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Background. The penetration of T cells and trypanosomes into the brain parenchyma is a major pathogenetic

event in African trypanosomiasis.

Methods. The role of innate immune responses in the penetration of T cells and Trypanosoma brucei brucei into

the brain was studied in knockout mice by using double immunofluorescent staining and real-time polymerase

chain reaction.

Results. We demonstrate that Toll-like receptor (TLR)–MyD88–mediated signaling is required for T-cell and

parasite penetration into the brain and microglial activation, besides controlling parasitemia and antigen-specific T-cell

activation. Among different TLR-deficient mice studied, TLR9 mediated parasitemia control and T-cell

penetration into the brain. TLR-MyD88 signals increased levels of interferon (IFN) b and tumor necrosis factor

(TNF) a transcripts in the brains of infected mice and both TNF-a and IFN-a/b, receptors promoted T-cell and

trypanosoma infiltration into the brain parenchyma. Both resident and infiltrating inflammatory cells in the brain

controlled parasite densities in a TLR2- and TLR9-MyD88–mediated manner. However, neither IFN-a/b nor

TNF-a contributed to parasite control in the brain.

Conclusions. Our data indicate that innate immune TLR signals stimulate the expression of TNF-a and IFN-a/b
that initiate brain invasion of T cells and trypanosomes, and control T. brucei brucei load in the brain by molecules

distinct from these.

Infections with subspecies of the extracellular parasite

Trypanosoma brucei cause African trypanosomiasis, a dis-

ease that affects both humans (sleeping sickness) and

animals. During the early stage of human African try-

panosomiasis the parasites invade the hemolymphatic

system, and during the late meningoencephalitic stage

severe signs of nervous system involvement are observed

[1–3]. In a mouse model of the disease, T. brucei brucei

penetrate the blood-brain barrier (BBB) at a late stage and

can enter the brain parenchyma [4]. Within the CNS,

activation of white blood cell infiltrates and resident cells

probably leads to the nervous system disease [5].

The innate immune system has evolved several strategies

of self-nonself discrimination that are based on the rec-

ognition of molecular patterns demarcating infectious

nonself. Different Toll-like receptors (TLRs), by recog-

nizing diverse pathogen-associated molecular patterns

of microbes, activate innate immunity and may initiate

the subsequent development of adaptive immunity. TLR

agonists stimulate the secretion of proinflammatory cy-

tokines and type I interferons (IFN-a/b) that are invol-

ved not only in protection against infections but also
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in infection-mediated pathology. The development of adaptive

immune responses is at least in part mediated through the ability

of the innate receptor signaling to activate and stimulate the

migration of antigen-presenting cells into the lymph nodes [6].

The binding of TLRs (except TLR3) by their corresponding li-

gands results in the recruitment of the intracellular adaptor

molecule MyD88. Myd88–/– animals are highly susceptible to in-

fection with a wide variety of different pathogens, including in-

fection with T. brucei brucei [7–9].

We have shown elsewhere that the T-cell–derived cytokine

IFN-c, as well as the IFN-inducible chemokine CXCL10, promote

the penetration of T cells and parasites in the brain [4, 10], sug-

gesting also that parasites follow T cells during their brain invasion

across the BBB. Despite the accepted view that signaling from

specific innate immune receptors are required to activate and

determine the quality of T-cell responses, the role of innate im-

munity in T-cell–mediated central nervous system (CNS) diseases,

such as sleeping sickness, is poorly understood.

In the current study, we investigated whether signals emanat-

ing from TLR control the accumulation of T cells and parasites in

the brain parenchyma. We demonstrate that TLR signaling reg-

ulates the penetration of T cells and parasites across the BBB and

controls survival of the latter in the brain parenchyma through

distinct mechanisms.

MATERIALS AND METHODS

Mice, Parasites, and Infection
Mice deficient in MyD88, both interleukin (IL) 1 receptor (R) and

IL-18R, TLR2, TLR4, TLR9, IFN-a/bR, interferon regulatory

factor-3 (IRF3), and tumor necrosis factor (TNF) receptor 1 (R1)

were generated by homologous recombination in embryonic stem

cells (see supplemental information). Tlr22/2/Tlr92/2 were gen-

erated by cross-breeding of Tlr22/2 and Tlr92/2 mice. All strains

were back-crossed on a C57BL/6 background, and C57BL/6 mice

were used as wild-type (WT) controls. All experiments were au-

thorized by the Stockholm animal research ethical committee.

Mice (8–12 weeks old) were infected by intraperitoneal injection

with 2 3 103 parasites of a pleomorphic stabilate of T. brucei

brucei, AnTat 1.1E (obtained from ITG).

Real-Time Polymerase Chain Reaction
Gene transcripts were quantified in brains from uninfected and

infected WT and knockout mice by real-time polymerase chain

reaction, as described elsewhere [4]. The primer sequences are

listed in Table S1.

Immunohistochemical Techniques
To examine passage of trypanosomes across the BBB, sections of

nonperfused, fresh-frozen brains at a level of the lateral ventricles

containing the choroid plexus and the septal nuclei were cut,

mounted, fixed, and immunostained with anti-AnTat 1.1 VSG

(ITG), anti-CD4, or anti-CD8 to determine parasites or T-cell

presence together with antiglucose transporter 1 labeling brain

endothelial cells, as described elsewhere [11]. Brain sections were

also stained with anti–Iba-1 (Wako Pure Chemical Industries)

up-regulated in activated microglia, with anti–b-amyloid pre-

cursor protein [12] to find signs of neurodegeneration or with

anti-CD54 (Intercellular adhesion molecule 1 [ICAM-1]) anti-

bodies (KAT1; eBiosciences).

Measurement of IFN-g in Mouse Serum
The levels of IFN-c were determined in serum samples from un-

infected and infected WT andMyd882/2 mice. The concentrations

of IFN-c were measured using a solid phase sandwich enzyme-

linked immunosorbent assay (OptiEIA; BD-Pharmingen), with

a detection limit of 5 pg/mL.

T-Cell Restimulation Assay
Mouse bone marrow–derived dendritic cells (BMDCs) were dif-

ferentiated using granulocyte-macrophage colony-stimulating

factor, as described elsewhere [13]. Magnetic bead-selected

CD901 T spleen cells (106 cells/ mL) from T. brucei brucei–

infected WT, Myd882/2, or Tlr2/92/2 mice were cocultured with

lysates of T. brucei brucei and WT BMDCs (5 3 105 cells/ mL)

for 72 hours [14]. IFN-c levels in culture supernatant were

determined by enzyme-linked immunosorbent assay (BD Phar-

mingen). Controls included cultures lacking dendritic cells, T cells,

or antigen for each genotype used.

Bone Marrow Radiation Chimeric Mice
Bone marrow (BM) cells from Myd882/2 and WT mice were

harvested by flushing with cold phosphate-buffered saline

through the BM cavities, and red blood cells were lysed. To

create BM chimeras, WT and Myd882/2 mice were irradiated

with 900 cGy and 4 hours later inoculated intravenously with 107

BM cells from WT or Myd882/2 mice. Six weeks after re-

constitution, mice were infected intraperitoneally with 2 3 103

T. brucei brucei. As a control for the efficacy of reconstitution,

irradiated Myd882/2 and WT mice were inoculated with 107 BM

cells from gfp-tagged WT mice, and the number of CD31 and

CD191/GFP1 splenocytes was analyzed 6 weeks after in-

oculation. Two months after reconstitution, the BM marker GFP

was detectable in almost all blood cells (data not shown).

RESULTS

Role of MyD88 in T-Cell and Parasite Accumulation in the Brain
of T. brucei brucei–Infected Mice
The role of MyD88-mediated responses in the outcome of the

encephalitic phase of the murine infection with T. brucei brucei

was first studied. Myd882/2 mice showed higher levels of para-

sitemia during infection (Figure 1A) and died earlier than WT

mice (data not shown). We then measured the densities of T cells

and T. brucei brucei in the brains of infected WT and Myd88–/–

mice. A reduced density of CD41 and CD81 T cells in the cerebral

cortex, corpus callosum, and septal nuclei of Myd882/2 mice at
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Figure 1. Parasitemia, CD41 and CD81 T cells, and trypanosome accumulation in the brain parenchyma of infected wild-type (WT) and Myd882/2

mice. A, Levels of parasitemia. Each point represents the mean log10 parasites per milliliter6 standard error of measurement (SEM) obtained from 9 or
10 animals per group. **P , .01 (analysis of variance; significant differences compared with infected WT animals). B, E, H, Mean numbers (6 SEM) of
CD41 (B ), CD81 T cells (E ), and Trypanosoma brucei brucei (H ) per mm2 in the cortex, corpus callosum (C. callosum), and septal nuclei of mice at 30 days
post infection (4 animals per group). *P , .05, **P , .01 (unpaired t test; significant differences compared with WT mice at same postinfection time
point). C–D, F–G, I–J, Immunofluorescence images from the corpus callosum of mice at 30 days post infection (red, CD41 [C, D] and CD81 [F, G ] cells and
T. brucei brucei [I, J ]; green, cerebral endothelial cells). In WT mice, CD41 (C ) and CD81 (F ) T cells, and parasites (I ) are observed in the parenchyma.
Note decreased CD41 and CD81 T-cell accumulation and increased trypanosome density in the brain parenchyma ofMyd882/2 compared with WT mice
(D, G, J ) (scale bar, 50 lm).
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30 days after infection, compared with WT controls, was observed

by double immunolabeling of T cells and cerebral endothelial cells

(Figure 1B–G). On the other hand, the density of trypanosomes in

the brain was significantly increased in Myd882/2 mice compared

with infected WT mice (Figure 1H–J).

Infection of WT mice with T. brucei brucei increased the ce-

rebral levels of Ifn-c and Cxcl10 messenger RNA (mRNA)

(Figure 2A and 2B). Levels of these transcripts were strikingly

lower in brains from infected Myd882/2 mice than in infected

WT mice (Figure 2A and 2B). Transcripts of IL-13, secreted

Figure 2. Levels of Ifn-c, Cxcl-10, Il-13, Tnf-a, Ifn-b, and Cd11b messenger RNA (mRNA) and microglia activation in Trypanosoma brucei brucei–
infected wild-type (WT) and Myd882/2 mice. A–F, Relative expression of Ifn-c (A ), Cxcl-10 (B ), Il-13 (C ), Tnf-a (D ), Ifn-b (E ), and Cd11b (F ) mRNA in the
brains of uninfected or infected WT and Myd882/2 mice. All values are normalized with respect to Hprt mRNA levels. Each bar represents mean 6

standard error of measurement (SEM) of the values obtained from 4 animals. *P , .05; **P , .01 (unpaired t test; significant differences between
WT and Myd882/2 mice killed at same postinfection time point). G –I, Activated microglia (as detected by Iba-1 immunostaining) in the corpus callosum
of WT (G, H ) orMyd882/2 (I ) mice before infection (G ) or 30 days after infection (H, I ). Robust staining of microglia is observed in the corpus callosum of
infected WT mice (H ) (scale bar, 100 lm).
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primarily during Th2 responses [15], the proinflammatory Tnf-a
(Figure 2C), and Ifn-a/b were found to be increased in brains of

T. brucei brucei–infected WT mice, whereas they were reduced in

brains of infected Myd882/2 mice, compared with infected WT

mice (Figure 2C–E).

CD11b, a subunit of Mac 1 or the complement receptor 3 (CR3)

found in monocytes, macrophages, and neutrophils, is increased

in microglia during activation [16]. We observed increased levels

of Cd11b mRNA in brains of infected WT mice but not in

Myd882/2 mice (Figure 2F). Increased activation of microglia, as

visualized by Iba-1 immunolabeling, was also observed in the

corpus callosum and the septal nuclei of infected WT mice

compared with Myd882/2 mice (Figure 2G–I and data not

shown). No signs of neurodegeneration were observed in either

WT or Myd882/2 infected mice using immunostaining of the

b-amyloid precursor protein (data not shown).

Next, we asked whether the low T-cell numbers in the brains

of infected Myd882/2 mice were related to changes in numbers

or activation of peripheral T cells. WT and Myd882/2 mice in-

fected with T. brucei brucei showed splenomegaly and increased

numbers of splenocytes, with preferential increase of non-T cells

(data not shown). Increased levels of CXC3R, the receptor of

CXCL10, were observed in CD41 and CD81 spleen cells from

infected WT and Myd882/2 mice, although the expression of

CXCR3 was slightly lower in CD41, but not in CD81, T cells

from infected Myd882/2 mice, compared with WT mice (data

not shown). Thus, the decreased number of T cells in the brains

of Myd882/2 mice is not due to reduced T-cell numbers or

activation in immune organs.

To determine whether MyD88 is required for specific T-cell

priming during infection with T. brucei brucei, we measured the

recall IFN-c responses of isolated splenic T cells from T. brucei

brucei–infected WT mice or Myd882/2 mice. T cells were co-

incubated with BMDCs from WT animals with or without the

presence of parasite lysates. T cells from infected Myd88–/–animals

showed reduced T-cell responses to trypanosomal antigens, in-

dicating that MyD88 is required for priming adaptive immune

responses during infection (Figure 3A). Because T cells are a major

source of IFN-c, we then investigated whether there were differ-

ences in serum levels of IFN-c between infected WT and

myd882/2 mice. Serum samples from T. brucei brucei–infected

MyD882/2 mice showed lower IFN-c titers than those from WT

controls (Figure 3B).

We hypothesized that the increased numbers of parasites in

the brains of myd882/2 mice was due to a lack of activation of

MyD88-dependent parasitotoxic responses by cells in the CNS.

To determine whether hematopoietic or CNS-resident cells, for

example, microglia, contributes to MyD88-mediated parasite

growth control, BM radiation chimeric mice were generated.

Myd882/2 BM/WT and WT BM/Myd882/2 radiation chi-

meric mice showed increased parasitemia (Figure 3C) and

numbers of parasites in the brain (Figure 3D and 3E) compared

with WT BM/WT sham chimeras. Thus, both hematopoietic

and nonhematopoietic resident cells control the growth of

T. brucei brucei in the brain of infected mice. Irradiated and

sham chimeric mice showed increased susceptibility to infection,

as indicated by decreased survival time.

Role of TLRs in T-Cell and Parasite Accumulation in the Brain
During T. brucei brucei Infection
MyD88 mediates signaling by IL-1 and IL-18 receptors (R) and

all TLRs (except TLR3) [17]. We inquired whether or not IL-1R

or IL-18R signaling plays a role in the outcome of T. brucei brucei

infection. WT and Il-1r2/2/Il-18r2/2 showed similar para-

sitemia levels (Figure 3F). The densities of CD41 and CD81

T cells and parasites in the brain parenchyma were similar

WT and Il-1r2/2/Il-18r2/2 mice (Figure 3G–I), indicating

that TLRs, rather than IL-1R and/or IL-18R, play a role in the

pathogenesis of the encephalitic phase of infection.

To identify the TLR required for the control of parasite and

T-cell accumulation in the brain parenchyma, different TLR

knockout mice were used. Tlr22/2/Tlr92/2 (Tlr2/92/2) and

Tlr92/2 mice (but not Tlr22/2 and Tlr42/2 mice) showed ele-

vated parasitemia levels compared with WT mice (Figure 4A).

The densities of CD41 and CD81 T cells in the brain parenchyma

of infected Tlr22/2 and Tlr42/2 mice were similar to those in

infected WT mice, whereas infected Tlr92/2 and Tlr2/92/2 mice

showed lower densities (Figure 4B, 4C, 4E and 4F). On the other

hand, higher numbers of trypanosomes were found in the brains

of Tlr2/92/2 mice, in comparison with WT or Tlr92/2 mice

(Figure 4D and 4G). Ifn-c, cxcl10, cd11b, tnf-a, and ifn-b tran-

script levels in the brains of tlr2/92/2 mice were all diminished

compared with infected WT controls (Figure 4H–L).

We then asked whether T cells from T. brucei brucei–infected

tlr2/92/2 mice show defective recall responses to T. brucei brucei

antigens. Spleen T cells from infected WT or Tlr2/92/2mice were

coincubated with WT BMDCs, with or without T. brucei brucei

lysates. T cells from Tlr2/92/2 animals showed diminished

T. brucei brucei–stimulated IFN-c secretion (Figure 4M).

Roles of IFN-a/b Signaling in T-Cell and Parasite Accumulation
in the Brain
Because IFN-b transcripts were increased in the brains ofT. brucei

brucei–infected mice in a MyD88-dependent manner, we in-

vestigated whether IFN-a/b also played a role in T-cell and

T. brucei brucei accumulation in the brain. Ifn-a/br2/2 mice

showed no increased parasitemia compared with WT mice

(Figure 5A). A reduced density of CD81 T cells was found in the

cerebral cortex, corpus callosum, and septal nuclei of Ifn-a/br–/–

mice, compared with infected WT mice, whereas CD41 T cells

were reduced only in the corpus callosum (Figure 5B and 5C). In

contrast to Myd882/2 and Tlr2/92/2 mice, densities of trypa-

nosomes in the parenchyma of Ifn-a/br2/2 were not increased

compared with WT mice (Figure 5D).
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Figure 3. MyD88 regulates the recall T-cell responses in the periphery, serum levels of interferon (IFN) c, and parasitotoxic responses in the brain
parenchyma. A, T-cell recall responses. Purified splenic T cells from wild-type (WT) or Myd882/2 mice infected with Trypanosoma brucei for 25 days or
not infected were cocultured with syngeneic bone marrow (BM)–derived dendritic cells in the presence of T. brucei brucei lysates. IFN-c was assayed by
enzyme-linked immunosorbent assay in culture supernatants 72 hours after incubation. The means 6 standard error of measurement (SEM) from
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Although most TLRs signal via the MyD88 adaptor, TLR3

signals exclusively through a MyD88-independent pathway in

which TIR-domain-containing adapter-inducing interferon-b
(TRIF) is the adaptor. TRIF mediates phosphorylation and

translocation of IRF3 into the nucleus. IRF3 mediates IFN-a/b
release via other innate receptors as well [6]. We therefore asked

whether the IRF3-mediated pathway might, along with the

MyD88-mediated one, control the outcome of infection with

T. brucei brucei. Similar parasitemia levels were recorded in

irf32/2 and WT mice throughout infection (Figure 5E). A re-

duced density of CD81 T cells was found in the corpus callosum

and septal nuclei of Irf32/2 mice, compared with WT mice,

whereas CD41 T cells were reduced only in the corpus callosum

(Figure 5F and 5G). The density of trypanosomes in the pa-

renchyma of Irf32/2 and WT mice was similar (Figure 5H).

Altogether, Ifn-a/br2/2 and Irf32/2 mice showed a similar

outcome of infection with T. brucei brucei.

Role of TNF-a in T-Cell and Parasite Penetration Into the Brain
TNF-a might be secreted after TLR signaling and has been shown

to reduce the parasite load in nonneural tissues in mouse models

of infection [18] but has also been associated with immunopa-

thology [19, 20]. It is not known whether the proinflammatory

cytokine TNF-a affects the T-cell penetration and trypanosome

load in the brain. Because T. brucei brucei stimulates the cerebral

expression of TNF-a in mice in a manner mediated by MyD88

and TLR2/9, the role of TNFR1, involved in most TNF effects,

was studied [21]. Tnfr12/2 mice showed increased levels of

parasitemia after the second peak, compared with WT mice

(Figure 6A). Moreover, decreased numbers of CD41 and CD81

T cells were detected in the different brain regions of Tnfr12/2

compared with WT mice at 27 days post infection (Figure 6B

and 6C). However, the number of parasites in the brains of

Tnfr12/2 mice was lower than in WT mice (Figure 6D).

TNF-a enhances the adhesion of leukocytes to the endothelium

through increased expression of adhesion molecules such as

ICAM-1 or Vascular cell adhesion protein 1 (VCAM-1), thereby

contributing to inflammation [22, 23]. We found that infection

with T. brucei brucei strongly stimulated expression of ICAM-1

and VCAM-1 in brains of mice at the mRNA and protein levels.

Icam-1 and Vcam-1 mRNA levels increased less in infected

Tnfr12/2 mice than in WT mice (Figure 6E and 6F). Strikingly,

increased ICAM-1 immunostaining was observed in brain vessels

from infected WT mice compared with infected Tnfr12/2 or

uninfected WT mice (Figure 6G–I). The levels of Icam-1 mRNA

were decreased in brains of Myd882/2 mice compared with in-

fected WT controls (Figure 6J).

The inducible nitric oxide synthase (iNOS) has been shown to

mediate the control of T. brucei brucei parasitemia levels. We

therefore hypothesized that iNOS is also involved in the in-

tracerebral control of parasite load. Inos mRNA levels were in-

creased in brains of T. brucei brucei- infected WT mice. Brains

from Myd882/2 and Tlr2/92/2 mice showed lower Inos levels

compared with infected WT mice (Figure 6K and 6L). However,

the level of Inos mRNA was also reduced in brains from

Tnfr12/2 mice despite the fact that these mice showed fewer

parasites in the brain (Figure 6M).

DISCUSSION

We investigated the role of MyD88-dependent innate immune

responses in the regulation of parasite and T-cell infiltration into

the brain parenchyma, which are major pathogenic events in

infections with T. brucei. We found that TLRs rather than IL-1R

and IL-18R signals controlled the outcome of T. brucei brucei

infection. At an initial phase of infection, T. brucei–specific

T cells are activated in secondary lymphoid organs in a TLR- and

MyD88-dependent manner before they invade the CNS.

TLR9, but not TLR2 or TLR4, promoted T-cell accumulation

in the brain parenchyma. The administration of CpG-containing

oligonucleotides, agonists of TLR9, has been shown to increase

resistance of mice to Trypanosoma brucei rhodesiense [24].

Trypanosomal CpGs potentiate Th1-adaptive responses and

macrophage and B-cell activation [7, 24, 25]. Note that MyD88

deficiency resulted in a robust inhibition of T-cell activation and

T-cell penetration into the brain, whereas TLR-9–deficient mice

showed comparatively less inhibition, suggesting that also other

TLRs contribute to T-cell activation and extravasation into the

brain during African trypanosomiasis.

MyD88 signaling may stimulate IFN-a/b secretion [6]. We

show that the TLR-MyD88 pathway accounts at least in part for

the IFN-b induction in the brain during T. brucei brucei infection.

Figure 3 continued. triplicate cultures per condition are depicted. The experiments were performed twice with similar results. *P , .05 (unpaired t test;
significant differences between WT and Myd882/2 cells). B, Serum IFN-c levels after T. brucei brucei infection. Each bar represents mean 6 SEM of
values obtained from 3 or 4 animals per group and time point. **P, .01 (unpaired t test; significant differences compared with uninfected animals). C–E,
Parasitemia (C ) and trypanosome density in the septum (D ) and corpus callosum (E ) of radiation chimeric mice as measured 15 days post infection with
T. brucei brucei. Mean parasitemia and parasite density (6 SEM) in brain sections of 5 mice per group. Differences compared with WT BM/WT sham
chimeras are significant (*P, .05, **P, .01; unpaired t test). F, Levels of parasitemia in infected WTand Il-1r2/2/Il-18r2/2 mice. Each point represents
mean log10 parasites per milliliter (6 SEM) obtained from 5–9 animals per group. *P, .05 (2-way analysis of variance; significant differences compared
with infected WT animals). G–I, Mean numbers (6 SEM) of CD41 T cells (G ), CD81 T cells (H ), and T. brucei brucei (I ) per square millimeter in the cerebral
cortex, corpus callosum (C. callosum), and septal nuclei of infected WT and Il-1r2/2/Il-18r2/2 mice at 30 days post infection (4 animals per group).
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Figure 4. Role of Toll-like receptor (TLR) in the control of parasitemia and T-cell and parasite densities in the brains of Trypanosoma brucei brucei–
infected mice. A, Levels of parasitemia in infected wild-type (WT), Tlr22/2, Tlr42/2, Tlr92/2, and Tlr2/92/2 mice. Each point represents mean log10
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IFN-a/b increased invasion of T cells and trypanosomes into the

brain. IFN-a/b has been shown elsewhere to regulate the out-

come of infection with T. brucei rhodesiense [26]. IFN-a/b can

enhance cross-priming of CD81 T cells to parasite antigens and

mediate Th1 activation by stimulating the antigen-presenting

ability of dendritic cells [27, 28]. IFN-a/b in the brain might also

stimulate CXCL10 secretion by endothelial cells and astrocytes

resulting in T-cell and trypanosome passage across the BBB [10].

The recognition of parasite antigens by T cells in the brain pa-

renchyma can then stimulate IFN-c secretion followed by a fur-

ther increase in CXCL10 levels to accelerate the process [29].

Accordingly, we have observed lower levels of CXCL10 mRNA in

brains from T. brucei brucei–infected Ifn-a/br2/2 and Ifn-c2/

mice, compared with WT mice [10].

We observed that IRF3-deficient mice had a partial inhibition

of invasion of T cells into the brain. IRF3 is activated by either

TLR4, which we found to have no effect, or by TLR3, which

recognizes double-stranded RNA (dsRNA), found in some vi-

ruses. TLR3 has also been shown to recognize dsRNA from

nonviral pathogens [30]. Because African trypanosomes display

endogenous RNA interference and thereby contain dsRNA [31],

we are now investigating whether TLR3 recognizes trypanosomal

molecules and regulate T-cell and parasite neuroinvasion.

However, IRF3-mediated IFN-a/b secretion may also be trig-

gered by trypanosomes in a TLR-independent manner, as shown

for the intracellular T. cruzi [32]. Altogether, our data suggest

that IFN-a/b secretion, mediated by both MyD88 and IRF3, can

contribute to T-cell and trypanosoma neuroinvasion.

In agreement with previous reports on Tnf-a2/2 mice [18],

TNFR1 was required for the control of parasitemia. Brains from

Tnfr12/2 mice showed lower T-cell and parasite numbers than

WT controls, strongly suggesting a role for TNF-a in their

Figure 4 continued. parasites per milliliter 6 standard error of measurement (SEM) for 4 animals per group. *P , .05 (analysis of variance [ANOVA];
significant differences between WT and Tlr92/2 mice); #P , .05 (ANOVA; significant differences between WT and Tlr2/92/2 mice); fP , .05 (ANOVA;
significant differences between WT and Tlr42/2 mice ). B–G, Mean number (6 SEM) of CD41 (B, E ) and CD81 (C, F ) T cells and T. brucei brucei (D, G )
per square millimeter in the corpus callosum (C. callosum) (B–D ) and septal nuclei (E–G ) of infected WT, Tlr22/2, Tlr42/2, Tlr92/2, and Tlr2/92/2 mice
at 27 days post infection (3 or 4 animals per group). *P , .05 (unpaired t test; significantly different from WT mice at same postinfection time point);
#P, .05 (unpaired t test; significant differences in T. brucei brucei density compared with tlr2/92/2 mice). H–L, Relative expression of Ifn-c (H ), Cxcl-10
(I ), Tnf-a (J ), Ifn-b (K ), and Cd11b (L ) messenger RNA (mRNA) in the brains of uninfected WT controls and WT and Tlr2/92/2 mice at 27 days post
infection. Each bar represents the mean6 SEM of values obtained from 4 animals. *P, .05 and **P, .01 (unpaired t test; significantly different from
infected WT mice). M, Purified splenic T cells from WT or Tlr2/92/2 mice infected or not infected with T. brucei brucei for 25 days were cocultured with
syngeneic bone marrow–derived dendritic cells (DCs) in the presence of T. brucei brucei lysates. Interferon (IFN) c was assayed by enzyme-linked
immunosorbent assay in culture supernatants 72 hours after incubation; mean values (6 SEM) from triplicate wells are presented. The experiment shown
was performed twice, with similar results. *P , .05 (unpaired t test; significantly different from WT T cells 1 DCs 1 antigen).

Figure 5. Role of interferon (IFN) a/b and IRF3 in T-cell and parasite infiltration in the brains of Trypanosoma brucei brucei–infected mice. A, levels of
parasitemia in infected wild-type (WT) and Ifn-a/b r2/2 mice. Each point represents the mean log10 parasites per milliliter 6 standard error of
measurement (SEM) obtained from 5 or 6 animals per group. B–D, Mean numbers (6 SEM) of CD41 (B ) and CD81 (C ) T cells and T. brucei brucei (D ) per
square millimeter in the cortex, corpus callosum (C. callosum), and septal nuclei of infected WT and Ifn-a/b r2/2 mice at 30 days post infection (5 or 6
animals per group). *P, .05, **P, .01 (unpaired t test; significantly different from WT mice). E, Levels of parasitemia in infected WT and Irf32/2 mice.
Each point represents the mean log10 parasites per milliliter (6 SEM) obtained from 6 animals per group. F–H, Mean numbers (6 SEM) of CD41 (F ) and
CD81 (G ) T cells and T. brucei brucei (H ) per square millimeter in the cerebral cortex, corpus callosum, and septal nuclei of infected WTand Irf32/2 mice
at 30 days post infection (4–6 animals per group). *P , .05 (unpaired t test; significantly different from WT mice).
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Figure 6. Tumor necrosis factor (TNF) a mediates T-cell densities in the brains of Trypanosoma brucei brucei–infected mice. A, Levels of parasitemia in
infected wild-type (WT) and Tnfr12/2 mice. Each point represents the mean log10 parasites per milliliter 6 standard error of measurement (SEM)
obtained from 6 animals per group. *P, .05, **P, .01 (analysis of variance; significantly different from infected WT animals). B–D, Mean numbers (6
SEM) of CD41 (B ) and CD81 (C ) T cells and T. brucei brucei (D ) per square millimeter in the cerebral cortex, corpus callosum (C. callosum), and septal
nuclei of infected Tnfr12/2 and WT mice at 27 days post infection (5 animals per group). *P, .05, **P, .01 (Student t test; significantly different from
WT mice at same postinfection time point). E–F, J, Relative expression of Icam-1 (E, J ) and Vcam-1 (F ) messenger RNA (mRNA) in the brains of Tnfr1 (E, F ),
Myd882/2 (J ), or WT mice at 27 days (Tnfr12/2) or 30 days (Myd882/2) post infection. Each bar represents mean 6 SEM of the values obtained
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penetration through the BBB. TNF-a could facilitate T-cell

penetration by increasing expression of adhesion molecules on

endothelial cells [33]. We showed here that infection with

T. brucei induces the expression of ICAM-1 and VCAM-1 in

brain endothelial cells in a TNFR1-dependent manner. Leakiness

of inter–endothelial cell tight junctions [34] or stimulation of

matrix metalloproteases activities that open the parenchymal

basement membranes could be also regulated by TNF-a [35, 36].

In addition to its role in invasion across the BBB, we also dem-

onstrate that TLR2/9- MyD88/-mediated signaling participates in

an intracerebral control of parasite load in the brain (Figure 7).

TLR2 and TLR9 has been shown to cooperate in the control of

infections by intracellular pathogens, such as Trypanosoma cruzi

[14], M. tuberculosis [37], herpes simplex virus [38], adenovirus,

and pneumococcal infections [39, 40]. Highly purified glyco-

sylphosphatidylinositol anchors from T. cruzi parasites are potent

activators of TLR2 [41]. Whether the membrane-bound variant

surface glycoprotein of African trypanosomes can play a similar

role and cooperate with the trypanosomal CpG agonists of TLR9

remains to be investigated.

Such immune parasite control in the brain is not dependent on T

cells or IFN-c, because brains of Rag12/2, Ifn-c2/2, or Ifn-cR2/2

mice all show diminished parasite loads compared with controls,

although all such mice showed enhanced parasite numbers in the

bloodstream [4, 10]. TNFR1 and IFN-a/bR signals were also

redundant for controlling the parasite load in the brain in the

present study. Both hematopoietic and nonhematopoietic cells

are involved in such innate immune control of parasite

Figure 7. Model of Toll-like receptor (TLR)/MyD88 regulation of cerebral T-cell infiltration and parasite load in the brains of Trypanosoma brucei–
infected mice. In an initial phase T. brucei–specific CD41 and CD81 lymphocytes are activated in secondary lymphoid organs in a TLR2 and TLR9 and
MyD88-dependent manner (1). Interferon (IFN) a/b might participate in T-cell activation via dendritic cell (DC) activation. Activated T cells will
subsequently invade the central nervous system (CNS) in a manner dependent on tumor necrosis factor a (TNF-a), IFN-c, and IFN-a/b. Infection-induced
MyD88 signals stimulate TNF-a secretion that mediates the expression of adhesion molecules on brain endothelial cells. Parasites probably follow T cells
in penetration into the brain (2). Once in the CNS, T cells will probably contribute to signs of disease. TLR will induce IFN-a/b expression that, together
with IFN-c, will stimulate CXCL10 secretion by astrocytes, resulting in further recruitment of T cells and parasites into the brain [10]. In the brain, TLR2
and TLR9 synergistically stimulate an innate immune control of parasite levels that does not require TNF-a or IFN-a/b (3).

Figure 6 continued. from 5 animals. *P, .5, **P, .01 (unpaired t test; significantly different from WT group at same time point). G–I, ICAM-1 staining in
the corpus callosum and septum of WT (G, H ) and TNF R12/2 (I ) mice before (G ) or 27 days after (H, I ) infection. In infected WT mice, robust staining of
endothelial cells with ICAM-1 is observed (H ) in the corpus callosum and septum. ICAM-1–labeled cells could be observed in brains from T. brucei brucei–
infected Tnfr12/2 mice but not from uninfected controls. K–M, Relative expression of Inos mRNA in the brains of Myd882/2 (K ), Tlr2/92/2 (L ), and
Tnfr12/2 (M ) and WT mice 27 days after infection with T. brucei brucei. K, M, *P , .05 (unpaired t test; significantly different from WT mice at same
postinfection time point). L, *P , .05 (unpaired t test; significantly different from infected WT mice).
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densities. CNS resident microglial cells could account for the

nonhematopoietic control of parasites in the brain. Microglia

were activated in a MyD88-mediated manner during T. brucei

brucei infection. Microglia have been shown to secrete

proinflammatory cytokines in response to TLR agonists [42].

We showed that T. brucei infection stimulates iNOS expression

via TLR-MyD88–mediated signals. One possible mechanism

for control of trypanosome load in the brain could therefore be

that parasites binding to activated microglial cells or macro-

phages might be killed by NO secreted by these cells [43, 44].

However, because iNOS mRNA was diminished in infected

Tnfr12/2 mice, showing lower parasite density in the brain,

nitric oxide alone is less likely to mediate T. brucei control in

the brain. The MyD88-mediated mechanisms controlling par-

asite levels in the brain therefore remain to be defined. Reactive

oxygen species, antimicrobial peptides, parasitotoxic neuro-

peptides, prostanoids, or indoleamine dioxygenase could be

candidates for such activity [45–48]. Although our data suggest

that intracerebral innate immune responses control parasite

levels, these mechanisms may not completely eliminate the

trypanosomes, which can persist in the brain after suboptimal

chemotherapy [49].

In summary, we demonstrate that during infection, TLR-

MyD88 signaling is required for the activation of antigen-

specific T cells and T-cell penetration into the brain, which

might pave the way for the trypanosomes. TLR-MyD88

stimulated both TNF-a and IFN-a/b that regulated the

penetration of T cells into the brain parenchyma. In addition,

using a different molecular mechanism, TLR-MyD88–mediated

innate immune responses exert control of the parasite load in

the brain (Figure 7).
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