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Abstract
Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS) characterized by
inflammation, demyelination, and axonal pathology. The exact causes of MS are unknown, but
environmental factors including pathogens are believed to contribute to the development of
disease. Toll-like receptors (TLRs) are a family of receptors important in pathogen recognition and
host defense. TLRs are expressed by a variety of peripheral immune cells as well as resident cells
of the CNS. Studies indicate that TLRs play a significant role in modulating MS, as well as
experimental autoimmune encephalomyelitis (EAE), an animal model of MS. This review will
discuss the current understanding of the role of TLRs in modulating EAE and MS.

1 Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis
Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS)
characterized by demyelination and progressive axonal degeneration. MS is the second
leading cause of neurologic disability in young adults following trauma (Anderson et al.
1992). Most patients suffer from the physical, psychological, and financial effects of MS for
most of their adult life. In recent years, a variety of therapeutic agents have been developed
which slow disease progression (Johnson et al. 1995; Jacobs et al. 1996; Millefiorini et al.
1997). However, there remains no cure for the disease, and more effective therapies are
desperately needed. The cause of MS remains unknown; however, an autoimmune process is
hypothesized to be involved in disease pathogenesis (Arnason 1983; Martin et al. 1992;
McFarland and Martin 2007). Epidemiologic reports and studies examining the disease in
identical twins also suggest that both environment and genetics influence the onset and
pathogenesis of MS (Sadovnick and Ebers 1993). MS is believed to be principally mediated
by CD4+ T cells that are reactive against myelin antigens (Frohman et al. 2006). These cells
are activated in the periphery and express adhesion molecules which facilitate interactions
with ligands present on vascular endothelial cells, resulting in extravasation across the
blood-brain barrier (Compston 2004). Once in the CNS, these myelin-reactive CD4+ T cells
contribute to the demyelination and progressive axonal pathology characteristic of MS
(Frohman et al. 2005). In addition to CD4+ T cells, CD8+ T cells and B cells are believed to
contribute to the pathogenesis associated with MS (Johnson et al. 2007; Nikbin et al. 2007 ;
Hauser et al. 2008). In addition to lymphocytes that control adaptive immune responses,
dendritic cells and tissue macrophages that regulate innate immune responses also play a
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role in controlling MS disease pathogenesis. These cells express pattern recognition
receptors (PRRs) including Toll-like receptors (TLRs) that recognize pathogen-associated
molecular patterns (PAMPs) present on the surface of pathogens. Following ligand binding
to TLRs, innate immune cells produce proinflammatory cytokines and can serve as antigen-
presenting cells (APCs) to prime naïve T cells to recognize antigens (Takeda and Akira
2005; Hacker et al. 2006). Thus, TLRs play an important role in linking the innate to the
adaptive immune response (Bell et al. 2005). Finally, glia including astrocytes and microglia
play an important role in protecting the CNS against pathogenic insults. However, when
chronically activated, these glia may contribute to the pathogenesis of MS, and this may
occur in part through PAMP binding to TLRs present on these cells, which can contribute to
the reactivation of myelin-specific autoreactive T cells in the CNS (Sanders and De Keyser
2007; Nair et al. 2008). Interestingly, a variety of resident cells of the CNS express TLRs
(Bsibsi et al. 2002). Depending on the TLR evaluated, TLR expression on CNS cells has
been demonstrated to contribute to oligodendrocyte and neuron cell death (Lehnardt et al.
2002, 2003) or alternatively to be neuroprotective (Bsibsi et al. 2006). It is also interesting
that TLRs are expressed on B cells and T cells and that TLR signaling can directly alter
adaptive immune responses (Kabelitz 2007; Lampropoulou et al. 2008).

Several animal models have been used to study MS. In some of these models, the disease is
induced by viruses, such as Theiler’s virus or Borna disease virus (Miller and Karpus 1994).
However, the most common model of MS is termed experimental autoimmune
encephalomyelitis (EAE). Active EAE is elicited by immunization with a variety of myelin
peptides into organisms including rodents and monkeys. EAE can also be elicited following
adoptive transfer of myelin-specific T cells into naïve recipients. Of the EAE models, the
most commonly studied are those established in the Lewis rat and in several susceptible
mouse strains. Murine models of EAE present several advantages over rat models of EAE
(Racke 2001). For example, murine EAE results in a relapsing-remitting disease, similar to
the early phase of disease for most MS patients, whereas EAE in the Lewis rat is a
monophasic illness. In chronic murine EAE, the pathology observed in the white matter
shows much more demyelination than the Lewis rat model, again being more reminiscent of
the pathology seen in the CNS of patients with MS. In fact, similarities in pathology
between mouse EAE and MS have suggested that autoimmunity plays a role in the
development of MS. Finally, with the advent of transgenic and homologous recombination
technology, it is increasingly clear that many powerful molecular tools are becoming
available to study the immune response in pathologic processes such as murine EAE.

2 Role of Pathogens in Multiple Sclerosis and Experimental Autoimmune
Encephalomyelitis

The cause of MS is unknown. However, clinical evidence suggests an autoimmune response
directed against myelin, possibly stimulated by an infectious agent (Martin et al. 1992;
Noseworthy 1999). Epidemiologic studies also suggest that MS is triggered by
environmental factors, and an infectious agent is the most likely culprit (Kurtzke 1993).
Infections can exacerbate the course of MS, but many different viruses and bacteria have
been evaluated (Sibley et al. 1985; Compston et al. 1986; Gay et al. 1986; Panitch 1994;
Rapp et al. 1995; Sriram et al. 1998; Horwitz and Sarvetnick 1999; Lenz et al. 2001; Du et
al. 2002) and no single environmental agent has been definitively linked to MS
development. Furthermore, the mechanisms by which pathogens precipitate MS have not
been elucidated. One possibility is that antigens from infectious pathogens may activate
autoreactive T cells, causing their expansion and leading to clinical disease (Oldstone 1987;
Hausmann and Wucherpfennig 1997). However, molecular mimicry—as this process is
termed—has found limited experimental support as a cause of autoimmune diseases.
Alternatively, MS may be triggered not by a specific pathogen but instead by general
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infectious processes. This phenomenon, termed bystander activation, is supported by studies
indicating that Theiler’s virus can activate APCs and consequently activate autoreactive T
cells that do not cross-react with Theiler’s virus antigens (Miller et al. 1997; Katz-Levy et al.
1999). Bystander activation has been suggested to be initiated by pathogens that trigger
immune processes in the CNS, which is likely mediated by TLRs. Tissue damage then
unmasks myelin antigens, resulting in epitope spread and the development of autoimmunity
(Vanderlugt and Miller 2002; McMahon et al. 2005; Bailey et al. 2007).

A common clinical occurrence in MS patients is the development of changes in neurological
function that appear to be due to MS disease activity but are actually the result of a
physiological change such as a urinary tract infection, fever, or electrolyte abnormality.
These pseudoexacerbations are usually characterized by a recurrence of old symptoms for
short durations, a definable metabolic change, and the disappearance of clinical signs once
the metabolic change has been corrected (Tauber et al. 2007). For example, a patient with a
prior history of leg weakness can become paraplegic by the fever accompanying a urinary
tract infection. Dogma suggests that the reason for the pseudoexacerbation involves elevated
temperature producing reversible conduction block in the demyelinated axon. It is this
conduction block that produces the recurrence of the old symptoms, in this case paraplegia.
If truly due to the above described physiology, most pseudoexcerbations should resolve once
the infection is resolved and the fever reduced. However, many MS patients that experience
a pseudoexacerbation with a urinary tract infection still require steroids to recover from their
symptoms and often never recover completely. These studies suggest that bacterial agents
such as Escherichia coli, which commonly cause urinary tract infections in many MS
patients, may stimulate the innate immune response, which subsequently leads to the
activation of autoreactive T cells, thus contributing to the damage that occurs in the CNS
during MS exacerbations.

A variety of studies suggest a critical role for pathogens in the development of EAE.
Experiments in the 1970s from pioneers in the field of EAE suggested that both
mycobacterial components and pertussis toxin were required for disease development
following immunization with myelin antigens (Lublin 1982). The McFarlin laboratory
demonstrated that EAE could be induced without pertussis toxin using multiple injections of
myelin components in complete Freund’s adjuvant (CFA) (Brown and McFarlin 1981).
More recently, it has become clear that other adjuvants such as CpG DNA, a ligand for
TLR9, can also stimulate induction of EAE (Segal et al. 2000; Deng et al. 2003).
Interestingly, adjuvants by themselves have limited capacity to induce EAE without
concurrent exposure to myelin antigens. An exception occurs with myelin basic protein-
specific TCR transgenic mouse, where immunization with CFA alone resulted in the
development of EAE (Goverman et al. 1993). In these mice, because of the high frequency
of autoreactive T cells, antigen was not required to expand the encephalitogenic T cell pool.
Collectively, these studies suggest that pathogens can initiate an encephalitogenic response
that contributes to the development of EAE and MS.

3 Toll-Like Receptors: Role in Multiple Sclerosis and Experimental
Autoimmune Encephalomyelitis
3.1 TLRs in MS and EAE: An Overview

Innate immunity represents the first line of defense against pathogens and is principally
controlled by phagocytic cells and APCs present in the periphery and in the CNS. Innate
immunity is capable of responding rapidly to pathogens, but produces no long-term memory
response to a given pathogen. Innate immunity functions through germline-encoded
receptors termed PRRs, which include TLRs. Mammalian TLRs were identified based on
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sequence homology to the Drosophila Toll protein (Brennan and Anderson 2004), and
collectively these TLRs recognize PAMPs common to a variety of bacteria, viruses, and
fungi. Engagement of TLRs with PAMPs leads to the pathogen-induced release of
proinflammatory molecules by cells of the innate immune system.

Ligand binding to TLRs triggers receptor dimerization. TLRs are capable of interacting with
a series of adaptor proteins that mediate different signaling pathways. Myeloid
differentiation primary response protein 88 (MyD88) is the most widely utilized TLR
adaptor protein and mediates signaling through all TLRs except TLR3 (Medzhitov et al.
1998; Muzio et al. 1998; Takeda and Akira 2005). MyD88 interacts with the threonine-
serine kinase interleukin (IL)-1 receptor-associated kinase 4 (IRAK4), which upon
activation phosphorylates IRAK1 (Cao et al. 1996a; Yamin and Miller 1997; Li et al. 2002).
Subsequently, the IRAKs recruit the ubiquitin ligase tumor necrosis factor receptor-
associated factor 6 (TRAF-6), which polyubiquitinates and activates TAK1 kinase (Cao et
al. 1996b). TAK1 kinase activates the IKK complex that triggers the proteolytic degradation
of inhibitor κB (I-κB), the inhibitor of nuclear factor κB (NF-κB), which unmasks the
nuclear localization signal of NF-κB allowing translocation of this transcription complex
from the cytoplasm to the nucleus and activation of a wide variety of NF-κB responsive
genes, including genes encoding proinflammatory cytokines and co-stimulatory molecules
required for activation of the adaptive immune response. In addition to NF-κB activation,
MyD88-dependent signaling results in the activation of transcription factors including AP-1
through a MAPK signaling pathway (Takeda and Akira 2005). Studies involving MyD88-
deficiency indicate a critical role of this adaptor protein in response to stimulation through
numerous TLRs, including TLR2, TLR4, TLR5, TLR7 and TLR9 (Kawai et al. 1999;
Hacker et al. 2000; Schnare et al. 2000; Takeuchi et al. 2000; Hayashi et al. 2001; Hemmi et
al. 2002; Takeda et al. 2003).

Ligand binding to TLR3 and TLR4 can stimulate MyD88-independent signaling pathways.
These pathways result in the activation of the transcription factor IRF3 and late-phase NF-
κB and stimulate the production of genes encoding interferon (IFN)-β and co-stimulatory
molecules (Kawai et al. 2001). The adaptor molecule TRIF plays a critical role in signaling
through TLR3, while the adaptors TRIF and TRAM are required for MyD88-independent
signaling through TLR4 (Fitzgerald et al. 2003b; Oshiumi et al. 2003; Yamamoto et al.
2003; Rowe et al. 2006). Interestingly, the noncanonical I-κB kinases IKKε and TBK1 are
required for activation of IRF3 and NF-κB in MyD88-independent signaling pathways
(Fitzgerald et al. 2003a).

Adaptive immunity is principally mediated by T and B lymphocytes. These cells are capable
of recognizing pathogen-associated antigens in a highly specific manner and provide long-
term protection to pathogens. Myelin-reactive T cells are believed to modulate the
development of MS and EAE. These myelin-reactive T cells activated in the periphery are
capable of moving into the CNS, where they destroy myelin-producing oligodendrocytes
and also elicit axonal transaction and neurodegeneration. The role of adaptive immunity in
MS has been extensively studied. More recently, the role of the innate immune response in
MS has begun to be appreciated. Importantly, it is now recognized that the innate immune
response, through the production of proinflammatory cytokines and through antigen
presentation, plays a critical role in the activation of myelin-specific autoreactive T cells,
thus linking the innate and the adaptive immune system in MS pathogenesis.

Myelin-specific autoreactive CD4+ T cells are believed to contribute to pathogenesis in EAE
and MS. CD4+ T cells were originally divided into T helper (Th)1 and Th2 subsets, each
exhibiting a distinct effector phenotype and cytokine expression profile (Mosmann and
Coffman 1989). Th1 cells produce lymphotoxin and IFN-γ but little IL-4, while Th2 cells
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produce IL-4, IL-5, IL-13, and IL-25. Th1 cells are believed to contribute to the
development of EAE (Ando et al. 1989), while Th2 cells are believed to suppress EAE
(Kennedy et al. 1992; Khoruts et al. 1995; Rocken et al. 1996). More recently, Th17 cells
that express IL-17, IL-21, and IL-22 have been identified as a third subset of CD4+ T cells
that are important in modulating EAE (Bettelli et al. 2008). Interestingly, cytokines
produced by cells of the innate immune system modulate the differentiation and function of
CD4+ T cells. This provides a critical link between TLR signaling (innate immunity) and
autoreactive T cells (adaptive immunity) that cooperatively modulate the pathogenesis
associated with MS and EAE.

3.2 TLRs in MS and EAE: The Current Understanding
Previous studies suggest that TLR signaling through the MyD88-dependent pathway plays a
significant role in regulating the development of EAE. MyD88 signaling results in the
activation of transcription factors including NF-κB and AP-1, which activate the expression
of a variety of genes encoding proinflammatory cytokines and chemokines, as well as
molecules important in antigen presentation. Each of the TLRs evaluated except TLR3 are
capable of triggering MyD88-dependent signaling. However, TLR4 is capable of triggering
MyD88-dependent as well as MyD88-independent signaling. EAE is commonly induced in
susceptible mouse and rat strains by immunization with myelin peptides emulsified in CFA.
In addition, pertussis toxin is generally administered to animals at the time of immunization,
and often a booster of pertussis toxin is administered two days following immunization
(Racke 2001). Importantly, Mycobacterium tuberculosis present in CFA is believed to
activate a variety of TLRs, including TLR1, TLR2, and TLR4 (Hansen et al. 2006). Mice
immunized with myelin peptides in the presence of incomplete Freund’s adjuvant (IFA) do
not develop EAE, but do develop disease when M. tuberculosis is added to the adjuvant
(Hansen et al. 2006). In addition, it has been appreciated for some time that the TLR9
agonist CpG ODN emulsified in IFA is capable of inducing EAE following immunization
with myelin peptides in rodent strains susceptible to EAE (Segal et al. 2000; Deng et al.
2003; Hansen et al. 2006).

Several studies support a role of TLR2 in modulating EAE. TLR2 serves as a ligand for
Gram-positive bacteria including Staphylococcus aureus and Streptococcus pneumoniae.
Molecules present in the cell wall of these organisms, such as peptidoglycan (PGN), serve as
PAMPs that are capable of activating TLR2. S. aureus PGN added to IFA was demonstrated
to stimulate the development of EAE in C57BL/6 mice (Visser et al. 2005). Associated in
vitro studies indicated that PGN stimulated the maturation of dendritic cells and antigen
uptake by these cells. Furthermore, PGN pulsed dendritic cells were demonstrated to
stimulate T cell proliferation and drive T cell differentiation toward a Th1 phenotype
believed to facilitate development of EAE. These studies suggest that PGN signaling
through TLR2 may stimulate dendritic cell maturation, antigen presentation, and production
of effector molecules resulting in Th1 cell differentiation and development of EAE. The
Laman laboratory also demonstrated that PGN is observed in association with APCs in the
CNS of MS patients as well as nonhuman primates (Visser et al. 2006). Furthermore, PGN-
laden APCs were increased in the CNS of EAE animals. These studies suggest that PGN and
possibly other TLR agonists are capable of accessing the CNS during EAE, which could
facilitate the reactivation of myelin-reactive T cells in the target tissue in EAE and MS.
More recent studies demonstrated that infection of mice with S. pneumoniae was capable of
increasing the severity of EAE, although this depended on the timing of infection relative to
immunization (Herrmann et al. 2006). Furthermore, these studies demonstrated that the
effects of S. pneumoniae on EAE were TLR2 dependent, as TLR2-deficient animals did not
develop more severe EAE.
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TLR4 can trigger both MyD88-dependent and MyD88-independent signaling, which may
help to explain the somewhat contradictory findings concerning the effects of TLR4 agonists
in modulating EAE. The Kuchroo laboratory utilized mice that express a transgenic TCR
(5B6) on a B10.S background that do not develop EAE in spite of exhibiting a high
frequency of autoreactive T cells. They demonstrated that these animals did not develop
EAE due to the presence of APCs with limited T cell activating capacity (Waldner et al.
2004). These studies further demonstrated that activation of these APCs with TLR4 or TLR9
ligands broke T cell tolerance in these animals, resulting in the development of EAE.
Studies by the Kubes laboratory indicated that pertussis toxin, which is commonly co-
administered during immunization protocols for EAE, stimulates TLR4 signaling pathways.
In addition, pertussis toxin also induced P-selectin expression, increased leukocyte/
endothelial cell interactions, and facilitated T cell infiltration into the CNS. Pertussis toxin-
mediated signaling and leukocyte extravasation into the CNS were found to be controlled by
TLR4, as these effects were not observed in TLR4 knockout mice. The role of TLR4 in
pertussis toxin induction of EAE was less clear, however. In general, TLR4 knockout mice
were less susceptible to pertussis toxin-induced EAE than wild-type mice. However, this
observation varied between individual experiments. In addition, TLR4 knockout mice that
developed EAE in response to pertussis toxin developed disability scores that were almost as
severe as wild-type animals. These studies suggest that pertussis toxin could be stimulating
the TLR4 signaling of both the MyD88-dependent and the MyD88-independent pathways,
and/or that pertussis toxin modulation of EAE is only partly dependent on TLR4 (Kerfoot et
al. 2004; Racke et al. 2005). Studies in Lewis rats indicated that a combination of the TLR4
agonist LPS and the TLR9 agonist CpG ODN are required for the development of EAE, and
that either agent alone added to IFA was capable of eliciting disease. Furthermore, a
combination of CpG ODN and the TLR3 agonist poly I:C did not induce EAE (Wolf et al.
2007). These studies support the idea that stimulation of MyD88-independent TLR signaling
suppresses EAE.

IRAK-1 plays a critical role in the MyD88-dependent signaling pathway. Interestingly,
IRAK-1 knockout mice are resistant to the development of EAE (Deng et al. 2003). T cells
derived from IRAK-1 knockout mice have normal TCR signaling but impaired Th1 cell
development, suggesting that IRAK-1 is critical for proper T cell priming in the periphery.
These conclusions are supported by subsequent studies indicating that although IRAK-1
mice are resistant to disease development using an active immunization protocol, Vα2.3/
Vβ8.2 TCR transgenic T cells adoptively transfer disease in IRAK-1 knockout mouse
recipients in a manner similar to wild-type recipients. Collectively, these findings suggest
that IRAK-1 is critical for priming autoreactive T cells, but IRAK-1 expression is not
required in the CNS for disease to occur (Hansen et al. 2006).

MyD88 knockout mice are resistant to the development of active EAE, further supporting a
role of MyD88-dependent signaling in disease development (Prinz et al. 2006).
Interestingly, T cells derived from MyD88 knockout mice did not respond measurably to
their cognate antigen, suggesting that MyD88 knockout mice do not develop active EAE (at
least in part) due to inadequate T cell priming in the periphery. However, bone marrow
chimera studies indicated that MyD88 expression in the CNS also plays a significant role in
controlling the development of EAE. Finally, adoptive transfer of myelin-specific T cells
into MyD88 knockout mice resulted in decreased severity of EAE relative to wild-type
animals, further supporting an important role for CNS expression of MyD88 in
encephalitogenicity during the effector phase of EAE (Prinz et al. 2006).

Evidence suggests that TLR signaling through the MyD88-independent pathway either does
not support or suppresses the development of EAE. For example, the TLR3 agonist
polyinosinic:polycytidylic acid (poly I:C) does not support the development of active EAE
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when immunized with myelin antigens emulsified in IFA (Hansen et al. 2006). Furthermore,
treatment of EAE mice with poly I:C suppressed the development of disease (Touil et al.
2006). In these studies, poly I:C treatment resulted in significant production of IFN-β, one of
the critical products of the MyD88-independent signaling pathway. Significantly, IFN-β is
commonly used in the treatment of MS. Recent studies further support a role of MyD88-
independent signaling in suppression of EAE (Guo et al. 2008). In these studies, type I IFN
receptor knockout mice developed more severe EAE than wild-type mice. Likewise, TRIF
knockout mice lacking this critical adaptor molecule for MyD88-independent signaling also
developed more severe disease. The studies further suggested that IFN-β-induced production
of IL-27 by cells of the innate immune system played a critical role in suppressing the
development of Th17 cells critical to disease development, and that this control was lost in
type I IFN receptor and TRIF-deficient animals.

The expression of a variety of TLRs is elevated in the CNS of EAE mice (Zekki et al. 2002;
Prinz et al. 2006; Xu and Drew 2007). Agents that specifically modulate TLR signaling
pathways may be effective in the treatment of EAE and MS. Recently, we have evaluated
the effects of peroxisome proliferator-activated receptors (PPARs), which are members of
the nuclear hormone receptor family, on the expression of TLR intermediates by cells of the
CNS. We demonstrated that PPAR-α agonists suppress the expression of critical MyD88-
dependent signaling intermediates by primary microglia, as well as in the CNS of mice with
EAE (Xu et al. 2007). PPAR-γ agonists also suppress the expression of MyD88 signaling
intermediates by primary microglia (Xu and Drew 2007). In addition, these PPAR agonists
suppressed glial production of IL-12 and IL-23, which are known to play critical roles in the
development of Th1 and Th17 cells that stimulate the development of EAE. These studies
suggest that PPAR agonists may be effective in the treatment of MS.

4 Summary
Environmental factors including pathogens are believed to stimulate the development of
MS. It is clear that TLRs play a significant role in modulating disease. Studies to date
suggest that TLRs, which activate MyD88-dependent signaling, contribute to the
development of MS, whereas MyD88-independent pathways may mitigate disease severity.
TLRs present on cells of the innate immune system are believed to provide critical signals
involved in the activation of cells of the adaptive immune system, including autoreactive
lymphocytes. However, many questions concerning the role of TLRs in modulating MS
remain unanswered. The complex pattern of TLR expression in the periphery and in the
CNS, as well as by cells of both the innate and adaptive immune systems, is just beginning
to be appreciated. Future studies are needed to understand the detailed mechanisms by
which TLRs modulate MS. Importantly, these studies could identify new targets for the
treatment of MS.

Abbreviations

APC Antigen-presenting cell

CFA Complete Freund’s adjuvant

CNS Central nervous system

EAE Experimental autoimmune encephalomyelitis

I-κB Inhibitor κB

IFN Interferon

IL Interleukin
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IRAK Interleukin-1 receptor-associated kinase

MS Multiple sclerosis

MyD88 Myeloid differentiation primary response protein 88

NF-κB Nuclear factor κB

PAMP Pathogen-associated molecular patterns

PGN Peptidoglycan

PRR Pattern recognition receptor

Th T helper

TLR Toll-like receptor

TRAM TRIF-related adaptor molecule

TRIF TIR-domain-containing adaptor inducing interferon β
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