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Abstract

Malaria kills close to a million people every year, mostly children under the age of five. In the
drive towards the development of an effective vaccine and new chemotherapeutic targets for
malaria, field-based studies on human malaria infection and laboratory-based studies using animal
models of malaria offer complementary opportunities to further our understanding of the
mechanisms behind malaria infection and pathology. We outline here the parallels between the
Plasmodium chabaudi mouse model of malaria and human malaria. We will highlight the
contribution of P. chabaudi to our understanding of malaria in particular, how the immune
response in malaria infection is initiated and regulated, its role in pathology, and how
immunological memory is maintained. We will also discuss areas where new tools have opened up
potential areas of exploration using this invaluable model system.

The rodent malarias: from the gallery forest to the lab

In the years following the discovery by Vincke in 1948 that malaria parasites infect African
rodents, these parasites (Box 1) have been used extensively in laboratory research on
malaria. Their use has informed almost every subdiscipline of malariology, including
parasite genetics, genomics, immunology, evolutionary biology, and ecological studies. It is
not our intent to cover all of these areas, but instead to discuss some of the most fruitful
areas to date and high-light some of the crucial parallels uncovered between human malaria
and experimental malaria. Although various Plasmodium species infecting rodents differ in
their life-cycle characteristics (Table 1), there is significant conservation of both genetic and
phenotypic traits between the human malaria parasites and their rodent counterparts [1],
which makes them attractive as models for human malaria.
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The ability to manipulate every aspect of host and parasite genetics and environment in
mouse models makes them invaluable in malariology. Here we discuss the contribution of
the rodent malaria parasite Plasmodium chabaudi, described by Landau in 1965 [2], to our
understanding of human malaria. One of the most useful attributes of P. chabaudi is the
variety of well-characterized cloned lines (Box 1) [3]. These lines are all synchronous
(unlike P. berghei ANKA or P. yodlii [4]) and exhibit a spectrum of disease severity [5],
different levels of sequestration [6] and transmissibility to mosquitoes [7]. The most
commonly used line is P. chabaudi chabaudi (AS), which is generally non-lethal, similar to
malaria caused by both P. vivax and P. falciparum in humans (less than 0.5% lethality), but
sequesters (adheres) on vascular endothelium, induces a chronic infection [8], and can be
relatively easily transmitted through Anopheles stephensi mosquitoes.

P. chabaudi displays striking hematological similarities to P. falciparum

Different Plasmodium spp invade erythrocytes at particular stages in red blood cell (RBC)
development; the availability of the preferred RBC type determines much of the dynamics of
infection. P. falciparum invades RBCs of all ages, whereas P. vivax displays a preference
for immature RBCs (reticulocytes). The preferences for the rodent parasites are detailed in
Table 1, but it is notable that, as with P. falciparum, P. chabaudi invades both normocytes
and reticulocytes [9]; however, unlike the other rodent Plasmodium spp, P. chabaudi-
infected red blood cells (iRBC) adhere to host endothelial cells at the schizont stage
(sequestration) [6,10] and to uninfected RBCs (rosetting) [11]. These adhesion phenotypes
are associated with cerebral malaria, however, P. chabaudi does not sequester in the brain,
but in the liver; nevertheless, in IL-10 deficient mice it induces cerebral edema and
hemorrhage, suggesting that inflammation alone leads to these symptoms [12]. Although
sequestration of mature schizonts has been observed in other rodent malaria parasite species
in some strains of mice [13], the phenomenon is much more apparent in P. chabaudi
infection in which mature schizonts are almost never observed in the peripheral blood
circulation [12], as with P. falciparum. Endothelial sequestration of iRBCs takes place via
binding to host endothelial receptors such as CD36 for both P. falciparum [14] and P.
chabaudi iRBCs [15], and to intercellular and vascular cellular adhesion molecules (ICAM
and VCAM).

P. vivax, P. knowlesi and all of the rodent malaria parasites express a large family of variant
surface proteins named the Plasmodium interspersed repeat family (PIRS) that may be
structurally homologous to the RIFIN and STEVOR proteins in P. falciparum[16]. One
hypothesis for their function is that they are ligands for the binding of iRBCs to endothelial
cells and to uninfected RBCs [16]. P. chabaudi has the smallest set of pir genes, and
contains approximately 135 cir sequences [16], making this species attractive for studies in
this area (Box 2).

P. chabaudi can be used to dissect mechanisms of pathology in malaria

infection

Mice infected with P. chabaudi display an array of symptoms which start late in the peak of
infection and resolve as the parasite is cleared (Figure 1, Table 2) [17]. The pathogenesis of
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malaria infection in humans is multi-factorial, but may be considered to centre around three
interlinked phenomena: (i) immune response-induced severe malarial anemia (SMA) [18],
(ii) sequestration of iRBCs to activated endothelial cells [14], and (iii) metabolic acidosis,
one of the strongest predictors of death from human malaria [19]; all these symptoms can be
linked to the systemic inflammation induced by the parasite.

In contrast to the human malarias where cyclical schizogony leads to fever, mice infected
with P. chabaudi develop hypothermia (Table 2). Other syndromes of malaria studied thus
far are analogous to those in human malaria infection. Anemia occurs in malaria-infected
individuals due to a combination of death of infected erythrocytes, suppression of
erythropoiesis, clearance of uninfected RBCs by phagocytosis, and dyserythropoiesis
(abnormal development and early release of RBC progeni- tor cells) [18]. These same
processes have been shown to take place in malarial anemia in mice infected with P.
chabaudi [20,21] making this a good model in which to examine possible mechanisms
behind disrupted hematopoiesis in human malarial anemia.

The utility of the P. chabaudi model to studies of human health was elegantly shown by
McDevitt and colleagues [22] who demonstrated the pivotal role of macrophage migration
inhibitory factor (MIF) in promoting anemia via the suppression of erythroid progenitor
development. Suppression of erythropoiesis in the P. chabaudi system [23] can, in part, be
controlled by the kidney hormone erythropoietin which induces reticulocytosis [24]. Clearly,
much more can be gleaned from this model regarding the mechanisms of SMA (Box 2).

Host genetics influences the severity of malaria in both humans and mice

In endemic areas, malaria represents a spectrum of disease as a result of the complex
interplay between environmental factors (such as transmission intensity) and host and
parasite genetics. At least one large genetic study is currently ongoing in humans, but the
influence of host genetics on malaria severity can be seen in studies using the P. chabaudi
mouse model of malaria. Infection with P. chabaudi (clone AS) leads to a peak parasitemia
of 20-50% of iRBCs between days seven and ten postinfection, followed by recrudescence
(Figure 1), dropping to a sub-patent level after one month (detected by blood transfer) and
for two subsequent months [8]. The percentage of iRBCs in circulation depends on many
factors, including the nutritional status, sex and strain of the mice (Figure 1a).

The use of quantitative trait locus (QTL) analysis of crosses between susceptible and
resistant mouse strains (A/J, lethal and C57BL/6, resistant; Figure 1a,b) to determine
systematically the host genes responsible for susceptibility led to the identification of
genetic markers linked resistance and susceptibility phenotypes. These regions are located
on chromosomal regions named chabaudi resistance (Char) loci [25,26]. Ten Char loci have
been defined to date, and these regions include genes encoding proinflammatory cytokines
and signaling pathways as well as immune cell adhesion molecules.

The best example where this approach has been validated in human studies was the
identification of CHAR3 which is associated with control of post-peak parasitemia. This
region contains TNF and LTA genes and the MHC complex [27]. Furthermore CHAR4
encodes NF-xBp105, a key signaling molecule leading to TNF production [28]. The role of
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the proinflammatory cytokine tumor necrosis factor (TNF)-a in mediating the severity of
malaria infection is supported by the association of the TNF 376A promoter polymorphism
which leads to enhanced binding of OCT-1 and upregulation of TNF-a [29]. MHC
haplotypes are also clearly linked to susceptibility, and human MHC alleles HLA-Bw53 and
DRB1*1302-DQB1*0501 are associated with resistance to severe malaria in humans [30].
Furthermore, the Char8 locus is syntenic to human chromosome region 5931-33 [31], and
both of these regions predispose their respective host to higher parasitemias. The striking
similarities played by host genetics in the severity of infections in both humans and mice
underlines the importance of host genetic factors in variations in malaria pathogenesis.

Unraveling parasite genetics using the P. chabaudi mouse model

Parasite genetics are also a major determinant in the pathogenesis of malaria infection. P.
falciparumas a species consists of many different strains, some of which have been shown
to differ in characteristics such as rosetting, which shows a positive correlation with the
severity of malaria [32]. Although P. chabaudi clone AS is normally the first choice of clone
for laboratory researchers working with the P. chabaudi mouse model of malaria (it is the
best-characterized P. chabaudi clone), more- or less-virulent clones can be used to tease
apart the genetic and immunological mechanisms behind the virulence of malaria infection.
Other studies of parasite genetics using mutated clones with drug-resistant phenotypes have
identified underlying drug-resistance genotypes [33], and P. chabaudi has proved to be an
ideal model for this because orthologous genes have been shown to control the same drug-
resistance phenotypes in both P. chabaudi and P. falciparum [33,34], highlighting the
conservation of genetic function between the species [35].

The technique of linkage group selection (LGS) was developed to improve the previous
gene discovery strategies (namely QTL mapping of phenotype-associated genomic
locations). LGS has subsequently also been used to identify genes encoding differences in
the growth rates of strains of Plasmodium parasites [36] and can be applied to discovering
novel vaccine candidate antigens, as confirmed by data reaffirming the importance of the
merozoite surface protein 1 locus (mspl) in protective immunity [37].

Immune mechanisms

Due to similarities with the human immune response to Plasmodium infections summarized
in Table 3, the immunology of P. chabaudi blood-stage infections has been well-studied.
Study of the initiation and regulation of the immune response, and immunological memory
to P. chabaudi, have contributed useful hypotheses for further study in human malaria that
are highlighted here as examples of what can be achieved.

The initiation of the immune response to malaria

Dendritic cells (DCs) are professional antigen-presenting cells that initiate the activation of
naive T cells; however, our understanding of the response of DCs to Plasmodium iRBCs is
incomplete, with some publications suggesting that maturation and antigen-presentation
capabilities of DCs are impaired when exposed to P. falciparum iRBCs [38]. As evidence, it
has been shown that DCs in the circulation of acute P. falciparum patients in Kenya have
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decreased levels of MHC on their surface [39], suggesting that their ability to present
malaria antigen to T cells is impaired. However, the conclusion that DCs are refractory to
activation by intact iRBCs has been challenged by studies of P. chabaudi experimental
malaria which have demonstrated the production of proinflammatory cytokines such as
IL-12 and TNF-a [40] in response to intact iRBCs in vitro.

Although it is clear that uptake, processing and presentation of P. chabaudi antigens takes
place well enough to provoke a large parasite-specific adaptive immune response [40-43], it
appears that the window for activation of Th1 cells by antigen-presenting cells closes after
several days of infection as CD8* DCs undergo apoptosis and are replaced by CD8~ DCs
[42]. The various mechanisms of inhibition described for human DCs exposed to P.
falciparum iRBCs [38], and in rodent malaria models [44], occur after the immune response
has been initiated, providing much-needed regulation of the substantial and potentially
pathogenic T cell response. Indeed, human DCs exposed to low levels of P. falciparum
iRBCs become activated and produce 1L-12 (Table 3), supporting this hypothesis [45]. In
addition to DCs, inflammatory monocytes can contribute to parasite clearance (Table 3) but,
unlike classical DCs [42], they do not contribute to T cell activation during infection [46].
Belayev and colleagues discovered a myelolymphoid progenitor cell that is expanded in
response to IFN-y, and this may be the precursor of this parasitocidal monocyte [21].

The receptors mediating recognition of malaria parasites have been investigated, but no
definitive receptor has been found. Antigen-presenting cells can be activated by free
merozoites, iRBCs [47] and/or parasite products released during schizogony [48].
Recognition of parasite products is known to include Toll-like receptor 2 (TLR2) (GPI
anchors) [49] and TLR9 (parasite DNA in combination with insoluble hemozoin crystals
[50] or nucleosomal proteins [51]). The in vivo significance of TLR-mediated recognition in
human malaria is supported by reports of TLR polymorphism associations with resistance
and susceptibility to human malaria [52,53] and expression of TLRs on antigen-presenting
cells in the circulation, which increase on the surface during P. falciparum infection [54].
Experimental malaria in mice deficient for various TLRs or MyD88, an adaptor protein
downstream of TLRs, IL-18R and IL-1R (C. Voisine and J. Langhorne, unpublished)
[40,52,55,56], has demonstrated some redundancy in TLR usage. Only when MyD88 is
knocked out are substantial systemic reductions in the inflammatory immune response,
including I1L-12, observed [57]. However, the consequences of this are still unclear because
MyD88~/~ mice still display disrupted splenic architecture [58] and similar parasitemias to
wild type mice [57].

The regulation of the immune response in Plasmodium infection

Observations of T and B cell responses in P. chabaudi-infected mice to date are consistent
with immune responses measured in the peripheral blood of humans [59]. The concentration
of malaria-specific antibodies in sera increases as individual infections progress, and 1gG
has been shown to clear both P. falciparum and P. chabaudi infection [60]. CD4™ T cells
have been shown to rescue immunodeficient animals from lethal blood-stage P. chabaudi
infection [61], and T cells may also modulate susceptibility to reinfection in humans [62].
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Malaria infection is associated with the development of a Thl response typified by the
production of IFN-y from natural killer (NK) cells [63] and T cells [64] (vd and a T cells),
and this holds true for P. chabaudi infection (Table 3) [65,66]. The Th1 response in P.
chabaudi infection dampens after the peak of parasitemia when specific antibody is
generated [65]. The mechanisms behind this observation have been investigated with the
aim of understanding how to reduce inflammation-related pathology in human malaria
infection.

A favorable ratio of TNF-a/IL-10 correlates with better outcomes for several severe malaria
syndromes in humans with P. falciparum [67], suggesting that regulatory cytokines are a
key component in reducing pathology. The P. chabaudi model has provided evidence of the
crucial role of the regulatory cytokines TGF-p and IL-10 in modulating the magnitude of
damaging immunopathology in malaria [68]. Regulatory T cells can promote parasite
establishment in both P. falciparum [69] and P. chabaudi infection [70], but the mechanisms
of action are not known. Other T cell subsets can produce IL-10 in P. falciparum infection
[64], and IL-10* effector T cells play a role in P. yoelii infection [71], suggesting that they
arise from the Th1 response. The main source(s) of protective regulatory cytokines in
malaria infection remains to be revealed.

Studies of memory to P. chabaudi explain important phenomena in P. falciparum infection

Immune memory exists in malaria infection, as evidenced by the increase in resistance to
malaria pathogenesis with age. However, complete (and strain-specific) clinical immunity is
partially dependent on constant exposure to Plasmodium parasites. Reinfection with the
same clone of P. falciparumin humans [72,73] or P. chabaudi in mice [74,75] results in
similar reductions in circulating parasitemia. Furthermore, intermediate levels of protection
to non-homologous secondary infections have been observed in both human and mouse
malaria [75,76]. However, children are susceptible to repeated infections, even though B and
T cell memory responses tested seem to develop normally [62,77], suggesting that exposure
to a genetically diverse population of parasites plays a significant role in life-long
susceptibility to parasitemia [78,79]. Therefore, polymorphic antigens may account for
recrudescence, chronic infection [16] and susceptibility to repeated infections [80]. In the P.
chabaudi mouse model, strain-specific immunity is mediated to a large degree by
polymorphism in the mspl gene [81,82]. This gene is also polymorphic amongst P.
falciparum strains, possibly as a result of host immune selection pressure [83]. Fortunately,
there are also domains of merozoite surface protein 1 (MSP1) that are functionally
conserved and have been successfully used in vaccine trials and basic research.

Although immunity to different strains of malaria accrues with age, resistance to disease
may be short-lived, although this remains to be well-documented in humans [84].
Epidemiological studies of malaria-specific antibodies suggest that they may not be long-
lived following clearance of infection [85]. For example, high levels of MSP1-specific IgG
in a patient normally suggests recent infection, not cumulative infection [86]. Recent data
showing a correlation between the accumulation of atypical memory B cells and exposure
suggest that these B cells may be less responsive, impairing memory responses [87]; these
cells have not yet been identified in mice.
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Nevertheless, the conclusion that defective B cells cause short-lived protection seems to be
too simplistic. In mice, there are two phases of Plasmodium-specific antibody production
and decay: a peak in the month after the infection, corresponding to a peak of short-lived
extrafollicular antibody-producing cells in the spleen, and a subsequent stable phase [8,88].
MSP1-specific plasma cells accumulate dramatically in the acute phase primarily in the
bone marrow, and the low levels that remain after the response suggest that there are long-
lived antibody producing cells [89,90]. The acute-phase and long-lived plasma cells can be
distinguished by their location and surface markers, generating the testable hypotheses that
longlived malaria-specific plasma cells do survive at some level in humans also, although it
is unclear whether the low levels remaining after the peak are detectable with current
methods, or are sufficient to contribute to protection, and whether they may be depleted by
subsequent infections [89,91].

Data from Thailand and Madagascar have identified memory B cells in individuals
occasionally exposed to malaria and showed that they can be long-lived [77,92] and that
serum antibody levels do increase with age [93]. Although there are caveats to these studies,
such as the sensitivity of testing small volumes of blood for low frequencies of memory B
cells [89], and lack of access to the bone marrow in people, the finding that memory B cells
can accumulate over years of exposure is in direct contrast to work in the P. yoelii model
that suggests that B and T cells specific to malaria infection are deleted on reinfection
[91,94]. P. chabaudi MSP1-specific memory B and T cells are also maintained over the long
term [90,95]. Given that the peak of T cell proliferation is at day 6 and the peak of Band T
cell apoptosis is at day 12 postinfection [96,97], the data suggest that deletion observed at
day 7 may be due to normal contraction of the immune response and may provide the
opportunity for the generation of acquired immunity and memory. Development of a B cell
receptor transgenic mouse may further elucidate this matter.

The number of memory T cells with the ability to make IFN-y has been shown to correlate
with protection against P. falciparum malaria [62]. P. chabaudi infection and P. falciparum
both generate MSP1-specific memory T cells with a high proportion of effector memory as
opposed to a central memory phenotype [95,98]. Effector memory T cells may require
antigen to maintain their protective function. Given that P. vivax has a dormant liver stage, a
constant source of CS antigen, it is interesting that the CS-specific T cell responses of P.
vivax outlive those of P. falciparum [99]. It has been proposed that the absolute number of
specific memory T cells required for protection against the liver stages of malaria is
relatively high [100], potentially leading to a high threshold of protection, easily lost in the
face of multiple infections. Given that both the quantity and function of T cells combine to
confer protection, measurement of reactivation of lymphocyte populations in vivo by
reinfection may represent a complementary approach for measuring responsive lymphocytes
[101,102]. Further technical advances, such as human MHC-tetramers for affected
populations, may be required to advance our knowledge in this area. The mechanisms
behind the decay of immunity are currently being elucidated in P. chabaudi, but given that
there is a decay of T cell memory over time [103], and that memory T cells with chronic
exposure protect best [61], the loss of immunity may be due to a loss of malaria-specific T
cell function in the absence of continual stimulation, and ongoing variation of the parasite.
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Concluding remarks

Owing to the extensive similarities between P. chabaudi-infected mice and human infection
with Plasmodium spp, as well as the spectrum of models available from different
combinations of mouse and parasite variants, P. chabaudi offers an unrivalled system for
laboratory investigations of malaria. Recent advances in genetic manipulation of P.
chabaudi, specifically the ability to perform transfection [104], offer multiple opportunities,
as suggested in Box 2, including for the study of pre-erythrocytic immunology [105,106].
The many parallels between data on P. chabaudi experimental malaria and human malaria
suggest that the use of this species in laboratory experiments will continue to yield further
important contributions to our understanding of the immunobiology of malaria for years to
come.
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Box 1. P chabaudi subspecies and clones

Plasmodium chabaudi is one of four species of African rodent malaria parasites
discovered in Sub-Saharan Central Africa during the late 1940s to mid 1960s, the others
being Plasmodium berghel Vincke & Lips, 1948; Plasmodium vinckei Rhodain, 1952;
and Plasmodium yodlii, Landau & Killick-Kendrick, 1966. The locations where these
species were discovered are shown in Figure I. The natural mammalian hosts for all these
species are the African thicket rats Grammomys surdaster (P. berghei) or Thamnomys
rutilans (all other species). The natural insect vector is known only for P. berghei and P.
vinckei vinckel, sporozoites of which were found in the salivary glands of Anopheles
dureni mosquitoes. There are three subspecies of P. chabaudi, each isolated in a different
location; P. c. chabaudi from the Central African Republic, P. c. adami from Congo
Brazzaville, and an as-yet uncharacterized subspecies, P. c. ssp from Cameroon. This
article considers P. c. chabaudi, unless otherwise stated.

There is abundant genetic polymorphism within all the rodent malaria species, but to date
it is the genetically distinct cloned lines of P. chabaudi that have been characterized most
extensively. Originally defined by isoenzyme analysis, the cloned lines of P. chabaudi
have formed the basis for numerous elegant investigations into the genetics of malaria
parasites. Such studies were initiated in Edinburgh by Geoffrey Beale’s laboratory. P.
chabaudi was chosen as the most suitable rodent parasite for genetic studies of the basis
of anti-malarial drug resistance by Walliker et al. because wild type P. chabaudi (unlike
P. yoelii) is inherently sensitive to chloroquine [107] and can also be easily transmitted
through mosquitoes in the laboratory, an advantage the rodent malaria parasites hold to
this day over the human parasite species.

The P. chabaudi model of malaria mirrors many of the pathological and immunological
aspects of human malaria infections, in general making it an excellent tool to further our
knowledge of human malaria infections and to identify new targets for therapeutic
interventions. However, there are some limitations to this model, including the organ of
sequestration in mice (the liver rather than the brain), the level of circulating parasitemia
required to observe pathogenic symptoms of malaria in mice (higher than for human
malaria infections), some differences in pathogenic symptoms such as the development
of hypothermia rather than fever, and the discrepancy of parasitemia profiles between
mice (Figure 1) and the more chronic parasitemia profile in the Thamnomys natural host
[108].
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Box 2. Important fields open to investigation in Plasmodium chabaudi

Anemia: the mechanisms of the four processes contributing to severe anemia
(dyserythropoiesis), erythropoietic suppression, phagocytosis of infected and uninfected
RBCs) remain unclear.

Antigenic variation and immune evasion: although rodent parasites do not contain any
homolog to PFEMP1, they do have a large family of variant proteins, encoded in similar
chromosomal locations near the telomeres, termed the cir genes in P. chabaudi, which
contain significantly fewer (~130) of these than P. yoelii (~800), making them easier to
study for their role in immune evasion.

Basic biology: understanding the entry and exit of the parasite and of the function of
various Plasmodium proteins has been opened up by development of transgenic P.
chabaudi, and linkage group selection (LGS) for genetic studies.

Ligands of sequestration: sequestration is mediated by PIR proteins (analogous to
STEVORs and RIFINs of P. falciparum), and other candidates, in conjunction with their
host endothelial ligands (CD36, ICAM, VCAM) as well as inflammatory mediators in
various syndromes attributed to sequestration. The role of sequestration in cerebral
pathology can also be studied in P. chabaudi because inflammation may be enough to
induce cerebral edema in this model, while sequestration is only seen in other tissues.

Pre-erythrocytic stages: mechanisms of entry into liver, adhesion and immune escape,
CD8+ T cell responses and memory (although a very elegant series of publications has
elucidated some mechanisms in the P. yoelii model).

Virulence: using genetic techniques, the host and parasite genes involved in determining
the relative virulence of a parasite strain/host combination can be determined much more
clearly than in human studies.

Pregnancy and malaria: mice have been shown to have increased chances of dying and
losing their embryos in case of P. chabaudi infection. This creates the opportunity to
study the mechanisms of parasite tropism for the placenta and the serious consequences
for tens of thousands of mothers.
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Figure 1.

Pathological features of P. chabaudi AS infection. The survival of mice aged 6-10 weeks
infected intraperitoneally with 10° P. chabaudi AS is dependent on mouse genetic
background and differs between males (a) and females (b). Results are presented as the
percentages of 5-15 mice per group surviving on a particular day; % circulating parasitemia
(monitored by Giemsa-stained thin blood smears) peaks between days 7-9 and is higher in
susceptible male mice [A/J and DBA/2 (c)] than in resistant male mice [B10.A and B10.D2
(d)]. Results are presented as the arithmetic means of 5-10 mice per group £ SEM. One
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surviving A/J male mouse which died at day 17 postinfection is represented with a broken
line. During infection mice lose weight (e), become hypothermic (f) and hypoglycemic (9);
all these parameters return to normal levels upon clearance of the peak of parasitemia. Data
presented are the mean values + SEM for five mice per group. Mice also become anemic
from P. chabaudi infection (h). Resistant C57BL/6 (#) and susceptible A/J (A) male mice
were infected with 108 P. chabaudi AS intraperitoneally and the number of circulating
RBCs monitored for 18 d postinfection. Data represent means + SEM for seven mice per
group. The development of splenomegaly is shown in (i) (T. LeFevre, unpublished). Three
naive spleens are shown on the right, and three spleens from male C57BL/6 mice 20 d
postinfection with 10° P. chabaudi are shown on the left; the darker color in the latter
indicates the accumulation of hemozoin, the insoluble parasite by-product. (a—g) modified
from Cross and Langhorne [17] with permission. A/J males (), B10.A males (¢), DBA/2
males (A), B10.D2 males (¥), A/J females (O), DBA/2 females (A), B10.A females (&) and
B10.D2 females (V). *, significantly different (P < 0.05); T, mortality. (h) reproduced from
Chang et al. [24], with permission.
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Pathogenesis

P. falciparum

P. vivax

P. chabaudi

Fever

Constant, or irregular peaks of
fever initially, often followed by
a tertian pattern (36-48 h
cyclical) of fever

Occurs every 48 h, the length of
the synchronous erythrocytic
cycle

Infected mice gradually develop
hypothermia

Anemia and Thrombocytopenia

Development of SMA with
dyserythropoeisis,
erythrophagocytosis and
suppression of hematopoiesis.
Patients also become
thrombocytopenic

Development of SMA with
dyserythropoiesis,
erythrophagocytosis and
suppression of hematopoiesis.
Patients also become
thrombocytopenic

Development of lethal anemia
with dyserythropoiesis and
suppression of hematopoiesis
Induces thrombocytopenia which
recovers after the peak of
parasitemia

Cerebral malaria

iRBCs sequester onto the
endothelial lining of the brain
correlates with cerebral edema,
hemorrhage, inflammation, and
blockage of blood flow

Not generally associated with
cerebral malaria but some
reports in the literature

Not generally associated with
cerebral malaria

Cerebral symptoms (edema,
hemorrhage) have been observed
in C57BL/6 IL10”"mice

Splenomegaly

Splenomegaly present

Splenomegaly present

Observable splenomegaly from
day 5 postinfection peaking at
day 14.

Does not directly correlate with
parasitemia or sequestration

Hypoglycemia

Infection induces hypoglycemia

Infection induces hypoglycemia

Infection induces hypoglycemia

Respiratory distress and
metabolic acidosis

Acute respiratory distress

syndrome (ARDS) may be lethal.

Induction of metabolic acidosis
contributing to ARDS

Induces lung injury and
respiratory distress.

Less acute than in falciparum
malaria.

Induction of metabolic acidosis
leading to respiratory distress

Genetically susceptible mice
(BALB/c RAG™ or C57BL/6
1L-107") or those infected with
virulent strains of P. chabaudi
can develop signs of respiratory
distress (Tracey J. Lamb,
unpublished). Other mouse
models may show a more
analogous syndrome. Induction of
hyperlactemia (P. chabaudi
adami). The level of acidosis is
not known

Placental malaria

Cytoadherence of iRBCs in
placenta, low birth weight.
Increased risk of perinatal
mortality

Rarely cytoadherence of iRBCs
in placenta. Associated with low
birth weight

Cytoadherence of iRBCs on the
placenta, inflammation and fetal
loss
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Comparison of P. chabaudi and P. falciparum immune responses
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Cell type

P. falciparum

P. chabaudi

Dendritic cells

P. falciparum: unclear; suppressive at times, but activate
at low doses

P. vivax: sporozoites activate DCs to kill hepatic stages
Produce cytokines IL-12, IL10

Activation of CD11c*CD8*DCs (Th1l), and later post-
peak of infection CD11c*CD8-DCs (IL-4, IL-10)
Antigen is processed within a 3-4 h time frame
Produce IL-12, IL6, IL-10 and TNF

Macrophages/monocytes

Monocytes phagocytose iRBCs. Macrophages sense
parasite products such as GPI anchors and parasite
DNA trapped in hemozoin, and produce inflammatory
cytokines TNF, IL-6 and IL-12p40

Produce 1L-12 — associated with resistance.
Monocytes contribute to parasite clearance

CD4* T cells Mix of Th1 cells producing IFN-y with lower levels of Th cells produce IFN-y; Tregs, and IL-10* T cells
Th2 and Th17 cells regulate pathogenesis; TNF and IFN-v are crucial for
Th2 cells producing IL-4 clearance but cause pathology
Balance of I1L-10 and TNF crucial
Tregs correlated with susceptibility to infection

B cells Cytophilic antibody (IgG1) correlates with decreased Produce cytophilic antibody (IgG2a in mice) and
parasitemia 1gG1
Antibody to parasite variants correlates to exposure, Large short-lived component to the antibody response
protection and temporary disorganization in splenic architecture
Disorganization of splenic architecture

Memory cells Specific Thl cells shown to correlate with protection Effector memory Th1 cells develop, not exhausted

Memory B cells accumulate with repeated infections

Functional and long-lived B cells generated
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