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ABSTRACT

Previous studies have shown that children suffering from severe malaria have elevated

concentrations of TNF-a, increased levels of circulating immune complexes (ICs) and

decreased levels of complement regulatory proteins (mainly CRlI CD35 and DAFI

CD55) on their erythrocytes. The cross-linking of FcR on the macrophages has been

shown to cause activation and subsequently induce release of pro-inflammatory cytokines

which could lead to malarial anemia, a major complication of P. falciparum and an

important cause of child mortality and morbidity. In this study, it was postulated that the

erythrocytes of individuals suffering from or at the risk of severe malarial anemia have

reduced levels of complement regulatory proteins and this compromises their ability to

mop out circulating ICs. As a result, a lot of ICs remain in circulation, engage the

macrophages and induce the secretion of TNF-a which is associated with malarial

anemia. Using anti-CRI monoclonal antibody, erythrocyte CRI copy numbers were

determined by flow cytometry and cryopreserved erythrocytes from a cross sectional

study in Kombewa were categorized as low, medium 'and high expressers. 15 individuals

from each cohort were selected and rc binding capacity determined by flow cytometry.

Using an in vitro model system, macrophages were stimulated with a cocktail of

erythrocytes and pre-opsonized BSA-anti-BSA ICs, loaded erythrocytes, supernatants

and relevant controls. At the end of 8 hour incubation period, the supernatants were

harvested and ELISA done to determine the levels of TNF-a present. The data generated

in this study indicated that the IC binding capacity was influenced by the CRI copy

number and it was complement dependent. The data did show that the erythrocytes

inhibit IC-induced TNF-a production by macrophages and that the buffering capacity was

in a manner proportional to the level of CRI. Also, the erythrocytes soaked with ICs

stimulated macrophages more than plain erythrocytes though the stimulation was not in a

manner proportional to CRl. Based on the findings it was concluded that erythrocyte

CRI may act as a dynamic buffering system which prevents ICs from stimulating

macrophages to release TNF-a which is implicated in the pathogenesis of severe malaria.

Also, the CRI enables the erythrocytes to soak in rcs and in the process makes the

erythrocytes to become stimulatory leading to secretion ofTNF-a by the macrophages.
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CHAPTER! INTRODUCTION

1.1 General Introduction

Malaria is one of the most striking re-emerging infectious diseases and it is widely spread

geographically. The disease is caused by parasites of the genus Plasmodium, of which

four species infect humans: P. falciparum, P. vivax, P. ovale and P. malariae. Of the four

species, P. falciparum continues to represent a tremendous health burden in developing

countries resulting in 300-500 million infections with 1.5-2.7 million deaths annually

(WHO, 2000). Death is usually due to complications, such as cerebral malaria and severe

malarial anemia (Breman et aI., 2001). The mortality rates are particularly high for

children under the age of five, pregnant women and non-immune persons (Breman et al.,

2001). In individuals living in holo-endernic regions" such as Kisumu district in western

Kenya, severe malarial anemia is the major complication yet they have low malaria

parasitemia (Kitua et aI., 1996; Greenwood, 1987). In areas of low malarial endemicity,

the level of anemia correlates with high parasitemia (Phillips et al., 1986). It is apparently

clear that the relationship between anemia and parasitemia depends on the endemicity of

the area.

Despite considerable work spanning many years, the causes of P. falciparum induced

anemia remain unknown. Increased destruction of infected and uninfected red blood cells

and suppression of erythropoiesis seem to be important causative factors of severe

malarial anemia (Phillips and Pasvol, 1992). Surprisingly, the most severe cases of

anemia (Hb <6 g/dL) typically occur in young children experiencing a low level of
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parasitemia, whereas in the less severe anemias, the parasitemia is often much higher

(Abdalla et al., 1980). Unlike cerebral malarial (CM) which has been studied extensively

as an illness mediated by pro-inflammatory cytokines, the role of pro-inflammatory

cytokines in the pathological events leading to severe malarial anemia remains poorly

characterized. TNF-a is thought to be involved with both suppression of hemopoiesis in

the marrow and erythrophagocytosis of red cells (Clark and Chaudri, 1988; Taverne et

al., 1994).

While circumstantial evidence suggests that TNF -a is involved in the cause of malarial

anemia, its source has not been clearly defined. In vitro studies have shown that the

interaction between erythrocytes loaded with ICs and monocytes leads to production of

pro-inflammatory cytokines (Chou et al., 1985). One possible mechanism may be that the

circulating immune complexes (ICs) formed in response to malaria infection induce the

release of cytokines by macrophages within the bone marrow and!or in the blood system

(Mibei et al., 2005; Medof and Oger, 1982; Beynon et al., 1994; Nielsen et al., 1994). In

this study, the possibility that the binding of ICs by erythrocytes with different CR1

values reduces the availability of ICs for uptake by the phagocytes and thus prevents their

IC-induced activation was investigated. This is because gaining an understanding of the

mechanisms involved in etiology of severe malarial anemia will be critical in the

development of new preventive or curative therapies and! or vaccines, as well as defining

prognostic markers.
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1.2 Justification

Malarial anemia in children remams a health burden with the vast morbidity and

mortality occurring in the tropical world. Protective malarial immunity is regulated partly

by cytokines, yet the mechanisms responsible for the pattern of pro-inflammatory

cytokine production that predicts a protective immune response against severe malaria is

unknown. Recent observations of severe anemia developing in non-human primates

(Aotus monkeys), with low-level or microscopically undetectable parasitemia, following

vaccination with blood-stage antigens and challenge infection (Egan et al., 2000) suggest

that the anemia might have been caused by inhibition of erythropoiesis resulting from

haematopoiesis-suppressive cytokine TNF-a and IFN-y released in the bone marrow of

anemic individuals in response to malaria infection (Clark and Chaudhri, 1988). The

direct destruction of parasitized erythrocytes cannot account for the anemia experienced

by the primates since the parasitemia was microscopically undetectable (Egan et al, .

2000).

The data from this study reports role of erythrocyte CRl in the IC-induced production of

TNF -a by macrophages. The observations made will contribute to improved

understanding of the possible causes of severe malarial anemia and help in the

development of safe and effective vaccines.
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1.3 Hypotheses

a) The erythrocytes of individuals with low CRI bind immune complexes (lCs) less
"--'

effectively hence free ICs interact with macrophages inducing TNF -a production

leading to severe anemia.

b) IC-Ioaded erythrocytes can interact with macrophages and induce TNF-a in a

manner proportional to the level of CRI.

1.4 General Objective

To determine the ability of erythrocytes with different levels of CRI copy

numbers to inhibit stimulation of macrophages by ICs to release TNF-a and to

stimulate macro phages upon soaking up ICs.

1.5 Specific Objectives

a) To determine the erythrocytes CRI copy numbers.

b) To determine the ability of erythrocytes with various levels of CRI copy numbers

to bind opsonized ICs.

c) To determine the ability of the supernatants to stimulate TNF-a production from

the macrophages.
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CHAPTER 2 LITERATURE REVIEW

2.1 Malaria: The Disease

Tremendous efforts have been made in the last decade in understanding the pathological

steps that leads to severe malaria. The disease is a complicated syndrome, which is

determined by various host and parasite factors. The common clinical presentations of the

severe malaria are high fever, progressing anemia, multi-organ dysfunction, and coma,

which is a sign of cerebral malaria and one of the causes of the death (Miller et al., 1994).

Metabolic acidosis has been recognized as an important pathophysiologic feature in both

cerebral malaria and malarial anemia (Marsh et al., 1995). Besides the acidosis leading to

respiratory distress, it is a major determinant of survival (Taylor et al., 1993). Children

suffering from severe malaria suffer from acidosis which is caused by increased

production by parasites, direct stimulation by cytokines, decreased clearance by the liver

and most importantly by combined effects of several factors in reducing oxygen delivery

to the tissues (English et al., 1997).

Severe malaria occurs after parasite proliferation inside erythrocytes and consequent

binding of infected red blood cells to the vascular endothelium (cytoadherance) and to

noninfected erythrocytes (rosetting). These sequestrations lead eventually to

accumulation of parasitized cells in the local postcapillary microvasculature and block

the blood flow thus limiting tissue perfusion. Studies have shown that uninfected

erythrocytes of individuals suffering from severe malaria have marked reduction in

deformability (Dondorp et al., 2000) and this might play a role in limiting tissue
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perfusion. Patients with malaria tend to be dehydrated and hypovolemic (English et al.,

1996), potentially worsening the blood flow obstruction caused by sequestration in the

microvasculature by reducing perfusion pressure. The erythrocytes destruction is also an

inevitable part of malaria, and anemia further compromises oxygen delivery.

Pathogenesis of severe malaria is complex and several theories have been proposed to

explain it. No single schema can accurately explain all of the epidemiological data.

2.2 Malaria Parasite Life Cycle

The malaria parasite life cycle involves two hosts (see figure 1).

Figure 1 Life cycle of Plasmodiumfalciparum (Http://www.dpd.cdc.gov/dpdx)
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During a blood meal, a malaria-infected female Anopheles mosquito inoculates 10-100

sporozoites into the subcutaneous tissue and less frequently directly into the bloodstream

of the human host (1) (Rosenberg et al.,1990). Sporozoites infect liver cells-hepatocytes

within 30 minutes (2) and mature into schizonts (3), which rupture and release tens of

thousands of merozoites (4). In Plasmodium vivax and P. ovale, a dormant stage

[hypnozoites] can persist in the liver and cause relapses by invading the bloodstream

weeks, or even years later. After this initial replication in the liver (exo-erythrocytic

schizogony [A]), the parasites undergo asexual multiplication in the erythrocytes

(erythrocytic schizogony [B]). Merozoites infect red blood cells (5). The ring stage

trophozoites mature into schizonts, which rupture releasing merozoites (6). A small

proportion of asexual parasites differentiate into sexual erythrocytic stages (gametocytes)

(7). Blood stage parasites are responsible for the clinical manifestations of the disease.

The gametocytes, male (microgametocytes) and female (macrogametocytes), are ingested

by an Anopheles mosquito during a blood meal (8). The parasites' multiplication in the

mosquito is known as the sporogonic cycle [C]. While in the mosquito's stomach, the

microgametes penetrate the macrogametes generating zygotes (9). The zygotes in turn

become motile and elongated (ookinetes) (10) which invade the midgut wall of the

mosquito where they develop into oocysts (11). The oocysts grow, rupture, and release

sporozoites (12), which make their way to the mosquito's salivary glands. Inoculation of

the sporozoites into a new human host perpetuates the malaria life cycle (1).
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2.3 The Immune System

It is important to consider the complex nature of the host responses to malaria infection.

Children born in endemic areas get passive immunity from malaria ,infection through the

transferred maternal antibodies from their immune mothers during the first 6 months of

life followed by 1 or 2 years of increased susceptibility before acquisition of clinical

immunity (Snow et al., 1998).

2.3.1 Innate immunity

Several studies have indicated the crucial role of innate immune responses in protective

immunity to malaria. For instance, in the absence of natural killer (NK) cells, peak

parasitemia is higher during acute infection with P. chabaudi chabaudi AS and there is

marked recurring parasitemia during the chronic phase (Mohan et al., 1997). Early

nfection in mice infected with various Plasmodium species, whereas absence of early

IFN-y production by NK cells leads to lethal infection (Mohan et al., 1997). Studies have

hown that NK cells are frequently the first cells to respond after in vitro exposure of

human PBMCs to P. jalciparum-infected erythrocytes (Artavanis-Tsakonas and Riley,

2002). It has been reported that NK cells in malaria-exposed individuals can lyse P.

jalciparum-infected erythrocytes, indicating specific recognition of parasitized cells

(Orago and Facer, 1991). y5 T-cell populations are expanded during malaria infection in

mice and in their absence parasitemia is prolonged and elimination of parasites is delayed

for a couple of days (Langhorne et al., 2002). Polyclonal expansion of y5 T-cell subset

has also been reported in acute infection with P. falctparum (Langhorne et al., 1994). P.
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decreased colony forming unit erythrocytic (CFU-E) and burst forming unit-erythrocytic

(BFU-E) in malarial bone marrow mononuclear cells cultured with serum from infected

patients (Jootar et al., 1995) along with suppression of the serum erythroyoietin response

to anemia (Burgmann et al., 1996). Depression of erythropoiesis has been demonstrated

in chronic malaria (Philips et al., 1986) and several mechanisms have been implicated.

The notable ones being dyserythropoiesis (Philips et at.,1986; Abdalla et ai.,1980) in

vitro defective heme synthesis and premature death of the normoblasts (Wickramasignh

et al., 1982; Srichaikul et al., 1976). Clark and Chaudhri were able to show using mice

that TNF -a, plays a role in pathogenesis of malarial anemia by inducing dyserythropoiesis

and erythrophagocytosis (Clark and Chaudhri, 1988).

2.5 The Complement System

Complement system is part of the host innate immune system and it plays an essential

role in the defense against pathogens through the covalent binding of C3 to

microorganisms activated by the alternative pathway or by binding of a lectin, mannose-

binding protein, to mannose groups on the surface of microorganisms (Dodds and Sim,

1997). To prevent complement mediated autologous attack, host tissues express a number

of fluid-phase and membrane-bound inhibitors (Dodds and Sim, 1997). Three of these

proteins found on the erythrocyte surface and responsible for regulation of complement

system are CD35 (also known as complement receptor 1, CRl), CD55 (also known as

decay accelerating factor, DAF) and CD59 (also known as membrane inhibitor of

reactive lysis, MIRL). The human C3bl C4b receptor (CRl) mediates the binding
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2.6 Complement Factors Linked in Severe Malaria



In addition to quantitative changes related to the disease activity, levels of erythrocyte

ment-regulatory proteins change with age, being low in young children and



view is supported by the finding that young children produce more TNF -u than older

children do, regardless of the level of parasitemia (Nussenblatt et al., 2001). Several

studies have further suggested that the binding of Ies to erythrocytes reduces the
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falciparum infections (Grau et al., 1989; Kwiatkowski et al., 1990). TNF-a in particular

has been associated with cerebral malaria and death in children (Kwiatkowski et al.,
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regulating erythrocyte production. When the hemoglobin concentration is low in the

body, the serum erythropoietin level is increased. Despite evidence showing that children

21



CHAPTER 3 MATERIALS AND METHODS
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was collected only when participant was well and free of malaria as determined by
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to 1 part PVC 1.7 parts glycerolizing solution (Baxter cat# 4A 7833, USA) was added.

York, USA) and placed in -70°C REVCO freezer overnight before final transfer to liquid

nitrogen storage.

3.5.4 Thawing of cryopreserved erythrocytes

lml blood contained in the NUNC vial was thawed in water bath set at 3TC for 2

minutes and then placed in 50ml centrifuge tube. O.2ml of 12% NaCI was added at 1 drop

per second with 25 G needle while vortexing. The suspension was let to stand for 5

minutes then 10ml of 1.6% NaCl was added at 1 drop per second with 20 G needle while

vortexing. The suspension was centrifuged at 1500 rpm for 5 minutes and supernantant

removed. 10 ml of 0.9% NaClIO.2% dextrose was added at the same rate while vortexing

followed with centrifugation. The erythrocyte pellet was washed twice in Alsever's

solution before storage at 4°C if not to be used immediately.

3.6 Measurement of Erythrocyte CRt

Upon thawing, a IOll1 aliquot of erythrocyte pellet was washed twice in Alserver's

solution and finally placed in lml of the same medium for storage at 4°C until fluorescent

staining was performed, usually within 48 hours. IOOIlIof the reconstituted erythrocyte

was placed in each ofthe four wells in aU-bottom 96-well plate and the supernatant was

aspirated after centrifugation at 1300 rpm for 5 minutes. The pellet at the bottom of the

well was further washed twice with PBS
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appendix 2). Indirect fluorescent staining was done using monoclonal antibody against
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antigen-antibody reactions was determined usmg turbidometric assay previously
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2). After aspiration of the supernatant, the erythrocytes were resuspended III 1%

paraformaldehyde in PBS (see appendix 2) and stored at 4°C in the dark until acquisition ..
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3.10 Stimulation of Macrophages

The endotoxin free IC was pre-opsonized using AB+ serum at 37°C for 30 minutes. The

thawed erythrocytes were counted using hemocytometer and pelleted in sterile eppendorf

tubes at l x 108 cells per tube. Each sample had six tubes of which four had opsonized ICs
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3.11 TNF -u Specific ELISA

TNF-a concentration of cell-free supernatants of the cell cultures was determined by a

TNF-a specific sandwich E LISA as previously described (Abrams, 1995). The high
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reader using a 415nm filter. The software used in reading the plate was HTSoft version

1.0.

3.12 Sample Size Determination

A total of 344 individuals were enrolled in the study. Based on CRl copy numbers, 45

duals were selected for the stimulation assays. The selection was based on CRt

1S individuals representing low cohort, 1S individuals representing
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3.13 Data Analysis

The SPSS software package (version 11.5; SPSS) was used for data analysis. The

statistical comparison of CR1 levels and immune complex (lC) binding capacity was
J

done using ANOVA supplement~d with Bonferroni's post-hoc test. The statistical

companson of cytokine release induced by IC stimulus was done using ANOVA

supplemented with Bonferroni's post-hoc test and paired-sample t test procedure. In the

ANOV A analysis the sample were matched using the assay dates and cohorts to take care

of day to day variations in the PBMCs stimulations. Differences were considered

statistically significant ifp<O.05.
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CHAPTER 4 RESULTS
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4.2 Immune Complex Binding

In the diagram below (Fig.4), the first bar represents the untreated erythrocytes from the

45 individuals who were selected. It serves as the background since the fluorescence

registered is due to autofluorescence. The second bar represents binding of res to the

erythrocytes through complement independent pathway. The erythrocytes were treated

with res incubated in AB+ serum plus 10mM EDTA. The third bar represents binding of

Ies through complement dependent pathway. The erythrocytes were treated with pre-

opsonized res.
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Figure 4, IC-binding to the erythrocytes
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CHAPTERS DISCUSSION
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the erythrocyte CRI also varies with age, with level being low in childhood and high in
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showed that erythrocytes, besides inhibiting the TNF -u production, can become
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