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SUMMARY

Throughout history malaria has proved to be a significant threat to human health. Between 300 and 500
million clinical cases occur each year worldwide, approximately 2 million of which are fatal, primarily
in children. The vast majority of malaria-related deaths are due to infection with Plasmodium falci-
parum;, P. vivax causes severe febrile illness but is rarely fatal. Following repeated exposure to infection,
people living in malaria endemic areas gradually acquire mechanisms to limit the inflammatory
response to the parasite that causes the acute febrile symptoms (clinical immunity) as well as mecha-
nisms to kill parasites or inhibit parasite replication (antiparasite immunity). Children, who have yet to
develop protective immune mechanisms are thus at greater risk of clinical malaria, severe disease and
death than adults. However, two epidemiological observations indicate that this is, perhaps, an over-
simplified model. Firstly, cerebral malaria — a common manifestation of severe malaria — typically occurs
in children who have already acquired a significant degree of antimalarial immunity, as evidenced by
lower mean parasite densities and resistance to severe anaemia. One potential explanation is that cere-
bral malaria is, in part, an immune-mediated disease in which immunological priming occurs during first
infection, eventually leading to immunopathology on re-infection. Secondly, among travelers from non-
endemic areas, severe malaria is more common — and death rates are higher — in adults than in children.
If severe malaria is an immune-mediated disease, what might be priming the immune system of adults
from nonendemic areas to cause immunopathology during their first malaria infection, and how do
adults from endemic areas avoid severe immunopathology? In this review we consider the role of innate
and adaptive immune responses in terms of (i) protection from clinical malaria (ii) their potential role
in immunopathology and (iii) the subsequent development of clinical immunity. We conclude by pro-
posing a model of antimalarial immunity which integrates both the immunological and epidemiological

data collected to date.
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ANTI-MALARIAL EFFECTOR MECHANISMS

As many of the surface antigens of malaria parasites and the par-
asite proteins inserted into the plasma membrane of the infected
red blood cell are polymorphic or exhibit clonal antigenic varia-
tion, it has been proposed that one may need to develop a diverse
repertoire of antibodies capable of blocking parasite invasion and
tissue adhesion in order to attain effective antiparasite immunity
[1]. For example, P. falciparum erythrocyte membrane protein 1

Correspondence: Dr E. M. Riley, Department of Infectious and Trop-
ical Diseases, London School of Hygiene and Tropical Medicine, Keppel
St, London WCI1E 7HT, UK.

E-mail: eleanor.riley@Ishtm.ac.uk

© 2003 Blackwell Publishing Ltd

parasitic-protozoa human malaria

immunoregulation

(PfEMP1), an antigen involved in parasite sequestration [2] and
possibly pathogenesis of cerebral malaria (CM) [3], is encoded by
a family of var genes which undergo frequent nonhomologous
recombination leading to heterologous expression of antigenic
variants by different parasites. Infection with a parasite variant
that is not recognized by the existing antibody repertoire may
lead to uncontrolled parasite replication and therefore pathology.
The gradual acquisition of clinical immunity (following repeated
infection) parallels the development of a diverse antibody reper-
toire; these two observations may be causally linked (reviewed in
[4]). Malaria-specific antibodies mediate a number of antipara-
sitic effector functions including inhibition of cytoadherence [5],
inhibition of erythrocyte invasion [6] and antibody dependent
cytotoxicity and cellular inhibition [7]. Cell-mediated immune
effector mechanisms include macrophage activation by NK cell-,
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¥0T cell- or Thl-derived interferon y(IFN-y) for enhanced phago-
cytosis and killing of parasitized erythrocytes [8], and inhibition of
parasite growth and development inside hepatocytes by CD8*
cytotoxic and IFN-y-producing T cells [9]. Nitric oxide (NO), pro-
duced by macrophages in response to parasitic components and T
cell IFN-y production, can have antiparasitic effects [10]. NO has
been shown to kill P. falciparum and P. chabaudi parasites in vitro
at high concentrations, while also having a cytostatic effect
(whereby the parasites resume normal development following
NO depletion) at lower concentrations [11]. Since NO can also
interfere with neurotransmission, it has also been implicated in
the pathogenesis of CM [12]. However, in vivo data are somewhat
contradictory with some studies showing no role for NO in either
parasite killing or onset of pathology [13,14].

IFN-y AND OTHER INFLAMMATORY MEDIATORS
OF DISEASE

Severe malaria has long been associated with high circulating lev-
els of inflammatory cytokines such as tumour necrosis factor-o
(TNF-a), interleukin-1 (IL-1) and IL-6; TNF-o levels, as mea-
sured by immunoassay, are substantially higher in plasma from
children with CM or severe anaemia than in plasma from mild
malaria cases [15-17]. However, recent evidence from mice indi-
cates that it may be overproduction of lymphotoxin-o (LT-c)
rather than TNF-o that leads to CM malaria [18]. Mice deficient
in TNF-o were found to be just as susceptible to CM as controls,
whereas LT-o deficient mice were resistant to CM pathology,
dying from hyperparasitemia and severe anaemia instead. As
most of the existing immunological reagents do not discriminate
between TNF-a and LT-¢, this study suggests that it may be time
to re-evaluate the relative importance of these two cytokines in
the pathogenesis of malaria. However a clear role for TNF-¢ has
been shown in parasite killing. At physiological concentrations,
recombinant TNF-¢ is antiparasitic, synergizing with IFN-y to
induce production of NO and other toxic radicals [19]. Thus, the
successful resolution of a malaria infection and evasion of symp-
toms appears to depend on achieving an optimal level of TNF-¢
and other inflammatory cytokines.

IFN-y, on the other hand, has been clearly linked to the onset
of pathology in mice as well as in humans. The detrimental effects
of IFN-yare believed to be due to its ability to activate macroph-
ages which, in turn, produce endogenous pyrogens (TNF-¢, IL-1
and IL-6) leading to an inflammatory cascade [20,21]. The mouse
model has revealed a central role for IFN-%, both in protection
and pathogenesis; although IFN-vis essential for the onset of CM
(TFN-yreceptor deficient mice do not develop CM) [22], it is also
absolutely essential for control of parasitemia [23]. CS7BL/6 IFN-
v mice infected with P. chabaudi AS produce lower amounts of
other pro-inflammatory mediators, including TNF-¢ and NO, with
significantly higher parasitemia and mortality in comparison to
wild-type controls [23]. Likewise, in the same model system,
blocking IFN-ywith a neutralizing MAb in otherwise normal mice
exacerbated infection whereas IFN-y treatment decreased and
delayed parasitemia [24].

Similarly, in humans, a potent and timely IFN-y response is
indicative of an effective pro-inflammatory strike of the immune
system upon the parasite [25-27]. In contrast to cells taken from
children with severe disease, peripheral blood mononuclear cells
(PBMC) taken from African children presenting with mild

disease were more efficient producers of IFN-y when stimulated
with sporozoite or merozoite antigen peptides, thereby demon-
strating an association between antigen-specific IFN-yproduction
and reduced pathology [25]. Furthermore, hyperparasitemia was
associated with a lower frequency of IFN-y producing CD4+ T
cells in Gabonese patients presenting with acute P. falciparum
malaria [28]. On the other hand, as in mice, high systemic levels of
IFN-y are correlated with severe pathology. Disease severity has
been directly correlated with corresponding levels of IFN-v, with
high levels being found in symptomatic individuals and much
lower levels both in plasma [29] and in cultured PBMC superna-
tants [30] where clinical pathology is not apparent. These data are
supported by in vitro experiments where PBMC from clinically
immune individuals produce lower levels of IFN-y than those
from unexposed donors [31,32], indicating that the control of clin-
ical symptoms characteristic of immunity may hinge on the ability
to regulate the inflammatory response.

Interestingly, in malaria-endemic populations, CM is uncom-
mon in very young children experiencing their first malaria infec-
tion, but is common in slightly older children undergoing second
or subsequent malaria infections. These children have already
acquired a degree of antimalarial immunity as demonstrated by
high levels of circulating antimalarial antibodies [33]. We have
hypothesized that priming of malaria-specific @8 T cells during
early life leads to excessive IFN-yproduction on reinfection, pre-
disposing an individual to the over-production of TNF-o and sub-
sequent onset of severe pathology [34].

In addition to its ability to up-regulate TNF-o production,
IFN-y also promotes the quinolinic acid (QA) pathway of
tryptophan metabolism by inducing the enzyme indoleamine 2,3
dioxygenase (IDO). Diversion of the pathway away from the
production of kyurenic acid (KA) towards the production of neu-
rotoxic QA may also contribute to the development of CM. IDO
activity has been reported to be 5 fold higher in mice with cerebral
malaria than in litter mates without cerebral symptoms; this is
associated with a marked increase in the QA:KA ratio [35].
Raised QA:KA ratios have been reported in Vietnamese adults
with cerebral malaria [36] with especially high ratios in those who
died, who presented with mean QA concentrations well above the
level at which neurotoxicity is known to occur.

CROSS-REACTIVE PRIMING

In contrast to the pattern of severe malaria in endemic popula-
tions, when non-immune individuals move into a malaria endemic
area the risk of severe pathology increases with age with adults
being significantly more susceptible to clinical disease than chil-
dren; conversely, adults develop antiparasitic immunity faster
than children [37]. Importantly, T cells isolated from naive adults,
when cultured in vitro with P. falciparum antigens, respond in a
classical MHC Class Il-restricted manner, proliferating and
secreting cytokines. T cell responses tend to peak after 6-7 days of
activation in in vitro culture and the proliferating cells have been
identified as either TCRaf3" T cells, which respond to both live and
dead parasite antigens, or TCRy9" T cells that respond preferen-
tially to live parasites [38,39]; both cell types have been shown to
secrete IFN-y [40-42]. These cells express a memory phenotype
[43], proliferate, and produce IFN-y in amounts comparable to
true malaria memory T-cells [38]. Cloned malaria-reactive mem-
ory Th1 cells from nonexposed donors respond to a wide range of
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antigens including Toxoplasma gondii, tetanus toxoid, adenovirus,
mycobacterial, streptococcal, and fungal antigens [40]. Plasmo-
dium antigens are thought to mimic antigens from other microbes
thereby soliciting the reactivation of cross-reactively primed
memory T cells [34]. As exposure to common pathogens, environ-
mental or commensal organisms increases with age, the popula-
tion of malaria cross-reactive memory Thl cells is also likely to
increase with age, thereby resulting in stronger inflammatory
responses and higher risk of severe pathology in adults compared
to children. In infants and young children the pool of cross-
reactive memory cells is likely to be small therefore malaria infec-
tion is likely to be of limited pathogenicity, but will serve to prime
T-cells for a pro-inflammatory role during second and subsequent
infections. Thus, the higher frequency of cross-reactive primed T
cells in older individuals may explain the higher risk of severe dis-
ease in nonimmune adults compared with nonimmune children.

Cross-reactively primed o8 T cells make significant amounts
of IFN-ybut do not seem to protect naive individuals from infec-
tion or disease; rather they seem to contribute to pathology. It is
possible that exposure to malaria per se may induce qualitatively
different T cell responses, for example, priming T cells that make
IFN-7 in more appropriate amounts, or with more appropriate
kinetics, or T cells with different homing characteristics allowing
cytokine production to be effectively focused at sites of parasite
sequestration and replication.

Thus, developing clinical immunity may hinge on the ability to
down-regulate the nonprotective cross-reactive T cell response,
leaving the innate response and protective T cells specifically
primed by malaria infection to control parasitemia. Given the
dual role of IFN-y, its production needs to be tightly regulated in
order to achieve clearance of infection whilst avoiding detrimen-
tal effects, a state which is characteristic of clinical immunity. This
implies that the cellular sources of IFN-y — and the balance
between innate and adaptive sources of IFN-y — may change
depending on level of immunity, which may in turn influence the
absolute levels that are produced.

INNATE IMMUNE RESPONSE

Whilst acquired immune responses eventually confer significant
protection against malarial pathology, studies in mice undergoing
a primary malaria infection have shown that the profile of cytok-
ines, including IFN-7, released in the first few hours of malaria
infection predicts the course of infection and the final outcome
[44,45]. Such rapid production of IFN-yin naive animals implies
production either from pre-existing, cross-reactively primed,
effector memory T cells or from cells of the innate immune system,
e.g. phagocytic granulocytes, macrophages, NK cells or Y5 T cells.

Glycoproteins and glycolipids (particularly the glycosylphos-
phatidylinositol (GPI) anchors of merozoite membrane proteins)
released from rupturing malaria-infected erythrocytes directly
induce low levels of TNF-¢ production from macrophages [46].
However, TNF-a production is significantly up-regulated in the
presence of other mononuclear cells, including CD3+ T cells,
indicating that a secondary stimulus, in addition to malarial GPI,
is required for maximal activation of macrophages to produce
TNF-o. An obvious candidate for this secondary stimulus is the
macrophage activating factor, IFN-y. In rodent models, early
IFN-y production is essential for controlling the initial wave of
parasitaemia and much of this early cytokine response is NK cell-
dependent [44,47].

We and others have shown that live P. falciparum can induce
rapid (within 12 h) IFN-y and TNF-o responses [48,49] and that
TCRyS' T cells may contribute to the early IFN-y response [50].
More recently, we have examined the kinetics of malaria-induced
IFN-y production by cells from malaria-naive and malaria-
exposed donors. In many naive donors, IFN-yis produced within
18 h of in vitro stimulation of PBMC with intact parasitized eryth-
rocytes; this early pulse of IFN-yis derived principally from NK
cells [49]. Subsequently, y5 T cells (at 24-48 h) and eventually of3
T cells (at 4-6 days) also begin to secrete IFN-y.

Interestingly, there is considerable variation between donors
in their early NK-mediated IFN-y production with some donors
showing little if any NK activation [49]. Individuals who do not
mount a strong NK response at 24 h also fail to mount a robust
IFN-y response at later time points, with reduced IFN-y produc-
tion by yd and o8 T cells (Fig. 1). These data suggest that NK cells
may be necessary to ‘kick-start’ the inflammatory response. This
hypothesis is supported by experiments by Carnaud et al. [51]
who demonstrated that after blocking early IFN-y production
from NK-T and NK cells, the secondary wave of IFN-y release
was delayed or entirely eliminated. The clinical consequences of
this inherent variation in the innate immune response are not yet
known, but we can speculate that the ability of NK cells to pro-
duce a strong, early IFN-yresponse may correlate either with bet-
ter containment of parasite replication and thus avoidance of
hyper-parasitaemia and ensuing severe pathology or, conversely,
rapid production of high levels of IFN-y may lead to excessive
inflammatory reactions and therefore contribute to pathology.
Clinical studies in endemic populations are required to answer
this question.

Activation of NK cells by P. falciparum is highly dependent on
IL-12 and, to a lesser extent, IL-18 [49], presumably coming from
monocyte-macrophages or dendritic cells (DC). There is evidence
that P. falciparum parasitized erythrocytes bind to immature DC
leading to inhibition of DC maturation, abrogation of IL-12 pro-
duction, a switch to IL-10 production, and reduction of the sub-
sequent T cell proliferative response [52]. These data imply that
innate and/or adaptive inflammatory cytokine responses may be
directly inhibited by the parasite in order, perhaps, to facilitate its
own survival. Whilst similar data have recently been published for
the rodent parasite P. yoelii [53], bone marrow-derived murine
DC stimulated in vitro with P. chabaudi produce IL-12 within
30 min and subsequently mature into efficient antigen-presenting
cells [54]. Similarly, lack of NK responses to P. falciparum is not
due to failure to produce IL-12/IL-18 [49] and we have identified
populations of IL-12 producing cells following short-term in vitro
stimulation of human PBMC with P. falciparum-infected erythro-
cytes (R. M. Walther and E. M. Riley, unpublished observation).

RESOLVING INFLAMMATION

The severity of disease in malaria infection has been correlated
with high systemic levels of IFN-y and TNF-o. We hypothesize
that clinical immunity is associated with the ability to regulate the
production of pro-inflammatory cytokines to an intermediate
level, which mediates parasite clearance while simultaneously
avoiding severe pathology. It has been proposed that antibodies
to malarial GPI and other glycolipids block induction of TNF-o
from macrophages thereby down-regulating the inflammatory
cascade and preventing immunopathology. Whilst there is now
good evidence that such protective responses can be induced in
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Fig. 1. Percentage of IFN-y+cells that are o8 (O), ¥5 (Z2), NK (H) or CD56+CD3+* ([) cells. PBMC (10%/ml) from 6 donors (numbered
1-6) were cultured with P. falciparum schizont lysate (PfSL), intact P. falciparum infected red blood cells (iRBC) or uninfected red blood
cells (uRBC) (3 x 10%ml) for 1, 2, 4 or 6 days. Cells were stained for presence of af, ¥§ or NK surface phenotypes in combination with
intracellular IFN-y. The percentage of all IFN-y+ cells belonging to each surface phenotype are shown for each donor at each time-point
in response to PfSL (a, c, e, g) or iRBC (b, d, f, h) with uRBC control values already subtracted. Each bar represents a different cell
phenotype. The percentage of all events that were IFN-y+ are shown along the x-axes for each time point. *CD56+CD3+ cells may represent
a population of NK-T cells, but this has not been formally demonstrated.

rodents by vaccination [55], two recent immuno-epidemiological
studies provide only very limited evidence that naturally acquired
anti-GPI antibody responses contribute to clinical immunity
[56,57]. Alternatively, the initial pro-inflammatory (Th1/IFN-y)
immune response may switch to a predominantly anti-inflamma-
tory response mediated by cytokines such as TGF-f or IL-10 [58].
This hypothesis is supported by data from murine malaria studies
where IL-107" mice demonstrated higher mortality as compared
to wild-type controls when infected with P. chabaudi AS [59]. Sim-
ilarly, when comparing mice infected with lethal or nonlethal
strains of malaria parasites, a strong and sustained TGF-f8
response, beginning at 5-6 days post infection when the peak of

parasite replication has been reached, was associated with abro-
gation of mortality and resolution of infection [60]. Neutralization
of TGF-f leads to 100% mortality in BALB/c mice infected with
normally nonlethal P. chabaudi A/J [60] and exacerbates pathol-
ogy and accelerates mortality in IL-107~ C57BL/6 mice (Li, Omer,
Riley and Langhorne, unpublished observation). However, in
some mouse-parasite combinations, a very early burst of TGF-f
production (within the first 24 h of infection) totally suppresses
the inflammatory cytokine response leading to more rapid para-
site growth and early death from anaemia (Omer, de Souza and
Riley, unpublished observation); administration of high doses of
exogenous TGF- has similar effects [61]. Thus, the timing of the
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TGF-f (and IL-10) response seems to be critical, with high levels
too early in infection compromising cell-mediated effector mech-
anisms and low levels later in infection leading to a failure to con-
trol the inflammatory cytokine cascade with subsequent
development of severe pathology.

Data is beginning to emerge in humans supporting the notion
that cytokine balance is important for resolving malaria infections
without severe pathology. Severe malarial anaemia has been
linked to high TNF-¢ levels and low IL-10 levels with the ratio
between these two opposing cytokines being the clearest predic-
tor of clinical presentation [17,62]. Immuno-histopathology per-
formed on brain tissue from patients who died with cerebral
malaria has shown localized build-up of TNF-¢, IFN-yand IL-1f3
[63] associated with up-regulation of adhesion molecules such as
ICAM-1 and sequestration of parasitized erythrocytes and/or
lymphocytes and monocytes [64—66]. In Vietnamese adults, severe
malaria associated with acute multiorgan failure is characterized
by elevated plasma concentrations of inflammatory cytokines;
patients who eventually died had significantly lower plasma
IL-10 concentrations than those who survived [21]. Finally, in a
longitudinal study of the relationship between pro- and anti-
inflammatory cytokine production and clinical immunity to
malaria in Ghana [67], we have recently shown that high ratio’s of
IFN-y,IL-12 or TNF-o to TGF-p are associated with reduced risk
of parasitemia but increased risk of febrile illness. These data sup-
port the notion that anti-inflammatory cytokines are required to
down-regulate the pathological effects of high concentrations of
pro-inflammatory cytokines. A dynamic equilibrium seems to be
required with pro-inflammatory effector mechanisms targeting
and controlling the parasite, and anti-inflammatory cytokines sup-
pressing immunopathology.

A MODEL OF ANTIMALARIAL IMMUNITY

The following model (Fig. 2) fits both the immunological and epi-
demiological data. The hypothesis is that, in endemic populations,
primary malaria infections in infants induce low levels of IFN-y
and TNF-¢ via an innate pathway and, at the same time, antigen-
specific T cells are primed. The infection induces minimal clinical
symptoms and parasites are cleared, either immunologically (via
opsonization by maternal antibody or cytokine-mediated parasite
killing) or because parasites fail to establish themselves in the face
of physiological barriers (e.g. fetal haemoglobin and dietary defi-
ciencies) [68]. On re-infection, the malaria primed T cells produce
greatly increased amounts of IFN-ywhich synergise with malarial
GPI to up-regulate the production of TNF-o (and/or lympho-
toxin) leading to an increased risk of cerebral malaria or systemic
shock. Further infections induce effective antiparasitic immunity
which reduces the parasite load and thus the concomitant level of
antigenic stimulation, thereby dampening the pro-inflammatory
cytokine cascade. Falling antigen concentrations or other factors
lead to a switch in the predominant T cell phenotype from Thl
(TFN-y producing) to a regulatory T (Treg) cell phenotype (IL-10
and TGF-f producing). The clinically immune individual can now
clear the infection without running the risk of overproducing dan-
gerous inflammatory mediators. The risk of severe disease may
thus depend on the relative speed with which the different com-
ponents of the antimalarial immune response develop.

By contrast, nonimmune adults who contract malaria during
travel to an endemic area, or during an epidemic in a previously
malaria-free region, have no protective immunity and are unable

to control their infections. Innate responses may provide a degree
of protection, as has been described for some individuals with
experimental malaria infections [69], but cross-reactively primed
T cells appear to contribute to development of severe disease.
Non-immune children on the other hand may have fewer cross-
reactively primed cells (due to lower levels of exposure to cross-
reacting microbes) and are, subsequently, at lower risk of cerebral
or severe malaria.

This model of antimalarial immunity has obvious implications
for vaccine development; Thl-like cellular responses are clearly
required for parasite clearance, but need to be induced in a con-
trolled, site- or organ-specific manner in order to avoid systemic
disease.
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