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Infection with Plasmodium berghei ANKA is a well-established model of human cerebral malaria (CM). We show
herein that Toll-like receptor (TLR) signaling influences the development of lethal CM in P. berghei ANKA-
infected mice. Modulation of outcome was dependent on genetic background, such that deletion of myeloid dif-
ferentiation factor (MyD) 88 on the susceptible C57BL/6 background resulted in resistance to CM, whereas dele-
tion of MyD88 on the resistant BALB/c background led to increased mortality. Our data show that MyD88
influenced the production of T helper—polarizing cytokines, including interferon (IFN)-y, interleukin (IL)-4,
and IL-17, as well as the total number of Foxp3* regulatory T (T,.,) cells in a manner dependent on host genetic
background. In addition, mRNA levels of IFN-y, CXCL10, and CXCL9 were strongly up-regulated in the brains of
susceptible wild-type but not MyD88~/~ infected mice. These results suggest that TLR signaling and host genetic
background influences the pathogenesis of CM via modulation of cytokine production and T, cell numbers.

Plasmodium species, the causative agents of malaria, in-
fect >300 million people annually, resulting in ~2.5
million deaths, mostly in children in sub-Saharan Africa
[1-3]. Of those infected with the species Plasmodium
falciparum, 1%—2% will develop cerebral malaria (CM),
a complication that results in a significant proportion of
malaria-associated mortality [4]. CM is a clinical entity
with severe neurologic sequelae, including seizures, fo-
cal neurologic defects, and coma in patients with low to
moderate parasitemia [5]. The pathologic hallmark of
CM is sequestered parasitized red blood cells (pRBCs)
and leukocytes in the brain microvasculature [6—8].
However, immune mechanisms also contribute to dis-
ease progression [6, 9—11]. Observations in human
studies that elevated levels of serum proinflammatory
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cytokines correlate with CM support this hypothesis, but
the exact immune effectors involved are still unclear from
these observational and postmortem studies [12-15].

Germline-encoded innate immune system receptors
for pathogen-associated molecular patterns (PAMPs)
play an essential role in the host cytokine and adaptive
immune response to infection [16—19]. PAMPs that
have been identified in Plasmodium species include the
glycosylphosphoinositol (GPI) posttranslational modi-
fication and hemozoin, which is produced during para-
site heme metabolism. These moieties have been shown
to activate the production of proinflammatory media-
tors by Toll-like receptor (TLR) 2/4 and TLR9, respec-
tively [20, 21].

Recently, several studies have implicated TLR signal-
ing in the control of malarial disease. Using a liver
pathogenic strain of Plasmodium berghei, Adachi et al.
demonstrated that myeloid differentiation factor (MyD)
88 was important in controlling the production of inter-
leukin (IL)-12 and subsequent IL-12—dependent liver
pathology [22]. Coban et al. demonstrated that TLR sig-
naling is an important mediator of CM pathology in the
P. berghei ANKA model in CM-susceptible C57BL/6
mice through modulation of cellular recruitment to the
brain [23]. In the P. berghei ANKA model, the back-
ground genetics of the murine host are extremely im-
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portant and modulate disease outcome. For instance, the Th1-
biased C57BL/6 mouse is susceptible to the development of CM,
whereas the Th2-biased BALB/c mouse is resistant [24]. How
TLR signaling influences the pathogenesis of disease on these
different genetic backgrounds is still unclear. In the present
study, we investigated the role played by the TLR system in the
pathogenesis of experimental CM in both the CM-susceptible
C57BL/6 strain and the CM-resistant BALB/c strain.

MATERIALS AND METHODS

Mice. Wild-type (WT) C57BL/6 and BALB/c mice were pur-
chased from the Jackson Laboratory. C57BL/6 MyD887/~,
BALB/c MyD88~/~, C57BL/6 TLR27/~, C57BL/6 TLR4~/-,
C57BL/6 TLR9~/~, and C57BL/6 IL caspase enyzme—1 (ICE)~/~
mice were used at 6—10 weeks of age, with sex, age, and back-
ground matched within experiments. All mice were backcrossed
at least 7 times to their respective genetic background. Experi-
ments were performed in compliance with the guidelines of the
Yale University Institutional Animal Care and Use Committee.

P. berghei ANKA infection. All experiments used the P.
berghei ANKA strain (MRA-311; Malaria Research and Refer-
ence Reagent Resource Center, American Type Culture Collec-
tion), which was maintained by periodic infection of C57BL/6
mice with frozen stocks of infected whole blood that was mixed
1:1 with glycerolyte (Baxter). For all experiments, mice were in-
jected with 1 X 10° P. berghei ANKA pRBCs. Mice were moni-
tored daily for neurologic signs of CM, including ataxia, paraly-
sis, seizures, and coma. Parasitemia was assessed by counting
pRBCs on smears of tail-vein blood samples stained with
HEMA-3 (Fisher).

Serum and splenocyte cytokine production. On the indi-
cated day after infection, serum was collected from mice by car-
diac puncture, and their spleens were harvested. Spleens were
disrupted and treated with 0.4 mg/mL liberase CI (Roche) for 30
min at 37°C. RBCs were lysed, and the remaining cells were
plated at 5 X 10° cells/mL in 1 mL of RPMI 1640 plus
L-glutamine (Gibco) with 10% fetal calf serum (FCS) and peni-
cillin/streptomycin in 24-well plates for 72 h. Production of cy-
tokines was quantified using the Beadlyte Mouse Multi-
Cytokine Detection System 2 (Upstate), in accordance with the
manufacturer’s instructions, and was analyzed using the Bio-
Rad Luminex platform.

Splenocyte CD3 stimulation. For CD3 stimulation experi-
ments, 96-well plates were precoated with 10 ug/mL CD3 anti-
body (eBioscience) for 4 h at 37°C, and splenocytes from in-
fected mice were plated at 1 X 106 cells/mL in 200 nL of RPMI
1640 plus L-glutamine supplemented with 10% FCS and penicil-
lin/streptomycin for 72 h. Levels of interferon (IFN)-—vy, IL-4,
IL-10, and IL-17 were measured by ELISA (eBioscience).

Flow cytometry analysis. Isolated splenocytes from in-
fected mice were RBC depleted and subjected to Foxp3 and CD4

staining by use of the anti-mouse Foxp3 staining set from eBio-
sciences, in accordance with the manufacturer’s instructions.
Anti-CD3¢ (clone 145-2C11) from eBioscience was substituted
for CD25. Flow cytometry was performed on a FACSCalibur
instrument (BD) with CellQuest software and was analyzed with
FlowJo software (version 8.5.2; Tree Star).

Reverse-transcriptase polymerase chain reaction (PCR).
Total RNA was isolated from brains by use of Trizol (Invitrogen)
and RNAeasy (Qiagen), in accordance with the manufacturer’s
instructions. RNA was reverse transcribed into cDNA by use of
the ReactionReady First Strand cDNA Synthesis Kit (SuperAr-
ray), in accordance with the manufacturer’s instructions. Prim-
ers for mouse IFN-vy, CXCL10, CXCL9, intercellular adhesion
molecule (ICAM)-1, and GAPDH were purchased from Super-
Array, and the reaction was run on the iCycler iQ (Bio-Rad), in
accordance with the manufacturer’s instructions. Gene expres-
sion was calculated using Chemidoc software (Bio-Rad) in rela-
tion to a standard curve of mouse universal RNA. Fold expres-
sion then was calculated using the ratio of the expressed gene of
interest to that of GAPDH. The specificity of the PCR was con-
firmed by melt-curve analysis.

Histologic analysis. Tissues were sectioned and stained
with hematoxylin-eosin according to standard practice and were
visualized using a Nikon Microphot-FXA microscope at 40X
magnification. Leukocyte adhesion was enumerated by mor-
phologic analysis and reported as a percentage of vessels with
leukoadhesion [25, 26]. Microhemorrhages were counted per
brain slide and were identified by the presence of RBCs within
the brain parenchyma, as described elsewhere [27].

Statistical analysis. Statistical analysis was preformed
by Student’s ¢ test for all data except survival. Kaplan-Meier
curves were generated for survival data, and significance was
assessed by the log-rank test. P < .05 was considered to indicate
significance.

RESULTS

Control of susceptibility to experimental CM by MyD88-
dependent signaling on the basis of the genetic background of
the host.
CM, we inoculated P. berghei into mice bearing the genetic de-

To investigate the contribution of TLR signaling to

letion of a key adaptor protein of TLR signaling, MyD88. We
studied both the genetically susceptible (C57BL/6) and resistant
(BALB/c) mouse strains and monitored them for neurologic de-
fects and death, which occurred in susceptible strains between
days 6 and 12 after infection. The mice that did not develop
cerebral disease died of severe anemia after ~3 weeks, as has
been reported previously [28]. As shown in figure 1A and 1B,
90% of WT mice on the susceptible C57BL/6 background devel-
oped neurologic signs and death consistent with CM, whereas
<10% of mice deficient in MyD88 on this background devel-
oped CM (P < .0001). There was no difference in parasitemia
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Influence of myeloid differentiation factor (MyD) 88 on susceptibility to cerebral malaria (CM). Wild-type (WT; black circles) and MyD88~/~

(white circles) mice were infected with Plasmodium berghei ANKA. The percentage of survival, the development of CM, and parasitemia in MyD88~/~
C57BL/6 (“B6" in the figure) (A, B, and C) and MyD88~/~ BALB/c (D, E, and F) mice, compared with that in genetically matched WT control mice, were
assessed. Survival (A and D) was monitored daily, and parasitemia (C and F) was measured every 2—3 days by thin blood smear. The percentage of
mice developing CM (B and E) was calculated on the basis of the no. of mice presenting with CM symptoms or dying between days 6 and 12 after
infection. For survival, P < .0001 for WT C57BL/6 (n = 21) vs. MyD88~/~ C57BL/6 (n = 17) mice, and P = .0003 for WT BALB/c (n = 13) vs.
MyD88~/~ BALB/c (n = 12) mice. For parasitemia, *P < .05, **P < .01, and ***P < .005. Each infection is representative of 3 (A) or 4 (B) separate

experiments. pRBC, parasitized red blood cells.

or hemoglobin levels between WT and MyD88 /'~ mice (figure
1C and data not shown).

In contrast to the susceptible C57BL/6 strain, WT BALB/c
mice were completely resistant to CM and instead progressed to
death from anemia and hyperparasitemia after 3—4 weeks. Sur-
prisingly, MyD88~'~ BALB/c mice demonstrated a significantly
(P =.0003) increased susceptibility to death after infection
with P. berghei (figure 1D). This increased susceptibility to death
occurred between days 6—12 after infection at low levels of par-
asitemia and so was categorized as CM (figure 1E). Of note, this
increase in death was correlated with a significant decrease in
infected RBCs in MyD88~/~ mice starting at day 9 after infection
(figure 1D).

Development of CM reduced by TLR9 deficiency. MyD88
is an adaptor molecule that mediates signal transduction for TLR

and the IL-1/IL-18 pathway, either of which could account for
the protective effect of MyD88 deficiency on the C57BL/6 back-
ground. To study the role played by IL-1/IL-18 in the develop-
ment of CM, we used mice deficient in ICE on the C57BL/6
background. ICE is required for the production of active IL-13
and IL-18 from their inactive proforms, and mice lacking this
enzyme have deficient activation of this pathway [29]. As shown
in figure 2A, ICE™/~ mice did not show a significant difference in
the development of lethal CM compared with WT mice (77% vs.
98%; P = .05), indicating that the IL-1/IL-18 —dependent path-
way is not necessary for the development of CM.

Ligands that may activate TLR signaling include the
Plasmodium-encoded GPI anchor, which is recognized by TLR2
and TLR4 [20], and hemozoin, which is a metabolite of parasite
hemoglobin digestion that is recognized by TLR9 [21]. To study
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Figure 2. Control of the development of cerebral malaria (CM) by Toll-like receptor (TLR) 9. Wild-type (WT; black circles) or genetically deficient
(white circles) mice were infected with Plasmodium berghei ANKA and assessed for survival and parasitemia. The percentage of survival, the
development of CM, and parasitemia for WT C57BL/6 ("B6” in the figure) (n = 21) and interleukin caspase enyzme—1 (ICE)~/~ C57BL/6 (n = 17) mice
(A), WT C57BL/6 (n = 16) and TLR4~/~ C57BL/6 (n = 8) mice (B), WT C57BL/6 (n = 14) and TLR2~/~ C57BL/6 (n = 8) mice (C), and WT C57BL/6
(n=11) and TLR9~/~ C57BL/6 (n = 12) mice (D) were assessed by monitoring the mice daily and by obtaining blood smears every 2—3 days. Each
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infection is representative of 2 (C and D) or 3 (A and B) independent experiments. For survival of TLR3~/~ mice (B), P < .0001.
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the potential contribution of these TLRs to malaria, we inocu-
lated C57BL/6 mice deficient in various TLRs with P. berghei
ANKA. As demonstrated in figure 2B, mice deficient in TLR4
showed no significant difference in the development of lethal
CM compared with WT mice (60% vs. 75%; P = .05). In addi-
tion, we did not detect a difference in the survival of mice with
the genetic deletion of TLR2, as shown in figure 2C (71% vs.
75%; P = .05). In contrast, mice deficient in TLR9 had in-
creased resistance to the development of lethal CM (41%
[TLR9 /"] vs. 100% [WT]; P < .001) (figure 2D). The degree of
protection in TLR9™/~ mice was not as complete as in C57BL/6
MyD88/~ mice, suggesting that other TLRs or components of
MyD88-dependent signaling are important in the development
of lethal CM.

Adhesion of leukocytes and microhemorrhage in brain ves-
sels mediated by TLR signaling. CM mediated by P. berghei
infection strongly correlates with adhesion of leukocytes in the
brain microvasculature and microhemorrhages, whereby RBCs
extravasate into the brain parenchyma [26, 30]. As shown in
figure 3A, 3B, and 3E, WT C57BL/6 mice demonstrated a
marked accumulation of mononuclear cells within 60% of brain
vessels, compared with that in uninfected mice. MyD88~/~
C57BL/6 mice had almost no detectable leukoadhesion (3%)
(figure 3C and 3E). By contrast, TLR9™'~ mice showed a lower
number of adherent cells and fewer affected vessels (24.6%) than
did WT mice but more than was observed in the MyD88/~ mice
(figure 3D and 3E). In addition, TLR9™/~ and MyD88~/~ mice
also had fewer microhemorrhages visible on histologic examina-
tion of brain sections than did WT mice (figure 3F).

Brains from both WT and MyD88~/~ BALB/c mice demon-
strated a very mild leukoadhesion that affected far fewer vessels
than in C57BL/6 mice (figure 3H and 3I). However, brain sec-
tions from MyD88~/~ BALB/c mice demonstrated a significant
increase in the number of microhemorrhages per brain exam-
ined compared with brain sections from WT mice (figure 3/ and
3K), suggesting that hemorrhage but not leukoadhesion may
contribute to the increased mortality seen in P. berghei—infected
MyD88~/~ BALB/c mice (figure 1D).

Control of production of proinflammatory cytokines in vivo
by MyD88. On the basis of the known function of MyD88 in
the induction of innate cytokine expression [17, 18], we investi-
gated the role played by MyD88 in the control of proinflamma-
tory cytokine production by P. berghei—infected mice. In the case
of WT C57BL/6 mice, we detected increased production of
IEN-v in serum (figure 4A) as well as increased production of
tumor necrosis factor (TNF)—« (figure 4C) and IL-6 (figure 4E)
by unstimulated splenocytes, which peaked on day 4 after infec-
tion. In comparison to WT mice, CM-resistant MyD88 '~
C57BL/6 mice showed significantly reduced production of
IEN-vy (figure 4A), TNF-« (figure 4C), and IL-6 (figure 4E). Both
IFN-vyand TNF have been previously implicated in the develop-
ment of CM [31, 32], and the present data support an important

role for MyD88 in the control of the production of these sys-
temic cytokines.

In comparison to the C57BL/6 strain, WT BALB/c mice pro-
duced less IFN-+y (figure 4B) on day 4 after infection but dem-
onstrated comparable production of TNF-« (figure 4D) and
IL-6 (figure 4F). However, in contrast to the observations in the
C57BL/6 strain, MyD88~/~ BALB/c mice demonstrated a small
but significant increase in IFN-y production on day 6 (figure
4B), compared with that in WT BALB/c mice. In addition, these
MyD88/~ mice had a trend toward decreased production of
TNF-a (figure 4D) and a significant decrease in the production
of IL-6 (figure 4F), similar to what was seen in the C57BL/6
strain.

Control of the production of T cell-polarizing cytokines
In light of
the effect of MyD88 deficiency on innate cytokine production in

during malarial infection by the TLR pathway.

the CM model, we next investigated the secretion of the T help-
er—polarizing cytokines IFN-v, IL-4, IL-10, and IL-17 by CD3-
stimulated splenocytes isolated from P. berghei—infected mice on
both the CM-susceptible (C57BL/6) and CM-resistant (BALB/c)
genetic backgrounds. In splenocytes obtained from C57BL/6
mice, which is considered a Th1-permissive genetic background
[24], IFN-vy (figure 5A), IL-4 (figure 5C), IL-10 (figure 5E), and
IL-17 (figure 5G) were detected in supernatants, with peak levels
at 4 days after infection. The production of these cytokines by
C57BL/6 mice was reduced in mice lacking MyD88, with the
largest decreases being for IFN-vy and IL-17.

When the same experiment was repeated in mice of the Th2-
permissive BALB/c genetic background [33], the P. berghei—in-
fected WT BALB/c mice were observed to produce significantly
less IFN-y than WT C57BL/6 mice (figure 5A and 5B;
P =.0063). In addition, on the BALB/c background, MyD88
deficiency was associated with no change in IFN-y production
(figure 5B; P = .05). Of note, CD3-stimulated splenocytes from
infected MyD88~/~ BALB/c mice had a >5-fold increase in the
production of IL-4 (figure 5D; P < .0001). Thislarge increase in
IL-4 production was not accompanied by any effect of MyD88
on the production of IL-10 (figure 5F). As seen in the C57BL/6
stain, MyD88 deletion on the BALB/c background also led to a
significant reduction in IL-17 production (figure 5H). Taken
together, these data support a model whereby P. berghei infec-
tion in the setting of MyD88 deficiency promotes a selected
change in cytokine production that is consistent with an en-
hanced Th2 response and that is further modified by the intrinsic
Th1/Th2 genetic bias of the host strain.

Influence of MyD88 and genetic background on the per-
centage and total number of Foxp3* regulatory T (T,)
cells. Recent data have suggested that a subset of T cells ex-
pressing CD4, CD25, and Foxp3 are T, cells that influence cy-
tokine production and outcome in animal models of malaria
[34-37] and in human malarial infection [38, 39]. Because TLR
signaling is known to influence the activity of CD4"CD25" T,
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cells [40], we examined the possibility that MyD88 influences
the development of T\, cells during P. berghei infection. For this
analysis, we elected to monitor the percentage of CD4*Foxp3*
T cells and not CD4"CD25* T cells, because we noted a sub-
stantial proportion of CD4*CD25* T cells that were Foxp3 neg-
ative on day 6 of infection (data not shown). As can be seen in
figure 64, the percentage of CD4"Foxp3* T cells with respect to

total CD3" T cells decreased on day 6 of P. berghei infection in
both WT and MyD88~/~ C57BL/6 mice, but MyD88~/~ mice
had a significantly higher percentage of CD4*Foxp3* T cells
than did WT mice on day 6 (P < .05). Despite the reduced per-
centages of these cells on day 6, we nevertheless found that the
total numbers of CD4*Foxp3™ T cells expanded in the WT and
MyD88~/~ C57BL/6 mouse strains (figure 6B). Consistent with a
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Figure 5. Control of production of T cell-polarizing cytokines by myeloid differentiation factor (MyD) 88. Wild-type (WT; black circles) or MyD88~/~
(white circles) mice on either the C57BL/6 (“B6" in the figure) (A, C, E and G) or BALB/c (B, D, F, and H) genetic background were infected with
Plasmodium berghei ANKA, and, on the indicated day after infection, their spleens were harvested. Purified splenocytes were then stimulated with
anti-CD3 for 72 h. Levels of interferon (IFN}—y (A and B), interleukin (IL}-4 (C and D), IL-10 (£ and F), and IL-17 (G and H) in the supernatant were
measured by ELISA. Each point represents 2—4 mice, with triplicate plating. *P < .05, **P < .01, and ***P < .005 for WT vs. MyD88~/~ mice. Each
experiment is representative of at least 2 separate experiments.
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Figure 6.

== MyD88"/- BALB/c

Influence of myeloid differentiation factor (MyD) 88 and genetic background on the expansion of Foxp3*CD4* T cells during malarial

infection. Splenocytes were harvested from wild-type (WT) and MyD88~/~ C57BL/6 (A) or WT and MyD88~/~ BALB/c (C) mice on day O or 6 after
infection with Plasmodium berghei ANKA and were subjected to flow cytometry analysis for CD4 and Foxp3 expression after live cells were gated on
CD3. The percentage of CD4*Foxp3™ cells (as shown in the representative plots of 3 experiments with 2—4 mice per group) decreased on day 6 for
the C57BL/6 mice. Panels B and D show the total no. of CD4*Foxp3* T cells for WT C57BL/6 (black bars) or MyD88~/~ C57BL/6 (gray bars) (B) or WT
BALB/c (black bars) and MyD88~/~ BALB/c (gray bars) (D) mice on day 0 or 6 after infection. A significant difference between WT C57BL/6 and

MyD88~/~ C57BL/6 was noted on day 6 (*P < .05, Student's ¢ test).

role for TLR signaling in modulating the activity of T, cells, we
found that MyD88~/~ C57BL/6 mice had a significantly in-
creased number of CD4*Foxp3* T cells, compared with that in
WT mice, on day 6.

When WT and MyD88~/~ BALB/c mice were analyzed in the
same fashion (figure 6C), we noted increased percentages of
CD4*Foxp3* T cells on both days 0 and 6, compared with those

in C57BL/6 mice, and noted that the percentage of CD4*Foxp3*
T cells did not decrease significantly on day 6 of infection. Sim-
ilarly, when the total numbers of CD4*Foxp3* T cells were an-
alyzed (figure 6D), the numbers for both WT and MyD88~/~
BALB/c mice were ~2-fold higher than that for C57BL/6 mice
on both days 0 and 6 and more than doubled from day 0 to day 6.
We did not note any significant difference in cell numbers be-
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Induction of myeloid differentiation factor (MyD) 88—dependent mRNA expression of brain cytokine, chemokine, and adhesive molecules

by Plasmodium berghei ANKA infection. Whole brains were isolated from wild-type (WT; black bars) or MyD88~/~ (gray bars) C57BL/6 (“B6" in the
figure) (4, C, E, and G) or BALB/c (B, D, F, and H) mice infected with P. berghei ANKA for the indicated no. of days. Tissue mRNA expression of interferon
(IFN)-y (A and B), CXCL10 (C and D), CXCL9 (£ and F), and intercellular adhesion molecule (ICAM)}-1 (G and H) was analyzed by real-time
reverse-transcriptase polymerase chain reaction and presented as relative units normalized to the GAPDH control (mean =+ SD) for 2-3 mice from each
group. *P < .05 and **P < .01. The figure is representative of 1 of 2 separate experiments.

tween WT and MyD88~/~ mice on either day. These data suggest
the genetic background of the host influences the number of T,
cells during infection, such that the resistant BALB/c strain has
~2-fold more T, cells at all times tested. Furthermore, the in-
fluence of MyD88 during infection of C57BL/6 mice suggests
that TLR signaling may play an important role in modulating

T,eg cell number. The association between decreased T, cell per-
centage and pathogenesis also suggests that these cells may in-
fluence the outcome of CM disease.

Regulation of the production of chemokines and adhesion
molecules in the brains of P. berghei—infected mice by MyD88.
Given the significant role played by MyD88 in regulating sys-
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temic IFN-vy production, we analyzed the local IFN-+y response
in the brains of P. berghei—infected mice. Figure 7A and 7B dem-
onstrates that brain tissue from P. berghei—infected C57BL/6 and
BALB/c mice, respectively, has prominent IFN-y mRNA expres-
sion on days 5 and 6, which corresponds to the period immedi-
ately before the onset of CM lethality (figure 1A). Local tissue
expression of IFN-+y was significantly lower in MyD88~/~ mice
than in WT control mice. Because IFN-vy is known to up-
regulate the expression of a subset of CXC chemokines, includ-
ing CXCL10 and CXCL9 [41], we hypothesized that these che-
mokines could play a role in the recruitment of leukocytes to the
brain. As demonstrated in figure 7C—F, the mRNA for these che-
mokines was strongly and significantly up-regulated in either
WT C57BL/6 or BALB/c mice, compared with that in MyD88~/~
C57BL/6 or BALB/c mice. As shown in figure 7G and 7H, expres-
sion of the adhesion molecule ICAM-1 was also up-regulated in
WT mice, but not in MyD88~/~ mice, on days 5 and 6 after
infection in both C57BL/7 and BALB/c strains. The expression of
IEN-vy, CXCL10, CXCL9, and ICAM-1 was considerably higher
than that of C57BL/6 in BALB/c strains.

DISCUSSION

The present study provides support for a role for TLR-
dependent cytokine responses in the pathogenesis of experimen-
tally induced CM. C57LB/6 mice deficient in MyD88 are pro-
tected from lethal CM. By contrast, on the CM-resistant BALB/c
background, MyD88 deficiency was associated with early death
despite a reduction in parasitemia during the midphase of the
infection. These MyD88~/~ BALB/c mice demonstrated increased
microhemorrhages in the brain, which may mediate death.

Previous studies have suggested that early production of the
Th1 cytokines IFN-y and TNF-« contribute to the pathogenesis
of CM [42]. In accord with the findings of these studies, we
observed an effect of MyD88 on the selective production of Thl,
Th2, and IL-17 cytokines that varied with the genetic back-
ground of the host and correlated with survival. On the CM-
susceptible Th1-permissive C57BL/6 background, MyD88 dele-
tion was associated with a reduction in IFN-y and TNF-«
production. However, on the CM-resistant Th2-permissive
BALB/c background, MyD88 deletion led to a very large increase
in the production of the Th2 cytokine IL-4, with limited effect on
the production of IFN-vy. How this robust IL-4 response con-
tributes to the pathogenesis of CM remains unclear. Thus, TLR
signaling through MyD88 skews the production of polarizing
cytokines toward a Thl profile. This bias is pathogenic in a
mouse strain that responds with a strong Th1 response to ma-
larial infection (C57BL/6) but is protective in strains that pri-
marily respond with a Th2 response (BALB/c).

One possible mechanism for the noted difference in cytokine
secretion may be the differential expansion of CD4*Foxp3* T,
cells. Studies using the P. berghei and Plasmodium yoelii strains in

mice have demonstrated that the population of Foxp3™ T, cells
expand and modulate cytokine production during acute infec-
tion [34—37]. How these cells modulate the course of infection
and pathology is still unclear, given the rapid regeneration of
Foxp3* T, cells after depletion with anti-CD25 and concerns
that the anti-CD25 antibody also depletes activated T cells [43].
In the present study, we have noted that the protected BALB/c
mice have a significantly higher expansion of Foxp3™ T, cells
than do C57BL/6 mice during infection. Furthermore, although
Foxp3* T cells expand in WT C57BL/6 mice, the total propor-
tion of these cells to the total T cell number decreases, compared
with that in BALB/c mice. MyD88~/~ C57BL/6 mice have a sig-
nificantly increased proportion and total expansion of Foxp3*
T, cell numbers compared with WT C57BL/6 mice, which im-
plies that TLR signaling may control the expansion of T, cells
on this background.

Locally, in the brains of infected mice, we observed an early
and significant MyD88-dependent increase in the mRNA levels
of the IFN-y—inducible chemokines CXCL10 and CXCL9. These
observations suggest that CXCL10 and CXCL9 and their recep-
tor CXCR3 may play an important pathogenic role in the devel-
opment of CM and may contribute to the recruitment of leuko-
cytes to the brain vasculature. It remains unclear why WT
BALB/c mice have significantly higher mRNA levels of these che-
mokines than do C57BL/6 mice without evidence of increased
leukocyte recruitment.

In summary, the pathologic outcome of P. berghei infection is
dependent on the host expression of T cell-polarizing cytokines
and Foxp3* T, cells, which is influenced by TLR signaling
through MyD88 and the genetic background of the host. These
data suggest that CM in humans may be a diverse disease that is
either Thl biased and associated with leukoadhesion or Th2 bi-
ased and associated with hemorrhage—a finding that may ex-
plain some of the different pathologies seen in human autopsy
studies of CM [8]. Furthermore, these findings support the pos-
sibility that clinical expression of CM also may vary in the setting
of helminthic coinfections, which are common in malarial areas
and are associated with Th2 cytokine responses.
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