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Infection of interleukin-10 (IL-10)-nonexpressing (IL-102/2) mice with Plasmodium chabaudi chabaudi (AS)
leads to exacerbated pathology in female mice and death in a proportion of them. Hypoglycemia, hypothermia,
and loss in body weight were significantly greater in female IL-102/2 mice than in male knockout mice and all
wild-type (WT) mice during the acute phase of infection. At this time, both female and male IL-102/2 mice
produced more gamma interferon (IFN-g), tumor necrosis factor alpha (TNF-a), and IL-12p40 mRNA than
their respective WT counterparts. Inactivation of IFN-g in IL-102/2 mice by the injection of anti-IFN-g
antibodies or by the generation of IL-102/2 IFN-g receptor2/2 double-knockout mice resulted in reduced
mortality but did not affect body weight, temperature, or blood glucose levels. The data suggest that IFN-g-
independent pathways may be responsible for these pathological features of P. chabaudi malaria and may be
due to direct stimulation of TNF-a by the parasite. Since male and female knockout mice both produce more
inflammatory cytokines than their WT counterparts, it is likely that the mortality seen in females is due to the
nature or magnitude of the response to these cytokines rather than the amount of IFN-g or TNF-a produced.

Inflammatory cytokines have been implicated in the pathol-
ogy accompanying Plasmodium infections in humans (18, 32)
and in animal models (6, 8, 15, 25). In addition to fever, in
Plasmodium falciparum infections particularly, there are sev-
eral other severe complications of infection such as anemia,
hypoglycemia, renal failure, and cerebral malaria (27, 32). Par-
asite components such as glycophospholipid anchors released
at schizont rupture are able to induce macrophages and gd T
cells to produce tumor necrosis factor alpha (TNF-a), gamma
interferon (IFN-g), and other cytokines (14, 26, 46). Treatment
of infected children with anti-TNF-a antibodies reduces body
temperature, suggesting that TNF-a induction following schi-
zont rupture may be responsible for the periodic fever charac-
teristic of a malaria infection (31, 51). In addition, high levels
of circulating TNF-a indicate a poor prognosis in cerebral
malaria (CM) (18, 32) and are also significantly associated with
severe anemia (18, 30, 31, 43).

There is no rodent infection that mimics all the severe symp-
toms of P. falciparum malaria. In susceptible mouse strains, P.
berghei (ANKA) induces a form of CM (45), and development
of neurological complications in this model is dependent on
TNF-a, IFN-g, and T cells (15–17). P. chabaudi, P. vinckei, and
P. yoelii infections in mice all exhibit other features of malarial
disease such as anemia and hypoglycemia (7–9, 50). The exact
involvement of inflammatory cytokines in these pathogenic
processes is not clear.

Interleukin-10 (IL-10) is important in the down-regulation
of inflammatory responses, and it has been shown that a low
plasma concentration of IL-10 correlates with the occurrence
of CM and anemia in P. falciparum infections (30, 43). In
gene-targeted mice in which the IL-10 gene has been inacti-
vated (IL-102/2 mice), there is an excessive production of

IFN-g, TNF-a, and IL-12 (13, 23, 41) in a variety of infections,
and there is an increase in mortality rate among female IL-
102/2 mice infected with P. chabaudi (35).

In the studies reported here, we examined in detail the
effects of an IL-10 defect in mice during a P. chabaudi infection
on the production of inflammatory cytokines, body tempera-
ture, loss of weight, and development of hypoglycemia. In vivo
neutralization of IFN-g, either by antibody depletion or by
inactivation of the IFN-g receptor (IFN-gR), in the malaria-
associated pathology did not ameliorate these symptoms of a P.
chabaudi infection but did reduce mortality. Our data there-
fore suggest that hypoglycemia, loss of body weight, and
changes in body temperature may be independent of IFN-g
production.

MATERIALS AND METHODS

Mice and parasites. IL-102/2 mice (33) on a mixed background of 129sv and
C57BL/6 (BL6 3 129sv mice) were obtained from W. Müller (Institut für Ge-
netik, Köln, Germany) and were bred in positive-pressure isolators in the animal
facilities at Imperial College, London, United Kingdom. IL-102/2 mice back-
crossed six times onto C57BL/6 were purchased from B&K (Hull, United King-
dom), backcrossed further onto a C57/BL6 background (generating N7BL/6
mice), and maintained by interbreeding heterozygous females with heterozygous
or homozygous (IL-101/2 or IL-102/2) males. IL-102/2 IFN-gR2/2 double-
knockout mice were generated by interbreeding mixed-background (BL6 and
129sv) IL-102/2 and IFN-gR2/2 mice (22), obtained from B&K. For experimen-
tal work, IL-102/2, IFN-gR2/2, and wild-type (WT) littermates were used as
controls. The defective IL-10 and IFN-gR genes were detected by PCR of tail
DNA, using specific primers IL-10 sense (59-TAGGCGAATGTTCTTCC-39),
IL-10 antisense (59-CAGGCATAGCATGCTG-39), neo-antisense (59-CTTGCG
TGCAATCCATCTTG-39), IFN-gR sense (59-AGATCCTACATACGAAACA
TACGG-39), and IFN-gR antisense (59-TCATCATGGAAAGGAGGGATAC
AG-39), as described previously (22, 33, 35). All mice were maintained in
isolators with sterile bedding, food, and water. For experiments with either
mixed-background mice or backcrossed mice, heterozygous or WT littermates
were used as controls. In the double-knockout experiments, littermate IL-102/2

and IFN-gR2/2 single-knockout mice were also used as controls.
P. chabaudi chabaudi (AS) parasites were originally obtained from K. N.

Brown (National Institute for Medical Research, London, United Kingdom) and
were maintained as described previously (34, 48). Mice 6 to 12 weeks of age were
infected with the blood stages of P. chabaudi by injecting 105 infected erythro-
cytes intraperitoneally (i.p.) or intravenously (i.v.), and the course of infection
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was monitored by examination of Giemsa-stained blood films every 2 days
throughout the experimental period.

Malaria-associated pathology. Blood glucose, body weight, and temperature
were monitored in infected mice every 2 days throughout the experiment. As a
control for variation in these parameters not associated with malaria infection,
blood glucose, weight, and temperature measurements were taken on day 0 and
from uninfected IL-102/2 and WT mice at the same time as the experimental
mice during the infection period.

Blood glucose level was measured by using a commercial glucose machine and
glucose strips (BM-40; Boehringer Mannheim, East Sussex, United Kingdom).
Tail blood (13.5 ml) was placed evenly on a glucose strip and left for 60 s. Excess
blood was wiped off before analysis in the machine for a further 60 s. The blood
glucose data (means 6 standard errors of the means [SEM]) are presented as
milligrams per deciliter of blood. Body weight was measured by using a top-pan
electronic balance, and the data are presented as the percentage of the weight
change with respect to the day 0 value. Body temperature (degrees Celsius) was
measured by using a rectal thermoprobe.

IFN-g and TNF-a in plasma of infected mice. Blood (100 ml) was removed
from tail tips of groups of at least four mice every day until day 10 and then every
week until week 4 of the infection, using heparinized sterile pipettes. To ensure
that parasite material shed at the time of schizogony did not affect the levels of
cytokines in plasma samples from the different mice, blood was taken at the same
time each day, shortly after schizont rupture. Plasma samples were obtained after
centrifugation at 500 3 g for 10 min (4°C) and stored at 270°C until use.

IFN-g ELISA. IFN-g concentration in the plasma was measured by using a
sandwich enzyme-linked immunosorbent assay (ELISA) as described previously
(48). Mouse recombinant IFN-g (MG-IFN; Genzyme, Kent, United Kingdom)
was used as a standard to calculate the concentration of IFN-g (nanograms per
milliliter) in the plasma samples.

TNF-a ELISA. TNF-a concentration was measured by using a sandwich
ELISA. Briefly, monoclonal antibody TN3 (a kind gift from G. Bancroft, London
School of Tropical Medicine and Hygiene, London, United Kingdom) was used
as capture antibody, and biotinylated anti-mouse TNF-a (18352D; PharMingen,
B&D, London, United Kingdom) was used as detecting antibody. Mouse recom-
binant TNF-a (TNF-M; Genzyme) was used as a standard to calculate the
concentration of TNF-a (picograms per milliliter) in the plasma samples.

In both ELISAs, plasma samples from uninfected IL-102/2 mice (N7BL6) and
their WT littermates were included as controls.

TNF-a, IFN-g and NO production by splenocytes in vitro. Nitric oxide (NO)
production in vitro by splenocytes was measured by the Greiss reaction (19).
Spleen cells from uninfected and infected knockout and WT mice (2 3 107 cells)
were incubated for 48 h at 37°C and 7% CO2 in 1 ml of complete Iscove’s
medium (Gibco, Paisley, United Kingdom) containing 10% fetal calf serum
(Global Farm, Surrey, United Kingdom), 1 mM L-glutamine (Gibco), 100 U
penicillin and 100 mg of streptomycin per ml (Gibco), 0.05 mM b-mercaptoetha-
nol (Gibco), 5 mM HEPES, and 5 mM sodium pyruvate (Gibco) in a sterile
24-well tissue culture plate. Supernatants were removed after the incubation, and
the nitrate concentration was measured as an indicator of NO production.
Sodium nitrate solutions at various concentrations (1 to 100 mM) were used as
standards to calculate the concentration of nitrate in the supernatant. Medium
alone was also used as a negative control. IFN-g and TNF-a levels in the culture
were also measured at the same time by ELISA as described above.

Competitive reverse transcription-PCR (RT-PCR) for cytokine production.
The amounts of mRNA for IFN-g, TNF-a, IL-4, IL-12p40, and inducible nitric
oxide synthase (iNOS) were determined in splenocytes taken from uninfected
mice and from mice at various times during a primary P. chabaudi infection.
RNA was extracted by a single-step procedure (5) where 107 splenocytes were
lysed in 1 ml of solution D (42) containing 4 M guanidine thiocyanate (Fluka,
Dorset, United Kingdom), 25 mM sodium citrate (pH 7.0) (Fluka), and 0.5%
saccosyl (Fluka) with fresh 0.1 M b-mercaptoethanol (Sigma). Total RNA was
extracted in the presence of water-saturated phenol (Gibco), 3 M sodium acetate
(Sigma), and chloroform-isoamyl alcohol (Sigma). The RNA was precipitated in
100% ethanol. To remove any genomic DNA contamination, the extracted RNA
was treated with 20 U of RNase-free DNase (Boehringer Mannheim) in a
cocktail of 5 mM magnesium chloride (Sigma), 10 mM Tris-HCl (pH 7.5)
(Fluka), and 40 U of RNasin (Promega, Southampton, United Kingdom). Any
degraded DNA was removed by phenol-chloroform extraction.

Extracted RNA was reverse transcribed to cDNA at 37°C for 45 min, using 200
U of Moloney murine leukemia virus polymerase (Gibco) with 0.05 U of random
primers (Promega), 1 mM dithiothreitol (Gibco), 100 mM deoxynucleoside
triphosphates (equimolar solution of dATP, dCTP, dGTP, and dTTP; Boehr-
inger Mannheim), 40 U of RNasin, and 53 reverse transcription buffer (Gibco).
To ensure the completion of the reverse transcription, 100 U of Moloney murine
leukemia virus reverse transcriptase was added for a further 45 min of incuba-
tion. The resulting cDNA was then diluted to 100 ng input RNA/ml in double-
distilled H2O.

Competitive PCR was used to calculate the number of a particular cytokine
mRNA molecule present in a test sample with respect to 106 b-2 microglobulin
(b2m) molecules. The competitive fragment used was either from pMUS (3) (for
b2m, IL-4, IFN-g, and TNF-a) or pNIL (47) (for IL-12p40 and iNOS). The PCR
was performed in a 50-ml reaction volume containing 2 mM dithiothreitol, 10
mM deoxynucleoside triphosphates, 0.2 mM each primer, 13 PCR buffer, and 0.6

U of Taq polymerase (TP05; HT Biotech, Cambridge, United Kingdom). To
calculate the number of molecules of a cytokine, a serial fourfold dilution of
competitive fragment was amplified with a constant amount of cDNA sample.
The PCR products were separated on a 3% agarose gel (Flowgene, Staffs, United
Kingdom), and the intensity of each PCR band was measured with the NIH
Image 6.0 program. Those bands giving equal intensity indicate the same number
of molecules in both the competitive fragment and test samples. The result was
then normalized against the number of b2m molecules.

In vitro neutralization of IFN-g. Female IL-102/2 and WT mice were treated
with a cocktail of R4-6A2 and AN18 (anti-IFN-g monoclonal antibodies) as
described previously (38). Briefly, 0.625 mg of each antibody was given to mice
from day 1 postinfection at 4-day intervals until day 17 of infection. Female
IL-102/2 and WT mice treated with 1.25 mg of rat immunoglobulin G (rIgG;
Sigma) at the same time were used as controls.

Statistic analysis. Student’s t test was used to calculate the significance of the
differences seen in body weight change, temperature change, and glucose levels.
The Mann-Whitney test was used to analyze the significance of differences seen
in cytokine levels in plasma and mRNA levels in spleens of IL-102/2 and WT
mice and in NO, IFN-g, and TNF-a production by splenocytes in IL-102/2,
IL-102/2 IFN-gR2/2, IFN-gR2/2, and WT mice during the infection.

RESULTS

Erythrocytic-stage infection of P. chabaudi in IL-102/2 mice.
Male and female IL-102/2 mice and sex-matched WT litter-
mates were infected i.v. with 105 P. chabaudi parasites. The
course of a primary infection was examined in two strains of
mice with a mixed genetic background, BL6 3 129sv and
N7BL6 (see Materials and Methods) (Fig. 1A to D). In all
groups of mice regardless of genetic background, parasites
could be detected 3 to 4 days after inoculation. As described
previously for BL6 3 129sv and C57BL/6 mice (35, 49), a peak
parasitemia of 20 to 30% infected erythrocytes was observed
between 8 and 9 days postinfection. Parasites were then
cleared rapidly from the blood and by day 30 were no longer
detectable on thin blood films. A patent recrudescence be-
tween days 21 and 30 was observed only in female IL-102/2

and WT mice of both backgrounds.
As observed previously (35), although the parasitemias were

very similar in all groups of male and female mice, the out-
comes of infection were different in male and female IL-102/2

mice (Fig. 1E to H). Death occurred in a proportion of female
IL-102/2 mice between days 7 and 17. In these experiments, 10
of 21 (50%) of the female BL6 3 129sv IL-102/2 mice died,
whereas in N7BL6 IL-102/2 mice the mortality was slightly
lower (30%; 6 of 19 mice). However, this difference in mor-
tality was not significant.

All female mice that survived a primary infection were im-
mune to a second challenge infection given 45 days after the
primary infection. The course of this secondary infection was
similar in mutant and WT mice; parasitemia became patent at
day 6, and the peak of infection (less than 1%) was observed on
day 10 postchallenge. All mice resolved their infection, and
parasitemia became subpatent by day 14 to 25 (data not
shown).

Pathology associated with a P. chabaudi infection in IL-
102/2 and WT mice during a primary infection. Although only
a proportion of female IL-102/2 mice died during the course
of a primary P. chabaudi infection, all female IL-102/2 mice
appeared to suffer a more severe disease than WT or male
knockout mice. For the first 15 days of infection, defective
female mice were significantly less mobile than WT mice and
had ruffled fur and hunched backs. A proportion showed hind
leg paralysis (data not shown). Several parameters of disease
were used to document malarial disease: change in body
weight, body temperature, and blood glucose concentration
(Fig. 2). Measurements were taken from uninfected IL-102/2

and WT mice at the same time points as for infected mice
throughout the infection. There was no significant difference
between uninfected IL-102/2 and WT mice.
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(i) Body temperature. All IL-102/2 and WT mice exhibited
a transient hypothermia immediately following the peak of
parasitemia. However, temperature was significantly lower in
female IL-102/2 than in female WT mice on both genetic
backgrounds between days 10 and 13 postinfection (P , 0.005;
Student’s t test [Fig. 2A and B]).

(ii) Body weight. In all IL-102/2 and WT mice, there was a
transient loss in body weight coinciding with the acute para-
sitemia (Fig. 2D to F). Weight loss in the female IL-102/2 mice
on both genetic backgrounds began earlier and was signifi-
cantly greater (days 6 to 7, P , 0.005; Student’s t test) than in
their WT counterparts. The maximum weight losses of 17 and
20% in IL-102/2 mice, contrasted with 6 and 10% in WT mice,
occurred at days 8 and 10 of infection (BL6 3 129sv and
N7BL6 mice, respectively). Recovery of normal body weight
was more rapid in IL-102/2 N7BL6 mice than in BL6 3 129sv
mice, whose weight was significantly less than that of WT mice
until day 20 of infection.

(iii) Blood glucose levels. Hypoglycemia occurred in all IL-
102/2 and WT mice during the acute infection and was max-
imal at 8 days of infection. At this time, female IL-102/2 mice

on both genetic backgrounds were significantly more hypogly-
cemic than their WT controls (P , 0.001; Student’s t test [Fig.
2G and H]). However, blood glucose levels were lower in
uninfected N7BL6 IL-102/2 mice than in WT controls, de-
creased more rapidly, and remained significantly lower than
for the controls throughout the 15 days of measurement. The
basal (day 0) blood glucose level of uninfected BL6 3 129sv
WT mice was lower than that of N7BL6 mice.

There were no significant differences in body weight, tem-
perature, and blood glucose between male IL-102/2 and WT
mice and between male and female IL-102/2 mice during the
primary infection (Fig. 2C, F, and I).

Cytokine production during the course of a primary P.
chabaudi infection in IL-102/2 and WT mice. (i) Plasma IFN-g
and TNF-a in IL-102/2 and WT mice. IFN-g was first detect-
able in the plasma of both male (1 of 7 mice) and female (2 of
12 mice) mice on day 6 postinfection, 2 days before the peak of
infection. The highest IFN-g concentration was measured on
day 7 (Fig. 3A and B) in all male and female IL-102/2 and WT
mice. From day 9 until the end of the experiment, IFN-g
remained below the detection limit of the assay. Both female

FIG. 1. Course of a primary erythrocytic-stage P. chabaudi infection (A to D)
and survival rate (E to H) in male and female IL-102/2 knockout (KO) (F and
■) and WT (E and h) mice on BL6 3 129sv and N7BL6 backgrounds. Mice were
infected with 105 parasites i.v. and the course of the infection was monitored by
examination of Giemsa-stained blood films. Parasitemia values are presented as
the geometric means for at least 15 mice, and the error bars represent the SEMs.
For clarity, SEMs smaller than 10% of the means are not shown.

FIG. 2. Body weight, glucose, and temperature changes during primary P.
chabaudi infection in male (five mice in each group) and female IL-102/2 (F and
■) and WT mice (E and h) on either the BL6 3 129sv or N7BL6 background
(15 mice in each group). The error bars represent the SEMs. For clarity, SEMs
smaller than 10% of the means are not shown. The shaded areas represent the
range in weight, temperature, and glucose level variation of uninfected IL-102/2

and WT animals (five mice in each group) measured at the same time as infected
animals throughout the infection.
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and male IL-102/2 mice produced significantly more IFN-g
than their respective WT controls at day 7 postinfection (P ,
0.0001 and P , 0.03, respectively; Mann-Whitney test).

TNF-a was detectable in all of seven male and eight female
IL-102/2 mice on day 7 and in two of eight females on day 8
postinfection. By contrast, TNF-a was below the detectable
range (less than 60 pg/ml) in seven male and eight female WT
mice except on day 8 of infection, when two of eight female
WT mice produced less than 200 pg of TNF-a per ml. Both
female and male IL-102/2 mice produced higher levels of
TNF-a at day 7 of infection (P , 0.0005 and P , 0.03, respec-
tively; Mann-Whitney test).

(ii) Cytokine and iNOS mRNA in splenocytes of P. chabaudi-
infected IL-102/2 and WT mice. Competitive RT-PCR was
performed to determine the amount of IFN-g, TNF-a, IL-4,
IL-12 (p40), and iNOS mRNA (Fig. 4). IFN-g mRNA was
already detectable in two of three uninfected female IL-102/2

and WT mice and increased in all mice during the acute in-
fection. By week 2, the level had begun to decline in IL-102/2

mice as well as in WT mice, suggesting that some down-regu-
latory mechanisms operated despite the lack of IL-10. Female
IL-102/2 mice tended to express higher levels of IFN-g mRNA
than their WT controls (P , 0.05; Mann-Whitney test) at 1
week of infection, whereas male IL-102/2 mice expressed
higher but not significantly higher levels. There was no signif-
icant difference in the level of IFN-g between male and female
mice (Fig. 4A and B).

TNF-a mRNA could be detected in all uninfected female
mice and in male IL-102/2 mice (Fig. 4C and D). At 1 and 2
weeks of infection, both male and female IL-102/2 mice ex-
pressed more TNF-a than their respective WT controls (P ,
0.05; Mann-Whitney test). Female IL-102/2 mice produced at
least 100-fold more TNF-a than male IL-102/2 mice from
weeks 1 to 3 of infection.

IL-12p40 mRNA (Fig. 4E and F) was present in one of three
uninfected female IL-102/2 and WT mice. At 1 week of infec-

FIG. 3. Levels of plasma IFN-g and TNF-a in seven male and at least eight female IL-102/2 (F and ■) and WT (E and h) N7BL6 mice during primary P. chabaudi
chabaudi infection. Mice were bled before and after the infection, and plasma samples were collected. Concentrations of IFN-g and TNF-a were measured by ELISA.
Pooled data from three independent experiments are shown. Each symbol represents one plasma sample. The course of primary infection in IL-102/2 (—) and WT
(z z z z) mice is as indicated. The error bars represent SEMs for seven male and eight female mice. SEMs less than 5% of the means are not shown.

FIG. 4. Quantification of IFN-g, TNF-a, IL-12p40, and iNOS mRNA expres-
sion in spleens of male and female IL-102/2 (■) and WT (h) mice during
primary P. chabaudi infection. Total mRNA was extracted from spleens before
and every week after infection. Quantitative RT-PCR was performed to measure
the number of molecules of a particular cytokine mRNA present in the sample.
The results were then normalized against the number of b2m molecules. The
graphs show data for three mice in each group at each time point. p, P , 0.05
(Mann-Whitney test).
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tion, IL-12p40 increased in all mice, with significantly higher
production in female IL-102/2 mice than in WT controls (P ,
0.05; Mann-Whitney test). At week 4 of infection, the level of
IL-12p40 in male and female IL-102/2 mice increased whereas
that of WT mice remained at a low level. This increase coin-
cided with a recrudescence in parasitemia.

Between 10 to 100 molecules of iNOS mRNA (Fig. 4H and
I) could be detected in female IL-102/2 and WT mice before
infection. At 1 and 4 weeks of infection, male IL-102/2 mice
expressed significantly more iNOS mRNA than the corre-
sponding WT controls (P , 0.05; Mann-Whitney test).

IL-4 could not be detected in the spleens of uninfected mice
but was detectable in IL-102/2 and WT mice after 1 week of
infection. There was no significant difference between the lev-
els of IL-4 in IL-102/2 and WT mice or between male and
female mice (data not shown).

(iii) In vitro production of IFN-g, TNF-a, and NO by spleen
cells from infected IL-102/2 and WT mice. TNF-a, IFN-g, and
NO were measured in the supernatants of IL-102/2 and WT
spleen cells from both uninfected and infected mice after 48 h
of in vitro culture. Cytokines and NO could be detected only in
supernatants from cultures of spleen cells taken from mice at
1 week of infection (Fig. 5A to C). In agreement with plasma
TNF-a and IFN-g levels (Fig. 3), spleen cells from IL-102/2

mice produced significantly greater amounts of cytokines than
those from their WT littermates at week 1 of infection (P ,
0.01; Mann-Whitney test). Male IL-102/2 cells produced more
IFN-g than female IL-102/2 cells (P , 0.01; Mann-Whitney

test), whereas the amounts of TNF-a were equivalent. NO
production was greatest in cultures of female IL-102/2 cells
(P , 0.01; Mann-Whitney test). Male IL-102/2 and female WT
cells produced comparable amounts, and male WT cells pro-
duced the smallest amounts (P , 0.01; Mann-Whitney test).

Effects of in vivo inactivation of IFN-g on P. chabaudi infec-
tion in female IL-102/2 mice. In three independent experi-
ments, P. chabaudi infections in IL-102/2 female BL6 3 129sv
mice (one experiment with four mice per group) and N7BL6
mice (two independent experiments with five mice per group
each time) treated with control rIgG (a representative exper-
iment on the N7BL6 background is shown in Fig. 6A) were
similar to those described above for untreated IL-102/2 mice.
In the mice treated with anti-IFN-g antibodies, recrudescence
at days 16 to 18 postinfection was higher than that observed in
control rIgG-treated mice. In all cases, parasitemia became
subpatent after 26 days of infection. In the three experiments,
all IL-102/2 mice (a total 14 of 14 mice in three experiments)
given anti-IFN-g antibodies survived infection, whereas 3 of 14
mice injected with the control rIgG died between days 10 and
15 (20% mortality). The increase in hypothermia, hypoglyce-
mia, and loss of weight observed in female IL-102/2 mice
during a primary infection was not dependent on IFN-g, as
administration of anti-IFN-g antibodies did not significantly
ameliorate these symptoms (Fig. 6B to D).

It is possible that in vivo administration of anti-IFN-g anti-
bodies in this manner is unable to neutralize all IFN-g. There-
fore, P. chabaudi infection was investigated in IL-102/2 IFN-
gR2/2 double-knockout mice (Fig. 7). The course of infection
in the single IL-102/2 mice was similar to that described above.
In IFN-gR2/2 and IL-102/2 IFN-gR2/2 mice, there was a
prolonged acute parasitemia with a second peak at day 14
which was resolved more than 10 days later than in IL-102/2 or
WT mice. This difference in parasitemia was much more pro-
nounced than that seen in antibody-treated mice and suggested
that antibody treatment may not have been completely effec-
tive. Although the parasitemia remained at a high level for a
longer period in the double-knockout and IFN-gR2/2 mice,
there was no mortality. By contrast, 2 of 10 IL-102/2 mice died
within 15 days. Similar to the depletion of IFN-g by antibody,
the absence of the IFN-g receptor had no effect on hypogly-
cemia, hypothermia, or loss in body weight (P . 0.1; Student t
test). The greatest decrease in temperature was observed in
IFN-gR2/2 mice, which also suffered the highest parasitemia.

Despite the lack of IFN-g receptor, the five double-knock-
out mice produced an amount of TNF-a that was not signifi-
cantly different from that produced by the 10 IL-102/2 mice
and significantly more than that produced by the 5 IFN-gR2/2

and 7 WT mice (P , 0.05 at day 6; Mann-Whitney test),
suggesting that there is an IFN-g-independent pathway of
TNF-a production (Fig. 7E and F).

DISCUSSION

Female IL-102/2 mice suffer a more severe P. chabaudi
infection than their female WT counterparts or male IL-102/2

and WT mice. In agreement with earlier studies (35), a pro-
portion of female IL-102/2 mice died between days 10 and 17
of infection, at a time when parasitemia was indistinguishable
from that in WT or male IL-102/2 mice. In addition to an
increased mortality rate, female IL-102/2 mice, regardless of
whether they survived, transiently displayed more pronounced
hypoglycemia, hypothermia and loss of body weight than WT
mice.

The lack of IL-10 had no significant effect on the course of
a primary infection or on resistance to a second infection in

FIG. 5. NO (A), TNF-a (B), and IFN-g (C) production by total splenocytes
from seven individual male and female IL-102/2 and WT N7BL6 mice during
primary P. chabaudi infection. The bars represent the mean data from seven
individual spleen samples, and the error bars represent the SEMs. SEMs smaller
than 5% are not shown. p, P , 0.01 (Mann-Whitney test).
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surviving mice, suggesting that this cytokine is not crucial in the
development of an effective immune response. Rather, it ap-
pears that IL-10 may play some role in controlling or down-
regulating some of the pathology that accompanies a P.
chabaudi infection. Increased susceptibility to infection or en-
hanced disease associated with infection has also been de-
scribed for IL-102/2 mice infected with pathogens such as
Toxoplasma gondii, Helicobacter hepaticus, and Trypanosoma
cruzi (13, 23, 29). In those studies, severity of disease was not
related to increased numbers of organisms but was correlated
with an excessive production of inflammatory cytokines such as
IFN-g and TNF-a.

IL-10 plays a major role in down-regulating the production
of TNF-a, IL-1, and IL-12 by macrophages and thereby T and
NK cell proliferation and production of IFN-g (39). In its
absence during a P. chabaudi infection, T cells mount a strong
Th1-like response with production of IFN-g (35). In the
present study, we extend these findings and show that IL-102/2

mice infected with P. chabaudi have elevated levels of IFN-g
and TNF-a in the plasma just prior to the peak of infection.
Spleen cells produced significantly greater amounts of TNF-a,
IFN-g, and IL-12p40 mRNA and protein and of NO compared
with sex-matched WT mice. The coincidence of increased pa-
thology with enhanced inflammatory cytokines suggests that in
this malaria infection, IFN-g and TNF-a may contribute to
disease. These findings are in agreement with observations of
CM in humans and rodent models. In humans, plasma TNF-a
levels are significantly higher in CM cases than in noncompli-
cated infections (32), and CM is associated with a strong
TNF-a promoter (TNF-308A) (36, 37). In rodent models of
CM, both TNF-a and IFN-g have been implicated in patho-
genesis and IL-10 has been shown to protect against neurolog-
ical disease (28).

However, the relationship of these cytokines to other fea-
tures of severe malaria is less clear. Anemia is probably influ-
enced by different TNF-a-related factors; low plasma TNF-a
or an insufficient IL-10 response to TNF-a and a weak TNF-a
promoter (TNF-238A) are associated with severe anemia in P.

falciparum-infected humans (30, 43). Treatment of uninfected
mice with TNF-a does induce transient hypoglycemia, anemia,
and hypothermia similar to that seen in P. vinckei and P. yoelii
infections (9). However, our previous studies of a P. chabaudi
infection in these IL-102/2 mice suggest that the lack of IL-10
and the accompanying increase in the level of TNF-a observed
in these studies do not exacerbate anemia (35).

Although IFN-g was elevated in the infected female IL-
102/2 mice, neutralization or inactivation of IFN-g did not
ameliorate hypoglycemia, hypothermia, and loss of weight.
However, in the double-knockout mice, plasma levels of
TNF-a were relatively unaffected by the lack of an IFN-g
signal. It has been shown that molecules released from Plas-
modium are able to stimulate macrophages to produce TNF-a
directly (26, 46). Therefore it is possible that these aspects of
malarial disease are the result of an IFN-g-independent
TNF-a response. Neutralization of TNF-a in the IL-102/2

mouse would address this. By contrast, there was no mortality
among IL-102/2 mice treated with anti-IFN-g antibody or
among IL-102/2 IFN-gR2/2 double-knockout mice, suggest-
ing that a pathway involving IFN-g may contribute to death.

Susceptibility to a lethal infection and the cytokine pattern
seen in IL-102/2 mice is different from that seen in naturally
susceptible and resistant mice. In those infections with P.
chabaudi, males are somewhat more susceptible to lethal in-
fection than females, and susceptibility is associated with a
higher parasitemia and a lower and more transient splenic
inflammatory or Th1-like response than that observed in resis-
tant mice (10, 24). Sexual dimorphism in susceptibility to in-
fections and in the immune system has been extensively doc-
umented (1, 2, 20, 44). Females in general are more prone to
autoimmune disease (1), have higher antibody responses to
antigen (20), and display greater macrophage activation in
response to stimuli (4). The differences in immunoregulation
have been ascribed to sex hormones and other steroid hor-
mones (1, 2, 20, 44). For example, estrogen can increase the
activity of the IFN-g promoter (12). In one model of P.
chabaudi infection, surgically castrated males revert to a resis-

FIG. 6. Course of primary P. chabaudi infection (A) and pathological changes (B to D) in female N7BL6 IL-102/2 mice treated with anti-IFN-g antibodies and
rIgG. Female IL-102/2 mice were infected with 105 parasites i.p. and treated with antibody as described in Materials and Methods. The course of infection was
monitored by examination of Giemsa-stained blood smears (A), and pathological changes were measured during the course of infection (B to D). The error bars
represent the SEMs for at least four mice. SEMs smaller than 5% of the means are not shown.
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tant phenotype and administration of testosterone to female
mice renders the infection lethal (53).

To reconcile the differences between the greater susceptibil-
ity of female IL-102/2 mice and male mice of naturally sus-
ceptible strains, we propose that either an insufficient or ex-
cessive inflammatory response can lead to disease or death in
this rodent malaria infection. In female IL-102/2 mice, the
overproduction of inflammatory cytokines results in a patho-
logical macrophage response, whereas this response is lower in
males and therefore results in less pathology. By contrast, the
reduced early inflammatory response in naturally susceptible
mice (24), likely to be more pronounced in males, is insufficient
to initiate an effective immune response.

There is clearly not a simple relationship between elevated
IFN-g and TNF-a and the outcome of infection in IL-102/2

mice, since the protein levels of these cytokines were equiva-
lent in spleens and plasma of male and female mice. TNF-a
was significantly higher in females only at the mRNA level.
Our data are compatible with reports showing that male mac-
rophages respond less to TNF-a and IFN-g (2). In agreement
with observations of others, spleen cells from males, regardless
of the status of the IL-10 gene, produce smaller amounts of
NO in vitro than do female cells (40).

The association of enhanced pathology with elevated inflam-
matory cytokines as seen in the female IL-102/2 mouse is in
line with the observations in human severe malaria (30, 43),
and these experiments suggest that IL-10 regulation may be
important in pathogenesis. Similar to findings for the TNF-a
gene, polymorphisms within the IL-10 gene promoter have
been described (11) and found to influence level of expression
of the cytokine (52). It would be of considerable interest to
determine whether there is any association of particular pro-
moters with the various forms of severe malaria.
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33. Kühn, R., J. Löhler, D. Rennick, K. Rajewsky, and W. Müller. 1993. Inter-
leukin-10-deficient mice develop chronic enterocolitis. Cell 75:263–274.

34. Langhorne, J., S. Gillard, B. Simon, S. Slade, and K. Eichmann. 1989.
Frequencies of CD41 T cells reactive with Plasmodium chabaudi chabaudi:
distinct response kinetics for cells with Th1 and Th2 characteristics during
infection. Int. Immunol. 1:416–424.
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