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Malaria during pregnancy is detrimental to the health of both mother and her unborn child. 

Although malaria-induced fetal loss is one of the most severe consequences of malarial infection 

during pregnancy, our understanding of the molecular and immunologic mechanisms involved in 

fetal loss is limited. This has been due in part to the absence of an adequate system to carry out 

mechanistic studies during pregnancy. To overcome this limitation a model system was 

developed in this study by infecting pregnant C57BL/6 mice with Plasmodium chabaudi AS. In 

this model, P. chabaudi AS -infected pregnant B6 mice experienced parasitemia, anemia and 

weight change comparable to infected nonpregnant mice. Although the infection was not lethal 

to the mother, the fetal outcome was poor. Aborting mice experienced high placental parasitemia 

compared to peripheral blood. Additionally, fetal loss was associated with elevated levels of 

proinflammatory cytokines IFN-γ, TNF-α and IL-1β in the plasma. Since both IFN-γ and TNF-α 

are known embryotoxic agents, experiments using gene knockout mice and antibody ablation 

were performed to identify the role of these cytokines in malaria-induced fetal loss. Despite 

experiencing a more severe course of infection, IFN-γ-/- mice had improved pregnancy success. 

Since IFN-γ knockout mice also experienced fetal loss and had TNF-α, a known embryo toxic 

agent, in their plasma at the time of abortion, the effect of in vivo neutralization of TNF-α on 

pregnancy success in P. chabaudi AS-infected wild-type pregnant mice was tested. Whereas IgG 



 

treated infected mice aborted their embryos by gestation day 11, infected, pregnant mice treated 

with anti-TNF-α antibody retained their pregnancies and had viable embryos in their uteri on day 

12 post infection. It is possible that the proinflammatory cytokines are mediating their 

detrimental effects on the fetus through initiating a clotting cascade in the uterus. Placental 

sections from aborting mice had wide spread hemorrhage and fibrin thrombi formation in the 

maternal blood sinusoids. Furthermore, the levels of procoagulants tissue factor and plasminogen 

activator inhibitor-1 were upregulated in the uteri from aborting mice. In addition to maternal 

cells, fetal cells may also be contributing to the local placental pathology. Fetal trophoblast cells 

exhibited phagocytosis of iRBCs in vivo and secreted TNF-α in the culture medium following 

phagocytosis of iRBCs in vitro.  

 Taken together the results from this study suggest that TNF-α is a critical factor in 

malaria-induced fetal loss. TNF-α produced by both maternal and fetal cells at the placental level 

may be contributing to tissue injury through initiating a clotting cascade in the placenta, leading 

to loss of blood supply to fetus and ultimately fetal death.  
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CHAPTER 1 

INTRODUCTION 

 1



Malaria continues to be a major public health problem in the developing world causing an 

estimated 300-500 million clinical cases each year and 1-2 million deaths. The majority 

of severe malaria cases and deaths are caused by Plasmodium falciparum, which is 

endemic in most Sub-Saharan Africa and in many other regions of the tropical world. In 

malaria endemic regions, the related morbidity and mortality are primarily in children 

and pregnant women.  

Malaria during pregnancy is detrimental to the health of both mother and fetus. The 

clinical features of malaria in pregnancy vary depending on the endemicity or intensity of 

transmission. Sequestration of infected red blood cells (iRBCs) in the placental 

intervillous space is a characteristic feature of malarial infection during pregnancy in high 

endemic areas. This has been shown to be mediated through binding of iRBCs to specific 

receptors such as chondroitin sulphate A (CSA) and hyaluronic acid (HA) expressed on 

the syncytiotrophoblast cells of the placenta. Plasmodium falciparum erythrocyte 

membrane protein-1 (PfEMP-1) is the most characterized parasite ligand involved in the 

parasite binding. The sequestration of iRBCs along with the accompanying maternal 

inflammatory response in the placenta is thought to be the major reasons for the observed 

pathologies in malaria infected pregnant women. The clinical features of malarial 

infection during pregnancy in high transmission areas are severe maternal anemia and 

low birth weight babies who are at increased risk to die early in life.  

In contrast, pregnant women living in low endemic areas experience more severe 

complications such severe maternal anemia, maternal death from cerebral malaria and 

poor fetal outcomes such as abortions, stillbirth and low birth weight babies. Although 

extensive studies have been done to identify the biologic basis for the increased 
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susceptibility of pregnant women living in high endemic areas to malarial infection, only 

limited studies have been done to explore the host / parasite interactions in settings of low 

endemicity and the effect of maternal anti-malarial immune responses on pregnancy 

outcome especially during the early stages of pregnancy. Experimental study of malarial 

infection during pregnancy is particularly problematic, as ethical and logistical constraints 

limit the longitudinal sampling of pregnant women and the placenta is inaccessible until 

delivery. Thus, without an appropriate model system, it is not possible to dissect out the 

protective immune responses from those that are potentially harmful to the mother and 

her unborn child.  

Rodent models have been used extensively to study the immunity and pathogenesis of 

malarial infection. Four species of malarial parasites, Plasmodium yoelii, P. berghei, P. 

chabaudi and P. vinckei isolated from wild thicket rats in Africa have been used 

extensively to study the protective and pathogenic immune responses to blood stage 

malaria infection. Depending on the mouse strain and the species or strain of Plasmodium 

the infection can be either lethal or non-lethal. While P. berghei and P. yoelii 17XL 

infections are uniformly lethal, P. chabaudi and P. vinckei petteri infections are non-

lethal in most mouse strains. However, studies employing mouse models to investigate 

the interactions between malarial parasites and pregnancy are limited. Earlier studies 

employing P. berghei infection in mice reported maternal death, fetal loss and reduced 

litter size in infected mice. This model, however, is not suitable to study the development 

of early maternal anti-malarial immune responses or the impact of malarial infection on 

early pregnancy, because the infections were initiated on day 7 of pregnancy and were 

lethal to the mother. Further research to characterize the immunological and molecular 
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basis of fetal loss in murine models for malarial infection during pregnancy has not been 

done. 

P. chabaudi AS infection in C57BL/6 (B6) mice represents a very useful model for 

the study of immune responses to malaria as it shares many characteristics with the most 

virulent human parasite, P. falciparum. P. chabaudi AS-infected erythrocytes express 

variant antigens, sequestrate in the heart, lung, liver and spleen and can bind to CD36. P. 

chabaudi AS infection in B6 mice has been used extensively to dissect the immune 

response to blood stage malaria. Both innate and adaptive immune responses are known 

to be critical in clearing primary P. chabaudi AS infection in non pregnant mice. The 

suppression of parasitemia during the acute stage of infection is thought to require NK 

cells, CD4+ T cells and the production of proinflammatory cytokines IL-12, IFN-γ and 

TNF-α during the early stages of infection. Parasite clearance during the chronic stage of 

infection is dependent on B cells and antibodies. However, the same proinflammatory 

cytokines associated with protection are also implicated in malarial pathology in both 

mice and humans. It has been demonstrated in rodent models that normal pregnancies 

require a bias against a T helper 1 (Th1) / proinflammatory environment. Excessive 

production or administration of recombinant IFN-γ or TNF-α has been shown to induce 

abortion in normal pregnant mice. Furthermore, pregnancy outcome has been shown to 

be impaired in the case of rodent models for parasitic diseases such as leishmaniasis and 

trypanosomiasis that require a Th1 cytokine-biased response for protection.  

Elevated levels of cytokines and chemokines in the placental and peripheral blood are 

also reported in the case of malarial infection during pregnancy in humans. While these 

cytokines may have a role in protection against malarial infection, they may also be 
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involved in pathology depending on the location, amount and duration of production. 

Thus, elevated levels of IFN-γ and TNF-α in the placental intervillous blood have been 

shown to be associated with poor birth outcomes and elevated mRNA levels of 

chemokines MCP-1, MIP-α and IL-8 were associated with enhanced monocyte 

infiltration to placenta and with LBW and intrauterine growth retardation in areas of high 

transmission. To what extent these maternal anti-malarial immune responses contribute to 

fetal loss during malarial infection is not clear.  

 In addition to maternal immune cells, fetal cells may also be involved in 

mediating protective or pathogenic responses at the placental level. Indeed, fetal 

trophoblast cells are thought to be a component of innate immune system and play 

important roles in providing protection against invading pathogens at the maternofetal 

interface. Murine trophoblast cells are shown to be capable of phagocytosing microbes 

and can produce various cytokines and chemokines. Human syncytiotrophoblast cells are 

also shown to be capable of secreting both pro- and anti- inflammatory cytokines in 

response to bacterial infections. Furthermore, syncytiotrophobalst cells isolated from 

term placenta have been shown to respond to malarial parasites or parasite products 

through secretion of cytokines and chemokines in vitro. However, it is not clear how 

murine trophoblast cells will respond to malarial infection vitro or in vivo during early 

stages of pregnancy.  

Significance: Aside from maternal death, fetal loss is one of the most severe 

consequences of malarial infection during pregnancy. Only limited studies have been 

done to identify the role of maternal antimalarial immune responses in fetal loss. A 

complete understanding of the development of the immune response and its maintenance 
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or regulation both systemically and at the placental level is critical in developing 

effective interventions or immunotherapies for preventing the detrimental effects of 

malaria on both mother and fetus. A detailed understanding of the development of 

antimalarial immune response especially during the early stages of pregnancy and its 

effect on pregnancy outcome is only possible through employing an appropriate model 

system. The model system developed in this study provides an excellent platform to 

investigate the host parasite interactions in the context of malarial infection during 

pregnancy. This study assessed the role of maternal and fetal cells in malaria-induced 

fetal loss by performing a series of immunological and molecular investigations 

employing both intact and gene null mutant mice. The results from this study demonstrate 

that the maternal antimalarial immune responses, especially production of 

proinflammatory cytokines IFN-γ and TNF-α, play major roles in parthenogenesis and 

fetal loss during malarial infection. Furthermore, fetal trophoblast cells were also shown 

to be capable of responding to malarial infection through phagocytosis of iRBCs and 

production of cytokines.  

Hypothesis: The central hypothesis of this study was that the host response to malarial 

infection in pregnant C57BL/6 mice will lead to compromise of pregnancy. To test the 

proposed hypothesis the following four specific aims were attempted:   

1. To characterize the course of P. chabaudi AS infection in pregnant C57BL/6 

mice. 

2. To assess the kinetics of development of immune response in malaria-infected 

pregnant mice by assessing the cytokine production in the plasma, spleen, and in 

the local placental environment.  
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3. To identify the soluble effectors leading to immunopthogenesis and fetal loss in 

malaria infected pregnant mice by employing gene null mutant mice and 

molecular detection methods.  

4. To determine the ability of fetal trophoblast cells to respond to malarial parasites 

in vitro through cytokine and chemokine production. 
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 Despite a worldwide effort to curb the disease, malaria continues to be a major 

public health problem in developing countries with at least one-third of the world’s 

population at risk of infection. The causative agents of malaria are single celled 

protozoan parasites of the genus Plasmodium that belong to the phylum Apicomplexa. 

There are more than 120 species of Plasmodium. However, only five Plasmodium species 

(P. malariae, P. ovale, P. vivax, P. falciparum and P. knowlesi) are naturally infective to 

humans. Although P. ovale, P. malariae and P. vivax can cause debilitating diseases, 

fatal complications are rare. P. knowlesi, primarily a pathogen of monkeys, has recently 

been implicated in a large human outbreak in Malaysia (1). Most cases of severe disease 

and most deaths are caused by the blood-stage life cycle of P. falciparum, which is 

endemic in sub-Saharan Africa and most of the tropics, causing an estimated 300-500 

million clinical cases and 1-2 million deaths each year (2). In all endemic areas, women 

are at higher risk of malaria and are more susceptible to infection when pregnant than 

either before or after pregnancy, or when compared with adult males. Malaria during 

pregnancy is estimated to be responsible for a third of preventable low birth weight 

babies in sub-Saharan Africa and to cost the lives of 100,000–200,000 infants annually 

(3).  

LIFE CYCLE:  Malarial parasites undergo a series of morphological and biochemical 

changes throughout their complex life cycle that includes both mammalian hosts and an 

insect vector. The malaria parasite is transmitted to the human host from an infected 

female mosquito of the genus Anopheles upon taking a blood meal. The sporozoites 

inoculated under the skin rapidly migrate to the liver via the blood stream. Sporozoites 

migrate through a number of hepatocytes before invading a final hepatocyte in which 
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they form a vacuole. Sporozoite activation induced by migration through hepatocytes is 

thought to be an essential step for hepatocyte infection (4). The invading sporozoites 

undergo exoerythrocytic schizogony within hepatocytes to produce thousands of daughter 

merozoites, that when released invade red blood cells (RBCs) and begin the asexual 

blood stage life cycle of the parasite. Within the RBCs the merozoite develops through 

ring, trophozoite and schizont stages and undergoes binary division to produce daughter 

merozoites. Each erythrocytic schizont produces 10-30 merozoites, which are then 

released to the host blood stream upon rupture of the RBC membrane. In non-immune 

individuals this stage of the life cycle can be associated with considerable morbidity 

ranging from recurrent fever to severe and fatal complications such as anemia, renal 

failure, pulmonary edema and cerebral malaria (5). The released merozoites can either 

reinvade new RBCs to continue the asexual erythrocytic stage of life cycle or may 

develop into male and female gametocytes which when taken up by another feeding 

Anopheles mosquito continue the sexual stage of life cycle within the mosquito.  

HOST PARASITE INTERACTIONS: The survival of malarial parasites within the 

vertebrate host is absolutely dependent on their ability to recognize and invade liver cells 

and erythrocytes. Multiple receptor / ligand interactions are involved in malarial parasite 

invasion of the host cell. The sporozite invasion of hepatocytes has been shown to 

involve sporozoite surface proteins such as circumsporozoite protein (CSP) and 

thrombospondin-related anonymous protein (TRAP) (6). Additionally, the parasite 

employs various tactics, ranging from exporting parasite proteins to the RBC membrane, 

sequestration within various internal organs, switching between ligands used for host 

receptor binding for cytoadherence, inhibition of dendritic cell maturation and 
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macrophage function, to survive within the RBCs, a terminally differentiated cell lacking 

machineries for protein and lipid biosynthesis, and to evade immune clearance by the 

spleen.   

RBC invasion: Malarial parasite invasion of the RBCs is a stepwise process involving 

interaction between specific parasite molecules and host erythrocyte receptors. There are 

three types of membrane-bound organelles, namely, rhoptries, micronemes and dense 

granules located at the anterior end of the merozoite (7). The contents of these organelles 

play important roles in the binding and invasion of merozoites into host red blood cells. A 

number of merozoite proteins including merozoite surface protein (MSP) - 1 (8), apical 

membrane anigen (AMA) - 1 (9), and erythrocyte-binding antigen (EBA) - 175 (10) are 

all thought to be involved in the merozoite invasion process, especially in the early phase. 

However, the relative importance of these proteins remains to be elucidated. MSP-1 

interaction with spectrin on the cytoplasmic face of RBC membrane in a sialic acid-

dependent manner is thought to be involved in the initial recognition of the RBCs, as 

antibodies directed against MSP-1 subunits have been shown to block the RBC invasion 

in vitro and in vivo (11-13). The invasion process involves an initial weak interaction 

between the surface components of the merozoite with the RBCs, followed by re-

orientation of the merozoites to allow the apical end of the merozoite to interact with the 

membrane of the host cell (14). This is followed by the formation of a tight junction at 

the interface between the merozoite surface and the RBC membrane, release of 

micronemes-rhoptries substances, and formation of an invagination of the RBC 

membrane around the merozoite accompanied by the removal of the merozoite surface 

coat (14, 15). This invagination eventually envelops the invading merozoite in a 
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membrane-lined cavity, the parasitophorous vacuole (PV) (15, 16). After the merozoite is 

enclosed in the PV, and during the final stage of invasion, another set of apical 

organelles, the dense granules, move to the surface of the parasite and release their 

contents into the PV, causing an expansion of the area of its membrane (15-17), and 

presumably causing the change in shape of the parasite to that of the ring stage.  

Although the course of events involved in erythrocyte invasion are thought to be 

similar in all Plasmodium species the molecular basis of invasion appears to be distinct 

amongst these parasites. While P. vivax exclusively invades reticulocytes, P. falciparum 

is able to invade reticulocytes as well as normocytes (18, 19). Similarly, in laboratory 

mice, P. berghei and P. yoelii 17X preferentially invade reticulocytes, whereas P. yoelii 

17XL and NM are capable of invading both normocytes and reticulocytes (20, 21). P. 

chabaudi invades predominanatly normocytes, but will also invade reticulocytes when 

reticulocyte level is elevated  in mice under stress conditions (22).  

RBC remodeling and Cytoadherence: Once inside the RBCs, the parasites begin to 

alter and modify the RBC membrane.  Four types of ultrastructural modifications 

described in infected RBCs (iRBCs) are knobs, tubovesicular complex, cytoplasmic clefts 

and caveola-vesicle complexes (15). These modifications are essential for the parasite 

survival and proliferation within the RBCs. Knobs are cup-shaped electron dense 

protrusions found on the RBCs infected with P. falciparum, P. malariae and P. ovale. 

Knobs form focal junctions with the endothelial cell membrane and play important roles 

in mediating cytoadherence of P. falciparum iRBCs to vascular endothelium (23). In P. 

falciparum iRBCs, several parasite proteins such as histidine rich protein I and II (HRP-I 

and HRP II), erythrocyte membrane protein 1, 2 and 3 (PfEMP-1, 2, and 3), ring-infected 
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erythrocyte membrane surface antigen (Pf155/RESA), sequestrin and rosettins have been 

identified on the surface or in association with the cytoskeleton of RBCs (24). Ligands on 

the surface of the iRBCs can bind to a variety of receptors including CD36, 

thrombospondin, ICAM-1, PECAM, VCAM-1, chondroitin-4-sulfate, ELAM-1 and P-

selectin (25-31).  

 PfEMP1 encoded by the multicopy var gene family is one of the major parasite 

ligands involved in mediating cytoadherence (32-34). Each haploid parasite possesses 

60 var genes within its genome (35). However, only a single gene is expressed at a time 

and all other var gene copies are maintained in a transcriptionally silent state (36, 37). By 

switching which gene is expressed, parasites alter both the cytoadherent properties of the 

infected cells and their antigenic phenotype, thus avoiding the antibody response of the 

infected individual and maintaining a persistent infection (38). 

MALARIA: IMMUNE ACTIVATION AND IMMUNOPATHOLOGY 

 The initial interaction of the iRBCs with the host's immune system is thought to 

be one of the most important factors determining the nature of the subsequent innate and 

acquired response, and whether or not severe pathology, such as cerebral malaria, severe 

anaemia or hypoglycaemia, results. How the malarial parasite activates the innate 

immune system, and the cytokines and chemokines induced, will also influence the 

magnitude of the inflammatory response and the types of T cell and B cell responses 

elicited. An understanding of these activation processes is required to determine the level 

at which host immune responses contribute to malarial disease, and to differentiate 

between protective and pathological responses.  
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Since the RBCs do not express MHC class I or class II molecules necessary to 

initiate a T cell response, the immune responses must be generated through antigen 

presenting cells. However, the identity of antigen presenting cells that activate T cells 

during malarial infection is not clear. Bone marrow derived dendritic cells (DC), 

macrophages and B cells isolated from immune mice have all been shown to have 

capacity to present malarial antigens to T cells (39). 

Dendritic Cells: Dentritic cells (DC) are a unique type of antigen presenting cell because 

of their ability to induce primary immune responses by efficient activation of naïve T 

cells. They play a central role in both innate and adaptive immune response. They 

frequently sample the sites of pathogen entry and uptake, and process antigens and 

activate both naïve and memory T cells (40). Research on DCs over the past decade has 

established that the DC system comprises a large collection of subpopulations with 

different functions. Functional differences in DC populations are related to their 

differentiation state as well as their specific location (41). Based on the expression of 

surface markers five DC subtypes are consistently found in the lymphoid tissues of 

uninfected mice. Spleen has three distinct DC subtypes based on the expression of T cell 

markers CD4 and CD8: CD4-CD8α+, CD4+CD8α-, and CD4-CD8α- DC (42). Lymph 

nodes (LN) contain two additional DC subtypes (CD4-CD8-CD11b+ DCs expressing 

moderate levels of CD205) that are not normally found in spleen (43, 44). Another 

distinct DC subtype found only in the skin draining LNs expresses high levels of 

langerin, a characteristic marker of epidermal Langerhans cells and is believed to be the 

mature form of these cells. Although most DCs were thought to be of myeloid origin 
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(45), there is evidence that some DCs share early steps of development with B cells (46, 

47) and that CD8α+ DCs of thymus share early steps of development with T cells (48). 

 The evidence that malarial parasites interact with DCs to promote an 

inflammatory response is limited and conflicting. Urban et al. first showed that P. 

falciparum-iRBCs could prevent up-regulation of MHC Class II and the co-stimulatory 

molecules CD83 and CD86 on human DCs in response to lipopolysacharide (LPS). These 

DCs also failed to induce antigen-specific primary and secondary T cell responses (49, 

50). CD36 and CD51 were identified as the receptors on DCs responsible for this 

inhibitory effect (51). These same receptors were found to mediate the inhibitory effect 

on macrophage function by decreasing IL-12, TNF-α and IL-1 secretion during malarial 

infection (52). An increase in IL-10 is also observed during infection, which could 

potentially directly suppress the stimulatory function of DCs as well as promote the 

generation of anti-inflammatory suppressor T cells (53-55).  

 In contrast to these observations, Seixas and colleagues reported that GM-CSF-

grown bone marrow-derived DCs (BM-DCs) up-regulate surface expression of MHC II, 

CD40 and CD86 after exposure to P. chabaudi-iRBCs. Their ability to stimulate T cell 

responses was maintained, and increased production of TNF-α, IL-12 and IFN-γ by BM-

DCs was evident (56). Furthermore, Luyendyk and colleagues found that murine splenic 

CD11b+ and CD11c+ DC subtypes were able to up regulate MHC II and CD80 

molecules following acute infection with P. yoelii (57). However, these studies are in 

direct contradiction to a recent study in mice by Ocana-Morgner and colleagues, who 

showed that GM-CSF grown BM-DCs and parasitized erythrocytes from P. yoelii inhibit 

DC maturation in vitro (58). Thus, DC activation by malaria parasites seems to be normal 
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in some in vitro and in vivo systems but is abnormal in other experimental systems. The 

in vivo relevance of possible down regulation of DC maturation by Plasmodium during 

malaria infection is thus not clear.  

Macrophages: Macrophages play important roles in both innate and adaptive immune 

responses to malarial infection. In addition to their function as antigen-presenting cells, 

they are shown to phagocytose infected erythrocytes in the absence of cytophilic or 

opsonizing malaria-specific antibodies. This is thought to be mediated through binding of 

PfEMP1 on infected erythrocytes to the scavenger receptor CD36 (59). However, during 

the adaptive immune response macrophages function as effector cells that can mediate 

antibody-dependent cellular inhibition or the production of anti-parasite molecules, such 

as nitric oxide, after their activation by CD4+ T cell -derived IFN-γ (60). 

 In addition to the modulation of DC function by iRBCs, macrophage function has 

also been shown to be impaired especially following phagocyosis of hemozoin (heme 

polymer produced as a by-product of intraerythrocytic hemoglobin catabolism by 

malarial parasites) or mature parasites. The hemozoin induced macrophage dysfunction 

has been shown to include inability to repeat phagocytosis, generate an oxidative burst 

upon stimulation, and activate protein kinase C (61). Moreover, a defect in macrophage 

ability to clear parasites that selectively bind to chondroitin sulfate A (CSA) expressed on 

the placenta has also been reported (62). 

NK Cells: NK cells originally discovered for their ability to spontaneously lyse tumor 

cell lines are innate effector cells that perform important functions in defense against 

microbes and cancer through their cytolytic activity and secretion of proinflammatory 

cytokines, particularly IFN-γ. NK cells were shown to be the first cells to produce IFN-γ 
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after in vitro exposure of human peripheral blood mononuclear cells (PBMCs) to P. 

falciparum infected erythrocytes (63). Cytokines IL-12 and IL-18 have been shown to be 

critical in NK cell activation and IFN-γ production (63). In rodent models, NK cell 

derived IFN-γ production has been shown to be essential for development of protective 

immunity. NK-cell-mediated cytotoxicity and IFN-γ production are shown to be induced 

by infection with various rodent malarial parasites including P. chabaudi AS (64), P. 

berghei (65), and P. yoelii (66). Furthermore, depletion of NK cells was associated with 

increased parasitemia and less efficient resolution of P. chabaudi AS infection in B6 

mice (64). 

NKT Cells: Natural killer T (NKT) cells are a heterogeneous population of lymphocytes 

with phenotypic and functional characteristics of both NK cells and classic T cells. NKT 

cells express NK1.1 and an invariant αβ - T cell Receptor (TCR) (67). Murine NKT cells 

express a specific TCR-α chain (Vα14-Jα18) in association with Vβ2, Vβ7, or Vβ8 (68). 

NKT cells recognize glycolipid antigens via a repertoire of invariant VαVβ-TCR in the 

context of a non-classic, MHC class-I-like molecule, the Cd1 molecule (68). Upon 

activation through the TCR, NKT cells produce large amounts of IFN-γ and IL-4, which 

may be important in regulating the downstream differentiation of CD4 + T cells into Th1 

or Th2 subtypes (69). Tsuji et al showed that α-galactosylceramide (α-GalCer), when 

administered to mice infected with sporozoites of P.yoelii and P. berghei can inhibit the 

development of intrahepatocytic parasites and prevent the onset of blood stage infection, 

suggesting a potential role for NKT cells in developing malarial immunity, particularly 

against the pre-erythrocytic parasites (70). Furthermore, CD1d-restricted NKT cells from 

mice of distinct genetic backgrounds were shown to differentially influence Th1/Th2 
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polarization, proinflammatory cytokine levels, pathogenesis, and fatality in the 

P. berghei–ANKA / rodent model of cerebral malaria (67). 

γδ T Cells: T cells bearing γδ-TCR represent a small fraction of circulating T cells that 

are distinct from αβ T cells in that they can recognize antigens in the absence of classic 

MHC antigen presentation. γδ T cells constitute the majority of intraepithelial 

lymphocytes in the gut and other mucosal tissues of adult humans and mice (71). 

Although an expansion of γδ T cells has been reported during blood stage malarial 

infection, these cells were not found to be crucial in developing blood stage immunity 

against P. chabaudi AS or P. chabaudi  adami infection (72). Together with NK cells, γδ 

T cells have been shown to be an early source of IFN-γ and TNF-α before the activation 

of αβ T cells. The observation that γδ T cells secrete potentially harmful 

proinflammatory cytokines has also lead to the hypothesis that these cells play a role in 

malarial pathogenesis rather than protection (73). Furthermore, γδ T cells have also been 

shown to contribute to the pathogenesis of cerebral disease in P. berghei ANKA model of 

malarial infection (74). Thus the exact role of γδ T cells in immunity to blood stage 

malaria is not clear and is an open area for further investigation.    

B Cells and Antibodies: The obvious role of B cells in protection against malarial 

infection is through antibody production. The importance of antibody in resolution of 

malarial infection was first demonstrated in passive transfer experiments, where 

parasitemia could be resolved by transfer of immune sera (75, 76). The possible effector 

mechanisms involved in antibody-mediated protection are thought to be interference with 

merozoite invasion into erythrocytes (77, 78), antibody dependent cell-mediated 

cytotoxicity, and phagocytosis (75, 79, 80). Antibodies specific for a number of parasite 
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antigens, including MSP-1 and -2 (81-83) and PfEMP-1 (84, 85) have been shown to 

correlate with resistance to P. falciparum infection. In humans, cytophilic antibodies 

IgG1 and IgG3 isotypes predominate in the sera of immune adults (86, 87). Furthermore, 

IgG1 and IgG3 from immune individuals together with monocytes were shown to be able 

to kill the parasites in vitro (86). Consistent with these reports in human malaria 

infection, passive transfer of IgG2a isotype from immune serum was demonstrated to 

provide stronger protection to murine malaria infection with P. berghei than IgG1 isotype 

(88, 89). This suggests that the protection is isotype specific. Additionally, Couper et al 

showed recently that IgM-/- mice are more susceptible to P. chabaudi AS infection than 

WT mice and passive transfer of wild type antiserum containing malaria specific IgM 

into IgM-/- mice can reduce the mortalities in IgM-/- mice, suggesting a protective role for 

IgM during malarial infection (90).  

T Cells and Cytokines: Experiments over many years have established a central role for 

CD4+ T cells in the protection against blood stage malaria infection. Based on the pattern 

of cytokine production, CD4+ T cells are classified into two major subsets. Th1 cells 

produce proinflammatory cytokines such as IL-2, IFN-γ, and TNF-α and initiate cell-

mediated immune responses via activation of macrophages. Th1 cells also regulate the 

production of opsonizing and cytophilic antibodies such as IgG2a and IgG3 in mice, and 

IgG1 and IgG3 in humans. Th2 cells produce cytokines such as IL-4, IL-5, IL-6 and IL-

13 and provide help for B-cell maturation to plasma cells and promote the production of 

IgG subtypes that are associated with allergies and helminthic infections, such as IgG1 in 

mice and IgG4 in humans (91). It has been shown in P. chabaudi AS infection that both 

Th1 and Th2 cells are important for resolution of the infection (92-94). The induction of a 
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Th1 response versus Th2 response appears to be tightly regulated and can be affected by 

the initial interaction between T cells and the antigen presenting cells.  

 In order to initiate a Th1 cytokine response, Th0 precursor cells must first be 

given the appropriate signals in the form of IL-12 and engagement of membrane-

associated costimulatory molecules. IL-12 has been identified as a critical cytokine of the 

early immune response that links innate and acquired immunity and initiates development 

of the Th1 immune response (95).  IL-12 is a heterodimeric cytokine composed of p35 

and p40 subunits. The two subunits together form the 70- to 75-kDa (p70) protein which 

accounts for the biologic actions of IL-12. This cytokine is predominantly produced by 

activated monocytes, macrophages and dendritic cells and heterodimers must be 

produced in the same cells to generate active cytokine (96-98). IL-12 signals through IL-

12R which is composed of two subunits, IL-12Rβ1 and IL-12Rβ2 and is expressed by 

macrophages, dendritic cells, NK cells, and activated T cells (99, 100). IL-23 and IL-27, 

two other heterodimeric cytokines that are related to IL-12, have been identified recently. 

Active IL-23 is composed of IL-23p19 and IL-12p40 subunits (97), while IL-27 is made 

up of IL-27p28 and Epstein Barr virus-induced gene 3 (EBI3), an IL-12p40 related 

protein (101, 102).  

IL-12 family cytokines have been found to play important roles in NK cell activation 

(98, 103, 104), T cell proliferation (105), T cell cytokine production (99) and B cell 

antibody production (106, 107). Although IL-12, IL-23 and IL-27 can all induce IFN-γ 

production, IL-12 has been shown to be uniquely required for Th1 differentiation (108). 

 As a potent inducer of IFN-γ production, IL-12 has been shown to be critical for 

development of IFN-γ-mediated protection against blood-stage P. chabaudi AS infection. 
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IL-12 is one of the first cytokines initiated in this infection. Resistant B6 mice mount a 

strong IL-12 response within 2-3 days of infection, whereas this response is impaired in 

susceptible A/J mice (109, 110). Treatment of susceptible A/J mice with murine rIL-12 

significantly reduces the level of parasitemia and improves host survival (111). This IL-

12-induced protection is mediated by IFN-γ and TNF- α (30) and requires the presence of 

NK and CD4+ T cells (64, 111). A similar protective effect of IL-12 treatment was also 

shown in mice infected with a radiation-attenuated variant of P. berghei (112) and liver-

stage P.  yoelli (113). In humans, low levels of plasma IL-12 have been shown to be 

associated with severe malarial pathology (114, 115), and IL-12 production is inversely 

associated with risk of infection and positively associated with hemoglobin concentration 

and IFN-γ and TNF-α production (116).  

IFN-γ is a pluripotent cytokine that plays a central role in immune response to several 

infectious diseases. IFNs originally identified as agents involved in protecting the cells 

from viral infection (117) are classified into type I and type II according to receptor 

specificity and sequence homology. The type I IFNs are comprised of multiple IFN-α 

subtypes, IFN-β, IFN-ω, and IFN-τ, where as IFN-γ is the sole type II IFN. IFN-γ is a 

homodimeric protein produced by NK cells, CD4+ Th1 cells, CD8+ cytotoxic 

lymphocytes, B cells, NKT cells and antigen presenting cells (118-124) and regulates 

over 200 genes involved in immune responses. IFN-γ along with IL-12 plays an 

important role in skewing the immune response towards a Th1 phenotype. In terms of its 

effect on CD4+ T cells, IFN-γ stimulates secretion of IL-12 by macrophages, which binds 

receptors on naïve CD4+ T cells and promotes the differentiation and expansion into Th1 

cells (125-127). IFN-γ also promotes Th1 cell differentiation by inducing the 
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transcription factor T-bet (128). Additionally, IFN-γ upregulates the class II MHC antigen 

presention pathway and thus promotes peptide-specific activation of CD4+ T cells (129, 

130). IFN-γ affects CD8+ T cells by upregulating multiple functions within the class I 

MHC antigen presention pathway and thereby promoting the levels and diversity of 

epitopes presented for CD8+ T cell recognition in the context of class I MHC (131). The 

IFN-γ receptor, ubiquitously expressed on all nucleated cells, consists of two ligand 

binding IFN-γRI chains associated with two signal transducing IFN-γRII chains (132). 

Both IFN-γ receptors lack intrinsic kinase/phosphatase activity and so must associate 

with signaling machinery for signal transduction. Although IFN-γ secretion by NK cells 

and antigen presenting cells is likely to be important in early host defense against 

infection, T lymphocytes become the major source of IFN-γ in the adaptive immune 

response (121, 133).  

In resistant B6 mice there is a rapid and large production of IFN-γ early in the course 

of P. chabaudi AS infection that can be detected in the plasma two to three days before 

peak parasitemia (134). CD4+ T cells were shown to be the major source of IFN-γ at this 

time point (93, 134). Depletion of IFN-γ exacerbates an acute P. chabaudi AS infection, 

and IFN- γ receptor deficient mice infected with P. chabaudi AS have prolonged acute 

phase parasitemia and greater mortality, suggesting an important role for IFN- γ in the 

control of malaria infection in mice (134, 135). An early Th1 and IFN- γ response have 

also been described for both lethal and non-lethal P. yoelii infections and a lethal P. 

vinckei vinckei infection (37). 

IFN-γ may mediate its effect by activating macrophages to produce TNF-α and 

soluble mediators such as nitric oxide and reactive oxygen species. TNF-α was initially 
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identified on the basis of its ability to kill tumor cells in vitro and to cause hemorrhagic 

necrosis of transplantable tumors in mice (136). Since then, TNF-α is known to play an 

important role in immune response, inflammation, autoimmunity and pathophysiology of 

many diseases (137). TNF-α occurs naturally in two biologically active molecular forms, 

a 26-kDa type II transmembrane pro-TNF-α acting locally through cell-to-cell contact, 

and a 17-kDa secreted mature TNF-α that is cleaved from pro-TNF-α by proteolytic 

enzymes and is capable of acting on distant targets (138). TNF-α has been shown to 

modulate proliferation, differentiation, and apoptotic or necrotic cell death in a number of 

different cell types (139). These responses are mediated by TNF-α binding to two distinct 

TNF-α receptors, type I (TNFRI, CD120a) and type II (TNFRII, CD120b (140)). Both 

are type I transmembrane glycoproteins and members of the TNF receptor superfamily 

characterized by the presence of multiple cystine-rich repeats of about 40 amino acids in 

the extracellular amino-terminal domain. The TNFRI complex contains a death domain 

and mediates both apoptotic and antiapoptotic pathways. TNFRII lacks a cytoplasmic 

death domain and has been shown to induce pathways of cell activation and survival. 

However, TNFRII may also be involved in cytotoxicity of target cells (141). It has been 

proposed that the ligation of TNFRII leads to the activation of NF-κB and AP-1, which in 

turn will induce the transcriptional upregulation of membrane-bound TNF and FasL, 

leading to apoptosis in an autotropic or paratropic manner (141). 

TNF-α is thought to be involved in development of immunity as well as pathology in 

malaria infections in experimental models and in humans. In addition to being induced by 

cytokines such as IFN-γ, TNF-α release by macrophages can also be directly induced by 

malarial parasites and their soluble antigens such as glycosylphosphatidylinositols (142) 
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and insoluble hemozoin (143). High levels of TNF-α in the spleen have been shown to 

correlate with resistance to P. chabaudi AS infection in mice. Administration of TNF-α 

to susceptible strains of mice has been shown to provide protection against P. chabaudi 

AS infection in mice (144) and administration of anti-TNF-α antibody to resistant mice 

abrogates protective immunity (145). However, TNF-α might not be a critical cytokine 

for early protective responses as mice deficient in TNFRI and II are shown to be able to 

control and reduce parasitemia (146).   

The anti-parasitic effect of TNF-α may be through induction of soluble mediators 

such as ROS and NO. However the role of NO and ROS in parasite killing is still 

controversial. Mice deficient in inducible nitric oxide synthase (iNOS) are able to clear P.  

berghei infection at the same rate as normal mice (147). Also blocking of NO production 

through administration of an inhibitor of iNOS, NG-monomethyl –L-arginine (L-NMMA) 

does not alter the course of P. yoelii infection (148). In contrast others have demonstrated 

an anti-parasitic effect of NO. Administration of L-NMMA has been shown to abolish the 

ability of mice transfused with a protective Th1 clone to control parasite growth (149). 

Additionally, treatment of resistant B6 mice with an iNOS inhibitor aminoguanidine has 

been reported to result in increased mortality indicating a protective role of NO in the 

early phase of blood stage P. chabaudi AS malaria (150). 

In addition to their contribution towards eliminating the parasite and to the 

development of protective immunity, it has been clearly shown in rodent models that Th1 

cytokines produced during acute infection, particularly TNF-α and IFN-γ, play a major 

role in pathogenesis (151-154). Neutralization of IFN-γ with a monoclonal antibody had 

been shown to reduce the level of TNF-α in the serum of P. berghei infected mice and 
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protected these mice from experimental cerebral malaria, suggesting that these cytokines 

contribute to pathology in P. berghei infection (153). TNF-α production during blood 

stage malaria infection can lead to splenomegaly (155), weight loss and anemia (156). 

TNF-α has been shown to suppress erythropoiesis both in mouse and human bone 

marrow cultures (152, 157, 158) and enhance erythrophagocytosis (159). High levels of 

TNF-α in the serum and lower plasma IL-10 to TNF-α ratio have been shown to be 

associated with anemia in children (159, 160). Variation in the amounts of TNF-α 

production has a genetic basis and is decisive for the outcome of an infection. Thus, a 

single nucleotide polymorphism in the TNF-promoter region (-308) has been shown to be 

associated with elevated TNF-α production and an increased risk of cerebral P. 

falciparum malaria (161-163). Furthermore, an association has been observed between 

TNF promoter allele-238A and malarial anemia in children from The Gambia (164).  

In contrast, regulatory cytokines such as IL-10 and TGF-β play important roles in 

maintaining the balance of the inflammatory response. A deficiency of IL-10 resulted in 

increased mortalities in P. chabaudi AS infected mice and the mortalities were associated 

with elevated plasma levels of IL-12, IFN-γ and TNF-α (165). However, it has been 

shown that IL-10-/- mice can down regulate IFN-γ and TNF-α level, suggesting a role for 

other mechanisms in modulating immune responses during malarial infection. TGF-β is 

another anti-inflammatory and regulatory cytokine that has been shown to be capable of 

regulating inflammatory responses during P. chabaudi AS infection (166). TGF-β is 

produced by a wide range of cells including macrophages and T cells (167). Depending 

on the environment and concentration, TGF-β has shown to have both pro- and 

antiinflammatory properties (168). Importantly, TGF-β suppresses production of TNF-α 
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and nitric oxide from macrophages (169, 170) and suppresses production of IFN-γ and 

TNF-α from NK cells (171). It has been proposed that these effects may be mediated via 

enhanced IL-10 production by macrophages (172), eventually leading to a shift in the 

immune response away from a Th1-like response and towards a Th2-like response (173) 

In rodent models, the ability to survive malarial infection is positively correlated 

with the ability to secrete TGF-β (174). It was observed that the administration of a 

neutralizing antibody to TGF-β can render otherwise resistant B6 mice susceptible to P. 

chabaudi AS infection and administration of recombinant TGF-β can prolong the 

survival in P. berghei-infected mice (174). The TGF-β response has also been shown to 

differ between mice infected with a virulent Plasmodium strain and those infected with a 

benign strain. Thus, Omer et al demonstrated that following infection with the avirulent 

P. yoelii 17X, TGF-β levels peaked late and correlated with reduced parasite density, 

whereas infection with the virulent P. yoelii 17XL resulted in an early TGF-β response, a 

downregulated Th1 response, failure to clear parasites, and death (175).  

ORIGIN AND DEVELOPMENT OF MOUSE PLACENTA: The placenta is the first 

organ to form during mammalian embryogenesis and is composed of both maternal and 

fetal cells. The major function of human and mouse placenta is to promote the growth 

and viability of the fetus whilst preserving the maternal well-being. This is achieved in 

several ways which involves the development of specialized regions, the maternofetal 

interface, where maternal and fetal cells are brought into close association and interact 

with each other. The placenta ensures an adequate supply of nutrients from the mother to 

the fetus and the removal of toxic wastes from the fetus to the mother. In addition, the 

placenta acts as an important source of pregnancy-associated hormones and growth 
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factors, and is involved in the immune protection of the fetus. A detailed knowledge of 

the sequential anatomical and physiological events occurring during placentation is 

required to understand the maternal immune responses to placenta and how the fetus that 

expresses paternal antigens escapes immune-mediated rejection. 

 In mouse, two distinct cell lineages are formed by embryonic day 3: the outer 

specialized trophectodermal epithelium and the inner cell mass (ICM) (176).  The 

trophoblast layer of the placenta arises from the outer trophectoderm layer of blastocyst. 

Implantation begins when blastocyst slips into a crypt formed by the thickened uterine 

walls and this commonly occurs at about embryonic day 4.5. The trophoblast cells 

overlying the ICM continue to proliferate and give rise to the diploid extra embryonic 

ectoderm and ectoplacental cone of the early postimplantation conceptus. The 

trophectoderm cells away from the ICM stop dividing but continue to endoreduplicate 

(repeated rounds of DNA replication in the absence of intervening mitoses) their DNA to 

form trophoblast giant cells. The allantois arises from mesoderm at the posterior end of 

the embryo and makes contact with chorion at embryonic day 8.5. The allantoic 

mesoderm gradually invades trophoblastic cells and establishes a network of fetal blood 

vessels in the labyrinthine zone. The labyrinth develops from the trophoblast and its 

associated fetal blood vessels. In the labyrinth trophoblast differentiates into three layers: 

two syncytiotrophoblast layers in contact with the fetal endothelium and one 

cytotrophoblast layer in contact with maternal blood. A definitive chorioallantoic 

placenta is developed by gestation day 12.5 (mouse gestation is 19-21 days). 

Comparative Anatomy of Human and Mouse Placenta: Three physiologically and 

anatomically distinct regions can be distinguished in both human and murine placenta. 
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First is the region that is known as labyrinth in mice and fetal villous placenta in humans. 

This is where the maternal and fetal blood circulates in close association for 

physiological exchange of nutrients and gases. Based on the overall shape of the fetal 

placenta / labyrinth,placenta in both species is referred to as discoid and has a flat surface 

facing the fetus and an irregular opposite surface adjacent to the uterine wall. The fetal 

side of this region in both species is bounded by a layer of trophoblast cells supported by 

extracellular matrix and is known as the chorionic plate. In humans, from the opposite 

surface of the chorionic plate arises many tree like projections known as chorionic villi.  

The umbilical cord is typically attached to the centre of the fetal surface (177-179).  

Second is the region termed basal plate in humans and junctional zone or 

spongiotrophoblast zone in mice. This region borders the maternal surface of the fetal 

placenta / labyrinth and is traversed by maternal blood channels, and is lined by fetally-

derived trophoblast cells, through which maternal blood flows into and out of the fetal 

placenta / labyrinth (177, 178, 180). The maternal side of the murine spongiotrophoblast 

layer is lined by a discontinuous layer of fetally-derived trophoblast giant cells (177). 

Third, is the decidua basalis in both humans and mice (transformed maternal 

endometrium immediately bordering the basal plate in humans and trophoblast giant cell 

zone in mice). In humans, the decidua basalis and its underlying myometrium are 

collectively known as the placental bed (177, 178). A simplified diagrammatic 

representation of murine definitive placenta showing all three layers are presented in 

figure 2.1.  

However, there are some differences between human and mouse placentae. In 

humans the definitive placental structure is visible as early as gestation day 21. In mice, 
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however, the definitive structure is completed only halfway through gestation.  In 

humans, the trophoblast invasion normally extends up to the inner third of myometrium, 

whereas, it is limited to decidua basalis in mice (178, 181). Furthermore, the trophoblast 

giant cells in humans are thought to be formed by the fusion of extravillous trophoblastic 

cells whereas, murine trophoblast giant cells are generated by endoreduplication (182).  

IMMUNOLOGY OF PREGNANCY: Pregnancy constitutes a major challenge to the 

maternal immune system, which must tolerate fetal alloantigens encoded by paternal 

genes. Several mechanisms involving both maternal and trophoblast factors are thought 

to be involved in the protection of the fetus from maternal immune-mediated rejection.   

One of the most important immune evasion strategies is thought to be the absence of 

classical major histocompatibility complex (MHC) antigens on the trophoblast. MHC 

class II alloantigens are completely absent on extravillous trophoblast cells in both 

humans and mice (183). Furthermore, human trophoblast cells do not express classical 

MHC classs I HLA-A and HLA-B molecules but do express classical HLA-C and non-

classical HLA-E and HLA-G. Trophoblast expression of monomorphic HLA-G could be 

another mechanism involved in fetal immune evasion. HLA-G molecules prevent 

cytolytic activity of NK cells by binding to killer-immunoglobulin-like receptors 

expressed by NK cells (184).  

Another immune evasion mechanism is thought to involve production of Indolamine 

2-3 dioxygenase (IDO), a tryptophan-catabolizing enzyme, by fetal trophoblast cells. 

Through depletion of tryptophan, an essential amino acid for rapidly dividing cells, T cell 

proliferation at the maternofetal interface is thought to be inhibited. A role for IDO in 

protecting the fetus against maternal immune-mediated rejection has been demonstrated 
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in rodent models where adminstration of 1-methyl tryptophan, an inhibitor of IDO, can 

induce abortion (185).  

Trophoblast expression of high levels of complement inhibitory proteins, 

especially Crry, is thought to have important functions in protection against complement-

mediated damage. A deficiency of complement regulatory proteins has been shown to 

result in excessive C3 deposition, neutrophil influx and inflammation within the 

developing placenta and ultimately embryonic death in mice (186). The Fas / Fas-ligand 

(Fas/FasL) system is also thought to be involved in protection of the fetal allograft. 

Trophoblast cells synthesize and express FasL, which in turn may cause apoptosis of 

activated maternal lymphocytes that are known to express Fas (187, 188).  

The cytokine balance at the maternofetal interface is thought to be a major factor 

in determining fetal outcome. Thus, normal pregnancy is thought to require a bias against 

Th1 or towards Th2 type of cytokine responses (189, 190). Whereas production of Th2-

type of cytokines such as IL-10 and IL-4 locally at the materno-fetal interface is thought 

to favor the maintenance of pregnany (191, 192), an excessive production of 

Th1/proinflammatory cytokines such as IL-2, IL-6, IFN-γ and TNF-α mediate fetal 

rejection (193-196).  

Although the trophoblast cells do not express MHC class II molecules, 

macrophages and dendritic cells present in the placenta can process and present the fetal 

antigens to maternal T cells. Furthermore, the hypothesis that the placenta acts as a 

physical barrier in protecting the fetus from maternal immune attack has also been proved 

wrong, as there is evidence for trafficking of cells in both directions across the 

maternofetal interface (197, 198). Thus, despite all the immune evasion strategies, it is 
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generally accepted now that the maternal adaptive immune system is aware of paternal 

alloantigens. However, the alloantigen specific T cells are thought to be somehow 

anergized during pregnancy (199). Expression of regulatory T cells at the maternofetal 

interface (200) and antigen presentation in the absence of costimulation are thought to be 

the possible mechanisms involved. Thus, several factors including fetal trophoblast cells, 

maternal immune cells at the maternofetal interface, and a carefully regulated balance of 

pro and anti-inflammatory cytokine production in the placenta and periphery are all 

thought to be involved in preserving the fetal allograft. Factors that can affect this 

balance can cause poor pregnancy outcomes including fetal loss. Uterine infections are 

thought to be one such factor that can alter the delicate balance at the maternofetal 

interface. Several pregnancy complications such as preterm labor, pre-eclampsia and 

spontaneous abortion are all shown to have strong association with infections (201-203).  

MALARIA DURING PREGNANCY: Malaria during pregnancy is a major risk factor 

for maternal and fetal mortality. In all endemic areas pregnant women are shown to be 

more susceptible to malarial infection than their nonpregnant counterparts or the general 

adult population. However, the severity of malarial infection can vary depending on the 

endemicity or intensity of transmission. Most of our understanding of the biological basis 

for the increased susceptibility of pregnant women to malarial infection is from studies 

conducted with pregnant women living in high transmission areas (204-208). Adults 

living in high endemic areas often develop protective immunity against severe malarial 

infection. However, this protection is markedly compromised in women during their first 

and second pregnancies (209, 210). Under these settings, malarial infection during 

pregnancy is characterized by severe maternal anemia and poor fetal outcomes such as 
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low birth weight babies and preterm labor (211-213). Pregnant women regain their 

protective immunity to severe malarial infection in their subsequent pregnancies. The 

increased susceptibility of pregnant women to malarial infection during pregnancy is 

thought to be largely due to accumulation of iRBCs in the placental intervillous blood 

space. This preferential sequestration of iRBCs in the placenta is mediated at least in part 

through binding of iRBCs to specific receptors expressed on the syncytiotrophoblast cells 

(207, 214). Placental parasites typically adhere to chondroitin sulfate A (CSA) expressed 

on syncytiotrophoblasts, but rarely to CD36 and intercellular cell adhesion molecule 

(ICAM)-1 (205, 206). In addition, binding to hyaluronic acid (HA) and non-immune 

immunoglobulins might also mediate sequestration of iRBCs in the placenta (215, 216). 

PfEMP-1 encoded by the var family of genes (217, 218), is the best-characterized ligand 

implicated in the cytoadherence. The adhesive characteristics of placental parasites from 

areas of very low transmission are not described. However, among women in an area of 

low-transmission intensity in Thailand (219), multigravidae had a greater prevalence of 

antibodies to CSA-binding iRBCs than men or primigravidae, suggesting that CSA-

binding phenotypes are a feature of P. falciparum in pregnancy globally. 

Immunity to malaria during pregnancy: Adults living in high endemic areas exhibit 

substantial immunity to malarial infection and the protection is shown to be associated 

with the presence of a large repertoire of variant-specific agglutinating antibodies against 

different P. falciparum isolates (220, 221). However, during their first pregnancy women 

lose their protection against developing severe disease suggesting the emergence of novel 

antigenic variants of P. falciparum that are poorly recognized by antibodies acquired 

prior to the first pregnancy (205, 206). Over successive malaria-infected pregnancies, 
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women living in high endemic areas acquire antibodies that can inhibit parasite adhesion 

to CSA and / or react with the surface of placental or CSA binding iRBCs and protect 

women from developing severe disease (205, 206, 222, 223).  

Recent studies suggest that VAR2CSA, expressed on the surface of CSA-binding 

iRBCs, is the major target of antibodies associated with protection against malaria in 

pregnancy (224). VAR2CSA has been shown to be upregulated in parasites selected for 

CSA binding in vitro (225) and in placental isolates (226). Additionally, targeted 

disruption of var2csa was shown to be associated with marked reduction in the ability of 

parasites to adhere to CSA (227). Furthermore, recombinant proteins corresponding to 

VAR2CSA domains are shown to be recognized by antibodies in plasma from malaria-

exposed donors according to gravidity and gender, and antibodies to these domains are 

associated with reduced risk of infant low birth weight (224).  

Cellular Immune Responses In Malaria During Pregnancy: Apart from sequestration 

of iRBCs in the placental intervillous space, malarial infection is often associated with 

massive infiltration of immune cells in the placenta. Monocytes and macrophages, 

engorged with malarial parasites or hemozoin, are the most distinct cellular component of 

the inflammatory infiltrate [reviewed in (228, 229)](207, 230). The accumulation of 

macrophages in the placenta of malaria-infected pregnant women has been shown to be 

strongly associated with poor pregnancy outcomes (231, 232). Additionally, the placental 

infiltrate also includes lymphocytes and less frequently polymorphonuclear cells (233). 

Apart from accumulation of inflammatory infiltrates, other histological changes include 

excessive syncytiotrophoblast knotting, loss of microvilli, fibrin deposits, cytotrophoblast 
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proliferation and irregular thickening of the cytotrophoblast basement membrane (207, 

232, 234).  

Cytokines and Chemokines: Cytokines are thought to be involved in both protection as 

well as pathology during malarial infection. The proinflammatory cytokine IFN-γ has 

been shown to be critical in protection against malarial infection in both humans and 

mice. Elevated production of IFN-γ by intervillous blood mononuclear cells has been 

thought to be associated with protection against PM infection in multigravid women 

(209). However, elevated production of proinflammatory cytokines are also thought to be 

associated with poor pregnancy outcomes. Fried et al observed that the levels of IFN-γ, 

TNF-α and IL-2 were elevated in the placentas from malaria-infected women compared 

to their uninfected counterparts (235). Furthermore, elevated levels of TNF-α, IFN-γ and 

IL-8 have been shown to be associated with severe anemia and low birth weight babies 

(235). Macrophages are thought to be the major source of TNF-α and IL-8 in the 

placenta. However, syncytiotrophoblast cells are also capable of producing IL-8 and 

TNF-α in vitro (236). Factors that contribute to the accumulation of immune cells in the 

placenta are also shown to be elevated in malaria-infected pregnant women. Placental 

levels of macrophage inflammatory protein (MIP) -1α and β, monocyte chemoattractant 

protein (MCP)-1 and IL-8 are increased during PM (237-239).  

However all these studies were conducted in women living in high endemic areas. 

Detailed studies to understand the development of immune responses in pregnant women 

living in settings of low endemicity or during early pregnancy have not been done.  In 

low endemic areas exposure to malarial infection is not constant enough to promote an 

effective immunity in the population. Under these settings, pregnant women of all parities 
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are at greater risk to develop severe malarial disease compared to their nonpregnant 

counterparts. Thus, malarial infection in pregnant women with little or no immunity can 

lead to severe malarial syndromes including cerebral malaria, pulmonary edema and 

maternal and fetal death (240, 241). In his detailed report on the 1934-35 malaria 

epidemic in Sri Lanka, Wickramasuriya had reported a more severe clinical outcome in 

pregnant women compared to other infected adults. Pregnant women frequently 

experienced cerebral malaria, severe anemia and cachexia, and mortality rates were as 

high as 13% (242) . Apart from maternal mortalities, fetal mortalities were also reported 

to be higher and the combined cases of neonatal and fetal mortalities were 66.9% in cases 

of pregnancy malaria. Severe maternal malaria associated with poor pregnancy outcomes 

were also reported from other parts of the world. In India, fatal complications of malarial 

infection during pregnancy included, cerebral malaria, pulmonary edema and 

hypoglycemia. Furthermore, the rate of fetal loss was almost twice (31.1%) the rate 

observed in general population (240). In a low transmission area of Tanzania, the 

malarial infection during pregnancy was associated with high rates of still-births (33.3%) 

and neonatal deaths (31.3%) (243). 

ANIMAL MODELS OF MALARIA DURING PREGNANCY: Detailed 

immunologic studies on the role of malaria in abortion and stillbirth and the effect of 

placental parasitization and maternal anti-malarial immune response on pregnancy 

success have not been done. Previous studies on the interrelationship of malaria and 

pregnancy in rodents have used lethal parasites such as P. berghei. In pregnant mice, P. 

berghei infection was shown to be more severe when compared to non-pregnant mice 

(244). Pregnant mice experienced a more rapid increase in parasitemia than non-pregnant 
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mice and had higher mortality rates (245, 246). Gestation day at which the infection is 

initiated may also influence the outcome. Mice infected on gestation day 6 with P. 

berghei showed a rapid rate of increase in parasitemia and succumbed to infection when 

compared to mice infected later in pregnancy. Litters from mice injected with 107 P.  

berghei iRBCs on day 16 of pregnancy showed a reduction in birth weight and malarial 

parasites were present in the placenta and fetal blood on delivery (247). P berghei 

infection in pregnant rats was also used as a model to study malarial infection during 

pregnancy. In this model pregnant Wistar rats infected with 106 P. berghei iRBCs were 

shown to develop more severe parasitemia and anemia compared to nonpregnant rats and 

succumbed to infection when infections were initiated on day 7 of gestation. 

Furthermore, the placental parasitemias were shown to be higher than the peripheral 

parasiemias at the time of delivery (248). Additionally, the placental pathologies 

associated with P. berghei infection in white rats were shown to be thickening and 

necrosis of cells in the labyrinthine zone, fibrosis of trophoblast cells, loss of microvilli 

and infiltration of maternal blood space by inflammatory cells, especially monocytes 

(249). Further research to characterize the immunological and molecular basis of fetal 

loss in rodent models for malarial infection during pregnancy has not been done.  

 More recently, Davison et al used P. coatneyi infected pregnant rhesus macaques 

to study the pathogenis of malarial infection during pregnancy. In this model, infected 

monkeys experienced increased rates of abortion and intrauterine growth retardation 

associated with placental pathology (250, 251). Although the leukocyte profiles were 

altered in infected pregnant monkeys with lower CD4+ and CD8+ T-cell and B cell counts 

suggestive of pregnancy-associated immunomodulation (252), the cytokine responses 
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were not altered, although fetal loss was found to be associated with elevated plasma 

TNF-α levels (253).  

Cytokines and Fetal Loss: The exact mechanism by which the implanted embryo is 

killed during malarial infection is not clear. Normal pregnancy is characterized by a shift 

towards Th2 type immune response (189, 190). Thus a Th1 immune response mediated 

through the production of cytokines such as IFN-γ, TNF-α and IL-2 can have adverse 

effects on the conceptus either by direct embryotoxic activity or by damaging the 

placental trophoblast (254).  It has been shown that IFN-γ can inhibit trophoblast 

outgrowth in vitro and IFN-γ and TNF-α can inhibit embryonic and fetal development as 

well as human trophoblast cell line growth in vitro (255). Administration of TNF-α, IFN-

γ or IL-2 to normal pregnant mice has been shown to increase the frequency of 

resorptions (256, 257). In contrast to the deleterious effects of inflammatory cytokines on 

pregnancy, anti-inflammatory cytokines such as IL-10 and TGF-β may aid in fetal 

survival. IL-10 has been shown to protect against fetal death in a murine model of 

spontaneous resorptions (258), and reduced TGF-β levels correlate with increased 

spontaneous resorptions and abortions (259). 

It is possible that the fetal trophoblast cells which form the interface between the 

embryo and the maternal tissue are damaged or killed (255). However, the trophoblast 

cells are not susceptible to lysis by TNF-α, NK cells, or macrophages, but may be killed 

by cytokine-activated NK cells (260). In a murine model for recurrent pregnancy loss the 

role of infiltrating NK cells and macrophages was shown to be through production of 

proinflammatory cytokines IL-1, TNF-α and IFN-γ (261). The mechanism by which pro-

inflammatory cytokines mediate the embryotoxic effect in this model may be through the 
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up-regulation of procoagulant fgl2 prothrombinase, as blockade of fgl2 abrogated the 

observed pregnancy loss (262). Fgl2 prothrombinase is a fibrinogen-like protein that has 

been shown to be expressed by macrophages, vascular endothelial cells, fetal trophoblast, 

and a subset of uterine stromal cells (263). Proinflammatory cytokines IL-1 and TNF-α 

can induce the expression of fgl2 prothrombinase in the vascular endothelium (264) and 

IFN-γ and TNF-α can induce its expression in murine trophoblast (265). It has recently 

been shown that malarial parasites can induce expression of tissue factor (TF), an initiator 

of the clotting cascade, on activated endothelial cells in vitro (266). It is not clear whether 

the parasite sequestration in the placenta can induce increased TF expression on 

trophoblast cells. However, monocyte TF expression has been demonstrated in the 

placental intervillous space of malaria-infected pregnant women (267). The cytokine-

induced upregulation of prothrombinase activity in the uterus may lead to termination of 

blood flow to the developing placenta and ultimately fetal loss via activation of thrombin, 

and then formation and deposition of fibrin. 

The role of fetal cells in the immunopathogenesis of malarial infection during 

pregnancy is not clear. In mice and other rodents, trophoblast giant cells are the placental 

cells in direct contact with endometrial tissues and maternal blood throughout gestation 

(177, 268). These cells play crucial roles in implantation and placentation (269). 

Trophoblast shares many characteristics with macrophages. Phagocytic activity is an 

established characteristic of trophoblast during the early gestation stages of many species. 

Ectoplacental cone cells derived from 7.5-day-old mouse concepti can phagocytose large 

amounts of P.  berghei iRBCs (270). This trophoblast mediated phagocytosis was 

sensitive to the inhibitory effects of cytochalasin B, suggesting actin cytoskeletal 
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involvement in the process (270). Trophoblast giant cells are also capable of producing or 

responding to various cytokines such as granulocyte macrophage-colony stimulating 

factor (GM-CSF) (271), colony stimulating factor (CSF)-1 (271, 272), IL-1 (273), IL-6 

(274), TNF-α and β (275), and TGF-α and β (276, 277). The effect of phagocytosis of 

malarial parasites or hemozoin on trophoblast function is not known. 

SUMMARY AND GAPS IN KNOWLEDGE: In non-immune women malarial 

infection during the first or second trimester is associated with high rate of abortion and 

during the third trimester frequently results in premature delivery (278). Although an 

association between maternal anti-malarial immune responses, especially accumulation 

of immune cells and associated production of proinflammatory cytokine TNF-α at the 

maternofetal interface, has been shown to be associated with low birth weight babies in 

high endemic areas, to what extent maternal anti-malarial immune responses contribute to 

fetal loss in low endemic settings is not clear. Furthermore, only limited progress has 

been made in our understanding of the development of immune responses against 

malarial infection in women living in low endemic areas or during early pregnancy. The 

objective of this study was to characterize the protective and pathogenic maternal 

immune responses to malarial infection during pregnancy and how these responses are 

related to the fetal outcome by employing a mouse model.  

 Apart from the maternal immune cells, fetal cells could also be involved in 

fighting against the invading pathogens at the maternofetal interface. Both human and 

murine trophoblast cells are shown to play important roles in innate immune protection at 

the maternofetal interface. This has been shown to be mediated through phagocytosis of 

invading microbes as well as through production of various cytokines and chemokines. 
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Although trophoblast production of cytokines and chemokines are shown to be essential 

for implanation and fetal growth and development during normal pregnancy, when 

produced unchecked, especially in the face of an ongoing infection, the same responses 

can induce placental pathology. No study has been done to explore the interaction 

between malarial parasites or hemozoin with murine trophoblast cells and how this 

interaction might affect the trophoblast function and ultimately fetal outcome. The results 

from this study are expected to advance our knowledge of the role of cytokine/chemokine 

production by maternal cells and fetal trophoblast cells in the placental pathologies and 

fetal loss during malarial infection. An understanding of the complex immunological 

mechanisms in malarial infection during pregnancy is critical in developing effective 

intervention or immunotherapies for preventing the detrimental effects of malaria on both 

mother and fetus.  

REFERNCES 

1. Singh, B., L. Kim Sung, A. Matusop, A. Radhakrishnan, S. S. Shamsul, J. Cox-

Singh, A. Thomas, and D. J. Conway. 2004. A large focus of naturally acquired 

Plasmodium knowlesi infections in human beings. Lancet 363:1017-1024. 

2. Anonymous. 1997. World malaria situation in 1994. Wkly. Epidemiol. Rec. 

72:269-276. 

3. Steketee, R. W., B. L. Nahlen, M. E. Parise, and C. Menendez. 2001. The burden 

of malaria in pregnancy in malaria-endemic areas. Am J Trop Med Hyg 64:28-35. 

4. Mota, M. M., J. C. Hafalla, and A. Rodriguez. 2002. Migration through host cells 

activates Plasmodium sporozoites for infection. Nat Med 8:1318-1322. 

 40



5. White NJ, L., S. 1987. Cerebral Malaria. J. R. Kenndedy PGE, ed. Butterworths, 

London. 118-143. 

6. Mota, M. M., and A. Rodriguez. 2002. Invasion of mammalian host cells by 

Plasmodium sporozoites. Bioessays 24:149-156. 

7. Aikawa, M. 1988. Fine structure of malaria parasites in the various stages of 

development. In Malaria. W. H. Wernsdorfer, Sir McGregor I, ed. Churchil 

Livingston, Edinburgh. 57-129. 

8. Blackman, M. J., H. G. Heidrich, S. Donachie, J. S. McBride, and A. A. Holder. 

1990. A single fragment of a malaria merozoite surface protein remains on the 

parasite during red cell invasion and is the target of invasion-inhibiting antibodies. 

J Exp Med 172:379-382. 

9. Thomas, A. W., J. A. Deans, G. H. Mitchell, T. Alderson, and S. Cohen. 1984. 

The Fab fragments of monoclonal IgG to a merozoite surface antigen inhibit 

Plasmodium knowlesi invasion of erythrocytes. Mol Biochem Parasitol 13:187-

199. 

10. Sim, B. K., P. A. Orlandi, J. D. Haynes, F. W. Klotz, J. M. Carter, D. Camus, M. 

E. Zegans, and J. D. Chulay. 1990. Primary structure of the 175K Plasmodium 

falciparum erythrocyte binding antigen and identification of a peptide which 

elicits antibodies that inhibit malaria merozoite invasion. J Cell Biol 111:1877-

1884. 

11. Daly, T. M., and C. A. Long. 1993. A recombinant 15-kilodalton carboxyl-

terminal fragment of Plasmodium yoelii yoelii 17XL merozoite surface protein 1 

induces a protective immune response in mice. Infect Immun 61:2462-2467. 

 41



12. Kumar, S., A. Yadava, D. B. Keister, J. H. Tian, M. Ohl, K. A. Perdue-

Greenfield, L. H. Miller, and D. C. Kaslow. 1995. Immunogenicity and in vivo 

efficacy of recombinant Plasmodium falciparum merozoite surface protein-1 in 

Aotus monkeys. Mol Med 1:325-332. 

13. Singh, S., M. C. Kennedy, C. A. Long, A. J. Saul, L. H. Miller, and A. W. 

Stowers. 2003. Biochemical and immunological characterization of bacterially 

expressed and refolded Plasmodium falciparum 42-kilodalton C-terminal 

merozoite surface protein 1. Infect Immun 71:6766-6774. 

14. Dvorak, J. A., L. H. Miller, W. C. Whitehouse, and T. Shiroishi. 1975. Invasion 

of erythrocytes by malaria merozoites. Science 187:748-750. 

15. Atkinson, C. T., and M. Aikawa. 1990. Ultrastructure of malaria-infected 

erythrocytes. Blood Cells 16:351-368. 

16. Culvenor, J. G., K. P. Day, and R. F. Anders. 1991. Plasmodium falciparum ring-

infected erythrocyte surface antigen is released from merozoite dense granules 

after erythrocyte invasion. Infect Immun 59:1183-1187. 

17. Bannister, L. H., and G. H. Mitchell. 1989. The fine structure of secretion by 

Plasmodium knowlesi merozoites during red cell invasion. J Protozool 36:362-

367. 

18. Galinski, M. R., C. C. Medina, P. Ingravallo, and J. W. Barnwell. 1992. A 

reticulocyte-binding protein complex of Plasmodium vivax merozoites. Cell 

69:1213-1226. 

19. Mons, B. 1990. Preferential invasion of malarial merozoites into young red blood 

cells. Blood Cells 16:299-312. 

 42



20. Shear, H. L., E. F. Roth, Jr., C. Ng, and R. L. Nagel. 1991. Resistance to malaria 

in ankyrin and spectrin deficient mice. Br J Haematol 78:555-560. 

21. Hood, A. T., M. E. Fabry, F. Costantini, R. L. Nagel, and H. L. Shear. 1996. 

Protection from lethal malaria in transgenic mice expressing sickle hemoglobin. 

Blood 87:1600-1603. 

22. Carter, R., and D. Walliker. 1975. New observations on the malaria parasites of 

rodents of the Central African Republic - Plasmodium vinckei petteri subsp. nov. 

and Plasmodium chabaudi Landau, 1965. Ann Trop Med Parasitol 69:187-196. 

23. Aikawa, M., K. Kamanura, S. Shiraishi, Y. Matsumoto, H. Arwati, M. Torii, Y. 

Ito, T. Takeuchi, and B. Tandler. 1996. Membrane knobs of unfixed Plasmodium 

falciparum infected erythrocytes: new findings as revealed by atomic force 

microscopy and surface potential spectroscopy. Exp Parasitol 84:339-343. 

24. Fugioka, H., Aikawa M. 1999. The malaria parasite and its life cycle. In Malaria: 

Molecular and Clinical Aspects. M. Wahlgren, Perlmann P, ed. Academic Press, 

Horwood. 19-55. 

25. Barnwell, J. W., A. S. Asch, R. L. Nachman, M. Yamaya, M. Aikawa, and P. 

Ingravallo. 1989. A human 88-kD membrane glycoprotein (CD36) functions in 

vitro as a receptor for a cytoadherence ligand on Plasmodium falciparum-infected 

erythrocytes. J Clin Invest 84:765-772. 

26. Berendt, A. R., D. L. Simmons, J. Tansey, C. I. Newbold, and K. Marsh. 1989. 

Intercellular adhesion molecule-1 is an endothelial cell adhesion receptor for 

Plasmodium falciparum. Nature 341:57-59. 

 43



27. Cooke, B. M., A. R. Berendt, A. G. Craig, J. MacGregor, C. I. Newbold, and G. 

B. Nash. 1994. Rolling and stationary cytoadhesion of red blood cells parasitized 

by Plasmodium falciparum: separate roles for ICAM-1, CD36 and 

thrombospondin. Br J Haematol 87:162-170. 

28. Oquendo, P., E. Hundt, J. Lawler, and B. Seed. 1989. CD36 directly mediates 

cytoadherence of Plasmodium falciparum parasitized erythrocytes. Cell 58:95-

101. 

29. Roberts, D. D., J. A. Sherwood, S. L. Spitalnik, L. J. Panton, R. J. Howard, V. M. 

Dixit, W. A. Frazier, L. H. Miller, and V. Ginsburg. 1985. Thrombospondin binds 

falciparum malaria parasitized erythrocytes and may mediate cytoadherence. 

Nature 318:64-66. 

30. Rogerson, S. J., S. C. Chaiyaroj, K. Ng, J. C. Reeder, and G. V. Brown. 1995. 

Chondroitin sulfate A is a cell surface receptor for Plasmodium falciparum-

infected erythrocytes. J Exp Med 182:15-20. 

31. Treutiger, C. J., A. Heddini, V. Fernandez, W. A. Muller, and M. Wahlgren. 

1997. PECAM-1/CD31, an endothelial receptor for binding Plasmodium 

falciparum-infected erythrocytes. Nat Med 3:1405-1408. 

32. Smith, J. D., C. E. Chitnis, A. G. Craig, D. J. Roberts, D. E. Hudson-Taylor, D. S. 

Peterson, R. Pinches, C. I. Newbold, and L. H. Miller. 1995. Switches in 

expression of Plasmodium falciparum var genes correlate with changes in 

antigenic and cytoadherent phenotypes of infected erythrocytes. Cell 82:101-110. 

33. Baruch, D. I., B. L. Pasloske, H. B. Singh, X. Bi, X. C. Ma, M. Feldman, T. F. 

Taraschi, and R. J. Howard. 1995. Cloning the P. falciparum gene encoding 

 44



PfEMP1, a malarial variant antigen and adherence receptor on the surface of 

parasitized human erythrocytes. Cell 82:77-87. 

34. Su, X. Z., V. M. Heatwole, S. P. Wertheimer, F. Guinet, J. A. Herrfeldt, D. S. 

Peterson, J. A. Ravetch, and T. E. Wellems. 1995. The large diverse gene family 

var encodes proteins involved in cytoadherence and antigenic variation of 

Plasmodium falciparum-infected erythrocytes. Cell 82:89-100. 

35. Holt, R. A., G. M. Subramanian, A. Halpern, G. G. Sutton, R. Charlab, D. R. 

Nusskern, P. Wincker, A. G. Clark, J. M. Ribeiro, R. Wides, S. L. Salzberg, B. 

Loftus, M. Yandell, W. H. Majoros, D. B. Rusch, Z. Lai, C. L. Kraft, J. F. Abril, 

V. Anthouard, P. Arensburger, P. W. Atkinson, H. Baden, V. de Berardinis, D. 

Baldwin, V. Benes, J. Biedler, C. Blass, R. Bolanos, D. Boscus, M. Barnstead, S. 

Cai, A. Center, K. Chaturverdi, G. K. Christophides, M. A. Chrystal, M. Clamp, 

A. Cravchik, V. Curwen, A. Dana, A. Delcher, I. Dew, C. A. Evans, M. Flanigan, 

A. Grundschober-Freimoser, L. Friedli, Z. Gu, P. Guan, R. Guigo, M. E. 

Hillenmeyer, S. L. Hladun, J. R. Hogan, Y. S. Hong, J. Hoover, O. Jaillon, Z. Ke, 

C. Kodira, E. Kokoza, A. Koutsos, I. Letunic, A. Levitsky, Y. Liang, J. J. Lin, N. 

F. Lobo, J. R. Lopez, J. A. Malek, T. C. McIntosh, S. Meister, J. Miller, C. 

Mobarry, E. Mongin, S. D. Murphy, D. A. O'Brochta, C. Pfannkoch, R. Qi, M. A. 

Regier, K. Remington, H. Shao, M. V. Sharakhova, C. D. Sitter, J. Shetty, T. J. 

Smith, R. Strong, J. Sun, D. Thomasova, L. Q. Ton, P. Topalis, Z. Tu, M. F. 

Unger, B. Walenz, A. Wang, J. Wang, M. Wang, X. Wang, K. J. Woodford, J. R. 

Wortman, M. Wu, A. Yao, E. M. Zdobnov, H. Zhang, Q. Zhao, S. Zhao, S. C. 

Zhu, I. Zhimulev, M. Coluzzi, A. della Torre, C. W. Roth, C. Louis, F. Kalush, R. 

 45



J. Mural, E. W. Myers, M. D. Adams, H. O. Smith, S. Broder, M. J. Gardner, C. 

M. Fraser, E. Birney, P. Bork, P. T. Brey, J. C. Venter, J. Weissenbach, F. C. 

Kafatos, F. H. Collins, and S. L. Hoffman. 2002. The genome sequence of the 

malaria mosquito Anopheles gambiae. Science 298:129-149. 

36. Scherf, A., R. Hernandez-Rivas, P. Buffet, E. Bottius, C. Benatar, B. Pouvelle, J. 

Gysin, and M. Lanzer. 1998. Antigenic variation in malaria: in situ switching, 

relaxed and mutually exclusive transcription of var genes during intra-

erythrocytic development in Plasmodium falciparum. Embo J 17:5418-5426. 

37. Chen, Q., V. Fernandez, A. Sundstrom, M. Schlichtherle, S. Datta, P. Hagblom, 

and M. Wahlgren. 1998. Developmental selection of var gene expression in 

Plasmodium falciparum. Nature 394:392-395. 

38. Dzikowski, R., T. J. Templeton, and K. Deitsch. 2006. Variant antigen gene 

expression in malaria. Cellular microbiology 8:1371-1381. 

39. Quin, S. J., E. M. Seixas, C. A. Cross, M. Berg, V. Lindo, B. Stockinger, and J. 

Langhorne. 2001. Low CD4(+) T cell responses to the C-terminal region of the 

malaria merozoite surface protein-1 may be attributed to processing within 

distinct MHC class II pathways. Eur J Immunol 31:72-81. 

40. Mellman, I., S. J. Turley, and R. M. Steinman. 1998. Antigen processing for 

amateurs and professionals. Trends in cell biology 8:231-237. 

41. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu, B. 

Pulendran, and K. Palucka. 2000. Immunobiology of dendritic cells. Annu Rev 

Immunol 18:767-811. 

 46



42. Vremec, D., J. Pooley, H. Hochrein, L. Wu, and K. Shortman. 2000. CD4 and 

CD8 expression by dendritic cell subtypes in mouse thymus and spleen. J 

Immunol 164:2978-2986. 

43. Iwasaki, A., and B. L. Kelsall. 2000. Localization of distinct Peyer's patch 

dendritic cell subsets and their recruitment by chemokines macrophage 

inflammatory protein (MIP)-3alpha, MIP-3beta, and secondary lymphoid organ 

chemokine. J Exp Med 191:1381-1394. 

44. Henri, S., D. Vremec, A. Kamath, J. Waithman, S. Williams, C. Benoist, K. 

Burnham, S. Saeland, E. Handman, and K. Shortman. 2001. The dendritic cell 

populations of mouse lymph nodes. J Immunol 167:741-748. 

45. Inaba, K., M. Inaba, M. Deguchi, K. Hagi, R. Yasumizu, S. Ikehara, S. 

Muramatsu, and R. M. Steinman. 1993. Granulocytes, macrophages, and dendritic 

cells arise from a common major histocompatibility complex class II-negative 

progenitor in mouse bone marrow. Proc Natl Acad Sci U S A 90:3038-3042. 

46. Izon, D., K. Rudd, W. DeMuth, W. S. Pear, C. Clendenin, R. C. Lindsley, and D. 

Allman. 2001. A common pathway for dendritic cell and early B cell 

development. J Immunol 167:1387-1392. 

47. Bjorck, P., and P. W. Kincade. 1998. CD19+ pro-B cells can give rise to dendritic 

cells in vitro. J Immunol 161:5795-5799. 

48. Ardavin, C., L. Wu, C. L. Li, and K. Shortman. 1993. Thymic dendritic cells and 

T cells develop simultaneously in the thymus from a common precursor 

population. Nature 362:761-763. 

49. Good, M. F. 1999. Malaria. Tying the conductor's arms. Nature 400:25-26. 

 47



50. Urban, B. C., D. J. Ferguson, A. Pain, N. Willcox, M. Plebanski, J. M. Austyn, 

and D. J. Roberts. 1999. Plasmodium falciparum-infected erythrocytes modulate 

the maturation of dendritic cells. Nature 400:73-77. 

51. Urban, B. C., N. Willcox, and D. J. Roberts. 2001. A role for CD36 in the 

regulation of dendritic cell function. Proc Natl Acad Sci U S A 98:8750-8755. 

52. Bruna-Romero, O., J. Schmieg, M. Del Val, M. Buschle, and M. Tsuji. 2003. The 

dendritic cell-specific chemokine, dendritic cell-derived CC chemokine 1, 

enhances protective cell-mediated immunity to murine malaria. J Immunol 

170:3195-3203. 

53. Haase, C., T. N. Jorgensen, and B. K. Michelsen. 2002. Both exogenous and 

endogenous interleukin-10 affects the maturation of bone-marrow-derived 

dendritic cells in vitro and strongly influences T-cell priming in vivo. Immunology 

107:489-499. 

54. McBride, J. M., T. Jung, J. E. de Vries, and G. Aversa. 2002. IL-10 alters DC 

function via modulation of cell surface molecules resulting in impaired T-cell 

responses. Cell Immunol 215:162-172. 

55. Steinbrink, K., E. Graulich, S. Kubsch, J. Knop, and A. H. Enk. 2002. CD4(+) 

and CD8(+) anergic T cells induced by interleukin-10-treated human dendritic 

cells display antigen-specific suppressor activity. Blood 99:2468-2476. 

56. Seixas, E., C. Cross, S. Quin, and J. Langhorne. 2001. Direct activation of 

dendritic cells by the malaria parasite, Plasmodium chabaudi chabaudi. Eur J 

Immunol 31:2970-2978. 

 48



57. Luyendyk, J., O. R. Olivas, L. A. Ginger, and A. C. Avery. 2002. Antigen-

presenting cell function during Plasmodium yoelii infection. Infect Immun 

70:2941-2949. 

58. Ocana-Morgner, C., M. M. Mota, and A. Rodriguez. 2003. Malaria blood stage 

suppression of liver stage immunity by dendritic cells. J Exp Med 197:143-151. 

59. Serghides, L., T. G. Smith, S. N. Patel, and K. C. Kain. 2003. CD36 and malaria: 

friends or foes? Trends Parasitol 19:461-469. 

60. Good, M. F., and D. L. Doolan. 1999. Immune effector mechanisms in malaria. 

Curr Opin Immunol 11:412-419. 

61. Schwarzer, E., and P. Arese. 1996. Phagocytosis of malarial pigment hemozoin 

inhibits NADPH-oxidase activity in human monocyte-derived macrophages. 

Biochim Biophys Acta 1316:169-175. 

62. Serghides, L., S. N. Patel, K. Ayi, and K. C. Kain. 2006. Placental chondroitin 

sulfate A-binding malarial isolates evade innate phagocytic clearance. J Infect Dis 

194:133-139. 

63. Artavanis-Tsakonas, K., and E. M. Riley. 2002. Innate immune response to 

malaria: rapid induction of IFN-gamma from human NK cells by live 

Plasmodium falciparum-infected erythrocytes. J Immunol 169:2956-2963. 

64. Mohan, K., P. Moulin, and M. M. Stevenson. 1997. Natural killer cell cytokine 

production, not cytotoxicity, contributes to resistance against blood-stage 

Plasmodium chabaudi AS infection. J Immunol 159:4990-4998. 

 49



65. Ojo-Amaize, E. A., J. Vilcek, A. H. Cochrane, and R. S. Nussenzweig. 1984. 

Plasmodium berghei sporozoites are mitogenic for murine T cells, induce 

interferon, and activate natural killer cells. J Immunol 133:1005-1009. 

66. Pasquetto, V., L. G. Guidotti, K. Kakimi, M. Tsuji, and F. V. Chisari. 2000. Host-

virus interactions during malaria infection in hepatitis B virus transgenic mice. J 

Exp Med 192:529-536. 

67. Hansen, D. S., M. A. Siomos, L. Buckingham, A. A. Scalzo, and L. Schofield. 

2003. Regulation of murine cerebral malaria pathogenesis by CD1d-restricted 

NKT cells and the natural killer complex. Immunity 18:391-402. 

68. Godfrey, D. I., H. R. MacDonald, M. Kronenberg, M. J. Smyth, and L. Van Kaer. 

2004. NKT cells: what's in a name? Nat Rev Immunol 4:231-237. 

69. Yoshimoto, T., and W. E. Paul. 1994. CD4pos, NK1.1pos T cells promptly 

produce interleukin 4 in response to in vivo challenge with anti-CD3. J Exp Med 

179:1285-1295. 

70. Schmieg, J., G. Gonzalez-Aseguinolaza, and M. Tsuji. 2003. The role of natural 

killer T cells and other T cell subsets against infection by the pre-erythrocytic 

stages of malaria parasites. Microbes Infect 5:499-506. 

71. Hayday, A. C. 2000. [gamma][delta] cells: a right time and a right place for a 

conserved third way of protection. Annu Rev Immunol 18:975-1026. 

72. Mohan, K., Stevenson, MM. 1998. Acquired immunity to asexual blood stages of 

malaria. . ASM Press, Wahington, DC. 

 50



73. Langhorne, J., S. Morris-Jones, L. G. Casabo, and M. Goodier. 1994. The 

response of gamma delta T cells in malaria infections: a hypothesis. Res Immunol 

145:429-436. 

74. Yanez, D. M., J. Batchelder, H. C. van der Heyde, D. D. Manning, and W. P. 

Weidanz. 1999. Gamma delta T-cell function in pathogenesis of cerebral malaria 

in mice infected with Plasmodium berghei ANKA. Infect Immun 67:446-448. 

75. Bouharoun-Tayoun, H., P. Attanath, A. Sabchareon, T. Chongsuphajaisiddhi, and 

P. Druilhe. 1990. Antibodies that protect humans against Plasmodium falciparum 

blood stages do not on their own inhibit parasite growth and invasion in vitro, but 

act in cooperation with monocytes. J Exp Med 172:1633-1641. 

76. Jayawardena, A. N., G. A. Targett, E. Leuchars, and A. J. Davies. 1978. The 

immunological response of CBA mice to P. yoelii. II. The passive transfer of 

immunity with serum and cells. Immunology 34:157-165. 

77. Miller, L. H., M. Aikawa, and J. A. Dvorak. 1975. Malaria (Plasmodium 

knowlesi) merozoites: immunity and the surface coat. J Immunol 114:1237-1242. 

78. Epstein, N., L. H. Miller, D. C. Kaushel, I. J. Udeinya, J. Rener, R. J. Howard, R. 

Asofsky, M. Aikawa, and R. L. Hess. 1981. Monoclonal antibodies against a 

specific surface determinant on malarial (Plasmodium knowlesi) merozoites block 

erythrocyte invasion. J Immunol 127:212-217. 

79. Shear, H. L., R. S. Nussenzweig, and C. Bianco. 1979. Immune phagocytosis in 

murine malaria. J Exp Med 149:1288-1298. 

80. Mota, M. M., K. N. Brown, A. A. Holder, and W. Jarra. 1998. Acute Plasmodium 

chabaudi chabaudi malaria infection induces antibodies which bind to the surfaces 

 51



of parasitized erythrocytes and promote their phagocytosis by macrophages in 

vitro. Infect Immun 66:4080-4086. 

81. Egan, A. F., J. Morris, G. Barnish, S. Allen, B. M. Greenwood, D. C. Kaslow, A. 

A. Holder, and E. M. Riley. 1996. Clinical immunity to Plasmodium falciparum 

malaria is associated with serum antibodies to the 19-kDa C-terminal fragment of 

the merozoite surface antigen, PfMSP-1. J Infect Dis 173:765-769. 

82. O'Donnell, R. A., T. F. de Koning-Ward, R. A. Burt, M. Bockarie, J. C. Reeder, 

A. F. Cowman, and B. S. Crabb. 2001. Antibodies against merozoite surface 

protein (MSP)-1(19) are a major component of the invasion-inhibitory response in 

individuals immune to malaria. J Exp Med 193:1403-1412. 

83. al-Yaman, F., B. Genton, R. F. Anders, M. Falk, T. Triglia, D. Lewis, J. Hii, H. P. 

Beck, and M. P. Alpers. 1994. Relationship between humoral response to 

Plasmodium falciparum merozoite surface antigen-2 and malaria morbidity in a 

highly endemic area of Papua New Guinea. Am J Trop Med Hyg 51:593-602. 

84. Celada, A., A. Cruchaud, and L. H. Perrin. 1982. Opsonic activity of human 

immune serum on in vitro phagocytosis of Plasmodium falciparum infected red 

blood cells by monocytes. Clin Exp Immunol 47:635-644. 

85. Marsh, K., L. Otoo, R. J. Hayes, D. C. Carson, and B. M. Greenwood. 1989. 

Antibodies to blood stage antigens of Plasmodium falciparum in rural Gambians 

and their relation to protection against infection. Trans R Soc Trop Med Hyg 

83:293-303. 

 52



86. Bouharoun-Tayoun, H., C. Oeuvray, F. Lunel, and P. Druilhe. 1995. Mechanisms 

underlying the monocyte-mediated antibody-dependent killing of Plasmodium 

falciparum asexual blood stages. J Exp Med 182:409-418. 

87. Taylor, R. R., D. B. Smith, V. J. Robinson, J. S. McBride, and E. M. Riley. 1995. 

Human antibody response to Plasmodium falciparum merozoite surface protein 2 

is serogroup specific and predominantly of the immunoglobulin G3 subclass. 

Infect Immun 63:4382-4388. 

88. Waki, S., S. Uehara, K. Kanbe, H. Nariuch, and M. Suzuki. 1995. Interferon-

gamma and the induction of protective IgG2a antibodies in non-lethal 

Plasmodium berghei infections of mice. Parasite Immunol 17:503-508. 

89. Akanmori, B. D., S. Waki, and M. Suzuki. 1994. Immunoglobulin G2a isotype 

may have a protective role in Plasmodium berghei NK65 infection in immunised 

mice. Parasitol Res 80:638-641. 

90. Couper, K. N., R. S. Phillips, F. Brombacher, and J. Alexander. 2005. Parasite-

specific IgM plays a significant role in the protective immune response to asexual 

erythrocytic stage Plasmodium chabaudi AS infection. Parasite Immunol 27:171-

180. 

91. Abbas, A. K., K. M. Murphy, and A. Sher. 1996. Functional diversity of helper T 

lymphocytes. Nature 383:787-793. 

92. Stevenson, M. M., and M. F. Tam. 1993. Differential induction of helper T cell 

subsets during blood-stage Plasmodium chabaudi AS infection in resistant and 

susceptible mice. Clin Exp Immunol 92:77-83. 

 53



93. Langhorne, J., and B. Simon. 1989. Limiting dilution analysis of the T cell 

response to Plasmodium chabaudi chabaudi in mice. Parasite Immunol 11:545-

559. 

94. Langhorne, J. 1989. The role of CD4+ T-cells in the immune response to 

Plasmodium chabaudi. Parasitol Today 5:362-364. 

95. Chehimi, J., and G. Trinchieri. 1994. Interleukin-12: a bridge between innate 

resistance and adaptive immunity with a role in infection and acquired 

immunodeficiency. J Clin Immunol 14:149-161. 

96. Gubler, U., A. O. Chua, D. S. Schoenhaut, C. M. Dwyer, W. McComas, R. 

Motyka, N. Nabavi, A. G. Wolitzky, P. M. Quinn, P. C. Familletti, and et al. 

1991. Coexpression of two distinct genes is required to generate secreted 

bioactive cytotoxic lymphocyte maturation factor. Proc Natl Acad Sci U S A 

88:4143-4147. 

97. Oppmann, B., R. Lesley, B. Blom, J. C. Timans, Y. Xu, B. Hunte, F. Vega, N. 

Yu, J. Wang, K. Singh, F. Zonin, E. Vaisberg, T. Churakova, M. Liu, D. Gorman, 

J. Wagner, S. Zurawski, Y. Liu, J. S. Abrams, K. W. Moore, D. Rennick, R. de 

Waal-Malefyt, C. Hannum, J. F. Bazan, and R. A. Kastelein. 2000. Novel p19 

protein engages IL-12p40 to form a cytokine, IL-23, with biological activities 

similar as well as distinct from IL-12. Immunity 13:715-725. 

98. Pflanz, S., J. C. Timans, J. Cheung, R. Rosales, H. Kanzler, J. Gilbert, L. Hibbert, 

T. Churakova, M. Travis, E. Vaisberg, W. M. Blumenschein, J. D. Mattson, J. L. 

Wagner, W. To, S. Zurawski, T. K. McClanahan, D. M. Gorman, J. F. Bazan, R. 

de Waal Malefyt, D. Rennick, and R. A. Kastelein. 2002. IL-27, a heterodimeric 

 54



cytokine composed of EBI3 and p28 protein, induces proliferation of naive 

CD4(+) T cells. Immunity 16:779-790. 

99. Trinchieri, G., S. Pflanz, and R. A. Kastelein. 2003. The IL-12 family of 

heterodimeric cytokines: new players in the regulation of T cell responses. 

Immunity 19:641-644. 

100. Watford, W. T., M. Moriguchi, A. Morinobu, and J. J. O'Shea. 2003. The biology 

of IL-12: coordinating innate and adaptive immune responses. Cytokine Growth 

Factor Rev 14:361-368. 

101. Devergne, O., M. Birkenbach, and E. Kieff. 1997. Epstein-Barr virus-induced 

gene 3 and the p35 subunit of interleukin 12 form a novel heterodimeric 

hematopoietin. Proc Natl Acad Sci U S A 94:12041-12046. 

102. Devergne, O., M. Hummel, H. Koeppen, M. M. Le Beau, E. C. Nathanson, E. 

Kieff, and M. Birkenbach. 1996. A novel interleukin-12 p40-related protein 

induced by latent Epstein-Barr virus infection in B lymphocytes. J Virol 70:1143-

1153. 

103. Parham, C., M. Chirica, J. Timans, E. Vaisberg, M. Travis, J. Cheung, S. Pflanz, 

R. Zhang, K. P. Singh, F. Vega, W. To, J. Wagner, A. M. O'Farrell, T. 

McClanahan, S. Zurawski, C. Hannum, D. Gorman, D. M. Rennick, R. A. 

Kastelein, R. de Waal Malefyt, and K. W. Moore. 2002. A receptor for the 

heterodimeric cytokine IL-23 is composed of IL-12Rbeta1 and a novel cytokine 

receptor subunit, IL-23R. J Immunol 168:5699-5708. 

 55



104. Walker, W., M. Aste-Amezaga, R. A. Kastelein, G. Trinchieri, and C. A. Hunter. 

1999. IL-18 and CD28 use distinct molecular mechanisms to enhance NK cell 

production of IL-12-induced IFN-gamma. J Immunol 162:5894-5901. 

105. Curtsinger, J. M., C. S. Schmidt, A. Mondino, D. C. Lins, R. M. Kedl, M. K. 

Jenkins, and M. F. Mescher. 1999. Inflammatory cytokines provide a third signal 

for activation of naive CD4+ and CD8+ T cells. J Immunol 162:3256-3262. 

106. Yoshimoto, T., K. Okada, N. Morishima, S. Kamiya, T. Owaki, M. Asakawa, Y. 

Iwakura, F. Fukai, and J. Mizuguchi. 2004. Induction of IgG2a class switching in 

B cells by IL-27. J Immunol 173:2479-2485. 

107. Ghilardi, N., N. Kljavin, Q. Chen, S. Lucas, A. L. Gurney, and F. J. De Sauvage. 

2004. Compromised humoral and delayed-type hypersensitivity responses in IL-

23-deficient mice. J Immunol 172:2827-2833. 

108. Cua, D. J., J. Sherlock, Y. Chen, C. A. Murphy, B. Joyce, B. Seymour, L. Lucian, 

W. To, S. Kwan, T. Churakova, S. Zurawski, M. Wiekowski, S. A. Lira, D. 

Gorman, R. A. Kastelein, and J. D. Sedgwick. 2003. Interleukin-23 rather than 

interleukin-12 is the critical cytokine for autoimmune inflammation of the brain. 

Nature 421:744-748. 

109. Sam, H., and M. M. Stevenson. 1999. In vivo IL-12 production and IL-12 

receptors beta1 and beta2 mRNA expression in the spleen are differentially up-

regulated in resistant B6 and susceptible A/J mice during early blood-stage 

Plasmodium chabaudi AS malaria. J Immunol 162:1582-1589. 

 56



110. Sam, H., and M. M. Stevenson. 1999. Early IL-12 p70, but not p40, production by 

splenic macrophages correlates with host resistance to blood-stage Plasmodium 

chabaudi AS malaria. Clin Exp Immunol 117:343-349. 

111. Stevenson, M. M., M. F. Tam, S. F. Wolf, and A. Sher. 1995. IL-12-induced 

protection against blood-stage Plasmodium chabaudi AS requires IFN-gamma and 

TNF-alpha and occurs via a nitric oxide-dependent mechanism. J Immunol 

155:2545-2556. 

112. Yoshimoto, T., T. Yoneto, S. Waki, and H. Nariuchi. 1998. Interleukin-12-

dependent mechanisms in the clearance of blood-stage murine malaria parasite 

Plasmodium berghei XAT, an attenuated variant of P. berghei NK65. J Infect Dis 

177:1674-1681. 

113. Sedegah, M., F. Finkelman, and S. L. Hoffman. 1994. Interleukin 12 induction of 

interferon gamma-dependent protection against malaria. Proc Natl Acad Sci U S A 

91:10700-10702. 

114. Luty, A. J., D. J. Perkins, B. Lell, R. Schmidt-Ott, L. G. Lehman, D. Luckner, B. 

Greve, P. Matousek, K. Herbich, D. Schmid, J. B. Weinberg, and P. G. Kremsner. 

2000. Low interleukin-12 activity in severe Plasmodium falciparum malaria. 

Infect Immun 68:3909-3915. 

115. Malaguarnera, L., R. M. Imbesi, S. Pignatelli, J. Simpore, M. Malaguarnera, and 

S. Musumeci. 2002. Increased levels of interleukin-12 in Plasmodium falciparum 

malaria: correlation with the severity of disease. Parasite Immunol 24:387-389. 

116. Dodoo, D., F. M. Omer, J. Todd, B. D. Akanmori, K. A. Koram, and E. M. Riley. 

2002. Absolute levels and ratios of proinflammatory and anti-inflammatory 

 57



cytokine production in vitro predict clinical immunity to Plasmodium falciparum 

malaria. J Infect Dis 185:971-979. 

117. Isaacs, A., and J. Lindenmann. 1957. Virus interference. I. The interferon. Proc R 

Soc Lond B Biol Sci 147:258-267. 

118. Bach, E. A., M. Aguet, and R. D. Schreiber. 1997. The IFN gamma receptor: a 

paradigm for cytokine receptor signaling. Annu Rev Immunol 15:563-591. 

119. Young, H. A. 1996. Regulation of interferon-gamma gene expression. J 

Interferon Cytokine Res 16:563-568. 

120. Carnaud, C., D. Lee, O. Donnars, S. H. Park, A. Beavis, Y. Koezuka, and A. 

Bendelac. 1999. Cutting edge: Cross-talk between cells of the innate immune 

system: NKT cells rapidly activate NK cells. J Immunol 163:4647-4650. 

121. Frucht, D. M., T. Fukao, C. Bogdan, H. Schindler, J. J. O'Shea, and S. Koyasu. 

2001. IFN-gamma production by antigen-presenting cells: mechanisms emerge. 

Trends Immunol 22:556-560. 

122. Gessani, S., and F. Belardelli. 1998. IFN-gamma expression in macrophages and 

its possible biological significance. Cytokine Growth Factor Rev 9:117-123. 

123. Yoshimoto, T., K. Takeda, T. Tanaka, K. Ohkusu, S. Kashiwamura, H. Okamura, 

S. Akira, and K. Nakanishi. 1998. IL-12 up-regulates IL-18 receptor expression 

on T cells, Th1 cells, and B cells: synergism with IL-18 for IFN-gamma 

production. J Immunol 161:3400-3407. 

124. Harris, D. P., L. Haynes, P. C. Sayles, D. K. Duso, S. M. Eaton, N. M. Lepak, L. 

L. Johnson, S. L. Swain, and F. E. Lund. 2000. Reciprocal regulation of polarized 

cytokine production by effector B and T cells. Nat Immunol 1:475-482. 

 58



125. Yoshida, A., Y. Koide, M. Uchijima, and T. O. Yoshida. 1994. IFN-gamma 

induces IL-12 mRNA expression by a murine macrophage cell line, J774. 

Biochem Biophys Res Commun 198:857-861. 

126. Trinchieri, G., and P. Scott. 1995. Interleukin-12: a proinflammatory cytokine 

with immunoregulatory functions. Res Immunol 146:423-431. 

127. Kaplan, M. H., Y. L. Sun, T. Hoey, and M. J. Grusby. 1996. Impaired IL-12 

responses and enhanced development of Th2 cells in Stat4-deficient mice. Nature 

382:174-177. 

128. Lighvani, A. A., D. M. Frucht, D. Jankovic, H. Yamane, J. Aliberti, B. D. 

Hissong, B. V. Nguyen, M. Gadina, A. Sher, W. E. Paul, and J. J. O'Shea. 2001. 

T-bet is rapidly induced by interferon-gamma in lymphoid and myeloid cells. 

Proc Natl Acad Sci U S A 98:15137-15142. 

129. Chang, C. H., and R. A. Flavell. 1995. Class II transactivator regulates the 

expression of multiple genes involved in antigen presentation. J Exp Med 

181:765-767. 

130. Mach, B., V. Steimle, E. Martinez-Soria, and W. Reith. 1996. Regulation of MHC 

class II genes: lessons from a disease. Annu Rev Immunol 14:301-331. 

131. Groettrup, M., S. Khan, K. Schwarz, and G. Schmidtke. 2001. Interferon-gamma 

inducible exchanges of 20S proteasome active site subunits: why? Biochimie 

83:367-372. 

132. Farrar, M. A., and R. D. Schreiber. 1993. The molecular cell biology of 

interferon-gamma and its receptor. Annu Rev Immunol 11:571-611. 

133. Sen, G. C. 2001. Viruses and interferons. Annu Rev Microbiol 55:255-281. 

 59



134. Meding, S. J., S. C. Cheng, B. Simon-Haarhaus, and J. Langhorne. 1990. Role of 

gamma interferon during infection with Plasmodium chabaudi chabaudi. Infect 

Immun 58:3671-3678. 

135. Favre, N., B. Ryffel, G. Bordmann, and W. Rudin. 1997. The course of 

Plasmodium chabaudi chabaudi infections in interferon-gamma receptor deficient 

mice. Parasite Immunol 19:375-383. 

136. Carswell, E. A., L. J. Old, R. L. Kassel, S. Green, N. Fiore, and B. Williamson. 

1975. An endotoxin-induced serum factor that causes necrosis of tumors. Proc 

Natl Acad Sci U S A 72:3666-3670. 

137. Probert, L., K. Akassoglou, L. Alexopoulou, E. Douni, S. Haralambous, S. Hill, 

G. Kassiotis, D. Kontoyiannis, M. Pasparakis, D. Plows, and G. Kollias. 1996. 

Dissection of the pathologies induced by transmembrane and wild-type tumor 

necrosis factor in transgenic mice. J Leukoc Biol 59:518-525. 

138. Kriegler, M., C. Perez, K. DeFay, I. Albert, and S. D. Lu. 1988. A novel form of 

TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications 

for the complex physiology of TNF. Cell 53:45-53. 

139. Heller, R. A., and M. Kronke. 1994. Tumor necrosis factor receptor-mediated 

signaling pathways. J Cell Biol 126:5-9. 

140. Smith, C. A., T. Farrah, and R. G. Goodwin. 1994. The TNF receptor superfamily 

of cellular and viral proteins: activation, costimulation, and death. Cell 76:959-

962. 

141. Grell, M., G. Zimmermann, E. Gottfried, C. M. Chen, U. Grunwald, D. C. Huang, 

Y. H. Wu Lee, H. Durkop, H. Engelmann, P. Scheurich, H. Wajant, and A. 

 60



Strasser. 1999. Induction of cell death by tumour necrosis factor (TNF) receptor 

2, CD40 and CD30: a role for TNF-R1 activation by endogenous membrane-

anchored TNF. Embo J 18:3034-3043. 

142. Schofield, L., and F. Hackett. 1993. Signal transduction in host cells by a 

glycosylphosphatidylinositol toxin of malaria parasites. J Exp Med 177:145-153. 

143. Pichyangkul, S., P. Saengkrai, and H. K. Webster. 1994. Plasmodium falciparum 

pigment induces monocytes to release high levels of tumor necrosis factor-alpha 

and interleukin-1 beta. Am J Trop Med Hyg 51:430-435. 

144. Stevenson, M. M., and E. Ghadirian. 1989. Human recombinant tumor necrosis 

factor alpha protects susceptible A/J mice against lethal Plasmodium chabaudi AS 

infection. Infect Immun 57:3936-3939. 

145. Jacobs, P., D. Radzioch, and M. M. Stevenson. 1996. A Th1-associated increase 

in tumor necrosis factor alpha expression in the spleen correlates with resistance 

to blood-stage malaria in mice. Infect Immun 64:535-541. 

146. Sam, H., Z. Su, and M. M. Stevenson. 1999. Deficiency in tumor necrosis factor 

alpha activity does not impair early protective Th1 responses against blood-stage 

malaria. Infect Immun 67:2660-2664. 

147. Yoneto, T., T. Yoshimoto, C. R. Wang, Y. Takahama, M. Tsuji, S. Waki, and H. 

Nariuchi. 1999. Gamma interferon production is critical for protective immunity 

to infection with blood-stage Plasmodium berghei XAT but neither NO 

production nor NK cell activation is critical. Infect Immun 67:2349-2356. 

 61



148. Amante, F. H., and M. F. Good. 1997. Prolonged Th1-like response generated by 

a Plasmodium yoelii-specific T cell clone allows complete clearance of infection 

in reconstituted mice. Parasite Immunol 19:111-126. 

149. Taylor-Robinson, A. W., R. S. Phillips, A. Severn, S. Moncada, and F. Y. Liew. 

1993. The role of TH1 and TH2 cells in a rodent malaria infection. Science 

260:1931-1934. 

150. Taylor-Robinson, A. W., and E. C. Smith. 1999. A dichotomous role for nitric 

oxide in protection against blood stage malaria infection. Immunol Lett 67:1-9. 

151. Grau, G. E., L. F. Fajardo, P. F. Piguet, B. Allet, P. H. Lambert, and P. Vassalli. 

1987. Tumor necrosis factor (cachectin) as an essential mediator in murine 

cerebral malaria. Science 237:1210-1212. 

152. Clark, I. A., and G. Chaudhri. 1988. Tumour necrosis factor may contribute to the 

anaemia of malaria by causing dyserythropoiesis and erythrophagocytosis. Br J 

Haematol 70:99-103. 

153. Grau, G. E., H. Heremans, P. F. Piguet, P. Pointaire, P. H. Lambert, A. Billiau, 

and P. Vassalli. 1989. Monoclonal antibody against interferon gamma can prevent 

experimental cerebral malaria and its associated overproduction of tumor necrosis 

factor. Proc Natl Acad Sci U S A 86:5572-5574. 

154. Li, C., I. Corraliza, and J. Langhorne. 1999. A defect in interleukin-10 leads to 

enhanced malarial disease in Plasmodium chabaudi chabaudi infection in mice. 

Infect Immun 67:4435-4442. 

 62



155. Jacobs, P., D. Radzioch, and M. M. Stevenson. 1996. In vivo regulation of nitric 

oxide production by tumor necrosis factor alpha and gamma interferon, but not by 

interleukin-4, during blood stage malaria in mice. Infect Immun 64:44-49. 

156. Hirunpetcharat, C., F. Finkelman, I. A. Clark, and M. F. Good. 1999. Malaria 

parasite-specific Th1-like T cells simultaneously reduce parasitemia and promote 

disease. Parasite Immunol 21:319-329. 

157. Phillips, R. E., S. Looareesuwan, D. A. Warrell, S. H. Lee, J. Karbwang, M. J. 

Warrell, N. J. White, C. Swasdichai, and D. J. Weatherall. 1986. The importance 

of anaemia in cerebral and uncomplicated falciparum malaria: role of 

complications, dyserythropoiesis and iron sequestration. Q J Med 58:305-323. 

158. Dormer, P., M. Dietrich, P. Kern, and R. D. Horstmann. 1983. Ineffective 

erythropoiesis in acute human P. falciparum malaria. Blut 46:279-288. 

159. Kurtzhals, J. A., V. Adabayeri, B. Q. Goka, B. D. Akanmori, J. O. Oliver-

Commey, F. K. Nkrumah, C. Behr, and L. Hviid. 1998. Low plasma 

concentrations of interleukin 10 in severe malarial anaemia compared with 

cerebral and uncomplicated malaria. Lancet 351:1768-1772. 

160. Othoro, C., A. A. Lal, B. Nahlen, D. Koech, A. S. Orago, and V. Udhayakumar. 

1999. A low interleukin-10 tumor necrosis factor-alpha ratio is associated with 

malaria anemia in children residing in a holoendemic malaria region in western 

Kenya. J Infect Dis 179:279-282. 

161. Wattavidanage, J., R. Carter, K. L. Perera, A. Munasingha, S. Bandara, D. 

McGuinness, A. R. Wickramasinghe, H. K. Alles, K. N. Mendis, and S. 

Premawansa. 1999. TNFalpha*2 marks high risk of severe disease during 

 63



Plasmodium falciparum malaria and other infections in Sri Lankans. Clin Exp 

Immunol 115:350-355. 

162. McGuire, W., A. V. Hill, C. E. Allsopp, B. M. Greenwood, and D. Kwiatkowski. 

1994. Variation in the TNF-alpha promoter region associated with susceptibility 

to cerebral malaria. Nature 371:508-510. 

163. Knight, J. C., I. Udalova, A. V. Hill, B. M. Greenwood, N. Peshu, K. Marsh, and 

D. Kwiatkowski. 1999. A polymorphism that affects OCT-1 binding to the TNF 

promoter region is associated with severe malaria. Nat Genet 22:145-150. 

164. McGuire, W., J. C. Knight, A. V. Hill, C. E. Allsopp, B. M. Greenwood, and D. 

Kwiatkowski. 1999. Severe malarial anemia and cerebral malaria are associated 

with different tumor necrosis factor promoter alleles. J Infect Dis 179:287-290. 

165. Linke, A., R. Kuhn, W. Muller, N. Honarvar, C. Li, and J. Langhorne. 1996. 

Plasmodium chabaudi chabaudi: differential susceptibility of gene-targeted mice 

deficient in IL-10 to an erythrocytic-stage infection. Exp Parasitol 84:253-263. 

166. Li, C., L. A. Sanni, F. Omer, E. Riley, and J. Langhorne. 2003. Pathology of 

Plasmodium chabaudi chabaudi infection and mortality in interleukin-10-deficient 

mice are ameliorated by anti-tumor necrosis factor alpha and exacerbated by anti-

transforming growth factor beta antibodies. Infect Immun 71:4850-4856. 

167. Assoian, R. K., B. E. Fleurdelys, H. C. Stevenson, P. J. Miller, D. K. Madtes, E. 

W. Raines, R. Ross, and M. B. Sporn. 1987. Expression and secretion of type beta 

transforming growth factor by activated human macrophages. Proc Natl Acad Sci 

U S A 84:6020-6024. 

 64



168. Wahl, S. M., N. McCartney-Francis, and S. E. Mergenhagen. 1989. Inflammatory 

and immunomodulatory roles of TGF-beta. Immunol Today 10:258-261. 

169. Espevik, T., I. S. Figari, M. R. Shalaby, G. A. Lackides, G. D. Lewis, H. M. 

Shepard, and M. A. Palladino, Jr. 1987. Inhibition of cytokine production by 

cyclosporin A and transforming growth factor beta. J Exp Med 166:571-576. 

170. Ding, A., C. F. Nathan, J. Graycar, R. Derynck, D. J. Stuehr, and S. Srimal. 1990. 

Macrophage deactivating factor and transforming growth factors-beta 1 -beta 2 

and -beta 3 inhibit induction of macrophage nitrogen oxide synthesis by IFN-

gamma. J Immunol 145:940-944. 

171. Bellone, G., M. Aste-Amezaga, G. Trinchieri, and U. Rodeck. 1995. Regulation 

of NK cell functions by TGF-beta 1. J Immunol 155:1066-1073. 

172. Maeda, H., H. Kuwahara, Y. Ichimura, M. Ohtsuki, S. Kurakata, and A. Shiraishi. 

1995. TGF-beta enhances macrophage ability to produce IL-10 in normal and 

tumor-bearing mice. J Immunol 155:4926-4932. 

173. Maeda, H., and A. Shiraishi. 1996. TGF-beta contributes to the shift toward Th2-

type responses through direct and IL-10-mediated pathways in tumor-bearing 

mice. J Immunol 156:73-78. 

174. Omer, F. M., and E. M. Riley. 1998. Transforming growth factor beta production 

is inversely correlated with severity of murine malaria infection. J Exp Med 

188:39-48. 

175. Omer, F. M., J. B. de Souza, and E. M. Riley. 2003. Differential induction of 

TGF-beta regulates proinflammatory cytokine production and determines the 

 65



outcome of lethal and nonlethal Plasmodium yoelii infections. J Immunol 

171:5430-5436. 

176. Cross, J. C., Z. Werb, and S. J. Fisher. 1994. Implantation and the placenta: key 

pieces of the development puzzle. Science 266:1508-1518. 

177. Muntener, M., and Y. C. Hsu. 1977. Development of trophoblast and placenta of 

the mouse. A reinvestigation with regard to the in vitro culture of mouse 

trophoblast and placenta. Acta Anat (Basel) 98:241-252. 

178. Brosens, I., W. B. Robertson, and H. G. Dixon. 1967. The physiological response 

of the vessels of the placental bed to normal pregnancy. The Journal of pathology 

and bacteriology 93:569-579. 

179. Carter, A. M. 1975. Placental Circulation. Academic Press, London. 

180. Bulmer, J. N., J. Smith, L. Morrison, and M. Wells. 1988. Maternal and fetal 

cellular relationships in the human placental basal plate. Placenta 9:237-246. 

181. Redline, R. W., and C. Y. Lu. 1989. Localization of fetal major histocompatibility 

complex antigens and maternal leukocytes in murine placenta. Implications for 

maternal-fetal immunological relationship. Laboratory investigation; a journal of 

technical methods and pathology 61:27-36. 

182. Soares, M. J., B. M. Chapman, C. A. Rasmussen, G. Dai, T. Kamei, and K. E. 

Orwig. 1996. Differentiation of trophoblast endocrine cells. Placenta 17:277-289. 

183. Mattsson, R. 1998. The non-expression of MHC class II in trophoblast cells. Am J 

Reprod Immunol 40:383-384. 

184. Loke, Y. W., and A. King. 2000. Immunology of implantation. Bailliere's best 

practice & research 14:827-837. 

 66



185. Munn, D. H., M. Zhou, J. T. Attwood, I. Bondarev, S. J. Conway, B. Marshall, C. 

Brown, and A. L. Mellor. 1998. Prevention of allogeneic fetal rejection by 

tryptophan catabolism. Science 281:1191-1193. 

186. Xu, C., D. Mao, V. M. Holers, B. Palanca, A. M. Cheng, and H. Molina. 2000. A 

critical role for murine complement regulator crry in fetomaternal tolerance. 

Science 287:498-501. 

187. Coumans, B., O. Thellin, W. Zorzi, F. Melot, M. Bougoussa, L. Melen, D. Zorzi, 

G. Hennen, A. Igout, and E. Heinen. 1999. Lymphoid cell apoptosis induced by 

trophoblastic cells: a model of active foeto-placental tolerance. J Immunol 

Methods 224:185-196. 

188. Zorzi, W., O. Thellin, B. Coumans, F. Melot, G. Hennen, B. Lakaye, A. Igout, 

and E. Heinen. 1998. Demonstration of the expression of CD95 ligand transcript 

and protein in human placenta. Placenta 19:269-277. 

189. Lin, H., T. R. Mosmann, L. Guilbert, S. Tuntipopipat, and T. G. Wegmann. 1993. 

Synthesis of T helper 2-type cytokines at the maternal-fetal interface. J Immunol 

151:4562-4573. 

190. Wegmann, T. G., H. Lin, L. Guilbert, and T. R. Mosmann. 1993. Bidirectional 

cytokine interactions in the maternal-fetal relationship: is successful pregnancy a 

TH2 phenomenon? Immunol Today 14:353-356. 

191. Piccinni, M. P., C. Scaletti, A. Vultaggio, E. Maggi, and S. Romagnani. 2001. 

Defective production of LIF, M-CSF and Th2-type cytokines by T cells at 

fetomaternal interface is associated with pregnancy loss. J Reprod Immunol 

52:35-43. 

 67



192. Joachim, R., A. C. Zenclussen, B. Polgar, A. J. Douglas, S. Fest, M. Knackstedt, 

B. F. Klapp, and P. C. Arck. 2003. The progesterone derivative dydrogesterone 

abrogates murine stress-triggered abortion by inducing a Th2 biased local immune 

response. Steroids 68:931-940. 

193. Krishnan, L., L. J. Guilbert, T. G. Wegmann, M. Belosevic, and T. R. Mosmann. 

1996. T helper 1 response against Leishmania major in pregnant C57BL/6 mice 

increases implantation failure and fetal resorptions. Correlation with increased 

IFN-gamma and TNF and reduced IL-10 production by placental cells. J Immunol 

156:653-662. 

194. Joachim, R. A., M. Hildebrandt, J. Oder, B. F. Klapp, and P. C. Arck. 2001. 

Murine stress-triggered abortion is mediated by increase of CD8+ TNF-alpha+ 

decidual cells via substance P. Am J Reprod Immunol 45:303-309. 

195. Zenclussen, A. C., G. Kortebani, A. Mazzolli, R. Margni, and I. Malan Borel. 

2000. Interleukin-6 and soluble interleukin-6 receptor serum levels in recurrent 

spontaneous abortion women immunized with paternal white cells. Am J Reprod 

Immunol 44:22-29. 

196. Zenclussen, A. C., S. Fest, U. S. Sehmsdorf, E. Hagen, B. F. Klapp, and P. C. 

Arck. 2001. Upregulation of decidual P-selectin expression is associated with an 

increased number of Th1 cell populations in patients suffering from spontaneous 

abortions. Cell Immunol 213:94-103. 

197. Stevens, A. M., H. M. Hermes, N. C. Lambert, J. L. Nelson, P. L. Meroni, and R. 

Cimaz. 2005. Maternal and sibling microchimerism in twins and triplets 

 68



discordant for neonatal lupus syndrome-congenital heart block. Rheumatology 

(Oxford) 44:187-191. 

198. Johnson, K. L., J. L. Nelson, D. E. Furst, P. A. McSweeney, D. J. Roberts, D. K. 

Zhen, and D. W. Bianchi. 2001. Fetal cell microchimerism in tissue from multiple 

sites in women with systemic sclerosis. Arthritis Rheum 44:1848-1854. 

199. Tafuri, A., J. Alferink, P. Moller, G. J. Hammerling, and B. Arnold. 1995. T cell 

awareness of paternal alloantigens during pregnancy. Science 270:630-633. 

200. Aluvihare, V. R., M. Kallikourdis, and A. G. Betz. 2004. Regulatory T cells 

mediate maternal tolerance to the fetus. Nat Immunol 5:266-271. 

201. Lamont, R. F. 2003. The role of infection in preterm labour and birth. Hosp Med 

64:644-647. 

202. Brabin, B. J., and P. M. Johnson. 2005. Placental malaria and pre-eclampsia 

through the looking glass backwards? J Reprod Immunol 65:1-15. 

203. Stallmach, T., and G. Hebisch. 2004. Placental pathology: its impact on 

explaining prenatal and perinatal death. Virchows Arch 445:9-16. 

204. Rasheed, F. N., J. N. Bulmer, D. T. Dunn, C. Menendez, M. F. Jawla, A. Jepson, 

P. H. Jakobsen, and B. M. Greenwood. 1993. Suppressed peripheral and placental 

blood lymphoproliferative responses in first pregnancies: relevance to malaria. 

Am J Trop Med Hyg 48:154-160. 

205. Fried, M., and P. E. Duffy. 1996. Adherence of Plasmodium falciparum to 

chondroitin sulfate A in the human placenta. Science 272:1502-1504. 

206. Beeson, J. G., G. V. Brown, M. E. Molyneux, C. Mhango, F. Dzinjalamala, and S. 

J. Rogerson. 1999. Plasmodium falciparum isolates from infected pregnant 

 69



women and children are associated with distinct adhesive and antigenic 

properties. J Infect Dis 180:464-472. 

207. Walter, P. R., Y. Garin, and P. Blot. 1982. Placental pathologic changes in 

malaria. A histologic and ultrastructural study. Am J Pathol 109:330-342. 

208. Vleugels, M. P., W. M. Eling, R. Rolland, and R. de Graaf. 1987. Cortisol and 

loss of malaria immunity in human pregnancy. Br J Obstet Gynaecol 94:758-764. 

209. Moore, J. M., B. L. Nahlen, A. Misore, A. A. Lal, and V. Udhayakumar. 1999. 

Immunity to placental malaria. I. Elevated production of interferon-gamma by 

placental blood mononuclear cells is associated with protection in an area with 

high transmission of malaria. J Infect Dis 179:1218-1225. 

210. Beier, J. C., C. N. Oster, F. K. Onyango, J. D. Bales, J. A. Sherwood, P. V. 

Perkins, D. K. Chumo, D. V. Koech, R. E. Whitmire, C. R. Roberts, and et al. 

1994. Plasmodium falciparum incidence relative to entomologic inoculation rates 

at a site proposed for testing malaria vaccines in western Kenya. Am J Trop Med 

Hyg 50:529-536. 

211. Matteelli, A., F. Donato, A. Shein, J. A. Muchi, O. Leopardi, L. Astori, and G. 

Carosi. 1994. Malaria and anaemia in pregnant women in urban Zanzibar, 

Tanzania. Ann Trop Med Parasitol 88:475-483. 

212. Shulman, C. E., W. J. Graham, H. Jilo, B. S. Lowe, L. New, J. Obiero, R. W. 

Snow, and K. Marsh. 1996. Malaria is an important cause of anaemia in 

primigravidae: evidence from a district hospital in coastal Kenya. Trans R Soc 

Trop Med Hyg 90:535-539. 

 70



213. Jackson, D. J., E. B. Klee, S. D. Green, J. L. Mokili, R. A. Elton, and W. A. 

Cutting. 1991. Severe anaemia in pregnancy: a problem of primigravidae in rural 

Zaire. Trans R Soc Trop Med Hyg 85:829-832. 

214. Okoko, B. J., M. O. Ota, L. K. Yamuah, D. Idiong, S. N. Mkpanam, A. Avieka, 

W. A. Banya, and K. Osinusi. 2002. Influence of placental malaria infection on 

foetal outcome in the Gambia: twenty years after Ian Mcgregor. J Health Popul 

Nutr 20:4-11. 

215. Flick, K., C. Scholander, Q. Chen, V. Fernandez, B. Pouvelle, J. Gysin, and M. 

Wahlgren. 2001. Role of nonimmune IgG bound to PfEMP1 in placental malaria. 

Science 293:2098-2100. 

216. Beeson, J. G., S. J. Rogerson, B. M. Cooke, J. C. Reeder, W. Chai, A. M. Lawson, 

M. E. Molyneux, and G. V. Brown. 2000. Adhesion of Plasmodium falciparum-

infected erythrocytes to hyaluronic acid in placental malaria. Nat Med 6:86-90. 

217. Khattab, A., J. Kun, P. Deloron, P. G. Kremsner, and M. Q. Klinkert. 2001. 

Variants of Plasmodium falciparum erythrocyte membrane protein 1 expressed by 

different placental parasites are closely related and adhere to chondroitin sulfate 

A. J Infect Dis 183:1165-1169. 

218. Reeder, J. C., A. F. Cowman, K. M. Davern, J. G. Beeson, J. K. Thompson, S. J. 

Rogerson, and G. V. Brown. 1999. The adhesion of Plasmodium falciparum-

infected erythrocytes to chondroitin sulfate A is mediated by P. falciparum 

erythrocyte membrane protein 1. Proc Natl Acad Sci U S A 96:5198-5202. 

219. Fried, M., F. Nosten, A. Brockman, B. J. Brabin, and P. E. Duffy. 1998. Maternal 

antibodies block malaria. Nature 395:851-852. 

 71



220. Marsh, K., and R. J. Howard. 1986. Antigens induced on erythrocytes by P. 

falciparum: expression of diverse and conserved determinants. Science 231:150-

153. 

221. Reeder, J. C., S. J. Rogerson, F. al-Yaman, R. F. Anders, R. L. Coppel, S. 

Novakovic, M. P. Alpers, and G. V. Brown. 1994. Diversity of agglutinating 

phenotype, cytoadherence, and rosette-forming characteristics of Plasmodium 

falciparum isolates from Papua New Guinean children. Am J Trop Med Hyg 

51:45-55. 

222. Maubert, B., N. Fievet, G. Tami, M. Cot, C. Boudin, and P. Deloron. 1999. 

Development of antibodies against chondroitin sulfate A-adherent Plasmodium 

falciparum in pregnant women. Infect Immun 67:5367-5371. 

223. Ricke, C. H., T. Staalsoe, K. Koram, B. D. Akanmori, E. M. Riley, T. G. 

Theander, and L. Hviid. 2000. Plasma antibodies from malaria-exposed pregnant 

women recognize variant surface antigens on Plasmodium falciparum-infected 

erythrocytes in a parity-dependent manner and block parasite adhesion to 

chondroitin sulfate A. J Immunol 165:3309-3316. 

224. Salanti, A., M. Dahlback, L. Turner, M. A. Nielsen, L. Barfod, P. Magistrado, A. 

T. Jensen, T. Lavstsen, M. F. Ofori, K. Marsh, L. Hviid, and T. G. Theander. 

2004. Evidence for the involvement of VAR2CSA in pregnancy-associated 

malaria. J Exp Med 200:1197-1203. 

225. Salanti, A., T. Staalsoe, T. Lavstsen, A. T. Jensen, M. P. Sowa, D. E. Arnot, L. 

Hviid, and T. G. Theander. 2003. Selective upregulation of a single distinctly 

 72



structured var gene in chondroitin sulphate A-adhering Plasmodium falciparum 

involved in pregnancy-associated malaria. Mol Microbiol 49:179-191. 

226. Tuikue Ndam, N. G., A. Salanti, G. Bertin, M. Dahlback, N. Fievet, L. Turner, A. 

Gaye, T. Theander, and P. Deloron. 2005. High level of var2csa transcription by 

Plasmodium falciparum isolated from the placenta. J Infect Dis 192:331-335. 

227. Duffy, M. F., A. G. Maier, T. J. Byrne, A. J. Marty, S. R. Elliott, M. T. O'Neill, P. 

D. Payne, S. J. Rogerson, A. F. Cowman, B. S. Crabb, and G. V. Brown. 2006. 

VAR2CSA is the principal ligand for chondroitin sulfate A in two allogeneic 

isolates of Plasmodium falciparum. Mol Biochem Parasitol 148:117-124. 

228. Brabin, B. J., C. Romagosa, S. Abdelgalil, C. Menendez, F. H. Verhoeff, R. 

McGready, K. A. Fletcher, S. Owens, U. D'Alessandro, F. Nosten, P. R. Fischer, 

and J. Ordi. 2004. The sick placenta-the role of malaria. Placenta 25:359-378. 

229. Rogerson, S. J., and J. G. Beeson. 1999. The placenta in malaria: mechanisms of 

infection, disease and foetal morbidity. Ann Trop Med Parasitol 93 Suppl 1:S35-

42. 

230. Ismail, M. R., J. Ordi, C. Menendez, P. J. Ventura, J. J. Aponte, E. Kahigwa, R. 

Hirt, A. Cardesa, and P. L. Alonso. 2000. Placental pathology in malaria: a 

histological, immunohistochemical, and quantitative study. Hum Pathol 31:85-93. 

231. Menendez, C., J. Ordi, M. R. Ismail, P. J. Ventura, J. J. Aponte, E. Kahigwa, F. 

Font, and P. L. Alonso. 2000. The impact of placental malaria on gestational age 

and birth weight. J Infect Dis 181:1740-1745. 

 73



232. Ordi, J., M. R. Ismail, P. J. Ventura, E. Kahigwa, R. Hirt, A. Cardesa, P. L. 

Alonso, and C. Menendez. 1998. Massive chronic intervillositis of the placenta 

associated with malaria infection. Am J Surg Pathol 22:1006-1011. 

233. Leopardi, O., W. Naughten, L. Salvia, M. Colecchia, A. Matteelli, A. Zucchi, A. 

Shein, J. A. Muchi, G. Carosi, and M. Ghione. 1996. Malaric placentas. A 

quantitative study and clinico-pathological correlations. Pathol Res Pract 

192:892-898; discussion 899-900. 

234. Bulmer, J. N., F. N. Rasheed, L. Morrison, N. Francis, and B. M. Greenwood. 

1993. Placental malaria. II. A semi-quantitative investigation of the pathological 

features. Histopathology 22:219-225. 

235. Fried, M., R. O. Muga, A. O. Misore, and P. E. Duffy. 1998. Malaria elicits type 1 

cytokines in the human placenta: IFN-gamma and TNF-alpha associated with 

pregnancy outcomes. J Immunol 160:2523-2530. 

236. Lucchi, N. W., and J. M. Moore. 2007. LPS induces secretion of chemokines by 

human syncytiotrophoblast cells in a MAPK-dependent manner. J Reprod 

Immunol 73:20-27. 

237. Abrams, E. T., H. Brown, S. W. Chensue, G. D. Turner, E. Tadesse, V. M. Lema, 

M. E. Molyneux, R. Rochford, S. R. Meshnick, and S. J. Rogerson. 2003. Host 

response to malaria during pregnancy: placental monocyte recruitment is 

associated with elevated beta chemokine expression. J Immunol 170:2759-2764. 

238. Chaisavaneeyakorn, S., J. M. Moore, L. Mirel, C. Othoro, J. Otieno, S. C. 

Chaiyaroj, Y. P. Shi, B. L. Nahlen, A. A. Lal, and V. Udhayakumar. 2003. Levels 

of macrophage inflammatory protein 1 alpha (MIP-1 alpha) and MIP-1 beta in 

 74



intervillous blood plasma samples from women with placental malaria and human 

immunodeficiency virus infection. Clin Diagn Lab Immunol 10:631-636. 

239. Suguitan, A. L., Jr., R. G. Leke, G. Fouda, A. Zhou, L. Thuita, S. Metenou, J. 

Fogako, R. Megnekou, and D. W. Taylor. 2003. Changes in the levels of 

chemokines and cytokines in the placentas of women with Plasmodium 

falciparum malaria. J Infect Dis 188:1074-1082. 

240. Nair, L. S., and A. S. Nair. 1993. Effects of malaria infection on pregnancy. 

Indian J Malariol 30:207-214. 

241. Sholapurkar, S. L., A. N. Gupta, and R. C. Mahajan. 1988. Clinical course of 

malaria in pregnancy--a prospective controlled study from India. Trans R Soc 

Trop Med Hyg 82:376-379. 

242. Wickramasuriya. 1937. Malaria and Ankylostomiasis in the Pregnant Woman. 

Oxford University Press, Oxford  

243. Hinderaker, S. G., B. E. Olsen, P. B. Bergsjo, P. Gasheka, R. T. Lie, J. Havnen, 

and G. Kvale. 2003. Avoidable stillbirths and neonatal deaths in rural Tanzania. 

Bjog 110:616-623. 

244. Vinayak, V. K., G. Pathak, P. J. Asnani, S. Jain, and A. K. Malik. 1986. Influence 

of malarial infection on the maternal-foetal relationship in pregnant mice. Aust J 

Exp Biol Med Sci 64 ( Pt 3):223-227. 

245. Hioki, A., Y. Hioki, and H. Ohtomo. 1990. Influence of pregnancy on the course 

of malaria in mice infected with Plasmodium berghei. J Protozool 37:163-167. 

 75



246. Oduola, A. M., T. W. Holbrook, R. M. Galbraith, H. Bank, and S. S. Spicer. 1982. 

Effects of malaria (Plasmodium berghei) on the maternal-fetal relationship in 

mice. J Protozool 29:77-81. 

247. Akingbade, O. A. 1992. Embryotoxic and growth-retarding effects of malaria on 

pregnant mice. J Reprod Med 37:273-276. 

248. Desowitz, R. S., K. K. Shida, L. Pang, and G. Buchbinder. 1989. Characterization 

of a model of malaria in the pregnant host: Plasmodium berghei in the white rat. 

Am J Trop Med Hyg 41:630-634. 

249. Oduola, A. M., J. H. Phillips, S. S. Spicer, and R. M. Galbraith. 1986. 

Plasmodium berghei: histology, immunocytochemistry, and ultrastructure of the 

placenta in rodent malaria. Exp Parasitol 62:181-193. 

250. Davison, B. B., F. B. Cogswell, G. B. Baskin, K. P. Falkenstein, E. W. Henson, 

A. F. Tarantal, and D. J. Krogstad. 1998. Plasmodium coatneyi in the rhesus 

monkey (Macaca mulatta) as a model of malaria in pregnancy. Am J Trop Med 

Hyg 59:189-201. 

251. Davison, B. B., F. B. Cogswell, G. B. Baskin, K. P. Falkenstein, E. W. Henson, 

and D. J. Krogstad. 2000. Placental changes associated with fetal outcome in the 

Plasmodium coatneyi/rhesus monkey model of malaria in pregnancy. Am J Trop 

Med Hyg 63:158-173. 

252. Davison, B. B., M. B. Kaack, L. B. Rogers, K. K. Rasmussen, T. Rasmussen, E. 

W. Henson, S. Montenegro, M. C. Henson, F. Mzwaek, and D. J. Krogstad. 2005. 

Alterations in the profile of blood cell types during malaria in previously 

unexposed primigravid monkeys. J Infect Dis 191:1940-1952. 

 76



253. Davison, B. B., M. B. Kaack, L. B. Rogers, K. K. Rasmussen, T. A. Rasmussen, 

E. W. Henson, M. C. Henson, F. K. Parekh, and D. J. Krogstad. 2006. The Role 

of Soluble Tumor Necrosis Factor Receptor Types I and II and Tumor Necrosis 

Factor- alpha in Malaria during Pregnancy. J Infect Dis 194:123-132. 

254. Raghupathy, R. 1997. Th1-type immunity is incompatible with successful 

pregnancy. Immunol Today 18:478-482. 

255. Haimovici, F., J. A. Hill, and D. J. Anderson. 1991. The effects of soluble 

products of activated lymphocytes and macrophages on blastocyst implantation 

events in vitro. Biol Reprod 44:69-75. 

256. Chaouat, G., E. Menu, D. A. Clark, M. Dy, M. Minkowski, and T. G. Wegmann. 

1990. Control of fetal survival in CBA x DBA/2 mice by lymphokine therapy. J 

Reprod Fertil 89:447-458. 

257. Tezabwala, B. U., P. M. Johnson, and R. C. Rees. 1989. Inhibition of pregnancy 

viability in mice following IL-2 administration. Immunology 67:115-119. 

258. Chaouat, G., A. Assal Meliani, J. Martal, R. Raghupathy, J. Elliot, T. Mosmann, 

and T. G. Wegmann. 1995. IL-10 prevents naturally occurring fetal loss in the 

CBA x DBA/2 mating combination, and local defect in IL-10 production in this 

abortion-prone combination is corrected by in vivo injection of IFN-tau. J 

Immunol 154:4261-4268. 

259. Clark, D. A., B. Drake, J. R. Head, J. Stedronska-Clark, and D. Banwatt. 1990. 

Decidua-associated suppressor activity and viability of individual implantation 

sites of allopregnant C3H mice. J Reprod Immunol 17:253-264. 

 77



260. Critchley, H. O., R. W. Kelly, R. G. Lea, T. A. Drudy, R. L. Jones, and D. T. 

Baird. 1996. Sex steroid regulation of leukocyte traffic in human decidua. Hum 

Reprod 11:2257-2262. 

261. Clark, D. A. 1999. Hard science versus phenomenology in reproductive 

immunology. Crit Rev Immunol 19:509-539. 

262. Clark, D. A., G. Chaouat, P. C. Arck, H. W. Mittruecker, and G. A. Levy. 1998. 

Cytokine-dependent abortion in CBA x DBA/2 mice is mediated by the 

procoagulant fgl2 prothrombinase [correction of prothombinase]. J Immunol 

160:545-549. 

263. Levy, G. A., M. Liu, J. Ding, S. Yuwaraj, J. Leibowitz, P. A. Marsden, Q. Ning, 

A. Kovalinka, and M. J. Phillips. 2000. Molecular and functional analysis of the 

human prothrombinase gene (HFGL2) and its role in viral hepatitis. Am J Pathol 

156:1217-1225. 

264. Parr, R. L., L. Fung, J. Reneker, N. Myers-Mason, J. L. Leibowitz, and G. Levy. 

1995. Association of mouse fibrinogen-like protein with murine hepatitis virus-

induced prothrombinase activity. J Virol 69:5033-5038. 

265. Clark, D. A., J. W. Ding, G. Yu, G. A. Levy, and R. M. Gorczynski. 2001. Fgl2 

prothrombinase expression in mouse trophoblast and decidua triggers abortion but 

may be countered by OX-2. Mol Hum Reprod 7:185-194. 

266. Francischetti, I. M., K. B. Seydel, R. Q. Monteiro, R. O. Whitten, C. R. Erexson, 

A. L. Noronha, G. R. Ostera, S. B. Kamiza, M. E. Molyneux, J. M. Ward, and T. 

E. Taylor. 2007. Plasmodium falciparum-infected erythrocytes induce tissue 

 78



factor expression in endothelial cells and support the assembly of multimolecular 

coagulation complexes. J Thromb Haemost 5:155-165. 

267. Imamura, T., T. Sugiyama, L. E. Cuevas, R. Makunde, and S. Nakamura. 2002. 

Expression of tissue factor, the clotting initiator, on macrophages in Plasmodium 

falciparum-infected placentas. J Infect Dis 186:436-440. 

268. Billington, W. D. 1971. Biology of the trophoblast. Adv Reprod Physiol 5:27. 

269. Bevilacqua, E. M., and P. A. Abrahamsohn. 1989. Trophoblast invasion during 

implantation of the mouse embryo. Arch Biol Med Exp (Santiago) 22:107-118. 

270. Pavia, C. S. 1983. Expression of cell-mediated antimicrobial immunity by mouse 

trophoblast monolayers. J Infect Dis 147:1006-1010. 

271. Athanassakis, I., L. Papadimitriou, G. Bouris, and S. Vassiliadis. 2000. Interferon-

gamma induces differentiation of ectoplacental cone cells to phenotypically 

distinct trophoblasts. Dev Comp Immunol 24:663-672. 

272. Athanassakis-Vassiliadis, I., J. Papamatheakis, and S. Vassiliadis. 1993. Specific 

CSF-1 binding on murine placental trophoblasts and macrophages serves as a link 

to placental growth. J Recept Res 13:739-751. 

273. Paulesu, L., A. King, Y. W. Loke, M. Cintorino, E. Bellizzi, and D. Boraschi. 

1991. Immunohistochemical localization of IL-1 alpha and IL-1 beta in normal 

human placenta. Lymphokine Cytokine Res 10:443-448. 

274. Yamaguchi, M., K. Sawada, and A. Miyake. 1996. Lipopolysaccharides 

selectively inhibit mouse placental lactogen-II secretion through stimulation of 

interleukin-1 alpha (IL-1 alpha) and IL-6 production. J Endocrinol Invest 19:415-

421. 

 79



275. Kohchi, C., D. Mizuno, and G. Soma. 1991. Expression of TNF-alpha and TNF-

beta transcripts in murine embryonal carcinoma cells and trophoblast cell. Nucleic 

Acids Symp Ser:119-120. 

276. Schaffer, L., A. Scheid, P. Spielmann, C. Breymann, R. Zimmermann, M. Meuli, 

M. Gassmann, H. H. Marti, and R. H. Wenger. 2003. Oxygen-regulated 

expression of TGF-beta 3, a growth factor involved in trophoblast differentiation. 

Placenta 24:941-950. 

277. Sharma, R. K. 1998. Mouse trophoblastic cell lines: I--Relationship between 

invasive potential and TGF-beta 1. In Vivo 12:431-440. 

278. Menendez, C. 1995. Malaria during pregnancy: a priority area of malaria research 

and control. Parasitol Today 11:178-183. 

 

 

 80



Figure 2.1: Schematic representation of murine definitive placenta 

Adapted from Watson, ED and Cross, JC (2007) Physiology 20: 180-193 
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CHAPTER 3 

THE COURSE OF PLASMODIUM CHABAUDI AS INFECTION IS NOT 

ALTERED DURING PREGNANCY BUT INDUCES FETAL LOSS ASSOCIATED 

WITH ACCUMULATION OF INFECTED ERYTHROCYTES IN THE 

PLACENTA
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ABSTRACT 

 Malarial infection in non-immune women is a risk factor for pregnancy loss, but 

the role that maternal anti-malarial immune responses play in fetal compromise is not 

clear. We conducted longitudinal and serial sacrifice studies to examine the pathogenesis 

of malaria during pregnancy using the Plasmodium chabaudi AS/C57BL/6 mouse model.  

Peak parasitemia following inoculation with 1000 parasite-infected murine erythrocytes 

and survival were similar in infected pregnant and non-pregnant mice, although 

development of parasitemia and anemia was slightly accelerated in pregnant mice.  

Importantly, pregnant mice failed to maintain viable pregnancies, most aborting before 

day 12 of gestation. At abortion, maternal placental blood parasitemia was statistically 

significantly higher than peripheral parasitemia. Infected mice had similar increases in 

spleen size and cellularity which were statistically significantly higher than uninfected 

mice. In contrast, splenocyte proliferation in response to mitogenic stimulation around 

peak parasitemia were statistically significantly reduced in both groups of infected mice 

compared to uninfected, non-pregnant mice, suggesting that lymphoproliferation is not a 

good indicator of antimalarial immune responses in pregnant or non-pregnant animals.  

This study suggests that while pregnant and non-pregnant C57BL/6 mice are equally 

capable of mounting an effective immune response to and surviving P. chabaudi AS 

infection, pregnant mice cannot produce viable pups.  Fetal loss appears to be associated 

with placental accumulation of infected erythrocytes. Further study is required to 

determine to what extent maternal anti-malarial immune responses, anemia and placental 

accumulation of parasites contribute to compromised pregnancy in this model. 
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INTRODUCTION 

Malaria continues to be a major public health problem in the developing world, 

causing an estimated 300-500 million cases each year and 1-2 million deaths (3). In 

malaria endemic regions, the related morbidity and mortality are primarily borne by 

children and pregnant women. Although women living in highly endemic areas acquire 

protective immunity against severe malaria, this protection is markedly compromised in 

the first and second pregnancies (5, 44) and is characterized by maternal anemia (33, 41, 

56) and low birth weight babies (20, 60, 66) who are at increased risk to die early in life 

(60). In contrast, in areas with low or unstable transmission of malaria, exposure is not 

constant enough to result in effective immunity in the population. In these settings, 

pregnancy outcome is severely compromised, and pregnant women of all parities are at 

greater risk of developing severe disease than non-pregnant women. Pregnant women 

living in low endemic areas experience high rates of abortion, stillbirth and low birth 

weight babies (47, 55, 57, 58, 79).  

Most of our understanding of the biological basis for the increased susceptibility 

of pregnant women to malarial infection is from studies conducted with pregnant women 

living in high transmission areas (4, 21, 50, 73, 74). No detailed study has been done to 

understand the development of the maternal anti-malarial immune responses in settings 

of low endemnicity or during early pregnancy and the resultant effects on the mother and 

fetus. Experimental study of malarial infection during pregnancy is particularly 

problematic as ethical and logistical constraints limit the longitudinal sampling of 

pregnant women, and the placenta is inaccessible until delivery. Finally, pregnant women 

in malaria endemic regions often do not visit antenatal clinics early during pregnancy, 
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making it difficult to access women who abort early in gestation. An easily manipulable 

rodent model for malaria in pregnancy would be of great use in overcoming these 

limitations and improving our understanding of the immunological basis for the poor fetal 

outcome in non-immune pregnant women in areas of low endemnicity. 

Early studies on the interrelationship of malaria and pregnancy in mice used 

Plasmodium berghei. These studies reported a more severe clinical course in pregnant 

animals with maternal mortality, fetal loss and reduced litter size (67, 68). This model, 

however, is not suitable to study the development of early maternal anti-malarial immune 

responses or the impact of malarial infection on early pregnancy because the infections 

were initiated on day 7 of pregnancy and were lethal to the mother (29, 48, 72). Further 

research to characterize the immunological and molecular basis of fetal loss in murine 

models for malarial infection during pregnancy has not been done. Thus, the recent 

advances in immunology and mouse genetics have not been applied to investigate the 

development of immune responses in malaria during pregnancy and their effect on fetal 

outcome. The rodent malarial parasite P. chabaudi AS represents a very useful organism 

for the study of immune responses to malaria as it shares many characteristics with the 

most virulent human malarial parasite, P. falciparum. Both have been shown to express 

variant antigens (35, 59), sequestrate in the heart, lung, and liver (23, 54) and bind to 

CD36 (32, 46). P. chabaudi AS infection in non-pregnant C57BL/6 (B6) mice has been 

well characterized and used extensively to dissect the immune response to blood-stage 

malaria.  

In the present study the clinical consequences of experimental infection with P. 

chabaudi AS in pregnant B6 mice was investigated. In this model system, infected 
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pregnant mice developed splenic immune responses comparable to infected non-pregnant 

mice and survived the infection, but failed to maintain their pregnancies. Also, we report 

here for the first time the accumulation of P. chabaudi AS-infected erythrocytes in the 

murine placenta, a phenomenon that is associated with poor fetal outcomes.   

MATERIALS AND METHODS 

Mice, Parasites and Experimental Design: Two types of studies, a longitudinal and 

serial sacrifice, were performed to develop and characterize a mouse model for the 

immunopathogenesis of malaria during pregnancy. In both studies, 8-9 week-old, female 

C57BL/6J (B6) mice were used. Original breeding pairs purchased from Jackson 

Laboratories, Bar Harbor, ME were maintained and bred by brother-sister pairing for a 

maximum of ten generations at the University of Georgia Animal Resources facility in 

accordance with the guidelines of the University of Georgia Institutional Animal Care 

and Use Committee. Mice were maintained on a 10 hours dark and 14 hours light cycle 

with feed and water ad libitum.  To improve breeding efficiency pregnant mice were fed 

with a breeder diet (5K67) purchased from LabDiet, Richmond, IN.  To avoid bias in 

weight gain, non-pregnant control mice were also fed with the same diet.  The day on 

which a vaginal plug was observed in timed mated mice was considered as day zero of 

pregnancy (gestation day/GD 0).  

P. chabaudi AS originally obtained from Dr. Mary M. Stevenson (McGill 

University and the Montreal General Hospital Research Institute, Quebec, Canada) 

maintained as frozen stock and by passaging through IFN-γ knock out (B6.129S7-

Ifngtm1Ts; obtained from R. Tarleton, University of Georgia) or A/J mice were used for all 

the experiments. 
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The first experiment was performed to characterize the course of P. chabaudi AS 

infection in pregnant mice. B6 (infected pregnant, IP) mice were injected intravenously 

on GD 0 with 1000 P. chabaudi AS-infected murine red blood cells (iRBC) per 20 grams 

of body weight. Control, infected, non-pregnant (INP) mice were similarly infected.  

Uninfected pregnant (UP) and uninfected non-pregnant (UNP) mice were intravenously 

sham injected with 200 µl of phosphate buffered saline per 20 grams of body weight as 

controls for pregnancy and handling. After recording the clinical parameters such as body 

weight, hematocrit and parasitemia on GD 0, pregnant mice were not handled until day 6 

of pregnancy to avoid stress-induced blastocyst implantation failure.  For consistency, 

other mice were also not handled on those days. Thereafter, body weights were recorded 

daily and hematocrit and parasitemia on alternate days and at sacrifice at GD/experiment 

day (ED) 18.  No IP mouse maintained pregnancy to GD18 (see Results). 

Because IP mice did not maintain pregnancy to term, two prospective serial 

sacrifice studies were conducted to assess the dynamics of malaria-induced fetal loss.  

Control INP, UP and UNP mice were included.  In the first study, mice were sacrificed 

on GD/ED 6, 9, 12 and 15 and in the second, on GD/ED 6, 8, 9, 10, and 11. Clinical 

measures such as body weight, hematocrit and parasitemia were recorded as described 

above in the initial longitudinal study. In the second study, apart from recording the 

routine clinical measures, IP mice were observed thrice daily beginning on GD 8 to 

identify those in the early stages of abortion. Mice having bloody, mucoid vaginal 

discharge were considered to be in the early stages of abortion and were sacrificed 

immediately.  IP mice were continuously generated until at least five mice per time point 

were obtained. Thus, different numbers of mice, ranging from 3 – 14, were sacrificed at 

 87



different time points. At sacrifice, non-viable fetuses or resorptions were identified by 

their necrotic appearance and notably smaller size compared to normal, viable fetuses. 

Resorption scars were identified by examining the uterus under a dissection microscope.  

To assess development of splenomegaly, spleens were collected aseptically from mice 

sacrificed on GD/ED 6, 8, 9, 10, 11 and 12 and spleen index was calculated by dividing 

spleen weight by body weight. 

Assessment of infection: The development of parasitemia was monitored by counting at 

least 1000 erythrocytes in 4-5 high power fields on Giemsa-stained tail blood thin smears. 

Hematocrit was used as a measure of anemia. Blood collected from the tail vein into 

heparinized capillary tubes was centrifuged in a microhematocrit centrifuge and percent 

hematocrit was calculated according to the formula: volume packed erythrocytes/total 

blood volume) X 100. Body weight was recorded in grams. 

Placental Parasitemia: Uteri collected from mice at the time of sacrifice were fixed in 

10% buffered formalin for 24 hours and then paraffin embedded. Giemsa stained 2-3 µm 

thick placental sections were used to determine the placental parasitemia by counting at 

least 1000 erythrocytes in the maternal blood spaces in the placentas of at least five 

embryos.  

Splenocyte Proliferation Assay: To make a single cell suspension, spleens collected 

aseptically from mice sacrificed on GD/ED 6, 9 and 12 were pressed through a sterile 

fine-wire mesh with 10 ml of RPMI 1640 (Cellgro, Herndon, VA  20171 USA) 

supplemented with 10% heat-inactivated fetal bovine serum (Hyclone Laboratories, 

Logan, Utah), 200 mM L-glutamine (Cellgro, USA), penicillin (10,000 I.U / ml) and 

streptomycin (10,000µg / ml) (Cellgro, USA). Cell suspensions were centrifuged at 
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300×g for 10 min. Erythrocytes were lysed with Tris-buffered 0.175 M NH4Cl, and the 

cells were washed twice in fresh medium. The viability of the cells was determined by 

trypan blue exclusion. One million splenocytes were then cultured in the presence of 

concanavalin A (ConA; 2 µg/ml), lipopolysaccharide (LPS; 1 µg/ml) and pokeweed 

mitogen (PWM; 2 µg/ml) (all from Sigma) in black 96-well microtitre plates for 72 h at 

37°C in a humidified CO2 incubator with an atmosphere of 5% CO2. During the last 18 h 

of the culture the cells were incubated with BrdU labeling solution (Roche). After 

removing the labeling medium the cells were dried and the incorporation of BrdU was 

detected using Cell Proliferation ELISA, BrdU (Roche Molecular Biochemicals) using 

chemiluminescent detection (Lmax II Luminometer, Molecular Devices, Sunnyvale CA) 

following manufacturer’s instructions. 

Statistical Analysis: Unless otherwise noted, the SAS statistical software package 

(version 8.02; SAS Institute, Inc., Cary, N.C.) was used for data analysis. Proc GLM was 

used to analyze the significance of differences among group means for parasitemia, 

hematocrit, body weight, spleen index, spleen cell number and proliferative stimulation 

index. Duncan’s Multiple Range Test was used to perform multiple pairwise group 

comparisons in cases of equal sample size; where sample sizes were unequal, Tukey’s 

Studentized (HSD) Range Test was used.  Comparisons of two groups with unequal 

variances and sample sizes were performed with Welch’s ANOVA.  Resorptions 

evaluated over time and survival were analyzed by a 2×2 contingency table and the 

significance determined by Fisher’s exact test using GraphPad Instat software (version 

2.05a; San Diego, CA). Student’s t test was performed to analyze the significance of 
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differences in the number of viable fetuses between IP and UP mice and placental and 

peripheral parasitemias. P values of ≤ 0.05 were considered to be significant. 

RESULTS 

P. chabaudi AS infection increased the incidence of resorptions and abortions in 

pregnant C57BL/6 mice: Our initial longitudinal experiment revealed that B6 mice 

infected on GD 0 of pregnancy with 1000 P. chabaudi AS infected erythrocytes were able 

to recover from infection (Fig 1) with no significant differences in survival between IP 

and INP mice. Mortalities were observed only after GD/ED 11.  Seven of 12 IP mice and 

three of three INP mice survived until GD/ED18 (vs survival of IP mice, P > 0.05).  GD 

18 was chosen an appropriate time point for assessment of pregnancy since the duration 

of gestation in mice is 19-21 days.  Although most IP mice recovered from infection, 

none of them went on to deliver live pups. Of the 7 that progressed to GD 18, only three 

had any evidence of pregnancy, in the form of uterine resorption scars.  This suggested 

that fetal loss had occurred at least several days earlier. (The pregnancy status of the other 

4 animals could not be confirmed; thus, they were not included in any analysis.)  The 

weight loss (Fig 1E) and vaginal bleeding during ascending and peak parasitemia 

exhibited by IP mice suggested that they might have actively expelled their embryos 

during this time. Since fetal loss is one of the most severe and under studied consequence 

of malarial infection in pregnant women living in low endemic areas, the effect of 

malarial infection at different stages of fetal development was examined in greater depth. 

To identify the stage of gestation at which mice start losing their pregnancies, an 

initial serial sacrifice study was performed by sacrificing mice on GD/ED 6, 9, 12 and 15. 

This study revealed that IP mice failed to maintain viable pregnancies up to GD 12 
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(Table 1) and the few IP mice that did proceed to GD 15 had only necrotic/resorbing 

embryos in their uteri (data not shown). To further characterize the events leading to fetal 

loss, a second, more detailed serial sacrifice study was performed with mice being 

sacrificed on GD 6, 8, 9, 10 and 11 with heightened surveillance beginning on GD 8 to 

identify the mice in early stages of abortion.  Abortions occurred at GD 10.3 ± 1.0 (mean 

± SD). The fetal outcome results pooled from the two serial sacrifice studies are 

presented in Table 1. At sacrifice, mice with vaginal bleeding were observed to have an 

open cervix with embryos in the cervix or vagina, demonstrating that they were actively 

expelling their embryos. IP mice had a significantly higher number of fetal resorptions 

and abortions compared to uninfected pregnant mice on GD 10 through 12. IP mice had 

37.4% and 38.8% resorptions on GD 10 and 11, and 100% resorptions on GD 12 of 

pregnancy compared to 0, 5.1, and 3.3% in the UP group, respectively (P = 0.0001). 

Compared to UP mice the number of viable fetuses was significantly reduced in IP mice 

on GD 12 (P = 0.0001).  Thus, P. chabaudi AS infection abrogated pregnancy in B6 

mice, with only nonviable fetuses and resorption scars being present in IP mice from GD 

12 onwards. 

Development of parasitemia and anemia is accelerated in P. chabaudi AS-infected 

pregnant mice:  To study to what extent pregnancy impacts the course of P. chabaudi AS 

infection, development of parasitemia, anemia and changes in body weight were studied 

in the four groups of mice. The results from the initial longitudinal study are presented in 

Fig 1 (A, C, E). Despite the fact that IP mice lost their pregnancies around GD 10, they 

were retained in this group for the purposes of analysis.  Parasitemia was patent in IP 

mice by GD6, was more than double that of INP mice on GD/ED8 (P > 0.05), and peaked 

 91



at 22.35% on GD10. In contrast, peak parasitemia (19.62%) was observed on ED 12 in 

INP mice. However, parasitemia resolved after GD/ED 12 in all mice, decreasing to less 

than 2% on GD/ED 16.  Since IP mice did not maintain pregnancy after GD 12, it is not 

possible to conclude from this study whether or not peak parasitemia and resolution of P. 

chabaudi AS infection differ in the context of pregnancy in B6 mice. 

Hematocrit values measured on alternate days were used as an indicator of anemia. Both 

IP and INP mice experienced profound reductions in hematocrit during the course of 

infection (Fig. 1C). Development of malarial anemia was accelerated in the IP group 

compared to the INP group, with the percent hematocrit values being significantly lower 

in IP mice compared to the UP and UNP groups on GD/ED10. However, the hematocrits 

of both infected groups reached their nadir on GD/ED 12 (13.67 % for INP versus 14.0 % 

for IP mice, P > 0.05) and were significantly lower than those in the UP and UNP groups 

(P < 0.05). These significantly lower hematocrits persisted throughout the remainder of 

the experiment. Interestingly, the hematocrits of the UP mice were also significantly 

lower than those of UNP mice on GD/ED 6 (P < 0.05). This was likely due to 

hemodilution associated with normal pregnancy (18).  

Body weights of the mice were recorded daily and are represented in Figure 1E. 

UP mice exhibited a steady increase in body weight starting on GD 10 from which time 

their body weights were significantly higher than all other groups (P < 0.05, GD/ED 10-

18). IP mice also exhibited an increase in body weight during the initial stages of 

pregnancy presumably due to the initial fetal developments. However, both infection 

groups lost weight as parasitemia rose and hematocrits fell.  Also, some reduction in body 

weight in IP mice was likely due to fetal resorption. IP and INP groups regained weight 
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as they started to resolve the infection. As expected, UNP mice maintained their body 

weights throughout the experimental period.  

In the initial longitudinal study, the clinical parameters such as development of 

parasitemia and anemia were monitored only on alternate days. To further characterize 

the course of infection, the development of parasitemia and anemia were monitored daily 

in the serial sacrifice study starting from GD/ED 8 and the experiments were terminated 

on GD/ED 12, the time point at which no viable fetuses were evident in IP mice (Table 

1). Similar to the longitudinal study, the development of parasitemia was accelerated in 

IP mice and was significantly different from INP mice on GD 8 (P = 0.0004) (Fig 1 B). 

However, peak parasitemia was observed on GD/ED 11 in both IP (27.17%) and INP 

(25.04%) mice (P > 0.05).  The discrepancy in the results for peak parasitemia between 

this and the longitudinal study is likely due to our failure to prepare blood smears on 

GD/ED 11. Anemia also developed earlier in IP mice and was significantly different from 

all the groups on GD 8, 9 and 10 (P < 0.05).  However, hematocrit values for all infected 

mice were statistically significantly lower than that of UP and UNP mice on GD/ED10 

post infection and reached their nadir on day 12 post-infection (INP: 11.88 %, IP: 

11.33%; versus uninfected mice, P < 0.05). 

As in the longitudinal study, IP mice exhibited an initial increase in body weight 

which was significantly different from INP mice on GD/ED 6 through 9 (P < 0.05). By 

GD/ED 8, IP mice gained, on average (± SD), 1.2 ± 1 g (6.8 ± 6.3 % of average GD 0 

body weight). However, as the infection progressed, both infected groups lost weight 

compared to UP mice on GD 9 through 12 (P < 0.05).  The lowest body weights for IP 

and INP mice were recorded on GD 12 (8.8 ± 15.3 % and 13.4 ± 5.4 % loss in IP and INP 
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mice, respectively, compared to average GD 0 weight). Compared to peak body weight 

on GD 8, IP mice lost 13.1 ± 9.8 % by GD 12.  This loss of body weight in IP mice could 

be due to a combined effect of malaria-induced cachexia and fetal loss.  In contrast to IP 

mice, UP mice exhibited a steady increase in body weight starting at GD 6, increasing 9.1 

± 5.7 % and 31.1 ± 13.1 % at GD 8 and 12, respectively, relative to starting weight.  

Accumulation of P. chabaudi A- infected erythrocytes in the placentae of pregnant 

mice: Sequestration of P. chabaudi AS-infected erythrocytes has been reported in the 

heart, liver, lungs and spleen of infected mice (13, 23), and sequestration of P. falciparum 

is associated with poor fetal outcome in human pregnancy (49).  Thus, it was of interest 

to determine whether the observed pregnancy loss in P. chabaudi AS-infected pregnant 

mice is associated with an accumulation of iRBCs in placentae.  To investigate this 

possibility, placental parasitemias scored on Giemsa-stained, 2 µm thick placental 

sections were compared with the corresponding peripheral parasitemias. Indeed, there 

was massive accumulation of P. chabaudi AS-infected erythrocytes in the maternal 

sinusoids of the placentae (Fig. 2) with placental parasitemias in GD 10 and 11 mice 

being statistically significantly higher than in the peripheral blood (41.9 ± 12.7 % versus 

22.4 ± 8.0 %; P = 0.003). To characterize the dynamics of placental accumulation of 

iRBCs, parasitemias were determined in mice on GD 9 (a day before abortions are 

observed), GD 10 (both aborting and non-aborting) and GD 11 (all aborting) of 

pregnancy (Fig. 3). Whereas GD 9 parasitemias were low in both placental and peripheral 

blood, parasitemias in placental sections from mice undergoing abortions on GD 10 and 

11 were > 40% higher than in the peripheral blood (47.1% and 42.4% versus 27.1% and 

24.4%, respectively). A trend toward higher placental parasitemia in GD 10 non-aborting 
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mice was not statistically significant (P > 0.05). These data demonstrate that there is an 

accumulation of P. chabaudi AS-infected RBCs in the placentae of infected mice, with 

statistically significantly higher levels than in the peripheral blood being found only in 

mice undergoing abortion. Contrary to what has been reported in the placentae of malaria 

infected pregnant women (22, 45, 74), preliminary histopathological analysis revealed 

little accumulation of monocyte/macrophages in the placentae of IP mice (Poovassery et 

al., unpublished data). 

 Splenic function in P. chabaudi AS infected pregnant mice: Pregnancy-associated 

immunomodulation is thought to play an important role in the increased susceptibility of 

pregnant women to malarial infection. To assess the immunocompetence of IP mice, 

changes in spleen size and cellularity as well as proliferative response of splenocytes in 

response to mitogens at different stages of infection were evaluated. To compensate for 

significant differences in the body weights of the pregnant and non-pregnant mice, 

splenomegaly was evaluated using spleen index (see Materials and Methods). For UNP 

mice, spleen parameters were recorded only on ED 6, 9 and 12. A comparison of the 

spleen indexes among the four groups is presented in Figure 4A. Although both pregnant 

groups showed some level of persistent splenomegaly beginning on GD/ED 6 (both 

versus UNP, P < 0.05, days 6, 9 and 12), P. chabaudi AS infection, regardless of 

pregnancy, resulted in large, progressive increases in splenic index beginning on GD/ED 

9 (compared to uninfected mice, days 9 and 12, P < 0.05).  

Spleen cell number was also high in infected mice (Fig. 4B), increasing 

dramatically from GD/ED 8 compared to uninfected mice. Whereas splenocyte count in 

INP mice persisted at an elevated but constant level from day 8 to 11, spleen cellularity 
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peaked on GD 9 in IP mice (9.46 ± 1.3 x 107); this value was significantly different from 

UP (2.93 ± 0.4 x 107), UNP (1.53 ± 0.3 x 107), and INP mice (4.93 ± 0.8 x 107) mice (P < 

0.05). This enhancement of spleen cell number in IP mice was at least in part pregnancy-

related, since UP mice also had a higher splenocyte count compared to UNP mice, 

beginning at GD/ED 6 (GD/ED 6 and 12, P < 0.05).  Overall, with the exception of a 

transient, accelerated expansion of spleen cellularity at GD/ED 9 in IP mice, increases in 

both spleen weight and cellularity were comparable in IP and INP mice.  

Splenocyte function was assessed by proliferative response to mitogenic 

stimulation (Fig. 5).  At day 6 of infection, responses were comparable among the four 

experimental groups.  However, at time points corresponding to ascending and peak 

parasitemia, responses in infected mice decreased relative to uninfected mice.  

Proliferation in response to LPS stimulation was significantly higher in UNP mice 

compared to INP mice on ED 9 and 12 (P < 0.05), and to IP mice on GD/ED 9 (P < 0.05). 

Proliferation of splenocytes from the IP and INP groups in response to ConA and PWM 

was also statistically significantly lower than that of the UNP group on GD/ED (P < 

0.05). A tendency for IP mice to have a higher LPS response compared to INP mice on 

GD 12 was not statistically significant (P > 0.05). 

DISCUSSION 

 In non-immune pregnant women malarial infection during the first or second 

trimester has been reported to be associated with high rates of abortion (42). No detailed 

study has been done, however, to investigate anti-malarial immune responses during 

early pregnancy in the absence of pre-existing immunity or the effect of these responses 

on fetal outcome. Some progress toward this end has been made using non-immune, 
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pregnant rhesus monkeys infected with Plasmodium coatneyi (16). In this model, infected 

monkeys experienced increased rates of abortion and intrauterine growth retardation 

associated with placental pathology (15, 16). Also the leukocyte profiles were altered in 

infected pregnant monkeys, with lower CD4+ and CD8+ T cell and B cell counts that 

were suggestive of pregnancy-associated immunomodulation (17). As an alternative 

approach, we have developed a mouse model for the study of adverse fetal outcomes 

associated with malaria. The short gestation time, availability of inbred, congenic and 

gene knock-out mice, and the well-characterized immune system of the laboratory mouse 

allow us to address questions and undertake experiments that due to ethical, financial and 

biological constraints cannot easily be performed in humans or non-human primates.  

In this model system, both IP and INP B6 mice survived P. chabaudi AS 

infection.  Although the development of parasitemia and anemia was accelerated in IP 

mice, there was no significant increase in peak parasitemia or reduction in hematocrit as a 

function of pregnancy. Regardless of whether or not mice were pregnant at the beginning 

of the experiment, all were able to ultimately control parasitemia, reducing it to less than 

2% by ED 16. The 2-3 day delay observed in development of patent and peak parasitemia 

in this study compared to most published literature on P. chabaudi AS infection in B6 

mice is likely due to the difference in the size of the inoculum (103 versus 106) and the 

difference in the route of infection (intravenous versus intraperitoneal) (10). 

The clinical outcome observed in IP mice was different from previous 

observations made in other rodent model systems for malaria during pregnancy, which 

showed a more severe course for pregnant animals (19, 29, 48, 72). Differences in rodent 

strain and parasite species, inoculum size, and the gestation day on which infection was 
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initiated may be responsible for the observed differences between those studies and the 

current results. P. chabaudi AS infection has been shown to result in non-lethal infections 

in mouse strains such as BALB/c, C57BL/6 and C57BL/10 mice and lethal infections in 

A/J and DBA/2 mice (14, 38, 61). B6 mice develop moderate levels of acute primary 

parasitemia and resolve the infection by 4 to 5 weeks post-infection by mounting a Th1 

cytokine-biased immune response early during the course of infection (14, 63, 82). In 

contrast, susceptible A/J mice mount an early T helper 2 (Th2) cytokine-biased immune 

response and succumb to infection by 10 to 12 days post infection (53, 63).  

It has been well demonstrated that successful pregnancy requires a bias against 

Th1-type and toward Th2-type cytokines (24, 52, 75). Since the survival rate of IP mice 

was comparable to INP mice, it is likely that the former also developed a 

proinflammatory/Th1 cytokine-biased immune response early during the infection to 

control the parasitemia, but at the expense of their pregnancies. It is noteworthy that 

malaria-induced abortion in P. vinckei-infected mice was shown to be dependent on pro-

inflammatory tumor necrosis factor-α (11). The results of the present study are consistent 

with that finding in that viable pregnancy in IP mice was completely abolished. Most 

failed to carry their fetuses beyond mid-gestation, with higher rates of fetal resorption and 

abortion compared to UP mice, and none delivered live, term pups. Spontaneous 

abortions during the first trimester have been reported in P. coatneyi-infected, non-

immune, pregnant rhesus monkeys (16) and in P. falciparum-infected, non-immune 

pregnant women (42, 47, 58, 79). However, the immunologic mechanisms that lead to 

fetal loss during such non-immune malarial infections remain to be fully elucidated.  
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To begin to address this issue, we assessed the development of splenomegaly as 

well as the splenocyte proliferative response in the presence of mitogens in infected and 

uninfected mice. In murine models it has been shown that during acute malarial 

infections the spleen plays important roles in parasite clearance (77), development of 

pathogen-specific T and B cell responses (36, 81), and provision of strong hematopoietic 

support (71, 78). Spleen cellularity and architecture also change dramatically during 

malarial infection (27, 62). Depending on the mouse strain and parasite species, these 

changes have been shown to be associated with either resistance or susceptibility to 

infection. Thus, development of massive splenomegaly has been found to correlate with 

resistance to P. chabaudi AS infection in resistant B6 mice but not in susceptible A/J 

mice (62). In agreement with this, both IP and INP B6 mice developed massive 

splenomegaly and, in a longitudinal study, survived the infection albeit, for IP mice, in 

the absence of viable pregnancy. Also, contrary to expectation, IP mice had the highest 

splenocyte counts at one time point corresponding to ascending parasitemia. However, 

after the initial peak on day 9, both IP and INP mice exhibited a decrease in splenocyte 

count after peak parasitemia, as reported in the case of P chabaudi AS-infected BALB/c 

mice (27).  

In vitro proliferation of splenocytes isolated from both IP and INP mice during 

the acute phase of the infection was significantly reduced compared to uninfected mice. 

Malaria patients frequently show reduced immune responses not only to the malaria 

parasite, but also to unrelated antigens (31, 70, 80), suggesting that an active 

immunosuppressive mechanism may be operating during the course of malarial infection. 

One possibility is nitric oxide-mediated suppression of splenocyte proliferation, as was 
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reported for responses to ConA in P. chabaudi AS-infected B6 mice (34). This has also 

been demonstrated in other protozoan infections (28, 76). Furthermore, it is noteworthy 

that NO has been linked to pregnancy loss in mice (26). Recently, it was suggested that 

CD4+CD25+ regulatory T cells may be involved in the immunosuppression observed 

with P. yoelii strain 17XL infection in BALB/c mice (30). Apart from the mechanisms 

proposed in non-pregnant mice, pregnancy-specific immunosuppression may be also 

operating in IP mice prior to pregnancy loss (69).  

Despite low splenocyte proliferative responses, both IP and INP mice survived P. 

chabaudi AS infection, suggesting that in vitro proliferative response of splenocytes is 

not a good indicator of the ability of infected mice to mount an effective immune 

response to malarial infection. As demonstrated in the case of non-pregnant B6 mice, an 

early proinflammatory/Th1 cytokine biased immune response may be relatively more 

important for protection in IP and INP mice (64). This, however, may not translate to 

immune responses that can clear parasites from the placenta. Ultimately, it will be 

necessary to investigate in detail the immunological events occurring in the placental 

environment and in the spleen of P. chabaudi AS-infected pregnant mice to fully 

elucidate the protective and pathogenic immune mechanisms at play in pregnant mice.  

Furthermore, development of an experimental system that allows IP mice to progress to 

term pregnancy will be necessary for investigation of pregnancy-associated alterations in 

disease course and immune patterns throughout gestation.  In this context, it will also be 

of value to assess the course of infection and outcome of pregnancy in previously 

malaria-exposed mice, all of which are currently being addressed in our laboratory. 
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Although the peak peripheral parasitemia was not significantly different between 

IP and INP mice, placental parasitemia was > 40% higher than peripheral parasitemia in 

IP mice at the time of abortion, which effectively translates to a higher total parasite load 

in these animals. Sequestration of infected erythrocytes in several organs has been 

reported in P. chabaudi AS-infected non-pregnant mice (13, 23). Furthermore, the in 

vitro binding of the P. chabaudi AS-infected RBCs to endothelial cells has been shown to 

be mediated through CD36 (a well-characterized receptor utilized by P. falciparum-

infected erythrocytes to bind to endothelial cells) (32), but other receptors are likely to be 

involved as well (46). Sequestration of P. falciparum-infected erythrocytes in the 

placental intervillous blood space is a key feature of malarial pathogenesis in pregnant 

women (49, 74) and is thought to be mediated largely through interaction with 

chondroitin sulphate A (CSA) (21). The accumulation of P. chabaudi AS-infected 

erythrocytes in the placenta of infected mice, which has not been described before, may 

be a manifestation of specific placental sequestration. It is noteworthy that, like human 

trophoblast, murine trophoblast expresses a low sulfated chondroitin sulfate (C. Gowda, 

personal communication).  Clearly, further detailed studies of the interactions between P. 

chabaudi AS iRBCs and fetal trophoblast cells are required to define the biological 

mechanisms of placental parasite accumulation in mice and the pathogenic implications 

thereof. Our laboratory is currently investigating the impact of iRBC binding to 

trophoblast on immunopathological events at the human (39) and murine maternofetal 

interfaces.  

As reported in the case of P. chabaudi AS-infected non-pregnant B6 mice, both 

IP and INP mice experienced profound anemia (14). Although the lowest hematocrit 
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levels and the day on which these levels were reached were not different between IP and 

INP mice, the development of anemia was faster in IP mice.  Because UP mice also 

developed some anemia, it is likely that the faster rate in IP mice was not entirely malaria 

specific. Pregnancy-associated hemodilution has been reported in rats (18, 37) and 

pregnant women (7). In general, several factors may contribute to the complex process of 

anemia during malarial infection. Sequestration of infected RBCs (2), rupture of iRBCs 

during schizogony, development of autoantibodies (1, 25, 43) and ineffective 

erythropoiesis (12, 51, 83) may all contribute. Furthermore, it was recently suggested that 

the proinflammatory cytokine macrophage migration inhibitory factor (MIF), may play 

important role in malarial anemia (40). It is of interest that MIF expression is massively 

upregulated in the placentae of malaria-infected pregnant women (9) and is specifically 

secreted by trophoblast bound by P. falciparum-infected RBCs (8). Further study will be 

required to determine the relative roles of all of these factors, particularly that of MIF, in 

anemia and other protective and pathogenic immune mechanisms during pregnancy in B6 

mice. 

In addition to immune responses and placental accumulation of parasites, anemia 

may play a role in the observed pregnancy loss in this model. However, most of the 

abortions occurred between days 10 and 11, which is one to two days before peak 

anemia. Additionally, while anemia has been shown to be associated with low birth 

weight (6) and pre-term labor (65), it is not associated with fetal loss in rodents or in 

humans. Furthermore, for cases of low birth weight among women with severe malarial 

anemia (<7g/dL; 36% below normal level), Brabin and Piper (6) calculated that anemia 

alone can account for only about 10% of infant low birth weight cases, whereas malaria 
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(with all associated immunopathogenic effects), can account for 40%. Thus, factors other 

than anemia likely play dominant roles in inducing pregnancy loss in P. chabaudi AS-

infected B6 mice. We are actively pursuing this line of investigation. 

In conclusion, this study shows that P. chabaudi AS infection leads to poor 

pregnancy outcomes in B6 mice. Although the splenocytes from both IP and INP mice 

exhibited reduced proliferation in response to mitogens compared to UNP mice, both IP 

and INP mice exhibited a comparable increase in spleen size and cell number during the 

course of infection, and all survived the infection, albeit in the absence of viable post-

midgestational pregnancy for IP. This suggests that IP mice develop peripheral anti-

malarial immune responses that are sufficient to control parasitemia during primary 

infection. Despite effective control of peak parasitemia, IP mice experienced massive 

accumulation of iRBCs in their placentae and failed to maintain their pregnancies beyond 

GD 12. This suggests that while peripheral parasitemia is controlled immunologically, 

this response is not sufficient to control localized placental parasitemia, but may, 

paradoxically, contribute to fetal loss. Continued characterization of this model will 

contribute significantly to our understanding of the molecular and cellular immunological 

mechanisms involved in fetal loss during malarial infection. 
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Figure 3.1. 

 Parasitemia, hematocrit and weight change in longitudinal and serial sacrifice 

studies of P. chabaudi AS-infected and control B6 mice. Eight-nine week old C57BL/6 

mice were injected intravenously with 1000 P. chabaudi AS-infected erythrocytes or 200 

µl of PBS (control mice) per 20 grams of body weight on GD/ED 0. Percent parasitemia 

(A, B) from Giemsa-stained thin smears, hematocrit (C, D) of tail vein blood and weight 

(E, F) were assessed at one-two day intervals as shown. Mice were divided into four 

groups: uninfected, nonpregnant (UNP), infected, nonpregnant (INP), uninfected, 

pregnant (UP), and infected, pregnant (IP).  Groups were either followed longitudinally 

for 18 days (n = 3 for all groups; A, C, E), or sacrificed at days 6, 8, 9, 10, 11 and 12 in 

two serial sacrifice studies (B, D, F).  Although IP mice aborted, resorbed or had only 

dead embryos in their uteri by GD 12, for the sake of clarity and illustration of point, 

mice in this group are retained as such for the whole of the longitudinal experiment. For 

serial sacrifice studies, clinical parameters were measured on mice as described in 

Materials and Methods until day of sacrifice.  Starting sample sizes: UNP = 9, INP = 39, 

UP = 56, and IP = 67.  Number of mice sacrificed (INP, UP, IP) at each GD/ED; GD/ED 

6: 8, 12, 14; GD/ED 8: 5, 10, 8; GD/ED 9: 8, 13, 13; GD/ED 10: 5, 5, 14; GD/ED 11: 5, 

9, 11; GD/ED 12: 8, 7, 7.  Three UNP mice were sacrificed at ED 6, 9 and 12.  All data 

presented are mean ± standard error of the mean (SEM). The Y axis on E, F begins at 15 

g to avoid compression and poor visualization of the data.  Statistical differences, all P < 

0.05, Proc GLM, Tukey.  Longitudinal study: hematocrit, GD/ED 6, UP versus UNP; 

GD/ED 10: IP versus uninfected; GD/ED 12, 14: infected versus uninfected; GD/ED 16: 

IP versus UNP; GD/ED 18: INP versus IP and UNP.  Weight, GD/ED 6: UNP versus UP; 
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GD/ED 7, 8: UNP and INP versus UP; GD/ED 10-18, all groups versus UP. Serial 

sacrifice studies: parasitemia, GD/ED 8, INP versus IP, P = 0.0004, Welch’s ANOVA.  

Hematocrit: GD/ED 8-10: IP versus all groups; GD/ED 10: INP versus all groups; 

GD/ED 11: infected versus UP; GD/ED 12: infected versus uninfected.  Weight: GD/ED 

6, 8: INP versus IP and UP; GD/ED 7: INP versus all groups; GD/ED 9: IP versus INP; 

GD/ED 9-12: infected versus UP; GD/ED 11, 12: INP versus UNP.   
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Figure 3.2. 

 P. chabaudi AS-infected erythrocytes in the placenta of an aborting mouse.  

(A) Giemsa-stained placental section (2 µm thick) from IP mouse undergoing abortion on 

GD/ED 11 showing infected erythrocytes in the maternal blood spaces (arrows). (B) 

Giemsa-stained placental section from UP mouse at the same time point showing normal 

RBCs in the maternal sinusoids. MS: maternal sinusoid, N: giant cell nucleus.  

Photographs were prepared using Adobe Photoshop, v 8.0. 
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Figure 3.3. 

Comparison of placental and peripheral parasitemia in aborting and non-aborting 

IP mice.  

Placental parasitemias were scored in Giemsa-stained, 2 µm thick placental sections by 

counting at least 1000 RBCs in the maternal blood spaces. Peripheral parasitemias were 

determined in Giemsa-stained tail blood smears. N = 5 at each time point per group 

except for day 9 (n = 3). ∗ P = 0.003, Student’s t test. 
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Figure 3.4. 

Changes in spleen index and cell number in experimental mice.  

Mice were experimentally manipulated as indicated in legends to Figures 1 and 2. (A) 

Spleen index is calculated as a proportion of spleen weight to total body weight.  (B) Cell 

number was calculated from isolated splenocytes enumerated by trypan blue exclusion. 

Data are pooled from two replicate experiments and are presented as mean ± SEM of five 

to ten mice for the IP, INP and UP groups (n = 4, IP day 12) and three UNP mice 

analyzed individually per time point. Spleen index: Day 6: UNP versus IP, UP; day 8: UP 

versus IP; days 9, 12: both UNP and UP versus all groups; days 10, 11: UP versus IP and 

INP; P < 0.05, Proc GLM, Tukey.  Spleen number: day 6: INP and UNP versus UP, and 

UNP versus IP; *day 8: UP versus INP; day 9: UNP versus INP and IP versus all groups; 

*day 11: IP versus UP; day 12: UNP versus all groups; all P < 0.05, Proc GLM, Tukey 

and *Dunnett’s T3. 
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Figure 3.5.  

Proliferative response of spleen cells in experimental mice. 

Spleen cells from P. chabaudi A-infected pregnant, infected non pregnant and uninfected 

controls collected aseptically on the days indicated were cultured with ConA (2 µg/ml), 

PWM (2 µg/ml) and LPS (1 µg/ml) or medium as the control. BrdU uptake was measured 

and data shown are means ± SEM for three mice per group.  *INP and IP versus UNP, 

**INP versus UNP, P < 0.05, Proc GLM, Duncan.  
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Table 3.1  

Fetal outcome in P. chabaudi AS-infected pregnant and uninfected pregnant mice. 

Mice were sacrificed on days indicated to assess pregnancy success. Resorptions were 

scored by examination of uteri under a dissection microscope. aGestation Day; btotal 

number of resorptions per total number of fetuses; cFisher’s exact test;  dmean # of viable 

fetuses; eStudent’s t test. 

 

 121



Table 3.1  

 
 

GDa 
IP 

resorp-
tionsb 

N 
UP 

resorp-
tionsb 

N P valuec IP 
viabilityd 

UP 
viabilityd P valuee 

6 1/99 14 1/99 12 0.75 7.36 8.25 0.99 

8 0/64 8 0/78 10 N/A 8.00 7.80 0.77 

9 3/108 13 1/86 13 0.40 8.07 6.61 0.08 

10 40/107 14 0/38 5 0.0001 4.40 7.60 0.11 

11 38/98 11 3/59 9 0.0001 5.45 7.37 0.07 

12 30/30 4 2/60 7 0.0001 0.00 8.57 <0.0001 
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ABSTRACT 

 Malarial infection in non-immune pregnant women is a major risk factor for 

pregnancy failure. In a recent study we have reported that experimental Plasmodium 

chabaudi AS infection completely abrogates pregnancy in C57BL/6 (B6) mice by 

gestation day 12. To further characterize the protective and pathogenic immune responses 

to malaria, the pattern of cytokine production in plasma, spleen and placenta cell culture 

supernatants during the first 11 days of infection and gestation were studied. Regardless 

of pregnancy, the systemic levels of proinflammatory cytokines IFN-γ, TNF-α and IL-1β 

were elevated in infected mice compared to uninfected, pregnant mice. IFN-γ and TNF-α 

levels peaked on gestation / experiment day 9 in infected, pregnant and infected, 

nonpregnant mice and the highest IL-1β response was observed in mice on gestation day 

/ experiment day 10 preceding by 1 to 2 days the onset of malaria associated fetal loss. 

Furthermore, TNF-α and its soluble receptor II were higher in aborting mice and the 

soluble TNF receptor II level exhibited a positive correlation with parasitemia. Although 

infected mice also produced the anti-inflammatory cytokine IL-10 in the plasma and 

splenocyte cell culture supernatants, infected, pregnant mice failed to produce IL-10 at 

the placental level. On histological examination, trophoblast giant cells from mice 

undergoing abortion exhibited massive phagocytosis of infected erythrocytes and 

hemozoin. Furthermore, cultured trophoblast cells isolated from gestation day 7 embryos 

were able to phagocytose P. chabaudi AS-infected erythrocytes and produced TNF-α in 

the culture supernatants. Taken together these results suggest that a proinflammatory anti-
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malarial immune response, particularly one that is not counter-regulated by IL-10 at the 

placental level, may contribute to fetal loss in this model. 

INTRODUCTION 

 Malarial infection during pregnancy is a major risk factor for maternal and infant 

morbidity and mortality. Epidemiological studies have shown that the malarial infection 

during pregnancy is more severe in women with no previous exposure to malarial 

infection or during an epidemic. Under these circumstances, pregnancy outcome has been 

shown to be severely compromised with high rates of abortion, stillbirth and preterm 

deliveries (1, 2). The precise mechanisms involved in malaria-induced fetal loss have not 

been identified.  

 In depth studies to understand the immunologic and pathological mechanisms 

involved in malaria-induced fetal loss are not possible in humans due to ethical and 

practical constraints. We have taken advantage of our recently developed mouse model to 

further explore the complex interactions between antimalarial immune response and 

pregnancy. In this model C57BL/6 (B6) mice that are infected on day 0 of gestation (GD 

0) with 1000 Plasmodium chabaudi AS-infected erythrocytes developed peak parasitemia 

and anemia comparable to infected nonpregnant (INP) mice and survived the infection. 

However, infected pregnant (IP) mice failed to maintain viable pregnancies after GD 11 

(3). Although the immune responses to P. chabaudi AS infection are well characterized 

in INP mice, nothing is known about the development of immune responses in P. 

chabaudi AS-infected pregnant mice or how this may affect the pregnancy outcome.  

 Both CD4+ T cell and B cell responses are shown to be critical in protection 

against primary P. chabaudi AS infection in INP mice. While production of 
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proinflammatory cytokines IL-12, IFN-γ and TNF-α (4) early during the infection is 

thought to be essential to control the parasitemia, parasite clearance during the chronic 

stage is dependent on B cells and antibodies, especially of Th1-associated subclassess 

IgG2a and IgG3 (5). However, it has been demonstrated in rodent models that normal 

pregnancy requires a bias against Th1-or towards Th2-type cytokine responses (6, 7). 

While production of Th2-type cytokines such as IL-10 and IL-4 locally at the materno-

fetal interface is thought to favor the maintenance of pregnancy (8, 9), an excessive 

production of Th1/proinflammatory cytokines such as IL-2, IL-6, IFN-γ and TNF-α can 

mediate fetal rejection (10-13). Proinflammatory cytokines IL-2, IFN-γ and TNF-α are 

implicated in recurrent spontaneous abortion in humans (14). 

Several pregnancy complications such as preterm labor and pre-eclampsia are 

shown to be strongly associated with infections (15, 16), and infection during pregnancy, 

including malaria, is a major factor that can alter the cytokine balance at the placental 

level. Elevated levels of IFN-γ, TNF-α and IL-2 have been observed in the placental 

blood from malaria-infected women compared to uninfected women (17) and a higher 

expression of TNF-α at the placental level is associated with low birth weight babies high 

malaria endemic areas (18). Furthermore, TNF-α was shown to induce abortion in 

Plasmodium vinckei-infected mice (19). High rates of abortion or fetal resorptions 

associated with systemic and placental production of IFN-γ and TNF-α have also been 

reported in rodent models for Leishmania major (10) and Trypanosoma cruzi (20) 

infection.  

In addition to maternal immune cells, trophoblast cells are also thought to play 

important roles in innate immune defense against invading pathogens at the maternofetal 
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interface (21). Trophoblast cells are fetally-derived placental cells that are interposed 

between the fetus and the mother, in direct contact with maternal blood in the 

hemochorial placenta. Trophoblasts share many characteristics with macrophages. They 

can phagocytose various microbes and produce or respond to various cytokines and 

chemokines (21, 22). Thus development of a local and systemic inflammatory response to 

control the infection may alter the delicate cytokine balance in the placenta and result in 

abortion. 

 The aim of the present study was to characterize the systemic and placental 

cytokine production in P. chabaudi AS-infected pregnant mice in an attempt to improve 

understanding of the development of anti-malarial immune responses during early stages 

of pregnancy and their effect on pregnancy outcome.  

MATERIALS AND METHODS 

Mice and parasites: Age-and-sex matched C57BL/6 mice originally purchased from 

Jackson Laboratories, Bar Harbor, ME and IFN-γ KO mice (B6.129S7-Ifngtm1Ts,  

obtained from Dr. Rick Tarleton) were used for the experiments. Mice were maintained 

and bred by brother-sister pairing for a maximum of 10 generations at the University of 

Georgia Animal Resources facility in accordance with the guidelines of the University of 

Georgia Institutional Animal Care and Use Committee.  

P. chabaudi AS originally obtained from Mary M. Stevenson (McGill University and the 

Montreal General Hospital Research Institute, Quebec, Canada) maintained as described 

previously (3) was used for all the experiments. 

Experimental design: A serial sacrifice study was performed as described earlier (3) to 

study the kinetics of immune response development in P.chabaudi AS-infected, pregnant 
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(IP) B6 mice. Briefly, 8- to 9-week-old female B6 mice were infected intravenously on 

GD 0 with 1000 P. chabaudi AS-infected erythrocytes (iRBC) per 20 grams of body 

weight. Infected, non-pregnant (INP) mice, and sham-injected uninfected, pregnant (UP) 

mice were used as infection and pregnancy controls respectively. Mice were sacrificed on 

GD 6, 8, 9, 10 and 11 to assess the pregnancy outcome and development of immune 

response. Development of parasitemia was monitored as described previously (3). 

Cell culture: Spleens collected aseptically at sacrifice were cultured as described (3). 

Briefly, a single cell suspension made by pressing the spleens through a sterile fine-wire 

mesh was cultured (1x106 cells/ml) in the presence of concanavalin A (ConA; 2 µg/ml), 

lipopolysaccharide (LPS; 1 µg/ml) (both from Sigma), 106 washed iRBC/ml as the 

malaria parasite antigen or equal number uninfected RBCs as control for 72 h at 37°C in 

a humidified CO2 incubator with an atmosphere of 5% CO2. (Different cell (1, 2 and 5 

million cells) and mitogen concentrations (1µg/ml, 2µg/ml and 5µg/ml) were tested 

initially for 24, 48 or 72 hrs before determining the optimum culture conditions). 

Supernatants collected were stored at -850C until used for cytokine assays. 

 For placenta cell culture, at GD 10 and 11 uteri removed aseptically at sacrifice 

by cutting at the cervix and at the uterotubal junction were dissected under a dissection 

microscope. The isolated fetoplacental units were then used to make a single cell 

suspension by pressing through a sterile fine-wire mesh with 10 ml of RPMI 

1640 (Cellgro, Herndon, VA  20171 USA ) supplemented with 10% heat-inactivated fetal 

bovine serum (Hyclone Laboratories, Logan, Utah), 2 mM L-glutamine (Cellgro, USA) 

and Penicillin-Streptomycin (Cellgro, USA). The cells were washed and cultured at a 

concentration of 5x106 cells/ml for 24 hours at 370C under 5% CO2. The culture 
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supernatants were used to detect the spontaneous production of cytokines by a standard 

sandwich ELISA. On GD 6, 8 and 9 fetoplacental units were too small to obtain 

sufficient cell numbers in single cell suspension. Therefore, the whole fetoplacental units 

were minced into small pieces and used for explant culturing at a concentration of 8 

embryos / ml of medium. 

Isolation and Culture of Ectoplacental Cone: Uteri removed intact from uninfected B6 

mice on GD 7 by cutting across the cervix and at the utero-tubal junctions were dissected 

to shell out the desidual capsule. Embryos gently extracted from the decidual capsules 

were then dissected to separate the ectoplacental cones (EPC) from the remaining 

embryonic tissues. EPCs from 3-5 embryos were then transferred to tissue culture 

chamber slides or 18 mm glass coverslips in 12-well tissue culture plates containing 1 ml 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated 

fetal bovine serum (Hyclone Laboratories, Logan, Utah), 200 mM L-glutamine (Cellgro, 

USA), penicillin (10,000 I.U / ml) and streptomycin (10,000µg / ml) (Cellgro, USA) and 

cultured for 3-5 days at 370 C under 5% CO2.  

Phagocytosis Assay: Infected and uninfected RBCs for the phagocytic assay were 

purified by a method described by Ing et al (23). Briefly, heparinized blood obtained via 

cardiac puncture from P. chabaudi AS-infected B6 mice with 30–40% parasitemia was 

washed and loaded onto a 74% Percoll (Sigma-Aldrich) density gradient after diluting 

with PBS. Following centrifugation at 5000 x g for 20 min at room temperature, the top 

band containing iRBCs was collected. For normal RBC (nRBC) controls, heparinized 

blood from naive mice was loaded onto a 90% Percoll gradient, centrifuged at 5000 x g 
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for 20 min at room temperature, and the top band was collected. After several washes, 

RBCs were resuspended in DMEM at a concentration of 1x106 iRBCs / ml. 

 EPCs were cultured for 72 hours prior to addition of infected or uninfected 

erythrocytes. The medium was then replaced with 1x106 iRBCs or an equal number of 

nRBCs for 16 hours at 370C. In some experiments, EPCs were pretreated with 

cytochalasin D (Sigma-Aldrich) dissolved in DMSO (Fischer Scientific) at 10µg/ml or 

with 0.1% DMSO control at 37°C for 1 hour before the addition of pRBCs or nRBCs. At 

the end of the assay, the non-ingested RBCs were removed by extensive washing with 

Hanks Balanced Salt Solution followed by exposure to Tris buffered 0.175 M NH4Cl to 

lyse remaining RBCs. After drying, the slides were fixed in methanol and the phagocytic 

activity was quantified by examining the Giemsa-stained cells by light microscopy. 

Trophoblast phagocytosis was estimated as the percentage of trophoblast giant cells that 

contained one or more iRBCs or malarial pigment. The phagocytic index (PI) was 

calculated using the formula (number of trophoblast giant cells containing iRBCs or 

hemozoin / total number of trophoblast giant cells) x 100.  

To determine the effect of phagocytosis of iRBCs on trophoblast cytokine 

production, trophoblast cells were incubated with iRBCs or nRBCs as mentioned above 

for 24 hours and culture supernatants were tested for cytokine production by ELISA (see 

below).   

Immunofluorescence: Ectoplacental cone cells grown on cover slips were fixed using 

2% paraformaldehyde in PBS for 10 minutes and then blocked for 1 h at room 

temperature using 3% bovine serum albumin in phosphate-buffered saline. The 

monolayer was washed and incubated with a rat anti-mouse cytokeratin A (1:10, 

 130



TROMA, DSHB, University of IOWA, Iowa city) or an isotype-control antibody 

(Sigma). Antibody bound to cytokeratin was revealed by use of fluorescein 

isothiocyanate (FITC)-conjugated anti-rat polyclonal secondary antibody (Sigma # F 

5262, diluted 1:400) and observation using a SP2s confocal microscope (Leica 

Microsystems, Inc., Bannockburn, IL, USA).  

 Ectoplacental cone cells cultured on glass cover slips exhibited the general 

morphology described for these cells by 48 hours (24). Also all the cells cultured were 

positive for staining with a murine trophoblast specific anti-cytokeratin antibody (as 

described above) suggesting that only trophoblast cells were isolated and cultured (data 

not shown).  

Cytokine and soluble cytokine receptor ELISA: Levels of IFN-γ, TNF-α, IL-1β, IL-10 

and soluble TNFR-II (sTNFRII) in the culture supernatants and plasma samples were 

determined using OptEIA enzyme-linked immunosorbent assay (ELISA) sets according 

to the manufacturer's instructions (Pharmingen). To accurately assess the effect of 

malarial antigen on cytokine production, cytokine levels from cultures exposed to control 

RBC antigens were subtracted from malarial antigen-stimulated cultures. Limits of 

detection were 8 pg/ml for IL-10 and TNF-α, 15 pg/ml for IFN-γ and IL-1β and 31 pg/ml 

for sTNFR-II. 

Statistical Analysis: Unless otherwise noted, the SAS statistical software package 

(version 8.02; SAS Institute, Inc., Cary, N.C.) was used for data analysis. Proc GLM was 

used to analyze the significance of differences among group means in the case of 

normally distributed data and Tukey's Studentized (HSD) range test was used to perform 

multiple pairwise group comparisons in cases of unequal sample size. In cases of non-
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normally distributed data the nonparametric Wilcoxon rank sum test was used for 

comparisons. To compare the averages of the ranked data in more than two groups, the 

nonparametric Kruskal-Wallis (KW) test was performed. If the result from a comparison 

of multiple groups by KW test yielded statistical significance, the permutation method 

from the MULTTEST procedure (SAS proc multtest) was used to obtain the adjusted P 

value for each pair of groups in multiple comparisons. The relationship between 

cytokines or sTNFRII was assessed using Spearman’s rank correlation (GraphPad Prism, 

version 4.01). Where necessary the data were normalized by logarithmic transformation 

before analysis. P values of 0.05 were considered to be significant. 

RESULTS 

Plasma cytokine levels in P. chabaudi AS infected pregnant mice: P. chabaudi AS 

infection in B6 mice was shown to be associated with high rates of abortion or 

resorptions during the ascending or peak parasitemia (GD / experiment day (ED) 10 and 

11) and a complete loss of viable pregnancies by GD / ED 12 (3). To investigate whether 

the observed fetal loss in IP mice is associated with elevated levels of proinflammatory 

cytokines, levels of IFN-γ, TNF-α IL-1β and also an anti-inflammatory cytokine, IL-10, 

were measured in the plasma samples from IP, INP and UP mice. Since in this model 

system IP mice abort between GD / ED 10 and 11, comparisons were also made between 

aborting and nonaborting IP mice on GD / ED 10 to determine whether the plasma 

cytokine levels correlate with pregnancy outcome. 

Figure 4.1A represents the kinetics of IFN-γ production in the plasma from 

malaria-infected pregnant and control mice at different stages of infection. IP mice 

exhibited a robust IFN-γ response following P. chabaudi AS infection. IFN-γ was 
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detectable in the plasma samples from IP mice starting from GD / ED 8 and the peak 

response was observed on GD / ED 9, which corresponds to the stage of ascending 

parasitemia in this model. Compared to UP mice, the IFN-γ level was significantly higher 

in IP mice on GD / ED 8 through 11 (P < 0.04), thereafter exhibiting a downward trend. 

It is noteworthy that there was no IFN-γ production by UP mice at any of the stages 

tested. In comparison to INP mice, IFN-γ production by IP mice, except on GD 9, was 

lower and more transient (INP versus IP; GD / ED 10; P = 0.0002). The IFN-γ level was 

not significantly different between aborting and nonaborting IP mice on GD 10. The 

intermediate pattern of response observed in IP mice suggests that pregnancy may 

modulate IFN-γ production in P. chabaudi AS-infected pregnant B6 mice.  

 Similar to IFN-γ response, the plasma TNF-α level also exhibited a tendency to 

be higher in IP mice relative to UP mice (Figure 4.1B). Compared to UP mice, IP mice 

exhibited a sustained high level of TNF-α in their plasma samples on GD / ED 9, 10 and 

11 which corresponds to ascending and peak parasitemia. Although the average TNF-α 

level was higher in mice undergoing abortion compared to nonaborting mice on GD / ED 

10 (mean ± SEM: 57.61 ± 28.6 pg/ml versus 33.5 ± 8.6 pg/ml) the differences did not 

reach statistical significance. INP mice also exhibited higher plasma TNF-α level in 

comparison to UP mice on GD / ED 9 and 10. 

 TNF-α has been shown to function in synergy with IL-1β in inducing malarial 

pathogenesis (25). Similar to TNF-α, IL-1β was detectable in the plasma samples from IP 

mice beginning GD / ED 10 (Figure 4.1C) and the peak response observed on GD / ED 

10 was significantly higher than that observed in INP and UP mice (P < 0.05). 
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Comparisons were not done between aborting and nonaborting mice due to insufficient 

sample size.   

 The counterregulatory cytokine IL-10 exhibited different kinetics compared to 

IFN-γ, TNF-α, and IL-1β (Figure 4.1D). Production peaked on GD / ED 10 in IP and INP 

mice, a day after peak IFN-γ response, and remained high on GD / ED 11, a time point at 

which IFN-γ, TNF-α and IL-1β responses exhibited a downward trend. Compared to UP 

mice, IP mice had significantly higher levels of IL-10 in their plasma samples on GD / 

ED 9 through 11 (IP versus UP; P < 0.0002). Furthermore, the average IL-10 level tended 

to be lower in IP mice undergoing abortion on GD / ED 10 (mean ± SEM: 787.2 ± 224.3 

pg/ml) compared to non aborting mice (mean ± SEM: 1064 ± 311 pg/ml; P > 0.05). The 

IL-10 level in IP mice overall was not significantly different from INP mice. 

 Although both IP and INP mice had higher amounts of TNF-α in the plasma in 

comparison to UP mice, the levels were not significantly different. To examine whether 

this is due to increased soluble TNF-α receptor levels, which could bind and sequester 

soluble TNF-α, the level of sTNFRII in the plasma samples from mice at different stages 

of infection / gestation was measured. As represented in Figure 4.1E, sTNFRII levels 

were significantly higher in the plasma samples from IP mice compared to UP (GD / ED 

9, 10 and 11; P < 0.007) and INP mice (GD / ED 10 and 11; P < 0.012). The highest 

plasma sTNFRII level in IP mice was observed on GD / ED 11 which corresponds to 

peak parasitemia. INP mice also exhibited higher plasma sTNFRII levels compared to UP 

mice (GD / ED 10, P= 0.012). Importantly, a significant positive association between 

plasma sTNFRII level and parasitemia was observed in mice undergoing abortion on GD 

/ ED 10 and 11 (Figure 4.2; P = 0.036, R2 = 0.37).  
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Both TNF-α and IL-10 have been shown to influence the shedding of sTNFRII. 

Thus the associations between plasma sTNFRII, TNF-α and IL-10 levels in aborting 

mice were determined by fitting the data to a linear regression model. A significant 

positive association between plasma sTNFRII and TNF-α was observed in mice 

undergoing abortion on GD / ED 10 (r2 = 0.59, P = 0.02). Plasma sTNFRII and IL-10 

levels did not exhibit a significant association (r2 = 0.21, P = 0.253).  

In vitro cytokine production by spleen cells from P. chabaudi AS infected pregnant and 

non-pregnant mice:  

 To examine the ability of spleen cells from IP or control mice to produce 

cytokines in response to malarial antigen or mitogens in vitro, the levels of IFN-γ, TNF-α 

and IL-10 in the spleen cell culture supernatants from mice sacrificed at different stages 

of infection were tested. As observed in the case of plasma samples, the level of IFN-γ 

production was intermediate in IP mice compared to INP and UP mice (Figure 4.3). 

Spleen cells from IP mice were able to produce significantly higher amounts of IFN-γ in 

the culture supernatants in comparison to UP mice either spontaneously or in response to 

malarial antigen and LPS stimulation during ascending and peak parasitemia which 

corresponds to GD / ED 8 through 11 in this model (IP versus UP; spontaneous, P < 

0.015; malarial antigen, P < 0.019; LPS, P < 0.002). There was no spontaneous, LPS 

stimulated, or antigen specific IFN-γ production by UP mice at any of the time points 

tested. IFN-γ production by IP mice in comparison to INP mice was either lower or for 

shorter duration. Both infected and uninfected mice had robust IFN-γ production in 

response to ConA and the levels were not significantly different between IP and UP mice.  
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Figure 4.4 represents TNF-α production by splenocytes from IP and control mice 

cultured in the presence or absence of stimulants as described above. The spontaneous 

and malarial antigen specific TNF-α production was higher in the culture supernatants 

from IP mice when compared to UP mice. IP mice tended to produce higher amounts 

than UP mice in response to malarial antigen on GD / ED 8 (P = 0.06). In response to 

ConA, however, IP mice produced significantly lower amounts of TNF-α compared to 

UP (GD 9, 10 and 11, P < 0.0273) and INP mice (GD / ED 10, P = 0.0145). Additionally, 

the spontaneous and malarial antigen specific responses were also lower in IP mice in 

comparison to INP mice (P > 0.05). Thus pregnancy-associated as well malaria-induced 

immunomodulatory mechanisms operating in the spleen might be contributing the 

reduced or intermediate responses observed in IP mice.  

The intermediate responses observed in IP mice could be due to high production 

of the anti-inflammatory cytokine, IL-10. The spleen cells from IP mice exhibited higher 

spontaneous as well as antigen specific IL-10 production compared to UP mice on GD / 

ED 8, 9 and 10 (Figure 4.5; GD / ED 9, P = 0.009, antigen specific and P = 0.0284, 

spontaneous). However, IL-10 production in response to ConA and LPS was not 

significantly different between IP and UP mice. The splenocytes from INP mice also 

produced significantly higher amounts of IL-10 than UP mice spontaneously (GD / ED 9 

and 10, P < 0.022), in response to ConA (GD / ED 10, P = 0.032) and malarial antigen 

stimulation (GD / ED 8, 9 and 10, P < 0.03). The splenocyte IL-10 production was not 

different between IP and INP mice. Additionally, the levels of IFN-γ, TNF-α and IL-10 

were not significantly different between aborting and nonaborting IP mice on GD 10.  
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Cytokine production by cultured fetoplacental units from P. chabaudi AS infected 

pregnant and uninfected pregnant mice. 

Because plasma and spleen cytokine levels may not reflect the events happening 

in the uterine environment, IFN-γ, TNF-α and IL-10 secretion by cultured fetoplacental 

units from IP mice were tested. The kinetics of IFN-γ production in the culture 

supernatants paralleled the IFN-γ production in the periphery. The fetoplacental units 

from IP mice produced high amounts of this cytokine but there were no detectable 

amounts of IFN-γ in the culture supernatants from UP mice (GD / ED 8 and 9; versus UP, 

P < 0.05; Table 4.1). Contrary to expectation, TNF-α production was either comparable 

or lower in IP mice in comparison to UP mice (GD 11, P < 0.05 by GLM Tukey). This 

was not due to high IL-10 production in IP mice because IL-10 production was minimal 

in both IP and UP mice. However, as observed in the plasma, the sTNFRII level was 

significantly higher in the placenta cell culture supernatants from IP mice in comparison 

to UP mice (GD / ED 9, P < 0.05; Table 4.2). The significance of the elevated levels of 

sTNFRII in immune regulation or pathology at the placental level remains to be 

investigated. 

Role of fetal cells in the malaria induced fetal loss:  

 Fetal loss in IP mice was associated with increased accumulation of infected 

erythrocytes in the maternal blood sinusoids of the placenta (3). Contrary to what has 

been reported in the placentae of malaria-infected pregnant women (26), the 

accumulation of monocyte/macrophages in the placentae of IP mice was minimal 

(Poovassery, J and Moore JM, unpublished data). However, on histological examination 

there was massive phagocytosis of iRBCs or hemozoin by the trophoblast giant cells 
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(Figure 4.6A). The impact of phagocytosis of iRBCs by trophoblast giant cell on 

trophoblast function or how this may affect the local placental pathology is an 

understudied problem. To address this, an in vitro system was used as described earlier 

by Pavia (27). To study whether the trophoblast cells can phagocytose P. chabaudi AS-

infected erythrocytes in vitro, EPCs from GD 7 embryos were cocultured with infected or 

uninfected erythrocytes. Indeed, there was massive phagocytosis of iRBCs by trophoblast 

cells (Figure 4.6B), which was evident as early as 1 hour after introducing iRBCs into the 

culture system (data not shown). Following an incubation period of 16 hours, the EPC 

cells exhibited an enhanced phagocytosis of iRBCs compared to uRBCs (PI (mean ± 

SEM) = 30.86 ± 2.75 % versus 4.29 ± 0.46 %; P = 0.015). Furthermore, the trophoblast 

cells treated with cytochalasin D, a known inhibitor of phagocytosis, exhibited marked 

reduction in phagocytosis of both iRBCs and uRBCs (88 % and 58 % reduction, 

respectively). 

 Although IFN-γ was detected in placenta cell culture supernatants (as mentioned 

above), the cellular source for IFN-γ in this model is not known. Furthermore, the fetal 

loss in this model was associated with minimal mononuclear cell infiltration to the 

placenta. Since trophoblast cells can produce IFN-γ (28), we hypothesized that the fetal 

cells could be the source of IFN-γ and potentially other pathogenic and protective 

cytokines in the placenta cell culture supernatants. To investigate this possibility, 

trophoblast cells were incubated with iRBCs in vitro for 24 hours and the levels of IFN-γ, 

TNF-α, IL-10 and sTNFRII in the cell culture supernatants were assayed by ELISA. 

There was no detectable amount of IFN-γ in the trophoblast cell culture supernatants 

(data not shown). As an alternate approach, infected IFN-γ gene null mutant females were 
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crossed with wild type B6 males such that any detectable IFN-γ is due to production by 

trophoblasts. The fetoplacental units were cultured as described above and the cell culture 

supernatants were assayed for IFN-γ level by ELISA. The placenta cell culture 

supernatants from heterozygous embryos failed to produce any detectable amounts of 

IFN-γ (data not shown), suggesting that the source of IFN-γ in P. chabaudi AS-infected 

pregnant mice is maternal. However, incubation of trophoblast cells with iRBCs resulted 

in robust TNF-α production (mean ± SEM: 44.05 ± 17.42 pg / ml; P = 0.04 versus 0 ± 0 

nRBC). This suggests that the fetal trophoblast cells could be immunoactive during 

malarial infection. There was no detectable amount of IL-10 or sTNFRII in the culture 

medium.  

DISCUSSION 

High rates of abortion, preterm labor and stillbirths have been reported in P. 

falciparum-infected non-immune pregnant women (2). Abortions associated with high 

density parasitemia were also reported in a monkey model for malaria during pregnancy 

(29). Although an immunological basis has been attributed to malarial pathogenesis, few 

studies have been done to explore this possibility during pregnancy. We have previously 

shown that the P. chabaudi AS infection can completely abrogate pregnancy in B6 mice 

(3). To begin to investigate the possible role maternal anti-malarial immune responses 

play in the observed fetal loss, the pattern of cytokine production in the plasma, spleen 

and placenta cells from malaria infected pregnant mice was studied. 

 The immune response to P. chabaudi AS infection in nonpregnant B6 mice has 

been well characterized. The resolution of primary infection with P. chabaudi AS 

requires IFN-γ (4, 30, 31). IFN-γ along with TNF-α induces downstream effector 
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molecules such as nitric oxide and reactive oxygen intermediates (32, 33) which are 

thought to be directly involved in parasite killing (34). However, all these responses 

could be harmful for the pregnancy (10). Because IP mice developed peak parasitemia 

and anemia comparable to INP mice and survived the infection it is possible that the IP 

mice would also develop an early Th1-cytokine biased immune response to survive the 

infection at the expense of their pregnancies.  

In agreement with this IP mice exhibited a robust Th1 / proinflammatory response 

against primary P. chabaudi AS infection. The systemic levels of proinflammatory 

cytokines IFN-γ, TNF-α and IL-1β were elevated in IP mice compared to UP mice. IP 

mice exhibited a persistent high TNF-α level in the plasma and the levels were higher in 

aborting mice compared to nonaborting mice, suggesting a possible association with fetal 

loss. Furthermore, the level of IL-1β, a cytokine which has been shown to function in 

synergy with TNF-α in inducing malarial pathogenesis was also higher in IP mice on GD 

/ ED 10, a day at which IP mice start aborting in this model.  

 IFN-γ is a cytokine that has been shown to be essential for protection against 

malarial infection in both mice and in humans (4, 35). Maximum IFN-γ response in the 

serum of P. chabaudi AS infected non-pregnant mice has been shown to occur 1-2 days 

before peak parasitemia (36). Consistent with this, IFN-γ level peaked in the plasma on 

GD / ED 9 in IP mice, which is 2 days before peak parasitemia (3). Although TNF-α 

level has been shown to peak during highest parasitemia levels in nonpregnant mice (37), 

in this model system peak TNF-α response was observed 1-2 days before peak 

parasitemia. This could be due to the differences in the infective dose (10 3 versus 10 6) as 

well as in the route of infection (intravenous versus intraperitoneal) (38, 39). 
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 Following an appearance during the early stages of infection there is a down 

regulation of systemic production of proinflammatory cytokines IFN-γ and TNF-α in 

infected mice during the later stages of gestation / infection. Thus, as has been suggested 

previously (40), a regulatory mechanism could be operating in the periphery to avoid 

pathologies associated with uncontrolled production of proinflammatory cytokines. 

Consistent with this, IL-10, which is a regulatory cytokine that has been shown to play 

important roles in downregulating IFN-γ and TNF-α responses (41), appeared in the 

plasma two days after peak IFN-γ and TNF-α response.  Additionally, P. chabaudi AS 

infection was shown to be associated with increased mortality in IL-10-/- mice, and an 

excessive production of TNF-α was thought to be responsible for the pathologies in this 

model as anti-TNF-α treatment was able to abolish the observed mortalities (42). 

Furthermore, a lower IL-10 plasma concentration and low IL-10 / TNF-α ratios have 

been shown to be associated with anemia in humans (43, 44).  

 Consistent with plasma and spleen cell culture supernatants, the placenta cells 

from IP mice spontaneously secreted large amounts of IFN-γ, peaking 1-2 days before 

abortion. It is important to note that there was no IFN-γ production by placenta cells from 

UP mice. Despite the presence of high levels of IFN-γ at the placental level, TNF-α 

levels were reduced in the placenta cell culture supernatants from IP mice. This was not 

due to the induction of the regulatory cytokine IL-10, as the level of IL-10 was not 

significantly different between IP and UP mice. However, the level of soluble TNFRII 

was significantly higher in the plasma and placenta cell culture supernatants from IP 

mice. Although both infected and uninfected mice had high sTNFRII expression, a 

progressive increase in sTNFRII level corresponding to disease progression was observed 
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only in IP mice. Furthermore, the plasma sTNFRII level also exhibited a positive 

association with plasma TNF-α and was significantly higher in aborting mice compared 

to nonaborting mice. An association between disease severity and elevated sTNFRII level 

has been reported during malarial infection in human (45) and monkeys (46). Increased 

levels of sTNFRs have also been reported in a number of clinical conditions ranging from 

infectious (47), malignant (48) and autoimmune disorders (49). Although soluble TNF-α 

receptors can act as TNF-α antagonists by competing for ligand with membrane-bound 

TNFR (50), at low concentration sTNFR can actually enhance TNF-α activity by 

protecting TNF-α from degradation and prolonging its availability for binding to 

membrane bound receptors (51). It is possible that the elevated sTNFRII levels in IP mice 

could be a regulatory mechanism to protect the mother from the harmful effects of 

uncontrolled TNF-α production. However, it seems, in the context of malaria, it is not 

enough to protect the fetus. The fact that the neutralization of TNF-α rescued pregnancy 

in IP mice (see chapter 5) further confirms the embryotoxic effect of this cytokine. 

Although the trophoblast cells are shown to be positive for the expression of sTNFRI 

(52), the placental source of sTNFRII in this model remains to be investigated.    

 Studies in rodent models have demonstrated that high systemic and local 

production of Th1 / proinflammatory cytokines during pregnancy can be harmful to the 

fetus. Th1 cytokines IL-2, IFN-γ and TNF-α have embryotoxic effects (53, 54) and are 

implicated in recurrent spontaneous abortion in women (14). Administration of IFN-γ, 

TNF-α and IL-2 to normal pregnant mice can increase the frequency of resorptions (55, 

56). IFN-γ along with TNF-α can suppress the development of murine fetuses and can 

induce apoptosis of human trophoblasts in vitro (54). On the other hand, Th2 cytokines 
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such as IL-10 and IL-4 have been shown to promote proliferation and differentiation of 

trophoblast cells (57, 58). Furthermore, administration of IL-10 can reverse fetal 

resorption in a murine model of recurrent spontaneous abortion (59). Thus the local and 

systemic release of IFN-γ along with TNF-α and IL-1β in the absence of the regulatory 

cytokine IL-10 at the placental level may be contributing to the fetal loss in this model 

system (54). In the context of malaria, elevated placental levels of IFN-γ, TNF-α and IL-

2 have been reported in pregnant women (17), and high expression levels of TNF-α are 

associated with low birth weight infants (18, 60). Furthermore, TNF-α can induce 

abortion in P. vincknei-infected pregnant mice (19) and fetal death in P. coatneyi- 

infected monkeys (46). High rates of fetal loss associated with increased systemic and 

placental production TNF-α has also been reported in Trypanosoma cruzi-infected mice 

(20).    

 Although the placental cells from IP mice produced elevated amounts of IFN-γ ex 

vivo, the cellular source of IFN-γ in this model is not known. Results from a 

heterozygous crossing experiment as well as from in vitro experiments suggest that the 

source of IFN-γ at the placental level is maternal. It is possible that the uterine NK cells 

which constitute the majority of decidual leukocytes could be the major source of IFN-γ 

at the maternofetal interface (61). Since the whole fetoplacental units were used for 

culturing in this study, the possibility for the presence of decidual leukocytes in the cell 

suspension cannot be ruled out.  

 In addition to NK cells and macrophages, trophoblast cells are also shown to have 

the potential to function as a component of the innate immune system at the 

uteroplacental level (21). The results from this study suggests that the fetal cells are 
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involved in the local defense mechanism, while at the same time might contribute to the 

local pathological events indirectly through cytokine production. Trophoblast cells 

exhibited massive phagocystosis of iRBCs or hemozoin both in vivo and in vitro and 

produced TNF-α in the culture supernatants. Although the trophoblast cells also 

phagocytosed nRBCs in vitro it was significantly lower compared to iRBCs. 

Additionally, TNF-α production was observed only after phagocytosis of iRBCs. 

Trophoblast giant cells in the uninfected placenta are shown to express TNF-α (62) and 

can produce nitric oxide and reactive oxygen species following phagocytosis of microbial 

organisms (63). Furthermore, the phagocytic activity has been shown to be increased in 

the presence of IFN-γ (24).  

 The exact mechanism involved in fetal loss during malarial infection is not 

known. It is possible that the TNF-α produced by the fetal cells may cause the maternal 

uterine NK cells in the decidua to produce IFN-γ in vivo, which in turn may induce 

increased phagocytosis of iRBCs / hemozoin and more TNF-α production by trophoblast 

giant cells. TNF-α along with IFN-γ may then induce the apoptosis of trophoblast cells 

and ultimately fetal death. Additionally, thrombotic events initiated in the placenta by 

proinflammatory cytokines IFN-γ and TNF-α (64) or TNF-α induced proinflammatory 

lipid mediators may be also involved in malaria-induced fetal death. It is also possible 

that there could be an insufficient expansion of pregnancy-induced regulatory T cells in 

IP mice as reported in the case of a murine model for spontaneous abortion (65). All of 

these mechanisms are currently under investigation in our laboratory. 

 The molecular mechanisms leading to trophoblast cell activation and cytokine 

production following phagocytosis of iRBCs or hemozoin is not known. Although 
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hemozoin has been shown to be immunoactive and capable of inducing cytokine and 

chemokine production by mouse innate immune cells by interacting through TLR 9 (66), 

it is not known whether TLRs are involved in the interaction between murine trophoblast 

cells and hemozoin.  

 Overall, the data presented here further confirm the complex nature of immune 

responses to malarial infection during pregnancy. In the P. chabaudi AS/B6 model 

system, the systemic production of proinflammatory cytokines during the ascending 

stages of infection is followed by the production of IL-10 in the plasma and splenocyte 

culture supernatants. These data suggest that the cytokine responses are tightly regulated 

at the periphery to avoid pathologies associated with uncontrolled production of 

proinflammatory cytokines. However, as reported in the case of missed abortions in 

humans (67), a failure to produce IL-10 at the local placental level in the context of high 

IFN-γ production may be contributing to cytokine-mediated trophoblast damage and 

finally fetal death in P. chabaudi AS-infected pregnant mice. 

ACKNOWLEDGEMENTS 

 This work was supported by a Faculty Grant from the University of Georgia 

Research Foundation and State of Georgia funds (Veterinary Medical Experiment 

Station) as well as the National Institutes of Health (NIH) grant # HD046860 to J.M.M.  

Jayakumar Poovassery is a recipient of a University of Georgia Department of Infectious 

Diseases Doctoral Assistantship. 

REFERENCES 

1. Wickaramsuriya, G. A. W. 1937. Clinical features of malaria in pregnancy. 
Malaria and ankylostomiasis in pregnant women. Oxford University Press, 
London, England. 

 145



2. Nair, L. S., and A. S. Nair. 1993. Effects of malaria infection on pregnancy. 
Indian J Malariol 30:207-214. 

3. Poovassery, J., and J. M. Moore. 2006. Murine malaria infection induces fetal loss 
associated with accumulation of Plasmodium chabaudi AS-infected erythrocytes 
in the placenta. Infect Immun 74:2839-2848. 

4. Su, Z., and M. M. Stevenson. 2000. Central role of endogenous gamma interferon 
in protective immunity against blood-stage Plasmodium chabaudi AS infection. 
Infect Immun 68:4399-4406. 

5. Su, Z., and M. M. Stevenson. 2002. IL-12 is required for antibody-mediated 
protective immunity against blood-stage Plasmodium chabaudi AS malaria 
infection in mice. J Immunol 168:1348-1355. 

6. Lin, H., T. R. Mosmann, L. Guilbert, S. Tuntipopipat, and T. G. Wegmann. 1993. 
Synthesis of T helper 2-type cytokines at the maternal-fetal interface. J Immunol 
151:4562-4573. 

7. Wegmann, T. G., H. Lin, L. Guilbert, and T. R. Mosmann. 1993. Bidirectional 
cytokine interactions in the maternal-fetal relationship: is successful pregnancy a 
TH2 phenomenon? Immunol Today 14:353-356. 

8. Piccinni, M. P., C. Scaletti, A. Vultaggio, E. Maggi, and S. Romagnani. 2001. 
Defective production of LIF, M-CSF and Th2-type cytokines by T cells at 
fetomaternal interface is associated with pregnancy loss. J Reprod Immunol 
52:35-43. 

9. Joachim, R., A. C. Zenclussen, B. Polgar, A. J. Douglas, S. Fest, M. Knackstedt, 
B. F. Klapp, and P. C. Arck. 2003. The progesterone derivative dydrogesterone 
abrogates murine stress-triggered abortion by inducing a Th2 biased local immune 
response. Steroids 68:931-940. 

10. Krishnan, L., L. J. Guilbert, T. G. Wegmann, M. Belosevic, and T. R. Mosmann. 
1996. T helper 1 response against Leishmania major in pregnant C57BL/6 mice 
increases implantation failure and fetal resorptions. Correlation with increased 
IFN-gamma and TNF and reduced IL-10 production by placental cells. J Immunol 
156:653-662. 

11. Joachim, R. A., M. Hildebrandt, J. Oder, B. F. Klapp, and P. C. Arck. 2001. 
Murine stress-triggered abortion is mediated by increase of CD8+ TNF-alpha+ 
decidual cells via substance P. Am J Reprod Immunol 45:303-309. 

12. Zenclussen, A. C., G. Kortebani, A. Mazzolli, R. Margni, and I. Malan Borel. 
2000. Interleukin-6 and soluble interleukin-6 receptor serum levels in recurrent 
spontaneous abortion women immunized with paternal white cells. Am J Reprod 
Immunol 44:22-29. 

13. Zenclussen, A. C., S. Fest, U. S. Sehmsdorf, E. Hagen, B. F. Klapp, and P. C. 
Arck. 2001. Upregulation of decidual P-selectin expression is associated with an 
increased number of Th1 cell populations in patients suffering from spontaneous 
abortions. Cell Immunol 213:94-103. 

14. Marzi, M., A. Vigano, D. Trabattoni, M. L. Villa, A. Salvaggio, E. Clerici, and M. 
Clerici. 1996. Characterization of type 1 and type 2 cytokine production profile in 
physiologic and pathologic human pregnancy. Clin Exp Immunol 106:127-133. 

15. Lamont, R. F. 2003. The role of infection in preterm labour and birth. Hosp Med 
64:644-647. 

 146



16. Brabin, B. J., and P. M. Johnson. 2005. Placental malaria and pre-eclampsia 
through the looking glass backwards? J Reprod Immunol 65:1-15. 

17. Fried, M., R. O. Muga, A. O. Misore, and P. E. Duffy. 1998. Malaria elicits type 1 
cytokines in the human placenta: IFN-gamma and TNF-alpha associated with 
pregnancy outcomes. J Immunol 160:2523-2530. 

18. Rogerson, S. J., H. C. Brown, E. Pollina, E. T. Abrams, E. Tadesse, V. M. Lema, 
and M. E. Molyneux. 2003. Placental tumor necrosis factor alpha but not gamma 
interferon is associated with placental malaria and low birth weight in Malawian 
women. Infect Immun 71:267-270. 

19. Clark, I. A., and G. Chaudhri. 1988. Tumor necrosis factor in malaria-induced 
abortion. Am J Trop Med Hyg 39:246-249. 

20. Mjihdi, A., C. Truyens, O. Detournay, and Y. Carlier. 2004. Systemic and 
placental productions of tumor necrosis factor contribute to induce fetal mortality 
in mice acutely infected with Trypanosoma cruzi. Exp Parasitol 107:58-64. 

21. Guleria, I., and J. W. Pollard. 2000. The trophoblast is a component of the innate 
immune system during pregnancy. Nat Med 6:589-593. 

22. Athanassakis, I., L. Papadimitriou, and S. Vassiliadis. 2001. Murine ectoplacental 
cone-derived trophoblast cells express chemokine receptors. J Reprod Immunol 
50:105-119. 

23. Ing, R., M. Segura, N. Thawani, M. Tam, and M. M. Stevenson. 2006. Interaction 
of mouse dendritic cells and malaria-infected erythrocytes: uptake, maturation, 
and antigen presentation. J Immunol 176:441-450. 

24. Albieri, A., M. S. Hoshida, S. M. Gagioti, E. C. Leanza, I. Abrahamsohn, A. 
Croy, A. A. Ashkar, and E. Bevilacqua. 2005. Interferon-gamma alters the 
phagocytic activity of the mouse trophoblast. Reprod Biol Endocrinol 3:34. 

25. Rockett, K. A., M. M. Awburn, E. J. Rockett, and I. A. Clark. 1994. Tumor 
necrosis factor and interleukin-1 synergy in the context of malaria pathology. Am 
J Trop Med Hyg 50:735-742. 

26. Moshi, E. Z., E. E. Kaaya, and J. N. Kitinya. 1995. A histological and 
immunohistological study of malarial placentas. Apmis 103:737-743. 

27. Pavia, C. S. 1983. Expression of cell-mediated antimicrobial immunity by mouse 
trophoblast monolayers. J Infect Dis 147:1006-1010. 

28. Platt, J. S., and J. S. Hunt. 1998. Interferon-gamma gene expression in cycling 
and pregnant mouse uterus: temporal aspects and cellular localization. J Leukoc 
Biol 64:393-400. 

29. Davison, B. B., F. B. Cogswell, G. B. Baskin, K. P. Falkenstein, E. W. Henson, 
and D. J. Krogstad. 2000. Placental changes associated with fetal outcome in the 
Plasmodium coatneyi/rhesus monkey model of malaria in pregnancy. Am J Trop 
Med Hyg 63:158-173. 

30. van der Heyde, H. C., B. Pepper, J. Batchelder, F. Cigel, and W. P. Weidanz. 
1997. The time course of selected malarial infections in cytokine-deficient mice. 
Exp Parasitol 85:206-213. 

31. Meding, S. J., and J. Langhorne. 1991. CD4+ T cells and B cells are necessary for 
the transfer of protective immunity to Plasmodium chabaudi chabaudi. Eur J 
Immunol 21:1433-1438. 

 147



32. Stevenson, M. M., M. F. Tam, S. F. Wolf, and A. Sher. 1995. IL-12-induced 
protection against blood-stage Plasmodium chabaudi AS requires IFN-gamma and 
TNF-alpha and occurs via a nitric oxide-dependent mechanism. J Immunol 
155:2545-2556. 

33. Jacobs, P., D. Radzioch, and M. M. Stevenson. 1996. In vivo regulation of nitric 
oxide production by tumor necrosis factor alpha and gamma interferon, but not by 
interleukin-4, during blood stage malaria in mice. Infect Immun 64:44-49. 

34. Nussler, A. K., L. Renia, V. Pasquetto, F. Miltgen, H. Matile, and D. Mazier. 
1993. In vivo induction of the nitric oxide pathway in hepatocytes after injection 
with irradiated malaria sporozoites, malaria blood parasites or adjuvants. Eur J 
Immunol 23:882-887. 

35. Luty, A. J., B. Lell, R. Schmidt-Ott, L. G. Lehman, D. Luckner, B. Greve, P. 
Matousek, K. Herbich, D. Schmid, F. Migot-Nabias, P. Deloron, R. S. 
Nussenzweig, and P. G. Kremsner. 1999. Interferon-gamma responses are 
associated with resistance to reinfection with Plasmodium falciparum in young 
African children. J Infect Dis 179:980-988. 

36. Slade, S. J., and J. Langhorne. 1989. Production of interferon-gamma during 
infection of mice with Plasmodium chabaudi chabaudi. Immunobiology 179:353-
365. 

37. Jacobs, P., D. Radzioch, and M. M. Stevenson. 1996. A Th1-associated increase 
in tumor necrosis factor alpha expression in the spleen correlates with resistance 
to blood-stage malaria in mice. Infect Immun 64:535-541. 

38. Chang, K. H., M. Tam, and M. M. Stevenson. 2004. Modulation of the course and 
outcome of blood-stage malaria by erythropoietin-induced reticulocytosis. J Infect 
Dis 189:735-743. 

39. Taylor-Robinson, A. W., and R. S. Phillips. 1998. Infective dose modulates the 
balance between Th1- and Th2-regulated immune responses during blood-stage 
malaria infection. Scand J Immunol 48:527-534. 

40. Kossodo, S., C. Monso, P. Juillard, T. Velu, M. Goldman, and G. E. Grau. 1997. 
Interleukin-10 modulates susceptibility in experimental cerebral malaria. 
Immunology 91:536-540. 

41. Moore, K. W., R. de Waal Malefyt, R. L. Coffman, and A. O'Garra. 2001. 
Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol 19:683-765. 

42. Li, C., L. A. Sanni, F. Omer, E. Riley, and J. Langhorne. 2003. Pathology of 
Plasmodium chabaudi chabaudi infection and mortality in interleukin-10-deficient 
mice are ameliorated by anti-tumor necrosis factor alpha and exacerbated by anti-
transforming growth factor beta antibodies. Infect Immun 71:4850-4856. 

43. Kurtzhals, J. A., V. Adabayeri, B. Q. Goka, B. D. Akanmori, J. O. Oliver-
Commey, F. K. Nkrumah, C. Behr, and L. Hviid. 1998. Low plasma 
concentrations of interleukin 10 in severe malarial anaemia compared with 
cerebral and uncomplicated malaria. Lancet 351:1768-1772. 

44. Othoro, C., A. A. Lal, B. Nahlen, D. Koech, A. S. Orago, and V. Udhayakumar. 
1999. A low interleukin-10 tumor necrosis factor-alpha ratio is associated with 
malaria anemia in children residing in a holoendemic malaria region in western 
Kenya. J Infect Dis 179:279-282. 

 148



45. Kern, P., C. J. Hemmer, H. Gallati, S. Neifer, P. Kremsner, M. Dietrich, and F. 
Porzsolt. 1992. Soluble tumor necrosis factor receptors correlate with parasitemia 
and disease severity in human malaria. J Infect Dis 166:930-934. 

46. Davison, B. B., M. B. Kaack, L. B. Rogers, K. K. Rasmussen, T. A. Rasmussen, 
E. W. Henson, M. C. Henson, F. K. Parekh, and D. J. Krogstad. 2006. The Role 
of Soluble Tumor Necrosis Factor Receptor Types I and II and Tumor Necrosis 
Factor- alpha in Malaria during Pregnancy. J Infect Dis 194:123-132. 

47. Zangerle, R., D. Fuchs, M. Sarcletti, H. Gallati, G. Reibnegger, H. Wachter, M. P. 
Dierich, and J. Most. 1994. Increased concentrations of soluble tumor necrosis 
factor receptor 75 but not of soluble intercellular adhesion molecule-1 are 
associated with the decline of CD4+ lymphocytes in HIV infection. Clin Immunol 
Immunopathol 72:328-334. 

48. Goto, N., H. Tsurumi, M. Takemura, T. Hara, M. Sawada, S. Kasahara, N. 
Kanemura, T. Yamada, M. Shimizu, T. Takahashi, E. Tomita, M. Seishima, T. 
Takami, and H. Moriwaki. 2006. Serum-soluble tumor necrosis factor receptor 2 
(sTNF-R2) level determines clinical outcome in patients with aggressive non-
Hodgkin's lymphoma. Eur J Haematol 77:217-225. 

49. Aderka, D., A. Wysenbeek, H. Engelmann, A. P. Cope, F. Brennan, Y. Molad, V. 
Hornik, Y. Levo, R. N. Maini, M. Feldmann, and et al. 1993. Correlation between 
serum levels of soluble tumor necrosis factor receptor and disease activity in 
systemic lupus erythematosus. Arthritis Rheum 36:1111-1120. 

50. Kohno, T., M. T. Brewer, S. L. Baker, P. E. Schwartz, M. W. King, K. K. Hale, 
C. H. Squires, R. C. Thompson, and J. L. Vannice. 1990. A second tumor necrosis 
factor receptor gene product can shed a naturally occurring tumor necrosis factor 
inhibitor. Proc Natl Acad Sci U S A 87:8331-8335. 

51. Aderka, D., H. Engelmann, Y. Maor, C. Brakebusch, and D. Wallach. 1992. 
Stabilization of the bioactivity of tumor necrosis factor by its soluble receptors. J 
Exp Med 175:323-329. 

52. Knofler, M., B. Mosl, S. Bauer, G. Griesinger, and P. Husslein. 2000. TNF-
alpha/TNFRI in primary and immortalized first trimester cytotrophoblasts. 
Placenta 21:525-535. 

53. Yui, J., M. Garcia-Lloret, T. G. Wegmann, and L. J. Guilbert. 1994. Cytotoxicity 
of tumour necrosis factor-alpha and gamma-interferon against primary human 
placental trophoblasts. Placenta 15:819-835. 

54. Haimovici, F., J. A. Hill, and D. J. Anderson. 1991. The effects of soluble 
products of activated lymphocytes and macrophages on blastocyst implantation 
events in vitro. Biol Reprod 44:69-75. 

55. Chaouat, G., E. Menu, D. A. Clark, M. Dy, M. Minkowski, and T. G. Wegmann. 
1990. Control of fetal survival in CBA x DBA/2 mice by lymphokine therapy. J 
Reprod Fertil 89:447-458. 

56. Tezabwala, B. U., P. M. Johnson, and R. C. Rees. 1989. Inhibition of pregnancy 
viability in mice following IL-2 administration. Immunology 67:115-119. 

57. Saito, S., M. Sakai, Y. Sasaki, K. Tanebe, H. Tsuda, and T. Michimata. 1999. 
Quantitative analysis of peripheral blood Th0, Th1, Th2 and the Th1:Th2 cell 
ratio during normal human pregnancy and preeclampsia. Clin Exp Immunol 
117:550-555. 

 149



58. Hayakawa, S., T. Fujikawa, H. Fukuoka, F. Chisima, M. Karasaki-Suzuki, E. 
Ohkoshi, H. Ohi, T. Kiyoshi Fujii, M. Tochigi, K. Satoh, T. Shimizu, S. 
Nishinarita, N. Nemoto, and I. Sakurai. 2000. Murine fetal resorption and 
experimental pre-eclampsia are induced by both excessive Th1 and Th2 
activation. J Reprod Immunol 47:121-138. 

59. Chaouat, G., E. Menu, D. de Smedt, L. Khrihnan, L. Hui, A. Assal Meliani, J. 
Martal, R. Raghupathy, and T. G. Wegmann. 1996. The emerging role of IL-10 in 
pregnancy. Am J Reprod Immunol 35:325-329. 

60. Moormann, A. M., A. D. Sullivan, R. A. Rochford, S. W. Chensue, P. J. Bock, T. 
Nyirenda, and S. R. Meshnick. 1999. Malaria and pregnancy: placental cytokine 
expression and its relationship to intrauterine growth retardation. J Infect Dis 
180:1987-1993. 

61. Ashkar, A. A., J. P. Di Santo, and B. A. Croy. 2000. Interferon gamma 
contributes to initiation of uterine vascular modification, decidual integrity, and 
uterine natural killer cell maturation during normal murine pregnancy. J Exp Med 
192:259-270. 

62. Hunt, J. S., H. L. Chen, X. L. Hu, and J. W. Pollard. 1993. Normal distribution of 
tumor necrosis factor-alpha messenger ribonucleic acid and protein in the uteri, 
placentas, and embryos of osteopetrotic (op/op) mice lacking colony-stimulating 
factor-1. Biol Reprod 49:441-452. 

63. Gagioti, S., C. Scavone, and E. Bevilacqua. 2000. Participation of the mouse 
implanting trophoblast in nitric oxide production during pregnancy. Biol Reprod 
62:260-268. 

64. Clark, D. A., G. Chaouat, P. C. Arck, H. W. Mittruecker, and G. A. Levy. 1998. 
Cytokine-dependent abortion in CBA x DBA/2 mice is mediated by the 
procoagulant fgl2 prothrombinase [correction of prothombinase]. J Immunol 
160:545-549. 

65. Zenclussen, A. C., K. Gerlof, M. L. Zenclussen, A. Sollwedel, A. Z. Bertoja, T. 
Ritter, K. Kotsch, J. Leber, and H. D. Volk. 2005. Abnormal T-cell reactivity 
against paternal antigens in spontaneous abortion: adoptive transfer of pregnancy-
induced CD4+CD25+ T regulatory cells prevents fetal rejection in a murine 
abortion model. Am J Pathol 166:811-822. 

66. Coban, C., K. J. Ishii, T. Kawai, H. Hemmi, S. Sato, S. Uematsu, M. Yamamoto, 
O. Takeuchi, S. Itagaki, N. Kumar, T. Horii, and S. Akira. 2005. Toll-like 
receptor 9 mediates innate immune activation by the malaria pigment hemozoin. J 
Exp Med 201:19-25. 

67. Plevyak, M., N. Hanna, S. Mayer, S. Murphy, H. Pinar, L. Fast, C. Ekerfelt, J. 
Ernerudh, G. Berg, L. Matthiesen, and S. Sharma. 2002. Deficiency of decidual 
IL-10 in first trimester missed abortion: a lack of correlation with the decidual 
immune cell profile. Am J Reprod Immunol 47:242-250. 

 
 

 150



Figure 4.1. 

IFN-γ (A), TNF-α (B), IL-1β (C), IL-10 (D) and soluble TNF receptor II (sTNFRII) 

(E) levels in the plasma samples from Plasmodium chabaudi AS infected, pregnant 

(IP), infected, nonpregnant (INP), and uninfected, nonpregnant (UP) mice.  

IP and INP mice infected with P. chabaudi AS and UP mice sham injected. Mice were 

sacrificed at indicated time points and plasma samples were assayed for cytokines or 

cytokine receptor level by ELISA. Results shown are data grouped from two separate 

experiments. Data from individual mice and median for each group are presented. 

Number of mice sacrificed (IP, UP, and INP, respectively) was as follows: for IFN-γ, at 

GD/ED 6, n = 5, 5, and 5; at GD/ED 8, n = 7, 8, and 5; at GD/ED 9, n = 5, 5, and 6; at 

GD/ED 10, n = 15, 5, and 6; at GD/ED 11, n = 6, 3, and 4. GD / ED 10 include both 

aborting and non aborting mice. For TNF-α and IL-10, GD / ED 6 and 8, n = same as 

described for IFN-γ, GD / ED 9, n = 10, 10 and 6; at GD/ED 10, n = 12, 11, and 5; at 

GD/ED 11, n = 12, 8, and 5; for IL-1β, at GD/ED 6, n = 5, 5, and 5; at GD/ED 8, n = 6, 5, 

and 3; at GD/ED 9, n = 4, 5, and 5; at GD/ED 10, n = 6, 5, and 5; at GD/ED 11, n = 7, 5, 

and 4; for sTNFRII, at GD/ED 6, 9 and 11, n = 5, 5, and 5; at GD/ED 8, n = 6, 5, and 5; 

at GD/ED 10, n = 15, 5, and 5. The following statistically significant differences were 

observed for comparisons by Wilcoxon rank sum test For IFN-γ, IP and INP versus UP 

(GD / ED 8, 9 and 10) P < 0.022; for IL-1β, IP versus UP and INP (GD / ED 10) P < 

0.05; for IL-10, IP versus UP (GD / ED 9 through 11) P < 0.0002; INP versus UP, GD / 

ED 9 and 11, P < 0.0021, GD / ED 10, P = 0.0002; for sTNFRIIIP versus UP (GD / ED 9, 

10, 11) P < 0.0079; IP versus INP (GD / ED 10, 11) P < 0.012; INP versus UP (GD / ED 

9) P = 0.029. 
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Figure 4.2. 

Association of plasma sTNFRII level with parasitemia in IP mice. Plasma cytokine or 

cytokine receptor levels were determined by ELISA. Parasitemia was determined by 

counting at least 1,000 erythrocytes in four to five high-power fields on Giemsa-stained 

tail blood thin smears. R2 = 0.37; P = 0.036. 
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Figure 4.3. 

IFN-γ production by spleen cells in vitro.  

Spleens collected aseptically from P. chabaudi AS infected, pregnant ( • ), 

infected, nonpregnant (□) and uninfected, pregnant ( ∆ ) mice at sacrifice were 

cultured for 72 h at 5 x 10 6 cells/ml alone (medium) or in the presence of 

Concanavalin A (ConA), Lipopolysaccharide (LPS) and Plasmodium chabaudi 

AS infected erythrocytes (Antigen). Culture supernatants were then assayed for 

IFN-γ by ELISA. Data from individual mice and median for each group are 

presented. Number of mice sacrificed (IP, UP, and INP, respectively) at each 

GD/ED was as follows: at GD/ED 6, n = 5, 5, and 5; at GD/ED 8, n = 5, 5, and 5; 

at GD/ED 9, n  = 5, 5, and 5; at GD/ED 10, n = 10, 5, and 5; at GD/ED 11, n = 5, 

5, and 5. Results shown are representative of two independent experiments. The 

following P values were observed by Wilcoxon rank sum test: Medium: IP and 

INP versus UP (GD / ED 9 and 10), P < 0.013; LPS: IP versus UP (GD / ED 10 

and 11), P < 0.002, INP versus UP (GD / ED 8, 9, 10 and 11), P < 0.0275, INP 

versus IP (GD / ED 11), P = 0.0085; Antigen: IP and INP versus UP (GD / ED 8 

and 9), P < 0.018, INP versus UP (GD / ED 10), P = 0.0375.  
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Figure 4.4. 

TNF-α production by spleen cells in vitro.  

Supernatants from splenocytes cultured as described in the legends to figure 2 

were assayed for TNF-α by ELISA. Data from individual mice and median for 

each group are presented. Sample size same as described in the legends to figure 

2. Results shown are representative of two independent experiments. By 

Wilcoxon rank sum test: Medium: INP versus UP (GD / ED 10), P = 0.034; 

ConA: UP versus IP (GD / ED 9, 10 and 11), P < 0.02, INP versus IP (GD / ED 

10), P = 0.0145; Antigen: INP versus UP (GD / ED 8 and 10), P < 0.03. 
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Figure 4.5. 

IL-10 production by spleen cells in vitro.  

Supernatants from splenocytes cultured as described in the legends to figure 2 were 

assayed for IL-10 by ELISA. Data from individual mice and median for each group are 

presented. Sample size same as described in the legends to figure 2. Results shown are 

representative of two independent experiments. By Wilcoxon rank sum test: Medium: IP 

and INP versus UP (GD / ED 9), P = 0.022, INP versus UP (GD / ED 10), P = 0.0032; 

ConA: INP versus UP (GD / ED 10), P = 0.0326; Antigen: INP versus UP (GD / ED 8, 9 

and 10), P < 0.03, IP versus UP (GD / ED 9), P = 0.0284. 
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Figure 4.6. 

Trophoblast giant cells phagocytose P. chabaudi AS-infected erythrocytes (iRBCs) 

in vivo (A) and in vitro (B).  

Giemsa stained placental sections from an IP mice undergoing abortion on GD/ED 11 

(A). Trophoblast giant cell with phagocytosed iRBCs (arrow heads) and hemozoin 

(arrows) are presented. B. Phagocytosis of iRBCs by murine trophoblast cells in vitro. 

Ectoplacental cone cells cocultured as desribed under the materials and method section 

were fixed and stained with Geimsa stain. P. chabaudi AS infected erythrocytes (arrow 

heads) internalized by a multinucleated (N) trophoblast cell is presented.   
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Table 4.1.   

Kinetics of IFN-γ, TNF-α and IL-10 production by placenta cells from IP and 

UP mice.  

Initiation of infection and sacrifice were performed as described in the legends for 

figure 1. Fetoplacental units isolated from mice sacrificed on GD 6, 8 and 9 were 

minced and cultured directly in RPMI with 10% FBS. On GD 10 and 11, single 

cell suspension of placental and decidual tissues was made as described in the 

materials and method section. Supernatants from cells cultured without any 

external stimuli at a concentration of 5x106 cells/ml for 24 hours at 370C were 

then assayed for IFN-γ level by ELISA. Data from individual mice and median 

and interquartile range for each group is presented. Number of mice sacrificed (IP 

and UP respectively) at each GD/ED was as follows: at GD/ED 6, n = 5 and 4; at 

GD/ED 8, n  = 6 and 4; at GD/ED 9, n = 5 and 5; at GD/ED 10, n = 5 and 9; at 

GD/ED 11, n = 5 and 8. GD / ED 10 include both aborting and nonaborting mice. 

For IFN-γ; IP versus UP (GD 8 and 9), P < 0.05 (GLM Tukey), TNF-α; UP 

versus IP (GD 11), P < 0.05. ∗N = nonaborting, A = Aborting. 
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Table 4.1.   

IFN-γ (pg/ml) TNF-α (pg/ml) IL-10 (pg/ml) 

GD 
Pregna

ncy 
Status 

Culture 
Method 

IP (n) UP IP (n) UP IP (n) UP 

6 N∗ Explant 0, 
0-0 

0, 
0-0 

14, 
8-25 

 

17, 
6-41 

 
0, 

0-0 
0, 

0-0 

8 N Explant 261, 
51-550 

0, 
0-0 

25, 
13-45 

 
37, 

32-44 
0, 

0-0 
0, 

0-0 

9 N Explant 535, 
419-643 

0, 
0-0 

25, 
18-31 

28, 
28-30 

0, 
0-0 

0, 
0-0 

10 N Single 
cell 

0 (3) 
 

0 
 

23 (3) 
19-28 

30, 
27-30 

0 (3) 
 

0, 
0-0 

10 
A∗ 
 
 

Single 
cell 

0 (2) 
  23 (2) 

14, 32  0 (2) 
  

11 A Single 
cell 

0, 
0-0 

0, 
0-0 

13, 
9-18 

35, 
29-44 

0, 
0-0 

0, 
0-0 
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Table 4.2. 

 Levels of sTNFRII in the placenta cell culture supernatants from Plasmodium 

chabaudi AS-infected, pregnant and uninfected, pregnant mice.  

Initiation of infection and sacrifice were performed as described in the legend to figure 

1A. Placenta cells were cultured as described in the legends to Table 1. The number of 

mice sacrificed (IP and UP respectively) were: at GD/ED 6, 8 and 11, n = 5 and 5; at 

GD/ED 9, n = 5 and 4; at GD/ED 10, n = 4 and 4. GD / ED 10 include both aborting and 

nonaborting mice. ∗N = nonaborting, A = Aborting 
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Table 4.2. 

sTNFRII (ng/ml) 
GD Pregnancy 

Status 
Culture 
Method IP (n) UP (n) 

6 N∗ Explant 11, 
7-17 

8,  
6-8 

8 N Explant 56,  
7-59 

86,  
37-96 

9 N Explant 110,  
95-131 

34, 
18-66 

10 N Single cell 9 (2) 
8, 10 

2,  
1-2 

10 A∗ Single cell 16 (2) 
28, 3  

11 A Single cell 2,  
1-4 

3,  
0.6-5 
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MALARIA-ASSOCIATED MURINE PREGNANCY FAILURE. II: DISTINCT 

ROLES FOR IFN-γ AND TNF-α IN MALARIA-INDUCED PREGNANCY LOSS 
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ABSTRACT 

 The immunological basis for malaria-induced fetal loss is not clear. In this study, 

the role of proinflammtory cytokines IFN-γ and TNF-α in Plasmodium chabaudi AS-

induced fetal loss in mice was investigated by employing gene knockout mice and 

antibody ablation experiments. In the first set of experiments IFN-γ gene knockout mice 

on the malaria resistant C57BL/6 background were used to study the impact of this 

cytokine on pregnancy success. As expected, P. chabaudi AS-infected, pregnant knock 

out mice experienced a more severe course of infection characterized by high 

parasitemia, severe anemia and marked loss of weight. However, the pregnancy 

progression was improved these mice compared to wild type mice. In comparison to 79% 

resorptions observed in wild type mice, knock out mice had only 11% resorptions on 

gestation day 11. However, like wild type mice, the knockout mice also failed to carry 

viable pregnancies to term. Fetal resorptions in knockout mice were associated with 

persistently high levels of TNF-α in the plasma. In the second set of experiments, 

C57BL/6 mice treated with TNF-α neutralizing antibodies were used to dissect out the 

role of this cytokine in fetal loss. The course of infection was not different in infected, 

pregnant mice treated with anti-TNF-α antibody compared to infected, pregnant mice 

treated with control IgG. While infected, pregnant IgG controls aborted or resorbed all of 

their embryos by gestation day 11, anti-TNF-α antibody-treated infected, pregnant mice 

retained their pregnancies and had only 15% resorptions on gestation day 12. The 

mechanism by which TNF-α may mediate fetal loss is not known, but it is noteworthy 

that fetal loss in infected, pregnant mice was associated with an upregulation of 

procoagulants, tissue factor and plasminogen activator inhibitor–1, in the uterus. 
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Moreover, placentae from aborting mice had wide spread hemorrhage and fibrin thrombi 

formation in the maternal blood sinusoids on histological examination. Results from this 

study suggest that TNF-α is a critical factor in malaria-induced fetal loss in mice and 

TNF-α-induced fetal loss may be through upregulation of procoagulants in the uterus. 

INTRODUCTION 

 The immunological basis for the poor pregnancy outcome during malarial 

infection is not clear. Accumulation of maternal immune cells as well as production of 

proinflammatory cytokines and chemokines at the maternofetal interface is thought to 

contribute to poor pregnancy outcomes, especially low birth weight babies in the case of 

malarial infection during pregnancy in women living in high endemic areas (1-3). Both 

maternal and fetal cells are shown to be involved in production of cytokines and 

chemokines at the maternofetal interface (4, 5). In contrast, Plasmodium falciparum 

infection in nonimmune pregnant women or during an epidemic has been shown to be 

more severe and can cause high rates of abortion, still-birth and preterm labor (6, 7). 

However, the immunologic basis for the fetal loss in malaria-infected nonimmune women 

is not clear and no definitive studies have been performed to provide causative evidence 

for proinflammatory cells or soluble factors in malaria-induced fetal loss. We have 

recently developed a mouse model to investigate the immunologic and molecular 

mechanisms involved in malaria-induced fetal loss. In this model, C57BL/6 (B6) mice 

infected on gestation day (GD) 0 abort their fetuses at mid-gestation (8). Furthermore, the 

fetal loss in this model was associated with high levels of proinflammatory cytokines, 

IFN-γ and TNF-α, in the plasma and spleen cell culture supernatants (please see chapter 

4). 
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 Production of IFN-γ during early stages of infection is essential for protection 

against primary P. chabaudi AS infection in B6 mice (9). IFN-γ, primarily produced by 

NK cells and T cells, is a pluripotent cytokine that has been shown to regulate over 200 

genes in a wide variety of cells and tissues (10-16). In association with IL-12, IFN-γ 

plays an important role in skewing the immune response towards a Th1 phenotype. 

Additionally, IFN-γ modulates CD8+ T cell and CD4+ T cell function by regulating major 

histocompatability complex gene expression (17-19). Although IFN-γ produced in small 

quantities at appropriate locations is thought to be beneficial for normal pregnancy (20), 

when produced in excess this cytokine can have an abortifacient effect (21).  

 During malarial infection, IFN-γ is thought to mediate its functions through 

activating macrophages to produce TNF-α and other soluble parasitocidal mediators such 

as nitric oxide and reactive oxygen species. TNF-α is a multifunctional cytokine 

produced by macrophages, T and B cells and mast cells and is involved in protective 

immunity, inflammation, autoimmunity and pathophysiology of many diseases (22, 23). 

TNF-α exists either as membrane-bound or soluble homotrimer (24) and can modulate 

proliferation, differentiation, and apoptotic or necrotic cell death in a number of different 

cell types (25). These functions are mediated by signaling through two distinct receptors, 

namely, TNF receptor I (TNFRI, CD120a) and TNF receptor II (TNFRII, CD120b) (26). 

While the TNFRI complex contains a death domain and mediates both pro-apoptotic and 

anti-apoptotic pathways, TNFRII lacks a cytoplasmic death domain and is involved in 

inducing pathways of cell activation and survival. During malarial infection TNF-α has 

been implicated in both protection and pathology. In humans, high levels of TNF-α have 

been shown to be associated with severe anemia and cerebral malaria in children (27, 28). 
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High levels of TNF-α in the serum and lower plasma IL-10 to TNF-α ratio have been 

shown to be associated with anemia in children (29, 30). Furthermore, TNF-α production 

during blood stage malaria-infection in mice is associated with splenomegaly (31), 

weight loss, and anemia (32). 

During pregnancy TNF-α is expressed by a variety of cell types, including 

maternal decidual cells and fetal trophoblast cells in humans and mice (33-35), but its 

role during normal pregnancy is not clear. TNF-α is thought to be involved in normal 

embryonic growth and development (36) and also in smooth muscle contraction during 

labor (37). However, TNF-α or TNF-α receptor knockout mice can reproduce normally, 

suggesting that this cytokine may not be essential for normal pregnancy. Nonetheless, 

aberrant production of TNF-α during pregnancy is detrimental to the fetus (38). In 

humans, a high level of TNF-α is associated with several pregnancy complications such 

as preterm labor (39), preeclampsia (40), and recurrent spontaneous abortion (41). An 

elevated systemic and placental level of TNF-α is also thought to be associated with fetal 

loss in rodent models of parasitic infections (42, 43), including malaria (see chapter 4). 

To identify the role of proinflammatory cytokines IFN-γ and TNF-α in malaria-induced 

fetal loss, both IFN-γ gene knock out mice and selective depletion of TNF-α in P. 

chabaudi AS-infected pregnant (IP) and control mice using a TNF-α neutralizing 

antibody were employed. The results from this study revealed that IFN-γ deficiency alone 

was not enough to rescue the pregnancy in P. chabaudi AS-infected mice. However, 

TNF-α neutralization resulted in reduced number of resorptions in IP mice suggesting 

that TNF-α is a major factor involved in malaria-induced fetal loss.  
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MATERIALS AND METHODS 

Mice and parasites: Wild type (WT) C57BL/6 (B6) mice originally purchased from 

Jackson Laboratories, Bar Harbor, ME and IFN-γ gene knockout (KO) mice (B6.129S7-

Ifngtm1Ts; obtained from Dr. Rick Tarleton) were maintained and bred by brother-sister 

pairing for a maximum of 10 generations at the University of Georgia Animal Resources 

facility in accordance with the guidelines of the University of Georgia Institutional 

Animal Care and Use Committee. Eight to nine week old female mice were used for all 

the experiments. P. chabaudi AS originally obtained from Mary M. Stevenson (McGill 

University and the Montreal General Hospital Research Institute, Quebec, Canada) 

maintained as described previously (8) was used for all the experiments. 

Experimental design: WT or KO female mice were infected intravenously on GD 0 with 

1000 P. chabaudi AS-infected erythrocytes (iRBC) per 20 grams of body weight. 

Infected, non-pregnant (INP) mice, and sham-injected uninfected, pregnant (UP) mice 

were used as infection and pregnancy controls, respectively. Mice were sacrificed on GD 

/ experiment days (ED) 6, 8, 9, 10, 11and 12 to assess the pregnancy outcome and 

immune response development. Parasitemia, anemia and changes in body weight were 

monitored as described previously (8). At sacrifice, uteri for histological examination 

were collected in 10 % buffered formalin and for gene expression studies uteri were 

collected in RNA later (Ambion) and stored at -200C until used for RNA extraction. 

Anti-TNF-α antibody treatment: B6 mice infected on day 0 of pregnancy with P. 

chabaudi AS were either treated with 100µg of anti-TNF-α antibody (Clone MPG-XT3, 

Upstate, Lake Placid, NY) or control rat IgG (Sigma) on GD / ED 6, 8, 9, 10 and 11. by 

intraperitoneal injection. Control, uninfected pregnant mice were also treated with anti-
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TNF-α antibodies or rat IgG. Mice were sacrificed on GD / ED 12 or immediately on 

signs of abortion (namely, bloody, mucoid discharge from the vagina). 

Cytokine ELISA: Levels of IFN-γ, TNF-α and IL-10 in the plasma samples were 

determined using OptEIA enzyme-linked immunosorbent assay (ELISA) sets 

(Pharmingen) or DuoSets (R&D Systems) according to the manufacturer's instructions. 

Limits of detection were 8 pg/ml for IL-10 and TNF-α and 15 pg/ml for IFN-γ.  

Real-time reverse-transcription PCR:  Total RNA was isolated from fetoplacental units 

using the RNeasy kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol 

and stored at −85 °C. Genomic DNA contamination was removed by digesting with 

RNAse-free DNAse (RQ1 RNAse free DNAse, Promega Madison, WI , USA) as 

recommended by the manufacturer. First strand cDNA was synthesized from 1µg of 

obtained total RNA using the Omniscript reverse-transcription kit (Qiagen). Real-time 

PCR was carried out using specific primers for tissue factor (TF) (forward: 5′-

tcagttcatggagacggagac-3′ and reverse: 5’-ggtttgtgtctcggtaaggtaa-3’), Plasminogen 

activator inhibitor (PAI)-1 (forward: 5′- atcagacaatggaagggcaac-3′ and reverse: 5’- 

gaacttaggcaggatgagga-3’) and 18s RNA (forward: 5′-gtaacccgttgaaccccatt -3′ and reverse: 

5′- ccatccaatcggtagtagcg-3′) (MWG-Biotech Inc., High Point, NC, USA). All the primers 

used were first validated for use in comparative real-time PCR. Real-time PCR was 

performed using the Mx3000P thermocycler and program (Stratagene, Cedar Creek, TX, 

USA). No template controls and no reverse-transcription controls were included. The 2∧ 

∆∆ CT method of analysis was used with the 18S RNA gene as normalizing gene and 

RNA from UP mice as the calibrator. Results are expressed as fold increase over UP 

controls. 
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Statistical Analysis: Data analysis was performed using SAS statistical software package 

(version 8.02; SAS Institute, Inc., Cary, N.C.). The significance of differences among 

group means in the case of normally distributed data was determined using Proc GLM. 

Tukey's Studentized (HSD) range test was used to perform multiple pairwise group 

comparisons in cases of unequal sample size. In cases of non-normally distributed data 

the nonparametric Wilcoxon rank sum test was used for comparisons and the 

nonparametric MULTTEST (SAS proc multtest) was used to obtain the adjusted P value 

for each pair of groups in multiple comparisons. P values of 0.05 were considered to be 

significant. 

RESULTS 

P. chabaudi AS infected IFN-γ KO mice experienced more severe course of infection: 

Studies with P. chabaudi AS infection in WT B6 mice revealed a significant increase in 

the level of Th1/proinflammatory cytokine IFN-γ in plasma, spleen, and placental cell 

culture supernatants from IP mice relative to UP mice, at time points corresponding to 

ascending and peak parasitemia (which also corresponds to the timing of fetal loss in this 

model) (see chapters 3 and 4). To dissect out the role of IFN-γ in the observed fetal loss, 

experiments were performed using KO mice. First, to characterize the course of P. 

chabaudi AS infection in pregnant KO mice, the development of parasitemia, anemia and 

changes in body weight were monitored in IP and INP KO mice. The development of 

parasitemia was accelerated in KO mice (figure 5.1A) compared to WT mice (figure 

5.1B) regardless of pregnancy and was significantly higher than that observed in WT 

mice on GD / ED 8 through 10 (IP KO versus IP WT, P < 0.014; IP KO versus INP WT, 

P < 0.0007). Furthermore, the parasitemia peaked on GD / ED 10 in IP KO mice, one day 
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earlier than that observed in WT mice. The parasitemia was also slightly higher in IP KO 

mice compared to INP KO mice on GD / ED 8 through 10 (P > 0.05). At peak, the mean 

parasitemias were 41.96% and 39.62% in IP and INP KO mice compared to 30.28 and 

25.57% observed in IP and INP WT mice respectively. Although the parasitemia levels in 

IP and INP KO mice dropped to 5.80% and 6.20%, respectively, on GD / ED 14, these 

mice failed to survive beyond day 15 (data not shown). One probable reason for the 

observed mortality could be the severe anemia experienced by KO mice (Figure 5.1 C 

and D). It has been shown previously that WT mice can regain their hematocrit values as 

they recover from parasitemia (8). In contrast, KO mice failed to recover from anemia 

even after experiencing a decline in parasitemia on GD / ED 11. IP KO mice exhibited 

significantly lower hematocrit values on GD / ED 10 in comparison to UP KO and all 

WT groups (P < 0.05), but were equivalent to INP KO mice. However, in IP KO mice the 

nadir of hematocrit occurred on GD / ED 11 compared to GD / ED 12 in INP KO mice 

and at peak anemia the hematocrit values were 8.2% in IP KO and 9.07 % in INP KO 

mice. Thus, in addition to malarial infection, pregnancy-associated hemodilution (44), as 

observed previously in this model (8), may also be contributing to the accelerated anemia 

observed in IP KO mice.   

 IP KO mice also experienced changes in their body weight during the course of 

infection (Figure 5.1 E and F). As in the case of IP WT mice, IP KO mice initially gained 

weight until GD / ED 8. However, all infected mice lost weight corresponding to 

ascending and peak parasitemia and anemia. Although infected WT mice regained their 

weight as they started clearing the parasitemia and regaining their hematocrit values (data 
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not shown and (8)), IP and INP KO mice exhibited a downward trend in their body 

weight until they succumbed to infection. 

Fetal Outcome: Contrary to the expectation, IP KO mice also failed to maintain viable 

pregnancies to term. However, the pattern of pregnancy loss observed in IP KO mice was 

different from WT mice (Table 5.1). In agreement with our previous report (8), 

pregnancy in none of the IP WT controls progressed beyond GD / ED 11. Compared to 

79% resorbing embryos observed in IP WT mice, IP KO mice had only 11 % resorbing 

embryos on GD / ED 11, a level that was indistinguishable from UP KO mice. However, 

this dropped dramatically on GD 12 (40 % viable embryos in IP KO versus 100 % in UP 

KO mice; Table 5.2). Thus, although absence of IFN-γ has some positive impact on 

pregnancy progression, the data suggest that mechanisms other than those directly 

involving IFN-γ may induce the observed pregnancy loss in IP mice. 

IP KO mice exhibited sustained high levels of TNF-α in the plasma: It has been shown 

previously that P. chabaudi AS-infected non pregnant KO mice are capable of producing 

TNF-α, an abortifacient cytokine, though in smaller amounts compared to WT mice (9). 

To investigate whether the observed fetal loss in IP KO mice is associated with TNF-α 

production, the level of TNF-α in the plasma samples from IP KO and control mice at 

various stages of infection was determined by ELISA. Indeed, IP KO mice exhibited a 

sustained high plasma level of TNF-α in comparison to UP KO and INP KO mice (Table 

5.3) and the levels were significantly higher on GD / ED 8, 9, and 12 relative to UP KO 

(P < 0.043) and on GD / ED 9, versus INP KO (P = 0.023). Thus the observed mortalities 

in IP KO mice could be due to dysregulated TNF-α production.  
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 To study whether the uncontrolled production of TNF-α is due to a defect in IL-

10 production, a cytokine that has been shown to suppress TNF-α production and 

function (45), the level of IL-10 in the plasma samples from IP and UP KO mice was 

assayed by ELISA. Table 5.3 represents the kinetics of appearance of IL-10 in the plasma 

from IP, INP and UP KO mice. In comparison to INP KO mice, IP KO mice exhibited a 

lower plasma IL-10 level. Its level peaked on GD / ED 9 in IP KO mice and thereafter 

exhibited a downward trend. By GD / ED 12 there was a total suppression of IL-10 

production in IP KO mice. The IL-10 level was either very low or absent in the plasma 

samples from UP KO mice. 

The course of infection is not altered in anti-TNF-α antibody treated mice: As a next 

logical approach, the question whether the pregnancy can be rescued in IP mice by 

neutralizing TNF-α was addressed. For this IP mice were treated on GD / ED 6, 8, 9, 10 

and 11 with 100µg of TNF-α neutralizing antibody. To identify the effect of neutralizing 

TNF-α on normal pregnancy, UP mice were also treated with anti-TNF-α antibodies. 

Figure 5.2A represents the clinical outcome in anti-TNF-α treated and control mice. 

Although the parasitemia developed slightly slower and peaked slightly higher in anti-

TNF-α treated mice compared to IP IgG mice (31.59 % in IP anti-TNF and 29.20 % in IP 

IgG group), both treatment groups peaked on GD / ED 11 and the differences in 

parasitemia levels did not reach statistical significance. 

 Figure 5.2 B shows the development of anemia in IP anti-TNF-α group and 

controls. Here again, the anti-TNF-α antibody treatment did not significantly alter the 

course of anemia in IP mice. Other than a slight delay observed in the IP anti-TNF-α 

group, both infection groups exhibited progressive development of anemia until sacrifice 
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(GD 11, IP IgG and GD12, anti-TNF-α group). Malarial infection also induced weight 

loss in infected mice (figure 5.2 C). However, in comparison to the IP anti-TNF-α group, 

IP IgG group exhibited a marked loss in body weight which was significantly different 

from the anti-TNF-α group on GD / ED 11 (P < 0.05), suggesting a possible role for 

TNF-α in malaria-induced anorexia and wasting. 

Anti-TNF-α treatment rescues pregnancy: Although the IP anti-TNF-α and IP IgG 

groups experienced similar courses of infection, the pregnancy progression was greatly 

improved in mice treated with anti-TNF-α antibody (Table 5.4). While all the mice in IP 

IgG group aborted or resorbed their embryos by GD / ED 11, the IP anti-TNF-α group 

had only 15 % resorptions on GD / ED 12, which was comparable to that observed in UP 

anti-TNF-α (15 %) and UP IgG (13 %) group. These results demonstrate that removal of 

TNF-α can significantly improve fetal development in malaria infected mice. 

 To study the effect of anti-TNF-α on production of other critical cytokines, the 

level of IFN-γ and IL-10 in the plasma samples from IP anti-TNF-α group and controls 

were measured at the time of sacrifice (GD 11 for IP IgG and GD 12 for other groups). 

As observed previously (see chapter 4), UP mice did not have detectable levels of IFN-γ 

or IL-10 in the plasma (Table 5.5). However, the IP anti-TNF-α group had significantly 

higher levels of IFN-γ (versus uninfected, P < 0.004) and IL-10 (versus uninfected, P < 

0.020) in the plasma. TNF-α was not detected in the plasma from mice treated with TNF-

α neutralizing antibodies (data not shown). 

Tissue Factor and Plasminogen Activator-1 genes are upregulated in the uterus of 

aborting mice: Malaria infection has been shown to be associated with an enhanced 
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systemic procoagulant state (46, 47). To investigate whether the observed fetal loss in 

WT IP mice is related to any disturbances in the coagulation cascade the levels of TF and 

PAI-1 in the fetoplacental units from IP mice were measured by real time PCR (Figure 

5.3). TF mRNA levels were upregulated in IP mice on GD / ED 10 and 11, with greater 

than 5 fold increase in TF mRNA levels in IP mice on GD / ED 10 in comparison to UP 

mice. Similarly, the PAI-1 level also exhibited a two fold increase in IP mice undergoing 

abortion on GD / ED 11. 

Placenta sections from aborting mice had massive hemorrhage and fibrin thrombi 

formation: To further investigate the potential role of coagulopathies on fetal loss, 

histological examinations were performed on placental sections from mice undergoing 

abortion. Mice were sacrificed at different stages of infection and 5µm thick placental 

sections were stained with hematoxylin and eosin (H & E). As presented in figure 5.4, IP 

mice undergoing abortion had wide spread hemorrhage in the placenta (5.4A) and the 

hemorrhage was associated with thrombosis in maternal blood sinusoids (5.4C). 

DISCUSSION 

We have shown previously that P. chabaudi AS infection completely abrogates 

pregnancy in B6 mice (8). Pregnancy loss in IP mice was associated with increased 

production of proinflammatory cytokines in the plasma, spleen and placenta cell culture 

supernatants (see chapter 4). Proinflammatory cytokines are shown to be involved in the 

protection as well as pathology during malarial infection in humans and mice (9, 48, 49). 

The results from this study demonstrated that both IFN-γ and TNF-α are involved in 

malaria-induced pathology and fetal loss.  
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IFN-γ is a critical cytokine involved in protection against primary P. chabaudi AS 

infection in B6 mice (9). Depletion of IFN-γ or IFN-γ receptor deficiency have been 

shown to be associated with prolonged acute phase parasitemia and greater mortalities in 

P. chabaudi AS-infected mice suggesting an important role for IFN-γ in the control of 

malaria infection in mice (50, 51). An early Th1 and IFN-γ response have also been 

described for both lethal and non-lethal P. yoelii infections and a lethal P. vinckei vinckei 

infection (37). Furthermore, IFN-γ production correlated with protection against P. 

falciparum infection in humans (52). In agreement with these observations, WT mice 

regardless of pregnancy status were able to clear the parasitemia and survive the 

infection. In contrast, deficiency of IFN-γ was associated with severe clinical outcome in 

IP and INP mice. IP KO mice experienced a significantly higher parasitemia, severe 

anemia and marked loss of weight compared to IP WT mice and succumbed to infection 

by GD / ED 15. Although the differences were not statistically significantly different, the 

parasitemia and anemia levels were higher in IP KO mice compared to INP KO mice 

during the early stages of infection, suggesting a role for pregnancy in modulating the 

course of malarial infection. This was consistent with the accelerated development of 

parasitemia and anemia reported in IP WT mice (8). In contrast to WT mice, which 

regained their hematocrit values and body weights as they started clearing the 

parasitemia, IP and INP KO exhibited a continuous downward trend in their body 

weights and hematocrit values until they succumbed to infection. None of the IP KO 

mice survived beyond GD / ED 15. Paradoxically, although IP KO mice experienced a 

more severe clinical course, their pregnancy progression was improved. Compared to 
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wild type mice that failed to maintain any viable fetuses beyond GD / ED 11, IP mice had 

only 11%  resorptions at the same time.  

 During normal pregnancy IFN-γ is produced by different cell types in the uterus 

(53-55). Uterine NK cells are thought to be the major source of placental IFN-γ in mice 

(20, 56). When produced in appropriate quantities, uteroplacental IFN-γ production is 

thought to function in normal implantation and fetal development (20). However, 

excessive production of this cytokine could be detrimental to the fetus (57, 58). 

Exogenous administration of IFN-γ to normal pregnant mice has been shown to induce 

fetal resorptions (58). The exact mechanism by which IFN-γ induces fetal loss is not 

clear. In humans, IFN-γ has been shown to be capable of inducing the apoptosis of 

cultured term trophoblast cells (59, 60). It is also possible that IFN-γ may be mediating 

pathology through induction of downstream effector molecules. The fact that IP KO mice 

failed to maintain viable pregnancies beyond GD / ED 15 indicates a possible role for 

other factors in malaria-induced fetal loss. In agreement with this, elevated levels of 

TNF-α, a known embryotoxic factor, were observed in the plasma samples from IP KO 

mice. In addition to IFN-γ, a major cytokine implicated in activating macrophages to 

produce TNF-α, nonpregnant infected KO mice are capable of producing TNF-α (9). 

This is thought to be mediated through direct activation of monocytes or macrophages by 

malarial parasites and their soluble antigens such as glycosylphosphatidylinositols (61) 

and insoluble hemozoin (heme polymer produced as a by-product of intraerythrocytic 

hemoglobin catabolism by malarial parasites) (62).  

 In this study, IP KO mice exhibited a sustained high level of TNF-α in the 

plasma, which is in contrast to an upward and then downward pattern observed in WT 
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mice during the later stages of infection (see chapter 4). One probable reason for this 

could be the dysregulated kinetics of IL-10 production. The IL-10 level peaked on GD / 

ED 9 in IP KO mice, two days earlier than the peak observed in INP KO mice. By GD / 

ED 12 IP KO mice exhibited a complete suppression of plasma IL-10 level. Thus the 

high level of TNF-α, in the absence of IL-10, may contribute to the pathologies observed 

in IP KO mice, including fetal loss. IL-10 is a cytokine that plays an important role in 

preserving the fetal allograft through suppression of abortifacient cytokines TNF-α and 

IFN-γ (45). Administration of IL-10 reversed fetal resorptions in a mouse model for 

stress-induced abortion (63), and missed abortions in humans are thought to be associated 

with low IL-10 with high IFN-γ production by the decidual cells (64). 

 The abortifacient effect of TNF-α has been demonstrated in a number of studies. 

Administration of high levels of exogenous TNF-α or LPS to normal pregnant mice can 

induce embryonic death (65, 66), and blockade of TNF prevented fetal loss in murine 

models of stress-induced abortion (67). However, the exact mechanism by which TNF-α 

induces fetal loss is not clear. It is possible that TNF-α may be inducing a thrombotic 

event in the uterus through upregulation of procoagulants (68). In agreement with this 

there was more than five-fold increase in the expression of TF gene in the fetoplacental 

units from mice undergoing abortion. Furthermore, the placentae from aborting mice had 

severe hemorrhage and fibrin thrombi formation in the maternal blood sinusoids. 

However, it remains to be determined if these events precede (and thus induce) fetal loss, 

or are simply markers of other local pathological events. 

TF is a 47- kD protein that initiates the clotting cascade by binding to coagulation 

factor VIIa and ultimately yielding thrombin which converts fibrinogen to fibrin. In 
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addition to proinflammatory cytokines, P. falciparum-infected erythrocytes can also 

induce TF expression on activated endothelial cells (69). Furthermore, accumulation of 

macrophages positive for TF staining is also reported in the placentas from P. 

falciparum-infected women (70). Constitutive expression of TF has been demonstrated in 

syncytiotrophobalst cells and perivascular cells and is thought to be involved in normal 

hemostasis (71-73). However, induced expression of TF is associated with life-

threatening thrombosis in a variety of pathological conditions including sepsis, 

atherosclerosis and cancer (74-76), and at the maternofetal interface TF activation was 

associated with fetal loss in thrombomodulin-deficent mice (77).  

 In this model, the identity of cells expressing TF in the uterus of aborting mice is 

not known. Since the fetal loss in this model was not associated with mononuclear cell 

accumulation in the placenta, it is possible that the TF expressing cells could be fetal 

trophoblast cells. Furthermore, whether there are any alterations in the systemic levels of 

coagulation factors in IP mice as reported in the case of P. falciparum infection (47) is 

also not known. Our laboratory is currently investigating this possibility. However, there 

was an upregulation of PAI-1 mRNA in the fetoplacental sections from aborting IP mice. 

PAI-1 blocks fibrinolysis by suppressing tissue type plasminogen activator (tPA) (78). 

Moreover, placental PAI-1 levels are shown to positively correlate with the severity of 

preeclampsia and intrauterine growth retardation in humans (79, 80). Thus, an increase in 

PAI-1 along with elevated TF level may contribute to clot formation and accumulation in 

the placenta.   

Accumulation of iRBCs in the maternal intervillous space is a characteristic 

feature of malarial infection during pregnancy in humans. An increased accumulation of 
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P. chabaudi AS iRBCs in maternal blood sinusoids of the placentae from mice 

undergoing abortion is also observed (8). Furthermore, P. falciparum-infected 

erythrocytes expose phosphatidyl serine on their surface which has been shown to be 

important for clot formation (81). Thus, it is possible that the accumulation of iRBCs in 

the placenta along with high levels of proinflammatory cytokines may provide a 

favorable environment for the progression of coagulation cascade in the placenta leading 

to the formation of fibrin thrombi and ultimately fetal loss through loss of blood supply. 

Taken together, the results from this study demonstrated that both IFN-γ and 

TNF-α are involved in fetal loss observed during the acute stage of malarial infection in 

pregnant B6 mice. The fact that the IFN-γ deficiency improved the fetal progression even 

as the mother dies of the infection further confirms the detrimental effect this cytokine 

can have on the fetus. However, it seems in this model system the IFN-γ is mediating its 

embryotoxic effects indirectly through induction of downstream effector molecules, 

especially TNF-α. Furthermore, the increased expression of procoagulants in the uterus 

of aborting mice is consistent with the procoagulant state reported in human malarial 

infection (70), making this model an ideal choice for further investigation of complex 

interactions between proinflammatory cytokines and coagulation factors in malarial 

pathogenesis and poor pregnancy outcome.  
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Figure 5.1.  

Parasitemia, hematocrit and weight change in P. chabaudi AS-infected IFN-γ gene 

knock out (KO) and control B6 (WT) mice.  

Eight-nine week old KO or WT mice were injected intravenously with 1000 P. chabaudi 

AS-infected erythrocytes or 200 µl of PBS (control mice) per 20 grams of body weight 

on GD/ED 0. Percent parasitemia (A, B) from Giemsa-stained thin smears, hematocrit (C, 

D) of tail vein blood and weight (E, F) were assessed at one-two day intervals as shown. 

Mice were divided into six groups: infected, nonpregnant knock out (INP KO), 

uninfected, pregnant knock out (UP KO), infected, pregnant knock out (IP KO) (Figure 1 

A, C and E) and infected, nonpregnant wild type (INP WT), uninfected, pregnant wild 

type (UP WT), and infected, pregnant wild type (IP WT) (Figure 1 B, D and  F). KO 

mice were sacrificed at days 6, 8, 9, 10, 11 and 12 in two serial sacrifice studies.  WT 

mice were sacrificed at the time of abortion. Starting sample sizes: INP KO, n = 30; UP 

KO, n = 23 and IP KO, n = 28. Number of mice sacrificed (INP KO, UP KO, IP KO) at 

each GD/ED; GD/ED 6: 4, 5, 4; GD/ED 8: 4, 4, 4; GD/ED 9: 4, 5, 4; GD/ED 10: 3, 3, 3; 

GD/ED 11: 7, 3, 5; GD/ED 12: 8, 3, 8.  The number of mice sacrificed for WT mice 

(INP, UP and IP) on GD/ ED 11 = 6, 8 and 7.  All data presented are mean ± standard 

error of the mean (SEM). The Y axis on E and F begins at 15 g to avoid compression and 

poor visualization of the data.  Statistical differences, all P < 0.05, Proc GLM, Tukey.  

HEMATOCRIT: GD/ED 9: IP WT < UP KO; GD/ED 10: IP KO < all, INP KO < INP 

WT, IP WT < uninfected; GD/ED 11: IP KO < uninfected and INP WT, INP KO < 

uninfected, INP WT < uninfected, IP WT < uninfected; GD / ED 12: IP KO < UP KO, 

INP KO < UP KO. WEIGHT: GD/ED 7, 8: INP KO < IP KO, INP WT and INP KO < 
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UP; GD / ED 9: IP KO, INP KO and INP WT < UP KO; GD/ED 10, 11: infected < 

uninfected; GD/ED 12, IP and INP KO < UP KO.  PARASITEMIA: Proc MULT TEST; 

GD/ED 8: IP and INP WT < IP KO, P < 0.014, INP WT < INP KO, P = 0.014; GD / ED 

9: IP and INP WT < IP KO, P < 0.010, INP WT < INP KO, P = 0.029; GD / ED 10: IP 

and INP WT < IP KO, P < 0.003, IP and INP WT < INP KO, P < 0.010.  
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Figure 5.2.  

Development of parasitemia, anemia and weight chanage in P. chabaudi AS-infected 

B6 mice treated with anti-TNF-α antibody or IgG. 

Infections were initiated as described under the legend to figure 1. IP and UP mice were 

treated with antiTNF-α antibodies or rat IgG. Percent parasitemia (A) from Giemsa-

stained thin smears, hematocrit (B) of tail vein blood, and weight (C) were assessed at 

one-two day intervals as shown. Mice were divided into four groups: infected, pregnant 

anti-TNF (IP anti-TNF), infected, pregnant IgG (IP IgG), uninfected, pregnant anti-TNF 

(UP antiTNF), and uninfected, pregnant IgG (UP IgG). IP IgG mice were sacrificed at the 

time of abortion and IP anti-TNF, and UP mice were sacrificed on GD / ED 12. Sample 

sizes were for anti-TNF and IP IgG group, n = 5, for UP IgG group, n = 4; for UP anti-

TNF, n = 3. All data presented are mean ± standard error of the mean (SEM). The Y axis 

on E, F begins at 15 g to avoid compression and poor visualization of the data.  Statistical 

differences, all P < 0.05, Proc GLM, Tukey unless otherwise noted. HEMATOCRIT: GD 

/ ED 10: infected < uninfected, GD / ED 11: infected < UP anti-TNF, GD / ED 12: IP 

anti-TNF < uninfected. WEIGHT: GD / ED 10: IP IgG < UP IgG; GD / ED 11: infected 

< UP IgG, IP IgG < UP anti-TNF, IP IgG < IP anti-TNF; GD / ED 12: IP anti-TNF < 

uninfected. 

 194



0

5

10

15

20

25

30

35

PA
R

A
SI

TE
M

IA
 (%

)

IP IgG
IP antiTNF

0

10

20

30

40

50

60

H
EM

A
TO

C
R

IT
 (%

)

UP IgG
UP antiTNF
IP IgG
IP antiTNF

15

17

19

21

23

25

0 1 2 3 4 5 6 7 8 9 10 11 12
GESTATION / EXPERIMENT DAY

W
EI

G
H

T 
(G

)

UP IgG
UP antiTNF
IP IgG
IP antiTNF

 195



Figure 5.3.  

Upregulation of tissue factor (TF) and plasminogen activator inhibitor (PAI) -1 gene 

in the uterus of aborting mice.  

Infections were initiated as described under the legends to figure 1. Mice were sacrificed 

on GD / ED 9, 10 and 11. RNA was extracted and gene expression changes assayed by 

real-time reverse-transcription PCR. n = 3 for GD / ED 9, n = 1, GD / ED 10 and n = 4 

GD / ED 11. 
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Figure 5.4.  

Histopathological lesions in the placenta from aborting, P. chabaudi AS-infected 

mice 

 Mice were infected as indicated in legends to Figure 1. A-C: photomicrograph of 

hematoxylin and eosin stained 5µm sections. A. Widespread hemorrhage (arrows) in 

placental tissue from a day 10 aborting mice (fetus, (F)). B. Cross section of day 10 UP 

embryo. C. Fibrin thrombus (Th) in maternal blood sinusoid in placenta section from day 

9 IP embryo. P = Placenta.   
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Table 5.1.   

Pregnancy progression in P. chabaudi AS-infected, pregnant and uninfected, 

pregnant knockout and wild type mice.  

Mice were sacrificed on GD / ED 11 to assess the pregnancy success. Resorptions were 

scored by examination of uteri under a dissection microscope. For IP KO group, n = 4; 

for IP WT group, n = 8, for UP KO group, n = 3; for UP WT group, n = 7. 
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INFECTION GROUP Mean # of Viable / 
Total Fetuses % Resorption 

IP KO 8 / 9 11.26 

IP WT 1 / 7 79 

UP KO 8 / 8 4.16 

UP WT 6 / 6 0.02 
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Table 5.2.  

Pregnancy progression in P. chabaudi AS-infected, pregnant and uninfected, 

pregnant knockout mice.  

Mice were sacrificed on days indicated to assess pregnancy success to that point. 

Resorptions were scored by examination of uteri under a dissection microscope. 

aGestation day; bTotal number of resorptions per total number of fetuses; cFisher’s exact 

test. 
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GDa 
IP KO 

resorp-
tionsa 

N 
UP KO 
resorp-
tionsb 

N P valuec 

6 0/44 6 0/29 5 NA 
8 0/48 6 0/30 4 NA 
9 0/33 4 0/40 5 NA 
10 6/52 6 0/22 3 0.17 
11 4/34 4 1/24 3 0.39 
12 39/65 9 0/19 3 0.0001 
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Table 5.3. 

TNF-α and IL-10 level in the plasma samples from IP KO, INP KO and UP KO 

mice.  

Mice were infected as indicated in the legends to figure 1.Mice were sacrificed at 

indicated time points and plasma samples were assayed for cytokine level by ELISA. 

Median and interquartile range are presented. Number of mice sacrificed (IP KO, UP KO, 

and INP KO, respectively) at each GD/ED was as follows: at GD/ED 6, n = 5, 3, and 4; at 

GD/ED 8, n = 4, 4, and 3; at GD/ED 9, n = 4, 5, and 4; at GD/ED 10, n = 5, 3, and 3; at 

GD/ED 11, n = 4, 4, and 3; at GD/ED 12, n = 6, 3, and 6. The following statistically 

significant differences were observed for comparisons by Wilcoxon rank sum test: for 

TNF-α, IP KO versus UP KO (GD / ED 8, 9 and 12), P < 0.043; IP KO versus INP KO 

(GD / ED 9), P = 0.023; INP KO versus UP KO (GD/ED 8), P = 0.021. For IL-10: IP KO 

versus UP KO (GD / ED 9 and 10), P < 0.049; INP KO versus UP KO (GD / ED 10 and 

11), P < 0.037.  
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TNF (pg/ml) IL-10 (pg/ml) GD 
IP KO UP KO INP KO IP KO UP KO INP KO 

6 0, 
0-0 

2 
0-17.5 

10 
0.4-21 

0, 
0-10 

0, 
0-0 

0, 
0-0 

8 35, 
9-102 

0, 
0-0 

19, 
11-25 

224, 
117-293 

0, 
0-0 

894, 
0-1745 

9 43, 
37-100 

19, 
5-20 

16, 
4-30 

640, 
522-1042 

0, 
0-0 

728,
357-937 

 

10 31, 
19-46 

23, 
0-45 

47, 
15-1695 

217, 
182-294 

0, 
0-0 

343, 
53-770 

11 82, 
9-397 

0.19, 
0-26 

10, 
8-11 

44, 
30-61 

9, 
4-48 

941, 
826-1057 

12 42, 
6.5-81 

0, 
0-0 

16, 
8-30 

0, 
0-0 

0, 
0-0 

35, 
0-118 
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Table 5.4.  

Pregnancy progression in P. chabaudi AS-infected B6 mice treated with anti-TNF-α 

antibody or IgG.  

Infections were initiated as described in the legends to figure 1. IP and UP mice were 

treated with anti-TNF-α antibodies or rat IgG as described under materials and method 

section. IP IgG mice were sacrificed at the time of abortion (GD / ED 11). IP anti-TNF, 

UP anti-TNF and UP IgG groups were sacrificed on GD / ED 12 to assess the pregnancy 

success. For IP anti-TNF group, n = 5; for IP IgG group, n = 5, for UP antiTNF group, n 

= 3; for UP IgG group, n = 4. 

 206



 

 

 

Treatment Group 
(day12) 

Mean # of Viable / 
Total Fetuses % Resorption 

IP IgG (at 
abortion) 0 / 4 100 

IP anti-TNF-α 7 / 8 15 

UP IgG 7 / 8 13 

UP anti-TNF-α 7 / 9 15 
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Table 5.5. 

IFN-γ and IL-10 levels in the plasma samples from P. chabaudi AS-infected B6 mice 

treated with anti-TNF-α antibody or IgG.  

Infections were initiated as described in the legends to figure 1. IP and UP mice were 

treated with anti-TNF-α antibodies or rat IgG as described under materials and method 

section. IP IgG mice were sacrificed at the time of abortion (GD / ED 11). IP anti-TNF, 

UP anti-TNF and UP IgG groups were sacrificed on GD / ED 12. For IP anti-TNF group, 

n = 5; for IP IgG group, n = 5, for UP anti-TNF group, n = 3; for UP IgG group, n = 4. 
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Treatment Group 
(day12) IFN-γ (pg / ml) IL-10 (pg / ml) 

IP IgG (at abortion) 110, 
92-368 

106, 
19-161 

IP anti-TNF-α 186, 
138-645 

103, 
69-344 

UP IgG 0, 
0-19 

0, 
0-0 

UP anti-TNF-α 0, 
0-50 

0, 
0-0 
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CHAPTER 6 

SUMMARY AND CONCLUSION 
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It is generally accepted that the physiological, anatomical and immunological changes 

happening in pregnant women to accommodate the developing embryo also make her 

more susceptible to various disease conditions. Malaria during pregnancy is one such 

condition that has been shown to be more severe in pregnant women compared to their 

nonpregnant counterparts or men. About 30 million pregnancies occurring each year 

among women living in high malaria endemic areas of Africa are at risk of developing 

the disease. The majority of the morbidity and almost all of the mortalities are due to the 

blood stage life cycle of P. falciparum and pregnant women and children living in sub 

Saharan Africa are the major risk group for developing severe disease. An understanding 

of the basic cellular and molecular mechanisms involved in immune activation and its 

regulation in malaria-infected pregnant women is critical in developing competent 

interventions for use against malarial infection during pregnancy.  

 Normal pregnancy is thought to require a bias against a Th1 or proinflammatory 

cytokine environment and a delicate balance between Th1 and Th2 cytokines both 

systemically and at the placental level is essential for successful pregnancies. However, 

several parasitic infections, including malaria, that require the development of a Th1 

cytokine response for protection against the infection can alter this balance and can lead 

to poor pregnancy outcomes. Indeed, malarial infection during pregnancy has been 

shown to be associated with poor pregnancy outcomes such as abortion, stillbirth and 

preterm labor in the case of women living in low endemic areas. Although fetal loss is 

one of the most severe consequences of malarial infection, our understanding of the 

molecular and immunologic mechanisms of malaria-induced fetal loss is limited. One 

major reason for this is the lack of an appropriate, highly manipulable model system to 
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perform the necessary experiments. The current study was undertaken with an aim to 

develop an animal model to characterize the protective and pathogenic immune responses 

to malarial infection during pregnancy. For this, Plasmodium chabaudi AS, a rodent 

malarial parasite that closely resembles P. falciparum, was used to infect pregnant 

C57BL/6 mice. This model system allowed us to take advantage of the recent advances in 

immunology and mouse genetics to address the immunopathogenesis of malarial 

infection during pregnancy. 

 The small dose of P. chabaudi AS (1000 iRBCs per 20 gram of body weight 

intravenously) used in this study was not lethal to pregnant mice. IP mice experienced 

parasitemia, anemia and weight change comparable to INP mice. However, successful 

pregnancies were totally compromised. All IP mice failed to maintain viable pregnancies 

beyond gestation day 11. Additionally the fetal loss was associated with an accumulation 

of iRBCs in the maternal blood sinusoids in the placenta.  

 Since IP mice survived the infection, we hypothesized that the IP mice also 

develop an early Th1-cytokine biased-immune response as reported in the case of 

nonpregnant mice. The second study was undertaken to investigate this possibility. As 

predicted, IP mice exhibited elevated levels of proinflmmatory cytokines IFN-γ, TNF-α, 

IL-1β and also a regulatory cytokine IL-10 in the plasma. Although malarial infection 

impaired the ability of spleen cells from IP and INP mice to proliferate in response to 

mitogens, they produced IFN-γ, TNF-α and IL-10 in the culture medium either 

spontaneously or in response to malarial antigen or mitogens. Additionally, placenta cells 

from IP mice produced elevated amounts of IFN-γ in the culture medium spontaneously. 

However, the source of IFN-γ at the placental level during malarial infection is not 
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known. Since placenta cells from heterozygous embryos failed to produce IFN-γ in the 

culture supernatants, the source of this cytokine could be maternal. 

 Both IFN-γ and TNF-α are produced during normal pregnancy and are thought to 

have functions in normal implanation and fetal development. However, the same 

cytokines are also known embryotoxic agents. The role of IFN-γ and TNF-α in P. 

chabaudi AS-infected pregnant mice was investigated in the next study. IFN-γ deficiency 

resulted in a more severe clinical outcome characterized by high peak parasitemia, severe 

anemia and marked loss of weight in IP KO mice. Infected KO mice regardless of 

pregnancy status succumbed to infection by GD / ED 15. However, in comparison to WT 

mice, the time to fetal death was improved in IP KO mice. The deficiency of IFN-γ also 

altered the kinetics of other important cytokines such as TNF-α and IL-10 in IP KO mice. 

On the other hand, within the parameters of this study neutralization of TNF-α rescued 

the pregnancy in IP mice. While IP IgG group failed to maintain viable pregnancies 

beyond GD / ED 11, antibody-treated mice had viable fetuses in their uteri at sacrifice on 

GD / ED 12. The fetal loss in IP mice was also associated with widespread hemorrhage 

and fibrin thrombi formation in the maternal blood sinusoids of the placenta. These 

observations suggest that the proinflammatory cytokines may be inducing a coagulation 

cascade in the uterus of aborting mice. Indeed, there was an upregulation of TF and PAI-

1 genes in the fetoplacental units from aborting mice.  

 The final experiment was conducted to study whether the fetus is playing any role 

in the observed placental pathology. For this an in vitro system was developed by 

culturing ectoplacental cone cells from GD 7 embryos. The trophoblast cells cultured in 

the presence of iRBCs exhibited phagocytosis of iRBCs and produced TNF-α in the 
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culture medium suggesting that the fetal cells may also be playing a role in the fight 

against the malarial infection at the maternofetal interface and may indirectly contribute 

to the fetal loss through production of harmful cytokines. 

 In conclusion, P. chabaudi AS infected naïve mice experienced accumulation of 

iRBCs in the placenta and aborted or resorbed their embryos by mid gestation. The fetal 

loss was associated with enhanced production of proinflammatory cytokines in the 

plasma, spleen and placenta cell culture supernatants. Placentae from mice undergoing 

abortion exhibited an upregulation of procoagulants and on histological examination had 

severe hemorrhage and fibrin thrombi formation in the maternal blood sinusoids. In 

addition, fetal trophoblast cells exhibited phagoytosis of iRBCs in vivo and produced 

TNF-α in the culture medium following phagocytosis of iRBCs in vitro suggesting that 

the fetus is also actively contributing to the immune defense against malarial infection at 

the placental level.  
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