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The contribution of cytokines and chemokines to resistance and susceptibility to African trypanosomiasis
remains controversial. In the present study, the levels of type I and type II cytokines and of the MCP-1 chemokine were compared during the early and late stages of Trypanosoma congolense infection in susceptible BALB/c
and resistant C57BL/6 mice. Moreover, the status of macrophage activation was compared in these animals by
analyzing the inducible nitric oxide synthase-arginase balance, tumor necrosis factor secretion, and expression
of the FIZZ1 and YM genes. Data show that changing from a predominant type I cytokine environment in the
early stage of infection to a predominant type II cytokine environment and an enhanced MCP-1 secretion in
the late stage of infection correlates with resistance to T. congolense. Concomitantly, macrophage activation
evolves from a classical to a predominant alternative phenotype. We further confirmed that the simultaneous
occurrence of type I/type II cytokines in the early stage of infection in susceptible BALB/c mice, reflected by the
presence of macrophages exhibiting a mixed classical/alternative activation phenotype, is associated with
uncontrolled parasite growth and early death. Interleukin-4 (IL-4) and IL-13 signaling did not influence the
susceptibility of BALB/c mice to T. congolense infection and interestingly were not the main trigger to alternative macrophage activation. In T. congolense-resistant C57BL/6 mice, our results corroborated the induction
of FIZZ1 and YM gene expressions with the alternative pathway of macrophage activation. In susceptible
BALB/c mice, however, YM but not FIZZ1 induction reflected the emergence of alternatively activated macrophages. Hence, the FIZZ1 and YM genes may be useful markers to discriminate between distinct populations
of alternatively activated macrophages.
Resistance to T. congolense infection in mice was suggested
to rely upon the interleukin-12 (IL-12)-dependent synthesis of
immunoglobulin G2a antibodies against parasite antigens and
increased secretions of tumor necrosis factor and nitric oxide
(18). The role of type II cytokines in resistance to African
trypanosomes is even more speculative because they were reported to exert deleterious (44), protective (1, 14, 30), or no
effect (38) on the outcome of the disease. The discrepancy in
the relative importance of cytokines in resistance to African
trypanosomiasis may result from the use of different parasite
and/or mouse strains. In addition, most of the studies focused
on the immune response elicited in the early stage of infection,
omitting the late/chronic stage of the disease.
Chemokines may also influence the type I versus type II
balance during an immune response (16, 17). In this respect,
increased levels of RANTES, MCP-1, MIP1␣, and MIP2 chemokine mRNAs were observed in the spleen and brain of T.
brucei-infected animals (19, 39). However, the possible role of
these chemotactic proteins in resistance or susceptibility to
African trypanosomiasis has not been investigated.
In order to further analyze the importance of type I versus
type II cytokines and the MCP-1 chemokine in resistance to
African trypanosomes, their levels were quantified in the
spleen and blood compartments during the early and late
stages of T. congolense infection in a susceptible (BALB/c) and
a resistant (C57BL/6) mouse model (42). In addition, the status of macrophage activation, which is influenced by the cyto-

In sub-Saharan Africa, parasites such as Trypanosoma brucei
and Trypanosoma congolense cause sleeping sickness in humans and Nagana disease in cattle. During infection with these
extracellular parasites, complex interactions between the host
immune system and parasite survival strategies occur. The control of African trypanosomiasis requires among others the contribution of variant specific glycoprotein-specific B- and T-cell
responses (10, 35, 37) as well as the macrophage/monocyte
phagocyte system (5, 18, 40).
As regulators of the immune response, cytokines orchestrate
a type I and/or a type II immune response, thereby influencing
the outcome of the disease. In this regard, the precise role of
individual cytokines during African trypanosomiasis remains
controversial. There is little doubt that a type I cytokine-based
immune response contributes to the control of infection, although the relative importance of distinct cytokines may vary.
For instance, gamma interferon (IFN-␥) was shown to be essential in Trypanosoma brucei rhodesiense and T. brucei brucei
murine models through activation of macrophages (10, 30). On
the other hand, the role of this cytokine in resistance to T. congolense has not been investigated, although susceptible mice
produce higher amounts of IFN-␥ than resistant mice (43).
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kine environment (8), was compared in the peritoneal compartment of T. congolense-infected susceptible and resistant
mouse strains. In particular, the secretion of nitric oxide and
tumor necrosis factor, reflecting the occurrence of classically
activated macrophages in a type I cytokine environment, and
arginase activity, reflecting the development of alternatively
activated macrophages in a type II cytokine environment, were
determined in the course of infection. In addition, the mRNA
levels of the FIZZ1 (found in inflammatory zone) gene and the
YM gene family, whose enhanced expression was recently correlated with alternative macrophage activation (6, 34), were
quantified.

mended by the suppliers. One microgram of DNase I-treated RNA was reversetranscribed with oligo(dT) and Superscript II reverse transcriptase (Gibco-BRL).
Each PCR cycle consisted of 1 min of denaturation at 94°C, 45 s of annealing at
55°C, and 1 min of extension at 72°C. The PCR primers were FIZZ1 sense
(5⬘-TCCCAGTGAATACTGATGAGA-3⬘), FIZZ1 antisense (5⬘-CCACTCTG
GATCTCCCAAGA-3⬘), YM sense (5⬘-GGGCATACCTTTATCCTGAG-3⬘),
YM antisense (5⬘-CCACTGAAGTCATCCATGTC-3⬘), ␤-actin sense (5⬘-ACA
CTGTGCCCATCTACGAG-3⬘), and ␤-actin antisense (5⬘-TCAACGTCACAC
TTCATGATG-3⬘). The amplicon sizes were 213, 304, and 381 bp for FIZZ1,
YM, and ␤-actin, respectively. The primers used did not allow discrimination of
the different YM isotypes (15).
The amount of template cDNA and the number of PCR cycles were optimized
so that the analysis of PCR products could be carried out within the linear range
of amplification. ␤-Actin was used as a control to ensure that the observed
differences in the expression levels of each gene in different cell samples were not
due to differences in the amount of template cDNA. The results of the PCR
analyses were confirmed in at least three independent experiments.

RESULTS
Parasitemia and survival of BALB/c and C57BL/6 mice infected with T. congolense. The course of infection was compared in BALB/c and C57BL/6 mice infected with T. congolense parasites. BALB/c mice infected with T. congolense
showed a drastically reduced survival time (8 ⫾ 2 days) compared to C57BL/6 mice (160 ⫾ 25 days). In BALB/c mice, T.
congolense parasites grew exponentially, leading to parasitemia
levels higher than 109/ml when the animals died. In C57BL/6
mice, on the other hand, the first peak of parasitemia was
controlled at 3 ⫻ 108 parasites/ml. Thereafter, minor waves of
parasitemia were observed until the animals died. In agreement with previous reports (42), these data indicate that
BALB/c mice are extremely susceptible to T. congolense parasites (higher parasitemia, shorter survival), while C57BL/6
mice are relatively resistant (lower parasitemia, longer survival).
Cytokine productions by spleen cells from BALB/c and
C57BL/6 mice infected with T. congolense. The levels of type I
(IFN-␥) and type II (IL-10, IL-4, and IL-13) cytokines as well
as the chemotactic cytokine MCP-1 were quantified in culture
supernatants of spleen cells from BALB/c and C57BL/6 mice
infected with T. congolense in the early (6 days) and late (8
weeks) stages of infection.
In the early stage of infection, spleen cells from infected
BALB/c mice produced, both spontaneously and after concanavalin A stimulation, increased levels of type I and type II
cytokines and of the MCP-1 chemokine compared to spleen
cells from noninfected mice (P ⬍ 0.02) (Table 1). At this stage
of infection, spleen cells from T. congolense-infected C57BL/6
mice, activated or not with concanavalin A, produced increased amounts of IFN-␥, IL-10, IL-4, and MCP-1 (P ⬍ 0.02)
but not IL-13 compared to spleen cells from noninfected mice
(Table 1). The spontaneous or concanavalin A-induced IL-4,
IL-13, and MCP-1 secretions upon infection were higher in
BALB/c than in C57BL/6 mice.
In the absence of concanavalin A stimulation, induction of
IL-10 secretion upon infection was comparable in both strains,
while the induction of IFN-␥ secretion was higher in BALB/c
than in C57BL/6 mice. On the contrary, after mitogenic activation, spleen cells from infected C57BL/6 mice showed a
lower induction of IL-10 but enhanced induction of IFN-␥
secretion compared to spleen cells from infected BALB/c mice,
possibly indicating a lower level of T-cell activation but en-
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MATERIALS AND METHODS
Parasites and animals. Female 8- to 12-week-old BALB/c and C57BL/6 mice
(Harlan, Zeist, The Netherlands), and IL-4⫺/⫺ (31) and IL-4 receptor alpha
(IL-4R␣)⫺/⫺ (26) mice were intraperitoneally inoculated with 5 ⫻ 103 T. congolense variant antigen type 13 (Tc13) organisms (32, 33) (kindly provided by
Henry Tabel, University of Saskatchewan, Saskatchewan, Canada). Parasitemia
was monitored by tail blood puncture every 2 to 4 days with a hemacytometer.
Animal experimentation guidelines of the Ethics Commission for Laboratory
Animals of the Free University of Brussels were followed.
Experimental design. Mice were infected so that, at the time of the experiment, age-matched animals from both the early and late stages of infection were
available. Levels of cytokines, nitric oxide, and arginase activity were quantified
in serum and spleen or resident peritoneal exudate cell cultures of three infected
mice at each stage of infection. For each parameter, results were expressed as the
mean ⫾ standard error of three infected animals tested individually and compared to the same parameters assessed in three noninfected mice. Results are
representative of at least five independent experiments performed. Statistical
analyses were assessed by Student’s t test. A P value of ⬍0.05 was considered
significant.
Cell culture. At the time of the experiments, spleen and resident peritoneal
exudate cells from noninfected and infected mice were prepared and resuspended in RPMI 1640 (Gibco) supplemented with fetal calf serum (10%), 100 U
of penicillin per ml, 100 g of streptomycin per ml, 2 mM L-glutamine, and 5 ⫻
10⫺5 M 2-mercaptoethanol as described previously (28). Cytokine and NO2
levels were determined in culture supernatants of cells (2 ⫻ 106/ml) stimulated
or not with concanavalin A (2.5 g/ml).
To quantify FIZZ1 and YM gene expression, adherent peritoneal exudate
cells were prepared by dispensing 107 cells in a 10-cm tissue culture dish. After
incubation at 37°C for 3 h in a humidified incubator containing 5% CO2, plates
were washed with supplemented RPMI 1640 warmed at 37°C until no nonadherent cells or parasites were visible by microscopic examination. The adherent
populations contained 80 to 90% macrophages as determined by cytofluorimetric
analysis based on coexpression of CD11b and F4/80 (not shown).
Quantification of cytokines. Cytokines were quantified in cell culture supernatants and in blood serum (collected on heparin) with specific sandwich enzyme-linked immunosorbent assays (ELISAs) for IFN-␥, IL-4, IL-10, MCP-1
(PharMingen, Erembodegem-Aalst, Belgium), or tumor necrosis factor and
IL-13 (R&D Systems, Abingdon, United Kingdom). ELISA was performed in
accordance with the manufacturers’ protocols. Reported cytokine levels were the
maximal levels observed after 1 day of culture for IL-4 and IL-13 and 3 days of
culture for IFN-␥, IL-10, MCP-1, and tumor necrosis factor.
Quantification of nitric oxide and arginase activity. Levels of nitric oxide in
cell culture supernatants (collected after 3 days of culture) were determined by
quantifying NO2 with the Greiss reagent as described previously (29). Arginase
activity was measured in peritoneal exudate cell lysates as previously described
(29). Briefly, 106 cells were lysed with 100 l of 0.1% Triton X-100. After 30 min
on a shaker, arginase was activated in the presence of 100 l of 25 mM Tris-HCl
(pH 7.5) and 35 l of 10 mM MnCl2 (10 min, 56°C). L-Arginine hydrolysis was
conducted by incubating the cell lysates with 100 l of 0.5 M L-arginine (pH 9.7)
at 37°C for 1 h. The reaction was stopped with 800 l of H2SO4 (96%)–H3PO4
(85%)–H2O (1:3:7, vol/vol/vol). The urea produced was quantified at 540 nm
after addition of 40 l of ␣-isonitrosopropiophenone (dissolved in 100% ethanol), followed by heating at 100°C for 20 min. One unit of enzyme was defined
as the amount that catalyzed the formation of 1 mol of urea per min.
Semiquantitative RT-PCR. Total RNA from adherent peritoneal exudate cells
(3 ⫻ 106 cells) was prepared with the Trizol reagent (Gibco-BRL) as recom-
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TABLE 1. Spontaneous and induced cytokine secretion by spleen cells from BALB/c and C57BL/6 mice during the early (6 days)
and late (8 weeks) stages of T. congolense infectiona
Conditions

Spontaneous

Mouse
strain

BALB/c
C57BL/6

Concanavalin A induced

BALB/c
C57BL/6

Infected

No
Yes
No
Yes
Yes

Early
Early
Late
Early
Early
Late

IFN-␥

IL-10

IL-4

IL-13

MCP-1

400 ⫾ 48
2,500 ⫾ 236a
200 ⫾ 33
850 ⫾ 90a
150 ⫾ 21c

10 ⫾ 2
200 ⫾ 19a
15 ⫾ 3
250 ⫾ 35a
50 ⫾ 15ac

6⫾3
50 ⫾ 10a
5⫾3
15 ⫾ 3a
25 ⫾ 5ad

6⫾3
30 ⫾ 10a
5⫾2
5⫾2
10 ⫾ 2ad

250 ⫾ 56
1,800 ⫾ 168a
100 ⫾ 29
250 ⫾ 50a
2,400 ⫾ 350ad

7,500 ⫾ 450e
9,000 ⫾ 854ae
6,000 ⫾ 514e
10,000 ⫾ 964ae
500 ⫾ 54bce

200 ⫾ 16e
540 ⫾ 47ae
75 ⫾ 12e
320 ⫾ 30ae
250 ⫾ 50ae

50 ⫾ 15e
600 ⫾ 115ae
24 ⫾ 5
50 ⫾ 15ae
300 ⫾ 25ade

20 ⫾ 5e
120 ⫾ 20ae
10 ⫾ 2e
10 ⫾ 2e
50 ⫾ 5ade

300 ⫾ 58
2,200 ⫾ 363a
50 ⫾ 18
250 ⫾ 74a
3,410 ⫾ 500ad

a
Letters following values indicate statistical significance. a, significantly higher compared to noninfected animals; b significantly lower compared to noninfected
animals; c significantly lower compared to the early stage of infection; d significantly higher compared to the early stage of infection; e significantly higher compared
to spontaneous release in the same mouse strain.

hanced type I cytokine polarization in spleen cells from infected C57BL/6 than from infected BALB/c mice.
In the late stage of infection, spontaneous IFN-␥ secretion
by spleen cells from T. congolense-infected C57BL/6 mice returned to the level in spleen cells from noninfected mice, while
concanavalin A-induced IFN-␥ secretion was strongly inhibited
compared to that in spleen cells from noninfected mice (P ⬍
0.001) (Table 1). In parallel, spontaneous and concanavalin
A-induced IL-10 secretion remained increased in the supernatants of spleen cells from infected C57BL/6 mice compared to
spleen cells from noninfected mice (P ⬍ 0.01), but to lower
levels than in the early stage of infection. Finally, the levels of
IL-4, IL-13, and MCP-1 increased significantly from the early
to the late stage of infection in spleen cells from infected
C57BL/6 mice, both without and after concanavalin A stimulation (P ⬍ 0.05). Hence, in the late stage of T. congolense
infection, spleen cells from infected resistant C57BL/6 mice
showed reduced type I and enhanced type II cytokine and
MCP-1 secretions compared to the early stage of infection.
Cytokine levels in serum from BALB/c and C57BL/6 mice
infected with T. congolense. The levels of type I and type II
cytokines as well as MCP-1 were quantified in the serum from
BALB/c and C57BL/6 mice infected with T. congolense in the
early (6 days) and late (8 weeks) stages of infection. Throughout infection, IL-13 and MCP-1 serum levels were below detection levels in the two mouse strains.
During the early stage of infection in BALB/c mice, an
increase in the serum concentrations of IFN-␥, IL-10, and IL-4
was observed compared to noninfected animals (P ⬍ 0.01)
(Fig. 1). Increased IFN-␥ and IL-10 concentrations compared
to noninfected animals were noted as well in serum from
C57BL/6 mice at this stage of infection (P ⬍ 0.05), while the
increase in IL-4 concentration was not significant.
In the late stage of infection in C57BL/6 mice, serum levels
of IFN-␥ dropped to values observed in noninfected animals,
while the levels of IL-4 and IL-10 increased compared to the
early stage of infection (P ⬍ 0.05) (Fig. 1).
These data confirm that, as in the spleen, the presence of a
mixed type I/type II cytokine environment in the serum of
T. congolense-susceptible BALB/c mice. In resistant C57BL/6
mice, decreased type I and enhanced type II cytokine secre-

tions are observed in the late compared to the early stage of
infection.
Status of macrophage activation during T. congolense infection in BALB/c and C57BL/6 mice. To evaluate the status of
macrophage activation, spontaneous nitric oxide (assessed by
NO2 accumulation) and tumor necrosis factor secretions were
determined in the culture supernatants of peritoneal exudate
cells from T. congolense-infected BALB/c and C57BL/6 mice.
Since we were interested in macrophage–T-cell cytokine interactions during infection, concanavalin A-induced nitric oxide
and tumor necrosis factor secretions were measured as well. In
parallel, arginase activity was quantified in lysates of peritoneal
exudate cells from infected mice. Finally, the expression of the
genes coding for FIZZ1 and YM was compared in adherent
peritoneal exudate cells from infected mouse populations by
semiquantitative RT-PCR.
Peritoneal exudate cells from infected C57BL/6 and BALB/c

FIG. 1. Cytokine levels in serum from BALB/c and C57BL/6 mice
infected with T. congolense. During the early (6 days) and late (8
weeks) stages of infection, IFN-␥ (solid bars), IL-10 (dotted bars), and
IL-4 (open bars) cytokines were quantified in the serum of BALB/c
and C57BL/6 mice (mean ⫾ standard error, n ⫽ 3). Cytokine levels in
serum from noninfected animals were below the detection limit (⬍5
pg/ml). a, significantly higher compared to noninfected animals; b,
significantly lower compared to the early stage of infection; c, significantly higher compared to the early stage of infection.
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mice spontaneously produced undetectable and marginal levels of nitric oxide, respectively (Fig. 2a). In the early stage of
infection, concanavalin A-stimulated peritoneal exudate cells
from T. congolense-infected BALB/c and C57BL/6 mice produced increased nitric oxide levels compared to peritoneal
exudate cells from noninfected animals (P ⬍ 0.05). At this
stage of infection, spontaneous and concanavalin A-induced
tumor necrosis factor levels in supernatants of peritoneal exudate cells from infected mice increased in both BALB/c and
C57BL/6 mice compared to peritoneal exudate cells from noninfected mice (P ⬍ 0.02) (Fig. 2b). Peritoneal exudate cells
from BALB/c but not C57BL/6 mice in the early stage of
infection exhibited increased arginase activity compared to
peritoneal exudate cells from noninfected mice (P ⬍ 0.001)
(Fig. 2c).
YM but not FIZZ1 gene expression was induced in peritoneal exudate cells from T. congolense-infected BALB/c mice
compared to peritoneal exudate cells from noninfected mice.
In peritoneal exudate cells from C57BL/6 animals, FIZZ1 and

YM expression in the early stage of infection was slightly decreased and similar, respectively, compared to peritoneal exudate cells from noninfected mice (Fig. 2id). Thus, in the early
stage of T. congolense infection, peritoneal exudate cells from
infected susceptible BALB/c mice displayed characteristics of
both classical and alternative macrophage activation, while in
resistant C57BL/6 mice, classically activated macrophages
were elicited.
In peritoneal exudate cells from late-stage infected C57BL/6
mice, concanavalin A-induced nitric oxide levels remained increased compared to peritoneal exudate cells from noninfected
mice (P ⬍ 0.01), but were only slightly lower than in the early
stage of infection (Fig. 2a). Similarly, spontaneous tumor necrosis factor secretion by peritoneal exudate cells from infected
mice tended to be lower in the late than in the early stage of
infection, while concanavalin A-induced tumor necrosis factor
secretion by peritoneal exudate cells from infected mice returned to that in peritoneal exudate cells from noninfected
mice (Fig. 2b). Finally, in the late stage, the levels of arginase
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FIG. 2. Status of macrophage activation during T. congolense infection in BALB/c and C57BL/6 mice. Spontaneous and concanavalin
A-induced NO2 (a) and tumor necrosis factor (b) secretion was quantified in the supernatants of peritoneal exudate cells from BALB/c (open bars)
and C57BL/6 (solid bars) mice (mean ⫾ standard error, n ⫽ 3) in the early (6 days) and late (8 weeks) stages of infection and compared to that
in noninfected (N) animals. In parallel, arginase activity was quantified in peritoneal exudate cell lysates (c), and expression levels of the ␤-actin,
FIZZ1, and YM genes was analyzed in noninfected (N) and infected (I) adherent peritoneal exudate cells (d). The number of PCR cycles
performed is indicated in parentheses. a, significantly higher compared to noninfected animals; b, significantly lower compared to the early stage
of infection; c, significantly higher compared to the early stage of infection.

6184
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DISCUSSION
In the present study, we compared the course of African
trypanosome infection in BALB/c and C57BL/6 mice, which
are susceptible and resistant, respectively, to T. congolense
(42). Cytokine levels in the spleen and the serum, as well as the

status of macrophage activation in the peritoneal compartment, were analyzed at both the early and late stages of infection. It is worthwhile mentioning that modulations of cytokine
and MCP-1 releases in the lymph nodes of infected BALB/c
and C57BL/6 mice were similar to those observed in the spleen
(not shown).
In the early stage of infection with T. congolense, a mixed
type I/type II cytokine environment was reported to occur in
the spleen and the plasma of susceptible BALB/c mice, while a
type I cytokine environment developed in resistant C57BL/6
mice. Based on this time-limited information, it was suggested
that a type I cytokine environment may be protective during
T. congolense infection (42). Importantly, we show that, from
the late stage of infection, type II cytokine production occurs in
T. congolense-resistant C57BL/6 mice (Table 1). Changes in
cytokine patterns in these animals were paralleled by changes
in macrophage activation in the course of infection, from a
classical to a predominant alternative phenotype (Fig. 2).
The modulations of cytokine environment and macrophage
activation status during T. congolense infection in resistant
animals resemble those occurring during infection with the
phospholipase C (PLC)⫺/⫺ T. brucei brucei variant which, like
T. congolense, induces a chronic infection in C57BL/6 mice
(survival, 160 ⫾ 10 days) (28). Moreover, the inability to switch
from a type I to a type II cytokine pattern and from classically
to alternatively activated macrophages in the course of infection was correlated with the susceptibility of C57BL/6 mice to
wild-type T. brucei brucei (survival, 35 ⫾ 3 days) (28, 29).
Finally, enhanced IL-4 and IL-10 mRNA levels and decreased
levels of nitric oxide were shown to correlate with increased
tolerance in T. congolense-infected cattle (24, 41).
Together, these data indicate that a switch from a dominant
type I to a predominant type II immune response may be a
general mechanism for resistance to African trypanosomiasis,
both in murine models and in natural infections. By mounting
a type I immune response and classically activated macrophages, infected animals may overcome the first and most
aggressive wave of parasitemia, possibly through the secretion
of nitric oxide and tumor necrosis factor, which are trypanostatic and trypanolytic, respectively (23, 40, 45). The emergence
of a type II cytokine environment in the late stage of infection
may favor the development of alternatively activated macrophages during African trypanosomiasis. These alternatively activated macrophages could reduce the inflammatory responses
induced by classically activated macrophages, increasing the
resistance of infected animals (8, 29). However, we do not
exclude that alternatively activated macrophages impair effective parasite control and favor the progression of African
trypanosomiasis to a chronic phase. Indeed, these cells were
shown to potently inhibit T-cell responses during Brugia malayi
nematode and T. brucei brucei infection (20, 22, 29, 36).
Mechanisms behind the switch from a type I to a type II
cytokine environment during African trypanosome infection
are currently unknown. In this regard, MCP-1 was reported to
favor the polarization towards a type II cytokine response
during Leishmania infection and Schistosoma egg granuloma
formation (9, 21). Therefore, high MCP-1 levels occurring
during the late stage of infection in mice resistant to T. congolense (Table 1) or to PLC⫺/⫺ T. brucei brucei (our unpublished observations) may play a role in type II cytokine polar-
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activity (P ⬍ 0.001) as well as expression of FIZZI and YM
were significantly increased in peritoneal exudate cells from
infected mice compared to the levels in peritoneal exudate
cells from uninfected and infected mice from the early stage of
infection (Fig. 2c and d). Taken together, peritoneal macrophages from resistant C57BL/6 mice evolved from a polarized
classical mode of activation in the early stage of infection to a
more pronounced alternative mode of activation in the late
stage of infection.
Influence of IL-4 and IL-13 on the course of infection in
BALB/c mice infected with T. congolense. To investigate the
role of IL-4 and IL-13 in the susceptibility of BALB/c mice to
T. congolense, the course of infection was compared in IL-4⫺/⫺,
IL-4R␣⫺/⫺, and syngeneic wild-type BALB/c mice. Since both
the IL-4 and IL-13 receptor share the IL-4R␣ chain, IL4R␣⫺/⫺ mice lack both IL-4 and IL-13 signaling (2, 27).
IL-4⫺/⫺ and IL-4R␣⫺/⫺ mice were as susceptible to infection as their wild-type counterparts, showing similar exponential and uncontrolled parasite growth (⬎109/ml) and similar
survival time (8 ⫾ 2 days). The absence of IL-4 and IL-13
signaling did not significantly influence the secretion of IFN-␥,
IL-4, or IL-10 by spleen cells from T. congolense-infected wildtype BALB/c mice, reduced MCP-1 secretion to a large extent,
and abolished the production of IL-13. These effects were
slightly less pronounced in the sole absence of IL-4 signaling
(i.e., in IL-4⫺/⫺ mice) (not shown).
Influence of IL-4 and IL-13 on macrophage activation status
during T. congolense infection in BALB/c mice. The spontaneous and concanavalin A-induced secretion of nitric oxide and
tumor necrosis factor was determined in culture supernatants
of peritoneal exudate cells from T. congolense-infected IL4⫺/⫺, IL-4R␣⫺/⫺, and wild-type BALB/c mice. In parallel, arginase activity was quantified in lysates of peritoneal exudate
cells from infected mice, and expression levels of the FIZZ1
and YM genes were analyzed in adherent peritoneal exudate
cells from infected mouse populations.
Both spontaneously and after concanavalin A stimulation,
peritoneal exudate cells from infected IL-4⫺/⫺ and IL-4R␣⫺/⫺
mice tended to secrete higher levels of nitric oxide, secreted
higher levels of tumor necrosis factor (P ⬍ 0.01), and showed
slightly lower arginase activity than peritoneal exudate cells
from infected wild-type BALB/c animals (Fig. 3a, b, and c).
YM expression in peritoneal exudate cells from infected
mice was induced in IL-4⫺/⫺ and IL-4R␣⫺/⫺ mice, although to
lower extent than in wild-type BALB/c mice. Finally, compared
to peritoneal exudate cells from noninfected mice, the expression of FIZZ1 in peritoneal exudate cells from infected mice
was not triggered in wild-type BALB/c mice and was even
impaired in IL-4⫺/⫺ and IL-4R␣⫺/⫺ mice (Fig. 3d).
Thus, despite the absence of IL-4 and IL-13, macrophages
from the peritoneal compartment of T. congolense-infected
BALB/c mice displayed the characteristics of both classical and
alternative activation.
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ization. Concomitantly, MCP-1 may contribute to the antiinflammatory processes of alternatively activated macrophages
(4, 47).
As mentioned above, our data further confirm that the simultaneous occurrence of type I and type II cytokines in the
early stage of infection is detrimental to the host. Indeed, it
correlates with uncontrolled parasite growth and early death of
T. congolense-susceptible BALB/c mice and is reflected by the
emergence of macrophages displaying the characteristics of
both classical and alternative activation. It is unclear whether
this mixed phenotype originates from distinct macrophage
populations. Analyses of infection in IL-4⫺/⫺ and IL-4R␣⫺/⫺
mice, lacking IL-4 production and IL-4/IL-13 signaling, respectively (2, 27), revealed that the type II cytokines IL-4 and IL-13
do not contribute to the susceptibility of BALB/c mice to T.
congolense. The susceptibility to T. congolense may essentially
be governed by the IFN-␥/IL-10 balance during the early stage
of infection, as described previously for T. brucei brucei (30)

and other infections (7, 12, 13). Accordingly, neutralization of
IL-10 or IFN-␥ prolongs, though moderately, the life span of
T. congolense-infected BALB/c mice (43, 44).
Macrophages from T. congolense-infected mice lacking IL-4
and/or IL-13 signaling produced levels of nitric oxide and arginase activity similar to those in BALB/c mice but secreted
increased levels of tumor necrosis factor (Fig. 3). Moreover,
expression of the YM gene was still induced in the absence of
IL-4/IL-13 signaling in infected BALB/c mice. Hence, it seems
that in T. congolense-infected susceptible mice, macrophages
still display a mixed classical/alternative phenotype in the absence of IL-4 and/or IL-13 signaling. Importantly, these results
indicate that alternatively activated macrophages can occur
independently of IL-4/IL-13 signaling in BALB/c mice, corroborating the natural propensity of these animals to develop
alternatively activated macrophages (25). To gain more insight
on the role of IL-4 and IL-13 in resistance to T. congolense, the
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FIG. 3. Role of IL-4 and IL-13 in macrophage activation status during T. congolense infection in BALB/c mice. During the early stage (6 days)
of infection, spontaneous and concanavalin A (ConA)-induced NO2 (a) and tumor necrosis factor (b) secretion was quantified in the supernatants
of peritoneal exudate cells from IL-4⫺/⫺, IL-4R␣⫺/⫺, and wild-type BALB/c mice (mean ⫾ standard error, n ⫽ 3). In parallel, arginase activity was
quantified in lysates from peritoneal exudate cells (c). Dotted lines represent levels in peritoneal exudate cells from naïve animals. Finally,
expression levels of the ␤-actin, FIZZ1, and YM genes were analyzed in adherent peritoneal exudate cells from the noninfected (N) and infected
(I) animals (d). The number of PCR cycles performed is indicated in parentheses. a, significantly higher than in noninfected animals; b, significantly
higher than in BALB/c mice.
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inant alternative, reflects the changed cytokine pattern. We
have also found that the type II cytokines IL-4 and IL-13 do
not modulate the susceptibility of BALB/c mice to T. congolense infection and are not the main stimuli inducing alternatively activated macrophages in these mice. Finally, our data
suggest that the FIZZ1 and YM genes may be suitable markers
to discriminate among populations of alternatively activated
macrophages.
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course of infection and modulation of immune responses in
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modulation of the immune responses is unknown, although
they were suggested to downregulate inflammatory processes
(11).
Our results further corroborate expression of the FIZZ1 and
YM genes in alternatively activated macrophages elicited from
the late stage of T. congolense infection in resistant C57BL/6
mice. However, despite evidence for the presence of alternative macrophage activity in the early stage of T. congolense
infection in susceptible BALB/c mice, only the expression of
the YM gene was induced. Hence, distinct populations of alternatively activated macrophages expressing different gene
repertoires are elicited in T. congolense-resistant and -susceptible mice. Interestingly, the expression of FIZZ1 in alternatively activated macrophages correlates better with the resistance of C57BL/6 mice to T. congolense than the induction of
arginase activity or the enhanced expression of YM genes,
since the last two parameters were also detected in alternatively activated macrophages from susceptible BALB/c mice.
IFN-␥ was found to block the induction of both FIZZ1 and
YM expression in in vitro IL-4-treated macrophages (34). Accordingly, the expression of these genes is observed in the late
but not the early stage of T. congolense infection in C57BL/6
mice, i.e., when these animals are sensitized to produce IL-4
but not IFN-␥. On the other hand, we cannot exclude that in
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genes in in vivo-elicited alternatively activated macrophages.
The induction of YM expression in alternatively activated macrophages is at least partially IL-4/IL-13 independent in T. congolense-infected BALB/c mice. Similarly, the induction of YM
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brucei infection in (C57BL/6 ⫻ BALB/c)F1 mice or during
allergic pulmonary disease in BALB/c mice was IL-4/IL-13
dependent (34, 46). Hence, it may well be possible that use of
the FIZZ1 and YM genes as molecular markers for distinct
populations of alternatively activated macrophages and their
type II cytokine dependence for expression varies from mouse
to mouse strain and/or depends on the pathological situation.
In conclusion, we have correlated the presence of type I/type
II cytokine environments with resistance versus susceptibility
to African trypanosomes. Resistance to T. congolense, like that
to T. brucei brucei (28), correlates with the predominant secretion of type I cytokines in the early stage of infection to a more
pronounced secretion of type II cytokines and MCP-1 in the
late stage of infection. A change in the status of macrophage
activation in the course of infection, from classical to predom-
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