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ABSTRACT 

In pregnant women, Plasmodium falciparum infections are an important cause of 

maternal morbidity and fetal mortality.  Malaria-infected erythrocytes sequester in the 

intervillous space of the placenta where they stimulate a localized inflammatory response 

that increases the risk of women having low birth weight babies.  Since only some 

malaria-infected women have low birth weight babies, we sought to identify single 

nucleotide polymorphisms in genes that might predispose women to poor pregnancy 

outcomes.  Mannose Binding Lectin is an innate mediator that may aid in clearance of 

infected erythrocytes. We demonstrated that polymorphisms in the MBL2 gene were not 

associated with high parasitemia, but the haplotype LXPA was correlated with increased 

risk of  low birth weight babies.  Previously, high levels of the anti-inflammatory 

cytokine interleulin-10 and the pro-inflammatory cytokine tumor necrosis factor-alpha 

(TNF-α) were associated with placental malaria and preterm deliveries.  Since cytokine 

levels are genetically influenced, we hypothesized that polymorphisms in the promoter 

regions of the IL10 and TNFA genes might influence pregnancy outcomes.  Women 

homozygous for the IL10 haplotype -1092G, -819C and -592C (GCC/GCC) had higher 



 iii 

levels of interleukine 10 (p=0.005), were more prone to anemia (p=0.045), and had 

higher risks of preterm delivery when they had placental malaria (p=0.001). While 

polymorphisms in the TNFA gene did not influence cytokine levels, the promoter 

genotype -308A/A was more frequent in women who delivered prematurely (p=0.02). 

Because TNF-α is involved in malaria-associated pathologies, we investigated the 

production of soluble tumor necrosis factor receptors (sTNFR) as counter-regulators of 

the effect of TNF-α. We hypothesize that placental malaria would trigger the shedding of 

sTNFR, thereby neutralizing TNF-α and lower the risk of low birth weight babies.  

Despite high levels of sTNF-R1 in the intervillous space, sTNFR levels were not 

associated with decreased risk of low birth weight babies. However, levels of sTNF-R2 

which is a indicator of inflammation, were higher in the peripheral blood of women with 

placental malaria (p<0.0001) and low birth weight deliveries (p=0.02). Overall, results 

from this study contribute to the understanding of immune mechanisms involved during 

placental malaria-associated inflammation and described genetic predispositions for poor 

pregnancy outcomes. 
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CHAPTER 1 

INTRODUCTION TO THE DISSERTATION 

 

Malaria is an Important Health Problem   

Malaria caused by Plasmodium falciparum, the deadliest of the five known 

species of Plasmodium that infect humans, is widely distributed throughout tropical and 

sub-tropical regions and is estimated to cause about half a billion human cases annually 

(121). Historically, P. falciparum probably emerged about 5,000 years ago (22), after 

agriculture took root in Africa. The parasite is transmitted by the female mosquito 

Anopheles during blood meals. The most important single factor responsible for the 

stability and intensity of malaria transmission in sub-Saharan Africa today is the specific 

presence of very high anthropophilic vectors such as An. gambiae and An. funestus on the 

African continent. 

In malaria-endemic areas, children under five years are the most severely affected 

by P. falciparum compared to the rest of the population.  Following repeated infections, 

immunity increases with age, such that adults acquire a high level of protection by 

developing partial-immunity to malaria. However women appear to be more susceptible 

to the consequences of P. falciparum malaria when they become pregnant, especially 

when they are pregnant for the first time (i.e., primigravidae). One reason for increased 

susceptibility is that P. falciparum infected erythrocytes (IE) are able to sequester in the 

intervillous space (IVS) of the placenta, creating a condition known as placental malaria 

(PM) (86). PM leads to an increase risk of maternal and fetal morbidity, which is 
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responsible for an estimated 75,000 to 200,000 infant deaths every year (124), mainly 

because of low birth weight (LBW) infants, a major consequence of PM, who are at an 

increased risk of dying during the first year of life (48). Numerous studies have described 

the acquisition of age-dependent immunity in children that is obtained following multiple 

episodes of infection. Surprisingly, however, relatively little is known about how 

pregnancy alters maternal immune responses involved in protecting the mother from      

P. falciparum, specifically the role innate immunity plays as an important first line of 

defense immediately following infection by the parasites.  

Innate and Acquired Immunity during Pregnancy   

Maternal immunity during pregnancy is complex because of the need to both 

accommodate acceptance of the fetal allograft and maintain protection against microbes 

and other pathogens.  Colbern and Main (1991) (28) described immune homeostasis that 

occurs during pregnancy as an important reproductive biology process for providing 

maternal-placental tolerance.  Since the first studies on immunity during pregnancy 

reported by Sir P. Medawar in the 1950’s, cumulative knowledge has confirmed that both 

innate and acquired immunity are individually important for a successful pregnancy and 

that they work synergistically to eliminate foreign substances under highly regulated 

conditions.  

Innate immune defenses provide the first response against pathogenic invasion.  

They are produced and regulated by cells from the myeloid lineage, such as neutrophils, 

eosinophils and macrophages, but also include dendritic cells (DC), natural killer (NK), 
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NK T cells and γδ T cells (35; 112) and hepatocytes. Innate immunity mediators are 

generally increased in numbers during pregnancy and their activity is modulated by 

pregnancy-associated hormones (83; 89) in order to compensate for the observed down-

regulation in cell-mediated responses (112). Among potent innate effectors, specific NK 

cells and DC abundantly populate the maternal endometrium and decidua (21; 65), where 

their cytotoxic activities are decreased to permit fetal tolerance, placentation and 

maintenance of pregnancy (12; 78).  

The innate immune system is crucial in controlling the invasion of pathogens 

before the host produces an acquired immune response. At the biochemical level, innate 

immunity includes the complement components and pattern recognition receptors, which 

collectively exert antimicrobial activities. One important soluble innate mediator is 

mannose-binding lectin (MBL).  MBL is a soluble C-type lectin composed of polypeptide 

chains assembled into collagen helixes that form functionally higher oligomeric 

structures, varying from 3 to 6 subunits (Figure 1). Carbohydrate-binding domains of 

MBL interact with different microorganisms that possess conserved pathogen-associated 

molecular patterns (PAMP), such as GlcNAc, mannose or fucose residues. The specific 

binding of MBL promotes macrophage phagocytosis or opsonization through the 

activation of MBL-associated serine proteases and then complement cascade components 

on the surface of pathogens (63; 138). The concentration of MBL in plasma is genetically 

determined (80) and deficiency in MBL is a risk factor for infection, especially in early 

childhood or in the context of a secondary immune deficiency (40; 128).  
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MBL has been reported to bind to the surface of P. falciparum IE and possibly 

merozoites (42; 66). Since it is an acute-phase protein secreted by the liver in response to 
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inflammation, MBL might help in the clearance of IE from the placenta especially in 

concert with macrophages that accumulate in the IVS during PM (100).  During 

pregnancy, MBL deficiency in Caucasian women is associated with recurrent 

miscarriages (27; 64) and increased prevalence of preterm deliveries at ≤ 29 weeks of 

gestation (3). Unfortunately, little is known about the genetic influence of MBL on 

control of infectious diseases during pregnancy or in non-Caucasian populations. 

The development of cell-mediated immunity leading to TH1 and TH2 type 

cells/cytokines and humoral immunity, depends on the environment created by elements 

of the innate immune system, mostly cytokines, produced in response to specific 

microbial infections. During pregnancy, it is generally thought that peripheral TH1/TH2 

immuno-balance is shifted toward a TH2 response, but the TH2 bias in humans is still 

controversial (34; 84; 85). However, it has been clearly shown that the TH1/TH2 ratio is 

dramatically changed in the endometrium and decidua during pregnancy (113). The TH2 

shift is probably due to an increase in local progesterone levels, a factor that is a potent 

TH2 inducer (104); the antigen-specific production of TH2 cytokines, such as interleukin 

(IL)-4, IL-5 and IL-10 as seen in mice (73); and the production of chemotactic factors at 

the maternal-fetal interface (134).  

Expression of TH1 cytokines is considered to be detrimental to pregnancy and a 

down-modulation of cell-mediated activity has been observed (110). TH1 cytokines, via 

direct embryotoxic activity or damage to the placental trophoblasts, can lead to 

pregnancy complications. Most strikingly, IL-2, interferon-gamma (IFN-γ) and tumor 
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necrosis factor-alpha (TNF-α) injection into pregnant mice have been shown to induce 

the termination of pregnancy (reviewed in (106)).  For these reasons, anti-inflammatory 

and regulatory mediators are needed to sustain the pregnancy.  IL-10, which is produced 

by certain subsets of T cells, fetal trophoblasts and maternal decidua (11; 32), is one of 

the most effective anti-inflammatory cytokines and has been shown to be critical for a 

successful pregnancy (26).  IL-10 exhibits an array of immunosuppressive activities 

including the inhibition of antigen-presenting cells, expression of inflammatory 

cytokines, inhibition of cytotoxic T cell responses (29; 30; 101), but also helps in the 

differentiation of regulatory T cells, and regulates the survival and proliferation of B cells 

(58; 72).  Spontaneous abortions in mice, due to reduced IL-10 production as a result of 

the mating of inbred mouse strains (CBA x DBA/2), were prevented by IL-10 

administration (25). Also, experimental studies in rats showed that intravenous 

administration of IL-10 can prevent preterm deliveries (PTD) induced by intrauterine 

injection of lipolysaccharide (LPS) in late pregnancy (131). These results underline the 

important role of IL-10 in pregnancy.  

Susceptibility of Pregnant Women to Infectious Diseases  

Most of the time, both innate and adaptive arms of the immune system are 

required to eliminate pathogens. During pregnancy, however, immune responses are 

modulated to accommodate the growth of the semi-allograft fetus.  In some cases, 

pathogens have evolved mechanisms of immune avoidance and may impose a threat for 

the mother. In general, however, infectious diseases during pregnancy do not pose 
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significant problems to the mother or the growing fetus.  Most bacterial infections, with 

perhaps the exception of listeriosis and leprosy (47), are not more common or severe 

during pregnancy (17) including intracellular bacteria such as tuberculosis (51). 

Pregnancy transiently down-regulates cell-mediated immunity, but the only compelling 

evidence that immune-modulation increases disease susceptibility is for intracellular 

parasites, including Plasmodium and Trypanosoma in humans (86; 88) and Leishmania 

and Toxoplasmosis in the mouse model (76; 118).  

In areas of stable malaria transmission where adults have been exposed to malaria 

since birth, the prevalence of P. falciparum infections is more frequent and parasite 

densities are higher in pregnant than non-pregnant women (18). Pregnancy-associated 

modulation of the immune response has been used to explain the susceptibility of 

pregnant women to infection (86). However modulation of the TH1/TH2 balance during 

pregnancy cannot solely explain their increase suceptibility, for example, the prevalence 

of malaria is predominantly observed in primigravidae (57), why the severity of the 

disease significantly decreases with increasing parity (16), or the wide range of 

symptoms and complications women suffer when infected.  Although our understanding 

of why women become more susceptible to malaria during pregnancy is incomplete, the 

sequestration of P. falciparum IE in the IVS of the placenta causes PM, a condition that is 

probably the most complex pathogen-placenta interaction in the infectious disease realm.  

The Placenta  

The placenta is a discoid organ primiarily of fetal origin, which develops after the 

successfully implantation of the blastocyte into the endometrium (Figure 2).  
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Rapidly, the fetal blood vessels are established inside structures called villi that are 

composed of the capillary endothelium, the chorionic connective tissue, and the 

trophoblast. The outer layer of the fetal villi is composed of a continious layer of 

syncytiotrophoblasts.  Around 10 weeks of gestation, maternal blood perfuses through the 

decidua via the spiral arteries where it enters the IVS of the placenta (59). 

Concenquently, the large surface area of the villous trees is bathed by the maternal blood 

and facilitates maternal-fetal metabolic exchange of nutrients, respiratory gases and 

wastes. The placental production of growth factors, cytokines and hormones also 

encourages blood flow and nutrient delivery at the feto-maternal interface. 

The placenta was first regarded as a mechanical barrier to prevent the circulation 

of maternal immune cells into the fetus and was considered a way for explaining 

tolerance of the fetus. However, this theory was later challenged by studies demonstrating 

bi-directional trafficking of cells across the maternal-fetal interface (75). Maternal 

tolerance is achieved through the harmonious combination of many cellular and 

molecular mechanisms (132). Placental trophoblasts express many immunosuppressive 

molecules, such as progesterone (129), indoleamine 2,3-dioxygenase (97), and 

complement inhibitors (56). However, despite such elaborate placental regulatory 

mechanisms, malaria seems to have evolved ways of evading to the complex placental 

environment. 

Placental Malaria 

Early during the erythrocytic stage of P. falciparum, ring-stage IE circulate in the 

peripheral blood, mature into trophozoites, and begin expressing adhesion molecules that 
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are inserted in the erythrocyte membrane.  The development of adhesive ligands allows 

IE to adhere to host endothelial receptors and thus evade splenic clearance. The ligand on 

IE that mediates adhesion is called P. falciparum erythrocyte membrane protein 1 

(PfEMP1) and is encoded by the polymorphic VAR multigene family (119). In areas of 

stable transmission, adults acquire a repertoire of anti-PfEMP1 antibodies after repeated 

exposure to malaria, allowing them to become clinically immune from the disease. 

However, in pregnant women, especially in primigravidea, the appearance of the placenta 

constitutes a novel niche for the sequestration of IE (9). IE express a structurally and 

antigenically unique PfEMP1 that pregnant women have not encountered prior to 

pregnancy. This variant specifically adheres to chondroitin sulfate A (CSA) exposed on 

the surface of trophoblasts and fibrin deposits in the IVS (38).  The variant is called 

var2CSA.  

Placental malaria at delivery is defined as the presence of IE in IVS blood, 

detected by either microscopy using placental blood smears, tissue impression smears, or 

histological sections of the placenta. Histopathological findings that are characteristic of 

PM include thickening of the trophoblast basement membrane and syncytial knotting 

(20), as well as leukocyte engulfment or fibrin deposition of malarial hemozoin pigment, 

that is common in chronic and past infections (57). In the study by Bulmer et al., (19) in 

an endemic area for P. falciparum, about 60% of placenta at delivery were found to have 

active, chronic or past infections illustrating the high prevalence of malarial infections in 

pregnant women residing in malaria endemic areas. PM not only correlates with severe 

maternal anemia (124) but also with an increase risk of LBW newborns due to either 
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intrauterine growth retardation (IUGR) that is often associated with chronic infections, or 

preterm deliveries (PTD) that are mostly a consequence of acute infections late in 

pregnancy (127). The exact mechanisms leading to LBW remain unclear, but placental 

insufficiency and impaired IVS blood flow are suggested as etiologies for LBW (33).  

Details of innate and acquired immune processes that take place in the IVS are 

unclear, but it is generally thought that IE bind via var2CSA to CSA expressed on 

syncytiotrophoblasts.  This interaction results in release of macrophage migration 

inhibitory factor and other chemokines from syncytiotrophoblasts and resident IVS 

macrophages (24; 126).  In addition, macrophages secrete high levels of placental          

β-chemokines (126), known chemoattractants for mononuclear cells.  As a result, 

inflammation occurs and high levels of TNF-α and counter regulatory IL-10 are found in 

the IVS.  Massive chronic intervillositis also (100) occasionally occurs.  Macrophages 

fulfill an important role in controlling parasite density through antibody-dependent and    

-independent phagocytosis and release of reactive nitrogen and oxygen intermediates.  

However, the associated increase in inflammatory cytokine levels in the IVS plasma, 

especially TNF-α, is considered as a factor leading to LBW (108) probably through the 

initiation of a cascade of events leading to PTD.  It is thought that immune T cells 

ultimately migrate into the IVS and, along with antibodies to var2CSA, aid macrophages 

in eliminating the parasites.  Sometimes IE are not eliminated and infections become 

chronic, a condition that is associated with IUGR.  Thus, the balance of cytokines, 
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especially TNF-α and regulatory IL-10, is very important in maintaining the pregnancy 

while eliminating the parasites. 

The Influence of Host Genetics on Susceptibility to Placental Malaria 

In malaria endemic areas where people are repeatedly infected, some mortality 

occurs from malaria but the majority of people survive. P. falciparum parasites are 

genetically and antigenically highly diverse, but this fact by itself cannot explain such a 

wide range of disease severity in P. falciparum-infected patients.  Another explanation is 

differences in host genetic factors along with a combination of subtle environmental 

factors. Studies in murine models show that some mouse strains are susceptible while 

others are resistant to malaria (46) and even differ in susceptibility to different 

Plasmodium strains (115).  Studies in mice are easy to control for environmental 

variation and level of acquired immunity, leaving genetics as the primary explanation for 

differences in suceptibilty.  In humans, the combination of genetic variants is infinite and 

hard to test.  However, single gene polymorphisms have been associated with either 

susceptibility or resistance to P. falciparum malaria. For instance, P. falciparum is known 

to be the evolutionary driving force that has influenced the frequency of the sickle-cell 

trait in populations living in malaria endemic areas. Consequently, individuals who are 

heterozygous for the HbS allele produce sickle hemoglobin and have a 10-fold reduced 

risk of severe malaria (1; 52).  Similarly, glucose-6-phosphatase deficiency and high 

frequencies of thalassemia in African populations are the results of evolutionary selection 

by malaria (13; 37; 111). Another classical example is the Duffy blood group antigen. 
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This antigen is essential for the invasion of human erythrocytes by P. vivax merozoites. 

The lack of Duffy antigen in sub-Saharan Africa prevents individuals from being infected 

with P. vivax.  

With the emergence of powerful molecular tools and the recent explosion of 

information about the human and malaria genomes, studies investigating the potential 

influence of genes on susceptibility or resistance to malaria have exponentially increased.  

These results should help in designing effective vaccines and establish direction for 

potential cellular therapy. However, more needs to be done since little is know about the 

effects of malaria on the selection of genes that control human immune responses.   

Among innate immunity mediators, MBL and TNF-α have attracted some 

attention for malaria studies. MBL is encoded by the MBL2 gene and levels are 

influenced by single nucleotide polymorphisms (SNPs) affecting the promoter region at 

positions –550 (designated H/L) and –221 (X/Y), the 5’-untranslated region at position 

+4 (P/Q), and exon 1 of the gene at codon 52 (called D variant), 54 (B) and 57 (C) 

(Figure 3). The allele called A is the non-modified (wild-type) allele at each mutation 

sites, and any mutations i.e., D, B or C, are collectively called O. Variants in the 

structural gene cause a disorder in the collagen helix. Consequently, the level of 

functional serum MBL is lower in individuals who are heterozygous A/O and 

homozygous O/O compared to homozygous A/A.  Similarly, individuals carrying the 

haplotype LX in their promoter region have impaired MBL expression compared to 

individuals carrying either the haplotype HY or LY.  
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Due to strong linkage disequilibrium within genes, only seven haplotypes have 

been described in the human population: HYPA, LYQA, LYPA, LXPA, HYPD, LYQC 

and LYPB (80; 123; 136). The distribution of haplotypes varies in different populations. 

For instance, HYPA that results in high levels of MBL is predominant on every continent 

except Africa, whereas, the prevalence of the allele C, found on the LYQC haplotype is 

common (~25%) in Africa.  MBL2 polymorphisms have been associated with 

susceptibility to various infectious diseases, but it is presently unclear if polymorphisms 

are important for susceptibility to P. falciparum infections (10; 77).  

TNF-α is a central cytokine of innate immunity, with pivotal roles during malaria.  

For instance, while TNF-α is critical for controlling parasite densities, it is also 

associated with pathogenesis in severe disease (reviewed in (71)). Several TNF promoter 
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polymorphisms, mostly substitutions for adenine at position -376, -308 and -238, have 

independently been implicated in malaria severity (68; 87). However, defining the 

functional role of these variants, especially at position -308 is still controversial (7) and 

additional studies are needed, especially in individuals who have malaria.  

Another cytokine often described in malaria studies because of its strong 

immuno-regulatory effect, especially during pregnancy, is IL-10. The IL10 gene contains 

promoter SNPs at position -1082 (G/A), -819 (C/T) and -592 (C/A) which have an effect 

on the amount of IL-10 produced (133).  The IL-10 ATA haplotype, corresponding to 

lower levels of circulating IL-10, has been reported to correlate with increased risk of 

preterm birth, but this was not confirmed in another study (3; 95). Also, the high IL-10 

producer haplotype GCC seems to protect against severe malarial anemia (102). 

However, the role of IL-10 polymorphisms during PM is still unknown. It is of particular 

interest to understanding the cytokine balance in the IVS that is needed to down-regulate 

inflammation while allowing clearance of the infection.  

Diagnosis of Malaria  

Diagnosis of malaria is based on either the presence of clinical symptoms or 

detection of malaria parasites or parasite proteins in a patient’s blood.  The accuracy of 

clinical diagnosis is poor because malaria symptoms overlap with those caused by other 

tropical diseases (116).  Since 1880, when the physician Alphonse Laveran first observed 

malaria parasites in a blood smear from a deceased patient, the detection of malaria by 

microscopy has been established as the gold standard diagnosing for malaria.  However 

the efficacy of this method depends on many technical and human factors (90).  For 
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instance, the accuracy of microscopic detection relies on the level of parasitemia        

(i.e., > 15-50 parasites/µl) and timing of sample collection since late-stage parasites 

sequester in tissue capillaries.  In addition, the experience of the laboratory personnel to 

prepare and read the slides is an important factor, especially when a patient has mixed 

Plasmodium infections.  In order to alleviate these problems, rapid diagnostic tests (RDT) 

have been developed to identify circulating parasite antigens.  Most of the RDT used over 

the past 15 years, detect either histidine-rich protein-2 of P. falciparum (8) or a parasite-

specific lactate dehydrogenase (82). Additionally, polymerase chain reaction (PCR) 

methods, which can differentiate Plasmodium species with a high level of sensitivity, 

have been optimized (120), but the use of PCR for routine diagnosis of malaria is costly.   

In developing countries, the diagnosis of malaria is problematic on multiple 

levels.  For the majority of the exposed population, diagnosis is complicated by lack of 

access to electricity making microscope use impractical.  In addition, community health 

workers at the village level may often have limited training in health, little formal 

education, and in some cases may be illiterate. RDT are now widely available, offering 

an opportunity to provide accurate and accessible diagnosis for those without access to 

microscopy. However, in highly endemic areas, asymptomatic adults are usually not 

diagnosed and remain untreated. Most of the time, the acquisition of natural immunity to 

malaria eventually results in the ability to control the infection. Nonetheless, for pregnant 

women, the presence of IE even at low parasitemia in their peripheral blood can be 

harmful for the mother and the fetus, because IE sequester in the placenta. As a result of 
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sequestration, IE may not be detected in peripheral blood smears.  Prenatal diagnosis of 

malaria during pregnancy by microscopic examination of peripheral blood sometimes 

only detects 50% of PM cases; that is, half of women with PM are misdiagnosed as 

malaria-negative (57; 92) when smears are taken on a single occasion. For these reasons, 

there is a need for more sensitive and affordable diagnostic tools during pregnancy. 

Recently, efforts to isolate inflammation-dependent host products, such as cytokines and 

acute phase proteins, in cases of PM have been explored (61). This is a promising field 

but requires more studies.   

Potential candidate biomarkers for diagnosis of malaria include soluble TNF-α 

receptors 1 and 2 (sTNF-R1 and -R2), which are markers of inflammation.  sTNFR are 

elevated in cases of severe malaria in infants and adults (2; 31; 62; 93; 139), however it is 

unclear if they are also elevated in cases of asymptomatic malaria. Both receptors are 

shed by proteolysis from various cell types, including endothelial cells, immune cells, 

and placental tissue.  It is therefore possible that increased plasma levels of these 

receptors in asymptomatic pregnant women who have PM at delivery, but are negative by 

peripheral blood microscopy, may be a way to diagnose PM.  If confirmed, a RTD based 

on detection of these inflammatory biomarkers for PM would greatly increase the quality 

of care of pregnant women and not only help prevent LBW deliveries, but also decrease 

the use of expensive and sometimes injurious antimalarial drugs. 
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The Working Hypothetical Model and Goals of the Study 

Malaria in pregnancy adds a layer of complexity to the already immunologically 

complicated phenomenon of pregnancy. Malaria is a parasite and therefore does not 

attempt to directly harm its host. Nonetheless, inflammation resulting from PM is 

incompatible with a successful pregnancy and needs to be tightly regulated by the 

maternal immune system. However, in areas of stable transmission for P. falciparum, 

even though women who become infected tend to have more pregnancy-associated 

complications, a large majority of them deliver perfectly healthy babies. This observation 

suggests that the immune system of pregnant women has evolved mechanisms to combat 

malaria infections and that host genetic variations may substantially contribute to the 

ultimate pregnancy outcome.  

Therefore, the goals of this study were to identify immune mechanisms involved 

in the control of inflammation resulting from placental malaria and to determine genetic 

variations that might predispose women to poor pregnancy outcomes.  

The following hypotheses were tested: 

1. The acute phase protein MBL will be increased in plasma during PM and will 

help in the clearance of IE from the IVS.  Therefore, genetic variation be 

associated with lower levels of MBL expression will lead to higher placental 

parasitemias and rates of PTD. 

2. Promoter polymorphisms responsible for high expression of IL-10 and TNF-α 

will predispose a woman to PTD if she has PM.   
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3. During PM, sTNFR will be released from the surface of placental cells and 

macrophage, and help control TNF-α activity in the IVS, thereby reducing 

inflammation, pathogenesis and poor pregnancy outcomes.  In addition, 

sequestration of IE will induce the shedding of sTNFR.  Therefore, detection of 

elevated levels of sTNFR in the peripheral blood could be used as specific 

markers for diagnosis of malaria during pregnancy. 
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ABSTRACT 

During pregnancy, Plasmodium falciparum-infected erythrocytes (IE) sequester in the 

placenta where they induce pathology and increase the risk of low birth weight (LBW) 

babies. The innate immune mediator, mannose binding lectin (MBL), enhances 

phagocytosis of pathogens.  Since MBL is reported to bind to IE, we hypothesized that it 

might aid in clearance of IE from the placenta, thereby reducing the risk of LBW babies.  

To test this hypothesis, molecular genotyping was used to detect polymorphisms at codon 

57 (A/C) in exon 1 of MBL2 in 401 pregnant Cameroonian women, with or without 

placental malaria, who had LBW and normal weight babies.  Polymorphisms in the 

promoter region at positions -550 (H/L), -221 (X/Y) and +4 (P/Q) were also determined, 

and plasma MBL levels were measured during pregnancy and at delivery.  The expected 

correlation between genotype and plasma MBL levels was confirmed.  However, 

asymptomatic infections were not associated with an increase in MBL levels in the 

peripheral blood and MBL levels were similar in the placental and cord blood of women 

with and without placental malaria at delivery.  There was no evidence that MBL levels 

at delivery were associated with malaria-related poor pregnancy outcomes.  Women with 

the LXPA haplotype, however, were more likely to have LBW babies, but the risk was 

not related to malaria.  These results do not support the hypothesis that MBL aids in the 

clearance of parasites from the placenta, but suggest that Cameroonian women with 

LXPA are at risk of having LBW babies due to other causes. 
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INTRODUCTION 

Women who become infected with Plasmodium falciparum during pregnancy are 

at an increased risk of anemia and poor pregnancy outcomes (5, 25).  One reason for 

these complications is that P. falciparum-infected erythrocytes (IE) sequester in the 

intervillous space (IVS) of the placenta (9).  As a result, monocytes and macrophages are 

attracted to the IVS (30, 36), where they stimulate an inflammatory response, produce 

placental pathology (42), and increase the risk of low birth weight (LBW) babies due to 

intrauterine growth reduction (IUGR) and premature deliveries (PTD) (reviewed in (6)).  

Thus, elimination of IE from the IVS is of great importance. 

  Little is known about the role of innate immune cells and factors in eliminating 

IE from the IVS.   An acute phase protein that might be important is mannose-binding 

lectin (MBL), since it promotes opsonophagocytosis and activates the MB-lectin pathway 

upon binding to oligosaccharides on pathogens (12, 17).  MBL is reported to bind to the 

surface of IE and possibly merozoites, although the ligand involved remains undefined 

(10, 15).  In addition, MBL2 genetic deficiencies in children are associated with severe 

malaria (4, 11). Therefore, it is possible that MBL aids in eliminating IE by enhancing 

phagocytosis, leading to reduced pathology and risk of LBW babies. 

Plasma levels of MBL are influenced by 3 functional single nucleotide 

polymorphisms (SNP) in exon 1 of the MBL2 gene at codons 52, 54 and 57 (D, B and C, 

respectively) (18, 20, 21, 35).  These SNPs lead to a disruption in the arrangement of 

MBL oligomers, producing a non-functional lectin that is rapidly degraded after 

disassembly (37).  As a result, serum MBL levels are lower in individuals who are 
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heterozygous or homozygous for the variant alleles compared to those with the wild type 

(21, 37).  The frequencies of these SNP vary between ethnic populations.  For example, 

in Africa the variant C predominates (~ 26%), whereas it is relatively uncommon (< 1%) 

in Europe (21, 35).  In addition, several SNPs in the promoter region at positions -550 

(H/L) and -221 (X/Y) and the 5’-untranslated portion at position +4 (P/Q) also influence 

the amount of MBL produced (21).  For instance, individuals carrying the haplotype LX 

in the promoter region have lower MBL expression than individuals carrying the 

haplotypes HY or LY (21).  Adults living in sub-Saharan Africa are likely to have a wide 

range of plasma MBL levels due both to genotype diversity and frequent microbial 

infections.  Accordingly, in the current study both molecular genotyping of SNPs and 

serum levels of MBL were assessed.    

The purpose of this study was to evaluate the importance of MBL in placental 

malaria.  Specifically, we sought to determine if 1) MBL levels were increased in the 

peripheral blood in response to P. falciparum infection, 2) high MBL levels in the IVS 

were associated with absence of, or low, placental parasitemias, and 3) pregnant women 

with genotypes associated with low MBL production were at an increased risk of 

delivering LBW babies when they had placental malaria.   
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MATERIALS AND METHODS 

     Selection of Samples.   Maternal buffy coat cells and plasma were selected from a 

panel of ~2,000 samples obtained from consecutive deliveries in Yaoundé, Cameroon 

(38) (Table 1).  Initially, 401 women were selected, including all women who had LBW 

babies (n=120) for whom buffy coat cells were available.  Among these women, 50 had 

placental malaria.  An additional 281 samples were selected from women with normal 

birth weight (NBW) babies (i.e., >2,500 gm) based on frequency matching.  That is, for 

each woman in the LBW group, the next two women with NBW deliveries with 

approximately the same age and malarial status were selected.  Characteristics of the 401 

selected women are shown in Table 1A.   Gestational age was based on 1) self-reported 

last menstrual period, 2) sonogram data when available, and 3) assessment at delivery by 

the attending physician. All 401 women were genotyped for the A/C polymorphism in 

exon 1 codon 57 of MBL2.  Once their genotype was known, 152 women were further 

selected for genotyping of SNPs in the promoter region of MBL2 (Table 1B) and 

corresponding MBL levels were determined.  First, an approximately equal number of 

women were selected based on their Exon 1 genotypes [A/A (n=79); A/C and C/C 

(n=73)].  Then, women within each genotype were selected based on pregnancy outcome 

and malaria status as shown in Table 1B.  The 152 women in the subgroup were similar 

to those in the larger group (n=401) with respect to age, placental parasitemia, anemia, 

and gestational age, but had a higher proportion of primigravidae with LBW babies.  In 

an additional study, the amount of MBL in paired maternal peripheral blood, placental 
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IVS blood, and fetal cord blood was compared using samples from 49 of the 401 women 

(n=35 LBW babies; n=14 NBW babies).  

 Peripheral blood samples were also collected from 54 women during the course of 

pregnancy.  Among the women, 34 lived in Yaoundé where transmission of                    

P. falciparum is low, i.e., ~13 infectious bites/person/year (24) and 20 women lived in 

the rural village of Ngali II, where transmission is ~265 infectious bites/person/year.  

Buffy coat cells were used to determine polymorphisms in exon 1 at codon 57.  Samples 

of peripheral blood collected from each woman during the first, second, and third 

trimester and at delivery (i.e., 4 samples per woman) were analyzed for MBL levels.  

Results are based on 193 available samples.  Asymptomatic women who were blood-

smear positive for P. falciparum were prescribed antimalarial treatment according to the 

Ministry of Health’s policy, which included chloroquine, Quinimax, amodiaquine or 

Plasmotrim.   

     Ethical clearance and informed consent.  This study was approved by the 

Institutional Review Board, Georgetown University and the National Ethical Committee, 

Ministry of Public Heath, Cameroon.  Written or oral informed consent was obtained 

from each woman.   

     Determination of parasitemia.  Thick and thin blood smears of samples collected 

during pregnancy and at delivery were stained with Diff-Quik (Baxter Scientific 

products, Miami, FL), and examined for the presence of P. falciparum.  Cord blood and 

biopsies of the placental tissue were also collected.  First, the umbilical cord was clamped 

and blood was collected using a needle and syringe. Once the cord blood was been 
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removed, a 2cmx2cmx2cm section of tissue located midway between the center and outer 

edge of the placental disc was biopsied from the maternal side.  A portion of the tissue 

was used to prepare impression smears that were stained with Diff-Quik and examined 

for parasites. The remainder of the tissue was fixed in buffered formalin, histological 

sections were prepared, and stained with hematoxylin-eosin and Giemsa.  Placental 

malaria was defined as detection of parasites in either impression smears or histological 

sections.  In addition to detecting parasites, histosections were examined for pathology 

related to chronic (e.g., parasites plus macrophages and extensive hemozoin pigment) or 

past infections (no parasites but residual hemozoin pigment), i.e., Bulmer score (7).  This 

analysis was not possible on all histological sections due to poor fixation, including 

formalin crystals that are indistinguishable from hemozoin.  Maternal IVS placental 

blood was collected from the biopsy site.  As previously reported, the placental blood 

samples were minimally contaminated with cord blood since 6.8 + 3.4% fetal 

hemoglobin-containing erythrocytes were detected in the blood samples (36).  

Parasitemia was recorded as percentage of infected erythrocytes.  Blood samples from the 

54 women followed throughout the course of pregnancy were also tested by PCR for the 

presence of P. falciparum as described by Snounou et al. (34).  Women who were blood-

smear negative but PCR-positive were classified as having submicroscopic infections. 

     Genotyping of MBL2.  DNA was purified from 455 women (i.e., 401 women 

enrolled at delivery and 54 women followed throughout pregnancy).  Maternal DNA 

from ~55 µl of buffy coat cells was extracted using a flexible solid-phase system 
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incorporated in capture columns (GENERATION® Capture Column Kit, Gentra system, 

Minneapolis, MN).   

MBL2 gene was genotyped using a combination of PCR-based methods. The 

polymorphism A/C at codon 57 of exon 1 (A/C) (dbSNP ID rs1800451) was determined 

by polymerase chain reaction restriction-fragment length polymorphism (RFLP) using 

the method of Lipscombe et al. (18) and modified by Mombo et al. (27). The cis/trans 

location of SNPs localized in the gene promoter at positions -550 (L/H) (dbSNP ID 

rs11003125) and at -221 (X/Y) (dbSNP ID rs7096206) was determined by PCR-

sequence-specific primer (SSP) (21).  In addition, the PCR-SSP method optimized by 

Steffensen et al. (35) was used to genotype L, H, X, and Y independently in order to 

confirm SNPs for each woman.  Finally, the P and Q alleles positioned at +4 (dbSNP ID 

rs7095891) were detected by RFLP performed on site-directed mutagenesis-PCR (21). 

All PCR reactions were performed using a total volume of 20-50 µl containing 

100 to 150 ng of genomic DNA, 1.5 to 1.7 mM MgCl2 (Applied Biosystems, Foster City, 

CA), 0.25 to 0.5 µM of specific primers (Invitrogen, USA), 0.2 mM of each 

deoxynucleotide triphosphate (Invitrogen), 1U of AmpliTaq® DNA polymerase (Applied 

Biosystems), and 1X of PCR buffer provided in the PCR kit.  Immediately following 

DNA amplification, the RFLP methods used to detect the alleles C, P and Q using 

endonucleases MboII, SacI and HindIII, respectively (New England Biolabs, Beverly, 

MA) (18, 20).  PCR products were separated on a 2% agarose gel (UltraPure™, 
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Invitrogen), stained with 1µg/ml ethidium bromide (Bio-rad, Hercules, CA), and 

visualized with UV light. 

     Quantification of serum levels of MBL.  MBL concentrations in 613 plasma samples 

from 206 pregnant women and 49 fetal cord blood samples were measured using a semi-

quantitative ligand-lectin solid-phase enzyme-linked immunoassay from Sanquin Reagents 

(Amsterdam, The Netherlands). The assay only detects multimeric MBL.  Plates were 

coated overnight with mannan in 0.05M carbonate/bicarbonate buffer (pH 9.6).  Plasma 

samples were diluted 1:20 with MBL-binding buffer.  After incubation, anti-human MBL 

antibodies coupled to horseradish peroxidase were added and binding was detected using 

3,3’,5,5’- tetramethylbenzidine (Sigma-Aldrich, USA), followed by the addition of 100 µl 

of Stop Reagent (Sigma-Aldrich).  Absorbance was read at 450 nm (BioTek, model 

Elx808, Winooski, VT) and a standard curve was plotted from standards provided in the 

kit. 

Statistical Analysis. Pearson correlation coefficient was used to compare MBL levels 

among peripheral, IVS and cord blood; and the Spearman correlation coefficient was used 

to assess correlations of malaria parasitemia and MBL level in the IVS.  The between-

group differences in the percentage of placental malaria infection, LBW, and other 

categorical variables were compared using the Chi-squared test.  The between-group 

differences in MBL levels at delivery were tested using the Wilcoxon rank-sum or Kruskal-

Wallis test as appropriate.  The between-group comparisons in repeated measures of MBL 

level during pregnancy were made using a likelihood ratio test (LRT) based on a mixed 
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model with an unstructured covariance structure among repeated measures.  All the 

statistical analyses were conducted using SAS software (V9.1, Cary, NC). 

  

RESULTS 

Frequency of polymorphisms at codon 57 of exon 1 in MBL2 and corresponding 

MBL levels.   Among the 455 selected women (n=401 selected + 54 women followed 

throughout pregnancy), 66.8% were homozygous wild type (A/A), 31.7% were A/C, and 

1.5% were C/C (Table 2).  The overall allelic frequency of the C variant was 17.5%, 

which is in agreement with that reported in the Cameroonian population (26).  The 

frequency was marginally outside of Hardy-Weinberg equilibrium (p=0.09, Chi-square 

test).  This was not unexpected, since only women with successful pregnancies were 

included in the study.  Women with SNPs in exon 1 of the MBL2 gene are known to 

produce lower amounts of MBL (18) and to be more susceptible to early termination of 

pregnancy due to recurrent miscarriages (8, 13, 16).  Since only 7 women were 

homozygous C/C, they were combined with women who were A/C in further analyses. 

To confirm that the C polymorphism influenced functional MBL levels, the 

concentration of MBL was determined using 152 peripheral blood samples (see Table 

1B) collected at delivery (Table 2).  Although the level of serum MBL varied greatly 

among the women, a 10-fold difference in median MBL levels was found among women 

with the wild-type A/A genotype (median = 1,171 ng/ml), women with A/C (101 ng/ml) 

and C/C genotypes (0 ng/ml), p<0.001 (Wilcoxon rank sum test).  Thus, the 

polymorphism at codon 57 was associated with different levels of plasma MBL. 
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Plasma levels of MBL during the course of pregnancy in Cameroonian women.  

MBL levels were measured in peripheral samples collected during the first, second and 

third trimesters and at delivery from 34 women in Yaoundé and 20 women in Ngali II 

(Fig. 1A&B).  At both sites, women with the A/A genotype had higher levels of MBL at 

all four time points (median values >900 ng /ml) (Fig. 1A) compared to A/C+C/C women 

(median values <600 ng/ml) (Fig. 1B) (p=0.018, LRT).  A/A women living in the village 

had higher median MBL levels than women living in the city, but the difference was not 

significant (p=0.329, LRT).  No significant change in MBL levels was found in the 

peripheral blood during the first, second and third trimesters and at delivery term (p=0.59, 

adjusted for site and genotype) (Fig. 1).  Therefore, MBL levels remained relatively 

constant throughout pregnancy, which is consistent with results reported for European 

women (14, 40).  

Asymptomatic P. falciparum infections did not significantly alter peripheral MBL 

levels.  The ability of P. falciparum infections to stimulate MBL production during the 

course of pregnancy was assessed in 54 women (Fig. 2-3).  First, peripheral MBL levels 

for the same woman were compared when she was malaria-positive and negative (Fig. 2). 

The lowest amount of MBL detected when the woman was PCR-negative for malaria 

served as baseline.  Changes in peripheral blood MBL for women who were              

PCR-negative throughout pregnancy (Fig. 2A) and those who became slide-positive or 

had submicroscopic infections are shown in Fig. 2B.  A 1 to 3-fold modulation in MBL 

levels was observed in women who remained PCR-negative (Fig. 2A).  No consistent 

change in MBL levels was seen when women became slide-positive [■] or had 
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submicroscopic [▲] infections compared to when they were PCR-negative [●] (Fig. 2B).  

Secondly, since plasma MBL levels remained stable throughout pregnancy (Fig. 1), 

levels of MBL were compared among samples collected when women were blood smear-

positive, submicroscopic, and PCR-negative at various points during pregnancy (Fig. 3).  

High MBL levels were detected in some slide-positive samples from A/A women, but the 

difference was not significant compared to PCR-negative genotype-matched samples 

from these women (p = 0.215).  Thus, no significant increase in MBL was detected 

during asymptomatic P. falciparum infections.   

MBL levels in the peripheral blood at delivery.  At delivery, MBL levels in the 

peripheral blood were similar between women who had placental malaria (n = 70) and 

those who did not (n= 82) (537.9 ng/ml vs. 489.1 ng/ml, respectively, p=0.686, Wilcoxon 

rank-sum test).  Likewise, peripheral blood MBL levels in primigravidae were similar in 

women with and without placental malaria (median 433.4 vs. 613.6, respectively, 

p=0.585); in primi- and multigravidae mothers with placental malaria (median MBL 

433.4 vs. 578.3, p = 0.372); and in women with and without placental malaria who had 

LBW babies (13.5% vs. 15.5%).  Importantly, no association between MBL levels in the 

peripheral blood at delivery and placental parasitemias was found (Spearman correlation 

coefficient r=0.087, p = 0.287).  And, there was no difference in MBL levels in mothers 

who had  LBW (n= 69) and NBW (n=83) babies (371.1 ng/ml vs. 550.4 ng/ml, p= 0.199). 

Plasma MBL levels in the peripheral, placental and cord blood at delivery.  Plasma 

MBL levels were measured in 49 women (peripheral and placental IVS) and in the cord 

blood of their babies at delivery (n=35 LBW and n=14 NBW).  Regardless of the 
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malarial status of the woman, MBL levels were consistently lowest in maternal peripheral 

blood, intermediate in the IVS, and highest in cord blood (p<0.01, Wilcoxon signed rank 

test).  A moderate correlation was found between levels of MBL in the peripheral blood 

and IVS (Pearson correlation coefficient = 0.595) and between amounts in IVS and cord 

blood (Pearson correlation coefficient = 0.697), but only a weak correlation was found 

between peripheral and cord blood (Pearson correlation coefficient = 0.296).  Thus, a 

difference in circulating MBL levels was found between the three compartments.  

Based on data from these 49 mothers and off-springs, no difference in MBL levels 

was found in IVS placental (p=0.691, Wilcoxon rank-sum test) or cord blood (p=0.838, 

Wilcoxon rank-sum test) between babies born to mothers with or without placental 

malaria (Fig. 4) and there was no correlation between MBL levels in the IVS and 

placental parasitemias (Spearman correlation coefficient r=0.05).  Based on results from 

49 women, placental malaria does not appear to influence MBL levels in either IVS or 

fetal cord blood at delivery.   

No association between SNPs in codon 57 of exon 1 and placental malaria or LBW 

babies.  In order to test the influence of MBL SNPs on delivery outcomes, 120 women 

with LBW and 281 NBW babies were selected (Table 1A).  Results show that a similar 

percentage of A/A and A/C+C/C mothers had placental malaria (39% vs. 41%, 

respectively) and LBW babies (A/A =31.0% vs. A/C+C/C=27.3%).  Information on 

Bulmer scores was available for 111 of the 401 women.  The proportion of women with 

A/A and A/C+A/C genotypes was similar among those who had chronic (n=25 women; 

50% A/A vs. 50% AC/+C/C) or past placental infections (n=32 women; 46.9% vs. 
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53.1%).  Thus, SNPs in codon 57 of exon 1 that resulted in low or high levels of 

functional MBL (Table 2) did not influence the prevalence of placental malarial LBW or 

babies.  

   Polymorphisms in the promoter region.  The presence of polymorphisms in MBL2 at 

positions -550 (H/L), -221 (X/Y), and +4 (P/Q) were determined using DNA from 152 

women selected based on their genotype at codon 57 (A/A or A/C or C/C), delivery 

outcome and placental malaria (Table 1B).  Results showed that the most frequent 

haplotype in the cohort was LYQA (36.5%; 111/304 possible haplotypes), which is a 

haplotype that has been reported to be common in Africa (21). This was followed by 

LYQC (24.7%), LXPA (14.5%), HYPA (14.1%) and LYPA (10.2%) (Table 3). 

Among A/A women, those with the genotypes LYQA/LYPA, LYQA/LYQA, 

LYQA/HYPA and LXPA/HYPA had high levels of serum MBL (range of medians 1,422 

– 1,974 ng/ml), those with LYQA/LXPA had intermediate (median 952 ng/ml), and those 

with LYPA/LYPA had low levels of MBL (median 199 ng/ml) (Table 3). The influence 

of these SNPs was less apparent in women with A/C + C/C haplotype, due to their lower 

levels of MBL.  Thus, SNPs located outside the coding region directly influenced serum 

MBL levels.  

Association of maternal haplotypes and MBL levels with LBW babies.  Mothers with 

the LXPA haplotype, in association with either LYQA or LYQC, were at a higher risk of 

having LBW babies than women with the other haplotypes combined (p= 0.001, Chi-

squared test) (Table 4).  The median gestation period for women with the LXPA 

haplotype was 37.6 weeks compared to 40 weeks for the mothers who do not have the 
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LXPA haplotype (p =0.007, Wilcoxon rank-sum test).  Babies born before the completion 

of the 37th week of gestation are classified as premature; therefore most of the LBW 

babies were due to premature deliveries.  LBW babies born to mothers with LXPA had a 

lower birth weight (1900 and 1800 gm) compared to babies of mothers with the other 

haplotypes (p < 0.001 for all women; p=0.005 in placental malaria-negative women, and 

p=0.002 in malaria-positive women, Wilcoxon rank-sum test).  Although a higher 

proportion of the selected mothers expressing LXPA/LYQA (75%) and LXPA/LYQC 

(50%) had placental malaria compared to the other mothers shown in Table 4 (< 48%), 

the difference was not statistically significant (p = 0.388, Chi-squared test).  On the other 

hand, mothers with the HYPA/A genotype, considered in multiple studies to be 

associated with high levels of MBL (21), had the lowest percentage of LBW babies 

(12%) compared to women with the other major genotypes combined (42%) (p=0.005, 

Chi-squared test) (Table 4).   

Although an association between maternal genotypes and LBW babies was found, 

no association was observed with MBL levels.  That is, no difference was found in MBL 

levels in either maternal peripheral blood, IVS placental blood, or cord blood between 

LBW and NBW deliveries (p=0.352, p=0.064, and p=0.217, respectively).  Furthermore, 

no difference in MBL levels in maternal peripheral, IVS, or cord blood was found among 

NBW and LBW infants due to PTD or intrauterine growth reduction (IUGR) (peripheral 

blood p = 0.138, IVS p=0.162, and cord blood p=0.434, respectively).  In this study, 

SNPs in the promoter region, but not MBL levels, were associated with the frequency of 
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LBW babies.  

 

DISCUSSION 

Since MBL binds to the surface of IE, we hypothesized that MBL might aid in the 

clearance of parasites sequestered in the placenta, especially early in first pregnancies 

before mothers produce antibodies that blocks cytoadherence.  Our results agree with 

previous reports on the prevalence of the exon 1 codon 57 SNP of MBL2 in 

Cameroonians and other African populations (22, 26).  The results also verify the 

influence of SNPs on MBL levels (Table 2-3)(21, 22).  However, the data do not support 

a beneficial role for MBL in placental malaria.  First, during pregnancy plasma MBL 

levels were not enhanced in women with asymptomatic P. falciparum infections (Fig. 2-

3).  Second, at delivery MBL levels were similar in the peripheral and placental blood of 

women with and without placental malaria (p=0.13 and p=0.69, respectively).  Third, 

placental malaria in primi- and multigravidae was not correlated with either SNPs in 

codon 57, SNPs in the promoter region, or plasma MBL levels.  Finally, no association 

with either SNPs or MBL levels and malaria-associated pregnancy outcomes was 

observed.  Therefore, it seems unlikely that MBL is a major innate immune mediator in 

placental malaria. 

Although MBL has been studied for over 10 years, a protective role for this lectin 

in malaria has been difficult to establish.  In vitro MBL binds to undefined parasite 

cytoplasmic proteins and the surface of IE (10, 15).  The nature of the ligand bound by 

this lectin remains unclear, since the plasmodial genome lacks most glycosyltransferases 
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required for N-glycosylation (33).  Few studies have shown that P. falciparum antigens 

activate the MB-lectin pathway.  The pathway is not triggered during the liver stage of 

malaria (32).  However, elevated MBL levels have been found in sera of Gabonese 

children with severe, but not mild, malaria (4, 19), and a 1.5-2-fold increase in MBL was 

detected in sera of Sudanese adults (39) with severe malaria.  In the current study, 

pregnant women had asymptomatic and submicroscopic infections, and their MBL levels 

did not increase compared to when they were PCR-negative for malaria (Figs. 2-3).  

Unlike in the Sudanese study, a 1.5-2.0-increase in MBL did not constitute a positive 

response in our study because a 1-3 fold change in MBL levels were observed in 

pregnant women who remained malaria-negative throughout pregnancy (Fig. 2A).  To 

our knowledge, no study has found an association between MBL and decreased 

parasitemias or protection from malaria.  Similarly, no association between placental 

parasitemias and MBL levels was found in pregnant Cameroonian women.  Thus, 

additional information is needed about the role of MBL in protection. 

SNPs in the MBL2 gene have been linked to increased severity of disease in 

young children, especially in children who are homozygous for the polymorphism (10, 

27).  For example, a new variant in exon 1, called g.797C, which is in absolute linkage 

disequilibrium with the C variant, is overrepresented in Gabonese children with severe 

malaria (4).  Furthermore, the haplotype LYQC is more prevalent in young Ghanaian 

children with severe malaria than healthy aparasitemic children (11), but the association 

was not observed in children over 2 years old, suggesting that age-dependent adaptive 

immunity to malaria acquired by older children supersedes the beneficial effects of MBL.  
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On the other hand, an extensive study by Bellamy et al. found no association between the 

prevalence of variants B and C and severe malaria in Gambian children (3), data specific 

for children <2 years were not evaluated.  Taken together, data suggest that SNPs in 

MBL2 may be associated with severe malaria in young children, but not with 

asymptomatic infections in children (27) or adults, including pregnant women, who have 

substantial levels of acquired immunity.  

The prevalence of LBW babies was higher in Cameroonian women who had the 

LXPA haplotype compared to women carrying the other haplotypes (Table 4).  In 

accordance with previous studies (21), we found LXPA to be associated with lower MBL 

levels due to SNPs in the promoter region.  This is the first study to find an association 

between polymorphisms in the MBL2 promoter region and LBW babies.  The majority of 

babies whose mothers had the haplotype LXPA was born prior to 38 weeks of gestation 

(Table 4), and thus were LBW due to prematurity.  Previously, genetic variants in exon 1 

have been linked with spontaneous abortions and miscarriages (8, 13, 16), and to have an 

influence on preterm deliveries (1, 41).  Annells et al. (1) found an increased risk of 

having deliveries <29 weeks in women with the variant B, an allele associated with low 

MBL production.  Interestingly, van de Geijn et al. (41) reported an association between 

high MBL levels and shorter gestational periods in normal deliveries.  In our study, an 

association was found with genotype, but not MBL levels.  Clearly, additional studies are 

needed to evaluate the effect of MBL genotype on pregnancy outcome independent of 

malaria.  
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In this study, polymorphisms in the promoter region, but not exon 1, were 

associated with LBW babies.  This result was unexpected since SNPs in both regions 

resulted in lower MBL levels (Table 2-3).  Several explanations are proposed.  First, 

SNPs in the MBL2 gene other than those evaluated in this study may be involved, e.g., 

variants in exon 4 could contribute to structural abnormalities (2, 4).  Second, LXPA 

might be in linkage disequilibrium with other genetic polymorphisms within the MBL2 

gene or perhaps linked to other genes encoding other innate immune components.  

Finally, pro-inflammatory cytokines have a major influence on MBL production, 

especially in individuals with the genotype XA/YA (4).  Therefore, future studies on the 

interaction of LXPA, infectious diseases and their effects on premature deliveries are 

warranted. 

This is the first study to measure the concentration of MBL in the IVS.  Although 

maternal peripheral blood continuously circulates through the IVS, MBL levels were 

often higher in the IVS than in the peripheral blood (Fig. 4). The increase in MBL is most 

likely of fetal origin since mRNA for the lectin is present in amniotic fluids (23), and 

MBL is expressed by first trimester cytotrophoblasts and mesenchymal cells (13).  

Recently, Oudshoorn et al. reported that MBL amounts were equal in umbilical venous 

and arterial blood and that the levels in cord blood differ from those in maternal 

peripheral blood (31).  Likewise, in the current study, only a weak correlation was 

observed in MBL levels between peripheral and cord blood (Pearson correlation 

coefficient = 0.296).  These data suggest that the fetus produces MBL either 

constitutively or in respond to “foreign stimuli.”  In either case, release of MBL into the 
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IVS could protect the fetus against pathogens that might otherwise cause local pathology.  

Interestingly, fetal trophoblasts also produce sFlt1, a molecule with anti-inflammatory 

and anti-angiogenic activity that is coded for by the FLT1 gene.  Recent studies show that 

in women with placental malaria, the maternal FLT1 genotype was associated with LBW 

deliveries in first time mothers (29) and that sFlt1 was produced by trophoblasts in 

response to placental malaria (28).   However, the potential biological role of sFlt1 in the 

context of placental malaria remains unclear.  In our study enhanced MBL levels in cord 

blood were not associated with placental malaria, but it is possible the fetus was exposed 

to other pathogens or immuno-stimulatory molecules in utero that induced the MBL 

response.  Clearly additional studies are needed to determine if MBL can be triggered by 

pathogens that cross the placenta or by cytokines produced in the IVS that induce 

signaling across fetal villous membranes. 

The initial hypothesis was that women with low MBL producing genotypes would 

maintain placental infections for a longer period than women who produced high levels 

of MBL upon infection, and thus be at a higher risk of poor pregnancy outcomes.  We 

found not convincing evidence to support the hypothesis.  These results do not rule out a 

role for MBL in malaria.  All of the women in the study had very low peripheral 

parasitemias, asymptomatic infections, and placental histology revealed that very few 

women had active placental at delivery, a condition more likely to be associated with 

elevated MBL levels.  Longitudinal studies comparing when a woman is infected, the 

resulting placental histopathology, and amount of MBL in cord blood are needed to fully 
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assess the role of MBL.  Additional studies are also warranted to establish the biological 

basis for the association between LXPA and LBW babies. 
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TABLE 2.  Frequency of the alleles at codon 57  

in exon 1 of MBL2 

  

No. of 

women 

(n=455) 

Frequency 

(%) 

Median MBL 

concentrations  

(ng/ml)* 

Genotype    

A/A 304 66.8 1,171 

A/C 144 31.7 101 

C/C 7 1.5 0 

Allele    

A  82.5  

C  17.5  

*Median is based on n = 111 for A/A women; n = 82 for A/C; 

and n = 7 for C/C.  MBL levels differed significantly among 

the groups, p<0.001.  
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Figure 1  

MBL levels in plasma during the course of pregnancy.  Peripheral plasma was 

collected every other month from women in Yaoundé (n=34) and in Ngali II (n=20).  

Each data point is based on: A/A Yaoundé (n = 15-21 samples); A/C Yaoundé (n=10-12 

samples); A/A Ngali II (n=8-15 samples) and Ngali II A/C+C/C (n=3-5 samples). Box-

whisker plots depict 10th, 25th, 50th, 75th and 90th percentiles.  MBL levels were higher in 

A/A compared to A/C+C/C (p=0.018).   
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Figure 2 A&B 

Changes in MBL levels in the peripheral blood during the course of pregnancy. 

A.  Modulation of MBL levels in women (n=6) who were PCR-negative for                    

P. falciparum at all time points.  B. MBL levels in women (n=6) when they were (■) 

slide-positive, (▲) had submicroscopic infection, or (●) were slide- and PCR- negative 

for malaria.  
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Figure 2 A&B 
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Figure 3 

The influence of P. falciparum infection on plasma MBL levels.  Levels of MBL in 

plasma collected when women were malaria-positive and negative (n =193 samples).  

Results for A/A and A/C+C/C are based on 24 and 11 slide-positive samples, 35 and 13 

samples from submicroscopic infections, and 70 and 40 PCR-negative samples, 

respectively.  Box-whisker plots depict the 10th, 25th, 50th, 75th, and 90th percentiles.  No 

differences in MBL levels were found.   
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 57 

 

 

 

 

 

Figure 4 

MBL levels in maternal peripheral blood, IVS blood and fetal cord blood.  Box-

whisker plots depict the 10th, 25th, 50th, 75th, and 90th percentiles. A significant difference 

in MBL levels was found between maternal peripheral blood, blood in the IVS, and fetal 

cord blood (p<0.01, Wilcoxon signed rank test).  However, MBL levels were similar in 

these compartments for women who were infected with P. falciparum and those who 

were not (DNS).  n= 49 women and cord samples. 
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ABSTRACT 

Placental malaria alters the immunologic balance between pro- and anti-inflammatory 

cytokines at the maternal-fetal interface increasing the risk of poor pregnancy outcomes. 

For instance, elevated placental levels of TNF-α and IL-10 have been associated with 

preterm delivery (PTD) in pregnant women infected with Plasmodium falciparum. 

Currently, candidate genes predisposing women to pregnancy complications when they 

have malaria are unknown, but might aid in prenatal diagnosis of women at risk of 

malaria-associated PTD. To assess the influence of maternal cytokine promoter 

polymorphisms on malaria-associated PTD, the allelic distribution of several TNF-α       

(-376G/A, -308G/A, -238G/A) and IL-10 (-1082G/A, -819T/C, -592A/C) promoter 

variants were evaluated by restriction fragment length polymorphism analysis in 279 

malaria-infected and –uninfected Cameroonian women, who delivered prematurely and at 

term. Women with the IL-10 GCC/GCC genotype had higher levels of IL-10 in placental 

plasma (p=0.0001), were more likely to be anemic (p=0.0001), and had an increased risk 

of delivering prematurely if they were infected with malaria (OR: 3.5, 95% CI 1.2-10.4).  

These results demonstrate that contrary to a beneficial role in both reproductive biology 

and malarial infection in children, the high-secreting IL-10 genotype GCC/GCC was 

associated with increase risk of PTD in the context of malaria in pregnancy. The        

TNF-α –308AA genotype was associated with PTD, but not with increased levels of 

circulating cytokine in malaria-infected women. 
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INTRODUCTION 

Plasmodium falciparum infection during pregnancy increases the risk of severe 

maternal anemia and low birth weight (LBW) infants due to preterm delivery (PTD) or 

intrauterine growth retardation (28; 30).  Both anti- and pro-inflammatory cytokines, 

which are counter-regulatory, are produced in the intervillous space (IVS) and maintain 

the proper immuno-balance for a successful pregnancy.  However, infected erythrocytes 

(IE) that sequester in the IVS of the placenta impair the normal delicate immuno-balance 

present at the fetal-maternal interface.  Two of the major cytokines involved in activation 

and regulation of inflammation are TNF-α and IL-10, respectively.  Previously, we 

reported that both placental TNF-α and IL-10 levels were elevated in plasma collected 

from the IVS in malaria-infected women with PTD (43).  Elucidating the mechanisms 

that lead to excessive production of TNF-α and IL-10 in the context of placental malaria 

(PM) is of high importance. 

TNF-α is a pleiotropic pro-inflammatory cytokine produced by different cells, 

e.g., macrophages in response to inflammatory stimuli and syncytiotrophoblasts in 

normal placental development.  TNF-α is crucial for the early success of fetal 

implantation and induction of parturition at term.  However, high levels of TNFα due to 

intrauterine microbial infections late in pregnancy result in increased prostaglandin E2  

(PGE2) synthesis and activation of matrix metalloproteinases that lead to the premature 

rupture of fetal membranes (18; 21).  Likewise, in malarial infection TNF-α was shown 
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to help in parasite clearance (7) but also correlate with increased pathogenesis and poor 

pregnancy outcomes (19).  

IL-10 is mostly produced by monocytes, T regulatory cells, B cells and 

trophoblasts (33; 38) and plays a critical role through the regulation of production of pro-

inflammatory mediators. In reproductive biology, IL-10 is an important cytokine 

allowing the pregnancy to be maintained until term.  For instance, expression of IL-10 in 

the placenta declines with an increase in gestational age (23) and lower IL-10 levels are 

believed to be permissive for the production of TNF-α and PGE2, inflammatory 

mediators leading to parturition.  Experimental studies in rats show that intravenous 

administration of IL-10 prevents PTD induced by intrauterine injection of 

lipopolysaccharide in late pregnancy (45).  However, our group found that in women 

with PM a decrease in the TNF-α /IL-10 ratio due to an overproduction of IL-10 is 

correlated with high parasitemia and PTD (43). This paradox of high IL-10 levels in      

P. falciparum infections during pregnancy suggest that, in the case of PM, the strong 

immunoregulatory role of IL-10 may alter important mechanisms for controlling malarial 

infections within the placenta (24; 27). 

Both IL-10 and TNF-α promoter regions contain many polymorphic sites. Well 

described IL-10 polymorphisms at positions -1082 (G/A), -819 (C/T) and -592 (C/A) are 

in strong linkage disequilibrium (50) and are thus inherited as haplotypes GCC, ACC or 

ATA. These haplotypes have an effect on the amount of IL-10 produced (47).  The IL-10 

ATA haplotype, corresponding to lower circulating IL-10 levels, has been reported to 
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correlate with increased risk of preterm birth (3), but this was not confirmed in another 

study (34).  Also, the high IL-10 producer GCC haplotype may protect against severe 

malarial anemia (35).  Polymorphisms in TNF-α promoter regions appear to be involved 

in gene regulation by altering transcription factor binding (1).  TNF-α -308A and -376A 

alleles have been associated with increased cytokine production (25; 49); however the 

role of TNF-α polymorphisms in malarial infections and pregnancy remains unclear. For 

instance, several guanine to adenine polymorphisms have been implicated in protection 

from, or exacerbation of, malaria symptoms (2; 25; 29; 31) or to have no effect (8). 

Likewise, the influence of polymorphisms on PTD needs clarification (3; 13; 36; 41), and 

neither TNF-α nor IL-10 promoter polymorphisms have been investigated in PM. 

Very few studies have explored the contribution of host genetic factors of 

immunological pathways on PM.  Growing utilisation of molecular tools in prenatal 

testing could aid in the early detection of women who have an increased risk of 

pregnancy complications. Accordingly, we hypothesized that genetic variations that 

affect cytokine expression could predispose women to poor pregnancy outcomes due to 

malaria.  

The goal of the present study was to investigate whether TNF-α (-376G/A,           

-308G/A, -238G/A) and IL-10 (-1082G/A, -819T/C, -592A/C) promoter polymorphisms 

were associated with increased risks of PTD among pregnant women infected with                 

P. falciparum.  
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MATERIAL AND METHODS 

Study Design.  Between August 1996 and August 2001, samples and clinical information 

were collected from women residing in Yaoundé, Cameroon who delivered at the Biyem-

Assi Hospital and Central Hospital.  Details of the study, which was approved by the 

Institutional Review Board, Georgetown University and the National Ethical Committee, 

Cameroon, have been reported previously (44).  Among the 1,938 consecutively-

recruited women, ~19.1% had placental malaria (PM) at delivery;  23.3% of these 

malaria-positive women had premature deliveries (PTD), i.e., delivered between the 28th 

and 37th weeks of gestation.  Clinical samples and data for 94 women who had vaginal 

singleton PTD deliveries were available for use in this study.  For comparison, twice as 

many women (n=185) who had full-term deliveries (FTD) were selected by frequency 

matching for gravidity and age.  Overall, 41% of the women selected in the PTD and 

40% in the FTD groups had PM at delivery.  

Collection of Samples.   Maternal blood was collected from the IVS of the placenta 

immediately after delivery. Briefly, a 5 cm x 5 cm x 5 cm piece of placental tissue was 

excised from the basal side of the placenta creating a reservoir where a large pool of IVS 

blood accumulated. Blood was quickly withdrawn using a heparin-coated syringe and 

placed on ice until processed in the laboratory.  A biopsy of placental tissue was also 

collected immediately after delivery and used to prepare impression smears for 

parasitological analysis.  In addition, ~5 ml of maternal peripheral blood was drawn for 

determination of packed cell volume (PCV) and for subsequent DNA extraction. 
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Determination of Parasitemia and PCV.  Impression smears of placental tissues as well 

as thin and thick smears of peripheral and placental blood were prepared, stained with 

Diff-Quick solution (Baxter Scientific Products, Miami, FL), and examined for parasites.  

Parasitemia was determined by counting the number of infected red blood cells (RBC) 

among 2,000 RBC and expressing this value as percentage parasitemia.  Based on the 

presence/absence of parasites in placental impression and/or blood smears, women were 

considered either PM-positive or PM-negative.   

     Maternal hematocrits were determined by filling microhematocrit tubes with 

peripheral blood, centrifuging the tubes at 400xg for 5 min, and measuring the PCV in a 

hematocrit reader.  A woman was considered to be anemic if the PCV was <30%.   

Measurement of TNF-α and IL-10 in Placental Plasma by ELISA.  The cytokine 

levels in placental plasma were measured using commercial kits for TNF-α and IL-10 

(OptEIA ELISA kits, BD Pharmingen, San Diego, CA) following the instructions 

provided.  The assays had a sensitivity of detecting 5 pg/ml of TNF-α and 2.5 pg/ml of 

IL-10. 

DNA Extraction and Genotyping.  Maternal peripheral blood was centrifuged at 400xg 

for 30 min and the plasma was separated from the cellular components.  The buffy coat 

layer was removed and stored at -80°C until used.  Genomic DNA was extracted from 

~40 µl of buffy coat using a DNA purification kit (GENERATION® Capture Column 

Kit, Gentra Systems, Minneapolis, MN) according to the manufacturer’s directions.  

Genotyping of TNF-α promoter polymorphisms at positions –376 (rs1800750: G>A),       
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–308 (rs1800629:G>A) and –238 (rs361525:G>A) was conducted by polymerase chain 

reaction-restriction fragment length polymorphism (PCR-RFLP) using the methods of 

Wilson et al. (2002) and de Jong et al. (1992), with minor modifications (10; 48).  IL-10 

polymorphisms at positions –1082 (rs1800896:G>A), –819 (rs1800871:T>C) and –592 

(rs1800872:C>A) were evaluated using the PCR-RFLP method described by Roh et al. 

(2002), also with minor modifications (37).  TNF-α and IL-10 PCR mixes were used in 

both protocols.  Briefly, 100 ng of genomic DNA was amplified in a 50 µl reaction 

containing 1X PCR buffer (Applied Biosystems, Foster City, CA), 3.0 mM MgCl2 

(Applied Biosystems), 200 µM each dNTP (Invitrogen), 0.25 U of AmpliTaq® DNA 

polymerase (Applied Biosystems), and 5 µM each of the forward and reverse site-specific 

primers.  The following PCR amplification protocol was used for the region containing 

TNF-α polymorphic sites: 3 min at 94°C, 37 cycles of 1 min at 94°C, 1 min at 60°C,       

1 min at 72°C followed by a final cycle of 1 min at 94°C, 1 min at 60°C and 5 min at 

72°C.  For IL-10 polymorphic sites, the following protocol was employed: 7 min at 94°C, 

39 cycles of 45 sec at 94°C, 45 sec at 60°C, 1 min at 72°C with a final cycle at 72°C for 

10 min.  The amplified products were subjected to a 4-hour digestion with their 

respective endonucleases (BamHI, NcoI, FokI, RsaI or MnlI from New England Biolabs, 

Beverly, MA; MaeIII from Roche Diagnostics, Indianapolis, IN) at 37°C and 

subsequently were visualized on a 3.0% agarose gel.  

Statistical Analyses.  The Chi-square test was used for comparing the distribution of 

TNF-α and IL-10 promoter variants in pregnant women with PTD and FTD.  The non-
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parametric Mann-Whitney U test was used to evaluate differences in the amounts of 

cytokines, PCV and placental parasitemias between women with TNF-α –308A or those 

without and between women with the IL-10 GCC/GCC genotype and women with other 

genotypes.  A multivariate logistic regression model was used to identify risk factors for 

PTD.  The independent variables included age, gravidity, PM, anemia, TNF-α -308AA, 

and IL-10 GCC/GCC genotype.  All the analyses were performed using SAS (Version 

9.1, SAS Institute, NC). 

 

RESULTS 

Characteristics of the Women with PTD and FTD.   Cameroonian women recruited in 

a cross-sectional study were stratified depending of their pregnancy outcomes. Table 1 

provides a comparison of the 94 women with PTD and the 185 women with FTD who 

were selected by frequency matching for gravidity and age and further stratified by 

malarial status.  Accordingly, the percentage of primigravidae women and average age 

were the same in both groups. As expected, a significant difference in length of gestation 

(33.2 ± 3.1 vs. 40.0 ± 1.5 weeks, p<0.0001) and in newborn birth weight (2,211 ± 718 g 

vs. 3,326 ± 436 g, p<0.0001) was observed between the PTD and FTD groups. In 

addition, placental parasitemia were significantly higher among the PTD compared to 

FTD group (12.4% vs. 5.4%) (Mann-Whitney, p=0.0006) in the women with PM 

infections. The prevalence of maternal anaemia was higher for women with PTD 
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compared to FTD (41.9% vs. 29.2%, p=0.041, Chi-square test) which was mostly due to 

inclusion of women who had PM and experienced PTD.   

Levels of IL-10 and TNF-α cytokines in the IVS were measured by ELISA.  

While median IVS TNF-α  levels did not differ between PTD to FTD (median 12.7 pg/ml 

(8.0-34.2) and 12.6 pg/ml (7.5-22.1), respectively), levels of IL-10 were significantly 

higher in the IVS of women with PTD compared to FTD (38.4 pg/ml (21.8-100.3) and 

19.1 pg/ml (9.7-34.0), respectively, p=0.0004, Mann Whitney test) and this was 

particularly evident in PM-positive women with PTD (p<0.0001).  These results 

confirmed previous studies that showed that IL-10, but not TNF-α  levels, in the IVS 

were elevated in women with PTD (43). 

The Influence of Genetic Polymorphisms on Cytokine Levels in Women with or 

without PM.   TNF-α levels in placental plasma were determined.  Results showed that 

levels of TNF-α were significantly higher in the IVS of women with PM (Mann-

Whitney, p=0.04) (Fig. 1 left pair). Next, the influence of TNF-α promoter genotypes on 

cytokine production was compared across the genotypic groups for all women or for 

women with and without PM (Fig. 1). Because the frequency of women homozygote for 

the -308 A allele was low (7.4%), a finding consistent with other studies (22), analyses 

were performed by grouping women with -308 A/A and G/A genotypes together.  

Women who carried the TNF-α -308 G/A and A/A genotypes tended to have higher 

levels of TNF-α in IVS plasma compared to women with the TNF-α -308 G/G genotype 

(Figure 1, Mann-Whitney test, 14.5 vs. 11.9 pg/ml, p=0.068). However, neither carriage 
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of -308 G/G nor A/G and A/A genotypes was solely responsible for the observed increase 

in TNF-α levels between women who were PM+ and PM-. Thus, the higher amounts of 

TNF-α observed in PM-positive women cannot be attributed to the occurrence of the A 

allele at position -308 (G/A), since no difference in TNF-α levels between PM+ and PM-  

women with this allele was observed. Single nucleotide polymorphisms at positions         

-376 (G/A) and -238 (G/A) did not affect the expression of TNF-α in the IVS of women 

with or without malaria. Thus, none of the genotypes studied appeared to be individually 

responsible for the increase in TNF-α levels in women with PM.  

Based on IL-10 levels obtained for individual genotypes, pregnant women were 

categorized into 3 groups depending on single nucleotide polymorphisms at position        

-1082 (G/A), -819 (C/T), -592 (C/A).  The groups included women with 1) ACC/ACC, 

ACC/ATA, ATA/ATA; 2) GCC/ATA,GCC/ACC; and 3) GCC/GCC (Figure 2).  No 

significant difference was found in IL-10 levels among the 3 groups when the women 

were PM-negative (Fig. 2 left panel, Krustal-Wallis, p=0.26).  However, a significant 

increase in IVS IL-10 levels was found when women were PM+ (p<0.0001), and the 

amount of IL-10 differed significantly among the 3 groups (Fig 2, p=0.03).  Specifically, 

women with ACC/ACC, ACC/ATA, ATA/ATA genotypes; the GCC/ATA and 

GCC/ACC genotypes; and the GCC/GCC genotype were associated with low, 

intermediate and high levels of IL-10, respectively, when the women had PM compared 

to PM-negative women (Mann-Whitney, p=0.019, p=0.004 and p=0.014, respectively).  

Thus, all women had elevated levels of IL-10 in the IVS when they had PM (p<0001), 
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but the levels produced were directly related to IL-10 promoter polymorphisms.  Among 

women with PM, the median placental IL-10 levels were >4-fold higher in individuals 

with the GCC/GCC promoter genotype compared to women with other genotypes 

(Mann-Whitney, p=0.01). These findings suggest that the IL-10 GCC/GCC genotype 

influenced the amount of IL-10 produced in response to placental malaria infections.  

Association of TNF-α  -308 (G/A) and IL-10 -1082 (G/A), -819 (C/T), -592 (C/A) with 

maternal anemia and placental parasitemia.   The frequency of the TNF-α promoter 

polymorphisms -308 (G/A), -376 (G/A) or -238 (G/A) did not differ significantly 

between women who were anaemic and those who were not.  There was also no 

difference among these genetic groups in their level of placental parasitemia.  On the 

other hand, the frequency of the IL-10 GCC/GCC genotype was significantly higher in 

women who were anaemic compared to women who were not (21.7% and 6.7%, 

p=0.003, Chi-square test) independent of malaria (Table 2). As expected, the PCV were 

consistently lower in PM-positive women regardless of the IL-10 promoter genotype 

(data not shown, p=0.0002). However the PCV of women with PM who had the 

GCC/GCC genotype were further decreased compared to those with the other genotypes 

(data not shown, p<0.0001).  Overall these results found no influence of TNF-α 

polymorphisms, but an influence of IL-10 GCC/GCC on maternal anaemia. 

Placental parasitemia was low for women with the ACC/ACC, ACC/ATA, and 

ATA/ATA genotypes; intermediate for women with GCC/ATA and GCC/ACC 

genotypes; and high for women with the GCC/GCC genotype (Table 2).  However, the 
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differences between the three groups did not reach significance (Kruskal-Wallis test, 

p=0.11).  Mean placental parasitemia for women with the GCC/GCC genotype was 

similar to that of women with the other genotypes (Mann-Whitney, p=0.11), however 

women with genotypes associated with low IL-10 levels (ACC/ACC, ACC/ATA, and 

ATA/ATA) had lower placental parasitemia than women with other genotypes (Mann-

Whitney, p=0.07).  In addition, placental parasitemia between the above groups , i.e., 

high and low IL-10 producers, were significantly different (Mann-Whitney, p=0.04), but 

linear regression analysis showed that IL-10 levels in the IVS were not correlated to 

parasitemia (r=0.14, p=0.21).  

Association of Maternal TNF-α  -308 (G/A) and IL-10 -1082 (G/A), -819 (C/T), -592 

(C/A) and Birth Outcomes.   To determine if an association between any of the       

TNF-α -308 (G/A) promoter genotypes and PTD exists, the frequency of each 

polymorphism was determined for women who delivered prematurely or at term (Table 

2).  Genotype distributions were consistent with Hardy-Weinberg equilibrium for women 

with FTD (p=0.59, Chi-square test), but not for women with PTD (p<0.0001,Chi-square 

test). Moreover, genotype frequency analysis in regard to birth outcomes showed a 

significantly higher frequency of -308 A/A genotypes in women with PTD (Table 2, 

p=0.02, Chi-square test). Taken together, these results suggest that women with the         

-308 A/A genotype are predisposed to PTD.  

 A higher frequency of the IL-10 GCC/GCC genotype was also found in women 

with PTD compared to FTD but the difference was not statistically significant (p=0.066, 
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Chi-square test).  The cumulative probability of maintaining pregnancy for women 

carrying the GCC/GCC genotype compared to the other genotypes and the effect of PM 

on gestational age was examined using Kaplan-Meier survival analysis (Figure 3). 

Among malaria-negative women, the percent probability of maintaining a pregnancy, as 

indicated by weeks of gestation, was similar for women carrying the GCC/GCC genotype 

than others (log-rank test, χ2 = 0.29 with 1 degree of freedom, p=0.58). By contrast, 

women with PM and the IL-10 GCC/GCC genotype were more likely to deliver earlier in 

gestation (log-rank test, χ2 = 4.01 with 1 degree of freedom, p=0.045). 

Risk factors for PTD. Univariate analysis showed that the following were found to be 

significant risk factors for PTD: placental parasitemia greater than 1% (p=0.014), anemia 

(p=0.041), homozygosity for TNF-α -308 A/A (p=0.009) and IL-10 promoter GCC/GCC 

(p=0.017). The adjusted odds ratio (95% CI) for placental parasitemia was  2.1 (1.1-3.8), 

for anemia was 1.7 (1.0-3.0), for homozygous TNF-α -308 A/A was 10.4 (1.2-90.4), and 

for IL-10 GCC/GCC was 2.5 (1.2-5.4). When using a multivariate logistic regression 

model and after adjusting for maternal age, gravidity, placental parasitemia and anemia, 

only the IL-10 GCC/GCC genotype was correlated with PTD (p=0.042).  

 

DISCUSSION 

This is the first genetic association study exploring the potential effects of TNF-α 

and IL-10 promoter polymorphisms on pregnancy outcomes in women living in a malaria 

endemic area. From our results, we concluded that the IL-10 GCC/GCC genotype was 
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correlated with increased risk of a woman delivering prematurely in women with PM, as 

well as predisposing women to anemia. We also demonstrated that TNF-α -308A/A 

genotype was more prevalent in women with PTD (Table 2).  Although a majority of 

women with the -308A/A genotype were positive for PM, the low frequency of the A/A 

genotype (6/276 – 2.2%) was insufficient to determine if its relationship with PTD was 

influenced by malaria.    

Premature delivery is a clinical manifestation that is the consequence of many and 

diverse etiologies, but a major cause is due to infections, especially in the gestational 

tissues. Genetic contributions to PTD and disparities between ethnicities have recently 

been investigated (reviewed in (5)), but because of the complexity of host:pathogen 

interactions, many researchers believe that both genetic and environmental factors lead to 

PTD.  Both IL-10 and TNF-α are critical mediators, not only for the success of the 

pregnancy, but also for immunity to malaria.  In a previous study, we concluded that high 

levels of both cytokines correlated with PTD in women with PM.  Although women with 

PM are at a higher risk for PTD, not all women with PM deliver prematurely, suggesting 

that inter-individual genetic differences play a role in determining delivery outcomes. 

Infection with the parasites late in pregnancy is correlated with PTD, while infection 

early in pregnancy predisposes the fetus to intrauterine growth retardation, and both 

conditions eventually lead to LBW infants. In our study, the IL-10 GCC/GCC genotype 

was associated with higher levels of IL-10 in the IVS, and was more prevalent in malaria-

positive women with PTD, confirming earlier observations (43). Additionally, this IL-10 
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genotype was found in higher frequency in women who were anemic (Table 2). This 

result differs from a study on Kenyan children where low levels of IL-10 were associated 

with acute malaria (35). However, the difference may come from the fact that women 

included in our study were asymptomatic and living in an endemic area with high 

transmission levels, where malaria becomes essentially a chronic disease. High IL-10 

levels in chronic infections have been associated with anemia, e.g., patients with chronic 

diseases have increased IL-10 levels in the plasma causing an alteration of the iron 

metabolism leading to anemia (46).   

IL-10 is one of the most potent anti-inflammatory cytokine that is essential for 

sustaining pregnancy throughout gestation especially in cases of placental infections (14).  

It suppresses immuno-aggression towards the fetus, supposedly because it can counteract 

the effects of inflammatory cytokines such as IL-2, INF-γ and TNF-α (9). For instance, in 

pregnant rhesus monkeys the administration of IL-10 either intra-amniotically or 

systemically inhibits IL-1β-induced preterm uterine contractions (39) and low levels of 

IL-10 are correlated with PTD in rat models (45). Finally, the IL-10 ATA haplotype, 

corresponding to lower levels of IL-10, was found to be more common in women with 

chorioamnionitis, another disease highly correlated with PTD (4). Thus, in general, low 

levels of IL-10 during infection or uncomplicated pregnancies are associated with PTD.  

PM seems to be different since elevated IL-10 levels in the IVS of women with PM and 

the resulting high ratio of IL-10/TNF-α are correlated with PTD (43).  Some studies have 

reported that IL-10-secreting cells during active PM at delivery are deleterious for the 
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mother because it may lead to the impairment of parasite clearance by directly acting as a 

counter-regulator of inflammation (32; 43). Interestingly, transgenic mice overexpressing 

TNF-α also express very high levels of IL-10 (42) and this might be exacerbated in PM 

where there is an infiltration of monocytic cells. In addition, the presence of 

syncytiotrophoblast and the pregnancy-associated expansion of T regulatory cells can 

also contribute to elevated IL-10 levels. However, IL-10 may have additional effects in 

the IVS.  IL-10 contributes to decreasing the expression of MHC class II (11) that is 

essential for the presentation of malarial antigens and the development of humoral 

acquired immunity. Furthermore, a recent study showed that long term IL-10 expression 

in chronic infections can lead to the switching to monocyte phenotypes with reduced 

allogenic CD4(+) T cell stimulatory capacity (40). Finally, studies suggests that 

persisting expression of inflammatory cytokines such as TNF-α and INF-γ co-expressed 

with IL-10 during viral or microbial infections results in unresponsiveness of 

macrophages to IL-10 (6; 20). Taken together these observations suggest that PM may be 

characterized by an imbalance between IL-10 and pro-inflammatory cytokines with an 

overexpression of IL-10, and that IL-10 GCC/GCC results in even higher levels of this 

cytokine that could exacerbate the problem. 

 The prominent role played by TNF-α in immunopathology in malarial infections 

led us to look at the influence of genetic polymorphisms on TNF-α regulation and its 

impact on PM. Although some studies have demonstrated that the -308 A/A genotype 

was correlated with increased cytokines levels (15; 26), other studies have not found this 
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association (16).  Our results do not confirm a correlation between promoter 

polymorphisms and TNF-α levels.  TNF-α bioavailability is dependent on post-

transcriptional regulation depending on the cell type and the environment and can also be 

influenced by other factors including levels of soluble tumor TNF-α -receptor 1 and 2. 

For this reason, genetic polymorphisms may not be correlated with TNF-α levels. The     

-308 A/A genotype however appear to predispose women to PTD (Table 2) and raises the 

possibility that this polymorphism might be in linkage disequilibrium with other 

important factors that influence birth outcomes. For instance, several studies have 

suggested that the TNF-α -308 A allele is significantly linked with high TNF-alpha-

producing autoimmune MHC haplotypes, leading to more severe disease outcomes, as 

suggested in several malaria studies (12; 17). While immunological responses leading to 

PTD are probably the consequence of interactions due to a variety of polymorphisms, in 

our study the combination of both TNF-α -308AA plus IL-10 GCC/GCC did not lead to 

enhanced prevalence of PTD. 

 In this study, we showed that both TNF-α -308 AA and IL-10 GCC/GCC 

promoter regions influenced pregnancy outcomes in women with PM. This finding 

clearly demonstrated that host genetic factors can exert a significant influence on PTD in 

malaria infected women. 
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Figure 1  

Placental TNF-α  levels at delivery grouped according to -308 G/A promoter 

genotype for women who were placental malaria-positive and -negative.          

Results based on samples from 157 women with -308 G/G (85 PM negative and 72 PM 

positive) and 22 with -308 G/A and A/A combined (13 PM negative and 9 PM positive). 

Boxes represent 25th and 75th percentiles with median. Lowest values indicate 5th, highest 

95th percentiles. Women with genotypes including the -308 A allele had higher levels of 

TNF-α but the difference was not significant.  
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Figure 2 

Placental IL-10 levels at delivery according to -1082/-819/-592 promoter genotypes 

for women placental malaria positive or negative. Results based on samples from 259 

women who were either placental malaria-negative (PM-Neg, n=156) or -positive (PM-

Pos, n=103) at delivery. Women were further stratified by IL-10 -1082/-819/-592 

genotypes into 3 groups, with 118 women with ACC/ACC; ACC/ATA and ATA/ATA 

genotypes (Mal Neg n=71, Mal Pos n=47), 111 women with GCC/ATA and GCC/ACC 

genotypes (Mal Neg n=69, Mal Pos n=42) and 30 women with the GCC/GCC genotypes 

(Mal Neg n=16, Mal Pos n=14). Boxes represent 25th and 75th percentiles with median. 

Lowest values indicate 5th, highest 95th percentiles. Median IL-10 levels were elevated in 

the placental blood of Mal Pos women compared to Mal Neg (Mann-Whitney, 

p<0.0001). PM Pos women with the GCC/GCC genotype had higher levels of IL-10 

compared to other women (Mann-Whitney, ** p=0.01). 
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Figure 3A&B 

Influence of IL-10 promoter genotypes on weeks of gestation at delivery in placental 

malaria negative and positive women.  Kaplan-Meier estimates were based on 259 

women who delivered at different gestational ages and were either (A) placental malaria 

negative (n=156) or (B) positive (n=103). Women were further stratified by genotype if 

they possessed the IL-10 GCC/GCC genotype (n=30, PM Neg n=16, PM Pos n=14) or 

any other genotype (n=229, PM Neg n=140, PM Pos n=89). Significance was tested 

using Log-rank test Chi-square analysis with 1 degree of freedom. PM positive women 

with the GCC/GCC genotype delivered at an earlier gestational time than women with 

other genotypes (p=0.045) 
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ABSTRACT  

P. falciparum-infected erythrocytes (IE) sequester in the intervillous space (IVS) 

causing placental malaria (PM), a condition that increases a woman’s chance of having 

low birth weight (LBW) babies who are more likely to develop health complications.  

Because IE sequester in the placenta, they are often not present in the peripheral blood 

making routine diagnosis of malaria difficult.  Since sequestration of IE induces 

inflammation in the IVS, detection of inflammatory mediators in the peripheral blood 

may be a way to diagnose PM.  Two cell surface receptors, TNF-α receptor (TNFR) 1 

and TNF-R2, mediate biological responses to TNF-α.  During inflammation, these 

receptors are shed and can neutralize TNF. Soluble TNFR (sTNFR) levels are increased 

in patients with severe malaria, but it is unclear if they are elevated in women with PM 

who have asymptomatic infections.  In this study, sTNFR levels were measured in the 

peripheral plasma of pregnant women with asymptomatic infections throughout the 

course of pregnancy and at delivery. Results showed that both sTNFR were significantly 

increased in women with asymptomatic malaria (p<0.0001) and were positively 

correlated with parasitemia (p<0.0001 for sTNF-R1 and p=0.0046 for sTNF-R2).  

Importantly, levels of sTNF-R2 were elevated in the peripheral blood of women who 

were peripheral blood-smear negative but were PM-positive (p=0.0017). Additionally, 

sTNF-R2 levels were elevated in the peripheral blood of malaria-positive women who 

delivered LBW babies. In vitro studies demonstrated that neither syncytiotrophoblast 
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cells nor activated-monocytes were likely to be responsible for the increase in sTNFR.  In 

conclusion, sTNF-R2 is a potential biomarker for detection of PM.   

 

INTRODUCTION 

In countries where Plasmodium falciparum is endemic, malaria infection in 

pregnant women is an important cause of maternal morbidity and neonatal mortality (47).  

Although pregnant women may become chronically infected during pregnancy, the 

disease usually remains asymptomatic.  At delivery, parasitized erythrocytes are 

frequently detected in the placenta, indicating a condition known as placental malaria 

(PM), which is associated with maternal anemia and low birth weight (LBW) babies 

(reviewed in (20)). Infected erythrocytes (IE) are often not detected on routine peripheral 

blood smears (28), because they are sequestered in the intervillous space (IVS) of the 

placenta, making the diagnosis of PM difficult.  The major consequence of PM is LBW 

that gives newborns reduced chances of surviving their first year of life (19).  Thus, 

accurate diagnosis and rapid treatment of malaria in pregnancy are of great importance. 

Sequestration of IE in the IVS can lead to a change in cytokine balance, including 

an increase in TNF-α (49), which enhances the cytoadherence of IE to trophoblasts (32) 

and supports the recruitment of monocytes into the IVS (41), an event that correlates with 

LBW babies (17; 42).  TNF-α is an important cytokine in PM and its levels must be 

carefully regulated, since low levels are necessary for enhancing phagocyte activities and 

controlling parasite densities (9), but high levels of exogenous TNF-α can trigger 
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inhibition of endocrine function and initiate extracellular matrix degradation resulting in 

poor pregnancy outcomes (5; 37).  The biological activity of TNF-α can be modulated, in 

part, by its soluble receptors, sTNF-R1 and sTNF-R2 (56) that are shed from the surface 

of a number of different cell types by proteolysis.  The soluble form of the receptors can 

then stabilize TNF-α when the cytokine is present in low concentrations in plasma or 

neutralize TNF-α by competing for occupation of the receptors on the cell surface when 

the cytokine is in excess in the local environments (2).  TNF-R1 is constitutively 

expressed in most tissues. However, TNF-R2 is also strongly regulated during an 

inflammatory response. Elevated levels of both soluble receptors in plasma have been 

associated with many pathological conditions (15). During pregnancy, both TNF-α (11) 

and its receptors are normally expressed and shed by first and third term villous 

trophoblasts (7; 58).  In women with PM, the accumulation of IE in the IVS could alter 

the normal tight immunologic balance at the maternal-fetal interface (16) leading to 

inflammation, pathological changes in the placenta and LBW babies.  Not all women 

with PM, however, suffer complications at delivery and this raises the question of 

whether inhibitory or regulatory systems, such as sTNF-R1 and 2, might modulate 

immunological events within the IVS.   

Significant elevation of sTNF-R1 and sTNF-R2 have been reported in plasma of 

patient with severe malaria (3; 14; 25; 36; 57), malaria-positive pregnant women (22; 24) 

and rhesus monkeys infected with P.coatneyi (13). An association between the peripheral 

blood parasitemia and sTNFR levels has been found in some of these studies, suggesting 
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that higher parasite burdens induce higher levels of inflammation that increases the 

shedding of these receptors.  It remains unknown if the extent of inflammation is high 

enough in asymptomatic P. falciparum infections for sTNFR receptors to be shed and 

thus detected in peripheral blood.  Some malaria studies have described the ratio of 

sTNFR and TNF-α levels (13; 25; 36), but a correlation between the amount of receptors, 

TNF-α and malaria disease outcomes remains unclear (34).  

In this study, we sought to determine if sTNF-R1 and sTNF-R2 were elevated in 

the peripheral blood of asymptomatic pregnant women who had PM. If so, then detection 

of these receptors might be used as a biomarker for diagnosing placental malaria.  An in 

vitro model using trophoblasts, endothelial cells, and monocytes was also developed to 

identify the source of sTNF-R1 and -R2 in the peripheral blood of pregnant women who 

had PM.  Finally, we sought to determine if elevated levels of these receptors were 

predictive of malaria-associated LBW babies. 

 

MATERIAL AND METHODS 

Study Population and Sample Selection.  Between 2001 and 2004, a prospective cohort 

study was conducted in pregnant women in Yaoundé, Cameroon where the transmission 

of P. falciparum is ~13 infectious bites/person/year (31). The study was approved by the 

Institutional Review Board (IRB), Georgetown University and the National Ethical 

Committee of Cameroon. The women were recruited <14 weeks of pregnancy and 

followed monthly through delivery and post-partum.  Non-pregnant women of child-



 100 

bearing age from the same area were recruited as controls and followed for 12 months. 

Before entering the study, informed consents were obtained.  At enrollment, information 

on current health, gravidity, age, and estimated time of gestation were recorded: monthly 

information on use of anti-malarial drugs during pregnancy was recorded; and, birth 

outcome and baby weight were obtained. Blood samples were collected during each 

monthly visit.  Woman who were blood-smear positive for malaria were prescribed 

antimalarial drug treatment according to the policy of the Ministry of Health.  A total of 

89 plasma samples from 20 pregnant women (mean 4.5 ± 0.7 samples per woman) and 37 

samples from 15 non-pregnant women (mean 2.5  ± 0.6 per women) were analysed.   

To compare the level of sTNFR in peripheral plasma and in the IVS of the 

placenta, and to assess the impact of sTNFR on delivery outcome, a total of 283 

additional 67 paired peripheral-placental plasma samples collected at delivery were 

selected from a previous study (50). Samples were selected based on pregnancy outcome 

and malaria status at delivery.  A total of 102 samples were selected from women who 

had LBW babies (i.e., ≤ 2500 g) and 180 who had normal birth weight (NBW) babies.  

Within these groups, an approximately equal number of women were malaria-positive 

and malaria negative (i.e., PM+ and PM-).  The 4 groups of women selected were 

identical in terms of age, gravidity and mean parasitemia (Table 1), i.e., factors known to 

influence pregnancy outcomes (50).  Maternal venous blood was drawn immediately after 

delivery in the presence of either EDTA or heparin anticoagulants.  In addition, IVS 

blood was collected using the biopsy-pool method (48) and transferred to a heparinized 

VacutainerTM tube (Becton-Dickinson, Oxnard, CA).  
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This selection resulted in 4 groups of women who delivered either LBW (i.e., less 

than 2,500g) or NBW babies in addition of being either positive or negative for PM as 

detected by placental impression smears. 

Determination of Parasitemia.  Thick and thin smears were made using blood samples 

collected during pregnancy and at delivery. They were stained with Diff-Quik (Baxter 

Scientific products, Miami, FL) and examined for the presence of P. falciparum. A 

portion of the placental biopsy was used to prepared impression smears that were stained 

with Diff-Quik and examined for parasites. The remainder of the tissue was fixed in 

buffered formalin, embedded in paraffin, sectioned, stained with hematoxylin-eosin and 

Giemsa, and examined for parasites.  PM was defined as detection of parasites in either 

impression smears or histological sections.  Peripheral parasitemia was recorded as 

number of infected erythrocytes/µl and placental parasitemias were recorded as percent 

of IE.  In addition, PCR was used to detect the presence of P. falciparum parasites in 

blood samples from the 20 women who were followed throughout the course of 

pregnancy (46).  Women who were blood-smear negative, but PCR-positive, were 

classified as having submicroscopic infections. 

In vitro culture of Plasmodium falciparum and preparation of parasite extracts.       

P. falciparum parasites (D-10 strain) were obtained from the Malarial Research and 

Reference Reagent Resource Center (MR4, Manassas, VA) and maintained in continuous 

in vitro cultures using a modification of the method of Trager and Jensen (54). Parasites 

were cultured using human erythrocytes at a 5% hematocrit, in RPMI-1640 supplemented 
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with 4.5g/L of D-glucose, 2.383 g/L of HEPES, 0.02 mg/mL of hypoxanthine, 1.5g/L of 

sodium bicarbonate, 0.11 g/L of sodium pyruvate, 5% heat-inactivated human serum 

(PAA, Dartmouth, MA) and 0.25% Albumax II (Invitrogen, Carlsbad, CA). Cultures 

were incubated at 37°C in an humidified atmosphere of 5% CO2, 5% O2 and 90% N2. 

Prior to preparation of parasite extracts, cultures were synchronized with sorbitol (26) 

and grown to a 10-12% parasitemia. Cultured cells were layered onto a 40 to 80% Percoll 

gradient, centrifuged at 3000rpm at room temparature (RT), and layers containing late-

stage parasites as well as layers containing the culture debris, such as free hemozoin 

pigments, were combined and washed with phosphate buffered saline (PBS). Parasites 

and debris were resuspended in 300µl of PBS, freeze/thawed rapidly 3 times, sonicated 

and vortexed until well resuspended. The extracts were then centrifuged at 13,000g for 10 

minutes and the supernatant was used as soluble parasite extracts, while the pellet was 

used as the parasite membrane fraction. 

In vitro Studies Using BeWo, THP-1 and HBMVEC Cells.  Immortalized cell lines 

were tested for their ability to shed sTNFR in response to diverse known inflammatory 

signals. Cell lines were chosen to represent cell populations found in infected placentas or 

known to be in contact with IE during malarial infection. Specifically, forskolin-induced 

BeWo (choriocarcinoma cells), which represent a model for syncytiotrophoblast lining 

the placenta outermost layer, and phorbol 12-myristate 13-acetate (PMA)-activated  

THP-1 (monocytic cells), as a model of activated macrophages known to accumulate in 

the IVS during PM were used (40) . We also treated human brain microvascular 
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endothelial cells (HBMEC) were used as a positive control for receptor shedding. BeWo 

choriocarcinoma cells (American Type Culture Collection (ATCC) cat# CCL-98, 

Manassas, VA) were grown in HAM’s F-12 and used until passage 30.  HBMEC were a 

generous gift from V. Nerurkar (University of Hawaii). They were maintained in Eagles 

Complete Medium, grown on flasks coated with attachment factor (Cell Systems, 

Kirkland, WA) and used between passages 8 and 12. Finally, THP-1 cells (ATCC cat# 

TIB-202), a human monocyte cell line, were grown in suspension in RPMI-1640 

medium. All media were supplemented with 10% fetal bovine serum (VWR, West 

Chester, PA ), 2 mM L-glutamine (Invitrogen), 100 IU/ml of penicillin and 100 µg/ml of 

streptavidin (Invitrogen).  Cultures were maintained under standard conditions in a 

humidified incubator with 5% CO2 and 95% air.   

To determine if these cells released sTNFR in response to the parasite extracts, 

optimal assay conditions were determined for each cell line prior to the study.  BeWo 

cells were seeded at 5x105 cells/ml, incubated for 24 h, and then treated with 10 nM 

forskolin for 24 h to induce the cells to form a syncytium. Cells were then cultured for an 

additional 24 h in incomplete medium prior to addition of the malarial extract. HBMEC 

were seeded at 1x106 cells/ml 24 h prior to the experiments. THP-1 cells were used either 

used directly or first activated with PMA then used. Briefly, THP-1 were seeded at 1x106 

cells/ml, treated for 18 h with 50 nM PMA that induced the adhesion of the cells, and 

then cultured for 48 h with fresh medium before the addition of parasite extracts. All cells 

lines were cultured in triplicate for 24 h with the following: PMA 50 nM and 200 nM; 
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TNF-α 0.1 ng/ml and 10 ng/ml; LPS 0.1 µg/ml and 10 µg/ml; RBC at 103 and 106 

cells/well; and parasite extracts equivalent to 103 and 106 IE per well. After 24 h, the cell 

supernatants were individually collected, centrifuged, and stored at -80°C until used. Cell 

viability was studied by MTT assay (38). Briefly, at the end of the experiment, 100 µl of 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide stock solution (MTT, final 

concentration: 0.5 mg/ml) was added to each well and cells were incubated for an 

additional 4 h at 37oC. Thereafter, the MTT solution was aspirated from the wells, 200 µl 

of 10% sodium dodecyl sulfate (SDS) was added to solubilize the cells.  The optical 

density (OD) of the released product was measured at 595 nm using a spectrophotometer 

(SpectraMax 34, Molecular Devices, Sunnyvale, CA). 

Quantifications of TNF-R1 and -R2 in plasma and cell culture supernatants. Soluble 

TNF-R1 and TNF-R2 in plasma samples were quantified in a multiplex assay using the 

LuminexTM suspension array technology (Austin, TX) based on antibody-coated beads 

available commercially with reagents and secondary antibodies (Invitrogen, Cat # 

LHC3021 and LHC3031).  Plasma samples were diluted with assay diluent provided 

(Invitrogen).  To determine sTNF-R1 and -R2 concentrations (pg/ml), standard curves 

were prepared for each plate using reconstituted standards provided in the kits and linear 

regression analysis was performed. The sensitivity of the assay was 2 pg/ml.  In order to 

determine if the multiplex assay was detecting both free and TNF-bound receptors in 

plasma, 5, 0.5 and 0.05 ng/ml of TNF-α was added to plasma samples with known 
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amounts of sTNFR, pre-incubated for 1h, assayed and the amount of sTNFR in paired 

samples with and without added TNF were compared.   

Levels of sTNFR in cell culture supernatants were measured using commercial 

ELISA kits from HyCult Biotechnology b.v. (PB Uden, The Netherlands).  TNF-α levels 

in IVS plasma was determined by ELISA (OptEIA® ELISA kits, BD Pharmaningen, San 

Diego, CA).  The assays had sensitivities of 25 pg/ml and 5 pg/ml, respectively.  

Statistical analysis. Results are reported as median concentration or mean (± SD). 

Spearman correlation coefficient was used to assess correlations for malaria parasitemia, 

sTNFR and TNF-α levels in the peripheral and IVS plasma.  The between-group 

differences in the percentage of PM infection, LBW, and other categorical variables were 

compared using the Chi-squared test.  The between-group differences in sTNFR and 

TNF-α levels at delivery were tested using the Mann-Whitney or Wilcoxon rank-sum test 

as appropriate.  The between-group comparisons in repeated measures of sTNFR level 

during pregnancy were made using a likelihood ratio test based on a mixed model with an 

unstructured covariance structure among repeated measures.  All the statistical analyses 

were conducted using SAS software (V9.1, Cary, NC).  

 

RESULTS 

Levels of sTNF-R1 and sTNF-R2 in the Peripheral Blood of Pregnant and Non-

Pregnant Women. To determine if sTNF-R1 and sTNF-R2 were increased in the 

peripheral blood of women with asymptomatic malaria infections, peripheral blood levels 
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were evaluated from non-pregnant (n=37) and pregnant (n=44) women.  Among these 

women, 13 non-pregnant and 24 pregnant women had asymptomatic infections, i.e., were 

slide-positive without clinical symptoms (Figure 1).  The means parasitemia between the 

non-pregnant and pregnant groups were not statistically different (3,990 ± 9006 and 

2,941 ± 5322 IE/µl, respectively).  Levels of sTNF-R1 were similar in the blood of slide-

positive and negative non-pregnant women (p=0.14); however, levels were significantly 

higher in pregnant women with asymptomatic malaria compared to pregnant women 

without malaria (p=0.001) (Figure 1A).  In contrast, sTNF-R2 levels were significantly 

increased in both non-pregnant and pregnant women who were slide-positive for malaria 

(Figure 1B, p=0.0092 and p<0.0001, respectively).  These results document that     

sTNF-R1 is elevated in malaria-positive pregnant women, but sTNF-R2 is elevated in 

both pregnant and non-pregnant women with asymptomatic infections.  

Levels of sTNFR Throughout Pregnancy.  Serum levels of sTNF-R1 are reported to 

increase during the course of pregnancy (6).  To evaluate the influence of gestation on 

sTNFR levels, sTNF-R1 and sTNF-R2 levels were measured in the blood of pregnant 

women who remained malaria-negative, both by slide and PCR, during the course of 

pregnancy. Then sTNFR values were compared between women who were malaria-

positive at different time points with those who remained malaria-negative (Figure 

2A&B). The demographic description of the cohort of 20 women used in this study is 

presented in Table 1.  As previously reported (6), sTNF-R1 levels in malaria-negative 

women increased as pregnancy progressed toward delivery and dropped post-partum 



 107 

(Figure 2A, Spearman r=0.44, p=0.005).   Median levels, however, only rose to ~920 

pg/ml compared to 700 pg/ml post-partum and were consistently lower than those 

observed in women with asymptomatic infections.  Levels of sTNF-R2 for women who 

were negative for malaria by microscopy and PCR remained constant throughout 

pregnancy. 

 The effect of malarial infection on receptor levels at different time points during 

pregnancy was assessed using 38 samples from 15 asymptomatic pregnant women 

(Figure 2A&B). Overall, levels of both peripheral sTNF-R1 and sTNF-R2 where 

significantly elevated when women had asymptomatic infections at different times 

throughout pregnancy (Figure 2A&B, p<0.0001). Additionally, results in Figure 2A&B 

show that both receptors seemed to be elevated between 25-29 weeks of gestation, 

however, the increased levels were associated with increased mean parasitemia (Figure 

2A&B, squared symbols, right Y axis), and not time of gestation per se. Furthermore, in 

all cases, sTNF-R2 levels increased when women were blood smear-positive by 

microscopy compared to the previous visit when they were blood-smear negative, and 

levels returned to pre-infection levels at the next consecutive blood-smear negative visit 

(Figure 3).  Levels of sTNF-R1 for lower parasitemia were not as sensitive as for sTNF-

R2 and not all individual women had a significant increase of sTNF-R1 level from a 

malaria-negative to malaria-positive visit. Overall, the average fold increase for sTNF-R1 

was only 1.6 ± 0.7 compared to a 2.5 ± 1.2 fold increase in sTNF-R2 levels (p=0.008).  

Thus, on average, significantly higher levels of both soluble receptors, especially    

sTNF-R2, were detected in slide-positive women throughout pregnancy. 
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Levels of sTNFR and Parasitemia. Significant correlations between levels of both 

sTNF-R1 and sTNF-R2 and peripheral parasitemia were found using linear regression 

analysis (Figure 4A&B) (n=38, r=0.81, p<0.0001 for sTNF-R1 and r=0.45, p=0.0046 for 

sTNF-R2).  The difference in the correlation coefficients might reflect the fact that  

sTNF-R2 levels increased when low numbers of parasites/µl were detected, whereas 

sTNF-R1 levels did not increase until substantially higher parasitemias were reached. 

Additionally, compared to sTNF-R1, all individual values for sTNF-R2 were above the 

median level observed in negative women (Figure 4B, dashed grey line). Thus, based on 

the above results, sTNF-R2 might be a better candidate for a biomarker than sTNF-R1 

because it has a greater increase during infection (2.4 vs 1.5-fold) and was detected at a 

lower parasitemia (Figure 4). 

Levels of sTNFR in the peripheral blood at delivery.  In order to compare levels of 

sTNFR  in women with or without PM, peripheral plasma samples collected at delivery 

from 144 women who were malaria negative, i.e., both peripheral blood and PM-

negative; 127 women who were peripheral blood smear and PM-positive, and 35 women 

who were peripheral blood smear negative but PM positive were screened for sTNFR 

levels.  Peripheral blood levels of sTNFR at delivery were significantly higher in women 

with PM than malaria-negative women (Mann-Whitney, p<0.0001) (Figure 5A&B).  

These observations were especially evident for primigravid women (data not shown). 

Mean levels of sTNF-R1 at delivery in malaria-negative women were higher than mean 

levels during pregnancy (1,226 ± 1310 pg/ml and 766 ± 279 pg/ml, respectively, 
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p=0.0081), but were similar to those found late in pregnancy which was in accordance 

with the gradual increase of sTNF-R1 shedding toward delivery observed in Figure 2A.  

Conversely, sTNF-R2 levels were reduced at delivery compared to mean peripheral blood 

levels during pregnancy (3,747 ± 1488 pg/ml and 4,881 ± 2957 pg/ml, respectively, 

p=0.01) in women who were malaria-negative. Importantly, only sTNF-R2 levels were 

significantly elevated in the peripheral blood of women who were peripheral blood 

smear-negative but PM-positive (Per neg/Pla pos) compared to malaria-negative mothers 

(Per neg/Pla neg) (Figure 5B, Mann-Whitney, p=0.0017). These results suggest that one 

might be able to diagnose PM in blood-smear negative women by detecting sTNR-R2 in 

their peripheral blood. 

Comparison of sTNFR levels in peripheral and placental blood.  In order to determine 

the levels of sTNFR in peripheral and placental compartments, paired blood samples 

from 25 PM-negative and 40 PM-positive women were tested (Figure 6 A&B).  sTNF-R1 

levels were significantly higher in the placental blood compartment compared to the 

peripheral blood (Figure 6A, Wilcoxon signed rank test, p<0.0001), which is consistent 

with trophoblasts being a major source of sTNF-R1 in pregnant women.  However, the 

amount of sTNF-R1 was similar in the IVS of malaria-positive compared to malaria-

negative women, suggesting that IE sequestered in the IVS do not induce increased 

shedding of sTNF-R1 by the trophoblasts.  Again, peripheral blood levels of sTNF-R2 

were higher in women with PM compared to those without (p=0.005). However, their 

was not difference in peripheral and placental sTNF-R2 levels in PM-positive and PM-

negative women (Figure 6B).  These results may underline a difference in regulation of 
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inflammatory mechanisms in the placenta in women with PM compared to the peripheral 

system. They also suggest that cells from the placenta may not be the major source of 

sTNF-R2 shedding observed in women with PM.  

Soluble TNFRs in in vitro Cultures Systems.  sTNFR are shed in response to 

inflammatory signals.  To determine which cell type(s) might be the major source(s) of 

sTNFR and if parasites can directly induce shedding, immortalized cell lines were 

cultured with known inflammatory signals and an extract of P. falciparum.  After 24 h of 

culture, the amount of sTNFR in the unstimulated medium controls was similar for all 3 

cell lines (Figure 7A-F). In the positive controls, i.e., cells treated with with 50 nM of the 

mitogen PMA, maximal shedding of both receptors was induced from all cell lines, 

therefore demonstrating the ability of these cell types to shed sTNFR. In addition, LPS 

induced the shedding of sTNF-R1 from BeWo cells, and both sTNF-R1 and sTNF-R2 

from HBMVC and activated THP-1 cells.  TNF-α itself was only effective in inducing 

sTNF-R1 release from HBMVC (Figure 7C).  The parasite extracts did not induce an 

active shedding of TNFRs from any of the cell lines.  These results confirmed that 

shedding of the receptors can be induced by inflammatory signals from many types of 

cells including placental, endothelial, and immune cells.  The shedding, however, does 

not appear to be due to direct contact with parasite antigens, but may be more a 

consequence of systemic inflammation.   

TNFRs and Pregnancy Outcome. To determine if a relationship between sTNFR levels 

and delivery outcomes exists, samples from 283 women with and without PM who had 
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LBW and NBW babies were tested. The resulting 4 groups of selected women were 

identical with regards to age, gravidity, and average placental parasitemia (Table 1). In 

our study, neither peripheral plasma levels sTNF-R1 nor sTNF-R2 were significantly 

different between PM-negative mothers who delivered LBW and NBW babies (Figure 

8A&B). However, peripheral levels of sTNF-R2 levels but not sTNF-R1 were 

significantly higher in women with PM who had LBW compared to NBW babies (Figure 

8B, Mann-Whitney, p=0.04). 

Previous studies have shown that inflammation within the placenta is one of the 

major causes leading to LBW due to preterm delivery (44).  Accordingly, we looked at 

the levels of sTNFR in the IVS blood as markers of inflammation in LBW and NBW 

babies of malaria-infected or uninfected women. Overall, results showed that sTNF-R1 

levels and sTNF-R2 were significantly elevated in IVS plasma of mothers delivering 

LBW babies compared to NBW (data not shown, Mann-Whitney, p=0.02 and p=0.003, 

respectively) and the increase was independent of malaria status (Figure 9A&B). In fact, 

the increase in sTNF-R1 was mostly found for PM-negative women (Mann-Whitney, 

p=0.036) and sTNF-R1 IVS levels even appeared to be lower in women with PM who 

had LBW babies (p=0.11).  Shedding of sTNF-R2 in the placenta was increased for LBW 

compared to NBW babies (p=0.003), and when the women were stratified by malarial 

status, this increase was significant for women with PM (Figure 9B, Mann-Whitney, 

p=0.06 for malaria negative and p=0.02 for malaria positive), which is consistent with 

the increase seen in sTNF-R2 in the peripheral blood of PM-positive women with LBW 

babies (Figure 8B).  These results underlined a physiological difference in the shedding 
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of sTNF-R1 and sTNF-R2 in LBW outcomes in infected and uninfected women. They 

also show that changes in the peripheral blood may not be completely reflective of those 

occurring within the IVS.   

 

DISCUSSION 

Pregnancy complications due to P. falciparum could be, in part, prevented if a 

method of diagnosing PM and the associated discrete manifestations of the disease (i.e.,  

low parasitemia-associated inflammation) were available. The current study was 

undertaken to determine if the shedding of host markers, sTNF-R1 and -R2, could be 

used to detect PM in asymptomatic pregnant women. If the major source of these soluble 

receptors came from cells know to be present in IVS during PM, then detection of sTNFR 

in the peripheral blood might be a highly sensitive, and potentially specific, approach for 

diagnosing PM. 

Placental malaria, defined by the presence of IE with the IVS, results in an 

inflammatory response characterized by the release of high levels of TNF-α into 

placental plasma (49). However, only traces of TNF-α are detectable in the peripheral 

blood. Even so, a correlation between mildly higher levels of peripheral TNF-α and poor 

pregnancy outcomes ha sbeen reported (42). TNF-α contributes to the cleavage of 

membrane-bound TNFR (27) which are expressed and shed upon cellular activation. A 

positive correlation between TNF-α and sTNFR has been reported in a number of 

inflammatory conditions, including in amniotic fluid of normal and abnormal pregnancies 
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(33). These observations during pathological conditions, especially in pregnancy, might 

explain the strong correlation between sTNFR levels and parasitemia found in pregnant 

women.  

sTNF-R1 is pregnancy associated, that is, it is produced in high amounts during 

pregnancy. Additionally, levels of sTNF-R1 are sufficiently elevated normally during 

pregnancy to be detected in urine (8). This may explain why it was detected in the plasma 

of pregnant, but not non-pregnant women, who were infected with malaria (Figure 1A). 

Moreover, in our study, sTNF-R1 levels increased with gestational age compared to non-

pregnant individuals, confirming results reported by others (6). Furthermore, TNF-R1 is 

produced by the placental cells, i.e., it can be detected by immunostaining on villous 

syncytotrophoblasts in normal placenta whereas TNF-R2 cannot (7). This may explain 

why levels of sTNF-R1 were higher in the IVS than in the peripheral blood. In a prior 

study of P. coatneyi infection in rhesus monkeys, sTNF-R1 was detected in the peripheral 

blood of pregnant, but not non-pregnant, monkeys (13), similar to the results reported 

herein. Although sTNF-R1 levels were elevated in the peripheral blood of women who 

had PM, it may not be as a good biomarker, mostly because only a 1.5 fold increase was 

observed upon infection and relatively high parasitemia were reached before sTNF-R1 

was detected.  

Results for sTNF-R2 are different. An increase of sTNF-R2 levels was detected, 

in peripheral blood of malaria-infected non-pregnant and pregnant women (Figure 1B), 

especially at low parasitemia in pregnant women (Figure 4B), and when women with PM 

were peripheral blood-smear negative (Figure 5B).  The gold standard for diagnosing 
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malaria is blood-smear microscopy, but a number of cases are not detected, because 

either parasites are sequestered elsewhere or are present in numbers too low for detection. 

High levels of circulating sTNFR have been considered as markers of inflammation in 

many disorders and are always detected when a sufficient level of inflammation is 

occurring in the body. In fact, in-vitro co-culture experiments revealed that sTNFR were 

not shed by direct contact with parasite antigens (Figure 7A-F), but were likely induced 

by systemic inflammatory signals.  Unlike TNF-R1 that is constitutively expressed by 

diverse cell types (1), TNF-R2 is inducible and expressed mainly by immune cells (10), 

and then mostly shed during inflammation. One of the consequences of IE binding to 

syncytiotrophoblasts is the recruitment of monocytes/macrophages to the IVS (40) that in 

turn contribute to an increase in inflammatory cytokine levels. PMA-activated THP-1 

cells, a model for monocytes and macrophages, were found to shed the highest levels of 

sTNF-R2 upon PMA and LPS induction compared to the other cell lines tested (Figure 

7B, D&F).  It is possible that macrophages could be one of the sources for sTNF-R2 in 

malaria infected pregnant women. Previous studies show that IL-10, which is elevated in 

PM (49), can induce the release of sTNF-R2 from monocytes (23). However, other 

cellular sources of sTNF-R2 are probably also involved since elevated levels of this 

receptor were found in non-pregnant women (Figure 1B and 2B).  A major inducible 

source of TNF-R2 can be endothelial cells lining blood vessels. This was previously 

demonstrated in vitro on HUVEC cells (39) but also in a murine model with experimental 

cerebral malaria (29).  Late-stage IE sequester in the deep vascularture, where transient 

inflammatory responses are likely to occur. Thus, it appears that a number of cell types 
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are producing sTNF-R2, but there is no evidence that syncytiotrophoblasts play a role in 

production of sTNF-R2. It is likely that cells other than those studied here might be 

producing sTNF-R2.  For example, it is now accepted that CD4+CD25+ regulatory T cells 

are responsible for the shedding of TNF-R2 (55). During pregnancy, the placenta acts to 

maintain immuno-tolerance to the fetus (reviewed in (51)). Aluvihare et al., (4) described 

the pregnancy-associated expansion of CD4+CD25+ T cells, sometimes up to 30% of all 

CD4+ cells in the uterus of pregnant mice, but these regulatory T cells have also been 

found in the peripheral blood of pregnant women (52). Moreover, CD4+CD25+ regulatory 

T cells have been correlated with severity of the symptoms during malaria infection (35) 

and were suggested to impair the central memory response after P. falciparum sporozoite 

challenge of humans (53). Thus, this cell type might be a good candidate for the source of 

sTNF-R2 in malaria infection during pregnancy, but further experiments are warranted to 

confirm this hypothesis.  

It is well known that TNF-α has many diverse effects during pregnancy including 

stimulating apoptosis, cell proliferation, and synthesis of prostaglandin E2 (reviewed in 

(21)).  In addition, binding of TNF-α to TNF-R1 can induce the expression of adhesion 

molecules like ICAM (30) that are involved in IE sequestration in the deep 

microvasculature.  TNF-α  plays a major role in pregnancy and regulation of its activities 

is critical for a successful pregnancy.  For example, shedding of sTNFR is essential for 

the maintain of pregnancy, as women who lack the soluble receptors suffer recurrent 

spontaneous abortions (12).  Prior to beginning this study, we hypothesized that in 
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response to the sequestration of IE within the IVS, macrophages and syncytiotrophoblasts 

would be shedding high levels of sTNFR and that the receptor would neutralize the 

deleterious effect of TNF-α on syncytiotrophoblasts. In addition, IE would stimulate 

syncytiotroblasts to shed or internalize sTNF-R1 so that they would become non-

responsive to apoptotic signals. However, our results showed that sTNF-R1 levels were 

marginally lower in IVS plasma of women with PM compared to PM-negative women, 

and that the lowest levels were found in the IVS plasma of PM-positive women who 

delivered LBW babies (p=0.11) which is, in our cohort, mostly due to preterm deliveries. 

Previous studies have shown that when TNF-α binds to TNF-R1, the complex is 

internalized and elicits a signalling pathway leading to cell death (43).  It is therefore 

possible that if a woman is infected late in pregnancy, the resulting inflammation within 

the placenta could drive the internalization of TNF-α /TNF-R1 complex and initiates a 

cascade of events leading to early parturition and premature deliveries (reviewed in (21)).  

Moreover, sTNF-R1 has a higher affinity for soluble TNF-α (18), than membrane-bound 

TNF-α.  As a consequence, if PM triggers the depletion of sTNF-R1 in the IVS, this 

might affect the neutralization of TNF-α and lead to complications.  

Finally, an increase in sTNF-R2 was observed in the peripheral plasma of women 

delivering LBW babies who had PM.  Recently, Sibai et al., suggested that detection of 

sTNF-R2 might be a diagnostic for preeclampsia (45). Some limitations of our study are 

the fact that women were only seen at delivery and information on events that occurred 

during pregnancy remains unknown. Even though preeclampsia is a pregnancy 



 117 

complication that has a different etiology than preterm delivery or intrauterine growth 

retardation leading to LBW babies, it is interesting to consider the common factor (i.e., 

inflammation) as a tool for the detection of pathologies during pregnancy to develop a 

potential diagnostic assay.  

Diagnosing malaria in pregnant women efficiently could greatly reduce maternal 

morbidity and neonatal mortality in regions where malaria is endemic. Even though 

sTNF-R1 shedding is more specific to pregnancy than sTNF-R2, low levels make 

quantification of the receptor an important limitation. However, the current study 

proposes that detection of sTNF-R2 in the peripheral blood of pregnant women may be 

used as a specific host marker for inflammation of women with PM and may possibly 

serve as a predictor of pregnancy complications. 
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Figure 1: 

Peripheral blood levels of sTNF-R1 and sTNF-R2.   The amounts of sTNF-R1 (A) and 

sTNF-R2 (B) were measured in the peripheral blood of 37 Cameroonian non-pregnant 

women () (n=24 malaria-negative, n=13 malaria-positive) and 44 pregnant women (Δ) 

(n=20 malaria-negative, n = 24 positive). A) Median levels of sTNF-R1 were higher in 

pregnant women with asymptomatic malaria compared those who were negative for 

malaria (Mann-Whitney test, p=0.001).  B). Medians levels for sTNF-R2 were higher in 

both non-pregnant and pregnant women who were malaria-positive compared to those 

who were not (Mann-Whitney test, p=0.0092 and p<0.0001, respectively).  
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Figure 1A&B 
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Figure 2A&B   

Levels of sTNF-R1 and sTNF-R2 in the peripheral blood of Cameroonian women 

during pregnancy and post-partum. sTNFR levels in a cohort of 20 pregnant women, 

were grouped by length of gestation. Each individual box represents data from 8 to 13 

women.  Boxes represent the 25th and 75th percentiles and the median (horizontal line). 

Lowest values indicate 5th, highest 95th percentiles. Geometric means (±SEM) 

parasitemia for each time point are depicted (dashed line, right Y-axis). Median levels of 

sTNF-R1 in malaria-negative women increased during pregnancy [(wks 13-17 (n= 12 

women) vs. weeks 34-38 (n=9 women)], Mann-Whitney, p=0.01) and compared to post-

partum (Kruskal-Wallis test, p=0.05). Median levels of sTNF-R1 and sTNF-R2 were 

higher in malaria-positive women compared to malaria-negative women at all time points 

(p<0.0001). 
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Figure 2A&B 
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Figure 3: 

Levels of sTNF-R2 in the peripheral blood of individual women when they were 

malaria-negative and malaria-positive. Changes in sTNF-R2 levels are shown when a 

woman was malaria-negative () and then malaria-positive (▲) at the next consecutive 

visit and visa versa. All pregnant women (n=10) had an increase in sTNF-R2 levels when 

they converted from malaria-negative to a positive at the next visit, and all pregnant 

women (n=11) had a decrease of sTNF-R2 levels when the converted from positive to 

negative at the next visit.    
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Figure 3 
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Figure 4A&B 

Relationship of peripheral sTNF-R1 and sTNF-R2 levels and parasitemia.  Both 

sTNF-R1 and sTNF-R2 levels were positively correlated with parasitemia (r=0.81, 

p<0.0001 and r=0.45, p=0.0046, respectively).  Regression lines and their 95% 

confidence intervals are indicated by solid and dotted lines, respectively. Median sTNFR 

level for malaria negative women is indicated in grey (dashed line).  n=38 malaria-

positive pregnant women; n=51 malaria-negative women.  
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Figure 4A&B 
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Figure 5A&B 

Levels of sTNFR in the peripheral blood at delivery.  Pregnant women were assigned 

to one of three groups: malaria negative (n=144); peripheral blood smear positive and 

PM-positive by impression and/or histology (Per Pos/Pla Pos, n=127); or peripheral 

blood smear negative but PM-positive by impression smear and/or histology (Per Neg/Pla 

Pos, n=35). Boxes represent 25th and 75th percentiles with median indicated by the 

horizontal line. Lowest values indicate 5th, highest 95th percentiles. Median levels of 

sTNF-R2 and sTNF-R1 were higher in Per Pos/Pla Pos (Mann-Whitney test, p<0.0001 

and p<0.0001, respectively) but only sTNF-R2 levels were higher and Per Neg/Pla Pos 

compared to negative women (p=0.0017). 
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Figure 5A&B 
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Figure 6A&B 

Peripheral and placental sTNF-R1 and sTNF-R2 levels at delivery.   Results based on 

samples from 25 women who were malaria-negative and 40 women who were malaria-

positive for PM at delivery.  Boxes represent 25th and 75th percentiles with median. 

Lowest values indicate 5th, highest 95th percentiles. Median sTNF-R1 levels were 

elevated in the placental blood compared to peripheral blood (Wilcoxon signed rank test, 

P<0.0001). Neither sTNF-R1 nor sTNF-R2 medians were higher in women with PM. 
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Figure 6A&B 
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Figure 7 A-F 

Testing the ability of cell lines to shed sTNF-R1 and sTNF-R2 in response to 

inflammatory signals and malaria parasites.  Mean (±SD) levels of sTNF-R1 (A-C-E) 

and sTNF-R2 (B-D-F) in supernatants of BeWo (A-B), HBMVE (C-D) and THP-1 (E-F) 

cell lines co-cultured for 24h with medium alone (control), an extract of 106 and 103 RBC 

(left and right bars, respectively), parasite membranes and hemozoin pigments extract 

containing the equivalent of 106 and 103 IE; PMA (200 nM and 50 nM); TNF-α (10 

ng/ml and 0.1 ng/ml), or LPS (10 µg/ml and 0.1 µg/ml).  The horizontal line demarcates 

levels detected in the medium alone cultures. Both sTNF-R1 and sTNF-R2 were shed by 

all 3 cell lines in response to PMA and sTNF-R1 was shed by all lines after incubation 

with LPS.  Incubation with IE extract did not induce the shedding of sTNFR.  Results are 

from one representative experiment.  * p<0.05; ** p< 0.01; *** p < 0.001. 
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Figure 7A-F 
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Figure 8A&B 

Peripheral sTNFR levels in women who were PM-positive and PM-negative with 

NBW or LBW deliveries.  Boxes represent 25th and 75th percentiles with median 

(horizontal line). Lowest values indicate 5th, highest 95th percentiles. Each group 

represents between 88 and 49 women. Only median levels of sTNF-R2 were increased in 

the peripheral blood of PM-positive women who delivered LBW compared to NBW 

(Mann-Whitney, p=0.04).  
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Figure 8A&B 
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Figure 9A&B 

Placental sTNFR levels in women who were PM-positive and PM-negative with 

NBW or LBW deliveries.  Boxes represent 25th and 75th percentiles with median 

(horizontal line). Lowest values indicate 5th, highest 95th percentiles. Each group 

represent between 12 and 20 women. Median sTNF-R2 levels were higher in malaria-

negative and -positive with LBW babies compared to NBW (Mann-Whitney, p=0.060 

and p=0.02, respectively). This trend was only seen in malaria-negative mother for 

sTNF-R1 (p=0.036) 
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Figure 9A&B 
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CHAPTER 5 

DISCUSSION AND SIGNIFICANCE OF THE RESULTS IN THE DISSERATION 

 

Background and Significance of the Study 

Understanding mechanisms that predispose women to deliver low birth weight 

(LBW) infants when infected with Plasmodium falciparum is crucial for developing 

treatment strategies that could save hundreds of thousand of lives a year.  Because of 

difficulties in the development of an efficient malaria vaccine and the wide spread of 

drug resistance, there is a major need for malaria prevention and rapid diagnosis and 

treatment of pregnant women.  Over the past century, accumulation of important 

epidemiological observations on infected pregnant women, e.g., high parasite prevalence 

and parity-dependent disease burden, have laid the groundwork for key discoveries on 

placental malaria (PM).  It is now largely accepted that sequestration of infected 

erythrocytes (IE) in the placenta and the subsequent localized inflammatory events 

contribute to poor pregnancy outcomes. However, not all pregnant women living in the 

same area are equal in terms of disease severity or delivery outcomes. This strongly 

suggests that some women may have specific genetic predispositions to the adverse 

events of malaria.  Therefore, the goal of this study was to provide new information about 

the contributions of host genetics and immunological mechanisms involved in PM, in 

hopes that the information can be used to aid in ameliorating poor pregnancy outcomes 

by better management of this preventable disease. 
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Innate  Mechanisms and Genetic Predispositions to Poor Pregnancy Outcomes 

Mannose-Binding Lectin: Rationale and Hypothesis  

Among pregnant women, younger and first-time mothers are the most prone to 

complications presumably because they lack adaptive immunity to the distinct                

P. falciparum antigen var2CSA (109; 135).  Therefore, we investigated potential innate 

immune mechanisms that could aid in controlling parasitemia and therefore reduce 

inflammation that is associated with pre-term deliveries (PTD).  Such innate mechanisms 

are important before the development of PM-specific acquired immunity. One such 

innate effector induced early in infection is mannose binding lectin (MBL).  Plasma 

levels of MBL are controlled by single nucleotide polymorphisms (SNPs) in the MBL2 

gene (74; 79; 80; 123).  MBL was shown to bind to malarial antigens (42; 66) and genetic 

variants of MBL2 were associated with malaria severity in young children (1; 14; 54).  In 

addition, MBL2 exon 1 variants and low levels are associated with pregnancy 

complications (3; 27; 64; 70; 137).   

We hypothesized that P. falciparum infections would stimulate the liver to 

produce MBL. As a result, MBL concentrations would increase in the intervillous space 

(IVS) of the placenta, activate the complement cascade and enhance macrophage 

phagocytosis of IE leading to decreased placental parasitemia. We therefore studied the 

genetic influence of MBL2 SNPs on the lectin levels, its consequences on PM prevalence, 

and resulting birth outcomes. While MBL levels were found to be strongly influenced by 

SNPs (Chapter 2; Tables 2&3), results did not confirm that malaria stimulated the 

production of MBL (Chapter 2, Figure 2&3) or that MBL decreased placental 
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parasitemia. These findings are supported by results from other investigators who 

encountered difficulties in identifying a parasite-specific ligand(s) for MBL or detecting a 

protective role for MBL at either the genetic or protein level.  For instance, until recently 

the MBL2 exon 1 C variant was reported to correlate with disease severity in 

symptomatic young children and adults living in low and seasonal transmission areas (6).  

However, a new study on asymptomatic Gabonese adults used a novel genotyping 

approach (15), and was not able to link the C variant with susceptibility to infection 

anymore.  

Mannose-Binding Lectin: Discussion of the Results  

Pregnant women with PM are a unique cohort compared to other non-pregnant 

adults.  Pregnant women often maintain asymptomatic chronic infections whereas adults 

are usually able to efficiently eliminate parasites.   In our original model, we 

hypothesized that the parasitemia in the IVS would be, in part, decreased though the  

MB-lectin complement pathway.  However, we now realize that uncontrolled 

complement activation could cause fetal loss (23).  Therefore, local regulation within the 

IVS must take place. In fact, protective molecules such as maternal vitronectin or S 

proteins, which control the assembly of the membrane attack complex (130), and fetal 

production of complement regulatory proteins DAF, MCP and CD59 (55; 56) contribute 

to local regulation of complement activation and suggest that complement activation on 

the surface of IE in the placenta, may not occur.   

A second reason the initial hypothesis is likely incorrect is that it is now 

questionable if MBL can bind to the surface of IE.  Garred et al., (2003) reported that 
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MBL bound to IE, but only after prolonged in vitro incubation and that MBL bound to a 

heat-shock-like protein that could easily have been expressed as the result of 

experimental stress in vitro.  There is no evidence that MBL binds to IE in vivo.  Finally, 

since malaria has shaped the human genome in many ways, it is unlikely that the high 

prevalence of the MBL2 C variant found in African populations i.e., 15-30%, would have 

evolved if indeed MBL deficiency predisposed individuals to severe malaria.  However 

these high frequencies could lead to higher susceptibility in these individuals to bacterial 

infections. One explanation for the high variant frequency of the MBL2 C variant might 

be that MBL, as an opsonin, enhances the uptake of intracellular bacteria and parasites by 

phagocytes that are omnipresent in Africa.  Therefore, lower levels of MBL due to SNP 

would hamper the ability of the innate immune response to prevent replication of theses 

pathogens (41; 53; 114), and confer a biological advantage to the host.  For these reasons 

in addition to our results, we propose that MBL is not an important mechanism that aids 

in the clearance of IE from the placenta. 

A number of innate and acquired mechanisms other than MBL may reduce 

placental parasitemia.  Macrophages are major players in the IVS and are known for their 

ability to phagocytose IE through scavenger receptors such as CD36 (103). Macrophages 

can also mediate antibody-dependent cellular inhibition or produce anti-parasite 

molecules, such as nitric oxide, after their activation by CD4+ T-cell-derived IFN-γ for 

example (45). All of these mechanisms lead to parasite killing.   
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Regulation of the Inflammation in the IVS of the Placenta and Genetic Predispostions 

to poor Pregnancy Outcomes 

Rationale and Significance 

Maintaining an appropriate balance of locally produced pro- and anti-

inflammatory cytokines, in normal but also pathogenic situation, in the IVS is critical for 

the success of pregnancy.  PM can induce the infiltration of massive numbers of 

monocytes-macrophages, that then produce a large amount of inflammatory cytokines, 

such as interleukin (IL) IL-1β, IL-8 and TNF-α (94).  Upon a first malarial infection 

during pregnancy, it is thought that a robust innate pro-inflammatory response occurs and 

aids in eliminating IE before adaptive immunity is activated.  However, a robust pro-

inflammatory response might be either beneficial, by facilitating parasite clearance, but 

could also be harmful, by triggering pathology, which could lead to an unsuccessful 

pregnancy. Therefore, the regulation of such inflammatory cytokines is important.   

A key immuno-regulatory cytokine is IL-10, which is produced by trophoblast 

cells (11), subsets of CD4+ T cells, especially T regulatory cells (140), and TGF-β-

activated macrophages (81).  IL-10 can reduce not only pro-inflammatory cytokine 

expression but also antigen presentation by activated macrophages (29; 101).  IL-10 has 

been shown to play a protective role against cerebral malaria in mice (69), a pathological 

condition know to occur in response to over-production of inflammatory factors 

including TNF-α (reviewed in (43)).  Importantly, IL-10 is essential for a successful 

pregnancy.  In the IVS, IL-10 helps decrease the secretion of inflammatory signals 
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responsible for pregnancy complications (98). However, prior studies in our laboratory 

found a significant increase in both TNF-α and IL-10 in the IVS of women with PM, a 

condition that was prognostic for PTD (125).  Since the expression of both cytokines is 

partially genetically controlled, we sought to determine if SNPs in the promoter region of 

TNFA and/or IL10 genes correlated with cytokine levels in the IVS of malaria-infected 

women and if they were associated with an increased risk of PTD.   

Pro-Inflammatory Cytokine : TNF-α  

Among the three TNFA SNPs examined, only the polymorphism in the promoter 

at position -308A was found to be of significance (Chapter 3, Table 2).  The TNFA -308A 

polymorphism has been implicated in increase severy of cerebral malaria in children (68; 

87), but the results are controversial because the SNPs at this locus do not appear to 

influence the amount of TNF-α produced.  In our study, women carrying the allele -308A 

did not produce elevated levels of TNF-α in response to infection (Chapter 3, Figure 1). 

Nevertheless, the SNP was correlated with an increased risk of PTD (odds ratio 10.4 (1.2-

90.0); p=0.009) in univariate analysis. The risk factor was reduced to 8.9 (0.9-84) 

p=0.056 when confounders were factored into the multivariate analysis (Chapter 3, Table 

3). Previous studies have shown that elevated TNF-α is associated with poor pregnancy 

outcomes, not only in women with PM (39; 94), but also in women living in developed 

countries who were not exposed to malaria (reviewed in (49)).  Even though in certain 

studies the -308A allele has been associated with increased TNF-α production, the 

association between this polymorphism and PTD is still unclear. We speculate that the 
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PM environment might modify one of the transcriptional or translational control 

mechanisms of TNF-α expression. Alternatively, other loci linked to TNFA may 

influenced the TNF-α production (67).  

Anti-Inflammatory Cytokine: IL-10 

By contrast, the IL10 promoter genotype GCC/GCC strongly influenced IL-10 

production (Chapter 3, Figure 2). In addition, the GCC/GCC genotype was more frequent  

in women with PM who had PTD (Figure 3).  IL-10 is indispensable in maintaining an 

immunological balance during pregnancy. The combination of genetic ability to produce 

higher amounts of this immunoregulatory cytokine and the pregnancy-inherent presence 

or increase in cells producing it, such as trophoblasts or T regulatory cells, can 

undoubtedly result in extremely high levels of IL-10.  These high level might be the 

cause of the observed outcomes. For instance, one explanation may be that IL-10 

overproduction might impair macrophage antigen presentation and inhibit T cell function 

to a point where placental parasites that could not be contained by innate immune factors 

would lead to overwhelming local inflammation and potentially PTD. This model is in 

part supported by Muehlenbachs et al., (2007) who suggested that the placenta is a 

tertiary lymphoid organ where recruited B cells would produce antibodies to protect 

against PM upon antigen recognition by macrophages (96).  Hence, if macrophage 

functions are impaired, then antibody expression would decrease as well. Preliminary 

studies in our laboratory found that antibody levels to the malarial antigen var2CSA-

DBL5 , which is a pregnancy-specific antigen, were higher in the IVS compared to 



 153 

peripheral blood of malaria-infected pregnant women (Kayatani AKK, personal 

communication).  Additional information about the protective role of such antibodies in 

PM and PTD would greatly improve our understanding of immunologic mechanisms 

involved in the IVS in women with PM.  Alternatively, we cannot exclude that IL-10 

might not directly down-regulate adaptive response and influence pregnancy outcomes 

but may only be a marker of PM as Kabyemela et al., suggested recently (61). In this 

model, the timing of infection might be a determinant. For instance, upon infection late in 

pregnancy, high IL-10 production would be produced, but it would be too late for it to 

control an ongoing inflammation within the IVS, and this overall situation would then 

lead to PTD. 

 TNF-α   and IL-10  

As a strong pro-inflammatory mediator, TNF-α expression was at the center of 

our hypothesis because this cytokine has been repeatedly associated with PM 

pathogenesis in humans and recently in a mouse model (105). TNF-α secretion by INF-γ-

induced macrophages can be counter-regulated by IL-10 in vitro (36).  However, addition 

of LPS, reverses the IL-10 suppressive effect on macrophages (101) and suggests that 

parasite product recognized by macrophage TLR-4, such as glycosylphosphatidylinositol, 

might be able to elicit a similar enhancing effect leading to uncontrolled TNF-α 

production.  This hypothesis is supported by the fact that high IL-10 levels in our study 

did not correlate with lower TNF-α plasma levels.  In summary, extensive production of 

IL-10 in the IVS of malaria-infected mothers might impair the ability of acquired 
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immunity to reduce placental parasitemia, while failing to inhibit TNF-α production, 

potentially leading to the resulting poor pregnancy outcomes.  

 Role of sTNFR as Regulators of TNF-α  Mediated Inflammation 

The repeated observation that TNF-α over-expression in women with PM and 

PTD, prompted us to investigate sTNFR. First, we investigated sTNFR for their potential 

as protective molecules to counteract the pathological effects of TNF-α when shed into 

the IVS during PM, and second for the possibility to quantify them as specific markers of 

inflammation that could be used to diagnose PM. TNF-R1 and -R2 are expressed by 

maternal cells, such as macrophages, T cells and fetal tissue. Late in pregnancy, when 

malaria infections have been associated with an increased risk of PTD, the trophoblast 

surface approaches 11 to 15 m2 and come with a high capability to produce and shed 

sTNFR. We initially hypothesized that parasites in the IVS would produce large 

quantities of hemozoin pigments that would trigger the shedding of sTNFR.  Thus, the 

presence of high levels of sTNFR would lower TNF-α bioavailability in the IVS and 

protect against PTD. Our results did not confirm these hypotheses since sTNFR levels 

were not increased in the IVS of malaria-infected women (Chapter 4, Figure 6).  The 

antigen capture assay used to assess sTNFR levels in human sera might not have been 

able to detect sTNFR that were bound to TNF-α, and this would have resulted in 

detection of lower sTNFR level measurements. However, in vitro co-incubation of 

choriocarcinoma BeWo cells with parasite extracts did not induce sTNFR shedding into 

the culture supernatant (Figure 7).  To help interpret results using IVS plasma, one should 
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consider conducting a functional TNF-α assay. However, further functional assays are 

not feasible using our human plasma samples since they had previously been frozen and 

thawed more than once, creating a condition under which TNF-α is highly unstable.  

Alternatively, another explanation for not finding high levels of sTNFR in the IVS might 

be that the lower maternal blood flow within the placental IVS might promote 

stabilization, rather than neutralization, of TNF-α by its receptors. This would ultimately 

constitute of a pool of potentially available TNF-α consistent with high levels of the 

cytokine found in the IVS compared to peripheral blood in malaria-infected mothers 

compared to non-infected mothers at term (108). 

sTNFR as Markers of Inflammation and Tool for the Diagnostic of PM 

Diagnosing PM has proven to be a difficult task mostly because of IE 

sequestration in the IVS that masks the presence of infection using routine peripheral 

blood smears.  PM and the resulting local inflammation in the IVS are important to 

prevent, even in asymptomatic women, because infection increases the risk of LBW 

babies.  Currently, the diagnosis of malaria in blood, either by blood smear, rapid 

diagnostic tests (RDT) or the polymerase chain reaction (PCR), has been focused on the 

detection of IE or parasite products. However, most techniques have limitations for 

diagnosing PM and lead to a high number of pregnant women left untreated when indeed 

they have PM infections.  These important limitations resulting from the low sensitivity 

of current methods for diagnosing PM, prompted us to investigate if the shedding of 

soluble sTNFR, markers of inflammation, might be a way of diagnosing PM in 
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asymptomatic women.  Encouraging results were obtained. Both sTNF-R1 and -R2 were 

elevated upon malarial infection during pregnancy (Figure 2) and correlated as well with 

peripheral parasitemia (r=0.81 and r=0.45, respectively). Also, we observed a significant 

increase of sTNF-R2 in pregnant women who had PM but were peripheral blood smear 

negative (Figure  5B).  The sTNF-R2 increase was also more pronounced when malaria-

infected mothers delivered LBW compared to NBW babies (p=0.04). Thus, measuring 

levels of sTNFR in the peripheral blood may be a potential biomarker for poor pregnancy 

outcomes that merits further consideration.  The source of sTNFR found in the peripheral 

blood of women with PM was unlikely to be from placental cells as originally proposed, 

but could result from activated immune cells and endothelial cells located throughout the 

body, perhaps in response to IE binding.  Many studies have found a specific elevation of 

sTNF-R2 in malaria patients, supporting our hypothesis (2; 31; 61; 62; 93; 139).   

Recently two teams have provided additional results that confirm the importance 

of our findings.  In the first Poovassery et al., (2009) observed that sTNF-R2 levels were 

elevated in the peripheral blood of pregnant C57BL/6 mice infected with P. chabaudi, 

especially in mothers undergoing abortions (105). The second reported the high 

expression of TNF-R2 by T regulatory cells in patients suffering from severe malaria 

compared to uncomplicated malaria (91). During pregnancy, T regulatory cells are 

increased in number, express TNF-R2 (4) and may be responsible for the increased 

shedding of sTNF-R2 observed in our cohort. Therefore, there is accumulating evidence 

that an association between sTNFR and poor pregnancy outcome might exist.    
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 Ongoing Studies on sTNFR  

Based on those results, our future goal is to further explore the potential of a 

diagnostic test based on the detection of sTNFR in pregnant women, as these women are 

likely to be prone to delivering LBW babies.  An ongoing study is taking place at our 

field site in Cameroon. The experiment is designed to determine if sTNFR are shed into 

the urine of women with PM.  In the past, a pioneer study showed that malaria antigens 

could be detected in the urine of children with fever (107), but it remains unclear if 

malarial antigens are present in the urine of pregnant women with asymptomatic 

infections. It is clear however that sTNFR can be detected in urine of pregnant women, 

with sTNF-R1 being pregnancy-associated (5).  It is possible that the presence of sTNFR 

in urine will be able to, not only diagnose PM, but also predict clinical outcomes since 

sTNFR are markers of inflammation.  The benefits of such a diagnostic tool are multiple, 

including an easier way of collecting samples in countries where blood drawing and 

handling have limitations, and also a safer non-invasing approach which will avoid 

microbial contamination of the patient, and transmission of bloodborne-diseases to 

patients and health care workers.  

At this stage, the validation of detection of sTNFR in either urine or blood as a 

malaria-specific host marker is incomplete. Because many microbial pathogens may 

cause inflammation resulting in increased levels of sTNFR, additional studies are 

warranted to carefully assess the specificity and sensitivity of this test approach for 

diagnosing PM.  Unfortunately, testing the adequate specificity of the assay is not 
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possible with our current samples since we do not have blood or urine samples from 

women infected with other pathogens. 

Genetic Predispostions to Poor Pregnancy Outcomes Independent of PM 

In addition to testing the original hypotheses, several interesting genetic 

correlations were obtained for SNPs in the promoter regions of the MBL2 and TNFA.  

Differences in an individual’s genetic blueprint can certainly provide more information 

than a single time-point measurement of protein in body fluid.  This is especially true at 

delivery when complex inflammatory mechanisms are part of the parturition process. 

Recent knowledge gained from the Human Genome Project and improvements in 

molecular research method, provide increased opportunities to study genetic 

predisposition to PTD (117).  PTD is undoubtedly a polygenic and multifactorial 

condition that is most likely influenced by a complex combination of environmental-gene 

interactions.  Studies have revealed that women with African genetic backgrounds suffer 

twice the rate of PTD compared to Caucasian women (44). These findings suggest that 

genes regulating the inflammatory processes that confer a survival advantage against 

lethal pathogens may also lead to immune hyper-responsiveness that is harmful during 

pregnancy.  Our results showed that women carrying the MBL2 haplotype LXPA were at 

an increased risk of delivering LBW babies due to PTD, independent of malaria (Chapter 

2, Table 3). Even though this haplotype is correlated with lower levels of MBL, these low 

levels per se may not be the reason for the outcome, because a correlation with the 

variant C in exon 1 of MBL2 that is also associated with low MBL levels as well, was not 

found.  In another study, the MBL2 XA/YA genotype expression was suggested to be 



 159 

influenced by pro-inflammatory cytokines such as IL-6 (14). Therefore, MBL2 promoter 

regions have different binding properties depending on SNPs (60). Moreover, since 

elevated maternal IL-6 is correlated with premature rupture of fetal membrane in the 

context of intrauterine infection (99), these observations could give a phenotypic 

explanation for our genetic results.  Similarly, we also found that women with and 

without PM carrying the TNFA -308 A/A genotype, which does not influence cytokine 

expression, were more prone to deliver prematurely.  The influence of this genotype on 

TNF-α levels is still controversial and may depend on the stimulatory factors for cytokine 

expression and the cell type involved (122). However, genes encoding TNF-α and 

lymphotoxin-α are tandemly arranged in the MHC class III region on chromosome 6, 

which is one the most polymorphic region in the entire genome (50) and suggests that 

other inflammatory factors in linkage disequilibrium with TNFA might be responsible for 

the phenotype observed in our study. PTD can cause devastating problems and long-term 

complication for the baby.  Therefore the identification of new genes predisposing a 

woman to deliver premature babies can be of significant importance and genetic 

screening tests could be used during regular prenatal laboratory analyses to identify these 

women.  

Hypothetical Model of the Results and Summary of the Discussion 

A summary of the discussion, based on results described in the disseration, is 

depicted in Figure 4.  This figure gives a biological representation of the hypothetical 

models tested. In A) We hypothesized that MBL levels would be increased in cases of 
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PM and would help in IE clearance within the IVS. From our results we concluded that 

other mechanisms rather than MBL activation, such as antibody mediated phagocytosis 

of IE or macrophage activation via scavenger receptor for instance, might be essential to 

IE clearance. In B) We hypothesized that IL-10 would down-regulate TNF-α expression 

therefore reducing PTD. We also hypothesized that IL-10 over-production but different 

cells such as T regulatory cells, alternative macrophages or trophoblasts, would impair 

macrophage and adaptive immunity functions leading to increased parasitemia. From our 

results we concluded that IL-10 did not seem to regulate TNF-α production but may 

impair parasite clearance leading to increased risk of PTD. Finally in C) We hypothesized 

that sTNFR would be increased in the plasma of women with PM therefore neutralizing 

TNF-α and that placental shedding of sTNFR would be a marker of PM. Our results 

show that sTNFR were not correlated with a decrease in placental TNF-α and that PM 

was not the main source of the observed malaria-specific increase in sTNFR in the 

women plasma.  

In conclusion, we have demonstrated that MBL genetic deficiencies were not 

correlated with the inability of pregnant women to control placental parasitemia and to 

increased risks of delivering LBW babies. We also showed that a genetic predisposition 

to produce high levels of IL-10 was a risk factor for PTD, including in mother with PM. 

We hypothesized that high levels of IL-10 predispose women to PTD due to inhibition of 

adaptive immunity and maybe the inability to control TNF-α secretion. In addition, 

despite the large capacity of the placenta to produce sTNFR as counter-regulators of the 
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deleterious effects of TNF-α, this protective mechanism did not seem to be effective in 

the placenta environment in cases of PM.  However, peripheral plasma levels of sTNF-

R2 were correlated with PM and LBW deliveries, making this molecule a good candidate 

for a new type of diagnostic test.  Finally, we identified SNPs in the MBL2 and TNFA 

genes that could be prognostic indicator of PTD and LBW babies and may be useful in 

prenatal screening.  
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Detection of Soluble Tumor Necrosis Factor Receptors 1 and 2 in the Urine  

of Pregnant Women with Malaria 

 

This study is in collaboration with Samuel Tassi Yunga, a medical student, and Dr. Rose 

G.F. Leke, Director of the Biotechnology Center, University of Yaoundé 1, Cameroon. 

 

Background and potential significance 

TNF-α is a cytokine produced during inflammatory responses.  It is thought to be 

important in aiding in killing malarial parasites when present at low levels, however, high 

levels of TNF-α are associated with severe malaria pathology, including cerebral malaria 

in children, severe anemia, and placental malaria (PM) (8).  In cases of PM, high serum 

levels of TNF-α are associated with poor pregnancy outcomes (2,8).  There are two main 

ways the immune system can regulate TNF-α levels; namely by 1) producing Th2-type 

cytokines, e.g., IL-4 and IL-10, and 2) producing soluble TNF-receptors 1 and 2    

(sTNF-R1, sTNF-R2) that neutralize the bioactivity of TNF-α.  The receptors are shed by 

catalytic cleavage from the surface of many cells in the body, including most immune 

cells, endothelial cells lining the blood vessels, and syncytiotrophoblasts lining the 

intervillous space of the placenta (reviewed in (3)).  Soluble TNF-R1 and R2 have been 

shown to be present at high levels in plasma of individuals with severe P. falciparum 

malaria compared to mild or asymptomatic malaria (4-7).  Our results in Chapter 4 show 

that both sTNF-R1 and sTNF-R2 are elevated in the plasma of asymptomatic pregnant 
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women who are slide-positive for P. falciparum (Figure 2) and that the level of sTNFR 

correlates with parasitemia (Figure 4).  Soluble TNFRs have been detected in the urine of 

pregnant women (1).  To our knowledge, no study has investigated sTNFRs levels in the 

urine of pregnant women with malaria infections.  So, the goal of the study being 

conducted currently in Cameroon is to determine if sTNF-R1 and/or sTNF-R2 can be 

detected in urine of pregnant women who are infected with P. falciparum and if there is 

an association between levels of peripheral parasitemia and levels of sTNF-R1 or -R2 in 

urine.   

If sTNF-Rs are present in urine, then it may be possible to develop a urine-based 

assay for rapid diagnosis of malaria during pregnancy. Diagnosing malaria during 

pregnancy is difficult because parasites may be present in the placenta but not the 

peripheral blood. Thus, a simple test for detecting sTNF-R1 or -R2 in urine might be a 

potential way to diagnose placental malaria.  

Material and methods 

Study population: An initial sample size of 80 Cameroonian women, from Yaoundé and 

some surrounding rural areas, is recommended based on sample size calculations from 

our previous results.  This group will include 60 pregnant women at any stage of their 

pregnancy (30 malaria positive and 30 malaria negative) and 20 non-pregnant controls of 

childbearing age (10 malaria positive and 10 malaria negative). The study was reviewed 

and approved by the Institutional Review Board (IRB) of the University of Hawaii and 

the National Ethical Committee of Cameroon. Before entering the study, informed 

consent will be obtained.   
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Samples collection and processing:  Peripheral blood samples are collected by finger 

stick into heparinized capillary tubes and used to diagnosis malaria on-site using a rapid 

diagnostic test for malaria. Then the blood is used to prepare blood smears, determine 

pack cell volume, and assess sub-microscopic infections by PCR.  Mid-stream urine 

samples are collected from the women in sterile containers and kept on ice until stored at 

-20°C.  Later the urine will be assessed for sTNFRs levels. Levels of sTNF-R1 and 

sTNF-R2 in the urine samples will be measured by ELISA (HyCult biotechnology b.v.; 

PB Uden, The Netherlands). 

Statistical analysis: Results are given as median concentrations or means (± SD). 

Spearman correlation coefficient will be used to assess correlations of malaria 

parasitemia and sTNFR.  The between-group differences in sTNFR and TNF-α levels at 

delivery will be tested using the Mann-Whitney or Wilcoxon rank-sum test as 

appropriate.  

Expected Results   

We expect to observe an increase of sTNF-R1 and -R2 levels in urine of pregnant 

women infected with malaria.  We also expect to see a correlation between the 

parasitemia in the peripheral blood and the level of these receptors in urine. 
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Genomic Microarray Analysis of Fetal Placental Tissue in Placental Malaria 

Positive and Negative Women 

 

This study is in collaboration with Dr. James Burns, Department of Microbiology and 

Immunology, Drexel University, College of Medicine, Philadelphia, PA. 

 

Background and potential significance 

During pregnancy, the placenta is highly involved in regulating the immune homeostasis 

that lead to a successful outcome. Malaria infection during pregnancy has a unique 

pathology, because infected erythrocytes (IE) sequester in the intervillous space (IVS).   

A malaria antigen, called var2CSA, is expressed on the surface of IE and mediates the 

adherence of parasitized erythrocytes to chondroitin sulfate A (CSA) that is expressed on 

the surface of placental trophoblasts and deposited on fibrin-like fibrinogen in the IVS.  

Many studies have focused on the placental expression of adhesion molecules, such as 

CSA or ICAM-1. However, only one group has documented in vitro the intracellular 

responses of human syncytiotrophoblast following the bounding of IE (4; 5).	  	  Some	  

investigators	  have	  described the interaction between trophoblasts and IE in animal 

models (2; 9). PM is also characterized by the accumulation of monocytes/macrophages 

in the IVS that results in localized inflammation. Research groups have studied the gene 

expression of β and α chemokines and pro-inflammatory cytokines (1; 5; 6), as well as 

the angiogenesis inhibitor VEGFR1 (3; 8).  Muehlenbachs et al., recently published a 
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genome-wide expression analysis in the placental environment in women with PM (7). 

However, this study only focused on maternal IVS cell gene expression.  Extensive 

genomic knowledge on placental biochemical and immunological mechanisms involved 

during PM would help understand the effects of localized inflammation and IE 

sequestration on placental tissues, as well as the contribution of fetal tissues in the 

regulation of inflammatory signals. 

Material and Methods 

As part of a preliminary study, 15 placental tissues were collected from pregnant 

women delivering at either the Central Hospital of Yaoundé or the Biyem-Assi Hospital 

from March and May 2009. Among these women, 3 were PM-positive and 12 were PM-

negative. The study was reviewed and approved by the Institutional Review Board (IRB) 

of the University of Hawaii and the National Ethical Committee of Cameroon. Before 

entering the study, informed consent was obtained.   

Immediately after delivery, three 1 cm3-pieces were excised from a placenta lobe 

and decidual tissue was carefully removed. One piece was thoroughly washed 3 times in 

sterile phosphate buffer solution (PBS, pH 7.2), immerged in RNAlater (Ambion) and 

kept at room temperature until reaching the lab where it was stored at -20°C.  Later, 

frozen tissues were sent to James Burn in Philadelphia for further genomic analysis. In 

the lab, the second piece of placenta and remaining IVS blood were used to prepare 

impression smears and placental blood smears, respectively. The third piece was fixed in 

neutral buffered formalin, embedded in paraffin, and then sent to Hawaii for histological 
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preparation.  Slides were stained with hematoxylin-eosin and analyzed for current or past 

malaria infections.  In addition, slides were assessed for unrelated pathologies in order to 

avoid inclusion of tissues with aberrant pathologies in the PM-negative pool used as a 

reference in the microarray assays. 

Total RNA was isolated from whole placental tissue using Trizol reagent 

(Invitrogen, CA, USA) followed by a second purification step using the Qiagen’s RNeasy 

purification cartridges and kits. The yield and quality of extracted total RNA in each 

sample was estimated using a NanoDrop Spectrophotometer (NanoDrop Technologies, 

Wilmington, USA). Purified RNA samples were stored at −80°C until required for gene 

expression studies. Five µg of total RNA were used to prepare Cy-dye labeled probes for 

the primary and replicate arrays including a dye-flip experiment.  First, a pool of RNA 

from 10 uninfected placentas, confirmed by histology, was used to make labeled aRNA 

for Reference/Comparator on all of the arrays. Then aRNA from RNA isolated from 3 

infected and 3 individual uninfected placentas were labeled, which constituted the 

primary comparison.  The comparison of uninfected individuals versus the uninfected 

pool was used to see the overall inter-assay gene expression variability. The data 

generated were analyzed with two software packages: limmaGUI (Linear Models for 

Microarray Data), an open source software (http://www.bioconductor.org) and Acuity 

(Molecular Devices).  

Expected Results   

We expect to observe an increase in expression of genes involved in inflammation such  
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as INF-γ, as seen at the protein level (10), and a down modulation of genes involved in 

inflammatory regulation such as Indoleamine 2,3-dioxygenase in women  

PM-positive compared to malaria negative. 
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ABSTRACT 

BACKGROUND: During pregnancy, women are more susceptible to Plasmodium 

falciparum infections and frequently have a higher parasitaemia than non-pregnant 

women. Several mechanisms are responsible for their increased susceptibility, including 

down-modulation of immune responses that aid in parasite clearance and sequestration of 

infected erythrocytes in the placenta. Early in pregnancy, a third mechanism may 

contribute to higher parasitaemia, since it has been reported that addition of human 
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chorionic gonadotropin (hCG) to in vitro cultures of the NF54-strain of P. falciparum 

results in increased parasite growth rates. The goal of this study was to further examine 

the effect of hCG on P. falciparum growth. METHODS: The NF54-3D7, FVO and 7G8 

strains of P. falciparum were cultured in vitro with various physiological concentrations 

of hCG purchased from three sources. Infected erythrocytes were also co-cultured with a 

human cell line that naturally secretes hCG. RESULTS: Results from 14 experiments 

using different combinations of parasite strains and concentrations of hCG from different 

sources, as well as the co-culture studies, failed to provide convincing evidence that hCG 

enhances parasite growth in vitro. CONCLUSION: Based on these data, it seems unlikely 

that hCG has a direct effect on the rate of parasite growth early in pregnancy. 
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