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Abstract

It has become certain that part o f  the haemolytic component o f  the anaemia o f 

Plasmodium falciparum  malaria results from increased removal o f  unparasitized red 

blood cells. There have been several reports o f  associations between positive 

Coom bs’ DAT and anaemia, and also o f observations o f  unparasitized erythrocytes 

in monocytes o f patients with P. falciparum  infections. Perturbations in cytokine 

balance have also been blamed for reduced red cell survival as well as for defective 

erythropoiesis.

This study sought to ascertain to what extent increase in monocyte and neutrophil 

function and the general inflammatory response to P. falciparum  infections 

contribute to the anaemia o f malaria. Neutrophil phagocytic activity, monocytes 

surface expression o f HLA-DR and FcyRIII, and plasma levels o f  IL-10, TNF-a, IL- 

8, neopterin, M IP -la  and M IP-ip were compared among groups o f children with 

sesvere P. falciparum  malaria anaemia (SA), others with other forms o f  malaria 

(cerebral, CM or uncomplicated, UM) and healthy or asymptomatic controls (AC). 

Phagocytic activity was measured as ability o f  neutrophils to take up fluorescent 

latex particles. All groups o f  children with symptomatic malaria showed higher 

neutrophil phagocytic activity than the control group (p<0.005). Further, among the 

children with symptomatic malaria, children in the SA group showed a higher 

phagocytic activity than the others (SA vs. CM, p=0.029; SA vs. UM, p=0.002). 

There was a marked reduction in monocyte expression o f  HLA-DR in all groups o f  

patients compared to controls (p<0.001), but differences among patient groups were 

not significant. Plasma levels o f  all cytokines measured were not significantly 

different in the SA group compared to other groups o f  patients (p>0.05), but were 

markedly elevated in all patient groups compared to controls (p<0.05).
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CHAPTER ONE

1.1 INTRODUCTION

M alaria continues to be a global health concern. A ccording to W HO (1992), there are 

300 m illion to 500 m illion clinical cases o f  m alaria annually. O f  these, 1.5 m illion  to

2.7 m illion result in deaths. A pproxim ately 1 m illion o f  those m alaria-associated  deaths 

occur in children younger than 5 years.

A  protozoan o f  the genus Plasm odium  causes the disease. Four species o f  the genus 

infect hum ans, nam ely P. vivax, P ovale, P m alariae  and P. fa lc iparum . Practically  all 

the m ortality  due to m alaria w orldw ide is associated w ith P. fa lc iparum . H ow ever, the 

im portance o f  the other species m ust not be underestim ated, particularly  P. vivax. 

A round 90%  o f  all P. fa lc iparum  related m orbidity  and m ortality  falls on children  in 

sub-Saharan Africa. The disease is estim ated to take the life o f  1 out o f  every 20 

children before the age o f  5 years in Tropical A frica (W HO, 1992).

In Ghana, m alaria continues to be a m ajor cause o f  m orbidity  and m ortality  affecting 

both the young and the old. It accounts for 8% o f  certified deaths and ranks as the 

com m onest cause o f  death in the 0-4 year age group. It is the m ost com m only reported 

disease in the outpatient units o f  the country’s health institutions, accounting for about 

42%  o f  all attendances (Ahm ed, 1989). Findings by K oram  et al. (1997) suggested that 

children less than 10 years account for alm ost 50%  o f  the total num ber o f  m alaria 

patients, w ith the intensity o f  infection being highest am ong children less than 5 years
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M alaria control is lim ited to m ethods including use o f  insecticide-im pregnated  bed-nets 

and insecticide spraying to elim inate the m osquito vector, prom pt treatm ent o f  patients 

and use o f  chem oprophylaxis to protect those at risk, for exam ple pregnant w om en and 

travelers.

M alaria parasites are developing resistance against the available antim alarial drugs at an 

alarm ing rate, m aking it increasingly im portant to understand the protective im m une 

response to m alaria so that new  treatm ent strategies, vaccines and in terventions can be 

developed.

Infections w ith Plasm odium  falciparum  can cause a w ide spectrum  o f  illness ranging 

from  apparently sym ptom less infections, through acute febrile episodes to life- 

threatening conditions such as cerebral m alaria and severe anaem ia. M alarial anaem ia 

can have a diverse clinical presentation. A bdalla et al. (1980) identified two com m on 

clinical scenarios: a  chronic sm ouldering anaem ia and a m ore acute presen tation  w ith a 

precipitous drop in haem atocrit accom panied by bilirubinaem ia.

A naem ia is a m ajor factor in child deaths due to P. fa lc iparum  infections in endem ic 

areas (W eatheral et al., 1983). H ow ever, despite a great deal o f  w ork, the pathogenesis 

o f  this anaem ia rem ains uncertain. Three m echanism s have been proposed to explain 

the anaem ia.

i. D estruction o f  parasitized red cells

ii. D efective erythropoiesis

iii. Increased destruction o f  uninfected red blood cells

2
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There is considerable evidence from  both anim al and hum an studies that d irect dam age 

to the red cells by invasion and growth o f  parasites is the m ajor m echanism  for 

prem ature red cell destruction in all acute form s o f  m alaria (Seed and K reier, 1980). 

D efective red-cell production results from  either depression o f  erythropoiesis, inhibition 

o f  reticulocyte release or ineffective erythropoiesis (W eatherall and A bdalla, 1982). 

K urtzhals et al. (1997) suggested that P. fa lc iparum  infection caused a rapidly reversible 

suppression o f  the bone m arrow  response to erythropoietin.

Follow ing suggestions m ade by Zuckerm an (1966), there has been considerable interest 

in the possibility  that at least part o f  the haem olytic com ponent o f  the anaem ia o f  P 

fa lc iparum  m alaria results from  im m une destruction o f  red cells. R eports o f  findings o f  

a positive C oom b’s direct anti-im m unoglobulin  test (DAT) in patients w ith  m alaria has 

been the m ain stim ulus. Facer et al. (1979) found patients who w ere severely anaem ic 

and who show ed a positive DAT w ith active C3 com ponents on their red cells. They 

were able to dem onstrate m onocyte erythrophagocytosis o f  non-parasitized cells on the 

blood film s o f  these patients. They suggested therefore, that anaem ia in acute m alaria 

m ight som etim es be the result o f  opsonization and phagocytosis o f  sensitized cells. A lso 

K reier and G reen (1980) found increased destruction o f  uninfected erythrocytes to result 

from  increased phagocytosis o f  erythrocytes due to the erythrocyte m em brane being 

dam aged by either parasite or host proteolytic enzym es activated th rough antigen- 

antibody and com plem ent reactions. This theory is supported by the observation  o f  non­

parasitized erythrocytes in bone m arrow  m onocytes and m acrophages during and 

follow ing infection (Phillips et al., 1986).

3
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Recently G oka et al. (2001) show ed a strong association betw een C3d binding to the 

erythrocyte m em brane and the severity o f  anaem ia in children w ith falciparum  m alaria 

in Ghana. They found evidence o f  a  role for com plem ent activation  and 

erythrophagocytosis in the pathogenesis o f  anaem ia in th is type o f  m alaria. T here was 

therefore the need to identify the cells involved in the elim ination  o f  these erythrocytes 

and the m echanism  involved.

The present study thus sought to test the hypothesis that increased  destruction  o f  

uninfected  red  b lood  cells that contributes to the anaem ia in P fa lc ip a ru m  infection  

results fro m  increased m onocyte a n d  neutrophil function .

M onocytes and neutrophils are both types o f  leukocytes that are derived from  the bone 

m arrow  and together are called professional phagocytes because their m ajor function is 

the phagocytosis o f  invading pathogens and dam aged autologous cells. M onocytes are 

m ononuclear phagocytes that circulate for a few  hours and develop into tissue 

m acrophages. N eutrophils on the other hand are polym orphonuclear (PM N ) w ith an 

array o f  granules, and are short-lived.

H um an m ononuclear phagocytes bear a group o f  cell surface receptors that bind the Fc 

dom ain o f  IgG. These Fc gam m a receptors are utilized in the phagocytosis o f  opsonized 

cells and im m une com plexes and are involved in the pathogenesis o f  several 

haem atologic and im m unologic disorders. There are three such Fc receptors nam ely, I 

(CD 64), II (CD32), and III (CD16). O f these, CD16 has been show n to play the m ost 

critical role in regulating opsonic phagocytosis. W ork by Liao and Sim on (1994) and

4
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Liao et al. (1994) have show n that m echanism s regulating opsonic phagocytosis target 

the Fc gam m a receptor III (Fcyrlll). A lso CD 16 positive m onocytes show  enhanced 

phagocytic ability com pared to CD 16 negative ones.

In addition to phagocytosis, m onocytes also play an im portant function o f  presenting  

antigens to T-cells. This is by processing sm all antigenic fragm ents o f  invading 

organism s and placing them  on the host cell surface in com bination  w ith  m ajor 

histocom patibility  com plex (M H C) m olecules for subsequent recognition  and binding by 

T-cells. M onocytes thus express M H C class II m olecules constitutively, but the level o f  

class II expression is increased w hen the m onocytes are activated.

Follow ing an infection, there is an inflam m atory response involving m obilization  and 

activation o f  phagocytes, and also secretion o f  proinflam m atory cytokines by activated 

T -cells and phagocytes. P lasm a levels o f  such cytokines can serve as useful m arkers o f  

phagocyte stim ulation. N eopterin  is one o f  such m arkers. It is a pyrazino-pyrim idino 

derivative, and is produced and released in  excess by activated m acrophage-like cells. 

A lso, activated m acrophages express a form  o f  nitric oxide synthase, w hich generates 

nitric oxide. Tum our necrosis factor (TNF) is another cytokine released by activated 

m onocytes and has been found to stim ulate erythrophagocytosis, w hilst IL-10 has been 

show n to be a TN F antagonist. M obilization o f  m onocytes and neutrophils to sites o f  

inflam m ation is elicited by a special group o f  chem otactic cytokines called chem okines. 

N otably, the chem okines m acrophage inflam m atory p ro te in - la  (MIP-1 a )  and MIP-1 p 

are specific for m onocytes, w hilst IL-8 is selective for neutrophils. P lasm a levels o f  

som e o f  these chem okines would give an indication o f  the extent o f  inflam m ation and 

phagocyte function.

5
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The overall aim  o f  this study w as to com pare m onocyte and neutrophil function in 

children w ith  m alaria anaem ia and a reference group o f  children  w ithou t the condition  so 

as to ascertain w hether the anaem ia o f  P fa lc ip a ru m  is associated w ith an increased 

m onocyte and neutrophil activity or not. The reference group consisted o f  children  w ith 

m alaria w ithout severe anaem ia (cerebral o r uncom plicated m alaria), and also others 

w ith  asym ptom atic infections or no parasitaem ia.

The specific objectives therefore, w ere to:

1. adapt a flow  cytom etric assay for determ ination o f  neutrophils phagocytic function.

2. com pare phagocytic capacity o f  neutrophils o f  children w ith anaem ia o f  P 

fa lc iparum  m alaria to that o f  children w ithout the condition,

3. com pare expression o f  the activation m arker H LA -D R (M H C II m olecule) and the 

phagocytic cells-specific m arker Fcyrlll (CD16) on surfaces o f  peripheral blood 

m onocytes in these children,

4. com pare levels o f  plasm a m arkers o f  inflam m ation and m acrophage activation 

nam ely, neopterin, T N F -a , IL-10, and the chem okines M IP - la , M IP -ip  and IL-8 in 

these children, and

5. study the nature o f  changes in phagocytic activity and p lasm a levels o f  cytokines 

T N F -a , IL-10, neopterin, MIP-1J3 and IL-8 during seven days after start o f  m alarial 

treatm ent.

6
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CHAPTER TWO

LITER A TU R E R EV IEW

2.1 The Disease

M alaria is a febrile illness caused by a protozoan o f  the class sporozoa, genus 

Plasm odium . The disease has been in existence for centuries. It w as initially  referred to 

sim ply as “fever” and in A frica it w as strongly linked to superstition. The discovery o f  

the use o f  “Peruvian bark” for the treatm ent o f  certain  fevers but no t all fevers m arked 

an im portant m ilestone as it led to a better understanding o f  the disease. The disease 

w as later given the nam e ‘m alaria’ by the Italians, relating the association  o f  the disease 

w ith m arshy areas.

2.2 The parasite

O ver 120 species o f  the genus Plasm odium  cause m alaria in m am m als, birds and 

reptiles. O f  these 22 are found in the prim ates and four occur naturally  in hum ans, 

nam ely: P. fa lciparum , P  vivax, P. ovale, P. malariae.

Vivax m alaria covers the w idest geographic area, including tem perate, tropical and 

subtropical zones. It is how ever absent in large areas o f  tropical A frica. M alariae  

m alaria is w idely distributed, but it is not as com m on as vivax  m alaria (TD R, 1987). 

Falciparum  m alaria is the m ost lethal and m ost w idespread, occurring throughout the 

tropics and sub-tropics. A report by W alliker (1982) show ed that fa lc ip a ru m  m alaria 

accounted for up to 80% o f  all m alaria cases worldwide.

l
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LIFE CY C LE

The discovery by R onald Ross o f  som e o f  the developm ental stages o f  the parasite in a 

m osquito  (fem ale anopheles) that had previously fed on an Indian patien t w ith 

Plasm odium  in his blood, triggered intensive research that led to a better understanding 

o f  the m ode o f  transm ission and life cycle o f  the m alaria parasite.

T he life cycle o f  the m alaria parasite is very com plex involving several developm ental 

stages in the vertebrate host and the vector (fem ale anopheles m osquito).

G am ham  (1966) sum m ed the life cycle o f  the parasite to include one cycle o f  asexual 

d ivision in the vertebrate liver, another cycle o f  p igm ent-producing asexual div ision  in 

the red blood cells o f  the vertebrate host, and a sporogenic developm ent in the body o f  

the m osquito. H um an m alaria is transm itted solely by fem ale m osquitoes o f  the genus 

anopheles, o f  w hich there are about 60 im portant vectors in nature.

The cycle begins w ith  the bite by an infected m osquito  inoculating the parasites in the 

form  o f  sporozoites into the b loodstream  o f  the hum an host. A fter circulating  in the 

bloodstream  for not m ore than 1 hour, the sporozoites enter liver cells (hepatocytes).

In the hepatocytes, P fa lc iparum  parasites grow, m ultiply and develop directly into 

schizonts referred to as pre-erythrocytic (PE) schizonts. PE schizonts o f  P. fa lc iparum  

take 5-7 days to develop. W hen m atured the schizont and liver cell rupture and the 

parasites know n as m erozoites enter the bloodstream . To survive, the m erozoites m ust 

invade red cells w ithin a few m inutes o f  being released from  the schizonts.

Entry o f  the parasites into the red cells starts a cycle in the blood (erythrocytic cycle), 

w hich for P. fa lc iparum  takes 36-48 hours to com plete. The m erozoite then develops

8
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into a trophozoite w ith in  a vacuole form ed by the internal m em brane o f  the host red cell. 

The trophozoite feeds on haem oglobin by ingesting sm all am ounts o f  red cell cytoplasm , 

w hich leads to form ation o f  m alaria pigm ent (hem ozoin) as an end product o f  

haem oglobin breakdow n. H em ozoin accum ulates as a dark-brow n granule in the 

trophozoite.

W hen the trophozoite is fully developed it d ivides to form  a sch izont contain ing 8-32 

m erozoites and m alaria pigm ent. M ature schizonts rupture from  the red  cells releasing 

m erozoites, m alaria pigm ent and tox in  into the plasm a. The entry o f  tox ic m etabolites 

into the b lood circulation o f  the host causes fever and a m alaria ‘a ttack ’. Those 

m erozoites that are not destroyed by the h o st’s im m une system  invade new  red cells and 

the cycle is repeated destroying red cells further.

O ccasionally, som e o f  the trophozoites develop into m ale and fem ale gam etocytes. 

These sexual stages o f  the parasite cannot divide in hum ans but are found in the 

peripheral circulation  to be taken up by the m osquito  in its b lood m eal. In the m idgut o f  

the m osquito , the gam etocytes d ifferentiate into gam etes, fertilization takes place to 

form  a zygote, w hich also transform s into a m otile ookinete, w hich penetrates the gut 

epithelium  and m atures to form  the oocyst. Inside the oocyst, large num bers o f 

sporozoites are form ed. The m ature sporozoites leave the oocytes and som e find their 

way into the salivary gland o f  the m osquito, ready to be transm itted  w hen the insect next 

takes a b lood meal.

9
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2.3 Malaria in Ghana

The history o f  m alaria studies in G hana can be traced to about a century ago w hen 

Connal (1912) show ed that in A ccra 50%  o f  children below  the age o f  3 years w ere 

infected w ith  m alaria parasites. Several years on, studies by A hm ed (1989) show ed that 

the hyperendem icity  o f  m alaria in G hana follow ed an uneven d istribu tion  along distinct 

clim atic and ecological zones. The m iddle forest ecological zone (A shanti, Brong 

A hafo, E astern and greater parts o f  W estern regions) had the h ighest occurrence o f  

clinical disease, follow ed by the coastal zone (Central, G reater A ccra, and parts o f  

W estern regions), and the N orthern savanna area had the lowest. M alaria occurrence in 

G hana is also affected by seasonal variations, being higher during the rainy season when 

m osquito  breeding is favoured than in  the dry season w hen there are few er breeding 

grounds for m osquitoes.

A ccording to  A hm ed (1989), the disease is predom inantly  found in children  below  3 

years o f  age and the com m onest m alaria parasite involved is P fa lc ip a ru m , and to a 

lesser extent P. vivax  w hilst P. ovale  rarely occurs. This was consistent w ith reports by 

C oulboune and W right (1955) o f  P fa lc ip a ru m  infection rates o f  betw een 90-98%  from  

various parts o f  the country. A lso M orrow  (1981) found P. fa lc ip a ru m  m alaria as the 

cause o f  m any o f  the serious com plications o f  m alaria in Ghana. Recently, K oram  et al.

(1997) also reported from  a study conducted in southern G hana that P. fa lc ip a ru m  

accounted for over 90%  o f  asym ptom atic, and m ore than 95%  o f  clinical cases 

respectively.
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2.4 Clinical Manifestations of Malaria.

The clinical features o f  P. fa lc iparum  infection cover a spectrum  from  asym ptom atic 

infection to fulm inate disease leading to death. Im portant determ inants o f  the clinical 

pattern are species o f  parasite, age, im m une status and degree o f  m alaria endem icity  

(vector population, inoculation rates etc.).

The vast m ajority o f  cases present as a relatively m ild, non-specific febrile illness, w hich 

resolves rapidly if  treated  appropriately. The fever rarely follow s classical descriptions 

o f  cyclical fevers w ith rigors and chills and is essentially indistinguishable from  m any 

other com m on childhood infections. A dditional sym ptom s that are com m on include a 

cough, abdom inal pain, vom iting and m ild diarrhoea. O lder children, w ho are m ore 

vocal, m ay com plain o f  headache and general body pains.

Severe, life-threatening m alaria has a com plex pathogenesis, but for m anagem ent 

purposes can be defined by sim ply applied bedside criteria based on the level o f  

consciousness and the degree o f  respiratory distress. Im portant features o f  severe 

m alaria include m etabolic acidosis, hypoglycem ia, severe anaem ia, m ultiple convulsions 

and com a (W H O , 2000).

The tw o m ost severe com plications o f  clinical m alaria responsible for m ost o f  the 

m alaria-associated m ortality  in G hana are severe anaem ia and cerebral m alaria. 

A naem ia is one o f  the m ajor clinical m anifestations o f  m alaria apart from  fever and 

splenom egaly. Cerebral m alaria is the m ost profound m anifestation o f  severe m alaria in 

hum ans caused by P. fa lc iparum  infection and is characterized by neurological 

sym ptom s including deep com a (W HO, 2000).
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A lthough all ages are affected, clinical attacks are m ore frequent in children. S im ilarly, 

severe disease is m ore com m on in children.

2.5 Immunity to Malaria

2.5.1 N atural R esistance

A disease that kills m ainly children w ould be expected to select strongly for any genetic 

trait that reduces susceptibility. A num ber o f  genetic factors play a role in natural 

im m unity w ith  m ost o f  the factors being those that affect the m ain site o f  developm ent 

(the red b lood cells) directly. These include P-thalassaem ia, w hich affects the rate o f  

haem oglobin synthesis, sickle cell trait (HbS), the ea rn er state o f  haem oglobin  type S, 

and G -6PD  (G lucose 6- phosphate dehydrogenase) deficiency, a key red b lood cell 

m etabolic enzym e, all o f  w hich offer clinical protection against m alaria. Parasite growth 

has been show n to be significantly inhibited in HbS carrier red b lood cells and not in 

hom ozygous individuals (Friedm an, 1978). A kanm ori et al. (1991) also show ed that the 

titres o f  IgG and com plem ent C3 w ere low er in the serum  o f  hom ozygous individuals 

(SS) as com pared to heterozygous (AS) individuals. This suggests that the carriers (AS) 

are likely to m ount a stronger com plem ent m ediated im m une response against m alaria 

parasites. A lso, certain  hum an leukocyte antigens (HLA), w hich are im portant in the 

initiation o f  im m une responses, have been found to be associated w ith  protection  from 

severe m alaria. HLA class I antigen, H LA -Bw 53 and an HLA class II haplotype, 

D RB *1302-D Q B*0501 have been linked to reduced susceptibility  to severe m alaria 

(Hill e ta l.,  1991).

i?
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The com parative resistance o f  new born m ice and hum ans up to 4-6 m onths w as traced to 

a lack o f  p-am ino benzoic acid (PA BA ) in m ilk (R eview  by Playfair, 1982). PA B A  is 

an essential factor in the synthesis by the parasite o f  tetrahydrofolate and thence 

thym idine. O f course, in m ost cases, m ilk will contain protective an tibodies too.

A lso the natural resistance o f  a particular host to a particular parasite can som etim es be 

traced to im m une cells in the spleen. For exam ple, P. fa lc ip a ru m  will infect 

splenectom ized but not intact gibbons and m arm osets (Playfair, 1982).

2.5.2 A cquired Im m unity

2.5.2.1 N on-specific Im m unity

The innate im m une system  is built up o f  certain  types o f  cells and hum oral factors that 

recognize, inactivate and kill infectious agents im m ediately after entering  the host 

organism . By definition, these processes are rapid, non-specific (in the sense o f  being 

active against a broad spectrum  o f  m icrobial pathogens), and operate before an antigen- 

specific (adaptive) im m une response has developed. A ccordingly, natural resistance is 

m ainly due to constitutively available m echanism s o f  defense that can be activated 

w ithin seconds or m inutes. These include the phagocytosis o f  bacteria or protozoa by 

neutrophils o r m acrophages; the release o f  antim icrobial peptides, o f  hydrolytic enzym es 

or o f  reactive oxygen interm ediates (“oxidative burst”) by phagocytes; activation  o f  the 

com plem ent system  via the alternative or the m annose-binding protein pathw ay; or the 

cytotoxic activity o f  natural killer (NK) cells against infected target cells (Fearon and 

Locksley, 1996).
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Like m any other parasite infections, m alaria can be affected by stim ulation  o f  the 

im m une system  w ith  quite unrelated agents, especially o f  m icrobial origin. These 

include endotoxin, C orynebacterium  parvum  and several know n inducers o f  interferon. 

S tudies have show n that only a sm all fraction o f  im m unoglobulin  represents m alaria 

specific antibodies, w ith  the m ajority  being ‘non-m alaria specific’ and som e 

autoantibodies reacting w ith cellular as well as extracellu lar self-com ponents (Freem an 

et al., 1980, M arsh and G reenw ood, 1986). Playfair et al. (1990) suggested that the 

induction o f  im m une responses by endotoxin-like m alaria exoantigens m ay be im portant 

in the anti-m alaria im m unity. During the rupture o f  schizonts, a large am ount o f  soluble 

parasite antigens are released into circulation. These antigens share som e chem ical and 

biological characteristics w ith  bacterial endotoxins, like lipopolysaccharide. These 

exoantigens trigger m acrophages and m onocytes to release endogenous pyrogens such 

as interleukin-1 and tum our necrosis factor (Bate et al., 1988, K w iatkow ski et al., 1989, 

Jakobsen et al., 1991). A ntibodies against these exoantigens are believed to lead to 

reduction in severity o f  clinical sym ptom s.

In general it appears that parasites inhabiting the adult red cell are m ore susceptible to 

this kind o f  non-specific im m unity than those that parasitize the reticulocyte (Playfair, 

1982).

2 .5.2.2 Specific Im m unity

The period o f  greatest risk in hum an m alaria is from  six m onths to five years, after 

w hich the disease becom es progressively less severe, despite continued exposure. There 

is considerable evidence that infants in the first 6 m onths o f  life are protected  from  

m alaria attacks by antibodies believed to be from their im m une m others (M cG regor, 

1984, A kanm ori et al., 1995). As the m aternal antibodies wane, the children becom e
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increasingly susceptible to P. fa lc iparum  infections. By the th ird  year in life, the 

children begin to show  increasing signs o f  to lerating higher parasitaem ia in the absence 

o f  clinical illness. D uring this period there is increased levels o f  m alaria  specific 

im m unoglobulin  in serum  (M cG regor et al., 1965), suggestive o f  the developm ent o f  

acquired protective im m unity.

From  this age through adolescence, natural im m unity begins w ith decrease in severity  o f  

clinical episodes but w ith  high levels o f  parasitaem ia. S tudies by R iley et a l ,  (1990) in 

the G am bia show ed that parasite rates did not seem  to decline until the age o f  10 to 12 

years, w hilst the incidence o f  clinical disease peaked at the age o f  6 years. This suggests 

that clinical or anti-disease im m unity m ay be d ifferent from  anti-parasite im m unity 

because the incidence o f  severe disease and death from  m alaria decline in young 

children at a tim e-w hen they rather harbour considerable parasite loads.

The im m une responses induced as a result o f  the acquisition o f  anti-m alarial im m unity 

are said to  be species, stage and strain specific (How ard, 1986). M alaria infection 

causes an increase in im m unoglobulin  synthesis, w hich is evidenced by the elevated 

levels o f  im m unoglobulin  in residents o f  m alaria endem ic areas (M cG regor, 1974).

2.5.3 M echanism s o f  M alaria Im m unity

Im m unity to m alaria is acquired as a result o f  the activity o f  both hum oral and cellular 

factors w ith som e contribution from  the physiological condition o f  the host. The 

hum oral factors are represented by antibodies that appear in the blood w hereas the
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cellu lar factors are the . m acrophages and other cells produced by the lym phoid- 

m acrophage system  o f  the spleen, liver and bone m arrow.

H um oral Factors

A ntibodies are the effector m olecules o f  the hum oral response to m alaria  infection. 

They bind to m alaria antigens, neutralizing them  or facilitating their elim ination. The 

gam m a globulin  fraction o f  serum  contains five types o f  im m unoglobulin: IgG, IgM , 

IgE, IgD and IgA. The distinction betw een each m ajor class o f  im m unoglobulin  lies in 

the type o f  heavy chain. S tudies done in residents in highly endem ic m alaria  areas as 

well as in experim entally  infected volunteers have show n antibody responses induced by 

m alaria infection  to involve only the im m unoglobulin  isotypes IgM , IgG and IgA 

(Targett, 1970, C ollins et al., 1971). N o specific m alarial antibody has been detected in 

IgD and IgE im m unoglobins. C ollins et al. (1971) in their studies also noted that patent 

parasitaem ia usually triggered the sim ultaneous production o f  IgM  and IgG  antibodies 

and that, w here this w as not so, IgG responses usually preceded IgM . They also found 

IgA response to be often m ore delayed. M easuring the persistency o f  these antibodies, 

these w orkers also found IgM  and IgA responses to be transient, w hile those involving 

IgG w ere m ore persistent. Targett (1970) in his study also show ed IgM  levels to rise 

abruptly in association w ith parasitaem ia and often fell dram atically w hen chem otherapy 

term inated infection, even when m alarial antigens continued to circulate.

A ntibodies acquired by m an as a result o f  infection w ith  a single species o f  m alarial 

parasite have been found to cross react w ith heterologous parasites (D iggs and Sadun,
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1965), but antiserum  usually yield their h ighest titres w hen reacted against hom ologous 

parasites indicating species specificity o f  antibodies (C ollins et al., 1967).

The protective value o f  antibodies has been dem onstrated in hum ans. M cG regor e t al., 

(1963) show ed IgG from  W est A frica im m une serum  to have protective value against 

infections caused by P. falciparum  parasites from  East Africa. C ohen and colleagues 

(1969) deduced that im m une serum  acted m ainly by blocking the invasion o f  red cells 

by m erozoites. O ther antibody-m ediated m echanism s for w hich a p ro tective effect has 

been claim ed include antibody dependent cytotoxicity, opsonization  and IgM 

autoantibodies.

C ellu lar Im m unity

C hem otaxis and activation o f  m acrophages are features o f  cell-m ediated  im m une 

response in m alaria. Parasitized red cells have been clearly show n to be rem oved m ore 

rapidly from  the circulation than norm al red cells, and both the spleen and the liver can 

be responsible (Playfair, 1982). Playfair in that review  noted that m acrophages from  

infected anim als w ere m ore phagocytic for parasitized  cells in vitro  and in m illipore 

cham bers im planted in the peritoneal cavity, and also im m une serum  enhanced 

phagocytosis by both  m alarious and norm al m acrophages. P layfair also noted that a 

proposal that N K  cells w ere im portant in killing intra-erythrocytic m alaria parasites was 

not supported by experim ents in w hich N K  activity was deliberately reduced.
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T cells

Evidence from  studies o f  correlations betw een T cell responses and protection , cell 

transfer experim ents and T or B cell depleted anim als suggest that T  cells play an 

im portant role in protection against m alaria (Review ed by Playfair, 1982).

B oth T  lym phocytes carrying alpha/beta and gam m a/delta antigen-receptors play a role 

in m alaria im m unity. H ow ever, although gam m a/delta T  cells may expand 40-fold  or 

m ore in the peripheral im m une system  in acutely infected hum ans and also inhibit 

parasite grow th in vitro  and in vivo, their relative im portance for protection  or 

pathogenicity  is presently  unclear. H o et al. (1990a) found that gam m a/delta T  cells 

w ere elevated during the acute infection o f  P. fa lc ip a ru m  infection  and rem ained 

elevated for at least four w eeks during convalescence. They suggested that T  cells m ight 

participate in  the im m une response against P fa lc ip a ru m  by functioning as non-M H C  

restricted  cytotoxic cells against intraerythrocytic parasites. A lternatively, lym phokines 

such as TN F alpha, TN F delta and IFN gam m a m ay be produced on antigen stim ulation, 

w hich m ay have antiparasitic activity. O f the tw o m ajor T  cell subsets (CD 4+, CD8+) 

carrying alpha/beta T cell receptors, the role o f  CD 8+ T  cells in blood stage infections 

appears to be lim ited. Instead CD 4+ T cells are o f  m ajor im portance. These cells 

com prise at least tw o functionally  different subsets (T h l, Th2), d istinguished on the 

basis o f  lym phokine secretion.

T h l cells upon activation produce IL-2, TNF, lym photoxin, and interferon gam m a, 

w hich initiate cell-m ediated im m unity recognized for the elim ination  o f  intracellular 

pathogens. Th2 cells, w hich produce the lym phokines IL-4, IL-5, IL-6, IL-9, IL-10 and 

IL-13, m ediate hum oral im m une responses (M osm ann and Coffm an, 1989). In som e
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rodent m alarias, T h l cells producing IFN -gam m a and IL-2 are im portant for controlling 

infection in its early phases, w hilst Th2 cells, producing IL-4 and IL-10, together w ith 

antibodies, are im portant for parasite clearance in later phases o f  infection (Troye- 

B lom berg et al., 1994). The balance betw een these tw o subsets is critical for the 

outcom e o f  an infection.

2.6 Phagocytosis

The vertebrate host defence system  is best v iew ed as a set o f  h ighly integrated  layers o f  

response to any threats. Evolutionarily early “p rim itive” system s, such as lysis v ia  the 

com plem ent cascade, are very rapid but not very discrim inatory on their ow n and are 

relatively easily evaded by potential pathogens. Phagocytosis and killing  o f  invading 

organism s by polym orphonuclear and m ononuclear leukocytes is a m arked im provem ent 

in both the range o f  effector m echanism s and the detection o f  noxious agents.

Phagocytosis is the process by w hich cells internalize other cells, cell fragm ents, protein 

aggregates, and foreign bodies (Jones et al, 1999). W hile targets for engulfm ent by the 

process o f  phagocytosis m ay be any size, the term  phagocytosis is generally reserved for 

those particles that are m ore than 1 |i in diam eter, because at this size the m echanism s 

for internalisation clearly differ from  those used for endocytosis o f  soluble m aterial 

(B row n and Steinberg, 1996). A ccording to Jones et al. (1999), phagocytosis w as first 

described by E lie M etchnikoff w ho observed that there w ere cells in  starfish  larvae 

capable o f  ingesting and destroying foreign substances and invaders. In m etazoans, the 

m ost prom inent roles for phagocytosis include rem oval o f  tissue debris after injury, 

rem oval o f  apoptotic cells during developm ent, and destruction o f  invading pathogens.
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As an essential elem ent o f  host defence, phagocytosis is a part ol the m echanism  by 

w hich m ost potential pathogens are ultim ately destroyed. The host defence aspects o f  

phagocytosis require recognition o f  potential pathogens and are a function prim arily o f  

specialized leukocytes, the m yeloid cells know n as po lym orphonuclear neutrophils  

(PM N s) and m onocytes or m acrophages, collectively referred to as “professional 

phagocytes”

PM N s and m onocytes m igrate through blood and tissues, surveying for d isruptions o f  

hom eostasis, w hich require repair. A ll phagocytes are bone m arrow  derived. PM N s 

m ature from  com m itted  precursors for 6 days in the m arrow  and then are released into 

the vasculature to circulate for only 6 to 12 hours (Bainton, 1992), follow ing w hich they 

enter various tissues, w here they ultim ately apoptose and are efficiently  rem oved by 

resident m acrophages. D uring infection, PM Ns are released from  the m arrow  in greater 

num bers and som etim es prior to full m aturation.

M yeloid granulocytes are divided based on the staining properties o f  their granules into 

neutrophils, eosinophils, and basophils. PM N s are the m ost abundant; constitu ting  about 

95%  o f  the total granulates. The granules usually contain lysosom al enzym es and/or 

bacteriostatic or bactericidal m olecules and act as a repository for m em brane m olecules, 

w hich can be rapidly m obilized  to the cell surface for host defence.

M ononuclear phagocytes are released from  the bone m arrow  as m onocytes, w hich 

m igrate into d ifferent tissues, w here they further differentiate into m ature m acrophages. 

The phenotype o f  these cells is highly dependent on the tissue in w hich they are found.
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M uch o f  the role o f  these cells is to rem ove dead and dam aged cells and particulate 

m atter from  the tissues. A s K upffer cells in liver and spleen sinusoids, they rem ove 

senescent erythrocytes from  the bloodstream . K upffer cells also rem ove other debris, 

such as fibrin degradation products and im m une com plexes, from  the circulation. As 

alveolar m acrophages, they ingest and rem ove inhaled particles that are sm all enough to 

reach the term inal airways. As m icroglia in the central nervous system , they ingest 

degenerated myelin. They also are found in the subm ucosa o f  the gastro in testinal and 

urogenital tracts, in the skin, and in the synovial m em branes lining the jo in t cavities. A t 

these sites as well as in the peritoneal and pleural cavities, they rem ove the small 

num bers o f  bacteria that frequently leak into these tissues from  the bow el o r the lung.

M onocytes circulate w ith a half-life o f  16 to 20 hours prior to m igration into tissue to 

becom e tissue m acrophages (V an Furth, 1992). Fully differentiated  resident 

m acrophages have a lifetim e o f  4 to 15 days in their hom e tissues. D uring inflam m ation, 

m onocyte accum ulation at the perturbed site is greatly increased. This is due prim arily 

to increased influx from  circulating m onocytes and only m inim ally to proliferation  o f  

resident m acrophages. These inflam m atory m acrophages have a different phenotype 

from  the resident tissue cells, including expression o f  m yeloperoxidase, increased 

phagocytic capacity, and enhanced ability to generate tox ic oxygen and nitrogen 

m etabolites (Jones et al., 1999). The host response to p lasm odia includes the production 

o f  enlarged populations o f  peripheral b lood m onocytes and tissue m acrophages in the 

spleen and the liver (Taliaferro and M ulligan, 1937 and A rese et a l ., 1991). This is 

believed to be a result o f  activation and m obilization o f  blood m onocytes and suggests 

that the m acrophage is a m ajor im m unologic effector cell in m alaria. M ononuclear
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phagocytes are able to recognize and ingest parasitized  red b lood cells, and have the 

potential to dispose o f  up to 40-80%  o f  the total red cell m ass in a  few  days (A rese et al., 

1991). In addition  to increased phagocytosis, m acrophages and neutrophils have show n 

significant ability  to produce toxic oxygen radicals, w hich have been suggested to 

participate in parasite k illing (D ockrell and Playfair, 1983), as w ell as m uch o f  the 

clinical sym ptom s associated w ith m alaria infection  (C lark et al., 1981).

2.7 M ajor Histocompatibility Complex

A nother role o f  m onocytes/m acrophages is that o f  antigen presentation. This function is 

m ost im portant as an initial trigger o f  an antigen-specific T  cell response during an 

im m une challenge. A ntigens are presented to T  cells in com bination  w ith certain  

proteins know n as m ajor histocom patibility  com plex m olecules.

The m ajor histocom patib ility  com plex (M H C) is a large genetic com plex w ith m ultiple 

loci. M olecules w ithin this com plex w ere originally recognized through their ability to 

provoke vigorous rejection o f  grafts exchanged betw een different m em bers o f  a species. 

T he M H C loci encode tw o m ajor classes o f  m em brane m olecules: class I and class II 

M H C m olecules. The class I m olecules are glycoproteins found on the m em brane o f  

nearly all nucleated cells, always in association w ith a sm all p rotein  called P2- 

m icroglobulin . C lass II M H C m olecules are glycoproteins expressed by the various 

specialized cells that function as antigen-presenting cells. There are three class II loci in 

hum ans, DP, DQ and DR. Each class II locus has tw o genes, an a  gene and a P gene 

w hich respectively encode the a and b chains o f  the class II M H C m olecules.
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In order for a foreign protein antigen to be recognized by a T cell, it m ust be degraded 

into sm all peptides that form  physical com plexes w ith a class I or class II M HC 

m olecule. The M H C m olecule bearing the peptide is then exported  to the cell surface. 

The hum an M H C is also know n as the hum an leukocyte antigen (HLA) com plex, thus 

the class II proteins are H LA-D P, -DQ and -DR. In bacterial or parasitic infections such 

as m alaria, upregulation  o f  M H C class II for antigen presen tation  is im portan t to ensure 

adequate helper-T -cell developm ent and to determ ine the outcom es o f  d isease and 

secondary infections. C lass II is upregulated in hum an m acrophages by factors 

including IFN -gam m a, tum our necrosis factor and IL-4 (G lim cher and K ara, 1992), all 

o f  w hich are im portant players in m alaria infections.

2.8 Cytokines

C ytokines are regulatory proteins secreted by w hite blood cells and a variety  o f  other 

cells in the body; the pleio tropic actions o f  cytokines include num erous effects on cells 

o f  the im m une system  and m odulation  o f  inflam m atory responses. C ytokines are sim ple 

polypeptides or glycoproteins w ith m olecular w eight not m ore than 30kDa.

Cytokines share m any o f  their properties w ith tw o other groups o f  protein m ediators, 

nam ely grow th factors and horm ones. H ow ever, cytokines are different from  growth 

factors in that their production is tightly regulated w here as that o f  grow th factors tends 

to be constitutive. A lso unlike cytokines actions, the m ajor actions o f  grow th factors are 

targeted  at nonhaem atopoietic cells. A lthough the range o f  actions displayed by 

individual cytokines can be broad and diverse, at least som e action(s) o f  each cytokine is 

(are) targeted at haem atopoietic cells.
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It is also not easy to distinguish clearly betw een cytokines and classical polypeptide 

horm ones. One o f  the m ajor d istinguishing features is that classical horm ones are 

produced by specified cells e.g. insulin is produced by cells o f  the pancreas, grow th 

horm one by the anterior p ituitary and parathorm one by the parathyroid. In contrast, 

cytokines tend to be produced by less specialized cells, and m ore often than not, several 

unrelated  cell types can produce the sam e cytokine. For exam ple IL-1 is produced by 

m onocytes/m acrophage, m esangial cells, N K  cells, B cells, T  cells, neutrophils, 

endothelial cells, sm ooth m uscle cells, fibroblasts, astrocytes and m icroglial cells. 

H ow ever, there are exceptions, for exam ple IL-2, IL-3, IL-4, IL-5, lym photoxin  and 

IFN-y are produced only by lym phoid cells, especially T  cells. Perhaps the m ost 

characteristic features o f  cytokines, those that distinguish  them  from  horm ones, are the 

redundancy and am biguity o f  cytokines actions, i.e. the fact that structurally  dissim ilar 

cytokines (e.g. TNF-a/(3 and IL - la /p )  show  rem arkable sim ilarities in their actions 

(V ilcek and Le, 1994) and that individual cytokines tend to exert a m ultitude o f  actions 

on different cells and tissues.

Chem okines

Chem okines are chem otactic cytokines. They are a large fam ily o f  structurally  and 

functionally related proteins. A lthough the properties o f  these m olecules have only 

recently  begun to  be elucidated, the bulk  o f  the evidence to date suggests that the 

chem okines function as regulators o f  inflam m atory and im m unoregulatory processes 

particularly  through their specific leukocyte chem oattractant effects.
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Structurally  these proteins form  a super fam ily o f  proteins that are related by a four- 

cysteine m otif. The super fam ily is subdivided into tw o branches based upon w hether 

the first tw o cysteines in the m o tif are either adjacent (term ed the C-C branch) or spaced 

by an intervening residue (the C-X -C chem okines). M em bers o f  the C -X -C  fam ily 

include p latelet factor 4 (PF4) and interleukin 8 (IL-8). C-C chem okines include 

m onocyte chem otactic p ro te in s-1, 2 and 3, m acrophage inflam m atory p ro te in s - la  (M IP- 

l a )  and MIP-1 P and RA N TES.

The effects o f  chem okines on m onocytes and neutrophils in vitro  show  a sim ple, though 

not absolute, pattern. G enerally speaking, C-X -C chem okines affect neu trophils but not 

m onocytes, w hile C-C chem okines affect m onocytes but not neutrophils. The biological 

activities m ost actively investigated in vitro  w ith  these tw o cell types include 

chem oattraction  and activation. IL-8, EN A-78 and N A P-2 have all been reported to 

preferentially  attract neutrophils in vitro  and to induce activation, as m easured by shape 

change, transien t increases in cytoplasm ic calcium  concentration, degranulation, 

respiratory burst, increased adhesive properties, and enhanced ability to kill pathogens 

(O ppenheim  et al., 1991). The situation w ith the C-X -C chem okines is also relatively 

sim ple in vivo. Injection studies using rats, m ice, and rabbits com m only show  an influx 

o f  neutrophils in response to the C-X -C chem okines, w hich are know n to be active in 

vitro.

The m onocyte activities o f  the C-C chem okines, w hen tested in vitro, are also fairly 

straightforw ard: R A N TES, M CP-1, M CP-2, M C P-3, hum an M IP - la , hum an M IP -ip
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and 1-309 have all been reported to induce the m igration  o f  m onocytes, but not 

neutrophils in m icrochem otaxis assays. MCP-1 has also been reported to elicit 

degranulation  and respiratory burst in m onocytes and regulate adhesion  m olecule 

expression and cytokine production in these cells (Schall, 1994).

IL-8 has been characterized as a neutrophil activating protein (N A P-1) w ith biological 

effects sim ilar to know n chem otactic substances such as the plasm a-derived 

anaphylatoxin C5a, the cell-derived platelet activating factor (PA F), and bacterial- or 

synthetic form ylm ethionyl peptides, e.g. FM LP (V an D am m e, 1994). M ost researchers 

originally  isolated the m olecule from  peripheral blood m onocytes stim ulated  with 

lipopolysaccharide or m itogen. F ibroblasts, endothelial cells, sm ooth m uscle cells, and a 

variety o f  m ore specialized cell types can produce IL-8 in response to the prim ary 

cytokines IL-1 and T N F -a . IL-8 can also be produced by neutrophils under specific 

circum stances. In vitro, IL-8 stim ulates neutrophils to directed m igration , as m easured 

under agarose or in the Boyden cham ber and also induces neutrophil degranulation 

(V an D am m e, 1994). C om pared w ith other chem otaxins (C5a, PAF, FM LP, and LTBu), 

activation o f  neutrophils by IL-8 seem s to be m ore selective in tha t eosinophils and 

m onocytes are not responsive (V an D am m e, 1994). To date no reports o f  the levels or 

roles o f  m onocytes- or neutrophils-specific chem okines in m alaria have been published. 

Such inform ation is im portant in understanding the contribution  o f  phagocytosis to 

m alaria pathogenesis.
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N um erous publications have described the outpouring o f  pro-inflam m atory  cytokines 

and other inflam m atory m ediators that occurs during the acute phase o f  m alaria , both in 

experim ental m urine m odels and in hum ans w ith  clinical sym ptom s o f  P fa lc ip a ru m  or 

P vivax  (R eview  by K w iatkow ski and Perlm ann, 1999). A ccording to that review , the 

principal clinical m anifestation o f  the pro-inflam m atory cytokines in m alaria is a 

system ic response, nam ely fever. H igh levels o f  TN F w as nam ed to be m ainly 

responsible for this fever w ith likely contributions from  other pyrogenic cytokines 

including IL -ip , IL - la , IL-6 and L T -a w hich also show  elevated levels in patients with 

m alaria fever. In addition to its role in causing fever, TN F has been reported  to suppress 

parasite grow th in vivo. TNF and IL-1 stim ulated m acrophages and neutrophils for 

increased phagocytic ingestion o f  P. fa lc iparum  infected erythrocytes in the presence o f  

IFN -gam m a, and the tw o cytokines provided an im portant stim ulus, for high output nitric 

oxide production by com bining w ith other factors such as IFN -gam m a to activate 

expression o f  inducible nitric oxide synthase in m acrophages (K w iatkow ski and 

Perlm ann, 1999). Several reports cited in that review  suggested that nitric oxide was 

potentially  inhibitory to all stages o f  parasite developm ent w ithin the m am m alian  host.

The overall effects o f  cytokines in m alaria infection is likely to be determ ined by the 

acquired im m une response, and particularly by the relative dom inance o f  the T h l subset 

(which tends to boost TN F production) and the Th2 subset (which acts through IL-10 to 

suppress TN F production).
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2.9 Pathogenesis of Severe Malaria

Traditionally , severe m alaria in A frican children has been considered to fall into two 

m ain  categories -ce reb ra l m alaria and severe anaem ia.

2.9.1 C erebral M alaria

The essential pathological feature o f  severe falciparum  m alaria is sequestration  o f  

erythrocytes containing m ature forms o f  the parasite in the deep vascular beds o f  vital 

organs. Sequestration is not uniform ly distributed am ong the vital organs; in cerebral 

m alaria it is usually greatest in the brain (M cPherson et al., 1985) and least in the skin. 

S equestration is also not uniform ly distributed at the m icrovascular level.

W HO (2000) suggested m echanism s underlying cerebral m alaria to include:

(i) that the cerebral capillaries and venules contained a high proportion  o f

parasitized  cells, predom inantly  large “late” trophozoites and schizonts. These 

parasitized erythrocytes stuck together and had difficulty passing through the 

capillary bed, consequently reducing flow  gradually to a stop,

(ii) that there was an increase in cerebral capillary perm eability  w ith outw ard

leakage o f  plasm a resulting in cerebral oedem a and, because o f  the extravasation 

o f  p lasm a into the cerebral interstition, local haem oconcentration  and reduced 

m icrocirculatory blood flow,

(iii) and that decreased erythrocyte deform ability  and cytoadherence cause

m icrocirculatory obstruction, w ith  resulting local hypoxia and substrate depletion 

(i.e., ischaem ia).
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2.9.2 Severe A naem ia.

D espite a great deal o f  w ork, the pathogenesis o f  the anaem ia associated  w ith P. 

fa lc ip a ru m  m alaria rem ains uncertain. A part from  the d ifficulties inherent in studying 

the anaem ia o f  parasitic infections, or o f  any other infection for that m atter, W eatherall 

and A bdalla (1982) noted that the problem s in studying the anaem ia o f  P fa lc iparum  

m alaria are com pounded by several factors, including the rapidity  w ith  w hich high 

parasitaem ias are achieved in non-im m une individuals and the rem arkable variability  o f  

the clinical course w ith  respect to racial background, age and im m une status. 

Furtherm ore, m any patients in areas w here the condition is endem ic have m ultiple 

pathology, including iron or folate deficiency and associated bacterial or parasitic 

infections.

The high m orbidity  and m ortality associated w ith P. fa lc iparum  infection had previously 

been attributed to the particular parasite’s ability  to invade red cells o f  all ages, unlike P 

vivax  and P. ovale w hich are lim ited in their m ultip lication  potential because they can 

only invade reticulocytes. H ow ever data com piled by Pasvol and W ilson (1982) show ed 

that reticulocytes and m etabolically younger red cells are m ore susceptib le to invasion 

by P fa lc ip a ru m  than  are older cell populations. This may be o f  som e clinical 

im portance since the m orbidity and m ortality  o f  m alaria is directly related to the level o f  

parasitaem ia. E xperim ents in anim al m odels support the notion that the average red cell 

age, and thus the parasitaem ia that develops, can determ ine the outcom e o f  the infection 

(M iller and Carter, 1976). For exam ple, it was show n that young rats infected w ith  P. 

berghei had higher parasitaem ias and m ortality than older rats, w hich had a low er 

percentage o f  reticulocytes (W eatherall and Abdalla, 1982). W ith respect to P
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fa lc ip a ru m  infections, this m ight provide an explanation  for the observed low  incidence 

o f  P fa lc ip a ru m  m alaria in the first few  m onths o f  life; erythropoiesis is m arkedly 

depressed for the first tw o to three m onths after birth and hence there are relatively few 

young red cells in the circulation. It m ight also account for the high incidence o f  P 

fa lc ip a ru m  m alaria in 6-24 m onth old children.

M alarial anaem ia can have d ifferent clinical presentations. A bdalla et al. in 1980, w hilst 

studying haem atological changes in  a group o f  young G am bian ch ildren  w ith  P 

fa lc ip a ru m  m alaria identified three scenarios. In children w ith acute in fection  anaem ia 

was m ost m arked during the period after treatm ent, and m any o f  these patients 

developed a positive d irect Coom bs test during the period o f  the illness. A  second group 

o f  children  appeared to have a m ore chronic form  o f  P. fa lc ip a ru m  m alaria  infection, 

w ere profoundly anaem ic at presentation, show ed gross dyserythropoeitic changes in 

their bone m arrow s, and had a full reticulocyte response and rise in haem oglobin  after 

treatm ent. They also found a third group o f  children w hose haem atological 

abnorm alities w ere in term ediate to those o f  the acute and chronic groups.

A lthough the pathogenesis o f  this anaem ia is uncertain, there seem s little doubt tha t the 

condition has a m ultifactorial basis boiling dow n to tw o processes: destruction  o f  

erythrocytes and the failure o f  the bone m arrow  to produce an adequate supply o f  new  

erythrocytes (A bdalla et a l., 1980; Phillips et al., 1986).
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D estruction o f  Red Cells

D ata com piled by Seed and K reier (1980) gave considerable evidence from  both anim al 

and hum an studies that direct dam age to the red cells by invasion and grow th o f  

parasites is the m ajor m echanism  for prem ature red cell destruction in all acute form s o f  

m alaria. It seem s likely that the destruction o f  red cells occurs both  intravascularly  and 

by sequestration  o f  parasitized cells in the spleen and other parts o f  the m icrocirculation. 

C learly, erythrocytes are destroyed w hen schizonts rupture, but in addition, W eatherall 

and A bdalla (1982) nam ed m echanical disruption o f  the cells, im paired  m em brane 

function, and increased rigidity and reduced deform ability as possib ly  the m ain 

m echanism s o f  prem ature cell destruction. They noted that the peculiar vasculature o f  

the spleen coupled w ith  the fact that erythrocytes becom e so closely related to 

m acrophages, m akes the spleen a highly effective filter o f  dam aged or rigid erythrocytes. 

These processes becom e o f  great significance if  the patient has a very high parasitaem ia 

or a very chronic infection, but they cannot easily account for the degree o f  anaem ia 

seen in acute infections w here few er than 1% o f  erythrocytes are infected, and it 

therefore seem s likely that uninfected red blood cells are also destroyed (Looareesuw an 

e t a l ,  1987).

Red-cell survival studies reported in hum an P. fa lc iparum  m alaria by R osenberg  et al. 

(1973) provided som e evidence that both endogenous red-cell survival, and that o f  

transfused norm al erythrocytes, is shortened. They exam ined the survival o f  normal 

cells transfused into patients who were under treatm ent for P fa lc ip a ru m  m alaria, thus 

attem pting to rule out the possibility that loss o f  the norm al cells m ight occur as a result
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o f  the effect o f  direct parasitization. The norm al cells show ed a reduced survival tim e in 

som e cases.

Follow ing suggestions m ade by Zuckerm an (1966), there has been considerab le in terest 

in the possib ility  that at least part o f  the haem olytic com ponent o f  the anaem ia o f  P. 

fa lc ip a ru m  m alaria results from  im m une destruction o f  red cells. R eports o f  findings o f  

a positive C oom b’s D A T in patients w ith  m alaria has been the m ain stim ulus. Facer et 

al. (1979) found patients who w ere severely anaem ic and w ho show ed a positive DAT 

w ith  active C3 com ponents on their red cells. They w ere able to dem onstrate m onocyte 

erythrophagocytosis o f  non-parasitized cells on the blood film s o f  these patients. They 

suggested therefore, that anem ia in  acute m alaria m ay som etim es be the result o f 

opsonization  and phagocytosis o f  sensitized cells. A lso K reier and G reen in 1980 found 

increased destruction o f  uninfected erythrocytes to result from  increased phagocytosis o f  

erythrocytes due to the erythrocyte m em brane being dam aged by either parasite or host 

proteolytic enzym es activated through A g-A b and com plem ent reactions. This theory is 

supported by the observation o f  non-parasitized erythrocytes in bone m arrow  m onocytes 

and m acrophages during and follow ing infection. (Phillips et al., 1986).

The poor sensitivity  and subjectivity o f  the C oom b’s test is blam ed for disputes on the 

role o f  im m une m ediated haem olysis in P fa lc iparum  m alaria anaem ia. H ow ever, new  

data suggests that binding o f  com plem ent factor C3b to R B C is an im portant contributor 

to this type o f  anaem ia, w hereas IgG binding to RBC is rare in children  w ith m alaria. 

R ecently Goka et al. (2001) reported strong association betw een C3d binding to 

erythrocyte m em brane and severity o f  anaem ia in G hanaian children w ith  P  fa lc ip a ru m
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m alaria. In the sam e area A bdalla (1986) found no increase in the num ber ol IgG 

m olecules bound to red blood cells in patients w ith m alaria com pared to the controls. 

There was no correlation  betw een severity o f  anaem ia and red blood cell-associated  IgG 

levels. H ow ever Ho et al. (1990b) found a strong correlation betw een anaem ia and the 

clearance o f  erythrocytes coated w ith relatively low  num bers o f  IgG m olecules.

W ork by V oller (1974) suggested that the developm ent o f  au toantibodies to the 

erythrocytes cause the haem olysis or opsonization  o f  uninfected red cells. Such an ti­

erythrocyte antibodies have been found in P. fa lc iparum  infections (R osenberg  et al.,

1973). H ow ever, relying on observations by Salm on et al. (1997) o f  anaem ia in a m ouse 

m odel w here destruction o f  uninfected erythrocytes was sim ilar in SCID and nude m ice 

to norm al m ice, Jakem an et al. (1999) dism issed the involvem ent o f  antibodies in the 

destruction  o f  uninfected erythrocytes. They indicated that since the SCID  and nude 

m ice cannot m ake antibody, neither anti-erythrocyte antibodies nor im m une com plexes 

involving anti-parasite antibody could have been involved in this case. Jakem an and co ­

w orkers believed that a likely explanation for the destruction is the direct b inding o f  

parasite com ponents, possibly w hole but non-viable m erozoites, to the surface o f  

uninfected erythrocytes follow ed by antibody-independent phagocytosis.

D efective Red Cell Production.

D efective red-cell production caused either by depression o f  ery thropoiesis (W oodruff et 

al. 1979), inhibition o f  reticulolyte release, or deffective erythropoiesis (R encricca et al.

1974) m ay also play a part in causing the anaem ia o f  the d ifferent types o f  m alaria. In 

any haem olytic process a falling haem oglobin level causes increased production o f  

erythropoietin, w hich results in erythroid hyperplasia o f  the m arrow  and reticulocytosis.
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M any w orkers have noticed that there is a relatively poor reticulocyte response to 

anaem ia in patients w ith  P  fa lc iparum  m alaria. In a detailed haem atological analysis o f  

a  group o f  G am bian children w ith the anaem ia o f  P. fa lc ip a ru m  m alaria , A bdalla  et al.

(1980) observed greater abnorm alities in the m arrow s o f  groups o f  children  who 

presented w ith  severe anaem ia and a low  reticulocyte count associated w ith a low  

parasitaem ia than in those o f  children w ith acute infections and high parasitaem ias who 

show ed norm al or reduced erythroid precursor populations, w hich had no gross 

m orphological abnorm alities. The m arrow  appearances o f  the form er w ere quite 

rem arkable in  that they show ed m arked dyserythropoietic changes including 

m ultinuclear erythroblasts, karyorrhexis, incom plete and unequal am ito tic nuclear 

divisions, and cytoplasm ic bridging.

Recently, findings by K urtzhals et al. (1997) suggested that P. fa lc ip a ru m  infection 

caused a rapidly reversible suppression o f  the bone m arrow  response to erythropoietin. 

Further, they found that the inhibition o f  bone m arrow  response was a general finding 

irrespective o f  initial haem oglobin levels, suggesting that the severity  o f  anaem ia 

depends on the degree o f  peripheral erythrocyte destruction in patients w ith  suppressed 

bone m arrow  response to erythropoietin.

2.9.3 Role o f  C ytokines in Pathogenesis o f  Severe M alaria

Inflam m atory processes play a central role in the clinical m anifestations o f  m alaria. Pro- 

inflam m atory cytokines have been established as causal m ediators o f  m alaria fever and
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have been strongly im plicated in the pathogenesis o f  cerebral m alaria, m alaria  anaem ia, 

and other severe com plications o f  infection.

O bservations on the sim ilarity  betw een severe m alaria and endotoxaem ia by C lark  el al.

(1981) led to  the concept that the products o f  activated m acrophages m ay m ediate severe 

m alaria. A ctivated m onocyte/m acrophage cells secrete predom inantly  T N F -a , IL-6 and 

IL-10.

Several studies now  have confirm ed a positive association betw een plasm a 

concentrations o f  TN F and other pro-inflam m atory cytokines, and m ortality  in severe 

falciparum  m alaria (G rau et al., 1989, K ern et al., 1989, K w iatkow ski et al., 1990, 

K rishna et al., 1994), although som e studies have failed to confirm  such a relationship, 

(Shaffer et al., 1991). In m ost o f  these studies, plasm a concentrations o f  TN F have 

correlated w ith  several indicators o f  severity, nam ely hypoglycaem ia,

hyperparasitaem ia, and anaem ia. Plasm a concentrations o f  IL-1 (K w iatkow ski et al., 

1990), IL-6 (Kern et al., 1989), and IL-8 (Friedland et al., 1993) have also been show n 

to be correlated w ith disease severity. C lark and Chaundhri (1988) suggested that 

increased T N F -a  levels m ight be im plicated in the developm ent o f  ineffective 

erythropoiesis or dyserythropoiesis in m urine m alaria. R ecent studies by K urtzhals et al.

(1998), O thoro et al. (1999) and A kanm ori et al. (2000) have show n that A frican 

children w ith  severe m alarial anaem ia have relatively low  circulating levels o f  IL -10 in 

relation to TNF. Since IL-10 is a natural TN F antagonist, th is finding w ould  be 

consistent w ith a role for TN F in the pathogenesis o f  severe m alaria anaem ia.
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In view  o f  all these reports im plicating the im m une response in the pathogenesis o f  

severe m alaria anaem ia there w as the need to identify the cells involved and the 

m echanism s by w hich they exert their effects. This study sought to investigate the role 

o f  phagocytic cells and inflam m atory m ediators in the developm ent o f  anaem ia in 

m alaria.

2.10 Measurement of Phagocytic function by flow cytometry.

In m any clinical situations evaluation o f  phagocytic ability has been o f  considerable 

interest. Classical techniques are based on the quantification o f  particle uptake, 

including viable m icroorganism s, yeasts, and m icrospheres, by direct m icroscopic 

observation or radioactivity  incorporated via radiolabelled substances. T hese m ethods 

have the disadvantages o f  being tedious and subjective, m aking them  unsuitable for 

routine practice in clinical laboratory.

Recently, flow  cytom etry has been used extensively in clinical laboratories because it 

provides a m eans o f  rapidly, objectively and sim ultaneously evaluating  different 

param eters in a large num ber o f  cells. H ow ever, this m ethod is d ifficu lt to  use in 

functional studies, e.g. the assessm ent o f  phagocytic function, because the non-specific 

adherence o f  certain cells, including PM Ns to a variety o f  substances interferes w ith the 

m easurem ent o f  the num bers o f  particles actually internalised by the cell. Several 

researchers have overcom e this problem  by using substances such as m ethylene blue, 

trypan blue, sodium  azide or iodoacetate to quench superficial fluorescence, thus 

reducing non-specific adherence. Santos at al. (1995) developed a protocol that 

overcam e the problem  by com paring the results in the experim ental sam ple (incubated at
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37°C) against those obtained in a control sam ple incubated at 4°C. They suggested  that 

fluorescence detected in the control sam ple corresponded entirely  to adherence, since 

cellu lar functions, including phagocytosis are inhibited by low  tem peratures. W hen the 

results w ere checked w ith  scanning electron m icroscopy (SEM ), it w as found that latex 

m icrospheres rem ained on the surfaces o f  cells incubated at 4°C, w hereas internalised 

beads could  be d istinguished from  adhered beads in cells incubated at 37°C. A nother 

advantage o f  the m ethod o f  Santos et al. (1995) was that w hole blood w as used, thus 

elim inating the need to separate PM N before the assay. Further, the use o f  w hole blood 

provides a better sim ulation o f  the conditions in vivo.

The m ethod o f  Santos et al. (1995) w as used as the basis for the neutrophils phagocytic 

function assay in the present study.
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MATERIALS AND METHODS

3.1 Study Subjects

Children presenting with malaria at the emergency room o f the department o f  Child 

Health, Korle-Bu Teaching Hospital, Ghana, during the peak malaria seasons (July to 

August) o f two consecutive years, 2000 and 2001, were recruited into the study. 

Also healthy children from a nearby community, Dodowa, without detectable 

Plasmodium  in thick blood films or with symptomless P. falciparum  infection, were 

enrolled as controls. All patients and control donors were enrolled in the study only 

following informed, signed, parental consent. The study was approved by the ethics 

and protocol review committee at the University o f  Ghana Medical School and by 

the Ghanaian Ministry o f Health.

In the year 2000, only samples taken on day o f  admission (Day 0) were tested for 

phagocytic function and surface marker expression, where as in the year 2001 study 

samples taken after three days (Day 3) and seven days (Day 7) after start o f  treatment 

were included in the phagocytic function assay. Plasma samples from patients 

recruited in both years were all tested for cytokines by ELISA assays.

3.2 Inclusion Criteria

Children aged between 1 to 10 years were enrolled. General inclusion criteria were 

asexual P falciparum  parasitemia o f  more than 10 000 /uL and axillary temperature 

o f more than 37.5°C. Children with any disease other than malaria or with a positive 

sickling test (metabisulphite method) were excluded from the study.

CHAPTER THREE
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Patients were categorised into cerebral malaria (CM), severe anaemia (SA) and 

uncomplicated malaria (UM). The criteria were :

■ severe anaemia, haemoglobin < 50 g/L, no other cause o f  anaemia, and full 

consciousness (score o f  5 on the Blantyre coma sc a le ) ;

■ uncomplicated malaria, full consciousness, haemoglobin more than 80g/L, and 

no other complications o f malaria, and

■ cerebral malaria, unrousable coma with score o f 3 or less for more than 60 

minutes and no sign o f meningitis or encephalitis on assessment o f cerebrospinal 

fluid. Patients with convulsions were excluded from the SA and UM categories 

because febrile convulsions occur more frequently in malaria than in other febrile 

illness, which makes a degree o f cerebral involvement difficult to exclude 

(Kurtzhals et al. 1998).

3.3 Blood collection

Venous blood was collected into sterile vacutainer tubes containing heparin and 

EDTA for routine diagnostic purposes. Plasma was obtained by centrifugation 

within 30 minutes o f  blood collection, and stored at the hospital at -20°C  before 

transfer to Noguchi Memorial Institute for Medical Research where the samples were 

stored at -80°C  until use. Some o f the heparin samples were used for phagocytosis 

within 8 hours o f collection while portions o f the EDTA samples were used for 

monocyte surface marker expression analysis.

3.4 Haematological analysis

An 18-parameter automated haematology analyser (Sysmex K X -21, Japan) was used 

for measurement o f haemoglobin and counting o f white blood cells.
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3.5 Parasitology

Thick and thin blood films stained with Giemsa were made for microscopic detection 

and identification o f  Plasmodium. Briefly blood smears were made, dried and the 

thin film fixed with methanol. The films were stained with 2.0% Giemsa (BDH 

Laboratory Supplies, Poole BH15 1TD, England), for 10 minutes, washed with water, 

dried and viewed under the microscope (Olympus BH2 Microscope, Japan) at 100X 

magnification. Parasites were counted against 300 WBCs and the value multiplied by 

each individual’s WBCs count from the automatic haematology analyzer to obtain 

parasites per îL o f  blood.

3.6 Sickling Test

The sickling test was done by mixing a drop o f whole blood with a drop o f  0.2% 

freshly prepared sodium metabisulphite on a glass slide. The mixture was then 

covered with a glass slip and incubated for at least 30 minutes at room temperature. 

The slide was examined under the microscope at a magnification o f 40X and the 

sickling status o f  the patients determined.

3.7 Phagocytic function Assay

Various methods have been described to quantitate phagocytic capability of 

leukocytes. Basically, fluorescent particles or bacteria are incubated with the cells, 

and the fluorescence o f each cell is measured by flow cytometry. The amount o f 

fluorescence is then a measure of ingested fluorescent particles and hence phagocytic 

activity.

In this study, a modified flow cytometry technique, first described by Santos et al. 

(1995) was applied. Heparin was used as anticoagulant rather than EDTA because
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the latter showed a higher tendency to clump formation and significantly inhibits 

phagocytosis as it captures Ca2+ ions. The target particles were yellow-green 

fluorescent latex spheres (2.0|^m in d iam eter; Polysciences, Warrington, PA) diluted 

in PBS (40|j.l/ml). The concentration was approximately 5 x 106 particles/ml. One 

milliliter o f  this suspension was mixed with 4ml o f  glucose medium (0.59% sodium 

chloride, 0.25% sodium acetate, 0.03% potassium chloride, 0.04% calcium chloride, 

0.02% magnesium chloride and 0.13% glucose (w /v )).

Hundred microlitre o f whole blood was preincubated at 37°C for 5 minutes and 

mixed with 100|il o f  the target suspension and immediately incubated with gentle 

shaking at 37C. Different samples were prepared and collected after 5, 10, 20, 30, 45 

and 60 minutes o f incubation. At the same time, another set o f  samples was prepared 

under the same conditions to be incubated on ice as a control. After incubation, 

whole blood samples were lysed for lOminutes by addition o f  2ml o fN H 4CI, washed 

and then analysed by flow cytometry.

Analyses were performed using a Becton Dickinson Flow cytometer (B-D, Japan). 

Neutrophils and monocytes were selected by electronic gating according to forward 

scatter (size) and side scatter (granularity). The bi-dimensional cytogram obtained 

from these parameters allowed a clear distinction between populations o f 

lymphocytes (R l), monocytes (R2), and neutrophils (R3), as can be seen from figure 

3.1a. The number o f cells that incorporated particles was determined with a 

fluorescence histogram on a logarithmic scale (figure 3.1b).

In order to overcome the problem o f superficial adherence, results o f experimental 

samples were compared against those obtained in a control sample incubated on ice.
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The fluorescence detected in the control sample corresponds entirely to adherence, 

which is not affected by low temperatures, while cellular functions, including 

phagocytosis, are inhibited.

To make up lor value fluctuations Irom one experiment to the next, findings were 

standardized by expressing them as the phagocytic index (Phi), calculated from the 

formula :

Phi = %PhTv 
%PhT0

where PhTx represents phagocytic cells after x min o f incubation at 37°C and PhT0 

represents positive cells in the corresponding control culture, incubated on ice. This 

gives a relative value which reflects the real increase in phagocytic activity with 

time.

3.8 Surface Marker Staining

The following monoclonal antibodies were used : peridinin Chlorophyll Protein (per 

CP) -  conjugated anti-CD14 (Becton-Dickinson, 340585), fluorescein isothiocyanate 

(FITC)- conjugated anti-CD16 (Immunotech, L06562), phycoerythrin-conjugated 

anti-HLA-DR (Becton-Dickinson, 347367), mouse anti-IgGi (Becton-Dickinson) and 

mouse anti-IgG (Becton-Dickinson).

Whole blood was stained in two tubes in the following combinations : isotype 

controls ; F/PE-conjugated IgG/ perCP-conjugated IgG and CD14/CD16/HLA-DR.
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All antibodies were diluted 1 in 5, and lOul o f each added to lOOul o f  blood in the 

given conbinations. These were incubated for 30 minutes in the dark. Red cells 

were lysed by addition o f  4ml o f FACS lysing buffer (Becton-Dickinson) and let 

stand for 10 minutes. The cells were pelleted by centrifugation at 2000g for 

lOminutes, and then washed and resuspended in 300ul o f FACS flow solution 

(Becton-Dickinson) containing 0.5% formaldehyde for flow cytometric analysis. 

Monocytes were first selected by electronic gating according to forward scatter and 

side scatter, and then by their expression o f  the LPS receptor CD 14. The proportion 

o f  monocytes which are CD16 positive and HLA-DR positive as well as the mean 

fluorescence intensity o f each marker were then obtained from the respective 

histograms (Figure 3.2).

3.9 Cytokine Assay

Plasma levels o f  six cytokines and chemokines namely IL-10, TNF-a, M IP-ip, MIP- 

l a  , IL-8 and neopterin were determined for eighty (80) Day 0 samples from all 

categories o f  patients and fifteen Controls. In addition Day 3 and Day 7 samples 

from ten (10) patients from each category were tested.

All cytokines were measured using commercial ELISA kits ; TNF-a, R&D systems, 

USA (cat. No. DTA50), detection limit, less than 4pg/ml; IL-10, R&D systems, USA 

( cat. No. D1000), detection limit, less than 4pg/ml; IL-8, R&D systems, USA (cat. 

No. D8050),detection limit, less than lO pg/m l; M IP-la, R&D systems, USA (cat. 

No. DMA00), detection limit, less than lOpg/ml; MIP-I(3, R&D systems, USA (cat. 

No. DMB00), detection limit, less than llp g /m l; Neopterin, 1BL- Hamburg, 

Germany, (cat. No. RE 593 21), detection limit, less than 0.7nmol/L.

43

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



The Quantikine TNF-a Immunoassay kit used in this work is capable o f  detection o f 

the total amount o f TNF-a in samples, i.e., the total amount o f free TN F-a plus the 

amount o f TNF-a bound to soluble receptors. The IL-10 kit used has also been 

shown not to cross react with viral IL-10. ELISA was preferred for the measurement 

o f  the chemokines IL-8, M IP-la  and M IP-113 because bioassays for these 

chemokines based on their chcmotactic abilities are generally tedious and do not 

differentiate between chemokines o f  the same family.

All the assays employed the quantitative sandwich enzyme immunoassay technique. 

A monoclonal antibody specific for each cytokine had been precoated onto a 

microplate. Samples and standards were pipetted into the wells and incubated for 

specified period o f time so that any cytokine present was bound by the immobilized 

antibody. After washing away any unbound substances, an enzyme-linked 

polyclonal antibody specific for the cytokine was added to the wells and incubated 

for a specified period o f time. Following a wash to remove any unbound antibody- 

enzyme reagent, a substrate solution was added to the wells and color developed in 

proportion to the amount o f cytokine bound in the initial step. The color 

development was stopped after 15 minutes and the intensity o f  the color measured by 

spectrophotometry.

3.10 Statistical Analysis

Results in different groups were compared by one-way ANOVA on ranks, Mann- 

Whitney U-tests, or Student’s t test. P values < 0.05 were considered to be 

significant. Longitudinal data were analysed by two-way repeated measurement 

ANOVA. Associations between different parameters were analysed by Spearman’s 

rank correlation.
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Figure 3.1 Flow cytometry data showing measurement o f  phagocytosis. A) Dot plot 
distinguishing cell populations by their forward scatter (FSC-H) and side scatter 
(SSC-H) properties. Rl=lymphocytes, R2=monocytes and R3=neutrophils. B) 
Histogram showing fluorescence (FL1-Height) o f  neutrophils in R3. M l represents 
phagocytosis-positive fluorescence, and the percentage o f  positive neutrophils is 
given in the histogram statistics as % gated in M l.
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Figure 3.2 Flow cytometric data showing analysis of monocyte surface marker 
expression. A) Dot plot showing selection of monocytes by electronic gating 
(R l). B) and C) show separation of gated monocytes according to expression of 
surface markers. Positive cells are separated from negative cells by quadrant 
markers. The distribution and mean fluorescenceof cells is shown in the quadrant 
statistics. UL=upper left, UR=upper right, LL=lower left and LR=lower right.
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RESU LTS

4.1 Summary

The study involved a total o f  ninety-three (93) sym ptom atic m alaria patients and tw enty- 

five (25) parasite-free or asym ptom atic com m unity controls recruited during the peak 

m alaria seasons (July -  A ugust) o f  the years 2000 and 2001. O f the patients involved, 

thirty-five (35) w ere classified as having cerebral m alaria (CM ), th irty-three (33) as 

severe m alaria anaem ia and tw enty-five (25) as uncom plicated m alaria (U M ) cases.

For sam ples obtained in the year 2000, tests w ere m ade for phagocytic activity  and the 

expression o f  m onocytes surface m arkers H LA -D R  and the FcyRIII (CD 16). In the year 

2001 study, phagocytic activity w as m easured longitudinally, three days (Day 3) and 

seven days (Day 7) after start o f  anti-m alarial treatm ent. P lasm a sam ples stored from  all 

the subjects involved in the tw o-year study w ere tested for levels o f  IL-10, T N F -a, M IP- 

la ,  MIP-1 P, IL-8 and neopterin. In addition Day 3 and Day 7 sam ples from  10 patients 

o f  each category w ere tested for the levels o f  these cytokines.

The follow ing graphs and tables show  the results o f  the study. W here box plo ts are 

used, the box represents the interquartile range; the line through the box is the m edian; 

w hiskers show  95%  confidence interval range and individual sym bols are values lying 

outside the 95%  range.

C H A PT E R  FO U R
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4.2 Characteristics of Patients

The clinical and laboratory characteristics o f  the children involved in the study on the 

day o f  admission are summarized in table 1 below.

Table 4.1 Clinical and Laboratory Characteristics of study subjects. 
Presented as 'mean (inter-quartile range), 2Geometric mean (inter-quartile range) and 

3Median (inter-quartile range).

Group n Age (years)1 Haemoglobin (g/ill)' Parasitaemia 

( Ht1 parasites/u iy

Severe Anaemia 33 4.0 (2.8-5.0) 4.4 (4.2-4.6) 72 (30-177)

Cerebral Malaria 35 4.5 (3.5-5.5) 7.0 (6.0-8.0) 99 (38-258)

Uncomplicated 25 5.5 (3.8-7.2) 9.5 (8.8-10.2) 65 (33-110)

Controls 25 6.5 (4.3-8.5) 11.0 (10.4-11 7) 1 (0 -2 )3

Parasitaemias were generally high in all the groups on admission but not significantly 

different (p =  0.359). Whereas haemoglobin concentrations formed part o f  the definition 

o f  uncomplicated and severe anaemia, the haemoglobin concentrations o f  patients with 

cerebral malaria fell between those o f  the other two groups (SA and UM). Severe 

anaemia patients were generally younger compared to the other groups, but the 

differences were not statistically significant.
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4.3 Phagocytic Activity

Prelim inary studies show ed that phagocytic activity generally increased in a tim e 

dependent m anner from  0 - 3 0  m inutes o f  incubation then stayed level. The first 30 

m inutes o f  incubation w as thus chosen for the assay. The progression o f  phagocytosis 

w ith tim e is seen as the increase in fluorescence o f  neutrophils as show n in figure 4.1, 

and subsequently  by the calculated phagocytic index (Phi).

The phagocytic index w as then calculated from  the percentages o f  fluorescent-positive 

neutrophils at 5, 10, 20 and 30 m inutes incubation, by dividing by the percentage o f  

fluorescent positive neutrophils at 0 m inute o f  incubation.

Phagocytic abilities o f  different patients w ere com pared by their Phis at 30 m inutes.

The phagocytic abilities o f  the patients tested in the year 2000 study are show n in figure

4.2 according to their various categories.
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Figure 4.1 Flow cytometric analysis o f  increase in phagocytosis with time for a patient. 
Histograms show the fluorescent intensity (FL-1) and the number o f  cells (counts). A) 0 
minutes B) 10 minutes C) 30 minutes. The marker M l shows positive cells. The 
percentage o f  positive cells is given in the histogram statistics as % gated in M l.
Clearly there is an increase in positive peaks with time.
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All categories o f  children with symptomatic malaria showed higher phagocytic activity 

than the control group (SA, Phl=13, p=0.0015; CM, Phl=7, p=0.0029; UM, Phl=9, 

p=0.0002 vs. AC, Phl=4).

Figure 4.2 Box plot showing the distribution of Phis for the subjects by category (2000).

UM CM

Patient category

Among the patients, the SA category exhibited the highest phagocytic function 

whilst the CM group showed the least. These differences were however, found to be 

statistically insignificant (SA vs. CM, P=0.45; SA vs. UM, P=0.74).
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As a follow-up to the observed increased phagocytic ability in malaria in the year 

2000 study, the assay was repeated for the year 2001 samples but this time including 

a longitudinal investigation.

The results o f  the year 2001 were consistant with the findings o f  the 2000 study. An 

important development however, was that the difference in Phi between the SA 

group and the other malaria categories was statistically significant (SA vs. CM, 

p=0.029; SA vs. UM, p=0.002). The Phis for the three categories are represented in 

the box plot in figure 4.3.

F igure  4.3 Box plo t show ing phagocytic indices o f p a tien ts  by catego ry  (2001).

SA UM C M

Categories
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W hen the phagocytic indices o f  all the patients for the two years w ere pooled, the SA 

stood out clearly above the other patient categories, giving geom etric m eans (95%  

confidence interval) o f  13.4 (10.4-17.3) for SA, 8.4 (6 .1-11.5) for CM  and 6.9 (5.2-9.1) 

for UM.

Phagocytic ability did not correlate w ith age or parasitaem ia. There w as how ever, som e 

extent o f  negative correlation betw een phagocytic index and haem oglobin concentration 

as can be seen from  figure 4.4.

F ig u re  4.4 A ssociation  betw een  P h i an d  H b

Log Hb
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Phagocytic indices o f  sixteen patients w ere follow ed from  Day 0, through D ay 3 to Day 

7. The results obtained are illustrated figure 4.5.

F igure 4.5 L ongitud inal S tudy  o f P h ag o cy tic  Index

Day 0 Day 3 

Sample Day

Day 7

The m ean Phagocytic index for the group decreased on Day 3, though the decrease was 

not statistically  significant. The value rem ained about the sam e on Day 7.
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4.4 Monocyte Surface Marker Expression

4.4.1 HLA-DR

There was a marked reduction in the proportion o f  monocytes expressing the activation 

marker HLA-DR (Figure 4.6a) as well as the mean fluorescence intensity (MFI) o f  the 

marker (Figure 4.6b) in all categories o f  patients compared to controls. The reduction in 

percentage o f  HLA-DR+ monocytes was more pronounced in the severe malaria (SA  

and CM) patients than in those with uncomplicated malaria. The p-values from the 

Mann-Whitney U-test are shown in table 4.2.

figure 46a Percentage CD14+ cells expressing HLA-DR

Patient categories
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Figure 4.6b M FI of HLA-DR of CD  14+cells

Patient Categaries

Table 4.2 Showing p-valnes of test for differences in expression of HLA-DR between categories

%HLA-DR+CD14+ MFI HLA-DR CD 14+
CM vs. AC <0.0001 * <0.0001 *

SA vs. AC <0.0001 * <0.0001 *
UM  vs. AC 0.0102 * 0.0001 *
CM vs. SA 0.9155 0.7670
CM vs. UM 0.0804 0.9723
SA vs. UM 0.0576 0.7576
CM +SA vs. UM 0.0375 *

* Significant (p<0.05)

56

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



4.4.2 CD16

There was an expansion in the proportion o f  CD 14+ monocytes expressing CD 16 in all 

categories o f  patients compared to controls (Figure 4.7a). However this was not 

accompanied by an increase in mean fluorescence intensity (MFI) o f  the marker. Indeed 

MFIs o f  CD 16 were significantly lower in CM and SA patients compared to controls 

(Figure 4.7b). The p-values from the Mann-Whitney U-test are shown in table 4.3.

Figure 4.7a Percentage of CD14+ expressing CD16

Patient categories
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Figure 4.7b MFI of CD16 for CD14+ cells

Patient category

Table 4.3 Showing p-values of test for differences in expression of CD16 between categories

%CD16+CD14+ MFI CD16 CD 14+
CM  vs. AC 0.0420 * 0.0257 *
SA vs. AC 0.0040 * 0.0062 *
UM vs. AC 0.1743 0.2911
CM  vs. SA 0.5964 0.3298
CM  vs. UM 0.7223 0.6277
SA vs. UM 0.3620 0.1371

CM +SA vs. UM 0.0030 * 0.0029 *
* Significant (p<0.05)
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4.5 Plasma Levels of Cytokines on admission

4.5.1 Interleukin-10 ('TL-101

Circulating levels o f  IL-10 as measured in the plasma were enormously elevated in all 

categories o f  malaria patients compared to controls (p<0.0001). Among the patient 

groups, the severe anaemia group showed the lowest levels o f  IL-10. This was 

especially significant compared to the cerebral malaria group (CM vs. SA, p=0.007). 

The box plot in figure 4 .8 illustrates the general distribution o f  IL-10 levels.

Figure 4.8 PLasma levels of IL-10

4000
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4.5.2 Tumour Necrosis Factor alpha ("TNF-a)

Plasma levels o f  the cytokine TNF-a were found to be significantly increased in all 

groups o f  symptomatic malaria patients compared to the control group (p<0.05). 

Between the patient categories, both severe groups had significantly higher levels o f  the 

cytokine compared to the uncomplicated malaria group (CM vs. UM, p=0.016; SA vs. 

UM, p=0.05). The levels in the groups are shown in figure 4.9.

Figure 4.9 Plasma levels of TNF-alpha

200

CM SA

Categories
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4.5.3 Interleukin 8 flL-8-)

The plasma levels o f  IL-8 o f  the study subjects are shown in figure 4.10. The median 

value for the severe malaria anaemia category was slightly higher than those for cerebral 

and uncomplicated malaria groups. This difference was however not statistically 

significant. Levels o f  the cytokine in the control group were clearly lower than those in 

all the patient categories (P<0.05).
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4.5.4 Neopterin

Following in the trends for IL-8, TNF-a and EL-10, circulating levels o f  neopterin were 

significantly elevated in all groups o f  subjects with symptomatic malaria compared to 

the community controls (p<0.001). Again similar to the DL-8 situation, the median value 

for the severe anaemia category was slightly higher than those for cerebral and 

uncomplicated malaria groups. However, this difference was not statistically significant.

Figure 4.11 Plasma levels of Neopterin

180
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4.5.5 Macronhage Inflammatory Protein 1 aloha (M IP-la)

Plasma levels o f  the chemokine M IP-la for all the categories o f  subjects are shown in 

figure 4.12. The median values o f  M IP-la for the categories were in the order 

AC < CM < SA < UM. The differences however, were not statistically significant (AC 

vs. CM, p=0.183; AC vs. SA, p=0.119; AC vs. p=0.100).

Figure 4.12 Plasma levels of MJP-lalpha

500
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4.5.6 Macrophage Inflammatory Protein 1 beta (MIP-1B)

There was a significant elevation o f  M IP-lp levels in all the patient categories using the 

control group as a reference (SA vs. UM, p=0.005; CM vs. AC, p=0.01; UM vs. AC, 

p=0.002). Again the median value for the severe anaemia group was slightly higher than 

those for both cerebral and uncomplicated malaria categories, but the differences were 

not significant. The data is shown in figure 4.13.

Figure 4.13 Plasma levels of MIP-lbeta

CM SA

Categories
UM
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4.5.7 C orrelation betw een cytokine levels.

There w as strong positive correlation betw een the levels o f  all the cytokines m easured 

except neopterin , w hich failed to show  any significant relationship  w ith  any o f  the other 

cytokines. The various correlation coefficients and p-values for pairs o f  the cytokines 

are show n in table 4.4.

T a b le  4.4 S p e a rm a n  R a n k  O r d e r  C o rre la tio n  be tw een  p a irs  o f  cy tok in es . C e lls a r e  in th e  fo rm : 

c o r re la tio n  co effic ien t, p -value . * S ig n ifican t i.e. coeffic ien t > 0 .25  a n d  p<0.05.
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4.5.8 Correlation between Cytokine levels and clinical characteristics

There was no significant relationship betw een the levels o f  cytokines IL-10, IN l '- a ,  IL- 

8 and M IP - la  and any o f  the clinical characteristics parasitaem ia i.e., haem oglobin  and 

age. M IP -ip  levels also did not show  significant association w ith haem oglobin  and age, 

but correlated quite significantly w ith parasitaem ia (coefficient = 0.257, p=0.0275). 

N eopterin  levels show ed a negative association w ith haem oglobin levels in all categories 

o f  patients, but differing in the strength o f  correlation from  one category to another. 

W hilst the negative correlation was significant in uncom plicated m alaria  (coefficient =  - 

0.489, p=0.0382) and cerebral m alaria (coefficient = -0.489, p=0.0388), it w as below  

significance level in the severe m alaria category (coefficient = -0.167, p=0.410). The 

trends are show n in figure 4.14.

F i g u r e  4 . 1 4 a  H b  v e r s u s  n e o p t c r i n  ( S A )

c o e f f i c i e n t  = - 0 , 1 6 7  
p = 0  , 41  0
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4.6 Longitudinal Study of Cytokine Levels

K inetic changes in plasm a levels o f  all the cytokines m easured w ere sim ilar in all 

categories o f  patients studied. From  Day 0 to Day 3, there w as a significant reduction  in 

p lasm a levels o f  all the cytokines for all patient categories to concentrations as low as 

that for the controls in som e cases.

For IL-10 levels, m ean concentration (25th-75lh percentiles) for all the patients follow ed 

longitudinally  reduced from  795 pg/m l (144-1108) on Day 0 to 19 pg/m l (6-23) on Day 

3 (p<0.001). The level on Day 3 was not d ifferent from  the m ean level in the controls, 

w hich w as 18 pg/m l (2-30). IL-10 levels rem ained w ithin norm al levels on Day 7 giving 

a m ean o f  28 pg/m l (13-32).

M ean levels o f  M IP -ip  dropped from  610 pg/m l (119-693) on Day 0 to 49 pg/m l (12­

61) on Day 3 (p<0.001). This level on Day 3 fell below  the m ean level o f  122 pg/m l 

(69-134) o f  the controls (pO .O O l). The level rose to 54 pg/m l (16-90) on Day 7.

For T N F-a, m ean concentration changed from  104 pg/m l (26-98) on Day 0 to 27 pg/m l 

(3-52) on Day 3 (p=0.003), w hich was not different from  the m ean value o f  12 pg/m l (6­

17) for the controls (p=0.461).

W ith IL-8, levels fell significantly (pO .O O l) from 111 pg/m l (18-121) on Day 0 to 14 

pg/m l (10-20) on Day 3, but this was still above the m ean concentration  o f  9 pg/m l (1­

11) o f  the controls. It was not any low er on Day 7 at 16 pg/m l (9-20).
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The levels o f  neopterin  failed to norm alize after three days o f  treatm ent but reduced 

from  81 nm ol/L  (55-102) on Day 0 to 46 nm ol/L  (36-54), w hich w as still significantly  

higher than the mean o f  23 nm ol/L  (8-33) o f  the controls (p<0.001). H ow ever, on Day 7 

neopterin  levels fell further to 34 nm ol/L (24-39), w hich was w ithin control levels 

(p = 0 .1 13).
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D ISCU SSIO N  A N D  CO N CLU SIO N S

This study sought to investigate the effects o f  P. falciparum  infection on m onocyte and 

neutrophils function as a possible basis for increased destruction o f  unparasitized 

erythrocytes. N eutrophil phagocytic activity, expression o f  m onocytes surface m arkers, 

H LA -D R , and Fcyrlll, and plasm a levels o f  m ediators o f  inflam m ation w ere com pared 

in children  w ith severe m alaria anaem ia (SA) to others w ith other form s o f  m alaria (CM  

and U M ) or w ithout m alaria sym ptom s at all (AC) in two consecutive m alaria seasons.

The results o f  the neutrophil phagocytic function assays from  sam ples o f  both years 

indicate clearly  that sym ptom atic m alaria is generally associated w ith an increase in 

phagocytic activity  o f  neutrophils. As predicted this enhanced phagocytic ability  was 

m ost pronounced in the severe anaem ia category w here m ean phagocytic index was 

m ore than three tim es that observed in the group o f  controls. For the year 2000 (figure 

4.2), phagocytic indices for the severe anaem ia category show ed a w ide distribution  w ith 

individual patients recording phagocytic indices higher than 25 w hilst others w ere not 

d ifferent from  the controls. The possible reason for this is that the durations o f  infection 

in the individual patients in the group could be w idely varied, m aking it a com bination 

o f  acute and chronic cases as identified by A bdalla et al. (1980).

The results for year 2001 confirm ed the observations in year 2000, and further provided 

evidence that indeed neutrophils o f  patients w ith severe anaem ia had a greater ability to 

phagocytose beads than patients with uncom plicated or cerebral m alaria (figure 4.3).

C H A PT E R  FIVE

5.0 D ISC U SSIO N
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Further, there w as considerable negative correlation betw een haem oglobin  concentration 

and phagocytic index (figure 4.4) such that low  haem oglobin seem ed to be associated 

w ith  high phagocytic index.

These results add to m ounting evidence im plicating im m une-m ediated rem oval o f  red 

b lood cells as the m ajor m echanism  o f  anaem ia am ong children in the holoendem ic 

areas. There has been evidence that red blood cells w ere sensitized w ith  C3 com plem ent 

in m alaria infections (Facer et al., 1979; Facer, 1980), and recently G oka et al. (2001) 

found a dose-dependent association betw een C3d binding to the crythrocytc m em brane 

and the severity  o f  anaem ia in G hanaian children w ith P. fa lc iparum  m alaria. A lso, a 

strong correlation  w as found betw een anaem ia and the clearance o f  erythrocytes coated 

w ith  relatively low  num bers o f  IgG m olecules (Ho et al., 1990b). Looareesuw an et al. 

(1987), in Thailand, dem onstrated increased rates o f  erythrocyte destruction  associated 

w ith P. fa lc ip a ru m  and P vivax  infections. Red blood cell clearance rates w ere 

increased in proportion  to disease severity and w ere h ighest in patients w ith severe 

m alaria (Looareesuw an et al., 1991). This enhanced clearance w as m ore m arked w ith 

com patible donor erythrocytes than w ith autologous cells and w as not m ediated by 

antibody or com plem ent. In the present study the target particles used w ere non­

opsonized latex beads, so the phagocytic activities observed w ere largely non-specific. 

These observations suggest an exoerythrocytic factor such as non-specific activation  o f  

the reticuloendothelial system , such that the threshold for recognizing cells to be 

rem oved from  circulation is low er than norm al, both for m echanical m odifications and 

Fc receptor-m ediated labeling. The findings in this study then im ply that such non­
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specific activation is m ore m arked in severely anaem ic patients than o thers with 

uncom plicated  or cerebral malaria.

The increase in non-specific phagocytic activity  in the m alaria patients in this study is 

consistent w ith previously reported observations o f  increase in colloidal particle 

clearance show n by the reticuloendothelial system  in rodent m alaria (C ox el al., 1964 

and Lucia and N ussenw eig, 1969) and in hum an m alaria (Sheagren et al., 1970). The 

observations in this study how ever, contrast the results o f  W ard e t al., (1984) to the 

extent that they found that the percentage o f  phagocytic cells w as the sam e in  norm al 

individuals and in those w ith  uncom plicated m alaria, and there w as no significant 

d ifference in the num ber o f  C andida alb icans  phagocytosed per cell by m onocytes from  

the tw o groups.

A  longitudinal study o f  the changes in  phagocytic index from  the day o f  adm ission  (Day 

0) through Day 3 to Day 7 show s a decline in neutrophil phagocytic activity  as patients 

receive anti-m alarial treatm ent and parasitaem ia clears. This is sufficient confirm ation 

that the increased phagocytic activity exhibited by the neutrophils in the m alaria patients 

com pared to  the controls is associated w ith the presence o f  the parasites.

The increased phagocytic activity observed is supported by the pattern  o f  m onocytes 

expression o f  CD  16 show n in figure 4.6a. CD  16 is one o f  a group o f  cell surface 

receptors that bind IgG, and has been show n to play the m ost critical role in regulating 

opsonic phagocytosis (Liao et al., 1994). The m ajority o f  peripheral b lood m onocytes 

strongly positive for the lipopolysaccharides (LPS)-receptor CD 14 are negative for Fc 

gam m a receptor type III (CD 16). H ow ever, a subset o f  m onocytes coexpressing CD 14
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and CD 16 accounts for about 8% o f  all m onocytes. This population  exhibits features o f  

tissue m acrophages, and has been found to be largely expanded (>20% ) during acute and 

chronic inflam m atory diseases (Scherberich and N ockher, 1999). This seem s to be the 

situation in m alaria as observed in this study. In the controls studied, m ean percentage 

o f  C D 14+C D 16+ cells w as about 7% , but this doubled in the uncom plicated  m alaria 

group, tripled in the cerebral m alaria category and was alm ost four-fold in those with 

severe m alaria anaem ia (an increase o f  about 20% ). This expansion in C D 14+C D 16+ 

cell population  w hich w as m ost m arked in the severe anaem ia category is im portant 

because Scherberich and N ockher (1999) in their study found that C D 14+C D 16+ 

m onocytes show ed a higher phagocytosis rate than C D 14+CD 16 negative cells.

The observed reduction in m ean fluorescence intensity o f  CD 16 o f  CD 14+ cells in 

m alaria patients com pared to controls shows that the expansion in population  o f  CD 16 

expressing cells in m alaria is actually accom panied by an increase in antibody- 

dependent phagocytosis. The m ean fluorescence intensity is a m easure o f  the average 

num ber o f  m olecules o f  CD 16 on each CD 16+C D 14+ cell. It is expected  that w ith an 

increase in phagocytic activity part o f  w hich w ould be antibody-dependent, there is 

likely to be involvem ent o f  som e CD 16 m olecules, w hich play a critical role in opsonic 

phagocytosis, and hence the depletion observed. Further, there has been evidence that 

the Fc gam m a receptor III is even involved in non-opsonic phagocytosis. Liao et al. 

(1994) found that m acrophages that had phagocytosed at least one non-opsonized bead 

show ed reduced levels o f  surface Fc gam m a receptor III but not Fc gam m a R-I or Fc 

gam m a R-II w hen com pared w ith cells that had never been exposed to beads. 

M oreover, they found cells that were not in direct contact w ith beads, but that shared
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m edium  w ith  cells that had phagocytosed beads to also have reduced levels o f  Fc 

gam m a R-III, suggesting a cytokine-m ediated m echanism  o f dow n regulation.

Indeed it is interesting to note that the pattern  o f  M FIs for the d ifferent categories is 

directly  opposite to that seen for the percentages. The severe anaem ia group had the 

low est average MFI o f  about 60. That for the cerebral m alaria group was a little higher 

at about 62, w hilst those for uncom plicated m alaria and controls w ere high at about 80 

and 100 respectively.

H L A -D R  is a m arker o f  activation and is upregulated by IFN -gam m a, w hich is one o f  

the key cytokines in the pro-inflam m atory response in m alaria (G lim cher and Kara, 

1992). So it w as expected that H LA -D R  w ould  be m ore expressed in the patients 

com pared to the m atched controls. H ow ever, as can be seen from  both figures 4 .5a and 

4.5b, the proportion  o f  CD 14+ cells expressing H LA -D R  as w ell as the average num ber 

o f  H LA -D R  m olecules per cell w ere significantly  low er in all categories o f  patients 

com pared to the control group. Further, the severe cases (severe m alaria  anaem ia and 

cerebral m alaria) w ere found to show  a significantly low er H LA -D R  expression w hen 

pooled against the uncom plicated m alaria cases. The levels o f  significance o f  these 

d ifferences are show n in table 4.2.

There are tw o possib le explanations for these observations. First, it could be a 

m anifestation  o f  the effects o f  hem ozoin  loading. H em ozoin is the detoxification 

product o f  the hem e portion o f  degraded haem oglobin and piles up as electron dense 

m aterial in the food vacuole o f  intraerythrocytic m alaria parasites so that it is 

internalized by both circulating and resident phagocytes. M H C class II is upregulated in
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hum an m acrophages by TNF, IL-4 and granulocyte-m acrophage colony-stim ulating  

factor but the m ajor physiological inducer is IFN-y. Schw arzer el al. (1998) found 

expression  o f  M H C class II after IFN-y stim ulation w as blocked in hem ozoin-loaded 

m onocytes at the protein expression and gene transcription levels but w as preserved in 

control m onocytes loaded w ith opsonized latex beads or anti-D  (R h0)-im m unoglobin  G 

(IgG )-opsonized hum an erythrocytes. Inhibition o f  protein kinase C (PK C ) was 

suspected; as PKC m ediated phosphorylations have been found to be involved in IFN-y- 

m ediated enhancem ent o f  M HC class II. The phenom enon had previously  been reported 

in o ther bacterial and parasitic diseases; after ingestion o f  M ycobacterium , m acrophages 

show ed reduced expression o f  class II antigens (G ercken et al., 1994); Leishm ania  

donovani, an obligate in tracellular protozoan, suppressed m acrophage expression o f  

class II in response to IFN-y stim ulation (Reiner, 1994).

The finding in this study that this M H C class II dow n regulation w as m ore pronounced 

in severe cases o f  m alaria than in the uncom plicated m alaria cases could be because the 

percentages o f  heavily hem ozoin-laden leukocytes and m acrophages seem  to roughly 

correlate w ith  the severity o f  the disease (M etzger et al., 1995).

Secondly, the reduced expression o f  H LA -D R  in m alaria patients could be a h int o f  

system ic inflam m ation. Such observations have been reported in sepsis, w here an initial 

hyper inflam m atory phase characterized by excessive release o f  pro-inflam m atory 

m ediators is follow ed by a hypo-inflam m atory one, associated w ith  im m unodeficiency 

(V olk et al., 1996). Such post-aggressive im m unosuppression has been found to be 

characterized by a loss o f  H LA -class II antigen expression (Volk et al., 1991). Though 

the average reduction in percentage o f  H LA -D R +C D 14+ seen in the m alaria patients in 

the study (10-15% ) falls short o f  the 30%  considered to confirm  m onocyte deactivatj^p
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(V olk  et al., 1989), the results h int o f  an em erging “ im m unoparalysis” , and suggest that 

the inflam m atory response in m alaria, especially the severe cases, is m ore than 

appropriate. Indeed certain  individual patients had percentage o f  H LA -D R +C D 14+ 

cells as low  as 61% , and this is alarm ing because such loss in M H C  class II expression 

leads to deficiency in antigen presentation and T-cell reactivity , giv ing way to 

opportunistic infections. The im m unosuppression would also favour parasite survival 

and m ultip lication  in the host. This phenom enon o f  im m unosuppression in m alaria was 

first reported by G reenw ood et al. (1972), and has been im plicated  in associations 

betw een m alaria and Salm onella  infections found in G am bia (M abey et al., 1987) and 

recently in C am eroon (A m m ah et al., 1999).

The idea o f  a hyper-inflam m atory response in m alaria infections is supported  by the 

finding o f  highly elevated levels o f  m ost o f  the cytokines m easured in this study. 

M oreover there w as strong positive correlation betw een the levels o f  all these cytokines 

except neopterin  (table 4.4), pointing to a generalized inflam m ation. The difference 

w ith neopterin  is understandable since this cytokine is associated specifically w ith 

m acrophage activation.

M edian level o f  T N F -a w as higher in the CM  group than the U M  and S A  patient groups 

(Figure 4.9), w hilst m edian level o f  IL-10 w as low est in SA (figure 4.8). This is 

consistent w ith recent reports by K urtzhals et al. (1998) and A kanm ori et al. (2000). 

H ow ever, a w ider distribution o f  TN F levels in the SA group w as observed as 

represented  by the height o f  the box in figure 4.8, extending higher than the CM  group. 

TN F presum ably constitutes part o f  the protective im m une response to the infection by 

inducing fever that is detrim ental to parasite developm ent, and/or by stim ulating effector
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cells (K w iatkow ski, 1989), but this pro-inflam m atory response needs to  be carefully 

contro lled  to  prevent the dam aging consequences o f  excessive TN F production. IL-10 is 

one o f  the cytokines expected to m ediate th is sort o f  an ti-inflam m atory  regulation  in 

m alaria, so the low  levels o f  this cytokine in the SA group in the m idst o f  m oderately 

h igh levels o f  TN F suggest that the excessive pro-inflam m atory im m une response m ay 

be insufficiently  com pensated by anti-inflam m atory cytokines, therefore TN F m ay be 

exerting its dam aging effects o f  causing dyserythropoiesis and increasing 

erythrophagocytosis (C lark and Chaudhri, 1988) in  this SA group.

IL-8 is a  neutrophils-specific chem oattractant, so the increased p lasm a levels observed 

in all m alaria  patien t categories w as expected because o f  the increased recruitm ent o f  

neutrophils. It w as also expected that IL-8 levels w ould be higher in the SA group than 

the U M  and CM  categories, but the differences observed in th is study w ere not 

statistically  significant.

Sim ilarly, M IP - la  and M IP -ip  are m onocytes-specific chem oattractants and the same 

trend w as expected. H ow ever, the m edian p lasm a levels o f  these chem okines in  the SA 

group w ere not d ifferent from  those o f  the CM  and U M  patient categories. H igh serum  

levels o f  M IP - la  and IL-8 have been reported in patients suffering from  P  fa lc ip a ru m  

m alaria (B urgm ann et al., 1995). There have also been reports o f  increased levels o f  

M IP -ip  in HIV infected individuals (Tartakorsky et a l ,  1998 and B enveniste et a l ,  

2000).

A ctivation o f  the hum an cellular im m une system  is associated w ith  greatly increased 

form ation o f  the pteridines neopterin and 7,8-dihydroneopterin and it has been
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postu lated  that p teridines play a role in the pathogenesis o f  the anaem ia o f  inflam m ation. 

Pagel e t al. (1999) suggested that the release o f  p teridines by activated  m acrophages 

m ight inhibit the synthesis o f  erythropoietin. So in addition to  being a m arker o f  

m acrophage activity, neopterin  m ay play a direct role in causing anaem ia. It was 

therefore not surprising that the U M  and CM  categories o f  m alaria patien ts in our study 

had m edian  neopterin  levels that w ere 3 tim es that for the control group w hilst the SA 

group had alm ost a 4 fold amount.

It w as significant to find that plasm a concentrations o f  all the cytokines IL-10, T N F-a, 

M IP-1 p and neopterin  reduced to levels not different from  those o f  the contro ls w ith  the 

disappearance o f  the disease during seven days from  start o f  treatm ent. Even for IL-8, 

w hich  did no t exactly norm alize, levels w ere drastically  reduced. These observations 

confirm  that the elevated cytokine concentrations w ere associated w ith  the diseased 

state, im plicating  them  in the pathogenesis.

Indeed it w as found that tw o out o f  th ree patients w ho had persistent anaem ia on D ay 7 

still m aintained high levels o f  neopterin. This is in agreem ent w ith  findings o f  B iem ba 

et a l ,  (1998) w hich show ed that prolonged m acrophage activation w as partly  to  blam e 

for persistent anaem ia in children w ith  com plicated m alaria.

T he lack o f  significant direct associations betw een clinical characteristics and m any o f  

the cytokines w as surprising. B ut it suggests that the causes o f  the d istinct form s o f  

pathology seen in  m alaria are m ultifactorial and cannot be explained by one single 

factor. This is w hy I believe that the finding that there is significant negative correlation 

betw een haem oglobin  and neopterin  concentrations in UM  and CM  patients but not in

78

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



SA w as due to  the m ultifactorial basis o f  the SA condition. It seem s tha t m acrophage 

activity  plays a m ajor role in the decline in haem oglobin  concentrations seen in m alaria 

in general, but the enorm ous depletion associated w ith  the SA condition  is as a resu lt o f  

a  com bination  o f  other factors. Som e o f  these factors have already been cited elsew here 

in th is tex t to  include dyserythropoiesis, reversible bone m arrow  suppression and 

intravascular haem olysis.

4.2 CONCLUSIONS

The findings in this study confirm  that there is an enorm ous stim ulation o f  m onocytes 

and neutrophils in P lasm odium  fa lc iparum  infections giving rise to an increase in 

phagocytic activity  and elevation o f  circulating levels o f  pro-inflam m atory  cytokines, 

w hich  m ay not be sufficiently com pensated for by anti-inflam m atory cytokines. The 

results suggest that this activation is likely to have non-specific effects, and is m ore 

pronounced in severely anem ic patients than in others. This confirm s our hypothesis 

that activation o f  m onocytes and neutrophils contributes to the anaem ia o f  P. fa lc ip a ru m  

m alaria. W e believe that this exoerythrocytic activation o f  phagocytes is capable o f  

increasing the destruction  o f  unparasitized red blood cells by low ering the threshold  for 

recognizing cells to  be rem oved.

The study also found indications o f  post-aggressive im m unosuppression in m alaria 

show ing as a dow n regulation in M HC class II expression on m onocytes. This also 

needs further investigation because o f  the threat o f  opportunistic infections com plicating 

m alaria and leading to risk o f  death am ong infected children.
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