
Fig. 3. For legend see opposite page.
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IL-6 levels on day 7 p.i., regardless of P.c.c. clone

(Table 1).

We are interested in whether clone virulence

or avirulence relates to the development of pro- or

anti-inflammatory cytokine responses. In this regard,

we found that controlling for parasite load, day 7

plasma IFN-c levels helped to explain both

the minimum live-weight and anaemia reached

(F1,26=21, P<0.001 and F1,26=8, P<0.01, respect-

ively). Just as we investigated the role that parasite

loadplays in driving virulence in the previous section,

wenowobserve that our virulence results (Fig. 3B,D)

relate to IFN-c levels. Thus, elevated IFN-c around

the peak of infection may have detrimental virulence

outcomes (Kremsner et al. 1992; Waki et al. 1992).

High ratios of pro- to anti-inflammatory cytokines

have been associated with malaria virulence in the

field (Dodoo et al. 2002). In agreement with this, our

data show that the ratio of IFN-c to IL-10 is higher

for more virulent P.c.c. infections, regardless of

parasite load (Fig. 5; clone: F3,28=3.2, P<0.05;

and clone: rsPc=0.966, P<0.01). Thus, it is poss-

ible that clone differences in IFN-c induction,

or in the regulation of IFN-c by anti-inflammatory

cytokines, contribute towards clone differences in

malaria virulence.

DISCUSSION

Malaria virulence may be induced directly by

the parasite or via immune-mediated mechanisms,

which include TNF-a ( Grau et al. 1987; Clark and

Fig. 3. Effect of parasite clone and TNFR-Ig treatment on the kinetics of malaria-induced weight and red blood cell

loss. Daily or every other day, mice were weighed and red blood cell counts obtained. Changes in live-weight over time

(A), minimum live-weight (B), kinetics of RBC density over time (C), and minimum RBC density (D) during the

course of primary infection with 1 of 4 P.c.c. clones (CW, AS, BC or AJ) are shown for TNFR-Ig treated mice (open

symbols and hatched bars) or control IgG-treated mice (solid symbols and solid bars). Each line or bar represents the

mean of 5 mice (+/xS.E.), except where deaths occurred as noted in the Results section.

Fig. 4. Effect of parasite clone and TNFR-Ig treatment on the kinetics of asexual parasitaemia. Plots represent the

percentage parasitized RBCs during infection with 1 of 4 P.c.c. clones (CW, AS, BC or AJ) in TNFR-Ig-treated mice

(open symbols and hatched bars) or control IgG-treated mice (solid symbols and filled bars) (A). Bars represent the

least square mean of post-treatment asexual parasitaemia (days 9–16 inclusive), broken down by clone and treatment

(B). Each line or bar represents the mean of 5 mice (+/xS.E.), except where deaths occurred as noted in the Results

section.
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Chaudhri, 1988a, b ; Kern et al. 1992). For example,

high levels of serum TNF-a correlate with poor

outcome and disease severity in both rodent (Clark

and Chaudhri, 1988a, b) and human (Kwiatkowski,

1990; Kwiatkowski et al. 1990) malaria infections.

We hypothesized that P.c.c. clones may achieve high

virulence by (i) growing to high parasite densities,

(ii) inducing an exacerbated TNF-a response, or

(iii) via a combination of these factors.

In Exp. 1, we observed that more virulent malaria

clones induced higher day 7 plasma TNF-a levels,

even when parasite load was taken into account.

In Exp. 2, TNFR1 signalling was blocked during

genetically distinct infections, with the expectation

that clone virulence schedules would be differentially

affected and possibly eliminated. However, we

found that regardless of parasite genotype, blocking

TNFR-1 signalling ameliorated weight loss, and had

little effect on anaemia or parasitaemia. These data

suggest that the contribution of TNF-a to malaria

virulence does not depend on P.c.c. genotype. Thus,

the previously reported effects of TNF-a on both

the virulence and parasitaemia during P.c.c. AS

infections (Jacobs et al. 1996; Li and Langhorne,

2000; Sam et al. 1999) appear representative of

those observed across the suite of P.c.c. clones we

studied.

Separating the pathogenic effects of an overzealous

immune response from those of parasite burden is

extremely difficult (Graham et al. 2005). By adding

parasitaemia to statistical models, we were able

to show that clone differences in the induction of

plasma TNF-a on day 7 p.i. are not completely

driven by parasite load and correlate with virulence.

In the same respect, lethal and non-lethal P. yoelii

infections have been shown to differ in their ability

to induce early TGF-b, despite no significant dif-

ferences in parasite load at that time (Omer et al.

Table 1. Effects of TNFR1 blockade and Plasmodium chabaudi clone on levels of plasma IL-6, IFN-c,
IL-10 and IL-12p70 on day 7 post-infection

Plasma cytokine concentration (pg/ml)a

Clone Treatment IL-6c IFN-c IL-10 IL-12p70

CW
huIgG1 47.5¡1 5.3¡0.5 12.9¡1.9 31.7¡1.5
TNFR-Ig 151.4¡9.2 7.6¡0.3 14.4¡1.0 32.8¡1.3

AS
huIgG1 70.1¡8.4 46.3¡4.8 33.0¡5.3 29.0¡3.6
TNFR-Ig 155.9¡19.3 43.2¡0.9 55.4¡7.7 56.5¡2.9

BC
huIgG1 111.2¡9.1 57.1¡3.1 0d 20.5¡2.3
TNFR-Ig 90.6¡8.2 28.8¡1.4 15.2¡2.4 39.7¡2.6

AJ
huIgG1 20.9¡1.7 13.8¡1.2 16.6¡2.6 34.0¡3.7
TNFR-Ig 55.2¡3.2 25.6¡1.1 25.7¡2.7 33.4¡1.0
significance of clone
differencesb

F3,29=3 F3,29=5 F3,29=3 ns
P<0.05 P<0.01 P<0.05

a Mice were infected with 106 pRBCs of 1 of 4 P.c.c. clones (CW, AS, BC or AJ), blood was obtained from individual
mice on day 7 p.i., and plasma levels of IL-6, IFN-c, IL-10 and IL-12 p70 were determined. Data are the mean of 5 mice
(¡S.E.), per clone per treatment, except where deaths occurred as noted in the Results section.
b Effects of clone on levels of plasma cytokines was investigated via ANOVA and significance tests are indicated. ns, Not
significant.
c TNFR-Ig-treated mice had significantly higher IL-6 levels compared to control huIgG1 mice (F1,29=5, P<0.05),
regardless of clone.
d 0, values below detection limits of assay.

Fig. 5. Effect of parasite clone on the ratio of plasma

IFN-c to IL-10 on day 7 post-infection, for each of 4

P.c.c. clones (CW, AS, BC or AJ). Blood was obtained

from individual mice on day 7 p.i. and plasma levels of

IFN-c and IL-10 were determined. The natural log

transformation was applied to data to meet the necessary

homogeneity-of-variance and normality assumptions.

Bars are least square mean of 5 mice per infecting clone

(¡S.E.), except where deaths occurred as noted in the

Results section.
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2003). Furthermore, the enhanced disease severity

of IL-10-deficient mice infected with the parasites

Trypanosoma cruzi (Hunter et al. 1997), Toxoplasma

gondii (Gazzinelli et al. 1996), Helicobacter hepaticus

(Kullberg et al. 1998) or P. chabaudi (Li et al. 1999)

did not correlate with increased parasite burdens, but

rather with an increased inflammatory response.

These data suggest that for many parasite species,

disease severity is at least partly immune mediated

and independent of parasite load.

There are several possible mechanisms by which

different malaria genotypes might induce TNF-a,
independent of parasite burden. For example, it is

plausible that the cellular source of TNF-a, or

alternatively the trigger for TNF-a release, may

differ during infections with genetically distinct

parasites. It has been shown that during P.c.c AS

infections, macrophages (Stevenson et al. 1992)

and dendritic cells (Seixas et al. 2001) can produce

TNF-a upon direct stimulation by the parasite

in vitro, and CD4+ T cells have also been shown

to produce TNF-a during malaria infection

(Hirunpetcharat et al. 1999). If P.c.c. clones differ in

ability to induce these cellular responses, this could

explain the differential amplification of TNF-a
we observe in the plasma. It would be of interest to

determine what the cellular source(s) of cytokines

are during infection with our distinct clones, and

also to examine whether clones differ in antigenicity.

A substantial amount is currently known regard-

ing P.c.c. AS immunology (Langhorne et al. 2004;

Stevenson and Riley, 2004), but all other P.c.c.

clones await similar attention.

Our data suggest that TNFR1 signalling is dis-

pensable (between days 5 and 8 p.i.) for the ultimate

control of malaria infection, regardless of parasite

genotype. To our knowledge, the reagents used in

this study do not distinguish between TNF-a and

the closely related cytokine, lymphotoxin-a (LT-a),
which can both signal through TNFR1 and thus

we have been cautious to attribute treatment effects

to TNFR1 signalling rather than TNF-a itself. In

any case, cytokine redundancies may help explain

the relatively small effects of TNFR-Ig treatment.

For example, IL-6 or IFN-c could be compensating

for the absence of TNFR1 signalling. It has been

proposed that differences in induction of key anti-

inflammatory cytokines, which act to down-regulate

the nascent pro-inflammatory response, may also

contribute to malaria pathology (Dodoo et al. 2002;

Artavanis-Tsakonas et al. 2003). In this regard we

found that ratios of plasma IFN-c to IL-10 correlate

with clone virulence. Future experiments designed

to block other key cytokines (including IL-6 and

IFN-c), possibly in combination, during diverse

malaria infections may reveal cytokines that differ-

entially affect clone virulence. Finally, it is possible

that TNFR-independent pathways for virulence

determination exist, for example both the induction

of nitric oxide (NO), and generation of reactive

oxygen species have been implicated in the patho-

genesis of severe malaria (Clark et al. 1983; Anstey

et al. 1996; Griffiths et al. 2001), and may contribute

to the clone virulence differences observed.

In conclusion, our results demonstrate that

blocking TNFR1 signalling protects against weight

loss during P.c.c. infections, regardless of parasite

genotype or parasitaemia. However, a role for para-

site genotype in determining the contribution of

IFN-c and IL-6-mediated pathology to virulence

is not ruled out by this study. Hence, studies

aimed at investigating the contribution of cytokine-

mediated pathways to the virulence induced by

genetically diverse malaria infections deserve fur-

ther attention. Clearer definition of the root causes

of malarial virulence, including the proportion due

to immunopathology, would help to identify essen-

tial targets which could be used in the treatment

of malaria.
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