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We investigated whether gamma interferon (IFN-g; a Th1 cytokine), tumor necrosis factor alpha (TNF-a),
and interleukin-4 (IL-4; a Th2 cytokine) modulate nitric oxide (NO) production in vivo during blood stage
infection with Plasmodium chabaudi AS. Treatment of resistant C57BL/6 mice, which resolve infection with P.
chabaudi AS and produce increased levels of IFN-g, TNF-a, and NO early during infection, with anti-IFN-g
plus anti-TNF-a monoclonal antibodies (MAbs) resulted in a reduction of both splenic inducible NO synthase
mRNA and serum NO3

2 levels by 50 and 100%, respectively. Treatment with the anti-TNF-a MAb alone
reduced only serum NO3

2 levels by 35%, and treatment with the anti-IFN-g MAb alone had no effect on NO
production by these mice during infection. Susceptible A/J mice, which succumb to infection with P. chabaudi
AS and produce increased levels of IL-4 but low levels of IFN-g, TNF-a, and NO early during infection, were
treated with an anti-IL-4 MAb. The latter treatment had no effect on NO production by this mouse strain
during infection. In addition, our results also demonstrate that treatment of resistant C57BL/6 mice with
anti-IFN-g plus anti-TNF-a MAbs affects, in addition to NO production, other traits of resistance to P.
chabaudi AS malaria such as the peak level of parasitemia and the development of splenomegaly. Furthermore,
the change in spleen weight was shown to be an IFN-g-independent effect of TNF-a. Treatment of susceptible
A/J mice during infection with an anti-IL-4 MAb had no effect on these markers of resistance. Thus, these
results demonstrate that TNF-a and IFN-g are critical in the regulation of NO production and other traits of
resistance during P. chabaudi AS malaria in C57BL/6 mice. These data also indicate that treatment with an
anti-IL-4 antibody alone is not able to induce NO production or confer resistance to A/J mice against P.
chabaudi AS malaria.

Increased production of endogenous nitric oxide (NO) dur-
ing infectious diseases such as listeriosis, leishmaniasis, and
blood stage malaria, has been shown to correlate with protec-
tion against infection in mice (6, 18, 22, 36). Indeed, high levels
of nitrate (NO3

2), an oxidized form of NO, were detected in
sera or urine of infected animals which cleared the infection,
whereas treatment with inhibitors of NO synthesis resulted in
either exacerbation of the disease or death. Recently, in-
creased levels of NO3

2 have also been demonstrated in plasma
of patients infected with the malaria parasite Plasmodium fal-
ciparum or P. vivax (8, 25). Moreover, the duration of coma
due to cerebral malaria was shorter in children with relatively
high NO3

2 plasma levels, which suggests that NO may have a
protective role during this disease (8). The induction of NO
synthesis during infection is thought to be mediated by the
pathogens themselves or pathogen-secreted products in syn-
ergy with cytokines (reviewed in reference 24). For example, in
vitro studies have demonstrated that bacterial lipopolysaccha-
ride or P. falciparum-derived toxins act in synergy with the
cytokine gamma interferon (IFN-g) to induce the production
of large quantities of NO by murine macrophages (10, 28). In
vivo studies have shown that tumor necrosis factor alpha
(TNF-a), in addition to IFN-g, has a major role in up-regulat-
ing NO production during infections with Toxoplasma gondii
(13) and Francisella tularensis (14). On the other hand, inter-

leukin-4 (IL-4) has been demonstrated in vitro to inhibit the
up-regulation of the inducible isoform of NO synthase (iNOS),
the enzyme capable of producing high amounts of NO, by
cytokine-activated macrophages (5).
Our laboratory has recently demonstrated that a Th1-asso-

ciated increase in TNF-a and NO, early during infection, cor-
relates with resistance to infection with blood stage P. chabaudi
AS in mice (18, 19). Resistant C57BL/6 (B6) mice, which
develop moderate levels of peak parasitemia and a marked
splenomegaly on days 7 to 10 postinfection and clear the in-
fection by 4 weeks, were shown to have increased IFN-g (a Th1
cytokine), TNF-a, and iNOS mRNA levels in the spleen early
during infection. In contrast, susceptible A/J (A) mice, which
develop higher peak parasitemia levels and a less marked
splenomegaly and succumb to infection, have high levels of
IL-4 (a Th2 cytokine) mRNA and low levels of TNF-a and
iNOS mRNA in the spleen early during infection. Consistent
with these results, we detected high levels of IFN-g protein and
NO3

2 in serum recovered from B6 mice early during infection,
whereas only low levels of IFN-g and NO3

2 but high levels of
IL-4 and IL-5 protein were found in sera recovered from A
mice during the early phase of infection (19, 34, 35). Further-
more, treatment of resistant B6 mice with an anti-TNF-a poly-
clonal antibody or aminoguanidine, an iNOS inhibitor, re-
sulted in increased mortality, indicating that both TNF-a and
NO have a protective role in the early phase of blood stage P.
chabaudi AS malaria (18, 19). In addition, treatment of sus-
ceptible A mice with human recombinant TNF-a protected
these mice from an otherwise lethal infection (30).
In this study, we investigated whether IFN-g, TNF-a, or IL-4
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modulates NO production and other traits of resistance, such
as the peak parasitemia level and a marked splenomegaly,
during blood stage infection with P. chabaudi AS. Our results
demonstrate that TNF-a and IFN-g, but not IL-4, are critical
in the development of resistance to blood stage infection with
P. chabaudi AS in vivo.

MATERIALS AND METHODS

Mice, parasite, and experimental infections.Mice, 8 to 12 weeks old, were age
and sex matched in all experiments. B6 mice were obtained from Charles River
(St. Constant, Quebec, Canada), and A mice were obtained from Jackson Lab-
oratory (Bar Harbor, Maine). P. chabaudi AS was maintained in our laboratory
as previously described (26), and experimental infections were initiated by in-
traperitoneal (i.p.) inoculation with 106 P. chabaudi AS-parasitized erythrocytes.
Treatment of mice with antibodies and recombinant molecules. Resistant B6

mice were treated i.p. with 0.2 ml of pyrogen-free saline containing 105 neutral-
izing units (protein content 5 3.75 mg) of rat anti-murine TNF-a immunoglob-
ulin G1 (IgG1) monoclonal antibody (MAb) (XT22 [2]; Upstate Biotechnology,
Lake Placid, N.Y.) 6 h before and 4 days after P. chabaudi AS infection. The
anti-TNF-a neutralizing titer (neutralizing units per milliliter) was determined as
previously described (16) and is defined as the reciprocal of the highest anti-
TNF-a dilution which, when added to an equal volume of test sample containing
20 cytotoxic units of recombinant TNF-a per ml, neutralizes 50% or more of the
cytotoxic activity of recombinant TNF-a on L929 cells in the presence of acti-
nomycin D. Control B6 mice were similarly treated with 0.2 ml of pyrogen-free
saline containing an equivalent amount of normal rat serum IgG which was
prepared as previously described (16). For neutralization of IFN-g, resistant B6
mice were treated i.p. with 0.2 ml of pyrogen-free saline containing 1 mg of
mouse anti-rat IFN-g IgG1 MAb (DB-1 [37]; kindly provided by P. van der
Meide, TNO Primate Centre, Rijswijk, The Netherlands) at the same time points
during P. chabaudi AS infection as for the neutralization of TNF-a. DB-1 has
been previously shown to abrogate resistance to Leishmania major in vivo (4).
Control mice were similarly treated with 0.2 ml of pyrogen-free saline alone. For
neutralization of both TNF-a and IFN-g, resistant B6 mice were treated i.p. with
105 neutralizing units of XT22 and 1 mg of DB-1 as described above. Control
mice were treated as described above for the neutralization of TNF-a. Suscep-
tible A mice were treated i.p. with 0.4 mg of rat anti-murine IL-4 IgG1 MAb
(11B.11 [15]; Biological Resources Branch, Biological Response Modifier Pro-
gram, NCI-Frederick Cancer Research Facility, Frederick, Md.) 6 h before and
4 days after P. chabaudi AS infection. The dose of 11B.11 used in our study has
been previously shown to increase resistance to murine listeriosis (15). Control
mice were similarly treated with 0.2 ml of pyrogen-free saline containing 0.4 mg
of normal rat serum IgG.
Determination of parasitemia, survival, and splenomegaly. Parasitemia was

monitored during the course of infection at the times indicated, using previously
described procedures (26). Survival of infected mice was assessed by twice-daily
observation. Spleen weight, as a measure of splenomegaly, was determined on
days 7 and 8 postinfection. Spleen weights from normal control mice were also
determined. Because body weights among mice of the different treatment groups
were similar (22 6 1 g), we did not normalize spleen weight to body weight.
RT-PCR analysis of iNOS mRNA levels in spleens. Spleens of B6 and A mice,

both normal and infected, were collected aseptically at the times indicated and
immediately frozen in liquid nitrogen. Total RNA was isolated by a modification
of the guanidine thiocyanate-CsCl method as previously described (19). The
RNA yield of each sample was determined spectrophotometrically on the basis
of the A260, and the purity (ranging from 1.6 to 2.0) was assessed by the A260/A280
ratio. iNOS mRNA levels were determined by semiquantitative reverse tran-
scription-coupled PCR (RT-PCR) as described by Kramnik et al. (20). Briefly,
8-ml solutions containing 1 mg of total RNA and 1 mg of random primers
(Pharmacia, Piscataway, N.J.) were heated (658C, 10 min) to denature RNA and
were then cooled on ice. Then 200 U of Moloney murine leukemia virus reverse
transcriptase (Gibco BRL, Grand Island, N.Y.), 10 mM each deoxynucleoside
triphosphate (dNTP) (Pharmacia), and 20 U of RNA guard (Pharmacia) in 12 ml
of buffer containing 50 mM Tris-HCl (pH 8.3), 75 mMKCl, 3 mMMgCl2, 10 mM
dithiothreitol, and 0.1 mg of bovine serum albumin (Gibco BRL) per ml were
added to the RNA samples, and the mixtures were incubated for 1 h at 388C. The
enzyme was inactivated by heating (958C, 10 min), and 30 ml of RNase-free water
was added to each sample. To compensate for uncalculable factors affecting the
yield of PCR products (41), a competitive PCR standard for iNOS expression
was generated as previously described (1, 11). For semiquantitative RT-PCR of
iNOS mRNA, 4-ml aliquots of the reverse transcription products were amplified
by using iNOS-specific primers in a final volume of 40 ml containing 1 U of Taq
polymerase, 0.5 to 2 mM each primer, 40 fg of the competitive standard, and 0.2
mM dNTPs in PCR buffer. Each sample also contained 0.2 ml of [a-32P]dCTP (10
mCi/ml; Amersham, Arlington Heights, Ill.). The reaction mixture was overlaid
with 20 ml of mineral oil, and the DNA thermal cycler was programmed for 25
cycles at 948C for 45 s, 628C for 50 s, and 728C for 1 min. Aliquots of 20 ml of the
reaction mixture was then analyzed on a 4.5% polyacrylamide gel in Tris-borate-
EDTA buffer. The gels were dried and exposed to X-ray film (Kodak Biomax-

MR; Eastman Kodak Co., Rochester, N.Y.) for 48 h. The density of each band
was determined by high-resolution optical densitometry (SciScan 5000; U.S.
Biochemical, Cleveland, Ohio). As a control, 2-ml aliquots of all reverse tran-
scription products were amplified in parallel by PCR, using sense and antisense
primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (3). The
dried gels were exposed to Kodak X-Omat AR X-ray film for 20 min.
NO3

2 concentration in serum. Blood was obtained from experimental mice by
cardiac puncture at the times indicated, allowed to clot for 30 min at 48C, and
centrifuged at 13,800 3 g for 3 min. Sera were collected and stored at 2208C
until use. Serum NO32 levels were determined as described by Rockett et al.
(27). Briefly, 30 ml of each sample was incubated for 20 min at room temperature
with 5 ml of the enzyme, nitrate reductase (5 U/ml; Boehringer Mannheim, Laval,
Quebec, Canada), and 15 ml of NADPH (1.25 mg/ml; Boehringer Mannheim).
After incubation, 100 ml of Griess reagent and 100 ml of trichloroacetic acid
(10% aqueous solution) were added. Protein precipitates were removed by
centrifugation at 13,800 3 g for 5 min, 100 ml of each supernatant, in duplicate,
was transferred to a 96-well flat-bottom plate, and the A550 was measured with an
enzyme-linked immunosorbent assay reader. NO32 concentrations were deter-
mined by using as a standard NaNO3 diluted in pooled serum from uninfected
control B6 or A mice, which was dialyzed against phosphate-buffered saline for
24 h. Concentrations of NO32 in the standard ranged from 12.3 to 1,000 mM.
NO32 levels in the sera of experimental animals were calculated by using a
software program kindly provided by K. A. Rockett (Australian National Uni-
versity, Canberra, Australia).
Statistical analysis. Statistical significance of differences in parasitemia,

splenomegaly, iNOS mRNA levels, and NO32 levels in sera between control and
antibody-treated mice was determined by Student’s t test. A probability of less
than 0.05 was considered significant.

RESULTS

Splenic iNOS mRNA levels in anti-TNF-a and anti-IFN-g
MAb-treated resistant B6 mice during P. chabaudi AS infec-
tion. As shown in Fig. 1, treatment with either an anti-TNF-a
or anti-IFN-g MAb alone did not reduce iNOS expression,
which was similar to iNOS expression in the spleens of control
mice. However, iNOS expression in the spleen was significantly
reduced (by 50%) when B6 mice were treated with both anti-
TNF-a and anti-IFN-g MAbs compared with expression in
control mice (Fig. 1). These data, thus, demonstrate that treat-
ment with both anti-TNF-a and anti-IFN-g MAbs is required
to significantly reduce iNOS expression in the spleens of resis-
tant B6 mice during infection. This finding suggests that in the
spleens of resistant B6 mice, TNF-a plus IFN-g induce the
expression of iNOS mRNA during the early phase of infection
with P. chabaudi AS.
Serum NO3

2 levels in anti-TNF-a and anti-IFN-g MAb-
treated resistant B6 mice during P. chabaudi AS infection.
Figure 2 shows that treatment with an anti-TNF-aMAb alone
significantly reduced (by approximately 50%) the accumula-
tion of serum NO3

2, whereas treatment with an anti-IFN-g
MAb alone did not affect the concentration of serum NO3

2

compared with levels in sera from control animals. Treatment
with both anti-TNF-a and anti-IFN-g MAbs completely abol-
ished the accumulation of NO3

2 in sera compared with NO3
2

levels in sera obtained from control B6 mice on day 7 postin-
fection. Indeed, only basal NO3

2 levels (approximately 20
mM), similar to the levels in sera from normal, uninfected B6
mice, could be detected in sera collected from animals treated
with anti-TNF-a and anti-IFN-gMAbs (Fig. 2). Similar results
were obtained when sera were collected on day 8 postinfection,
coincident with peak parasitemia (data not shown). These
data, thus, demonstrate that treatment with an anti-TNF-a
MAb alone, but not with an anti-IFN-g MAb alone, signifi-
cantly reduces the accumulation of serum NO3

2, whereas
treatment with both anti-TNF-a and anti-IFN-g MAbs com-
pletely abolishes the accumulation of NO3

2 in sera obtained
from resistant B6 mice during infection. These results suggest
that TNF-a, either alone or in synergy with IFN-g, induces the
systemic production of NO during the early phase of P.
chabaudi AS malaria.
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Parasitemia, survival, and splenomegaly in anti-TNF-a and
anti-IFN-g MAb-treated resistant B6 mice during P. chabaudi
AS infection. As shown in Fig. 3, mice treated with either an
anti-TNF-a or anti-IFN-g MAb alone had a slight but not
significant increase in the peak parasitemia levels compared
with levels in control animals (46%6 3% or 49%6 4% versus
42% 6 3%). Treatment with both MAbs resulted in a peak
parasitemia level significantly higher than that of control ani-
mals (58% 6 2% versus 42% 6 3%). However, 100% (30 of
30) of the B6 mice treated with either MAb alone or both
together survived the infection. Figure 4 shows that mice
treated with the anti-TNF-a MAb alone or in combination
with the anti-IFN-g MAb had a significant reduction in spleen
weight (by 25%) compared with the spleen weights of control
animals (242 6 16 mg and 237 6 10 mg versus 313 6 24 mg).
Taken together, these data demonstrate that treatment with
both anti-TNF-a and anti-IFN-g MAbs is required to signifi-
cantly increase the peak parasitemia level of resistant B6 mice
during infection. In contrast, survival of B6 mice during infec-

tion is not affected by either MAb alone or by both together.
Furthermore, treatment with anti-TNF-a, but not anti-IFN-g,
partially but significantly decreases the development of spleno-
megaly in B6 mice during infection. These results, thus, suggest
that the peak parasitemia level in B6 mice during P. chabaudi
malaria is controlled by TNF-a in combination with IFN-g.
The development of splenomegaly during infection, on the
other hand, appears to be partially regulated by TNF-a but not
by IFN-g.
Splenic iNOS mRNA levels and serum NO3

2 levels in anti-
IL-4 MAb-treated susceptible A mice during P. chabaudi AS
infection. Our results show that treatment with an anti-IL-4
MAb did not affect iNOS mRNA expression in spleens (Fig. 5)
and NO3

2 levels in sera (Table 1) of susceptible A mice on day
7 postinfection. Indeed, iNOS mRNA expression and serum
NO3

2 levels in the anti-IL-4 MAb-treated mice were not in-
creased compared with the low levels in control animals (Fig.
5 and Table 1). These data, thus, suggest that IL-4 by itself
does not inhibit NO production by susceptible A mice during
the early phase of P. chabaudi AS malaria.
Parasitemia, survival, and splenomegaly in anti-IL-4 MAb-

treated susceptible A mice during P. chabaudi AS infection.
Our results demonstrate that treatment with the anti-IL-4
MAb neither increased the survival rate (data not shown) nor
decreased peak parasitemia levels (Table 1) compared with
findings for control mice. Furthermore, treatment with the
anti-IL-4 MAb did not increase spleen weights consistently
compared with weights of control mice (Table 1). These data,
thus, suggest that IL-4 by itself does not inhibit the develop-
ment of resistance by susceptible A mice against infection to P.
chabaudi AS.

DISCUSSION

We report here that TNF-a, either alone or in combination
with IFN-g, up-regulates NO synthesis, whereas IL-4 on its
own does not appear to be involved in regulating NO produc-
tion in vivo during blood stage infection with P. chabaudi AS.
Indeed, treatment of infected B6 mice, which have been shown
to produce increased levels of TNF-a, IFN-g, and NO early
during infection with P. chabaudi AS (18, 19), with anti-TNF-a
plus anti-IFN-g MAbs significantly reduced iNOS mRNA ex-

FIG. 1. Splenic iNOS mRNA levels of anti-TNF-a and/or anti-IFN-g MAb-
treated resistant B6 mice during P. chabaudi AS infection. (A) Total RNA was
purified from spleens recovered from an uninfected, control mouse (upp) and
day 7-infected mice treated with normal rat serum IgG (inf. controlppp) or an
anti-TNF-a and/or anti-IFN-g MAb (n per treatment group 5 4). Splenic iNOS
mRNA expression per mouse was determined by RT-PCR. Aliquots of 40 fg of
competitive standard (comp. stand.§) were coamplified with each of the cDNA
samples. GAPDH mRNA levels were also determined by PCR for each sample.
np, negative control (no cDNA except for the competitive standard was added to
the PCR mixture). The data shown are representative of two replicate experi-
ments. (B) Scanning densitometry of the autoradiographs shown in panel A. The
density of each band corresponding to iNOS mRNA expression was determined
and normalized against the levels of the competitive standard, and the resulting
values were then normalized against the bands corresponding to GAPDH ex-
pression. O.D., optical density; S.E.M., standard error of the mean; pppp, P ,
0.05 versus infected control mice.

FIG. 2. Serum NO32 levels in anti-TNF-a and/or anti-IFN-g MAb-treated
resistant B6 mice during P. chabaudi AS infection. Sera were obtained from
uninfected control and day 7-infected mice treated with normal rat serum IgG
(infected controls) or an anti-TNF-a and/or anti-IFN-g MAb (n per treatment
group 5 4 to 6). Serum NO32 levels per mouse were determined by a modifi-
cation of the Griess reaction. The data shown are representative of two replicate
experiments. p, P , 0.03 versus infected control mice. S.E.M., standard error of
the mean.
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pression in the spleen. Furthermore, treatment with the anti-
TNF-a MAb alone or in combination with the anti-IFN-g
MAb significantly reduced NO3

2 levels in serum. In contrast,
treatment of infected A mice, which have been shown to pro-
duce low levels of TNF-a, IFN-g, and NO but high levels of
IL-4 early during infection with P. chabaudi AS (18, 19), with
an anti-IL-4 MAb alone did not affect iNOS mRNA expression
in the spleen or NO3

2 levels in serum. These results are in
agreement with recent data from our laboratory showing that
treatment of susceptible A mice with recombinant IL-12, a
cytokine with the ability to induce the development of Th1 cells
(17), induces high serum levels of TNF-a, IFN-g, and, inter-
estingly, NO3

2 (33). Furthermore, treatment with recombinant
IL-12 also induced spleen cells recovered from A mice during
infection to produce high levels of IFN-g in vitro. Interestingly,
IL-12 treatment did not alter the production of IL-4 by these
cells (33). Our results are also consistent with a recent study by
von der Weid et al. (40) which demonstrated that resistant
mice with a disrupted IL-4 gene still develop a functional Th2
response, which is required at a later stage of infection to
completely resolve P. chabaudi AS malaria and clear the in-
fection in a manner similar to that in their wild-type counter-

parts. Furthermore, Th1 clones specific for P. chabaudi AS
have been shown to be protective in vivo by an NO-dependent
mechanism (36). The results of these studies as well as the
present data, thus, suggest that NO production during infec-
tion with P. chabaudi AS is regulated in vivo by Th1-associated
cytokines IFN-g and TNF-a and not by IL-4, a Th2 cytokine. It
would be of interest to investigate if IL-10 and transforming
growth factor b, other cytokines besides IL-4 suggested to
inhibit NO production in vivo (12), are involved in the low
production of NO by susceptible A mice. On the other hand,
Plasmodium-derived toxins, which have been shown to induce
NO production in vitro (28), do not appear to be major regu-
lators of NO synthesis in vivo in our model. The parasite load,
and thus the amount of parasite-derived toxins, in A mice is
similar to or even greater than that in B6 mice 1 to 2 days
before the peak of parasitemia, whereas the level of NO pro-
duction at that time during infection is greater in B6 mice (18).
Our results also demonstrate that treatment of resistant B6

mice with anti-TNF-a plus anti-IFN-g MAbs reduces splenic
iNOS mRNA expression by only 50%, whereas serum NO3

2

levels are reduced by 100%. This finding may indicate that
TNF-a in combination with IFN-g affects NO synthesis both at
the level of transcription and posttranscriptionally during in-
fection with P. chabaudi AS. In other words, TNF-a in com-
bination with IFN-gmay up-regulate transcription of the iNOS
gene by 50% and may, in addition, be required for the stability
and/or activity of iNOS protein. Treatment with anti-TNF-a
plus anti-IFN-gMAbs would then result in complete reduction
of NO3

2 levels in serum but only partial reduction of iNOS
mRNA levels. In this respect, it has been shown that trans-
forming growth factor b, another pleiotropic cytokine pro-
duced during infection (29), accelerates the degradation of
iNOS protein in mouse macrophages (39). On the other hand,
NO3

2 levels in serum during infection with P. chabaudi AS
may be derived from various organs which are differentially
regulated with respect to NO synthesis as has been previously
shown by Cunha et al. for a mouse model of sepsis (9). The
latter study demonstrated that treatment with anti-TNF-a or
anti-IL-1b decreased the level of iNOS enzyme activity in the
heart but not in the lung. Thus, treatment with anti-TNF-a and
anti-IFN-g MAbs during P. chabaudi AS infection may com-
pletely abolish iNOS expression in major NO-synthesizing

FIG. 3. Parasitemia in anti-TNF-a and/or anti-IFN-g MAb-treated resistant
B6 mice during P. chabaudi AS infection. Parasitemia was determined at the
times indicated on duplicate blood smears collected from mice treated with
normal rat serum IgG (controls) or an anti-TNF-a and/or anti-IFN-g MAb (n
per treatment group 5 4 to 6). The data shown are representative of two
replicate experiments. p, P , 0.002 versus control mice. S.E.M., standard error
of the mean.

FIG. 4. Spleen weights of anti-TNF-a and/or anti-IFN-g MAb-treated resis-
tant B6 mice during P. chabaudi AS infection. Spleen weights were determined
for uninfected control and day 7-infected mice treated with normal rat serum
IgG (infected controls) or an anti-TNF-a and/or anti-IFN-g MAb (n per treat-
ment group 5 4 to 6). The data shown are representative of two replicate
experiments. p, P , 0.05 versus infected control mice. S.E.M., standard error of
the mean.
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organs such as the heart and other organs and only partially
reduce iNOS expression in the spleen. This could then result in
low and undetectable amounts of serum NO3

2 as we found in
this study.
We report here that treatment of B6 mice with an anti-

IFN-gMAb alone results in a slight but not significant increase
in the peak parasitemia level, whereas we have previously
demonstrated that treatment of C57BL/10ScN mice with the
same anti-IFN-g antibody resulted in a significant increase in
the peak parasitemia level (32). As it is well known that there
is strain variation in the level of resistance to P. chabaudi AS
malaria (31, 32), it is not surprising to find that during infection
with P. chabaudi AS, the effect of treatment of different mouse
strains with the same antibody is variable. We herein also
report that treatment of B6 mice with an anti-TNF-a MAb
alone does not affect survival, whereas we have recently shown
that treatment of this mouse strain with a polyclonal anti-
TNF-a antibody alone decreases survival (19). Considering the
fact that specific regions of the TNF-a molecule have been
shown to have specific biological properties (21), it appears
that the polyclonal anti-TNF-a antibody which we used in our
earlier study neutralizes several epitopes or biological proper-
ties of the TNF-amolecule which are, together, crucial for host
survival, whereas the anti-TNF-a MAb which we used here
affects one epitope or biological property of the molecule

which, by itself, is not crucial for host survival. Furthermore,
the present results also show that treatment of resistant B6
mice with anti-TNF-a plus anti-IFN-g MAbs significantly in-
creases peak parasitemia but does not alter survival of this
mouse strain during infection with P. chabaudi AS. These
results are in agreement with recent data from our laboratory
which demonstrated that treatment of B6 mice with an anti-
IL-12 antibody also increased peak parasitemia without affect-
ing survival, presumably by suppressing the synthesis of TNF-a
and IFN-g (33). Furthermore, we have previously shown that
treatment of P. chabaudi AS-infected B6 mice with the iNOS
inhibitor aminoguanidine does not alter peak parasitemia but
significantly decreases survival of these animals (18). These
results are in contrast to those of a study by Taylor-Robinson
et al. (36) in which thymectomized, P. chabaudi-infected NIH
mice were treated with NG-monomethyl-L-arginine in conjunc-
tion with T-cell transfers. Our findings, and the fact that treat-
ment with either aminoguanidine or anti-TNF-a plus anti-
IFN-g MAbs inhibits NO synthesis, suggest first, that NO
protects the host but is not involved in controlling the level of
peak parasitemia and thus parasite killing, and second, that
TNF-a in combination with IFN-g induces one or more factors
different from NO which are involved in parasite killing. In this
regard, the existence of unidentified factors in serum which
require the presence of both TNF-a and IFN-g has previously
been shown to mediate killing of the malaria parasite P. cyno-
molgi (23). Furthermore, the fact that treatment with an anti-
IL-4 MAb did not affect the course of parasitemia and survival
of infection with P. chabaudi AS is in agreement with a recent
study, cited above, showing that mice with a disrupted IL-4
gene clear P. chabaudi AS infection in a manner similar to that
of their wild-type counterparts (40).
Our results also demonstrate that TNF-a, but not IFN-g or

IL-4, is involved in the development of marked splenomegaly
in resistant B6 mice during infection with P. chabaudi AS.
Since TNF-a, but not IFN-g and IL-4, has been shown to be
chemotactic for monocytes (42) and to induce endothelial cells
to express adhesion molecules favoring leukocyte emigration
(38), it is tempting to speculate that TNF-a may be involved in
the accumulation of leukocytes in the spleen and, thus, the
development of splenomegaly. Moreover, a study by Campbell
et al. (7), using a murine model of insulin-dependent diabetes
mellitus, also suggests that TNF-a induces splenic enlarge-
ment.
Taken together, our results demonstrate that TNF-a and

IFN-g together affect different aspects of resistance to P.
chabaudi AS malaria in vivo. These cytokines (i) induce high
amounts of NO which are critical to survive the infection and
(ii) are involved in controlling the peak level of parasitemia,
which does not appear to depend on the presence of NO.
TNF-a by itself also partially regulates the development of
splenomegaly. In contrast, IL-4 alone, which is produced in
high amounts by susceptible A mice early during infection,

FIG. 5. Splenic iNOS mRNA levels of anti-IL-4 MAb-treated susceptible A
mice during P. chabaudi AS infection. (A) Total RNA was purified from spleens
recovered from an uninfected, control mouse (upp) and day 7-infected mice
treated with normal rat serum IgG (inf. controlppp) or an anti-IL-4 MAb (n per
treatment group 5 3). Splenic iNOS mRNA expression per mouse was deter-
mined by RT-PCR. Aliquots of 40 fg of competitive standard (comp. stand.§)
were coamplified with each of the cDNA samples. GAPDH mRNA levels were
also determined by PCR for each sample. pp, positive control (splenic iNOS
mRNA expression in resistant B6 mice on day 7 postinfection with P. chabaudi
AS). The data shown are representative of two replicate experiments. (B) Scan-
ning densitometry of the autoradiographs shown in panel A. The density of each
band corresponding to iNOS mRNA expression was determined and normalized
against the levels of the competitive standard, and the resulting values were then
normalized against the bands corresponding to GAPDH expression. pos., posi-
tive; O.D., optical density; S.E.M., standard error of the mean.

TABLE 1. Serum NO3
2 levels, peak parasitemia levels, and spleen

weights of anti-IL-4 MAb-treated susceptible A mice during
P. chabaudi AS infectiona

Treatment
Mean serum
NO32 level
(mM) 6 SEM

Mean peak
parasitemia level
(%) 6 SEM

Mean spleen wt
(mg) 6 SEM

Normal rat serum 19 6 2 65 6 3 165 6 04
Anti-IL-4 MAb 21 6 2 67 6 3 175 6 11

a Groups of five mice were used per treatment. The data shown are represen-
tative of two replicate experiments.
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does not appear to be involved in the regulation of NO pro-
duction, peak level of parasitemia, or splenomegaly. Protection
against P. chabaudi AS malaria, thus, appears to be critically
dependent on the production of increased levels of IFN-g and
TNF-a, which induce NO synthesis early during infection.
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