dif-
fienlt. Furthermore, despite the P. falciparem genome sequemes being known
and many stage-specific antigens having been identified, there are differences
in opinion over the appropriate antigen o ba incorporated imto a vaccine, and
indeed over whether a vaccine should inclnde maltiple antigens snd whether
these should be from different stages of the lifecvcle, However, antigens are
usially assessed, nitially at least, one at a time.

Several lines of evidence suggest that a prophylactic malaria wvaccine
for lmmans is feasible. Firstly, immunization of naive human voluntears
with irradisted (and thus attenuated)} sporozoites was shown to confer 90/%
gterile protection against experimental infecion following laboratory-bred,
spormzoite-infected mosquito bites [36,37]. Secondly, maturally acquired im-
munity progressively builds up during the first two decades of life in people
living in malarda~-endemic conntries. This immunity primarly impacts the
severlty of clinleal disense, and appeats to be linked to continnous antigenic
stimmlation, waning rapidly when exposure ceases [10,38 39]. Thicdly, protec-
tion has been elicited by passive tramsfer of hyperimmme mmunoglobulins
from malaria-immme adults into malaria-naive human volunteers [11).

However, progress in developing a malaria vaccine has, however, remained
glow [15]. This is in part due to the fact that the Plasmodium parasite has
more than 5200 genes that could code for a protective antigen [16,17],
making identification of camdidate waccine antigens a real quagmire, which is
rendered even more complex by the fact that thess antigens are differentially
expressed during the ife-cycle of the parasite and that many of the antigens
display a high degree of variability, Moreover, the same aptigens can be de-
veloped into different types of vaceines in a wide variety of ways. Thus, more
than 50% of the approwimately 76 candidate vaccines in active development
today, are based on just three antigens that were cloned 20 years ago [18):
the crenmsporozoite protein (CSP), the merozoite smrface protein (MSP)
and the apical membrane antigen 1 (AMA1) [19 21].

The traditional approach to develop malaria vaccines has focnsed on the
targeting of one of the different stages of parasite development, whether the
pre-erythrocytic, the asexual (infra-erythrocytic, blood stages) or the sex-
ual stage, Pre-ervihroeytic vaccine strategies aim to generate an antibody
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response able to nentralize spovozcites and prevent them from mvading the
hepatocyte, as well as to elicii a cell-mediated immme response able to in-
terfere with the intra-hepatic multiplication cycle of the parasites, a.g. by
killing the parasite-Infected hepatocytes. This type of vaccine would be ideal
for travelers becanse it wonld prevent the advent of any form of clinical dis-
ease, Asexual hlood-stage (ervthrocytic stage) vaccine strategies aim to elicit
antibodies that will inactivate merozoites and/or targst malarial antigens ax-
pressed on the RBC surface through antibody-dependent cellular cytotoxdieity
and for complement, lysis; and also are meant to elicit T-cell responses able
to inhihit the development of the parasite in RBCs. By decreasing the expo-
pential multiplication of merozoites, this type of vaccipe wonld mostly serve
as a disease-reduction wvaccine in endemic countries [40]. As for vaccines that
target the sexual stage of the paragite, they do not alm to prevent illness
or mfection i the vaccinated individual, but to prevent or decrease trans-
mission of the parasite to new hosts. This transmission-blocking vaccne
can be seen as a true altruistic vaceine, Besides these classical approaches,
novel approaches being currently wndertaken include the development of an
irradiated sporozoite vaceine [41] and an anti-parasite toxin vaccine that
targets the parasite toxins which contribute to the disease, such as the gly-
cosylphosphatidylinositol (GPI) anchor. Recent promising results obtained
with knock-out sporozoites in mice will lilely lead to further developments
over the coming years [21,42.43].

From the foregone, vaccines nnder development (at highly advanced stages)
can be categorized into three, namely pre-erythrocytic, asexnal blood-stage
(exythrocytic) and multistage. Three others include the "transmission-blocking,
an rradlated sparozoite and an antk-parasite toxin vaccine respectively. A
table showing the first set and the stages they are (in development) is shown
helowr:

The major malaria vaccine fimding agencies are

# the NIH in the USA,
» the Welleoone Trust in the UK.,

» the European Union, eithar directly through the Europesn and Devel-
oping Countries Clinical Trials Partnership (EDCTP) or through the
European Malaria Vaceine Initiative (EMVT),

» USAID,
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Figure 4.2: Human malaria vaceines in recent or current clinical development.
AdHu3b, human adenovirus serotype 35; AMA, apical memhrane antigen ;
BPRC, Biomedical Primate Research Cemtre; CSF, circumsporozoite pro-
tain: FP, fowlpox: GLURP, ghitamate-rich protein: GSK, GlaxoSmyithKline:
ME-TRAP, mmlti-epitope thrombospondin-related adhesive protein; MSP,
merozoite surface protein; MVA, modified vaccina virns Ankara; NIH, Na-
tional Institutes for Health; SST, Statens Serum Instibite; WRATR, Walter
Reed Army Institute of Ressarch.
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» the Malaria Vaccine Initiative (MVI) at PATH,
s the Bill and Melinda Gates Foundation and
o WHO (through TDR).

In addition, the African Malaria Network Trust (AMANET) and the Malaria
Clinical Trial Aliance (MUTA) vecently were established to build up the
capacity to plan and coondinate malaria vaceine trials in Africa. It is to
he noted that the recent infusion of public and private funding for malaria
vaccine development has greatly accelerated the pace st which candidate
malaria vaceines are entering the clinie. Increased collaboration and cooper-
ation among key research stakeholders in the malaria waceine field also has
played a role in this trend. A recent international consultative process that
engaged vaccine researchers, experta and donors has resnlted in a Hoadmap,
which outlines a strategy for the development and licensure of an effective
pediatric malarla vaccine by 2015 and a more broadly effective vacelne by
2025,

4.4 Usage of genetical modified mosquitoes

The usage of genetically modified mosquito that has refractory to frans-
mission of the pathogen has been considered[15]. Recently, important tech-
nical advances, which meclude germ-line transformation of mosquitoess, the
characterization of tissne-specific promoters and the identification of effec-
tor molecules that interfere with parasite development, have resulted in
the produection of transgenic mosquitoes incapable of spreading the malaria
parasite[15]. However, in order for Plasmodium-refractory mosquitoes to be
effective, they need to be able to thrive in the wild and compete snccess-
fully with their wild-type counterparts. One major concern about the uss
of these engineered mosquitoes is whether the modification would be stable
long-term([15]. Even thongh the possibility of genetically modifying mosquito
vector competence has been well studied in the laboratory, much work is
still needed to develop strategies for the release and survival of these engi-
nesred mosquito populations in the field. In a recent study, it was reported
that when fed on Plasmodium-infected blood, transgenic malaria resistant
moaquitoes had & gignificant fitness advantage over wild-type mosquitoes[69].
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In another application, interest had been in the possibility of convert-
ing mosquitoes from anthropophily to soophily by the manipulation of their
odour receptors.  But genarally still, the long-termn fitness of these trans-
genic mosquitoes i tokality and their ecological implications is not known.
And the last straw, the political and social implications in the areas of lm-
man habitation are also other ismes that will definitely stand tall to hinder
deployment.

Recently, SIT (Sterile Insect Technique), one of the posaible usages of
muclear radiated treatment, has been used to wipe out tsetse flies by a re-
search team from the (The International Atomic Energy Agency, Vienna ,
Austria) in Zanzibar Island[82]. The methodology iuvolved developing meth-
for tsetse flies, and finally entomological and veterinary analysis to moni-
tor the projects progress. Possibility of applying this technique to eradleate
moscuitoes is currently being considered. In a personal commmmication, the
International Atomic Energy Agency (IAEA) listed a munber of hindrances
as regards their capability to deploy genetically-modified mosquitoes in Nige-
rlan cities and villages.

The SIT {Sterile Insect Technique} has been applied to several insects in
different countries. In addition to its application to the eradication of teetse
fiy in Africa - Zanzibar Island, SIT has already been successfully applied for
fruit Hies (USA and Latin America) and screwworm (USA, Libya). Feasi-
bility studies for the contrul of the mosquito Anopheles albimams and A.
stephens using STT were conducted respectively In El Salvador and in India
in the 19708 bk not completed and the potential of the method is therefore
unkunown,
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It has been noted[94] that a combination of new antimalaial drugs and
vaceines with efficient vector control measures will be required to halt the
transmission of malaria in the affected areas of the world. Evident is also the
fact that from most pert of Burope and north America, 1955 - 1969, malaria
was eradicated using diligently & combination of Chloroquine (synthesized for
example, into the bousehold salt) and DDT with provision of infrastructures
that allow application of DDT to breeding areas without undue expaosure of
DDT to man[58, 43]. At Covenant University, we are developing tools that
will enahle us to generate this kind of combination for deployment, starting
with Nigeria at the National level. It is expedient to state here that one
of the tools an evolution-proof insecticide is designed to be equipped with
the effective capahility of DDT but designed to target only malaria infected
mosquitoes. This way, notwithstanding several breeding areas based on our
struggling infrastructures, after deployment, we will soon have mosquitoes
free of malaria.

For malaria research, irrational drugs design include the traditional search
for a viable inhibitor compound, synthesized nsing medicinal chemistry or ex-
tracted from medicinal plant, the parasite is then druged via in-vivo and/or
in-vitro experiment with the compommid. To date, this kind of antimalaria
treatment development has given birth to cinchona alkaloids, ginghaosu,
chloroquine, chloroguanide (proguanil), amodiaquine, pyrimethamine, meflo-
cuine, artemisinin and its derivatives and halofartrine[104].

The following illustrates drug design history (with emphasis on methods
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and the dimgs obtained via these) from pre-1960 till date:
& Pre-1060

— Serendipity. chlordiszepcxide (librium), aspartame (sweetener),
ether, acetylsalicylie acid, dicowmarol, ete.

— Clinical observations. warfarin, LD (hallucinogenic instend
of cardioveseular activity), iproniazid (antidepressant instead of
tuberculostatic activity), ete.

— Natural products. quinine, taxol, morphine, digitaline, ete.

« 1960-1980

— Structure-Activity Relationships & screening. Most mod-
ern drugs

e 1980-1995

— Rational design: ligand-based. enalapril (high blood pressure
and heart failnre), cimetidine
— Rational design: protein-based. HIV-1 protease inhibitors,

o 10905-present

— Automated High-Throughput Screening (HTS)

— combinatorial chemistry

— genomics & proteomics

in clinical development
Taking advantages of penomics (for the malarie parasite, P. faleiparumn]42])
and integrate-able data, such ag the biochemical metabolic networks[23, 44,
57], microarray[64, 18], protein-protein interactions[62] ete, we have been
able to encapsulate using biomformatics approaches and thus rationally, the
malaria’s parasite (and recently mosquito) static and dynamic states. Novel
and complex compuiational techniques(1, 3, 36, 37, 38, 73, 21, 5, 6, 59, 39,
75, 76, 77, 7, 8, 9, 10, 74] are then built to search for efficient antimalarial
drug and insecticidal targets. Using medicinal chemistry[85] or plant directed
by computational approaches[35, 87] (that include virtual screening and
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docking{93, 101)), efficient inhibitors directed at these targets are devel-
oped (see the Figure below) and then teated biologieally in an in-wivo and for
in-vilro experiment.

Drug Binding

+« Drugs bind 1o
proteins by lock

Figure 5.1: This picture shows how inhibitors bind o proteins.

The generation of the picture is gimilar to the fitting of a puezle, This
conglsts of the fitting together receptor (for example enzymatic site) and a
ligand (inhibitor} by checking all relative receptor/ligand pasitions|61, 35).
This can be graphically illustrated using figure 5.2.

Success story in this divection is LuxS-a metalloenzyme involved in bacte-
rial quornm sensing (a form of hacterial intercellular commmication). LuxS
is & target in Structural GenomiX pharceutical antibacterial therapeutic pro-
gram. Figore 5.3a shows it bounded to the small molecule methionines, Fig-
ure 5.3b deplcts the disphosphonomethyl group of one of Aried pharcentical’s

compomnds or drugs docked in the receptor binding site of Sre SH2. The
docking shown in this picture was made several months before the moleculs

wis gynthesised. Subssquent experimental data mdicated thet this predicted
binding mode to Sre SH2 waa carrect[18)].

Further examples[32] include protesss Thermolsyn and CDP inhibitor
(see Figure 5.4(a)), HIV-1 Protease binding to a ligand (see Fignre 5.4 (b)),
Biotin binding to Streptavidin and Benzamidine binding to Trypsin (see Fig-
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Checking “all” relative receptor/ligand positions

¢4 % 5y
PY vy o

Figure 5.3: a) LuxS is shown bounded to the small molecule methionine, b}
This picture depicted the disphosphonomethyl group of one of Ariad pharcen-
tical’s compomnds or drugs docked in the receptor binding site of Src SH2
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ure 5.5 (a)) and Thvp shows JG-865 honnd with the protease (see Figure 5.5
(b))-

Fignre 5.4: (a) protease Thermolsyn and CDP iuhibitor, (b) HIV-1 Protease
binding to a ligand

Figure 5.5: (a) Biotin hinding to Streptavidin and Benzamidine hinding to
Trypsin (b) Thvp shows JG-366 bound with the protease

Following the above steps, we are building very viable rationnl antimalaria
treatments. The effectiveness of early diagnosis and prompt treatment as the
principal technical componenis of the global strategy to control malaria is
highly dependent on the efficacy, safety, aveilability, affordability and ac-
ceptability of smtimalarial drugs. The effective antimalarial therapy not only
reduces the mortality and mocbidity of malaria, but also reduces the risk
of resistance to antimalarial dougs. Therefore, antimalaria chemotheragry is
the KEYSTONE of malaria control efforts. On the other hand, not many
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new drugs hive heen developed to tackle malaria: of the 1228 new drugs
reglstered between 1975 and 1996, only 3 were antimalarials[20]. Hence the
need for a rational antimalarin trestment. In the light of the above, very
advanced among our efforts is onr antimalaria drugs development prograan.
We hope to deliver via this program efficient, safe, readily available (apart
from the search for synthetic antimalarial agents[39], we are currently also
searching for bioactive compunds from “indigenous” medicinal plank[30]} and
acceptahle antimalarial druggs.

5.1 Bioinformatics in drugs development

Bioinformatics is an emerging field and is the modelling and application of
compmtational techniques to solving laborious biology problems, begining
with the like of proteins alignment to the more dgmrons like of protein 3D

Nowadays, the application of computer science to hiology can be summa-
rized in the following quotes: “Computers are fo biology what mathematics
is fo physies”- Harold Merowitz. The following Ggare shows the various dis-
ciplines in bioinformatics.

Disciplines in Eloinformatics

Fi 5.6: Discinlines in bioiuf 2
‘When we talk of drugs here, we are looking at drugs meant for hnmans
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and to rapidly kil malaria infected mosquitoes. We tale a brief at discussing
this from Roses[B4].

It tales an average of 7-15 years to get a drug to market. From having
the sites that encosde potential targets for drmgs (from onr antimalaria drmgs
development program, enzymatic sites(36, 37, 38], signalling pathways[73],
metabolic pathways[72] and transeription factors[21, 1, 5, 6, 11]) to actually
haoving o medicine that {interacts with that target imvolves a lengthy, expensive
and complicated pharmacentical pipeline that usnally requires several years
of basie science for target validation before chenical screening (see Figure 5.7
part ). Once there is a positive decision to jrogress a target, an effective
screening assay that can allow the high throughput of many thonsands of
known chemical entities must be designed and tmplemented. Molecules that
affect the target (hits) mmst then be evaluated for chemical properties and
potency hefore those that are worth pursning (leads) can be identified, syn-
thesiged, evaluated and modified for drug qualities (lead optimization (see
Fig 5.8)). When a lead is identified, considerable pre-clinical development
mmst also occur, particularly in the fields of toxicology, drug kinetics and
drug metabolism. All of these processes must oecur before the first dose of
any new molecule can be tested in hnmans (see Fig 5.7 part b and Fig 5.9).

Following initial clinical testing for safety i humans, the molecule an-
ters the mogt crucial phage, during which the desired ¢linical effect (that s,
efficacy) is addressed in a relatively small, bui still expensive, clinical trial
For example, if 100 patients participate in a Phase-1TA study at a minimmm
cost of US $10,000 per patient, the study would cost US $1 million. In our
program, the trial sites have been located in Nigeria, so cost is ex-
pected to drop drastically. Even after a molecule demonstrates efficacy,
more extensive dose-ranging studies, as well as stndies, cost several lndreds
of millions of dollars. With costs as high as this, only molecules for which
there is good evidence of efficacy and a reagonable biological rationale for its
mechanism of action are selected for full development.

5.2 Malaria control and eradication: A Bioin-
formatics approach

The overall goal of this project is to produce effective two high tech prod-
ucts for the comtrol and final eradication of malaria starting with Nigeria.
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Figure 5.7: Taking a drug to market: Step-by-step
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Lead Optimization to Get Saguinavir

=

1Cq =140 nM l
ICg =104 nM
Sagquinawir
-
WCuq =2 N

Figare 5.8: Lead optimization
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The malaria parasite needs man and the mosquito to comtime surving, For
smartness of presentation, this is depicted In the figure below:

Figure 5.10: The complete life cycle of the malaria parasite in man and the
mosquito[L03].

Therefore, our first targeted product (from praject 1}, a cuisine of an-
timalaria drugs (design and production cost is expected to be cheap, to
enhance national large scale usage possibility, for example, should be em-
beded into the household salt) i to allow rapid cure of malaria in bumans.
This i to reduce t0o zero the chance of an uninfected mosquito to be infected
after a bite. The secomd targeted product (from project II), an advanced
but human friendly pesticide DDT (a cocktail of agents) is to help
delete rapidly all malaria infeeted mosquitoes.

The expected resnlt of the successful execution and application of our
work will make Nigeria and eventually Africa, free of malaria infected humans
and mosquitoes like the western world. This vision can can also be depicted
in the following figure using the complete lifecyle of the malaria parasite in
man and the mosquito[103]:
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5.2.1 Antimalarial drugs and diagnosing development

Please note, onr products move from three processing phases that
include Bronze, Silver and Gold. At the latest (Gold) stage, the
productmreadyﬁu:hrgvprudmtmnandmmmarma]matmn

A. Anti malarial drugs design and development (Silver):

The task of developing druge (here, anti-malarial drugs) and taking them to
the market can be depicted in the following Figure[B4]. We indicated the
stage we are in owr development programn via this fgure,
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Figure 5.12: Taking a drug to the markst.

To develop effective but cheap drugs against the malaria parasite, we are
mining using novel in-sikico techniques various diug target sites, namely, en-
gymatic sites[36, 37, 38], signalling pathways[73] and transeription factors[21,
5, 6]. Initial in-vitro antiplasmodial assay experiments in Prof. Michael
Lanzer's laboratory at the University of Heidelberg, Germany[59) has been
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very successful on some of the enzymatic sites listed in [36]. This proved
that our in-silice techniques are correcé and mined potential drug targets.
Using our improved metabalic networks developed in [37), we have been able
to mine more accurately four (4) enzymatic sites (not listed in [37) and the
patenting of these potential drugs targets is in process) for which there are no
known inhibibors {potential antimalarial drags) to target them and for which
the biological mode of actions of assoclated bioactlve compounds will be en-
tirely known. This diseovery provides for the first time amtimalarial drug
target sites upon which a visble structural design pipeline is being baili.
And also provides a viable platform to optimize the fitting, of “ndigenous”
medicinal plants bioactive compounds via a ratiomal diugs design approach.
Further pre-clinical developmnent|39] is on-going to design and take successful
inhibitors (drugs) to the market,

In the sections that follow, we give some techical detailing our exploration
at arriving at the present resnlts above.

In-silico mining of enzymatic antimalarial sites[36, 37, 38]
Aim, significance and formulation of the problmm mathematically

In hiomedical research, a considerable amount of data has been generated.
Fimctional genomics of P. falciparum has been studied observed by the com-
plation of sequencing the genome[42], a variety of gene expression studies|19]
aml the setling up of a comprehensive metabolic reaction database[116].
Methodologically, such a reaction database can be used to comstruct and
systematically analyse a metabolic network by Imking pairs of reactions
for which the product of one reaction is the substrate for the olber. Such
metabolic networks have been analysed with geaph-based algorithms to iden-
tify drmg targets in pathogenic organisms. So the goal of our work here is
to integrate gemome-seale dats based on metabolic networks for identifying
esgential genes in the malaria parasite, P. faleiporum, that arve new effective
drug targets. The kind of genes we songht, can he depicted in the fipmre
helow:

Mathematical solution developed and results obtained

We used the data of the metabolic reaction database PlasmoCye[55] and de-

veloped an algorithm that analyses the topology of the metabolic network for
P. faleiparum. Basically, sach reaction in the network was deleted (knocked
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Figure 5.13: The knocked ouk reaction is a choke-point but may not be essen-
tial for the organism if the dashed lines enxdst in the metabolic network. Our
approach inspects the network for such deviations. Reactions are illustrated
as boxes, metabholites as circles.

out in silico), respectively. A breadth first search algorithm tested if the
neighbouring compounds of the knocked out reaction could be produced by
other reactions and pathways of reactions, In contrast to the choke-point
approach, we cheded the principle that deviations in the network could be
used to replace the knocked out reaction. Fig. 5.2.1 illustrates this. The
knocked out reaction is & choke-point, as metabolite D iz unigualy produced
by this reaction. Howewer, D) may not be essential for the mganism if E
and F can be produced naing A and B as substrates for reactions r4d and 2,
respectively {dashed lines in Fig. 5.2.1).

In the first mstance[36], all metabolic reactions were extracted from the
PlasmoCye database([55], htip://www.biocyc.org, Version 10.5). As de-
scribed elsewhere(56] a connected graph was established by defining neigh-
hours of reactions: two reactions were neighbours if a metabolite existed that
was the product of one reaction and the substrate for the other. This yielded
a bipartite graph of alfernating reaction and metabolic compound nodes.
Metabaolites that were highly connected and therefore pathwayr unspecific,
such as water, cxygen and ATP were discarded. This yielded a network with
554 metaholites and 575 reactions. As there was no information available,
each reaction was cousidered to be reversible. Runming our algorithm on
the resultant bipartite graph vielded twenty-two (22) predicted diug targets

B0
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{enzymes).
In [59], we re-constructed a metabolic network from PlasmoCye but re-

stricting to enzymes for which gemes were described either in PlasmoCye,
Malaria Parasite Metsholic Pathways (MPMP)[44] and HumanCyc]55], we
bumilt ancther metabolic network, PMH. Characterizing further topology
praperties and via the application of 4 pew machine learning approach based
on suppet Vector machine (SVM), we developed another approach for min-
ing more affectively our desired ensymatic antimalarial drug targets. This is
briefly encapsulated in the figure below:
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Figure 5.14: Machine learning based analyses om metabolle networls for

A test of onr new approach on 5. fyphimurinm yielded an exeellent result
as the assential penes predicted by our machine learning techuicue are the es-
gential genea deternrined by an experimental srreen. For the non-mwevalonate
pathway of 5. typhimuriwn, our finding is shown below:
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s The pathways of non-mevalonate are highly
enriched with essential genes in S. typhimurium
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Figure 5.15; Computated essential genes versug experimental screening de-
termined essential genes i the non-mevalonate pathway of S. fyphimurizm,

Using the above methadology on our new network, PMH, with the fore
knowledge of the twenty-two (22) predicted drug targets (enzymes)[36], four
{4) ont of these twerty-two (22) enzymes ware selected. Known inhibitor
compounds were found for the first two ensymes, while there exist no known
inhibitors for the last two. An m-vitro antiplasmodial assay experiments
were performed on a Plasmodium faleiparmm Dd2 strain in Prof Lanzers
lab, using one known inhibitor to target the first enzyme, while two known
inhibitor compounds were nsed bo target the second enzyme. Blocking the
first enzyme resulted in successtul desth of the parasite, while the bloddng of
the well being of the parasite. These regults are shown below in Fig, 5.16

Obwviously farther test is needed to evaluate the moportance of this first
enzyme i lman but the experiments indicated the workability and correct
prediction of potential drug targets by our computational technigque,

In another further work[37), noting that there are some reactions de-
fined in MPMP, which does not exist in PlasmoCye, we extended our PMH
petwork with these reactions using ouly the reactions, wheee formulating
compounds were listed on PlasmoCye. We hope to mchade in the near future

A2
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Figure 5.16: Blocking the first enzyme resmlied In snccessful death of the
paragite, while the blocking of the second ensyme vsing these two compounds
did not hamper significantly the well being of the parasice.
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the reactions that could be added now into our network after contributing to
the updating of the PlasmoCye. Running our compukational analysis on the
resulting network, PMH plus with other network variants (see Fig. 5.17 be-
low}, we obtained thirteen (13) predicted potential drug targets (enzymes).
We observed that a munber of dangling ends in the PMH network has been
closed up by the addition of these reactions, Again, from these enzymes,
all corresponding genes were compared to all proteins of the hnman genome
uging the web based BLAST[12] on the NCBI webeite.

Matabolic network data Data Analysis

— PlasmoCyc m :I—“‘r"“'“ﬂmr .
’ features for -+ Performance

“Network B |msh i and
f~——4Malaria Parasile | [_ — | M seleclion of
___ Metabolic Pathways | | [ NetworkC | a suitable
T e Krown drug —  network
== Natwark
_r;HumnnE'f: | i targets

Fignre 5.17: The workHow. Four reconstructed metabolic networks were
compared (A-D). Network A contained computationally mferred reactions
for Pf (from PlasmoCyc), Network B contained computationally inferred re-
actions for Pf and the human host (HumanCye), Networks C and D contained
only reactions for which engymes the coding genes wers known, C: network
for Pf (infirmation was extracted from PlasmoCyc and Malaria Parasite
Metabolic Pathways), D: network for Pf and the honan host. Topologi-
cal features for estimating the essentiality of a reaction were computed for
each reaction of these four networls. These predictions were compared with
Imown drug targets and the consistency taken for estimating the performance
of the network models.

Onut of these thirteen (13) enzymes (not listed in [37]), we fonnd fonr (4)
enzymatic sites (the patenting of these potential drugs targets is in process)

e for which there are no known inhibitors (potential autimalarial drugs)
to target them and

s for which the hiological mode of actions of associated bicactive com-
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This discovery provides
» for the first time antimalarial ding target sites apon which a viable
gtructural design pipeline is being built.

s And also provides a viable platform to optimize the fitting of “indige-
nous” medicinal plants bioactive compounds via a rational drugs design
approach.

Further pre-clinical development[39] is on-going to design and take snecessful
inhibitors (drugs) to the market.

Computational identification of signalling pathways in the malaria
parasite, P. falviparum{73]

Aim, significance and formulation of the problem mathematically

It is known[33, 52] that the ability to discover drugs or vaccine targets can
only be enhanced from our deep understanding of the detailed biology of the
parasite, for example how cells function and how proteins organize ko mod-
ules such as metabolic, regulatory and signal transduction pathways, also
noted iz that the mowledge of signalling transduction pathways in Plasmod-
ium i8 fundamental to aid the design of new strategies against malaria.

Biologically, a signal transduction pathway is the chain of processes by
which a cell converts an extracellular signal into a response. In most micel-
lular organisms, the nomber of signal transduction pathways mftuences the
mumber of ways the cell can react and respond to the environment.

Mathematical solution developed and results obtained

In Oyelade ef al,,[73], we used a linear-time algorithm for finding paths in a
network under newly constructed biclogically motivated constraints to mine
for the first time, chaing of gignal transduction pathways in P. falciparum.

To constract & protein-protein interaction nebwork, protein protein inter-
action data was ohtaimed from the work of LaConnt et al.[62]. Thelr results
comprise 2846 interactions between 1308 proteins of P. falciparum i its
intra-erythrocytic cycle. In addition to the protein-protein interaction data,
the transcriptional data from Le Roch et al.[64] and Bozdech et al[19] were
integrated to contributing to weighting the interaction reliabilities, depicted
by the edges of the interaction graph.

b5
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The snapshot of our results is presented m Tables la-le of [73] with
the overall results given in Tables 2-8 of [73] in supplementary materials.
From these resulis, we have been able to predict several important signalling

transduction pathways in P. falefparum, namely,

we have predicted a viable signalling pathway characterized in term
of the gemes respomsible that may be the PIPKB pathway recently
biologically elucidated by Vaid and Sharma[99] and Vaid et al.[L00].
The figure in Fig. 5.18 below encapsulated this.
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Figure 5.18: The Ca24/Calmodulin-PfPKB signalling pathway as biologi-
cally dissected by Vaid and Sharmaf29]. (b) The potential correspanding
Ca2+/Calmodulin-PfPKB signalling pathway of Vaid and Sharma[99] from

the protein protein interaction data of LaCount et al.[62].

— We obtained from the FIKK family, a signal transduction pathwey
that ends up on a chloroqnine resistance marker protein, which
indicates that interference with FIKK proteins might reverse F.
Joleipartem from resistant to sensitive phenotype.

— We also proposed a hypothesis that showed the FIKK proteins in
this pathway as enabling the resistance parasite to have a mecha-
nism for releasing chloroquine (via an affux process)[54, 53].

= Furthermore, we also predicted a signallmg pathway that may
have been responsible for gignalling the gtart of the invasion pro-
cess of Red Blood Cell (RBC) by the merozoites. It has been
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noted that the understanding of this pathway will give insight

into the paragite virulence and will facllitate rational vaceine de-

sign against merczaites invasion|[70].
The predicted pathways are shown in Fig.5.19 below. A stage specific
expression profile data for PFA0130c as obtained from plasmodb shows
{see Fig. 5.20 below) that this serine protease protain is highly expressad
at the ring stage for all the different cultures (HB3, 3D7, DD2) in
Bozdech et al.[19] and two 3D7 (sorbitol and temperature) in Le Roch
et al.[64] of the parasite used in experiments.

@ @
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Figure 6.19: Potential vital signalling pathways from the FIKK family pro-
teins as extracted into Table le. (a) Pobential chloroguine resistance sig-
nalling pathway snd (b) potential sipnallmg pathway that may have signal
the start of the invasion process of Red Blood Cell (RBC) by the merozoites.
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Fignre 5.20: A stage specific expression profile data for PFA0130c as obtained
from www.plasmodb.org
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» And we have a host of other predicted pathways, some of which hawve
heen used in this work to predict the functionality of same proteins in
the malaria parasite. Some of them are also depicted in the Figure 5.21

helow,
H-uuu
g d B LY
PEFuEne
C)
@ ALEFLI S

FFarliin

\I:L'ﬂ!ﬂ

Figure 5.21: Hypothetical fimetionsl predictions fom some predicted sig-
palling pathways from the FIKK fomily proteins as extracted into Table
1a[T3]. (a) P11.0342 was predicted to be a Merozoite Smrface Protein, (b)
PFEL605w, (¢) PFF0220w and (d) PFF1220w ss mcleus proteins and (e}
PFO7_0056 as a transcription facbor.

Computational identification of metabolic pathways in the
Alm, significance and formulation of the problem mathematically
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Metabolic pathways are processes by which the parasite produces the energy
and components it neads to survive. The formally popular antimalaria drug
Chloraquine, Inhibit multiple sites in metabolle pathways leading to neun-
trophil supernxide release. Currently, the popular antimalarial drog artemiginin
biological mode of action is controversial. Reports have shown that the para-
gite s prowing resistance to existing drngs. Therefore, there is a renew effort

to decipher clearly the metabolie pathways in P. foleipartm.
Mathematical solation developed and results obtained

Heze, we adapt the algorithm developed in Oyelade et al., 2010[73] to extract
linear pathways from P. falciparum metabolic weighted graphs (networks).
The weights are calculated nsing the metabolite degrees and relevant path-
ways are obtained wsing atom mapping information. We also adapt and
implement Scott et al., 2006[89] technique for extracting non-linear path-
Ways.

Recently, we did an initial ran of our algorithm (for fonr selected path-
ways: Pyruvate, Glutamate, Glycolysis and Mitochondrial TCA) on graph
from KEGG and compare onr results with the results obtained from aurent
algorithms: ReTrace and atommetanet. Our results compare favourably with
these two algorithms, Considering the results with genes classified inko these
pathways from Plasmodb, resulted into a lot of false positiveness. Further-
more, we compare the runs of our algorithm on graphs from KEGG and
PlasmoCye (from BioCyc). The results are remarkably different and the re-
sulis from PlasmoCyc produce less false positiveness when compared to the
results from Plasmodb. We identify 2, 1, 2, 4 gene(s) in addition to belong
to these pathweys respectively. Some of the genes have noi been classified
earlier to any known metabolic pathways

The goal in this project is to produce enzymatic pathways that are pos-
sibly not found in humans for our antimalarial drugs development program
preclinical stage.

Transcription Factor(s)-Target Detection in the malaria parasite
Plasmodivm faleiparum(6, 5, 2, 1, 21, 11]

Alm, significance and formulation of the problem mathematically

Recent review on the state of the art in malaria research can be found
in Tuteja[04] and Ballon and Cahill[13]. And a perspective on the inno-
vation application of systems biology to malaria research can be found in
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Winzeler[106]. Smce the "Fanctional Genomics Workshop Group' meeting
in Harvard, 2006, whose report was published in [34], several works[67, 41,
48, 116, 112] had attempted to solve many of the challenges identified by
the group as key to bringing about the nnderstanding of the biology of the
deadly malaxia parasite, P. folciporum. Key among the challenges to be
overcome is: identification of P. falciparum proteins involved in gene regqu-
latory mechanisms, Compulationally, about one-third of the transcription
factors (TFs) expected of the genome of the skee of P. falciparum was mined
in an earlier work[27, 16] but without the knowledge of the corresponding
binding sites. Further works have also computationally mined binding sites
from the DNA of P. faleiparum[116, 49]. Althongh site-directed nmtagenesis
has validated the importance of some of these motifs controlling promoter
activity[116], the transeription factors that hind to the DNA via these motifs
have remained generally obscure[106]. Few attempts have been done to ex-
perimentally extract Transcription factors sud their binding sites but these
are still significantly marginal to what remains nnlmewn[40, 118].

A result from Flueck et al[40] depicted below, what is expected to be
mined of Transcription Factor(s)-Tacget sites,

A review on the awvailable biological process made so far as regards this
and what to expect in the next ten years is contained in Horrocks ef al.[47].
The knowledge that these proteins interact with the genomic DNA
to bring the genome to life; and that these interactions also define
many fimectional femtures of the genome[50], which could be viable
drug targets, makes mining transcription associated proteins (TAPs) (other-
wise knows as transcriptional factors (TFz)) and their DNA binding sites a
vary important problem in malaria research. With this in mind, we have initi-
ated and completed previons works[6, 5, 2, 1] targeted to give us an excellent
leverage for the project expanded here. Briefly, our earlier works[6, 5, 2, 1]
has focussd on the extraction of simple motifs (these finds application in
prokaryotic organiem) and complex motifs (these finds application in Eu-
karyotic, e.g., the malaria parasite, P. falciparum).

Mathematical solation developed and results obtained

In a step-wise apporach to reaching the goal of extracting in a large scale tran-
seription Factox(s)-target in the malaria parasite Plesmodium folciparum,
we did a microbial of what is expected in [21]. In this work, we provide
computational insight into the regulation of P.f. geoes in glycolysis and

fil
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Figure 5.22: Competition EMSA using recombinant SIP2-N-HIS B deter-
mined the minimal sequence requirements for binding of PESIP2-N to a BPE2
consensus gite. PISTP2(PFF0200¢ from plasmolYB) is a transcription factor
and abeove iz ite binding sites.




Covenant University Inaugural Lecture Series. Vol. 1, No. 1, March, 2011

5.2 Malaria eontrol and eradication: A Bioinformatics approach i

apicoplast patlways, in an attempt to elucidate the modalities of their reg-
ulation. Glyeolysis is a crucial pathway in the maintenance of the parasite
while the recently discovered apicoplast contains a range of metabolic path-
ways and housekeeping processes that differ radically to those of the host,
which makes it ideal for drng therapy[88]. The time series data set used
here is obtained from the work of Bozdech et al., 2008[19]. This data has
been shown to compare very well with other existing data sets for Plasmod-
ium falciparum and other Plasmodium specleg[117, 65]. For the glycolsis,
from www._plasmodb.org, we harvested the twenty genes that are known to
be mmvolved at the glycolysis pathway and found eighteen (18) of these in
the dataset of Bozdech et al., 2003[19]. We averaged the vahies from mmhi-
ple oligomclectides representing same gene. For the apicoplast, we obtained
a complete Hst of twenty-seven (27) genes presently known to be involved
from the DeRisi laboratory website and do the same as we have dona for the
glycolysis genes.

In another words, in these pathways, we attempt to explain the regulators
involved and predict at the transcriptional level, the transcriptional fac-
tors responsible for ther coordinated expressions. To do this, the following
work-flowr were designed, namely

1. modeling of regulatory logic nsing Bayesian inference and identifying
potentially commonly regnlated genes,

2. scanning their nupstream regions (also taken from other plasmodinm
gpecies) for commonly present, conserved sequence motifs by means of
the PhyME algorithm[90],

3. compuiing a prohability weight matrix from such motifs and scanning
the genome of P.f. for further promoters that show thess motifs,
Using a Bayesian model, for a time-series data, two different regolatory sito-
ations was formmlated, namely ‘simmltaneons’ ("OR’-model): the state of the
gene § in the smnple j depends on the states of its regulators in the same
sample and ‘time delay’ ('OR-NOR'-leaming): the state of the gene ¢ in the
sampls j depends on the states of its regulators in the previons sample j—1.

For the glycolysis pathway, the results of these "time delay’ and "simmulta-
neous’ learning are summarized in the following figure,

The *OR-NOR-learning mostly supported the resulis of the *OR’-model
but found some more activators and inhibitors with increased accuracy. The
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Figure 5.23: The results of these "time delay’ and "simultaneons’ learning on
the glyeolysis pathwey.

regulatory nefwork in figure 5.23(b) reveals the strategic position and hence
the key regulatory role

of the genes PF11_0157, PFDO660w, PF14 0341 and PF13.0141. The in-
hibitory comnections between the genes PFDOGG0w and PFLOTS0w, from the
gens PFDOG60w to the gene PFI0T55¢, and between the genes PF14 0425 and
PF13.0144 might indicate three groups of genes working in timely separated
manner. One group include the genes PF11.0157, PF13.0144, PF11.0204,
PF13_0269 and PFDOG60w. The secomnd group containg the genes PFINTHSe,
PF14 0341, PF10_0155, PF13.0141, PF10.0122, PF14 0378, PFI1106w, PF14_0598,
where the last three genes are closely connected with each other. The third
group is: PF11.0208, PFLO780w, PFCO831lw, PF14.0425 and PF11.0338,
Using a query toal titled “Identify Genes based on Predicied Functional Inter-
action” from PlasmoDB, which is based on the data obtained from the work
of Date and Stoeckert[29], the second group fimctionality or connectivity was
overwhelmingly coufirmed exvept for genss PF13.0141 and PTF14 0378, We
will suggest that & further biological studies should be carried out to check
ou prediction here. Furthermore, in group three, using this tool, we are
ahle to show that genes PF11 0338 and PFLOTE0w, PFLOTS0w, PF11 0338
and PFC0831w and PFC0831w and PFLOTR(w are functionally conmected.
This tools could not verify the functional connsctivity of PF11.0208 and
PF14.0425 ag we have shown theoretically. Based on the correctnsss of oux
predictions =o far, we will suggest that these and group one connectivitles
(inchading their regulstory modalities) as shown here should also be tested
hiologically.

The genes PFDOGG0Ow, PF14.0341, PF11.0338, and PF14.0425 present
interesting crosgpoints hetween the separate groups. In the recent review
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[114] that cataloguizes the various dimg targets of P.£., three genes PF14.0341,
FF13.0141 and PFI14 0425 which encode three important energy metabolites,
namely enzymes EC 5.3.1.9 (glycose-6 phosphate isomerase), EC 1.1.1.27
(lactate dehydrogenase) and EC 4.1.2.13 (aldolase) were stated as possible
drug targets genea. Owr theoretical inding predicts the important regulatory
role of these genes in the glycolysia. The regulatory imteractions of these
genas to others reconstructed by our learning procedure should be verified in
biological studies. Furthermore, biological literature supports our prediction
that the gene PF14.0598 iz been activated by PF14_0378 [79].

Fig. 5.23) (b) suggests the key regulatory role of the genes PF11 0157,
PF11_0208, PF14 0341 and PF10_0156 and also reveals the groups of closely
connected genes.

Interestingly, the gene PF10.0155 Is connectad o both enzyme genes
PF14.0341 and PFI13.0141. Tt was shown experimentally that the gene
PF13.0269 is been activated by PF11_0157[97] as we have predicted here.

For the apicoplast, the resulis of these 'time delay’ and 'simulbaneons’
learning are also swnmarized in the following fgures.

Figure 5.24: The resulis of these "tima delay’ and *sioultaneous’ learning on
the apicoplast pathway.

(e can see the strategical positioning of genes rpl23, ORF91, tufA, and
rpll6. We also discovered from the literature|S88| that these gemes except
ORF91 has been tested in wet lab experiments and have been marked as pu-
tative drug/herbicide targets. The ohservation of the ‘time delay’ regulatory
interactions inferred further suggest the important role of Clp, rpl23, rpll6
but also of the gemes rpl2, PEtRNAGIn and PtRNAThr. The gene rpsl9 was
inferred to be regulated by many other genes. The graph of the “time delay’
'OR-NOR-regulation 1s much more connected than that of the ‘simultane-
ous'.

We have been able to implement steps 2 and 3 of the work-flow de-
signed above for PFLO780w, PF14.0425, PF13.0269, PF11.0294, PF13.0144,
PFC0831w and PFDOG60w, whose master activator has been predicted to be
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PF11.0157. In our initial resmlts, we have heen able to show that a set of
three modifs, compiled from seven genes (PFLOT80w, PF14.0425, PF13.0269,
PF11.0294, PF13.0144, PFC0831w and PFDOG60w) potentially regulated by
the zame factor, i able to identify a number of other genes that harbor these
motifs in their npstream region. Restricting to high-confidence presmce of
the motif, and requiring at least two of the three mokifs to be present (simalat-
ing complex motifs), a set of seven genes (PFL1160c, PFBM80w, PFI0260c,
PFI1605w, MATLSP1.143, PF14.0363 and PF14.0472) were foumd that show
remarkable corralation of their expression values with those of the glycolysis
gemes used to coropile the motifs,

In Adebiyi ef al[11], we have expanded on the work and resmlts encap-
sulated above to facilitade, for the very first time, the in-silice discovery of
transeription regulatory elements in P. foleiparum using all its genes. Fur-
thermors, the co-regulation of the genes, from which we mine these transerip-
tion regulatory elements, are cornputationally pusrantesd instead of asstming
that from the co-expression of these genes, Note that this assumption is pot
always trme(116]. Onr method also encapsulates a mechanism that goaran-
tees the prediction of TFs and their binding sites. Finally, experiments shall
be pecformed to validate these nteractions.

B. PCR detection of malaria at the liver stage (Silver):

Waiting for the detection of malaria ab the blood stage can lead to de-
layed treatment thal may engender serious complication and death. The
attachment of erythrocytes mfectad with Plasmodinm faleiparum to the mi-
crovessels of the brain leads to a pathological condition known as cerebral
malaria that can result in death. There are no effective therapeutic mesms
for alleviating this pathology[149] as adhesin proteins on the surface of the
parasite-infected red blood cell aid malaria disease complication. It is there-
fore Imperative to note that many lives will be saved if these parasites can
he detected and treated at the ssymptomatic liver stage instead of waiting
till the disease manifestation at blood stage. In this chapter, we explored
the basis of using PCR to detect malaria at the liver stage. Presently, we
have developed computational systems biology technicues [75, T6] that has
heen used to mine viable genes that ean be nsed to develop POR experiments
for the detection of malaria at the liver stage. Patenting of fhese genes are
alzo in process. Our pext task here is the development of PCR experimental
protocols to experimentally validate the sensitivity of these genes[77].
We give details as regards progress made go far in this project.
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Aim, significance and formuolation of the problem mathematically

the human liver stage, the human blood stages and the mosquito stage.
Symptoms of malaria are expressed at the human blood stage. Generally,
thire is no donht that there are smme available drngs that can cure the dis-
eases, but the problem in most cases is poor or late diagnoses resnlting in
complications and even death. The rationale for this study is to explove a
diagnostic technique for detecting malaria at the liver stage, so that timely
interventlon can be made to alleviate the problem of the disease. Diagnos-
tics on biochip has been making in-road into modern healthcare at a faster
pedestal especially Point-of-Care than the lab-based disgnostics. The nlti-
mate breakthrongh may be to translate the result to a liver-based malagia
diagnostics chip comparahle to diagnostic chip used for detecting other dis-
eases like HIV.

The nse of microscopic examination of Giemsa-stained blood smears re-
mains the cheapest and most commonly used method for the malaria diag-
nosis at the blood stage. Micraseopy has its own battle-necks in that its
sensitivity is limited particularly when parasitasmia is low or when parasite
morphology is altered. It is also time-consuming (Coleman et al., 2002) and
requires a highly technical expert. There is no way to determine early inva-
gion and infection since malaria diagnosis is carried ont at the hwman blood
stage of the parasite which accompanies the manifestation of the symptom
for reported cases. Since the human liver stage is asymptomsatic and pre-
cedes the blood stame, esrly diagnogs of the parasite at the Hver stage will
help mtercept the havoe timely, through the use of some vaccines [ drugs to
abort the progression from liver stage to blood stage and thereby eradicate
the malaria parasite at liver stage.

In-vive experimental access to liver stages of lmman malaria parasites
is practically prohibited and therefore rodent model malaria parasites have
been nsed for in-vivo studies. However, genome-wide liver atage (LS) gene exe-
prmmwaapmﬁlulhrmng@remﬂwmmtpmtmn—tamdﬂamn&ﬁmn
yoelii (PyQFP) to efficiently isolate Liver Stage infected hepatocytes from
the rodent host[150]. Our interest is to nse this only known microarray infor-
mation on liver stage of P. yeelli to find orthologue genes in P. falciparum,
which can be used to develop a PCR experiment useful for the detection of
malaria at the liver stage.
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The compilation of the proteins that has been described to date as being
relevant for the parasites survival and development in the hepatic stage is rep-
resented eithar in the micronemes/rhopteries or surfacs of the sporozoite[151].
These include:

1. Cirenmaporozoite (CS),

Thrombospondin-Related Ancnymons Protein (TRAP),

Sporozoite Threonine-And Asparagine-Rich Protein (STARP),
Liver-Stage Antigen 1 (LSA-1},

Liver-Stage Antigen (L9A-3),

Sporozoite And Liver-Stage Antigen (SALSA),

Sparozoite Microneme Protein Essential For Cell Transversal (SPECT),
. Spect2/ Plasmodivm Perforin-Like Protein 1 (PPLFP),

. Apical Membrane 3 Antigen/ Membrane Apical Erythrocyte Binding-
like Erythrocyte Binding-Like Protein (MAEBL) and

10. P. alciparum Secreted Protein with Altered Thrombospondin Repeat
(PESPATR).

Genarally, it should be observed that some of the proteins found in the
hepatic stage of the parasite life cycle may also oceur at the invertebrate host
stage as well as the red blood cell stage. An investigator on one stage-specific
protein that conld be useful for PCR must first identify proteins that ocenr or
are highly expressed at only one stage of the parasite development. Owedeji
et al.[152] identified three gemes which express themselves at blood stage of
malaria infection for their POR-based comparative malaria diagnosis.

The limitations of diagnosing malaria by light microseopy of Giemea-
stained smears have led to the development of several new tediniques[153]
that aim to simplify and speed up diagnosis and increase sensitivity. Re-
sults have been obtained vsing fluorescent dyes (eg. with the quantitative
buffy coat, QBC)[154] and simple dipstick tests to detect various antigens
(World Health Organisation, 1996; Makler ¢t oL[155]) as well as with PCR,
regaxded as the new reference method because of its superior sensitivity and
specificity[152, 156).
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In view of the limitation of Bruna-Romerio ef al[159], determination of
important genas, is ey before primers and probes can be produced for sue-
cessful PCR that can be used for malaria detection at liver stage. Notwith-
standing the importance of early and accurate diagnosis in malaria treatment
discovery, most of the existing diagnostica gawve lithle attention to malaria de-
toction at the liver stage[78|, henee the need to explore detection at this level
of the parasite life cycle.

Mathematical solution developed and results obtained

Not much microarray work has heen done on the liver stage of Plasmaodiuwm
parasite. However, one promising microarray work was done by Tarun et
al.[150] on the liver stage of P. yoelli parasite in mice. To deeply analyse
the behavior of parasite penes at liver stage, we emploved the nee of the
microarray data of Tarun et al. and searched for their orthologues in P.
folciparum using the orthoMCL algorithm in PlasmoDB[157]. Our interest
is to further analyse the behaviour of these liver stage genes using some
knowledge obtained from blood stage of P. falciparum 3D7 and HB3 strains
from. the microarray data of Bozdech et al[19]. This idea lends credence to
the role of crthologues in functional genomics, a8 genes n a different species
that evolved from & common ancestral gene by specintion, retain the same
function in the conrse of evolution[158].

We searchad PlasmoDB for the orthologues of 1985 F. yoelli genes rep-
resented on Tarun et al.[150] microarcay. We obtained 1459 P. goelli artho-
logues in P. foleéparum 3D7 and HBS strains. We mapped the expression
values of these P. yoelli orthologues from Bozdech et al[10] data and ob-
tinined 1180 genes for P, yoelli orthologne in 3D7 and 1163 genes for P. yoell
orthologue In HE3. 1139 penes were formd to be represented in both P falei-
parum 3DT and HB3 strains. Traditional clustering algorithm implementad
by us was deploved and nsed to clnster the 1986 genes of Tarun et al. mi-
croarray data, 1139 of P. foleiparum 3DT genes and 1139 of P. falciparum
HBS genes. We cbtained the resmlt in the table below.

Next, nsing R programming, we performed s Wilooxon statistical test
slgnificance test to extract from these 139 P. faleiperum genes, those that
are highly similar (p-values > 0.5), From these 139 genes, we found that only
b4 are highly similar. We find the P. yoelli orthologues for these b4 genes
using PlasmoDB and sesk from Twrun ef el microarray expression data,
the expression values of these ortholognes at the liver stage. We compared
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Fignre 5.25: Comparative Table for P. yoelli orthologues m P.falciparum.
The tahle illnstrates the P. goelli orthologues in both 3D7 and Hb3 strains
with their various percentage score. Column 9 indicates the mimber of com-
mon genes in two chisters with the same ID mmber from 3D7 and HB3
strains. Helatively high percentage score was obtained for cluster 1, 2 and
11 giving an indication that each of these 3 clusters is closely gimilar in both
gtrains (3D7 and HB3) and may make a good choice for a gene to be used. for
PCR detection of malaria parasite at liver stage. More explanation is given
for these genes m colomm 10 as to the choice of PF13.0227, PFLITO0C,
PF13 0227 and PF13.0358. 130 genes were found to be in corresponding
clusters for both 3D7 and HB3.
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the expression values of the 53 genes at the liver and blood stages. The iden
behind this is that the genes that have highly dissimilar gene expression at the
liver and the blood stages will be the theoretlcal /statistical viable candidates.
Doing this we arrived at 29 genes set. Due to intellectual property right, we
will not be ahle to list these gemes.

5.2.2 Development of an evolution-proof insecticide
Aim, significance and formulation of the problem mathematically

It iz to be recalled m section 4.2 that theve is a new renewed effort to iden-
tify new insecticidal componnds for use in malaria control[46, 119]. This is
particolarly urgent based on the rate at which resistance is emerging against
available compounds, noting in addition that presently, insecticides recom-
mended for malaria control by the World Health Organization (WHC) rep-
resent just four elasses of compound for IRS and just one class of componnds
for ITNg[T1, 25].

Noting the suceess in the eradication of malaria from the North Amer-
ica, Europe and Australian via the use of DDT, the purpose of the project
iz to Identify and validate evolution-proof insecticidal targets In A, gem-
bae moarquito. Put in the langnage of DDT, we almed to desipn a modified
Dischlorodipheytrichloroethane (DDT) that will not harm humans and vi-
tal species and will be devoid of any resistance mechanism attempt of the
mosguitoes. Strong non-genomics rationals behind such mnovation have heen
carefully enumerated in & Read, Lynch and Thomas, 2009[83]. The targets
in A. gambige, we hope to discover, will only be valid for it, when it car-
ries the malaria parasite. Thiz will help us n a later project, to deliver
insecticidal compounds that will confribnte to the tnmeation of the malaria
parasites development within the mosquito mid-gut. This will utimately lead
to the reduction of major occurrences of malaria parasite transimissions and
invariably, we strongly believe, to the final eradication of malaria.

More formally, the overall project goal is identification and validation of
evolution-proof insecticidal targets in 4. gambice mosquito. This was broken
down into two problems, namely

s [n-silico study of the complex mechanisms of mosquito msecticide re-
gistance aud
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o [n-gilice idendification of genes or pathways that are differentially reg-
ulated when the malaria parasite is going through its life-cycle within
the mid-gut of the Anopheles gambiae.

The indicators of success in this work for the two problems above are

o List of clusters (pathways) of gmes predicted to exernbe resistance
mechanizm in the mosquito and

e refined list of insecticidal targets with elaborate comparison with tar-
gets published already in the literatums.

We will evaluate the above indicators nsing the following experimental
validations:

¢ Validation in A. gambine using RNA{ gene silencing and

o validation infected A. gamdine and selection of targets which kill the
mosquito,

We are presently extending a number of our techniques in [7, 36, 37, 38, 21]
to find applications in the challenges of this project.

It is important to glve a brief here that have informed us on a mumber
of fronis, we are preseutly pursing in the development of technignes for the
challenges here, In Adebivi et al[7], we pursued elncidating the drugs re-
gistance mechaniam(s) of the malaria Parasite to tetracyclines, chloroguines
and T4 choline, The model developed in this work include the capacity o
analyse gene expression data on metabolic networla. The model include:

s Construction of the metabolic network,

& Network clustering,

o Mapping pene expression data onto the reactions,
¢ Fealure extraction and

¢ Analysis of stimulated and repressed pathways.

The results (extracted stimmlated and repressed pathways) obtained ap-
plying this model to the analysis of the gene expressions of P. falciparum
over its metabolic network, althongh interesting, is not statistical significant.
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Mathematical sobation developed and results obtained

Based on the results (mostly averagely significant) from our earlier work in
[7], via the computational pipaline above, more work is presently ongoing to
produce more effective novel computational technigoes. In the next one year,
we hope to complete the insecticidal targets discovery and move on to the

preclinical testing stage of the program.

5.2.3 Computational modeling of an Anopheles gambiae
metapopulation for malaria control

Aim, significance and formulation of the problem mathematically

One of the major methods to control and possibly eradicate malaria is by
controlling this vector insect, While traditional control methods have sg-
nificant vahie (like DDT}), there is wmch recent interest on the nse of novel
control technologies based on genstic manipulation of the mosquito or its
associated symbiotic microorganisms. For example, Sterile Insect Technique
(S8IT) has been applied against tsetse and fruit flies and screwworm. Possi-
bility of applying this technique to eradicate mosquitoes is crently being
congidered. In a persomal commmication, the International Atomic Energy
Apency (TAEA) listed a mmnber of hindraness as regards their eapability to
deploy genstically-modified mosquitoes in Nigerian cities and villages.

Mathematical models are a crucial part of novel control technicques, since
they are one of the only ways to optimize deployment and condunct risk-
assessmnemt prior o an actual release. The aim of this research is to create a
spatially-explicit, stochastic model of an Anopheles gombiae metapopulation
to computationally model the population dynamics population geneties of
this deadly wector. Omce this is completed, novel control strategies, such
as the release of genetically-modified mosguitoes or symbiotic bacteria or
viruses will be added to the model.

Mathematical solution developed and results obtained
Dne to a number of mutual imderstanding and collaborating constraints,

I will not (at this point) he able to give details on onr progress in this
presentation.
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The CODE MALARIA will be ready for full deployment after the completion
of the two targeted product (from project 1), a cuisine of antimalaria drugg
and an advanced but human friendly pesticide in the version of DDT (a cock-
tail of agents) (from project II). Backup therapy during deployment include
various models that will empower us to deploy for example SIT technology
against the mosquitoes if the need to do so arises.

We also have a work on-going in computational vaccinology. The aim
of this new work is to tackle various limits[28] hindering the active applica-
tion of computational vaccinology to waccines development especially in the
development of anti-malaria vaccine(s).

The final goal is to ensure that in this decade, Africa and infact, wherever
malaria is a menace, this becomes a forgotten headache as we presently have
in the western countries,

Th
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