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Preface

Malaria is still a major global health problem, killing more than one million
people every year. Almost all of these deaths are caused by Plasmodium
falciparum, one of the four species of malaria parasites infecting humans.
This high burden of mortality falls heavily on sub-Saharan Africa, where
over 90% of these deaths are thought to occur, and 5% of children die before
the age of 5 years. The death toll from malaria is still growing, with malaria-
specific mortality in young African children estimated to have doubled during
the last 20 years. This increase has been associated with drug resistance of
the parasite, spread of insecticide-resistant mosquitoes, poverty, social and
political upheaval, and lack of effective vaccines.

Failure of the host to control a malaria infection is in part related to the
complexity of the parasite and the interaction with the immune system of
the host. Although there is now considerably more investment in malaria
research, and there are encouraging signs in vaccine development, we are a
long way from understanding the nature and control of protective immunity
or the pathological consequences of the host’s response to Plasmodium. With
the major advances in knowledge in basic immunology, inflammation, and the
genomic information on the host, vector and parasite, we are now in a position
to elucidate the key unknowns in the immune response to malaria. What
initiates the immune response? How is it regulated? What are the mechanisms
of immune evasion employed by the parasite? What are the key molecules of
the parasite that induce protective immune responses?

The early interaction of the parasite with the host is important in deter-
mining the nature of the subsequent acquired response and the pathology
associated with the severe complications of malaria such as cerebral malaria,
severe anemia, and hypoglycemia. Thus the manner in which the malaria par-
asite activates the innate immune system and the cytokines and chemokines
induced will all influence the magnitude of the inflammatory response and the
types of T and B cell responses elicited. An understanding of these processes
might enable us to determine the level at which host responses contribute
to malarial disease, or might allow us to dissect out protective from patho-
logical processes, and thus lead to some immunologically based intervention
strategies.
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Immunity to malaria develops slowly and protection against the parasite
occurs later than protection against disease symptoms. Because of the differ-
ent location of the parasite and the different antigens expressed at the liver
and blood stages, the relevant immune responses and their specificity and
regulation will not be same for the liver and blood stages of infection. A
thorough understanding of the mechanisms and antigens recognized at both
these stages, and the differentiation of immunity to disease and infection,
will be important for the construction of an effective vaccine. For each stage
of the infection there are several potential targets of the protective immune
response; molecules on the surface of sporozoites, infected liver cells, blood-
stage merozoites, and infected red blood cells have been identified. Genomic
research will identify many more.

In addition to consideration of specificity of the protective response, par-
ticular parasite antigens may be specifically expressed in individuals under
certain conditions. For example, despite acquisition of immunity through
exposure to malaria, women in endemic areas have a high risk of severe
malaria during the first and second pregnancy. A key feature of this is the
accumulation of parasites in the placenta, which may be binding to placental
endothelium via specific molecules that are not expressed on parasites in the
circulation. Obviously if this is the case then understanding of the nature of
these molecules, and how they relate to pregnancy-associated malaria, will be
important.

The host response to malaria can clearly result in pathology. Glycosylphos-
phatidylinositols (GPIs) of the parasite, which anchor a range of Plasmodium
molecules to cell surfaces, are considered likely candidates to induce host
inflammatory responses, fever, and other pathology. Antibodies to these GPIs
may ameliorate the severity of disease and thus could potentially be used ther-
apeutically. One of the most severe complications of Plasmodium falciparum
malaria is cerebral malaria (CM). The pathogenesis of CM is complex and
not easy to dissect in the human host. Although not perfect replicas of the
human disease, Plasmodium infections in rodents have given us significant
insights into the role of inflammatory and regulatory responses in CM and
therefore may be able to provide us with useful information for intervention
and treatment.

Malaria infections are chronic, and immunity can wane rapidly despite
the presence of some long-lived responses. Several questions arise from these
observations. Are these manifestations of defects in the immune response
specific to malaria infections or are they similar to responses to other infec-
tious diseases? Why are some responses short-lived, and is chronic infection
necessary to maintain immunity?



Preface VII

This collection of reviews addresses many of these important issues of
malarial immunity and immunopathology. They are of interest not only to
malariologists, but hopefully also to the broader immunological community.
Strong interactions with and feedback from immunologists working in other
infectious diseases and in basic immunology will help us to move the field of
malaria immunology and therapeutic intervention forward more quickly.

London, February 2005 Jean Langhorne
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Abstract Multiple injections of γ-radiation-attenuated Plasmodium sporozoites (γ-
spz) can induce long-lived, sterile immunity againstpre-erythrocytic stagesofmalaria.
Malaria antigen (Ag)-specific CD8 T cells that produce IFN-γ are key effector cells in
this model of protection. Although there have been numerous reports dealing with
γ-spz-induced CD8 T cells in the spleen, CD8 T cells most likely confer protection by
targeting infected hepatocytes. Consequently, in this chapter we discuss observations
and hypotheses concerning CD8 T cell responses that occur in the liver after an en-
counter with the Plasmodium parasite. Protracted protection against pre-erythrocytic
stages requires memory CD8 T cells and we discuss evidence that γ-spz-induced
immunity is indeed accompanied by the presence of intrahepatic CD44hi CD45RBlo

CD62llo CD122lo effector memory (EM) CD8 T cells and CD44hi CD45RBhi CD62lhi

CD122hi central memory (CM) CD8 T cells. In addition, the EM CD8 T cells rapidly
release IFN-γ in response to spz challenge. The possible role of Kupffer cells in the
processing of spz Ags and the production of cytokines is also considered. Finally, we
discuss evidence that is consistent with a model whereby intrahepatic CM CD8 T cells
are maintained by IL-15 mediated-homeostatic proliferation while the EM CD8 T cells
are conscripted from the CM pool in response to a persisting depot of liver-stage Ag.

1
Introduction

The participation of major histocompatibility complex (MHC) class
I-restricted CD8 T cells as key effectors in protective immunity against
pre-erythrocytic-stage malaria infection has been firmly established.
Evidence supporting the effector function of CD8 T cells is based on studies
in human [37,68] and animal [6, 93, 106] models of protection induced by
radiation-attenuated (γ) plasmodia sporozoites (γ-spz) as well as from ob-
servations in malaria-endemic areas [34]. The effector function is associated
mainly with the production of inflammatory cytokines such as interferon
(IFN)-γ or tumor necrosis factor (TNF)-α that mediate elimination of the
parasite within the hepatocytes by the nitric oxide (NO) pathway [72, 97].
CD8 T cells have also been shown to exhibit cytolytic activity against targets
that express antigens belonging to the pre-erythrocytic-stage parasites [68].
Most important, liver memory CD8 T cells capable of rapidly producing
IFN-γ accompany protracted protective immunity induced by γ-spz [6].
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The overwhelming evidence for CD8 T cells as the key effectors mediating
protection against pre-erythrocytic-stage parasites forms the basis for the
development of the various platforms of pre-erythrocytic-stage malaria
vaccines such as RTS,S, which has been shown to confer short-lived protection
in both malaria-naïve [101] and malaria-exposed persons [80].

Despite the wealth of observations, complete understanding of protective
CD8 T cells requires the resolution of critical questions concerning their
induction, formation, and maintenance of immunologic memory, exquisite
antigen specificity, and target antigens. These mechanisms are inextrica-
bly linked to the mode of processing and presentation of exo-erythrocytic
antigens, processes that remain unexplored in the Plasmodia system. Con-
sequently, most of our current understanding of the involvement of CD8 T
cells during liver-stage malaria infection is still in the realm of hypotheses
and ideas based on observations whose resolution continues to be hampered
by the modus vivendi of this enigmatic parasite.

Extensive reviews of the literature on immune responses considered to play
a role in anti-malarial protective immunity have previously been published
in other books and journals [15, 36, 40, 41, 74]; however, responses that occur
specifically in the liverduring the liver-stage infectionare lesswellunderstood.
In this chapter we will concentrate on observations and offer hypotheses
concerning CD8 T cell-mediated responses that are induced and/or occur in
the liver during the encounter with the Plasmodium parasite.

2
Plasmodia Parasites in the Vertebrate Host

Malaria infection is initiated when sporozoites are inoculated into a vertebrate
host from the salivary glands of an Anopheles mosquito. The sporozoites are
transported via the blood to the liver where they invade hepatocytes, an oblig-
atory venue for schizogony. The mechanism by which Plasmodia sporozoites
enter and localize within hepatocytes has been partially delineated [10, 24,
25]. Maturation of liver-stage parasites is characterized by amplification and
molecular changes marked by the acquisition of new protein antigens. The
fully differentiated schizonts rupture and release thousands of merozoites
that invade erythrocytes to initiate the erythrocytic phase of infection, hence
the commencement of clinical malaria.

In the vertebrate host, the parasite exhibits three phases of development—
sporozoite-, liver-, and blood-stage—which are morphologically distinct and
express to some extent unique protein profiles. Some proteins, under certain
conditions, are potent antigens for the induction of cellular or antibody re-
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sponses that provide protective immunity against the infection or the disease.
The circumsporozoite surface (CS) protein, for example, is a major sporozoite-
stage antigen [76], and T and B cell responses specific for epitopes on the CS
protein correlate with protection in humans [21] and mice [93]. Sporozoite
surface protein 2 (SSP2) [88] or thrombospondin-related adhesion protein
(TRAP) [86] and CS protein also facilitate sporozoite invasion of hepato-
cytes [25, 85]. As parasites develop and replicate within the parasitophorous
vacuole in hepatocytes, they manifest liver-stage-specific antigens [31] that
appear to be the major inducers of the powerful cellular immune responses
against the pre-erythrocytic-stage parasite. Proteins that characterize the ery-
throcytic stage are thought to play a role in the invasion of red blood cells [40].

The liver, therefore, plays a key role in the life cycle of the protozoan Plas-
modium parasite as the liver-stage is considered not only pivotal for the sur-
vival of the parasite, but also as a significant period for the induction, effector
phase, and possibly the maintenance of anti-Plasmodia immune responses.
Understanding immune events that occur in the liver during natural infection
and in model systems of protective immunity will expand our knowledge of
organ-specific immune responses to plasmodia antigens and thus facilitate
exploitation of these responses to expedite progress in vaccine development
against this serious infectious disease.

3
Importance of Liver-Stage Antigens in Protection
During Natural Exposure to Plasmodia

Naturally acquired immunity is primarily directed against the blood-stage
antigens and mediated by protective antibodies [15]. Liver-stage antigen 1
(LSA-1) [113] is considered the only Plasmodia antigen that is specifically
expressed in the liver-stages, and LSA-1-specific T and B cell responses have
also been observed among residents of malaria-endemic areas. Naturally ac-
quired responses to LSA-1 peptides were first implicated in human protection
in Gambia [34] with LSA-1 peptide Is6-(a.a.1786–1794) specific CTL responses
in persons expressing the HLA-B-53 allele [35]. These and other observations
showing an association between a mild form of malaria and the expression of
HLA B-53 suggested that B53-restricted LSA-1-specific CTL responses confer
protection against a severe form of malaria [35]. Studies conducted in other
malaria-endemic regions also concluded that protective immunity in natu-
rally exposed populations is directly linked to LSA-1-specific responses [8,
13, 43, 59, 66, 67, 71]. In some instances, protective responses that lasted
over 6 months were associated with LSA-1 peptide-specific CD8 T cells pro-
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ducing INF-γ [13]. An examination of immune responses elicited with either
the LSA-J peptide (a.a.1613–1636) or the B53-restricted ls6 epitope showed
that INF-γ responses were associated with a prolonged time to reinfection
as well as a reduced risk of developing malaria-related anemia in Gabonese
children [67, 71]. Although LSA-1-specific responses characterized by other
cytokines, such as IL-10 [60], or other lymphocytes, such as CD4 T cells or B
cells [44], have also been linked to protection in P. falciparum endemic areas,
the association between CD8 T cells that produce INF-γ or mediate cytolytic
events is clearly evident during natural transmission.

CD8 CTL cells recognizing peptides of other exo-erythrocytic antigens,
including LSA-3 [2], SALSA [7], and STARP [79], have been observed both
in persons residing in areas of malaria endemicity as well as chimpanzees
exposed to γ-spz. These responses are also considered to be associated with
protective immunity.

In endemic areas, protective immunity to malaria develops gradually after
multiple exposures over many years and, although associated with a decline
in clinical manifestations of the disease, it decays rapidly once exposure to the
parasite ceases. It is not clear why long-term protection does not persist. We
hypothesize that the tolerant milieu of the liver, sequestration of the liver-stage
antigens within hepatocytes, and relatively short duration of the liver-phase
infection are in part responsible for the lack of memory CD8 T cells. Others
postulate that a phenomenon known as altered peptide ligand resulting from
polymorphisms at regions recognized by CD8 T cells induces antagonistic ef-
fects that interfere with the priming and the survival of memory T cells [81].
Furthermore, poor immunogenicity may also stem from inadequate immu-
nizing doses or infrequent exposure, such as occurs in hypoendemic areas.

4
A Model of Protective Immunity Induced
by Radiation-Attenuated Plasmodia Sporozoites

Exposure of humans [12, 84] and laboratory rodents [75] to multiple doses
of γ-spz leads to sterile and lasting protection against the development of
erythrocytic-stage infection after sporozoite challenge. γ-spz carrying the
sporozoite-associated CS protein and SSP2 invade the liver where they un-
dergo aborted development [112]. In hepatocytes, the parasite no longer
produces CS protein de novo but begins to express liver- and blood-stage anti-
gens [41]. Nonetheless, γ-spz fail to establish an erythrocytic-stage infection.
It is believed that radiation partially retards the maturation of the parasite and
that under-developed liver schizonts remain in the liver forming an antigen
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depot, a step that is considered critical for induction of local antigen-specific
protective immunity [56]. Findings by Scheller and Azad [92] that protection
is abrogated by primaquine, a drug that disrupts liver schizogony [5], sup-
port the notion that accumulation and persistence of liver-stage antigens are
required for the induction and maintenance of protracted protection.

4.1
γ-spz Cause a Switch from Tolerance to Inflammation in the Liver:
Role of IL-12 and IL-10

The liver is an immunotolerant organ. If the prevailing state of tolerance in
the liver attracts infectious sporozoites and allows them to expand and con-
tinue their life cycle, then some event(s) induced by γ-spz must account for
the reversal of tolerance to inflammation that is needed for the induction
as well as persistence of adaptive immune responses [54]. The mode of the
initial γ-spz interaction with toll-like receptor (TLR) molecules on cells of the
innate immune system in the liver, including Kupffer cells (KC), could trigger
a response that differs from that induced by infectious sporozoites. Before
the invasion of hepatocytes, P. berghei sporozoites enter KC [82]. Naïve KC
produce low levels of IL-10 but do not produce IL-12; however, within 6 h after
a priming dose of γ-spz, they become high IL-12 responders. The inflamma-
tory cytokine is balanced by equally prompt upregulation of IL-10.The levels
of both cytokines abate after boost immunizations with γ-spz. In contrast,
infectious sporozoites do not activate naïve KC to produce IL-12 and actually
down-regulate IL-10 [100]. The importance of enhanced IL-12 levels before
sporozoite challenge was demonstrated previously in a protection study based
on administration of IL-12 in vivo [94]. Others have shown that IL-12 is a crit-
ical cytokine for the development of CD8 T cell responses to pre-erythrocytic-
stage malaria [17]. We propose that a cascade of pro-inflammatory cytokines
released during the phase of innate immunity induced by γ-spz leads to tem-
porary local inflammation, which is perceived as a “danger signal” needed to
trigger proper responses from the adaptive immune system [70].

4.2
Mode of Sporozoite Entry into Liver Antigen Presenting Cells

The molecular form of the sporozoites might also influence the mode of sporo-
zoite entry into KC, which, in turn, might dictate intracellular localization of
sporozoites, as has been recently shown for dendritic cells (DC) interacting
with other parasites [11]. On the basis of studies conducted in vito [26, 82], the
entry of infectious sporozoites is mediated by membrane:membrane fusion
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and parasites localize in a vacuole that does not co-localize with lysosomes so
that the sporozoites avoid metabolic degradation before safely reaching hepa-
tocytes. Frozen/thawed P. berghei sporozoites are phagocytized by KC [82], as
are infectious sporozoites in the presence of P. berghei-immune serum [96].
However, neither the frozen/thawed nor infectious sporozoites induce pro-
tective immunity.

Conceivably, γ-spz could also be internalized by phagocytosis and chan-
neled to phagosomes for metabolic degradation and export by MHC class II
and I molecules. A significant upregulation of MHC class I is evident on KC af-
ter sporozoite challenge of γ-spz-immune mice. In sharp contrast, MHC class
I molecules are downregulated on KC during infection of naïve mice [100].
Inflammatory cytokines are known to increase the expression of MHC class
I:peptide complexes on antigen-presenting cells (APC) by inducing immune
proteasomes for more efficient generation of antigenic peptides for entry into
the ER and loading onto empty MHC class I molecules [49]. Accordingly, KC
from γ-spz-immune/challenged mice present peptides and protein antigens
to specific T cells, but the APC function of KC from mice infected with sporo-
zoites is severely reduced [100]. Thus, the interaction between KC and γ-spz
might ignite the inflammatory process that is presumed to reverse the tolerant
state in localized areas of the liver, which favors the induction of liver-stage
antigen-specific effector T cells.

5
CD8 T Cells Mediate Protective Immunity

Pioneering work by Weiss [106], based on in vivo depletion of CD8 T cells, un-
equivocally establishedCD8Tcells askeyeffectors ina rodentmodelofprotec-
tion against malaria. By demonstrating a failure to protect β2-microglobulin
knockout (KO) mice, we confirmed [110] the critical involvement of CD8 T
cells in protective immunity induced with γ-spz. More important, we estab-
lished that effector CD8 T cells are MHC class I-restricted/dependent because
protection is not transferred by γ-spz-immune (wild-type) wt cells to the β2-
microglobulin KO recipients since CD8 T cells must recognize peptides from
Plasmodium antigens presented by MHC class I on APC in the liver. Target
LSA peptides that are recognized by the effector CD8 T cells have not yet been
defined, although we and others [18] are using the combination of genomics
and bioinformatics approaches to reach this goal.

The need for proximity between effector lymphocytes and target hepato-
cytes has been revealed during both plasmodial [87] and viral infections [3].
For example, an adoptively transferred protective CD8 T cell clone specific for
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the CS protein homes to the liver and localizes in direct apposition to infected
hepatocytes [87]. Earlier immunohistologic studies revealed that challenge of
γ-spz-immune mice induces lymphocyte-rich infiltrates and granuloma for-
mation around hepatocytes harboring the parasite [50]. By contrast, in naïve
rats the cellular response occurs at the time of release of merozoites [51].
These observations led us to studies aimed at characterizing intrahepatic T
cells and determining the conditions that contribute to the maintenance of
these cells.

5.1
Are the Effector CD8 T Cells Induced in the Lymph Node or the Liver?

The initial site of induction of liver resident CD8 T cells remains unclear. It is
possible that these cells arise in the liver after interaction with liver APC such
as KC or DC that present either the sporozoite-stage antigens including CS
protein or liver-stage antigens. Alternatively, these cells might be induced in
a draining lymph node and during sporozoite challenge migrate to the liver,
where they might undergo further expansion. Although lack of evidence sup-
porting either scenario favors the prevailing view that T cell activation occurs
as a result of interaction with DC in the lymph node, the possibility of a local or
a site-specific activation of CD8 T cells remains very attractive and should be
explored. There is some evidence that effector CD8 T cells migrate to sites of
inflammation, such as the liver, after sporozoite challenge. For example, trans-
ferred TCR transgenic CD8 T cells specific for the P. yoelii CS protein peptide
SYVPSAEQI are found in the liver, where they function as effector cells [91].

5.2
CD8 CD45RBlo T Cells Persist in Livers of Mice Protected Against Malaria

P. berghei γ-spz-immune intrahepatic mononuclear cells (IHMC) contain CD4
and CD8 T cells with inducible CD44hi CD25hi and CD45RBlo phenotypic
markers [30]. Expression of CD45RB, an activation/memory marker that
changes from CD45RBhi to CD45RB lo with increased antigen exposure and
the state of cellular maturation [63, 95], differs between CD4 and CD8 T
cells. CD4 CD45RBlo T cells appear transiently and most revert to the RBhi

phenotype by 5 days after each immunization; a similar result is seen after
challengewith infectious sporozoites [30].CD8CD45RBlo Tcells arepresent in
naïve liver, but multiple immunizations with γ-spz stabilize and then increase
the RBlo phenotype. Enhanced frequencies of CD8 CD45RBlo T cells coincide
with the induction of sterile protection [30], which in C57Bl/6 mice requires
three immunizations with P. berghei γ-spz [65].
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These observations are in agreement with the transient expansion of T
cells [1, 4] and the respective roles of CD8 T cells as effector [106] cells and
CD4 T cells as inducer/helper cells [108]. It is possible that activation of CD4
T cells precedes that of CD8 T cells to create a favorable milieu in the liver for
the induction, as well as for the prevention of attrition of Plasmodia antigen-
specific CD8 T cells. This is particularly attractive because the liver is a site
where activated CD8 T cells usually die by apoptosis [14].

5.3
Are Both IL-4 and IFN-γ Needed for Protection Induced by P. berghei γ-spz?

Liver lymphocytes from mice protected by P. berghei γ-spz rapidly produce
enhanced IFN-γ with a peak response around 7 days after the challenge [6].
The release of IFN-γ, which coincides with the activation of CD8 T cells, is
preceded by elevated production of IL-4, which declines when IFN-γ reaches
its peak [56]. The reciprocal regulation between these two cytokines reflects
the precise orchestration of functional activities among T cell subsets induced
by γ-spz. It is likely that IL-4 in the liver is produced by NK T cells, whereas
IFN-γ is primarily produced by CD8 T cells [6].

If NK T cells produce IL-4, their decline in the liver after immunization
with γ-spz and/or challenge would favor development of a local inflammatory
milieu for the induction of protective immunity. We observed that a challenge
of P. berghei γ-spz-immune mice leads to a transient reduction of hepatic NK
T cells [56]. A similar phenomenon was observed during infection with Liste-
ria, where IL-4-producing CD4 NK TCRαβint liver lymphocytes decline early
during infection, presumably to promote the development of Th1-type cells,
which are essential for protection against Listeria [48]. Once immunity has
been established, IL-4 might once again increase to promote the generation
and/or maintenance of a memory pool that would include the long-lived CD8
T cells.

This notion is supported by several observations. For example, it has
also been shown that an initial infection with P. chabaudi chabaudi induces
Th1-type cells and, after clearance of the acute phase, there is a switch to
a Th2-type response [61]. The survival of P. yoelii CS protein-specific CD8
T cells depends on IL-4 secreted from CD4 T cells [9]. In a preliminary
study we also demonstrated that the most mature form of memory CD8 T
cells (CD44hiCD45RbloCD27-) is absent from CD4 KO mice owing in part to
a reduced level of IL-4. Similarly, protective immunity induced in humans
by P. falciparum γ-spz coincides with production of IL-4 by memory CD4 T
cells [78]. This view is in agreement with the observation that the effector CD8
T cells decline after inflammation has subsided [4], whereas memory CD8 T
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cells persist in a state of stasis if they are supported by lymphokine-secreting
memory CD4 T cells.

6
Function of CD8 T Cells: CTL Versus IFN-γ

Earlier studies identified CS protein- and SSP2-specific CD8 CTL to be the
pre-erythrocytic-stage effectors in γ-spz-immune mice [52, 58, 89, 107] and
in humans [19, 111]. Because CS protein is no longer synthesized once the
parasite enters the hepatocytes, a mechanism must account for the recog-
nition of CS protein determinants within the context of cell-surface MHC
class I molecules expressed on the infected hepatocytes. Curiously, protective
immunity is not interrupted in perforin and Fas KO mice, suggesting that
the effects of CD8 T cells may not involve lytic activity [83]. Hence CD8 T
cells that produce IFN-γ followed by the induction of nitric oxide synthetase
(NOS) [53] might be physiologically more relevant to the process of elimina-
tion of liver-stage parasites.

IFN-γ was one of the first cytokines shown to inhibit the hepatic stages of
rodent and human malaria both in vitro and in vivo. IFN-γ has both parasito-
static and lytic effects on the developing liver-stage parasite [72]. Injection of
IFN-γ protects mice against sporozoite challenge [23]. Moreover, immuniza-
tion with γ-spz fails to generate protective immunity in IFN-γ receptor KO
mice [102].

In P. berghei-immune mice the major source of IFN-γ is thought to be the
CD8 T cell in the liver [6]. Secretion of IFN-γ by these cells would preclude the
need for direct lysis of hepatocytes and also could account for suppression
of parasite growth in surrounding hepatocytes by the few CD8 T cells that
encounter infected hepatocytes. IFN-γ could also contribute to protection
indirectly by upregulating MHC class I and class II molecules and B7–1 and
B7–2 co-stimulatory molecules on both KC and hepatocytes. This, in turn,
would further promote activation of effector T cells.

In the P. yoelii system, transgenic CD8 T cells specific for SYVPSAEQI
have been shown to eliminate the parasite by a mechanism that depends
on rapid INF-γ production [91]. Although the anti-parasitic activity is quite
impressive, the long-term protective effectiveness of these cells has not yet
been determined. The authors also propose that protection against P. yoelii
sporozoite challenge could be achieved by a single T cell specificity, provided
that this clone has previously undergone adequate expansion to increase its
precursor frequency so that it would be effective against the load of infectious
parasites [32].
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In our view, long-term sustained protection requires various CD8 T
cell specificities, particularly those belonging to proteins expressed during
pre-erythrocytic liver-stage development. It could be envisaged that CS
protein-specific CD8 T cells initiate the effector stage of protection because
they are the first cells to produce INF-γ as soon as they encounter infectious
sporozoites. Such a protective response, however, would be effective only for
a short period after the infection. This interpretation might provide at least
a partial explanation for the restricted expansion of the CS protein-specific T
cells [32, 33]. Complete protection might require the subsequent activation of
a second wave of CD8 T cells specific for epitopes other than the CS protein,
as they would have to target hepatocytes by recognizing liver-stage antigens.
Such concerted and functionally integrated effector function provided
by CD8 T cells with multiple specificities might be necessary to provide
protection that is not just short-lived but one that can be sustained.

7
Memory CD8 T Cells

7.1
Memory CD8 T Cell Subsets

The formation of optimally effective memory T cells, either from naïve popu-
lations or from antigen-expanded effector cells, is one of the cardinal features
of antigen-specific immune responses elicited by infections or vaccinations
and it is inextricably linked to long-lasting protective immunity [1]. On the
basis of the cell surface markers indicative of activation (CD44, CD45RB,
CD122), migration (CD62L), and functional response (IFN-γ), intrahepatic
memory CD8 T cells generated by immunization with P. berghei γ-spz seg-
regate into at least two distinct subsets: (a) the dominant, IFN-γ-producing
CD44hiCD45RBloCD122loCD62Llo phenotype, hence effector memory (EM);
and (b) the indolent IFN-γ-producing CD44hiCD45RBhiCD122hiCD62Llo/hi

phenotype, hence central memory (CM). We propose that these func-
tionally and phenotypically unique subsets of liver memory CD8 T cells
form an interactive network involving different phases of cell activation
and differentiation [6]. The co-presence of distinct subsets within the
intrahepatic memory CD8 T cell pool in mice protected against malaria is
consistent with an earlier view that virally induced memory CD8 T cells are
organized into subsets on the basis of distinct functional activities and their
maturation/activation status [22, 46, 90, 103, 109].
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7.2
Effector Memory CD8 T Cells

Similar to the rapid responses mediated by influenza- and Sendai-specific
effector memory CD8 T cells [39], intrahepatic γ-spz-immune EM CD8 T cells
produce a copious amount of IFN-γ within 1–6 h after spz infection. Although
the pool of EM T cells eventually contracts and the IFN-γ response diminishes,
the IFN-γ-producing memory T cells persist at levels nearly threefold above
those found in naïve mice. IFN-γ-producing EM CD8 T cells are still found
in the livers of long-term (10 months) γ-spz-immune mice that maintain
protracted protection against a re-challenge. Although EM phenotype liver
CD8 T cells also accumulate with age in naïve mice, these cells produce
comparatively low levels of IFN-γ. Liver CD8 T cells from mice infected with
sporozoites also produce IFN-γ, yet these mice fail to be protected because the
IFN-γ response is markedly delayed and the early absence of inflammation
allows the onset of parasitemia [6].

7.3
Central Memory CD8 T Cells

The IFN-γ reactivity of the CM CD8 T cells exhibits a lag period and the
responses are low and relatively short-lived. Therefore, these cells do not ap-
pear to be directly involved in the elimination of the parasite. Instead, by
acquiring the CD122hi phenotype, the CM CD8 T cells most likely engage in
homeostatic proliferation, which qualifies them to function as a reservoir to
maintain the size of memory CD8 T cell pools [69]. CD8 CD44hiCD122hi T
cells have been shown to be highly dependent on IL-15 for proliferation and
survival [45]. Studies of Sendai virus-specific memory CD8 T cells present in
the lung airways demonstrate the co-presence of two memory CD8 T cell sub-
sets, one of which is maintained in the lung by homeostatic proliferation [38].
The maintenance of memory pools is one of the prerequisites of a memory
T cell response because attrition, particularly of the effector CD8 T cells, is
inevitable during any infection [4].

8
Mechanisms for Maintenance of Protection Induced
by Radiation-Attenuated Sporozoites
8.1
Are Memory T Cells Needed for Long-Term Protection?

One of the key questions is whether memory T cells are required for mainte-
nance of protection induced by γ-spz. Evidence from our laboratory indicates
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that the persistence of memory CD8 T cells (CD44hiCD45RBlo) correlates with
themaintenanceofprotective immunity,which inC57Bl/6mice lasts fornearly
1 year after the last immunization with P. berghei γ-spz [6]. Interestingly, the
persistence of memory phenotype CD8 T cells was restricted to liver lym-
phocytes, because splenic T cells from the same group of γ-spz-immune mice
showed no phenotypic differences from splenic T cells from naïve mice [30].

The persistence of memory CD8 T cells in the liver can be accounted for
by at least two mechanisms. First, some of the memory T cells detected after
immunization may be long-lived memory cells derived from the effector T
cells. Second, the CD44hiCD45RBlo CD8 T cells in the livers of long-term
immune mice may be derived from cells that constantly ingress to the liver in
response to the liver repository of Plasmodia antigens. Although it appears
unlikely that they traffic to the liver from the spleen, because CD44hi CD8 T
cells were not present in the spleens of animals with long-term immunity, it is
possible that they traffic from the draining celiac lymph nodes, although this
also remains unknown. Irrespective of whether maintenance of protection
relies on long-lived intrahepatic memory T cells or T cells that constantly
ingress to the liver, both require a repository of Plasmodia antigens [6].

8.2
The Liver Is a Depot for Attenuated Exo-erythrocytic Forms

One of the cardinal requirements for induction of protection is the accumula-
tion of threshold amounts of Plasmodia antigens in the liver. However, there
is ample contradictory evidence with respect to the antigen requirement for
the persistence of memory T cells [29, 73, 77]. On the basis of results from our
laboratory, the persistence of accumulated antigens in the liver is critical for
the maintenance of protective immunity [6]. Administration of primaquine
at the time of immunization with γ-spz results in a loss of protective immu-
nity [6, 92], which correlates with a decrease of EM but not CM phenotype
CD8 T cells in the liver [6]. In another system [32] primaquine did not appear
to affect the functional activity of CD8 T cells that are responsive to an epitope
on the CS protein of P. yoelii. These results are indeed expected, as the primary
action of primaquine is against liver-stage development, without affecting the
sporozoite-stage.

The disruption of the intrahepatic-stage parasite development prevented
the formation of a local antigen depot, which impeded the conscription of
CM into EM CD8 T cells. Although most of the results particularly from
viral systems argue convincingly against the need for antigen to maintain
long-lived memory CD8 T cells [62, 73], we suggest that antigen requirements
might be quite different in instances where a parasite exhibits tropism to an
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immune-privileged organ, such as the liver in Plasmodia infection. The liver
antigen repository may be sufficient to play a unique role in distinguishing
the “locally” activated liver memory T cells from those found in the spleen
or lymph nodes.

The hypothesis regarding the need for a depot of liver-stage antigen also
explains in part the need of intermittent boost immunizations with γ-spz to
maintain protective immunity induced in humans by immunization with P.
falciparum γ-spz [78]. There is evidence in other systems that T cell memory is
maintained only if a protracted restimulation of effector T cells is maintained,
either by some form of persisting antigen or by cross-reacting environmental
antigens [114]. Therefore, the need for an accumulation of antigen may not
only signify that a threshold concentration is necessary to generate a T cell
response, but it may also indicate that a certain level of antigens is required
to maintain memory T cell response, and hence protection.

The precise cellular location of the malaria antigen depot in the liver has
not been established. In principle, hepatocytes can function as APC. Although
there is no evidence that hepatocytes present Plasmodia antigen to T cells,
because so few hepatocytes become infected by the invading spz, they also
might be inefficient as APC. Even if the numbers of infected hepatocytes did
not limit the APC activity, it is presumed that their intracellular function
must be altered to benefit the parasite, and hence the capacity for antigen
processing and presentation might be diminished. Evidence from Leishmania
infection suggests the parasitophorous vacuole is resistant to the formation of
acidified phagolysosomes for a proper intracellular degradation of parasitic
protein antigens. Instead, MHC class II molecules enter this vacuole where
they undergo degradation [16].

It is interesting that infectious and denatured P. berghei sporozoites local-
ize within distinct intracellular vacuoles of KC and only denatured parasites
localize within phagolysosomes. It is likely that γ-spz taken up by KC also
localize within phagolysosomes, because we have observed that γ-spz are
rapidly degraded within these cells (U. Krzych, N. Steers, U. Frevert, un-
published observations). Although evidence is still lacking, it is nonetheless
possible that KC process the ingested γ-spz and present spz antigens to CD8
T cells. This most likely occurs by a cross-presentation mechanism whereby
antigens from phagosomes gain entry into the MHC class I pathway. It has
recently been shown that exogenous particulate antigens can enter the MHC
class I pathway as a result of phagosome–ER fusion [27]. After phagocytosis
and phagolysosomal degradation, protein antigens are retrotranslocated to
the cytoplasm to gain access to the proteosomal complex for further process-
ing and TAP-dependent translocation either to the ER or the phagosome for
loading onto MHC class I molecules [42]. In addition to γ-spz antigens, KC
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or DC that phagocytize necrotic, infected hepatocytes could also engage in
cross-presentation of liver-stage antigens. Of note, however, we are unable to
stimulate liver memory CD8 T cells with P. berghei CS protein peptides ([55]
and D. Berenzon, unpublished data). Investigation of the cross-presentation
of Plasmodia antigens derived from the partly developed liver-stages parasites
would most significantly expand our understanding of the nature of antigens
and the type of APC that are involved in the induction and maintenance of
liver memory CD8 T cells.

8.3
Maintenance of Central Memory CD8 T Cells by IL-15

It has been established that IL-15 promotes the survival of long-term memory
CD8 T cells by maintaining their homeostatic proliferation, whereas IL-2
stimulates both the initial expansion and subsequent contraction of T
lymphocytes [57, 64, 98, 99, 105]. In a preliminary experiment, we have
observed that immunization with γ-spz caused upregulation of IL-15 mRNA
in KC, but not in cells isolated from spleens of γ-spz-immune mice. Is IL-15
in the liver involved in the maintenance of local CD8 T cells? We have already
demonstrated [6] that CM CD8 T cells express a high density of CD122.
Moreover, although this T cell subset proportionately represented a much
smaller fraction of the liver CD8 T cells, twice as many CM T cells (80%) were
CD122hi than EM T cells (39%), which expressed primarily CD122lo. This
ratio of CD8 CD44hiCD45RBhiCD122hi to CD8 CD44hiCD45RBlo CD122lo T
cells was maintained for 14 days after spz challenge of γ-spz-immune mice.
Moreover, we have also shown that only the CM CD8 T cells proliferate in
vitro in the presence of IL-15 and that these cells are severely reduced in
IL-15 KO mice (D. Berenzon, manuscript in preparation). The enhanced
sensitivity of the CM CD8 T cells to reduced levels of IL-15 suggests that
this subset preferentially expands upon exposure to elevated levels of IL-15
in the liver. It also implies that an optimal protective response requires the
compartmentalization of CD8 T cells, with each subset performing not only
a unique role, but also relying on distinct regulatory mechanisms.

Il-15 is produced by a variety of cell types (although not by T cells) in
response to signaling via the TLR or exposure to type I IFN. IL-15 acts in an
autocrine fashion and induces IL-12. There is evidence [20] that APC retain
IL-15 bound to the IL-15Rα chain to transactivate CD8 T cells expressing the
IL-15Rβγc complex. Both IL-7 and IL-15 promote the survival of CD8 effector
T cells during the contraction phase of an acute response, but IL-7 seems to
be critical for the differentiation of CD8 effector T cells into CD8 memory
T cells [47]. The role of IL-7 in the maintenance of Plasmodia-specific CD8
memory T cells remains to be investigated.
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9
Presence of Both CD8 Effector and Central Memory T Cells Is Needed
for Effective Memory Responses

What is the relationship between the CM and the EM CD8 T cells? We explored
this issue using IL-15 KO mice (D. Berenzon, manuscript in preparation).The
results from protection studies were surprising. Like wt mice, IL-15 KO mice
were protected against a challenge that occurred within 7 days after the last
boost immunization with P. berghei γ-spz. Protection was short-lived, how-
ever, as at re-challenge 2 months later, the IL-15 KO mice became parasitemic.
Analysis of the CD8 T cell subsets shortly after the challenge, when the IL-15
KO mice were protected, showed an accumulation of EM CD8 T cells and
a very small pool of CM CD8 T cells. It appears, therefore, that in the absence
of IL-15, EM CD8 T cells develop perhaps directly from naïve CD8 T cells.
Without the provision of IL-15, and hence the reservoir of memory CD8 T
cells, however, the EM cells cannot be sustained during re-challenge, at which
time we observed an absence of CM CD8 T cells and a drastic reduction in the
EM CD8 T cells. These preliminary observations strongly support our hypoth-
esis that EM T cells are conscripted from the CM CD8 T cells in a continuous,
albeit slow process that occurs in the liver as a result of an increased antigen
load after repeated immunizations with γ-spz (Fig. 1). The process could also
occur during infection, when large numbers of EM CD8 T cells would be most
needed to combat the parasite. In either case, the cells in the CM CD8 T cell
pool are maintained under the influence of IL-15 that is upregulated by γ-spz
in KC. Upon encounter with specific antigen from the liver repository, the CM
CD8 T cells would be driven to differentiate into the CD44hiCD45RBloCD122lo

phenotype that is easily triggered by infectious sporozoites to produce IFN-
γ [6]. The EM T cells might also proliferate to antigens, a notion that is
consistent with the recent findings showing antigen-specific proliferation of
terminally differentiated memory CD8CD45RA+CD27- T cells [104].

10
Apoptosis of Intrahepatic CD8 T Cells Is Decreased During Protection

If during malaria infection memory CD8 T cells are either induced in or travel
to the liver, these cells will encounter formidable challenges. According to
the Responder Trap hypothesis [14], activated CD8 T cells that traffic to the
liver to kill infected hepatocytes will themselves be eliminated. One of the
mechanisms of activation-induced cell death may involve Fas/FasL-mediated
apoptosis [28]. In our preliminary experiments, we have observed that CD8
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Fig. 1 CD8 TEM cells are primarily sensitive to the availability of liver-stage antigen
(Ag) but the maintenance of CD8 TCM cells depends on the provision of IL-15/IL-7.
In the liver, the conscription of CD8 TCM cells into the CD8 TEM cell pool could be
a continuous, albeit slow process resulting from an increased Ag load after repeated
immunizations with γ-spz. The process could also occur during infection, when large
numbers of CD8 TEM cells are most needed to combat infection. In either case, the
TCM cell pool would expand under the influence of upregulated IL-15 in the KC during
exposure to γ-spz. Upon encounter with specific Ags from the liver repository, CD8
TCM cells would be driven to differentiate into the TEM cells that are easily triggered
to produce IFN-γ

CD45RBlo T cells isolated from livers of mice protected against malaria are
spared from apoptosis. In contrast, CD8 T cells isolated from livers of mice
infected with P. berghei are rapidly eliminated. It appears that CD8 T cells
induced by Plasmodia antigens persist as a memory T cell pool in the livers
of long-term protected mice. The requirements for memory T cell activation
and maintenance in the liver are currently being investigated.

11
Summary

In summary, MHC class I-restricted CD8 T cells have been shown to function
askey effectors inprotective immunity against pre-erythrocytic-stagemalaria
infection in residents of malaria-endemic areas and human and animal mod-
els of protection induced by radiation-attenuated Plasmodia sporozoites. The
effector function is associated mainly with the production of inflammatory
cytokines such as IFN-γ or TNF-α that mediate elimination of the parasite
within the hepatocytes by the nitric oxide pathway. The success of protection
induced by γ-spz depends on the long-lived intrahepatic memory CD8 T cells,
which reside in distinct sub-populations as CD8 CM and CD8 EM T cells.
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While the CD8 EM T cells are maintained by the antigen-driven conscrip-
tion of the CD8 CM T cells, the latter representing a very broad spectrum of
antigen-specific T cells are maintained by IL-15 (Fig. 1). This arrangement
assures a steady availability of antigen-specific T cells should they be required
to combat an infection. The dependence on specific antigen essentially con-
trols the balance between the two phenotypes and the differential expression
of IL-15R prevents the EM CD8 T cells from becoming activated in the event of
sporadic co-infections. However, it is the activated status of the intrahepatic
memory CD8 T cells [6] that really distinguishes them from the memory CD8
T cells in the spleen and lymph node as it represents the sentinel of a local,
organ-specific infection.
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Abstract Accumulating evidence provides strong support for the importance of in-
nate immunity in shaping the subsequent adaptive immune response to blood-stage
Plasmodium parasites, the causative agents of malaria. Early interactions between
blood-stage parasites and cells of the innate immune system, including dendritic cells,
monocytes/macrophages, natural killer (NK) cells, NKT cells, and γδ T cells, are im-
portant in the timely control of parasite replication and in the subsequent elimination
and resolution of the infection. The major role of innate immunity appears to be
the production of immunoregulatory cytokines, such as interleukin (IL)-12 and in-
terferon (IFN)-γ, which are critical for the development of type 1 immune responses
involving CD4+ Th1 cells, B cells, and effector cells which mediate cell-mediated and
antibody-dependent adaptive immune responses. In addition, it is likely that cells
of the innate immune system, especially dendritic cells, serve as antigen-presenting
cells. Here, we review recent data from rodent models of blood-stage malaria and from
human studies, and outline the early interactions of infected red blood cells with the
innate immune system. We compare and contrast the results derived from studies in
infected laboratory mice and humans. These host species are sufficiently different with
respect to the identity of the infecting Plasmodium species, the resulting pathologies,
and immune responses, particularly where the innate immune response is concerned.
The implications of these findings for the development of an effective and safe malaria
vaccine are also discussed.

1
Introduction

Infection with Plasmodium falciparum, one of four human Plasmodium
species, causes considerable morbidity and mortality mainly in children liv-
ing in endemic areas [181]. Disease occurs during the asexual phase when
blood-stage parasites replicate within red blood cells for approximately 48 h.
After subsequent rupture of the infected red blood cells, 6–32 merozoites are
released which, in turn, invade fresh red blood cells. Malarial disease ranges
from life-threatening illness, characterized by one or more clinical syndromes
such as coma, hyperparasitaemia, hypoglycaemia or anaemia, to mild febrile
illness. Asymptomatic infections are also common especially in older children
and adults. The age range of severe malarial disease and death is dependent on
transmission intensity. In hyperendemic areas with more than 100 infectious
bites per person per year, severe disease occurs in children under the age of
1 year. Severe malarial anaemia is the dominant clinical syndrome, whereas
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cerebral malaria is relatively unusual. In areas with infectious bite rates be-
tween 10 and a 100, severe malarial disease affects mainly children between
the ages of 1 and 5 years and cerebral malaria is a common clinical com-
plication [138, 155]. Yet, relative to the proportion of P. falciparum-infected
individuals in an endemic area, severe malarial disease and death are ac-
tually rare events occurring in about 1% of cases, which nevertheless kills
more than 1 million children per year [181]. For instance, in an endemic
area in Kenya, almost all children and approximately 30% of adults carry P.
falciparum blood stages but show only mild or no clinical symptoms [154].
Based on these observations, mathematical modelling suggests that clinical
immunity to severe, non-cerebral falciparum malaria occurs after one or two
infections, while the development of clinical immunity against mild disease
takes much longer [58]. Although exposed to infection, infants are protected
against severe disease for about 6 months after birth by maternal antibod-
ies [156]. During this time, their immune system is primed and they start
to build up a repertoire of specific humoral and cellular immune responses
against infecting parasite variants, which, as protection by maternal antibod-
ies wanes, allows most children to cope with the infection without developing
severe disease. However, superinfection onto an established chronic infection
is common and, together with the host’s genetic make-up, parasite properties
and exposure may determine whether or not a child develops severe malarial
disease [153].

P. falciparum differs from other species infecting humans in that it achieves
higher parasitaemias and the mature forms of the asexual blood stages se-
quester in postcapillary venules. Sequestration ensures that at least a propor-
tion of infected red blood cells mature without passage through the spleen
where they are removed by cordal macrophages due to their reduced de-
formability and opsonization with antibodies and/or complement [6, 25, 26].
Sequestration of infected red blood cells is mediated by a family of parasite-
derived variant surface antigens, Plasmodium falciparum erythrocyte mem-
brane protein 1 (PfEMP1), inserted into the membrane of infected red blood
cells approximately 18 h after invasion [84]. PfEMP1 is encoded by 59 var
genes; expression of these genes is mutually exclusive. In laboratory parasite
lines, on and off switching rates differ for different var genes [69]. Antigenic
variation of PfEMP-1 is an important mechanism of evasion of the host’s hu-
moral immune response. In addition, PfEMP-1 mediates adhesion of mature
infected red blood cells to diverse host receptors expressed on endothelial
cells, red blood cells and leucocytes. Almost all infected red blood cells iso-
lated fromchildrenwithmalaria analysed so farbind toCD36butwith varying
avidity. Individual isolates may also bind to a variety of other host receptors
such as CD31, CD35, CD51 or CD54, and glycosaminoglycans [84]. Receptor-
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specific cytoadhesion has been associated with various clinical syndromes of
the disease. Thus, CD54 (ICAM1)-binding infected red blood cells are more
frequently isolated from children who suffer from cerebral malaria [171].
Likewise, rosetting of uninfected erythrocytes by infected erythrocytes and
clumping of infected red blood cells with platelets are both associated with
severe disease [118, 134]. Whether blocking of capillaries locally or the induc-
tion of inflammatory cytokines, or both, causes organ-specific pathology is
not quite clear but these mechanisms are under active investigation. The best
exampleof anassociationbetweenorgan-specific pathology andcytoadhesive
properties of mature infected red blood cells comes from placental malaria
in primigravidae women [12], which is reviewed elsewhere in this volume. By
contrast, high avidity for CD36 in field isolates is associated with mild malarial
disease [110, 133, 169]. In addition, selection of laboratory parasite isolates
with immune sera from children with severe disease resulted in parasites with
lower avidity to CD36 compared to the parental line [157]. Adhesion to CD36
is a feature of almost all PfEMP-1 variants expressed on infected erythrocytes
from field isolates, suggesting that adhesion to CD36 may have a role beyond
sequestration of infected erythrocytes to endothelial cells.

2
Immune Responses to Blood-Stage Plasmodium Infection

Humoral immune responses are critical for clinical immunity as has been
shown by classical transfer experiments of adult hyperimmune serum into
children with acute malaria [100]. In these children, parasitaemia was sup-
pressed for prolonged periods of time although circulating blood-stage par-
asites were not permanently cleared. Many targets of the humoral immune
response are polymorphic or clonally variant antigens exposed on the surface
of merozoites or infected red blood cells, respectively [84, 131]. During acute
infection, individuals develop specific antibody responses to antigens of the
parasite variant to which they are exposed [1, 16]. These antibody responses
are often, but not always, highly specific but may show some cross-reactivity
to other variants of the same antigen [23, 51, 113, 129]. Hence, clinical im-
munity to blood-stage malaria evolves with the acquisition of a repertoire of
antibodies to different variants of parasite antigens and is related to expo-
sure and age of the host [17, 38]. Protective antibody responses have been
associated with the development of IgG1 and IgG3 subclasses, the two main
cytophilic antibodies that allow opsonization and clearance of merozoites or
infected erythrocytes by macrophages and neutrophils [108, 167]. These an-
tibody responses follow a classic pattern of primary and secondary responses
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in most individuals, but a proportion of non-responders has also been iden-
tified in longitudinal studies [80]. However, an increasing number of studies
report that antibody responses against specific antigens are short-lived and
dependent on the presence of circulating parasites [18, 21, 31], suggesting
that memory formation and longevity of either B- and T-cell responses or
both are perturbed in falciparum malaria (reviewed in this volume). Both im-
munopathology and adaptive immune responses are critically dependent on
theearly events in thehost–parasite interactionand the resulting cytokinebal-
ance. Infected red blood cells directly interact with leucocytes such as natural
killer (NK) cells, monocytes/macrophages, and dendritic cells (DCs). These
interactions may depend on the infecting parasite phenotype and host geno-
type and, together with previous exposure and age, influence the balance of
immune responses. Pro-inflammatory cytokines, especially tumour necrosis
factor (TNF)-α, interferon (IFN)-γ and lymphotoxin (LT), have been associ-
ated with severe disease, yet are crucial for the initial control of parasitaemia
both in mice and in humans. The mechanisms are not yet well understood,
but secretion of IFN-γ by NK, NKT and γδ T cells may have cytotoxic effects on
parasite growth as well as activate monocytes and macrophages and enhance
non-opsonic phagocytosis of infected red blood cells. The concentrations of
anti-inflammatory cytokines, such as interleukin (IL)-10 and transforming
growth factor (TGF)-β, concurrent with those of pro-inflammatory cytokines
appear to have a balancing effect. Such cytokines are also important growth
factors for B-cell responses.

In this review, we outline the interactions of infected red blood cells with
cells of the innate immune system and their consequences for adaptive im-
mune responses in rodent and human malaria. We deliberately differentiate
between results from rodent models and human studies because these sys-
tems are sufficiently different with respect to the infecting parasite species, the
resulting pathologies, and the cellular responses, particularly where innate
immune responses are concerned. However, we cross-reference between the
sections and where available point out the similarities and differences.

3
Overview of Innate Immunity

3.1
Dendritic Cells

DCs are important for the activation of immune responses and they provide
a vital link between innate and adaptive immunity. They reside in almost all
tissues where they constantly screen their environment by pinocytosis and
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phagocytosis of protein and cellular debris. When they encounter foreign
antigen, DCs are activated by either the pathogens themselves or cytokines
and stress signals secreted by surrounding cells. They leave the tissue via the
lymph or blood and migrate to the draining lymph node and the spleen. Dur-
ing migration, DCs become mature in that they down-regulate phagocytosis
but up-regulate human leucocyte antigen (HLA) molecules and adhesion and
co-stimulatory molecules, which allow them to present MHC:peptide com-
plexes to and interact efficiently with T cells. Interaction with T cells further
matures DCs and enhances their secretion of cytokines, which are important
for the polarization of CD4+ T helper (Th) cells and for activation of other
leucocytes, such as NK cells, monocytes/macrophages, and B cells [10].

In humans, there are two major DC subsets that have overlapping functions
but can be distinguished by their difference in localization. Myeloid DCs are
lineage marker negative, HLA DR positive, and express CD11c and CD1c,
also known as blood dendritic cell antigen-1 (BDCA1) [40, 81, 121]. They
can be found in nearly all tissues and migrate preferentially via the lymph
to the draining lymph node, although a proportion migrate via the blood
into the spleen. However, they are also abundant in the marginal zone and
perifollicular zoneof the spleen,hence, in those regionswherebloodenters the
open circulation of the spleen. Myeloid DCs are the major source of IL-12 [66].

Plasmacytoid DCs on the other hand are lineage marker negative, HLA DR
positive, and express CD123 and BDCA2 [40, 81, 121]. They reside mainly in
the extranodular compartment and around high endothelial venules (HEV)
of lymph nodes, but are rarely found in the spleen [43]. They are the major
source of IFN-α and their basal secretion of this cytokine is further enhanced
by maturation [22, 42]. Activated plasmacytoid DCs also secret IL-12 [83].
Plasmacytoid and myeloid DCs differ in their locations and their expression of
pattern recognition receptors (PRRs) and Fc receptors, thus allowing them to
respond to a distinct but overlapping repertoire of pathogens [146]. Therefore,
myeloid DCs are more likely to mature in response to pathogens that enter
the body via the skin or mucosal surfaces or are disseminated through blood,
whereas plasmacytoid DCs respond to systemic viral infection and blood-
borne antigens.

Both DC subsets are important for the maintenance of peripheral tol-
erance [158]. It has been assumed that in the steady state, DCs recirculate
from blood and tissues carrying self-derived antigens from the periphery
into lymph nodes and spleen. Whether or not these cells undergo a partial
maturation is not quite clear, but they can present MHC:peptide complexes
to T cells. Secretion of anti-inflammatory cytokines, such as IL-10, differen-
tial expression of co-stimulatory molecules, and the expression of inhibitory
receptors lead to the deletion of or anergy induction in autoreactive T cells.
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In addition, both mature and tolerogenic DCs can activate regulatory T cells
which, in turn, suppressactivationandexpansionofautoreactiveTcells, either
during steady-state conditions or during the resolution of inflammation [96].

In the mouse, four subsets of DCs have been distinguished. Spleen DCs can
be divided into MHC class II positive, CD11c+ DCs, which express either CD4
or CD8α or are double negative [36, 146]. In addition, the rodent counterpart
of plasmacytoid DCs has recently been identified. These cells are CD11c+,
B220+, and Gr1+. Myeloid CD11c+ CD8+ DCs reside in the T-cell areas of the
spleen and are the sole producers of IL-12, whereas the CD11c+ CD4+ DCs are
found mainly in the marginal zone and do not produce IL-12. Unlike human
DCs, both mouse plasmacytoid and CD11c+ DC can secrete high levels of IFN-
α following activation. Mouse and human DCs also differ in their expression
of PRRs [36, 146].

3.2
Monocytes/Macrophages

Monocytes, precursors of macrophages and potentially DCs, circulate in the
peripheral blood for approximately 3 days before migrating into tissue and
differentiating into macrophages. There, they have an important scaveng-
ing function, removing cellular debris, apoptotic cells, and proteinaceous
particles during the steady state. They are activated by pro-inflammatory cy-
tokines, such as IFN-γ, TNF-α, IL-1 and IL-6, or by ligation of PRRs, which
allows them to resist the cytopathic effects of intracellular pathogens and can
induce production of oxygen radicals and nitric oxide (NO). Once activated,
these cells display co-stimulatory molecules and MHC:peptide complexes on
their surface and can efficiently activate memory T cells, although they may
be unable to prime naïve T cells. In addition, they secrete growth factors
important for survival and differentiation of B cells [55].

Although monocytes and macrophages are rapidly activated by the pro-
inflammatory cytokines IFN-γ and TNF-α, an alternatively activated state
has been described [56]. These macrophages respond to IL-4 and IL-13 and
up-regulate MHC class II molecules and the mannose receptor. It has been
suggested that they may play an important immunoregulatory role in some
parasitic infections and allergy.

In the spleen, the marginal zone is equally rich in macrophages and DCs. In
the mouse, the marginal zone contains metallophilic macrophages, which de-
lineate the marginal sinus. Both are absent in human spleen and the capillaries
end in the perifollicular zone surrounding the marginal zone. Macrophages
and DCs in the marginal zone in mice and in the perifollicular zone in hu-
mans phagocytose cellular debris, pathogens, and other proteinaceous parti-
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cles, thus, presenting an important barrier for blood-borne pathogens. Both
DCs and macrophages activated by pathogens or their products can then
interact with memory T and B cells located in the marginal zone. DCs also
migrate deeper into the white pulp initiating innate and adaptive immune
responses. The majority of macrophages are found in the red pulp in the
splenic cords. There, they remove aged and antigenically altered red blood
cells from the circulation and, therefore, have an important function in the
filtration of blood [55, 56]. In addition, they phagocytose pathogens, which
are not retained in the marginal or perifollicular zones.

3.3
NK Cells

NK cells are populations of lymphocytes that provide protection against in-
fections and cancer through their cytotoxic activities and production of cy-
tokines and chemokines. Rapid induction of NK cell responses (on the order
of 2–6 days) limits an infection until adaptive immunity develops [13, 19].
NK cells do not express T-cell antigen receptors (TCR) and preferentially
recognize and kill cells that express altered levels of MHC class I molecule,
without the need for pre-activation or antibodies. To kill aberrant cells and
avoid targeting of normal cells, NK cells use a complex repertoire of surface
activation and inhibitory receptors. NK cell-activating receptors (e.g. human
NKp30, NKp44 and NKp46; mouse Ly49D and Ly49H) bind a variety of lig-
ands, including human MHC-I-related chain, pathogen-specific epitopes, and
stress signals and inducible molecules expressed by infected or damaged cells.
Alternatively, normal host cells present sufficient MHC class I molecules to
MHC-I-sensing inhibitory receptors (e.g. humanKIRandCD94/NKG2;mouse
Ly49) resulting in down-regulation of NK cell function. Several NK cell recep-
tors perform both activation and inhibition, depending on which isoforms
are expressed; the activating isoforms lack inhibitory motifs in their short
cytoplasmic domains and are able to associate with additional subunits that
transduce activating signals to the cell nucleus. Therefore, the commitment
to NK cell effector function is regulated by a fine balance in the expression
of activating versus inhibiting receptors, the sequence of which can be influ-
enced by the density and array of ligands, cytokine milieu, and class I and
other surface molecules expressed by antigen-presenting cells (APCs), such
as DCs (see below).

NK cells were discovered for their unique ability to spontaneously lyse
tumour cell lines. This cytolytic capacity is mediated by several pathways
and involves phenotypically distinct NK cell subsets. The main pathway is
mediated by perforin and granzymes released by mature activated NK cells,



Early Interactions Between Blood-Stage Plasmodium Parasites 33

although both immature and mature human NK cells employ Fas ligand
(CD178) and/or TNF-related apoptosis-inducing ligand (TRAIL) to induce
target cell death [184]. In addition, NK cells mediate antibody-dependent cel-
lular cytotoxicity (ADCC) through an Fc-receptor complex (CD16) that rec-
ognizes the Fc portion of antibodies bound to target cell-associated antigens.

The production of immunoregulatory cytokines is an important mecha-
nism by which NK cells direct haematopoietic cell differentiation and mod-
ulate other immune cells. In humans, subsets of CD56hi NK cells with weak
natural cytolytic capacity are able to produce high levels of IFN-γ, TNF-α,
LT-α, GM-CSF, IL-10 and IL-13 following selective stimulation [29]. Based on
their cytokine profiles, human NK cells have been categorized into NK1 and
NK2 subsets [122]. More recent studies [91] showed that the maturation of
human NK cells progresses sequentially from an early stage of proliferation
and IL-13 production (type 2) to a late stage of terminal differentiation and
IFN-γ production (type 1), suggesting that NK cell cytokine production may
be developmentally regulated. However, mature CD56+ NK cells cultured in
vitro and some CD56+ NK-cell clones have mixed type 0 profiles (IFN-γ, IL-4,
IL-13), whereas CD56dim NK cells produce low amounts of these cytokines but
are highly cytolytic [28]. Given the need for efficient production of cytokines
by NK cells early in the response to infection, the physiological relevance of
cytokine production by clonal NK cells or following prolonged stimulation in
vitro is presently unclear.

Murine NK cells are similar to their human counterparts in their ability
to lyse target cells, produce cytokines, and express activating or inhibiting
receptors. However, murine NK cells do not express a homologue of CD56
and, as a result, there are no comparative studies demonstrating functionally
distinct subsets of NK cells in mice. Nonetheless, murine NK cells are potent
producers of cytokines, particularly IFN-γ, following intracellular infection
or stimulation with various combinations of cytokines. Specifically, NK cells
derived from murine splenocytes stimulated by a combination of IL-12 and
IL-18 secrete large amounts of IFN-γ compared to NK cells derived in IL-2 or
IL-15 [87]. As the main producers of IFN-γ early after viral [13] or malaria
infections [104], NK cells play a critical role in the innate immune response
to stimulate Th1 cell development and induction of type 1 adaptive immune
responses.

3.4
Natural Killer T Cells

Natural killer T, or NKT, cells are a heterogeneous population of lymphocytes
with phenotypic and functional characteristics of both NK cells and classic
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T cells. This cell type is especially abundant in the liver and is also found in
the thymus, periphery, and spleen, but its presence is rare in lymph nodes.
NKT cells express NK1.1 and an invariant αβ-TCR [59]. Murine NKT cells
express a TCR α-chain (Vα14-Jα281, known now as Jα18) in association with
Vβ2, Vβ7, or Vβ8 [54]. In humans, NKT cells express an invariant Vα24-Jα18
TCR α-chain in association with the Vβ11-TCR β-chain, the homologues of
the mouse Vα14-Jα18 and Vβ8.2 chains, respectively. Because of their ability
to rapidly secrete immunoregulatory cytokines, especially IFN-γ, IL-4 and
TNF-α, following antigen-specific or polyclonal stimulation, NKT cells influ-
ence the polarization of CD4+ Th cells [54, 139, 182]. 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 CD1d molecule. Murine CD1d-
restricted, Vα14-Jα18 expressing NKT cells and their human counterparts,
Vα24-Jα18+ NKT cells, are selectively activated in vitro and in vivo by ex-
posure to the ligand α-galactosylceramide, either synthetically produced or
derived from the marine sponge [54, 182].

The human CD1 system consists of five closely linked genes that map
to chromosome 1. The five CD1 genes encode related but unique protein
products designated as CD1a, b, c, d and e. Sequence analysis revealed that
these proteins can be classified into two separate groups: group 1 consists
of CD1a, b, c, and e, while the more divergent CD1d molecule belongs to
group 2 [54]. Mice do not express group 1 molecules. Mice and other rodents,
however, express CD1d molecules that have homology with human CD1d
and thus belong to group 2 [148]. Human invariant TCR Vα24-JαQ/Vβ11
NKT cells are phenotypically and functionally homologous to murine NK1+

T cells, and similar to their counterparts in mice, are CD1d-restricted and
express the NK1.1 surface marker (Nkrplc or CD161c) [148]. Mouse CD1d-
restricted NKT cells recognize human CD1d and vice versa. Such a remarkable
degree of conservation between the two species makes mice an excellent
experimental model to study the role of CD1d and NKT cells in immunity
and immunopathogenesis in many diseases, including infections. Subsets of
CD1d-dependent T cells, that either express or do not express the invariant
Vα14-Jα18 (Vα24-Jα18 in humans) -TCR and/or NK1.1 (CD161 in humans),
have been identified in both species and can be either CD4+ or CD4- [54].
These subsets have been shown to produce unique patterns of cytokines.
Together, these observations suggest distinct regulatory functions for subsets
of CD1d-dependent NKT cells in vivo.

Although the contribution of NKT cells to immunity to infection has
not been fully elucidated, recent studies suggest the importance of CD1d-
restricted NKT cells in resistance to viral, bacterial, yeast, and parasitic in-
fections, including malaria, as will be discussed in detail in Sect. 5.4 [59,
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148]. There appear to be at least two possible mechanisms whereby NKT
cells are involved in immunity to infection. NKT cells possess some of the
machinery—including perforin, FAS ligand (CD95L), and receptors, such as
NKG2D—required for cytotoxicity and have been found to be directly cy-
totoxic, particularly against virus-infected cells [59, 148]. A more likely role
for NKT cells, however, is as immunoregulatory cells leading to activation of
effector cells of the lymphoid series via a cytokine-dependent pathway [59,
148]. Rapid cytokine production, especially of IFN-γ, by NKT cells results in
bystander activation of NK cells and conventional CD4+ and CD8+ T cells as
well as macrophages.

3.5
γδ T Cells

γδ T cells are distinct from αβ T cells due to their ability to recognize anti-
gens in the absence of classic MHC antigen presentation. In comparison to
T cells bearing the αβ-TCR which comprise the majority of peripheral blood
lymphocytes, T cells bearing the γδ-TCR represent only a small fraction of
circulating T cells. However, γδ T cells make up the majority of intraepithe-
lial lymphocytes in the gut and other mucosal tissue of adult humans and
mice and function in maintaining the integrity of epithelial tissues [62, 63].
This cell type also plays an important role in innate immunity and may con-
tribute to immunity in neonates [62]. γδ T cells are recruited and expanded
in response to a wide variety of infections and play both beneficial and patho-
logical roles [15, 49, 62, 63]. Evidence has been documented to support a role
for γδ T cells in protective immunity to intracellular pathogens, including
mycobacteria, salmonella, toxoplasma, and plasmodium parasites as well as
to HIV [15, 37, 49].

4
Innate Immune Responses to Plasmodium Blood-Stage Infection in Mice

4.1
Mouse Models of Malaria

Infections of inbred mice with the rodent Plasmodium species, P. chabaudi, P.
berghei, P. yoelii and P. vinckei, provide convenient and useful tools to inves-
tigate the immunobiology of blood-stage malaria. Although mouse models
are widely used to mimic human malaria infections, the complete features
of neither protection nor pathology associated with human malaria can be
replicated in a single mouse model [86, 161]. One must also bear in mind
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that there are significant differences between the murine and human immune
systems [101]. Some of these differences in terms of innate immunity have
been highlighted in the preceding sections. Nevertheless, detailed studies of
the host response to blood-stage malaria in laboratory mice have yielded
tremendous insight into the biology of the human response to malaria. Ar-
eas of investigation which have been especially fruitful include elucidation of
mechanisms of protective immunity as well as of immunopathogenesis and
the identification of genes that regulate susceptibility to malaria [35, 50, 86].
Mouse models of malaria are also useful for vaccine development and for
chemotherapy studies [86].

Various strains of rodent Plasmodium species cause blood-stage malaria
in mice [161]. Dependent upon the parasite species and strain, a wide range
of pathologies and outcomes are produced, including the level of blood par-
asitaemia and whether or not the host survives the infection [86, 161]. These
differences are influenced not only by genetic variations among the Plasmod-
ium parasites but also among inbred mouse strains [50, 86]. Whatever the
host–parasite combination, however, a prominent feature of rodent malaria
infections is that survival is linked to the ability to control the replication of
blood-stage parasites during the first 7–14 days after infection [161].

Infections with strains of P. chabaudi, particularly the AS strain, have
perhaps provided the most extensive dissection of the immune response to
blood-stage malaria. The majority of these studies have been performed us-
ing P. chabaudi AS infection in C57BL/6 strain mice, which are resistant to
infection with this parasite [50]. Evidence from the P. chabaudi AS model of
blood-stage malaria highlights the importance of adaptive type 1 immune
mechanisms that are dependent upon CD4+ T cells and the cytokines IL-12,
and IFN-γ for control of acute parasitaemia [163, 164]. Whether a type 1 or
type 2 response is important for the elimination of blood-stage P. chabaudi
AS during the chronic stage of infection is unclear. However, it is clear that
this later stage requires B cells and antibody [103]. Studies from our lab-
oratory [164] provide evidence that the Th1-associated antibody subclass
IgG2a and possibly IgG3, rather than Th2-associated IgG1 as proposed in
earlier studies [103], mediates the elimination and resolution of P. chabaudi
AS infection. The P. chabaudi AS model has also been extremely useful in
uncovering the importance of early innate interactions between blood-stage
parasites and the immune system, as detailed elsewhere in this review.

4.2
Dendritic Cells

Over the past several years, there has been great interest in understanding the
role of DCs in immunity to blood-stage malaria in mouse models. Some of
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the first observations derived from a study by Seixas et al. [145] showed that
schizonts of P. chabaudi AS induced bone marrow-derived DCs to express the
co-stimulatory molecules CD40, CD86, and MHC class II, and to produce the
pro-inflammatory cytokines IL-12, TNF-α, and IL-6. Bone marrow-derived
DCs from SCID mice and from gene-deficient Rag or CD40 knockout mice
were also shown to be able to produce these cytokines in vitro, demonstrating
that DC cytokine response to P. chabaudi AS schizonts is not dependent on the
presence of T cells, NK cells, or CD40 expression. Interestingly, schizonts of
P. chabaudi AS did not inhibit LPS-induced up-regulation of co-stimulatory
and MHC molecule expression, contrary to findings with strains of the human
parasite P. falciparum [172]. While these results obtained with DCs cultured
from bone marrow precursors suggest APCs respond differently depending
on the identity of Plasmodium species, it is the DC population in the spleen
that is of major interest because of its central role in filtering parasitized
red blood cells from the blood and in generating the immune response to
blood-stage malaria.

Enlargement of the spleen or splenomegaly is a hallmark of malaria en-
demicity in humans and often serves as a phenotypic marker of host resis-
tance in malaria-infected mice [159]. APCs isolated from spleens of P. yoelii
17X-infected mice have been observed to have increased expression of CD80
and MHC class II molecules and to stimulate high levels of IFN-γ produc-
tion by naïve T cells [94]. Of the APC subsets, there is growing evidence
that DCs are the cells primarily responsible for stimulating production of
pro-inflammatory cytokines and activation of naïve CD4+ T cells, leading to
induction of protective type 1 responses to blood-stage malaria. Within 5 days
of infection with P. chabaudi AS, CD11c+ DCs migrate from the marginal zone
of the spleen to the CD4+ T-cell-rich periarteriolar lymphoid sheath [89]. In
contrast, macrophage and B-cell populations expand but remain confined to
the red pulp area. Concurrent with their migration within the spleen, CD11c+

DCs have up-regulated expression of CD40, CD54, and CD86 as well as in-
creased production of IFN-γ [89]. These observations are consistent with
those of Perry et al. [124], who showed that splenic CD11c+ DCs, but not
CD11b+ macrophages or B cells, from P. yoelii 17X-infected mice stimulate
high levels of IL-2, IFN-γ and TNF-α production by naïve CD4+ T cells. These
responses were found to be antigen-specific as demonstrated by the ability of
purified CD11c+ DCs from infected mice to stimulate a P. yoelii 17X-specific
T-cell hybridoma to secrete high levels of IL-2. Furthermore, both myeloid
and lymphoid CD11c+ DCs from infected mice were found to produce IL-2,
IFN-γ, TNF-α and IL-12 p40, and importantly, induced IFN-γ secretion by
CD4+ T cells through an IL-12-dependent mechanism. In addition to provid-
ing the requisite co-stimulation and cytokines to stimulate T cells, there is
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evidence that DCs secrete DC-derived CC chemokine 1 (DC-CK1) that acts
preferentially on naïve T and B cells [14]. DC-CK1 treatment in vitro stim-
ulates chemotaxis of T and B cells; in vivo, this chemokine induces a strong
IFN-γ-producing CD8+ T-cell response to liver-stage P. yoelii 17XNL and also
acts as a vaccine adjuvant by increasing protection to liver-stage malaria me-
diated by immunization with irradiated P. yoelii 17XNL sporozoites. The role
of DC-CK1 as a chemotactic or immunostimulatory factor in cell-mediated
immunity to blood-stage malaria remains to be investigated.

These findings provide increasing evidence that, in contrast to some iso-
lates of P. falciparum, the murine parasites P. yoelii and P. chabaudi AS
do not inhibit DC function. Consistent with the model of DC–T cell in-
teraction, DCs activated in vitro and in vivo in mouse models of malaria
are capable of presenting Plasmodium antigens (Signal 1), expressing co-
stimulatory molecules (Signal 2), and producing pro-inflammatory cytokines
and chemokines (Signal 3) to stimulate antigen-specific T-cell-dependent
immune responses (Fig. 1). A recent study showed that mice immunized
with bone marrow-derived DCs pulsed with the respective intact parasitized
red blood cells survive lethal infections with blood-stage P. yoelii YM or P.
chabaudi AS [127]. Transfer of antigen-pulsed DCs also can induce cross-
strain protection and is associated with malaria-specific production of IFN-γ
and IL-4 as well as malaria-specific antibody following challenge infection.

Fig. 1 DC-derived signals are required for T-cell priming. Based on data from mouse
models of blood-stage malaria infection and consistent with the classic model of
DC–T-cell interaction, DCs present Plasmodium-derived antigens (Signal 1) on MHC
molecules, express high levels of co-stimulatory molecules such as CD40, CD80 and
CD86 (Signal 2), and produce cytokines and chemokines (Signal 3) that promote and
recruit antigen-specific CD4+ T-cell responses
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Moreover, no protection was observed in IL-12 p40-/- mice after lethal P. yoelii
YM challenge, demonstrating that DC-induced immunity is dependent on
host expression of IL-12. It is likely that T cells play an important role in
mediating immunity conferred by transferred DCs, since splenic T cells iso-
lated from mice immunized with antigen-pulsed DCs protected mice from
P. yoelii YM challenge, although to a lesser degree compared to immuniza-
tion by transfer of DCs. Despite these encouraging results, however, it is
important to note that while antigen-pulsed DCs enhanced survival to lethal
Plasmodium infections, the surviving mice continued to develop high levels
of parasitaemia. Moreover, the high rates of mortality (≥80%) reported in
this study with P. chabaudi AS infections in C57BL/6 mice have not been
observed in other laboratories, including those of the authors, using identical
mouse and parasite strains [2]. Studies currently ongoing in our laboratory
demonstrate that splenic CD11c+ DCs purified from naïve mice and pulsed
ex vivo with parasitized red blood cells can induce sterile immunity with
100% survival and 1% or less of parasitaemia following challenge infection
with P. chabaudi AS in both genetically resistant C57BL/6 and susceptible A/J
mice (R. Ing and M.M. Stevenson, unpublished observations/manuscript in
preparation).

Contrary to reports that DCs are important mediators of protective im-
mune responses to blood-stage malaria, Ocana-Morgner et al. [114] showed
that P. yoelii 17XNL-infected red blood cells inhibit DC maturation and IL-12
secretion in response to LPS. Intriguingly, the parasite-induced modulation
of DC functions was associated with suppressed protective CD8+ T cell re-
sponses against liver-stage malaria. The ability of P. yoelii 17XNL-exposed
DCs to inhibit immune responses to sporozoites was interpreted as a novel
mechanism by which the Plasmodium parasite evades host immunity, leaving
the host unprotected against reinfection. These results may help explain why
naturally acquired resistance to malaria in humans develops very slowly, de-
spite persistent exposure to Plasmodium parasites and intermittent episodes
of infection in malaria-endemic areas.

4.3
Macrophages

The concept that macrophages suppress immune responses to blood-stage
malaria has been documented extensively [2, 105, 142, 177]. Macrophages
from mice infected with P. chabaudi AS [2, 142] or P. yoelii 17X [124] inhibit
T-cell proliferation and production of the T-cell growth factor, IL-2. Phago-
cytosis of the malarial pigment, haemozoin, is associated with suppression
of various monocyte and T-cell functions [105, 140, 141, 142], leading to
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the notion that phagocytic cells produce a soluble suppressive factor, such
as NO, prostaglandin E2 (PGE2), or TGF-β. Haemozoin has been shown to
increase NO synthesis by macrophages through an ERK/NFκB-dependent
pathway [76]. Inhibition of both NO and PGE2 reverses the suppressive
effect of peritoneal macrophages from P. chabaudi AS-infected mice on
mitogen-induced proliferation of normal splenocytes in vitro [2], whereas
inhibition of NO alone did not restore IL-2 production by antigen-activated
T-cell hybridomas cultured with macrophages from infected mice [142].
Recent studies [94, 124] provide further evidence that a soluble factor(s)
produced by splenic CD11b+ macrophages from P. yoelii 17X-infected mice
inhibits T-cell proliferation and IL-2 production, but this factor does not
appear to be NO, PGE2 or TGF-β. Interestingly, CD11b+ macrophages from
infected mice are unable to inhibit IFN-γ or TNF-α production by naïve T
cells, suggesting that macrophages play an important immunoregulatory
function in limiting T-cell expansion to prevent malarial pathology while
promoting high levels of IFN-γ production and, possibly as a result,
Th1 cell differentiation during the acute stage of blood-stage malaria
infection.

The suppressive effects of macrophages during malaria infection are not
limited to T-cell responses. Following infection with P. berghei ANKA, peri-
toneal macrophages exhibit suppressed IL-12 p40, but not IL-12 p35, gene
expression. Macrophages that had engulfed parasitized red blood cells in
vitro were observed to be capable of inhibiting IL-12 p40 mRNA expression
by uninfected macrophages, suggesting the presence of a soluble suppressive
factor [183]. Indeed, this inhibitionwas found tobemeditatedbymacrophage-
produced IL-10, while PGE2 and TGF-β do not seem to be involved. High levels
of IL-12 p70 synthesis by splenic macrophages correlate with host resistance
to P. chabaudi AS infection [136, 137], although the expression of both p40
and p35 mRNA is up-regulated in resistant C57Bl/6 as well as susceptible A/J
mice during infection. Inhibition of IL-12, a key cytokine in the induction of
protective type 1 immunity to blood-stage malaria, at the level of p40 gene
expression or IL-12 p70 secretion, may be an important evasion strategy by
the Plasmodium parasite. In addition, ingestion of P. chabaudi AS-infected red
blood cells or haemozoin by peritoneal macrophages stimulates the release
of macrophage migration inhibitory factor (MIF), a pro-inflammatory medi-
ator that stimulates T-cell activation, antibody production, and delayed-type
hypersensitivity reactions [99]. Martiney et al. [99] showed that MIF also can
inhibit erythropoietin-dependent erythropoiesis in vitro, suggesting a poten-
tial role for macrophage-derived MIF in the pathogenesis of malarial anaemia.

Despite the immunosuppressive effects of macrophages on selective mono-
cyte and T-cell functions during blood-stage malaria, phagocytosis of para-
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sitized red blood cells is an important non-specific immune defence mecha-
nism [147]. High levels of opsonin-independent phagocytosis of parasitized
red blood cells and free merozoites were observed in mice that success-
fully control and resolve P. chabaudi AS infection [165]. Levels of opsonin-
independent phagocytosis correlate with the ability of infected mice to pro-
duce IFN-γ and treatment of macrophages with IFN-γ enhances phagocytic
activity, while treatment with IL-10 inhibits this activity. Thus, opsonin-
independent phagocytosis by macrophages contributes to IFN-γ-dependent
control of blood-stage malaria during the early stage of infection, prior to the
development of antigen-specific adaptive immunity.

4.4
γδ T Cells

In vivo and in vitro studies have been performed to investigate the role of γδ
T cells in immunity to blood-stage malaria. It is well established that there
is expansion of the γδ T-cell population during infection with blood-stage
parasites, a phenomenon that is evident in both mice and humans [103].
However, evidence from in vivo experiments using knockout mice lacking
γδ T cells or mice depleted of γδ T cells by treatment with monoclonal an-
tibody revealed that control and resolution of primary P. chabaudi AS, P.
chabaudi adami, or P. chabaudi chabaudi CB occurred in the absence of these
cells [103]. More recently, an important protective role for γδ T cells was
revealed in mice genetically deficient in B cells and depleted of γδ T cells
by monoclonal antibody treatment and in B-cell-/-TCRδ-/- double knockout
mice [144, 176, 180]. Such experimental animals developed chronic, unremit-
ting parasitaemia levels of more than 10% following infection with various
strains of P. chabaudi. How γδ T cells contribute to controlling the replication
of blood-stage malaria parasites has been the subject of investigation in mice
and humans. Following stimulation with malaria antigens, γδ T cells from
both species are capable of secreting pro-inflammatory cytokines critical for
protective immunity to blood-stage parasites [103]. Analysis of the cellular
source of IFN-γ and TNF-α at 24 h after infection with non-lethal P. yoelii
17X showed that both γδ T cells and NK cells contribute to early produc-
tion of these cytokines and that this response is required for control of acute
parasitaemia and subsequent resolution of infection [27]. The observation
that γδ T cells secrete potentially harmful pro-inflammatory cytokines has
also led to the hypothesis that these T cells play a role in malarial patho-
genesis rather than protection [85]. The exact role of γδ T cells in immunity
to blood-stage malaria is as yet unresolved and additional studies are, thus,
warranted.
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4.5
Interactions Between DC and NK Cells

DCs and NK cells are specialized cells of the innate immune system that
perform distinct but mutually dependent functions in the innate immune
response to infection. Both cell types are known to rapidly accumulate at the
site of pathogen entry and in the marginal zone of the spleen, acting as sen-
tinels against infection. DCs are the principal cells responsible for presenting
antigen and activating an appropriate immune response, whereas NK cells
are innate effector cells that through their cytolytic activity and secretion of
pro-inflammatory cytokines, particularly IFN-γ, help control infection and
augment downstream antigen-specific responses. Recent studies show that
DCs and NK cells participate in bi-directional cross-talk which results in po-
tent, reciprocal activation [47, 106]. Although much of the evidence for this
cross-talk has been obtained from in vitro studies, NK cells have recently been
shown to co-localize with DCs in lymph nodes during infection or antigen
challenge [48, 106]. Thus, DC–NK cell interactions in the periphery as well
as in secondary lymphoid organs may shape both the type and magnitude of
innate as well as adaptive immune responses.

Upon contact with invading pathogens, DCs capture antigen for presenta-
tion and secrete chemokines, including CCL2 and IL-8, which recruit circu-
lating NK cells to inflamed tissues. DCs then prime resting NK cells through
cell–cell contact and release of soluble mediators, such as IFN-α, IL-2, IL-12,
and IL-15 [4, 47, 57, 78, 125]. Some of these cytokines, notably IL-2 and IL-15,
act as potent growth factors for NK cell development and proliferation. The
specific mechanisms by which DCs activate NK cells are currently under in-
tense investigation. Jinushi et al. [78] showed thatDC-derived IL-15 and IFN-α
induce autocrine expression of MHC class I-related chain A and B (MICA/B),
ligands for the activating receptor, NKG2D, expressed on human resting NK
cells, resulting in increased NK cytotoxicity. Studies in mice show that IL-2, se-
creted by DCs and T cells that possibly co-localize with NK cells in secondary
lymphoid organs, acts directly on NK cells to promote optimal IFN-γ produc-
tion and elicits effective anti-bacterial and anti-tumour NK cell activity [47,
57]. The maturation status of DCs is an important determinant of the ability
of DCs to activate resting NK cells. Immature DCs are recognized via the
NKp30 natural cytotoxicity receptor and TNF-related apoptosis-inducing lig-
and (TRAIL) and they become targeted for killing by NK cells. However, DCs
matured by microbial stimuli, pro-inflammatory cytokines, or CD40 ligation
are resistant to NK cell lysis [45, 46, 61]. Up-regulated expression of MHC class
I molecules, such as HLA-E on human DCs, following antigen uptake by DCs,
also confers protection against NK cell lysis [45, 46], thereby enabling mature
DCs to survive and recruit and activate additional NK cells. A recent study
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showed that TGF-β significantly down-regulates NKp30 expression, render-
ing NK cells incapable of killing DCs [20]. This finding suggests a potential
role for DC-derived cytokines in mediating DC–NK cell interactions that lead
to either immune tolerance or activation, although TGF-β production by DCs
in response to maturation signals has not yet been documented.

Reciprocally, NK cells have been to shown to induce DC maturation and
cytokine production [53, 125]. Stimulation of DC responses by activated NK
cells is critically dependent on cell–cell contact and, to a lesser extent, on TNF-
α and IFN-γ secreted by NK cells [120, 125]. While it is unclear exactly how NK
cell-derived TNF-α acts to stimulate DCs, IFN-γ secreted by NK cells has been
shown to up-regulate expression of the co-stimulatory molecule inducible
T cell antigen (4-IBB), which promotes autocrine/paracrine DC expansion,
maturation, and migration [120]. As discussed above, NK cells lyse immature
but not mature DCs using an array of cell surface receptors such as NKp30
and TRAIL. By recognizing and killing immature DCs, NK cells may play
an immunoregulatory role in selecting an immunogenic DC population that
could direct subsequent adaptive immune responses. In addition to their
selective editing of DCs, NK cells may be the primary source of signals for
type 1 polarization of DCs and T cells. Mailliard et al. [97] showed that DCs
act as carriers of NK cell-derived signals that induce early polarization of Th
cell responses. Following stimulation by NK cells, DCs carry NK cell-derived
signals, including TNF-α and IFN-γ, into draining lymph nodes where DCs
induce strong Th1 responses in naïve Th cells. Further research is required to
determine the ability of NK cells to lyse endogenous DCs and to determine
whether NK cells alter the numbers and functions of specific DC subsets
in vivo.

To date, there are no published reports of DC–NK cell interactions in
malaria infection, but there is preliminary evidence that such interactions oc-
cur in vivo and are important for directing immune responses and determin-
ing the outcome to blood-stage malaria. During the innate immune response
to Plasmodium infection, DCs may express several cytokines, including IL-2,
IL-12, IFN-γ and, in humans, IFN-α (Fig. 2) [47, 94, 124]. Some of these type
1 cytokines are known to activate macrophages and NK cells to secrete cy-
tokines and to become phagocytic and/or cytolytic [4, 57, 165]. Activation
of NK cells by DCs is potentially a critical event during the innate immune
response because NK cells are one of the main producers of IFN-γ that is abso-
lutely required for protective immunity to blood-stage malaria [102]. Recent
work in our laboratory indicates that splenic CD11c+ DCs purified from P.
chabaudi AS-infected mice stimulate splenic DX-5+ NK cells enriched from
naïve mice to secrete high levels of IFN-γ in vitro (R. Ing and M.M. Stevenson,
unpublished observations). The ability of DCs to stimulate Th1-type cytokine
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Fig. 2 Model of DC and NK cell interaction during blood-stage malaria infection. (1)
During the early phase of the innate immune response, DCs and NK cells co-localize in
the blood or secondary lymphoid organs, such as the spleen, and engage in recognition
and uptake of Plasmodium-derived antigens expressed by parasitized red blood cells.
To promote their co-localization, DCs secrete chemokines (e.g. CCL2 and IL-8) that
recruit circulating NK cells to the site of infection. (2) Following antigen uptake,
DCs and NK cells participate in bi-directional cross-talk that results in reciprocal
activation. (3) DC-derived IL-15 promotes NK cell expansion and survival. (4) Other
immunoregulatory cytokines, namely IL-2, IL-12 and IFN-γ, produced by mature DCs
stimulate NK cell effector function such as cytotoxicity and cytokine production. (5)
The production of the pro-inflammatory cytokines TNF-α and IFN-γ induces further
maturation, expansion and migration of DCs

production by NK cells appears to correlate with host resistance, since DCs
from genetically susceptible A/J mice induced NK cells to secrete high levels
of IL-10, but only very low amounts of IFN-γ, compared with DCs from re-
sistant C57BL/6 or H-2a congenic B10.A mice (R. Ing and M.M. Stevenson,
unpublished observations). Given the importance of DC-derived IL-12 for in-
duction of Th1-type responses and IL-15 for NK cell development, the relative
contributions of IL-12 and IL-15 for DC responses and interactions with NK
cells during blood-stage malaria were further delineated. Our unpublished
studies showed that although IL-15 is important for NK cell function and can
enhance DC cytokine production, IL-12 is necessary for up-regulated expres-
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sion of co-stimulatory molecules and IFN-γ production by splenic CD11c+

DCs during P. chabaudi AS infection. Importantly, IL-12, but not IL-15, is
critically required for DC-mediated IFN-γ production by NK cells, whereas
the role of IL-15 in DC–NK cell interactions is likely to promote NK cell
growth and survival and to provide adjuvant support for IFN-γ production.
Therefore, during the early innate immune response to blood-stage malaria,
DCs may interact with NK cells through an IL-12-dependent mechanism to
promote development of protective Th1-type immunity.

4.6
Cytokine Production by APC

A coordinated network of cytokine responses tightly regulates the innate im-
mune response to infection in mice. DC-derived IL-15 stimulates DCs and
macrophages to secrete IL-12 and IFN-γ [115], which in turn enables these
cells to become further activated via a positive autocrine feedback loop. The
type 1 cytokines produced by APCs also activate NK cells, NKT cells, CD8+

T cells, and γδ T cells to produce large amounts of IFN-γ, which is crucial
for priming CD4+ T cells toward Th1 cell differentiation and subsequent
development of type 1 adaptive immune responses required for control of
blood-stage parasitaemia [34, 102, 144]. Moreover, IL-2 and IL-15 have been
to shown to enhance CD154 (CD40 ligand) expression by activated CD4+ T
cells, thus prolonging T-cell stimulation even in the absence of cognate in-
teraction with CD40-expressing APCs [150]. Activated Th1 cells, in the later
phase of blood-stage malaria, would result in additional IFN-γ production,
further APC and NK cell activation, and B-cell differentiation into plasma
cells secreting Th1-dependent antibody isotypes. Therefore, multiple signals
released during parasite–APC interactions influence CD4+ Th cell differenti-
ation and activation of downstream immune responses.

In addition to their coordinated interactions, some cytokines produced
during the innate immune response also perform distinct, non-redundant
functions. IL-12 is crucial for the development of type 1 immune responses,
mainly due to its potent ability to induce IFN-γ production and Th1 cell
differentiation. Moreover, high systemic IL-12 production and up-regulated
expression of IL-12Rβ2, the receptor subunit mediating IL-12 signalling, cor-
relate with resistance to P. chabaudi AS malaria [136]. IL-15, on the other
hand, is important for NK cell development and function, and IL-15 has been
shown to synergize with IL-12 to promote IFN-γ production and Th1 cell
development. However, mice deficient in IL-15 show only slightly higher sus-
ceptibility during the chronic stage of P. chabaudi AS, suggesting that IL-15
probably plays a supporting but limited role in protective immunity to blood-
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stage malaria [74]. As discussed above, IL-15 functions mainly as a survival
and proliferation factor for developing NK cells during both homeostasis and
the immune response to infection [30, 74, 112, 128] The production of IFN-γ
by APCs might effectively jump-start Th1 cell development by inducing au-
tocrine APC activation as well as by priming commitment of other innate
immune cells and CD4+ T cells toward type 1 responses. Although multi-
ple cytokines may result in Th1 cell development, IFN-γ is considered to be
the central effector cytokine mediating protective immunity to blood-stage
malaria infection [160, 163].

5
Innate Immunity to Plasmodium Blood-Stage Infection in Humans

Innate immune responses are important for the control of initial parasitaemia
both in rodents (see Sect. 4) and in humans [161]. These responses play a role
not only in non-immune individuals infected for the first time but also in
semi-immune individuals who may be infected with parasite variants they
had not encountered before, necessitating the development of a new adaptive
immune response. However, pre-existing memory T and B cells to conserved
antigensmay rapidlybeactivatedand shift the cytokine environment inwhich
innate and adaptive immune responses evolve.

5.1
Dendritic Cells

To date only very few studies have analysed the function of human DCs
ex vivo in acutely infected individuals or in vitro using laboratory lines of
infected red blood cells. Phenotypic analysis of DCs from patients who suf-
fer from acute falciparum malaria gives some indication of DC function in
vivo. In paraffin-fixed spleen sections from Vietnamese patients who died
of falciparum malaria, we observed that myeloid DCs accumulate in the red
pulp and in the marginal zone but not in the white pulp and T-cell areas.
Furthermore, we noted a remarkable down-regulation of HLA DR molecules
on myeloid cells, including cordal macrophages and DCs, but not sinusoidal
lining cells [175]. This is in agreement with the observation that HLA DR
expression is reduced on myeloid DCs in Kenyan children and Vietnamese
adults suffering from acute malaria ([173] and B.C. Urban, unpublished ob-
servations).

Modulation of DC function by infected erythrocytes was also observed in
vitro. Using monocyte-derived DCs, we have shown that CD36-adherentP. fal-
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ciparum-infected erythrocytes or antibodies against CD36 modulate DC mat-
uration and function [172, 174]. Parasite-modulated DCs fail to up-regulate
the expression of MHC, co-stimulatory and adhesion molecules, fail to secrete
IL-12 and to activate T cells but secrete IL-10 and TNF-α in response to stim-
ulation with LPS, CD40-ligand, TNF-α or monocyte-conditioned medium
([172] and B.C. Urban, unpublished observations). Subsequently, both naïve
and memory T cells co-cultured with parasite-modulated DCs are function-
ally unresponsive with respect to proliferation and secretion of IL-2. It has
also been observed that differentiation of monocytes which have phagocy-
tosed haemozoin have impaired differentiation into DCs and an impaired
response to maturation signals [149]. Impairment was accompanied by in-
creased expression of the peroxisome proliferator-activated receptor-γ, the
up-regulation of which is known to interfere with DC maturation [5, 109].
The effect on differentiation of monocytes appears to be mediated by the same
biochemical processes as haemozoin-induced changes in monocyte function
(see Sect. 5.2).

Interestingly, a recent study on the frequency of DCs in peripheral blood
fromadults suffering frommildor severe falciparummalaria reported that the
frequency of plasmacytoid DCs was reduced while the plasma levels of IFN-
α were increased in individuals with both complicated and uncomplicated
malaria [126]. In addition, this study demonstrated that mature schizonts
and lysate thereof induced the expression of CD86, but not CD40, and the
secretion of IFN-α by plasmacytoid DCs in vitro. Plasmacytoid DCs co-
cultured with schizont lysate subsequently activated γδ T cells (see Sect. 5.5).
These responses appear to be due to a soluble ligand of TLR9 in schizont
lysate.

There are several possible explanations for the discrepancy between find-
ings of functional DC responses observed in mice infected with some Plas-
modium strains and those of studies with isolates of the human parasite,
P. falciparum, and in one report of P. yoelii infection in mice, which were
observed to inhibit LPS-induced DC maturation and stimulation of T-cell
responses (Table 1). Following stimulation with LPS, DCs may enter a refrac-
tory period during which maturation and pro-inflammatory responses are
down-regulated even in the presence of malarial antigens, as discussed by
Stevenson and Riley [161]. Alternatively, DC maturation may be delayed, as
discussed by Pouniotis et al. [127]. Furthermore, LPS is know to induce DC
maturation without CD40 ligation, which has been shown to be required for
maximal expression of a mature DC phenotype and cytokine production [41,
162]. It is also possible that P. falciparum may affect DC function through
cytoadhesion via CD36 [172, 174]. Such a mechanism of immune evasion has
not been observed with rodent Plasmodium species and may represent an
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Table 1 Dendritic cell function in different models of Plasmodium infection

Model Parasite Assay DC Outcome Reference

Human P. falciparum In vitro mono-DC Haemozoin modulates differentiation of monocytes to imma-
ture DC and subsequent maturation in response to LPS

149

Human P. falciparum Ex vivo pDC Schizont lysate activates pDC to secrete IFN-α, dependent on
TLR9

126

pDC frequency reduced in adults during acute malaria

Human P. falciparum In vitro mono-DC Intact infected iRBC modulate DC maturation in response to
LPS

172

iRBC-modulated DC fail to secret IL-12 but produce TNF-α
and IL-10

iRBC-modulated DC are poor stimulators of primary and sec-
ondary T-cell responses

Human P. falciparum Ex vivo pDC/mDC Peripheral blood DC show reduced expression levels of HLA
DR in children with acute malaria

173

Mouse P. chabaudi AS In vitro bmDC Schizonts directly induce DC maturation and secretion of
TNF-α, IL-12 and IL-6

145

Mouse P. chabaudi AS In vivo Splenic
CD11c+

DC migrate from marginal zone into white pulp as early as
day 5 after infection

89

Surface expression of CD54, CD40 and CD86 increases from
day 5 to day 7 after infection but returns to near pre-infection
levels on day 9 for CD54 and CD86a
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Table 1 (continued)

Model Parasite Assay DC Outcome Reference

Mouse P. yoelii 17XNL In vitro bmDC Intact iRBC co-cultured with DC inhibit maturation and sub-
sequent T cell activation

114

P. chabaudi AS
P. yoelii YM

In vitro/
ex vivo

bmDC Transfer of iRBC-pulsed DC into mice and subsequent blood-
stagechallengewitha lethaldose induceprotection fromdeath
to homologous and heterologous strains

127

Mouse P. yoelii 17X Ex vivo Splenic
CD11c+

DC isolated from spleen on day 6 during acute malaria infec-
tion stimulate production of IL-2, IFN-γ and TNF-α in naïve
and iRBC-specific T cellsb

124

Mouse P. yoelii YM In vitro bmDC DC co-cultured with iRBC do not mature in response to LPS 127

P. yoelii 17XNL Ex vivo Splenic
CD11c+

DC show reduced surface expression of MHC and co-
stimulatory molecules on day 7 after infection and fail to
respond to LPSc

114

P. yoelii 17XNL In vitro/
in vivo

bmDC DC co-cultured with iRBC suppress liver stage CD8+ T-cell
responses when transferred into mice 7 days after immuniza-
tion with irradiated sporozoites

114

mono-DC, human monocyte derived DC; pDC, human plasmacytoid DC; mDC, human myeloid DC; bmDC, mouse bone marrow-derived
DC; iRBC, infected red blood cell
aBlood-stage infection induced with 105 infected red blood cells
bBlood-stage infection inoculation rate not known, parasitaemia on day 6:13%
cBlood-stage infection induced with 4 × 106 infected red blood cells
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important difference between human and rodent malaria species. In studies
with P. falciparum, DCs are usually derived from human peripheral blood
cells and exposed to the parasite in vitro. Under such conditions, DCs develop
and interact with P. falciparum in the absence of the cytokine milieu provided
by NK cells, T cells, and other cell types normally present in vivo in the tissue
microenvironment that support and promote DC maturation.

5.2
Monocytes/Macrophages

In vitro studies suggest that monocytes produce TNF-α within 24 h of expo-
sure to livemature infectedredbloodcells in thepresenceofγδTcells [64, 143].
Furthermore,binding toCD36expressedonmonocytesandmacrophagesme-
diates non-opsonic phagocytosis of infected red blood cells, which is directly
correlated with the expression level of CD36, but this interaction does not re-
sult in increased TNF-α secretion [147]. However, CD36-mediated phagocy-
tosis leads to the accumulation of haemozoin in monocytes and macrophages.
Haemozoin is the crystallized form of haeme, a by-product resulting from di-
gestion of haemoglobin by the parasite in the red blood cell. When mature
schizonts rupture, haemozoin, together with other debris, is released into the
circulation and rapidly taken up by neutrophils and monocytes. In children
and adults, the amount of pigment in peripheral blood monocytes is a marker
for disease severity and, due to its long persistence, a marker for recent infec-
tion [32, 95, 111]. Haemozoin is not biochemically inert but reacts with mem-
brane phospholipids and is transformed into hydroxy-polyunsaturated fatty
acids, which cause membrane peroxidation. In addition, haemozoin catalysis
induces the formation of prostaglandin PGE2 and PGF2a. While hydroxy-
polyunsaturated fatty acids inhibit monocyte function such as phagocytosis,
activation by inflammatory cytokines and generation of an oxidative burst,
the release of PGE2 and PGF2a either by trophozoites or by monocytes, which
have ingested pigment and/or trophozoites, alters T- and B-cell functions.
Thus, haemozoin is directly as well as indirectly associated with the alteration
of cellular responses observed during acute falciparum malaria.

5.3
NK Cells

NK cells are the earliest cells producing IFN-γ after encounter with live in-
fected redbloodcells invitro [7].Not surprisingly, IL-12and toacertainextent
IL-18 are critical for NK cell activation and IFN-γ production. Activated NK
cells can kill P. falciparum-infected red blood cells; a study on experimentally
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infected volunteers reported elevated levels of granzyme A and B in peripheral
blood just before infected red blood cells could be detected and before the
onset of fever [65, 116]. Interestingly, recent reports by Artavanis-Tsakonas et
al. [8] suggest that activation of NK cells is dependent on contact with infected
red blood cells but varies between individuals. The same authors suggest that
infected red blood cells may bind to the polymorphic KIR receptor family and
lectin-like receptors CD94//NKG2A.

5.4
NKT Cells

The role of NKT cells in human falciparum malaria has not yet been studied
in detail. Like NK cells, they are among the earliest producers of IFN-γ when
exposed to live infected red blood cells, although activation occurs slightly
later [9]. CD4+ NKT cells produce not only IFN-γ but also large amounts of
IL-4 and a subset of CD8α+ NKT cells has cytolytic activity [68]. P. falciparum
products which activate NKT cells are not known. However, work in mice
infected with P. berghei ANKA suggests that malarial GPI presented by CD1d
provides an activating stimulus for these cells [59, 60].

5.5
γδ T Cells

γδ T cells follow a similar kinetic profile as NKT cells and are rapidly activated
by live infected red blood cells [178]. During acute malarial disease, the
frequency of activated peripheral blood γδ T cells is increased and a further
increase occurs after onset of chemotherapy [73]. γδ T cells inhibit the growth
of infectedredbloodcells invitro inacontact-dependent interaction, although
the specific receptor–ligand interactions are not yet known [170]. A recent
study suggests that γδ T cells secrete granulysin which acts on late-stage
mature infected red blood cells or merozoites without lysing the cells [44, 72].
The dramatic increase in γδ T cells during recovery from acute falciparum
malaria suggests that they might have an additional role in immunoregulation
and the resolution of inflammation.

Interestingly, Hviid and colleagues [72] demonstrated that the frequency
of CD3+ cells expressing the γδ-TCR is over twice as high in healthy adults
residing in Ghana compared to a similar Danish population. As many as half
or more of the γδ T cells obtained from healthy Ghanaians, in general, and
from children, in particular, express the Vδ1 chain as part of the TCR [72].
Most peripheral T cells from healthy Caucasians in contrast express a γδ-
TCR composed of Vγ9 and Vδ2. It was not possible to formally exclude
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a relationship between the frequencies of either γδ-TCR+ or Vδ1+ T cells and
HIV infection in this study, as HIV tests were not carried out as part of the
clinical profiling of the subjects.

5.6
Cytokines

When analysing plasma cytokine levels or cytokines produced by peripheral
blood mononuclear cells (PBMCs) from individuals acutely ill with malaria,
one has to bear in mind that this approach can only give a rough indication of
the processes occurring in the spleen and lymph nodes. The subjects under
investigation in different studies are not necessarily comparable because they
often differ in age and exposure to malaria. Infected individuals present at
different timesafter initial infectionorat theonsetof symptoms.Furthermore,
infectioncanoccurondifferentbackgroundsofpre-existingchronic infection.
It is, therefore, not surprising that reports on plasma cytokine levels often
seem to be contradictory, although parasitaemia and pigment in peripheral
blood monocytes can give some indication of the history of infection within
an individual.

Priming of T cells is dependent on IL-12 and mature, myeloid DCs are
the main, if not sole, producer of this important immunoregulatory cytokine.
In individuals experimentally infected with P. falciparum, low levels of IL-
12 p40, one of two subunits of the biologically active IL-12 p70 molecule,
can be detected in plasma 1 day before the volunteers become slide positive
for infected erythrocytes, suggesting that DCs produce this cytokine early
during blood-stage infection [65]. Many studies in children suffering from
acute malaria readily detected IL-12 in plasma [93]. In these studies, IL-
12 production was negatively associated with parasitaemia and tended to
be lower in children suffering from severe disease. IL-18 is produced by
activated macrophages and mature myeloid DCs. Like IL-12, IL-18 plasma
levels were observed in several studies to be raised consistently in children
suffering from acute malaria and correlate with disease severity but not with
parasitaemia [98, 107, 168].

IL-12 and IL-18 are critical for the activation of NK and NKT cells to pro-
duce IFN-γ, although this cytokine can also be produced by monocytes and T
cells later in infection. IFN-γ production was observed to be higher in children
with mild disease than in children suffering from severe disease [92], and is
associated with a reduced risk of subsequent presentation with malaria fever
and a longer time to reinfection [39, 92]. However, other studies have reported
that individuals suffering from severe disease have higher circulating plasma
concentrations of IFN-γ, and PBMC from malaria immune donors produce
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less of this cytokine in vitro in response to live infected red blood cells [24,
130, 132]. By contrast, plasma levels of IL-10 generally seem to increase with
increasing parasitaemia [71]. Some studies report that the concentration of
IL-10 is much higher in children with severe malaria [93, 123] or symptomatic
malaria [75], and in adults who died with falciparum malaria [33]. However,
in the latter study, a high level of IL-6 and low level of IL-10 appeared to be
equally devastating. The ratio of IFN-γ to IL-10 produced by PBMC stimulated
with schizont extract is also higher in individuals from non-endemic or low-
endemic regions. Results from all of these studies emphasize that cytokines,
and particularly IFN-γ and IL-10, can have both detrimental and beneficial
effects on the host’s ability to cope with infection and combat disease.

6
Linking Innate and Adaptive Immune Responses

Both innate and adaptive immune responses are critical for establishing clini-
cal immunity and control of parasitaemia to infection with P. falciparum. How
then do these two arms work together both during the first infection and in
subsequent infections? Early in infection, when parasitaemia is still low, both
plasmacytoid and myeloid DCs may be activated directly by intact infected
red blood cells or indirectly by their products, then mature and secrete IFN-α,
IL-12 or TNF-α (Fig. 3). These cytokines support activation of NK cells, which
produce the first wave of IFN-γ. Host genotype might determine whether a di-
rect interaction of NK cells and infected red blood cells occurs, setting the
first threshold for the level of IFN-γ production [9]. IFN-γ-induced activation
of monocytes and macrophages could enhance non-opsonic phagocytosis of
infected red blood cells as well as intraerythrocytic killing of the parasites
via NO production, although the actual role of NO during malaria remains
unresolved. Mature DCs and activated monocytes/macrophages may present
parasite antigens to naïve and primed T cells, respectively, and within this
inflammatory cytokine environment promote Th1 polarization of CD4+ T
cells. However, with increasing parasitaemia, monocytes/macrophages and
DCs may become paralysed by the ingestion of malaria pigment. In addition,
DCs may be modulated in the marginal zone of the spleen through adhesion of
infected red blood cells via CD36. Subsequent production of IL-10, and possi-
bly TGF-β, may counteract the initial pro-inflammatory cytokine cascade and
shift the balance towards an anti-inflammatory response. Nevertheless, IL-10
is an important growth factor for B cells and may promote B-cell survival and
differentiation, eventually leading to class switching towards cytophilic IgG1
and IgG3. Once humoral immune responses to the infecting parasite variant
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Fig.3 Hypothetical scenarioof thepossible sequenceof leucocyteactivationduring the
course of a self-limiting, mild Plasmodium blood-stage infection. Early in infection,
DCs are activated, produce IL-12 and interact with NK cells and NKT cells, which
in turn produce large amounts of IFN-γ (NK) and IFN-γ/IL-4 (NKT). CD4+ T-cell
activation by DCs occurs on the background of high levels of IFN-γ resulting in
Th1 cell deviation. Activated T cells induce B-cell responses and the humoral immune
response together with the growth-inhibiting effect of γδ T cells and increased opsonic
phagocytosis of infected red blood cells by monocytes eventually leads to reduction
in parasitaemia. In parallel with increasing parasitaemia, ingestion of haemozoin
paralyses monocyte function and DC maturation, and in the case of P. falciparum
infection, cytoadhesion of infected red blood cells to DCs modulates their function.
Together, these events lead to reduced IL-12 and increased IL-10 secretion. IL-10
inhibits the effect of IFN-γ and TNF-α on other cells. When infected red blood cells
switch surface expression of a different variant surface antigen (Plasmodium species
infecting rodents have variant surface antigens although they do not seem to mediate
cytoadhesion as is the case for P. falciparum), a second wave of infected red blood
cells multiply. Activation of DCs, NK cells and NKT cells now occurs on a background
of increased levels of IL-10 which counteract the effect of IFN-γ. Some DCs may still
prime CD4+ T-cell responses although they are now predominantly of a Th2 phenotype
and parasite-modulated DCs may also induce regulatory T cells

are established, control of parasitaemia seems much more likely. However,
antigenic variation of surface proteins such as PfEMP-1, which allows the par-
asite to escape the newly established immune response, initiates this scenario
all over again, although on a quite different level of cellular activation and
cytokine equilibrium.

Why then do some children cope with infection while others succumb
to severe disease and why does immunity to severe disease occur relatively
quickly, while cerebral malaria is experienced only after repeated exposure?
In addition to differences in exposure and transmission rates in different en-
demic regions, it is likely that the genetic make-up of the host plays a role
as already described for the activation of NK cells. It is well established that
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polymorphisms in red blood cell proteins are the most important factors pro-
tecting against severe malarial disease [179]. However, many polymorphisms
in immune response genes such as MHC alleles as well as in the TNF-α and
IL-12 promoters have been described and are associated with either protec-
tion or susceptibility to severe disease [67]. In addition, polymorphisms in
adhesion molecules, such as CD36, CD35, ICAM-1 and CD31, may influence
the degree of sequestration and vessel occlusion linked with organ-specific
pathology [67].

One other factor influencing the outcome in humans, but often neglected
when considering the heterogeneity of cellular immune responses to infected
red blood cells, is the adhesion phenotype of the infecting parasite variant.
The recent completion of the entire genome sequence of the laboratory P.
falciparum line 3D7 allowed detailed analysis of its 59 var genes [52]. Despite
considerable sequence heterogeneity, these var genes can be sub-grouped
into different families according to their length and number of domains, their
ability to bind to CD36, and their upstream 5′-prime promoter sequences
(ups) [82, 88, 151, 152]. Thus, var genes with a type A ups tend not to bind to
CD36, and are relatively long with more than five domains, while var genes
with a type B or type C ups are more likely to bind to CD36, and are usually
smaller and composed of five domains.

Although most studies on cytoadhesion of isolates from patients with acute
malaria reported binding to CD36, with isolates from patients suffering from
severe disease showing lower avidity for CD36 than isolates from patients with
mild disease, lack of binding to CD36 has also been observed [11, 110, 133,
169]. Laboratory lines selected with acute immune serum from children expe-
riencing severe malaria showed reduced adhesion to CD36 and preferentially
expressed var genes with type A ups [77, 79, 157]. Furthermore, children with
severe malaria carrying the 188G allele of CD36 [3, 119] were more likely to
be infected with parasites expressing commonly recognized variant surface
antigens, suggesting that adhesion to CD36 selects against their expression (P.
Bull, manuscript submitted). Although these later data are based on experi-
ments with very few parasite isolates, together they indicate that the immune
status of the host and CD36 adhesion may influence selection of var genes
expressed on field isolates.

It is conceivable that the ability of infected red blood cells to adhere to
CD36 expressed on myeloid cells such as monocytes/macrophages and DCs
may alter the immune response by modulating DC maturation, promoting
secretion of anti-inflammatory cytokines, and inducing T-cell anergy. This
scenario may still provide growth factors for B-cell differentiation into plasma
cells but may not provide sufficient T-cell help, such as CD40 cross-linking,
for the generation of long-lasting memory B cells. In a semi-immune host,
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parasites with immunomodulatory capacity as determined by their avidity
for CD36 may have an advantage in that they can establish chronic infection.
Clearly, the link between var gene expression, avidity for CD36, and immune
responses needs to be established on a large number of samples from children
with different degrees of malarial disease and asymptomatic infection. This
issue is now under active investigation.

7
Strategies for Vaccine Development Based on Innate Immunity

Recent and compelling evidence reviewed here provides strong support for
the importance of the cells comprising the innate immune system to shape the
subsequent adaptive immune response to blood-stage malaria. Given the ur-
gentneed todevelopaneffectivemalariavaccine torelieve thegrowingmalaria
burden, it is important that full consideration be directed to data emerging
from studies of innate immunity to infection with blood-stage Plasmodium
parasites conducted in both mice and humans. Field trials evaluating the effi-
cacy of recombinant subunit vaccines based on protective antigens identified
in the various stages of the Plasmodium life cycle, including the blood stage,
have been disappointing leaving some to speculate that an effective malaria
vaccine remains elusive.

Because of the plasticity associated with the response of many cell types
of the innate immune system [70], a possible strategy for enhancing the
immunogenicity of recombinant malaria antigens may be the inclusion of
microbial products, recombinant cytokines, or synthetic compounds that
activate innate immunity. Although the development of new adjuvants is an
important area of research, many vaccine formulations still rely upon alum
(aluminium hydroxide) as an adjuvant. This may be due to the fact that alum
is one of few adjuvants approved for human use even though it is clear that this
agent stimulates a type2 immuneresponsecharacterizedbyhigh levelsof IgG1
in mice and an inability to induce macrophage activation or cytotoxic T-cell
responses [166]. In contrast, microbial products, such as unmethylated CpG
motifs recognized by TLR9, induce a type 1 pattern of cytokine production
dominated by IL-12 and IFN-γ, with little secretion of type 2 cytokines [166].
CpG motifs have been found to be safe and useful as adjuvants for vaccines,
including peptides vaccines, against various pathogens [166].

As reviewed in a recent publication [161], immunization with a combina-
tion of CpG oligodeoxynucleotides and the 19-kDa P. yoelii merozoite surface
protein 1, recombinant MSP119, an important blood-stage vaccine candidate
antigen, in alum resulted in a mixed Th1/Th2 cell response and improved vac-
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cine efficacy. Recent studies by Su et al. [166] demonstrated that CpG motifs
enhance the efficacy of a blood-stage vaccine in the model of P. chabaudi AS
malaria in mice. In this study, the vaccine formulation consisted of a crude
antigen preparation in alum. Furthermore, the type 1 pro-inflammatory cy-
tokine IL-12 absorbed to alum was observed to enhance the efficacy of the
same crude antigen vaccine by inducing a Th1 cell-mediated immune re-
sponse [166]. Protection was found to be dependent on CD4+ T cells, IFN-γ,
and B cells and to be associated with high serum levels of malaria-specific
IgG2a, the antibody subclass associated with a type 1 response. Other cy-
tokines which regulate innate immune mechanisms involving DC and NK
cells may potentially be useful for malaria vaccination and immunotherapy.
On their own, early cytokines, such as IL-15, may not be critical for IFN-γ
and antibody production. However, several in vitro and in vivo studies have
provided intriguing results demonstrating the potential of IL-15 to function
as an adjuvant in the induction of maximal IFN-γ and antibody responses [90,
117, 135]. As the mechanisms of innate immunity as well as the network of
cytokines involved in the early response against blood-stage malaria para-
sites are delineated, additional factors will be identified which may have great
potential as vaccine adjuvants.

8
Concluding Remarks

The cells comprising the innate immune system, namely, DCs, mono-
cytes/macrophages, NK cells, NKT cells, and γδ T cells, play a fundamental
role in shaping the adaptive immune response to blood-stage malaria. The
most prominent result of the early interactions between Plasmodium parasites
and the immune system appears to be the production of immunoregulatory
cytokines, especially IL-12 and IFN-γ, which subsequently lead to the
activation, in some cases bi-directional, of other cells of the innate immune
system. These same cytokines, possibly amplified to higher concentrations
during innate immunity, induce the activation of CD4+ T cells and B cells
that are ultimately required for the cell-mediated and antibody-dependent
mechanism(s) leading to the control and resolution of infection. Innate
immune responses are also likely to be necessary downstream for the
generation of memory T-cell as well as B-cell responses leading to immunity
against the clinical syndromes associated with malaria. Harnessing the
information on innate immune responses to blood-stage malaria, which has
recently been described in both Plasmodium-infected mice and humans,
for the development of an effective malaria vaccine will require additional
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studies in several critical areas. These areas include the identification of host
receptors and parasite ligands important in initiating these responses, the
identification of host as well as parasite genetic factors influencing these
responses, and the delineation of the network of cytokines involved in these
responses. The information derived from studies on innate immunity to
blood-stage malaria may also provide information for the development of
novel immunotherapies to alleviate the tremendous burden of malaria in the
developing world.
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Abstract Immunity to malaria develops slowly with protection against the para-
site lagging behind protection against disease symptoms. The data on the longevity of
protective immune responses are sparse. However, studies of antibody responses asso-
ciated with protection reveal that they consist of a short- and a long-lived component.
Compared with the antibody levels observed in other infection and immunization
systems, the levels of the short-lived antibody compartment drop below the detectable
threshold with unusual rapidity. The prevalence of long-lived antibodies is comparable
to that seen after bacterial and protozoan infections. There is even less available data
concerning T cell longevity in malaria infection, but what there is seems to indicate
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that T cell memory is short in the absence of persistent antigen. In general, the
degree and duration of parasite persistence represent a major factor determining how
immune response longevity and protection correlate. The predilection for short-lived
immune responses in malaria infection could be caused by a number of mechanisms
resulting from the interplay of normal regulatory mechanisms of the immune system
and immune evasion by the parasite. In conclusion, it appears that the parasite–host
relationship has developed to favor some short-lived responses, which allow the host to
survive while allowing the parasite to persist. Anti-malarial immune responses present
acomplexpicture, andmanyaspectsof regulationand longevityof the response require
further research.

Abbreviations
CSP Circumsporozoite protein
LSA-1 Liver-stage antigen
MSP-1 Merozoite surface protein-1
MSP-2 Merozoite surface protein-2
Pf155/RESA Ring-infected erythrocyte surface antigen
PfEMP1 P. falciparum erythrocyte membrane protein-1
PIESA P. falciparum-infected erythrocyte surface antigens
RAP1 Rhoptry-associated protein 1
TRAP Thrombospondin-related protein

1
Introduction

For many pathogens, a single infection enables the immune system to pro-
tect the host from disease for the remainder of the host’s life span. In con-
trast, malaria is contracted repeatedly under both endemic and epidemic
conditions, and completely sterile immunity does not develop; longevity of
a protective response, once elicited, can be of variable length and is generally
not life-long in the absence of continuous or regular exposure to the parasite.
However, some long-term immunity does exist. Although, emigrants from en-
demic areas, or previously exposed adults, frequently develop malaria when
infected after several years of absence, they often have lower parasitemias
and milder clinical disease than completely naive individuals (Deloron and
Chougnet 1992; Di Perri et al. 1995). There is no consensus on how long im-
mune responses are maintained after a malaria infection and to what extent
short-lived responses are a sign of impaired immunological memory, nor
do we know which arms of the immune response are responsible for long-
term protection. This review seeks to address the issue of immune response
longevity by analyzing the responses associated with protection.
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Wehavechosen to focusmainlyon the immuneresponse to thebloodstages
of infection since these stages not only induce protective immune responses
in natural infection but are also strongly associated with clinical protection.
Although both B and T cells play a role in the immune response to Plasmodium
parasites, the longevity of immunity will be discussed with a strong emphasis
on antibody responses, as these represent the most commonly studied param-
eter in field studies. The available data on the longevity of malarial antibody
responses will be presented and compared with the longevity of the humoral
response seen in other immunization and infection systems. These data will
be considered in the context of the current understanding of the immune
response and we will discuss how the parasite may bias immune responses to
its benefit.

2
Development of Immunity to Malaria

Clinical immunity to malaria, or protection against disease symptoms, de-
velops more rapidly than anti-parasite immunity (protection against para-
sitemia) (Fig. 1). The development of clinical immunity is thought to depend
on the generation of immune mechanisms which limit the inflammatory
processes responsible for the pathology (reviewed in Marsh 1992; Artavanis-
Tsakonas et al. 2003). This non-sterilizing form of immunity is frequently
referred to as premunition and may be dependent on regular rechallenge
with parasites (reviewed in Druilhe and Pérignon 1994). The term premu-
nition was originally coined to describe the prevention of superinfections
(reviewed in Smith et al. 1999) and the change in word usage emphasizes how
closely parasite chronicity and anti-malarial immunity are linked.

Fig. 1 Development of clinical immunity in comparison to anti-parasite immunity in
Kilifi, Kenya
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In areas of moderate to high malaria endemicity, children develop clinical
immunity over the first 5 years of life in which they show reduced disease
symptoms while retaining high parasite burdens. Mathematical modeling
of infections in these areas suggest that protection against severe but non-
cerebral malaria may be generated after only one to three episodes of disease
(Gupta et al. 1999). The development of clinical immunity follows a somewhat
different pattern when exposure begins in adulthood. Population relocation
programs in Indonesia have revealed that roughly three to six infections at
the hyperendemic level occur before malaria morbidity drops in adults (Baird
et al. 1993; Baird 1998). In the transmigrant population, parasite prevalence
drops more slowly in children than in adults, although the latter suffer more
malarial morbidity.

Compared with clinical immunity, anti-parasite immunity is more difficult
to assess in the field, as asymptomatic parasite carriers go undetected unless
regular blood film analysis is carried out on all participants of a longitudi-
nal study. However, some information can be gleaned from studies where
controlled malaria infections were used to treat the neurological symptoms
of syphilis. Retrospective analysis of infections performed in the USA shows
that both clinical immunity and anti-parasite immunity are improved in the
secondary infection, but that neither is complete (Collins and Jeffery 1999).
A series of P. falciparum infections undertaken in Romania shows that all
patients were free of fever by the fifth inoculation whereas 3%–5% of the pa-
tients still developed parasitemia in the eighth to tenth inoculations, clearly
demonstrating the different development rates of clinical and anti-parasite
immunity (Ciuca et al. 1934).

Thus, the development of immunity to malaria is a complex issue and any
evaluation of experiments analyzing the longevity of anti-malarial immune
responses requires the critical consideration of numerous factors: differenti-
ation between anti-parasite and clinical immunity, the age of the study group
and the degree and continuity of parasite exposure. Furthermore, the influ-
ence of infection with different strains and species of Plasmodium must also
be taken into account.

3
Link Between Antibodies and Protection

Studies in a variety of experimental models of malaria support the view
that B cells and antibody are crucial components of the protective immune
response. (a) Transfer of immune serum or specific antibodies into naïve
mice or monkeys can diminish or prevent infection in the recipient (Jarra
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et al. 1986; Berzins et al. 1991; Diggs et al. 1995; Gysin et al. 1996; Gozalo et
al. 1998; Vukovic et al. 2000). (b) Mice lacking B cells develop a fluctuating
chronic infection (Grun and Weidanz 1983; van der Heyde et al. 1994; von
der Weid et al. 1996) which is only eliminated by transfer of B cells and/or
antibody (Langhorne et al. 1998). (c) Immunization with various malarial
antigens resulting in protection is also dependent on, or associated with,
specific antibodies in mice (Daly and Long 1995; Ling et al. 1995; Calvo et al.
1996; Tian et al. 1996; Hirunpetcharat et al. 1997; Anders et al. 1998; Rotman
et al. 1999) and monkeys (Siddiqui et al. 1987; Chang et al. 1996; Baruch et al.
1999; Donati et al. 2004).

Similarly, several lines of evidence support a role for antibodies in the
development of immunity to the Plasmodium parasite in humans: (a) Pas-
sive transfer of immune serum into non-immune humans can diminish or
prevent infection in the recipient (Cohen et al. 1961; Sabchareon et al. 1991).
(b) Infants are protected against malaria during the first few months of life
(Snow et al. 1998) possibly due to the transfer of maternal antibodies (Hviid
L Staalsoe 2004; Branch et al. 1998), but this is not a universal observation
(Dodoo et al. 1999). (c) In longitudinal studies, the prevalence and levels
of antibodies against defined malarial antigens have been associated with
resistance against disease (e.g., Riley et al. 1992; Egan et al. 1996; Metzger
et al. 2003). (d) Among the studies which have tested cross-sectionally for
a relationship between antibodies and parasites rather than malarial disease,
a significant number have found an association between antibodies against
ring-infected erythrocyte surface antigen (Pf155/RESA) and low levels of par-
asitemia (Chizzolini et al. 1988; Petersen et al. 1989; Hogh et al. 1992; Astag-
neau et al. 1994; Achidi et al. 1995) and a handful of studies have observed
such an association for antibodies directed against the merozoite surface
protein-1 (MSP-1) (Chizzolini et al. 1988; Riley et al. 1993; Egan et al. 1996).
However, there are also studies reporting a positive association between par-
asitemia and antibodies for the sporozoite antigen circumsporozoite protein
(CSP) (Achidi et al. 1995), MSP-1 (Terrientes et al. 1994; al-Yaman et al. 1995),
MSP-2 (al-Yaman et al. 1994), glycophosphatidylinositol (Boutlis et al. 2002),
rhoptry-associated protein 1 (RAP-1) (Jakobsen et al. 1997; Fonjungo et al.
1999) and the variant antigen P. falciparum erythrocyte membrane protein-1
(PfEMP-1) (Bull et al. 2002). This presents some problems in interpreting
field data. While antibody levels may have a protective effect against future
infection or disease, if they are short-lived, they may only be indicative of
the recentness of past infections or to present infections. The importance of
taking asymptomatic parasite infections into account when assessing the rela-
tionship between antibodies and infection or disease in longitudinal studies
has been recognized previously (e.g., Brown et al. 1991) and has been in-
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corporated into some recent studies (Bull et al. 2002; Kinyanjui et al. 2004;
Polley et al. 2004).

Overall, data from field studies support an association between antibody
responses and immunity to malaria. Variations between the results of dif-
ferent studies can be attributed to factors such as age, previous exposure
to parasite, transmission rate, host genetic factors as well as the statistical
power of the study. Furthermore, it is likely that multiple and diverse im-
mune mechanisms functioning concurrently are required for full protection,
making it difficult to dissect the individual effect of a particular antibody
response. Since the prevalence or levels of antibodies against defined malar-
ial antigens are frequently measured in both field studies and in experi-
mental models, they will be used as indicators of the maintenance of host
immunity and longevity of the immune response in the following sections,
which will analyze the persistence of malaria-specific antibody following
infection.

4
Antibody Persistence in Malaria

A frequent observation in the field is that malaria-specific antibody levels
are diminished in the absence of parasite exposure. This could be attributed
to a drop in the amount of antibody produced, resulting in lower titers and
a smaller proportion of positive responders between the end of the rainy
season and the end of the following dry season in areas of seasonal malaria
transmission. However, the malarial antibody response also contains a long-
livedcomponent and thebalancebetween these two typesof response is shown
by a number of field studies. Examples from the literature are summarized
in Table 1. Frequently, the persistence of antibody is shorter in children, and
in one study, it was shown that only children experienced fluctuations in
antibody levels between the dry and rainy seasons, whereas antibody levels
remained constant in adults (Taylor et al. 1996)

A major problem in interpreting these studies is that many of them did not
include drug treatment for all subjects and therefore, the end of the trans-
mission season does not necessarily correlate with a lack of parasites. It has
been shown that 30%–40% of the study cohorts from areas of seasonal trans-
mission actually had detectable parasitemia at the start of the transmission
season (Ferreira and Katzin 1995; Metzger et al. 2003). Therefore, it is likely
that chronic infections in some of the study participants will skew the overall
trend in antibody level development.
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Table 1 Examples of antibody development in areas of seasonal malaria transmission

Antigen Study Transmission Interval Drop in Ab Drop in Ab level Reference

size/age type between dry prevalence

and rainy

season

MSP-1 61 Adults Seasonal 9 Months Not significant Not significant Riley 1993

MSP-1 52 Adults
and children

Mesoendemic,
unstable

8–9 Months ? 40%–45% Cavanagh et al. 1998

MSP-1 37 Adults,
57 children

Hyperendemic,
seasonal

7–8 Months Significant in
children but not
in adults

Adults: 35–36%
Children: 48–54%

Früh et al. 1991

P. vivax MSP-1 104 Adults
and children

Seasonal 5 Months study
interval

34% About 50% Soares et al. 1999b

MSP-1, MSP-2,
CSP

96 Adults
and children

Seasonal 3 Months study
interval

22%–50% 6%–66% Ramasamyet al. 1994

Liver-stage
antigen

140 Adults
and children
(LSA-1)

Seasonal,
episodic

4–5 Months 11.4%–30.5% 24% In children
≤6 years
53% In adults
≥18 years

John et al. 2002

RAP-1 53 Adults
and children

Unstable,
low intensity
after drought

8–9 Months Yes Yes Fonjungo et al. 1999
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Additional studies show that the drop in antibody levels and prevalence
also occurs after parasites have been eliminated. Antibody levels against
total parasite antigen drop within the first few months after drug treat-
ment (Brögger et al. 1978; Ferreira et al. 1996; Luty et al. 2000). Further-
more, both the prevalence and the levels of antibodies against the malar-
ial antigens PfEMP-1, P. vivax and P. falciparum MSP-1 and RAP-1 drop
soon after treatment (Cavanagh et al. 1998; Fonjungo et al. 1999; Giha et
al. 1999; Soares et al. 1999a; Park et al. 2000; Braga et al. 2002). However,
a few malarial antibody responses deviate from this trend. Antibody levels
against rifin proteins remained constant over 2 years in four patients in the
absence of re-infection, and antibodies against P. falciparum-infected ery-
throcyte surface antigens (PIESA) remained fairly constant over a period of
12 weeks in Kilifi, Kenya after a small initial drop (Abdel-Latif et al. 2003;
Kinyanjui et al. 2003).

Analysis of longer intervals after infection shows that after the initial
drop in prevalence and levels, anti-malarial antibodies can persist in the
absence of patent infection. In a small study group, antibodies against sporo-
zoite antigens were shown to persist 6–10 years after the hosts had left the
malaria-endemic area (Druilhe et al. 1986). More surprisingly, a single 50-day
outbreak of P. vivax in Brazil (followed by meticulous controls confirming
the subsequent absence of parasites) resulted in antibodies against circum-
sporozoite protein and MSP-1 which could still be detected in 20% or 47%
of the individuals after 7 years (Braga et al. 1998). On the Melanesian is-
land Aneityum, IgG titers against total parasite antigen were determined
7 years after the initiation of a thorough eradication campaign. In 37%
of the children and 80% of the adults, titers were higher than the cut-off
point. However, a part of this response must be attributed to cross-reactivity
with non-malarial antigen, as 19% and 29%, respectively, of the inhabi-
tants of an island without malaria also had positive IgG titers (Kaneko 1999;
Kaneko et al. 2000).

Overall, the data on antibody responses in humans suggest that some anti-
body responses to malarial antigens are relatively short-lived with the number
of responders dropping up to 50% over a period of 3–9 months and antibody
levels dropping up to 66% in the same time period. How far these observa-
tions reflect general characteristics of antibody responses following infection
or immunization or real impairmentsin the maintenance of antibody levels
remains to be determined. Data are lacking in experimental models. How-
ever, protection against lethal P. berghei decayed by about 60% over period
of 1.3 years after the initial infection (Eling 1980). Since antibody-mediated
mechanisms are thought to mediate protection in blood-stage infections, this
can be taken as indirect evidence that anti-malarial antibody levels may also
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decay in mice. More precise studies in animal models are necessary to deter-
mine whether malaria parasites interfere with the generation of B cell memory
and plasma cell generation or maintenance.

5
Antibody Persistence in Other Immunization and Infection Systems

Therapid lossof antibodyprevalence ina largeproportionofmalaria- infected
individuals is in contrast to many other infections and immunizations, where
some drop in antibody titer is common, but is less rapid than that seen
after malaria infections. In comparing different infection and immunization
systems, it is important to consider the complexity of the immunogen or
pathogen and the potential for re-exposure as well as chronicity.

The most readily available data for comparison are those that have deter-
mined the duration of antibody responses to common vaccines. While some
anti-malarial antibody levels drop within 1 year after exposure, antibody
against diphtheria and tetanus toxin takes decades rather than years to decay
to non-protective levels (Maple et al. 2000). In this study, the percentage of
vaccinees with non-protective antibody levels at 60 years of age is compa-
rable to the number of malaria-infected individuals with undetectable levels
of anti-malarial antibodies after 6 months. However, not all commonly used
vaccines are this efficacious. Although over 95% of vaccinated children have
protective antibody titers against tetanus, diphtheria and poliovirus 4 years
after a booster immunization, levels of anti-pertussis antibodies are very low
at this time point (Mallet et al. 2000). In the case of meningococcal vaccine,
antibody levels drop strongly within the first 6 months after vaccination and
have returned to pre-immunization levels by 4 years of age (Borrow et al. 2001;
Richmond et al. 2001; Borrow et al. 2002; Goldblatt et al. 2002).

Attenuated viral vaccines also elicit very constant antibody responses.
Antibody levels against Varicella were shown to remain constant over 3 years
(after an initial drop) or even rise over a period of 5 years (LaRussa et al.
1990; Zerboni et al. 1998). An attenuated mumps vaccine induced antibody
responses which persisted at least 4 years with a reduction in responders of
only 15% (Davidkin et al. 1995) while antibody responses to Rubella were
maintained over a period of 12–23 years in the absence of re-exposure to the
virus or vaccine (Asahi et al. 1997). Antibody levels against the non-attenuated
smallpox vaccine are also extremely stable over periods up to 75 years with
only 4 out of 306 serum values negative at more than 30 years (Hammarlund
et al. 2003) or 3 out of 27 values negative at 20–60 years after vaccination
(Crotty et al. 2003).
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Studies of natural viral infections in isolated populations have also shown
that serum antibodies are produced for decades after a single infection. Some
of the classic cases have demonstrated the presence of neutralizing antibodies
75 years after an outbreak of yellow fever and the maintenance of polio- and
vaccinia-specific antibodies over 40 and 15 years, respectively, in the absence
of re-exposure to antigen (reviewed in Ahmed and Gray 1996; Slifka and
Ahmed 1996).

As befits the greater structural complexity of bacteria and parasites, they
present amorediversepicture. SomesalivaryandserumIgGresponses against
the enteric bacterium Campylobacter jejuni can be detected up to 1 year after
infection, albeit at reduced levels (Cawthraw et al. 2002) and the antibody
response to Bordetella pertussis antigens declines to roughly background
levels within 5 years in a semi-enclosed community (Tomoda et al. 1992).
However, despite an equally low risk of re-exposure to the pathogen, 22% of
people infected with the intracellular bacterium Francisella tularensis still had
specific IgG levels above the detection limit after 25 years and at 11 years, six
out of six individuals were seropositive (Ericsson et al. 1994). For parasites, it
has been shown that infection of calves with the protozoan parasite Neospora
caninum, which may cause persistent infections, results in continued antibody
persistence albeit with some fluctuation (Maley et al. 2001). Mice infected
with Trypanosoma cruzi are still seropositive 3–6 months after treatment and
become seronegative after 10–12 months (Andrade et al. 1991). Regarding
a larger time frame, a mathematical model suggests that the mean duration
of seropositivity after human Toxoplasma infection is 40 years (van Druten
et al. 1990). Perhaps the closest similarity to malaria infection is seen with
Leishmania donovani infection, where antibody levels drop drastically (96%)
by 75 days after drug treatment, but are still in the detectable range (Anam et
al. 1999).

Most of the infections described are either not chronic or have been ter-
minated by drug treatment, although some of the viral infections may persist
longer than previously assumed (Zinkernagel 2002; discussed in Sect. 6).
Therefore, it is necessary to look at persisting infections. Murine gammaher-
pesvirus 68 causes life-long latent infections and IgG titers which are very
constant for up to 90 days (Sangster et al. 2000), and the potentially persisting
infection of mice with lymphocytic choriomeningitis virus (LCMV) results
in antibody titers that are stable for at least 300 days (Ochsenbein et al. 2000).
However, as with the N. caninum infection described above, these observation
intervals are short compared to the time scale required for assessing malaria
immunity. On a longer note, antibody levels in cystic fibrosis patients chroni-
cally infected with Pseudomonas behaved differently from malarial antibodies
by rising over the course of 11 years (Ciofu et al. 1999).
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In summary, all other persisting infections discussed here induced high
stable or rising antibody titers or levels. The level at which pathogens persist
as well as the initial antigen dose seem to have an effect on long-term antibody
levels (Ochsenbein et al. 2000). The main difference between the antibody re-
sponses to malaria infection and the infections and immunizations described
in this section lies in the lower antibody responses, and the rapidity with
which a large proportion of the Plasmodium-specific antibodies drop below
the detectable threshold. The long-lived component of the antibody response
to malaria is less than that observed in viral infections, but may be comparable
to that seen after bacterial or other protozoan infection.

6
Theories on Antibody Maintenance

Before discussing how the malaria parasite could affect the B cell and antibody
response, it is necessary to present the current theories on the maintenance
of serum antibody levels. Figure 2 schematically shows how different B cells
contribute to serum antibody levels. The first rapid response is based on the
differentiation of recirculating naive B cells to plasma cells which can secrete
over 5,000 immunoglobulin molecules per second (reviewed in Slifka and
Ahmed 1996). The majority of these plasma cells are short-lived and die after
a period varying between 8 h and 3–10 days (Jacob et al. 1991; Ochsenbein
et al. 2000; Sze et al. 2000). The antibodies produced by these plasma cells
are critical for controlling pathogens before B cells with higher affinity are
generated in the germinal centers. Many of the short-lived plasma cells are of

Fig. 2 Persistence of differentiated B cells and the maintenance of serum antibody
levels after immunization or acute infection
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the IgM isotype and the higher avidity of the pentameric IgM (as compared
to monomeric IgG) can partially compensate for the poorer affinity.

Plasma cells are also generated as a consequence of the germinal center
reaction where somatic hypermutation and affinity maturation combine to
produce antibodies with improved binding characteristics. In mice, plasma
cells have extended life spans of at least 90 days (Manz et al. 1997) or 8 months
to over 1.5 years without memory restimulation (Slifka et al. 1995, 1998).
They persist in the bone marrow and to a lesser extent in the spleen and may
occupy an additional survival niche in chronically inflamed tissues (reviewed
in Manz and Radbruch 2002). In these locations, the plasma cells continue
to secrete antibodies and contribute to the maintenance of serum antibody
levels after the termination of infection (Slifka and Ahmed 1996; Slifka et al.
1998). However, the actual life span of these plasma cells in mice and even
more so in humans is still a matter of controversy.

The germinal center response also results in the generation of memory
B cells, which are responsible for rapid secondary antibody responses com-
prising the IgG, IgA and IgE isotypes (reviewed in Ahmed and Gray 1996;
MacLennan et al. 2000) and these cells have also undergone affinity matu-
ration and selection and have lowered activation thresholds as well as an
increased proliferative burst capacity (Martin and Goodnow 2002). Memory
B cells have altered homing patterns leading to accumulation in particular
locations (reviewed in MacLennan et al. 2000). There has been considerable
debate about the ability of memory B cells to survive in the absence of stimu-
lation by the appropriate antigen or a cross-reactive epitope. Current opinion
is moving away from the view that antigen is required to maintain memory
B cells (Gray and Skarvall 1988) to the idea that memory B cells are capable
of persisting in a resting state in the absence of specific antigen (Vieira and
Rajewsky 1990; Karrer et al. 2000; Maruyama et al. 2000). However, the in-
volvement of antigen in long-term regulation of plasma cell and memory B
cell maintenance is likely to be far more complex than a simple ‘yes or no’ an-
swer as it is often difficult to determine levels of persisting antigen (reviewed
in Zinkernagel and Hengartner 2001).

There is also considerable debate on how serum antibody levels are main-
tained, since secreted antibody has a limited half-life ranging from 2 days
for IgA through 7 days for IgG3 to 21 days for IgG1 in humans (reviewed in
Shakib 1990). Long-lived plasma cells are one possible source. However, it is
difficult to envisage a limited niche in the bone marrow maintaining plasma
cells of a given specificity for as long as 75 years after initial exposure in the
face of growth of the repertoire due to new antigenic challenges. Therefore,
restimulation of memory B cells to generate new antibody-producing plasma
cells is likely to contribute to long-term antibody levels. This can occur by
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antigen-dependent or -independent restimulation. With respect to antigen-
independent restimulation, it has been shown that memory B cells can be
reactivated to produce fresh plasma cells via non-specific bystander activa-
tion (Bernasconi et al. 2002; Traggiai et al. 2003), but it seems unlikely that
this could account for the steady antibody levels. Antigen-dependent activa-
tion of memory B cells as a mechanism for replenishing the serum antibody
pool requires a source of persisting antigen. Antigen can persist in adjuvant
depots after immunization or on follicular dendritic cells, but these options
are of limited duration, i.e., the antigen–antibody complexes on follicular
dendritic cells display an average half-life of only 8 weeks (Tew and Mandel
1979). However, it has been suggested that many of the classic results on
persistence of antibody levels in the absence of the infecting agent need to
be reconsidered in the light of previously undetected low-grade persistent
infections, e.g., measles virus in neuronal tissues (Zinkernagel 2002). So far,
there is no consensus on the relative contribution of these mechanisms to
the maintenance of serum antibody levels in malaria, but it will be important
to determine parasite status of exposed individuals by sensitive methods in
order to determine whether parasite persistence is important for longevity of
the response.

7
Effects of the Plasmodium Parasite on the Immune Network

Memory B cells, short- and long-lived plasma cells and helper T cells all
form part of the immune response to malaria, and there are a number of
ways in which the Plasmodium parasite could affect the immune network
through these individual components. The persistence of malarial antibodies
for long periods after the termination of infection (Sect. 4) may be due either
to continued secretion of antibody by long-lived plasma cells or to continued
activation of memory cells and differentiation into plasma cells. However,
antibody levels against malarial antigens fall more rapidly and reach the
detection limit sooner than in viral infections and immunizations. This could
be because fewer long-lived plasma cells or memory B cells capable of full-
scale restimulation are being generated during infection or because they do
not survive as long as in other infections.

All immune responses are controlled by homeostatic mechanisms, which
ensure that the host is not overburdened with maintaining the response to one
pathogen to the exclusion of all others or even at the cost of other metabolic
processes. The necessity of regulating the malarial antibody response is clear,
as human malaria infection causes pronounced hypergammaglobulinemia
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(Greenwood 1974). In mice, it has been shown that polyclonal B cell activation
occurs during infection (Rosenberg 1978; Langhorne et al. 1985; Anders 1986)
and that there is an unusually high splenic plasma cell response during acute
infection(Achtmanetal. 2003).Homeostaticmechanisms functionatmultiple
levels of the antibody response, affecting serum antibody levels, plasma cell
longevity, and memory B cell maintenance. Serum immunoglobulin levels
are in part dependent on the half-lives of the individual isotypes, but their
life span can also be regulated by the MHC class I-related receptor, FcRn
(Ward et al. 2003; Akilesh et al. 2004; Ober et al. 2004). In situations of
hypergammaglobulinemia such as in malaria, these processes could cause
accelerated turnover of antibody in the serum, and together with the short
life span of many of the Plasmodium-specific antibody-producing cells this
can account for the rapid decline in malarial antibody levels after termination
of infection.

The lifetime of plasma cells is also homeostatically regulated and the pool
of long-lived plasma cells is strictly limited by the availability of a supportive
microenvironment. Plasma cells represent only 0.5% of the mononucleated
cells in thebonemarrow translating intoa total bonemarrowcapacityof about
400,000 plasma cells (reviewed in Manz and Radbruch 2002; O’Connor et al.
2003). In the long term, the splenic environment supports only 20–100 long-
lived plasma cells per mm2 (Sze et al. 2000) and over 80% of serum antibody
stems from long-lived cells of the bone marrow (reviewed in O’Connor et al.
2003). It is unknown whether the splenomegaly common in malaria-endemic
areas results in an increased support capacity for long-lived plasma cells,
but even so, the niche size for these cells there or in bone marrow would be
limited.

We do not know whether the polyclonal B cell activation in malaria gives
rise to long-lived plasma cells, but infection with a complex protozoan par-
asite gives rise to many more antibody specificities than the hapten immu-
nizations or viral infections commonly used to study plasma cell longevity. In
addition, individuals living in malaria-endemic areas are host to numerous
other pathogens whose antigens induce further plasma cell responses. There-
fore, the competition for microenvironmental niches supporting plasma cell
longevity will be high and the number of long-lived plasma cells specific for
any given malarial antigen will be accordingly low. In light of this, it is of spe-
cial interest that the rapid drop in antibody levels in drug-treated Leishmania
donovani patients in India (Anam et al. 1999) bore the closest resemblance to
malarial antibody kinetics of all the studies discussed in the previous section.
None of these homeostatic regulatory mechanisms have been investigated in
malaria infections. However, every pathogen-specific antibody response has
a cut-off level below which the titers are considered insufficient for protection.
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Thus, low antibody titers first caused by rapid turnover of serum antibody
and then by homeostatic limitation of long-lived plasma cell numbers repre-
sent one attractive explanation for the contradictory results concerning the
protectivity of antibody responses (Sect. 3).

A characteristic of long-term B cell-mediated protection is the potential
for fast and high-affinity secondary antibody responses through reactivation
of memory B cells. There is evidence in human malaria for the generation
and reactivation of memory B cells and by implication for the activity of T
helper cells required for the B cell response. Memory response patterns in
form of increased antibody responses have been observed during re-infection
in humans for MSP-1 and RAP-1 (Fonjungo et al. 1999; Soares et al. 1999a). In
addition, Plasmodium-specific B cells from peripheral blood can be activated
to produce antibody in vitro both from individuals living in endemic areas
and from people who had probably last encountered malaria 8 years prior to
analysis, suggesting that specific B cell memory is generated in the infection
(Migot et al. 1995; Garraud et al. 2002). Further studies in humans and ex-
perimental models are clearly required to assess the extent of memory B cell
generation and survival.

The homeostatic regulation described for plasma cells also applies to mem-
ory B cells, but there are additional ways in which memory B cell production
or maintenance could differ between malaria and other infections. One possi-
bility is that the shedding of large quantities of soluble antigen, which occurs
during merozoite invasion, causes deletion of potential memory B cells as
they leave the germinal centers. It has been shown in the mouse, using model
antigens, that B cells leaving the germinal centers are deleted or anergised if
they encounter large quantities of soluble antigen at this stage (Brink et al.
1992; MacLennan 1995; Pulendran et al. 1995; Shokat and Goodnow 1995).
We have shown that the amplitude of the secondary antibody response in
mice may be reduced when low numbers of parasites from a primary infec-
tion are still present compared to the secondary antibody response in mice
after complete clearance by drug treatment (A.H. Achtman, R. Stephens, E.
Cadman, V. Harrison, J. Langhorne, unpublished observations). Though it
would appear from the studies cited above (Migot et al. 1995; Fonjungo et
al. 1999; Soares et al. 1999a; Garraud et al. 2002) that in humans, long-lived,
specific B cells are produced in malaria infection and survive in the absence
of re-infection, there are no definite data on persistence of the parasite. This
leaves open the possibility that chronic antigen stimulation either deletes or
anergises malaria-specific B cells, or causes a defect in their reactivation and
differentiation into antibody-producing cells in a second infection during
this chronic phase. If any of these hypotheses are experimentally confirmed,
it would be of utmost importance to ensure that all participants in malaria
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vaccine programs are free of parasites before vaccination, as the development
of memory B cells might otherwise be impaired.

Conversely, chronic infection may also protect individuals living in en-
demic areas from severe sequelae. For example, a cohort of individuals living
in a holoendemic area was significantly more susceptible to clinical malaria
in the year following radical drug treatment than a comparable cohort which
had not been treated (Owusu-Agyei et al. 2002). In another study, where
children were treated prophylactically for 5 years, the rate of admission for
clinical malaria was higher in the following year although neither mortality
nor the parasite-positive rate were altered during the 5 years after termination
of treatment (Greenwood et al. 1995).

The protective effect of an ongoing low-grade infection is also demon-
strated by the fact that patients with several concurrent infections with differ-
ent strains of Plasmodium are less likely to develop clinical malaria (al-Yaman
et al. 1997; Smith et al. 1999). Taken together, these data support the hypothesis
that short-lived effector cells (which could be plasma cells, T cells, or com-
ponents of the innate immune system) maintained by the chronic infection
have an anti-parasite effect in addition to the long-lived immune response
generated by long-lived plasma cells, memory B cells, and memory T cells.
Thus, these results would imply that short-lived effector cells stimulated by
chronically persisting parasites or persisting antigen may be the mediators of
premunition in endemic areas.

8
Memory T Cells

As antigen-specific T cells are required for activation of B cells, the generation
of plasma cells and production, selection and reactivation of memory B cells,
the longevity of protective immunity to malaria can also be affected by the
nature and duration of the helper T cell response. Both antibody and the T
cell cytokine interferon (IFN)-γ have been shown to correlate with protection
in human studies. In rodent malaria infections, it has been shown that T
cells have antibody-independent effector functions for reducing blood-stage
parasitemia via cytokines and cytotoxicity (Weidanz et al. 1990; Stevenson
and Tam 1993; von der Weid et al. 1996), but it is largely through their B cell
helper function that they aid in final clearance of parasite (van der Heyde et
al. 1994; von der Weid et al. 1996).

There are only few data on the persistence of T cell responses in either
human malaria or experimental models, and fewer still that relate longevity of
the response to resistance to infection or disease. In rodent malaria infections,
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there is some evidence that malaria-specific CD4 T cells undergo extensive
apoptosis after the acute stage of a blood-stage infection, suggesting that
subsequent generation of memory cells may be impaired (Xu et al. 2002),
although direct evidence is still lacking. However, CD4 T cell responses in
the form of B cell help and IL-4 production can be detected 3–6 months after
a primary P. chabaudi infection (Quin and Langhorne 2001; J. Langhorne,
unpublished observations).

Unlike antibody studies, interpretation of human T cell responses is limited
to some extent by the limited access to T cells, which can only be obtained in
humans from peripheral blood. The absence of a T cell response in a single
sample taken at one time point may not indicate lack of memory or effector T
cells, as the specific T cells could be in the lymphoid organs or in other organs
or tissues as effector cells (Langhorne and Simon-Haarhaus 1991; Hviid et al.
1997) Longitudinal studies on individuals with known episodes of infection
over the transmission and dry seasons must be carried out to address these
problems.

Peterson and colleagues have identified T cell responses to several pep-
tides of the blood-stage antigen Pf155/RESA in Liberians. Interestingly, al-
though people who were not currently infected had significant responses to
this antigen, which would be indicative of some form of surviving T cell
memory, there did not appear to be an increase in the prevalence of T cell
responsiveness with age (less than or greater than 30 years old) or exposure
(Petersen et al. 1989). Studies using antigens of the pre-erythrocytic stages
of the parasite, CSP and thrombospondin-related protein (TRAP) show that
T cell proliferation and IFN-γ secretion to specific peptides can be mea-
sured during a transmission season and also that the small and variable
proportion of exposed people who respond to a given peptide may have
a short-lived protective advantage (Flanagan et al. 2003). However, it ap-
pears that malaria-exposed T cells may have a short half-life, and protection
does not even last a whole transmission season, suggesting that perhaps T
cell memory to these antigens does not develop in P. falciparum infection
(Flanagan et al. 2003).

Interestingly, there may be a difference in generation of long-lived malaria-
specific T cells between P. falciparum and P. vivax. Consistent with the studies
of Flanagan and colleagues, CSP-specific proliferative responses in P. falci-
parum CD4 cells from exposed patients uncovered only a few epitopes which
appeared to be specifically recognized in exposed donors and not in malaria-
naïve individuals (Zevering et al. 1994). In contrast, in P. vivax infections
specific responders to a similar array of CSP peptides were easily detected
using the same assays. Furthermore, the longevity of T cell responses to P.
falciparum CSP was shown to be about 2 years after exposure to the parasite
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(Zevering et al. 1994), whereas in P. vivax, some individuals still show T cell
responsiveness to CSP even 40 years after exposure (Bilsborough et al. 1993).
It was hypothesized that the long-term presence of P. vivax as hypnozoites in
the liver was responsible for the persistence of T cell responsiveness long after
the termination of patent infection. These experiments therefore highlight
a possible explanation for the decline of T cell memory and protection in
P. falciparum: there is no recurrent parasitemia from latent liver forms, and
therefore no long-term exposure to antigen after clearance of the blood stage
parasites until re-infection occurs. This fits well with studies from other fields
of infectious immunology which indicate that functional or protective CD4
and CD8 T cell memory may not last in the absence of antigen (Kundig et
al. 1996; Uzonna et al. 2001; Kassiotis et al. 2002). However, some antigen-
exposed CD4+ T cells are thought to survive in the absence of antigen in mice
(Garcia et al. 1999).

In summary, the little experimental evidence that exists suggests there may
be a severe defect in prolonged T cell memory to malaria antigens, especially
in P. falciparum. Longitudinal studies in humans and in experimental models
are urgently required to determine the nature of this defect and the role of
persistent antigen.

9
Longevity of Antibody Responses to Variant Antigens

This review began by discussing the development of protection in malaria and
therefore it is fitting to conclude with some observations on how co-evolution
of the Plasmodium parasite with its mammalian and avian hosts has led to the
generation of fully functional immune responses which nevertheless do not
lead to complete elimination of the parasite. This can be seen most clearly in
the development of immune responses against polymorphic and variant anti-
gens where immunity to one allele or variant antigen becomes irrelevant in
controlling infection with a parasite expressing different alleleic forms of the
antigen or variant antigens. Variant surface antigens (VSA) expressed on the
surface of malaria-infected erythrocytes are encoded by multigene families
(Brown and Brown 1965; Barnwell et al. 1982; McLean et al. 1982; Carlton et al.
2002). Someof these families, suchas theVir family,havehomologsamongdif-
ferent Plasmodium species (del Portillo et al. 2001; Carlton et al. 2002; Janssen
et al. 2002) and others, such as P. falciparum var (Baruch et al. 1995; Pulendran
et al. 1995; Newbold et al. 1997) and the P. knowlesi SICAvar (Barnwell et al.
1982; Galinski and Corredor 2004) gene families, are species-specific.
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Several sets of observations suggest that VSA are likely to be targets of
the protective immune response. (a) Antibodies to VSA such as the PfEMP-
1 antigens encoded by the var gene family are associated with protection
(Marsh et al. 1989; Carlson et al. 1990; Bull et al. 1998; Dodoo et al. 2001;
Staalsoe et al. 2004). (b) Symptomatic infections including severe malaria can
occur on the background of a pre-existing asymptomatic infection (Contamin
et al. 1996; Bull et al. 2002), indicating that previously protective antibody
responses can become ineffective due to rapid switching of surface antigens.
(c) Parasite antigens that are likely to be exposed to the immune system while
the parasite is still alive are highly polymorphic between different parasite
genotypes and undergo positive immune selection (Hughes and Hughes 1995;
Conway 1997; Polley and Conway 2001; Plotkin et al. 2004) or clonal antigenic
variation (Roberts et al. 1992). In addition to rapid variation of surface antigen
expression, which allows the parasite to persist in the presence of an immune
response, the short-lived nature of the antibody to some of the epitopes of
variant antigens may also contribute to chronicity of infection or lack of
memory to re-infection with the same variant (Giha et al. 1998; Staalso and
Hviid 1998; Smith et al. 1999; Bull et al. 2002). As a result, it is difficult to
distinguish between the effect of the variability of these exposed targets on
the surfaceof theparasiteor infectederythrocyte and the longevityof immune
responses to these antigens.

Probably both elements are important in explaining how chronic infec-
tions are maintained in the absence of transmission by mosquitoes, as seen,
for example, during the dry season of areas with seasonal endemicity. Mul-
tiple genotype infections with highly complex dynamics have been observed
in these situations (Daubersies et al. 1996; Farnert et al. 1997; Magesa et al.
2002). However, it is still unclear how sequential dominance of VSA vari-
ants is maintained without exhausting the repertoire given the rapid switch
rate between variants (Robertset al. 1992). Explanations put forward for the
maintenance of these dynamics have often emphasized the importance of
short-lived responses to polymorphic targets of immunity allowing the same
variants to be recycled several times during the dry season (Staalso and Hviid
1998; Smith et al. 1999).

A mathematical model by Recker and colleagues (Recker et al. 2004) sug-
gests that the immunesystemmaybepartially responsible for themaintenance
of chronic infections and shows how sequential dominance can potentially be
maintained though a combination of specific long-lived responses and a net-
work of short-lived, partially cross-reactive responses. Such a model would
be compatible with existing field data which support the existence of both
long-lived specific (Giha et al. 1999; Kinyanjui et al. 2003) and short-lived,
partially cross-reactive responses (Giha et al. 1998; Bull et al. 2002). However,
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it is unlikely that immune responses to specific determinants fall neatly into
these two categories. There appears to be considerable person-to-person vari-
ability in responses to PfEMP-1 (Giha et al. 1999; Kinyanjui et al. 2003). A key
question that emerges from this is whether every host has the same capacity
to sustain chronic infections and whether this is related to the dynamics of
their immune response.

10
Conclusions

Chronicity of infection and incomplete immunity in malaria could be the re-
sult of not only the impairment of long-lived responses at the level of memory
T cells, memory B cells, plasma cells, or antibody half-life, but can also be
caused by rapid changes of important surface antigens by the parasite, which
may not allow the generation of appropriate memory responses in the first
place. There is an almost complete lack of information on the basic regula-
tory mechanisms responsible for generating B cell and antibody responses
in malaria, and on the relative contribution of short-lived and long-lived re-
sponses to protective immunity. Clearly these are crucial areas of malaria
immunology that must be understood if we are to develop successful long-
term immune intervention strategies.
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Abstract Malaria remains a major global health problem and cerebral malaria is one
of the most serious complications of this disease. Recent years have seen important ad-
vances in our understanding of the pathogenesis of cerebral malaria. Extensive analysis
of tissues and blood taken from patients with cerebral malaria has been complimented
by the use of animal models to identify specific components of pathogenic pathways.
In particular, an important role for CD8+ T cells has been uncovered, as well divergent
roles for members of the tumor necrosis factor (TNF) family of molecules, including
TNF and lymphotoxin alpha. It has become apparent that there may be more than one
pathogenic pathway leading to cerebral malaria. The last few years have also seen the
testing of vaccines designed to target malaria molecules that stimulate inflammatory
responses and thereby prevent the development of cerebral malaria. In this review,
we will discuss the above advancements, as well as other important findings in re-
search into the pathogenesis of cerebral malaria. As our understanding of pathogenic
responses to Plasmodium parasites gathers momentum, the chance of a breakthrough
in the development of treatments and vaccines to prevent death from cerebral malaria
have become more realistic.

Abbreviations
CM Cerebral malaria
iRBC Infected red blood cells
IL Interleukin
MVEC Microvascular endothelial cells
NO Nitric oxide
NOS Nitric oxide synthase
PbA Plasmodium berghei ANKA
Pb K173 Plasmodium berghei Kyberg 173

1
Malaria, the Disease

Malaria is among the most important and oldest diseases of mankind hav-
ing huge death and socio-economic tolls. Long before the discovery of the
etiological agent, Plasmodium parasites, earliest descriptions of this disease
have always been related to the particular pathology the parasites induce.
Enlarged spleens and recurrent fevers have been reported in Vedic, Greek and
Chinese writings. A large spectrum of clinical manifestations is observed,
from asymptomatic infections to fulminant disease. The clinical characteris-
tics of the infection depend on the Plasmodium species and on the age and
immune status of the host. Clinical manifestations are linked to the replica-
tion cycles of the parasite. Rupture of infected red blood cells (iRBC) and
release of toxic substances into the circulation are responsible for the re-
peated episode of chills, headaches and fevers, followed by profuse sweats
(Maegraith and Fletcher 1972). The periodicity of this clinical presentation
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differs between species; either quartan cycle (P. malaria) or tertian cycle (P.
falciparum, P. vivax, and P. ovale). The natural chronicity of these infections
also leads to the development of splenomegaly, hepatomegaly, renal failure
and severe anemia. Different factors, both parasitological and immunologi-
cal, have been implicated in the development of these pathologies. However,
a clear understanding of malaria pathogenesis is yet to be determined. Other
complications, like acidosis, edema, respiratory problems, jaundice, hypo-
glycemia, and cerebral malaria (CM), can occur during a severe falciparum
malaria episode (World Health Organization 1990). From these complica-
tions, hypoglycemia, severe anemia and cerebral malaria are the principal
causes of death and thus represent a major public health problem.

2
Cerebral Malaria in Humans

CM is one of the most severe complications of P. falciparum infection, and
has been extensively studied since the end of the nineteenth century (Marchi-
ava and Bignami 1892). It can lead to death only 14 days after infection and
the critical phase of this pathology may last as little as 48 h (Warrell et al.
1997). CM is a neurologic syndrome, described as a diffuse encephalopathy,
associated with loss of conscience and of muscular tone. The degree of loss of
conscience ranges from confusion to coma. In some instances, the coma can
be reversible but CM is usually associated with a poor prognosis, as 20%–30%
mortality is recorded even under active treatment (Brewster et al. 1990). Re-
cent studies have shown that a large spectrum of neurological sequelae may
be observed after a severe cerebral episode (Brewster et al. 1990; Schmutzard
and Gerstenbrand 1984; Bondi 1992). Geographical differences, in terms of
prevalence of the clinical syndrome and severity of the neurologic manifes-
tations, exist. This might be due to differences in parasite and host genetic
background, as well as epidemiological and socio-economic conditions.

The pathogenesis of CM is not fully understood and possibly results in
part from the sequestration of iRBC and from pro-inflammatory cytokine
responses. The first detailed histopathological description of brain capillary
occlusion and sequestration of iRBC in the brain tissue of a patient who died of
CM was made by Marchiava and Bignami (1900), an observation repeatedly
confirmed by others through the twentieth century (Margulis 1914; Dürck
1917; Gaskell and Miller 1920; Rigdon and Fletcher 1944; Kean and Smith
1944; Spitz 1961). This phenomenon was accompanied by swelling of the
endothelium, damage to the vessel wall, and cerebral hemorrhage. Reports
havealsodescribed thepresenceof leukocytes in thebrainsofAfricanchildren
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(Grau et al. 2003; Clark et al. 2003) and in Indian adults with CM (Patnaik et al
1994). As a note of caution, it should be kept in mind that all histopathological
data are derived from autopsy samples from patients who died of CM. Thus,
this phenomenon may represent a terminal event. For obvious ethical reasons,
the ongoing neuropathogenic processes cannot be studied.

The suggestion of a role for pro-inflammatory cytokines was originally put
forward by Clark (1994) and Grau (Hunt and Grau 2003) and a large body of
data have confirmed their part in CM pathogenesis. As for histopathological
studies, ethical reasons limit the extent of cytokine studies in humans. Indeed,
most of these studies have been performed with peripheral blood samples:
serum or peripheral blood mononuclear cells for ex vivo and in vitro studies.
These human studies together with the development of genetic studies on
susceptibility have added to our knowledge, but have not allowed us to draw
afirmconclusiononthepathogenesisofCM.Animalmodels, and inparticular
mouse models, though not perfect, have been instrumental in understanding
certain aspects of CM (de Souza and Riley 2001; Lou et al. 2001).

3
Mouse Cerebral Malaria

The use of rodent malaria parasites in mice is the model of choice for study-
ing the pathogenesis of CM. The availability of mice of defined genetic back-
ground, and the always-expanding numbers of transgenic or gene-deficient
mice, has allowed a large variety of experiments. Moreover, using this model
it is possible to perform kinetic experiments on whole organs (i.e., brain,
spleen) in a strictly controlled manner. Four species and 13 subspecies of
rodent Plasmodium exist (Landau and Boulard 1978), but only P. berghei and
P. yoelii have been used consistently for CM studies. There has been some
contention over the relevance of the rodent models, and it is evident that ex-
perimental models cannot reproduce all the features of CM. However, careful
analysis of the data obtained and an in-depth knowledge of parasite biology
and mouse physiology have allowed us to test hypotheses and establish new
concepts of malaria pathogenesis for human CM.

Of all parasite species, P. berghei is the only one able to induce CM in mice,
rats and hamsters (Mercado 1965; Bafort et al. 1980, Mackey et al. 1980; Rest
1982, 1983). P. berghei was first isolated from an infected Anopheles dureni
in the Belgian Congo in 1948 (Vincke and Lips 1948). It was later shown
that Thamnomys surdaster tree rats were the natural host of this parasite.
A number of different strains of P. berghei were isolated in the same region
of the Congo (Table 1) and four of them, P. berghei SP11, ANKA (PbA), NK65
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Table 1 Rodent malaria parasites used for cerebral malaria studies

Species Subspecies Strain Clones Origin Erythrocytic Rodent Neurological

cycle species used signs

P. berghei ANKA 1.49L, 1.94L, 4 Katanga, Congo 21 h Mouse Yes

5, BdS, cl5, 15cy1 Katanga, Congo 21 h Rat Yes

Golden Hamster Yes

NK65 Katanga, Congo 21 h WM rat Yes

SP-11 Katanga, Congo 21 h Mouse Yes

Keyberg 173 Katanga, Congo 21 h Mouse No

Rat Yes

P. yoelii yoelii 17XL 1.1, YM Centrafrican
Republic

18 h Mouse No

nigeriensis N67 Nigeria 18 h Mouse No

P. chabaudi chabaudi AS Centrafrican
Republic

24 h Mouse No
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and Kyberg 173 (K173), have been used to study CM. The neurovascular
pathology induced by P. berghei was first reported for the K173 strain in
rats by Mercado (1965). CM was later shown to occur in white mice with
a pyrimethamine-resistant line of the SP11 strain (Jadin et al. 1975) and in
rats with PbA (Bafort et al. 1980). The SP11 strain has not since been used in
experiments. For a long time, only the ANKA strain was reported to induce
neurological signs in mice. The NK65 strain was shown to induce CM in one
occasion in WM rats (Kamiyama et al. 1987). The P. berghei K173 strain was
sometimes used to study CM because histopathological analysis of the brains
of infected mice showed cerebral involvement (Polder et al. 1983). Recently,
low-dose injection of P. berghei K173 in mice was shown to induce CM-
associated neurological signs (Ball et al. 2003). Most studies of CM have been
performed using uncloned parasite lines. There is now increasing evidence
that the ability of P. berghei to induce CM may vary between clones (Amani
et al 1998).

Most strains of mice are susceptible to CM (CBA/ca, CBA/J, CBA/HN,
C57BL/6J, C57BL/6N, SLJ/J, 129/Ola, Swiss and NMRI). However, there are
contradictory reports on the resistance of certain strains, such as C3H,
BALB/c, DBA/2 and 129Sv/ev (Mackey et al. 1980; Grau et al. 1990a; Amani et
al. 1998; Bagot et al. 2002). Although the basis for this difference is unknown
for 129Sv/ev and C3H mice, the susceptibility of BALB/c mice was shown to
be dependent of the presence of a mouse mammary tumor virus (Gorgette et
al. 2002), which modifies the repertoire of T cells present in infected animals.
One report on DBA/2 mice described a resolving PbA-induced CM, while in
another report DBA/2 mice were classified as resistant to the development of
CM (Bagot et al. 2002). Variable susceptibility to PbA-induced CM has also
been confirmed in congenic mice recently derived from wild mice (Bagot et
al. 2002). Nevertheless, PbA in CBA/Ca and C57BL/6 mice and Pb K173 in
C57BL/6 mice have been the most studied mouse/parasite combinations.

Most studies on murine CM have been performed through the direct
inoculation of iRBC. Blood parasites were obtained from either an infected
mouse or from frozen aliquots. Studies have shown that the age of the mouse
has an inverse correlation with CM susceptibility (Hearn et al. 2000). The
dose of inoculated iRBC is also likely to influence the development of CM
(Schetters et al 1989; Amani et al. 1998; Ball et al. 2003). Another potential
confounding factor in experiments using iRBC is the original source of the
blood. It was shown in one study that propagation of a clonal PbA parasite
through the different strains of mice could modify its ability to induce CM
(Amani et al. 1998). This suggested that phenotypic alteration exists in PbA,
similar to that demonstrated in P. falciparum (Roberts et al. 1992).
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Recent studies have initiated infection using PbA sporozoites. In one study,
the development of CM was dependent on the dose of sporozoites injected
(Bagot et al. 2004). However, other studies have shown that CM was not
reproducible and was independent of the sporozoite infective dose (L. Rénia
and A.C. Grüner, unpublished results).

Susceptible mice infected with P. berghei ANKA develop a neurological
syndrome characterized by paralysis, deviation of the head, ataxia, convul-
sions and coma. These symptoms occur 6–14 days after iRBC inoculation
and lead to death in 60%–100% of mice with a relatively low parasitemia.
Histopathological analysis of the brain shows a sequestration of leukocytes
and to a lesser extent of iRBC (Polder et al. 1983, 1992; Neill and Hunt 1992,
Neill et al. 1993; Hearn et al. 2000). Leukocyte infiltration between endothelial
cells has been seldom observed, but in the majority of studies, leukocytes
and iRBC accumulation was shown to occur intravascularly. Those mice that
do not develop CM die during the second–third week post-infection from
hyperparasitemia and severe anemia. One major difference from the human
disease is that mice do not develop high fevers but instead develop a progres-
sive hypothermia in the days prior to death (Cordeiro et al. 1983; Curfs et al.
1990; Amani et al. 1998). Mice deficient in a number of different molecules
have been used to show the role of those proteins in CM pathogenesis (Ta-
ble 2). Rats (Wistar, Osborn-Mendel, Sprague Dawley, and Holtzman strains)
or Golden Hamster/P. berghei combinations have also been used but have
received less attention than the PbA/mouse combination (Mercado 1965; Rest
and Wright 1979; Bakker et al. 1992; Franz et al. 1987).

Alternative models of CM using P. yoelii yoelii 17XL or YM in CF1, Swiss
and BALB/c mice, and P. yoelii nigeriensis N67 in Swiss mice have also been
proposed (Yoeli and Heargraves 1974; Sharma et al. 1992). P. yoelii 17XL and
YM as well as P. yoelii nigeriensis grow rapidly in these strains and mice
usually die 6–9 days after a blood infection with very high parasitemia (up to
90%). Histopathological analysis of the brain of P. yoelli -infected mice showed
moderate to heavy cerebral involvement. Capillaries were found partially or
completely filled by sequestrated red cells (mainly infected with schizont-
stage parasites) in the relative absence of leukocytes (Yoeli and Heargraves
1974, Kaul et al. 1994; Sharma 1994). There has been one study reporting
that BALB/c mice infected with P. yoelii 17XL can develop convulsions, ataxia
and coma (Haque et al. 1999). We and others have observed such clinical
signs in moribund mice with high parasitemia and severe anemia infected
either with P. yoelii or P. berghei. However, these mice display different types
of symptoms from those observed in mice with PbA-induced CM. Recently,
Langhorne and collaborators have observed that infection with P. chabaudi
chabaudi AS clone iRBC can induce cerebral vascular leakage, edema, and
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Table 2 Cerebral malaria in deficient mice

Modified gene Deficiency Genetic background CMa References

Lymphocytes

RAG-2 T and B cells C57BL/6J N Nitcheu et al. 2003

SCID T and B cells C57BL/6 N Yanez et al. 1996

T cells

TCR αβ αβ T cells C57BL/6 N Boubou et al. 1999

δ Chain γδ T cells 129/Ola×C57BL/6 Boubou et al. 1999

C57BL/6 R Yanez et al. 1999

CD4 CD4+ T cells 129/Sv/ev×C57BL/6 N Boubou et al. 1999

129/Sv/ev×C57BL/6 N Belnoue et al. 2002

CD8 CD8+ T cells 129Sv/ev×C57BL/6 N Yanez et al 1996

C57BL/6J N Belnoue et al. 2002

BALB.D2 Vβ6, Vβ7, Vβ8.1, Vβ9 BALB.D2 N Boubou et al. 1999

BALBSW Vβ6, Vβ7, Vβ8.1, Vβ9 BALBC AnN N Boubou et al. 1999

DBA/2 Vβ3, Vβ5, Vβ6, Vβ7 DBA/2N N Boubou et al. 1999

Vβ8.1, Vβ9, Vβ11,Vβ12 Y∗ Neill and Hunt 1992
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Table 2 (continued)

Modified gene Deficiency Genetic background CMa References

MHC molecules

Invariant chain Invariant chain 129Sv/ev×C57BL/6 R Yanez et al. 1996

CD4+ T cells

I-Ab I-Ab 129Sv/ev×C57BL/6 R Yanez et al. 1996

CD4+ T cells

β2Microglobulin β2M 129Sv/ev×C57BL/6 N Yanez et al. 1996

CD8+ T cells C57BL/6 N Bagot et al. 2004

TAP-1 TAP-1, CD8+ T cells C57BL/6J N Belnoue et al. 2002

Kb Kb C57BL/6J N Bagot et al. 2004

Db Db C57BL/6J N Bagot et al. 2004

Kb/Db Kb/Db, CD8+ T cells C57BL/6J N Bagot et al. 2004

CD1 CD1, NK T cells C57BL/6 Y Bagot et al. 2004

Y Hansen et al. 2003

BALB/c I Hansen et al. 2003

Jα281 NK T cells C57BL/6 Y Hansen et al. 2003

B cells

Chaîne JhD B cells 129Sv/ev×C57BL/6 R Yanez et al. 1996

Chaîne µ B cells 129Sv/ev×C57BL/6 R Yanez et al. 1996
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Table 2 (continued)

Modified gene Deficiency Genetic background CMa References

Costimulation molecules

CD40 CD40 C57BL/6J N Piguet et al. 2001

CD54 ICAM-1 C57BL/6J N Favre et al. 1999

Cytokines

TNF-αβ TNF-αβ 129Sv/ev×C57BL/6 N Rudin et al. 1997

TNF-α TNF-α C57B/6 Y Engwerda et al. 2002

Lymphotoxin Lymphotoxin C57BL/6 N Engwerda et al. 2002

TNFR1 TNFR1 129, B6 Y Lucas et al. 1997

C57BL/6 Y Piguet et al. 2002

TNFR2 129, B6 N Lucas et al. 1997

C57BL/6 N Piguet et al. 2002

IFN-γ IFN-γ 129, B6 N Yanez et al. 1996

C57BL/6 N Sanni et al. 1998

C57BL/6 N van der Heyde 2001

IFN-γRa IFN-γR 129Sv/ev N Amani et al. 2000

IL-2 IL-2 129, B6 N Yanez et al. 1996

IL-4 IL-4 129, B6 R Yanez et al. 1996

IL-10 IL-10 129, B6 Y Yanez et al. 1996

IL-12 IL-12 C57BL/6 N van der Heyde 2001
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Table 2 (continued)

Modified gene Deficiency Genetic background CMa References

Mediators

NOS2 NOS2 129Sv/ev×C57BL/6 Y Favre et al. 1999

gp91phox NADPH oxydase, ROS C57BL/6 Y Potter et al. 1999

Perforin Perforin C57BL/6 N Potter et al. 1999

N Nitcheu et al. 2003

Fas Fas (lpr/lpr) C57BL/6 Y∗ Potter et al. 1999

C57BL/6 Y Nitcheu et al. 2003

Fas Ligand Fas L (gld/gld) C57BL/5 Y∗ Nitcheu et al. 2003

Haptoglobin Haptoglobin C57BL/6 Y Hunt et al. 2002

Adhesion molecules and associated molecules

ICAM-1 ICAM-1 C57BL/6 N Favre et al. 1999

P-selectin P-selectin C57BL/6J D Sun et al. 2003

N Combes et al. 2004

UPA Urokinase plasminogen activator 129/Sv×C57BL/6 N Piguet et al. 2000

uPAR Urokinase plasminogen activator receptor 129/Sv×C57BL/6 D Piguet et al. 2000

tPA tissue plasminogen activator 129×C57BL/6 Y Piguet et al. 2000
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Table 2 (continued)

Modified gene Deficiency Genetic background CMa References

Chemokine receptors

CCR1 CCR1 C57BL/6J N L. Rénia, unpublished

CXCR3 CXCR3 C57BL/6J N L. Rénia, unpublished

CCR2 CCR2 129/Ola×C57BL/6 Y Belnoue et al. 2003

CCR5 CCR5 129/Ola×C57BL/6 R Belnoue et al. 2003 I

C57BL/6J D Belnoue et al. 2003

aCM status: Y, 60–100% mice with CM; N, no CM; R, reduced proportion of CM; D, delayed development of CM
bMice developed the neurological signs but did not die of CM I, increased proportion of CM
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hemorrhage in the brain of interleukin (IL)-10-deficient C57BL/6 mice (Sanni
et al. 2004). However, these mice did not display any clinical neurological
symptoms, such as ataxia, paraplegia or coma.

4
Cerebral Malaria Pathogenesis

4.1
Sequestration of Malaria Parasites

4.1.1
P. falciparum

Sequestration of iRBC in brain capillaries from post-mortem tissue obtained
from fatal P. falciparum cases has been commonly observed (Margulis 1914;
Dürck 1917; Gaskell and Miller 1920; Rigdon and Fletcher 1944; Kean and
Smith 1944; Spitz 1961). This is thought to be mediated by similar mechanisms
as those that cause in vitro cytoadherence of iRBC to endothelial cells. It is has
been proposed that cytoadherent iRBC reduce local blood flow and modify
the integrity of endothelial barriers (Berendt et al. 1994; Adams et al. 2002).
This then induces a local hypoxia and hemorrhagic necrosis. Further evidence
for sequestration of P. falciparum iRBC in CM pathogenesis is the absence of
P. vivax iRBC sequestration in the brain and associated inability of P. vivax
to induce CM. However, P. falciparum iRBC sequestration has been observed
in brain samples from infected patients who died from causes other than CM
(Silamut et al. 1999).

Different molecules expressed by endothelial cells have been identified
as ligands for iRBC in vitro. The binding phenotype to ICAM-1, VCAM-1,
PECAM-1, ELAM-1, thrombospondin, CD36, chondroitin sulfate, P-selectin,
E-selectin, integrin αvβ3, band 3 protein, hyaluronic acid (for review, see
Heddini 2002) and membrane fractalkine (Hatabu et al. 2003) varies be-
tween P. falciparum clones and strains and may vary with time in culture
(Roberts et al. 1992). Some of these ligands are positively regulated by pro-
inflammatory cytokines (Dietrich 2002), and their expression is increased
during Plasmodium infection (Grau 1990b). Platelets have also been shown
to mediate adherence of iRBC to endothelial cells. The PfEMP1 multigene
family is expressed by P. falciparum schizonts and interacts with endothe-
lial cell adhesion molecules (Craig and Scherf 2001). Adherence of iRBC
to endothelial cells was long thought to be unique to schizont lifecycle
stage. However, ring-stage parasites have recently been shown to be ad-
herent, but the relevance of this phenomenon to CM pathology is unclear
(Pouvelle et al. 2000).
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Other factors can contribute to capillary obstruction, such as the decreased
deformability of iRBC, the formation of rosettes resulting from the interaction
of iRBC with normal RBC (Udomsangpecth et al. 1987), and the formation
of auto-agglutinates resulting from the interaction of iRBC with platelets
(Roberts et al. 2000). The PfEMP1 and rifin multigene families are involved in
rosetting (Roweet al. 1997;Chenet al. 1998) andpossibly inauto-agglutination
(Pain et al. 2000).

4.1.2
Rodent Malaria

The relevance of rodent models, and in particular the PbA/mouse combina-
tion, has often been questioned in regard to the lack of parasite sequestra-
tion in the brain. Sequestration in a number of organs has been reported
for different parasite species: P chabaudi AJ and AS has been shown to se-
quester preferentially in the mouse liver (Cox et al.1987; Gilks et al. 1990;
Mota 2000), P. berghei NYU2 in the mouse liver and bone marrow (Alger
1963; Jacobs and Warren 1967; Miller and Fremont 1969) and in the heart
and kidney of rat (Desowitz and Barnwell 1976), and P. berghei ANKA in
the lungs (Coquelin et al. 1999). In the brain, the extent of sequestration
varies between parasite species. In P. yoelii yoelii YM- or P. yoelii nigerien-
sis-infected mice, sequestration of schizonts is apparent within brain tissue
sections (Yoeli and Heargraves. 1974; Kaul et al. 1994; Sharma et al. 1994).
P. chabaudi chabaudi AS iRBC have been shown by electron microscopy to
interact with brain endothelial cells in CBA/Ca mice (Mota et al. 2000), but
in this study it was difficult to ascertain parasites actually sequestered in
the brain. PbA and P. berghei K173 parasites have been observed in brain
sections from animals with terminal CM (Rest 1982; Polder et al. 1983; Grau
et al. 1987; Hearn et al. 2000, Jennings et al. 1998, Engwerda et al. 2002).
One important drawback with these studies is that it is difficult to dis-
criminate between iRBC located in the blood stream and iRBC bound to
brain endothelial cells. However, recent studies of infected mice cleared of
peripheral blood by intracardial perfusion have shown that PbA parasites
do in fact sequester in the brain of infected mice (L. Rénia and B. Lucas,
unpublished results).
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4.2
Cytokines and Endothelial Cells in Cerebral Malaria

4.2.1
Cytokines

Cytokines are chemical messengers of the immune system. They are pro-
duced by many different cell types and signal via specific cell surface receptor
complexes. They can be broadly divided into pro- and anti-inflammatory
groups. Pro-inflammatory cytokines can induce cellular apoptosis, stimulate
expression of adhesion molecules, chemokines and other pro-inflammatory
cytokines, modulate the architecture of local tissue microenvironments and
stimulate the production of microbicidal products, such as reactive nitro-
gen and oxygen intermediates. They can also cause substantial damage to
host tissue when produced in excess or in inappropriate tissue sites. Many
anti-inflammatory cytokines can counter the activities of pro-inflammatory
cytokines, and are often produced during inflammatory immune responses
as part of homeostatic mechanisms to prevent tissue damage. Recently, anti-
inflammatory cytokines have also been found to play key roles in the initiation
of cellular immunity. For example, IL-4 has been shown to play an important
role in the generation of parasite-specific CD8+ T cells following vaccina-
tion in experimental models of visceral leishmaniasis (Stager et al. 2003) and
malaria (Carvalho et al. 2002). Thus, paradigms for the roles of pro- and
anti-inflammatory cytokines in infectious diseases are undergoing continual
modification and change.

CM is associated with relatively high levels of pro-inflammatory cytokines
in the circulation (Clark et al. 1991). There is a growing body of evidence
that these molecules directly contribute to the pathogenesis of CM. They can
increase expression of adhesion molecules on microvascular endothelial cells
(MVECs), thereby mediating the sequestration of iRBC to sensitive tissue
sites, such as the brain, lungs and placenta. In addition, activated leukocytes
may migrate to these sites in response to chemotactic signals and be retained
by binding adhesion molecules, thereby placing them in a location where they
can mediate pathology. In this section, we will discuss the roles of cytokines in
the pathogenesis of CM. We will include the correlative studies conducted in
malariapatientsaswell as studiesperformed inmousemodelsof experimental
CM caused by P. berghei ANKA. These latter studies have enabled definitive
investigations into the roles of various cytokines in CM pathogenesis through
the use of blocking antibodies and gene-deficient mice.
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4.2.1.1
Human Cerebral Malaria

As mentioned in the previous section, the vast majority of investigations on
the role of cytokines in CM have analyzed serum or plasma cytokine levels
and correlated these with incidences of CM. However, there is now increasing
effort to analyze cytokine expression profiles in the brains of CM patients and
to compare them with tissue samples taken from patients that have died from
other causes.

4.2.1.2
Pro-inflammatory Cytokines

Elevated levels of tumor necrosis factor (TNF), IL-1β, IL-6 and interferon
(IFN)γ have been reported in plasma and sera taken from CM patients (Grau
et al. 1989b; Kwiatkowski et al.1990; Kern et al. 1989; Ho et al. 1995; Ringwald
et al. 1991). Of these cytokines, TNF has been the most studied (Reviewed in
Gimenez et al. 2003). TNF is a potent pro-inflammatory cytokine produced
by macrophages, T and B cells and mast cells (Reviewed in Wallach 1999). It
can exist as either a soluble or membrane-bound homotrimer, and it binds to
two different receptors [TNFRI (CD120a) and TNFRII (CD120b)] with similar
affinity. The TNFRI complex contains a death domain, and hence is able to
mediate cellular apoptosis. No such domain exists in the TNFRII complex,
and this receptor is thought to mediate proliferation, inflammation and lymph
node organogenesis.

Studies in African children with malaria have shown a strong correla-
tion between serum TNF levels and severity of disease (Grau et al. 1989b;
Kwiatkowski et al. 1990). This has also been reported in non-immune adults
with severe malaria (Kern et al. 1989). Studies of brain tissue taken from pa-
tients with CM have detected the presence of TNF protein and mRNA (Brown
et al. 1999) as well as TNFRII on the surface of MVECs (Hunt and Grau 2003;
Lou et al. 2001). Together, these data indicate that the TNF/TNFR2 pathway
may be important in the pathogenesis of CM. However, blockade of this path-
way using an anti-TNF monoclonal antibody (van Hensbroek et al. 1996) or
pentoxifylline (Di Perri et al. 1995) failed to improve survival of African chil-
dren with CM. Although these results do not exclude a role for TNF in the
progression of malaria patients to CM, they do suggest that TNF may have
a limited role in the terminal stages of CM pathology.

During the erythrocytic stage of P. falciparum infection, mature schizonts
develop and rupture iRBC resulting in the release of host-reactive parasite
molecules, such as the glycosylphosphatidylinositol (GPI)-anchor molecule
of P. falciparum (Schofield and Hackett 1993). IL-1β, IL-6 and TNF are all
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produced when mononuclear cells recognize these parasite molecules via as-
yet unidentified receptors (Clark et al. 1981; Kwiatkowski et al. 1989). The P.
falciparum GPIs are now a major target for anti-pathology strategies. Mice
immunized with synthetic P. falciparum GPI glycan conjugated to Keyhole
limpet hemocyanin (KLH) produced antibodies capable of recognizing na-
tive GPI in P. falciparum trophozoites and schizonts. These antibodies could
block P. falciparum GPI-induced TNF production by macrophages, and im-
portantly, immunized mice were significantly protected from CM following
PbA infection, compared with sham-immunized mice and naïve control mice
(Schofield et al. 2002). No data are yet available on the efficacy of such a vaccine
in humans.

Elevated serum IFNγ in CM patients (Ho et al. 1995; Ringwald et al. 1991)
is likely to enhance the production of TNF, IL-1β and IL-6 by mononuclear
cells. Both natural killer (NK) and γδ T cells have been identified as potential
sources of IFNγ during P. falciparum infection by in vitro studies (Goodier
et al. 1995; Hensmann and Kwiatkowski 2001; Artavanis-Tsakonas and Riley
2002 ), and it is likely that CD4+ T cells are a significant source of this cytokine
during malaria infection (Scragg et al. 1999). Studies aimed at blocking the
function of this potent inflammatory cytokine have not been reported, and
are unlikely to proceed because of the critical role IFNγ plays in host defense
against pathogens. Nevertheless, strategies aimed at modulating IFNγ activity
at specific stages of malaria infection or in particular tissue sites may be worth
considering as a strategy to prevent CM.

Nitric oxide (NO) is a water- and lipid-soluble radical gas produced follow-
ing oxidization of l-arginine in two sequential reactions catalyzed by nitric
oxide synthase (NOS2) (Reviewed in MacMicking et al 1997). NO is able to re-
act with oxygen in water to yield various reactive nitrogen intermediates that
have multiple biological activities, including effects on cellular anti-microbial
activity, smooth muscle contraction, neurotransmission, cytokine produc-
tion and the expression of adhesion molecules on MVECs (MacMicking et
al.1997). Given these different activities, it is not surprising that the role of
NO in CM is controversial. Elevated levels of NOS2 in brain tissue taken from
fatal cases of CM (Maneerat et al. 2000) support a role for NO in CM patho-
genesis. The ability of NO to affect neurotransmission has also led Clark and
colleagues to postulate that NO produced by cerebral MVECs in response to
pro-inflammatory cytokines may cross the blood–brain barrier and disrupt
neurotransmission during CM (Clark et al. 1991). Recently, NOS2 was found
in the vessel walls of a subsample of brain tissue taken from patients with CM
and this expression was closely associated with micro-hemorrhages (Clark
and Cowden 2003), supporting a role for NO in the disruption of the blood–
brainbarrier (Clark andCowden2003).However, there are alsodata to suggest
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that NO may play a protective role in CM. This includes reports of low plasma
arginine in Tanzanian children with CM, relative to healthy controls, leading
to decreased NOS2 expression and low NO production (Anstey et al. 1996;
Lopansri et al. 2003). Similar data were also reported in studies on plasma
from Indonesian adults (Boutlis et al. 2003). In fact, NO generated by human
monocytes has been shown to kill P. falciparum in vitro (Gyan et al. 1994).
This has led Anstey and colleagues to propose that NO may protect against
CM by decreasing production of pro-inflammatory cytokines, reducing ex-
pression of cell surface endothelial molecules, and thereby preventing iRBC
sequestration (Boutlis et al. 2003). Given the complex interaction between NO
and the immune system, it is possible that in some individuals NO may be
protective against CM, while in others it is not. The ultimate role of NO in CM
pathogenesis in any given individual may depend on many factors, including
genetics, concurrent inflammatory status and the tissue site that pathology is
manifested. Recently, Clark and colleagues (Clark et al. 2004) proposed that
NO can reduce TNF production, thereby reducing the risk of CM, but that
this ability is dependent of the rate at which NO is produced and that this
is determined by polymorphisms in the NOS2A gene. Thus, severe malaria
(including CM) would be less likely in individuals who are able to produce NO
rapidly and quickly reduce systemic inflammation (Clark et al. 2004). Further
studies are required to elucidate these factors and fully understand the role of
NO in CM.

Recently, a potential role for macrophage inhibitory factor (MIF) in the
pathogenesis of CM has been proposed (Clark and Cowden 2003). This
molecule inhibits the functions of glucocorticoids, thereby allowing pro-
inflammatory responses to progress (Calandra and Bucala 1997). Expression
seems to co-localize with NOS2, except in the vascular endothelium and
smooth muscle within the brain parenchyma (Clark and Cowden 2003). The
modulation of MIF activity during CM is a potential treatment that warrants
further testing.

Proponents of the cytokine theory of CM pathogenesis, whereby pro-
inflammatory cytokines cause increased expression of adhesion molecules
on endothelial cells, leading to tissue sequestration of iRBC and activated
leukocytes, as well as direct physiological effects of the cytokines in par-
ticular tissue sites, such as the brain, might predict that decreased levels
of anti-inflammatory cytokines would be found in P. falciparum -infected
individuals with CM. However, there are few studies on anti-inflammatory
cytokines in human CM. Although one study that analyzed serum IL-10 and
TNF in children from Gabon with malaria found a reduced ratio of IL-10:TNF
in those with CM (May et al. 2000), supporting a cytokine theory of CM
pathogenesis. However, another study in children from Ghana failed to find
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any such difference (Kurtzhals et al. 1998), and a study of Vietnamese adults
found that plasma IL-10 levels were higher in those that died with severe
malaria than those that survived (Day et al. 1999), suggesting that high IL-10
levels are not protective against the development of CM. Transforming growth
factor (TGF)β is another potent anti-inflammatory cytokine. However, its ex-
pression was detected in the brains of Malawian children that died with CM
(Brown et al. 1999), and another study reported elevated levels of TGFβ in the
brains of non-immune European patients that died with CM (Deininger et
al. 2000), indicating a minor role for TGFβ in protection from CM. Together,
these data provide little evidence that elevated levels of anti-inflammatory
cytokines reduce the risk of CM in humans.

4.2.1.3
Experimental Cerebral Malaria

A number of inflammatory cytokines have also been implicated in the patho-
genesis of experimental CM, and again TNF has been the subject of many
studies. CBA/Ca mice infected with PbA had elevated serum TNF, compared
with naïve controls, and antibody neutralization of TNF prevented the onset
of CM symptoms (Grau et al.1987b). In addition, mice deficient in TNFR2, but
not TNFR1, were resistant to CM (Lucas et al. 1997; Piguet et al. 2002), indicat-
ing that, similar to humans (see Sect. 4.2.2.2), the TNF/TNFR2 pathway is im-
portant in CM pathogenesis in mice. However, these latter experiments must
be treated with some caution due to the 129/Sv and mixed C57BL/6×129/Sv
mice used and the possible effects from genetic factors associated with 129/Sv
mice.

TNF-mediated CM may also be confined to certain strains of mice, such as
CBA, because C57BL/6 mice have been reported to have relatively low levels
of serum TNF following PbA infection, and TNF blockade failed to prevent
CM (Hermsen et al. 1997b). Furthermore, TNF-deficient C57BL/6 mice are as
susceptible to CM as control animals (Engwerda et al. 2002). Instead, CM in
C57BL/6 mice appears to involve the closely related TNF family member lym-
photoxin (LT)α. LTα-deficient C57BL/6 mice failed to develop CM following
PbA infection (Engwerda et al. 2002). They survived significantly longer than
C57BL/6 controls and TNF-deficient mice, but ultimately died with hyperpar-
asitemia and severe anemia. Interestingly, mice lacking either TNF or LTα
had reduced serum IFNγ levels, low levels of ICAM-1 expression on cerebral
endothelial cells and minimal leukocyte recruitment to the brain compared
with C57BL/6 mice at the time the C57BL/6 and TNF-deficient mice devel-
oped CM (Engwerda et al. 2002). The one feature that distinguished TNF- and
LTα-deficient mice was the accumulation of iRBC in the cerebral microvas-
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culature (Engwerda et al. 2002), indicating that this event is important in CM
pathogenesis in C57BL/6 mice.

IFNγ has also been shown to have an important role in the pathogene-
sis of CM. Neutralization of IFNγ in CBA mice prevented the development
of CM (Grau et al. 1989a), and mice deficient in IFNγ (Yanez et al.1996) or
IFNγR (Amani et al. 2000) were also protected from this condition. Again,
however, the use of 129/Sv and mixed C57BL/6×129/Sv mice in these cytokine
and receptor knockout studies means that other genetic factors cannot be
excluded. Nevertheless, the IFNγ neutralization data in CBA mice (Grau et al.
1989a) support a model where IFNγ and TNF mediate increased expression of
adhesion molecules on cerebral MVECs (see Sect. 4.3.2) that then mediate ad-
hesion of activated leukocytes and iRBC. However, in C57BL/6 mice, evidence
that IFNγ plays a role in CM induction is largely associative. A recent analysis
of gene transcription in the brain, spleen and bone marrow of C57BL/6 mice
infected with PbA reported that IFNγ-regulated gene transcripts were the
most abundant of the inflammatory-related transcripts detected (Sexton et
al. 2004).

Our understanding of the role of anti-inflammatory molecules in CM is
relatively poor compared to that for pro-inflammatory cytokines, with IL-10
being the only cytokine that has undergone any serious investigation. When
PbA-infected CBA mice were treated with IL-10, some protection against CM
was observed (Eckwalanga et al. 1994; de Kossodo et al. 1997). In addition,
treatment of resistant BALB/c mice following PbA infection with anti-IL-10
monoclonal antibody significantly increased the incidence of CM (de Kossodo
et al. 1997). These data suggest that this cytokine may reduce the likelihood of
CM. However, further studies are required to establish any protective role for
IL-10 in the development of CM. Roles for other anti-inflammatory cytokines
in CM, such as TGFβ, are unknown at present.

Use of NOS2-deficient mice or pharmacological intervention with specific
NOS2 inhibitors showed that NO is not involved in the neuropathogenesis of
experimentalCM(Favre et al. 1999).Oxygen radicals orhaptoglobin, anacute-
phase protein that allows the elimination of heme, and a powerful oxidant,
were also not involved in CM (Potter et al. 1999; Hunt et al. 2002).

4.3
Endothelial Cells

The endothelial cells in the brain form a vital component of the blood–
brain barrier (Sedgwick et al. 2000), and their damage during PbA infection
appears to be a critical event in CM pathogenesis (Grau et al 1993; Lou et al.
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1997; Combes et al. 2004). Endothelial cells respond to a variety of cytokine
signals following up-regulation of cytokine receptors on their surface and can
also produce a range of cytokines when activated (Pober and Cotran 1990;
Sedgwick et al. 2000).

4.3.1
Endothelial Cells and Adhesion Molecules

TNF activation of endothelial cells results in ICAM-1 up-regulation (Grau
et al. 1991). LFA-1 expressed by leukocytes and platelets binds to ICAM-
1, thereby mediating interactions between these cells and cerebral MVECs
(Grau et al.1993). The importance of these cell adhesion interactions in CM
pathogenesis was demonstrated by blocking either ICAM-1 or LFA-1 with
antibody and preventing CM in susceptible mice (Grau et al. 1993; Falanga
and Butcher 1993; Lou et al. 1997). Furthermore, mice deficient in ICAM-1
failed to develop CM (Favre et al. 1999). More recently, a role for CD62P (P
selectin) in experimental CM pathogenesis has been established (Sun et al.
2003; Combes et al. 2004). Mice deficient in CD62P were relatively resistant
to CM, and studies in radiation bone marrow chimeras indicated that CD62P
expressed on MVECs plays an important role in CM pathogenesis.

4.3.2
Endothelial Cells and Cytokines

As mentioned, endothelial cells can produce pro-inflammatory cytokines un-
der certain conditions. Most notably, TNF protein and mRNA have been
detected in MVECs from mice with CM (de Kossodo and Grau 1993). More
recently, we have detected LTα mRNA in MVECs isolated by laser microdis-
section from brain tissue taken from C57BL/6 mice with CM (C. Engwerda,
unpublished data). The TNFR2 complex has also been found on MVEC in the
brain from mice with CM (Lucas et al 1997; Stoelcker et al. 2002). Interest-
ingly, a comparison between cerebral MVECs isolated from CM-susceptible
CBA and resistant BALB/c mice found that TNF caused the up-regulation of
ICAM-1, VCAM-1, TNFR1 and TNFR2 on cells from CBA mice, but not those
from BALB/c mice. Furthermore, MVECs from CBA mice were significantly
more sensitive to TNF-mediated cell lysis, compared to cells from BALB/c
mice (Lucas et al. 1997). Together, these data indicate that cerebral MVECs are
a primary site for CM pathogenesis, and are important targets for intervention
to prevent the onset of CM.
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4.4
Leukocytes

Although the role of leukocytes is well recognized in immunity against
malaria, their role in CM remains controversial. The preponderance of iRBC,
relative to leukocytes, in brain sections from human post-mortem tissues led
to a belief that leukocytes played a minimal role in the pathogenesis of CM
(MacPherson et al. 1985; White and Ho 1992). However, leukocytes are clearly
observed in brain vessels in pediatric and adult CM in humans (Toro and
Roman 1977; Patnaik et al. 1994; Grau et al. 2003; Clark et al. 2003). A detailed
study to define the different cell populations present within the brain has
yet to be performed, but lymphocytes and monocytes have been identified.
In rodent CM induced by PbA or Plasmodium berghei K173, intravascu-
lar leukocyte sequestration is a common feature, but leukocyte infiltration
across the blood–brain barrier is rare (Rest and Wright 1979; Rest 1983; Grau
et al. 1987; Jennings et al. 1998; Hearn et al. 2000). In a recent quantitative
study, sequestered monocytes/macrophages were predominant, but T cells,
neutrophils and platelets were also present (Belnoue et al. 2002).

4.4.1
Monocytes/Macrophages

An accumulation of monocytes has been observed in cerebral vessels from
mice with CM. These macrophages, often loaded with parasite-derived mate-
rial, were frequently observed in intimate contact with endothelial cells (Rest
1982; Polder 1992). The binding of monocytes to endothelium has been de-
scribed in regions of vascular destruction (Neill and Hunt 1992), where mono-
cyte infiltration into the cerebral parenchyma is sometimes seen (Rest 1982;
Polder 1992). Depletion of monocytes/macrophages by treatment with a li-
posome containing dichloromethylene diphosphonate, if administered before
the day of infection, but not later, prevents the development of CM (Curfs 1993;
Belnoue 2002). This suggests that monocytes/macrophages are important for
the induction of CM, but not during the crisis phase. The role of macrophages
is most likely related to the release of cytokines early in the infection.

4.4.2
Neutrophils

Small numbers of neutrophils have been observed in brain vessels in CBA/Ca
mice with CM (Falanga 1991; Senaldi 1994). A recent quantitative study
showed that neutrophil numbers increased in the brains of mice with CM
(Belnoue 2002). Depletion of neutrophils with monoclonal antibodies has
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resulted in contradictory results. In one study, depletion the day before the
infection prevented CM (Chen 2000). In addition, depletion at 5 days post-
infection prevented CM in PBA-infected CBA/Ca mice (Senaldi et al. 1994).
However, in another report, late depletion (at day 5 or 6 post-infection) did
not prevent CM (Chen et al. 2000; Belnoue et al. 2003). Neutrophils may be
involved directly in the development of CM by modulating cerebral sequestra-
tion of monocytes and leukocytes, perhaps through the regulation of cytokine
and chemokine production early in infection (Chen and Sendo 2001). How-
ever, further work is required to define the role of this cell population in the
pathogenesis of CM.

4.4.3
T Cells

Epidemiological observations have provided evidence for a role of T cells in
CM. Children with Kwashiorkor, a syndrome due to malnutrition, have a se-
vere thymic atrophy as shown by post-mortem studies (Trowell 1954) and
rarely develop CM. Thus, Edington proposed that T cell deficiency was re-
sponsible for this observation (Edington 1967). Experiments in PbA-infected
rodents have provided the first direct confirmation for a role for these cells
in CM pathogenesis. Neonatal thymectomy or anti-thymocyte treatment pre-
vented CM in rats and hamsters (Wright 1968, 1971; Rest 1983). Infections
of nude or SCID mice have also indicated a role for T cells in CM (Finley et
al. 1982; Yanez et al. 1996). However, infection of B cell-deficient mice has
shown that B cells play a minor role in the development of CM (Yanez 1996).
Antibody-depletion experiments and the use of T cell-deficient mice have
clearly demonstrated a role for CD4+ and CD8+ T cells in murine CM (Grau
et al. 1986; Yanez 1996; Hermsen et al. 1997, 1998; Boubou et al.1999; Belnoue
et al. 2002).

Recently, different T cell subsets have been implicated in murine CM and
their roles are currently being elucidated.

4.4.3.1
αβT Cells

CD8+ T Cells Quantitative assessment of sequestered leukocytes in the brains
of mice with and without CM has shown an increase in sequestered CD8+

αβ T cells in mice with CM. Despite only a relatively small increase in total
brain CD8+ T cells (50–100,000 cells), antibody depletion of CD8+ T cells at
day 6 post-infection, which is the day prior to the development of neurological
signs in PbA-infected 129Sv/ev×C57BL/6 mice, prevented CM (Belnoue et al.
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2002). This strongly suggested that brain-sequestered CD8+ T cells played an
important role in the development of CM. This was confirmed by adoptive
transfer experiments where splenic CD8+ T cells from mice with CM were
administered to RAG-2-deficient mice and shown to migrate to the brain
and induce CM (Nitcheu et al. 2003). A significant proportion of the CD8+

T cells involved in CM development express the Vβ8.1,2 T cell receptor (Bel-
noue et al. 2002; Bagot et al. 2004). There are differing reports concerning
the expression of other CD8+ T cell surface markers. When CD8+ T cells
were purified after homogenization of brain tissues from mice with CM, fol-
lowed by a percoll gradient purification step, CD8+ T cells were shown to be
CD44+ CD62L- LFA-1+ICAM-1+ (Nitcheu et al. 2003; Bagot et al. 2004). How-
ever, CD8+ T cells purified from collagenase-dissociated brain tissue removed
from mice with CM that had been perfused intracardiacally were shown to be
CD44lowCD62lowLFA-1low and ICAM-1low. It is possible that two populations
of CD8+ T cells with distinct phenotypes are present in the brains of mice with
CM. The first cell subtype, which shows signs of activation (up-regulation of
CD69 and CD44 markers), may be a recently arrived cell. The other popu-
lation might be CD8+ T cells which have arrived earlier and interacted with
endothelial cells or monocytes and platelets, and have down-regulated acti-
vation markers, or which adhere to cerebral vasculature and other leukocytes
via alternate ligands. Defining the exact phenotype of CD8+ T cells involved
in CM is of importance and requires further study.

The demonstration of a role for CD8+ T cells in CM pathogenesis has led to
the development of the hypothesis that these cells induce CM through direct
damage of endothelium, leading to the loss of integrity of the blood–brain
barrier and subsequent edema and hemorrhage (Yanez et al. 1996). Consistent
with this hypothesis, antibody-mediated depletion of CD8+ T cells was shown
to reduce vascular permeability and cerebral edema (Chang et al. 2001). More-
over, PbA infection in susceptiblemice induces theup-regulationofbothMHC
class I and class II on cerebral endothelial cells (Monso-Hinard 1997). The ab-
sence of CM in PbA-infected β2M- and TAP-double deficient Kb/Db C57BL/6
mice, but not in single deficient C57BL/6 mice, has also indicated a require-
ment for MHC molecules and antigen presentation by endothelial cells for the
development of CM (Bagot et al. 2004). However, these double-deficient mice
havereducednumbersofperipheralbloodCD8+ Tcells, and theabsenceofCM
in these mice may be related to the lack of CD8+ T cells rather than the absence
of MHC class I molecules (Koller et al. 1990; van Kaer et al. 1992; Perarnau et al.
1999). Nevertheless, current data suggest that endothelial cells present MHC
class I-restricted epitopes recognized by CD8+ T cells in the brain. A ma-
jor question is what type of antigen is presented by endothelial cells? Two
possibilities exist. The more obvious is that endothelial cells present parasite-
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derived antigens. The other possibility is that parasite infection induces the
expression of host antigens that are recognized by auto-reactive T cells.

Endothelial cells are not professional antigen-presenting cells (APC) and
resting endothelial cells do not capture and present antigen efficiently. How-
ever, cytokine-activated endothelial cells can become phagocytic and efficient
APC (Pober and Cotran 1991). In one report, Saimiri-derived brain endothe-
lial cells were observed to take up P. falciparum-derived material (Robert et
al. 1996). It is not yet known if this can also occur with human or mouse
endothelial cells, but it clearly requires further investigation.

Different CD8+ T cell-mediated mechanisms of target killing exist: the per-
forin pathway, the Fas/Fas ligand (CD95/CD95L) pathway, the TNF pathway
and the TRAIL pathway. Perforin-deficient C57BL/6 mice infected with PbA
parasites did not develop CM (Potter et al. 1999; Nitcheu et al. 2003). Stud-
ies in Fas-deficient (lpr/lpr) mice have yielded contradictory results. In two
studies, lpr/lpr mice developed CM to the same degree as wild-type animals
(Belnoue et al. 2002; Nitcheu et al. 2003), whereas in another study, these
mice developed a reversible CM (Potter et al. 1999). This discrepancy may be
related to the use of different PbA lines. However, Fas ligand-deficient gld/gld
mice infected with PbA had no protection against CM. TNF and LT expressed
on the surface of CD8+ T cells do not seem to be involved in CM pathogenesis
because TNF-deficient mice are fully susceptible to CM (Engwerda et al. 2002)
and bone marrow engraftment experiments showed LT expression by non-
bone marrow-derived cells is important for the development of CM. We have
also shown that LTα is not expressed on the surface of CD8+ T cells (L. Ré-
nia and E. Belnoue, unpublished data). Malaria infection in humans has also
been associated with an increase in the frequency of circulating CD8+ T cells
(Troye-Blomberg et al. 1983, 1984; Stach et al. 1986) and elevated plasma levels
of soluble CD8 have been reported in acute Plasmodium falciparum patients
(Kremsner et al. 1989). In light of the role of CD8+ T cells in experimental
CM, there is a need to elucidate their role in human CM.

CD4+ T Cells The numbers of this cell population increased in the brains
of mice with CM, but not in those without CM (Belnoue et al. 2002). PbA-
infection of CD4-deficient mice repeatedly demonstrated that CD4+ T cells are
involved in CM pathogenesis. This result was confirmed when mice infected
with PbA or P. berghei K173 were treated with CD4-depleting monoclonal
antibodies prior to infection or in the first days of the infection (Yanez et
al. 1996; Hermsen et al. 1997; Belnoue et al. 2002). Conflicting results were
observed when CD4+ T cells were depleted later in infection (at day 6 post-
infection). In one study, this treatment had no effect on CM (Belnoue et al.
2002), while in another study the treatment partially prevented CM (Hermsen
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et al. 1997). We recently demonstrated that these differences might have been
caused by the specific parasite/mouse combinations used (L. Rénia and M.
Kayibanda, unpublished data).

CD4+ T cells could have two roles in CM pathogenesis. Firstly, CD4+ T cells,
through the secretionof IFN-γ, induce the secretionofTNF-αandchemokines
and the up-regulation of adhesion molecules on endothelial cells (Hunt and
Grau 2003). Secondly, in some parasite/mouse combinations they may also
damage endothelial cells and participate in the destruction of the blood–
brain barrier. MHC class II molecules have been shown to be up-regulated
in susceptible, but not resistant mice after IFN-γ stimulation (Monso-Hinard
et al. 1997). However, mice deficient for the MHC class II molecule Ab (the
only class II molecule in C57BL/6 mice) were partially susceptible to CM.
Complete abrogation of CM in these mice was only obtained after anti-CD4
antibody treatment. This suggests that the low number of CD4+ T cells left
in Ab-deficient mice were able to induce CM (Yanez et al.1996). Since MHC
class II molecules are not expressed in this mouse strain, this suggests that
these CD4+ T cells were restricted by a non-MHC class II molecule. Thus, this
particularCD4+ Tcell populationmight recognize alternativeMHCmolecules
on endothelial cells and exert direct cytotoxicity.

NKTCells NKTcells are apopulationwithunusual characteristics (Taniguchi
et al. 2003). A subset of these cells recognizes glycolipid antigens presented
by CD1 MHC molecules through an invariant T cell receptor. Depending on
the nature of the stimulation, they produce IFN-γ, IL-4 or IL-13. The specific
cytokine production patterns regulate cytokine secretion by other cells, such
as conventional CD4+ T cells (Lisbonne et al. 2003). CD1 deficiency had no
effect on the development of CM in a genetically susceptible mouse strain
(Hansen et al. 2003; Bagot et al. 2004). However, on a resistant background,
CD1 deficiency increased susceptibility to CM (Hansen et al. 2003). This was
associated with an increase in production of pro-inflammatory cytokines
in vivo through modification of the Th1/Th2 balance. These results suggest
a role for NK T cells in the development of murine CM. However, conventional
αβ TCR CD8+ T cells, as well as other cell populations, can also express
the markers used to define the NK T cell subset bearing the invariant TCR.
Therefore, further work is required to adequately ascribe a role for NK T cells
in CM pathogenesis.

4.4.3.2
γδ T Cells

Depletion ofγδ T cells with an anti-TCR γδ administered at day 0 or 3 after PbA
infection, but not later, prevented the development of CM. However, around
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50% of C57BL/6 mice deficient for the delta chain of the γδ receptor develop
CM (Boubou et al. 1999; Yanez et al. 1999). This discrepancy is thought to be
due to the development of compensatory cells responsible for CM pathology.
The number of γδ T cells was increased in the brains of mice with CM (Belnoue
et al. 2002). However, an effector function in CM for this population has been
excluded because late depletion at day 5 post-infection did not prevent the
development of CM (Yanez et al. 1999). Thus, the role of γδ T cells in CM
might be through the release of pro-inflammatory cytokines and regulation
of the expression of chemokines in the brain (Haas et al. 1993; Rzepczyk et al.
1997; Rajan et al. 2000). In humans, acute P. falciparum infection induces an
increase in circulating γδ T cells (Hviid et al. 2001). Recent data point to a role
for these cells in the early secretion of cytokines during malaria (Hensmann
and Kwiatkowski 2001; Artavanis-Tsakonas et al. 2003; Stevenson and Riley
2004).

4.4.4
Platelets

Malaria infection, and in particular human CM, is frequently associated with
thrombocytopenia (Horstmann et al. 1981). This led to the hypothesis that
this deficiency was due to platelet sequestration in organs and disseminated
intravascular coagulation (Devakul et al. 1966; Dennis et al. 1967). However,
the importance of this condition to CM is unclear, and although thrombi can
be seen in autopsy materials, it does not appear to be widespread (White
and Ho 1992). In a seminal study on brain tissue taken from Thai adults that
died with CM, it was noted that platelets were strikingly absent (MacPherson
et al. 1985). Recent studies on brains from deceased African children with
CM found platelets clustered with leukocytes and iRBC in the lumen of brain
microvessels (Grau et al. 2003).

The role of platelets has been investigated in detail in PbA-induced CM.
Platelets have been reported in the lumen of brain vessels from mice with
CM, but not in those from mice without CM (Grau et al. 1993). Anti-platelet
polyclonal or monoclonal antibody treatment prior to or at the time of in-
fection was also shown to prevent CM (Grau et 1993; Polack et al. 1992). In
infected mice deficient for urokinase plasminogen activator (UPA) or its re-
ceptor (UPAR) and tissue plasminogen (TPA) activator, which are involved
in platelet biology, CM was prevented in UPA and UPAR but not in TPA mice
(Piguet et al 2000).

The role of platelets in CM pathogenesis remains to be fully ascertained,
and they could be involved in many different ways. Platelets express adhe-
sion molecules such as LFA-1and P selectin and costimulatory molecules like
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CD40L may interact and/or adhere to endothelial cells. Mice deficient in P-
selectin (Sun et al. 2003, Combes et al. 2004), CD40 or CD40L were shown to
be protected from CM (Piguet et al. 2001). However, these molecules are also
expressed by T cells and may be involved in T cell, but not platelet, activity. In
murine CM, adherent platelets were found to fuse with endothelial cell, pos-
sibly contributing to their modification (Grau et al. 1993). Platelets may serve
as a bridge between iRBC and endothelial cells, via adhesion molecules such
as LFA-1 or CD36 (Wassmer et al. 2004). They may also release chemokines
(Weyrich et al. 2002; Gear and Camerini 2003) after interaction with the
endothelial cells, leading to the recruitment of leukocytes to the brain.

4.4.5
Migration of Leukocytes to the Brain: Role of Chemokine and Chemokine Receptors

Leukocyte accumulation in the brain strongly correlates with CM develop-
ment in susceptible mice infected with PbA. It has been shown that this accu-
mulation is especially observed when mice display neurological involvement
(Belnoue et al. 2002). Chemokines and chemokine receptors are regulators of
leukocyte trafficking, and it is likely that these molecules are involved in the
pathogenesis of CM.

There are around 50 chemokines and 19 chemokine receptors reported
to date. They provide necessary signals for the regulation of leukocyte traf-
ficking in both homeostatic and inflammatory conditions. The redundancy
and promiscuity of the chemokine/chemokine receptor system are a major
characteristic. A chemokine may interact with different receptors, and a re-
ceptor may bind multiple chemokines (Rot and von Andrian 2004). Of all the
chemokine receptors described so far, CCR5 and CCR2 have been the most ex-
tensively studied, as they act as co-receptors for the human immunodeficiency
virus (O’Brien and Moore 2000). They have also been implicated in the migra-
tion of leukocytes to the brain in response to pathogens or in auto-immune
disease (Huffnagle et al. 1999; Fife et al. 2000; Chen and Sendo 2001).

In PbA-infected mice with CM, brain sequestered-leukocytes, such as
macrophages, T cells, and in particular CD8+ T cells, were shown to express
high levels of CCR2 or CCR5. When CM susceptible mice deficient for these
chemokines (Kuziel et al. 1997, 2003) were infected with two different clones
of PbA, it was observed that mice deficient for CCR5, but not CCR1, CCR2 and
CXCR3, develop less CM or that CM development was delayed (Belnoue et al.
2003; Nitcheu et al. 2003; L. Rénia, unpublished results). In CCR5-deficient
mice, which did not develop CM, there was a drastic reduction of leukocyte
migration to the brain, particularly for CD8+ T cells. CCR5 was also shown to
influence cytokine production, since CCR5-deficient mice infected with PbA
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had decreased IFN-γ production. The expression of CCR5 on radio-resistant
cells, possibly endothelial cells in the brain, was demonstrated in bone mar-
rowengraftment experiments (Belnoueet al. 2003). InteractionbetweenCCR5
and its ligands may induce the release of cytokines and cytokines by brain
endothelial cells (Andjelkovic et al. 2000; Dorner et al. 2002) and contribute to
the pro-inflammatory conditions in the brain during CM development. The
incomplete protection of CCR5-deficient mice from the development of CM
suggests that the absence of CCR5 function may be compensated for by one
or more additional chemokine receptors. Knowledge on the repertoire of the
chemokine receptors expressed by CD8+ T cells in the brain of PbA-infected
mice will shed light on the mechanism of migration of these cells during CM.

Little is known about the chemokines produced during CM. PbA infec-
tion caused increased accumulation of CXCL10 (γIP-10) and CCL2 (MCP-1)
mRNA in the brains of both susceptible C57BL/6 and resistant BALB/c mice.
However, the accumulation of CCL5 (RANTES) mRNA was only increased in
the susceptible mouse strain (Hanum et al. 2003).

Recent histopathological data have shown that CCL5, a major CCR5 lig-
and, along with CCR5 and CCR3, was expressed in post-mortem brain tissue
from patients who had died with CM (Sarfo et al. 2004). A number of poly-
morphisms and mutations in human CCR5 genes have been identified which
alter, sometimes drastically, CCR5 functional activity and expression levels.
For example, individuals homozygous for the delta32 mutation are deficient
in CCR5 (Dean et al. 2002). It will be of interest to determine how natural
CCR5 deficiency affects susceptibility to CM.

5
Conclusions

Experimental models of CM have been instrumental in identifying key
molecules involved in the pathogenesis of CM. Evidence for a role for
pro-inflammatory cytokines in human CM is strong. The role of iRBC
and leukocytes sequestered in the brain for the pathogenesis of CM is still
controversial, although the presence of both cell populations in the brain
makes it likely that both are involved. Completion of the Plasmodium mouse
and human genome and post-genomic techniques will help to uncover the
mechanisms of CM pathogenesis.
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Abstract Glycosylphosphatidylinositols (GPIs) are found in the outer cell membranes
of all eukaryotes. GPIs anchor a diverse range of proteins to the surface of Plasmodium
falciparum, but may also exist free of protein attachment. In vitro and in vivo studies
have established GPIs as likely candidate toxins in malaria, consistent with the pre-
vailing paradigm that attributes induction of inflammatory cytokines, fever and other
pathology to parasite toxins released when schizonts rupture. Although evolutionarily
conserved, sufficient structural differences appear to exist that impart upon plas-
modial GPIs the ability to activate second messengers in mammalian cells and elicit
immune responses. In populations exposed to P. falciparum, the antibody response to
purified GPIs is characterised by a predominance of immunoglobulin (Ig)G over IgM
and an increase in the prevalence, level and persistence of responses with increasing
age. It remains unclear, however, if these antibodies or other cellular responses to GPIs
mediate anti-toxic immunity in humans; anti-toxic immunity may comprise either
reduction in the severity of disease or maintenance of the malaria-tolerant state (i.e.
persistent asymptomatic parasitaemia). P. falciparum GPIs are potentially amenable
to specific therapeutic inhibition and vaccination; more needs to be known about their
dual roles in malaria pathogenesis and protection for these strategies to succeed.

Abbreviations
GPI Glycosylphosphatidylinositol
ICAM Intercellular adhesion molecule
IFN Interferon
Ig Immunoglobulin
IL Interleukin
LPS Lipopolysaccharide
LT Lymphotoxin
Man4 Fourth mannose
MHC Major histocompatibility complex
MSP Merozoite surface protein
NF Nuclear factor
NO Nitric oxide
PKC Protein kinase C
PTK Protein tyrosine kinase
TGF Transforming growth factor
TLR Toll-like receptor
TNF Tumour necrosis factor

1
Introduction

Plasmodium falciparum glycosylphosphatidylinositols (GPIs) became the fo-
cus of mainstream media attention in 2002 with the publication in Nature
of a report demonstrating proof of concept for an anti-toxic vaccine that de-
layed malaria mortality in a rodent model (Schofield et al. 2002). As the best
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characterised of the putative malaria toxins, interest in GPIs has burgeoned
since the early 1990s to the point that strategies for creating fully synthetic
GPI analogues are advancing rapidly (Lu et al. 2004; Liu and Seeberger 2004;
Seeberger et al. 2004). This should soon enable investigators to clarify the
role of GPIs in malaria pathogenesis and immunity. Understanding the po-
tential for anti-GPI therapeutics and vaccination in human malaria requires
an understanding of the pathophysiology of toxin-mediated events, as well
as the nature of human anti-toxic immune responses. The conceptual frame-
work must account for epidemiological phenomena that have been patiently
catalogued by malariologists and withstood years of observation. Thus, the
present review comprises three main parts: an outline of the toxic basis of
malaria disease, with an emphasis on the proposed role of GPIs; a summary
of what is thought clinically to represent anti-toxic immunity to malaria;
and a discussion of what is presently known about immune responses to
plasmodial GPIs.

2
The Toxic Basis of Malaria

Fever and anaemia are common to all forms of human malaria, whereas
severe malaria due to P. falciparum is additionally characterised by metabolic
acidosis, hypoglycaemia, uraemia, pulmonary oedema and/or coma (referred
to as cerebral malaria). These features of malaria pathogenesis are thought
to result from a number of mechanisms acting in concert: destruction of red
blood cells by the parasite, a cell-mediated inflammatory host response, and
in the case of P. falciparum only, cytoadherence of parasitised erythrocytes to
vascular endothelium. Cytoadherence in particular may lead to sequestration
of parasites away from the general circulation and localised organ-based
immunopathology. This section will focus on the potential roles played by
parasite toxin(s) in initiating and/or exacerbating these key events. Readers
seekingmore informationare referred tocomprehensive recent reviews (Clark
and Cowden 2003; Clark et al. 2004; Maitland and Marsh 2004).

2.1
The Toxic Paradigm in Malaria

A prevailing view of malaria pathogenesis can be stated as follows: that a par-
asite toxin (or toxins) induces production of host-derived inflammatory cy-
tokines that are directly responsible for the characteristic febrile paroxysms of
malaria, and indirectly contribute to other clinical manifestations. The Italian
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Nobel laureate Camillo Golgi first established that paroxysms occurred fol-
lowing malarial shizogony in 1886 (Golgi 1886), but it took another 100 years
for the physiological basis of this observation to be elucidated. Parallel lines
of research converged in the late 1970s and early 1980s, leading to the recog-
nition that endotoxin-mediated bacterial sepsis and malaria shared striking
similarities in their pathophysiological features and cytokine profiles (Clark
1978; Clark et al. 1981). Central to this was the discovery and definition of
tumour necrosis factor (TNF)-α, followed by recognition that it mediated
pathology in rodent malaria models (Clark et al. 1987) and could be induced
by malaria parasites and putative malaria toxins in vitro (Kwiatkowski et al.
1989; Scragg et al. 1999). Subsequently, plasma TNF-α levels were shown to
correlate with the severity of human malaria (Grau et al. 1989; Kern et al.
1989), and a causal role was suggested by genetic association studies linking
polymorphisms in the TNF-α promoter region to disease outcome (McGuire
et al. 1994; Wattavidanage et al. 1999; Aidoo et al. 2001).

With time, it has become clear that TNF-α is but one in a milieu of soluble
mediators that together influence thepathophysiologyofmalaria.Monoclonal
anti-TNF-α antibodies given to Gambian children with cerebral malaria re-
duced fever (Kwiatkowski et al. 1993) but had no effect on mortality in a sub-
sequent randomised placebo-controlled trial (van Hensbroek et al. 1996).
Similarly disappointing results were observed using polyclonal anti-TNF-α
antibodies in Thai adults with severe malaria (Looareesuwan et al. 1999), and
the relevance of TNF-α polymorphisms has since been questioned (Bayley
et al. 2004). Recent studies have demonstrated that lymphotoxin (LT)-α (for-
merly TNF-β), rather than TNF-α, appears to be the principle mediator of
murine cerebral malaria in the P. berghei (ANKA) model (Engwerda et al.
2002; Rae et al. 2004). Interestingly, this is consistent with research conducted
10 years earlier that showed elevated levels of LT-α in human malaria, and
induction of interleukin (IL)-6 and hypoglycaemia in mice injected with the
cytokine (Clark et al. 1992). Together, these studies highlight that the pivotal
role ascribed to TNF-α in malaria pathogenesis may in part have reflected
its study in isolation from the complex interplay of other mediators (Dodoo
et al. 2002). Evidence from in vitro, animal and human studies (reviewed by
Artavanis-Tsakonas et al. 2003; Clark et al. 2004) suggests that at least the
following are also involved in determining the outcome of malaria infection:
interferon (IFN)-γ, IL-1, 6, 10, 12 (Dodoo et al. 2002), and 18 (Singh et al. 2002),
transforming growth factor (TGF)-β (Omer and Riley 1998), chemokines, ni-
tric oxide (NO) (Anstey et al. 1996; Hobbs et al. 2002) and prostaglandins
(Perkins et al. 2001). Moreover, in different settings or at different levels, the
same cytokine or mediator may be harmful or protective (reviewed by Hunt
and Grau 2003). By way of example, TNF-α itself has been ascribed a protective
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role in regulating parasite density (Kwiatkowski 1995), which is supported by
the demonstration of a parasiticidal effect of TNF-α on P. falciparum in vitro
(Muniz-Junqueira et al. 2001).

It is generally thought that the soluble mediators induced by malaria tox-
ins contribute not only to fever, but also to the end-organ, metabolic and
haematological consequences of disease. TNF-α and LT-α have been shown
to increase expression of parasitised erythrocyte receptors such as intercellu-
lar adhesion molecule (ICAM)-1 on endothelial cells (Ockenhouse et al. 1992;
Engwerda et al. 2002), thus potentially initiating a vicious cycle that may lead
to severemalariaby sequesteringmoreparasitisedcells and further increasing
local cytokine production. Other mediators, such as NO and prostaglandins,
decrease cytokine-induced endothelial ICAM-1 and reduce cytoadherence of
parasitised erythrocytes (Xiao et al. 1999; Serirom et al. 2003). Other factors
are likely to contribute to protection or pathology in CM, including IFN-γ,
migration inhibitory factor (Clark et al. 2003b), carbon monoxide (Clark et
al. 2003a) and chemokines. The degree of anaemia in malaria is thought to
exceed that which can be explained by destruction of parasitised erythro-
cytes alone, leading to the proposition that erythropoiesis may be depressed
by soluble mediators (reviewed by Menendez et al. 2000). Severe metabolic
acidosis with hyper-lactataemia is associated with a very high mortality in
malaria (English et al. 1996) and probably results from a combination of tis-
sue hypoxia, direct effects of cytokines, lactate production by parasites, and
decreased clearance of lactate by the liver (Marsh and Snow 1997). The patho-
genesis of other metabolic derangements such as hypoglycaemia may share
similar antecedents (Clark et al. 1997).

2.2
Structure of P. falciparum GPIs

GPI molecules are evolutionarily conserved glycolipids present in the outer
membranes of eukaryotic cells. Their core structure comprises a single
membrane-associated phospholipid head, attached linearly to an inositol ring
that is followed by a tetrasaccharide containing one glucosamine and three
sequentially numbered mannose residues (Fig. 1). A phosphoethanolamine
group attached to the terminal mannose affords stable anchorage for a diverse
range of proteins. GPIs vary between eukaryotes in a limited number of ways
that nonetheless appear to impart a wide range of functional differences.
In mammals and yeast, an additional ethanolamine phosphate is invariably
present as a side-chain on the first mannose and occasionally on the second
mannose. Protozoa such as Trypanosoma brucei may carry an additional
carbohydrate modification on the first mannose (Ferguson 1999). In contrast,
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Fig. 1 Schematic representation of P. falciparum GPI. The lipid moieties are incor-
porated into the plasma membrane and joined via glycerol and phosphate (P) to
an inositol ring. A conserved core glycan chain composed of glucosamine and three
mannose residues is attached at the inositol 6 position. The terminal third conserved
mannose residue is joined via a P ester to ethanolamine, which facilitates linkage to
the C-terminus of a protein via an amide group. P. falciparum GPI remains acylated at
the inositol 2-position, and a fourth side-chain mannose is typically attached to the
ethanolamine-linked mannose

no side-chain modifications of the first two mannose residues have been
described in P. falciparum. A side-chain fourth mannose (Man4) is typically
attached to the terminal mannose in P. falciparum and yeast, whereas this
was thought to be uncommon until recently in mammals. It has now been
demonstrated that hSMP3 is the human homologue for yeast SMP3, and
that it encodes the mannosyltransferase responsible for addition of Man4

to GPIs (Taron et al. 2004). Although the gene is only weakly expressed in
many cultured mammalian cell lines, it is expressed in most human tissues,
challenging the previous paradigm that Man4-GPI formation is relatively
unimportant in mammalia.

Mammalian GPI inositol rings may be acylated by palmitate in some cases,
although it is common for mammalian inositol to be deacylated following GPI
biosynthesis (Chen et al. 1998). In contrast, P. falciparum inositol remains
acylated, most often with palmitate (90%) but occasionally with myristate
(10%) (Naik et al. 2000a). Thephosphorylated lipidmoiety attached to inositol
in P. falciparum is invariably diacylglycerol in structure (Naik et al. 2000a),
but in mammalian cells is predominantly 1-alkyl, 2-acyl glycerol. Recent
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examination by gas chromatography-mass spectrometry of protein-anchored
“major” GPIs in P. falciparum has demonstrated heterogeneity resulting in
at least five different structures, which can be fully ascribed to compositional
differences in the fatty acyl substituents (Naik et al. 2000a). Importantly,
variation in lipid composition did not appear to influence the likelihood of
protein anchoring by the GPIs and it is likely that other biologically active
“minor” GPIs with unusual fatty acyl substituents remain to be described
(Naik et al. 2000a). Plasmodial GPIs from human and rodent malaria species
demonstrate a high level of conservation in structure (Gerold et al. 1997;
Naik et al. 2000a; Kimmel et al. 2003), which is also seen in widely dispersed
geographical isolatesofP. falciparum (Berheet al. 1999).Todate,GPIshavenot
been described in other species of plasmodia that cause malaria in humans.

2.3
Biosynthesis of P. falciparum GPIs

The general processes involved in GPI biosynthesis have been comprehen-
sively reviewed (Ferguson 1999; Kinoshita and Inoue 2000; Eisenhaber et al.
2003) and will be only briefly summarised here. GPIs are assembled sequen-
tially in theendoplasmic reticulumbyanumberofproteins/proteincomplexes
that exhibit a variety of catalytic and regulatory roles. These proteins and their
genes are well characterised in mammals, and this has enabled matching of
sequence homologues in other eukaryotes in a number of instances through
database mining. Homologues have been identified in P. falciparum for 8 of
the approximately 20 known protein components of human GPI biosynthesis,
with a 40%–70% similarity in amino acid sequences (Delorenzi et al. 2002;
Shams-Eldin et al. 2002). The existence of other homologues may have been
concealed by the level of stringency used for database matching or incomplete
annotation of the P. falciparum genome at the time; also, non-homologous
proteins may perform some of the designated functions (Delorenzi et al.
2002). In general, the P. falciparum homologues described are for proteins
involved in key catalytic roles, rather than in regulating the rate or stability
of reactions. Consistent with the proposed structure of P. falciparum GPIs,
homologues for the mammalian genes that encoded addition of phospho-
ethanolamine groups to non-terminal mannoses and deacylation of inositol
(which appears not to occur in P. falciparum) were not found. It has been
suggested that this overall economy may have arisen through an adaptation
to rapid growth and from lesser requirements for fine tuning compared to
higher eukaryotes (Delorenzi et al. 2002).

The transamidation reaction that covalently anchors proteins to GPI inside
the endoplasmic reticulum depends on recognition of a signal sequence and
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proteolytic cleavage of a carboxy-terminal pro-peptide (Eisenhaber et al.
2003). This process appears to be intricately mediated in mammalian cells by
the protein PIG-T, which possesses both a hook for the key catalytic subunit
(PIG-K) and a hole-like beta propeller structure that regulates access of C
terminal oligopeptides to the protease site through a tunnel (Eisenhaber
et al. 2003). A similar coding region for the PIG-T gene was found in P.
falciparum, but failed stringency tests (Delorenzi et al. 2002). However, it
has been noted that sequence similarity BLAST searching may fail to detect
PIG-T homologues, unless consideration is given to secondary structural
preferences or physical property patterns (Eisenhaber et al. 2003). As cells
from mammals and parasitic protozoa appear to differ in their preference
for particular amino acid coding regions in the signal sequence (Moran and
Caras 1994), the transamidation reaction represents a particularly attractive
target for species-specific inhibitors.

2.4
Specific Roles of P. falciparum GPIs in Malaria Pathogenesis

A range of in vitro and in vivo animal studies have demonstrated that puri-
fied P. falciparum GPIs can induce the pathophysiology ascribed to putative
malaria toxins and/or that anti-GPI antibodies can neutralise these effects.
Mouse macrophages were first shown to produce TNF-α after incubation
with erythrocytes parasitised with either P. yoelii or P. berghei in vitro in
1988 (Bate et al. 1988). Consistent results were soon demonstrated for hu-
man monocytes in the presence of P. falciparum in vitro (Kwiatkowski et
al. 1989). This was followed by partial characterisation of the likely toxin
using physical and chemical extraction procedures (Bate et al. 1992b) cou-
pled with monoclonal and polyclonal antibody neutralisation studies (Bate
et al. 1992a; Bate and Kwiatkowski 1994a). By 1993, it was clear that the puta-
tive toxin was a GPI and that its injection into thioglycollate-primed rodents
could reproduce major features of acute clinical malaria, including pyrexia
and hypoglycaemia (Schofield and Hackett 1993); similar findings have sub-
sequently been reported in unprimed mice (Elased et al. 2004). Concurrently,
it was shown that a monoclonal antibody to P. falciparum-derived GPIs could
neutralise the TNF-α-inducing activity of whole-parasite extracts in vitro
(Schofield et al. 1993), suggesting that GPIs alone may be responsible for
TNF-α induction. Polyclonal antibodies raised in T-cell-deficient mice (Bate
et al. 1990) and sera from human patients infected with both P. falciparum
and P. vivax (Bate and Kwiatkowski 1994b) were reported to have similar
activity. However, we have been unable to confirm this ourselves, with toxin-
neutralisation assays showing no clear-cut correlation between anti-GPI an-
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tibody titres in serum and the ability of purified immunoglobulin (Ig)G from
the same serum to neutralise TNF-α induction by whole-parasite extracts
from a macrophage cell line in vitro (J.B. de Souza et al., unpublished data).
These data suggest either that GPI is not the only TNF-inducing component
of parasite extracts or that not all anti-GPI antibodies are able to neutralise
GPI activity.

By the mid-1990s, P. falciparum GPIs had been shown capable of induc-
ing macrophage production of IL-1 (Schofield and Hackett 1993) as well as
production of NO by macrophages and vascular endothelial cells in a pro-
cess enhanced by IFN-γ (Tachado et al. 1996). P. falciparum GPIs were then
shown to increase endothelial cell expression of ICAM-1, vascular cell ad-
hesion molecule-1 and E-selectin (receptors implicated in cytoadherence of
parasitised erythrocytes) in a process enhanced by TNF-α and IL-1 (Schofield
et al. 1996). This process was also blocked by monoclonal anti-GPI antibodies.
Consistent with the ability to induce hypoglycaemia in mice, P. falciparum
GPIs were shown to possess insulin-mimetic activity through increasing glu-
cose oxidation in murine adipocytes in vitro (Schofield and Hackett 1993).
The culmination of these studies was the recent demonstration that murine
antibodies raised through vaccination with a P. falciparum GPI glycan ana-
logue completely abolished whole schizont extract-induced TNF-α release
from mouse macrophages (Schofield et al. 2002). To the extent that the in
vitro model matches the clinical situation in humans, this is the most sugges-
tive evidence to date that GPIs are the predominant pro-inflammatory toxins
of P. falciparum.

It has not yet been determined precisely how P. falciparum GPIs initiate
the intracellular signalling that results in expression of cytokines, NO and
adhesion molecules. Early studies using specific inhibitors supported a two-
step model of cellular activation that ultimately ends with activation of the
transcription factor nuclear factor (NF)-κB (Schofield et al. 1996; Tachado
et al. 1996, 1997; Vijaykumar et al. 2001); the first signal provided by the
glycan moiety [activating protein tyrosine kinase (PTK)] and the second by
the diacylglycerol [activating protein kinase C (PKC)]. The issue of whether
the two signals require insertion and/or endocytosis of whole GPIs or GPI
substructures into the plasma membrane (Vijaykumar et al. 2001) or can be
provided entirely extracellularly (Vijaykumar et al. 2001) remains unresolved.
More recently it has been suggested that P. falciparum GPIs can initiate in-
tracellular signalling—without internalisation—through toll-like receptors
(TLRs), although the extent to which signalling via the PTK, PKC and TLR
pathways may overlap is still unclear. In vitro studies examining TNF-α pro-
duction by GPI-stimulated macrophages derived from the bone marrow of
TLR knockout mice have demonstrated a major role for TLR2, a lesser role
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for TLR4, and a potential minor role for other pathways not dependent on
the TLR2/TLR4 shared adapter protein MyD88 (Krishnegowda et al. 2004).
Similar results were apparent in experiments using human monocytes that
were pre-treated with monoclonal antibodies to TLR2 and/or TLR4. Subse-
quent intracellular signalling in both the mouse and human cells involved
activation of a number of second messengers, including ERK1/ERK2, JNK
and p38, and ultimately the NF-κB pathway. Parallel experiments by the same
investigators demonstrated that the pattern of TNF-α, IL-6, IL-12 and NO
production by GPI-stimulated mouse macrophages depended on differential
activation of these signalling molecules and a variable requirement for co-
stimulation with IFN-γ (Zhu et al. 2004). This may have relevance in vivo, as it
has previously been shown that CD3+ T cells are required for optimal TNF-α
production by human monocytes stimulated by P. falciparum ex vivo (Scragg
et al. 1999), which may also indicate the involvement of IFN-γ (reviewed by
Artavanis-Tsakonas et al. 2003).

The exact structural requirements of P. falciparum GPIs for activation of
intracellular signalling also require further clarification. The issue of whether
glycan-induced signalling is dependent on the third (Tachado et al. 1997)
or fourth terminal (Vijaykumar et al. 2001) mannose appears to have been
resolved in favour of the former, with Man3 GPIs shown to possess approxi-
mately 80% of the TNF-α-inducing activity of Man4 GPIs (Krishnegowda et
al. 2004). Insolubility of Man3 GPIs in the solvent (80% ethanol) used for
transfer from the stock vial to the culture medium is now thought to explain
the previous results (Vijaykumar et al. 2001). More in keeping with their
previous findings (Vijaykumar et al. 2001), diacylated sn-2 lyso-GPIs (result-
ing from partial deacylation of native GPIs by phospholipase A2) induced
levels of TNF-α from mouse macrophages and human monocytes that were
similar to those from the intact molecules (Krishnegowda et al. 2004). Inter-
estingly, heterodimerisation of TLR2 (a basic requirement for TLR2-induced
signalling) involved TLR1 in the case of triacylated GPIs but TLR6 for the
diacylated sn-2 lyso-GPIs, thus implicating lipid composition as a basis for
antigenic discrimination by macrophages—a phenomenon that the authors
point out has a precedent in the case of bacterial lipoproteins (Takeda et al.
2002; Akira and Hemmi 2003). Just as intriguing was the finding that GPIs
were degraded and inactivated in the presence of mouse macrophages and hu-
man monocytes, consistent with cell-surface related activity of phospholipase
A2 and phospholipase D (Krishnegowda et al. 2004). To what extent human
monocyte phospholipases may be able to regulate the activity of P. falciparum
GPIs in vivo, and whether this may further be influenced by phospholipases
released into serum during human malaria (Vadas et al. 1993), remains to be
determined.
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In addition to their putative roles as toxins, GPIs may indirectly contribute
to malaria pathogenesis both by anchoring protein determinants of parasite
virulence and altering their pathological and immune functions. In P. fal-
ciparum, as in all eukaryotes, the fundamental physiological role of GPIs is
to stably anchor a diverse range of proteins on cellular plasma membranes.
A number of important proteins appear to be GPI-anchored in P. falciparum,
including merozoite surface protein (MSP)-1, MSP-2 and MSP-4 (Chatterjee
and Mayor 2001; Gowda 2002). In addition, a large pool of P. falciparum GPIs
exist free of protein attachment (Gerold et al. 1994), which is also common in
other parasitic protozoa (Ropert and Gazzinelli 2000). It is possible, although
not yet proven, that it is the free GPIs released at the time of schizont rupture
that are predominantly responsible for toxin-mediated effects. It has been
reported that the presence of GPI anchors on sporozoite protein vaccines im-
pairs the development of antibody (Martinez et al. 2000; Scheiblhofer et al.
2001) and T-cell responses (Bruna-Romero et al. 2004) with consequent atten-
uation of vaccine-induced immunity; similar observations have been made
in other systems (Wood and Elliott 1998). However, following DNA vaccina-
tion, antibody responses to a gametocyte-specific antigen are enhanced by
the retention of the GPI anchor signal sequence (Fanning et al. 2003). These
data suggest that the presence of glycans alters the solubility and membrane
interactions of proteins, and thus the pathway of protein trafficking within
an antigen-presenting cell. Additionally, GPI attachment may alter the con-
formation of anchored proteins in a manner that influences the proteins’
function and/or immunogenicity. These observations may have important
implications for the development of recombinant protein vaccines, many of
which are based on GPI-anchored proteins (reviewed by Gowda 2002).

2.5
Putative Malaria Toxins Other than GPI

In addition to GPI, haemozoin (or “malaria pigment”; an insoluble digestion
product of trophozoites comprising detoxified haemoglobin, as well as rem-
nants of host and parasite membranes) has been implicated as a malaria toxin
(Arese and Schwarzer 1997). Purified and synthetic haemozoin (β-haematin)
were linked to inflammatory cytokine production in vitro in a number of stud-
ies (Pichyangkul et al. 1994; Prada et al. 1995; Sherry et al. 1995; Mordmuller
et al. 1998) conducted in the period preceding identification of Mycoplasma
contamination of parasite cultures (Turrini et al. 1997; Rowe et al. 1998). Sub-
sequently, de-proteinated haemozoin enriched from P. falciparum culture was
shown to induce TNF-α and IL-1β production by human peripheral blood
mononuclear cells ex vivo, which was able to be blocked by naturally occur-
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ring IgM antibodies (Biswas et al. 2001). More recently, it was demonstrated
that synthetic haemozoin induced inflammatory cytokines (including IL1-α,
IL1-β, IL-6, and IL-12), chemokines and their receptors, and migration of
neutrophils and monocytes, following injection into mice (Jaramillo et al.
2004). Unlike the case with GPIs, it appears that P. falciparum haemozoin is
more likely to activate host cells through a hitherto unique TLR9-mediated,
MyD88-dependent pathway that is sensitive to inhibition by chloroquine
(Pichyangkul et al. 2004; Coban et al. 2005). In addition to induction of soluble
mediators, haemozoin-laden macrophages have been shown to produce large
quantities of the free fatty acids 12- and 15-hydroxy-arachidonic acid, which
may be pathogenic by causing vascular damage and increased cytoadherence
(Schwarzer et al. 2003).

Others have shown that P. falciparum-derived haemozoin induced NO
synthase-2 expression in cultured human blood monocytes ex vivo, which
was more pronounced in cells from children with anaemia (Keller et al. 2004).
A similar effect has been shown in mouse macrophages with P. falciparum-
derived and synthetic haemozoin, although a requirement for co-stimulation
with IFN-γ was apparent in that study (Jaramillo et al. 2003). In contrast, β-
haematin was shown to suppress TNF-α and NO production by lipopolysac-
charide (LPS)-stimulated mouse macrophages (Taramelli et al. 1995); an effect
later attributed to β-haematin-induced oxidative stress (Taramelli et al. 2000).
Another study showed that high levels of haemozoin ingestion by intervillous
blood monocytes were associated with suppression of TNF-α, prostaglandin-
E2 and IL-10 in women with placental parasitaemia (Perkins et al. 2003).
The source of mononuclear cells in these different studies, and the nature
of the interactions between the cells and haemozoin, may be factors to con-
sider in resolving these apparent contradictions (Basilico et al. 2003; Jaramillo
et al. 2005).

Other candidates for “malaria toxins” are anti-malarial IgE-antigen com-
plexes and IgE-anti-IgE complexes, which may also induce TNF-α release
from peripheral blood mononuclear cells in vitro (Perlmann et al. 1997).
These complexes have been proposed to activate NF-κB transcription factors
by cross-linking the macrophage low-affinity Fcε receptor for IgE (Perlmann
et al. 1997). Using an in vitro toxin-neutralisation assay, which measures TNF-
α in supernatants of cultured macrophages incubated with malaria-immune
sera and P. falciparum schizont lysates, we have shown that some malaria-
immune sera themselves induce TNF-α in the absence of exogenous malaria
antigen; this activity is absent from purified IgG (J.B. de Souza et al., unpub-
lished data). Although this might be explained by trace amounts of GPI in
the serum (as the sera were taken from residents of highly malaria-endemic
areas), it is possible that serumIgEcomplexes induceTNF-α; thisnotion is fur-
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ther supported by the observation that non-IgG antibodies in other malaria-
immune sera synergise with parasite extract to enhance TNF-α production
(J.B. de Souza et al., unpublished data). These data are consistent with the
likely involvement of an immune complex-mediated TNF-α triggering path-
way. Anti-malarial IgE/antigen complexes may exert pathogenic effects by
depositing on cerebral microvasculature (Maeno et al. 2000), leading to local
induction of pro-inflammatory cytokines, with consequent vascular damage.
This would explain the recent finding that West African children with severe
malaria had higher anti-P. falciparum IgE levels than age-matched children
with mild malaria (Calissano et al. 2003).

2.6
Summary

It should be recognised that, at present, the evidence that P. falciparum GPIs
act as toxins in humans in vivo is circumstantial. Purified or synthetic GPIs
have not been injected into humans, and nor have anti-GPI antibodies been
shown to inhibit the pathogenesis of P. falciparum in vivo; thus, the level
of evidence is less than that associating bacterial endotoxin with the clinical
manifestations of sepsis. Regardless, in vitro studies and data from animal
models of malaria have identified clear avenues of investigation into the role
of GPIs in human malaria, as well as other putative toxins such as haemozoin
and IgE complexes.

3
The Nature of Anti-toxic Immunity to Malaria

Bewilderment regarding the mechanisms of anti-malarial immunity is re-
flected by the number of terms used to describe it; among others, natural,
clinical, innate, acquired, specific, non-specific, anti-parasitic, anti-disease,
anti-toxic, cell-mediated, antibody-mediated, tolerance, premunition and
semi-immune. In part, confusion in the use of these terms (sometimes inter-
changeably) has arisen through a desire to explain observable epidemiological
phenomena on the one hand, within the confines of existing immunological
paradigmson theother. As the focusof this review is theputativemalaria toxin
GPI, and immune responses to it, we will generally refer to anti-toxic immune
responses, and dispense with the commonly used epithet “anti-disease”, as
the latter may be considered the sine qua non of all forms of immunity. Hence,
this section concerns differences in the clinical condition that can reasonably
be expected to infer the existence of anti-toxic immunity, which may in the-
ory act by inhibition of parasite metabolic pathways leading to reduced or
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defective toxin production (of which little is presently known), neutralisation
of toxin at or shortly after the time of release, interference with the cellular
mechanisms triggered by toxin activation that lead to production of inflam-
matory mediators, and/or diminished host responsiveness to one or more of
the inflammatory processes that follow.

3.1
Tolerance of Malaria Parasitaemia Without Symptoms

Despite thousands of publications related to anti-malarial immunity, it is
probably just as true to say today as it was 100 years ago that the best correlate
of immunity to malaria is the presence of malaria parasites in the blood of in-
dividualswithout symptoms (Sinton1938;McGregor et al. 1956). It is generally
accepted that the likelihood of observing asymptomatic parasitaemia within
a population correlates with the intensity of exposure, and that it is unlikely
to be observed in previously malaria-naïve individuals. It has been shown
by some that asymptomatic infections can become established and persist
at reasonably stable densities over time (Sowunmi 1995; Farnert et al. 1997;
Smith et al. 1999; Bruce et al. 2000), but others have challenged this notion
in longitudinal studies demonstrating an increased future risk of symptoms
(Missinou et al. 2003; Njama-Meya et al. 2004). It is evident though, from our
own studies in regions of intense malaria transmission, that a high prevalence
of asymptomatic infections can be expected in individuals of all ages in whom
signs and symptoms are objectively evaluated on multiple occasions over 24 h
(Boutlis et al. 2002, 2003b). The levels of parasitaemia observed, especially in
children (Rogier et al. 1996; Boutlis et al. 2002), are often much higher than
those recorded to cause disease in previously malaria-naïve subjects (Gatton
and Cheng 2002; Molineaux et al. 2002). Given that it has long been assumed
that malaria parasites release pyrogenic substances (i.e. toxins) during schizo-
gony (Golgi 1886), and there is no evidence to suggest that field strains can
become avirulent, it seems reasonable to suppose that host immune responses
maintain the healthy phenotype during asymptomatic infection.

Through detailed epidemiological studies conducted in regions of high
malaria endemicity, it has been observed that young children will tolerate
high levels of malaria parasitaemia; levels that are much more frequently
associated with disease in adults (Smith et al. 1994; Rogier et al. 1996). By
mathematical modelling, the risk of symptoms has been shown to correlate
with the level of parasitaemia in an age-dependent manner, with a peak at
approximately 1 year of age that declines steeply through early childhood to
a plateau in adolescence (Smith et al. 1994; Rogier et al. 1996). The expo-
nentially decaying curve that describes the relationship between the level of
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parasitaemia associated with fever and increasing age has been referred to
as defining a “pyrogenic threshold” (Rogier et al. 1996). These results were
generally in keeping with observations such as those made by Miller in Liberia
in 1958: “...while adults were more efficient in suppressing parasite levels and
suffered less from clinical attacks of malaria, children could tolerate higher
parasite burdens without showing clinical evidence of disease” (Miller 1958).
In contrast, the application of mathematical modelling techniques in regions
of low or unstable malaria transmission has shown a less discrete relationship
between the level of parasitaemia and the risk of symptoms, with gener-
ally lower pyrogenic thresholds and less dependence on age (Prybylski et al.
1999; Boisier et al. 2002). This suggests that fully effective anti-toxic immu-
nity may only become manifest in areas of quite high and/or stable malaria
transmission. Interestingly, studies of experimental infection in previously
malaria-naïve subjects have shown that an individual’s pyrogenic threshold
may increase following an initial infection, as well as being influenced by host
genetics and the “strain” of parasite (Gatton and Cheng 2002; Molineaux et
al. 2002).

Considered together, these observations are consistent with a model in
which repetitive and ongoing exposure to malaria infection results in rel-
atively short-lived anti-toxic immune responses that abrogate inflammatory
pathology. It is evident from studies in hyper-endemic regions that the efficacy
of these responses is highest in early childhood and is lowest in adulthood.
This creates an apparent paradox in relation to the fact that, in endemic areas,
malaria severity is highest in young children and the frequency of malaria
attacks reduces with age. This can be resolved, however, by conceptualising
disease as resulting from uncontrolled expansion of parasite densities that
overcome an individual’s pyrogenic threshold. The immune responses that
act to limit parasite replication (sometimes referred to as “anti-parasitic”
responses) appear to increase with age, in contrast to the anti-toxic responses
that maintain tolerance of parasitaemia. The ability to limit the severity of dis-
ease in the face of unchecked parasite growth may be expected to result from
a number of factors, some of which may be anti-toxic in nature (Sect. 3.2),
but in addition may involve prevention of other critical events that are not
primarily toxin-mediated, such as cytoadherence and anaemia.

3.2
Limitation of Malaria Severity in the Face of Disease

The model proposed in the previous section is broadly consistent with the
concept that anti-malarial immune responses can be categorised as anti-
parasitic, anti-fever (i.e. parasite tolerance), and anti-severe disease (Snow
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and Marsh 1998). The latter may involve mechanisms that reduce cytoad-
herence (e.g. antibodies to cytoadherence ligands on infected erythrocytes),
whilst alterations in the balance of inflammatory and anti-inflammatory cy-
tokines may effect both anti-fever and anti-severe disease immunity (Omer
et al. 2000). To better understand the influence of age itself (separated from
exposure) on malaria severity, Baird and colleagues have prospectively stud-
ied recently arrived Indonesian transmigrants from very low-endemic Java
into hyper-endemic Papua Province (Baird 1998). Previously malaria-naïve
children appeared to manifest relative resistance to the severity of malaria
compared to adults (Baird et al. 1998). The explanation for these findings is
not entirely clear, and resultsmayhavebeenbiased inpart bydifferences in the
use of prophylaxis or in treatment-seeking behaviour in adults and children.
Alternatively, it is plausible that children make lower levels of inflammatory
cytokines in response to a given “dose” of parasites (Riley 1999).

Of the numerous candidate host responses proposed to limit malaria sever-
ity, some may be predominantly anti-toxic in nature, whereas others may
act more broadly. For example, a growing body of literature (reviewed by
Anstey et al. 1999a) suggests that genetic (Hobbs et al. 2002) and acquired
influences regulating NO production act to reduce malaria severity through
cross-talk with other soluble mediators, such as TNF-α (Iuvone et al. 1996)
and prostaglandins (N.M. Anstey et al., unpublished data), in addition to
reducing expression of endothelial cytoadherence receptors (Serirom et al.
2003). It had previously been suggested that individuals in malaria-endemic
regions produced NO in an age-dependent manner that was correlated with
the age-dependent pyrogenic threshold (Clark et al. 1996; Anstey et al. 1999b).
However, a recent detailed longitudinal examination of NO production in
malaria-exposed children and adults living in Madang, Papua New Guinea
has shown that NO production differs little across age groups from age 2 to
60 years (Boutlis et al. 2004).

Additionally, the anti-inflammatory cytokines IL-10 and TGF-β have re-
peatedly been shown to reduce the toxic effects of malaria infections in mice
and in humans. The pathology of P. chabaudi chabaudi infection and the mor-
tality in IL-10-deficient mice are ameliorated by anti-TNF-α and exacerbated
by anti-TGF-β antibodies (Omer and Riley 1998; Dodoo et al. 2002; Li et al.
2003), andrecentdata suggest an important role for regulatoryTcells in setting
the pro-inflammatory/anti-inflammatory cytokine balance (Omer et al. 2003;
Hisaedaet al. 2004).Disentangling the influenceof a raft ofother cell-mediated
and cytokine responses on malaria severity is difficult in isolation, but has
recently been reviewed in the context of an overall model of anti-malarial im-
munity that also considers factors such as nutrition (Artavanis-Tsakonas et
al. 2003). The subtlety and importance of cross-species interactions between
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malaria and other infections, such as intestinal helminths, that may also in-
fluence cell-mediated phenomena, are beginning to be appreciated (Nacher
2002; Boutlis et al. 2003b; Le Hesran et al. 2004; Nacher 2005; Hesran 2005),
but further discussion is beyond the scope of the present review.

3.3
Summary

It appears that anti-toxic immune responses to malaria may contribute to the
maintenance of malarial tolerance on the one hand, while contributing to
resistance to severe disease in those unable to limit exponential expansion of
parasitaemia on the other. It should be recognised that the potential for mul-
tiple anti-toxic effector mechanisms exists, but that they do not necessarily
have the same relationship with age. For example, those that mediate toler-
ance may decrease with age, whereas those underlying resistance to disease
severity may increase, with some degree of overlap in the transition from
one to another. While an individual’s genetic make-up and parasite strain
differences may contribute to the overall level of toxicity manifest in the host–
parasite relationship, it is likely that the level of exposure to malaria and other
infections, and factors related to age per se, are also involved. It seems logical
that the sum of an individual’s anti-toxic immune responses will act in concert
to protect the individual by either neutralising the parasite toxin(s) and/or
diminishing the host’s response to toxin-triggered events. Furthermore, it
is apparent that not all immune responses acting to reduce the severity of
malaria need be thought of as being primarily anti-toxic in nature.

4
Immunity to P. falciparum GPIs

Assuming that the preparations used were pure and free from contamination
(Naik et al. 2000a), it has been consistently demonstrated in a number of
studiesdone inmalaria-endemic regions thatGPIspurified fromP. falciparum
are recognised by human antibodies (Naik et al. 2000a; de Souza et al. 2002;
Boutlis et al. 2002; Hudson Keenihan et al. 2003; Suguitan et al. 2004). This
has raised the possibility that these naturally occurring antibodies could
neutralise GPIs and influence the outcome of human malaria. The presence of
antibodies implies that GPIs are recognised by immune cells; hence, GPIs may
also potentially elicit other cellular immune responses that are not antibody-
mediated. It is important to understand how GPIs may initiate these immune
responses, and how they are effected, if vaccination against GPIs is to be used
for protection against malaria.
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4.1
GPI Induction of Tolerance-Like Immunity

Obvious parallels exist between the phenomena of malarial tolerance and
bacterial endotoxin tolerance, which has led to the proposition that they
are mediated by common molecular pathways (Clark et al. 2004). The phe-
nomenon of endotoxin tolerance was initially defined in the 1960s on the
basis that rabbits could be effectively immunised with a low dose of bacterial
endotoxin (LPS) against death from the subsequent injection of a potentially
lethal dose (reviewed by West and Heagy 2002). Similarly, febrile responses in
humans decrease with subsequent injections of endotoxin (van der Poll and
van Deventer 1999). The tolerant state in animals was later shown to corre-
late with a reduction in TNF-α production in response to repeated endotoxin
injection that persisted for several weeks (Sanchez-Cantu et al. 1989). Subse-
quently, it was shown that LPS-stimulated production of TNF-α, IL-1β, IL-6,
and IL-10 in whole blood taken from human volunteers 3 h after an intra-
venous injection of Escherichia coli LPS was significantly reduced compared
to baseline, but restored at 24 h (van der Poll et al. 1996). Further in vitro
experiments using human and animal monocytes/macrophages defined the
characteristic physiological changes accompanying repeated exposure to en-
dotoxin: inhibition of TNF-α; augmentation of NO and prostaglandin-E2; and
variably altered IL-6, IL-1 and IL-8 secretion (West and Heagy 2002). Given
the timescale of the induction of endotoxin tolerance, the simplest interpre-
tation of these data is that cells become temporarily refractory to endotoxin
after stimulation.

Optimal responses to LPS derived from Enterobacteriaceae depend on
cellular recognition by TLR4 complexed with CD-14 and the membrane-
associated molecule MD-2 (Latz et al. 2002). Binding of LPS leads to in-
duction of protein kinases, which in turn activate nuclear factors including
NF-κB (Ziegler-Heitbrock et al. 1994) that influence transcriptional activation
of numerous inflammatory cytokine genes (Dobrovolskaia and Vogel 2002).
Desensitised human monocytes rendered tolerant by pre-treatment with LPS
accumulate an excess of functionally inactive NF-κB complexes comprising
p50 homodimers (Ziegler-Heitbrock et al. 1994; Kastenbauer and Ziegler-
Heitbrock 1999) and have elevated concentrations of the NF-κB-inhibitory
protein Iκ-Bα (Wahlstrom t al. 1999; Ferlito et al. 2001); the activation of
other kinases in the signal transduction cascade is also inhibited in tolerant
cells (West and Heagy 2002). Alternatively, although alteration of intracellu-
lar signal transduction pathways appears likely to mediate tolerance, down-
regulation of LPS receptors on the surface of immune cells or over-production
of anti-inflammatory mediators such as IL-10, TGF-β and NO may also be in-
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volved (Zingarelli et al. 1995; Fahmiet al. 1995;Dobrovolskaia andVogel 2002).
Indeed, NO had been proposed as a candidate mediator of malarial tolerance
in endemic regions on the basis of studies suggesting a role in the mediation
of endotoxin tolerance (Zingarelli et al. 1995) and preliminary observations
in human studies (Clark et al. 1996; Anstey et al. 1999b). The subsequent
demonstration that NO is dispensable to the development of endotoxin tol-
erance in NO synthase-2-knockout mice (Zingarelli et al. 2002) and recent
contradictory data from human studies (Boutlis et al. 2004) casts doubt on
these suggestions.

The recent demonstration that P. falciparum may initiate intracellular sig-
nalling through TLR2 and TLR4 (Krishnegowda et al. 2004) provides insight
into the mechanisms that may underlie tolerance to malaria infection. Like P.
falciparum GPIs, the GPI-mucin of T. cruzi appears to be recognised by both
TLR2 and TLR4 (Campos et al. 2001; Ropert and Gazzinelli 2004; Oliveira et
al. 2004); indeed, detailed studies have demonstrated that T. cruzi GPI-mucin
and E. coli LPS use functionally similar pathways to induce TNF-α and IL-12
production in murine macrophages, with levels of both cytokines reduced in
response to secondary stimuli (Ropert et al. 2001). This mirrors other models
of cross-tolerance induced by differential induction of TLR2/TLR4 (Lehner
et al. 2001; Beutler et al. 2001), consistent with these receptors sharing com-
mon intracellular pathways. The practical relevance of these studies to human
malaria may have been hinted at as long as 50 years ago when it was shown
that even a first malaria infection could induce cross-tolerance to endotoxin
in experimentally infected humans (Heyman and Beeson 1949; Rubenstein et
al. 1965). It is unclear, however, whether possible LPS contamination of the
parasite preparations used in these studies may have confounded this effect.
Considering the accumulated evidence, it would appear the most likely can-
didate model for malarial tolerance is one that parallels bacterial endotoxin
tolerance.

4.2
Anti-GPI Antibodies in Human Malaria

The recent purification of GPI in sufficient quantities for analysis has enabled
the study of anti-GPI responses in human malaria. The strong theme to
emerge from all studies conducted in malaria-endemic regions to date is that
both the population prevalence and level of antibody responses increases
with age (Naik et al. 2000a; de Souza et al. 2002; Boutlis et al. 2002; Hudson
Keenihan et al. 2003; Suguitan et al. 2004). That this was true in a population
exposed to perennially intense malaria transmission from birth (Boutlis et
al. 2002), as well as Javanese transmigrants experiencing their first malaria
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attacks in hyper-endemic Indonesian Papua (Hudson Keenihan et al. 2003),
would suggest that immunological changes related to ageing are at least as
important as those relating to cumulative exposure in determining antibody
production. Antibodies to P. falciparum GPIs are infrequent in children less
than 2 years of age (Naik et al. 2000a), possibly due to the inability of the
immune system of small children to respond to carbohydrate antigens, but the
age-relationship of anti-GPI antibody production thereafter closely mirrors
that of a number of other blood-stage malaria peptide antigens (Al Yaman et
al. 1994, 1995a,. 1995b; Johnson et al. 2000). Field studies have shown that the
anti-GPI antibody response is boostable by recent infection (de Souza et al.
2002; Hudson Keenihan et al. 2003), predominantly IgG rather than IgM (Naik
et al. 2000a; Boutlis et al. 2002), and highly skewed towards the IgG3 subclass,
especially in children (Boutlis et al. 2003a). Anti-GPI antibody responses
decay rapidly after elimination of parasites by chemotherapy, suggesting that
ongoing antigenic stimulation is required to maintain antibody production;
the very rapid decline in treated children compared to treated adults (Boutlis
et al. 2002) probably reflects the preponderance of IgG3 in children’s plasma
(Boutlis et al. 2003a), as IgG3 has a shorter half-life in serum than other IgG
subclasses.

The relationship between anti-GPI antibodies and clinical malaria has
been evaluated in a number of studies. In a study of Kenyan children and
their mothers, seropositivity for anti-GPI antibodies was associated with
lower body temperature and higher haemoglobin levels after adjusting for
age and parasitaemia (Naik et al. 2000a). However, it was unclear from the
data presented whether the association with lower body temperatures di-
rectly translated to a lower risk of acute febrile illness. In a prospective study
in Gambian children aged 3–8 years, antibody levels at the beginning of the
transmission season were not significantly predictive of the subsequent risk
of mild malaria after controlling for age (de Souza et al. 2002); nor was there
any significant difference in anti-GPI response between hospital-admitted
Gambian children with severe (mainly cerebral) malaria or mild malaria in
an independent case-control study (de Souza et al. 2002). Interestingly, several
children with severe malaria had exceedingly high titres of anti-GPI antibod-
ies in this study, which may have been due to rapid boosting of anti-GPI
titres by the current infection. A study of Javanese transmigrants appeared to
show that children aged 6–12 years (but not adults) with a positive anti-GPI
response following infection had reduced subsequent risk of symptomatic
disease (Hudson Keenihan et al. 2003). However, the analysis may have been
influenced by the use of multiple measurements from the same child and the
lack of adjustment for age; a similar finding was initially noted in the Gambian
children, but disappeared after adjusting for the confounding effect of age (de
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Souza et al. 2002). A cross-sectional study from Cameroon of anti-GPI anti-
body responses in pregnant women at delivery showed no relationship with
acute or chronic placental pathology, TNF-α levels or pregnancy outcomes
(Suguitan et al. 2004). Again, boosting of anti-GPI antibody concentration
by the current malaria infection may have obscured important differences in
GPI levels earlier in pregnancy.

In summary, investigators have consistently shown that the prevalence,
persistence and level of anti-GPI antibodies increase with age in malaria-
exposed populations. To date, however, there is little evidence to show that
the antibody responses measured correlate with protection against clinical
malaria or disease severity. However, it should be borne in mind that none
of these studies was primarily designed to evaluate the potential clinical
roles of anti-GPI antibodies, and that future hypothesis-driven studies will
likely provide more robust results. Crucially, more prospective studies are
required in which measures of anti-GPI antibodies prior to infection can be
tested for association with outcome of subsequent infection; notwithstanding
the major logistical problems associated with prospective studies of severe
malaria. The use of fully synthetic GPIs (Lu et al. 2004; Liu and Seeberger 2004;
Seeberger et al. 2004) will help dispel any doubt that the responses measured
are specific, and combining clinical studies with functional assays (such as
toxin neutralisation) will provide the clearest outcomes.

4.3
Antigen Recognition and Processing of GPIs

Although several life cycle stages of Plasmodium express GPIs, initiation of
immune responses likely occurs during asexual schizogony, when the high-
est concentrations of free GPI are released (Fig. 2). Early studies, conducted
in immunocompetent and T-cell-deficient mice, suggested that non-protein
antigens derived from the boiled supernatants of in vitro P. falciparum cul-
tures induced a predominantly IgM response (Bate et al. 1990; Playfair et al.
1991). Serum from the mice could be used to block toxin-induced TNF-α
production in vitro and in vivo (Playfair et al. 1991); this response appeared
rapidly after immunisation and did not appear to be enhanced by boosting
(Bate et al. 1992a) or common adjuvants (Playfair et al. 1990). This is typical of
T-cell-independent antibody responses (Baumgarth 2000), but is at odds with
the typical antibody responses to P. falciparum GPIs described in humans,
which are IgG dominated (Naik et al. 2000a; Boutlis et al. 2002), characterised
by skewing toward IgG3 (Boutlis et al. 2003a), and rapidly boosted by reinfec-
tion. This contrasts with the IgG2- and IgG1-dominated responses that have
been described toward carbohydrate antigens such as bacterial polysaccha-
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Fig. 2 Proposed cellular interactions in the generation of anti-GPI antibodies. Schizo-
gony is accompanied by the release of merozoites with GPI-linked surface proteins
and by free GPI. GPIs provide activation signals for antigen presenting cells (APC)
and macrophages (Mφ). Parasite material is internalised by APCs and after processing
through the endosomal/lysosomal pathway, peptides are presented in association with
MHC class II to T cells. Meanwhile B cells may recognise free GPI or GPI bound to
merozoites and become activated through cross-linking of the B cell receptor and by
helper cytokines released by T cells (arrows 1 and 2). B cell activation leads either
to plasma cell differentiation and large scale production of anti-GPI antibody or to
formation of GPI-specific memory B cells (BM). Alternatively, GPI-specific B cells
may internalise GPI-containing parasite material and present processed MHC class
II-linked peptides to T cells. GPIs may also trigger APCs to produce IL-12 and IL-23
which regulate the function of other classes of T cell. IL-23-activated memory T cells
(Th1M) produce IFN-γ which in turn acts on B cells [(arrow 3), contributing to affinity
maturation and Ig class switching) or macrophages (inducing anti-parasitic effector
activity)]. The role of CD1d in the presentation of GPI-linked peptide to NKT cells
remains controversial; however, it is likely that NKT cells respond following activation
by IL-12/23 released by GPI-activated APC

rides (reviewed by Ferrante et al. 1990) and may indicate that GPI-anchored
proteins act as natural adjuvants in eliciting immunological memory to P.
falciparum GPIs. The apparent absence of IgG2 and IgG4 and the high ratio
of IgG3 to IgG1 subclasses that we have observed (Boutlis et al. 2003a) are re-
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markably similar to the pattern of responses previously described in Solomon
Islanders (Rzepczyk et al. 1997) and Gambians (Taylor et al. 1998) to MSP-2,
which is a GPI-linked protein.

Given the absence of peptide epitopes for conventional T cells, antibody
responses to free GPIs are likely to be T-cell-independent during a primary
malaria infection. During a secondary response, however, activated GPI-
specific B-cells may internalise and process GPI-linked proteins, possibly in
the form of membrane vesicles (Hoessli et al. 2003), and subsequently present
peptides derived from these GPI-linked proteins to CD4+ T cells in the con-
text of major histocompatibility complex class II (MHC-II). This would allow
provision of cognate T-cell help to GPI-specific B-cells, via a classical hapten-
carrier interaction, leading to immunoglobulin class switching, somatic mu-
tation and affinity maturation of the BCR and generation of long-lived plasma
cells and memory B-cells. As cognate interactions are most likely to take place
between GPI-specific B cells and T cells recognising peptide epitopes that are
physically linked to GPI, it is probable that T-cell help for GPI-specific B cells
is provided by T cells specific for GPI-linked proteins and thus that anti-GPI
antibodies may share qualitative features with antibodies to, for example,
merozoite surface proteins. It is possible, for example, that the predominantly
IgG3 subclass response to GPIs is mediated by T cells specific for MSP-2, which
is known to induce IgG3 (Rzepczyk et al. 1997; Taylor et al. 1998). In support
of this hypothesis, in the absence of covalently linked proteins, GPIs from the
protozoal parasite T. cruzi can induce a switch from IgM to IgG production in
murine B cells only in the presence of the T-cell-derived cytokines IL-4 and
IL-5 (Bento et al. 1996).

Little is known of the primary immune response to P. falciparum GPIs,
although it is likely to involve interactions with pattern recognition molecules
(such as TLRs) expressed by dendritic cells and/or macrophages in the spleen
(Stevenson and Riley 2004). Various types of lipid and glycolipid molecules
can also be presented to NK T cells by CD1 molecules, which are MHC-
like molecules encoded by genes outside the MHC (Sieling et al. 1995).
CD1 molecules are expressed on the surface of antigen-presenting cells, e.g.
macrophages, dendritic cells and B-cells (Kronenberg et al. 2001). Human
CD1b has been shown to bind and present the mycobacterial lipoglycans,
lipoarabinomannan and PI mannosides, which have a similar basic lipid
anchor to P. falciparum GPIs (Sieling et al. 1995). In the presence of lipoarabi-
nomannan and CD1+ antigen-presenting cells, CD1b-restricted T cells taken
from the skin of a patient with leprosy have been shown to induce IgG1 and
IgG3 subclass antibody production by B cells at the expense of IgG4 and IgE
(Fujieda et al. 1998). Mouse CD1d (which is highly homologous to human
CD1d) (Porcelli and Modlin 1999) binds GPI with high affinity via the PI
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moiety (Joyce et al. 1998) and has been shown to strongly stimulate natural
killer NK T cells in vitro after binding a variety of purified phospholipids
(including PI) (Gumperz et al. 2000).

Whether or not CD1d molecules recognise malarial GPIs is controver-
sial. It has been reported that CD1d-restricted presentation of GPI-anchored
P. falciparum (sporozoite) surface proteins leads to NK T-cell stimulation
and that presentation of P. berghei circumsporozoite antigen (thought to be
GPI anchored) by CD1d elicits NK T-cell help in regulating IgG production
(Schofield et al. 1999). However, two independent laboratories, in attempt-
ing to replicate these results using CD1d and MHC-II-deficient mice, have
demonstrated that the IgG response to the circumsporozoite protein is solely
MHC-II-dependent (Molano et al. 2000; Romero et al. 2001), in line with pre-
vious evidence (Romero et al. 1988). Genetic differences between the mice
used in the three studies were thought not to explain the discrepant results
(Romero et al. 2001). Similarly conflicting results have emerged regarding the
role for CD1d-restricted NK T-cell-mediated regulation of antibody responses
to T. cruzi GPIs (Procopio et al. 2002; Duthie et al. 2002), which share struc-
tural similarities with those of P. falciparum (Naik et al. 2000a). It may be that
differences in the process of antigen presentation (exogenous versus endoge-
nous) (Hansen et al. 2003a) or kinetics of the antibody responses (Hansen
et al. 2003b) can explain these apparent contradictions. Most recently it has
been demonstrated that CD1d-restricted NK T cells appear to influence the
balance of IFN-γ/IL-4 cytokine production, pathogenesis and fatality in the
murine P. berghei (ANKA) model (Hansen et al. 2003a, 2003b), as well as
regulating B-cell-mediated antibody responses, which to MSP-1 at least were
shown to arise from both CD1d-dependent and MHC-II-dependent pathways
(Hansen et al. 2003b).

5
Potential for Therapeutic Inhibition of P. falciparum GPI Biosynthesis

GPIs and their anchored proteins appear to mediate critical events in malaria
pathogenesis and immunity (Sects. 2 and 4), and their production appears
crucial for the survival of P. falciparum (Naik et al. 2000b). Thus, therapeu-
tic targeting of P. falciparum GPI biosynthesis has the potential to arrest
disease by affecting parasite growth, development and virulence. Although
the core structure of GPIs is conserved across eukaryotes, available evidence
suggests that sufficient differences exist in the specificity and sequence of
GPI synthesis reactions to enable species-specific pharmacological manip-
ulation (reviewed by de Macedo et al. 2003). While an ideal inhibitor of P.
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falciparum GPI synthesis would have little or no effect on mammalian GPI
synthesis, absolute specificity may not be essential, given that normal levels of
GPI synthesis are in some instances dispensable for mammalian cell survival
(Ferguson 1999).

Proof in the concept of selective enzyme inhibition has been demonstrated
for a fungal metabolite that inhibited mammalian, but not protozoal, GPIs
(Sutterlin et al. 1997) and has been validated at different stages of GPI as-
sembly in T. brucei and Leishmania mexicana ( Smith et al. 1997, 1999, 2001,
2004; Ferguson 2000). These studies have provided the methodological ba-
sis to compare GPI synthesis between P. falciparum and man. Consequently,
a synthetic glucosamine-N-acetyl-PI analogue has been shown to irreversibly
inhibit the P. falciparum de-N-acetylase, and an isomer of glucosamine-N-PI
appears to competitively inhibit either the inositol-transferase or first man-
nosyltransferase, with little apparent effect on the human orthologues (Smith
et al. 2002). Others have shown that early steps in P. falciparum GPI assembly
can be aborted by using glucosamine (Naik et al. 2003) or modified sugar
residues like mannosamine (2-amino-2-deoxy-d-mannose), which inhibits
parasite growth (Naik et al. 2000b). However, results have been inconsistent
between studies and the precise mechanisms of activity remain unclear (Naik
et al. 2000b; Santos de Macedo et al. 2001). Further potential exists for tar-
geting other pathways intricately linked to early GPI biosynthesis, such as the
supply of PI, activated sugars and lipid chains (Eisenhaber et al. 2003).

The apparent importance of the side-chain Man4 of P. falciparum GPIs
to cell signalling and its likely requirement for protein anchoring (Naik et al.
2000a)makes theprocessof its additionanattractive therapeutic target.This is
particularly so given that the process of cellular activation is currently thought
tobenovel, as itdoesnotappear to involvemembrane insertionorendocytosis
(Gowda 2002). The fatty acyl requirements for cellular activation are still
somewhat unclear, although it appears that features common to P. falciparum
but absent in mammalian GPIs are important for activity (Gowda 2002).
Although it was recently shown that Man4-GPIs are much more common
in humans than previously realised, it was also demonstrated that protein
transfer to human GPIs occurs irrespective of the presence of Man4 or Man3-
GPI precursors (Taron et al. 2004). Prior addition of Man4 is mandatory for
GPI protein anchoring in Saccharomyces cerevisiae (Grimme et al. 2001) and is
likely to be a requirement in P. falciparum, given that all GPI protein anchors
discovered to date possess a fourth mannose (Naik et al. 2000a). Together,
these findings suggest that differences in the specificities of human, yeast and
P. falciparum transamidase complexes for Man3/Man4 GPI precursors can be
expected and potentially exploited, perhaps even in a tissue-specific manner
(Taron et al. 2004). Further definition of the genes and proteins involved in
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P. falciparum GPI synthesis, and how their substrate specificities differ from
humans, will help to determine whether anti-GPI pharmacological therapy
can indeed become a reality.

6
Prospects for Anti-GPI Vaccination

If the primary goal of active malaria vaccination is to protect malaria-exposed
children from severe disease, then inhibiting toxin-induced pathophysiolog-
ical responses is a potentially useful strategy. Immunisation of mice with
deacylated synthetic P. falciparum GPI glycan conjugated to keyhole limpet
haemocyanin reduced the early mortality of P. berghei (ANKA) challenge
from100%to25%(Schofieldet al. 2002).TheglycanGPIanalogue induced IgG
antibodies in immunised mice that bound to intact intra-erythrocytic tropho-
zoites and schizonts but did not cross-react with uninfected erythrocytes
(which express endogenous GPIs on their surface). Serum from immunised
mice completely neutralised production of TNF-α by mouse macrophages in
response to stimulation by crude P. falciparum schizont extracts, suggesting
that GPI alone is both sufficient and necessary for the induction of this in-
flammatory response. However, the early protection noted was independent
of any reduction in parasitaemia, and immunised rodents eventually suc-
cumbed to haemolytic anaemia accompanied by massive parasitaemia. Other
investigators have thus urged caution with GPI vaccination studies, especially
given that P. falciparum GPIs are implicated in cell-mediated host-defence
responses in addition to pathogenesis (Clark et al. 2004).

Vaccination specifically targeted at GPIs in humans raises concerns that
vaccinated individuals with malaria would feel less sick and thus present to
hospital later and with extremely high levels of parasitaemia, with the atten-
dant risks of severe anaemia and organ failure. Inhibition of GPI-mediated
early pro-inflammatory cytokine responses that limit parasite replication may
also favour rapid rises in parasitaemia in vaccinated individuals (Kwiatkowski
1995). These concerns may be offset if anti-toxic vaccine antigen(s) were to
be combined with epitopes primarily directed at generating an anti-parasitic
response that limited exponential expansion in parasitaemia. However, this
would require at least partial anti-parasitic efficacy in 100% of subjects receiv-
ing a combination vaccine—a target that would be very difficult to achieve.
Moreover, the anti-parasitic immune responses induced by such a vaccine
combination would need to be of longer duration than that of the anti-GPI
immune response— again a difficult target. Active vaccination against GPI
antigens may also theoretically interfere with any protective effect of NO
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against malarial disease severity (Anstey et al. 1996; Hobbs et al. 2002), given
that P. falciparum GPIs have been shown to induce NO production in vitro
(Tachado et al. 1996). Passive immunisation of individuals with severe malaria
by administration of monoclonal or polyclonal anti-GPI antibodies is an alter-
native adjunctive therapeutic strategy that may avoid interfering with early
immune responses, and be transient enough to avoid long-term problems.
In support of this approach, polyclonal antibody preparations that recognise
bacterial super-antigens have been reported to improve clinical outcomes
in streptococcal toxic shock syndrome (Kaul et al. 1999), which shares sev-
eral features of the Th1 cytokine-dominated inflammatory response to severe
malaria (Norrby-Teglund et al. 1997).

Field studies highlight the challenges involved in generating a sustained
anti-GPI antibody response in children less than 5 years of age, which is
the highest priority for vaccination in malaria-endemic areas. Understand-
ing whether the events involved in GPI antigen presentation and processing
(Sect. 4.3) can be modified by adjuvants (including other malarial antigens)
or immuno-modulators may help to improve vaccine immunogenicity in this
age group. Finally, given the conservation in the core structure of GPIs across
eukaryotes, it would be important for anti-GPI vaccination to avoid inducing
auto-immune responses. The finding that spleen cells primed with parasite-
derived or mammalian Thy-1 derived GPI later responded to both homolo-
gous and heterologous antigenic challenge (Schofield et al. 1999) highlights
these concerns.

7
Conclusion

At present, although data from model systems are encouraging, there is very
little firm evidence to suggest that antibody-mediated immune responses to
P. falciparum GPIs play a significant role in either mediating tolerance or
reducing disease severity in human malaria. Concerns over the purity of GPI
preparations derived from P. falciparum, in relation to the specific induction
of both pathological and immune responses, can be effectively dispelled if
results can be repeated using fully synthetic preparations. It is exciting to
think that the availability of synthetic GPIs may enable detailed and direct
examination of the human fever responses in much the same way as human
volunteers have contributed to our understanding of the modes of action of
bacterial lipopolysaccharides (van der Poll and van Deventer 1999). A theo-
retical, but real, concern that must be addressed prior to such human studies
involves determining the likelihood of cross-reactive, and potentially auto-
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immune, antibody responses. Should the pathological significance of GPIs be
confirmed by further studies of pathophysiology and/or natural immunity,
then strategies to address the potential for unchecked parasite replication in
the face of vaccination must be considered. Such concerns are less relevant
for the development of selective pharmacological inhibitors of P. falciparum
GPI biosynthesis; although confirmation that GPIs are essential to ongoing
parasite replication is a pre-requisite if this approach is to be successful.
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Abstract Women in endemic areas become highly susceptible to malaria during first
and second pregnancies, despite immunity acquired after years of exposure. Recent in-
sights have advanced our understanding of pregnancy malaria caused by Plasmodium
falciparum, which is responsible for the bulk of severe disease and death. Accumula-
tion of parasitized erythrocytes in the blood spaces of the placenta is a key feature of
maternal infection with P. falciparum. Placental parasites express surface ligands and
antigens that differ from those of other P. falciparum variants, facilitating evasion of
existing immunity, and mediate adhesion to specific molecules, such as chondroitin
sulfate A, in the placenta. The polymorphic and clonally variant P. falciparum erythro-
cyte membrane protein 1, encoded by var genes, binds to placental receptors in vitro
and may be the target of protective antibodies. An intense infiltration of immune cells,
including macrophages, into the placental intervillous spaces, and the production of
pro-inflammatory cytokines often occur in response to infection, and are associated
with low birth weight and maternal anemia. Expression of α and β chemokines may
initiate or facilitate this cellular infiltration during placental malaria. Specific immu-
nity against placental-binding parasites may prevent infection or facilitate clearance
of parasites prior to the influx of inflammatory cells, thereby avoiding a cascade of
events leading to disease and death. Much less is known about pathogenic processes
in P. vivax infections, and corresponding immune responses. Emerging knowledge of
the pathogenesis and immunology of malaria in pregnancy will increasingly lead to
new opportunities for the development of therapeutic and preventive interventions
and new tools for diagnosis and monitoring.

1
Introduction

Malaria during pregnancy is a major global health problem that kills both
mothers and infants. In non-immune women, malaria during pregnancy fre-
quently causes severe disease and maternal and fetal death. However, the
greater loss of life occurs among semi-immune women living in areas of sta-
ble malaria transmission, owing to the huge population at risk. Annually, an
estimated 50 million women living in areas of malaria transmission become
pregnant [177]. Each year, many thousands of pregnant women die due to
malaria, up to 93 per 100,000 live births in a recent study from The Gambia [7],
and 62,000–363,000 African infants die due to pregnancy malaria-related low
birth weight (LBW) [127].

Of the four malaria species infecting humans, Plasmodium falciparum
causes the bulk of severe disease and complications, both among pregnant
and non-pregnant individuals, partly because of its ability to adhere to en-
dothelium and sequester in deep vascular beds during its intraerythrocytic
developmental stage [10, 122]. P. falciparum is the predominant species in
tropical Africa, eastern Asia, Oceania and the Amazon basin of South Amer-
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ica [199]. P. vivax is also widely distributed geographically and causes a sub-
stantial amount of clinical malaria, including pregnancy malaria [119].

The earliest medical records indicated that malaria was more likely to cause
severe syndromes in pregnant women [59]. Many studies over the last half-
century have further demonstrated that parasitemias due to P. falciparum or
P. vivax (but not P. malariae or P. ovale) are more frequent and more dense
in pregnant women than in their non-pregnant counterparts. Among women
living in endemic areas, susceptibility is greatest during first pregnancy and
diminishes over successive pregnancies, a parity-specific susceptibility that is
unique to malaria (reviewed in [25]) [26, 115]. Histologically, the hallmark of
pregnancy malaria due to P. falciparum is the accumulation of mature-stage
parasites and macrophages in the placenta (reviewed in [26]) [42, 83].

Until recently, the underlying basis for the susceptibility of pregnant
women to malaria remained elusive. Although pregnancy-related im-
munomodulation (required to prevent rejection of the fetal allograft) was
commonly invoked as an explanation [115], this did not explain parity-
specific susceptibility, or the higher susceptibility of pregnant women to
malaria but not to all infectious agents. New insights have greatly advanced
our understanding of pregnancy malaria caused by P. falciparum. Parasitized
erythrocytes that sequester in the placenta are now known to express surface
adhesins and antigens that differ from those of other P. falciparum variants,
allowing evasion of immune responses acquired before first pregnancy,
and mediating adhesion to specific molecules in the placenta. These new
insights have focused studies of antimalarial immunity acquired during
pregnancy, leading to a deeper understanding of protective and pathogenic
host responses to maternal malaria.

2
Clinical Features and Complications of Malaria in Pregnancy

Maternal malaria can lead to a range of complications, and the impact of
malaria during pregnancy appears to depend on the intensity and stability
of transmission, the level of pre-existing immunity, and parity (reviewed
in [115, 132]). In areas of high malaria transmission, maternal anemia, LBW,
and infant anemia are common, whereas in areas of low endemicity or where
malaria occurs in epidemics, spontaneous abortions, stillbirths, prematurity,
and severe maternal disease occur more frequently [115, 132]. Parity has
a significant influence on the susceptibility to parasitemia and disease. Prim-
igravid women typically experience a higher prevalence of parasitemia than
multigravidwomenand the sequelaearemore severe [25, 117, 132], suggesting
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that effective immunity to maternal malaria develops over successive preg-
nancies. With increasing malaria transmission, the effect of parity becomes
more marked [132]. In areas of stable malaria transmission, the prevalence
of malaria increases at the end of the first trimester, then remains constant
or declines after mid-gestation [25, 26, 28, 115, 117]. Infection with HIV-1,
which is highly prevalent in many malaria-endemic areas, increases suscep-
tibility to P. falciparum malaria in pregnancy, manifest by higher prevalence
and density of infection and complications [178, 190, 193].

2.1
Consequences of Malaria for Mothers

The accumulation of parasitized erythrocytes in the blood spaces of the pla-
centa is a key feature of maternal infection with P. falciparum. The density
of infection in the placenta can be striking, with over 50% of erythrocytes
infected by parasites in some cases [9, 35], and in areas of stable transmis-
sion, high-density infections are more prevalent in primigravid women [115,
132]. Placental parasitemia is typically higher than that seen in the periph-
eral blood, and may be observed in the absence of a detectable peripheral
blood parasitemia [42, 158, 167, 196]. Although placental sequestration of
P. falciparum is a prominent feature of maternal infection, peripheral para-
sitemia has been observed in the absence of placental infection [114, 158, 167].
This presentation occurs infrequently, and the factors that lead to maternal
infection without placental involvement are unknown.

In non-immune women, such as travelers or victims of malaria epidemics,
pregnancy increases malaria morbidity and mortality. Severe syndromes,
such as cerebral malaria, severe anemia and respiratory distress, are com-
mon and life-threatening [132, 197]. In immune women living in areas of
stable malaria transmission, malaria is an important contributing factor in
the prevalence and severity of anemia during pregnancy [67, 115]. Anemia
consequently increases the incidence of maternal death during pregnancy or
post-partum [85], and is associated with increased fetal and infant mortality,
prematurity, and LBW [67]. Although other factors contribute to the develop-
ment of maternal anemia, malaria is a significant treatable cause and several
studies have demonstrated that malaria chemoprophylaxis during pregnancy
reduces the prevalence and degree of maternal anemia (reviewed in [82]).

2.2
Consequences of Maternal Malaria for Infants

LBW is the major complication of maternal malaria, being the single greatest
risk factor for infant mortality and morbidity [22, 112]. Both fetal growth
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restriction and prematurity contribute to reduced birth weight in newborns
delivered from malaria-exposed pregnancies [25, 90, 121]. In areas with stable
and high levels of malaria transmission, LBW probably results mainly from
growth restriction rather than prematurity, whereas in settings of unstable en-
demicity prematurity is a significant effect of maternal malaria [120, 132, 133].
Convincing evidence supporting the contribution of P. falciparum infection
to LBW comes from randomized placebo-controlled trials that demonstrate
increases in mean birth weight, up to 500 g higher in some studies [196], fol-
lowing the use of effective antimalarial chemoprophylaxis during pregnancy
(reviewed in [82]).

Malaria during pregnancy has been associated with anemia in new-
borns [67, 192], a paradoxical finding because maternal anemia can elicit
an increase in fetal hemoglobin [24]. Newborns are rarely born with patent
parasitemia, making it unlikely that fetal anemia is directly due to malaria.
Other factors must be involved, and more research is needed to determine
whether factors such as reduced placental weight, altered placental function
or fetal growth restriction contribute to the development of fetal anemia.

Numerous reports of congenital malaria cases have established that this
syndrome occurs, although the frequency with which it occurs remains con-
troversial. While some reports contend that cord blood parasitemia is a com-
mon complication of maternal infection [145], most reports have found that
congenital malaria is uncommon among deliveries to immune women in areas
of stable malaria transmission. An important consideration in such studies
is the possibility that cord blood may be contaminated by highly infected
placental blood, leading to a false diagnosis of congenital malaria. True con-
genital malaria can result in severe malaria and death, but infection is often
self-limited [117, 120]. Infection and disease during the neonatal period may
be limited due to placentally transferred maternal antibodies [61, 88], acti-
vation of the fetal immune system by maternal malaria during gestation [53,
94], a predominance of hemoglobin F in newborns [140], limiting amounts
of para-amino-benzoic acid in breastfed infants [44], or other reasons.

3
Parasite Adhesion and Sequestration in the Placenta

3.1
Sequestration of P. falciparum-Infected Erythrocytes

P. falciparum infected erythrocytes adhere to vascular and other host cells,
mediating organ-specific accumulation or sequestration of parasites that is
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thought to contribute to the pathogenesis of severe disease [10, 122]. Parasite-
derived proteins are inserted into the membrane of the infected erythrocyte,
enabling adhesion to a range of host molecules (reviewed in [10, 47]). Gen-
erally speaking, studies that have sought to link specific receptors to severe
malaria syndromes have not reported consistent associations [10, 102]. Such
studies are challenging, due to the inability to recover live parasites from
specific organs and the difficulty of working with and limited availability of
post-mortem tissue.

By contrast, studies of placental malaria have provided a unique opportu-
nity to study sequestration. Viable parasites can be isolated relatively easily
from infected placentas following delivery rather than relying on examination
of tissue post-mortem. Studies of placental parasite adhesion have therefore
contributed more broadly to our understanding of organ-specific sequestra-
tion and disease resulting from P. falciparum.

In P. falciparum infections, parasitized erythrocytes accumulate through-
out the intervillous space [195, 200], and cell adhesion appears to play a signif-
icant role in this process. The great majority of placentally sequestered para-
sites consist of the mature pigmented stages of parasitized erythrocytes [9, 42,
195] that adhere to candidate placental receptors in vitro [11, 19, 71], whereas
young ring-stage parasites are uncommon in the placenta [9] and generally do
not adhere at high levels in vitro [11, 81, 141, 188]. Infected individuals, preg-
nant or non-pregnant, rarely display mature-stage parasitized erythrocytes
in their peripheral blood [9, 103, 168, 195]. Whereas ring-stage parasitized
erythrocytes predominate in the peripheral blood, mature P. falciparum par-
asites sequester in deep vascular beds presumably to avoid clearance by the
spleen [49, 153]. Sequestration in the placenta or other organs has not been
reported for P vivax; P. vivax-parasitized erythrocytes have been detected
in placental tissue, although this appears to be uncommon [114]. Placental
parasite sequestration does occur in rodent malarias [185].

3.2
Receptors for Adhesion of P. falciparum-Infected Erythrocytes in the Placenta

3.2.1
Chondroitin Sulfate A

Substantial evidence supports an important role for chondroitin sulfate A
(CSA) as a receptor for adhesion of P. falciparum in the placenta [71, 139].
CSA immobilized on solid matrices or expressed on cell surfaces can sup-
port high levels of adhesion of laboratory isolates [151, 157] or patient iso-
lates [70, 157] of P. falciparum, including under conditions of physiologi-
cally relevant flow [45]. Studies among pregnant women in western Kenya
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demonstrated that parasitized erythrocytes infecting the placenta bind to
placental tissue in a CSA-dependent manner [71]. All placental parasite iso-
lates tested bound immobilized CSA, whereas there was little or no binding
to CD36, a common receptor for adhesion of parasite isolates from non-
pregnant donors [135], clearly distinguishing placental parasites from other
parasite phenotypes [71]. Subsequently, studies in Malawi found the majority
of placental isolates bound immobilized CSA, although there was substan-
tial variability in the extent to which different isolates adhere [12]. Among
women in Cameroon, placental parasite isolates were shown to bind cultured
endothelial cells [86] and syncytiotrophoblast [110] in a CSA-dependent
manner. By contrast, adhesion to CSA is generally uncommon among pe-
ripheral blood isolates from non-pregnant persons [12, 40, 71, 161]; instead
these isolates usually adhere to CD36, often bind to intercellular adhesion
molecule (ICAM)-1 and other receptors, and frequently form erythrocyte
rosettes.

Placental parasites do not typically adhere to other receptors such as CD36
and ICAM-1 [12, 71, 86] or form erythrocyte rosettes [109, 155]. Selection
of parasitized erythrocytes for adhesion to CSA in vitro, or to hyaluronic
acid (discussed in the next section), leads to a loss of CD36 and ICAM-1
binding and rosette-forming capacity [11, 19, 80, 157], suggesting that these
contrasting phenotypes are largely mutually exclusive. However, some cloned
CSA-bindingparasitizederythrocytes yieldparasite lines that bindbothCD36
and CSA [134]. Peripheral blood isolates from pregnant women may bind to
CSA, CD36, or both [12, 71], and may form erythrocyte rosettes [109, 155],
but they do not adhere to ICAM-1, suggesting that the circulating ring-stage
parasites may have arisen from CSA-binding parasites sequestered in the
placenta or from endothelial cell-binding parasites sequestered elsewhere in
the microvasculature [71].

Parasite adhesion to CSA involves interactions with specific structural
motifs dependent on sulfation pattern and chain length. Parasitized ery-
throcytes do not adhere to chondroitin sulfate B or C, nor do these inhibit
adhesion [71, 157]. Oligosaccharides from CSA were shown to inhibit adhe-
sion to immobilized CSA and thrombomodulin, but not CD36 or ICAM-1,
in a size-dependent manner, with dodecasaccharides being the minimum
length for activity [13]; by contrast, CSC oligosaccharides differing only in
sulfation pattern and content were non-inhibitory. Removal of 4-O-sulfation
abrogates the binding and inhibitory activity of CSA [5, 74]. Detailed stud-
ies with clonal parasite lines using highly defined and structurally char-
acterized oligosaccharides revealed that the optimal motif for interaction
with parasitized erythrocytes comprises dodecasaccharide sequences formed
by mixed non-sulfated and 4-O-sulfated N-acetyl-galactosamine alternating
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with glucuronic acid, with 6- or 2-O-sulfation inhibiting the interaction [5,
37]. Others have reported that smaller oligosaccharides can inhibit adhe-
sion of placental parasitized erythrocytes to endothelial cells expressing
CSA [142].

Chondroitin sulfates are expressed as proteoglycans (CSPGs) on cell sur-
faces and the identity of their core proteins in the placenta is not currently
known. Low sulfated forms of chondroitin sulfate predominate in placental
blood and appear optimal for adhesion of parasitized erythrocytes compared
to fully sulfated forms of CSA [3]. These placental CSPGs comprise two major
forms in which 2%–3% and 9%–14% of disaccharides are sulfated but sulfate
groups cluster within sequences of 6–14 repeating disaccharide units; these
contain 20%–28% 4-O-sulfated disaccharides, whereas other regions have lit-
tle or no sulfation [4]. These 4-sulfated disaccharide clusters are required for
efficient adhesion of parasitized erythrocytes [4]. Thrombomodulin, which
may have CSA chains attached [84], is a potential receptor as it supports par-
asite adhesion in vitro [87, 159] and is detected by specific antibody on the
surface of human syncytiotrophoblast [106], but it was not detected as the
core protein for CSPGs in extracts from placental blood and tissue [3]. Further
studies of the structural requirements for P. falciparum adhesion in the pla-
centa will be aided by the identification of CSA-binding sites of P. falciparum
ligands.

3.2.2
Hyaluronic Acid (Hyaluronan)

Thenon-sulfatedglycosaminoglycanhyaluronic acid (HA) hasbeen identified
as a receptor for parasitized erythrocyte adhesion in vitro [11, 18, 19, 36], and
implicated in mediating placental sequestration of P. falciparum in one study
todate. InMalawi80%ofplacental isolatesboundto immobilizedHA,whereas
adhesion of isolates from the peripheral blood of pregnant women or children
was less prevalent and occurred at lower levels [19]. Many isolates bound both
HA and CSA, but some bound only one of the receptors. Subsequent studies
with clonal isolates have demonstrated that some P. falciparum isolates may
co-express separate, but overlapping, binding sites for adhesion to CSA and
HA [11]. In contrast, a study in Kenya concluded that none of seven placental
isolates tested bound to HA in a specific manner [74] and further studies
examining the role of adhesion to HA are needed.

Factors that may influence adhesion to HA in vitro include chain length
and/or conformation of HA and different HA preparations vary in their
binding or inhibitory activity in parasite assays [11, 18]. The presence of
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co-purified chondroitin sulfates in many formulations of HA, or inadequate
immobilization of HA on solid surfaces, are important considerations in
studies of parasite adhesion to HA [18, 74 189]. These issues have been ad-
dressed through the use of specific enzymatic degradation of HA or proteins
on the surface of parasitized erythrocytes, the use of defined oligosaccha-
ride inhibitors, and other approaches [11, 18, 19, 36, 172]. In studies using
laboratory isolates of P. falciparum, HA differed from CSA by its ability to
mediate clumping or aggregation of parasitized erythrocytes [11], which may
be relevant to sequestration in vivo. The minimum chain length for interac-
tions between parasitized erythrocytes appears to be 10–12 monosaccharide
units [19, 36].

HA appears to be expressed on the syncytiotrophoblast surface [108, 183],
and constitutes approximately 1%–2% of glycosaminoglycans in extracts of
placental blood from uninfected placentas [3]. One study suggested that the
expression of HA is low in normal placentas, but markedly increased in in-
flammatory conditions such as pre-eclamptic toxemia [108]. This may suggest
that HA is not a major receptor for initiating parasite sequestration, but could
augment adhesion of HA-binding parasites as inflammation develops. There
are presently no published studies of expression of HA in malaria-exposed
placentas, and further studies are needed to evaluate binding of parasitized
erythrocytes to HA expressed in placental tissue.

3.2.3
Immunoglobulins

Non-immune immunoglobulin (Ig) has also been proposed to be involved in
mediating or enhancing parasite sequestration in the placenta by acting as
a bridge between parasitized erythrocytes and Fc receptors on the surface of
syncytiotrophoblast [68]. IgG and IgM can be detected on placental parasites
in situ by immunohistochemistry, and a laboratory-adapted parasite clone
was found to adhere in an Ig-dependent manner to placental sections in vitro.
Four placental isolates tested demonstrated some IgG binding, in addition to
adhesion to CSA [68]. The extent to which the CSA-binding and IgG-binding
phenotypes overlap is unclear; however, the Ig-binding laboratory line did
not adhere to CSA indicating that these binding properties can arise indepen-
dently. Others have shown that CSA-binding parasitized erythrocytes adsorb
IgM, but not IgG, to the parasitized erythrocyte surface [48]. Additional stud-
ies are required to formally demonstrate that placental parasite isolates adhere
to syncytiotrophoblast through Ig bridging to Fc receptors, and to localize Fc
receptors to the external surface of syncytiotrophoblast.
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3.2.4
Binding of Ring-Stage P. falciparum

Some investigators have proposed that parasites may replicate locally within
the placenta [195], and recent studies have further promoted this hypothesis
bydemonstrating that earlydevelopmental stages, or ring forms, canadhere to
placental tissue in vitro [141]. The receptor for binding of ring-stage parasites
has not yet been identified, but it is neither CSA nor HA. Rhoptry-associated
protein 2 has been proposed as the parasite ligand [55]. Further studies are
needed to more clearly elucidate the role of these adhesive events in placental
sequestration, since numerous studies have documented mature-stage but
not ring-stage parasites sequestered in the placenta. A quantitative study
of parasite stages and density in peripheral and placental blood strongly
supported specific sequestration of mature-stage parasites that are known to
express adhesion ligands and adhere in vitro, but did not support a major role
for sequestration of ring-stage parasites [9].

3.2.5
Relative Roles of Different Parasite–Receptor Interactions

Determining the diversity of adhesion phenomena involved in placental se-
questration of parasites will be important for understanding the acquisition
of specific immunity and for guiding the development of preventive interven-
tions such as vaccines. Most placental isolates bind CSA at significant levels,
and CSA appears to be expressed in infected and uninfected placentas, sug-
gesting that it plays a major role in placental infection. In Kenya, all placental
parasite isolates with measurable adhesion bound to CSA, and binding to
placental cryosections was inhibited by more than 95% by soluble CSA [71].
In Malawi, not all placental isolates bound to CSA in vitro, some bound only
at low levels, and some isolates did not bind CSA but did bind HA [12, 19].
The lack of binding did not appear to be explained by poor parasite viability
or differences in parasite extraction methods, and serologic assays suggested
that the lack of adhesiveness was not due to the absence of parasite anti-
gens on the infected red cell surface [12]. Existing in vitro assays may not be
sufficiently sensitive to detect the binding properties of all isolates. Further
studies are particularly needed to evaluate the roles of binding to HA, Ig and
ring-stage parasites in the pathogenesis of placental malaria.

Most parasitized erythrocytes in the intervillous space are not directly
adherent to the syncytiotrophoblast layer, suggesting that other processes
may also contribute to placental sequestration [29, 195, 200]. Parasites in the
intervillous spaces are often observed to be enmeshed in fibrinoid strands or
masses that appear to progressively enlarge [29, 195]. Fibrinoid deposits in
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the placenta are composed of numerous molecules, including several extra-
cellular matrix molecules [130]. Specifically, a recent immunohistochemical
study suggested that low-sulfated CS proteoglycans are dispersed throughout
the intervillous space and co-localize with parasitized erythrocytes [128].
These results support the notion that CSA is a major receptor for parasitized
erythrocyte adhesion in the placenta, including throughout the intervillous
spaces.

4
Humoral Immunity to Malaria in Pregnancy

4.1
Emergence of Antigenically Distinct Parasite Populations in Pregnancy

Antigenic variation of P. falciparum [20, 104], and other Plasmodium
species [30, 118], enables evasion of immune responses resulting in repeat
and chronic infections and this property appears important for infection
during pregnancy. Non-pregnant adults and older children in endemic areas,
who typically demonstrate substantial immunity to malaria, possess a large
repertoire of variant-specific agglutinating antibodies against different P.
falciparum isolates indicative of past exposures [104, 148]. These antibodies
are associated with protection from infection and clinical disease in
children [33, 105]. This aspect of naturally acquired immunity appears to
be intact in pregnancy as pregnant women have antibodies to isolates from
non-pregnant donors [12].

In pregnancy, novel antigenic variants of P. falciparum emerge that are
poorly recognized by antibodies acquired prior to first pregnancy [12, 76].
A striking finding is that antibodies able to inhibit adhesion to CSA or bind
to the surface of placental isolates or CSA-binding parasite lines are rare in
those not exposed to placental malaria, observed in different populations [12,
76, 149]. The emergence of new parasite variants or serotypes in pregnancy
would enable evasion of an important aspect of the acquired immune response
[17, 72].

P. vivax in pregnancy has not been extensively studied, but prevalence and
density decrease with increasing gravidity, as with P. falciparum [131, 166,
170]. Unlike P. falciparum, P. vivax appears more likely to cause disease in
multigravid than primigravid women [131, 169]. The basis for this interest-
ing epidemiology is unknown. One possibility is that the reticulocytosis of
pregnancy increases susceptibility to P. vivax, a parasite that exclusively in-
fects reticulocytes. Susceptibility to infection might decrease over successive
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pregnancies due to worsening micronutrient deficiency, which would simul-
taneously exacerbate anemia and other sequelae when P. vivax did occur [58].
More research is needed to understand the pathogenesis and immunology of
P. vivax during pregnancy.

4.2
Acquired Antibodies and Protective Immunity

Passive transfer of antimalarial IgG antibodies purified from immune adults
can reduce parasitemia and illness in susceptible humans [43, 116]. Presum-
ably, these antibodies act against surface proteins expressed by merozoites or
parasitized erythrocytes, although few target antigens have been identified.
At the population level, susceptibility to P. falciparum malaria diminishes over
successive pregnancies [25, 115], suggesting an acquired immune response to
parasite variants that specifically infect pregnant women [71, 76].

4.2.1
Antibodies to Infected Erythrocytes

Antibodies against P. falciparum parasitized erythrocyte surface proteins can
be measured in several formats (Table 1), using either fresh clinical isolates
or laboratory-adapted isolates and clonal parasite lines, and the different
formats most likely measure different and overlapping repertoires of anti-
body [16]. These assays include those that measure the degree to which sera
inhibit parasite adhesion to specific receptors or cells [76, 187], the ability and
extent to which sera agglutinate parasitized erythrocytes [12, 104], and total
surface antibody reactivity detected by indirect immunofluorescence using
microscopy or flow cytometry [174].

Following exposure to malaria during pregnancy, women acquire anti-
bodies to surface antigens and CSA-binding ligands expressed by placental
or CSA-binding P. falciparum [12, 76, 111, 149]. Antibodies acquired from
exposure in one pregnancy appear to be carried through into subsequent
pregnancies where they may reduce the risk of infection or complications
[16, 175].

Over successive pregnancies, women resident in malaria-endemic areas of
Africa, Thailand and Papua New Guinea acquire antibodies that can inhibit
parasite adhesion to CSA and/or react with the surface of placental or CSA-
binding parasites (summarized in Table 1) [12, 15, 16, 76, 86, 111, 136, 149,
175]. In assays with fresh placental parasites, anti-adhesion antibodies were
uniformly absent in sera collected from infected or uninfected primigravid
women in Kenya [76], and were uncommon, but not absent, among primi-
gravid women in Malawi [16]. In assays with parasites selected for adhesion
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Table 1 Summary of studies examining associations between antibodies to the surface of placental and/or CSA-binding P. falciparum-
infected erythrocytes and parity, parasitemia, and/or pregnancy outcomes

Studya Population Source of
P. falciparumb

Antibody measurec Antibody associations

Fried
et al. 1998

Kenya, Malawi,
Thailand

Placenta (Kenya) Adhesion
inhibition

Parityd

Negatively associated with placental parasitemia in
Kenyan SGs

Beeson
et al. 1999

Malawi Placenta;
Peripheral blood

Agglutination Parity (with placental isolates, but not isolates from
children)

Maubert
et al. 1999

Cameroon Peripheral blood;
CSA-binding line
(RP5/FCR3)

Agglutination Parity (with CSA-binding isolate, but not isolates
from non-pregnant donors; among women in 2nd
trimester and at delivery)

Ricke
et al. 2000

Ghana CSA-binding line
(PA/FCR3)

IgG binding Parity (with CSA-binding line but not CD36-binding
line)

Staalsoe
et al. 2001

Cameroon CSA-binding line
(FCR3) and isolate
(2H3)

IgG binding Parity
Inverse association with placental parasitemia
among MGs (but not PGs)

O’Neill-
Dunne
et al. 2002

Cameroon CSA-binding line
(3D7/NF54)

Adhesion
inhibition

Parity (among women in 2nd trimester, but not at
delivery)
Not associated with presence of placental infection,
inverse correlation with placental parasitemiae
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Table 1 (continued)

Studya Population Source of
P. falciparumb

Antibody measurec Antibody associations

Duffy and
Fried 2003

Kenya Placental isolates Adhesion
inhibition

Positively associated with birth weight
Inversely correlated with placental parasitemia
Not associated with anemia

Staalsoe
et al. 2004a

Kenya CSA-binding lines IgG binding Positively associated with birth weight
Inversely associated with anemia

Beeson
et al. 2004

Malawi CSA-binding line
(CS2)
Placental isolates

IgG binding
Agglutination
Adhesion
inhibition

Parity (2nd trimester and at delivery)
Placental infection among PGs for all antibody mea-
sures; Not associated with placental parasite density
or outcomes

Taylor
et al. 2004

Cameroon CSA-binding line
(3D7/NF54)

Adhesion
inhibition

Inversely correlated with placental parasite densitye

Mount
et al. 2004

Malawi CSA-binding line
(CS2)

IgG binding
Agglutination

Antibodies lower in HIV-1-infected women; In-
versely correlated with immunosuppression and
HIV viral load; Not correlated with parasite density
or associated with pregnancy outcomes

Khattab
et al. 2004

Gabon CSA-selected
placental isolates

IgG binding Parity
Placental infection in PGs
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Table 1 (continued)

Studya Population Source of
P. falciparumb

Antibody measurec Antibody associations

Staalsoe
et al. 2004b

Kenya CSA-binding lines
(FCR3 and Busua)

IgG binding Lower among women receiving intermittent
presumptive treatment/prophylaxis

aStudies listed by date of publication. Not all findings from the studies listed have been included in the table (see text for details)
bCSA-binding lines are laboratory adapted isolates (usually clonal) that have been selected for high levels of adhesion to CSA in vitro
cAll antibody assays used intact parasitized erythrocytes—adhesion inhibition measures the ability of serum to inhibit adhesion of
PRBCs to CSA in vitro; agglutination measures antibodies to the surface of parasitized erythrocytes by the ability of serum to agglutinate;
IgG binding is a measure of antibodies to the parasitized erythrocytes surface by indirect immunofluorescence using flow cytometry (see
text for details)
dAn association between parity and antibodies is defined by a higher level or prevalence of antibodies among women of two or more
pregnancies compared to primigravidae, or a correlation between antibody levels and number of pregnancies
eAnalysis did not control for parity
Abbrevations: PGs, primigravidae; SGs, secundigravidae; MGs, multigravidae; CSA, chondroitin sulfate A; IgG, immunoglobulin G
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to CSA and maintained in prolonged culture in vitro, primigravid women
demonstrated higher levels of antibody, measured by flow cytometry, agglu-
tination, and adhesion inhibition, during placental malaria episodes [16, 14,
93]. Studies of women over the course of pregnancy found that the antibody
responses to CSA-binding parasitized erythrocytes detected in primigravid
women were delayed compared with multigravid women [136]. Malaria in
non-pregnant individuals appears to induce broadly reactive antibody re-
sponses against parasitized erythrocyte surface proteins, some of which are
short-lived [32, 95].

Antibodiesacquiredagainstplacentalparasiteshavebeenrelated toprotec-
tion from pregnancy malaria (Table 1). Serum inhibition of parasite adhesion
to CSA has been related to reduced prevalence [76] and reduced density [60,
175] of placental parasitemia among women in Kenya and Cameroon. In
western Kenya, anti-adhesion antibodies in secundigravid women were as-
sociated with increased birth weight and gestational age of the newborn, but
were not associated with increased maternal hemoglobin level [60]. Among
women residing in coastal Kenya, IgG to the surface of CSA-binding isolates
measured by flow cytometry was associated with increased birth weight and
maternal hemoglobin level, but these associations were only observed among
women with placental histologic changes defined as ‘chronic infection’ (the
presence of parasites and fibrinoid deposits) [176].

Among women in Blantyre, Malawi, similar antibodies were not associ-
ated with reduced placental parasitemia or prevalence, or with birth weight
or hemoglobin level after controlling for parity, malaria infection status and
HIV-1 infection [16, 126]. Co-infection with HIV-1 in these studies was shown
tobeassociatedwith reducedantibodies to the surfaceofCSAandHA-binding
parasitized erythrocytes [16, 126], which may account for the greater suscep-
tibility to pregnancy malaria seen with HIV-1 [178]. Both the prevalence and
levels of antibodies were lower in HIV-1 infected women, being most marked
in primigravidae and women with immunosuppression. Specific IgG levels
correlated with CD4+ cell counts and inversely with viral load [126].

Prospective studies are needed to further evaluate the role and specificities
of antibodies in protective immunity and to examine the relative contribution
of adhesion-inhibitory antibodies versus total antibodies to surface antigens
(measured by flow cytometry or agglutination assays). The targets of these
different antibody types appear to overlap, as expected, but not all samples
with antibodies to the parasitized erythrocyte surface inhibit adhesion [16].
The different specificities of antibodies measured in these assays may have
different associations with protective immunity and exposure, and the use of
different assays may account for some of the differences observed between
separate studies. The idea that anti-adhesion antibodies will limit parasitemia



The Immunology and Pathogenesis of Malaria During Pregnancy 203

by blocking adhesion and sequestration is of course appealing. Agglutinating
antibodies may also interfere with parasite adhesion, although placental para-
sites agglutinatepoorly in comparison to isolates collected fromnon-pregnant
individuals [12, 76]. Antibodies that react with the parasitized erythrocyte
surface without inhibiting adhesion could still limit parasitemia by opsoniz-
ing parasites to promote phagocytosis and lysis. Possibly, a combination of
antibody types could be most effective in limiting placental malaria, but stud-
ies to test this idea await the identification of surface proteins of placental
parasites.

4.2.2
Antibodies to Other Antigens

Studies of antibodies to other blood-stage antigens have generally not found
the strong associations with gravidity or placental malaria as have been ob-
served for antibodies to placental parasites (reviewed in [58]). In pregnancy,
there is no evidence to support a general reduction in antibody levels and the
titer of total antimalarial antibodies does not appear to be reduced or influ-
enced by parity [115, 120]. Antibodies to surface antigens expressed by CD36
and ICAM-1 binding isolates [76], or isolates from children [12], have not been
found to differ between pregnant women and nulliparous adults. Some asso-
ciations have been found between pregnancy and the level of antibodies to the
ring-infected erythrocyte surface antigen (RESA), measured by erythrocyte
membrane immunofluorescence assays against ring-stage parasites. Titers of
RESA-specific antibodies were lower in pregnant than non-pregnant women
in some studies [129], but not others [52, 64], or were lower in primigravid
than multigravid women in some studies [52, 129], but not others [2, 51].
Anti-RESA antibody levels by immunofluorescence or ELISA were inversely
associated with parasitemia in some studies [8, 129], but not others [52, 184].
Higher levels of antibodies to merozoite surface protein 1 have also been asso-
ciated with reduced risk of placental malaria in some studies [27, 184] but not
in others [76, 126]. No protective association has been found for antibodies
against circumsporozoite protein [8, 76, 129], liver stage antigen-1 [184], or
to a glycosylphosphatidylinositol extract from P. falciparum [180].

4.3
Surface Antigens of Placental P. falciparum

Despite the highly polymorphic nature of variant surface antigens of P. fal-
ciparum parasitized erythrocytes, serologic studies suggest that the surface
antigens of placental parasites, including the parasite ligand for adhesion to
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CSA, have conserved features or epitopes, making these antigens appealing
vaccine targets [76]. Sera from women in Africa inhibit the adhesion of para-
sites collected from pregnant women in Asia, and vice versa [76]. Laboratory
parasite isolates selected to bind to CSA in vitro acquire surface reactivity with
sera collected from gravid women in geographically distant locations [16, 93,
149, 175]. Furthermore, serum antibody reactivity to different CSA-binding
P. falciparum isolates was significantly correlated [76, 93]. Such findings have
raised expectations that the antigens required for a pregnancy malaria vaccine
may be conserved or finite in number.

Presently, the extent of conservation or diversity of placental parasite sur-
face antigens, or whether women acquire cross-reactive antibodies to con-
served epitopes or a repertoire of antibodies with different specificities, is un-
known. Testing serum from pregnant women in Malawi against different pla-
cental isolates found that agglutinating antibodies, which target P. falciparum
erythrocyte membrane protein 1 (PfEMP1) [20, 171], were largely isolate-
specific, rather than pan-reactive, suggesting they target diverse epitopes [12].
However, these antibodies do not necessarily target receptor-binding do-
mains [16], which probably have a greater degree of conservation [76]. The
presence of cross-reactive or conserved epitopes on CSA-binding and placen-
tal parasitized erythrocytes has been suggested by vaccination with whole
parasitized erythrocytes or recombinant PfEMP1 domains [46, 62, 100], al-
though such studies can be confounded by non-specific binding of IgM or
IgG [48, 68].

Nearly all studies that have sought to identify CSA or placental-binding
ligands have focused on PfEMP1, as it is one of the few known parasitized
erythrocyte surface antigens and has been implicated in several adhesive
phenomena of P. falciparum (reviewed in [10, 47]). Other antigens have been
suggested to be surface antigens of parasitized erythrocytes, including the
variant antigens called rifins (encoded by rif genes) [63, 98], as well as nu-
merous proteins encoded by single-copy genes that have been identified by
tandem mass spectrometry [69, 77]. However, it is presently unclear how the
expression of any of these proteins influences antigenic and adhesive pheno-
types of placental parasites.

4.3.1
PfEMP1 and var Genes

PfEMP1 molecules are predicted to be multi-domain proteins of 200–400 kDa
formed by highly polymorphic cysteine-rich Duffy-binding-like domains
(DBL) and cysteine-rich interdomain regions (CIDR). Typically, PfEMP1s
contain several DBL domains and one or two CIDR domains [173]. These
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domains have been clustered into α, β, γ, δ, ε and unclassified X types for
DBL domains, and α, β, and γ types for CIDR domains, based on the pres-
ence of key sequence motifs [173]. The complexity and diversity of PfEMP1
(and its encoding var gene) have made this molecule exceedingly difficult to
study. Studies of var gene transcription in CSA-binding parasites have yielded
similarly complex results.

In initial studies, fragments of var transcripts were amplified by reverse
transcription-PCR with degenerate primers from laboratory isolates selected
to bind CSA, and the entire var gene subsequently sequenced. Two var genes
were identified by this approach—varCS2 [146] and FCR3varCSA [31]. Both
varCS2 and FCR3varCSA contain DBLγ domains that bound CSA in vitro [31,
80, 147] and elicited antibodies that inhibited parasite adhesion to CSA and
cross-reacted with placental parasites [100, 146]. varCS2 does not appear to
be well conserved and sequences with homology to it have only rarely been
detected among clinical isolates [73, 92]. Genes with substantial homology
to FCR3varCSA have been identified in many isolates of different geographic
origin, demonstrating that it has a relatively conserved sequence [73, 163,
164]. Despite these promising initial results, subsequent studies suggest that
these PfEMP1 forms are not associated with CSA-binding or with placental
parasites [56, 73, 77, 97, 134, 165, 198]. Recent studies suggest FCR3varCSA
is expressed at similar levels in CSA-binding and non-binding isolates, and
the timing of its expression is atypical [97]. Furthermore, FCR3varCSA dis-
ruption mutants are able to recover the ability to bind CSA, suggesting other
genes can encode the phenotype [6]. Although varCS2 is differentially ex-
pressed in the CSA-binding line from which it was sequenced, compared to
the non-binding parent line [146], subsequent studies have shown it is not
quantitatively dominant and is expressed at low levels [56, 57].

Although binding to CSA has been largely attributed to DBLγ domains,
many expressed DBLγ domains do not bind to CSA [79], and glycosamino-
glycan binding activity has also been reported for CIDR1α domains [50, 147].
Among DBLγ domains, there are varying amounts of homology in primary
sequence and substantial diversity, without any clearly conserved sequence
among DBLγ types that bind to CSA [79]. An analysis of five different DBLγ
sequences from placental isolates in one population revealed 39%–55% ho-
mology [92]. There was also substantial homology between DBLγ sequences
collected from different populations [91], although the number of sequences
examined was small.

Quantitative studies of var gene transcription are technically challeng-
ing [56, 162]. Post-transcriptional events may also regulate the expression of
PfEMP1 on the cell surface. An advancing knowledge of var gene expression
together with a greater body of data from P. falciparum sequencing is contin-
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uing to facilitate quantitative and more detailed studies. Using quantitative
analysis, recent studies have identified the var2csa as the dominant transcript
in several parasite isolates selected for adhesion to CSA in vitro as well as
placental isolates [57, 165]. var2csa is highly conserved across genetically dif-
ferent isolates [96, 165], and may fulfill the criteria of a conserved ligand that
was suggested from serologic studies [76]. Var2csa has an atypical structure
that lacks DBLγ or CIDR domains. There is substantial homology between
the third DBL domain of var2csa and the minimum binding region of the
FCR3varCSA DBLγ domain [79]. An analysis of PRBC membrane proteins by
mass spectrometry did not find that var2csa or FCR3varCSA were preferen-
tially expressed by CSA-binding or placental isolates, although other PfEMP1
sequences were found to be so expressed [77]. Further validation of these
results is needed1.

As discussed earlier, other adhesive interactions may contribute to the
pathogenesis of placental malaria, and therefore the role of antibodies target-
ing these parasite phenotypes requires investigation. Antibodies that inhibit
parasite adhesion to CSA may not be fully protective against placental malaria
if alternative mechanisms of sequestration exist. In studies of parasite adhe-
sion to HA, substantial overlap between adhesion of isolates to CSA and HA
was identified, suggesting that ligands for adhesion to the two receptors may
be co-expressed, although there appear to be separate, possibly overlapping,
receptor binding sites [11, 18, 19, 36]. Domain(s) that mediate adhesion to
HA have not yet been identified, but the isolate-specific adhesion to HA and
sensitivity to trypsin suggest PfEMP1 is involved [11, 19]. Recombinant DBLβ
and CIDR1α domains of PfEMP1 have been found to bind IgG [41, 68]. Sep-
arate antibody responses would presumably also be required for protection
against placental sequestration of ring-stage parasites, if this phenomenon
contributes to the pathogenesis of placental malaria [55].

1 Since preparing this review, it has been reported that antibodies against var2csa re-
combinant proteins labeled the surface of CSA-binding IEs, recombinant var2csa pro-
teins were recognized in a gravidity-associated manner by plasma antibodies among
pregnant women, and these antibodies were associated with improved infant birth
weight (Salanti et al. 2004, J Exp Med 200:1197–1203). Recombinant DBL2, DBL3, and
DBL6 domains of var2csa expressed on CHO cells were shown to bind CSA, although
the CSA-binding properties of some domains varied between the two parasite isolates
tested (Gamain et al. 2005, J Infect Dis 191:1010–1013).
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5
Cellular Immune Responses and Immunopathology

5.1
Inflammatory Responses and Pathology in the Placenta

The mechanisms that lead to disease and death during pregnancy malaria
are incompletely understood, but the inflammatory response in the placenta
has been related to both severe anemia in the mother and LBW in the new-
born (summarized in Table 2). An intense and sometimes massive infiltrate
of immune cells is often observed in placental malaria, and may appear in
the intervillous spaces several days after P. falciparum parasites begin to ac-
cumulate in the placenta [83]. In clinicopathologic studies, the accumulation
of macrophages in the placenta may be more strongly associated with poor
pregnancy outcomes than placental parasitemia per se [58] [101, 121, 137,
160]. P. vivax infection has not been associated with placental pathologic
changes [114], suggesting that the detrimental effects of infection on preg-
nancy are mediated through mechanisms other than obstruction to blood
flow. P. berghei infection in rodents is associated with monocyte infiltrates
and many of the placental histologic changes observed with P. falciparum in
humans [185].

Monocytes and macrophages are the most distinctive cellular component
of the inflammatory infiltrate that accompanies placental malaria, and of-
ten appear grossly enlarged and engorged with parasite pigment (reviewed
in [26, 58, 154]) [35, 89, 137, 195]. Occasionally, macrophages can be seen to
have ingested intact parasitized erythrocytes. Monocytes/macrophages can
phagocytose parasitized erythrocytes though both opsonic and non-opsonic
mechanisms [113], but the mechanisms occurring in the placenta have not
been sufficiently studied. The placental infiltrate also commonly includes
lymphocytes and less commonly polymorphonuclear cells, but natural killer
(NK) cells appear to be absent [101, 138, 144]. The presence of placental mono-
cytes and macrophages has been associated with severe maternal anemia and
LBW across many populations (Table 2) [90, 101, 121, 137, 160]. Although
many studies have demonstrated an association between placental malaria
and LBW [26, 82], placental parasitemia in the absence of inflammation was
not related to LBW in Zanzibar [101], suggesting that inflammation plays
a key role in the genesis of fetal growth restriction. In Tanzania, monocytes
were associated with LBW probably due to fetal growth restriction, whereas
parasites were associated with premature delivery [121].

Current evidence suggests that in the absence of specific immunity, par-
asites accumulate in large numbers in the placenta, inducing an infiltrate of
inflammatory cells, accelerated by expression of chemokines. Inflammatory
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Table 2 Summary of studies since 1996 examining associations between maternal malaria and cellular immune responses (placental
inflammatory cells, cytokines, and chemokines)

Measure Studya Population Association with malariab Association with
pregnancy outcome

Other

Intervillous in-
flammatory cells

Leopardi
et al. 1996

Tanzania
(Zanzibar)

Increased Low birth weight

Ordi
et al. 1998

Tanzania Increased
Massive intervillositis,
particularly in PGs

Low birth weight
Prematurity

Menendez
et al. 2000

Tanzania Increased mononuclear
cells

Low birth weight
(associated with
monocytes)

Placental parasites asso-
ciated with prematurity

Ismail
et al. 2000

Tanzania Increased, particularly
in PGs

Ordi
et al. 2001

Tanzania Increased monocytes,
macrophages, CTLs

Reduced birth weight
(for CD68+ cells)

Rogerson
et al. 2003

Malawi Increased Low birth weight
Maternal anemia

McGready
et al. 2004

Thai-Burma
border

Increased in P. falciparum,
but not P. vivax, infection;
greater in PGs

Inflammatory cell num-
bers higher when infected
close to delivery
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Table 2 (continued)

Measure Studya Population Association with malariab Association with
pregnancy outcome

Other

Cytokines Fried
et al. 1998

Kenyac ↑ TNF-α Low birth weight
(for TNF-α and IFNγ)

↑ IFNγ, TGF-β1 among MGs
↔ IL-4, IL-6, IL-10, IL-2

Maternal anemia
(for TNF-α)

Moore et al.
1999, 2000

Kenyad ↑ IFNγ in uninfected MGs
↑ TNF-α among infected
PGs

Lowbirthweight (forTNF-
α and IL-8)

↓ IFNγ, IL4, IL10 in HIV-
1-infection

Moorman
et al. 1999

Malawie ↑ TNF-α, IL-1β, TGF-β1
↔ TNF-β, IL-10, IL-1α
IFNγ not detected

Fievet
et al. 2001

Cameroon ↑ TNF-αc, IFNγd

↔ IL-1, IL-4, IL-6, IL-10,
TGF-β, GM-CSF

Rogerson
et al. 2003

Malawif ↑ TNF-α
IFNγ levels generally low or
undetectable

Low birth weight
(for TNF-α)g

Levels not associated with
HIV-1 infection
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Table 2 (continued)

Measure Studya Population Association with malariab Association with
pregnancy outcome

Other

Chemokines Abrams
et al. 2002

Malawi ↑ MIP1α,β, MCP-1,
IL-8, I-309
↔ RANTES

Reduced birth weight
(IL-8 and MIP-1β only)

Correlation between
chemokines and mono-
cyte density

Suguitan
et al. 2003

Cameroon ↑ MIP1α,β, MCP-1, IP-10
↔ RANTES, IP-10, IL-8

Chaisavanee-
yakorn et al.
2003

Kenya ↑ MIP1β
↔ MIP1α

aStudies listed by date of publication. Not all findings from the studies listed have been included in the table (see text for details). Only
recent papers have been listed. For comprehensive reviews, see Duffy 2001, Brabin et al. 2004
bInfection defined by presence of malaria parasites and/or parasite pigment
cCytokines measured in placental serum/plasma
dCytokines measured in cultures of stimulated placental intervillous mononuclear cells; results varied with different cell stimulants used
eMeasured cytokine mRNA levels
fCytokines measured in placental and peripheral blood; infection defined as placental or peripheral blood parasitemia
gAssociation did not remain significant in multivariate analysis
PGs, primigravidae; SGs, secundigravidae; MGs, multigravidae; ↔ no change/association; ↑ increased/raised; ↓ reduced/lower; CTL,
cytotoxic lymphocyte; TNF, tumor necrosis factor; IFN, interferon; IL, interleukin; TGF, transforming growth factor; MIP, macrophage
inflammatory protein; MCP, macrophage chemoattractant protein; IP, IFNγ-inducible protein
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cells may reduce parasite multiplication, but are inefficient for clearing par-
asitemia, allowing a prolonged inflammatory response associated with poor
pregnancy outcomes including LBW and maternal anemia. The acquisition of
specific antibody against placental-binding parasites may facilitate the clear-
ance of parasites prior to the influx of inflammatory cells, thereby avoiding
the cascade of events leading to disease and death.

Not long after the discovery of the malaria parasite, early observers de-
scribed the heavy accumulation of pigment-containing phagocytic cells that
can accompany malaria parasites in the placenta [21]. Pigment, or hemo-
zoin, is the heme crystal generated by parasitized erythrocytes as they digest
hemoglobin. Hemozoin indicates a current or recent episode of malaria, and
can persist for an unknown and variable period of time after clearance of
parasites, but perhaps as long as weeks [114, 196]. In Malawi, the presence
or amount of hemozoin in the placenta was not specifically associated with
pregnancy outcomes [182], but the presence of pigment has been associated
with LBW in other studies [196].

The pathologic changes in a malarious placentae are most marked in the
intervillous spaces, whereas pathology of the villous tissue during placental
malaria is usually subtle [34, 35, 78, 137, 195]. In the syncytiotrophoblast layer,
common findings include segmental loss of microvilli, pigment deposits, and
focal necrosis adjacent to fibrinoid and pigment deposits (reviewed in [26,
58]). Below the syncytiotrophoblast layer, changes include cytotrophoblast
proliferation, thickening of the cytotrophoblast basement membrane, and
occasional pigment deposits in Hofbauer cells, cytotrophoblast, or stroma.
Specifically, the inflammatory infiltrate does not involve the villi [34, 137,
195], and parasitemia is rarely patent in the fetal circulation.

5.2
Cytokines and Chemokines in Placental Malaria

Cytokines and chemokines most likely play key roles in the genesis of both
the inflammatory response and the clinical sequelae (see Table 2). Placental
levels of β and α chemokines increase during malaria and could promote the
influx of immune cells into the placenta. Macrophage inflammatory protein
(MIP)-1αandβ,monocyte chemoattractantprotein-1, I-309, and IL-8 (butnot
RANTES) are increased in placental infection [1, 38, 181] and levels correlate
with monocyte density [1]. The expression of chemokine receptor CCR5 on
the infiltrating macrophages [186] further supports a role for chemokine-
induced ingress of the inflammatory infiltrate.

Healthy pregnancy appears to be generally biased toward anti-inflamma-
tory or type 2 cytokines [75, 99, 107]. In an area of Kenya with heavy P. falci-
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parum transmission, inflammatory cytokines including tumor necrosis factor
(TNF)-α, interferon (IFN)γ, and interleukin (IL)-2 were elevated in the pla-
centas of women, including women without parasitemia at delivery, compared
to women in an area without malaria [75]. Raised levels of TNF-α, measured
in plasma, mRNA, and leukocyte cultures, have been consistently associated
with placental malaria in different populations [65, 75, 125, 156, 179]. During
episodes of placental malaria, TNF-α and IL-8 are produced by the infiltrat-
ing macrophages [125], while IFNγ may derive in part from the chorionic
villi of the placental tissue [179]. Severe maternal anemia and/or LBW have
been related to TNF-α [75, 125, 156], IFNγ [75], and IL-8 [125]. In one study,
IFNγ production by intervillous leukocytes was highest among uninfected
multigravid women, perhaps suggesting a protective role for IFNγ [123].

In areas of stable transmission, the relationship between inflammatory cy-
tokines and poor pregnancy outcomes appears to be strongest among prim-
igravid women, who suffer disproportionately from malaria and malaria-
related complications. This may be due to the chronicity of infection and
the prolonged cytokine responses observed in this parity group [75]. The
mass of placental parasites and macrophages that accumulate in the placenta
could theoretically impair the transplacental exchange of oxygen and nu-
trients, but studies to test this hypothesis have failed to yield confirmatory
evidence [58].

5.3
Changes in Cellular Immune Function During Pregnancy and Susceptibility

A number of changes in cell-mediated immune function have been reported in
pregnant women that could substantially influence susceptibility to malaria.
Lymphoproliferative responses of peripheral and placental blood lympho-
cytes to malaria and other antigens are reduced in pregnant women com-
pared to their non-pregnant counterparts [64, 150]. Additionally, reflecting
the accumulation of parasites seen in the placenta during infection, lympho-
proliferative responses were found to be lower in placental than peripheral
blood [143], although placental samples are also more likely to be contami-
nated with fetal cells known to suppress maternal responses. Recent studies
have reported that lymphoproliferative responses to CSA-binding parasitized
erythrocytes [66] and NK cell cytolytic activity in peripheral blood [23] were
lower in primigravidae compared to multigravidae. HIV-1 infection can have
profound effects on immune function and has been associated with altered
cytokine responses to placental malaria. IFNγ and IL-12, which stimulates
IFNγ production, were reduced among HIV-1-infected Kenyan women, and
may contribute to a reduced capacity to clear placental infection [39, 124].



The Immunology and Pathogenesis of Malaria During Pregnancy 213

Hormone-mediated immunosuppression may contribute to the suscep-
tibility of pregnant women to infection with P. falciparum. In particular,
increased serum cortisol levels are observed in pregnancy, being highest in
primigravid women in areas of malaria transmission [23, 143, 194], but these
differences are not marked and the progressive increase in cortisol during
pregnancy does not correspond to the prevalence of malaria which peaks
or plateaus in the second trimester. Increased cortisol levels were associated
with malaria during pregnancy in a Kenyan study [194], and because primi-
gravidae are infected most frequently this may confound studies that compare
cortisol levels between parity groups. Similar associations were found in P.
berghei-infected pregnant mice [191]. Estrogens, progesterone, and other sex
hormones that are increased in pregnancy can influence the function and
development of T cells and production of cytokines that could contribute to
an increased susceptibility to P. falciparum [152]. Epidemiologic studies have
shown that women retain a higher susceptibility to malaria for several weeks
post-partum [54], suggesting that systemic changes induced by pregnancy
play a role in susceptibility to malaria, although trauma and surgery may also
increase malaria susceptibility for unknown reasons that may pertain to the
post-partum period.

6
Conclusion

Malaria during pregnancy is a major cause of maternal and fetal disease and
death. Pregnant women are infected with distinct variants of P. falciparum
that accumulate in the placenta through adhesion to specific receptors, such
as CSA. Over successive pregnancies, women acquire antibodies against pla-
cental and CSA-binding parasites, and these antibody responses have been
associated with protection from infection and disease. Recent research ad-
vances, reviewed here, have shed light on specific mechanisms of placental
infection, humoral and cellular immune responses, and the pathogenic pro-
cesses of placental injury and maternal and fetal complications. This emerging
body of knowledge will increasingly lead to opportunities for the development
of therapeutic and preventative interventions, as well as new tools for diag-
nosis, monitoring, and identification of those at greatest risk. More broadly,
studies of malaria in pregnancy have provided unique insights into maternal
immune responses to infection, particularly in the placenta, and the complex
nature of host–parasite interactions in malaria. Such insights can only lead to
improvements in maternal and child health in the future.
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