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Inflammatory diseases of the CNS, such as MS and its animal model EAE, are characterized by infiltration of
activated lymphocytes and phagocytes into the CNS. Within the CNS, activation of resident cells initiates an
inflammatory cascade, leading to tissue destruction, demyelination, and neurologic deficit. TLRs recognize
microbes and are pivotal mediators of innate immunity. Within the CNS, augmented TLR expression during
EAE is observed, even in the absence of any apparent microbial involvement. To determine the functional rel-
evance of this phenomenon during sterile autoimmunity, we studied the role of different TLRs as well as their
common signaling adaptor MyD88 in the development of EAE. We found that MyD88~~ mice were completely
EAE resistant. Surprisingly, this protection is partly due to engagement of the CpG receptor TLRY. Restrict-
ing the MyD88 or TLRY mutation to host radio-resistant cells, including the cells within the CNS, revealed
that engagement of radio-resistant cells modulated the disease course and histopathological changes. Our data
clearly demonstrate that both TLR9 and MyD88 are essential modulators of the autoimmune process during the

effector phase of disease and suggest that endogenous “danger signals” modulate the disease pathogenesis.

Introduction

MS is considered to be an inflammatory demyelinating disease of
the CNS, the etiology of which remains unclear (1). It is generally
held that cell-mediated immunity underlies the pathogenesis, based
on the identification of inflammartory infiltrates in MS lesions of
CNS white matter. This condition is represented in the developed
animal model for brain inflammation and MS, known as EAE,
which is a vital tool to study the neuroimmunological events occur-
ring during the disease (2). In both EAE and MS, there are 2 main
phases that constitute the sequence of immunopathological events:
an initial priming/activation phase in which autoaggressive lympho-
cytes are activated and a subsequent recruitment and effector phase
in which such cells invade the CNS and cause tissue destruction. For
efficient T cell priming in secondary lymphoid tissues as well as for
the maintenance of an encephalitogenic immune response within
the CNS, competent APCs such as dendritic cells are an absolute
requirement (3). Activation and maturation of these APCs is gen-
erally mediated through the presence of a so-called danger signal
(4, 5). These signals, derived from microbes or damaged tissue, are
required to break immunological unresponsiveness or tolerance for
the development of an autoimmune response (6). Host organisms
detect “danger” by recognizing pathogen-associated molecular pat-
terns or stress-induced self molecules (7). TLRs are crucial media-
tors of such responses. Toll is a key receptor in antifungal immunity
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of Drosophila (8). TLRs are mammalian Toll homologues expressed
mostly by immune cells. Atleast 11 members of the TLR family exist.
At present, ligands have been identified for TLR1 through TLRY.
Most of these ligands are derived from pathogens and comprise a
very heterogeneous group, including viruses, bacteria, DNA, RNA,
toxins, chemical compounds, and others.

MyD88 is a common cytoplasmic adapter protein, which associ-
ates as an obligate functional partner with most members of the
TLR and IL-1 receptor family (9-11). Therefore, MyD88~~ mice
do not show any response to IL-1 family cytokines in vivo (12),
are resistant to LPS-induced endotoxin shock syndrome (13), and
fail to respond to peptidoglycans, lipoproteins (14), antiviral com-
pounds (15), and CpG DNA (16) as well as flagellins (17).

To induce autoimmune diseases such as EAE, putative TLR
ligands such as CpG are commonly used to break peripheral toler-
ance and to induce a pathogenic response against the CNS (18). In
addition to the requirement for TLR signaling to induce immuni-
ty, CNS-resident microglia have been shown to express an array of
different TLRs, depending on their state of activation (19-21). Yet,
their in vivo role and function in the context of a sterile immune
attack against the CNS remain to be established.

Here we demonstrate that MyD88 expression by radio-resistant
cells, such as brain endogenous cells, is vital for their capacity to
drive disease development. This is at least partly due to the action
of the CpG receptor TLRY even though CpG is not detectable
during the effector phase of EAE within the CNS. Our findings
provide definitive in vivo evidence for the involvement of brain-
restricted TLRs during sterile inflammation, and we propose that
endogenous TLR ligands may act as maturation stimuli for CNS-
resident cells during disease pathogenesis.
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Results

Induction of TLR expression within the brain in a model of CNS-specific
autoimmunity. Previously, upregulation of TLR expression by CNS
resident cells, in particular by microglia, in response to different
inflammatory stimuli was reported in vitro (19, 21). To assess
whether a sterile inflammatory response can mediate TLR regu-
lation in vivo, we examined the CNS for TLR mRNA expression
by real-time PCR. Spinal cords from 3 different time points were
evaluated for the expression of TLR1, TLR2, TLR3, TLR4, TLRS,
TLR6, TLR7, TLR8, TLRY, and MyD88. These time points were as
follows: (a) preclinical, no animals exhibiting disease symptoms
(score 0); (b) disease onset, animals showing first symptoms of
EAE (score 0.5-1.5); and (c) peak EAE (score > 2.5). We detected a
remarkable increase of TLR1, TLR2, TLR4, TLR6, TLR7, TLR8, and
TLRY9 mRNA during the progression of disease (Figure 1). TLR3
and TLR5 mRNA expression levels were lower than TLR1, TLR2,
TLR4, TLR6, TLR7, and TLRY levels and remained unchanged
during the course of disease. TLR1, TLR2, TLR4, TLR6, TLRS,
and MyD88 expression peaked at the first clinical signs of disease,
coinciding with leukocyte influx. In contrast, levels of TLR7 and
TLR9 mRNA increased dramatically during the peak of disease,
suggesting a response by CNS resident cells during the effector
phase of disease. Taken together, these data demonstrate that
the expression of both TLRs and their main signaling molecule,
MyD88, is modulated during EAE development.

The role of TLR signaling during the priming phase of EAE. To judge to
what extent the absence of TLRs and its signaling molecule MyD88
affects the course of a sterile autoimmune CNS disease, EAE was
induced in mice deficient for TLR2, TLRY, and MyD88. After
immunization with myelin oligodendrocyte glycoprotein (MOG)
peptide emulsified in CFA, all WT and TLR27~ mice developed EAE
with an incidence of 100% and a similar mean disease onset and
severity (Figure 2A and Table 1). These results clearly demonstrate
that TLR2 is dispensable for the induction and progression of dis-
ease. In contrast, MyD88~~ mice were completely EAE resistant, and
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Figure 1

TLR regulation during autoimmune CNS disease. Expression of
TLRs and MyD88 in the CNS of EAE-diseased mice. TLR1-9 and
MyD88 mRNA were detected in spinal cord tissue samples by using
real-time PCR at different stages of disease. Immunized, nonsick
animals (score 0) are indicated in white, slightly diseased mice (score
0.5-1.5) in black, and mice with severe EAE (score > 2.5) in gray.
Data are expressed as ratio of induced TLR to endogenous GAPDH
and expressed as SEM.

TLR9 7/~ mice developed EAE with a significant delay in disease onset
(17.9 days after immunization [dpi]) and weak clinical manifesta-
tions (mean clinical score = 1.9) compared with WT mice (mean
day of disease onset = 15.9 dpi; mean maximal clinical score = 2.5).
The data indicate that both TLR9 and MyD88 are needed for EAE
induction and progression. The fact that TLR97~ mice demonstrate
some degree of EAE resistance could potentially be explained by the
fact that the adjuvant used to induce immunity (heat-killed Myco-
bacterium tuberculosis H37RA) engages the TLR receptor. In order
to determine the interaction between M. tuberculosis and TLR9, we
investigated the mechanisms of cellular activation using an NF-kB
reporter assay (Figure 2B). Exposure of transgenic TLR9-bearing
HEK293 cells to mycobacterial H37RA did not result in NF-kB-
driven reporter gene activation. The concentrations used correlated
to those used to immunize mice. The lack of TLR9-related activa-
tion indicates the absence of detectable DNA containing unmeth-
ylated (CpG) sequences in the H37RA preparation. However, the
same amount of mycobacterial material was clearly sufficient to
induce activation of 1 of its natural receptors, TLR2 (data not
shown). Similar results with H37RA were obtained when murine
instead of human TLRY was introduced in HEK293 cells (data not
shown). Moreover, neither MOG peptide nor pertussis toxin (PTX)
induced a measurable activation of TLRY. Therefore, the decreased
EAE susceptibility of TLR9”~ mice to EAE is most likely not medi-
ated by the interaction of adjuvant or antigen (Ag) with TLRY, but
rather implicates an endogenous TLR9-dependent signal to exert
an encephalitogenic effect.

To determine the capacity of these mice to generate a primary
immune Ag-driven response, WT, TLR27/~, TLR9~/~, and MyD887/~
mice were immunized with either MOGss_ss peptide or keyhole
limpet hemocyanin (KLH) emulsified in CFA. Seven days later, LNs
were removed, and the capacity of lymphocytes to respond to their
cognate Ag was measured in a recall assay. Figure 2, C and D, shows
that lymphocytes derived from WT, TLR2- and TLR9-deficient
mice developed comparable proliferative responses and produced
similar levels of IFN-y. T cell proliferation in TLR9~7~ mice was

Table 1
Requirement of normal TLR signaling for active EAE in mice

Mouse Incidence Mean day of Mean maximal
genotypes (%) disease onset* clinical score (x SEM)?
WT 8/8 (100) 15.9 25+0.3
TLR2" 7/7 (100) 145 2603
TLR9+ 8/9 (89) 17.9 1.9+02
MyD88+" 0/6 (0) n.d. n.d.

Shown is one representative experiment of 3 independent experiments
presented in Figure 2A. Table summarizes data shown in Figure 5.
ADiseased mice. n.d., no disease.
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show a plethora of infiltrating mac-
rophages in WT and TLRY-deficient
mice during the early phase of clini-
cal EAE. This influx was accompa-
nied by the invasion of CD3-positive
lymphocytes and amyloid precursor
protein-positive (APP-positive) axo-
nal structures, indicating comparable
acute axonal damage in these animals.
Accordingly, the demyelinated area
was similar in these genotypes during
the early phase (Supplemental Table
1). However, MyD88~/~ mice displayed
no apparent inflammation. These
distinct infiltration features reflect
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TLR signaling is critical for the induction of active MOG-EAE in C57BL/6 mice and the disease-
specific Th1 response. (A) EAE was induced by active immunization of WT (diamonds), TLR2--
(squares), TLR9-- (triangles), and MyD88-deficient (circles) mice. Each data point represents the
mean of 6 or more animals. Statistically significant data points are marked with asterisks (P < 0.05).
One representative set of experiments out of 3 is shown. (B) TLR9 engagement by selective EAE
immunization components in vitro. Human TLR9 was ectopically expressed in HEK293 cells. Cells
were stimulated with either 5 ul M. tuberculosis cell wall components (H37RA, 50 ug/ml), 20 ul of
MOGiss-ss peptide (4 ug/ul) in sterile PBS, 20 ul PTX (1.25 ng/ul) in endotoxin-free water, or TLR-spe-
cific stimuli (2 uM oligodeoxynucleotide 2006). Luciferase activity in cellular lysates was measured,
normalized to -galactosidase activity, and related to activity in unstimulated cells in each group of
vector/TLR transfectants. The empty vector is indicated by white bars and TLR9 by black. The results
are representative of more than 3 independent experiments. (C and D) MyD88-- but not TLR9~- mice
failed to generate Th1 immune responses. Recall responses of LN cells to either MOGas_s5 peptide or
KLH were measured by IFN-y ELISA (C) and [H]thymidine-uptake (D). Data shown are representa-

the clinical behavior of this line with
high resistance against EAE. Spinal
cord sections from mice displaying
the most severe symptoms at day 35
stained for Mac-3-positive macro-
phages/microglia revealed similar
perivascular and meningeal distri-
bution of the infiltrates in inflamed
spinal cords of both WT and TLR27/~
mice (Figure 3B). Quantification of
histopathological manifestations on

tive of at least 2 independent experiments.

always similar to WT lymphocytes, even when other Ag concentra-
tions were used (data not shown). In contrast, MyD887~ mice did
not develop measurable primary responses to their cognate Ag, as
assessed by the recall assay. It has been suggested that CD4*CD25*
Tregs could potentially account for the insufficient T cell priming
in MyD88~~ mice (22). To assess the role of Tregs in MyD88-depen-
dent T cell priming, WT and MyD88-deficient mice were intrave-
nously injected with 100 ug of monoclonal anti-CD25 antibody
or the respective isotype control 3 days before immunization. This
treatment led to a depletion of Tregs, as shown in Supplemental
Figure 1A (supplemental material available online with this article;
doi:10.1172/JC126078DS1). Subsequent measurement of T cell
proliferation upon stimulation by the cognate Ag in vitro revealed
an enhanced proliferation in WT lymphocytes whereas MyD88~~
lymphocytes were still not able to expand properly (Supplemental
Figure 1B). Therefore, the inability to induce autoimmunity in
MyD88~~ mice can be explained by their poor T cell priming, inde-
pendent of CD4*CD25* Treg cells. However, TLR9/~ mice show
normal T cell priming, and the decreased disease course cannot
solely be explained by inefficient priming/expansion.
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spinal cord sections showed similar
numbers of invading macrophages in
WT and TLR27~ mice (Supplemental
Table 1). Accordingly, the number of
CD3-positive cells was also similar in both genotypes. Moreover,
the myelin damage expressed as the percentage of demyelinated
area as of total white matter was compatible in TLR27~ and WT
mice. Surprisingly, however, TLR9-deficient mice revealed in the
chronic phase much smaller infiltrating foci in the spinal cord of
diseased mice (Figure 3B, third line) with fewer invading hemato-
poietic cells compared with WT mice. APP-stained deposits did
not increase when compared with the histology obtained at disease
onset, and the extent of the demyelinated area (1.8% + 0.4%) was
strongly reduced in TLR9-deficient mice. As expected, EAE-resis-
tant MyD887~ mice were virtually free of any leukocytic infiltrates
and axonal changes (Figure 3B). Overall, these data indicate that
the absence of MyD88 and TLRY, but not of TLR2, significantly
alters the degree and composition of inflammation, demyelin-
ation, and axonal damage during late disease phase.

TLR engagement on CNS resident cells determines the course of EAE. In
order to determine whether TLR engagement of hematopoietic or
stromal cells such as CNS resident cells contributes to the devel-
opment and progression of EAE, BM chimeric mice were gener-
ated in which either TLR9 or MyD88 expression was limited to the
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Figure 3

Diminished CNS inflammation and axonal damage in MyD88- and TLR9-deficient mice. (A and B) Immunohistochemistry from WT and
TLR2--, TLR9--, and MyD88-- mice. In all cases, animals with the highest clinical signs were taken either at peak of disease (day 20, A) or
at the end of the experiment (day 35, B). Mac-3 staining in total spinal cord sections revealed similar strong macrophage infiltration in WT,
TLR2--, and TLR9-- mice at day 20 (A) whereas at later time points, TLR9-- mice revealed smaller infiltrates and MyD88-- mice revealed no
infiltrates (B). Higher magnifications show CD3-positive lymphocytes, macrophages (Mac-3), regions of demyelination (luxol fast blue, LFB),
and APP deposits representing axonal damage (APP). Scale bars: 500 um (first column); 30 um (second column).
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radio-resistant or radio-sensitive compartment of the host. To do
so, we combined BM chimerism with gene targeting as described
earlier (23-26). Two months after reconstitution of congenic WT
mice (CD45.1 = Ly5.1) with MyD88~~ BM (CD45.2 = LyS.2), sur-
face staining of peripheral blood revealed that the donor marker
CD45.2 was detectable on virtually all blood cells (Supplemental
Figure 2A). More detailed quantitative blood analysis of the BM
chimeric mice revealed a virtually complete reconstitution of B
lymphocytes and macrophages, whereas T lymphocyte engraft-
ment was slightly less effective, as described earlier (25) (Supple-
mental Figure 2 and data not shown). In contrast,
CNS-resident cells displayed the host genotype and
were not significantly replaced by BM elements (Sup-
plemental Figure 2C). Our findings match the reports
by others concerning the limited reconstitution of the

Table 2

CNS by hematopoietic myeloid cells after lethal irra- Genotype
diation (27-29). To assess functional reconstitution of BM donor
the lymphoreticular compartment, systemic immune WT
responses were evaluated in MyD88 BM chimeric mice WT
(Supplemental Figure 2B). Chimeras were immunized MyD8s~"
with MOG;s_ss in CFA, and LN cells were isolated at MyD8g~
7 dpi for the assessment of MOG recall responses in WT
vitro. MyD887~ into WT and MyD887~ into MyD88~/- wr
chimeras did not generate strong T cell responses to ;iggj:

MOG, as evaluated by IFN-y production and prolif-
eration. In contrast, both WT into MyD88/~ and WT
into WT mice demonstrated equivalent capacities to
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Figure 4

Nonhematopoietic TLR signaling is involved in EAE disease. (A—C)
Active EAE in MyD88 (A and B) and TLR9 (C) BM chimeric mice. After
BM reconstitution, mice were allowed to recover for 6-8 weeks, then
immunized with MOGgss_ss in CFA as described and scored for disease
(means). Statistically significant data points are marked with asterisks.
P < 0.05. Results are representative of 2 independent experiments. (B)
Quantification of mononuclear infiltrates and axonal damage in MyD88
chimeric mice. For each genotype, at least 4 diseased spinal cords
were used for quantification (means + SD). Arrows indicate direction
of bone marrow reconstitution.

prime T cells and for those T cells to proliferate and secrete IFN-y
when challenged with their cognate Ag in vitro. We can conclude
that MyD88 expression on hematopoietic cells is essential for the
priming of encephalitogenic T cells. However, the lack of MyD88
expression on radio-resistant nonhematopoietic cells in the WT
into MyD887~ chimeras appears to have no impact on the periph-
eral priming and differentiation of Ag-reactive T cells. Accordingly,
chimeras immunized with MOG peptide in CFA were protected
from EAE when the donor BM was of the MyD88~~ genotype (Fig-
ure 4A and Table 2). The lack of MyD88 from the radio-resistant
compartment, e.g., the CNS parenchyma (WT into MyD88~/"),
caused a significant delay in disease onset and reduced clinical
severity compared with chimeric mice that expressed MyD88 on
stromal cells (WT into WT). In addition, detailed immunohisto-
logical analysis of immunized chimeras revealed a distinct lesion
pattern (Figure 4B and Supplemental Figure 3). The number of
infilcrating Mac-3* macrophages and CD3* lymphocytes was
strongly decreased when MyD88 was absent from the nonhema-
topoietic compartment. This decrease of mononuclear infiltrates
correlated with fewer APP deposits, thus indicating that the pres-
ence of MyD88 also regulates axonal damage during brain disease.
To assess the contribution of TLR9 to the MyD88-mediated radio-
resistant nonhematopoietic effects, BM chimeras were generated
using TLR9~~ mice as BM recipients (Figure 4C). As shown with
unmanipulated TLR9~7~ mice, the absence of TLR9 on the hema-
topoietic compartment in chimeras strongly delayed disease onset
(TLRY9~- into WT and TLR9~~ into TLR9~"). Intriguingly, there was
also an obvious effect when TLR9 was specifically absent from the
radio-resistant compartment alone (WT into TLR9”/~ compared
with WT into WT chimeras). Accordingly, quantification of his-
topathological changes within the CNS, including infiltration

EAE in MyD88 and TLR9 BM chimeric mice

Genotype Incidence  Mean day of Mean maximal
BM recipient (%) disease onset* clinical score (+ SEM)?
WT 8/8 (100) 14.7 34+03
MyD88-- 7/8 (88) 18.2 2102
WT 0/7 (0) n.d. n.d.
MyD88-" 0/6 (0) n.d. n.d.
WT 6/6 (100) 15.4 36+04
TLR9-- 5/5 (100) 17.4 23203
WT 9/10 (90) 20.8 2.8+0.3
TLR9-- 7/8 (88) 214 24+0.2

Table shows clinical parameter of MOG-induced EAE in BM chimeric MyD88-- and
TLR9-- mice. Disease course is shown in Figure 4, A and C. ADiseased mice.
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Encephalitogenic T cells are less effective at inducing EAE when trans-
ferred into MyD88- or TLR9-deficient hosts. Adoptive transfer of MOG-
reactive T cells (25 x 108 cells) into MyD88-- or TLR9-- but not TLR2-~
hosts results in milder disease. Data shown are from 1 representative
experiment of at least 2 individual experiments with at least 5 mice per
group (means). Asterisks indicate statistical significance. P < 0.05.

by macrophages and T cells as well as axonal and myelin dam-
age, revealed reduced alterations when TLR9 was absent from the
radio-resistant compartment (Supplemental Table 3). In addition,
T cell priming was always normal in TLR9 BM chimeras (data not
shown). Hence, the lack of TLR9 from the radio-resistant cells,
such as CNS parenchyma, endothelial, or stromal cells, accounts
for a significant portion of the MyD88-mediated effects in the
nonhematopoietic compartment.

Therole of TLR signaling duringthe effector phase of EAE. Both MyD88~~
and TLR9/~ mice displayed resistance to developing EAE upon
active immunization with MOG peptide and CFA, including puta-
tive TLR ligands. As we were not able to detect an overt deficiency
in T cell priming in TLR9- mice, we wanted to assess the role and
function of TLRY and its adaptor molecule MyD88 during the
effector phase of EAE in the absence of any microbial components
commonly used as adjuvant. In order to do so, encephalitogenic
MOG-reactive lymphocytes from WT mice were generated, restimu-
lated in vitro, and adoptively transferred into either WT, MyD887~,
or TLR97~ mice. Figure 5 shows that MyD887~ and TLR9~~ mice
developed EAE with a significantly later disease onset and severity.
The data indicate that both MyD88 and TLRY are involved in the
local maintenance of encephalitogenicity during the effector phase
of EAE within the CNS. TLR2-deficient mice, however, had a simi-
lar course of disease compared with WT recipients, emphasizing
the redundant role of TLR2 for EAE pathogenesis (Table 3). Taken
together, our data clearly demonstrate that specific members of the
TLR family and its signaling molecule MyD88 that were previously
thought to be involved only in germ-specific host defense are also
crucial elements for the generation of encephalitogenic T cells in
the priming phase as well as for the maintenance of encephalitoge-
nicity during the sterile effector phase of EAE.

Discussion

Environmental factors strongly influence the development of
autoimmune disease, including MS (30-32), and elements of
both the adaptive and innate immune systems are transcribed and
expressed in MS lesions (33). Components of the innate immune
system are involved in several deleterious steps in the autoimmune
cascade, including activation of myelin-reactive T lymphocytes
by APCs and the development of membrane attack complexes
in the CNS of MS patients. Despite the generally accepted view
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that activation of innate immunity by specific TLR ligands, such
as bacterial cell wall components and DNA, are required for the
generation of a productive immune response, the role of CNS-
specific innate immunity in this process is poorly understood.
While the adjuvant used to elicit peripheral immunity contains
mycobacterial extracts to act as “danger signals,” the adjuvant is
localized subcutaneously to stimulate local APCs that subsequent-
ly migrate into the regional LNs. After successful T cell priming,
autoaggressive lymphocytes subsequently migrate into the CNS
to cause tissue damage. Within the CNS, no microbial products
are available to drive innate immune activation of CNS residents.
As we have shown recently, the activation of CNS resident cells is
vital for the development and maintenance of inflammatory CNS
lesions (23, 24, 34). However, whether the innate immune system
also participates in the conditioning of the CNS remains elusive.
The goal of our study was to determine the functional relevance of
innate immunity within the CNS in vivo. Here we provide defini-
tive evidence that a sterile inflammatory response within the CNS
requires innate immune activation of CNS-resident cells. Initially,
we found that during EAE, TLR expression is strongly increased
within the CNS. We did not distinguish between TLR expression
by invading leukocytes or CNS-resident neuronal or glial elements.
However, microglia acting as CNS sentinels for danger signals have
been shown to increase TLR expression in response to inflamma-
tory mediators as well as microbial products (19). To determine
whether the modulation of the TLR profile has any functional sig-
nificance to the development of EAE, mice lacking specific TLRs
were immunized against MOG peptide. Interestingly, TLR27~ mice
were fully EAE susceptible, even when the adjuvant used contained
mycobacterial extracts, which are thought to elicit cell activation
mainly through TLR2. However, in accordance with our findings,
others have suggested TLR2-independent pathways for mycobac-
terial components (35). Both MyD88 and TLR9 were found to
be crucial for the formation and maintenance of inflammatory
lesions. We found that mice deficient in MyD88 were not able to
elicita productive immune response. Hence, the EAE resistance of
MyD88-deficient mice is probably largely due to the requirement
of MyD88 in T cell priming. Moreover, depletion of regulatory T
cells could, in our hands, only enhance T cell proliferation in WT
mice but not restore T cell priming deficiency in MyD88~/~ mice.
Thus, mechanisms of T cell priming in MyD88-deficient mice to
MOG peptide might be different from Ags used in previous stud-
ies (22, 36). To assess the functional significance of TLR expression
within the CNS, we used BM chimeras in which TLR9 and MyD88
were deleted specifically from the radio-resistant nonhematopoi-
etic compartment, e.g., brain, spinal cord, or endothelial cells. The

Table 3
Adoptive transfer of MOG-reactive lymphocytes into WT and
TLR-deficient recipients

Mouse Incidence  Mean day of Mean maximal
genotypes (%) disease onset® clinical score (x SEM)A
WT 6/6 (100) 8.2 2.0+04
TLR2+  5/5(100) 8.6 2103
TLR9- 5/6 (83) 11.8 1.4+03
MyD88  3/5 (60) 11.0 08+03

Table summarizes data shown in Figure 5. ADiseased mice.
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results obtained with MyD88-deficient mice point to an essential
role of TLR signaling and/or IL-18/IL-1f in the pathogenesis of
EAE. However, it is unlikely that signaling through members of the
IL-1 receptor family alone is responsible for the relative resistance
of the mice to EAE. The EAE resistance of mice in which MyD88
is absent from nonhematopoietic cells is at least in part due to
the actions of the TLR receptor. Mice in which TLR9 was deleted
from the radio-resistant compartment, such as CNS, developed
EAE with delayed kinetics and severity. Previously, TLR9 has been
identified as the key receptor in the recognition of CpG motifs
(37). However, despite the fact that we were not able to detect any
CpGs in our mycobacterial preparation, TLR9 was found to be
crucial for the course of EAE. So far we cannot formally exclude
the possibility that our in vitro HEK293 system lacks additional
coreceptors needed for TLRY signaling or that CpGs are already
degraded in the mycobacteria preparation. Our results from chal-
lenge of fibroblasts that ectopically overexpress TLR9 or TLR9/
LN cells with the compounds used for EAE induction clearly indi-
cate thatitis not the initial challenge with MOGss_ss peptide, PTX,
or mycobacterial lypophilisates, but rather secondary effects, that
elicited a TLR9-dependent signal. Accordingly, adoptive transfer
of encephalitogenic T cells into TLR9/~ recipients revealed that
TLRY engagement drives autoimmunity even under completely
sterile conditions in the absence of microbial products. This find-
ing implicates additional endogenous, disease-associated ligands
apart from CpGs. Indeed, as we have recently shown, phospho-
diester DNA is able to stimulate TLR9 independently of DNA
sequence specificity or methylation status, especially if the DNA
has been transferred to the endosome (38). Therefore, it is tempt-
ing to speculate that TLR9 activation in vivo can be achieved by
any kind of DNA independent of its origin but correlating with its
amount. Potential candidates in the EAE model include, for exam-
ple, DNA motifs released by apoptotic inflammatory T cells during
EAE (39). In addition, TLR9 was found to be essential for cellular
activation by IgG2a autoantibodies together with self DNA in the
absence of bacterial CpGs in a mouse model of autoimmune sys-
temic disorder (40). The authors claimed that during autoimmune
disease the adaptive immune response is sustained by the adjuvant
effect of endogenous nucleic acids. This leaves open the question
of what is primary, but without doubt, host DNA exhibits innate
immunostimulatory potential, CpG methylation notwithstand-
ing. In addition, other TLRs might also be involved. For example,
Kerfoot and colleagues have shown that TLR4 deficiency some-
what modulates disease activity and have claimed that the PTX
used to induce EAE mediates its effects partially through TLR4
(41). Therefore, MyD88-dependent effects in our model might also
be, at least in part, due to engagement of TLR4.

Activation of CNS residents facilitates the formation of inflam-
matory lesions within the CNS. The most important popula-
tion of CNS residents to interact with invading immune cells
are microglia. The fact that microglia carry a host of TLRs has
been described elsewhere, but the significance of this finding has
been related only to bacterial infections of the brain. Over the
past few years, we have learned that innate immune activation is
required for the development of a productive adaptive immune
response. Yet, under sterile conditions, the same parameters that
govern antimicrobial immunity are also thought to underlie ster-
ile immune responses (6). Beutler proposed the novel concept of
“innate autoimmunity,” combining the assumption that aberrant
TLR signaling without microbes over a sustained period of time
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concomitant with Ag presentation might result in an adaptive
immune response to host molecules with the observation that
some endogenous molecules signaling through TLRs likely do
so because sterile inflammation so closely resembles infectious
inflammation. Our findings strongly support this notion, and it
appears that the CNS itself harbors the innate capacity to orches-
trate a sterile immune response within its realm. The tantalizing
task remaining is to discover which endogenous ligands engage
TLRs in order to make use of the innate immune machinery to
mount an infection-independent immune response. Interfering
with the engagement of TLRs activating CNS-resident cells poses
a potential therapeutic strategy for the treatment of sterile neuro-
immune disorders such as MS.

Methods
Mice. TLR27/~ (42), TLR9”~ (37), and MyD88~/~ (12) mice, backcrossed at
least 8 times, were kindly provided by S. Akira and K. Takeda (Osaka Uni-
versity, Osaka, Japan) and H. Wagner (Technical University of Munich).
CD45 congenic C57BL/6 Ly5.1 mice (CD45.1) were purchased from the
Jackson Laboratory, and all mice were kept and bred in-house under
pathogen-free conditions.

Generation of BM chimeric mice. BM chimeric mice were generated as
described recently (23, 24, 26). In brief, 6- to 8-week-old recipient mice
were reconstituted with BM cells derived from tibiae and femurs from the
respective donors. BM cells (5 x 10¢ cells) were injected into the tail veins
of recipients conditioned by whole-body irradiation (1100 cGy) 24 hours
earlier. From 6 to 8 weeks after grafting, reconstitution was assessed by
FACS analysis of peripheral blood. Blood samples were prepared at 4°C
in buffer solution (PBS containing 2% FCS and 0.2% NaN3) and stained
with FITC-labeled CD45.2 (BD Biosciences — Pharmingen) and PE-
labeled CD45.1 antibody (BD Biosciences — Pharmingen). After lysis of
erythrocytes with FACS lysis solution (BD) and washing, cell suspensions
were analyzed on a FACSCalibur (BD). Data were acquired with CellQuest
software version 3.3 (BD).

Induction of EAE. Female 6- to 10-week-old mice (12- to 16-week-old BM
chimeric mice, respectively) of each group were immunized subcutaneous-
ly with 200 ug of MOGg3s_ss peptide emulsified in CFA containing 500 ug
of M. tuberculosis (H37RA, Difco; BD Diagnostics). The mice received intra-
peritonal injections with 250 ng PTX (Sigma-Aldrich) at the time of immu-
nization and 48 hours later. After 7 days, the mice received an identical
booster with MOG/CFA without PTX. For adoptive transfer, donor mice
were immunized subcutaneously with 200 ug MOGss_ss in CFA containing
500 ug of M. tuberculosis. Immediately after and 2 days later, mice received
250ng PTX. At 11 dpi, mice were killed, spleens were removed and homog-
enized, and RBCs were lysed. Cells were cultured for 4 days in RPMI1640
medium supplemented with 10% FCS, 10 mg/ml MOG peptide, and 2.5
ng/ml murine recombinant IL-12 (R&D Systems), then harvested; dead
cells were removed by Ficoll (Biochrom AG) centrifugation. Cells were then
injected into recipient mice (25 x 10° cells/mouse). Each animal received
250 ng PTX on days 0 and 2 after transfer. The animal care and use com-
mittee of the University of Gottingen approved all experiments.

Clinical evaluation. The mice were scored daily as follows: 0, no detectable
signs of EAE; 0.5, distal section of tail paralyzed; 1.0, distal and proximal
sections of tail paralyzed ; 1.5, distal and proximal sections of tail paralyzed
and hind-limb weakness; 2, unilateral partial hind-limb paralysis; 2.5, bilat-
eral partial hind-limb paralysis; 3, complete bilateral hind-limb paralysis;
3.5, complete hind-limb paralysis and unilateral forelimb paralysis; 4, total
paralysis of forelimb and hind limb; and 5, death. Statistical analysis was
performed using an unpaired Student’s ¢ test, and P values less than or
equal to 0.05 were considered significant.
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Histology. Mice were euthanized with CO,. Spinal cords were removed
and fixed in 4% buffered formalin. Later, spinal cords were dissected and
paraffin embedded before staining with H&E, luxol fast blue to assess the
degree of demyelination, Mac-3 (BD Biosciences — Pharmingen) for macro-
phages, CD3 for T cells (Serotec), and APP (Chemicon International).

Flow cytometry and in vivo depletion of Treg cells. For flow cytometry,
cells were stained with primary Abs (CD45.1, CD45.2, CD11b, CD4,
CD25, and CD45RB; all from BD Biosciences — Pharmingen) for 30
minutes at 4°C. The cells were washed and analyzed using FACSCalibur
(BD). Viable cells were gated by forward and side scatter of light. Data
were acquired with CellQuest software version 3.3 (BD). Postacquisi-
tion analysis was performed using WinMDI 2.8 software (The Scripps
Research Institute). In vivo depletion of CD4*CD25* T cells was achieved
by intravenous injection of 100 ug of monoclonal anti-CD25 antibody
(clone PC61). Control mice were injected with rat Ig (all from BD Biosci-
ences — Pharmingen). Depletion of Treg cells was confirmed by staining
peripheral blood lymphocytes for CD4 and CD25 markers on day 3 after
injection of the anti-CD25 antibody.

Recall responses. Mice were primed by flank injections of MOG/CFA. After
7 dpi, the draining axillary and inguinal LNs were removed and homog-
enized. LN cells (5 x 105) were placed as triplicates in 96-well plates and
pulsed with 50 pg/ml MOG peptide or KLH (Sigma-Aldrich) as control.
Cultures were pulsed with 0.5 uCi of [3H]|thymidine per well (1 mCi/ml
SHTdR; Amersham Pharmacia Biotech) during the last 18 hours of 2 days
culture of T cells. Cells were harvested onto glass fiber filter membranes by
using a 96-well plate cell harvester (IH110-96, Inotech AG), and tritiated
thymidine incorporation was measured by scintillation counting (Micro-
Beta Plus 1450 reader; PerkinElmer). For cytokine analysis, sister cultures
were harvested 4 hours after culture supernatants were analyzed by ELISA
for IFN-y (R&D Systems).

Real-time PCR and luciferase assay. RNA was extracted from acutely dis-
eased spinal cords of mice with EAE. The spinal cord was flushed with
ice-cold HBSS, and RNA was isolated using RNAeasy Mini Kits (QIAGEN)
following the manufacturer’s instructions. The samples were treated with
DNasel (Roche Diagnostics Corp.), and 1 ug of RNA was transcribed into
cDNA using oligo-dT primers and the SuperScript II RT kit (Invitrogen
Corp.). cDNA (2.5 ul) was transferred into a 96-well Multiply PCR-plate
(SARSTEDT), and 12.5 ul ABsolute QPCR SYBER Green Master Mix
(ABgene) plus 19.6 ul ddH,O was added. The PCR reaction and the lucifer-
ase assay were performed as described recently (43). The following primer
probe pairs were used: TLR1, sense CAAACGCAAACCTTACCAGAGTG,
antisense GAGATTCGGGGTCTTCTTTTTCC; TLR2, sense AAAATGTC-
GTTCAAGGAG, antisense TTGCTGAAGAGGACTGTT; TLR3, sense
ACTTGCTATCTTGGATGC, antisense AGTTCTTCACTTCGCAAC;
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TLR4, sense TCCCTGATGACATTCCTTCTT, antisense TGAGCCACATT-
GAGTTTCTTTA, TLRS, sense CGCCTCCATTCTTCATTCCG, antisense
CCTTCAGTGTCCCAAACAGTCG; TLRG, sense CTTACTCGGAGACAG-
CACTGAAGTC, antisense GCAGGTGGGTGACATCTTTAGG; TLR7,
sense TGACTCTCTTCTCCTCCA, antisense GCTTCCAGGTCTAATCTG;
TLRS, sense CTGTCCAAGGTGTTACAATGCTCC, antisense TTGAGA-
GAGGTTTCCGAAGACG; TLRY, sense GGTGTGGAACATCATTCT, anti-
sense ATACGGTTGGAGATCAAG; MyD88, sense CTGGGTGAAGAAGC-
TACTCCAT, antisense TAGAAACTTGGGAGGTGTGTGG; and GAPDH,
sense TCCTGCACCACCAACTGCTTAGCC, antisense GTTCAGCTCT-
GGGATGACCTTGCC.

Statistics. Statistical differences of clinical scores were evaluated using a
2-tailed unpaired Student’s ¢ test. Differences were considered significant
when the P value was less than 0.05. ELISA and proliferation assays are
expressed as average of triplicate wells + SEM.
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