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ABSTRACT

Although the involvement of cytokines and adhesion molecules in malaria-induced brain
inflammation has been established, the role of chemokines and chemokine receptors
remain unclear. This unexplained component of cerebral malaria (CM) pathology may be
responsible for the heterogencity in the observed features of CM and the difficulty in its
characterization. RANTES (regulated on activation normal T cell expressed and
secreted), a chemokine involved in the generation of inflammatory infiltrates plays &
special role in the modulation of inflammation. Trafficking of inflammatory T helper 1
(Th1) cells into the brain is mediated parly by RANTES interactions with C-C
chemokine receptor 5 (CCRS) receptor.

The main hypotheses of this study are: (a) RANTES, and corresponding receptors
mediate malaria induced brain Immunopathogenesis (5) Blocking RANTES which is
upregulated during malaria infection will abrogate or minimize the outcome of the

disease.

Studies were directed at i) Characterizing and analyzing the expression of RANTES and
coresponding receptors CCR1, CCR3 and CCRS in a mouse model of CM (SW mice/P.
yoelii 17X) using cDNA microarray, RT-PCR and Western Blot analyses ii) Evaluating
effect of Pyoelii 17X infection on mouse brain by electron microscopy and

immunohistological analyses iii) Evaluating expression of RANTES and receplors in

cerebellum, cerebrum, brain stem and hig of pos CM and laris

(NM) tissue samples using RT-PCR and Western Blot analyses
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iv) Comparing and contrasting levels of RANTES in plasma of rodent malaria model and
‘malaria-positive buman subjects using ELISA
\) Determine the functional role of RANTES by anti-RANTES antibody blocking

experiment using P. yoelii 17X infected mice.

Transeriptional analyses results indicate significant upregulation of chemokines;
macrophage inflammatory protein-2a (MIP-2a), monocyte chemotactic protein-1 (MCP-
1) and RANTES, chemokine receptors; CCR1, CCR3, and CCRS, adhesion molecules;
platclet cndothelial cell adhesion molecule-1 (PECAM-1), intercellular adhesion
molecule- (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and cytokines;
intereferon-gamma (INF-y), tumour necrosis factor-alpha (TNF-a) and interleukin-12
(IL-12) st peak parasitemia during P.yoeli 17X infection. Western Blot analysis revealed

upregulation of RANTES protein in P.yoelil 17X infected mouse brain.

Ultrastructural analysis showed that P. yoelii 17X infection induces perivascular oedema
in cercbellum in mouse brain at peak parasitemia. Immunohistological analysis
demonstrates high immunoreactivity of glial fibrillary acidic protein (GFAP) in P. yoelii

17X infected mouse brain.

RANTES, CCR3 and CCRS but not CCR1 mRNA are significantly upregulated in the
cerebellum and cerebrum (P < 0.0001) in CM than NM samples.

There were no changes in the expression of CCRI, CCR3 and CCRS mRNA in brain

stem and hippocampus of CM and NM. RANTES mRNA expression in cerebellum and
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cerebrum is highly significant (P < 0.0001) comparcd with the brain stem (P = 0.0018)

and hippocampus (P = 0.0027) in CM group.

CCRS and RANTES protcins were significantly upregulated in cerebellum (P < 0.0013
for CCRS, P < 0.0001 for RANTES) and cerebrum (P < 0.0124 for CCRS, P <0.0001 for
RANTES) but not brain stem and hippocampus of CM than in NM. Westem Blot
analysis could not detect CCR3 protein

RANTES was significantly upregulated in plasma of murine malaria model and malaria
positive subjects compared with controls. RANTES concentration in plasma correlated

with P. falciparum infection.

At day of sacrifice, level of parasitemia (4.2x 10%ml £0.2) in mock antibody treated mice
was higher (P < 0.05) than in mice in which RANTES was blocked with anti-RANTES
antibody (1.2 x 10%mi +0.2). Anti-RANTES antibody treated mice survived longer (14

days) than mock antibody treated mice (10 days).

‘This is the first temporal study of murine malaria associatcd RANTES and receptors
CCR1, CCR3 and CCRS expression. P. yoelii 17X murine malaria model is useful in
characterizing differentially expressed genes associated with human clinical malaria.

There is an association of RANTES expression in malaria-induced brain

immunopathogenesis and endothelial lesions in infected mice.
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Cerebellum and cerebrum in humans were the focal points for increased malaria-induced
RANTES and CCRS expression. Active sequestration of infected red blood cells (IRBCs)
and platelets in addition 1o leukocytes in these regions of the brain could exacerbate CM

immunopathology.

Blocking of RANTES decreased parasitemia and mortality associated with P.yoelii 17X
=
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CHAPTER ONE

INTRODUCTION

11 Plasmodium parasites and malaria
Malaria s caused by infection with Plasmodium, a genus of protozoan parasites. The four

species of Plasmodia known 1o be causative agents of human malaria are Plasmodium

vivax, ovale, malariae and Plas ium faleij the latter

being the most lethal (WHO, 1996).

P.vivax has the widest geographical distribution. It is prevalent in tropic and subtropical
regions and also found in some temperate zones. Relapses may occur up to eight years
after initial infection. It causes benign tertian malaria and is the second most harmful of

all malaria species.

P.ovale is the rarest of the four species of Plasmodium and also causes benign tertian
malaria. It is tied with P.malarige as being less dangerous and is common on the West
Coast of Africa. P.malariae infection is difficult to diagnose because of its similarity with
Pvivax. P. ovale on the contrary is quite easy to diagnose with its distinctive
morphology. P. ovale infected cells are oval shaped and slightly larger than uninfected
red blood cells. Both P.ovale and P.vivax have a dormant hypnozoite stage in the liver
that can last for weeks or months before the development of erythrocytic schizogony.
1



P.malariae is patchily distributed over tropical Africa, Eastern Asia, Oceania and the
Amazon area (WHO, 1996). It causes quartan malaria and accounts for 7% of malaria
cascs and can have relapses 53 years afler initial infection. The classic symptoms of
‘malaria- fever, malaise with intermittent paroxysms are typical of P.vivax, P.ovale, and

P.malariae.

P falciparum malaria infection is the commonest and widespread of human malaria and is
generally more severe and fatal in non-immune individuals and young children aged 0-9
years if untreated. It is responsible for more than 50% of all malaria cases in the world
and characterized by febrile illness which may be expressed as periodic paroxysms
ocourring every 48 hours with afebrile and relatively asymptomatic intervals (Campbell,
1997). Other major symptoms of . falciparum malaria are chills, vomiting, convulsion,

headache, drowsiness and skeletal muscle pain.

Malaria s a significant cause of abortion, stillbirth. child mortality, low birth weight,
death in pregnant women, impaired growth in children and loss of productivity in adults.
Falciparum mataria annually infects 300 million people causing at least 100 million cases
of acute illness leading to approximately 2 million global deaths per year (Campbell,
1997). Increasing tourism, failure in vector control and increasing resistance of malaria
parasite to current antimalarials has increased the threat of this disease. Approximately

15% of fatal malaria cases arc due to cercbral malaria (CM) (Greenwood, 1999),

resulting in brain i ion, coma, i i ications, acidosis,
hypoglycemia, and sudden death particularly among children and immunocompromised

adults (WHO, 2000). Increasing migration, failure in vector control and increasing
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resistance of malaria parasite to current antimalarials has increased the threat of malaria
infection. Recent studies in Africa and South East Asia show that acute or chronic
inflammation associated with malaria is deleterious to brain development of survivors
and reportedly impairs cognitive function even after treatment (Fernando ef al., 2003,
Boivin, 2002). Malaria-induced brain inflammation is reportedly mediated by complex

cellular and i interactions of co-regulators including cytokines and

adhesion molecules. However the involvement of chemokines in brain
immunpathogenesis of this disease is still unclear. In this study, RANTES expression was
upregulated in plasma during malaria infection, implicating these molecules in
immunopathogenesis of the disease.

12 Rationale and justification of study
Adbesion molecules, cytokines and chemokines are involved in suppression of
enythropocsis, and blood brain barrier (BBB) inflammation during parasite infections.

Although adhesion molecules and cytokines play a role in immunopathogenesis of CM,
the mechanisms by which leukocytes, platelets and infected red blood cells are
sequestercd have not been elucidated at the molecular level. Since chemokines directly
influence leukocytes migration, it is plausible that they will influence sequestration of
leukocytes, platelets and IRBCs. Recent findings indicate that sequestration of leukocytes

occur in CM.




Studies using rodent CM models have been criticized as not reproducing the brain
pathology associated with CM in humans. In the P.berghei model, the presence of
pltelets and mononuclear cells in brain venales finds a paralll in pediatric CM; platelet
activation during parasite infection may entrap leukocytes which are recruited to distal

brain mi ls where IRBCs are d. In other studies ion of ICAM-

| and VCAM:1 adhesion molecules in Plasmodium yoelii and P.berghei ANKA suggests
another paraliel between human and rodent malaria pathogenesis. Recent data also
indicates that experimental CM is induced in perforin-deficient (PFP-KO) mice after
adoptive transfer of cytotoxic CD8” T cells from infected mice, which were directed, o
the brain of PFP-KO mice. This specific recruitment of T cells might involve chemokine-
chemokine receptor interaction. Other studies also indicate that susceptibility to ECM is

delayed in CCRS-knockout mice.

Furthermore, trafficking of inflammatory T helper 1 (ThI), but not Th2, cells into the
brain is mediated in large part by RANTES interactions with CCRS receptor.
Sequestration of platelets and leukocytes in brain microvasculature are also associated
with CM immunopathology. Malaria enhances expression of CCRS on placenta in
pregnant women. Chemokines and their corresponding receptors mediate malaria and
CM conditions hence understanding the role of these immune markers could enable a
Dew strategy for preventing or minimizing the outcome of CM and other severe forms of

the disease.
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General hypothesis

It is hypothesized that the chemokine RANTES and its corresponding receptors

CCRI, CCR3 and CCRS play a role in malaris brain pathology and that blocking

RANTES which is up-regulated in the brain during CM could prevent or minimize

the outcome of the disease.

14
i)

i)

i)

v)

iy

vil)

Objectives
Determine  malaris-induced global alterations in  immunomodulator gene
expression in brain at peak parasitemia in Plasmodium yoelli 17X mouse model
Evaluate temporal expression of the chemokine RANTES and its corresponding
receptors CCR1, CCR3, and CCRS in brain and RANTES in plasma during
Pyoelii 17X malaria infection
Evaluate effect of 7.yoelii 17X infection on mouse brain
Evaluate retrospectively, expression of RANTES and receptors CCR1, CCR3, and
‘CCRS in post-mortem human cerebral malaria tissue samples
Localize expression of human brain RANTES, CCR1, CCR3 and CCRS during
™
Evaluate RANTES expression in plasma of murinc malaria model and malaria-
positive buman subjects
Determine the functional role of RANTES by anti-RANTES blocking experiment
P. yoelii 17X infected mice
of the role of RANTES and its receptors CCR1, CCR3 and CCRS
genesis of CM in particular and malaria in general will emerge after
this study.



University of Ghana http://ugspace.ug.edu.gh

1.5 Approach of study
MALARIA MURINE MALARIA MODEL
N\ )
Plasma.
‘ S, S
Protem
|
L S A
Anti- RANTES
/ ‘blocking experiment
Electron microscopy
I Irmamohistological analysis

Figure 1: Approach of study; Utilize, cDNA micro-array, RT-PCR, Western Blot anc

ELISA 1o and localize ions of selected i including

RANTES and receptors CCRI, CCR3 and CCRS in brain and plasma_of murine malaric
model and human post-mortem CM tissue samples. Electron microscopy anc
immunohistology were used to evaluate the effect of P.yoelil 17X infection on mous:
brain. Anti-RANTES experiment was performed to analyze the function of RANTES ir
murine malaria model.



CHAPTER TWO

LITERATURE REVIEW

2.1 Life cycle of Plasmodium parasites, and the malaria disease

Plasmodium infected female Anopheles mosquitoes inject sporozoites into  the
bloodstream of the host during feeding. The sporozoites invade the hepatocytes where
they undergo maturation and multiplication called ic schi Some of

the sporozoites enter into a dormant phase called hypnozoite in P. vivax and P.ovale and
can reactivate and undergo schizogony at a later time resulting in a relapse, a

phenomenon referred to as recrudescence.

In Pfalciparum, infected hepatocytes become enlarged, rupture and release schizonts
(merozoites) into the bloodstream (Figure 2A). The merozoites invade erythrocytes
(Figure 2B) and undergo an asexual replication to form the trophozoites. The parasite
breaks down the hemoglobin of infected erythrocytes releasing hemozoin as a by-
product. Hemozoin has been identified as a distinctive feature of blood-stage parasites.
The end of erythrocytic stage is marked with nuclear division (Figure 2B). Infected
erythroc ytes rupture and release more merozoites. These merozoites invade new

erythrocytes and initiate another asexual replication.

A percentage of schizonts (merozoites) differentiate into micro (male) and macro

(female) gametocytes which when ingested by feeding female Anopheles mosquitoes
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fuses

develop into micro-and gam ively (Figure 2C). The
with the macrogamete forming a zygote which develops into an ookinete. The ookinete
‘migrates across the mosquito midgut wall and matures into oocyst within the body cavity.
The oocyst undergoes asexual replication called sporogony which results in the
production of lots of sporozoites. The cocyst ruptures and releases the sporozoites which
migrate to the salivary gland of the mosquito ready to be transmitted during the next

feeding cycle of the vector (Figure 2C).
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Source: www dpd.cde.gov/.. M-R/Malaria/ body_Malaria_pagel.htm

Figure 2: Life cycle of human malaria parasite




The clinical symptoms of malaria infection including chills, vomiting, convulsion,
headache and drowsiness has becn associated with the rupturing of infected red blood
cells (RBC) during the erythrocytic stage of the life cyele. The simultaneous rupturing of
parasitized RBCs and the release of parasite antigens and waste products is associated
with the intermittent fever paroxysms commonly seen in malaria episodes. The rupturing
of infected RBC is synchronous with the incidence of the disease. The typical pattern of
fever with febrile episodes every 48 or 72 hours of Plasmodium infection is associated
with the cyclic maturation of asexual stage; nausea and vomiting with fever spikes

coincide with rupture of infected RBCs.

Each stage of the life cycle of the parasite is associated with species-specific proteins
expressed on the surface membrane of the parasite, which appear to be targets of the host
immune response. These specics-specific proteins tend to be antigenitically variable and
highly polymormophic (McCutchan ef al,. 1988). Notable among the malaria induced
proteins on RBCs surface membrane is the Plamodium falciparum erythrocyte membrane
proteins (P/EMP) which have been implicated in adherence of infected RBCs to
endothelial cells as well as non-infected RBCs leading to erythrocyte rosettes (Baruch ef
al,, 1996). Internal antigens released from infected RBCs during rupturing triggers the
cytokine cascade of the immune system leading to much of the symptoms and

immunopathogenesis associated with the parasites (Taverne et al., 1990).
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22 Global epidemiology of malaria, and economic development

At present, at least falciparum malaria annually infects 300 to 500 million people and
causes over 2 million global deaths (WHO, 2000). Malaria is Africa’s leading cause of
under-five mortality (20%) and constitutes 20-50% of the continents overall disease
burden. It accounts for 40% of public heaith expenditure, 30-50% of inpatient
admissions, and up 10 50% of outpatient visits in areas with high transmission (Roll Back
Malaria, 2002).

Malaria is generally cndemic in the tropics, with extensions into the subtropics.

Distribution varies greatly from country to country. More than 90% of all malaria cases

occur in Africa. i 10% of malaria i in other countries such as,

India, Brazil, Sri-Lanka, Afghanistan, Vieinam, Cambodia, Thailand, Indonesia, and

China. The disease is endemic in 91 countries worldwide (Figure 3) (WHO, 1996).
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Figure 3: Global distribution of malaria



Malaria affects the health and wealth of nations that are endemic to this disease. The
discase is responsible for 44 million disability adjusted life years (DALYs) in Africa
(WHO, 1996). It s estimated that malaria accounts for a reduction of 1.3% in the annual
economic growth rate of endemic countries, and that the long-term impact in these
couatries s a reduction of gross national product (GNP) of more than half (Sachs &
Malaney., 2002). In Africa, malaria accounts for up to one-third of all hospital
admissions and up to one-fourth of all deaths of children under the age of § (Greenwood,
1999). Malaria is  significant cause of poverty in developing countries especially Africa,
and has » measurable direct and indirect cost. It is also responsible for a major constraint
to economic development (Table 1). The direct costs of malaria include expenses
incurred on individuals and public expenditures on both prevention and treatment of the
disease. The cost of malaria treatment ranges from USS0.80 to USS5.30 depending on
local drug resistance. In countries with a heavy malaria burden, the discase may account
for as much as 40% of public health expenditure, 30-50% of inpatient admissions, and up

0 50% of outpatient visif who.int/inf- i 10.pdf).

The indirect costs of malaria include loss of productivity or income associated with
illness. A bout of malaria is estimated 1o cost 10 working days, adding to the economic
burden.

Annual cconomic growth in countries with high malaria transmission has been estimated
0 be lower than countries without malaria. Regression analysis using cross-country data
between 1965 and 1990 confirmed the relationship between malaria and economic

growth. Depending on a country's poverty, cconomic policy, tropical location, and life
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expectancy among other factors, countries with intensive malaria incidence recorded an
economic growth of 1.3% less per person per year, while a 10% reduction in malaria was
associated with 0.3% increase in growth (Gallup & Sachs, 2001). Sachs and Malaney
(2002) demonstrated the link between malaria in a country and that country's per capita
gross domestic product (GDP) and argued that there is an inverse relationship between
the two and that malaria causes underdevelopment. The total cost of malaria in terms of
health care, treatment, and loss of productivity in Africa is estimated to be US$2billion
per year (WHO, 2000). Malaria may also impede the flow of trade, foreign investment

and commerce, thereby affecting a country's economic growth,
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Table 1. Loss from the economic growth penalty of ‘malaria endemicity in 31 African
countries, 1980-1995

try Aggregate loss Per person loss As a fraction of

= (n;‘iy‘oﬂ:soﬂ’l’?- (PPP-adjusted 19878) actual 1995
1987 income

Benin 172 214 18%
Botswana 503 347 5%
Burkina Faso 1684 162 18%
Burundi 730 17 18%
Cameroon 427 318 18%
C"‘w""‘h“‘m‘““ 884 270 18%
Chad 995 154 17%
759 288 18%
Congo, Dem. Rep. 7125 162 18%
Cote dvoire 4107 294 18%
1389 1290 17%
Gambia 251 26 18%
Gambia 251 226 18%
Ghana 5355 314 18%
Guinea Bissau 152 142 14%
Kenya 5272 198 18%
0 0 0%
2280 167 18%
Malawi 1072 110 18%
Mali 1222 125 17%
Mauritania 611 269 15%
Mauritius 0 0 0%
Namibia 832 539 10%
Niger 1457 161 17%
Nigeria 17315 156 18%
R 656 102 18%
Sencgal 2426 286 18%
Sierra Leone 366 87 17%
South Africa 4056 98 1%
Togo 1166 285 18%
Zambia 1359 151 18%
Zimbabwe 214 383 18%
Total 73638 185 10%

Source: Malaria Foundation International. Based on results in Gallup J. and Sachs J.,
"The Economic Burden of Malaria" in Economics of Malaria. Figures are reported in
purchasing power parity (PPP) adjusted dollars held constant at 1987 prices.



23 Current strategies for malaria control

231 The use of anti-malarial drugs and their discovery

Anti-malarial drugs prevent symptomatic blood stage asexual infection of malaria and are
wsed for nom-immune people who stay for a short time in malaria endemic area, pregnant
women who are more susceptible to the discase and blood schizontocides in infected

Therapeutic use of drugs against malaria prevents development of asexual blood stage of
the parasite. The discovery of drugs for malaria treatment has been through several

approaches:

)  Consider natural compounds such as quinine and artemesia

Quinine, derived from a plant- the bark of the cinchona tree has been widely used for
treating malaria since the 17" and 18" centuries. Artemesinin is also a drug against
malaria derived from plant in China and has also been effective against the malaria
parasite. Though the mechanism of action of these compounds is not very clear, they are
believed to be responsible for inhibiting haem polymerization in the parasites. Haem is a
by-product of haemoglobin degradation and is toxic to the malaria parasite if it is not
polymerized. Quinine and artemesinin are believed to inhibit this process thereby leaving
the toxic haemoglobin degraded product to kill the parasite.



b)  Screening large numbers of potential compounds
Screening of large numbers of compounds led to the discovery of chloroquine, one of the
cheapest and effective drugs against malaria for years. Mechanism of action of

chloroquine is uncleat but it is also believed to interfere with haem polymerization.

¢ Looking at chemically related compounds
By looking for chemically related compounds, other quinoline compounds were
discovered including mefloquine (Lariam) and amodiaquine which are used primarily as

propbylaxis against malaria parasite.

d)  Bystudying the metabolic pathways in the parasite
i) Folate pathway inhibitors

Some of the antimalarial drugs inhibit folate metabolism. Inhibition of two key enzymes
in the folate metabolic pathway typically inhibits the parasite’s growth at concentrations
that have no detectable effects on host cells. Pyrimethamine (Daraprim) and Proguanil
(Paludrine) are anti-malarial drugs which inhibit dihydrofolate reductase while
sulphonamides and sulfones (Dapsone) as well as Fansidar (Pyrimethamine-sulfadoxine)
inkhibit dihydropteroate synthase enzyme in the folate metabolic pathway.

i) Inhibitors of pyrimidine synthase-dehydroorotate dehydrogenase

Inhibitors of dil including 8-aminoquinoli h

Primaquine which is used for cure of relapsing P.vivax-lissue schizonts and also as

against P fulcipar ffective drugs for controlling




iii)  Protein inhibitors
Since degraded haemoglobin products provide amino acids for malaria parasite.
inhibitors of haemoglobin degrading enzymes like Plasmepsin I and I1 (aspartic
proteinase) and Falcipain (cysteine proteinase) are used to control malaria infection.

i)  Phospholipid metabolism inhibitors

Phospholipid metabolism inhibitors which target blockage of choline transporter are also

used for malaria parasite control.

232 Vector control

2.3.2.1 Use of nets and insecticide treated bed nets

The objective of the malaria vector control sirategy is to reduce malaria mortality and
‘morbidity by reducing transmission of the disease. Vector control strategies include the
use of insecticide impregnated bednets, indoor spraying of insccticides, personal
protection measures, larval and environmental control.  Dichloro-diphenyl-
tricholoroethane (DDT) was previously used in the 1960s as an insecticide for malaria
vector control but because of vector resistance and its residual effect in the environment,

its usage has been discontinued.

Currently pyrethroids including in and in are the insecticides of
choice and are effective at far lower doses with very minimal or no residual effect
compared with DDT. A popular application of pyrethroids is in the impregnation of
bednets (Curtis, 1997) so as to add a chemical barrier to the imperfect physical barrier
presented by the net.



2322 Larval control

Some of the strategies for mosquito larval control include:

1. Preventing mosquito breeding in stagnant waters

2 Stocking the breeding sites of mosquitoes with larvivorous fish such as Guppies

3 The use of bacterial toxin from Bacillus thuringiensis (BT) at the breeding sites as
a highly specific agent against mosquito larvae

4. Situations where irrigations are carried out in carefully regulated intermittent
schedules, such that fields arc dried once a week to prevent the complete larval

eycle.

24 Clinical manifestations and pathogenesis of malaria
241 Uncomplicated malaria

Preseatation of uncomplicated P. falciparum malaria is very variable and may resemble
that of many other diseases. Non-immune patients with uncomplicated malaria are prone
o the development of severe life threatening malaria complications. Although fever is
very common in uncomplicated malaria, it is absent in some cases, The fever is initially
persistent rather than tertian. [n addition symptoms such as rigors, headache, sweating,

tiredness, loss of appetite and nausea may arise.



242 Complicated or severe malaria
t P, folciparum malaria is not prowptly disgnosed and trested, the clinical picture
‘may deteriorate rapidly, often with serious and severe consequences. Severe malaria i
defined ss parasitaemia of higher than 5%, a hacmoglobin of less than 6g/dl, spoatancous
byposlycsemia or major organ dysfunction - partcularly cerebral malaria. Most people
who have P, filciparum parasites in their blood usually suffer from uncomplicated
malacia associsted with headaches, fever, chills, and weakness with muscle pains.
However in & small minority of cases, severe and life threatening complications such &s
enlargement of spleen and liver (spleno-hepatomegaly), acidosis (acidic blood),
hypoglycemia (low blood sugar), kidney fuilure, severe anemia and cerebral malaria may

occur.

Spleno-hepatomegaly, results from lysis of hepatocytes during schizogony in the liver in
addition to massive immune fesponse 1o the malaria parasites. One of the outcomes of
hepatomegaly is jaundice. Cytoadherence of parasitized RBCs coupled with deposition of
malaria parasite pigments and induction of proinflammatory cytokines in the spleen have
been implicated in splenomegaly (Mashaal, 1986)

Malaria acidosis also referred to, 85 hyperpnca is sssociated with respiratory
disturbances. The source of this complication is unknown but it is known 1o be
respoasible for most childhood malaria deaths (English e af., 1997).
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In arcas of low transmission, hypoglycemia, anemia and convulsion are common in
children. Hypoglycemia is the outcome of low blood sugar in Pfalciparum infected
person. Though direct parasite products and human immune response have been
implicated in this condition, the mechanism involved is still not clear. About 38% of

hildren die of| ia related ications (Chogle, 1998).

In most cases, cytoadherence of parasitized RBC’s in glomerular capillary walls of
infected adult results in kidney damage and renal failure (Mehta ef al., 2001). Acute renal

failure occurs as a complication of P.falciparum in less than 1% of cases but mortality

with thi ication is estimated to be 45% (Saroj ef al., 2002).

Though the incidence of fever and chills have been associated with the lysis of infected
RBC's during the erythrocytic stage of the parasite’s life cycle, it is still unclear why only
some episodes of malaria infection in non-immune and semi-immune individuals results

in complications.

2421 Severe malaria anaemia

Severe malaria anaemia is a result of hemolysis of parasitized RBC's. This complication
is common in children between 1-2 years old. This complication is one of the principal
manifestations in arcas of high stable transmission. Non-parasitized RBC’s exhibit
ﬂtﬁl‘mﬂbilily"/hichwuumolelcbcukenouxbyphlaocytsinﬂuspleen,mxin
addition to suppression of bone marrow and erythropoiesis results in anaemic conditions
in patients.
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2.42.2 Cerebral malaria (CM)
Cerebral malaria (CM) is defined according to established World Health Organization
‘guidelines as Glasgow Coma score of 11 of less in adult or Blantyre coma score of 5 or
less in children during the episode of severe malaria (WHO, 2000), other causes of
unconsciousness such as hypoglycemia, meningitis or other encephalopathy having been
excluded by clinical, biochemical, and inal fluid (CSF) examination. Glasgow

or Blantyre coma score is a scoring system used in quantifying level of consciousness
following traumatic brain injury or during P.falciparum infection.

It consists of three parameters: best eye response, best verbal response and best motor
response given as:

Best Eve Response (E) Score
No eye opening 1
Eye opening to pain 2
Eye opening to verbal command 3
Eye opening spontancously 4
Best Verbal Response (V) Score
No verbal response 1
Incomprehensible sounds 2
Inappropriate words 3
Confussed s

s

Score

1

2

3

4

Orientated

Best Motor Response (M)
No Motor Response
Extension to pain

Flexion to pain
Withdrawal from pain




-
Obeys commands 6
Total score =E+V+M

A total score of 13 to 15 indicates mild coma. A score between 9 and 12 indicates
‘moderate coma, and a score of 8 or less indicates severe coma for Glasgow score (Jennett
et al., 1976 & 1978). The Blantyre Coma Scale, a related diagnostic tool, is used for

children. A coma score of less than 3 indicates cerebral malaria infection.

Cerebral malaria (CM) complications are associated with seizures, convulsion, severe
headache, drowsiness, behavioral changes and ultimately coma. This complication is
common in areas of intermittent malaria transmission. Children below the age of § and
non-immune individuals usually suffer from CM incidence. About 15% of CM patients
die of the discase (Mturi ef al., 2003). It has been hypothesized that the neurological
manifestations of CM are due to either sequestration of parasitized RBCs to the

it or indictionof

‘molecules.

Sequestration refers to the cytoadherence of trophozoite and schizont parasitized
erythrocytes to endothelial cells. This leads to mechanical blockage (cerebral ischaemia)
in the distal microvessels in the brain and subsequently limits the supply of oxygen, a
condition referred t0 as hypoxia. The parasite can also induce localized metabolic effects
such as hypoglycemia. The hypoxia and metabolic effects would then cause coma and

other i ications and death. Cy involves receptor ligand
interactions. Plasmodium falciparum erythrocyte membrane protein-1 (PIEMP-1)

23



expressed as an induced protein on parasitized erythrocytes have been implicated as @
ligand. which binds to parasite’s induced host cndothelia receptors such as ICAM-1,
VCAM-1 and CD 36 (Udomsangpetch et al., 1997). P/EMP-1 is a member of a highly
variable (var) gene family with 40-50 different genes. This antigenic variation associated
with P/EMP-1 allows the parasite to evade the immune system and may also be

respoasible for differences in disease outcomes.

Others have suggested that coma which is associated with CM is mediated by short-lived
molecules such as TNF-a and nitric oxide that affect cerebral functions. In this
hypothesis, malaria antigens stimulate TNF-o: production, which induces nitric oxide.
These proinflammatory molecules partly induce the pathological effects associated with
CM. Nitric oxide is known to affect neuronal function and, may lead to intracranial
hypertension through its vasodilator activity. It has been postulated that, the sequestration
and the proinflammatory molecules hypotheses are not mutually exclusive and that both
phenomenon mediate CM pathogenesis. Thus antigens released by rupture of parasitized
erythrocytes stimulate leukoeytes such as macrophages which secret TNF-at which in
tum upregulates expression of ICAM-1 on brain endothelial cells (Porta ef al., 1993).
This eventually leads to increase in binding of infected erythrocytes and increase in

effects whether they are due to vascular blockage, soluble mediators or metabolic effects.
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25 Immunity to malaria infection
In malaria stable endemic regions, 7 falciparum parasitemia and its associated clinical
discase is most common in children and non-immune adults. In The Gambia for instance,
where P falciparum wansmission is highly seasonal but relatively stable from year to
year, parasite rates do not begin to decline until the age of 10 to 12, whereas the
incidence of clinical disease, that is fever which is associated with malaria parasitemia

peaks at age 6 (Riley et al.,1990).

Not all people infected with the malaria parasite in endemic arcas cxhibit clinical
symptoms. Healthy individuals are found with parasites in their blood without clinical
symptoms. The incidence of parasitemia declines gradually with age. This phenomenon
is interpreted as a steady acquisition of specific immunity to malaria (Barragan ef al.,
1998). Immunity to malaria is the ability of the individual to control parasite
‘multiplication, which can occur at either the pre-crythrocytic (hepatic) stage or during the
erythrocytic stage or minimize clinical disease outcome. Antibodies directed against the
‘major surface protein of the sporozoite called the circumsporozoite protein, (CSP) can
inhibit their entry into liver cells (Hollingdale ef al., 1984). The precise pattem of
immunity to malaria depends on local patterns of malaria transmission and also the
degree of endemicity. It is suggested that multiple infections scem to be necessary to
achieve effective anti-parasite immunity. Though resistance to infection with malaria
increases with age in individuals living in endemic regions, it can take several decades to
mmmmnmwmummammimmqm
mhi-hubeen!oundmdependonbwhpammmniomuﬂlge. it has been
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hypothesized that the malaria antigens that induce protective immune response might be

poorly immunogenic.

The malaria antigens reportedly exhibit polymorphism; variation between different
strains of the parasites as well as variability (changing within strains in linc) (Felger er
al., 1997). Therefore immunity to the parasite requires accumulation of immunological
memory o a large number of different antigenic epitopes before substantial protection is
achieved. Currently the slow development of immunity to malaria is explained by two

main hypotheses;
) Antimalarial immunity is essentially strain specific, and effective immunity is not
achieved until the individual has been exposed to all the major antigenic variants

circulating within the community (Day & Marsh, 1991) and

b) Acute malaria is associsted with immunosupression, which hinders the

development of protective immune response (Cohen e al., 1961)

Antibody-dependent and antibody-i immune effector isms have been

implicated in naturally acquired protective immunity to malaria. The ability of antibodies
1o confer immunity against malaria parasites in hoth P faiciparum and P.vivax is apparent
from the protection afforded to neonates and infants by matemally derived antibodies
(Edozien et al., 1962, Logie ef al., 1973) and from clinical treatment trials with immune
serum or purified immunoglobulins (Cohen e/ al.. 1961, McGregor et al., 1962). Also,
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research conducted using rodent malaria models with the transfer of whole immune
serum or purified immunoglobulin (o naive animals indicates substantial modification of
the course of blood stage infections. reduccd peak parasitemia, and spontancous

resolution of infection (Holder, 1988).

Unlike antibody-dependent or humoral immunity, less is known about cellular immune

response to malarial infection. Studies using murine models indicate that T-cell

dependent immune isms are crucial to the of effective
immanity. For example, immunity against Plasmodium yoelii depends on the cooperation
of immune T and B lymphocytes (Mogil ef al., 1987) while immunity 10 Plasmodium
chabaudi adami appears to be antibody independent (Grun et al., 1981). Direct killing of
infected hepatocytes by cytotoxic T lymphocytes (CTL) appears to be mediated by major
histocompatibility complex class I (MHC-])-restricted recognition of sporozoite or liver
stage antigens presented on the surface of infected liver cells in experimental murine
systems (Kumar ef al.,1988). Sporozoite and liver stage antigen-1 (LSA-1) specific CTL
activity has been demonstrated in vitro using peripheral blood lymphocytes from people
with prior exposure to malaria (Malik ef al.. 1991, Hill, et al., 1991) but, at present, it is

‘Dot known whether such mechanisms contribute to protective immunity in humans.

Since mature erythrocytes do not express MHC antigens, T cells are believed to fulfill
two major functions in immunity to erythrocytic parasistes, by providing help for
antibody production and producing cytokines which activate macrophages to
phagocytose infected erythrocytes and kill malaria parasites. Following activation by



interferon gamma (INF-y), phagocytosis occurs via much more efficient Fe receptor-

mediated parasite binding (Brown et al.. 1986).

Though produced tumor necrosis factor-alpha (TNF-a:) reportedly plays a
role in the pathogenesis of acute malaria, it is also believed to mediate parasite killing
(Clark & Cowden 1992). A potential mechanism for TNF-mediated parasite killing may
be via induction of nitric oxide, (Rockett ef al.. 1992) which has been implicated in

‘murine immunity to Plasmodium berghei (Nussler et al., 1993).

Whether T cell-mediated immunity to blood stage malaria predominates over antibody-
mediated or vice versa s still unclear. Though several merozoite-specific antigens have
been identified, the best characterized arc the major Plasmodium falciparum merozoite
surface proteins (PIMSP1) (PF195) (Holder, 1988) and PAMSP2 (Pf48-53) (Smythe ef al.,
1990) and the ring-infected erythrocyte surface antigen (RESA; Pf1SS) which is
deposited into the erythrocyte membrane during invasion (Cowman ef al.. 1984).
Antibody-mediated immunity 1o these antigens and a number of other defincd antigens
appear to correlate with population level of acquired immunity, but this association does
not always prove true at the individual level. Levels of antibody to parts of PMSPI in
Ghanaian children reportedly did not correlate with protection from clinical malaria
(Dodoo et al., 1999). However cellular proliferation and INF-y responses to PAMSP1
appear to be associated with resistance to clinical disease and high parasitemia (Riley et
al, 1992).



26  Central nervous system (CNS) and malaria
The brain is the control center of the body. Different areas of the brain control functions

in differeat parts of the body. Infectious pathogens modulate these functions depending
on the part of brain they infect (Shrestha et al., 2003, Bifrare ef al., 2003). For instance,
the brain is one of the most prominent targets of human immunodeficiency virus (HIV)
infection, where it leads to HIV encephalitis (HIVE) and HIV-associated dementia (Price

etal., 1990).

Knowledge of the distribution, physiology, and pathology of immune mediators in the

brain is for ing the is of the interaction between

disease causing pathogens and the CNS.

Malaria infection of the CNS by Plasmolium parasites (CM) is associated with at least
2.3 million deaths annually, from an estimated 400 million cases each year worldwide
and is the leading cause of hospitalization, mortality, and morbidity of children under five
years in sub-Saharan Afriea (Turner, 1997). The neuropathology of CM is characterized
by newrological abnormalities precipitated by oedema in the brain. The cause of these
complications is not very clear but it is known to be associated with the malaria parasites
blocking cerebral capillaries and obstructing microcirculation causing necrosis in the
brain (Grote et al., 1997); as well as induction of proinflammatory molecules by the
parasite. Although the mechanism of action for the pathogenesis of CM suggests global
and possibly diffuse CNS involvement, it is diffusc and difficult to precisely characterize.

Studies of CM cases from Vietnam show differential rates of sequestration within

29
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different areas of the brain (Sein ef al., 1993), while axonal injury reportedly occurred in
the cerebral cortices and cerebellum compared to the mid-brain structures or the brain

stem (Medana er al..2002).

Differeat regions of the brain such as cerebrum, cerebellum and brain stem have been
implicated in neurological associated disorders. Analysis of postmortem samples of
victims of malaria revealed higher sequestration of infected RBC's in the cercbellum than
the cerebrum (Sein f al., 1993). This explains varied neurologic manifestations that
result from brain dysfunction in human cerebral malaria. However, it is not clear why
certain regions of the brain are more suceptible to malaria infection than others. The

mechanism involved in CM neuroropathology is also unclear.

CM factors predictive of neurological sequelac are prolonged coma, protracted
convulsions, severe anemia and a two phase clinical course in which a patient recovers
consciousness oaly 10 be followed by recurring convulsions and coma (Brester ef al.,
1993). Looking at the seriousness and it ~threatening nature of CM including intensive
neuropathological cerebrovascular effects, it is assumed that the incidence of the disease
during a critical period of brain devek and organization as it occurs

i children, will impact those brain systen which are most vulnerable to cerebrovascular
damage. These vulnerable regions may support attention capacity, memory and cognitive
functions and that any neuropsychological sequelae for CM will involve these abilities to
avarying degree.
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27  Immune mediators of malaria in mouse models, human and primate

271 Immune mediators of malaria in mouse models

2.7.1.1 The role of adhesion molecules

Adhesion molecules are a diverse family of extracellular and cell surface glycoproteins
involved in cell-cell and cell-extracellular matrix adhesion, recognition, activation, and

migration. Some of these molecules are calcium dependent while others are not.

Calcium dependent adhesion molecules also called cadherins are involved in cell to cell
adhesion. Almost all vertebrates express cadherins. Cadherins connect cells together at
Cell to cell surface carbohydrate binding proteins also called selectins bind to specific
oligosaccharides on another cell in the presence of calcium. P-selectin is an example of a

selectin which allows white blood cells to bind to endothelial cells.

Integrins are another class of adhesion molecules which mediate cell to cell binding.
Integrins are transmembrane binding glycoproteins and they also bind cells to cellular
matrix and are calcium dependent, Integrins on white biood cells allow tighter binding to
endothelial cells before they migrate out of the blood stream to tissue. Leukoeyte factor

‘associated antigen (LFA-1) on white blood cells is an example of this class of molecule.

Non-calcium dependent cell to cell binding molecules belong to the immunoglobulin (Ig)
superfamily. Neuronal cell adhesion molecules (NCAM's) and intercellular adhesion
molecules (ICAMs) are examples of non-calcium dependent adhesion molecules.
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Murine cerebral malaria studies have shown that cytoadherence of parasitized RBC via
adhesion molcules including intercellular adhesion molecule 1 (ICAMI), vascular cell
adhesion molecule 1 (VCAMI), and cluster of differentiation 31 (CD31) plays an

important role in the is of the disease. ining for [CAM-1 for

instance revealed an increase in expression of this protein in the small venules and

capillaries of the brains of P.yoelii infected mice (Shear ef al., 1998).

Although ICAM-1 and VCAM-1 for example, have previously been implicated in
sequestration during ECM, recent experimental murine microcirculatory evidence
indicates involvement of ICAM-1, but not VCAM-1, in the sequestration of IRBCs (Kaul
eral., 1998).

Recent findings also indicate that inhibition of P-selectin (platelet adhesion molecule) to

the brain mi protects against of i malaria brain
pathogencsis (Sun et al., 2003).



27,12 The role of cytokines
Cytokines are non-antibody proteins secreted by inflammatory leukocytes and some non-
leukooytic cells that act as intercellular mediators. They differ from classical hormones in
that they are produced by a number of tissue o cell types rather than by specialized
glands. They generally act locally in a paracrine or autocrine rather than endocrine
manner. Cylokines made by lymphocytes are called lymphokine, while those made by
monocytes are referred to as monokine. Cytokines with chemotactic activities are
collectively referred to as chemokine and those made by one leukocyte and acung o -
other leukocytes are called interleukins.

The potential of cytokines as pathogenic elements of malaria can contribute directly
indirectly to many pathological processes associated with the disease. Rodent malaria
madels have provided further evidence of the important role of inflammatory processes in
the development of CM (Brian & Riley, 2002). Cytokines such as interferon gamma
(INF-y). interleukin 12 (IL-12) and tumor necrosis factor alpha (TNF-a) have been
implicated in the pathogenesis of CM. Studies with knockout mice infected with
Plasmodium berghei ANKA have revealed an essential requirements of INF-y, and IL-12

in the development of CM (Rudin er al.,1997, Yanez er al., 1996).

In malaria models in which INF-y and IL-12 display a dominant pathological role, a
protective cffect has been demonstrated by IL-10 (Tran er al., 2000). Neutralization of
sottinflammatory cytokine (IL-10) in vivo has been shown to increase the percentage of
mice with CM in & CM-resistant strain (Kossodo et al., 1997). I the case of TNF-,
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although it reportedly plays an important role in CM pathogenesis, there was
contradicting findings with TNF-a knockout mice infected with P.yoelii parasites. These
animals have slightly bigher levels of infected erythrocytes, but their susceptibility to
death from this infection was not observed (Shear ef al., 1998). It was therefore
concluded that though TNF-a. may play a role in CM pathogenesis, it is not absolutely

required for death.

2.7.1.3 The role of chemokines and receptors

Chemokines constitute a superfamily of small (8-16 kDa), soluble, pro-inflammatory
proteins produced and secreted by a wide variety of cell types during the initial phase of
host response to injury. allergens, antigens, or invading microorganisms. They are
involved in @ variety of immune and inflammatory responses, acting primarily as

chemoattractants and activators of specific types of leukocytes and other cell types.

The chemokines have been classified into alpha (C-X-C), beta (C-C), gamma (C) and
delta (C-Xy-C) based on the relative position of their first N-terminal cysteine residues
(Figure 4). The alpha chemokines (C-X-C) have a single amino acid inserted between the
first and second of their four cysteine residue, whereas these cysteines are not separated
in the beta group (C-C). The gamma (C) chemokines have only one pair of cyteine while
in the delta chemokines C-X;-C, the first two cysteines are scparated by three amino
acids. The systematic name of chemokines is designated as CXCL, CCL, XCL, and
CX,CL based on each class (Table 2).
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Table 2: Chemokine nomenclature

v NAME ~ ORIGINALN
Chemokines
CXCLI GROo
cxcL2 GROB
cxcL3 GROY
cxcLa PF4
CXCLS ENA-78
CXCL6 GCP-2
cxcL? NAP-2
CL8 L8
cxcLo Mig
CXCLI0 P-10
cxcL I-TAC
cxcL2 SDF-la/p
CcXCLI3 BCA-1
CXCLI4 BRAK
CXCLIS Utknown
CXCLI6- Uksowh
< Chemokines
XCLI Cymphotacti’SCM-la.
XCL2 SCM-1B
e Chemokines
oxcll Fractalkine
Chemokines
ccLt )
ccL2 MCP-1
ccLs MIP-1a
CCL3LL LD78B
CCcLa MIP-1p
ccLs RANTES
ceLs Unknown
ces MCP3
cas MCP-2
ccLyCCLI0 Uikngwn
ccLi o
ceLz oot
ccLi3 Mo
cCL14 i
CcCLIs s
CCLi6 HCC4/LEC/LCC-1
ccLi7 Ao
ccLis DC-CK1

RECEPTORS

CXCR2,CXCR
CXCR2
CXCR2
Unlmown

XCR2
CXCRI CXCR2

CXCRl CXCR2
CXCl

CCR8

CCR1, CCRS
CCR1, CCRS

CCRS

CCR1, CCR3, CCRS
Unknoy

wn
CCR1, CCR2, CCR3
CCR3, CCRS

CCRI, CCR2
CCR4
Unknown
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ccL19 MIP-3p/ELC CCR7

CCL20 MIP-30/LARC CCR6

cCL21 6Ckine/SLC CCR7

ccL2 MDC CCR4
CCL23 MPIF-1/CKb8 CCR1

CCL24 Eotaxin-2 CCR3

CCL2s TECK CCR9
CCL26 Eotaxin-3 CCR3

ccL2? CTACK CCR10
ccL2s MEC CCR3/CCR10

Source: htp://www.expertreviews.org
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The mechanism of chemokine action involves initial binding to specific seven
transmembrane spanning G protein-linked receptors on target cells. Several of these
receptors have been discovered for the different class of chemokines as CXCR, CCR,
XCR. and CX;CR (Figure 4). Chemokine ligands (CCL, Figure 4) can interact with more
than one receptor and vice versa. For instance, regulated on activation normal T cell
expressed and secreted (RANTES. CCLS), a beta chemokine, can bind to receptors

CCRI, CCR3 and CCRS.
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characeteristics of their relative ligands. The lis of chemokines signaling through each
receplor is indicated.



Chemokines control immune cell trafficking and recirculation of leukocyte population
between the blood vessels, lymph, lymphoid organs and tissues, a process significant in
host immune surveillance, and acute and chronic inflammatory responses. In addition to
their expressions during injury and infection, chemokines also play fundamental role in
‘homeosiasis, angiogenesis and angiostatic process, tumor and metastasis progression, and

in the CNS (Bajetto et al., 2001, Belperio et al., 2000, Rossi & Zlonik 2000).

A comparative study using Plasmodium berghei ANKA infected CS7BL/6 and BALB/c
‘mice indicate that both strains of mice expressed CXCL10 (interferon-induced protein 10,

IP-10) and CCL2 (monocyte chemotactic protein -1, MCP-1) genes as carly as 24 hops

post-infection (Hanum e al., 2003).

Other CM model studies show that experimental cerebral malaria (ECM) is induc
perforin-deficient mice (PFP-KO) after adoptive transfer of cytotoxic CD8' T cells from
infected C57BL6 mice , which were directed to the brain of PFP-KO mice. The
recruitment of cytotoxic CD' T cells into brains of PFP-KO mice might involve
chemokine and their receptors, and this suggests that lymphocyte cytotoxicity and cell
trafficking could be key players in ECM (Nitcheu ef al., 2003).

The use of rodent murine malaria models has demonstrated the involvement of leukocyte
tafficking during CM  pathogenesis. The P.berghei ANKA model suggests that
scquestration of infected RBCs and platelets mediate CM. Thus, activated platelets may

entrap leukocytes recruited to distal brain microvessels where infected RBCs are also



sequestered, In this model substantial pumber of CD8" T cells in brain-sequestered-
leukocytes (BSL) of CM infected mice were CCRS' (Belnoue ef al., 2003). Also
wreatment of mice with monoclonal antibody (mAb) to leukocyte factor-associated
antigen-1 (LFA-1) selectively abrogated the cerebral sequestration of platelets that
correlated with prevention of ECM (Grau ef al., 1986).

While chemokine receptor CCR2 was observed to be non-essential for development of
experimental cerebral malaria (Belnoue e al., 2003a), CCRS deficiency in mice
reportedly decreases susceptibility to ECM (Belnoue er al.. 2003b). Though brain-
sequesiered CD8" T eells which express certain chemokines and receptors are known 1o
be responsible for ECM pathology. it is still unknown which class of chemokines and

chemokine receptors expressed on these cells mediate ECM pathology.

272 Immune mediators of malaria in human and primate models

2.7.2.1 The role of adhesion molecules

‘The factors that determine whether CM develops or not are not clearly defined. However,
o important determinant may be the role of endothelial receptors in cytoadherence of
pasasitized RBCs (Figure 6). Many of these receptors such as [CAM-1, VCAM-1, E-
selectin, platelet cell adhesion molecule-1 (PECAM-1) and cluster of differentiation 36

(CD36) have been identified and characterized (Silamut et al., 1999, Tumner ef al., 1994).
ﬂtmuhculﬁmlmhsexprmadwmesurﬁmn(mfncwdtmhncmmedilﬁng
cytoadherence to adhesion molecules on endothelia cells belong to a large family of the

cloually vasiable antigens (Plasmodium falciparum crythrocyte membrane protein |
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(P/EMPI) (Craig & Scherf, 2001) encoded by the var genes. The knobs adhere 1o
receptors on endothelial cells of cerebral vessels, followed by rosetie formation and
of the non-parasitized (Ringwald ef al., 1993) resulting in

occlusion of cerebral vessels. Upregulation of [CAM-1 expression increased the binding
of P/EMPI to brain capillaries and contributed to complications associated with cerebral
malaria. Additionally, ICAM-1 expression is upregulated by cytokines such as TNF-g,

and IL-1 (Rudin e al., 1997. Jakobson ef al., 1995).

Furthermore. adhesion of infected erythrocytes to molecules such as chondroitin 4-
sulphate and hyaluronic acid has been associated with placental malaria (Rogerson ef al.,
1995). Following cytoadherence, there is sequestration of parasitized erythrocytes to
endothelial cells (Macpherson ef al., 1985) leading to endothelial cell damage and

associated complications.

Macrophage activation and stimulation of the respiratory burst also results after binding

of infected 10 CD36 (Ockenh et al.. 1989). i many of these

receptors also act as endothelial receptors for leukocytes during inflammatory responses
and immune surveillance. [n most cases sequestration is mediated by parasite induced
ligands on infected erythrocytes notably P/EMP-1 which have been discovered to be
responsible for antigenic variation in P falciparum. P/EMP-1 expressed on the surface of
parasitized red blood cells (pRBC), specifically binds to CD36 and thrombospondin.
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Excessive binding of Plasmodium falciparum-infected red blood cells (pRBCs) to
adhesion molecules on the vascular endothelium (cytoadherence) and to uninfected
erythrocytes (rosetting) (Figure 4) leads to occlusion of the microvasculature and thereby

contribute directly to the acute pathology of severe human malaria.
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byure 5 jon of P falci infected erythrocytes in the distal

microvasculature of the brain of cerebral malaria infected deceased patient.
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‘Source: Manson’s Tropical Discases text book, 20* edition, pp 1098.

Figure 6: Schematic illustration of cellular adhesion in P.falciparnm malaria. For
«cytoadherence (red cell 10 vascular endothelium) more than five potential recepiors for
the adhesive variant surfoce protein PAEMP] have been identified. The molecules on the
red cell surface invoived in rosetting (infected red cell to uninfected red cell) appear to
be different to thase causing cytoadherence.



2.7.22 The role of cytokines

The increase in number and activity of macrophages and T lymphocytes during malaria
nfection cause the release of soluble cytokines including TNF-o, INF-y and IL-15
(Macpberson et al., 1985, Maneeret ef al.. 1999) which induce cytoadherence, vascular
damage. activation of clotting and severe metabolic changes (Ringwald ef al.. 1993,

Rockett ef al., 1994, Nicolas ef al.. 1994).

Apart from the possible direct effect of malaria parasites on brain endothelium and other
organs such as the liver and kidney in infected hosts, the parasite also stimulates the host
immune response, leading o ovesproduction of cytokines INF-y, TNF-a, GM-CSF and
IL3 by Thi cells (Grau, 1992). These T-cell derived cytokines then amplify the

activation and recruitment of platelets and leukocytes via chemokine and chemokine

2.7.2.3 The role of chemokines and receptors

The potential roles of chemokines during malaria infection include host defensc
functions, such as leukocyte recruitment, participation in cell-mediated immunity and
anti-protozoal activity. Though chemokines and chemokine receptors reportedly mediate
pathogenesis of several parasitic diseases such as toxoplamosis, frypanosomiasis,
leishmaniasis, umoebiasis and trichomoniasis (Denny et al., 1999, Liu er al., 1999,
Badolato e al., 1996, Yu et al., 1997, Shaio ef al., 1995) their involvement in malaria,
especially CM is still unclear.
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Observations made in a ti studies of i protein-lalpha

(MIP-10) and interleukin-8 (IL-8) secretion in patients with P. falciparum malaria
indicate that IL-8 concentration correlated positively with parasite count and severity of
the disease (Burgmann et al., 1995). Recent studies also indicate that placentas of
malaria-infected women have higher levels of CCRS chemokine receptor expression than
placentas of women without malaria (Tkachuk ef al., 2001) and that both fetal and
maternal cells secrete inflammatory and immunoregulatory cells including beta-
chemokines such as MCP-1, MIP-lalpha and IP-10 in tesponse to P. faiciparum
(Suguitan er al., 2003). This is further evidence that malaria infection induces the

expression of chemokines, which may contribute to the immunopathology of the disease.

28 RANTES as a proinflammatory chemokine
RANTES is a chemokine that is involved in the generation of inflammatory infiltrates. It
was identified as part of a screen for genes expressed 3-S days after T cell activation.
RANTES binds a variety of receptors including CCR1, CCR3 and CCRS, expressed by
monocytesmacrophages, memory T cells, eosinophils, basophils and mast cells

(Baggiolini & Dahinden., 1994).

Elevated levels of RANTES have been found in bronchoaveolar lavage (BAL) from
asthmatics within 4 hr of allergen challenge (Holgate ef al., 1997) and in nasal lavage
fluids from patients with allergic rhinitis (Rajakulashingam ef al., 1997). Thus, RANTES
is implicated in the pathogenesis of allergic-type reactions with the potential to contribute
to pathological changes observed in allergic inflammation. Immunoneutralization of



RANTES in CCRS knock out murine model of chronic fungal asthma induced by
and airway

Aspergillus fumigatus signi reduced the
hyperresponsiveness in asthmatic mice which demonstrate that functional RANTES and
receptor CCRS play a role in the persistence of chronic fungal asthma in mice (Schuh ef

al., 2002).

RANTES binds to endothelial surfaces, where it acts as a signpost for immune cells. The
interaction of immune cells in the bloodstream with selectins leads to their slow rolling
along the vascular endothelium (Figure 6). RANTES does not only attract immune and
other cells, but also upregulates both integrins such as lymphocytes function-associated
antigen (LFA-1) involved in adhesion. Activated T lymphocytes, platelets and endothelial
cells release large amount of RANTES 3.5 days after activation. giving this chemokine a
special role in the maintenance and prolongation of an immune response (Kameyoshi ef
al,, 1992). Recently, the function of RANTES as & pro-inflammatory chemokine
reportedly increased the likelihood of HIV infection (McDermott ef at., 2000). Though an
association between malaria and HIV co-infection has been cstablished (Xiao ef al.,
1998), the involvement of RANTES as a pro-inflammatory chemokine vis-d-vis malaria

immunopathology is still unclear.
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Figure 7. RANTES recruits inflammatory cells from bloodstream into site of
inflammation. The bloodstream acts as a reservoir for inflammatory cells. Upon
infection resident macrophages release IL-1 and TNF-alpha, which in turn promote the
release of chemokines. A soluble gradient of these chemokines is established within the
tissue, recruiting various cell types that express recepiors for different chemokines.
RANTES binds to glycosaminoglycans on the endothelial cell surface, where it acts as a

signpost for immune cells.
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29 Current rescarch strategies for understanding malaria pathogenesis
291 Murine malaria models and malaria research

To understand the pathogenesis of CM, several animal models have been established with
various types of Plasmodium parasites. Although these animal models do not exactly
reproduce the human disease, they nevertheless exhibit some similarities to human CM,
including clinical signs of the nervous system dysfunction and cerebral pathology.
Recently, sequestration of platelets and leukocytes in brain microvasculature which was
reported to be partly responsible for ECM has been identified to play an important role in
human CM (Grau et al., 2003). Also the similarities between defined malaria antigens in
rodent and human parasites and between immune tesponse pathways in mice and humans

(Kaul ef al., 1994, Belnoue, et al., 2003b, Grau, 1992) justify the use of models.

Although the histopathology of experimental CM varies according to parasite-host
combinations, there are advantages and disadvantages in each of these models depending
on the parameters of interest. Whereas parasitized RBC sequestration is common in
P.yoelii 17X models, leukocyte sequestration is usually associated with CM in CSTBL/6

and CBA/CA mice infected with P berghei ANKA (Belnoue, e al., 2003b).

The P. yoelii model has an advantage over the P.berghei ANKA model including IRBC
sequestration which correlates with CM in humans and the tendency to allow models to
survive over long periods of time so that immunological parameters can be measured
during the infection. P.berghei ANKA (PbA) also has its own advantage including
clinical relevance expression to human and the availability of susceptible and resistant

strains. The susceptibility and resistance of these strains enable studies to be conducted to

a9
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ascertain why ouly some percentage of human population infected with malaria develops
M. The genetic variation associated with this phenomenon in PbA models may be
compared with that of humans to ascertain the differences in CM susceptibility and

resistance.

Differences in pathological changes in animal models have been found to be related to
different malaria parasites. CBA mice exhibit a brain vascular pathology when infected
with PbA but not with Pyoelii (Grau, ef al., 1987, Fujioka ef al., 1994). Pathological
changes induced by a given parasite may vary among different mouse strains. For
instance PbA-infected CBA develop fatal cercbral malaria (Rest, 1983), while DBA/2
mice develop a non-fatal cerebral syndrome (Neill ef al., 1993) but BALB/c mice do not

develop any cerebral pathology (Grau, et al., 1987).

Experimental CM cannot exactly mimic the brain pathological complications in human
due to genetic variations, but the common features of this pathology which is shared by
both human and murine model (Table 3) justify their use in research to understand

disease conditions in human.
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Table 3: Examples of animal models used for malaria brain immunopathological studies

Malaria parasite  Animal Characteristics Reference (s)
Pyoelii 17X Swissmice IRBC sequestration Kaul er al.,1994,
Pherghes ANKA  CSTBLI6  Leukocyte sequestration  Belnoue, et al ,2003b
CBA/Ca  Leukocyte scquestration  Grau et l., 1986
DBAR Non fatal CM Neil et al.. 1993
Hamster Rest 1983
BALB/c Hanum ef al., 2003
PbergheiNK6S  CBA/Ca Waki et al., 1992
P.chaubaudi CS7BL6 Garnica e al, 2003
P knowlesi Rhesus monkey Tatke et al. 1989
P.coateyi Rhesus monkey IRBC sequestration Smith e7 al., 1996
P. fragile Rhesus monkey [RBC sequestration Fujioka ef al., 1994
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292 Human post mortem tissue and peripheral blood samples
Post-mortem tissue and peripheral blood samples provide access to human samples
infected with Plasmodium. Though cell degradation occurs after death, post-moriem
samples taken shortly after death and preserved in the appropriate storage reagents are
visble for research purposes and may serve as an adequate system for understanding

malaria pathology and pathogenesis at the cellular and molecular level.

For the purpose of malaria research, it is important that patients from whom issues are
obtained be diagnosed before death for Plasmodium parasites in peripheral blood using
standard methods such as microscopy. Cerebral malaria is diagnosed according to the
Glasgow or Blantyre coma score during a malaria episode.

A penipheral blood sample from patients with malaria also provides a means by which
research can be performed to understand systemic malaria pathogenesis during
Plasmodium infection. While serum samples contain both peripheral and cellular
material, plasma samples contain only secreted protein products. For instance, plasma
samples instead of serum have been found to be ideal for determining secreted RANTES
in peripheral blood because of the excessive release of RANTES during platelet and
leukocyte lysis in serum.
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CHAPTER THREE
MATERIALS AND METHODS

A MATERIALS

31 Laboratory animals, reagents and supplies

All animal experiments were conducted according to the principles set up by the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by
the Animal Care and Use Commitice of Morehouse School of Medicine, Atlanta,
Georgia, USA. Female SW mice (6-8 weeks) obtained from Jackson Laboratory (Bar
Harbour, Maine, USA) were maintained on a 12hr lightdark cycle with access to food
and water ad libium, and maintained in laminar flow racks under pathogen-free
conditions.

3Lt Pyoelii 17X parasites

Stacks of P. yoelii 17X parasitized blood were generously provided by Dr. Hannah Shear,
(Division of Hematology, Montefiore Medical Center, Bronx, New York, US.A.). P.
yoelii 17X rodent malaria strain causes a syndrome in female SW mice that resembles
human malaria characterized by, fever (ruffled fur) and spleno-hepatomegaly by day 8

post infection (peak parasitemia).
312 cDNA micro-array

The commercial system used to investigate cDNA micro-array gene expression (Atlas™
1.0; CLONTECH, Palo Alto, CA, USA) consists of two identical nylon membranes

spotted with 588 different mouse genes grouped in functional blocks, including immune
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‘mediators, growth factors, neurotrophins, neurotransmitters and pro- and anti- apoptotic
gencs. An approximate estimate of the abundance level of a target cDNA in RNA
population can be made by comparing its signal to the signals obtained with
housckeeping genes of known abundance (g GAPDH). A complete list of the cDNA
samples and controls on each array, as well as their corresponding GenBank accession
umbers, may be found at CLONTECH’s Atlas web site (www.atlas.clontech.com). [a-
p] dATP (Amersham Biosciences, Piscataway, NJ, USA) was used to label mRNA.
Expression profiles of different mouse brain mRNA populations (from infected and
uninfected mice) at day 8 post-infection were compared and analyzed by autoradiography

and quantified by CLONTECH gene analysis software.

313 TRIZOL®

TRIZOL® reagent (GIBCO BRL, Life Technologies, Gaithersburg, MD, USA) was used
to isolate total RNA from tissue samples (P.yoelii 17X infected, human CM and control
samples). TRIZOL® is a mono-phasic solution of phenol and guanidine isothiocyanate
and allows for the maintenance of RNA integrity while disrupting cells and dissolving
cell components. It has the added advantage of allowing for simultaneous isolation of

DNA, RNA and protein for gene analysis. TRIZOL® was stored at 4 °C until used.




University of Ghana http://ugspace.ug.edu.gh

304 ELISA
Enzyme-Linked Immunosorbent Assay (ELISA) kits for quantifying amount of
peripheral blood chemokine (RANTES) expression were purchased from BioSource
International (Camarillo, CA, USA). Plasmodium falciparum specific antigens present in
malaria-positive subjects were detected using a P. falciparum specific ELISA kit
purchased from CeLLabs PTY Lid, Brookvale NSW, Australia. All assay components
including primary and secondary antibodies, blocking reagents, and washing buffer were
all supplied and used according to manufacturer’s instructions.

3.1.5 Antibodies

Commercially available antibodies against RANTES (R&D Systems, Inc. MN), CCR3
(Alexis Biochemicals, CA, USA), CCRS (ProSci Incorporated, CA, USA), a-tubulin
(Sigma-Aldrich, MO, USA) and mouse anti-GFAP (Santa Cruz, CA, USA) were used to
determine their protein products.

316 RT-PCRand PCR

DNase Trestment. Total RNA samples were treated with DNase | (GIBCO

BRL, Life Technologies, Gaithersburg, MD, USA) to remove possible genomic DNA
contamination.

SDNA Synthesis. Reverse Transcription of RNA to cDNA was performed using reverse
transeriptase (RT) kit (Maxim Biotech, Inc., San Francisco, CA, USA).

ECRKit. Amplification of cDNA by PCR was performed using Taq DNA

polymerase, 10X Buffer and dNTPs (Qiagen, Santa Clarita, CA, USA).

Asargss. Molecular biology grade agarose (Fisher Scieniific Suwanee, GA, USA)
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was used for gel separation of DNA < 1000bp whiles agarose-LE, (Ambion Inc. Austin

TX, USA) was used for RNA analysis.
3N holi ic (MOPS) buffer. Agarose-LE for RNA

electrophoresis analysis were prepared in 1X MOPS buffer for formaldehyde denaturing
gel (Ambion Inc. Austin, TX, USA).

RNase ZAP. RNase ZAP (Ambion Inc. Austin, TX, USA) was used to remove

possible RNase contamination from glass and plastic surfaces.

RNAlater . Tissue samples were stored in RNAlater (Ambion™ Inc. TX, USA) to

prevent degradation of cell products

Loading Dye. 1X final concentration of Blue/Orange loading dye (0.03%

bromophenol blue, 0.03% xylene cyanol FF, 0.4% orange G, 15% Ficoll® 400, 10mM
Tris-HCI (pH 7.5) and 50mM EDTA (pH 8.0) (Promega Madison, WI, USA) was used to
‘monitor migration of DNA products samples on agarose gel.

3.1.8 SDS-PAGE/Western Blot

Lysis Buffer. Tissue samples were homogenized with lysis buffer (0.5%Triton

X100, 0.15M NaCl, 2mM EDTA, ImM PMSE, Aprotinin, 1X PBS).

Sample Buffer. Protein samples were suspended in sample buffer (1.24M Tris,

PH 6.8, 20% (wh) SDS, 23% (w/v) glycerol, 0.05% Bromophenol blue before loading on

gel.
Separating Gel. The composition of the SDS-PAGE separation gel were 30%
Acrylamide, 1.5M Tris pH 8.8, 10% SDS, 10% Ammonium Persulphate, and TEMED
(Sigma-Aldrich, MO, USA).

Stacking Gel, SDS-PAGE stacking gel was prepared with 30% Acrylamide,



University of Ghana http://ugspace.ug.edu.gh

1.0M Tris, pH 6.8, 10% SDS, 10% Ammonium Persulphate and TEMED (Sigma-
Aldrich. MO, USA).

Running Buffer. SDS-PAGE running buffer consisted of 25mM Tris, 192mM
Glycine, 0.1% (w/v). SDS pH 8.3,

Transfer Buffer. Transfer buffer ingredients were 25mM Tris base, 192mM

Glycine, 20% Methanol

Nitrocellulose Membrane. Protein samples were transferred onto

nitrocellulose membrane (BioRAD, Hercules CA, USA).

Blocking Agent (Milk). Nitrocellulose membrane was blocked with 5% (w/v) evaporated
milk

Membrane Washing Buffer. Membrane was washed with buffer made from TBS +0.1%
Tween 20.

Protein Detection Kit, Chemiluminescent detection kit , Luminol (Enhancer)

‘and peroxide buffer (PIERCE Biotech Inc, Rockford, I, USA) was used to detect protein
bands.

X:Ray Film, Bands of protein were developed and detected on high

performance chemiluminescence film (Fisher Scientific Suwanee, GA, USA).
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B METHODS

32 Mouse malaria studies-1

321 Pyoelii 17X murine malaria model

Female Swiss Webster (SW) mice were injected intra-peritoneally with 10° (100p1) P.
yoelii 17X parasitized blood kindly provided by Dr. Hannah Shear, Division of
Hematology, Montefiore Medical Center, Bronx, New York, USA. Uninfected control
mice were injected with 1004l of uninfected blood. Parasitemia was determined by
counting the number of parasitized red blood cells (RBC's) in a total count of 300 to 500

RBCs on Wright-Giemsa-stained tail-snip-thin blood smears.

Parasitemia was monitored 2, 4, 6. and 8 days post-infection. This rodent malaria strain
causes a syndrome in female SW mice that resembles human malaria (Kaul et al., 1994)

characterized by fever (ruffled fur) and spleno-hepatomegaly by day 8 post infection.

322 Preparation of infected mouse brain tissue samples

Al mice were sedated with halothane (2-Bromo-2-chloro-1, 1, I-trifluoroethane, 0.01%
Thymol, Halocarbon Labs. River Edge, NJ., USA) prior to dissection. Groups of ten (10)
female mice were sacrificed after day 2, 4, 6 and 8 post infections. Uninfected control
mice (10) were also sacrificed on each of the time point. For each time point, 5 brains
from infected mice were collected and stored in RNAlater (Ambion™ Inc. U.S.A) at -
80°C for RNA isolation, 3 brains were cryopratected in 4% paraformaldehyde at 4°C for
immunohistology and the rest (2) were stored at ~80°C for protein analysis. Similarly, 5
brains from uninfected mice were stored for RNA isolation, 3 for immunohistology and 2
for protein analysis.



33 Trapscriptional analysis of P.yoelii 17X induced immunomodulator

expression

33.0 Total RNA isolation from P.yoelii 17X infected mouse brain

Each of the mouse brain stored in RNAlater was homogenized and total RNA was
isolated using TRIZOL® reagent (GIBCO BRL Life Technologies, Rockville, MD, USA).
Six hundred microliters (600p!) of chloroform (2004l of chloroform/1ml of TRIZOLY)
was added to homogenized brain samples in TRIZOLR, vortexed for 15 seconds followed

by incubation at room temperature for 3 minutes.

The samples were centrifuged at 12,000g/4°C for 15 minutes and the supematant
(aqueous phase) was pipetted into new microfuge tubes. Five hundred microliters (S00p1)
isopropanol (95%) was added to the supematant, mixed by vortexing and incubated at
room temperature for 10 minutes. Following centrifugation at 12,000g/4°C for
15minutes, the RNA pellets were washed in 70% cthanol by centrifugation at 7,500g/4 °C
for 5 minutes. RNA pellets were dried briefly and dissolved in 50pl of nuclease free

water,

Concentration of RNA was determined by measuring absorbance at 260nm/280nm. A
260um/280nm ratio of 1.5-2.0 was considered 1o be good quality RNA sample. The
integrity of RNA sample was determined on 1% formaldehyde-agarose gel using
ethidium bromide stain.
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332 DNase treatment of total RNA samples
Total mouse brain RNA samples were treated with RNase-frec DNase 1 (GIBCO BRL.
Life Technologies, Rockville, MD US.A) to remove possible genomic DNA
contamination. A hundred microliter (100yl) reaction mix containing mouse brain total
RNA (12ug), 10ul of 10X DNase [ buffer, Sl of lunitul DNase I (Life Technologies,
Rockville, MD U.S.A) and nuclease free water was prepared and incubated at 37°C for

30 minutes.

Ten microliters (10u) of 10X Termination mix (0.1M EDTA, pH 8.0, 1mg/ml glycogen)
was added 10 the reaction mixture to terminate DNase I activity. The reaction mix was
divided into two 1.5ml microfuge tubes after which 55ul of phenol:chloroform:isoamy!

aleobol (25:

pH 4.5, Fisher Scientific, Suwanne, GA, USA) was added to each and
subjected 10 vortex mixing followed by 10 minutes centrifugation at 12,000g/4°C to

scparate phases. The purpose of this step was to remove DNase | enzyme protein from

the i i ‘which might inhibit PCR reaction.

The top aqueous layer was pipetied into a new microfuge tube and chloroform (S5yl) was
added to the tube, mixed by vortexing and centrifuged at 12,000g/4°C for 10 minutes.
The top aqueous layer obtained after this process contained the RNA and was transferred
into a fresh microfuge tube and precipitated in Syl of sodium acetate (2M NaOAc pH
45) with 150pl of 95% ethanol. The reaction mix was kept on ice for 10 minutes

followed by centrifugation at 12,000¢/4°C for 15 minutes. RNA pellets were washed with
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80% ethanol (SOul) at 12.000g/4°C for 5 minutes, air-dried briefly and resuspended in

50ul of nuclease free water.

333 Testing of total RNA samples for possible DNA contamination
After DNAse treatment, RNA samples were tested by PCR analysis using the mouse
GAPDH PCR primer pair to cnsure that there was no DNA contamination after DNase
treatment. Hundred nanograms (100ng) of DNAse-treated total RNA samples were used
as template in a standard PCR reaction mixture consisting of 10 mm KCI, 10 mm
(NH,)2804, 20 mm Tris-HCI (pH 8.8), 2 mM MgSOx, 0.1% Triton X-100, 200uM each of
four deoxynucleotides,(dATP, dCTP, dTTP dGTP) and lunit of AmpliTaq Gold DNA
polymerase (Perkin-Elmer, Boston, MA, USA), in a reaction volume of 100 ul.
Amplification was performed for 30 cycles in a thermocycler (Perkin Elmer Gene Amp
PCR System 2400™, Fisher Scientific, Pittsburgh, PA, USA), each cycle being for 2 min
at 94 °C, | min at 55 °C and then | min at 72 °C, with a final incubation of 10 min at 72
°C. The presence or absence of PCR products was determined on 2%-agarose/ethidium-

bromide stained gel.
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334 cDNA array-screening of P.poelii 17X induced immunomodulators

3.3.4.1 Probe synthesis from total RNA

Global alterations in £.yoelii 17X induced immunomodulator gene expressions in mouse
brain at peak parasitemia were determined by cDNA microarray (CLONTECH, CA,
USA). Five micrograms (5pg) of P.yoelii 17X infected (day 8 post infection) and
uninfected DNase-treated, pool mouse brain RNA was reverse transcribed in the presence

of 10uCi/pl of (a-**P) dATP, for micro-array analysis.

The following reagents were combined in a 0.5ml microcentrifuge tube at room
temperature; 2l of 5X reaction buffer, 1ul of 10X dNTP mix, 3.5ul of 10uCi/ul of (a-

¥1p) dATP to provide a total volume of 6.5p. The reaction mix was preheated at 70°C.

In a separate 0.5ml microfuge tube, Spg of total RNA and 1pl of cDNA synthesis primer
mix (CLONTECH, CA) were combined, vortexed briefly and incubated at 70°C for 2
minutes. The reaction was further incubated for 2 minutes at 50°C. During this
incubation, Il of reverse transcriptase (CLONTECH, CA, USA) was added and the

reaction was kept a room temperature.

After the 2-minute incubation at 50°C, the radiolabeled 6.5l master mix probe was
added to cach tube, mixed briefly and incubated for further 25 minutes at S0°C. The
reaction process was stopped by adding 1y of termination mix (0.1M EDTA in 1mg/ml
glycogen).
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3.3.4.2 Column purification of synthesized probes
To purify the labeled cDNA from unincorporated *'P nucleotides and small (<0.1kb)
cDNA fragments, probe synthesis reaction was diluted to 200 total volume with buffer
NT2 (CLONTECH, CA, USA). The reaction mix was transferred into a Nucleospin
Extraction Spin Column (CLONTECH, CA, USA) placed into a 2-ml collection tube and
centrifuged at 14,000 rpm for 1 minute. The collection tube was discarded into
appropriate radioactive waste container. Four hundred microliters (400ul) of buffer NT3
(CLONTECH, CA, USA) was added onto the NucleoSpin column, which have been
inserted into a fresh 2-ml collection tube, and centrifuged at 14,000 rpm for Imin. The
collection tube and its contents were again discarded into the radioactive container. This
step was repeated twice. The NucleoSpin column was finally transferred into a clean 1.5-
ml microfuge tubes and soaked with 100l of buffer NE (CLONTECH, CA, USA) for 2
minutes. The purified cDNA probes were finally eluted from the column by

‘centrifugation at 14,000 rpm for | minute.

3343 Hybridizing cDNA probes to the Atlas array

ExpressHyb (CLONTECH, CA, USA) was prewamed at 70°C while 0.5mg of sheared
salmon testes DNA was denatured by heating at 100°C for 5 minutes and quickly chilled
on ice. Heat-denatured sheared salmon testes DNA was mixed with prewarmed
ExpressHyb (CLONTECH, CA, USA) and kept at 70°C until used.

‘nchsmymbnmwupu-wtlinlhy\ﬁdimbmﬂewﬂmilhdhudmlhz
inside walls of the bottle without creating air pockets. Five milliliters (Sml) of the
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denatured sheared salmon DNA and the ExpressHyb solution was added to the bole,
such that the solution is evenly distributed over the membrane. This step was prepared
quickly to prevent the amay fiom drying. The membrane was prebybridized with

continuous agitation at 15rpm at 70°C for 30 minutes in a hybridization incubator.

Hundred microliters (100l) of the labeled probe was added to 114 of 10X denaturing
Solution (1M NaOH, 10mM EDTA) and incubated at 70°C for 10 minutes. The labeled
probe reaction mix was added directly to the array membrane and the prehybridization

solution, and hybridized overnight at 70°C (16hrs).

3.3.4.4 Washing of hybridized array membrane

After the ovenight hybridization, the hybridization solution was carefully remove
the bottle and discarded into the radioactive waste container and replaced with 200ml of
prewarmed (70°C) wash solution | (8.765g NaCl, 4.41g NaxCitrate.2H;0, pH 7.0, 10g of
SDS) with continuous agitation at 15 rpm for 30 minutes. This step was repeated three
more times after which the membrane was again washed with 2004l of wash solution 2

(044g NaCl, 0.22¢ NasCitrate 2H,0, pH 7.0, 0.5g of SDS) at 70°C.

The Atlas array membrane was carcfully removed from the bottle with forceps. Excess
wash solution was removed from the membrane by shaking. The damp membrane was
immediately marked with a notch at one comer for easy identification and covered with a

plastic wrap. The membrane was exposed to Kodak BioMax Ms x-ray film at 80°C with
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an intensifying screen, overnight. The film was developed by Kodak X-Omat 2000A X-

ray autoradiographer.

3345 Gene analysis
The positions of hybridization signals on the x-ray film were identificd and analyzed
using Atas™ Image 1.0 software (CLONTECH, CA, USA). This software provides
orientation grid such that scanning the signals on the x-ray film and precisely aligning it
to the grid diagram, it provides the enclosed array gene list on the membrane. The

differential gene expression in P,yoelii 17X infected and control mouse brain were then

analyzed and normalized to those of 3-phosph
(GAPDH), which was used as the housekeeping gene. The resulting data were expressed
as the ratio of the relative change in mRNA levels in the infected brain samples and
uninfected controls.

Due to sequence-dependent hybridization characteristics and variation inherent in any
hybridization reaction. it is important that cDNA array results are corroborated with RT-
PCR analysis. RT-PCR analysis was therefore conducted to confirm expression of

selected genes of interest.
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335 Reverse transcription of purified mouse brain RNA to cDNA for PCR
analysis

To synthesize the first -strand cDNA for PCR amplification, 10ug of DNase-treated
mouse brain RNA and 4] (S0uM) of random hexamer (S0uM; Maxim Biotech, Inc., San
Francisco, CA, USA) (used as a primer) were combined in a total volume of 14,5 with
nuclease free water and incubated at 70°C for 5 minutes. The reaction mix was quickly
chilled on ice and 0.5l of RNase inhibitor (130 Units/ul) (Maxim Biotech, Inc.. San
Francisco, CA, USA), 10ul of 5X RT buffer, 20l of 10mM mixed dinucleoside
triphosphate and 1l of reverse transciptase (250 Units/jul) (Moloney Murine Leukemia
Virus Reverse Transcriptase - Maxim Biotech, Inc., San Francisco, CA, USA) were
added and incubated at 37°C for 60 minutes. The reaction was terminated by incubation
at 95°C for 20 minutes and quickly chilled on ice. Fifty microliters (SOu1) of nuclease
free water was added to dilute the RT mixture to a volume of 100pl. A volume of

cDNA was used in each PCR reaction.

3351 i by PCR and

immunomodulators

Gene sequences with accession numbers for adhesion molecules; PECAM-1
(NM_"8K16) ICAM-1 (BE_630415), and VCAM-1 (NM_011693); cytokines, INF-y
(K_00083), TNF-a (NM_013693), IL-12 (M_86671). and iNOS (NM_008712);
chemokines, MIP-2 (NM_009140), MCP-1 (NM_011333) and RANTES (AF_252285);
chemokine receptors CCRI (NM_009912), CCR3 (NM_009914) and CCRS (D_83648)
d glyceraldehyde-3-phosphate dehydrogenase (GAPDI, XM 357288) were obtained
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rom the National Center for Biotechnology Information (NCBI) database. Sease and
antiscnse primers, optimized for PCR amplification which geperated amplicons of 100,
106, 102, 98, 100, 102, 101, 94, 100, 97, 103, 96, 100 and 120 base pairs in size for
PECAM-1. ICAM-1, VCAM:-1, INF-y, TNF- g, [L-12, INOS, MIP-2, MCP-1, RANTES,
CCRI, CCR3, CCRS and GAPDH respectively were then designed (Appendix) using
Primer 3 software program from Whitehead Institute at the Massachusetts Institute of
Technology (MIT, Boston, MA, USA). Thermodynamic analysis of the primers was
conducted using computer programs: Primer Premier ™ (Integrated DNA Technologies,
Coralville, 1A, USA), and MIT Primer III (Boston, MA, USA). The resulting primer sets
were compared against the entire mouse genome using the national center for
biotechnology and information (NCBI) to confirm specificity and insure that the primers

flanked mRNA splicing regions.

PCR was conducted on . yoelii 17X infected mouse brain RNA samples using these
primers.  Complementary DNA sequences were amplified in a S0pl reaction mixture
prepared by adding the following components; 35yl of nuclease free water, Sul of 10x
PCR buffer, 20ng each of specific primer pairfpl, 2ul of dinucleoside triphosphate
(10mM), 0.5ul (5 Units/pl) of Tag polymerase and 2ul of diluted RT product (cDNA;
used as template). Conditions for DNA amplifications were set as follows: heating at
94°C for 5 minutes, followed by 25 cycles of DNA denaturation at 94°C for | minute, an
annealing step at X'C (see appendix vii (table 3)) for respective temperature values) for |
minute, strand extension at 72°C for | minute and a final extension step at 72°C for 10

minutes in a thermocycler. Primers specific for GAPDH (housekeeping gene) was used
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as intenal control. Negative controls, from which template mRNA was omitted, were

included in each amplification experiment.

The number of eycles required to attain products in the lincar range of the PCR was
determined before the final assays were run. Working within this range, it was possible to
determine expression differences after 25-30 cycles.

PCR products were analyzed on 2%-agarose/ethidium-bromide gels and quantified using
Gelexpent software (NucleoTech, San Mateo, CA, USA). Band intensities in cach
experiment were normalized to the mean intensity of GAPDH. Data were expressed as

the relative change in mRNA level in infected and uninfected controls.

34 Tissue and plasma protein analysis of P.yoelii 17X induced RANTES
expression

341 SDS/Western Blot analysis of P.yoelii 17X induced RANTES protein
expression in mouse brain

3.4.1.1 Protein isolation and assay from mouse brain

Protein was isolated from P.yoelii 17X infected and uninfected mice brains using lysis

buffer (0.5% Triton X-100, 0.1SM NaCl, 2mM ethylenediamine tetra-acetic acid

(EDTA), 1mM phenyl methyl sulforyl fluoride (PMSF), 22pig aprotinin/yl, 1X phosphate

buffered saline (PBS)). Brain tissue samples were homogenized in Smi of lysis buffer,

and centrifuged at 13000 rpm for 20 minutes. Supematant containing the protein was

pipetted and stored at -80 °C wntil used. Protein concentration was determined by Lowry

method (BioRad, Hercules, CA, USA) using Bovine Serum Albumen (BSA) as standard.
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Stock concentration of 1. 4mg/mi of BSA standard was diluted with lysis buffer to prepare
serial concentration as; 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4mg/ml. Duplicates of ten microliters
(1041 of standards and protein samples were pipetted into a 96 well platc. Twenty five
‘microliters (25,1) of reagent A (BioRad, Hercules, CA, USA) was added to each well
followed by 200l of reagent B (BioRad, Hercules, CA. USA). Optical density of
samples was read at 750nm using Micro-Titer plate reader (Molecular Devices
SpectraMax 250™Sunnyvale, CA, USA). Concentration of samples was extrapolated

from BSA standard curve.

3412 Preparing SDS-PAGE gel
Glass plates and spacers were assembled in sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) mini-vertical gel unit (HOEFER Scientific Instruments San
Francisco, CA, USA) before gel was cast, Separating gel (15%) was prepared as follows;
8ml of 30% acrylamide, and Sml of 1.5M Tris, pH 8.8, (BioRad, Hercules, CA, USA)
were added to 6.6ml distilled water and stirred in a baker briefly, after which 200l of

10% ammonium persulphate was added followed by addition of 40! of N.N.N'N™

N,N'N"-Di-(di i ethane (TEMED) (Sigma-
Aldrich, MO, USA) with brief mixing. Gel was poured immediately and overlaid with
70% ethanol to create smooth surface, followed by incubation at room temperature for 1
hour.
After I incubation, the ethanol was poured off and the separating gel was rinsed twice
with distilled water and overlaid with 5% stacking gel prepared from the following

recipes: 1.8ml, 30% acrylamide, 1.3ml, 1.0M Tris, PH 6.8 and 100l of 10% SDS with



6.8mI distilled water and degassed for 3 minutes. Hundred microliters (100pl) of 10%
ammonium persulphate was added, with 40ul of TEMED (Sigma-Aldrich, MO, USA)
mixed bricfly and poured immediately on 1op of the separating gel before casting comb.

Gel was incubated for 1 hour at room temperature. Equal amounts of protein (25ug)
samples were precipitated in cold acetone and resuspended in loading buffer (1.24M Tris,
PH 638, 20% (wh) SDS. 23% (w/v) glycerol and 0.05% bromophenol blue) before
‘running on SDS-PAGE. Twice the volume of cold acetone (100%) was added to samples,
vortexed briefly and incubated on ice for 10 minutes to precipitate protein. Samples were
then centrifuged at 14000 rpm for 10 minutes and the supenatant was poured off. The
pellet was resuspended in 15pl of 1X loading buffer before loading. SDS-PAGE was run

for 3 hours at 100v and 110mA.

3.4.1.3 Transfer of protein onto membrane

Gel was removed from electrophoretic unit, and kept in transfer buffer (25;

83, 192 mM glycine, 20% methanol) until used. Nitrocellulose membrane (BioRad,
Hercules, CA, USA) was cut according to the dimension of the gel and soaked in transfer
buffer. Filter papers cut to the size of membrane/gel and sponges were soaked in transfer
buffer in different container before the transfer unit (IDEA Scientific Company,
Minneapolis, MN, USA) was assembled. The transfer sandwich unit containing some
amount of transfer buffer was assembled in the following order starting from the cathode;
White plastic grid, sponge, filter paper, gel nitrocellulose membrane (without moving
membrane or gel, an object with smooth surface, (4ml pipetie) was rolled over set up to
remove any wapped bubbles), iker paper, sponge and white plastic grid.
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The transblot sandwich was slowly slide into the transfer tank after more transfer buffer
had been added to the unit. Running condition for transfer was set at maximum voltage
and 350mA for 9 hours. Afier transfer, nitrocellulose membrane was removed from
transblot sandwich; rinsed briefly with deionized water before western blot was

performed.

3.4.14 Western Blot analysis
Nitrocellulose membranes were incubated on orbital shaker (400rpm) in 5% (W/v)
evaporated milk for | hour to block non-specific spots on membrane. Membranes were
then washed with tris-buffered saline (TBS)-0.1 % Tween 20 (washing buffer), 3 times
(changing buffer at 10 minutes interval). After the third wash, membranes were screened
with primary antibodies according to manufacturer’s recommendation: 1:1000
biotinylated anti-mouse recombinant RANTES (R&D Systems, Inc. MN, USA) and
1:2000 anti-mouse o-tubulin (Sigma-Aldrich, MO, USA). Membranes were incubated
with horizontal shaking (Bellco Biotech, Vineland, NJ, USA) set at 300rpm at 4 °C

ovemnight.

Membranes were washed twice on a shaker (Bellco Biotech, Vineland, NJ, USA) set at
400rpm with wash buffer (5 minutes each) and incubated with the appropriate secondary
antibodies. Membrane probed with biotinylated anti-mouse recombinant RANTES (R&D
Systems, Inc. MN, USA) vas incubated with 1:4000 streptavidin-horse-radish peroxidase
(HRP) secondary antibody for 1 hour at room temperature while membrane probed with
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a-tubulin was incubated with 1:5000 anti-mouse IgG secondary antibody at the same

conditions.

After secondary antibody incubation, membranes were washed again for 30 minutes,
changing wash buffer at every 10 minutes interval. Membranes were then developed with
a chemiluminescent (PIERCE Biotech Inc. IL, USA) detection kit. Five hundred
microliters (500ul) each of luminol (enhancer solution A, PIERCE Biotech Inc. IL, USA)
and peroxidase buffer (solution B, PIERCE Biotech Inc. IL, USA) were mixed on
transparent spread wraps. Membranes were removed from wash buffer. Excess buffer
was blotted out with filter paper and incubated at room temperature on detection reagents
on wraps for 5 minutes, with protein surface on membrane facing down. Membranes
were wrapped in transparent wraps after detection reagents have been blotted out and put

in autoradiography cassette (Fisher Scientific Suwanee, GA, USA).

Bands of protein were developed and detected on high performance chemiluminescence
film (Fisher Scientific Suwanee, GA, USA) using Kodak X-Omat 2000A (Eastman
Kodak Company, Rochester NY, USA) autoradiographer. Bands of protein
comresponding to RANTES (7.8 kDa) and a-tubulin (55.0kDa) were quantified for
Pyoelii 17X infected and uninfected control cases using Versa Doc Imaging System

(BioRad, CA, USA). RANTES protein expression was normalized to that of o-tubulin,
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3422 Peripheral blood analysis of P.yoelii 17X induced RANTES expression

To determine if expression of RANTES is localized or systemic, peripheral blood plasma
RANTES expression from P.yoelii 17X infected (day 2, 4, 6, and 8 post infection) and
control mice was determined using RANTES specific ELISA kit (Biosource International
Camarillo, CA, USA). Since RANTES can be released by platelets during serum
collection, the use of serum samples to determine peripheral RANTES expression was
avoided. Insiead, blood was collected in SOl of heparin (1 Units/u)) (Elkins-Sinn, Inc,
Cherry Hill, NJ, USA), centrifuged at 13,000rpm for 10 minutes to obtain plasma
samples, which were stored at - 80 °C until used. Duplicates of standards (39.0, 78.1, 156,
312, 625, 1250, 2500 pg/ml concentration range), controls, and samples (1:20 diluted)
were aliquoted (100u) into RANTES coated microtiter wells and incubated for 2 hours at
37 °C. The solution was aspirated after incubation and wells were washed with 400! (4
times) wash buffer (Biosource Intcmational Camarillo, CA, USA). Biotinylated anti-
RANTES conjugated antibody (100 pl) (Biosource International Camarillo, CA, USA)
was added to the wells and incubated at 37 °C for 1 hour. Wells were washed again.
Hundred microliters (100u) of Streptavidin-Horse Radish Peroxidase (Streptavidin-
HRP) was then added to each well, incubated at room temperature for 30 minutes and
washed again as before. Hundred microliters (100l) of stabilized chromogen
(Tetramethylbenzidine) was added 10 each well and kept in the dark at room temperature
for 30 minutes. The reaction was stopped by adding 100ul of stop solution (0.3M
HiS04).
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Concentrations of test samples were determined at 450nm in a micro-titer plate reader
(Molccular Devices SpectraMax 250™ Sunayvale, CA, USA). The minimum detectable
dose of mouse RANTES using this kit have been found to be <20 pg/ml.

35 Ultrastructaral and immunohistological analysis of P.yoelii 17X infected
brain samples

351 Ultrastructural analysis of P.yoelii 17X infected brain samples

To evaluste effects of Pyoelii 17X infection on mouse brain microvessels at peak
parasitemia. whole infected and uninfected brains were dissected, cut into smaller cubes
(2 mm’), washed twice with phosphate buffered saline (PBS), and fixed for 60 minutcs in
100 mM potassium phosphate buffer pH 7.2, containing 0.1 % gluteraldehyde and 2%
formaldehyde, freshly prepared from paraformaldehyde. After fixation, the brains were
debydrated in methanol (95%) and embedded in Lowicryl K4M at ~20 °C. Thin sections
were collected on 300-mesh nickel grids and examined by transmission electron

microscopy at 60 eV.

352 Immunohistological analysis of GFAP expression in P.yoelii 17X infected
brain

Pyoelii 17X infected and uninfected mice brains harvested at peak parasitemia were

perfused in 4% paraformaldehyde in 0.02M KPBS (Potassium Phosphate Buffered

Saline) until completely saturated. and then transferred into 10% sucrose for 4 hours at

room temperature.
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Parasagital sections of 20um thickness brain tissues oblained using a cryostat were

srially placed into 0.02M KPBS solution in a 12-well microplate for free floating

processing.

Tissues were incubated for 10 minutes in a 0.2% sodium borohydride (prepared with
0.02M KPBS) on a rocker set at 400rpm to minimize auto-fluorescence. Tissues were
washed 3 times (10 minutes each) in 0.02M KPBS. Tissue samples were blocked for 1

hour in 0.02M KPBS solution containing 0.1% triton X-100 and 10% normal goat serum.

Samples were incubated with 1:200 rabbit anti-GFAP (glial fibrillary acidic protein)
primary antibody for 2 hours at room temperature on a rocker. Tissues were washed 3
times (10 minutes each) after primary antibody incubation and then incubated again at
room temperature on a rocker for an hour, in 1:1000 dilution of goat-anti-rabbit
secondary antibody prepared in 0.02M KPBS. Tissues were washed 3X (10 minutes
cach) in 0.02M KPBS after secondary antibody incubation, and mounted on slides in
anti-fade medium and visualized and photographed, on an Olympus BH70 microscope

with an attached laser confocal-imaging system.

36  Human malaria studies

361 Human cerebral malaria (CM) and non-malaria (NM) brain samples

Autopsy samples were obiained with informed parental consent of children below the age
of 9 who died from CM (n=12 cases) and NM (n=6 cases) while on admission at the
Children's Ward of Korle-Bu Teaching Hospital, University of Ghana Medical School,



Acera, Ghana. Inclusion criteia for sample collection were WHO Blantyre coma score of
3 o less and the presence of malaria parasites. The presence of P.falciparum parasites in
e peripheral blood was detected by routine parasitological examination in all paticnts'
while on admission. Exclusion criteria were determined as absence of unconsciousness

due to ia, absence of no history of ical illness and

absence of malaria parasites.

To determine which region of the brain expresses high levels of RANTES and receptors
CCR1, CCR3 and CCRS, brain scctions taken from four regions of the brain, (namely,
cerebellum, cerebrum, brain stem and hippocampus) of confirmed human CM and NM
post-mortem brain tissue samples were used in this study. CM was defined according to
established World Health Organization guidelines (WHO, 2000); a Blantyre Coma score

of 5 or less during the episode of severe malaria, excluding other causes of

such as ia, meningitis or other
Non-malaria controls were cases in which no history of neurological illness was
recorded. Brain tissue samples were stored in RNAlater (Ambion™ Inc. TX, USA) to
preserve RNA during transportation and subsequently processed for total RNA and
protein isolation. Consent of parents/guardiansirelatives of deceased subjects and
approval by the Institutional Review Boards (IRB) of the University of Ghana Medical
School, Acera, Ghana and Morehouse School of Medicine, Atlanta, USA, were obtained

prior to commencement of this study.
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362 Transcriptional analysis of RANTES, CCR1, CCR3 and CCRS in cerebrum,

cerebellum, brain stem and hippocampus of CM and NM samples

3.6.2.1 RNA isolation and DNase treatment, from CM and NM samples

Total RNA was isolated from four regions of the brain (namely, cerebellum, cerebrum,
brain siem and hippocampus) of confirmed human CM and NM post-mortem brain tissue
samples using TRIZOL Reagent (GIBCO BRL, Life Technologies Inc., Rockville, MD,
USA) and procedure as provided in 3.3.1. Potential genomic DNA contamination was
removed from these samples by treatment with RNase-free DNase (Invotrogen, San
Diego, CA, USA) for 30 minutes at 37 °C. RNA was then precipitated and resuspended

in nuclease free water and tested for traces of DNA contamination.

3.6.2.2 Reverse transcription of purified human brain RNA to ¢DNA for PCR
analysis

Synthesis of purified human brain RNA to cDNA for PCR analysis was performed as

described in 3.3.5.

3623PCR i ion and ive analysis of CM induced RANTES,

CCR1, CCR3, and CCRS
Human mRNA sequence of RANTES, CCRI, CCR3, CCRS and glyceraldehyde-3-
Phosphate dehydrogenase (GAPDH) obtained from the National Institute of Health-
National Center for Biotechnology Information (NTH-NCBI) gene bank database
iccession numbers NM_002985, NM_001295, NM 001837, NM_000579 and M_33197,

”



respectively were used to design primers for PCR analysis. PCR amplification generated
amplicons of 154, 130, 193, 101, and 226 base pairs n size for RANTES, CCR1, CCR3,

CCRS and GAPDH mRNA respectively.

Primers were designed using the Primer 3 software program from Whitehead Institute at
the Massachusetts Institute of Technology (MIT, Boston, MA, USA) as before and
compared against the entire human genome using NCBI to confirm specificity and insure
that the primers flanked mRNA splicing regions. Complementary DNA (¢cDNA) was
generated, as before, and amplified with specific cDNA primers using Taq polymerase

and polymerase chain reaction (PCR) reagents (Qiagen Inc. Valencia, CA, USA).

Conditions for DNA amplifications were set as follows: heating at 94°C for 4 minutes,
followed by 25 cycles of DNA denaturation at 94°C for | minute, an annealing step at
X°C (appendix) for | minute, strand extension at 72°C for | minute and a final extension
step at 72°C for 10 minutes in a thermocyeler (Perkin-Elmer, Norwalk, CT, USA).
Primers specific for GAPDH (housekeeping gene) was used as intemal control, The
required number of cycles needed to attain products in the linear range was determined as
before. Negative controls were included in cach amplification experiment. PCR products
were analyzed on 2%-agaroselethidium-bromide gels and quantified using Gelexpert
software (NucleoTech, San Mateo, CA, USA). Band intensities in each experiment were

normalized to the mean intensity of GAPDH.
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363 Tissue and plasma protein analysis of malaria induced RANTES, CCRI,
CCR3 and CCRS expression

3.6.3.1 Protein isolation and analysis from CM and NM samples

To localize portion of brain where RANTES, CCR3 and CCRS expression oceur, protein

was isolated from cerebrum, cerebellum, brain stem and hippocampus of CM (n=12) and

NM (0=6) post-mortem brain tissue samples using lysis buffer and procedure as

described in 34.1.1.

3.6.3.2 Preparing SDS-PAGE gel for protein analysis

Fifteen percent (15%) of SDS-PAGE gel was prepared with the same running conditions

as described in 3.4.1.2

3,633 Transfer of protein onto membrane
‘The same procedure described in 3.4.1.3 was used o transfer CM and NM tissue proteins
onto membranes. Running condition for transfer was set at maximum voltage and 350mA
for 9 and 22 hours for RANTES (7.8kDa), and CCR3 (41kDa), CCRS (40kDa) and -
tubulin respectively.

3.63.4 Western Blot analysis

Membranes were washed as before and screened with primary antibodies according to

s ion: 1:1000 biotis anti-human i RANTES
(R&D Systems, Inc. MN, USA), 1:1000 polyclonal anti-human CCR3 (Alexis
Biochemicals, CA, USA), 1:2000 polyclonal anti-human CCRS (ProSci Incorporated,

9
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Poway CA. USA) and 1:2000 anti-human a-tubulin (Sigma-Aldrich, MO, USA).
Membrane probed with biotinylated anti-human recombinant RANTES (R&D Systems,
Inc. MN, USA) was incubated with 1:4000 streptavidin-horse-radish peroxidase (HRP)
secondary antibody for 1 hour at room temperature while membranes probed with anti-
puman CCR3, CCRS and a-tubulin were incubated with 1:5000 anti-human IgG

secondary antibodies at the same conditions.

Bands of protein were developed and detected on high performance chemiluminescence
film (Fisher Scientific Suwanee, GA, USA) using the Kodak X-Omat 2000A (Eastman
Kodak Company, Rochester NY, USA) autoradiographer as before. Bands of protein
corresponding to RANTES (7.8 kDa), CCRS (40.0kDa) and a-tubulin (55.0kDa) were
quantified for all CM and NM cases using the Versa Doc Imaging System (BioRad, CA,
USA). RANTES and CCRS protein expressions were normalized to that of a-tubulin.

37 Determination of Pfalciparum antigen and malaria induced plasgia—,
RANTES expression by ELISA /’
371 Determination of P.falciparum antigen { _/
Plasmodium falciparum specific antigens present in plasma, collected from 64 maﬂlru‘_/
positive male and female adult volunteers with informed consent in Ejura, a peri-urban
community in the Ashanti region of Ghana, were detected using a P. falciparum specific
antigen ELISA kit (CeL.Labs PTY Lud, Brookvale NSW, Australia) which is specific for
the histidine rich protein secreted by P falciparum at the merozoite stage of the infoction.

Blood plasma of malaria antigens in the 64 adult Ghanaian subjects (NCM) and 19 non-
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exposed malaria nafve male and female African- American adult volunteers in Atlanta, 8
city in the Georgia State of USA, as conirols were determined. Two hundred microliter
(200u) duplicates of negative and positive controls as well as sample diluent were
dispensed into microplates coated with purified recombinant proteins specific for the
histidine rich protein. Ten microliters (104l of sample was added in cach sample well
and incubated for 45 minutes at 37 °C. Microplate was washed five times by delivering
and aspirating 300p wash buffer (CeLLabs PTY Ltd, Brookvale NSW, Australia) per
well. Hundred microliters (100j) of diluted enzyme conjugate was pipetted into cach
well of microplate, sealed and incubated for 45 minutes at 37 °C. Microwells were
washed again as before after which 100l of chromogen (tetramethylbenzidine /substrate
hydrogen peroxide) (CeLLabs PTY Ltd, Brookvale NSW, Australia) mixture was added
and incubated at room temperature for 15 minutes. Hundred microliters (100l) of stop
solution (0.3M H;SO4) was added 1o each well before optical density was read at 450nm.
The sensitivity as well as specificity of the test has been shown to be > 98% with a

reported false positive rates of <2%.

372 Pfalciparum induced plasma RANTES expression

Plasma samples obtained from malaria positive subjects was used to determine peripheral
RANTES  expression during parasite infection. Blood was collected in EDTA,
centrifuged at 13,000 rpm for 10 minutes 1o obtain plasma samples, which were stored at
~20° C until used. Peripheral blood plasma RANTES levels in the 64 adult Ghanaian
malaria positive subjects (NCM) in Ejura and the 19 non-cxposed malaria naive African-
American adult volunteers in Atlanta as controls, was determined using a RANTES



specific ELISA (Biosource Int. CA, USA). Hundred microliter (100ul) duplicates of
scandards (50 pg/ml 10 5000 pg/m concentration range), controls and test samples (1:51
dituted) were added to anti- RANTES antibody coated wells. Fifty microliters (50u) of
anti-RANTES horse-radish peroxidase conjugate was added to each well and incubated
for 2 hours at room temperature on a horizontal shaker (Bellco Biotech Vineland NJ,
USA) set at 700 rpm. Wells were subsequently washed with 400l of wash buffer
(Biosource Int. CA, USA). Two hundred microliters (200pl) of freshly prepared
chromogenic solution (Tetramethylbenzidine) containing hydrogen peroxide was added
to cach well and incubated for 30 minutes at room temperature on a horizontal shaker at
700 rpm. Fifty microliters (50l) of stop solution (0.3M HS04) was added to each well
to terminate the reaction, Samples optical densities were read at 450 nm with Micro-Titer

plate reader (Molecular Devices SpectraMax 250™Sunnyvale, CA, USA).

Concentrations of test samples were read from a standard curve and multiplied by 51 to
comect for the 1:51 dilution. The minimum detectable concentration for this kit is
estimated 1o be 2pg/ml. The strength of association between RANTES expression and P,

Jaleiparum anigens in malaria subjects were assessed using correlation analysis,

38 Statistical analysis

A two-tailed student's ttest software (Intercooled Stata 8.0, STATA Corporation, TX,
USA) was used for statistical analysis. Average of densitometric measurements from
sgarose gel electrophoretic and Western Blot analyses for CM and NM samples were
log-transformed to normalize the distribution for CM (n=12) and NM (n=6) and also to



corret for small sample size for parametric statitical analysis. Data were expressed as
he mean + SEM. Data from CM (n=12) and NM (n=6) group were then compared using
the two-tailed student's ttest software, for which P < 0.05 was considered to be
sigificant, The results obiained in this work were from duplicate determinations and

represent independent experiments performed by identical methods.

39  Mouse malaria studies-2

390 Role of RANTES in severity and mortality of murine malaria

The hypothesis for this study was that blocking RANTES cxpression will minimize or
abrogate the severity of malaria infection. Therefore, to determine the functional role of
RANTES during P. yoelii 17X infection, a group (1) of twenty two (22) female SW mice
were injected with anti-RANTES polyclonal antibody (pAb) (200ulmouse), while
another group (11) of 22 mice received mock polyclonal antibody (200pl/mouse) kindly
provided by Dr. James Lillard, Morehouse School of Medicine, Atlanta, GA, USA. At
day 0, post inoculation, plasma samples were collected from S mice from each group and
stored at 70 °C until used. The remaining seventeen (17) mice in cach group were
challenged intra-peritoneally with P.yoelii 17X (10° infected RBC) parasite while another
group of seventeen (17) mice serving as controls received uninfected blood. Infected

mice were given a boost of 200pl/mouse of antibodies at day 2, 4, and 6.
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The description of the experimental design is shown below;
Mouse strain : SW female-6 weeks old

Parasite strain : Plasmodium yoelii 17X

Groupl ~ : Positive control (Infection + anti-RANTES pAbs)
Groupll  : Experimental (Infection + anti-mock pAbs)
GroupIl  : Negative control

Ab Ab Ab Ab Ab
treatment  treatment  treatment treatment  treatment

2 4 ! !
t

Sacrificed, Sacrificed,
plasma plasma
collection collection




University of Ghana http://ugspace.ug.edu.gh
Parasitemia was monitored by making smears of blood obtained from the tail vein and
counting 50 Giemsa-stained fields or at least 300 RBCs under oil immersion (1,200X). In
addition, symptoms of P yoelii 17X infection and mortality were determined to ascertain
the severity of disease. Plasma was collected from both infected and uninfected mice at
day 4 and 8 post infection. ELISA was performed on samples to determine RANTES

expression using specific antibodies as described in 3.4.2.
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CHAPTER FOUR
RESULTS

41  Mouse malaria studies-1

eDNA Microarray
Infected

Mouse brain

& .
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Evaluate- Analysis of transcripts of interest
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and hepato-megaly, e
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Protein analysis by ELISA &
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Figure 8: Murine malaria model: Mice were infected with P.yolii 17X parasites and
parasitemia monitored by evaluating the presence of parasites. fever, spleno-, and
hepato-megaly at day 2. 4, 6 and 8 post-infection. Brains were evaluated for P.yoelii 17X
induced gene statement profiling and transcripts of interest using cDNA microarray and
RT-PCR. Ultrastructural changes in brain sections were analyzed by transmission
electron microscopy. Western Blot and ELISA analyses were used to determine P.yoelii

17X induced protein expression of RANTES.
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411 Pyoelii 17X murine malaria model

All mice infected with P. yoelii 17X developed malaria-related-symptoms, which
included appearance of ruffled hair, shivering and ataxia by day 8 post infection.
Percentage parasitemia in mice were approximately 12% and 32% for 300-500 RBCs
count at day 6 and 8 post infection respectively. Examination of the viscera of dissected
mice confirmed spleno- and hepato-megaly at peak parasitemia (Figure 9) concordant
with reported P. yoelii 17X malaria infections (Kaul ef al., 1994). None of the control

mice showed any of these signs.
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Figure 9 Pyoelii 17X infection induces splenc-hepatomegaly in SW mice. Female
Swiss Webster (SW) mice were injected iira-peritoneally with 10° (100u)) of P. yoelti
17X parasitized blood whnle uninfected control mice received 1004 of uninfected blood.
P. yoelii 17X causes syndromes in SW mice characterized with spleno-hepatomegaly at

day 8 post infection (peak parasitemia).



42 Transcriptional analysis of Pyoelii 17X induced immunomodulator mRNA
expression

421 ¢DNA array genc statement and analyses of Pyoelii 17X induced

immunomodulators

P. yoelii | TX-attributable alterations in approximately 7.5% (42/588) of genes encoding
immuno-modulators, growth factors, stress factors, transcription factors, and
neurotransmitters were observed on the micro-array analysis of brain samples.
Expression of the altered genes at peak parasitemia in the infected mice varied when
compared with that in the uninfected mice, showing anything from 2.0-fold down-
regulation to 23.0-fold up-regulation (Table 4 and appendix viii). Marked alterations in
expression of immunomodulator mRNA including adhesion molecules; PECAM-1,
[CAM-1, and VCAM-1, cytokines; INF-y, TNF-g, IL-12, and iNOS, C-C chemokine;
MIP-2a, MCP-1, and RANTES, C-C chemokine receptor; CCR1, CCR3, and CCRS,
growth factors; growth differentiation factor 2 (GDF-2), and tumor growth factor beta
(TGF)-B precursor, were observed to be 2.0 to 23.0-fold upregulated (Table 4, P < 0.05)
at peak parasitemia whereas GAPDH levels remained unchanged. Semi-quantitative RT-
PCR was performed to specifically examine the expression dynamics of selected
immunomodulator gene expression during P. yoelii 17X malaria infection to validate the

‘microarray data.
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Figure 10: Autoradiograph of ¢cDNA microarray analysis of mRNA expression in
mouse brain (day 8 post-infection). Five hundred and eighty eight (588) reported genes
were analyzed. "’P-labelled cDNA were prepared from Sug each of total RNA from
infected and uninfected mouse brain. The probes were hybridized by autoradiography.
Differentially expressed genes were reproducibly detected. Arrows indicate some

differences in pattern of expression between infected and uninfected membrane.
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Table 4: Plasmodium yoelii 17X infection alters immunomudulator gene expression in
‘mouse brain at peak parasitemia (day 8 post-infection)

GENE FOLD CHANGE ~ DESCRIPTION OF GENE

NAME EXPRESSION

PECAM:-1 230 Platelet Endothelia Cell Adhesion Molecule-1

MIP-2a 180 Macrophage Inflammatory Protein-2 alpha

ICAM-1 130 Intercellular Adhesion Molecule-1

MCP-1 70 Monocyte Chemoattractant Protein-1

VCAM:-1 60 Vascular Cell Adhesion Molecule-1

RANTES 60 Regulated upon Activation Normal T cell Expressed
and Secreted

INFy 60 Interferon-gamma

TNF-o 50 ‘Tumor Necrosis Factor-alpha

112 40 Interleukin-12

CCRI 40 C-C chemokine receptor |

CCR3 40 C-C chemokine receptor 3

CCRS 40 C-C chemokine receptor

INOS 40 Inducible Nitric Oxide Synthase

GDF-2 20 Growth Differentiation Factor 2

20-1 20 Zonula Oceludin -1

GAPDH 00 Glyceraldehyde-3-Phosphate Dehydrogenase

¢DNA microarray analysis of P.yoelii 17X infected and uninfected mouse brain. Gene
listed were altered > 1.5 fold at peak parasitemia. Fold change in expression is defined
as GAPDH normalized mRNA expression ratio of gene signals of infected 1o uninfected
mouse brain.



422 Semi-quantitative RT-PCR validation and analysis of immunomodulator
gene expression during P.yoelii 17X infection

42.2.1 Adhesion Molecule-PECAM-1, ICAM-1, VCAM-1 mRNA expression
Adhesion molecules, PECAM-1 (100-bp), ICAM-1 (106-bp) and VCAM-1(102-bp)
mRNA expression were induced by Pyoelii 17X infection and were significantly
upregulated in the brain at peak parasitemia. In general, induction of these markers began
day 6 until day 8 post infection, 2-4 fold upregulation over control (Figure 11-13). Semi-
quantitative analysis also indicated relatively high upregulation of mRNA of PECAM-1

and ICAM-1 than VCAM-l. PECAM-1, ICAM-1 and VCAM-1 expression by

microarray data were markedly compared with semi-quantitative PCR data.
Microarray experiment is based on hybridization of mRNA sequences: therefore less
complementary sequence could bind to immabilized sequence on membranes and can
provide results with significant upregulation of mRNA. PCR ensures that primers flank
mRNA splicing regions and generate specific amplicons for gene of interest. Generation
of non-specific amplicons is eliminatcd or minimized. It is therefore not surprise that
microarrey data for mRNA for PECAM-1, ICAM-1 and VCAM:- are higher than semi-
quantitative PCR data.

Histological analysis using antibodies against ICAM-1 and VCAM-1 has shown that
there was greater expression of ICAM-1 in capillaries and small venules of P.yoelii 17X
infected mouse brain than VCAM-1 (Shear ef al., 1998). Similar pattern in terms of
mRNA expression was observed in this study. The level of expression of these adhesion
molecules increased with time after infection, corresponding to the increase in
parasitemia.
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Figure 11: P. yoelii 17X upregulates PECAM-1 mRNA expression in mouse brain at

day 6 and 8 post-infection. Semi. RT-PCR ive analysis of adhesion
molecule, PECAM:-1 (100bp) mRNA expressions in brains of P.yoelii 17X infected (I,
black bars) day 2. 4. 6 and 8 post-infections and control (C, grey bars) mice. Data
presented are means and standard deviations of duplicate experiments and were

normalized 1o GAPDH expression.
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Figure 12: P. yoelii 17X upregulates ICAM-1 mRNA expression in mouse brain at

day 6 and 8 post-infecti i it RT-PCR ive analysis of adhesion

malecule, ICAM-1 (106bp) mRNA expressions in brains of P.yoelii 17X infected (I, black
bars) day 2, 4, 6 and 8 post-infections and control (C, grey bars) mice. Data presented
are means and standard deviations of duplicate experimenis and were normalized to

GAPDH expression
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Figure 13: P. yoelii 17X upregulates VCAM-1 mRNA expression in mouse brain at

day 6 and 8 post-infection. Semi-quantitative RT-PCR ive analysis of adhesion

molecule VCAM-1 (102bp) mRNA expressions in brains of P.yoelii 17X infected (I, black
bars) day 2, 4, 6 and 8 post-infections and control (C. grey bars) mice. Data presented
are means and standard deviations of duplicate experiments and were normalized to

GAPDH expression
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42.2.2 Cytokine-INF-y, TNF-a, IL-12 and iNOS mRNA expression
Upregulation of INF-y (98-bp) and TNF-a (100-bp) mRNA began early after day 2 post-
P yoelii 17X infection while IL-12 (102-bp) and iNOS (101-bp) started after day 4. INF-
y (type 1l interferon) was significantly induced in infected mouse brain at day 6,
approximately 5 fold over control and declined to about 2 fold increase at peak
parasitemia (Figure 14). Type Il interferon is important in clearance of pathogens in host.
INFy was highly induced at the initial phase of infection presumably to activate
macrophages and natural killer (NK) cells to enhance their activity against the malaria

parasite.

After day 4 post-infection, TNF-a and IL-12 mRNA expression were upregulated over 3
fold in infected mouse brain compared with controls (Figures 15 & 16). Mcanwhile there
was only a marginal increase (less than 2 fold) in iNOS mRNA expression in infected

mouse brain relative to control (Figure 17).



Reloive change in INF g mRNA expresion

qure 14: P. yoelii 17X upregulates INF-gamma mRNA expression in mouse brain

day 6 and 8 post-infection. Semi- ive RT-PCR ive analysis of

okine INF-gamma, (98bp) mRNA expressions in brains of P.yoelii 17X (I, black bars)
¥2, 4, 6 and 8 post-infections and control (C, grey bars) mice. Data presented were
‘ans and standard deviations of duplicate experiments and were normalized to GAPDH

ression.

97



ug.edu.gh

s sharge i TNP- spha mbVA spreson
— H
| :

Figure 15: P. yoelii 17X upregulates TNF-alpha mRNA expression in mouse brain at
day 6 and 8 post-infection. Semi-guaniitative RT-PCR comparative analysis of cytokine
TNF-alpha (100bp) mRNA expressions in brains of P.yoelil 17X infected (I, black bars)
day 2. 4. 6 and 8 post-infections and control (C, grey bars) mice. Data presented were
means and standard deviations of duplicate experiments and were normalized to GAPDH

expression.
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Figure 16: P. yoelii 17X upregulates IL-12 mRNA expression in mouse brain at day 6
and 8 post-infection. Semi-quantitative RT-PCR comparative analysis of cytokine IL-12
(102bp) mRNA expressions in brains of P.yoelii 17X infected (1, black bars) day 2, 4, 6
and 8 post-infections and control (C. grey bars) mice. Data presented were means and
standard deviations of duplicate experiments and were normalized to GAPDH

expression.
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Figure 17: P. yoelii 17X induced iNOS mRNA expression in mouse brain at day 6

and 8 post-infectic ive RT-PCR ive analysis of iNOS (101bp)

mRNA expressions in brains of P.yoelii 17X infected (I, black bars) day 2, 4, 6 and 8§
postinfections and control (C, grey bars) mice. Data presented were means and standard

deviations of duplicate experiments and were normalized to GAPDH expression.
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4.2.2.3 Chemokine- MIP-2alpha, MCP-1, RANTES mRNA expression

MIP-2alpha (94-bp) and MCP-1 (100-bp) mRNA expression were induced by P.yoelii
17X after day 4 post infection (Figure 18 & 19) while expression of RANTES (97-bp)
mRNA began after day 2 (Figure 20). This indicates early mRNA expression of
RANTES compared to MIP-2 alpha and MCP-1 during P.yoelii 17X infection. MIP-
2alpha, MCP-1 and RANTES were upregulated 3-4 fold in infected mouse brain
compared with controls at day 6 and 8 post infection (Figures 18, 19 & 20).
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Figure 18 P. yoelii 17X upregulates MIP-2alpha mRNA expression in mouse brain

at day 6 and 8 post-infecti itative RT-PCR comp analysis of
chemokine MIP-2alpha, (94bp) mRNA expressions in brains of P.yoelii 17X infected (,
black bars) day 2, 4, 6 and 8 post-infections and control (C. grey bars) mice. Data
presented were means and standard deviations of duplicate experiments and were

normahized to GAPDH expression
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Figare 19: P. yoelii 17X upregulates MCP-1 mRNA expression in mouse brain at day
6 and 8 post-infection. Semi-quantitative RT-PCR comparative analysis of chemokine
MCP-1 (100bp) mRNA expressions in brains of P yoelii 17X infected (1, black bars) day
2.4, 6.and 8 post-infections and conirol (C, grey bars) mice. Data presented were means
and siandard deviations of duplicate experiments and were normalized to GAPDH

expression.



Figure 20: P. yoelii 17X upregulates RANTES mRNA expression in mouse brain at

day 4, 6 and 8 post-infection. Semi-quantitative RT-PCR analysis of
chemoline RANTES (97bp) mRNA expressions in brains of P.yoelii 17X infected (I, black
bars) day 2, 4. 6 and 8 post-infections and control (C, grey bars) mice. Data presented
were means and standard deviations of duplicate experiments and were normalized to

GAPDH expression.
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4.2.2.4 Chemokine receptor-CCR1, CCR3 and CCRS mRNA expression

Al three C-C chemokine receptors, CCR1 (103-bp), CCR3 (96-bp) and CCRS (100-bp)

analyzed, were sign p at day 6 and 8 post-infection (Figures 21,22 &
23). Messenger RNA expression levels of these receptors at day 6 and 8 post infection
were 2.3 fold upregulated in infected mouse brain compared with controls. Messenger
RNA expression of these receptors followed a similar pattern of their corresponding

RANTES ligand.
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Figure 21 P. yoelii 17X upregulates CCR1 mRNA expression in mouse brain at day

6 and 8 post-infection. Semi-guantirative RT-PCR

wparative analysis of chemokine
receptor CCRI (103bp) mRNA expressions in brains of P.yoelii 17X infected (I, black
bars) day 2, 4, 6 and 8 post-infections and control (C, grey bars) mice. Data presented
were means and standard deviations of duplicate experiments and were normalized to

GAPDH expression
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Figure 22: P. yoelii 17X upregulates CCR3 mRNA expression in mouse brain at day

6 and 8 post-infection. Semi. ive RT-PCR ive analysis of chemokine

receptor CCR3 (96bp) mRNA expressions in brains of P.yoelif 17X infected (I, black
bars) day 2, 4, 6 and 8 post-infections and control (C, grey bars) mice. Data presented
were means and standard deviations of duplicate experiments and were normalized 1o

GAPDH expression.
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Figure 23: P. yoelii 17X upregulates CCRS mRNA expression in mouse brain at day

6 a0d 8 post-infection. S ive RT-PCR ive analysis of chemokine
receptor CCRS (100bp) mRNA expressions in brains of P.yoelii 17X infected (I, black
bars) day 2, 4. 6 and 8 post-infections and conirol (C., grey bars) mice. Data presented
were means and standard deviations of duplicate experiments and were normalized to

GAPDH expression.
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43 Tissue and plasma protein expression of P.yoelii 17X induced RANTES

43.1 P.yoelii 17X induced RANTES protein expression

Results from the Western Blots analysis indicated the expression of RANTES (7.8kDa)
protein in brain tissue samples from infected mice at day 4, 6 and 8 post-infection (Figure
24). Expression of o-tubulin (‘housekeeping’) gene was similar in both infected and
uninfected control samples. Expression of tissue RANTES protein follows a similar
profile to the transcript expression. This is an indication that tissue RANTES mRNA
expressions in P.yoelii 17X infected mice are translated into protein. Brain tissue
RANTES protein expression in infected mice was approximately 2-3 fold upregulated at

day 4, 6 and 8 (Figure 24) compared with the expression in the uninfected control mice.



Figure 24: P. yoelii 17X infection upregulates RANTES protein expression in mouse

brain at day 4, 6

d 8 post-infection. Comparative analysis of RANTES (7.8 kDa)
protein expression in brain tissue samples from P. yoelii 17X infected mice day 2, 4, 6, &
8 post infection (black bars) versus uninfected controls (grey bars). Brain tissue protein
samples from infected and uninfected mice were analyzed for RANTES expression by
Western Blot. Data presented were means and standard deviations of duplicate

experiments and were normalized 0 a-tubulin expression
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432 Pyoelii 17X infection induce RANTES expression in plasma

Levels of plasma RANTES expression was determined at different stages of P. yoelii
17X infection by ELISA. As shown in figure 25, expression of RANTES in plasma began
at day 4 after infection, until day 8 post infection. RANTES levels in plasma were 3 times
higher in P. yoelii 17X infected mice at day 8 than in controls. Systemic RANTES
expression in plasma appeared to follow similar pattem as observed in the brain during

the infection.
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Figure 25. P. yoelii 17X infection upregulates RANTES protein expression in mouse
plasma at day 4, 6 and 8 post-infection Comparative analysis of RANTES expression
in plasma of P. yoelii 17X infected mice day 2, 4, 6. & 8 post infection (black bars) versus
uninfected controls (grey bars). Plasma samples from infected and uninfected mice were
analyzed for RANTES expression by ELISA. Data presented were means and standard

deviations of duplicate experiments.



44 Ultrastructural and immunohistological analysis of P.yoefii 17X infected
brain samples

441 Ultrastructural analysis of P.yoelii 17X infected brain samples

Brains from parasitized mice were ultra structurally analyzed by transmission electron
microscopy to evaluate effects of P. yoelii 17X infection on brain micro vessels at peak
parasitemia (day 8 post infection). The result shows that uninfected mice (Mag. X15)
have nomal intact microvessel endothelia (ME) at blood brain barrier (BBB) while some
infected mice (Mag. X15) show disintegrating ME and in certain parts of BBB (Figurc
26). Although parasitized RBC’s were observed in the distal microvasculature of infected
mouse brain, evidence of extensive erythrocytic (RBC) adherence in micro vessels was

ot observed as expected for the 17X strain of P. yoelii.

13



Figute 26. P.yoelii 17X induces ultra structural changes in wouse cerebellum at peak

parasitemsia (day B post-infection). Cerebellum from parasitized mice was ultra
structurally analyzed by transmission electron micrascopy to evaluate effects of P. yoelii
17X infection on beain micro vessels. Uninfected mice (Mag. X15) show normal intact
micro vessel endothelia (ME) at blood brain barrier (BBB). Infected mice (Mag. X15)
show disintegrating ME and BBB (arrow). There was no evidence of extensive
enhrocytic (RBC) adherence in micro vessels of P. yoelil 17X strain.
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442 Immunohistological analysis of GFAP expression in P.yoelii 17X infected
mouse brain

The effect of P.yoelii 17X infection on astrocyte expressions in mouse brain was
evaluated by immunohistology using antibody against GFAP, which is a specific marker
for astrocytes. Results demonstrate that GFAP was upregulated in P.yoelii 17X infected
mouse brain (Figure 27) compared with control. Upregulation of GFAP indicates

activation of astrocytes during the infection.
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Figure 27: Pyoelii 17X upregulates GFAP expression in mouse brais at peak
parasitemia (day 8 post-lafection). Glial fibrillary cidic protein (GFAP) was analyzed
i Pyoelii 17X infected and uninfected mouse brain using anti-GFAP antibodies.
P.yoslii 17X infected brain samples shows high GFAP immunoreactivity compared with
ssinfocted controls.
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45 Human malaria studies
451 Post-mortem CM and NM brain samples

A Blantyre coma of 3 o less during severe malaria, in the absence of other causes of
unconsciousness, such as hypoglycemia, meningitis or other encephalopathy, was used to
define cerebral malaria (WHO 2000). The non-malaria cases, used as controls, had no
history of neurological illness. Prior to deaths, the CM cases had been febrile and hyper-
parasitacmmic (38.213-87,570 P falciparum parasites/ul). Examination of the brain
samples revealed numerous ring-form-infected erythrocytes in the cerebral microvascular
endothelia of the CM but no inflcted erythrocytes in the cercbral microvessels of the NM

cases (Prof. Andrew Adjei personal communication).
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452 Transcriptional analysis of RANTES, CCRI, CCR3 and CCRS mRNA
expression in cerebellum, cerebrum, brain stem and hippocampus of CM and
NM samples
As expected, the level of GAPDH (226-bp) mRNA expression in the CM samples was
the same as in the NM. Although the level of CCRI (130-bp) mRNA expression was also
similar in all of the brain samples, expression of RANTES (154-bp), CCR3 (193-bp) and
CCRS (101-bp) mRNA were significantly higher (P < 0.0001) in the cerebellum (Figure
28) and cerebrum (Figure 29) from the CM samples than in the corresponding samples
from the NM controls. The expression of RANTES mRNA (but not that of CCR3 and
CCRS mRNA) was also slightly higher in the samples of brain stem (P<0.0027, Figure
30) and hippocampus (P = 0.0018, Figure 31) from the victims of CM than in the

comesponding samples from the NM controls.
In the samples of cerebellum and cercbrum from the CM cases, there was a direct

relationship between the (up-regulated) expression of RANTES mRNA and that of each
corresponding receplors (i.e. CCR3 and CCRS).
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Figure 28: CM upregulates RANTES, CCR3 and CCR5 mRNA expression in

cercbllum

l_
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cerebellum. Semi-quantitative RT-PCR comparative analysis of RANTES (154bp), CCRI
(130bp), CCR3 (193bp). and CCRS (101bp), mRNA expression in cerebellum of human
post-mortem CM-infected (black bars) and NM (grey bars) control brain tissue samples.
Densitometric data presented were log-transformed (to adjust for small sample size) and
represent the mean and t SEM of duplicates CM (n=12) and NM (n=6) cases,
normalized to those for GAPDH (226bp). Asterisk(s) indicate statistically

significant differences berween CM and NM groups.
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Figure 29: CM upregulates RANTES, CCR3 and CCRS mRNA expression in
cerebrum. Semi-quantitative RT-PCR comparative analysis of RANTES (154bp), CCRI
(130bp). CCR3 (1935p). and CCRS (101bp), mRNA expression in cerebrum of human
post-mortem CM-infected (black bars) and NM (grey bars) control brain tissue samples,
Densitometric data presented were log-transformed (10 adjust for small sample size) and
represent the mean and + SEM of duplicates CM (n=12) and NM (n=6) cases,
normalized to those for GAPDH (226bp). Asterisk(s) indicate statistically

significant differences between CM and NM groups.
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Figure 30: CM upregulates RANTES mRNA expression in brain stem. Semi-
quaniitative RT-PCR comparative analysis of RANTES (154bp), CCRI (130bp), CCR3
(193bp). and CCRS (101bp), mRNA expression in brain stem of human post-mortem CM-
infected (black bars) and NM (grey bars) control brain tissue samples. Densitometric
data presented were log-transformed (to adjust for small sample size) and represent the
mean and + SEM of duplicates CM (n=12) and NM (n=6) cases, normalized 10 those for
GAPDH (226bp). Asterisk(s) indicate statistically significant differences between CM
and NM groups.
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Figure 31: CM upregulates RANTES mRNA expression in hippocampus. Semi-
quantitative RT-PCR comparative analysis of RANTES (154bp), CCRI (130bp), CCR3
(193bp), and CCRS (101bp), mRNA expression in hipocampus of human post-mortem
CM-infected (black bars) and NM (grey bars) conirol brain tissue samples.
Densitometric data presented were log-transformed (to adjust for small sample size) and
represent the mean and + SEM of duplicates CM (n=12) and NM (n=6) cases,
normalized 10 those for GAPDH (226bp). Asterisk(s) indicate statistically significant

differences between CM and NM groups.
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453 Western Blot and plasma analyses of RANTES, CCR1, CCRS3 and CCRS
453.1 Western Blot analysis of RANTES, CCRI, CCR3 and CCRS protein in
cerebellum, cerebrum, brain stem and hippocampus of CM and NM samples
The Western blots analysis indicated that the expression of RANTES and CCRS proteins
in both cerebellum (P < 0.0013, Figure 32) and cercbrum (P < 0.0001, Figure 33) were
also significantly higher for the CM samples than for the NM. Expression of a-tubulin
(‘housckeeping gene’) was unchanged as expected in samples analyzed. Although the
results of the transcriptional analysis indicated up-regulation of CCR3 in the samples of
cerebellum and cerebrum from the CM cases, CCR3 protein could not be detected, by

westem blotting in the same samples.
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Figure 32: CM upregulates RANTES and CCR protein expression in cerebellum.
SDS-PAGE/Western Blot demonstrating expression of RANTES (7.8 kDa) and CCRS
(40.0 kDa) in cercbellum of human post-mortem CM (black bars) and NM (grey bars)
brain samples. Blots were probed with RANTES and CCRS antibodies. Densitometric
data presented were log-ransformed (to adjust for small sample size) and represent the
mean and  SEM of duplicates CM (n=12) and NM (n=6) cases, normalized to those for

a-tubulin. Expression of a-tubulin (55.0 kDa) was unchanged in CM and NM.



Figure 33: CM upregulates RANTES and CCR protein expression in cerebrum.
SDS-PAGE/Western Blot demonstrating expression of RANTES (7.8 kDa) and CCRS
(400 kDa) in cerebellum of human post-mortem CM tblack bars) and NM (grey bars)
brain samples  Blots were probed with RANTES and CCRS antibodies. Densitomeiric
data presented were log-transformed (to adjust for small sample size) and represent the
mean and £ SEM of duplicates CM (n=12) and NM (n=6) cases, normalized to those for

a-tubulin. Expression of a-tubulin (55.0 kDa) was unchanged in CM and NM.
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454 Pfalciparum induce RANTES expression in plasma
Examination of plasma RANTES expression by ELISA revealed that plasma from
subjects with P falciparum antigens had significantly higher (P < 0.0001) level of

RANTES than control subjects (Figure 34).
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Figwe 34: P. falciparum upregulates RANTES expression in plasma Comparative
analysis of RANTES expression in plasma of malaria positive (n=64) and control (n=19)
subjects. Plasma samples from P. faleiparum infected and control subjects were analyzed
for RANTES expression by ELISA. Data presented were means and standard deviations

of duplicate experiments.
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455 Correlation of RANTES expression with malaria infection
There was a positive correlation between plasma RANTES expressions and malaria
infection (Figure 35). Though the presence of other infections was not determined in this
study, the correlation between plasma RANTES and malaria infection was midly positive

with R? = 0,093. Mathematically the correlation equation was determined as y=1.305 +

0.813X. This is interpreted as an increased in malaria antigens results in an increased in

RANTES expression.
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46 Murine malaria studies-2
461 Role of RANTES in severity and survival during P.yoelii 17X malaria in mice
Since results demonstrate that RANTES levels were elevated during Pyoelii 17X
infection, it was of interest to re-evaluate the course of infection when RANTES
expression is blocked with anti-RANTES antibody. Mice treated with mock and anti-
RANTES antibodies were infected with Pyoelii 17X parasites and parasitemia and
morality analyzed. The perasitemia in mice treated with mock antibody was
comparatively higher at day 8 (P < 0.06) than mice treated with anti-RANTES antibody

(Figure 36). At day 8 posteinfection (peak parasitemi itemia in mice treated with

mock antibody was approximately 35% of P.yoelii 17X compared with 23% of P.yoelii

17X in mice treated with anti-RANTES antibody (Figure 36).

At peak parasitemia (day 8 post infection) when most mice died, the survival in mock
antibody treated mice was 12% of seventeen mice compared with 42% of seventeen mice
in the anti-RANTES antibody treated ones (Figure 37). Anti-RANTES antibody treated
mice survived 6 days longer (day 14 post infection) than mock antibody treated mice
indicating that blocking of RANTES cxtended the lives of infected mice by probably
decreasing parasitemia,

There was 30% change in survival at day 8 post infection. Decrcase (approximately 10%)
in RANTES production effected 30% reduction in mortality by day 8 post yoelii 17X
infection (Figure 38).

The level of RANTES provided in antibody treated mice that were subsequently infected

with parasites was greater (2-3 fold increase) than uninfected control mice at day 8
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(Figure 38). P yoelif 17X parasite infection in mice induces RANTES expression above
normal levels.
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Figure 36° Course of P.yoelii 17X infection in mock and anti-RANTES antibody
treated mice. Mice were challenged with parasite (day 0) afier they were treated with
mock and anii-RANTES antibodies. Level of parasitemia was monitored from the tail vein
blood and counting at least 300 RBCs under immersion oil. Data represent mean + SEM
of 5-10 counts per poini. Parasitemia was comparatively higher (p < 0.06) in mock
antibody (triangular points) treated than in anti-RANTES antibody (square points)
treated mice.
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Figure 37: Survival of mock and anti-RANTES antibody treated mice, infected with
Pyoelii 17X parasites. Mice were challenged with parasite (day 0) after they were
treated with mock and anti-RANTES antibodies. Mortality and symptoms of infection
were determined in each group. Twelve percent of seventeen mice treated with mock
antibody were able to survive compared with 42% of seventeen mice treated with anti-
RANTES antibody, at peak parasitemia, Anti-RANTES antibody treated mice were able to

survive 6 days beyond peak parasitemia (day 8).
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Figure 38: P. yoelii 17X infection upregulates RANTES expression in plasma of
mock antibody treated mice, af day 4 and 8 post-infection. Comparative analysis of
RANTES expression in plasma of P. yoelit 17X infected mice treated with mock (black
bars) and anr-RANTES (blue bars) anisbodies versus uminfected controls (white bars).
Plasma samples from wfected and unmfected mice were analyzed for RANTES
expression by ELISA. Data presented were means and standard deviations of duplicate

experiments.
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CHAPTER FIVE

DISCUSSION

51  Pyoelii 17X murine malaria studies-1

Malaria-induced brain inflammation is mediated partly by complex cellular and

involving co-regulators such as cytokines and adhesion
molecules. However, the role of chemokines and chemokine receptors in malaria brain
immunopathogenesis has only been recently considered. The incomplete understanding
of the role of the immune response during malaria infection has been partly responsible

for the inability to develop a successful malaria vaccine.

The brain pathology associated with malaria remains a major cause of death with severe
P falciparum infection. Using experimental models has facilitated a better understanding
of the pathogenesis of this syndrome and therefore better intervention strategies can now
be developed to minimize or abrogate the severity of the disease. Some experimental
models of cerebral malaria have been identified, showing similar pathological features
with that of human CM. For instance, infection of Rhesus monkeys with P. coameyi
induced knobs on the surface of infected erythrocytes (Aikawa et al., 1992). Grau et al..
(1987) have shown that lesions found in the brain of malaria-infected mice arc
characterized by endothelial damage. Though P.yoelli infected red blood cells do not
display surface knobs, close adherence of infected RBCs 1o brain endothelium was

observed by transmission microscopy. Mice infected with P.yoelii often develop hind
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Jimb paralyss: an observation which is in paralel with the study of comatose Malawian
children who exhibited signs of decortication (arms or legs extended) during cerebral
malaria infection (Molyneux et al., 1989). Also, like P falciparum, P.yoelii can invade
both mature and immature red blood cells (Shear ef al., 1998). Experimental cercbral
malaria models may not exactly duplicate the brain pathological complications in human
M due to genetic variations, but the common features of this pathology which is shared
by both human and murine models justify the use of these animal models in research to

understand disease conditions in human.

In this study all the mice infected with P. yoelii 17X developed malaria-related-
symptoms, which included appearance of ruffled hair, shivering with hind limb paralysis
by day 8 post infection. Spicno-and hepato-megaly at peak parasitemia (Figure 9) was
common and concordant with reported P. yoelii malaria infections (Kaul ef al., 1994).
Spleno-and hepato-megaly (enlargement of spleen and liver), which have been observed
0 be important symptoms of human falciparum malaria, develop as a result of deposition
of malaria pigments in infected liver during the exoerythrocytic schizogony, and
increased phagocytocytic activity in the spleen.

The complementary DNA (cDNA) microarray results confirmed with semi-quantitative
RT-PCR analysis from this study revealed changes in cxpression of a number of new
immunomodulators that were previously unknown to be associated with malaria-induced
brain dysfunction. This study is the first that may lead to the developing of a fingerprint

for brain immunopathogeresis associated with CM. cDNA microarray analysis allows for



characterization of the mRNA levels for a large number of genes simultaneously, thus
providing a useful tool for identifying broud-spectrum changes in gene expression i cells
aad tissues in response 10 a given stimulus. Recent studies with infectious agents such as
Salmonella, Chlamydia and Trypanosoma using cDNA microarray technology have
revealed unique gene-expression profiles (Dessus-Babus ef al,, 2000; Rosenberg et al.,

2000, Stiles ef al., 2001) which may be of unique diagnostic value.

Among altered immunomodulator gene expression in the brain due to infection with
Pyoelii 17X in the current study are adhesion molecules, PECAM-1 (23 fold), ICAM-1
(13 fold) and VCAM-1 (6 fold) at peak parasitemia. Temporal expression analysis by
RT-PCR revealed that mRNA expression of these adhesion molecules began carly during
the infection, mostly by day 6 and plateaued by day 8 post infection (Figures 11, 10 &
13). It appears that increase parasitemia during Pyoelii 17X infection results in increased

expression of these molecules.

PECAM-1 binds o platelets, and its expression has recently been reported to be
upregulaied in the post-mortem brain tissue samples of Malawian cerebral malaria
patients (Wassmer et al., 2003). Also, using antibodies against ICAM-1 and VCAM-1 in
other studics have revealed an increased expression of these molecules in the
microvessels of the brain during murine malaria infection (Shear f al., 1998).

Elevated expression levels of PECAM-1, ICAM-1 and VCAM:-| may therefore be an
important correlates of malaria brain immunopathology.
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Gee cxpression analysis by cDNA microamay have slso revealed significant
upregulation of mRNA expression of cytokines INF-y (6-fold), TNF-a, (5-fold) and IL-
12 (@-fold) at peak parasitemia in this study. Temporal expression analysis by RT-PCR
have shown that expresston of these molecules started at day 6 and peaked at day & post

infection (Figures, 14, 15, and 16).

INF-y mRNA expression was significantly upregulated at day 6 but declined to a lower
level at day 8 post infection. INF-y belongs to type Il interferons and is essential for
parasite clearance during infection. There are other data which reinforce the importance
of carly production of INF-y and TNF-a by T lymphocytes and natural killer (NK) cells
in parasites clearance (Choudhury, ef al., 2000). Increased level of INF-y expression in
mouse brain at day 6 in this study could be partly due to the early immune response

mounted by the host to the P.yoelii 17X parasite infection.

Report by Grau (1992) indicated that high TNF-o level is associated with the severity of
malaria in humans. A decrease in TNF-a level reportedly resulted (o a reduction in
duration of coma in cerebral malaria in children (Di Perr ef al.. 1995). More so, high
expression of TNF-a_ receptor, tumor necrosis factor receptor-2 (TFR2) reportedly
predisposed rodents to experimental cerebral malaria (Stocicker ef al., 2002). Although
the scope of this study did not involve analysis of TER2, increased level of TNF-a which
isa ligand for TFR2, in the brain in the current study could potentially increase the risk of
malaria brain immunopathology in infected mice.
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A role for [L-12 in early response against Plasmodium has been proposed. It may be
iavolved in making mice resistant o susceptible; it may also possibly mediate pathology
(Su ef al, 2002). Zhong & Stevenson (2002) demonstrated that IL-12 exhibited
immunoregulatory role 1o antibody-mediated immunity against Plasmodium parasites.
IL-12 expression during malaria infection appears to be linked or act through INF-y
production. IL-12 induces NK cells to produce INF-y (Tripp er al., 1993) which in m
activates macrophages to present antigens to antigen-specific T cells (Farra, ef al., 1993).
This type of immune response is involved in the clearance of microbial pathogens.
Expression of IL-12 together with INFy in Pyoelii 17X infected mice in this
investigation demonstrate the involvement of antibody and T cells mediated immunity

during murine malaria infection.

Cerebral malaria is characterized by coma in patients with P.falciparum infection that is
also accompanied by metabolic acidosis, seizures and hypoglycemia (Miller e al., 2002).
Animal models have provided enough evidence implicating the role of inflammatory
processes in the development of malaria brain pathology (Brian er al., 2002). However
not all proinflammatory cytokines are relevant for the development of the brain pathology
associated with malaria. Expression of INF-y, TNF-a and IL-12 have been identified as
immunoregulatory cytokines in CM. Adhesion molecules and platelets induced immune-
mediated damage of vascular endothelium of the brain has also been reported (Lou et al.,
2001). With the exception of INF-y, which expression declined to a lower level after day
6 post infection, expression of all the other immunomodulators were observed to be
clevated steadily after day 4 until day 8 post infection in this study.
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CD' T cells produce immune mediators and it comprises of at least two functionally
different subsets, distinguished on the basis of lymphokine secretion in T helper 1 (Th1),
(INF-y producing cytokine). and Th2 (IL-4 cytokine) cells (Dong ef al., 2001). Thl or
Th2 cell types have regulatory functions in malaria. Recent report indicates that both Thl
and Th2 responses seem to be required to control malaria infection (Torre ef al., 2002,
Kobayashi e al., 2000). Increased expression of INF-y and [L-12 in the current study

also indicates Th] immune response in P.yoelii 17X infection.

Inducible nitric oxide synthase (iNOS) mRNA was marginally expressed in mouse brain
during P yoelii 17X infection compared with the other immunomodulators. Though iNOS
has been reported to play a role in human CM (Mancerat, 2000 its low expression in

infected mouse brain in this investigation, suggests that it might not be one of the kg

molecules involved in the immunopatholgy of P.yoelii 17X infection.

This is the first report of the global profile as well as temporal expression studies of
immunomodulator gene expression in the brain at peak parasitemia in murine malaria
model which demonstrated that eytokines, INF+y, TNF-g, and [L-12 mRNAs were
significantly upregulated at day 6 and 8 post-infection. implicating these molecules in the

or is during P.yoelii 17X infection.
‘This study has also demonstrated for the first time, that MIP-2a. (CCL), MCP-1 (CCL2)
and RANTES (CCLS) chemokine and receptors CCR1, CCR3 and CCRS mRNAs are
important in P.yoelii 17X infection'in mice. MIP-2a, MCP- and RANTES are
proinflammatory chemokines which are involved in chemotaxis of leukocytes during



infection. Chemokines are immunoregulatory factors that play an important role in the
chemotaxis, activation and hacmaiopoiesis of leukocytes (Keane er al., 1998, Lillard et
4l 2001, 2003). Activation of chemokines involves initial binding to specific, seven-
transmembrane-domain, G-(guanine-nucleotide-binding)-protein-coupled receptors on
target cells. In response to a relatively higher concentration of chemokines at the site of
injury or infection, leukocytes are activated to perform effector functions such as release
of their granule contents and increase n cytokine production. Increase in mRNA
expression of INF-y, TNF-a and IL-12 during P.yoelii 17X infection in the current study,

could be attributable to this Unique ions of and their

receptors involved in the immunopathogenesis of malaria brain pathology could serve as

new markers for following the course and possibly predicting the outcome of the disease.

The cDNA microarray analysis has revealed significant upregulation of MIP-2a (18-
fold), MCP-1(7-fold) and RANTES (6-fold) at peak parasitemia. The results of RT-PCR
snalysis indicate that at day 6 and 8 post infection (Figures, 18, 19 & 20) mRNA
expressions of these molecules are significantly upregulated in infected mouse brain
compared  with controls, indicating that these chemokines are involved in
immunoregulatory of immunopathogenesis in P.yoelii 17X infected mouse.

Expression by ¢DNA analysis has shown that CCRI, CCR3 and CCRS, receptors for
RANTES were also upregulated 4-fold, in infected mouse brain than in controls. RT-PCR
snalysis indicates approximaiely 3 fold increase in mRNA (Figures, 21, 22 & 23)
expression of these receptors in mouse brain at day 6 and 8 post infection. In addition to
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eir RANTES ligand, these receptors could be playing an important role in migration of

immune markers into the brain in P.yoelii 17X infected mice.

The cDNA microarray data showed a higher fold increase in mRNA expressions
compared with the RT-PCR results. This discrepancy in cDNA array and RT-PCR data
could be attributable to sequence-dependent hybridization characteristics or variations

which are inherent in hybridization reactions.

MCP-1 and RANTES in addition to CCRI and CCRS are expressed by Thl cells.
Trafficking of inflammatory Thi but not Th cells into the brain was reportedly mediated
largely by RANTES interaction with CCRS receptor (Zang et al., 2001). Also the absence
of CCRS receptor in Plasmodium berghei ANKA infected mouse brain resulted in a
reduced Thi cytokine production (Belnoue ef al., 2003b). The observed expression of
RANTES and CCRS in addition to INF-y mRNA in P.yoelii 17X infected mouse brain in
this study demonstrated Thl mediated immune response and that factors capable of

inducing Thi response could play an important role in managing malaria infections.

RANTES is an inflammatory chemokine. Activated T lymphocytes, platelets and

endothelial cells release large amounts of RANTES during infection. RANTES plays an

important role in the mai and jon of i response during
infection. Macrophages and other leukocytes release proinflammatory cytokines
incloding TNF-a and IL-1 which in tum promote the release of chemokines. A soluble
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eceptors for different chemokines. Expressions of all the C-C chemokine receptors,
CCRI, CCR3 and CCRS for RANTES were upregulated in the brain of P.yoelii 17X
infected mouse. RANTES expression possibly enhanced the expression of its receptors.
RANTES also binds to endothelial cell surface, where it acts as a sign post for immune
cells (Figure 7). Report by Sano er al., (1998) demonstrated that ICAM:-1 induce
RANTES mRNA expression and also increase its protein synthesis and secretion by
endothelial cells. P. yoelii 17X induced RANTES production, observed in the current
study, possibly enhanced by ICAM-1, could activate leukocytes in the inflammatory sites
o induce intense to exacerbate the i of the discase.

Investigations conducted by Belnoue ef al., (2003b) showed that, brains of wild-type
mice with murine cerebral malaria have significant levels of CCRS, a chemokine receptor
for RANTES, implicating these molccules in the pathological conditions in the brain
during the infection.

Ultrastructural analysis of mouse brain by transmission clectron microscopy at peak
parusitemia in this study revealed disintegrating microvessel endothelia layer at the blood
brain barier in the cercbellar region of infected mouse brain (Figure 26). Infected RBC’s
occhuding the microvessels of the brain was also observed. This breach in microvessels
endothelial layer could be associated with the action of RANTES, Perivascular oedema
was also observed in this region of infected mouse brain as a result of endothelial cell
damage which has allowed lymphatic and other tissue fluids to move across the blood
brain barrier. - Endothelia cells interacting with P.yoelii 17X parasitized RBCs can be

induced to produce and present specific chemokines, such as RANTES, which can lure
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OCRI, CCR3 and CCRS cells into the brain (Pober ef al., 1991). CCRI and CCRS
eceptors are expressed by brain endothelial cells (Dzenko ef al., 2001, Andjelkovic ef
al,, 2000). Brain endothelial cells, microglia and astrocytes express CCRS receptors
(Berger et al, 1999) and could be playing a role in the brain immunopathology during P.
yoelii 17X infection. The binding of RANTES to its receptors on these cells can serve to
further activate them and enhance the breakdown of the microvessel endothelia, as

observed in infected mouse brain in the current investigation.

immunohistological analysis revealed high reactivity to glial fibrillary acidic protein
(GFAP) in P.yoeli 17X infected mouse brain. High GFAP expression s an indication of
activation of astrocytes in infected mouse brain. Astrocytes are involved in the
development of astrogliosis (increase in astrocytic proliferation and hypertrophy) which
could lead 1o neurodegeneration (Wilhelmsson ef al., 2004). Also, astrocytes are
signuficant source of RANTES in the brain (Kim ef al.. 2004).

Based on this observation this report suggests that, P.yoelii 17X-induced atrocytes which
is & great source of RANTES will potentially induce astrogliosis, leading to brain
immunopathological complications

Chemokines have been shown to have a direct anti activity for three

Taxoplasma gondii, Leishmania donovani and Trypanosoma cruzi (Mannheimer et al.,
1996, Villaha e al., 1998). Chemokine production is important for host defense against
infection. However, excessive production is deleterious to the host, It has been observed
that CC chemokines such as MIP-1a. MIP-1B and RANTES e significantly upregulated



in brains of Trypanosoma brucei brucei infected rats (Sharafeldin et al., 2000). This
increase in expression of these chemokines occurs before brain lesions developed in
infected rats (Sharafeldin et al., 2000), implying that induction of these chemokines could
be directly responsible for the observed brain lesions. Over expression of chemokines
therefore appears to be detrimental to the host during African trypanosomiasis disease.

The hypothesis imvestigated in the present study was that upregulation of RANTES
chemokine and receptor expressions are associated with the immunopathology of malaria
infection and thar blocking RANTES overexpression will minimize or abrogate the
outcome of the disease. The results demonstrate that increase in production of RANTES
follows the course of P.yoelii 17X malaria infection such that RANTES and receptors
CCRI, CCR3 and CCRS were detected at high levels at day 6 and 8 post infection,

implicating these molecules in the immunopathology of P.yoelii 17 X infection.

The ELISA data from this study indicate significant upregulation of RANTES after day 4
until day 8 wn P.yoelii 17X infected mouse plasma than in controls (Figure 25). Also,
Western blot analysis revealed that brain tissue transcripts of RANTES were actually
translated into protein and were significantly upregulated in infected mice (Figure 24). It
was evident from the results obtained in this investigation that the expression pattern of
RANTES was similar to the increase level of parasitemia. RANTES production was
significantly clevated at day 6 and 8 post-infection (Figure 20 & 24), Parasitemia in mice
were also observed to be high at day 6 and 8. Most of the pathological conditions were
Observed on those days, especially at day 8 (peak parasitemia). Increase in RANTES

production correlated with increase in parasitemia and pathological conditions. RANTES
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causes inflammation which opens up spaces between cells, allowing the escape of
eukocytes into tissues and also the spread of infectious agents. With reduced leukocyte
population in blood vessels, phagocytosis of infected RBCs is minimized and parasites
could therefore increase in numbers. This could be a plausible correlation between
RANTES production and the increase level of parasitemia in P.yoelii 17X infected mice

in this investigation.

Pyoelii 17X infection upregulates RANTES and its corresponding receptors, CCRI,
CCR3 and CCRS in mouse brain and that ultrastructural change in microvascular
endothelium layer occurred in the cerebellum of infected mice. This is the first temporal

expression study of RANTES and receptors associated with murine malaria.

52 Murine malaria studies-2
This study shows that blocking RANTES causes a decline in the level of parasitemia in
infected mice. This decline was associated with increased life expectancy for the infected
mice. At day 8 post infection, the percentage of parasitemia was 23% in anti-RANTES
treated mice compared with approximately 35% in mock antibody treated ones (Figure
36). Since the expression of RANTES causes inflammation which opens up the spaces
between cells allowing the escape of leukocytes, blocking of RANTES during P.yoelii
17X infection in this study purportedly prevented the escape of these leukocytes, and
with their accumulation in blood vessels together with platelets, phagocytosis of infected
red blood cell is enhanced and parasites numbers s declined.,
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tis believed that over expression of RANTES does not only play a sigaificant role i the
immunopathology of malaria infection, but it also mediates increased parasitemia. This is
evident from the survival plot in the current study (Figure 37) which demonstrated that
comparatively higher percentage (42%) of micc, tresied with anti-RANTES antibody
were able to survive compared with mock antibody treated ones (12%) at peak
parasiteniia. RANTES therefore play an important role in mortality during malaria
infection. Analysis by ELISA has shown that, RANTES was expressed more in mock
antibody treated plasma than in anti-RANTES antibody treated and uninfected controls
(Figure 38). The level of RANTES expression in plasma of P.yoelii 17X infected mock
and anti-RANTES antibody treated were observed to be higher than uninfected controls.

This is further evidence that RANTES expression is associated with P.yoelii 17X

infection.

53 Human malaria studies

The mechanism by which ines mediate i is and

associated with human CM is not well understood. This lack of understanding is partly
due 10 the fact that data from patients in which a clinical diagnosis of CM has been
established prior 10 death are rare. Studies using rodent cercbral malaria models have
previously been criticized as inadequately comparable with human CM. In particular, the
P. berghei ANKA model suggests that sequestration of infected red blood cells,
leukocyies and platelets mediate CM pathogenesis. Leukocyte sequestration in human
brain microvasculature has not been previously considered as a diagnostic feature of CM.

However, recent histopathological analysis of CM brain samples from Malawian patients
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demonstrated a high degree of platelets and mononuclear cell accumulation in brain
microvessels (Grau ef al., 2003; Wassmer et al., 2003). This suggests a new overlap

between buman and rodent CM.

Since this investigation has revealed that RANTES and comesponding receptor
expression occurs in the brain of murine malaria model, we tested the hypothesis that
chemokine RANTES and receplors are associated with brain immunopathogenesis in
humans due 1o CM, and also detcrmined which regions of the brain these expressions

oceur.

This study shows that expression of RANTES (a C-C chemokine produced by endothelial
and CD8" T cells and a potent for

cosinophils, NK cells and CD8"T cells (Kameyoshi ef al,, 1992; Kuna ef al., 1998; lijima
e al, 2003) and CCRS (a C-C chemokine receptor), are significantly upregulated in

cerebellum and cerebrum of post mortem human CM samples.

Although & much larger sample size would have been desirable for this study, the results
obtained using log-transformed data were statistically significant between CM and NM
goups.  This survey has provided the opportunity to report for the first time that
RANTES and CCRS at the mRNA and protein levels are significantly upregulated in
buman post-mortem CM tissue samples,
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Messenger RNA (mRNA) and protein expression analyses revealed differential
expression patterns of RANTES and its receptors in different parts of the brain.
RANTES, CCR3 and CCRS but not CCRI transeripts were significantly upregulated (P <
0.001) in the cerebellum and cerebrum in CM infected brain tissues than in NM controls
(Figure 26 & 27). Also, expression of RANTES mRNA was upregulated in the brain
stem (P < 0.0027) and hippocampus (P = 0.0018) of CM-infected samples than in

controls (Figures 28 & 29).

Western blot analysis indicated that RANTES and CCRS proteins were significantly
upregulated in cerebellum (P < 0.0001 for RANTES, P < 0.013 for CCRS) and cerebrum
(P <0.0001 for RANTES, P < 0.0124 for CCRS) but not in brain stem and hippocampus
during CM. However, CCR3 protein expression in all the CM samples examined could
not be detected though its mRNA was expressed in cerebellum and cerebrum. This

protein loss could be due to p iptic ification or other

‘mechanisms that may have resulted in inhibition or degradation of the protein product.

In the current study RANTES, in association with its receptor CCRS could be major
immune modulators of brain immunopathalogy, particularly in the cerebellum and
cerebrum during CM. It is proposed that CM infection may induce localized host
immune responses mediated in part by RANTES, which in tum recruits CCR5*
leukocytes and possibly elevating the expression of CCRS (lijima ef al., 2003). The
observation of an association of RANTES and CCRS with CM in the brain is interesting
and requires fi ination in malaria end.
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RANTES expression was also analyzed in plasma samples obtained from patients who
bave bad malaria episode to determine if its expression is systemic or localized during
buman malaria infection. Results indicate that expression of RANTES in plasma of
malaria positive subjects are significantly upregulated (P < 0.0001) compared with
controls (Figure 32). Also, regression analysis indicates that plasma RANTES expression
correlated positively with P.falciparum antigens. The regression equation shows that

increase in malaria antigens resulted in increased plasma RANTES (Figure 33).

Studies by Burgmann et al., (1995) showed that serum concentrations of MIP-1a and IL-
8 chemokine were upregulated even in cases where Pfalciparum parasite was not
detected in the smears. In this investigation, it was observed that there were elevated
levels of RANTES in plasma of patients who were positive for malaria antigens
indicating that the presence of malaria antigens can even induce RANTES expression.
‘Though, plasma samples from malaria positive subjects were not screened for other
infectious agents to determine if the source of RANTES was due to other pathogens,
expression of RANTES was observed to be significantly higher in malaria antigen
positive plasma compared 1o the non-malaria controls. This demonstrates that RANTES
expression, and levels in plasma could be calibrated and used as a diagnostic marker for
buman malaria infection.

Recently. it has been shown that malaria infection induces CCR3 and CCRS expression
in placenta of pregnant women (Tkachuk ef al., 2001) giving credence to the fact that
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CCR3 and CCRS expression is associated with malaria infection. Luo er al.. (2001) have

ndicated that CCRI and CCRS on human astrocytes function in the recruitment of
Jewkocytes 1o specified brain regions. During CM in Vietnamese adults, Medana et al.
(2002) observed axonal injury in the cerebral cortices and cerebellum, the regions of the
brain in which, during CM, RANTES, CCR3 and CCRS transcript expressions were
found to be significantly up-regulated in the present study. This observation was
surprising since other brain compartments may equally be exposed to circulating soluble
chemokines in plasma and probably the cerebrospinal fluid. In addition to malaria
infected red blood cells adhering to cerebral micro-capilaries and obstructing
‘microcirculation, RANTES may recruit CCRS” leukocytes to these regions of the brain
during CM infection and possibly causing localized necrosis. An incidence of CM during
a crical period of brain development and organization will especially impact those brain
systems most vulnerable to cerebrovascular crisis. These vulnerable regions support

cognition, memory, and exccutive neurological functions (Riva & Giorgi, 2000;

1992) and any ical sequelac for CM will involve these
abiliies 10 a varying degree. Interestingly, CM has been implicated in cognitive
impairment in children in Kenya and Senegal, some of whom were survivors of CM and
severe malaria (Holding ef al., 2001; Boivin 2002).

Increased circulation of CCR3 and CCRS receptors mediate fusion and infection with
HIV (Choe et al., 1996). Thus, malaria infections increase the potential reservoir for HIV
by increasing the number of target cels. Therefore the increased levels of circulating
receptors in CM-infected individuals, which are also, utilized by HIV presents a grim
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scenario for the developing world where disease burden is high and both infections are

prevalent

1t is ot clear at this stage which cell ypes over express RANTES and CCRS in the
cerbellam and cercbum during CM. However, evidence from PCR and
mmunohistological studies have revealed that microglia express CCR3, and CCRS
receplors (He et al., 1997).

Due 1o technical constraints, post-mortem CM tissue samples could not be obtained and
processed for immuno-histological analysis 1o determine which cell types express these
receptors. It will be of interest in the future to examine expression of these markers in

‘malaria-infected blood samples as well.

54 Conclusions

This is the first temporal expression study of RANTES and corresponding receptors
CCR1, CCR3 and CCRS associated with murine malaria. This study has concluded that
P. yoelii 17X murine malaria model is useful in characterizing differentially expressed
geves associated with human clinical malaria. This study has also revealed that
expression of RANTES and its corresponding receptors CCR1, CCR3 and CCRS is
associsted with malaria-induced brain pathogenesis and ultrastructural alterations in
cerebellum of infected mice. High expression of RANTES mediates increase in
pursitemia and mortality of murine malaria models. Blocking of RANTES reduced

parasitemia and mortality associated with P. yoelii 17X infection.
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The cerebellum and cerebrum in humans have been observed to be the focal points for
increased malaria-induced RANTES and CCRS expression, which suggest that active
sequestration of IRBCs and platelets in addition to leukocytes in these regions of the
brain will exacerbate CM immunopathology. The interaction of RANTES and associated
CCRS receptor in the cerebellum and cerebrum could lead to localized
hyperinflammation in these regions of the brain, which in turn could lead to coma and

cogaitive impairment,

Also, upregulation of CCRS expression, a co-receptor for HIV-1 suggests a potential link
between infectious disease burden and susceptibility to HIV/AIDS in malaria endemic

regions.
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Figure 39: Proposed model for RANTES-mediated brain pathogenesis during CM.

Sequesiered infected RBCs in addinon to RANTES-mediated recruitment of leukocytes
via the CCRS receptor and platelets may be trapped in the distal microvessels of the
bram. This may impede the smooth flow of nutrients and oxygen. The resulting ischemia
@d neurological conditions associated with cerebral malaria possibly could lead to
degradation or mechanical breaching of the BBB which could lead 10 the neuropathology

associated with CM.
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SUGGESTIONS FOR FUTURE STUDIES

1. Perform ultrastructural studics with human samples to examine role of BBB, glial
eells and astrocytes in CM post treatment encephalopathy (PTE)

2. Perform FACS analysis (o determine cells producing RANTES and CCRS

3 Use spesific glial, astrocyte, endothelial and neuronal cell antibody probes in
immunohistochemistry to localize and determine the role of these cell types in
CM immunopathology.

4. Determine whether the cercbellar and cerebral regions recruit and sequester

CCRS+ astrocytes, glia or T cells
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VI Procedure for designing a primer

Tbefnllowml steps describe the design of primers
www.nchi.com website

an ‘and enter nucleotide window

Enter the name of the gene

Select the CDS (coding sequence)

Highlight and copy the sequence

Minimise the window

Open the website Mm_numnmnn mer

Paste the copied sequence in the opened windo

Select general primer picking conditions

10. Select product size

11. Click primers button

12. Copy and paste primer sequence

13. Open NCBI site and click BLAST

14, Select nucleotide-nucleotide BLAST

15. Paste copied primer sequence in the BLAST

16. Click BLAST

17. Compare E-values of results and select the best primer pair (The lower the E-
value the better the primer).

CENA AN N
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uence wi

ug.edu.gh

ding anneali

Sequence (forward) Sequence (reverse) #;-':
{CO)
TGCTCTCGAAGCCCAGTATT | ATGGGTGCAGTTCCATTTTC 56
GCCAAGGGTTGACTTCAAGA | GCCCTTGAGAGTGGCTATGA | 34
AAACCAGTGCCAGTCCACAT | AAAGATCACATGGGTCGAGG | 58
TGGAGGAAATG GCATAAAG | ACCTAGCGAGGCAAACAAGA | 55
GGAAATCTTCGCACCTCAAG | GAGCGTGCGAACTTCTTGTT | 58
ACTGGCAAAAGGATGGTGAC | GCTGATGGCCTGATTGTCTT | 59
CCAGTGTGGGAAGCTGTCTT | AAGCAAAAGAGGAGGCAACA | 55
GCAACGTTGGAAAGGAAAGA | AAAGCCAACCAAGCAGAAGA | 50
CCACTCCATGCCAAAAGACT | ATTAGGACATTGCCCACCAC | 53
TATCATTACCTGGGGCCTTG | CGAGGACTGCAGGAAAACTC | 52
CGAAAACACATGGTCAAACG | GTTCTCCTGTGGATCGGGTA | 55
AF427516 | AATCTTGGAGCGAGTTGTGG | GCAGCCTCTTGTCTTTGACC | 51
(GAPDH_| NM_008084 | CACAATTTCCATCCCAGACC | GTGGGTGCAGCGAACTTTAT | 55
Muman | GenBank | Sequence (i Seq Ty
aceession
| number T(E“""
RANTES | NM_002985 | GAGGCTTCCCCTCACTATCC | TCAAGTGATCCACCCACCTT | 59
CCRI | BC064%91 | GGCTGTGCACCTGGTTAAAT | GTTGGCCTCCTATGGTCTGA | 55
OCR3 | NM_001837 | TITGGTGTCATCACCAGCAT | GCAGAGGGAGAACGAGACAG | 54
OCRs | BC038398 | GGCAAAGACAGAAGCCTCAC | CTAGCCTTGTCCTTCCTCCC | 56
GAPDH | BCO14085 | GAGTCAACGGATTTGGTCGT | TTGATTTTGGAGGGATCTCG | 57
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VIl ¢DNA microarray table showing complete list of induced immunomodulator

xpression in the brain during P.yoelii 17X infection

GENE FOLD CHANGE DESCRIPTION OF GENE
EXPRESSSION
PECAM-1 230 Platelet Endothelia Cell Adhesion Molecule-1
MIP-2a 18.0 Macrophage Inflammatory Protein-2 alpha
ICAM-1 13.0 Intercellular Adhesion Molecule-1
R’ 120 Interferon regulatory factor-2
MCP-1 70 Monoeyte Protein-1
VCAM-1 6.0 Vascular Cell Adhesion Molecule-1
RANTES 60 mmﬂ upon Activation Normal T cell Expressed
ecreted
%r;,p :.g Interferon-gamma
. ] Transforming growth factor beta

GLYCAM-1 6.0 Enthothelial ligand for L-selectin
TNFa 50 Tumor Necrosis Factor-alpha
élelji :g Interleukin-12

Y C-C chemokine receptor |
CCRY 4.0 C-C chemokine receptor 3
CCRS 40 C-C chemokine receptor 5
g‘,{: 4.0 Inducible Nitric Oxide Synthase
L) 30 Interleukin-3 receptor
e 30 Integrin alpha 6
Li 20 Interleukin-1 beta precursor
Voo %.g {,Omlll Occludin -1

1 ‘ascular endothelial growth factos
L4 18 Interleukin-4 o
ll,7| 1.5 Interlukin 11
Ly s in 7 precursor
CD40L 15 Cluster rd?;‘ fation 40
o s of differentiation 40 ligand
LIR 5 Hﬂwcyl}c glycoprotein 1
L is Interleukin- | receptor
L s Interferon gamma receptor

X Interleuin 10
oy 10 Clster of differentition 27 ligand receptor
L 10 Cluster of differentition 30 ligand recepto
GAPDH (Ilg g{din:fwl\dcm kinase § )
S ! ycerAldehyde-3-Phosphate Del
L o Interlukin 15 ek
BGF 3 Interleukin convertin enzym

06 Epidermal growth facior



06 Insulin growth factor rewpwr o

IGFRIL

ISR 0.5 Interleukin-5 -
(GADD45 04 Growth arrest and DNA-d.lmq:—pmlcln
VEGFTKR 0.1 Vucula endothelial growth factor tyrosine kinase
[RFI 0.1 lmerfemn regulatory factor |

Tl 3| l’la.modmm yoelii 17X m[a‘mzn alters lmomdulalar ‘gene expression in
mouse br analysis of
Pyoelii o a.fmed and umnﬁcl:d mouse brain. e hmd were altered at peak
prasiiemia. Fold change in expression is defined as GAPDH normalized mRNA
expression ratio of gene signals of infected to uninfected mouse brain.

X otomet, &Y tal RNA samples

m s.u of RNA sample to 9951 of RNase-free water

otometer absorbance at 260nm and 280nm
Ams-m in 260 multiply by 10 s the amount of RNA in pg/ul
. Ratio of 260/280 absorbance gives the purity of the RNA sample
Pure RNA has a ratio of > 1.5

X aration, loadi d ing of 1% fos ehyde RNA agarose gel

1. Use RNaseZAP (Ambion Inc. Tx) 10 remove any contaminating RNase from
gel tank/comb and conical f

Add 1g of agarose powder into mmJ of MOPS (3-[N-Morpholino]

PropaneSulfonic acid) (Ambion Inc. Tx,) in 90 ml of RNase-free water

Microwave the agarose solution

4. Cool agarose solution to 50 °C

Cast S0ml of agarose solution in a hood and allow gel to solidify at room

~

temperature
Prepare 1X running buffer with S0mi of MOPS in 450ml of RNase-free water
After removing comb, pour running buffer to a depth of 0.5-10cm
Prepare Syg/ul of RNA sample in 15pl formaldehyde dye containing 2l of
5, \omg/ml ethidium bromide sain

. t 100volts wntil the 4 i ithi

ek lye has migrated to within

10. nuumm from the electrophoresis unit and observe bands under UV-

® e
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X

ration, loa d ing of 2% DNA agarose

. Weigh 2g of agarose powder and place it in a 100ml of 1X Tris-Acetate

EDTA (TAE) buffer

Swirl to mix the solution

Heat the flask in a microwave until the solution is completely clear (2-3

minutes). Do not allow the agarose to boil over

Cool the solution to 55°C

Add 5pl of 10mg/ml ethidium bromide stain

Place a plastic comb in the slots on the side of the casting tray

Pour the agarose solution into the gel tray until the comb teeth are immersed

about % into the agarose

Allow the agarose gel to cool until solidified

. Remove the comb from the wells

10. Pour 1X TAE buffer to cover the gel

11. Add 2yl of 10X loading dye (7.58 Ficoll 400 + 0.125 Bromophenol blue in
50ml deionized water) to 10yl of PCR sample and load into separate wells

12. Load 10ul of DNA size marker

13. Electrophorese at 100volts until the bromophenol blue has migrated to within
2 mm of the anode

14. Remove the gel from the electrophoresis unit and observe bands under UV-
transilluminator
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Background
Malana afflicts 300-500 mill i | globally per year, The

mmunopsthogencsis of malaria 1s mediated partly by co mplex cellular and immunomodulator
eractions involving co-regulators such as eytokines and adhesion molecules. However, the role

d their receplors in malaria v remains unclear. RANTES

(Regulated on Activation Normal T-Cell Expressed and Secreted) is a chemokine involved in the
generation of inflammatory infiltrates. Recent studies indicate that the degradation of cell-cell
yoncuons, biood-brain barrier dysfunction, recruitment of leuk nd ium-infected

enthrocytes of relevant to malana are associated

with RANTES expression Additionally, actvated lymphocytes, platelets and endothelial cells
elease Large quantities of RANTES, thus suggesting a umique role for RANTES in the generation

the malana-induced response. The hypothesis of this study is
that RANTES and s comresponding receptors (CCR1, CCR3 and CCRS) modulate malaria
immmnopathogenesis. A munine malana model was utlized to evaluate the role of this chemokine
@d s recepions in malana

Methods.

in brains of voelii 17XL-
‘alected mice was analysed using cDNA microarmay screening, followed by a temporal

“omprivon of mRNA and RANTES and

receptors by
SRT-PCK and Westen blot analysis, respectively. Plasma RANTES levels was determined by

BUSA s uitrastructural studies of beasn sections from infected and uninfected mice was
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conducted

Results
RANTES (p <0002), CCRI (p < 0.036). CCR3 (p < 0.033), and CCRS (p < 0.026) mRNA were
gnificantly upeegulated at peak parasitacmia and remained high thercafter in the experimental
‘mouse model. RANTES protein in the bran of infected mice was upregulated (p < 0.034)
compared with controls. RANTES plasma levels were significantly upregulated : two to three
fold n infected mice compared with controls (p < 0,026). Some d istal microsascular

endothelium in infected cerebellum appeared degraded, but remained intact in controls.

Conclusions
The upregulation of RANTES, CCR1, CCR3, and CCRS mRNA. and RANTES protein
medsate wnflammation and cellular degradation in the cerebellum during P. yoelii 17XL

malana,
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Background

Malana afflcts between 300-500 million people causing up to 2 mullion deaths globally per year
1) Cerebral malana (CM), characterized by seizures and loss of consciousness, 15 the most
©exere compheation of Plasmodiv falciparum infection with mortality rates ranging from 15 to
0% (2. 3] Malana-induced brain inflammation is known (o be medhated partly by complex
celitar and smmunomodulator interactions, involving co-regulators such as eytokines and

adhesion molecules, resulting in the sequestration of parasite-infected erythrocytes in the brain in

boman CM. Apart of P. falerp h recent studies
147] have revealed significant accumulation of platelets and leukocytes in the distal
murovascularure of the brains of human cases of C. suggesting a role for platelet and leukocyte
sequestration 1n human CM pathology. However, the role of chemokines and chemokine
eceplossin malaria brain immunopathogenests stll remain unclear. Recently, the up-regulated
expression of RANTES and its receptors (C CR3 and CCRS) in the cercbellar and cerebral

repons of post-mrtem human CM brains has been reported (8] Addiuonally, others [9, 10} have
reportcd increased migration of CCRS  leukocytes into the brain 1n experimental murine CM
models These stuics support the hypothesis that leukocyte recruttment by chemokines may play
arok n the pathogenesis of human CM. Indeed, malaria has become one of the many
flammatory discases in which RANTES and its receptors appear 1o play a role. RANTES, a
chemokine involved in the generation of inflammatory infiltraes, plays a special role in the
mantenaee and prolongation of the inflammatory response. The trafficking of inflammatory

Thi cells tnto the brain is mediated partly by RANTES interactions with CCRS. RANTES binds
03 vanety of receplors including CCR1, CCR3 and CCRS, expressed by

. memory T-cells, eosinophils, endothelial cells. basophils and mast cells
111} A comparative study using Plasmodium berghei ANKA infected C57BLI6 and BALB/c
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‘mice ndicated th a both strains of mice expressed CXCLIO (interferon-induced protein 10, 1P-
10y sad CCL2 (monocyte chemtactc protein-1, MCP: 1) chemokine genes as early a5 24 hours
ostanfecton [12), Moreover, the expression of LP-10 and MCP-1 gencs in KTS, an astroeyte

cel e, was induced i vtro upon stimulation with a crude antigen of malania parasttes 12).
Other more recent studies, using malana animal models, showed that expenmental cerebral
maana (ECM) was nduced 0 perforin-deficient mice (PFP. ) after adoptive transfer of cytotoxie
D8 T el from infected CSTBL mice, which were directed o the brains of PFP mice. This
specfic recruitment involved chemokines and their receptors, and indicated that lymphocyte
cytotoxicaty and trafficking are key players in ECM [10] While CCR2 was not observed to be
essental for the development of ECM [13], CCRS deficiency in mice reportedly decreased
susceptibility to ECM [9]. These studies. together, support the hypothesss that leukocyte
recrutment by chemokine and chemokine receptor interactions play a role in the pathogenesis of
malana i these animal models. It seems that plasmodial nfection has & significant impact on
bewa endothelial and parenchymal cells and, thus. prosides 2 new dimension to our understand
ng ofthe role of systemic and localized (brain) chemokine expression in CM

immunopathogencsis. The cytoadherence of ifected red blood cells (IRBCs) to the postcapillary
veasles is the major cause of IRBC sequestration and vessel blockage 1n the cerebral form of
buman malaria. In both human cerebral malaria caused by P. falciparum and the Plasmodium

yoelt 17XL-1nfected rodent mode! of malaria, the sequestration of IRBCs in the brain vessels is

y IRBCs to venules (14]. In this study, we
malysed the alierations in immunomodulator gene expression in brain samples of P. yoelii 17XL-
nfected muce using cDNA microarray screening, coupled with analysis of temporal expression
peterns of RANTES and its corresponding receptors . CCRI. CCR3 and CCRS, in brain samples
24 Plasna of P. yoeliz 17X Lotnfected mice to identify and charactenze the role of these
“meumomodulators during rodent malana



ity of Ghana

p:/lugsp

>.ug.edu.gh

Methods

Maurine model of P, yoelii 17XL malaria and preparation of brain samples

1 the
i per nducted according set forth in

Naonal Instuies of Health Guide for the Care and Use of Laboratory Animals and approved by
e Insuutional Animal Care and Use Committee (IACUC) of Morehouse School of Medicine.
Female Swiss Webster (SW) mice (6-8 weeks) obtained from Jackson Laboratory (Bar Harbour,
Mane, USA) were maintained on a 12hr light/dark cycle with access to food and water ad

iunom, 10 accordance with IACUC regulations of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC). Humane methods were used to sedatc
mice prot 1o intra-pentoneal injection and tail-snipping. Bricfly. the inhaled anesthetic (0.1-0.2
il isoflurane or halothane per liter of induction chamber volume to give a gas concen tration of

24%. required i to the female SW mice. The induction

proces s was visualized through the anesthetic chamber and the abolition of the toe-pinch pain
eflex assessed by applying pressure to indicate the successful induction of ancsthesia. Mice were
‘mpeted inurapentoneally with P. yoelii 1 TXL parasitized biood, kindly provided by Dr. Christne
Obvx (Department of Pathology. Colorado State University, USA). This rodent malaria strain
causcs a syndrome that rescmbles human malaria, char actenzed by fever, spleno- and
bepatomegaly by day eight post-infection (14, 15]. Parasitaemia was determined in a total count
o 30010 500 red blood cells (RBCs) on Wright-Giemsa-stained (Sigma Diagnostics, USA) thin
Mood smeans Euthanasia was conducted by the inhalation of CO2 of cervical dislocation, and
Boops of fifteen infected and uninfected mice were sacrificed after day two, four, six and eight
Postanfection. For each time point, five brains from infected mice were stored in RNA later

o
(AmbwonTM Inc . USA) at 80 C for RNA isolation, five brains were stored in Lysis Butler at
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A "
30° forprotein snlysis, and 5 were cryoproteted m 4% paraformaldehyde at 4 € for light and
ransmission electron MICTOSCopy. Similarly, brains from uninfected mice were stored for RNA

‘solaion, protein analysis, and Iight and transmission electron microscapy.

RNA isolation
Messenger RNA (mRNA) was isolated from brain samples using TRI1zol Reagent (Life
Techaologics Inc . Rockville, MD.. USA) according to the manufacturer's protocol. Genomic
DNA contamination was removed from these samples by treatment with RNase-free DNase
(avivogen, San Dicgo, CA, USA) for 15 minutes at 37'C. RNA was then precipitated and re-

aspended in diethylpyrocarbonated (DEPC )-treated water.

CDNA microarray sereening
Five micrograms (ug) of DNA-free RNA from day 8 post-infected (peak parasitacmia)
mouse brain was reverse transcribed, in the presence of 100 uCi of [alpha-"P) dATP. for
microarray analysis. The commercial system used 10 investigate cDNA microarray gene
expression (AtlasTM 1.0; CLONTECH, Palo Alto, CA., USA) consists of two identical
#ylon membranes, spotied with 588 different mouse genes grouped in functional blocks,

hoding and pro- and anti-

apopionis genes. A complete list of the cDNA samples and controls on cach array, as well
s therr corresponding GenBank accession numbers, may be found at CLONTECH's Atlas
web ste (worw.atlas cloniech.com). Briefly, (alpha-""P) dATP-labelled cDNA synthesized
from the Spg DNA-free RNA by reverse transcription was colum purificd and hybrdized,
athigh stringency, to a mouse cDNA array overnight at 70°C. Membranes were washed at
Iugh sinngency and exposed to X-ray film at -80°C overnight, as recommended by the
amufacturers. Message cxpression was analysed using the AUasTM Image 1.0 software

(CLONTECH. Palo Alio, CA.. USA) and the data expressed as the ratios of the relative
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cbanges inthe mRNA levels i the infected brain samples and uninfected controls.
Expeession of mRNA populations (from infected and uninfected mice) at day 8 post-
d and analysed by ind quantfied by CLONTECH

mfection
fene analyis software. An approximate estimate of the abundance level of a target cDNA

130 RNA population can be made by comparing its signal (o the signals obtained with

housckeeping genes of known abundance (e.g. GAPDH)

RT-PCR validation of immunomodulator mRNA expression
Geaes encoding induced RANTES, CCR1, CCR3 and CCRS were selectively confirmed by

semi-quantusiive RT-PCR. Mouse mRNA sequences of RANTES, CCRI, CCR3, CCRS and

3-ph (GAPDH) d from the National Institute
of Health -National Center for Biotechnology Information (NIH-NCBI) GeneBank database
accesvion numbers [AF_252285]. [NM_009912], (NM 0099141, {D_83648] and [NM_008084]
fespectvely. These sequences were then used to design prmers for RT-PCR analysis, which
gemennied amplicons of 97, 103, 96, 100, and 95 base pairs in sizes for RANTES, CCRI, CCR3,
CCRS and GAPDH mRNA respecuvely. Primers were designed using the primer 3 software
program from the Whitchead Instiute at the Massachusetts Insttute of Technology (MIT;
Boston. MA., USA) Thermodynamuc analysis of the primers was conducted using computer
programs: Primer Premier TM (Integrated DNA Technalogies, Coralville, lowa, USA), and M11
Prmer [l (Boston. MA., USA). The resulting primmer sets were compared against the entire

Bowse genome using NCBI to confirm specificity and ensure that the primers flanked mRNA

[ DNA (cDNA) ted (Maxim Biotech Inc.. CA., USA),
#d amplifcd with specific primers using Taq polymerase and polymerasc chain reaction (PCR)
*ogeats (Quagen Inc. Valencia, CA., USA). The levels of band intensities of mRNA of these

ets relative 10 GAPDH were evaluated by PCR analysis using thermocyeler (Perkin-Elmer,
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Norwalk, Conn . USA). Conditions for DNA amplifications were set as follows: heaung at 94°C
orfve minutes,followed by 25 cycles of DNA denaturation at 94°C for one minute. an
sancaling siep at X°C (see Table 1 for respecuve temperature values for each primeo) for one
aunste, srand exten sion at 72°C for one minute and a final extension siep at 72°C for 10
pinetes. The number of cycls required to auain products n the linear range of the PCR was
deermined before the final assay was run. Working within this range, 1t was possible to

determine expression differcnces after 25-30 cycles. PCR products were analysed on 2%

bromide gels and quantified using software ( San
Mateo, CA, USA). Band ntensitics in cach expenment were nomalized to the mean intensity of
GAPDH. Data were expressed as the relative change in mRNA level in infected and uninfected

wwntrols

Western blot analysis of RANTES

Wester blot analysis was used to confirm RANTES protein expression in mouse brain during P.
soelu VXL infection. Infected and uninfected mice brains were lysed and their total protein
determuned by standard methods using a commercial kit (BioRad, Hercules, CA, USA). Twenty
five micrograms (25g) of total protein from mouse brain was subjected to 15% SDS-PAGE, and
blo ied onto nitrocellulose membranes. Membranes were then probed with 1:1000 biotinylated
#mi-mouse recombinant RANTES (R&D Systems, Inc. MN, USA) and 1:2000 anti-mouse alpha-
beha (Srgma-Aldrich. MO, USA) antibody. Membranes probed with biotinylated anti-mouse
recombnant RANTES were incubated with streptavidin-horseradish peroxidase (HRP) sccondary
a=tbody wile those probed with alpha-tubulin were incubated with anti-mouse [gG secondary
sntibeody at the same conditions The methods sed for pre-incubatio n, incubation and detection
®y chemaluminescence have already been described [16). Bands of protein corresponding to
RANTES (7.8 kDa) and alpha-tubulin ($5kDa) were quantified using Versa Doc Imaging
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4. CA, USA). RANTES was normalized to that of alpha-

y

whulin

ELISA determination of plasma RANTES levels

To determine whether RANTES and its receptor interactions were locahzed (brain) of systemic
(penpheral blood), plasma RANTES levels were determined in P. yoelir 17XL-infected and
eootrol mice, using RANTES specific ELISA (Biosource International, Camarillo. CA. USA)
sccording to the manufacturer's specifications. Since RANTES may be relcased by platelets
sanmg serum collection, hepannized blood was collected, centrifuged at 13,000rpm for 10
‘munules to obtain plasma samples, and subscquently stored at ~20°C until used. Briefly,
duplicaies of standard controls, and samples were ahquoted into RANTES-coated microtiter
wells Biotin-conjogated antibody was added to the wells and incubated at room temperature for
Zhours. Streptavidin-horseradish peroxidase (Streptavidin -HRP) was then added to each well and
incobated at room temperature for 30 min. The plates were developed with stabilized chromogen
nthe dark a room temperature. The reaction was stopped and optical densitics of samples werc
ed at 4500m.

Bistopathologic analysis of P. yoelii 17XL infected mouse brain
Whole brains of infected and uninfecied mice at peak parasitaemia were examined by light
microscopy (o evaluate erythrocytic and leucocytic n brain

Whole mouse brains fixed in 4% paraformaldehyde were processed for routine histology, with
haematonylin and eosin staining. Sections of these paraformaldehyde-fixed samples (20
sndomuly selected sections of microvessels) from each brain were scored positive or negative for
“ihiocyte and leukocyte sequestration. The percentages of microvessels from each brain that
Showed erythrocytic and leucocytic sequestration were noted
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Urastructural analysis of . yoeli 17X infected mouse brain
Whole brains of snfected and uninfected mice at peak parasitacmia were examined by electron

microscopy 10 changes in bran
‘Beains were dissected, cut into smaller cubes (2 mm"), washed twice with phosphate buffered
sahoc (PBS) and fixed for 60 minutes in 100 mM potassium phosphate buffer pH 7.2,
containing 0.1 % nd 2% freshly preparcd After fixation the

bramns were dehydrated in methanol and embedded in Lowicryl K4M at~20 °C. Thin sections

oliccted on 100-mesh mickel ined 1 microscopy at

60eV as descnbed previously [17).

Statistcal analysis

The results obtained in this work were from triplicate experiments performed independently by
deatcal methods. ELISA data and densitometrie measurements from agarose gel
clectrophoresis, as well as Western blot analyses, were log-transformed to normalize the
dstribution for infected (n=15) and control (n=15) samples, and also 1o corret for small sample

size. Data were expressed as the mean #standard error of mean (SEM). Data from the P. yoelii

17XL infected and control groups , and the p values by
wsing nonparametnc Mans- Whitney U-test. A value of p < 0.05 was considered statisucally
significant.

Results

Pasmodium yoelii 1TXL murine malaria

Allthe muce wnfected with P yoelii 17X1. developed malaria-related-symptoms. which

Rcladed the appearance ofruffled fur and shivenng at peak parasitacmia by day exght post-
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fection Fivure 1) Examination of the viscera of dissected mice confirmed spleno- and
bepiomegaly st peak parasitaemia. concordant with reported P yoelu 17XL malana infections
{14, 15] Nonc of the control o uninfected mice showed any of these signs. T he mice infected

with P yoelii 17XL did not develop the classic signs of cerebral pathology (such as hemiplgia,

pansplepa. atania with hind hib paralysis, convulsions and ed wit M
evously described 1n the Plasmodium berghei ANKA murine CM model [18. 19]),
Additionally, histopathologic analysis of brains of the P. yoelii 17XL-infected mice revealed
plagging of brain microvessels with parasitized erythrocytes, but d id not reveal evidence of

dmeminated petechial and extensive e

However, there was evidence of oedema

‘mucrovascular endothelia in the cerebellum. which reflect local perturbations induced by the P.

yoelu 1 7XL infection

DNA microarray screening

P yoeki 17XL-attrbutable alicrations in approximately 7.5% (4/58¥) of genes encoding
imamunomodulators, growth factrs, stress factors, transcription factors and neurotransmitters
were observed in infected mouse brain during the microarray analysis. Expression of the altered
#e8cs 3t peak parasitaemia in the infected mice vanied when compared with that in the uninfected
e (Figure 2). Marked alterations i expressio n of immunomodulator mRNA, including C-C
“emokine RANTES, C-C chemokine receptors CCR1. CCR3 and CCRS, adhesion molecules
PECAM:1. ICAM:- 1. and VCAM: 1, eytokines IF N-gamma, TNF-alpha, IL-12, IL<, and iNOS
e observed o be up-regulated, while growth factors. GIDF-2 and TGF-beta precursor, were
down:regulated (Table 2, P<0.05) a peak parasitacmia

RT-PCR validation of immunomodulator mRNA expression
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ie xpression of RANTES and s cortesponding receptors . CCR1. CCR3 and CCR 3. were

e by P yoelie 17XL infection and were sigaificandy up-segulated (p < 0,002 for RANTES,
§<0036 for CCRI, p < 0033 for CCR3 and p < 0.026 for CCRS) i the brain during malaria
afection. Up-regulation of RANTES mRNA began four days after infecuon, until eight days
sostanfectio n. approximately hree-fold increase in nfected mouse brain at day six and day eight
posiniection compared with controls [Figure 3A]. Messenger RNA expression levels of CCRI.
CCR3 and CCRS were approximately two to three fold higher in infected mice than in controls
(Rgures 3 B, 3C & 3D]. CCR3 and CCRS expression profiles were similar to the expression
il of their corresponding RANTES ligand. The degree of variation of GAPDH mRNA from
sample 10 sample was within 5% of the mean expression level in both infected and uninfec ted

coutrol samples throughout the course of the infection.

Western blot analysis
Resals from the Western blots analysis indicated that the expression of RANTES (7 8kDa)
prowcan 1n brain tssue samples from infected mice at day four, six and eight post-infection, was

eaficanily up-regulated (p = 0.049 at day four and p < 0 036 at day six and day eight) [Figure

HALE RANTES protein in followed a similar profile with

WRNA expression indicating that RANTES mRNA expression in brains of . yoelii 17XL
mfected mice were ranslated into protein. Expression of alpha-tubulin protcin from sample to
sample w as within 5% of the mean expression level in both infected and uninfected samples

throughout the course of the infection.

Pasta RANTES protein level during P. yoelii 17XL infection
Plasma wamples from infected mice at each time Ppuint as well as uninfected controls were

Ssayed for RANTES protein expression. Systemic increase in RANTES protein expression
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teganfous daysaftr P. yoeli 17XL nfecuon. unul peak parasitacmia at day eight with about

eee-fold upregulation 1 infected plasma compased with control [Figure 4B].

Histopatbologic analysis of mouse brain

Sequestered parastized erythrocytes were observed in brain microvessels of ll the P voclit
17XLnfected muce studied at peak parasitaemia, but none of the uninfected mice. There was no
opathologic evidence of sequestcred or accumulaied mononuclear leukocytes
(monocytes/macrophages and lymphocytes) o extensive petechial haemorrhages 1n the brains of
both the infected and umnfected mice. In the brain of the infected mice, the erythrocyte

sequestration observed in the white and grey matter regions was dentical.

Uktrastructural analysis of mouse brain

Brams from parasitized mice were analysed by lectron microscopy
o cralumte effects of P. yoelii 17XL infection on brain microvessel endothelium. Uinfected
mouse cerebellar ussues (Mag. X15000) showed normal intact microvessel endothelia (ME) at

blood b rain barmier (BBB). Infected mouse cerebellar tissues (Mag. X15000) showed peri-

vascula cleari h oed well i ME and BBB (Figure
$] Tous endothelial cell damagy observed in 6 out of 10 mi ined at day eight
post-mfection. ') adherence ‘but not leukocyuc (WBC)
afherence, was observed in the infected 4

Discusion

The bean pathology associated with malaria remains a major cause of death d uring severc P
Jalcparam infection. Cercbral malaria, characterized by coma and seizures in patients with P.

fakctparum nfection. is a major cause of malana awociated mortality, and may be accompanied
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by metabolic acidosis and i i hildren (20 . Using experi models
il focaltate a better ing of the of this syndrome and therefore ensuring

ot betier sntervention strategies can be developed to minimize or abrogate the severity of the
case The cytoadherence of infected red blood cells (IRBCs) to the posicapillary venules is the
magor cause of IRBC sequestration and vessel blockage 1n the cerebral form of human mataria. In
both buman cerebral malaria caused by P. falciparum and the P. yoelit 17X L-infected rodent

model of malana, the sequestration of IRBCs 1n the brain vessels is secondary to the

IRBCs to the ules [14, 151, This observation has resulted in the
gesenal suggestion that the P. yoelii 17XL mouse model resembles human P. falciparum
afection more closely than the P. berghei ANKA mouse model, since it shows little

in the braim 114, 15]. However, recent
hman CM studics [4-7), indicating significant ac cumulation of platelets and levkocytes in the
dtal cerebral mucrovasculature in CM, suggest some other smslarities between human CM and
e P.berghei ANKA mouse CM moel, in addition to the similarities 1n symptomatology |18,
19) These recent reports [4-7) of sigmificant leukocyte accumulations in the brain

microvasculature in human CM draws a similarity with the P. bergher ANKA-infected rodent

model of malaria, 1n which the major ic finding is exte

‘monocytes of macrophages, rather than sequestered erythrocytes. in the brain [18, 19].

o this study, all the mice infected with 2. yoelis 17XL developed malaria-related symptoms,
which included the appearance of ruffled fur and shivering by peak parasitacmia at day eight
Postnfection. Spleno- and hepato-megaly at peak parasitacmia was common, and concordant
it teportcd P. yoeli 17XL malaria infections (14, 15]. The observation of the absence of the
dasmc signs of cerebral pathology 1n the P. yoelit 17X L-anfected mice at peak parasitacmia and
e siopathologic findings of IRBC sequestration and vessel plugging with the absence of
lmcocyte accumulation in brans of P. yoel

7XLanfected mice, confirms previously reporied
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apseranions (14, 15]. The classic signs of cerebral pathology, namely hemiplegia, paraplegia.
aana with hind-limb paralysis, convulsions and coma, have been previously described in the P-
berghet ANKA mouse model [18. 19] These observations provide a justification for the
complementary use of both murine malaria models to study human CM. The P. berghei ANKA
model shows similarity with human CM in terms of symptomatology, whilst the P. yoelii 17XL
‘mode) extubits similarity to human CM in terms of histopathology. This study focused mainly on
malana induced chemokine and chemokine receptor expression in the P, yoelii 17XL munne
model. Animal models have provided compelling evidence implicating the role of inflammatory

processes in the development of malaria brain pathology [21). Adhesion molecules and platelet-

ed ds of vascular the brain reported
(211, Tkachuk and colleagues obsesved that malaria infection induced the expression of CCR3
nd CCRS on placental macrophages in pregnant women [22}. Sarfo and colleagues indicated
that RANTES and its receplors CCR3 and CCRS were upregulated in the cercbellum and

cerebrum of post-mortem human CM ti 18). , activated T-

pltelers and endothelral cells release large amount of RANTES 3-5 days after activation, giving
s chemokine a umique role in the generation, masntenance and prolongation of immune and

Whlameatory response [23). By understanding the role of RANTES and its receptors during

3 new strategy for ing the outcome of CM
@dother severe foms of malana can be developed. The microarray results (Table 2) confirmed
v semi-quanttative RT-PCR analysis from this study revealed changes in the expression of a
#mber of immunomodulators that had previo usly been associated with malaria-induced brain
efunction [12). In this study, f RANTES and

receptors
(ORI CCR3 and CCR 5 were up-regulated in the brain during P. yoelil 17XL infection, further

Plcatag these moleculcs i the pathogenesis of rodent cercbral malaria. This study is a firs
fowasds the development of a molecular (ingerprint (diagnostic) for bram smmunopathogencsis



sssociated with malaria . In this regard, recent studies with infectious agents such as Salmonella,
Chlamydia and Trypanosoma using cONA microarray technology have revealed unique gene-
expression profiles [2:4-26) which may be of diagnostic value.

This study demonstrates that chemokine RANTES (CCLS) and its receptors (CCR1, CCR3 and
CCRS) may play an important role in P. yoelii 17XL infection in mice. Chemokines are
smanoregulatory factors that play an important role in the chemotaxis, activation and
sematopoiesis of leukocytes [27-29). Chemokine action involves initial binding to specific,

(g binding)-p on

target cells. [n response to a relatively higher concentration of chemokines at the site of injury or
nfection, leukocytes are acuvated (o perform effector functions such as release of their granule
contents and increased production of cytokines. The temporal expression profile of chemokines

and thent receptors as earl in the f malaria could

serve as important new bio-markers for monitoring the course and predicting the outcome of the
discase. The cDNA microarray analysis has revealed significant up-regulation of RANTES (6-
fold) at peak parasitacmua. The results of RT-PCR analysis indicate that by days 6 through 8
postinfection, mRNA expression of RANTES s significantly up-regulated (p < 0.002) in

nfested mice compared with controls, indicauing that it s involved in the immunopathogenesis in
P yoeli 17X L-infected mouse. RANTES in addition to CCR1 and CCRS are expressed by Th
el 301. Indeed, wrafficking of inflammatory Th1 cells into the brain was reportedly mediated
gely by RANTES interaction with CCRS receptor (30). Also the absence of CCRS receptor in
Plasmodium berghei ANK A-infected mouse brain resulted in a reduced Thi cytokine production
1 The cxpression of RANTES and CCRS mRNA in P. voclii 17XLinfected mouse brain in this
4y upgests a Thl-mediated immune response., and that factors capable of inducing Thi
fesponse could play an umportant o malaria infections. M

ges and other
fekocytestelease prowflammatory cytokines, inchuding TNF-alpha, [FN-gamma and 1L 1-beta,
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‘tich imturn will promote e release of chemkines [30]. The expression of chemokine, IP-10
o MCP-1, genes in KT-5, an asurocyte cell lie, have been shown to be upregulated in vitro
apon sumulation with a crude antigen of malania pasasits [12]. A soluble gradient o these
chemokines within the tissuc recruits various cell types that express receptors for the different
chemokines. The expressions of all the C-C chemokine receptors for RANTES, CCRI. CCR3

0 CCRS, were upregulated in the brains of P. yoelii 17XLeinfected mice. The expression of

RANTES probably enhanced the cxp of ts receptors. §
@3t ICAM- 1 induced RANTES mRNA expression and also increased ts protein synthesis and
seretion by endothelial cells [31]. It is likely that the . yoelii 17XLrinduced RANTES

prodection observed in the current study would attract and activate leukocytes towards

y tocalized hyps D
dcase pathology in the cercbellum. Belnoue and colleagues showed that the brains of wild -type
‘muce wnth CM have significantly hugher levels of CCRS than the knockout-type, implicating

these molecules in the pathological changes produced in the brain during the infection [9]. The
vesuls o this study demonsirate that the increase in production of RANTES follows the course of
P yoelu 17XL malana infection, thus RANTES and its receptors CCR1, CCR3 and CCRS were
detccted at theur highest levels at day six and day eight post-infection. This observed temporal
‘sociation of the progression of P.yoelii 17XL infection with the increasing production of
RANTES and its receptors suggests that the two events might be linked, Western blot analysis
tevealed that brain tissue transcripts of RANTES were actually translated into protein, and were
sguificantly wp-regulated (p = 0.046 for day 4 and p < 0.034 for day six and day eight post-
fecton) n nfected mice (Figure 3A). The ELISA data from this study indicate significant
“regulation (p = 0.049 for day 4 and p < 0.026 for day six and day eight post-infection) of

RANTES 1n P.yoelit 17XLrinfected mouse plasma than in controls (Figure 3B). Most of the
.

changes, observed as endothelial cell damage (lesions) in s1x out of



mace examined, occurred especially at day eight post-infection (peak

Figure ). Thus, the increase 1n RANTES production correlaicd with the increase
and pathologscai changes observed in the P. yoelii 17XLinfected mice in this
\emokines have been shown o have a direct antiprotozoal activity for three

ma gondii, Leishmania donovani and Trypanasoma cruzi (32, 33).

s important for defending the host against infection. Howver, excessive

the bost 12}, It has d that C-C chemokines, such as

RANTES, are sign lated in brains of brucei brucei

. This increase in expression of these chemokines occurs before brain lesions
s, implying that the induction of these chemokines could be directly
‘observed rat beain lesions (34]. Ultrastructusal analysis of mouse brain by

opy at peak i this study. revealed di

at the blood brain baricr in the cerebellar region of infected mouse brain. This

(lesions), 1 six out of 10 muce examined, occurred especially at day

ANKA-infected A/} and CBA/H mice [35]. The infected erythrocytes

bserved in the suggest that the
webellar microvasculas endothelial layer could be associated with parasite-induced
apoptosis. Perivascular oedema was also cbserved in this region of infected

y 5 a result of the endothelial cell damage allowing excess fluid to move.
beain bamer. End othelial cells interacting with P. yoefii 17XL-parasitized

ve been shiown to be induced to produce and present specific chemokines, such as
h can lure CCRI, CCR3 and CCRS expressing cells inio the brain [36], CCR1

exp ressed by brai cells (37, 38). B s microgt

hich are the 3 mayor cellular componens of the BBB, express CCRS receptor
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1991, 8 hence the binding of RANTES 1o 1ts receptors on these cells can serve (o further
scivic them and enhance a localized breakdown of the microvessel endothelial layer observed

{8 the infected mouse brain in the current investigation.
Conclusions

Inconclusion, P. yoelii 17XL infection upregulates RANTES and s corresponding receptors.
CCRI.CCR3 and CCRS, in mouse brain, and that ultrastructural changes in the microvascular
endothelal layer occurred in the cerebellum of infected mice. This is the first temporal
expression study of RANTES and its receptors associated with murine malaria. Further studies
e wnderway 1o examine the expression of these chemokines and chemokine receptors in a
buman CM symptomatology-like model such as P. berghei ANKA, to ascertam differences and
smilarives. As it is not clear which cell types in the mouse CM brain samples oves-express
RANTES, CCR1, CCR3 and CCRS, further comparative immunolocalization and antibody
ahlaion studics are currently underway to examine the physiological relevance, source and

‘expression patiems of thesc important biomarkers in both murine and human CM brain samples.

List of abbreviations used

B8B. Blood-Brain Barrier;

CM. cerebral malaria:

BCM, expenmental cerebral malaria:
ME. microvascular endothelium.
NCM, non~cercbral malana;

P- Plasmodium.
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