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In a murine model for neurocysticercosis (NCC), intracranial inoculation of the helminth parasite Meso-
cestoides corti induces multiple Toll-like receptors (TLRs), among which TLR2 is upregulated first and to a
relatively high extent. Here, we report that TLR2™/~ mice displayed significantly increased susceptibility to
parasite infection accompanied by increased numbers of parasites in the brain parenchyma compared to
infection in wild-type (WT) mice. This coincided with an increased display of microglial nodule formations and
greater neuropathology than in the WT. Parasite-infected TLR2 ™/~ brains exhibited a scarcity of lymphocytic
cuffing and displayed reduced numbers of infiltrating leukocytes. Fluorescence-activated cell sorter (FACS)
analyses revealed significantly lower numbers of CD11b™ myeloid cells, y3 T cells, o T cells, and B cells in
the brains of parasite-infected TLR2 ™'~ mice. This correlated with significantly reduced levels of inflammatory
mediators, including tumor necrosis factor alpha (TNF-a), gamma interferon (IFN-y), CCL2, CCL3, and
interleukin-6 (IL-6) in the central nervous system (CNS) of TLR2™/~ mice. As TLR2 has been implicated in
immune regulation of helminth infections and as alternatively activated macrophages (AAMs) are thought to
play a profound regulatory role in such infections, induction of AAMs in infected TLR2 ™/~ mice was compared
with that in WT mice. Parasite-infected WT brains showed larger numbers of macrophages/microglia (CD11b*
cells) expressing AAM-associated molecules such as YM1, Fizz1 (found in inflammatory zone-1 antigen), and
arginase 1 than TLR2 ™'~ brains, consistent with a protective role of AAMs during infection. Importantly, these

results demonstrate that TLR2-associated responses modulate the disease severity of murine NCC.

Neurocysticercosis (NCC) is a disease of the central nervous
system (CNS) caused by the metacestode of the tapeworm
Taenia solium (T. solium). This is the most common parasitic
disease of the CNS and is a major cause of acquired epilepsy in
adults (32, 57, 63). In humans, T. solium exhibits a biphasic life
cycle in which the infection manifests in a long asymptomatic
phase during which the parasite stays dormant in the form of a
cyst with no detectable inflammatory response surrounding the
parasite. A symptomatic episode may follow this asymptomatic
phase which rapidly leads to convolutions, cranial hyperten-
sion, and cognitive disorders (64, 65). The type and severity of
symptoms depend on size, number, and anatomical location of
the parasites in addition to the intensity of the immune re-
sponse. The immune response in the CNS of symptomatic
patients consists of an overt Thl phenotype (53) or a mixed
Th1, Th2, and Th3 phenotype, depending upon the absence or
presence of granuloma formation (52). However, the appro-
priate immune responses required and effector mechanisms
involved in restricting parasite growth and controlling disease
severity in NCC are still not clear.
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Due to the absence of a classically defined lymphatic system,
innate immune responses appear to be key elements in pro-
moting immune responses in the CNS. Recent studies have
demonstrated the critical role played by the Toll-like receptor
(TLR) family of proteins in host innate immunity (24). Once
engaged, most TLRs signal through a common pathway involv-
ing MyD88 (55) that leads to the downstream activation of the
NF-«B and mitogen-activated protein kinase (MAPK) path-
ways inducing a Thl proinflammatory response (35). Never-
theless, emerging evidence indicates that TLRs can elicit anti-
inflammatory regulatory T (Treg) cells and Th2-associated
responses as well as the induction of alternatively activated
macrophages (AAMs) (15, 16, 49, 51). This suggests a larger
role for TLRs in immune regulatory mechanisms involved in
various clinical settings. However, the functions of TLRs in
nervous system parasitic diseases, including NCC, are only
beginning to emerge (17, 39, 56, 66, 67).

In a murine model for NCC, we have previously shown that
intracranial (i.c.) infection of mice with Mesocestoides corti
metacestodes results in differential expression of TLRs (36,
40). Among all the TLRs, TLR2 expression was the first to be
induced and was substantially upregulated during infection. In
the present study the susceptibility and immunopathology of
TLR2 /~ and wild-type (WT) NCC mice were compared. The
contribution of TLR2 signaling to CNS inflammation was as-
sessed by measuring the proinflammatory cytokine responses
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in the CNS and the infiltration of various immune cells into the
brain of TLR2™/~ and WT mice. Additionally, the accumula-
tion/induction of AAMs that are known to function in tissue
restoration was measured. The results indicate that TLR2-
mediated responses help to mitigate not only CNS pathology
but also mortality due to infection in murine NCC.

MATERIALS AND METHODS

Mice. Female mice (5 weeks old) were used in this study. TLR27/~ and
MyD88/~ mice on the C57BL/6 background (originally from S. Akira, Osaka
University, Osaka, Japan) were kindly provided by Michael Berton (Department
of Microbiology and Immunology, University of Texas Health Science Center,
San Antonio, TX). C57BL/6 mice were obtained from the National Cancer
Institute animal program (Bethesda, MD) and used as WT controls. WT and
TLR2™/~ mice were bred in the University of Texas—San Antonio (UTSA)
animal facility. Female BALB/c mice, used in this study for parasite mainte-
nance, were obtained from the National Cancer Institute animal program (Be-
thesda, MD). Interleukin-4 receptor alpha-deficient (IL-4Ra™/") mice on the
BALB/c background were obtained from the Jackson Laboratory and were used
as controls. All animal experiments were conducted under the guidelines of the
IACUC, University of Texas System, the U.S. Department of Agriculture, and
the National Institutes of Health.

Antibodies. Phycoerythrin (PE)-conjugated antibodies purchased from BD
PharMingen (San Diego, CA) include the following: GL3 (pan-anti-yd), H57-597
(pan-anti-af), M1/70 (anti-Macl), 1D3 (anti-CD19), R35-95 [anti-rat IgG2a(k)],
B81-3 [anti-hamster IgG2(k)], and HA4/8 [anti-hamster IgG2(\)]. Purified
2.4G2 (anti-CD16/32), anti-mouse IL-6, anti-mouse IL-4 (BVD4-1D11), anti-
mouse glial fibrillary acidic protein (GFAP), and biotinylated anti-mouse CD11b
were also purchased from BD PharMingen. Anti-mouse GFAP was conjugated
to Alexa Fluor 488 (Molecular Probes, Eugene, OR) according to the manufac-
turer’s instructions. IL-13 in the brain was detected by using purified anti-mouse
IL-13 (Santa Cruz Biotechnology) or PE-conjugated anti-IL-13 (clone eBio13A;
eBiosciences); AAMs in the brain were detected by using purified anti-mouse
YM1 (ECF-L) (R&D Systems), anti-mouse Fizzl (RELMa) (Abcam, Cam-
bridge, MA), or anti-mouse arginase 1 (ARG-1) (Santa Cruz Biotechnology,
CA). For indirect immunofluorescence (IF) staining, appropriate fluorescently
conjugated secondary antibodies (Jackson Immuno Research Laboratories, West
Grove, PA) were used. Biotinylated primary antibodies were detected using
Alexa Fluor 488-labeled streptavidin (Molecular Probes).

Murine model of neurocysticercosis. In this study we used a mouse model of
NCC developed in our laboratory (11, 12). M. corti metacestodes were main-
tained by serial intraperitoneal (i.p.) inoculation of 8- to 12-week-old female
BALB/c mice. Metacestodes were aseptically harvested, and murine NCC was
induced by i.c. injection (just below the dura) of 50 ul of Hanks balanced salt
solution (HBSS) containing approximately 40 parasites into 5-week-old mice
under short-term anesthesia. The anesthesia was a 50-ul mixture of ketamine
HCI and xylazine (30 mg/ml ketamine and 4 mg/ml xylazine) in phosphate-
buffered saline (PBS) that was injected intramuscularly, as described previously
(11). Mock-infected control mice were similarly injected with 50 pl of sterile
HBSS alone. At indicated times postinoculation, anesthetized animals were
perfused through the left ventricle with 10 ml of cold PBS, and brains were
harvested to analyze parasite burden and various immune parameters.

Histology and immunofluorescence staining. The brains were immediately
removed from perfused animals, embedded in OCT resin (optimal cutting tem-
perature), and snap frozen. Serial horizontal cryosections, 10 wm in thickness,
were placed on silane prep slides (Sigma-Aldrich, St. Louis, MO). One in every
five slides was fixed in formalin for 12 min at room temperature (RT) and stained
with hematoxylin and eosin (H&E), as described previously (39). The remainder
of the slides were air dried overnight and fixed in fresh acetone for 20 s at RT.
Acetone-fixed sections were wrapped in aluminum foil and stored at —80°C or
processed immediately for in situ IF microscopy analysis as previously described
(4, 5, 10, 40).

Luxol blue staining. Luxol blue staining on brain sections from mock- and
parasite-infected WT and TLR2 ™/~ mice was performed as described previously
(29). Briefly, dissected brains were stored in 10% buffered formalin overnight for
histological processing. Brains were dehydrated through graded alcohol, cleared
with xylene, and embedded in paraffin. Transverse sections were cut at 5-um
thicknesses and were placed on silane prep slides. Sections were deparaffinized
in xylene for 5 min, rehydrated in 95% ethanol for 5 min at RT, and stained with
preheated Luxol fast blue (LFB; Polysciences, Warrington, PA) at 60°C over-
night. Slides were washed for 1 min in 95% ethanol in deionized water and
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incubated in 0.05% lithium carbonate (Sigma Aldrich, St. Louis, MO) followed
by 70% ethanol for 3 to 4 min. The sections were then rinsed in deionized water
for 30 s and counterstained with cresyl etch violet (Sigma Aldrich, St. Louis,
MO), dehydrated through a 95% and 100% alcohol series for 5 min each, cleared
in xylene, and cover slipped with synthetic resin.

Brain mononuclear cell isolation and FACS analysis. Leukocytes from mouse
brains were isolated (26) and processed for IF staining of cell surface antigens for
flow cytometric analysis (fluorescence-activated cell sorting [FACS] analysis) as
described previously (39). Single-cell suspensions of harvested leukocytes from
parasite-infected brains of WT and TLR2™/~ mice were prepared at 2 X 107
cells/ml in staining buffer (10% FCS in PBS) and preincubated with 1 pg of the
2.4G2 antibody for 5 to 10 min on ice prior to staining. Fifty microliters of cell
suspension (equal to 10° cells) was dispensed into each tube along with a pre-
viously determined optimal concentration of cell surface-specific antibodies in 50
wl of staining buffer. Each test tube was mixed gently and incubated for 30 min
in the dark in an ice bath. Cells were stained with fluorochrome-labeled anti-
bodies of the appropriate isotype control for nonspecific binding. Cells stained in
the absence of primary antibodies served as negative controls. After the incuba-
tion period, cells were washed by adding 2 ml of staining buffer, followed by
centrifugation for 7 min (at 300 to 400 X g) at 4°C. The washing was repeated two
more times for a total of three washes. Cell pellets were suspended in 500 pl of
staining buffer and analyzed on a BD LSR II flow cytometer (BD Biosciences).

ELISA. Brain homogenates were centrifuged at 2,000 X g for 15 min to clear
cellular debris, and the supernatants were frozen immediately at —80°C. Levels
of tumor necrosis factor alpha (TNF-a), gamma interferon (IFN-y), and CCL2
in brain homogenates were determined by using BD OptEIA enzyme-linked
immunosorbent assay (ELISA) kits (BD Biosciences). Dilutions of TNF-a,
IFN-vy, and CCL2 standards of known concentrations as well as dilutions of brain
homogenate supernatants were added to 96-well plates precoated with anticyto-
kine antibodies (Abs) and preblocked with PBS containing 10% fetal bovine
serum (FBS). Samples were incubated at RT for 2 h. After samples were washed,
biotinylated anticytokine Abs were diluted in PBS containing 10% FBS and
added for 1 h at RT. After samples were washed, horseradish peroxidase (HRP)-
conjugated streptavidin A in PBS containing 10% FBS was added for 30 min at
RT. After final washes, the HRP substrate TMB (3,3',5,5'-tetramethylbenzidine)
was added, and the optical density of the color reaction was measured at 450 nm.
Concentrations of cytokine in the culture supernatant were calculated using
standard curves as references.

Quantification of ARG-1 and Fizz1 protein expression. Sections of brains from
mock-infected and NCC mice were stained with specific anti-ARG-1 and anti-
Fizz1 antibodies, followed by labeled secondary antibodies to quantify the dif-
ferences in protein levels. Brain sections were additionally stained with antibod-
ies against CD11b to assess localization of ARG-1 and Fizz1 with infiltrating
macrophages/microglia. Protein expression levels of these molecules were deter-
mined by capturing images at a magnification of X20 from areas containing
AAMs in the brain of mock-infected and NCC animals. Images were captured
using identical camera settings so that the number and intensity of pixels would
reflect differences in protein expression (36, 39). The area (number of pixels) and
fluorescent intensity (average intensity of pixels) of the staining from 10 images
were measured. This was done using the imaging software IPLab, version 4.0
(BD Biosciences Bioimaging, Rockville MD). The relative expression of Fizzl
and ARG-1 was calculated by multiplying the number of pixels (area) by the
average intensity of pixels.

Statistical analysis. We used a Student’s ¢ test for comparison of means of
different groups (Sigma PLOT, version 8.0; Systat Software, San Jose, CA). A P
value of <0.05 was considered to be statistically significant. Statistical differences
for mortality of parasite-infected NCC mice were analyzed using Kaplan-Meir
survival analysis.

RESULTS

TLR2™/~ mice are more susceptible to parasite infection in
murine NCC. We demonstrated previously that CNS infection
with M. corti results in the dynamic upregulation of TLR2 in
nervous tissue cells early during infection (40). To investigate
whether TLR2 influences immunity to this infection, disease
severity was compared between WT and TLR2™/~ mice in-
fected i.c. with M. corti. As reported previously (11, 12), in-
fected WT mice displayed typical neurological signs, including
abnormal vestibular function, tilted head, cerebral abnormali-
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FIG. 1. TLR2™/~ mice display increased susceptibility during mu-
rine NCC. Nineteen WT (C57BL/6) and 22 TLR2™/~ mice were i.c.
infected with 40 M. corti metacestodes and assessed daily for disease
severity. The increased susceptibility of TLR2™/~ mice compared to
WT mice is statistically significant, as determined by Kaplan-Meier
survival curve statistical analysis (P < 0.05).

ties, morbidity, and weight loss between 1 to 3 weeks postin-
fection (p.i.). In general, these overt signs appeared earlier and
were more accentuated in TLR2/~ mice. In addition,
TLR2™/~ mice exhibited decreased survival. By 24 days after
M. corti infection, 47% of M. corti-infected WT mice suc-
cumbed to the infection as opposed to 78% of TLR2 ™/~ mice
(17 of 22) (Fig. 1) (P < 0.05).

TLR2™/~ mice exhibit increased parasite load in brain. To
examine whether increased disease severity in TLR2-deficient
mice was associated with less effective control of parasite
growth, serial horizontal sections of infected WT and TLR2 ™/~
brains of mice were stained with H&E, and the number of M.
corti metacestodes was determined by microscopic analysis.
TLR2™/~ mice appeared less able to control parasite burdens
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as the brains of these mice exhibited increased numbers of
parasites compared to the infected brains of WT mice (Fig.
2A). Additionally, the absence of TLR2 appeared to cause
preferential sequestration of the parasites into brain paren-
chyma (Fig. 2B). By 3 weeks p.i., TLR2™/~ mice exhibited a
ratio of parenchymal to extraparenchymal parasites of 10:1
versus 2:1 for WT mice, suggesting that TLR2-dependent re-
sponses may influence invasiveness as well as parasite growth
in the CNS.

TLR2™/~ mice display increased CNS pathology after M.
corti infection. H&E staining was performed to determine im-
munopathological changes in WT and TLR2 ™/~ mice (Fig. 3).
Figure 3A1 and A2 depict normal brain tissue morphology in
WT and TLR2 ™/~ control animals i.c. inoculated with HBSS.
In contrast, strong inflammatory responses characterized by
the presence of a large number of infiltrating immune cells
(Fig. 3B1) and perivascular lymphocytic cuffing around blood
vessels (Fig. 3C1) were observed in WT mice. In these parasite-
infected WT mice, the majority of parenchymal parasites (in-
dicated by P in Fig. 3D1 were surrounded by inflammatory
leukocytes. These immunopathological events were evident at
both 1 week and 3 weeks p.i. although the intensity was greater
at 3 weeks p.i. In contrast, TLR2™'~ mice displayed lower
numbers of infiltrating immune cells than the WT mice at both
1 week and 3 weeks p.i. (Fig. 3B2). This correlated with little
perivascular lymphocytic cuffing around blood vessels (Fig.
3C2) and few, if any, infiltrating immune cells surrounding
parenchymal parasites (Fig. 3D2).

The increased number of parasites in brains of TLR2 ™/~
mice may cause increased pathology due to either the mechan-
ical disruption of brain tissue or the metabolic activity of par-
asites. Luxol fast blue (LFB) staining was performed to deter-
mine changes in nervous tissue integrity in both WT and
TLR2~/~ mice (Fig. 3). Figure 3E1 and E2 depict normal brain
tissue morphology in WT and TLR2™/~ control animals i.c.
inoculated with HBSS. In WT infected mice, primary and sec-
ondary microglial nodule formation was observed at 3 weeks
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FIG. 2. TLR2™/~ mice exhibit an increased parasite burden. WT and TLR2™/~ were i.c. infected with ~40 M. corti metacestodes. At 1 week
(wk) and 3 weeks p.i., WT and TLR2 ™/~ mice were sacrificed. The location and number of parasites were determined by microscopic examination
of serial H&E-stained brain sections. (A) Total numbers of parasites present in the brains of WT and TLR2™/~ mice. Significant differences in
parasite numbers in M. corti-infected TLR2™/~ compared with the infected WT animals is denoted by an asterisk (P < 0.05). (B) Percentages of
parasites present in parenchymal (P) and extraparenchymal (EP) regions in individual brains were calculated. Results are from three independent
experiments. Significant differences in parasite numbers in M. corti-infected TLR2™/~ compared with the infected WT animals are indicated (x,

P < 0.05; =, P < 0.005).
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FIG. 3. Brain pathology associated with M. corti infection in WT and TLR2™/~ mice. Images show H&E staining or LFB staining of brain
cryosections. (A1) H&E staining showing normal parenchymal tissue in an HBSS-inoculated WT mouse. (A2) Normal parenchymal tissue in an
HBSS-inoculated TLR2™/~ mouse. (B1) Indusium griseum area of the brain in a WT mouse at 3 weeks p.i. associated with large numbers of
infiltrating immune cells (*). (B2) Indusium griseum in a TLR2 ™/~ mouse at 3 weeks p.i. exhibiting a reduced number of infiltrating immune cells
(*). (C1) Leukocyte cuffing in a WT mouse at 3 weeks p.i. (). (C2) Lack of leukocyte cuffing in TLR2™/~ mice at 3 weeks p.i. (). (D1)
Parenchymal parasite (P) in a WT mouse at 3 weeks p.i. associated with infiltrating immune cells (arrowheads). (D2) Parenchymal parasite (P) in
a TLR2™/~ mouse at 3 weeks p.i. associated with absence of infiltrating immune cells (arrowheads). LFB staining shows normal parenchymal tissue
in an HBSS-inoculated WT mouse (E1) and normal parenchymal tissue in an HBSS-inoculated TLR2™~ mouse (E2). (F1) Parenchyma of WT
mouse at 1 week p.i. exhibiting absence of microglial nodule formation. (F2) Parenchyma of TLR2™/~ mouse at 1 week p.i. exhibiting microglial
nodule formation (*). (G1) Parenchyma of a WT mouse at 3 weeks p.i. exhibiting microglial nodule formation. (G1') Boxed area in G1 depicting
microglial nodule at a magnification of X6. (G2) Parenchyma of a TLR2™/~ mouse at 3 weeks p.i. depicting increased formation of microglial
nodules that are larger than those of the WT mouse. (G2') Boxed area in G2 depicting microglial nodule at a magnification of X6. Results are
from three independent experiments. All images are at a magnification of X200.

p.i. (Fig. 3G1) but not at 1 week p.i. (Fig. 3F1). In contrast, in
TLR2-deficient mice, microglial nodule formation was de-
tected by 1 week p.i. (Fig. 3F2) and intensified at 3 weeks p.i.
(Fig. 3G2). Parasite-infected TLR2™/~ mice exhibited micro-
glial nodule formations that were typically larger in number
and size than those in WT infected mice at 3 weeks p.i. (Fig.
3G2), suggesting that absence of TLR2-dependent responses
leads to greater CNS pathology.

TLR2™'~ mice exhibit reduced numbers of infiltrating im-
mune cells in the CNS. To determine whether TLR2 ™/~ mice
exhibit differences in numbers of infiltrating immune cells dur-
ing NCC, total leukocytes from whole brains were isolated at
the peak of inflammation (3 weeks p.i.) and quantified by
trypan blue staining. Brains of TLR2™/~ mice at that time
exhibited significantly lower numbers of leukocytes than the
WT mice (P < 0.05) (Fig. 4). Consistent with our previous
observations (4), infiltrating leukocytes in the brains of mock-
infected control mice were barely detectable.
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FACS analysis was performed to examine the differences in
the types of immune cells infiltrating the CNS of TLR2 /" and
WT infected mice. Our previous studies have demonstrated
that the predominant immune cells initially recruited to the
brain after parasite inoculation are macrophages and yd T cells
(3 to 5 days p.i.), followed by a3 T cells (1 week p.i.) and B cells
(3 weeks p.i.) (3, 11). The differences in recruitment of these
immune cell types in TLR2™/~ mice were analyzed at both an

FIG. 4. TLR2™'~ mice exhibit reduced numbers of infiltrating im-
mune cells in CNS. WT and TLR2™/~ mice were i.c. infected with
HBSS (mock control) or M. corti and were sacrificed at 3 weeks p.i.
Infiltrating immune cells were isolated by Ficoll Hypaque density gra-
dient as described in Materials and Methods. Total numbers of viable
immune cells in mock-infected control and parasite-infected brains of
both WT and TLR2 ™/~ mice were counted by trypan blue exclusion
staining (n = 4). A significant difference in numbers of immune cells
recovered from TLR2 ™/~ versus WT animals is indicated by an asterisk
(P < 0.005).
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FIG. 5. TLR2™/~ mice exhibit reduced numbers of various infiltrating immune cells in CNS. WT and TLR2™/~ mice were i.c. infected with M.
corti and were sacrificed at 1 week and 3 weeks p.i. Infiltrating immune cells were isolated by Ficoll Hypaque density gradient as described in
Materials and Methods. Total numbers of viable immune cells in parasite-infected brains of WT and TLR2 ™/~ mice were counted by trypan blue
staining. (A) In each experiment, brain leukocytes from 1-week parasite-infected WT and TLR2™/~ mice were isolated from 3 mice and pooled
together. The percentages of immune cell types that were macrophages/microglia (CD11b™"), v3 T cells (T-cell receptor [TCR] 82 chain-positive),
af T cells (TCR @ chain-positive), and B cells (CD19") were quantified by FACS analysis. A representative of three independent experiments is
shown. (B) Brain leukocytes from 3-week parasite-infected WT and TLR2 ™/~ mice were isolated from 3 mice and pooled together. FACS analysis
shows a reduced number of macrophages/microglia (CD11b™), y8 T cells (TCR 82 chain-positive), and «f T cells (TCR B chain-positive) in
TLR2 ™/~ mice. A representative of three independent experiments is shown. (C) Results obtained from FACS analyses are expressed as the
mean * standard error of the mean from three independent experiments. Significant differences in numbers of individual immune cells recovered
from TLR2 ™/~ versus WT animals are denoted by asterisks (x, P < 0.05; **, P < 0.005; **x, P < 0.005).

early stage of infection (1 week p.i.) and at the peak of inflam-
mation (3 weeks p.i.) (Fig. 5). M. corti infection in both WT
and TLR2™/~ mice resulted in infiltration of predominantly
CD11b* immune cells at both 1 week and 3 weeks p.i. (Fig. 5).
However, infected TLR2 '~ mice displayed significantly lower
numbers of CD11b™ cells at both 1 week (Fig. 5A and C) and

at 3 weeks p.i. (Fig. 5B and C). Additionally, there were sig-
nificantly lower numbers of yd T cells and o8 T cells detected
in TLR2™/~ mice at 1 week (Fig. 5A and C) as well as at 3
weeks p.i. (Fig. 5B and C) than in the WT mice. In addition,
CD19" B cells were detected at lower levels at 3 weeks p.i. in
TLR2 /" infected mice than in WT mice (Fig. 5B and C) but
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FIG. 6. TLR2™'~ mice exhibit reduced CNS expression levels of several proinflammatory mediators. The brains from mock-infected control
and M. corti-infected WT and TLR2 ™/~ mice were harvested at 1 week and 3 weeks p.i. and homogenized in PBS with protease inhibitors (100
mg/ml), whereupon TNF-a, IFN-y, and CCL2 protein levels were quantitated by sandwich ELISA (mean * standard error). Results shown are
the average of three infected and three mock-infected control mice for each time point. Significant differences are indicated (+#x, P < 0.001).

were undetected at 1 week p.i. in both experimental groups.
This is consistent with our previously reported observations
that B cells are undetected until 3 weeks p.i. in murine NCC
(3). Taken together, these data demonstrate that absence of
TLR2 leads to a significant reduction in leukocyte recruitment
into the brain during NCC.

Immune mediators in the CNS of WT and TLR2™/~ mice.
To determine the involvement of TLR2 in proinflammatory
cytokine responses after M. corti infection, an ELISA was per-
formed on brain homogenates from WT and TLR2 ™/~ mice.
In both strains, mock-infected mouse brains displayed low
basal levels of TNF-o, IFN-y, and CCL2 (Fig. 6). Upon para-
site infection, WT mice exhibited increased levels of TNF-,
IFN-v, and CCL2 at 1 week p.i.,, which were further upregu-
lated at 3 weeks p.i. (Fig. 6). In contrast, infection of TLR2™/~
mice resulted in reduced upregulation of these cytokines. The
levels of TNF-o, IFN-y, and CCL2 in TLR2™/~ mice were
significantly lower (P < 0.001) than in WT infected mice at
both 1 week and 3 weeks p.i. (Fig. 6). Taken together, the data
suggest that induction of inflammatory mediators such as
TNF-a, IFN-vy, and CCL2 is reduced in the absence of TLR2-
associated signaling in murine NCC.

Our previous studies have demonstrated that early IL-6 ex-
pression in astrocytes and in their foot processes proximal to
the pial vessels correlates with infiltration of leukocytes into
the CNS in a region-specific manner during murine NCC (3).
M. corti-induced TLR2 expression is also evident in astrocytes
present in the same anatomical region of the brain, such as
periventricular areas, and in proximity to the meninges (40).
We speculate that the early induction of TLR2 in these brain

regions may influence the extent of IL-6 production and con-
tribute to leukocyte trafficking into the parasite-infected
brains. Therefore, in situ IF microscopy was used to determine
the effect of TLR2 deficiency on IL-6 expression (Fig. 7). In
mock-infected brains of both WT and TLR2 ™/~ mice, expres-
sion of IL-6 was detected at low basal levels in periventricular
and leptomeningeal areas (Fig. 7A1 and A2). Upon parasite
infection, WT mice displayed a progressive increase in the
levels of IL-6 proteins, primarily in periventricular and lepto-
meningeal areas of the brain (Fig. 7B1). Furthermore, the
upregulated expression was primarily detected on astrocytes
present in these areas of the brain (Fig. 7C1), which abun-
dantly express TLR2 (Fig. 7D1) (40), including the glia limi-
tans in proximity to pial vessels (Fig. 7C1). In contrast,
TLR2™/~ infected mice displayed the same spatiotemporal
IL-6 upregulation but at a much lower level (Fig. 7B2, and C2).
Additionally, as TLR2™/~ NCC mice display reduced leuko-
cyte infiltration, the spatiotemporal expression of CCL3, which
is a well-known leukocyte chemoattractant was analyzed by IF
microscopy. In mock-infected brains of WT and TLR2™/~
mice, CCL3 was scarcely detected (data not shown). Upon
parasite infection, CCL3 (Fig. 7E1) expression was upregu-
lated in the parenchyma of WT brain compared to a much
lower level of expression in TLR2™/~ mice (Fig. 7E2).
Parasites, particularly helminths, tend to shift the balance of
immunity to a Th2 type of response that is thought to be crucial
in the establishment of chronic parasitic infections. Earlier
studies from our laboratory have shown that the cytokines
produced in the CNS during M. corti infection are indicative of
a mixed T helper response but with Th2 cytokines IL-4 and
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FIG. 7. Immune mediators in the CNS of WT and TLR2™/~ mice. In situ IF staining was performed on frozen sections of mock-infected and
parasite-infected brains of WT and TLR2 /™ mice. IL-6, IL-4, IL-13, and ARG-1 expression was visualized in red (rhodamine RXX); astrocytes
(GFAP") and myeloid cells (CD11b") were visualized in green (Alexa Fluor 488), and nuclei (blue) were stained with 4’,6’-diamidino-2-
phenylindole (DAPI). IL-6 expression is shown in a representative section of a mock-infected brain from WT mouse (A1) and TLR2 ™/~ mouse
(A2) brain (magnification, X400). (B1) Increased expression of IL-6 was detected in brain of a parasite-infected WT mouse at 3 weeks p.i.
Magnification, X400. (B2) Reduced IL-6 expression was detected in parasite-infected TLR2 ™/~ brains at 3 weeks p.i. Magnification, x400. (C1)
IL-6 is predominantly expressed in brain astrocytes of a parasite-infected WT mouse at 3 weeks p.i. Arrowheads indicate colocalization of IL-6 and
GFAP (yellow/orange). Magnification, X400. The inset shows the selected area (*) depicting IL-6 expression in astrocytes and their processes at
a magnification of X4. (C2) IL-6 expression is reduced in brain astrocytes of a TLR2™/~ mouse at 3 weeks p.i. Magnification X400. (D1) TLR2
is predominantly expressed in brain astrocytes of a parasite-infected WT mouse at 3 weeks p.i., with colocalization of TLR2 and GFAP
(yellow/orange). Magnification, X400. (E1) Increased expression of CCL3 was detected in brain parenchyma of a parasite-infected WT mouse at
3 weeks p.i. Magnification, x200. (E2) Reduced CCL3 expression was detected in parasite-infected TLR2 /™ brains at 3 weeks p.i. Magnification,
%200. Mild increase in expression of IL-4 was detected in parasite infected brains of WT (F1) and TLR2™/~ (F2) mice at 3 weeks p.i.
(magnification, %200). Mild increase in expression of IL-13 was detected in parasite-infected brains of WT (G1) and TLR2™/~ (G2) mice at 3
weeks p.i. (magnification, X200). (H1) The brains from mock-infected control and M. corti-infected WT and TLR2™/~ mice were harvested at 1
week and 3 weeks p.i. and homogenized in PBS with protease inhibitors (100 mg/ml). Protein levels of IL-4 were quantified using Luminex
technology and a commercial RodentMAP assay (Rules-Based Medicine). (H2) ARG-1 expression in parasite-infected brain of a WT mouse at
2 weeks p.i. Magnification, X400. (H3) ARG-1 expression in parasite-infected brain from IL-4Ra '~ mouse at 2 weeks p.i. (n = 2). Magnification,
X400.

IL-13 detected in relatively small amounts (11). IF microscopy
was used to determine the effect of TLR2 deficiency on IL-4
and IL-13 expression in WT and TLR2™/~ mice (Fig. 7F and
G). In mock-infected brains of WT and TLR2™/~ mice, ex-
pression of both IL-4 and IL-13 was scarcely detected (data not
shown). Upon parasite infection, both WT and TLR2-deficient
mice displayed a mild increase in the levels of IL-4 (Fig. 7F1
and F2) and IL-13 (Fig. 7G1 and G2). The increase was ap-
parent in terms of both the intensity and the numbers of cells
expressing them. Furthermore, quantitative determination of
the IL-4 level (sensitivity of assay, 15 pg/ml), analyzed com-
mercially by RodentMAP assay (Rules-Based Medicine), con-
firmed a modest upregulation of IL-4 in the CNS of both WT

and TLR2-deficient mice at 1 week and 3 weeks p.i. during
NCC (Fig. 7H1).

TLR2™/~ mice display reduced expression of alternative
activation macrophage markers. In CNS infections sustained
inflammation is a major cause of tissue damage and associated
pathology (13). Within this context, M. corti parasite-infected
TLR2™/~ mice display reduced inflammatory cytokines in the
CNS but intriguingly exhibit greater neuropathology. Thus, it is
possible that TLR2-associated responses may contribute to
protective effects by regulating tissue-reparative mechanisms
in NCC brains. Since tissue restoration and repair are among
the well-defined regulatory properties of AAMs, the expres-
sion of AAM markers ARG-1, Fizz1, and YM1 was analyzed
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FIG. 8. TLR2™/~ mice present reduced CNS expression levels of ARG-1, Fizz1, and YM1. In situ IF staining was performed on frozen sections
of mock-infected and parasite-infected brains of WT and TLR2™/~ mice at 1 week and 3 weeks p.i. ARG-1, Fizzl, and YM1 expression was
visualized in red (rhodamine RXX), macrophages/microglia (CD11b™) were visualized in green (Alexa Fluor 488), and nuclei were stained with
DAPI (blue) (magnification, X200). (A) ARG-1 expression in mock-infected (Al, AS, and A9), 1-week p.i. (A2, A6, and A10), and 3-week p.i.
(A3, A7, and Al1) brains of WT, TLR2™/~, and MyD88 '~ mice ARG-1 expression at 3 weeks p.i. is colocalized with CD11b* staining
(yellow/orange) in WT (A4), TLR2™/~ (A8), and MyD88 '~ (A12) NCC mouse brains. (B) The relative levels of ARG-1 expression in mock- and
M. corti-infected WT, TLR2™/~, or MyD88 ™/~ animals were calculated as described in Materials and Methods. Significant differences are denoted
by asterisks (¥, P < 0.05; %%, P < 0.005; ***, P < 0.005). (C) Fizzl expression in mock-infected (C1, C5, and C9), 1-week p.i. (C2, C6, and C10),
and 3-week p.i. (C3, C7, and C11) brains of WT, TLR2™/~, and MyD88 '~ mice. Fizzl expression at 3 weeks p.i. is colocalized with CD11b™*
staining (yellow/orange) in WT (C4), TLR2™/~ (C8), and MyD88 /= (C12) NCC mouse brains. (D) The relative levels of Fizz1 expression in mock-
and M. corti-infected WT, TLR2™/~, or MyD88™/~ animals were calculated as described in Materials and Methods. Significant differences are
denoted by asterisks (¥, P < 0.05; **, P < 0.005; *%*, P < 0.005). (E) YM1 expression in mock-infected (E1, ES, and E9), 1-week p.i. (E2, E6,
and E10), and 3-week p.i. (E3, E7, and E11) brains of WT, TLR27/~, and MyD88~/~ mice. YM1 expression at 3 weeks p.i. is colocalized with
CD11b" staining (yellow/orange) in WT (E4), TLR2™/~ (ES), and MyD88 '~ (E12) NCC mouse brains. (F) The relative levels of YM1 expression
in mock- and M. corti-infected WT, TLR2™/~, or MyD88 ™/~ animals were calculated as described in Materials and Methods. Significant differences
are denoted by asterisks (¥, P < 0.05; #*, P < 0.005; #**, P < 0.005).
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by in situ IF microscopy. In mock-infected brains of both WT 8E4) were mostly detected in brain areas associated with infil-

and TLR2™/~ mice, ARG-1 (Fig. 8A1 and A5), Fizz1 (Fig. 8C1
and C5), and YM1 (Fig. 8E1 and ES5) were scarcely detected.
Upon infection, ARG-1 (Fig. 8A2), Fizzl (Fig. 8C2), and YM1
(Fig. 8E2) expression levels were upregulated in the WT brain
after M. corti infection at 1 week p.i. The expression remained
high, as indicated by extensive staining for ARG-1 (Fig. 8A3)
Fizz1 (Fig. 8C3), and ARG-1 (Fig. 8E3) at 3 weeks p.i. Addi-
tionally, ARG-1 (Fig. 8A4), Fizz-1 (Fig. 8C4), and YM1 (Fig.

trating leukocytes at all the time points analyzed (Fig. 8).
Interestingly, the upregulated expression of these molecules
was also associated with their increased secretion, as deter-
mined by their presence in cell-free regions (data not shown).
In contrast, infected TLR2-deficient mice exhibited substan-
tially less expression of ARG-1 at both 1 week (Fig. 8A6) and
3 weeks p.i. (Fig. 8A7) than WT mice (Fig. 8A2 and A3).
Infected TLR2-deficient mice displayed significantly lower lev-
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els of Fizzl at 1 week (Fig. 8C6) and 3 weeks p.i. (Fig. 8C7)
than infected WT mice (Fig. 8C2 and C3). Similarly, infected
TLR2-deficient mice also displayed significantly lower levels of
YMI at 1 week (Fig. 8E6) and 3 weeks p.i. (Fig. S8E7) than
infected WT mice (Fig. 8E2 and E3). Such decreases were
quantified by measurement of mean pixel intensity of ARG-1
(Fig. 8B), Fizzl (Fig. 8D), and YMI1 staining (Fig. 8F). Double
immunofluorescence staining of Fizzl or ARG-1 with CD11b
indicated that the majority of cells positive for ARG-1 (Fig.
8A4), Fizzl (Fig. 8C4), and YMI1 (Fig. 8E4) in WT infected
mice were CD11b™ myeloid cells. In contrast, TLR2 ™/~ mice
displayed minimal expression of these AAM markers, includ-
ing in areas containing considerable numbers of CD11b™ cells
(Fig. 8A8, C8, and ES8).

Our previous studies have demonstrated that mice deficient
in MyDS88, an adaptor molecule necessary for signal transduc-
tion through most of the TLRs including TLR2 (47), exhibit
reduced pathological signs and are less susceptible to the in-
fection during NCC (39). To determine the extent to which
AAM-associated responses correlate with reduced disease se-
verity after M. corti infection in these mice, double IF staining
of CD11b with AAM markers, YM1, Fizz1, and ARG-1, was
performed. Similar to results in the WT (Fig. 8A, C, and E),
mock-infected brains of MyD88 ™/~ mice displayed scarce ex-
pression of ARG-1 (Fig. 8A9), Fizz1 (Fig. C9), and YM1 (Fig.
8E9). After parasite infection, MyD88 '~ mice displayed ex-
pression of ARG-1 (Fig. 8A10 and A11), Fizz1 (Fig. 8C10 and
C11), and YM1 (Fig. 8E10 and E11) at similar or higher levels
than those in WT NCC mice (Fig. 8A2, A3, C3, C4, E3, and
E4). Quantification of the mean pixel intensity of ARG-1 (Fig.
8B), Fizzl (Fig. 8D), and YM1 (Fig. 8F) staining confirmed
these observations.

Th2 cytokines IL-4 and IL-13 are known to induce markers
associated with AAMs in helminth infections (23, 27). How-
ever, these cytokines are detected in relatively small amounts
in the CNS during murine NCC (Fig. 7F, G, and H1) (11). To
determine the role of these Th2 cytokines in the development
of cells with AAM phenotypes in the CNS during NCC, the
expression of ARG-1 and YM1 was analyzed in IL-4Ra™/~
mice (receptor for both IL-4 and IL-13). The expression of
ARG-1 (Fig. 7H2 and H3) and YMI1 (data not shown) was
partially downregulated in IL-4Ra ™'~ mice but could be de-
tected in many CD11b™ myeloid cells.

DISCUSSION

An important step in eliciting pathogen-specific immune
responses in the brain is the induction of inflammatory re-
sponses with leukocyte infiltration into the CNS (50). Recent
studies have demonstrated the role of TLRs in orchestrating
an inflammatory cascade in various models of CNS infectious
diseases (28, 31), including bacterial meningitis (30), brain
abscess (19, 44), and viral (59) and parasitic infections (38). We
have shown that TLR2 is upregulated within 1 to 2 days in the
CNS of mice infected i.c. with M. corti (40). We hypothesized
that this early upregulation of TLR2 is involved in initial innate
immune responses providing necessary signals for subsequent
adaptive immune responses. Indeed, results presented here
show a reduction in the infiltration of immune cells (macro-
phages, y8 T cells, and af T cells) as well as decreased pro-
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inflammatory cytokine responses after M. corti infection in
TLR2 ™/~ mice compared with levels in WT mice. Interestingly,
much of the upregulation of TLR2 during infection is associ-
ated with astrocytes in the glia limitans (40), the outermost
layer of the proper nervous tissue (50). These areas contain
pial vessels that have weaker barrier properties and are often
the first to be invaded by pathogens (50). This is the likely
source of TLR2 ligands for the tangential astrocytes of the glia
limitans. This is in keeping with the reduced IL-6 expression
observed in astrocytes of TLR2 ™/~ in these areas compared
with levels in the WT. Moreover, our previous studies showed
that IL-6 expression by astrocytes in the glial limitans in prox-
imity to pial vessels correlates with leukocyte migration
through pial vessels in adjoining extraparenchymal spaces dur-
ing murine NCC (3). Taken together, the results strongly sup-
port a role for TLR2-associated signaling in the development
of the initial inflammatory response in the CNS as a result of
M. corti infection.

A growing body of evidence indicates that TLRs participate
in the recognition of parasitic infections and elicit early im-
mune responses (9, 14, 56). In experimental models involving
parasitic infections, mice deficient in TLRs display reduced
levels of the Thl inflammatory mediators IL-12p40 and/or
IFN-v, which correlate with reduced parasite clearance and
increased disease severity (22, 38). Of particular interest are
studies of experimental cysticercosis in which mice are infected
intraperitoneally with the larval stage of Taenia crassiceps and
parasite containment requires Thl-type responses and nitric
oxide production (1, 54). Likewise, the results from the present
study suggest that decreased expression of proinflammatory
cytokines, including TNF-a and IFN-y, correlates with reduced
parasite clearance, particularly in brain parenchyma. As TLR2
is abundantly expressed in nervous tissue cells, it is possible
that the reduced degree of production of inflammatory cyto-
kines in the parenchymal versus extraparenchymal region re-
sults in increased parasite sequestration to brain parenchyma
of TLR2 ™/~ mice. However, the relative contribution of in-
flammatory cytokines to parasite containment in the CNS is
uncertain. Our recent observations show that infection of mice
lacking STAT6 (signal transducer and activator of transcrip-
tion 6), a prominent regulator of AAM development (34),
results in the significant upregulation of the Thl effector mol-
ecule inducible nitrous oxide synthase (iNOS) in the CNS yet
results in increased parasite burdens in brain parenchyma (37).
In addition, STAT6~/~ NCC mice exhibit decreased numbers
of AAMs in the CNS and increased disease severity compared
to WT mice. As both TLR2™/~ and STAT6 /" infected mice
exhibit a reduction of AAMs and lower survival rates, AAMs
may play a protective role. This is consistent with a recent
study showing that IL-4~/~ mice infected i.p. with M. corti
display a reduction in the number of ARG-1-expressing AAMs
as well as higher parasite burdens, tissue pathology, and a
significantly increased susceptibility to infection (45). More-
over, studies involving other parasite infections have also re-
ported that AAM-associated responses mediate parasite clear-
ance and host protection (6, 20, 21, 54). Taking these results
together, it is possible that TLR2-dependent AAM-associated
responses play a contributing role in limiting disease severity in
murine NCC.

In contrast to TLR2™/~ mice, MyD88 /~ mice displayed
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increased expression of all the three AAM-associated markers
compared to levels in the WT mice. Besides TLR2, MyD8&8
also interacts with other TLRs and several other TIR domain-
containing receptors (8) and non-TIR domain-containing re-
ceptors (25, 43, 46, 60, 61). Interestingly, in contrast to
TLR2™/~ mice, M. corti-infected MyD88 ™/~ mice had reduced
pathological signs and decreased susceptibility to the infection
(39). Similar to our findings, a recent study demonstrated that
Leishmania braziliensis-infected TLR2™/~ and MyD88 ™/~
mice exhibit differential disease outcomes (62). Thus,
MyD88 '~ infected mice were more susceptible to infection,
and dendritic cells from infected MyD88 /™ mice produced
less proinflammatory cytokines than those of WT mice. In
contrast, TLR2™/~ mice were able to control the infection and
produced more inflammatory cytokines than their WT coun-
terparts (62). This is intriguing as MyD88 is a primary adaptor
molecule involved in downstream signaling originating from
TLR2. However, contrasting outcomes in TLR2™/~ and
MyD88 '~ infected mice in NCC and L. braziliensis infection
suggest a possibility of TLR2 functioning as a coreceptor with
another pattern recognition receptor (PRR) or perhaps the
involvement of an unknown MyDS88-independent pathway.
Nonetheless, it is likely that TLR2 is selectively involved in
immune regulatory mechanisms in NCC.

Helminth parasites tend to shift the balance of immunity to
a Th2-type (IL-4 or IL-13) or IL-10-type response that acti-
vates or expands AAMs (23, 27). Thus, the AAMs M2a (in-
duced by IL-4/IL-13) (42, 48) and M2c (induced by IL-10) (33),
but not M2b (induced by combined exposure to immune com-
plexes and TLR or IL-1R agonists) (41), are thought to play an
important role specifically in helminth infections. However, the
cytokines produced in the CNS during M. corti infection are
indicative of a mixed T helper response but with I1L-4, 1L-13,
and IL-10 detected in relatively small amounts (11). Moreover,
the expression of AAM-associated markers in IL-4Ra /™ mice
is partially affected while in IL-10~/~ mice it seems to be
largely unaffected (unpublished results). This suggests that
IL-4 and IL-13, but not IL-10, may play a contributing role in
development of the AAM phenotype. However, a reduction in
cells with AAM phenotypes after M. corti infection in TLR2-
deficient mice compared to levels in WT mice suggests possible
involvement of innate immune pathways in the development of
AAMs. In support of this, recent evidence indicates that
TLR2-associated responses can lead to AAM development
upon bacterial infection of macrophages (18, 58). In the ab-
sence of a dominant Th2 or IL-10 response in the CNS during
murine NCC, it is possible that TLR2-associated production of
other regulatory cytokines drives AAM development. Alterna-
tively, parasite antigens secreted by M. corti may directly inter-
act with host innate receptors and contribute to the develop-
ment of the AAM phenotype. In this regard, schistosomal
lacto-N-fucopentaose III (LNFPIII) glycan antigens have been
identified to upregulate expression of AAM-associated mark-
ers in IL-4Ra ™/~ mice, suggesting existence of an innate path-
way for development of AAMs (7). Our studies have demon-
strated that T. solium and M. corti larvae have teguments rich
in glycan antigens that, during CNS infection, are shed and
taken up by host cells in the CNS environment (2). We spec-
ulate that recognition of parasite glycans by TLR2 and core-
ceptors, particularly C-type lectin receptors (CLR), the major
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PRRs involved in glycan antigen recognition, might be in-
volved in this process. Currently, we are testing putative par-
asite-derived glycan antigens which may have a role in the
development of AAMs and innate immune mechanisms in-
volved in this process.

The present study demonstrates that TLR2 functions in pro-
moting AAM-associated responses in the CNS microenviron-
ment that are involved in limiting parasite growth in brain
parenchyma and possibly heal nervous tissue injury. Our pre-
vious studies have identified that in y& T/~ or MyD88 '~
NCC mice, a reduced inflammatory response is associated with
decreased mortality and morbidity, suggesting that a hyperin-
flammatory response contributes to neuropathology and dis-
ease severity in NCC (38, 39). Taking into consideration the
results from this study, we additionally propose that AAM-
associated responses in the CNS are also involved in modulat-
ing neuropathology and disease severity in NCC. Collectively,
the present study demonstrates that TLR2 functions in regu-
lating immunity in the CNS microenvironment, resulting in
diminished disease severity in murine NCC.
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