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Preface 

Experimental Models of Multiple Sclerosis 

Multiple Sclerosis (MS) is an enigmatic immune-mediated disease of the 
central nervous system that affects around 350,000 individuals in the United 
States. The pathologic hallmarks of this disease are inflammation and 
demyelination (the destruction of the myelin layer that insulates nerve cell 
processes, impeding the conduction of neuronal impulses within the brain 
and spinal cord). The mechanism of demyelination in MS is not completely 
understood. Immune modulating therapy can delay the progression of MS 
but there is still no cure for the disease. Thus the development of 
experimental animal models for MS is among the most powerful tools for 
studying its pathogenesis and for testing the safety and efficacy of 
experimental therapies before using these drugs in clinical trials on human 
patients. 

The main experimental models for MS are divided into immune-mediated 
models or virus-induced models. In immune-mediated models an 
autoimmune reaction against myelin is induced by the injection of myelin 
molecules (or portions of it), in combination with immune boosters (Freund's 
adjuvant). The prototype of this category is EAE, or experimental allergic 
(or autoimmune) encephalomyelitis. This model uses a variety of 
experimental animals including mice, rats, rabbits and even primates. The 
viral models include several ubiquitous animal viruses such as coronaviruses 
(mouse hepatitis virus) and enteroviruses (Theiler's virus) in mice, visna 
virus in sheep, and distemper virus in dogs. The virus-induced model 
systems provide both a substrate for studying the pathogenesis of the disease 
and a hypothetical mechanism for virus-induced autoimmunity in humans. 

In this book we have assembled the different experimental models for MS 
(both immune-mediated and viral). We have asked MS experts to examine 
aspects of these experimental models highlighting differences and 
similarities. Each chapter in this book deals with an element of an MS 
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model: from individual cellular and molecular CNS factors, to cellular and 
molecular elements of the immune system. Thus the reader is able to read 
parallel chapters that deal with the same factor in different model systems. 
The reader of the book will be able to summarize and integrate the different 
disease components and highlight the common features and the differences 
that exist in the different model systems. We realize that a book of such 
magnitude cannot keep pace with all the new knowledge of immunology (in 
particular new cytokines being discovered), but it offers a conceptual 
framework. We hope that this book will improve our understanding of the 
mechanism of demyelination and the pathogenesis of MS. The analysis of 
common features in the various experimental models of demyelination may 
also stimulate the development of new ideas about prevention of 
demyelination and ultimately the treatment of MS. 

Ehud Lavi and Cris S. Constantinescu 
Editors 
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Chapter A1 

EAE: HISTORY, CLINICAL SIGNS, AND 
DISEASE COURSE 

J. William Lindsey, M D  
Department of Neurology, University of Texas Health Science Center at Houston, Houston, 
Texas, USA 

Abstract: 

Key words: 

EAE is a useful animal model of autoimmune disease of the central nervous 
system. In this chapter we discuss the history of EAE, including the original 
description of the model and the subsequent major developments, and then 
describe the usual clinical signs and disease course. 

experimental autoimmune encephalomyelitis, encephalitogen, adoptive 
transfer, active EAE, history, relapses, transgenic models 

. INTRODUCTION 

Experimental allergic encephalomyelitis (EAE) is an animal model of 
autoimmune disease of the central nervous system (CNS). It resembles 
multiple sclerosis (MS) in many respects, and is used in the laboratory 
investigation of MS. EAE also serves as a model for the study of organ 
specific autoimmune diseases in general. EAE was first described over 50 
years ago, and it has been a popular and frequently used model. A Medline 
search of the term identifies more than 5000 citations, with more than 2500 
references since 1990. In this chapter, we will review the history of EAE 
and describe the general features of the model, including the usual clinical 
signs and disease course. 
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2. HISTORY 

As mentioned in the introduction, there has been an enormous amount of 
work done in EAE over the last 50 years. In this section, we will briefly 
summarize the major developments in the field. These include the early 
studies that led to the establishment of the model, the extensive work done 
on various antigens, the development of adoptive transfer disease, the 
development of relapsing EAE, and recent work with EAE in transgenic 
mice. 

2.1 Early Studies 

The earliest attempts at producing EAE were efforts to understand the 
pathogenesis of post rabies vaccination encephalomyelitis. Pasteur's rabies 
vaccine consisted of a suspension of dessicated spinal cords from rabbits 
infected with rabies. After a series of injections, occasional patients 
developed an encephalomyelitis which was distinct from rabies. Early 
investigators were able to induce a similar encephalomyelitis in rabbits or 
monkeys by administering repeated injections of neural tissue, thus 
demonstrating that post rabies vaccine encephalomyelitis probably resulted 
from the unintentional induction of an autoimmune response against neural 
antigens [1-3]. 

In these early experiments the incidence of disease was low, and 
induction of disease required multiple injections over a period of many 
weeks. The introduction of complete Freund's adjuvant (CFA) made 
induction of EAE much simpler and more reliable. CFA consists of a 
mixture of mineral oil and Mycobacterium made into an emulsion with the 
antigen, and injecting antigen in CFA usually induces a vigorous and 
prolonged immune response against the antigen. Several investigators were 
quick to appreciate the usefulness of this technique. In 1946, Kabat et al 
published a preliminary report of the induction of EAE in 3 of 4 monkeys 
using three weekly injections of rabbit brain emulsion in Freund's adjuvant 
[4]. This was followed rapidly by more definitive reports of similar results 
in monkeys, rabbits, and guinea pigs [5-8]. In each case the majority of 
animals developed neurologic deficits after one or a few injections of neural 
tissue in Freund's adjuvant, and the onset of disease occurred three to four 
weeks after the first injection. EAE was subsequently induced in many other 
species, including dogs, cats, rats, mice, sheep, goats, pigs, chickens, and 
pigeons. 

Attempts to induce EAE in mice with antigen in CFA were initially 
unsuccessful. Olitsky and Yager reported on EAE in mice two years later 



A1. EAE: History, clinical signs, and Disease Course 3 

[9]. The majority of mice developed neurologic symptoms after three to five 
injections of brain tissue in CFA. The symptoms began about three weeks 
after the first injection. They noted that their two strains of mice differed 
substantially in susceptibility to EAE, and future studies verified that 
susceptibility to EAE varies widely between strains. Subsequently, Lee and 
Olitsky demonstrated that pertussis vaccine given as a separate injection in 
addition to antigen in CFA increased the incidence of disease [10]. Munoz 
and coworkers found that the active ingredient in pertussis vaccine was the 
toxin, and purified pertussis toxin is now routinely used as an additional 
adjuvant to induce EAE in mice [11]. 

2.2 Identification of encephalitogens 

The experiments described above were done with homogenate or extract 
of CNS tissue as the antigen. An early focus of EAE research was 
identifying the encephalitogenic component of the homogenate. The 
encephalitogen was present in white matter or myelin rather than gray 
matter, and appeared to be protein rather than lipid. At the time, there was 
much controversy over whether brain homogenate contained one or multiple 
encephalitogens, and over which of the partially purified mixtures prepared 
with the limited methods available was the relevant encephalitogen. In 
retrospect, it appears that both of major structural proteins of myelin, myelin 
basic protein (MBP) and proteolipid protein (PLP), were demonstrated to be 
encephalitogenic at an early date [ 12-14]. 

Subsequent work with MBP demonstrated that the intact protein was not 
required to induce EAE. Specific fragments of MBP generated by pepsin or 
trypsin digestion of the whole molecule were encephalitogenic. And in 1970 
Eylar et al. induced EAE with a 9 amino acid synthetic peptide 
corresponding to part of the sequence of MBP [15]. This peptide was as 
active on a molar basis as the intact molecule. Since then, multiple T cell 
epitopes for MBP, PLP, and other encephalitogenic proteins have been 
reported, and synthetic peptides comprising encephalitogenic T cell epitopes 
are now a standard reagent for inducing EAE. 

Recently many other myelin proteins or peptides based on myelin 
proteins have been demonstrated to be encephalitogenic. Other 
encephalitogenic myelin proteins include myelin oligodendrocyte 
glycoprotein (MOG), myelin-associated oligodendrocytic basic protein, and 
oligodendrocyte specific protein [16-20]. MOG is particularly interesting 
since it induces relapsing EAE with extensive demyelination. Non-myelin 
proteins, such as S10013 and glial fibrillary acidic protein (GFAP) also cause 
EAE, but the distribution of the lesions is different than that seen with 
myelin proteins [21, 22]. Not all CNS proteins will induce EAE. The 
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myelin protein 2',3'-cyclic nucleotide 3'-phosphodiesterase and the stress 
protein alphaB crystallin did not induce EAE [19, 23]. 

2.3 Adoptive or passive EAE 

The results discussed above have all been in active EAE, where the 
disease is induced by injection of CNS antigen in adjuvant. In this model, 
the induction phase and the effector phase of EAE occur in the same animal. 
In the induction phase, autoreactive cells are activated and multiply in 
peripheral lymph nodes in response to the injection of antigen and adjuvant. 
In the effector phase, the activated autoreactive cells migrate to the CNS and 
cause autoimmune damage and clinical signs. Another model of EAE is 
passive or transferred or adoptive disease. In passive EAE, the autoreactive 
cells specific for CNS antigens are generated in one group of animals, and 
disease is induced in a second group of animals by transfer of these 
autoreactive cells. In this way, one can study the effector phase in isolation 
from the induction phase. 

Transfer of disease from EAE induced animals to na'fve animals was first 
achieved by Paterson in 1960 using an elegant experimental design to 
overcome the difficulty of using outbred experimental animals [24]. 
Subsequent investigators refined this model by using inbred animals to avoid 
histocompatibility problems and by stimulating the donor cells in vitro with 
either mitogen or antigen to increase their encephalitogenic activity [25-27]. 
CNS antigen-specific T cell lines or clones maintained for prolonged periods 
in vitro can be used instead of freshly harvested lymph node cells [28]. 
Passive or transferred EAE is a very reproducible model of EAE since the 
variability of the induction phase is eliminated. 

2.4 Relapsing EAE 

Active or passive EAE is usually an acute, monophasic process similar to 
the human diseases acute disseminated encephalomyelitis or acute transverse 
myelitis. Investigators interested in multiple sclerosis would prefer a model 
with relapsing or progressive symptoms to more closely mimic the course of 
MS, and methods to produce such a model have been described. The 
induction of relapsing instead of acute EAE depends on the strain of animal, 
the antigen used, and the induction regimen. A relapsing course has been 
described in both active and passive EAE, and different regimens have been 
reported to reliably produce relapsing rather than acute disease [29, 30]. The 
tendency to relapse varies between strains of mice [31 ]. 
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2.5 Transgenic models of EAE 

The EAE model continues to develop as new methods and techniques 
become available. One recent development is the use of transgenic mice. 
Two types of transgenic mice have been constructed for the study of EAE. 
The first type is T cell receptor (TCR) transgenic mice. These mice express 
a receptor specific for MBP on all or most of their T lymphocytes [32, 33]. 
These mice may develop EAE following injection with adjuvant alone, and 
mice not maintained in sterile pathogen-free environments may develop 
spontaneous cases of EAE. A second type of transgenic mice was 
engineered to express a viral protein in oligodendrocytes [34]. Subsequent 
systemic infection with the corresponding virus resulted in autoimmune CNS 
damage. 
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Figure AI-I. Clinical course of EAE. Representative examples of EAE in SJL mice injected 
with spinal cord homogenate in CFA and pertussis (see reference 35 for detailed methods). 
Mice were rated daily for severity of EAE using the scale in Table I-1. Time in days is on 

the abscissa, with the day of injection as day 0. Severity of disease is on the ordinate. Mouse 
A developed monophasic EAE starting on day 12 and resolving by day 23. Mouse B had 

more severe disease. Mouse C recovered from the initial bout of disease, and then relapsed 
and had a chronic deficit. Mouse D had severe EAE with rapid onset and died on day 13. 
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. C L I N I C A L  S I G N S  A N D  D I S E A S E  C O U R S E  

The clinical signs and disease course of EAE vary depending on the 
strain and species of animal, the inciting neural antigen, the adjuvants, and 
the timing and dose of antigen and adjuvant. We will describe EAE induced 
in SJL mice by spinal cord homogenate with mycobacteria and pertussis 
toxin as adjuvants as a typical example [35]. The first sign is usually ruffled 
fur and weight loss. One or two days later the animal develops an ascending 
paralysis. This begins with loss of tail tone and progresses to hind limb 
weakness and sometimes forelimb weakness. Severely affected mice 
develop quadriparesis and labored respiration and may die from the disease. 
The weakness starts about 14 days after injection and worsens over 1 to 4 
days. In mice which recover, the symptoms last about 7 days, and relapses 
after recovery are rare. The clinical course of EAE in representative 
individual mice is depicted in Figure 1-1. 

Severity of disease is rated on an ordinal scale. The scale we use is given 
in Table 1-1 [31, 35]; other investigators use similar scales with different 
number of stages or different definitions of stages. We titrate the dose of 
antigen to minimize the number of mice with stage 5 or 6 disease. Proper 
veterinary care of severely affected mice is essential. 

Table Al-1.  Clinical rating scale for EAE 
Stage 

0 
1 
2 
3 
4 
5 
6 

Clinical deficit 
no deficits 
limp tail or slowed righting response 
limp tail and slowed righting response 
hind limb weakness with abnormal gait 
hind limb paralysis, mobile using forelimbs 
hind limb paralysis, forelimb weakness, mobility impaired 
moribund 

The ascending paralysis described above is typical in mice, rats, and 
guinea pigs. Other species have different clinical courses. Rabbits may 
have ataxia and gait difficulties, while monkeys may have visual loss, cranial 
nerve deficits, and ataxia in addition to paralysis. 

The acute, monophasic clinical course described above is typical for EAE 
in rodents. Other disease courses are seen, including a hyperacute form and 
relapsing or chronic forms of disease. The hyperacute form of disease is 
characterized by a short latent period between injection and symptom onset 
and a fulminant course with a high mortality. Chronic or relapsing disease 
has been described with particular strains of animals and with particular 
induction regimens. 
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Abstract: 
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Experimental autoimmune encephalomyelitis (EAE) can be induced by two 
principal approaches. The first is based on direct immunization with 
autoantigen in combination with different types of adjuvant. The second 
approach of inducing EAE consists in adoptive transfer of activated T cells 
that are specific for myelin-associated autoantigens of the central nervous 
system (CNS). This chapter presents an overview of some useful strategies and 
protocols by which EAE can be induced, and discusses the pros and cons of 
various approaches. 

Experimental autoimmune encephalomyelitis, active immunization, adoptive 
transfer, adjuvant, myelin antigens 

. INTRODUCTION 

Methods of inducing experimental autoimmune encephalomyelitis (EAE) 
have come a long way since initial observations that postvaccinal 
encephalomyelitis is caused by spinal cord contaminants of rabies vaccine 
preparations rather than by the inactivated virus itself (1, 2). There are many 
species susceptible to EAE induction, including mice (3), rats (4), guinea 
pigs (5), pigs (6) and non-human primates (7). In addition, a human version 
of accidental EAE, 'human EAE', has been described (8, 9). 

In 1949, Olitsky and Yager described the induction of experimental 
disseminated encephalomyelitis in white mice, thus establishing mouse EAE 
as a model for autoimmune inflammatory diseases of the central nervous 
system (CNS) (3). EAE in the mouse shares some clinical features with the 
human disease multiple sclerosis (MS), most prominently paresis/paralysis 
and ataxia. Depending on the model chosen, EAE can take an acute, a 
chronic, and/or relapsing-remitting course. Inadvertently induced 'human 
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EAE' took a course with striking resemblance to a rare form of MS, acute 
MS (8, 9). Sensitization with myelin antigens often results in perivenous 
encephalomyelitis and in some cases, depending on the animal model, in 
histopathologic changes similar to those seen in MS (9). 

There is ample evidence that susceptibility of different animal strains to 
EAE is linked to MHC class II determinants (10, 1 1), although non-MHC 
genes also influence disease expression. Thus, murine EAE can be 
considered a useful model for some aspects of MS (12). 

There are several strategies to induce EAE in animals. EAE can be 
induced by immunization of animals with mouse spinal cord homogenate 
(MSCH) or isolated myelin proteins and peptides. Alternatively, EAE is 
generated by adoptive transfer of lymphocytes that have been activated for 
myelin antigens in vivo and/or in vitro (1 1). Both immunized animals as well 
as mice expressing a transgenic T cell receptor specific for myelin basic 
protein (MBP) or other myelin antigens can function as a source of T cells 
suitable for adoptive transfer (13, 14, 15). 

Several immunodominant epitopes of myelin components have been 
characterized, and peptides representing epitopes of MBP, proteolipid 
protein (PLP), or myelin oligodendrocyte glycoprotein (MOG) are widely 
used for the induction of EAE. (10, 16-20). As mentioned, the 
encephalitogenicity of myelin-derived peptides is dependent on the 
expression of particular MHC class II antigens in the appropriate mouse 
strain. Thus, induction of disease using PLP peptide PLP139-15~, MBP peptide 
MBPs7.99 or MOG peptide MOG92q06 is suitable in SJL (I-A s) mice. The N- 
terminal peptide MBPAcl-ll or MBP87.99 are suitable in (PL X SJL)F1 mice. 
MOG3545 is routinely used to induce EAE in C57BL/6 mice. 

Of note, the human MOG-derived peptide MOG97_108, which has a high 
binding affinity for the (human) HLA-DR4 MHC class II allele, induces 
severe EAE in HLA-DR4 transgenic mice (21). 

In a recent study, inoculation of myelin-associated oligodendrocytic 
basic protein and one of its derived peptides, MOBP37-60, were reported to 
produce severe clinical and histopathologic signs of EAE in SJL mice (22). 
Moreover, the encephalitogenic potential of synthetic peptides of myelin- 
associated glycoprotein (peptide MAG97-112) and oligodendrocyte-specific 
glycoprotein (peptide O8P57.72 ) has recently been demonstrated in ABH (H- 
2A g7) and SJL mice, respectively, (23). 

EAE in the rat is typically an acute paralytic disease from which most 
animals spontaneously recover. However, also chronic models have recently 
been described (24). Dominant MBP epitopes in Lewis rats are MBP68.86 (25, 
26), MBP73_86 and MBPs7-99 derived from guinea pig myelin as well as rat 
MBP73_86 (27). MAG has also been used in the induction of EAE in Lewis 
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rats. In DA rats, MBP63-81, MBP79-99, MBPloH20 orMBP142.167 can be used for 
induction of EAE (28). DA rats are also susceptible to PLP-induced EAE. 

Recently, EAE was induced in the swine by minipig spinal cord 
homogenate inoculation. The minipigs presented a monophasic course of 
disease with spontaneous improvement (6). 

Weir et al. demonstrated induction of EAE by transferring bone-marrow- 
derived dendritic cells presenting MOG35_35 into na'fve C57BL/6 mice (29). 

Finally, rabies vaccination in humans has been reported to result in 
sensitization against neural antigens and lead to acute perivenous 
encephalomyelitis clinically and histopatholigically indistinguishable from 
some types of EAE in animals or even MS-like lesions (8, 9). Such 
complications, however, have been very rare. 

. E A E  I N D U C E D  B Y  I M M U N I Z A T I O N  ( A C T I V E  

E A E )  O R  B Y  A D O P T I V E  T C E L L  T R A N S F E R  

(PASSIVE EAE,  A T - E A E )  

2.1 O v e r v i e w  

Active EAE enables the study of both immunization and effector phases in 
experimental demyelinating disease. Typical immunization protocols require 
the emulsification of encephalitogens in complete Freund's adjuvant (CFA) 
containing inactivated mycobacteria such as Mycobacterium tuberculosis 
strain H37RA. Both reagents are obtainable from suppliers such as BD- 
DIFCO. Antigen concentrations and protocols used for immunizations vary 
widely between groups and should be adjusted to each laboratory's own 
conditions. 

Direct immunization may complicate the interpretation of experimental 
data on EAE induction and expression. Due to the severe long-term 
inflammation caused by the use of CFA, some of the observed effects could 
be attributed to the mode of immunization rather than to the pathogenic 
process of inflammation and demyelination in the CNS. The induction of 
active EAE in some rat and mouse models is significantly enhanced by the 
administration of heat-killed whole organisms of Bordetella pertussis (30, 
31) or their derived toxin, pertussis toxin (PTX) (32). 

EAE can be induced by transferring sensitized lymph node cells (LNCs) 
from mice or rats that have been immunized with MSCH, MBP, PLP or 
other CNS antigens (33-36). Induction of EAE by cell transfer allows the 
separate study of the effector phase of the disease without the influence of 
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immunization and inflammation outside the CNS. More importantly, the 
prime mediators of this type of disease, myelin antigen-specific T cells, can 
be studied in detail in vitro by standard immunological techniques such as 
proliferation assays for the determination of antigen specificity, surface 
marker analysis by flow cytometry, cyto- and chemokine measurements, and 
T cell receptor sequencing. In vitro analysis of enriched or cloned antigen- 
specific autoreactive T cells is essential for our understanding of cellular and 
molecular properties associated with demyelinating disease. In transfer 
protocols, cells can either be directly transferred after dissection of draining 
lymph nodes of immunized donor animals or be cultured for various time 
periods with the appropriate antigen to enrich autoreactive cells. 

We describe methods that are routinely used in the laboratory to induce a 
chronic, often relapsing and remitting paralysis by immunization of mice 
with PLP139-151 or MBP or by adoptive transfer of lymphocytes sensitized to 
PLP139-151 or whole MBP (19, 36, 37). 

The method for establishing long-term antigen-specific T cell lines and 
clones was developed by Kimoto and Fathman in 1980 (38). This technique 
formed the basis for the induction of autoimmune disease by transferring 
enriched autoreactive T cell populations. Utilizing this technique, it is 
possible to establish MBP-speccific T cell lines and clones transferring EAE 
in rats (39) and mice (40). T cell lines specific for MBP or MBP peptides 
can be established as described (39). The following method for the 
generation of T cell lines and clones specific for immunodominant and 
encephalitogenic MBP peptides can be applied to a variety of antigens and in 
vivo systems (41). Our protocol describes T cell cloning for the N-terminal 
peptide MBPAcl-ll in PL or (PL x SJL)F1 mice and MBP peptide MBP87-99 in 
(PL x SJL)F1 and SJL mice. In general, this protocol will lead to the 
isolation of CD4-positive T cell clones with chemotactic activity in vivo (41- 
43). The optimal concentration for each antigen, e.g. protein or peptide, must 
be determined both for the immunization of mice and for in vitro primary 
cultures of LNCs. 

2.2 Antigenic preparations 

As mentioned before, a variety of antigens and antigenic peptides have 
been described as inducing EAE in the appropriate mouse strains (10, 16-18, 
40, 44-47). Most antigens used for the induction of active EAE are suitable 
for the restimulation of T cells in vitro. Thus, MBP and many other myelin 
antigens and their derived peptides are capable of inducing T cells that can 
be cultured in vitro to adoptively transfer EAE. 
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Synthetic peptides are prepared by continuous flow solid-phase synthesis 
according to the desired sequences. Peptide purity is examined by high- 
performance liquid chromatography, and peptide identity is confirmed by 
amino acid composition analysis. Depending on the sequence, the peptide 
solution may require some pH adjustments before being dissolved in 
distilled water or phophate-buffered saline (PBS). 

After synthesis and before use, peptides should be lyophilized several 
times to remove volatile organic compounds. Lyophilized peptides should be 
stored in the cold in a desiccator until use. 

MBP for active immunization and for in vitro cell culture can be prepared 
from guinea pig spinal cords according to the protocol from Deibler et al. 
(48). 

2.3 Active EAE 

Mice of the appropriate strains at 6 to 12 weeks of age are immunized by 
s.c. inoculation with 20 to 400 lag of PLPI39-151,400 lag of MBP, or 200 lag of 
MBP peptide in 0.1 or 0.2 ml of an emulsion of equal volumes of PBS and 
CFA. To enhance immunization with antigen, killed Mycobacterium 
tuberculosis strain H37RA is added to the emulsion at a concentration of 0.3 
to 4 mg/ml. Injection sites are the regions above the shoulder and the flanks 
(25 to 50 lal at each injection site). In addition, 200 ng of PTX is injected 
i.p. or i.v. on the day of immunization and 48 h post immunization. The 
onset of disease lies usually between 7 and 12 days post immunization. 
Figure 1 demonstrates a typical EAE course when disease is induced 
according to the active immunization protocol. 

Some older protocols calling for s.c. immunization into the footpads or in 
the tail base in order to induce active EAE are obsolete due to the fact that 
the local inflammation can interfere with the gait of animals and hence with 
EAE scoring. 
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Figure 1. Active EAE. SJL female mice were immunized with PLP139-151 in CFA 

followed by PTX induction and scored daily for clinical signs of disease. 

2.4 Generation of PLP- or MBP-specific LNCs 

Ten days after immunization, draining lymph nodes are harvested under 
sterile conditions. The lymph nodes are gently processed and washed 
through steel mesh until a single-cell suspension is obtained. Cells are then 
cultured at a concentration of 4 X 10 6 cells/ml for 4 days in RPMI 1640 
supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 ~tg/ml 
streptomycin, 10% fetal calf serum, and 5-15 10-6M PLP139-151. Cultures are 
set in complete medium as described (36, 37) at 2 ml per well of a 24-well 
tissue culture plate. The generation of MBP-specific LNCs is performed 
according to the same technique, except that cells are stimulated with 25 
~tg/ml MBP. 

Isolation and characterization of autoreactive T cell lines and 
clones 

Seven to twelve days after immunization with peptide antigen in an 
emulsion of PBS and CFA, mice are euthanized, and draining lymph nodes 
are harvested under sterile conditions. The lymph nodes are gently processed 
and washed through steel mesh until a single-cell suspension is obtained. 
Cells (30 X 106) are cultured in 5 ml RPMI 1640 supplemented with 2 mM 
glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 5 X 10 .5 M 2- 
mercaptoethanol, 10% fetal calf serum, and antigen (5-15 10 -6 M).  After 4 
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days of incubation, cells are washed and resuspended in 5 ml of the enriched 
medium as described above without antigen. Depending on cell growth, the 
cell culture medium can be supplemented with interleukin-2 (IL-2) or 10% 
(v/v) concanavalin A (Con A) supernatant as a source of IL-2 (and other 
growth factors) between stimulations. Con A supernatant is prepared from 
splenocytes of BALB/c mice by incubating 5 X 10 6 cells/ml with 2-5 lag/ml 
Con A for 24 h. The remaining Con A in the supematant is removed by 
stirring it with 2 mg/ml Sephadex G-50 for 1 h. The resulting Con A 
supernatant is filtered sterile and stored at -70°C until use. T cells are kept in 
Con A supernatant enriched medium at a concentration of 1 X 10 6 cells/ml 
and restimulated every 14 days using antigen (5-15 10 -6 M )  presented on 
irradiated (3000 rad) syngeneic spleen cells at a ratio of 1/5 to 1/50 T cells 
versus antigen-presenting ceils (APCs). T cell clones from the MBP-induced 
T cell lines are derived by the limiting dilution technique. Cells are diluted in 
medium and distributed in wells of flat-bottom microtiter plates at a minimal 
concentration of 0.2 cell/200 ~tl on 5 X 105 irradiated syngeneic splenocytes 
as APCs. Resulting clones are maintained by techniques described for the 
lines. T cell lines and clones generated by this protocol are usually 
characterized by the expression of CD4, VLA-4, and CD44 cell surface 
markers (Table 1; 49). Cells proliferate well according to their specific 
antigen and are often quite heterogeneous with regard to their 
encephalitogenicity and cytokine production (42, 43) 

Table 1 

Properties of encephalitogenic T cells 
CD4 positive 

Diverse TCR ~13 chain gene usage 
High expression of VLA-4 
High expression of LFA- 1 
High expression of CD44 
High expression of CD25 (IL-2 receptor 
o~-chain) 

Very low or no expression of L-selectin 
Production of T N F - ~  
Possible production of IL-4 

2.5 Lymphocyte proliferation 

Specific recognition of myelin antigens, by sensitized T cells is tested 
using lymphocyte proliferation assays. Primary proliferative responses of 
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MBP-specific LNCs are assessed by incubating 2 X 105 cells with 100, 50, 
25, and 12.5 lag/ml MBP in 200 gl of complete medium per well of a 96- 
well tissue culture plate. Cultures with no antigen and with 4 lag/ml Con A 
serve as negative and positive controls, respectively. After 80 h, cultures are 
pulsed with 1 gCi of [3H]thymidine per well. After 96 h, cells are harvested 
on glass filters, and radioactivity is determined in a [g-counter. All cultures 
are set up at least in triplicate. 

The best time period to examine the proliferation of long-term T cell 
lines and clones is when the cells are in a resting phase. Thus, 7 to 10 days 
after antigenic stimulation, cells of T cell lines or clones are tested for their 
specific proliferative responses to MBP peptides. Ten thousand T cells are 
cultured in 200 gl in a well of a 96-well tissue culture treated flat-bottom 
microtiter plate together with 0.5 X 10 6 irradiated (3000 rad) syngeneic 
spleen cells in the presence of various concentrations of the antigens. A 
typical concentration range for testing peptide antigens in a proliferation 
assay includes 0.1, 1, 10, 50, and 100 X 10 -6 M. At the end of a 48-h 
incubation period, 1 gCi of [3H]thymidine is added. Twelve hours later, cells 
are harvested and radioactivity is determined in a [3-counter. All cultures are 
set up at least in triplicate. 

2.6 EAE induced by adoptive T cell transfer (passive 
EAE, AT-EAE) 

For AT-EAE, 15 X 10 6 tO 50 X 10 6 activated autoreactive LNCs are 
washed in PBS and injected i.v. or i.p. in 200 to 500 gl PBS into naive (PL 
X SJL)F1 or SJL mice 6 to12 weeks of age. The severity of EAE is 
dependent on the number of MBP-specific cells transferred and can be 
adjusted accordingly, but precise control of clinical EAE scores is very 
difficult to achieve. 

Additional injections of PTX on the day of transfer and 48 h later have 
been recommended but may precipitate an exacerbative course of disease or 
even prevent optimal disease induction. In some cases, whole-body 
irradiation of mice with 350 rad facilitates the transfer of EAE by weakly 
encephalitogenic T cell clones. 

Figure 2 demonstrates EAE induced by adoptive transfer as described 
above. 
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Figure 2. AT-EAE. SJL mice were injected i.p. with 36 X 106 LNCs/mouse 
and clinical disease scores were recorded daily. 

3. CLINICAL MANIFESTATION AND EVALUATION OF 
DISEASE 

The clinical and histopathologic signs of EAE can be quantified 
according to various schemes. We evaluate all animals for clinical signs of 
EAE using a clinical scoring scale ranging from 0 to 5 presented in table 2. 
Scoring is performed by an examiner blinded to the experimental protocol 
and by the same observer throughout the experiment. Mean clinical scores at 
separate days are calculated by adding the scores of individual mice and 
dividing the sum by the number of mice in each group. 

Table 2 

EAE 
Clinical disease 

score 

0 No clinical disease 
1 Tail weakness 

Hemi- or paraparesis (incomplete 
2 paralysis of one or two hindlimbs) 

Hemi- or paraplegia (complete 
3 paralysis of one or two hindlimbs) 

4 Paraplegia with forelimb weakness 
or paralysis 

5 Moribund or dead animals 
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The onset of actively-induced EAE lies usually between 7 and 12 days 
post immunization. Maximal clinical severity is often reached between day 9 
and day 14, followed by a remitting disease course, although relapses can 
occur as shown in figure 1. In contrast, transfer of myelin antigen-specific T 
lymphocytes in the mouse rarely results in a full recovery and tends to leave 
long-lasting neurological deficits. More severe forms of the disease are 
associated with an earlier onset, a higher disease incidence, higher disease 
scores, a slower recovery, and a more synchronized course in the different 
animals. A significant drop in body weight usually precedes other clinical 
signs of EAE for about 1 to 2 days. The onset of clinical disease depends on 
the number and encephalitogenic capacity of the transferred cells. 

Disease starts 6 to 12 days after transfer of encephalitogenic cells. 
Typically, maximal clinical severity is reached between day 8 and day 14 
after transfer. Disease course and duration vary according to the animal 
strain used and the selection cycle of encephalitogenic cells. In primary T 
cell transfers, a relapsing-remitting disease course over a long time period 
can be observed, whereas T cell-line- or clone-mediated EAE is 
characterized by a monophasic disease course with lasting neurological 
deficits. 

3. D I S C U S S I O N  

EAE in the mouse is characterized by perivascular inflammatory 
demyelinating lesions in the CNS and an immunogenetically determined 
susceptibility. Clinical expression of the disease is obvious by neurological 
signs and can be easily quantified. The immune system of the mouse is 
extensively studied, and immune reagents are readily available, making 
mouse EAE an animal model for the study of some aspects of inflammatory 
demyelinating disorders of the CNS. 

The preparation of T cell lines or clones is obviously much more labor- 
intensive than mixing myelin antigens in CFA. Why then use passive EAE 
when active EAE is so much easier? Our laboratories are using routinely 
passive EAE for several reasons. Passive EAE allows the separate study of 
immunization and effector events in the pathogenesis of the disease. This 
procedure avoids local and systemic side effects of adjuvant-based 
immunizations. Treatment protocols could interfere with the efficacy of 
autoantigen immunization rather than reflect the effects on the disease 
process. Finally, cells that mediate EAE in vivo are accessible to 
characterization and treatment in vitro. The disadvantage of the approach of 
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inducing EAE by adoptive transfer is that every culturing process selects for 
certain properties and deselects others. The outcome of the described process 
cannot always be well controlled. Culture methods select cells that 
proliferate efficiently. Experience in EAE shows that T cells that proliferate 
best are not always the most encephalitogenic cell populations. Thus, any 
conclusions drawn from experiments that include cell culture procedures 
bear the potential risk of overgeneralization. This becomes evident when 
comparing diseases that are induced based on the different methods of 
culturing cells presented in this paper. However, all EAE models, both active 
and passive, display a wide variety of different disease courses. A careful 
matching of the method of choice to induce EAE with the objective of the 
study under investigation should help to navigate through the various options 
available to the investigator. 
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Chapter A3 

HISTOPATHOLOGY OF EAE 

Michael J. Day 
Department of Pathology & Microbiology, School of Veterinary Science, University of Bristol, 
Langford BS40 5DU, UK 

Abstract: This chapter reviews the histological structure of the normal central nervous 
system and the basic pathology of inflammation and demyelination of this 
tissue. An outline of the pathogenesis of experimental autoimmune 
encephalomyelitis (EAE) is given and pathology of multiple sclerosis is 
reviewed. The limitations of EAE as a model for multiple sclerosis are 
discussed. The approach to histopathological assessment of the lesions of 
EAE is outlined, including collection and processing of appropriate samples 
and a review of grading systems that have been used to quantify the 
histopathological changes. The specific histopathological features of EAE are 
described with reference to selected model systems including the SJL/J, 
C57B1/6 and NOD mouse, the Lewis rat, rhesus monkey and marmoset. 

Key words" EAE, multiple sclerosis, histopathology, inflammation, demyelination 

1.  B A S I C  M I C R O A N A T O M Y  O F  T H E  C E N T R A L  N E R V O U S  
S Y S T E M  

The central nervous system (CNS) comprises the brain, spinal cord, optic 
nerve and retina; the latter structures considered embryological  extensions of 
the brain. Within the CNS, the broadest structural division is into the 
myelinated axons of the white matter tracts, and the collections of neuronal 
bodies, glial cells and surrounding neuropil that comprise the gray matter. 

The basic cellular unit of the CNS is the neuron. The neuronal cell 
body typically receives input from the dendrites that emanate from the cell 
body, and transmits output along a single axon through the axonal 
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telodendritic branches to the dendrites of other neurons. The terminal bulbs 
of the telodendritic branches store neurotransmitter substances that are 
released into the synapse. Most synapses are axo-dendritic or axo-somatic, 
but a range of other possible interneuronal contacts may be made. A single 
multipolar neuron may receive many thousands of synaptic inputs. 

The smaller neuroglial cells produce structural and functional 
support to the neuroaxonal units, and are the predominant population in CNS 
tissue. The largest glial cells are the astrocytes that have numerous 
processes containing glial fibrils. The length and degree of branching of 
these processes is greater for the fibrous astrocytes of the white matter, than 
for the protoplasmic astrocytes of the gray matter. Adjacent astrocytes are 
linked to each other by gap junctions, and astrocyte processes terminate in 
end feet that are in close association with vascular endothelium and may 
induce the formation of inter-endothelial tight junctions, forming the basis of 
the 'blood-brain-barrier' (Couraud 1998). Astrocytes have a range of 
functions including provision of structural support and insulation for 
synapses, acting as an energy (glucose) source and acting to inhibit synaptic 
activity by taking up neurotransmitters. Astrocytes may be induced to 
express MHC class II and other co-stimulatory molecules (B7 and CD40) 
and are capable of antigen presentation to T lymphocytes in vitro (Dong and 
Benveniste 2001). Astrocytes may also have a role in down-regulation of 
CNS immune responses. 

By contrast, oligodendrocytes are less branched cells that do not 
have gap junctions. White matter oligodendrocytes form the multilayered 
myelin sheath that surrounds and insulates the axon, and one 
oligodendrocyte may provide myelination for multiple axons (Baumann and 
Pham-Dinh, 2001). There are areas of unmyelinated axon (nodes of 
Ranvier) that form at the junction of myelin sheath produced by adjacent 
oligodendrocytes (internodes). The electrical insulation provided by myelin 
means that action potentials 'jump' between nodes which increases the speed 
of signal conduction relative to that which would occur in an unmyelinated 
axon. The function of gray matter oligodendrocytes is not defined, but they 
are arranged as 'satellite' cells to neurons and may be involved in neuronal 
homeostasis. 

Microglia are relatively small glial cells with more sparse 
distribution in the neuropil. During CNS inflammation, microglia become 
phagocytic and capable of antigen presentation, and therefore act in similar 
fashion to infiltrating blood-derived macrophages to which they are likely 
related (Stoll and Jander 1999; Smith 2001). In demyelinating diseases these 
phagocytic cells accumulate intracellular lipid, appearing as 'gitter cells' 
with a foamy cytoplasm. 

The ciliated ependymal cells form the lining to the ventricular 
spaces and modified ependyma line the choroid plexus and produce the 
cerebrospinal fluid (CSF) of the brain. 
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2. B A S I C  C N S  H I S T O P A T H O L O G Y  

The pathogenesis of the lesions of experimental autoimmune 
encephalomyelitis (EAE) is complex but involves two basic processes of 
inflammation and demyelination. The generic features of these changes will 
be described in this section, and the specific pathology that characterises 
EAE is discussed subsequently. 

2.1 Inflammation 

The characteristic CNS inflammatory lesion in diseases such as EAE 
is the 'perivascular cuff' - an accumulation of leukocytes in the perivascular 
space, involving vessels of the neuropil, meninges or choroid plexus. This 
accumulation of leukocytes involves the processes of leukocyte margination, 
molecular interactions with endothelia, breakdown of the blood-brain barrier 
and active egress of leukocytes from the bloodstream to the perivascular 
space in response to chemokine signalling (Ransohoff 1999; Boztug et al., 
2002). The role of matrix metalloproteinases in disruption of the basal 
lamina of the blood-brain-barrier has recently been appreciated (Rosenberg 
2002). These processes must be distinguished from primary vascular 
pathology (vasculitis). The nature of the leukocytes within the cuff may 
vary, and the inflammation may therefore range from neutrophilic to 
pyogranulomatous to lymphoplasmacytic. Additionally, resident pericytes 
and local microglial cells may form part of the cuff population. Perivascular 
cuffing may be accompanied by gliosis of adjacent parenchyma - an 
increased prominence of glial cells (astrocytes, oligodendrocytes or 
microglia) due to proliferation or cellular hypertrophy. In some models of 
EAE there may be resolution of the inflammatory lesion associated with a 
period of clinical remission. In the resolution of T lymphocyte-mediated 
inflammatory lesions, it has been suggested that there is Fas-Fas ligand- 
mediated apoptosis of the infiltrating lymphoid cells and macrophages, with 
subsequent phagocytosis of the apoptotic cells by microglia (Ouallet et al., 
1999; Zipp 2000; Chan et al., 2001). 

2.2 Demyelination 

The destruction of a normal myelin sheath resulting in an 
unsheathed ('naked') axon is primary demyelination, and characteristic of 
multiple sclerosis (MS) and some models of EAE. By contrast, secondary 
demyelination involves primary axonal degeneration with resulting loss of 
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the myelin sheath that cannot be maintained in the absence of the axon. In 
primary demyelination, there may however be eventual axonal damage 
following a prolonged period of demyelination (Pivneva et al., 1999). 

In MS and EAE the target of the disease process is therefore the 
oligodendrocyte-myelin unit. Demyelination is unlikely to be directly 
mediated by lymphocytes, but may involve a range of effectors including 
lymphocyte and macrophage-derived cytokines, oxygen radicals, nitric 
oxide, matrix metalloproteinases, antibody, complement and phagocytic 
cells including macrophages and microglia (Smith 1999; Kieseier et al., 
1999). Proliferating glial cells will infiltrate the area of demyelination. In 
the absence of effective remyelination, axonal degeneration will occur and 
this forms the basis for the progressive clinical nature of these diseases. 
Failure of remyelination reflects oligodendrocyte apoptosis and failure to 
renew oligodendrocytes from progenitor cells (Nait-Oumesmar et al., 2000). 

3. E X P E R I M E N T A L  A U T O I M M U N E  
E N C E P H A L O M Y E L I T I S  

EAE is an experimentally induced, T cell-mediated inflammatory 
disease of the CNS that has been most widely studied in primates, mice, 
rats, rabbits and Guinea pigs as a model of organ-specific autoimmune 
disease. The disease is characterised by a mixed inflammatory infiltration 
of the CNS and varying degrees of accompanying demyelination, which 
underlie the typical clinical signs. The clinical course of EAE may be acute 
and monophasic or polyphasic with a chronic, relapsing and remitting time 
course. The clinical course and specific pathology are dependent on the 
genetic strain, age and sex of animal used, and the method of disease 
induction. 

EAE can be actively induced by immunisation with crude brain or 
spinal cord homogenates, whole myelin, isolated myelin antigens such as 
myelin basic protein (MBP), proteolipid protein (PLP) or myelin 
oligodendrocyte glycoprotein (MOG) or by synthetic peptides constituting 
defined T cell epitopes of these antigens. These immunogens are 
administered with adjuvant; for example most murine models of EAE use a 
combination of complete Freund's adjuvant (CFA) and Bordetella pertussis 
(entire organisms or, more recently, toxin). EAE may also be passively 
induced by the adoptive transfer of various cell populations including lymph 
node or spleen cells from donors with actively induce EAE. These donor 
cells are generally activated by in vitro stimulation with encephalitogen 
before transfer. Disease may be similarly induced by encephalitogen- 
specific T cell lines or clones, or peptide-loaded antigen presenting cells. 
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EAE has also been studied in genetically modified experimental animals, 
for example those with targeted gene disruption, or mice transgenic for an 
encephalitogen-specific T cell receptor. Several studies have shown that 
cross-reactive viral peptides are capable of inducing clinical EAE with 
characteristic CNS lesions in susceptible animals (Ufret-Vincenty et al., 
1998). 

T cells, in particular CD4 + T lymphocytes, play a pivotal role in the 
induction of EAE as demonstrated by various adoptive transfer and blocking 
studies. Later in the disease process other cell types are considered to play 
an important role in the full expression of the disease. It is thought that the 
autoreactive T cells are activated in the periphery, proliferate in peripheral 
lymphoid tissue and then migrate into the CNS. They gain entry having up- 
regulated various cell surface adhesion molecules such as LFA-1 and VLA- 
4; the ligands of these molecules, ICAM-1 and VCAM-1, show increased 
expression on CNS endothelial cells as inflammation develops. Local 
stimulation of T cells by microglia or astrocytes is likely to occur (Aloisi et 
al., 2000). The autoreactive T cells involved in EAE pathogenesis are most 
likely to be of the IFN 7 producing Thl subset, although it has been shown 
that Th2 cells may mediate pathology when transferred to immunodeficient 
recipients. A role for B lymphocytes and antibody in some models is also 
proposed (Lyons et al., 2002). 

A number of EAE models show a monophasic disease course, 
suggesting that immune regulation may mediate recovery from disease. 
Numerous mechanisms have been investigated to account for this 
observation, but current emphasis is placed on regulatory populations of T 
lymphocyte, particularly CD4+CD25 + T cells, and on the regulatory 
cytokine IL-10 that is produced by these cells. 

3.1 E A E  as a model  of  M S  

Multiple Sclerosis is a chronic inflammatory and demyelinating 
disease of the CNS, the histopathology of which shows marked 
heterogeneity between individuals (Hickey 1999). There is no clear 
correlation between lesion histopathology and clinical presentation, which 
may be broadly categorised as chronic relapsing-remitting or primary 
progressive in nature. Most studies of the histopathology of MS have been 
performed with chronic lesional material, but there is also heterogeneity in 
acute lesions, suggesting that MS may have multiple aetiologies and 
pathogenic mechanisms (Luchinetti et al., 2000). In classical MS, several 
broad 'stages' of the plaque lesion have been described. In an acute plaque 
there is a marked infiltration of T lymphocytes and macrophages, 
accompanied by endothelial activation, oedema, myelin swelling and 
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oligodendrocyte loss. In chronic-active plaques lymphocytes are located 
both perivascularly and at (or just beyond) the advancing edge of the zone 
of demyelination. There is active demyelination with prominent foamy 
macrophages, and some axonal damage. Oligodendrocyte loss and 
astrocytosis are additional features. The chronic-inactive plaque has 
reduced inflammatory infiltration with persistent perivascular cuffs of 
lymphocytes, macrophages and plasma cells. There is sharp demarcation at 
the margin of the lesion with normal myelinated tissue. Within the plaque 
there is gliosis, reduced oligodendrocytes and axonal loss (Hickey 1999). 
An important feature of at least some forms of acute MS lesions is 
remyelination, however as disease progresses the ability to remyelinate 
clearly fails and this likely relates to loss of oligodendrocytes by apoptosis 
with failure of proliferation of oligodendrocyte progenitors (Luchinetti et 
al., 2000; Ransohoff et al., 2002). Additionally, a role for primary axonal 
loss in the pathogenesis of MS has been proposed (Anthony et al., 2000). 

The exact aetiology of MS is unknown, although a role for T-cells 
is suggested by histopathological analysis of MS lesions, and this has been 
more specifically suggested to reflect a role for CD4 + T cells by 
extrapolation from EAE. Again, by analogy with EAE, and in view of the 
localisation of MS lesions to the white matter, it has been assumed that the 
lymphocyte populations involved in MS respond to myelin antigens. In this 
context, T lymphocyte responses to MBP, PLP, MOG and myelin 
associated glycoprotein (MAG) have been demonstrated. A role for B 
lymphocytes and antibody in MS pathogenesis is suggested by the finding 
of increased CNS and cerebrospinal fluid (CSF) levels of immunoglobulin, 
and intralesional deposition of IgG in MS patients. 

Although EAE has been widely employed as an experimental model 
of MS, it remains imperfect model system. One major limitation is that 
EAE is artificially induced rather than spontaneously occurring, hence it has 
limited use in determining the primary triggers in MS pathogenesis. It has 
been proposed that MS may be triggered by exposure to microbial 
(particularly viral) antigens cross-reactive to myelin (Weiner and Selkoe, 
2002). An additional limitation is that the majority of EAE models show 
very little, if any, demyelination within the CNS and have an acute, 
monophasic course with spontaneous recovery. This contrasts with the 
chronic, progressive nature of MS, and the demyelination that is a feature of 
the human disease. Several EAE models have been developed in which the 
CNS lesions more closely approximate those of MS. For example, EAE 
induced in C57B1/6 mice with MOG35.55 (see below) or that generated in 
Biozzi AB/H mice with spinal cord homogenate (Baker et al., 1990) is 
characterised by demyelination. The later model also displays a relapsing- 
remitting, chronic time course. 
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4. H I S T O P A T H O L O G Y  OF EAE 

It is beyond the scope of the present review to describe the 
histopathological changes that occur in every reported model of EAE, 
however the pathology described in selected models will be summarised 
below. The general approach to routine histopathological assessment of 
EAE involves the collection of brain and spinal cord into 10% neutral 
buffered formalin, although the use of other fixative solutions (e.g. 75% 
ethanol, 25% glacial acetic acid) has been reported. In larger animal 
species, dissection of brain and spinal cord is less complex than for mice. 
For murine brain samples, the entire skull may be fixed and hemisectioned, 
allowing two halves of the brain to be freed from the cranial cavity. Murine 
spinal cord is best removed from the vertebral canal by applying pressure 
with a saline-filled 10ml syringe and blunt ended 20-gauge needle. 
Alternatively, a variety of protocols for perfusion of entire animals with 
fixative under anaesthesia have been described. 

Fixed tissues are embedded in paraffin wax. Brain tissue obtained 
from mice as described above is best embedded for longitudinal sectioning; 
spinal cord may be embedded for either (or both) longitudinal or transverse 
sectioning. Serial sections may be stained with haematoxylin and eosin for 
assessment of inflammation and inflammatory cell populations, Luxol fast 
blue to assess demyelination and Bielschowksy silver staining to assess 
axonal pathology (Figure 3-1). 

Figure 3-1. Serial longitudinal sections of spinal cord from a C57B1/6 mouse with MOG 
induced EAE. (a) In the haematoxylin-eosin-stained section there is an intense mononuclear 
inflammatory infiltration of the peripheral white matter, with two perivascular cuffs at the 

margin of the affected area (arrows). (b) In the Luxol fast blue stained section the extent of 
the demyelination of this area of peripheral spinal cord white matter can be seen relative to 

the normally myelinated deeper tissue. 

Immunohistochemical methodology has been widely applied to 
investigate the expression of specific molecules associated with EAE 
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lesions. Some immunohistochemical techniques may be applied to 
formalin-fixed tissue, but most will require frozen sections (Figure 3-2). 
Transmission electron microscopic studies of EAE lesions have also been 
reported, and such investigations will generally require collection of 
samples into glutaraldehyde for specialised embedding and processing 
protocols. Thin sections (one micron) stained with toluidine blue may be 
prepared from tissue samples post-fixed in 1% osmium tetroxide and epoxy 
resin-embedded for electron microscopy. Such thin sections are often used 
to evaluate the pathological features of EAE. 

Figure 3-2. Immunohistochemical labelling of sections of spinal cord from a C57B1/6 mouse 
with MOG induced EAE. These are formalin fixed, paraffin wax-embedded tissues that have 
been labelled for expression of CD3 using a cross-reactive polyclonal rabbit anti-human CD3 

antiserum in an avidin-biotin immunohistochemical technique. (a) Shows T lymphocytes 
within a perivascular cuff in affected spinal cord white matter. (b) Shows an area of 

peripheral spinal cord white matter demyelination, throughout which are scattered individual 
T lymphocytes. 

In general, some form of scoring of the histopathological lesions 
will be performed, but as the pathology in each model system varies, there 
is no consensus grading system. Inflammation and demyelination may be 
scored separately. An example of one scoring system applied to EAE 
lesions is given in Table 3-1. 

Table 3-1. Example of scoring system for EAE histopathology (disease induced in SJL/J 
mice by adoptive transfer of encephalitogenic T cells) 

Inflammation 

no inflammatory cells 
a few scattered inflammatory cells 
organisation of inflammatory infiltrates into perivascular cuffs 
extensive perivascular cuffing with extension into adjacent subarachnoid space and 
CNS parenchyma 
extensive perivascular cuffing with increasing subarachnoid and parenchymal 
inflammation 
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Demyelination 

no demyelination 
a few, scattered naked axons 
small groups of naked axons 
large groups of naked axons 
confluent foci of demyelination 
widespread demyelination 

Racke et al., 1995 

Other means of quantifying lesions are to determine the mean 
number of discrete lesions within serial longitudinal sections of segments of 
spinal cord (O'Brien et al., 1999) or specific area of tissue in mm 2 (Furlan et 
al., 1999). Similarly, demyelination may be measured in a standard region 
of CNS tissue (Linginton et al., 1988), or expressed as the percentage of a 
defined area in mm 2 that is demyelinated (Furlan et al., 1999). In a further 
approach to measuring demyelination, sections of spinal cord were 
immunolabelled using monoclonal antibody to PLP, and captured digital 
images were used to assess the proportion of demyelinated tissue using 
image analysis software (Tuohy et al., 1999). 

4.1 EAE in SJL/J mice 

An early study reported detailed features of the kinetics of the 
histological and ultrastructural pathology induced in eight week old, female 
SJL/J mice following two subcutaneous injections of spinal cord 
homogenate in CFA (but without Bordetella pertussis) (Brown et al., 1982). 
In this model mice displayed clinical signs of EAE between days 14 and 18 
post induction (PI), and had up to three episodes of disease relapse when 
monitored to 6 months PI. Lesions were reported in the optic nerve, 
medulla or pons, spinal cord, cerebellum and cerebral cortex, with the 
former three areas most severely affected. 

The initial period of disease was characterised histologically by a 
mixed neutrophilic and lymphocytic meningitis and perivascular infiltration 
of these cells into the peripheral white matter. The inflammatory response 
was accompanied by local petechial haemorrhage, demyelination and 
macrophage phagocytosis of myelin, and the presence of naked axons. 
These latter changes only occurred in areas with inflammatory change. 
Mice sampled at the end of the period of initial disease (day 20 PI) had a 
reduced neutrophilic component to the inflammation, fewer haemorrhages 
and evidence of astrocyte proliferation. 

By day 25 PI the inflammatory infiltrate had diminished but white 
matter damage was more extensive. There was gliosis, prominent 
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phagocytic cells, naked axons and myelin debris with early evidence of 
remyelination. Plasma cells appeared within the meningeal lesions. Similar 
changes were observed at day 30 PI, however in addition to these chronic 
lesions, these mice had small acute lesions (as described before day 20) 
despite the fact that they were in clinical remission. 

At the time of clinical relapse, mice also displayed a mixture of 
acute and chronic lesions with the latter dominating. The chronic lesions 
had minimal inflammation, but gliosis and naked axons were more 
prominent with some evidence of focal remyelination. The CNS of mice 
sampled after multiple episodes of clinical relapse had similar, but more 
extensive chronic white matter lesions with small acute lesions. There was 
no greater degree of remyelination in the chronic lesions at this time. 

Disease may also be induced in the SJL/J mouse by administration 
of other encephalitogens (e.g. PLP139-151, MBP84q04), or by the passive 
transfer of encephalitogenic T cells. For example, transfer of a CD4+T cell 
line specific for peptide 139-151 of PLP induces a chronic relapsing disease 
with multifocal areas of lymphocyte and macrophage inflammation and 
associated demyelination in spinal cord peripheral white matter. When the 
cell line was preactivated in the presence of TGF[3, extensive areas of 
demyelination extending to the central gray matter were observed at day 70 
after adoptive transfer (Weinberg et al., 1992). An example of a 
histological grading system applied to PLP139-151 induced EAE in SJL/J mice 
is given in Table 3-2. F1 mice derived from crosses of a number of other 
strains with the SJL/J mouse have also been used in studies of EAE. 

Table 3-2. Histological Grading of Inflammation in PLP139-151 induced EAE in SJL/J mice 

absence of infiltrates 
small, rare perivascular infiltrates 
small, numerous perivascular infiltrates 
numerous perivascular lesions and parenchymal infiltration 
severe confluent lesions 

Langer-Gould et al., 2002 

4.2 EAE in C57B1/6 mice 

Monophasic EAE has been induced in mice of the C57B1/6 strain 
by immunisation with MOG peptide 35-55 in CFA, followed by 
intraperitoneal injections of pertussis toxin on days 0 and 2 of the induction 
protocol. The peak of clinical disease occurs on day 14 after induction. 
Histologically, this form of EAE is characterised by multifocal, coalescing 
areas of mononuclear inflammatory infiltration of peripheral white matter of 
spinal cord (sometimes involving perivascular cuffs in gray matter), with 
associated local demyelination. The infiltrates include macrophages, B 
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lymphocytes and both c~13 and 3'8 T lymphocytes (Spahn et al., 1999). Small 
clusters of neutrophils may occasionally be present. When inflammation 
and demyelination are graded, the peak of the inflammatory response occurs 
two days after the peak of clinical disease, and peak demyelination occurs 
several days after the maximal inflammatory response (Figure 3-3). 

Figure 3-3. Sections of spinal cord from a C57B1/6 mouse with MOG induced EAE-stained 
by haematoxylin-eosin. (a) There is an intense inflammatory and demyelinating lesion 

within the ventral white matter of the cord (arrowed). (b) Higher power view of the margin 
of this lesion with unaffected white matter, shows extensive macrophage-dominated 

inflammation. 

Pathology also occurs in the brain, where there is evidence of 
meningitis, and perivascular cuffing with mixed mononuclear cells that 
occurs predominantly in the white matter of the cerebellum, and in the 
underlying hind brain area (Figure 3-4). The inflammation and 
demyelination in this model resolve, and when mice recover from clinical 
disease there is virtually complete resolution of the histopathological 
changes (Massey et al., 2002). 
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Figure 3-4. Tissues from C57B1/6 mice with MOG induced EAE stained by haematoxylin 
and eosin (a, c and d) and Luxol fast blue (b). (a) High power view of cerebellar white 

matter showing a prominent area of perivascular cuffing with mononuclear inflammatory 
cells, with extension of the lesion into the parenchyma. (b) This serial section shows that 

demyelination is restricted to the area occupied by the inflammatory infiltrate, with 
uninflamed parenchyma showing normal staining reaction. (c) Section through the 

meninges, showing a mixed inflammatory infiltration throughout the meningeal layers. (d) 
Section through the retina, optic disc and optic nerve. There is an intense inflammatory 

infiltration surrounding the optic nerve (perineuritis). This comprises chiefly neutrophils and 
there are scattered neutrophils within the optic nerve tissue. 

A chronic, sustained form of disease may be induced by 
subcutaneous injection with MOG33-55 in CFA on day 0, followed by 
intravenous pertussis toxin on days 0 and 2, and a booster injection of 
MOG33.55 in CFA on day 7. The pathology of this form of disease is similar 
to that described above, with extensive diffuse infiltration by mixed 
macrophages, T and B lymphocytes into the CNS white matter (extending 
to gray matter) accompanied by demyelination (Suen et al., 1997). A more 
severe clinical form of EAE is induced in IL-10 -/ C57B1/6 mice immunised 
with MOG35.55 in CFA and pertussis toxin on days 0 and 2. These IL-10 / 
C57B1/6 mice also develop EAE and severe inflammatory lesions when 
pertussis is not administered (wild-type mice develop minimal disease) 
(Bettelli et al., 1998). 

The C57B1/6 MOG EAE model has recently been used to 
demonstrate the effect of CD4+CD25 + regulatory cells in this disease. When 
these T regulatory cells were harvested from the lymph nodes of nai've 
C57bl/6 mice and adoptively transferred to naive recipients three days 
before induction of EAE, there was significant protection from both disease 
and pathological change in CNS (Kohm et al., 2002). The transferred T reg 
cells appeared not to enter the CNS, but to localise to the spleen and lymph 
nodes of the recipient mice. 

4.3 E A E  in t he  N O D  m o u s e  
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A recently reported model of EAE has been used to investigate the 
clinical relationship between type I diabetes mellitus and multiple sclerosis 
(Winer et al., 2001). When diabetes-prone NOD (nonobese diabetic) mice 
over eight weeks of age are simply injected twice with pertussis toxin (in 
the absence of encephalitogen or CFA), they develop an acute onset malaise 
within 7 days. Most animals recover from this within 4-7 days, however a 
proportion die or develop clinical signs of EAE (primary, progressive 
monophasic disease). A proportion of recovered female mice will develop 
relapsing disease between days 15-90, but the severity and outcome of this 
is variable. 

The brains of mice with acute onset malaise show small, multifocal, 
mononuclear cell perivascular cuffs in cortex and brainstem, with 
inflammation of the margin of the fourth ventricle. The lesions of mice with 
acute, progressive monophasic disease were more extensive and involved 
hippocampus, thalamus, cerebellum, brain stem, meninges and ventricles. 
This form of disease was demyelinating, with plaques present in cerebellar 
and brain stem white matter. Female mice with relapsing disease had 
similar pathology to that described for the phase of acute malaise, although 
the perivascular cuffing was more prominent. 

4.4 EAE in the Lewis rat 

EAE may be induced in Lewis strain rats by subcutaneous 
administration of Guinea pig MBP, or encephalitogenic peptide (amino 
acids 70-86) derived from this protein, in CFA (actively induced disease). 
These rats develop an acute monophasic clinical disease that resolves 
spontaneously within 5 days of onset. Recovered animals do not relapse 
and become refractory to further attempts to induce the disease. The disease 
is T cell dependent, and may also be induced in naive recipients by adoptive 
transfer of spleen or lymph node cells from affected animals, or by 
administration of MBP-specific T cell lines or clones (passively induced 
disease). Spontaneous recovery from disease and subsequent refractoriness 
to disease reinduction has been associated with elevation in the 
concentration of serum antibody specific for MBP, endogenous 
corticosterone production, elevated circulating reactive nitrogen 
intermediates and a range of immunoregulatory events. Adoptive transfer 
of lymphocytes from recovered rats is reported to protect recipients from the 
active induction of EAE by immunisation with MBP in CFA, but cannot 
prevent EAE induced by adoptive transfer of effector cells. Relapsing 
disease can be induced by a number of protocols including administration of 
immunosuppressive agents such as cyclophosphamide (Minagawa et al., 
1987) or cyclosporin (Polman et al., 1988). 
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In Lewis rats sacrificed 13 days after induction of disease by 
injection of MBP in CFA (at the peak of disease), there are perivascular 
infiltrations of inflammatory cells within both white and gray matter. There 
is however, no evidence of demyelination of CNS axons although there may 
be demyelination within the spinal roots. Spinal cords immunostained for 
expression of MBP display loss of staining only in the areas occupied by 
inflammatory cells (Sternberger et al., 1989). Demyelinating disease has 
been induced in Lewis rats by intraperitoneal injection of monoclonal 
antibody specific for MOG, given eight days after immunisation with MBP 
in CFA (Schluesener et al., 1988), or at the time of onset of passively 
induced disease (Linington et al., 1988), providing further evidence for 
synergy between T cell and antibody-mediated mechanisms in 
demyelinating disease. 

A grading system for the histological lesions observed at the peak 
of actively induced disease has been described (Table 3-3). In Lewis rats 
recovered from monophasic disease and sacrificed on day 50 PI, there are 
residual small perivascular aggregates of T cells and macrophages within 
brain white matter (Polman et al., 1988). 

Table 3-3. Histological grading system for lesions of actively induced EAE in Lewis Rats 

normal 
meningeal hypercellularity or one perivascular cuff with a non-invasive margin per 
high power field 
meningeal hypercellularity and one perivascular cuff per high power field, or two 
to three perivascular cuffs per field without meningeal hypercellularity 
inflammatory cells extending from cuffs into CNS parenchyma 
diffuse inflammation in either white or gray matter 
inflammation extending throughout entire tissue section with or without primary 
demyelination 

(Lyman et al., 1989) 

Pathological changes have also been assessed in the spinal cord of 
Lewis rats, five days after adoptive transfer of splenocytes obtained from 
MBP primed rats and restimulated in vitro with MBP before transfer. Such 
rats develop clinical disease, and have oedema and marked perivascular 
infiltration of spinal cord white and gray matter and meninges by 
macrophages and CD4 + and CD8 + T lymphocytes (Sedgwick et al., 1987). 
These central lesions are non-demyelinating although lymphocytes have 
been observed within the myelin sheaths (Blakemore et al., 1989). The 
infiltrates were much reduced when rats were treated with anti-CD4 
antibody by daily intravenous injection following adoptive transfer. Studies 
in this model have suggested that the majority of infiltrating leukocytes are 
unrelated to the disease per  se and may be present as a secondary response 
to tissue damage (Sedgwick et al., 1987; Sedgwick 1988). Following 
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spontaneous recovery from passively induced disease the inflammatory 
infiltrates regress, and spinal cords are largely normal by 10 days post 
transfer (Blakemore et al., 1989). The kinetics of infiltration of adoptively 
transferred lymphocytes versus recipient cells has been examined in a 
chimeric model. Adoptively transferred cells dominate the preclinical 
inflammatory lesions, but during clinical disease large numbers of recipient 
T cells and macrophages infiltrate the parenchyma. During recovery, the 
residual T cells are primarily of donor origin (Matsumoto and Fujiwara, 
1988). Donor T cells isolated from the recipient spinal cord produce higher 
levels of Thl cytokines than recipient cells recruited to the same site 
(Weinberg et al., 1994). 

4.4 EAE in rhesus monkeys and marmosets 

EAE has been induced in a range of primate species including 
Cynomolgus monkeys (Macaca fascicularis), rhesus monkeys (Macaca 
mulatta), owl monkeys (Aotus spp.), squirrel monkeys (Saimiri spp.) and 
the common marmoset (Callithrixjacchus). 

In rhesus monkeys an hyperacute form of EAE develops within 
weeks of immunisation with the recombinant human N-terminal 
extracellular Ig-like domain of MOG in CFA ('t Hart et al., 2000). This 
disease has a short clinical course, with death occurring in days, however 
when monkeys are given immunosuppressive therapy the disease becomes 
relapsing and remitting in nature. The pathological features of the 
hyperacute disease are extensive areas of necrosis with a neutrophilic 
inflammation and resultant loss of myelin and axonal structure. Although 
the number of infiltrating T lymphocytes is low, myelin-specific T cells are 
involved in the pathogenesis of this disease. 

In marmosets, relapsing-remitting or primary progressive EAE has 
been induced by immunisation with myelin or myelin derivatives 
(particularly MOG) in CFA ('t Hart et al., 2000). EAE may also be induced 
by co-transfer of myelin-specific CD4 + T lymphocytes and anti-myelin 
antibody (but not by T lymphocytes alone), providing good evidence in this 
model for a pathogenic role for B lymphocytes. Lesions develop in white 
matter with varying degrees of inflammation (with numerous macrophages 
and T lymphocytes), demyelination and remyelination, and axonal damage 
('t Hart et al., 1998). Areas of demyelination are associated with local 
deposition of MOG-specific IgG (Raine et al., 1999). Relative to the 
pathology in rhesus monkeys however, there is preservation of much axonal 
structure. Small perivascular foci will eventually coalesce to form large 
demyelinating lesions. The extent of the inflammatory component of the 
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lesions is exacerbated when disease is induced by concurrent intravenous 
injection of Bordetella pertussis with the myelin/CFA protocol. 

ACKNOWLEDGEMENTS 
The histopathological images used in this chapter were prepared by 

the author whilst grading tissues provided from experiments performed in 
the laboratory of Professor D.C. Wraith, Department of  Pathology and 
Microbiology,  University of  Bristol. 

REFERENCES 

Aloisi F, Serafini B and Adorini L, 2000. Glia-T cell dialogue. Journal of 
Neuroimmunology 107:111-117. 

Anthony DC, Hughes P and Perry VH, 2000. The evidence for primary axonal loss 
in multiple sclerosis. Revista de Neurologia 30: 1203-1208. 

Baker D, O'Neill JK, Gschmeissner SE, Wilcox CE, Butter C and Turk JL, 1990. Induction 
of chronic relapsing experimental allergic encephalomyelitis in Biozzi mice. Journal of 
Neuroimmunology 28: 261-270. 

Baumann N and Pham-Dinh D, 2001. Biology of oligodendrocytes and myelin in the 
mammalian central nervous system. Physiological Reviews 81:671-927. 

Bettelli E, Das MP, Howard ED, Weiner HL, Sobel RA and Kuchroo VJ, 1998. IL-10 is 
critical in the regulation of autoimmune encephalomyelitis as demonstrated by studies of IL- 
l0- and IL-4-deficient and transgenic mice. Journal of Immunology 161: 3299-3306. 

Blakemore WF, Summers BA and Sedgwick J, 1989. Lymphocyte-myelin sheath 
interactions in acute experimental allergic encephalomyelitis. Journal of 
Neuroimmunology 23: 19-24. 

Boztug K, Carson MJ, Pham-Mitchell N, Asensio VC, DeMartino J and Campbell 
IL, 2002. Leukocyte infiltration, but not neurodegeneration, in the CNS of 
transgenic mice with astrocyte production of the CXC chemokine ligand 10. 
Journal of Immunology 169:1505-1515. 

Brown A, Dale MD, McFarlin MD and Raine CS, 1982. Chronic neuropathology of 
relapsing experimental allergic encephalomyelitis in the mouse. Laboratory Investigation 46: 
171-185. 

Chan A, Magnus T and Gold R, 2001. Phagocytosis of apoptotic inflammatory cells by 
microglia and modulation by different cytokines. Mechanism for removal of apoptotic cells 
in the inflamed nervous system. Glia 33: 87-95. 

Couraud PO, 1998. Infiltration of inflammatory cells through brain endothelium. Pathologie 
Biologie 46: 176-180. 

Dong YS and Benveniste EN, 2001. Immune function of astrocytes. Glia 36: 180-190. 



A3. histopathology of eae 41 

Furlan R, Martino G, Galbiati F, Poliani PL, Smiroldo S, Bergami A, Desina G, Comi G, 
Flavell R, Su MS and Adorini L, 1999. Caspase-1 regulates the inflammatory process 
leading to autoimmune demyelination. Journal of Immunology 163: 2403-2409. 

't Hart BA et al., 1998. Histological characterization of magnetic resonance imaging- 
detectable brain white matter lesions in a primate model of multiple sclerosis. American 
Journal of Pathology 153: 649-663. 

't Hart BA, van Meurs M, Brok HPM, Massacesi L, Bauer J, Boon L, Bontrop RE and 
Laman JD, 2000. A new primate model for multiple sclerosis in the common marmoset. 
Immunology Today 21: 290-297. 

Hickey WF, 1999. The pathology of  multiple sclerosis: a historical perspective. 
Journal of  Neuroimmunology 98:37-44. 

Kieseier BC, Storch MK, Archelos JJ, Martino G and Hartung HP, 1999. Effector 
pathways in immune mediated central nervous system demyelination. Current 
Opinion in Neurology 12: 323-336. 

Langer-Gould A, Garren H, Slansky A, Ruiz PJ and Steinman L, 2002. Late pregnancy 
suppresses relapses in experimental autoimmune encephalomyelitis: evidence for a 
suppressive pregnancy-related serum factor. Journal of Immunology 169: 1084-1091. 

Linington C, Bradl M, Lassmann H, Brunner C and Vass K, 1988. Augmentation of 
demyelination in rat acute allergic encephalomyelitis by circulating mouse monoclonal 
antibodies directed against a myelin/oligodendrocyte glycoprotein. American Journal of 
Pathology 130: 443-454. 

Luchinetti C, Bruck W, Parisi J et al., 2000. Heterogeneity of multiple sclerosis lesions: 
implications for the pathogenesis of demyelination. Annals of Neurology 47:707-717. 

• A t 9  
Lyman WD, Sonett JR, Brosnan CF, Elkin R and Bornstem MB, 1989. [ \ -  
Tetrahydrocannabinol: a novel treatment for experimental autoimmune encephalomyelit'rs. 
Journal of Neuroimmunology 23:73-81. 

Lyons JA, Ramsbottom MJ and Cross AH, 2002. Critical role of antigen-specific antibody in 
experimental autoimmune encephalomyelitis induced by recombinant myelin oligodendrocyte 
glycoprotein. European Journal of Immunology 32: 1905-1913. 

Massey EJ, Sundstedt A, Day M J, Corfield G, Anderton S and Wraith DC, 2002. Intranasal 
peptide-induced peripheral tolerance: the role of IL-10 in regulatory T cell function within the 
context of experimental autoimmune encephalomyelitis. Veterinary Immunology and 
lmmunopathology 87: 357-372. 

Matsumoto Y and Fujiwara M, 1988. Adoptively transferred experimental allergic 
encephalomyelitis in chimeric rats: identification of transferred cells in the lesions of the 
central nervous system. Immunology 65: 23-29. 

Minagawa H, Takenaka A, Itoyama Y and Mori R, 1987. Experimental allergic 
encephalomyelitis in the Lewis rat. A model of predictable relapse by cyclophosphamide. 
Journal of the Neurological Sciences 78: 225-235. 



42 A3, histopathology of  eae 

Nait-Oumesmar B, Lachapelle F, Decker L and Baron-Van Evercooren A, 2000. Do central 
nervous system axons remyelinate? Pathologie Biologie 48: 70-79. 

O'Brien NC, Charlton B, Cowden WB and Willenborg DO, 1999. Nitric oxide plays a 
critical role in the recovery of Lewis rats from experimental autoimmune encephalomyelitis 
and the maintenance of resistance to reinduction. Journal of Immunology 163: 6841-6847. 

Ouallet JC, Baumann N, Marie Y and Villarroya H, 1999. Fas system up-regulation in 
experimental autoimmune encephalomyelitis. Journal of the Neurological Sciences 170: 96- 
104. 

Pivneva TA, Kolotoushkina EV and Mel'nik NA, 1999. Mechanisms of the demyelination 
process and its modelling. Neurophysiology 31: 403-412. 

Polman CH, Matthaei I, de Groot CJA, Koetsier JC, Sminia T and Dijkstra CD, 1988. Low- 
dose cyclosporin A induces relapsing remitting experimental allergic encephalomyelitis in 
the Lewis rat. Journal of Neuroimmunology 17:209-216. 

Racke MK, Burnett D, Pak S-H, Albert PS, Cannella B, Raine CS, McFarlin DE and Scott 
DE, 1995. Retinoid treatment of experimental allergic encephalomyelitis. Journal of 
Immunology 154: 450-458. 

Raine CS, Cannella B, Hauser SL and Genain CP, 1999. Demyelination in primate 
autoimmune encephalomyelitis and acute multiple sclerosis lesions: A case for antigen- 
specific antibody mediation. Annals of Neurology 46: 144-160. 

Ransohoff RM, 1999. Mechanisms of inflammation in MS tissue: adhesion molecules and 
chemokines. Journal of Neuroimmunology 98: 57-68. 

Ransohoff RM, Howe CL and Rodriguez M, 2002. Growth factor treatment of 
demyelinating disease: at last, a leap into the light. Trends in Immunology 23: 512-516. 

Rosenberg GA, 2002. Matrix metalloproteinases and neuroinflammation in multiple 
sclerosis. Neuroscientist 8: 586-587. 

Schluesener HJ, Sobel RA and Weiner HL, 1988. Demyelinating experimental allergic 
encephalomyelitis (EAE) in the rat: treatment with a monoclonal antibody against activated 
T cells. Journal of Neuroimmunology 18: 341-351. 

Sedgwick J, Brostoff S and Mason D, 1987. Experimental allergic encephalomyelitis in the 
absence of a classical delayed type hypersensitivity reaction. Journal of Experimental 
Medicine 165: 1058-1075. 

Sedgwick JD, 1988. Long-term depletion of CD8+T cells in vivo in the rat: no observed role 
for CD8 + (cytotoxic/suppressor) cells in the immunoregulation of experimental allergic 
encephalomyelitis. European Journal of Immunology 18: 495-502. 

Smith ME, 1999. Phagocytosis of myelin in demyelinative disease: A review. 
Neurochemical Research 24:261-268. 

Smith ME, 2001. Phagocytic properties of microglia in vitro: implications for a role in 
multiple sclerosis in EAE. Microscopy Research and Technique 54: 87-94. 



A3. histopathology of eae 43 

Spahn TW, Issazadah S, Salvin AJ and Weiner HL, 1999. Decreased severity of myelin 
oligodendrocyte glycoprotein peptide 33-55-induced experimental autoimmune 
encephalomyelitis in mice with a disrupted TCR 8 chain gene. European Journal of 
Immunology 29:4060-4071. 

Sternberger NH, Sternberger LA, Kies MW and Shear CR, 1989. Cell surface endothelial 
proteins altered in experimental allergic encephalomyelitis. Journal of Neuroimmunology 
21: 241-248. 

Stoll G and Jander S, 1999. The role of microglia and macrophages in the pathophysiology of 
the CNS. Progress in Neurobiology 58: 233-247. 

Suen WE, Bergman CM, Hjelmstrom P and Ruddle NH, 1997. A critical role for 
lymphotoxin in experimental allergic encephalomyelitis. Journal of Experimental Medicine 
186: 1233-1240. 

Tuohy VK, Yu M, Yin L, Kawczak JA and Kinkel RP, 1999. Spontaneous regression of 
primary autoreactivity during chronic progression of experimental autoimmune 
encephalomyelitis and multiple sclerosis. Journal of Experimental Medicine 189: 1033- 
1042. 

Ufret-Vincenty RL, Quigley L, Tresser N, Pak SH, Gado A, Hausmann S, Wucherpfenning 
KW and Brocke S, 1998. In vivo survival of viral antigen-specific T cells that induce 
experimental autoimmune encephalomyelitis. Journal of Experimental Medicine 188: 1725- 
1738. 

Weinberg AD, Whitham R, Swain SL, Morrison WJ, Wyrick G, Hoy C, Vandenbark AA and 
Offner H, 1992. Transforming growth factor 13 enhances the in vivo effector function and 
memory phenotype of antigen-specific T helper cells in experimental autoimmune 
encephalomyelitis. Journal of Immunology 148:2109-2117. 

Weinberg AD, Wallin JJ, Jones RE, Sullivan TJ, Bourdette DN, Vandenbark AA and Offner 
H, 1994. Target organ-specific up-regulation of the MRC Ox-40 marker and selective 
production of Thl lymphokine mRNA by encephalitogenic T helper cells isolated from the 
spinal cord of rats with experimental autoimmune encephalomyelitis. Journal of 
Immunology 152: 4712-4721. 

Weiner HL and Selkoe DJ, 2002. Inflammation and therapeutic vaccination in CNS 
diseases. Nature 420: 879-884. 

Winer S, Astsaturov I, Cheung RK, Gunaratnam L, Kubiak V, Cortez MA, Moscarello M, 
O'Connor PW, McKerlie C, Becker DJ and Dosch H-M, 2001. Type I diabetes and multiple 
sclerosis patients target islet plus central nervous system autoantigens; nonimmunized 
nonobese diabetic mice can develop autoimmune encephalitis. Journal of Immunology 166: 
2831-2841. 

Zipp F, 2000. Apoptosis in multiple sclerosis. Cell and Tissue Research 301: 163-171. 



Chapter A4 

NEUROANTIGENS IN EAE 
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This chapter reviews briefly the biology of myelin and describes the major 
CNS myelin proteins, the potential neuroantigens in EAE. The genetics of the 
principal myelin proteins are also discussed. Myelin glycolipids with potential 
role in CNS demyelinating disease and the enzymes involved in their synthesis 
are also reviewed. 

Proteolipid protein (PLP, PLPl); myelin basic protein (MBP); 2',3'-cyclic 
nucleotide 3' phosphodiesterase (CNPase); oligodendrocyte specific protein 
(OSP); myelin associated glycoprotein (MAG); myelin-oligodendrocyte 
glycoprotein (MOG); ceramide galactosyltransferase (CGT); Oligodendrocyte 
myelin glycoprotein (OMgp); Myelin-associated oligodendrocyte basic protein 
(MOBP); Nogo; Nogo receptor; ganglioside; sulfatide; cerebroside 

. INTRODUCTION 

Efficient conduction of neural signals along the axons of higher 
vertebrates occurs by the saltatory propagation of action potentials between 
narrow specializations of axonal membrane called nodes of Ranvier. Voltage 
regulated ion channels are clustered at the nodes and mediate the ionic 
currents that constitute the action potential. Between adjacent nodes the axon 
is ensheathed by spirally wound membranous sheets that define the 
myelinated internode. Myelin is composed primarily of lipids and proteins 
[for excellent comprehensive review see 1]. The complex composition of 
myelin offers many known and potential antigens that can induce 
autoimmune responses that will be reviewed in other chapters. In this 
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chapter I review the composition and properties of central nervous system 
(CNS) myelin. 

. T H E  C E L L  B I O L O G Y  O F  M Y E L I N  

The composition of myelin is best appreciated in a cellular context. CNS 
myelin is formed by oligodendrocytes, which elaborate multiple processes 
that ravel around the axon. At the point of axonal contact the glial membrane 
loops around the axon, forming the inner mesaxon. As the membranous 
sheet winds around the axon, most of the cytoplasm is extruded, allowing 
tight apposition of the adjacent membrane faces to form compact myelin. At 
regular intervals around successive wraps of myelin the compaction is 
interrupted by zones of non-compact myelin that form the incisures (or 
clefts) of Schmidt-Lanterman. These incisures may serve as conduits for 
small molecules to pass radially across the myelin sheath rather than having 
to diffuse circumferentially around the cytoplasmic space of the myelin 
leaflet [2]. 
The successive edges of each loop of the myelin sheet each contact the axon 
and are known as paranodal loops. The zone where these paranodal loops 
contact the axon is called the paranode, and marks a zone of separation of 
the voltage-gated sodium channels at the node from the voltage gated 
potassium channel enriched region known as the juxtaparanode. The 
paranodal loops are bridged to the axon by specialized, electron dense 
adhesions called septate-like junctions that form diffusion barriers between 
the periaxonal space and the interlamellar and periaxonal spaces of the 
internode [4, 5]. These junctions and a network of juxtamembranous 
filamentous proteins help to maintain the precise partitioning of the various 
ionic channels of the nodal region [reviewed in 6]. 

Although the classic view is that myelin and the subjacent internodal 
membrane are electically inert, myelin provides a relatively low electrical 
resistance pathway through which current can pass (probably through the 
septate-like junctions and Schmidt-Lanterman clefts) between the internodal 
axolemma and extracellular space that is essential for setting the nodal 
resting potential and also facilitates repolarization of the nodal membrane 
through dispersal of the charge carried into the axon by nodal sodium 
channels along the internodal axolemma and generating the depolarizing 
afterpotential [7, 8]. 
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. THE B I O C H E M I S T R Y  OF MYELIN 

The analysis of myelin composition was facilitated by development of 
methods to isolate myelin-enriched preparations. Myelin was isolated from 
the brain using a series of centrifugation steps, including a sucrose gradient 
flotation that resulted in great enrichment of myelin fragments that could be 
identified electron microscopically. The composition of myelin prepared in 
this way reveals that it makes up 40 to 50 % of the dry weight of the brain, 
and is about two thirds lipid and one third protein. With the advent of newer, 
especially genetic methodologies, proteins and lipids have been 
characterized through their association with specific hereditary diseases or 
cellular properties and localization. 

Myelin is essentially highly enriched cell membrane, with a dry weight 
composition of about two thirds lipid and one third protein [9]. While the 
conventional view of myelin as a passive electrical insulator is still 
prevalent, it is now becoming clear that there is a more active role for 
myelin, and/or other oligodendroglia functions, in the development and 
maintenance of axonal properties. The presence of oligodendrocytes, and 
quite possibly axonal contact with them is critical for the formation and 
spacing of the nodes of Ranvier. As discussed in more detail below, 
oligodendroglia are necessary for maintaining the long term integrity of 
axons, demonstrating the existence of important axo-glial signaling 
pathways. 

3.1 Myelin lipids and their synthetic enzymes 

3.1.1 Myelin lipids 

The composition of myelin is similar with that of cellular membranes 
with respect to its enrichment in lipids [10]. While there are no known 
myelin-specific lipids, the distribution of lipids in myelin is distinct from 
that of other cell membranes. The major lipid in myelin is free cholesterol, 
which comprises about 30 % of total lipid by dry weight. Cholesterol esters 
are not found in normal mature myelin. Phospholipids are collectively the 
most abundant lipids in CNS myelin, constituting about 40 - 45 % of total 
lipid by dry weight. Most brain phospholipids are derivatives of phosphatidic 
acid (diacylated glycerol-3-phosphate). Plasmalogens are lipids where an 
aliphatic alcohol is ether-linked rather than acyl-linked to the glycerol 
backbone. 
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Glycerophospholipid classes are defined by the nature of the compound 
linked at the third position of the glycerol backbone. These compounds are 
short-chain, polar alcohols phosphodiester-linked to phosphatidic acid. The 
most abundant of these glycerophospholipids in adult human brain are 
phosphatidyl ethanolamine, phosphatidylcholine (lecithin), 
phosphatidylserine and phosphatidylinositides. The phosphoinositides 
include phosphatidylinositol and its phosphorylated derivatives that are 
quantitatively minor phospholipids but are important role in signal 
transduction. 

Sphingolipids are distinguished by the substitution of sphingosine, a long 
chain aminodiol, for the glycerol backbone used by glycerophospholipids. 
Ceramides are sphingolipids where the amino group of sphingosine is N- 
acylated with long-chain fatty acid. The first carbon of ceramide is linked to 
different head groups to form various subclasses of sphingolipids. 
Sphingomyelin is the phosphodiester of ceramide and choline. Most 
glycolipids in brain consist of ceramide linked at the first carbon with 
different mono- or polysaccharides. The major glycolipid of mammalian 
CNS myelin is galactocerebroside (Gal-C), in which galactose is [3- 
glycosidically linked to ceramide. GaI-C constitutes about 16% of total adult 
human brain lipid. Sulfatide constitutes about 6% of brain lipid and is 
formed from galactocerebroside esterified to sulfate at the 3' position of 
galactose. Other sugars including glucose, (to form glucocerebroside; Cer- 
Glc), N-acetylglucosamine, N-acetylgalactosamine, fucose and others, are 
conjugated to cerebroside to form other brain glycolipids. Sialic acid, N- 
acetyl-neuraminic acid (NANA), is an important N-acylated, nine-carbon 
amino sugar that is linked to glycolipids to form gangliosides. Gangliosides 
are acidic in nature because of the presence of a free carboxyl group. 
Gangliosides are present in a variety of brain regions as well as in other 
tissues, and are usually classified according to the number of sialic acid 
residues in the molecule and their relative migration rates on thin-layer 
chromatograms. 

Although they make up a very small proportion of total myelin lipid, 
gangliosides play a critical role in the nervous system. Mice that are 
deficient in GM2/GD2 synthase, a key enzyme needed for synthesis of 
complex gangliosides, can only express the simple gangliosides GM3 and 
GD3 and have decreased central myelination and develop Wallerian 
degeneration [11]. In addition, complex gangliosides, such as GDla and 
GTlb, are inhibitors of neural regeneration probably through their properties 
as ligands for myelin associated glycoprotein (see below) [12]. 
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3.1.2 Myelin lipid synthetic enzymes 

It is likely that the program of myelination coordinates not only the 
expression of myelin proteins, but also the synthesis of myelin lipids. 
Expression of enzymes key for the synthesis of these lipids is maximal 
during the peak of myelination. For example, expression of UDP- 
galactose:ceramide galactosyltransferase (CGT), which is essential for the 
synthesis of galactocerebroside and sulfatide, follows the same pattern as do 
structural proteins in myelin. [13-15]. There is evidence that some l ipids are 
selectively complexed with myelin proteins for processing and ultimate 
insertion into the plasmalemma [16-18]. 

Knockout mouse technology has significantly added to our understanding 
and appreciation of the roles of myelin lipids in overall function and 
structure of the CNS. CGT knockout mice are completely deficient in 
galactolipids, and develop tremors and weakness before dying at about 3 
months of age [19-21]. These mice have abnormal paranodal ultrastructure, 
most notably poor or absent apposition of the paranodal loops with the axon. 
Septate-like junctions fail to form, resulting in loss of compartmentation 
separating the voltage gated sodium channels at the node from the potassium 
channels normally restricted to the juxtaparanodal regions. In addition, while 
sodium channels remain confined to the nodes, paranodal proteins such as 
Caspr, and the potassium channels normally restricted to the juxtaparanode 
are more diffusely spread along the axonal membrane. Similarly, mice 
deficient for sulfatide synthesis due to knockout of the ceramide 
sulfotransferase (CST) gene also develop similar abnormalities of the 
paranodal apparatus as do mice deficient for both sulfatide and 
galactocerebroside [22, 23]. Thus, the lipid component of myelin plays a 
critical role in higher order structure of not only the myelin sheath, but also 
of more complex structures and molecular organization of the critical nodal 
and surrounding regions. Loss of this segregation these channels causes 
impaired conduction of action potentials. 

Emerging evidence supports a role for aspartoacylase (N-acetylaspartate 
amidohydrolase; aminoacylase II) (Figure 1) in the synthesis of myelin 
lipids. This enzyme catalyzes the hydrolysis of N-acetylaspartate (NAA) into 
acetate and aspartate [24, 25]. Although NAA is one of the most abundant 
compounds in the CNS, its function has not been conclusively established. 
However, several observations suggest that it does play an important role in 
myelination. These include: 1) the expression of aspartoacylase, NAA and of 
aspartate N-acetyltransferase (ANAT: the synthetic enzyme for NAA) all 
rise in concert with the classical myelin proteins, 2) apparent deficiency of 
NAA results in leukodystrophy [26], 3) mutations affecting the 
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aspartoacylase gene cause the fatal leukodystrophy Canavan disease [27], 4) 
NAA injected into rodent brains is incorporated into myelin lipids [28], 5) 
aspartoacylase mRNA is expressed specifically in oligodendrocytes [29, 30], 
6) aspartoacylase itself is expressed in oligodendrocytes [31] and figure 1, 
and 7) NAA injected into the eye can be transported through the optic nerve 
and then incorporated into myelin [32]. The interpretation of NAA levels 
measured by magnetic resonance spectroscopy will be greatly impacted by 
elucidation of the role of NAA in nervous system function [33]. 

Figure 1. lmmunocytochemistry of  aspartoacylase in 1-month mouse cerebellum. Note the 
staining in the white matter tracts (black arrows), but not in Purkinje cells (white arrowheads). 
Distinct cellular staining is confined to the white matter. 

3.2 Myelin proteins 

Sodium dodecyl sulfate polyacrylamide gel electrophoretic analysis of 
myelin proteins reveals a complex composition with several prominent 
bands that have now been characterized. 

3.2.1 Proteolipid protein 1 (PLP1; lipophilin) and DM20 

The major protein in CNS myelin is a highly lipophilic protein now 
designated proteolipid protein 1, to distinguish it from the structurally 
similar gut-specific protein, proteolipid protein 2 [34]. PLPI constitutes half 
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the protein in CNS myelin, or roughly one sixth the dry weight of myelin 
[35-37]. It is one of several brain antigens that can elicit EAE. PLP1 has the 
unusual property of being soluble in chloroform/methanol, a solvent mixture 
used to extract lipids from other cellular compounds. Its unusually strong 
lipid association led to its alternate designation of lipophilin [reviewed in 
38]. PLP1 is a transmembrane protein with four membrane-spanning 
domains [39-41]. Synthesized as a preprotein with 277 residues, the 
initiation methionine is cleaved generating the mature protein of 29,869 
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daltons with 276 residues, highly enriched in hydrophobic amino acids. Both 
the amino and carboxyl termini lie within the cytoplasm, as does an 
intracellular loop that is enriched in charged residues. 

The primary structure of PLP1 is remarkably highly conserved, and is 
identical in humans, mice and rats. As described in more detail subsequently, 
the PLP1 gene undergoes alternative splicing, generating an additional 
product, DM20, that lacks 35 residues (the PLPl-specific domain) that lie 
within the cytoplasmic loop of PLP1. Although DM20 appears during 
embryonic development and is about equivalent in level to that of PLP1 in 
Schwann cells, PLP1 predominates in mature CNS myelin, where it is about 
10 fold more abundant than DM20 [42]. During development, PLP1 
expression peaks in concert with other major myelin proteins, and depends 
upon contact with axons [43]. 

PLP1 is covalently modified after its synthesis, and several cysteine 
residues are acylated by fatty acids that probably anchor the protein to the 
plasma membrane [44-46](figure 2). Proteolytic cleavage may also occur in 
a physiologically regulated manner to release a peptide with mitogenic 
properties on astrocytes as well as on oligodendrocyte precursors [47]. 
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Figure 2. Proteolipid protein 1 structure. PLP1 is predicted to have four transmembrane 
domains, and both the amino and carboxy-termini in the cytoplamic compartment. A 35- 
amino acid long domain shaded in blue represents the PLPI-specific region of the protein. 
Cysteine residues that are predicted to be acylated are shaded in black. 

Although studied for over 40 years, the function of PLPI remains poorly 
understood. The topology of PLP1 and its abundance in myelin lead to 
speculation that it must act as an adhesion protein, locking together adjacent 
membrane leaflets in compact myelin. With the advent of  knockout 
technology, it has been possible to generate Plplrdeficient mice. 
Surprisingly, compact myelin forms in these animals and only subtle 
ultrastructural abnormalities were seen [48, 49]. Thus, oligodendrocyte 
development doesn not require PLP1 or DM20, and the process of myelin 
compaction must depend upon other myelin components. The slight 
'loosening' of  myelin lamellae does support an adhesive role for PLPI, but 
the presence of compact myelin in these knockout animals suggests that 

By convention, nomenclature for a murine gene or protein requires only the first leUer be 
capitalized, whereas that for the human gene or protein abbreviation requires all letters be 
capital~ed. In addition, the protein nmne is indicated by normal font, whereas the gene is 
indicated by italicized characters. 
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other factors are also important for adhesion of myelin leaflets. The 
expression of other myelin proteins, such as MBP, is not altered when PLP1 
is absent. This indicates that PLP1 is not required for the expression of other 
myelin proteins, and that there is not an obvious compensatory change in 
other myelin proteins that accounts for the surprisingly mild null phenotype. 

Other PLP1 functions have been proposed, including ion channel and 
glial mitogenic factor [reviewed in 50]. The Plpl knockout studies, however, 
provide conclusive proof that this protein is necessary for axonal survival. 
Griffiths and colleagues made the surprising observation that Plpl deficient 
mice, which are behaviorally normal until about 15 months of age, clinically 
deteriorate due to the degeneration of axons [51]. Similar findings were 
noted in human patients that have null mutations of the PLP1 gene [52]. 
Thus, the integrity of the nervous system depends upon the synergistic 
relationships between axons and glia. PLP1 is also necessary for peripheral 
nerve function since PLPl-deficient patients develop demyelinating 
peripheral neuropathy, even though PLP1 and DM20 constitute only a very 
small fraction of peripheral nervous system myelin [53]. 

3.2.1.1 Proteolipid protein 1 genetics 
The PLP1 gene lies on the X chromosome band Xq22.2 [54]. It is 

approximately 20 Kbp in length and contains seven exons [55]. The longest 
open reading frame of the PLP1 mRNA has 277 codons. Because the 
initiation methionine is cleaved during processing of the protein, by 
convention the numbering of amino acid residues as well as corresponding 
codons begins with the glycine that immediately follows the initiation 
methionine. 

Alternative usage of a splice site in exon three of the PLP1 gene 
generates a shorter transcript that encodes DM20, also a tetraspan protein, 
but that lacks 35 amino acids from the cytoplasmic loop [56]. DM20 is 
similar in sequence to the M6A and M6B proteins, which are expressed in 
neurons or in both neurons and oligodendrocytes, respectively [57]. 

Many mutations affecting the PLP1 gene have been discovered that cause 
clinical syndromes ranging from 'pure' spastic paraplegia (SPG2) to severe 
Pelizaeus-Merzbacher disease [reviewed in 58]. Mutations occur in all 
regions of the protein, unfortunately providing little insight into the 
biological functions of this still enigmatic protein. The most common 
mutation causing Pelizaeus-Merzbacher disease is complete duplication of 
the PLP1 gene, suggesting that precise regulation of PLP1 expression is 
important for myelination and oligodendrocyte health. 
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3.2.2 Myelin basic protein (MBP) 

The second most abundant protein in CNS myelin, and the first identified 
EAE inducing antigen, is myelin basic protein (MBP) [59]. Although a 
myelin protein, constituting about 30 % of myelin protein mass, MBP is not 
a transmembrane protein. MBP is a hydrophilic protein with a highly basic 
isoelectric point, and is probably tightly associated with lipids and/or other 
myelin proteins, where it lies in the thin cytoplasmic space between cell 
membrane leaflets that constitutes the ultrastructural feature known as the 
major dense line of compact myelin [60]. 

MBP is actually a family of related proteins. The MBP gene undergoes a 
complex pattern of alternative splicing, generating 4 major products with 
molecular masses of 21.5 (encoded by the seven main exons), 20.2 (lacking 
exon 5), 18.5 (lacking exon 2) and 17.2 (lacking exons 2 and 5) kDa. In mice 
there are five MBP variants, with molecular masses of 21.5 (all 7 exons), 
18.5 (lacking exon 2), 17.2 (lacking exons 2 and 5), 17.0 (lacking exon 6), 
and 14.0 (lacking exons 2 and 6) kDa [61, 62]. Other splice variants occur 
but are present at very low levels. These different forms are developmentally 
regulated, and in the adult brain the 18.5 and 17.2 kDa forms predominate, 
constituting about 95 % of the MBP. Why the different MBP forms exist is 
not clear, however, the exon 2 containing transcripts are expressed early 
during development and the encoded MBP variants can be transported into 
the nucleus, suggesting a transcription regulatory role for MBP [63]. All 
these isoforms are not needed for myelin compaction and maintenance, per 
se, since mice that express only the 14 kDa form can form normal myelin 
[64]. 

Campagnoni and colleagues discovered that the MBP gene is part of a 
much larger gene which they named Golli-mbp (gene expressed in the 
oligodendrocyte lineage) [65]. The Golli-mbp gene includes three additional 
exons spanning 73 Kbp that lie 5' of the classical MBP gene, and contains a 
transcription unit of 179 Kbp in humans, compared to 45 Kbp for the 
classical MBP gene. The expression of the Golli-mbp gene is complex and 
includes several alternatively spliced transcripts, including some that are 
found outside of the nervous system, including thymus, where it could 
potentially play a role as an autoantigen [65]. 

Although studied for many years, the role of MBP in myelin formation is 
not well understood. It is thought to be involved in compaction of myelin 
and is clearly part of the major dense line of compact myelin. Post- 
translational modification, such as methylation and citrullination, of MBP 
may facilitate compaction and interactions with other proteins or 
oligodendryocyte components [66-69]. 
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3.2.2.1 M B P  genetics 
Mutations of the human MBP gene have not been identified as yet. There 

are individuals that have deletion of the long arm of chromosome 18, where 
the MBP gene lies. Patients with the 18q- syndrome have mild to severe 
cognitive and behavioral impairment and MRI abnormalities that suggest 
this gene is haploinsufficient in humans (i.e. only one copy of the gene is not 
enough for normal neurologic function) [70-72]. 

Although there are no known pathologically significant MBP mutations 
in man, there are at least three rodent Mbp gene mutations that cause 
dysmyelination. The best characterized of these is the autosomal recessive 
shiverer (shi) mutation in mice that results from deletion of part of the Mbp 
gene containing exons 3 - 7 [73-76]. Heterozygous (shi/+) mice are normal 
and have morphologically normal myelin, shi mice have a severe neurologic 
syndrome characterized by ataxia and tremor that begins at about 2 weeks of 
age followed by development of tonic seizures at about 2 to 3 months of age 
and they usually die by 4 to 5 months of age. Morphologically, shi myelin 
sheaths are thinner than normal myelin sheaths and lack the major dense 
line. Similar phenotypes occur in the myelin deficient (shi mtJ) and Long 
Evans shaker rats, caused by inverted partial duplication of the Mbp gene 
[77] and by transposon insertion into intron 3 [78], respectively. Although 
Mbp is present in relatively large amounts in peripheral nerve myelin, 
peripheral nerve function as well as myelin ultrastructure, including the 
major dense line, is normal [79]. It has been speculated that the major 
protein of PNS myelin, myelin protein zero (MPZ) not only acts as an 
interlamellar adhesion protein, but also acts, through its intracellular domain, 
to promote myelin compaction and participate in the formation of the major 
dense line. 

Mbp mutations most likely act as functional nulls. No Mbp protein is 
detectable in shi myelin, whereas other myelin proteins are present, although 
with alteration in some of the myelin protein levels. For example, Plp levels 
are reduced, but the level of 2',3'-cyclic nucleotide phosphodiesterase is not 
affected. The level of some lipids, such as gangliosides, is altered in shi mice 
[80]. Abnormal paranodal junctions and localization of ion channels occurs 
in shi mice, demonstrating that lack of MBP results in significant disruption 
of axo-glial organization as well as myelin and probably contribute to the 
clinical phenotype [81]. Brady et al. observed that shi mice have abnormal 
axonal cytoskeletal organization and axonal transport demonstrating the 
importance of normal glial interactions for establishing and maintaining 
axonal structure and function [82]. 

Interestingly, the phenotype of the shi/shi;jp/Y mutation (i.e. mice 
deficient for Mbp and with a severe mutation of the Plp gene) is less severe 



58 Chapter A4 

than that of either single mutation and suggests that Plp and Mbp 
functionally interact consistent with in vitro studies [80, 83]. 

3.2.3 2',3'-cyclic nucleotide phosphodiesterase (CNPase) 

CNPase constitutes about 5 % of CNS myelin protein [84-86]. Although 
in vitro this protein catalyzes the hydrolysis of 2',3'-cyclic nucleotides to 2'- 
nucleotides, whether this enzymatic activity is active in vivo is not known. 
CNPase is one of the so-called Wolfgram proteins, and on SDS gels consists 
of two proteins of about 46 and 48 kDa that result from differential 
utilization of translation initiation sites. Both proteins are isoprenylated at 
their carboxy termini and are acylated, facilitating their association with 
membranes, although they are cytosolic proteins. The larger isoform 
especially is phosphorylated. Immunohistochemical studies have 
demonstrated that this protein is confined to non-compacted regions of 
myelin, such as the clefts of Schmidt-Lanterman, the paranodal loops and the 
inner mesaxon [87]. Expression of the two protein forms is differentially 
regulated during development, with only the larger protein expressed in 
oligodendrocyte precursors [88]. As with structural myelin proteins such as 
MBP and PLP, expression of CNPase by oligodendrocytes is dependent 
upon contact with axons [43]. 

The precise role of CNPase in myelin is unclear. CNPase knockout mice 
have ultrastructurally normal myelin, including compact myelin [89]. These 
mice have normal motor performance and behavior until about 4 months of 
age, but subsequently develop progressive motor weakness, ataxia and 
seizures, followed by death between about 7 to 11 months. Pathologically 
the most prominent abnormality is widespread axonal degeneration, 
characterized by axonal swellings filled with vesicles, mitochondria and 
cytoskeletal proteins, and reduction in axon numbers. These findings are 
similar to those seen in both mice and humans with PLP1 null mutations. 
Thus, CNPase as well as PLP1 are essential for maintaining axonal integrity, 
further demonstrating the importance of the dynamic interaction between 
axons and their ensheathing oligodendrocytes. 

3.3 Myelin associated glycoprotein (MAG) 

Myelin contains several glycoproteins, the best studied of which is 
myelin associated glycoprotein [90, 91]. MAG comprises about 1% of CNS 
myelin and is actually comprised of two related proteins of 72 (large or L- 
MAG) and 67 (small or S-MAG) kDa molecular mass that are both products 
of alternative splicing of the MAG gene. Both are heavily N-glycosylated, 
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with approximately 30 % of their mature mass constituted of carbohydrate. 
MAG is a membrane protein, with a single transmembrane domain, and five 
immunoglobulin (Ig) domains, the first of which has an RGD (Arginine- 
glycine-aspartate) motif characteristic of integrin-mediated cell adhesion 
molecules. The oligosaccharides in MAG are heterogeneous and complex, 
most being negatively charged due to sialic acid or sulfate groups, and 
include the L2/HNK-1 carbohydrate epitope. 

The structure and localization of MAG is therefore consistent with it 
playing a role in axo-glial signaling. MAG is located in the inner mesaxon at 
the point of axo-glial contact. In the CNS, MAG is found only in the 
periaxonal oligodendroglial membrane, however, in the PNS it is also 
localized at other non-compacted areas of myelin, i.e. paranodal loops, 
Schmidt-Lanterman clefts and the outer mesaxons. There are no known 
mutations in the human MAG gene, but experimentally created MAG-null 
mice provide clear evidence that MAG mediates important signaling 
functions between axons and myelinating glia, both in the CNS and PNS 
[92, 93]. Mice deficient in both S-MAG and L-MAG have a delay in 
myelination, and later develop cognitive and locomotor deficits. Mice have a 
normal to near normal lifespan. Pathologically the most striking 
abnormalities in the CNS are aberrant myelin loops and redundant myelin 
sheaths, and later develop dying back oligodendrogliopathy [94]. This 
implicates MAG as a mediator of an axonal signal that exerts atrophic effect 
on oligodendrocytes. 

The strong evidence that a significant cause of disability in patients with 
multiple sclerosis results from axonal degeneration has placed great 
importance on studies of neural regeneration [reviewed in 95]. MAG has 
been shown to have axonal growth-inhibitory effects in postnatal animals 
after injury [96]. The current evidence favors a complex set of interactions 
with the oligodendrocyte proteins MAG, Nogo66, and Oligodendrocyte- 
Myelin glycoprotein (OMgp, see below) interacting with the axonal Nogo 
receptor (NgR) and p75 neurotrophin receptor on lipid rafts containing 
complex gangliosides to activate the small GTPase Rho, which then leads to 
axonal growth inhibition. Nogo, originally identified by the Schwab group as 
an inhibitor of axonal regrowth, encodes three splice variants, Nogo-A, -B, 
and -C. Of these evidence from selective knockout of splice variants 
supports Nogo-A in particular as important in preventing axonal regrowth. 
However, not all lines of Nogo - deficient mice show the predicted 
improvement in neuronal regeneration [97-101]. Therefore, understanding 
the roles of other factors that inhibit regeneration, compensatory and genetic 
background factors will still be needed before we can develop effective 
approaches for neural regeneration. 



60 Chapter A4 

3.4 Oligodendrocyte specific protein (OSP; aka Claudin- 
11) 

OSP was originally found through a molecular strategy to isolate novel 
oligodendrocyte specific genes [102]. It is a 22 kDa protein that is a member 
of the tetraspanin and claudin families of transmembrane proteins and 
comprises about 7 % of CNS myelin protein, making it the third most 
abundant myelin protein. Mice that are deficient in OSP develop tremors at 
about two weeks of age but that later improves, followed by adult onset 
hindlimb paresis and male sterility. There is not a readily apparent 
deficiency of myelin in these animals, however with specific antibodies, and 
ultrastructural studies it has been found that OSP forms intracellular tight 
junctions at sites of apposition of noncompact myelin regions. In addition, it 
is also necessary for formation of tight junctions in Sertoli cells [103]. 

3.5 Myelin oligodendrocyte protein (MOG) 

MOG is a minor component of CNS myelin that was originally identified 
through its ability to act as a brain antigen [104]. It is a glycoprotein of 26 to 
28 kDa that is like MAG a member of the Ig superfamily of proteins [105, 
106]. The MAG gene lies within the HLA gene complex on chromosome 6 
[107]. It contains complex oligosaccharides, including the L2/HNK-1 
epitope. It has a single Ig domain and probably has a single transmembrane 
domain. Its expression is restricted to the outer surface of myelin sheaths and 
oligodendrocytes, suggesting that it may function in mediating signals 
between the oligodendrocytes and the extracellular space [108]. Both T and 
B cell-mediated immune responses can be experimentally generated by 
MOG [109, 110]. Thus far, no naturally occurring or experimentally- 
generated mutations of MOG have been reported in any species. 

3.6 Connexin 32 (Cx32; Gap junction [~ 1) 

The gap junction-forming protein connexin 32 is a quantitatively minor 
component of CNS myelin, where it forms heterologous gap junctions 
between oligodendrocytes and astrocytes (Cx32 on oligodendrocyte side, 
and Cx26, Cx30 and Cx43 [111, 112]. The function of these gap junctions 
was uncertain since patients with mutations in Cx32 classically develop only 
peripheral neuropathy. In addition, Cx32 null mice only manifest a 
peripheral nervous system phenotype [113]. Recent reports demonstrate that 
these gap junctions do have functional significance since some patients with 
X-linked Charcot-Marie-Tooth disease develop deafness and transient CNS 
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white matter abnormalities associated with bulbar palsy and quadriparesis 
[114-117]. 

3.7 The paranodal junction proteins (septate-like 
junctions) 

Paranodal axo-glial junctions or septate-like junctions are specializations 
of critical importance to the normal electrophysiological function of 
myelinated axons [reviewed in 6, 118, 119, 120]. The proteins at these 
junctions not only interact to form intercellular junctions linking the axonal 
paranodal membrane to the paranodal myelin loops, but also interact with 
intracellular proteins to anchor the junctional complex to the cytoskeleton 
and to segregate ion channels and other proteins to the appropriate spatial 
domains. The expression of these junction proteins during development is 
critical to the formation of the nodal region. The best characterized 
components of septate-like junctions are axonal proteins, and include 
contactin, Caspr (contactin-associated protein; aka paranodin), and Caspr2, 
which are collectively also referred to as NCP proteins (neurexin, caspr and 
paranodin). Recently at least one of the glial receptors for the 
Caspr/paranodin complex was found to be neurofascin 155 (NF155) [5]. 
NF155 is encoded by the neurofascin gene, which also encodes additional 
proteins whose transcripts result from alternative splicing of the gene [121, 
122]. NF155 is an ankyrin-bound transmembrane protein of the Ig 
superfamily related closely to the L1 cell adhesion molecule. 

3.8 Other proteins 

Myelin-associated oligodendrocyte basic protein (MOBP) is a small, 
basic protein present in compact myelin, where they probably associate with 
MBP [123, 124]. At least three splice variants exist, generating polypeptides 
of 8.2, 9.7 and 11.7 kDa. There are no human MOBP gene mutations 
reported, however, recently the murine gene has been knocked out. Mobp- 
deficient mice have no neurologic phenotype and have morphologically 
normal myelin [125]. 

Oligodendrocyte-myelin glycoprotein (OMgp) is a glycoprotein of 120 
kDa localized to the paranodal areas. It contains the L2/HNK-1 epitope. This 
protein is implicated as an inhibitor of axonal regeneration, probably acting 
as a co-ligand for the Nogo receptor (see discussion in section 3.3). 

Oligodendrocytes, as do other cells, express a variety of ion channels and 
ion transporters, but these have not been studied directly with respect to their 
possible roles in the etiology of EAE or MS. Interestingly, knockout of one 
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potassium channel gene, the weak inwardly rectifying channel (Kir4.1) 
results in a severe syndrome characterized by tremor by 2 weeks and 
quadriparesis with death by about 3 weeks of age [126]. Pathologically the 
white matter is altered by spongiform change and axonal swellings, 
reminiscent of Canavan disease pathology. 

. C O N C L U S I O N S  

It is now clear that in addition to their likely roles in the formation, 
compaction and maintenance of myelin, myelin proteins and lipids are also 
critical for maintaining the ionic environment of the axon, and for the long 
term stability of axonal structure. The understanding of disease pathogenesis 
and development of more effective therapeutic strategies for multiple 
sclerosis must take into account the basic properties and functions of these 
oligodendrocyte components, as well as their potential as autoantigens in 
initiating EAE, and possible MS. 
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ADJUVANTS IN EAE 
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Abstract: Adjuvants enhance autoantigens' immunogenicity and play a major role in the 
induction of EAE. Complete Freund's adjuvant (CFA) is the key adjuvant 
for cell-mediated immunity, including EAE. An additional adjuvant, pertussis 
toxin, is necessary for active EAE in mice. The mechanisms of action of 
adjuvants are multiple, but important actions are stimulation of 
proinflammatory cytokines and costimulatory molecules. 

Key words: 
adjuvant, experimental autoimmune encephalomyelitis, complete/incomplete 
Freund's adjuvant, pertussis toxin, immunopotentiation 

The term (immunological) adjuvant refers to an agent that can potentiate an 
immune reaction (immunopotentiation). Adjuvanticity is the efficacy of an 
immunological adjuvant to enhance immunogenicity of an antigen. The final 
mode of presentation of the immunogen and adjuvant combination is called 
adjuvant formulation. 
Adjuvants have been extensively investigated for vaccine development. 
Currently numerous synthetic adjuvants are being tested for vaccines and for 
effective immunization protocols for generation of antibodies. However, 
most of the traditional adjuvants are of bacterial origin. It is not surprising 
that bacteria and bacterial products have high adjuvanticity as infectious 
agents are strong stimuli for immunological defense. Freund's discovery 
that killed bacteria suspended in mineral oil enhanced antibody production 
[1] led to the use of antigen-adjuvant combination emulsified in oil. The oil 
may play the dual role of having adjuvant activity and acting as a depot for 
the antigen. 
After this important discovery, Kabat [2] successfully and more reliably 
induced EAE in rhesus monkeys using the complete Freund's adjuvant. 



74 Chapter A5 

Subsequently in efforts to induce EAE more reliably in mice, the ancillary 
adjuvant, Bordetellapertussis vaccine [3] was used. Subsequent studies 
have identified pertussis toxin as the component responsible for the 
adjuvanticity and currently many protocols use intravenous or intraperitoneal 
injection of killed B. pertussis, pertussis toxin, or the pertussis vaccine. 

A large number of synthetic materials or bacterial products have been 
shown to have adjuvant properties. 

Adjuvants Examples Immunological 
effects 

Depot Water/oil emulsions, e.g., Antigen persistence, 
forming CFA stronger memory T cell 

response 
Macrophage 

activating 
Muramyl dipeptide 

(MDP), LPS, CpG bacterial 
DNA, CFA C. parvum, etc. 

Enhanced cytokine 
production by 
macrophages, 

Costimulation, MHC 
expression 

Inert Alum, latex, acrylic Antigen persistence 
materials and aggregation 

T/B cell PPD, polyA:polyU, LPS Provide T cell 
activating help/enhance B cell 

function 
Surface active Saponins, lysolecithin, 

Quil A, liposomes 
Antigen aggregation, 

facilitate antigen 
presentation 

The general mechanism of  action of  adjuvants is an enhancement of 
antigen presenting cell (APC) function including increased MHC and 
costimulatory molecule expression and enhanced expression of relevant 
cytokines such as IL-1 and IL-12 for adjuvants of cell mediated immune 
responses and IL-4 for humoral immune responses. Another quality of 
adjuvants should be that of  ensuring persistence of an antigen at the relevant 
sites. This is accomplished by the use of  antigen depots such as oils. 

Complete Freund's Adjuvant has all of  these properties. It has been 
widely used in EAE, where its roles are multiple. CFA is an adjuvant 
preparation of killed mycobacteria, most commonly M. tuberculosis, in a 
water and oil emulsion. The emulsion without mycobacteria is called 
incomplete Freund's adjuvant (IFA). CFA has been shown to induce 
preferentially a cell mediated immune reaction, although it is also often used 
as an adjuvant for generation of  antibodies and for humoral immune 
reactions. Through Myeobacterium, a strong inducer of  1L-12, it is 
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preferentially inducing Thl responses [4]. The ability to induce Thl 
responses to myelin antigen is considered to be a major correlate of the 
adjuvanticity of CFA and it is due to the mycobacterial component, 
immunization with antigen in IFA fails to induce EAE and appears to be 
tolerogenic [5]. The tolerogenicity of antigen in IFA is not due to the lack of 
an immune response, but to the development of a Th2-type response, in 
contrast to the CFA-associated Thl response. This phenomenon occurs in a 
variety of cell mediated experimental autoimmune diseases including EAE 
[6] and across a spectrum of MHC backgrounds, indicating that the Thl/Th2 
dichotomy is more likely a function of the adjuvant (infectious v. non- 
infectious) rather than of the animal's genetic background [7]. Moreover, 
IFA was shown to have a direct inhibitory effect on EAE: when 
administered intraperitoneally it inhibited EAE in various strains of mice. 
The effect was due to a down-regulation of antigen and mitogen-specific T 
cell proliferation. The CNS infiltrating cells expressed reduced cytokines, 
chemokines and chemokine receptors [8]. 

In addition to its role as an immunization adjuvant enhancing Thl 
responses, activating the macrophages, ensuring antigen persistence and 
facilitating recruitment of memory T cells, Mycobacterium in CFA 
preparation may also have an important role in increasing the blood brain 
barrier permeability [9]. This process may be due to antibodies to a mannan 
component of the bacteria [10]. The CFA-induced increased permeability to 
various proteins of the blood brain barrier by itself does not result in reactive 
gliosis or microglia activation as shown by Rabchevsky et al [ 11]. 

The presence of Mycobacteria in an emulsion form has been considered 
important for the adjuvanticity of CFA and of many other adjuvants. Finer 
emulsions have stronger adjuvant effect as shown by Maata et al, who 
succeded in inducing EAE in otherwise resistant mice by ultrasound 
emulsification of the antigen-adjuvant mixture. However, Levine (S Levine 
et al) have shown that, in susceptible rats, immunization in the absence of an 
adjuvant water-oil emulsion still results in EAE. 

Pertussis 
Induction of active EAE in mice is greatly facilitated by Pertussis toxin. 

Pertussis toxin is an important virulence factor for Bordetella pertussis, the 
agent causing whooping cough. The toxin is a hexamer and its c~ subunit is a 
adenosine diphosphate (ADP)-ribosyl transferase which interferes with 
signal transduction by ribosylating the c~ subunit of trimeric G~ proteins, 
while the [~ subunit binds to cell surface receptors. The mechanisms of 
facilitation of EAE induction by pertussis toxin are complex. A histamine- 
sensitizing factor has been extracted from B. pertussis. The susceptibility to 
EAE in mice was shown to be in large part dependent of the MHC and the 
histamine sensitization genes. The adjuvant effects of pertussis toxin have 
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been attributed to an increased vascular permeability of  the brain and spinal 
cord. This is mediated by vasoactive amines and is controlled by an 
autosomal locus, Bhps  (Bordetella pertussis-induced histamine 
sensitization). Recently, this locus has been identified as the histamine H~ 
receptor. 

Other mechanisms are also likely to be implicated in the ancillary 
adjuvant effbcts of  pertussis toxin in EAE. One such mechanism is the 
stimulation of  Thl responses. Pertussis induces IL-12, which in turn 
activates Thl responses [12]. This is due to a stimulatory effect on both 
macrophages and dendritic cells [13]. However, IL-12 alone is probably not 
sufficient as IL-12 as an adjuvant, although effective in vaccination for 
infectious disease models [14], was insufficient for modification of 
resistance (although it can increase disease severity) in several autoimmune 
disease models in mice (Constantinescu et al, unpublished observations); 
[15-17]. 

The adjuvant effect of  pertussis, however, appears to involve both Thl 
and Th2 immune responses [18] which are both enhanced by it. However, in 
the context of  EAE, it appears, as expected, that the Thl effect is more 
important. In studies showing that co-administered pertussis toxin 
overcomes the tolerogenic effect of  IFA in proteolipid protein (PLP)139- 
151-induced EAE, both Thl and Th2 PLP139-151-reactive Thl and Th2 
cells were generated but Th2 cells were neither protective nor pathogenic 
[19]. 

The expansion and stimulation ofCD4+ T cells may be mediated through 
effects on macrophages and other APC and on T cells. 

There is evidence that both the vascular and the immunologic effects of 
pertussis toxin (the increased vascular permeability and stimulation of 
encephalitogenic cells) are mediated through the histamine H1 receptor. 
Indeed Pedotti et all have recently shown that encephalitogenic T cells 
express more HI receptor and less H2 receptor than Th2 cells. Moreover HI 
antagonists suppress EAE [20]. 

Like CFA, pertussis can overcome genetic resistance to EAE [21]. The 
adjuvant effects of  pertussis toxin have have been shown in other 
autoimmune diseases, where pertussis overcomes resistance to disease. 
These include experimental autoimmune orchitis [22] uveitis [13], and 
neuritis [15]. Although generally known as an ancillary adjuvant for mouse 
autoimmune disease, pertussis has had adjuvant effects in rat EAE. These 
effects were shown to be associated with increased costimulation, TNF, and 
nitric oxide synthase. Pertussis can induce a hyperacute EAE in susceptible 
Lewis rats [23]and can overcome resistance in typically resistant rat strains 
[24, 25]. Recently, we have also shown that pertussis toxin as an ancillary 
adjuvant with CFA induced reproducible experimental autoimmune myositis 
in rats after immunization with skeletal muscle myosin [26]. 

Protective effect of  adjuvant pre-trcatment 
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Although pertussis toxin and CFA are used as adjuvants, pre-treatment 
prior to immunization for EAE results in protection from EAE. The 
mechanisms are unclear and it has been suggested that they may be different 
between CFA and pertussis. [27]. For the latter, it requires native, not 
genetically inactivated toxin [28]. The protective effect may be through 
interfering with TCR signaling. The effect was not present on preformed 
encephalitogenic T cells and it has been suggested that the inhibition is 
through affecting the development of encephalitogenic cells. For CFA, it 
has been shown that the effect is due to the PPD component of M. 
tuberculosis. 

Recently it has been shown that cholera toxin, like pertussis toxin a 
member of the bacterial ADP-ribosylating exotoxins, also has potent 
adjuvant activity for mucosal immune responses, a property that may be 
useful in vaccine design. It preferentially induces a Th2-type response. 
Mucosal (e.g., nasal) administration of cholera toxin results in suppression of 
EAE via inhibition of IL-12 and IFN- 3, production in the CNS [29-31]. 
Coupling of cholera toxin with the autoantigen followed by mucosal 
administration also inhibits EAE, by reducing the autoantigen (myelin basic 
protein, proteolipid protein peptide)-specific delayed-type hypersensitivity 
and inflammatory infiltration in the spinal cord. It has been shown that the 
adjuvanticity of cholera toxin is due to the A subunit and is dependent on 
ADP ribosylation [32]. On the other hand, the tolerizing effect is induced 
through the B subunit, possibly via induction of IL-10. The mechanism may 
be similar for pertussis toxin as well. These findings show that bacterial 
toxins adjuvants can have, in certain circumstances, immunomodulatory 
effects. 

Other adjuvants 
Muramyl dipeptide (N-acetyl-muramyl L-alanyl D-isoglutamine) is a 

bacteria-derived substance widely used as immunostimulator/adjuvant, has 
been used in an experimental model of MS in guinea pigs displaying acute 
demyelination and inflammatory infiltrates similar to those of "classical" 
EAE [33, 34]. 

Lysoleeithin not only can induce demyelination by itself but it can also 
act as an adjuvant and enhance myelin-induced EAE [35]. 

Lipid-bound neuroantigen (MBP, extracted using a non-ionic detergent 
that preserves its binding to myelin lipids also has an adjuvant effect in 
Lewis rats, where it induced more demyelination than lipid-free MBP. 

Intense emulsification by sonieation in adjuvant emulsion prior to 
immunization induces EAE in reputedly resistant mice (BALB/c) indicating 
that it may be the physical state of the neuroantigen that has the major 
influence on the development of the autoimmune response [36]. 

Alum adjuvant is thought to favor Th2 responses. This property has been 
used in experiments in which animals with EAE were immunized with 
soluble MHC class II molecules. The immunization elicited an antibody 
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response thus blocking the TCR-MHC interaction. A phase I clinical trial 
using alum as an adjuvant for immunization with peptides derived from 
HLA-DR resulted in increased production of anti-HLA-DR antibodies and 
was well tolerated. 
Alum was also used as an adjuvant and compared with IFA in an 
attempt to generate antibodies against myelin-associated inhibitors of 
axonal regeneration after experimental spinal cord injury. Although 
the SJL/J mice used are susceptible to EAE, the mice did not get EAE 
when immunized with alum. The implications are important, because 
alum can be used in humans. Interestingly, however, aluminium (tin) 
has been shown also to have an adjuvant effect in EAE along with a 
number of other particulate materials (see below) [37]. 

Schiff base-forming drugs are potent adjuvants for cell-mediated 
immune responses. Their immunopotentiating ability is mediated through 
enhancement of costimulation through B7.1 and B7.2 molecules and by 
preferentially inducing Thl responses [38, 39]. To date no studies using 
these adjuvants in EAE are known, but the mechanisms of actions of these 
drugs are very relevant for the pathogenesis of EAE and are potentially 
useful adjuvants for the future. 

Particulate materials (carbonyl iron, silicon and silica powders etc) 
inoculated either at the same time or (for some, like silicon and silica 
powder) prior to the immunization with adjuvants. The mechanism appears 
to be an increase in antigen persistence [37, 40]. Moreover, carbonyl iron, 
when used as adjuvant together with rat spinal cord tissue, is capable of 
inducing EAE in reputedly EAE-resistant Brown Norway (BN) rats. The 
augmentation of EAE was attributed to an increase in the absorption of the 
antigen [41 ]. 

Live attenuated vaccines also enhance the severity of EAE, having an 
adjuvant effect. Caspary has shown that the distemper vaccine, the BCG and 
the measles vaccines all enhanced EAE [42]. 

The search for alternatives to CFA, an adjuvant that causes pain, is 
important not only for EAE but also for generation of antibodies. Several 
additional adjuvants have been tested for their ability to induce monoclonal 
antibodies in mice with some, such as GERBU adjuvant producing titers of 
antibodies similar to Freund's adjuvant and poly(A).poly(U) producing 
lower titers but showing higher fusion efficiency [43]. These findings, 
however, have not been extrapolated to EAE, where CFA remains the 
strongest adjuvant. It is hoped, however, that less pain-producing adjuvants 
will become available. 

In conclusion, a variety of adjuvants have been used for induction of 
EAE. The adjuvant effect appears to be in significant part through cytokine 
immunity induction, in particular Thl cytokines associated with cell 
mediated immunity and also through stimulation of costimulatory molecules. 
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Astrocytes are the most abundant glial cell population in the central nervous 
system (CNS). In the healthy brain and spinal cord, the major lhnction of 
astrocytes includes the formation and maintenance of the blood brain barrier 
(BBB), and the supply of structural support and nourishment to neurons. This 
article will discuss the role of astrocytes in multiple sclerosis (MS) and other 
inflammatory autoimmune diseases of the CNS. We will address the capacity 
of astrocytes to serve as immunocompetent cells, their role in major 
histocompatibility complex (MHC) class II restricted antigen (Ag) presentation, 
and their ability to express costimulatory molecules. We will also discuss 
astrocytes as the major CNS producers of several chemokines and cytokines, 
and their relevance to neurological disease. 

astrocytes, antigen presentation, major histocompatibility complex, co- 
stimulatory molecules 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating 
disease of  the CNS of  unknown etiology, causing relapsing and progressive 
neurological disabilities (1-3). It is the most common and clinically 
important demyelinating disease in humans. Worldwide,  it is estimated that 
at least 1.1 million people have physician-diagnosed MS (3, 4). The disease 
course can be separated into two-stages (5-8). While MS often starts with a 
relapsing-remitting (RR) disease course, an estimated 50% of patients RR- 
MS will convert  to a secondary progressive (SP) clinical course within 10 
years of disease onset. Pathologically, inflammation is a characteristic 
feature accompanying demyelination in early MS. Remyelination can occur 
during the early phase when initial damage may be reversible. Activated 
CD4 ÷ T cells, which recognize CNS autoantigen (Ag) in association with 
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major histocompatibility complex (MHC) class II molecules, have been 
implicated in the inflammatory stages of MS. 

The four types of glia in the central nervous system (CNS) can be 
divided into microglia and macroglia, which include astrocytes, ependymal 
cells, and oligodendrocytes. Astrocytes are the most abundant glial cell 
population in the brain and spinal cord. In fact, they outnumber neurons by 
10-50 : 1. Using gold chloride- mercury bichloride staining technique at the 
end of the 19 th century, Drs. Santiago Ramon y Cajal and Camillo Golgi first 
demonstrated the contributions of astrocytes to degeneration and 
regeneration of the CNS, a discovery that was awarded with the Nobel prize 
in 1906. The importance of astrocytes for homeostasis and immune function 
of the central nervous system (CNS) has relatively recently become a topic 
of scientific interest. 

Astrocytes are easily identified by their star-shaped appearance. In 
the fully developed adult brain, astrocytes are intimately associated with 
blood vessels by wrapping their fine processes around the abluminal 
vascular surface. The interaction between astrocytes and endothelial cells 
occurs through soluble factors, and seems bidirectional: The induction of 
tight junctions between endothelial cells is thought be triggered by astocytes, 
whereas endothelial cells may play a crucial role in regulating the maturation 
of astrocytes (9). Thus, astrocytes play a crucial role in forming and 
maintaining the blood brain barrier (BBB), and shielding the CNS from 
blood-derived pathogens (10). Some data indicate that astrocytes express 
MHC class II molecules (11-14) and can serve as antigen presenting cells 
(APC) to CD4 + T cells during the initial inflammatory phase of MS. 
However, astrocytes may also have a neuroprotective role: Not only do they 
communicate with neurons through the release of the amino acid glutamate, 
more importantly they prevent neuronal death from excess release of 
glutamate during ischemia or inflammation (15). Astrocytes also regulate 
the extracellular pH and potassium concentration. Physical support for 
neurons and other CNS cells is provided by the astrocytes through the 
formation of extracellular matrix (ECM), which also serves to isolate 
synapses and limits the dispersion of neurotransmitters (15). Astrocytes 
have an important role in CNS scar formation. After CNS injury or cell 
death, astrocytes quickly respond with upregulation of glial fibrillary acidic 
protein (GFAP), which is associated with astrogliosis (16, 17). Increased 
tissue repair and turnover is then triggered through the astocytic production 
of ECM, proteases, protease inhibitors, trophic factors, and cytokines (18- 
23). Around sites of mechanical injury, astrocytes become hypertrophic, and 
extend numerous fine processes around each other. The scar consists of 
tightly packed, hyperfilamentous astrocytes, bound together by tight and gap 
junctions. 

The role of astrocytes in the formation of the BBB, in glutamate 
homeostasis, and scar formation in the CNS make these glial cells important 
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participants and potential targets of therapeutic interventions in 
inflammatory diseases of the brain and the spinal cord, including MS. Here, 
we review investigations that address the role of astrocytes as antigen 
presenting cells (APC), and specifically their role in major 
histocompatibility complex (MHC) class II restricted antigen (Ag) 
presentation. Various costimulatory pathways and the release of 
inflammatory mediators by astrocytes during CNS autoimmune disease will 
also be discussed. 

The role of astrocytes in MHC class II restricted antigen 
presentation 

Experimental autoimmune encephalomyelitis (EAE) is a CNS 
inflammatory demyelinating disease that serves as a model for multiple 
sclerosis (MS) and other organ-specific autoimmune diseases (1, 24). EAE 
is primarily mediated by CD4 + T lymphocytes that recognize CNS self-Ag's 
in the context of MHC class II molecules expressed on the surface of APC 
(1, 24). Ag presentation may be required at different stages of EAE 
pathogenesis. Peripheral (outside the CNS) activation facilitates T cell entry 
into the CNS (25, 26). Recent investigations further indicate that Ag 
processing by resident CNS APC is required for MHC class II-restricted Ag 
presentation within the CNS (27, 28). While the healthy brain and spinal 
cord are almost devoid of MHC class II molecules, it has been proposed that 
both, astrocytes and microglia, may participate in Ag presentation and CD4 + 
T cell activation through IFN~,-inducible upregulation of MHC class II 
during inflammatory CNS conditions like MS (29-33). Specifically, 
interferon (IFN)'/a proinflammatory cytokine that is thought to have a key 
role in the pathogenesis of MS (34), is required for induction of class II 
MHC molecules on so called "nonprofessional APC". While the role of 
microglia as APC for MHC class II-restricted Ag presentation in CNS 
inflammatory disease was established (32, 33), the role of astrocytes remains 
controversial.(33, 35) MHC class II molecules have been detected on 
astrocytes within inflammatory lesions of MS (1 I, 14) and EAE (12, 13), 
suggesting that these nonprofessional APC may participate in Ag 
presentation to CD4 + T cells in vivo (12, 13). IFNy-activated astrocytes 
upregulate MHC class II and MHC class I molecules in vitro, and can 
present antigen to CD4 + T cells or CD8 + T cells, respectively (30, 36-38). 

T cells that express the accessory surface molecule CD4 are capable 
of recognizing and binding linear peptide antigen (Ag) in the context of the 
MHC class II (Figure 1). This high-affinity cell-cell interaction is termed 
the "immunological synapse" (39-41). MHC class II expression is regulated 
mainly on a transcriptional level (42-45). Three cis-acting elements in the 
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promote r  region o f  the M H C  class II  gene,  namely  W,  X, and Y boxes,  
const i tute  the major  t ranscript ional  control  elements .  N u m e r o u s  D N A  
binding  proteins bind to these c is -ac t ing sequences ,  which  are essential but  
not  suff icient  to initiate transcript ion.  In contras t  to M H C  class I, the 
express ion  of  M H C  class II is not  ubiquitous.  The  M H C  class II  

t ransact ivator  (CI ITA) ,  a t ranscript ional  co-act ivator ,  is the essential  

molecu le  that directs IFN~,-inducible M H C  class II  express ion  in 
nonprofess iona l  A P C  and const i tut ive M H C  class II express ion  in 
profess ional  A P C  (Figure 2) (46, 47). 

IL-12  

Figure l: In order for antigen (Ag) presentation in the context of major 
histocompatibility complex (MHC) class II to occur, some absolute requirements have to 
be met. An MHC class II heterodimer on the cell surface of an antigen presenting cell 
(APC) contain and antigen binding groove, which can load a linear peptides that are 
typically 13-20 amino acids in length. A T cell can bind to Ag within the MHC class II 
binding groove with its T cell receptor. Only T cells that express the accessory surface 
molecule CD4 are capable of recognizing and binding linear peptide antigen (Ag) in the 
context of the MHC class II. Ag-activated T cells express CD40 ligand (CD40L), which 
engages to the costimulatory molecule CD40 on the cell surface of APC. Cross linking 
of CD40 and CD40L enhances expression of other costimulatory molecules on APC's, 
namely B7-1 (CDS0), and B7-2 (CD86). Furthermore, engagement of CD40 leads to 
secretion of the cytokine IL-12, which induces the differentiation of na'fve Th0 cells to 
effector CD4 + Thl cells. These Thl cells secrete increased amounts of proinflammatory 
cytokines like interferon (1FN)-~, and IL-2. INF- ~' is required for induction of class II 
MHC molecules on nonprofessional antigen presenting cells (APC), including 
astrocytes. Some studies suggest that IFN-y also causes astrocytes to upregulate 
expression of B7 (B7-1 and B7-2) molecules, which are required for CD28 T cell 
costimulation. Thus, in cell-mediated immunity, cross-activation occurs between APC 
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Figure 2: The endocytic compartment. Exogenous protein antigen (At) is taken up 
into an antigen presenting cell (APC) by endocytosis and broken down into peptide 
thi'ough acidification and proteolysis. The major histocompatibility complex (MHC) 
class II heterodimer is assembled in the endoplasmatic reticulum (ER) and then stabilized 
by the invariant chain (Ii). Within the ER, the Ii initially is a trimer that can bind three 
MHC class two heterodimers (not shown). The Ii blocks the MHC class II Ag binding 
groove, in order to prevent endogenous peptides in the ER from binding. Subsequently, 
the Ii targets the delivery of MHC class II dimers to the endosomal compartment, where 
it modulates proteolytic enzymes. Cathepsins are a group of cystein and aspartyl 
proteases that play a key role in the endosomal degradation of Ag and Ii. The last 
component of the li that remains bound to the MHC class II binding groove is named 
CLIP. The MHC class II like molecule (H-2M) catalyzes the release of CLIP and low 
stability peptides from the MHC class lI Ag binding groove, and stabilizes empty MHC 
class II until high affinity peptide can be loaded. H-2M cannot bind Ag itself, and it is 
not expressed on the cell surface. Peptide loaded into the MHC class II binding groove 
can now be transported to the cell surface and presented to CD4 + T cells. 
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Despite the fact that the genes encoding CIITA and MHC class II 
are located on different chromosomes in humans (chromosome 16 and 6, 
respectively), these molecules are developmentally coexpressed. CIITA 
interacts with transcription factors that are bound to the MHC class II 
promoter. In addition to regulation of MHC class II, CIITA also directs 
expression of invariant chain (Ii) and the MHC class II like molecule, HLA- 
DM (47), two molecules involved in MHC class II maturation and Ag 
presentation through the endocytic processing pathway (Figure 3) (48). 
Although considered the "master regulator" of the endocytic pathway (49), 
RNA message for MHC class II has been demonstrated in CIITA-deficient 
mice in secondary lymphoid tissue (50), and in some strains there was even 
residual expression of MHC class II protein in the thymus (51, 52), spleen 
(52), and lymph node cells (LNC) (52). 

MHC-I| 

Figure 3: The major histocompatibility complex (MHC) class II transactivator 
(CIITA), a transcriptional co-activator, is the key molecule that directs interferon-gamma 
(IFNy)-inducible MHC class II expression in nonprofessional antigen presenting cells 
(APC) and constitutive MHC class II expression in professional APC. CIITA expression 
is controlled at the level of transcription by differential activation of multiple 
nonhomologous promoters. CI1TA promoter, pIV, which contains a GAS site, E-box, 
and IRF element, directs IFNT-inducible CIITA expression in non-professional APC. It 
has been demonstrated that statins decrease IFN 7 inducible MHC class II surface 
expression through inhibition of CIITA plV. 
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CIITA expression is controlled at the level of transcription in a 
tissue-specific manner by differential activation of multiple nonhomologous 
promoters (53). Originally, it was observed that two CIITA promoter 
elements, promoter (p) I and pIII, directed constitutive CIITA expression in 
dendritic cells and B cells, respectively (53). Another CIITA promoter, pIV, 
which contains a GAS site, E-box, and IRF element (53, 54), directs IFNE1- 
inducible CIITA, Ii, and H-2M expression in non-professional APC, 
including IFN-[~-activated astrocytes (Figure 3) (35, 55, 56). While the 
impact of CIITA on processing and presentation of native Ag's appears cell- 
type dependent (57), it was demonstrated that activated astrocytes are 
capable of processing and presenting native Ag to MHC class II-restricted 
CD4 + T cells in vitro (35). 

Two recent studies reported that CIITA-deficient mice are resistant 
to clinical or histologic EAE induced by active immunization or by adoptive 
transfer of wild-type encephalitogenic class II-restricted CD4 + T cells, and 
that CNS class II expression is not detectable in these animals (28, 58). 
Thus, MHC class II-restricted CNS Ag presentation is clearly CIITA- 
dependent. To further investigate the role of MHC class II-restricted Ag 
presentation by astrocytes in CNS autoimmunity, one group of investigators 
used the GFAP promoter to direct CIITA expression in astrocytes (58). 
Astrocytes transfected with CIITA constitutively upregulated cell surface 
MHC class II molecules, Ii and H-2M. The in vivo relevance of constitutive 
MHC class II expression on astrocytes was examined by generating GFAP- 
CIITA transgenic (Tg) mice using the same human GFAP promoter 
construct (59) used for transfection of astrocytes (58). While astrocytes in 
GFAP-CIITA Tg mice expressed cell surface class II molecules, these 
animals did not develop spontaneous CNS inflammation and, in comparison 
to control mice, there was no significant difference in EAE onset or clinical 
severity (58). These findings may partly be explained by the fact that 
CIITA-transfected astrocytes did not upregulate cathepsin (Cat) S, a cystein 
protease that may be required for processing of myelin basic protein (MBP) 
(60). Significant differences in histologic EAE were also not observed, 
although some astrocytes within EAE lesions did express MHC class II 
molecules in the GFAP-CIITA transgenic animals. Thus, by taking it to the 
extreme, these investigators demonstrated that constitutive overexpression of 
MHC class II molecules in astrocytes did not promote EAE, indicating that 
astrocytes may not play a significant role in CNS MHC class II restricted Ag 
presentation. Furthermore, like others (61), they did not detect MHC class II 
molecules on astrocytes in wild-type mice with CNS EAE. 
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Role of astrocytes in costimulation 

While binding of the TCR to the MHC class II molecule is an 
absolute requirement for class II restricted Ag presentation, and commonly 
referred to as "signal one", a second signal is required for the activation of 
naive, unactivated T cells (39, 40) (Figure 1). Ag-activated T cells express 
CD40 ligand (CD40L), which engages to the costimulatory molecule CD40 
on APC cell surface. Cross linking of CD40 and CD40L enhances 
expression of other costimulatory molecules on APC's, namely B7-1 
(CD80), and B7-2 (CD86), which are required for CD28-mediated T cell 
costimulation. Furthermore, engagement of CD40 leads to secretion of the 
cytokine IL-12, which induces the differentiation of naive Th0 cells to 
effector CD4 + Thl cells. These Thl cells secrete increased amounts of 
proinflammatory cytokines like interferon (IFN)- 7 and IL-2. 

CD 40 has not been demonstrated on astrocytes in vivo in adult human 
CNS tissue (62). Fetal human astrocytes express CD40 mRNA and protein 
constitutively. CD 40 expression can further be was upregulated by various 
inflammatory mediators, including LPS, IFN- 7, TNF-o~, or IL-I~ (63). The 
reports regarding CD 40 expression on murine astrocytes are controversial: 
While CD40 expression on astrocytes was detected by Tan et al. (64), this 
observation could not be confirmed by three other groups of investigators 
(33, 65, 66). 

The evidence regarding B7 expression on astrocytes is no less 
confusing. No constitutive or IFN-~,-inducible expression of B7-1 or B7-2 
was detected on human astrocytes in vitro (67) or in MS CNS tissue (68, 69). 
Reports regarding the expression of B7-1 and B7-2 on murine astrocytes 
have been conflicting: While Aloisi et al. could detect neither one of these 
costimulatory molecules on astrocytes after IFN- 7 stimulation in vitro (33), 
expression of B7-1 and B7-2 molecules on astrocytes was demonstrated by 
Nikcevich et al. (70). However, Soos et al. showed that B7-2, but not B7-1, 
was upregulated in response to IFN- 7 stimulation on primary and 
transformed murine astrocytes in short-term cultures (seven days), whereas 
in long-term cultures, both B7-1 and B7-2 were upregulated (65). 
Interestingly, short-term cultures of astrocytes that expressed B7-2, but not 
B7-1, promoted Th2 differentiation of naive Th0 cells (65). There has also 
been controversy with regard to determining B-7 in EAE tissue: Cross et al. 
did not detect either B7-1 or B7-2 in EAE lesions of different mouse strains 
(71), whereas Issazedeh et al. detected B7-2 expression on astrocytes during 
acute EAE, while B7-1 was detected on astrocytes during disease remission 
(72). 

T cells also engage APC through binding of the lymphocyte 
function-associated antigen (LFA)-I to the very late activation adhesion 
molecules of the immunoglobulin superfamily, intercellular adhesion 
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molecule (ICAM)-I. LFA-1 is considered one of the most important 
integrins for lymphocyte activation, and the activation of na'~'ve T 
lymphocytes can be completely abrogated with antibodies to this molecule 
(73). Interestingly, LFA-1 has been identified on the surface of 
inflammatory cells in perivascular MS lesions (74-78). Furthermore, it has 
been demonstrated that the expression of its ligand, ICAM-1, on the cell 
surface of human astrocytes can be enhanced by proinflammatory cytokines 
(79), and that ICAM-1 is present within MS lesions and surrounding 
adjacent white matter beyond the lesion edge (76). Constitutive ICAM-1 
expression is strongly enhanced by TNF-c~ and IL-I[3, and less so by IFN-~ 
(80, 81). There is accumulating data which demonstrate that activated 
astrocytes can express a number of other adhesion molecules, including 
VCAM-1, E-selectin, and LFA-3, which is a ligand for LFA-2 on 
leukocytes, and known to participate in T cell activation (76, 82). It is thus 
reasonable to propose that glial cell expression of adhesion molecules in an 
inflammatory environment may contribute to T cell activation and antigen 
presentation (78, 82-84). 

Conflicting observations regarding the capability of astrocytes to 
express costimulatory molecules certainly need further clarification. The 
absence of "signal two" could render astrocytes as incompetent APC, which 
may promote anergy and apoptosis rather than activation of na'~'ve T cells. 
The requirement for costimulation in CNS inflammation was recently 
demonstrated in GFAP-CIITA transgenic mice that constitutively expressed 
MHC class II surface molecules, Ii, and H-2M, but did not upregulate 
costimulatory molecules or increase EAE susceptibility (58). 
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Expression of inflammatory mediators by astrocytes 

The extravasation of leukocytes represents one of the pathological 
hallmarks of several inflammatory CNS diseases, including MS (85). There 
is ample evidence that the progression of this demyelinating disease is 
associated with an inflammatory reaction that involves activated 
lymphocytes, macrophages, and endogenous glial cells (85). 

The migration of T cell from the blood into the CNS is a complex, 
multi-step event (86, 87). Chemoactive cytokines, also known as 
"chemokines", facilitate the migration of leukocytes into the CNS. 
Chemokines are produced by a wide spectrum of cell types relevant in EAE 
and MS, including astrocytes. Their secretion can be induced exogenously 
through cell-cell contact or bacterial cell wall components like 
lipopolysaccharide (LPS), the HIV-1 Tat protein, and by proinflammatory 
cytokines such as TNF-o¢, IFNT, TGF-[3, and the binding of Fas ligand to its 
receptor (88-94). Chemokines are currently categorized into four subfamilies, 
based on their three-dimensional structure (92). The ~-chemokines contain two 
adjacent cysteine moieties (CC). Monocyte chemotactic protein (MCP)-I is 
one member of the CC chemokine family that is mainly produced by astrocytes 
during CNS inflammation, and that binds exclusively to the chemokine 
receptor CCR2, which is expressed on activated T cells and macrophages (95). 
Chemokines from several subfamilies have recently been identified that 
selectively recruit T cell and monocytes into the CNS, and their secretion has 
been associated with clinical disease activity in EAE (96). MCP-1 appears 
to play an important, differential role in the pathogenesis of this archetypical 
CNS autoimmune disease (97), and in one study, monoclonal antibodies 
directed against MCP-1 significantly reduced the severity of the relapsing 
form of EAE (98). LNC from primed CCR-2-deficient mice showed 
decreased Ag-specific proliferative responses and secretion of IFN- 7 (99, 
100). The importance of MCP-1 in EAE pathogenesis was further 
underscored by the observation that both, MCP-l-deficient mice (101), and 
CCR2-deficient mice (99, 102) are resistant to EAE. These results 
underscore the key role of astrocytes in the recruitment of activated T cells 
into the brain and spinal cord during CNS autoimmune disease. 

Astrocytes respond to and produce proinflammatory cytokines. Thl 
CD4 ÷ T cells produce proinflammatory cytokines including IFN 7 and TNFo~, 
which lead to astrocyte activation. In EAE, Thl T cells are strongly 
associated with clinical disease (103). Specifically, it has been demonstrated 
in several species that Thl cytokines are upregulated during acute disease 
and relapses, but not during clinical remission (104, 105). In plaques from 
MS patients, immunohistochemical in situ analysis showed the presence of 
the Thl cytokine TNF-c~ (106, 107). Furthermore, in another study TNFcx 
was detected in chronic MS lesions, but not in other neurological diseases 
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(107). The major sources of TNF-ct in the CNS are astrocytes and activated 
macrophages (108), and in an autocrine loop, activated macrophages in turn 
increase their cell surface expression of TNF receptors (109). A variety of 
cytokines, including IFN-), and TNF~ induce the production of nitric oxide 
(NO) and oxygen radicals by astrocytes (110, 111). NO is a vascular and 
neuronal messenger abundantly present in the CNS, which is produced by 
inducible NO synthase (iNOS). In acute MS lesions, intense reactivity for 
iNOS mRNA and protein was detected in reactive astrocytes throughout the 
lesion and in adjacent normal appearing white matter (112). Staining of 
macrophages and other inflammatory cell infiltrates detected iNOS also in 
acute MS lesions. In chronic MS lesions, reactive astrocytes were positive 
for iNOS at the lesion edge (112). 

However, there is also substantial evidence indicating that astrocytes 
may serve to downregulate proinflammatory CNS responses (113): 
Astrocytes produce a number of immunosuppressive cytokines, including 
TGF-~ (29), IL-10 (114, 115), IFNct (116), and IFN~ (117). One study 
demonstrated that astrocyte supernatants suppressed Ag-specific T cell 
proliferation (113). Furthermore, it has been demonstrated that astrocytes 
can promote na'lve Th0 cells to differentiate into Th2 cells (65). Thus, while 
some data support the notion of astrocytes as producers of inflammatory 
mediators in CNS autoimmune disease, these observations are contradicted 
by reports of their beneficial effects during CNS inflammation. A better 
understanding of astrocyte function, specifically of the temporal expression 
of proinflammatory and anti-inflammatory mediators, is required for 
therapeutic interventions to reach their full benefit. 
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Conc lus ion  

The role of  astrocytes as APC in CNS autoimmune disease, and 
particular their role in MHC class II restricted Ag presentation, has been 
controversial. In vitro, IFNy-activated astrocytes upregulate MHC class 11 
molecules and can present antigen to CD4 + T cells. While MHC class II 
molecules have been detected on astrocytes within inflammatory lesions of 
MS and EAE in some studies, these findings have not consistently been 
reproduced. A recent report demonstrated that while CIITA-directed MHC 
class II expression was required for EAE induction, CIITA-directed 
constitutive overexpression of MHC class 11 molecules on astrocytes did not 
increase EAE susceptibility. These results indicate that astrocytes do not 
have a prominent role as APC in MHC class ll-restricted Ag presentation 
during acute EAE. 

Astrocytes express a number of  costimulatory cell surface molecules and 
ligands for costimulatory molecules on leukocytes. Their biological 
significance in CNS autoimmune diseases remains uncertain and requires 
further investigation, which should involve more recently discovered 
costimulatory pathways. Similarly, the contribution of  several inflammatory 
mediators secreted by astrocytes, including that of  chemokines, 
proinflammatory cytokines, and nitric oxide, in the initiation and 
continuance of  CNS inflammation needs to be determined. In comparison to 
microglia, current data indicate that astrocytes have a more significant role 
in downregulating CNS inflammatory responses. 
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Abstract: Microglia and macrophages are related cell types that play an important role in 
the pathogenesis of MS and EAE. This chapters reviews the role of these cells 
in the normal brain and their contribution to inflammatory demyelinating 
disease, including their role in antigen presentation, co-stimulation, and 
production of cytokines and other inflammatory mediators 
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The microglia, a brain-resident, non-neuronal cell and the blood-derived 
or haematogenous macrophage represent two related cell types involved in 
key events in the development of pathology in Multiple Sclerosis and its 
autoimmune animal model, the Experimental Allergic Encephalomyelitis. 
Microglia and macrophages fulfil a variety of different functions, but they 
are also recognized for their ability to act as a particularly fine sensor of 
brain pathology. Both cell types are rapidly activated and recruited to sites of 
infection, neurodegeneration, stroke, autoimmune inflammatory models such 
as EAE and its presumptive human counterpart, multiple sclerosis. Microglia 
and macrophages are stimulated by a variety of cytokines, neurotransmitters, 
modulators and putative neurotoxins, extracellular matrix molecules and 
proteases present in the inflamed central nervous system. Moreover, both 
cell types are plastic in their morphology and cellular identity. The presence 
of dying cells and cell debris will cause a transformation of phagocytic 
microglia into a detached, rounded and migratory or amoeba-like 
(amoeboid) macrophage (Streit et al., 1988; Bohatschek et al., 2001). This 
also works in reverse: surrounded by a CNS environment, non-phagocytic 
macrophages freshly recruited from the blood stream will gradually develop 
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branched processes and transform into ramified microglia (Flugel et al., 
2001, Bohatschek et al., 2001). 

Activated microglia and macrophages synthesise a cornucopia of 
different cytokines, trophic factors, ECM components and neurotransmitter- 
like molecules that could exert a positive or damaging effect on the adjacent 
cells. They also interact with other cells of the immune system, particularly 
T-cells, which are recruited to the sites of CNS inflammation. Both in vitro 
and in vivo evidence also suggests that they may act as competent presenters 
of antigen, inducing and regulating the intensity of T-cell mediated 
inflammation and tissue injury. The aim of the current chapter will be to 
provide an overview on the different, related types of microglia and 
macrophages in the normal brain, describe their cellular and molecular 
response in EAE and multiple sclerosis and finally focus on their direct 
contribution to neuropathology in autoimmune demyelinating disease. 

. MICROGLIA AND MACROPHAGES IN THE NORMAL 

BRAIN 

The normal central nervous system consists of several different non- 
neuronal cell populations that are related to monocytes and macrophages in 
the bone marrow and peripheral tissues, based on the presence of specific 
cellular differentiation markers such as the aMb2 integrin (CD1 lb/CD18), 
IgG receptors (CD16/CD32), IBA1 and so on. The brain microglia comprise 
the largest component, located inside the neural parenchyma. In the normal 
resting state, they are highly ramified cells, with extensive branches that can 
cover spaces of 30-50 lam in diameter. These resting microglia are territorial, 
in that their cell bodies or branches are rarely seen to adhere to one another, 
unlike white matter oligodendrocytes contacting one another like pearls on a 
string (Suzuki and Raisman, 1992) or protoplasmic astrocytes with extensive 
cell process to process contacts at astrocyte boundaries which allow the 
spread of intracellular ions and other small molecules from one astrocyte to 
the next (Nedergaard, 1994; Bushong, 2002). 

The perivascular macrophages are located in between the blood vessel 
endothelia, occasional perithelial cells and the basal membrane that separates 
the blood vessel from the surrounding neural parenchyma, the Robin- 
Virchow space~ Perivascular macrophages are typically slender elongated 
cells (elongated in the direction of the blood vessel axis) with broad but short 
processes that sometimes go around the blood vessel. Most perivascular 
macrophages are located around small to moderate blood vessels inside the 
central nervous system. Unlike the microglia, they do not show the elaborate 
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ramified structure typical of resting microglia, which could be due to spatial 
constraints, but also to a molecular and cellular micro-environment, different 
from that of neural parenchyma. These differences also extend to molecular 
markers, such as MHC2, cyclo-oxygenase or scavenger receptors, found on 
normal perivascular macrophages but not in resting microglia (Linnehan et 
al., 1999), and the paucity of the aMb2 integrin (Angelov et al., 1992). 

The meningeal macrophages, a third group, are large and rounded cells 
located between meningeal epithelial cells and the basal membranes 
surrounding glia limitans, the astroglial lining encasing neural parenchyma. 
Immunohistochemically, meningeal macrophages are more closely related to 
perivascular macrophages, macrophages in chorio-epithelial and ventricular 
epithelial tissue and less to the highly ramified, resting microglia inside 
neural parenchyma. On the whole, the basal membranes of vessels meninges, 
ventricular and chorioepithelium, mark an anatomical border between two 
brain macrophage subpopulations: the ramified microglia inside the neural 
parenchyma that lacks intrinsic basal membranes, and perivascular, 
meningeal, ventricular or chorioepthelial cells sitting on the external side of 
the surrounding basal membranes. 

Some publications also use the term "perivascular microglia", but the 
term is confusing, controversially defined, and frequently misleading. It is 
often used it as a synonym for rounded or process-poor perivascular 
macrophages (Linnehan et al., 1999; Stoll and Jander, 1999), even though 
these cells look very different from the ramified microglia. In others, it is 
used to denote microglia in the neural parenchyma with processes that 
contact blood vessels from the inside (Owens et al., 1998). Since each 
microglial cell covers a relatively large territory of well vascularized tissue, 
up to 50-70 ~tm in diameter, some contact is probably unavoidable, and 
labelling a microglial cell "perivascular", like that shown in figure 1C can 
simply reflect a particularly prominent process attached to a vessel co- 
stained by the same molecular marker. 

Despite this clear anatomical partition, between microglia and 
macrophages, there is clearly at least some exchange between and plasticity 
in the individual compartments. Perivascular macrophages are gradually 
replenished by a pool of circulating monocytes, with a half-life of 1-2 
months. A small population of macrophages migrate through basal 
membrane into neural parenchyma, to differentiate into ramified microglia, a 
process enhanced in different forms of neuropathology (Streit et al., 1989; 
Priller et al., 2001), including EAE (Fluegel et al., 2001). Resident microglia 
in the adult brain are themselves descendents of 2 waves of macrophage 
infiltration into neural parenchyma - a very early one, from the surrounding 
mesodermal tissue (Navascues et al., 1995; Cossmann et al., 1997; Kurz and 
Christ, 1998), then as a second wave, as "fountains of microglia" in CNS 
white matter during axonal pruning in the late fetus/newborn (Rio-Hortega 
cf Brockhaus et al., 1996), but this is followed by rapid differentiation, 
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arborisation and quiescence, turning into the resting, ramified phenotype. 
However, the same resident microglia can be rapidly activated by a host of 
different pathologies, lose branching and transform into amoeboid 
macrophages. Some debris-laden transformed microglia also appear to 
migrate from neural parenchyma into the perivascular, Robin-Virchow 
space, where they can stay for a very long time (Kosel et al., 1997), which 
could set the scene for an interaction with T-cells homing onto perivascular 
macrophages (Walter et al., 2001). 

. CELLULAR AND MOLECULAR RESPONSE IN EAE AND 

MS 

The rapid recruitment of blood-borne monocytes, the activation of 
resident microglia and perivascular macrophages, together with the 
recruitment of T-cells, are among the most consistent changes observed in 
multiple sclerosis and its autoimmune animal models of experimental 
allergic encephalomyelitis (McCombe et al., 1994; Bruck et al., 1995; Ford 
et al., 1995; Li et al., 1996). Microglia display strong proliferative activity, 
particularly at the early active sites of demyelination (Matsumoto et al., 
1992, Schonrock et al., 1998), and avid upregulation in their mitogen 
receptors, that is tuned down in later stages of the disease (Hulkower et al., 
1993; Werner et al., 2002). Compared to neighbouring T-cells, 
microglia/macrophages show relatively little apoptosis (Nguyen et al., 1994; 
Smith et al., 1996; Bonetti et al., 1997) and much more proliferative activity 
(Ogmori et al., 1992). Interestingly, almost all of our knowledge of changes 
affecting brain microglia/macrophages in the human disease come from the 
post mortem analysis of the terminal stage, unlike the EAE models which 
allow to explore pathology at different phases of the disease - from the early 
preclinical stage, to onset of neurological symptoms, paralysis and 
remission, including the second and following bouts of the disease process in 
the relapsing forms of the EAE. 

Recent increase in the use of diagnostic brain biopsies (Bruck et al., 1995; 
Lucchinetti et al., 2000), but particularly the introduction of the positron- 
emitting [llc]-PK11195 in combination with positron emission tomography 
(PET) scanning has begun to change this situation. In brain tissue, the 
PK1195 binding site is highly selective for microglia and macrophages, it is 
rapidly activated in even in moderate forms of brain pathology (Stephenson 
et al., 1995; Banati et al., 1997) and can be used map the spatial pattern of 
microglial activation in multiple sclerosis (Banati et al., 1999; Cagnin et al., 
2001). Compared with magnetic resonance imaging with or without 
Gadolinium, the PET-based technique shows a higher sensitivity with 
respect to identifying white mater regions at risk and provides a good 
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correlation with disease process and appearance of neurological deficit 
(Banati et al., 2000). These recent human data underscore the importance of 
brain macrophage activation as a diagnostic tool, to identify the localization 
and disease activity in multiple sclerosis. 

Figure 1. Detection of microglial activation in human patients with muliple sclerosis using 
positron emission tomography (PET) with [llC](R)-PKll195, combined with nuclear 
magnetic resonance imaging (MRI). All images follow the radiological convention, i.e. the 
left side of the image corresponds to subject's right side. (A) Three orthogonal views of 
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[11C](R)-PKll195 images co-registered and overlaid on the MRI of Patient 9, showing 
spinothalamic tract-associated [11C|(R)-PK11195 signals extending through the brainstem 
and pons into the thalamus. (B-D) Tl-weighted (B) and T2-weighted (C) MRI and [11C](R)- 
PK11195 PET (overlaid onto Tl-weighted MRI) (D) of Patient 9 show lesions in all different 
spin-echo MRI sequences that partially overlap with areas of significantly increased 
[11C](R)-PK11195 binding (red arrow). The white arrow points to a "black hole' in an area 
that appears strongly hypointense in the Tl-weighted MRI and has little binding of [11C](R)- 
PK11195. Note, however, that a similar black hole (yellow arrowhead) adjacent to the right 
occipital horn of the lateral ventricle shows significant [11C](R)-PK11195 binding. (E-F) 
Demonstration of the definition of the MRI lesion load masks in Patient 9 (purple, T1- 
weighted MRI lesions excluding black holes; blue, black hole only; green, gadolinium- 
enhancing areas; dark grey (in F), T2-weighted MRI lesions; red, areas of overlap between 
significantly increased [llC](R)-PKll195 binding and MRI-defined areas of pathology); 
yellow, areas of increased [11C](R)-PK11195 binding and no overlap with any MRI-defined 
pathology. (G) Average percentage volume of the MRI-defined lesions overlapping with 
increased [11C](R)-PK11195 binding. The red square represents Patient 8 and the red triangle 
Patient 6, who were both in relapse at the time of the scans. The yellow diamond represents 
Patient 9, who had secondary progressive multiple sclerosis. TI*, black holes. Reproduced 
from Banati et al., Brain. 123:2321-37, 2000. 

On the biochemical level, macrophage and microglial activity in MS and 
EAE is associated with a strong upregulation of molecules involved in 
antigen presentation, myelin and tissue breakdown, production of reactive 
oxygen substances. They also synthesize components of the complement 
cascade, cytokines, growth factors and neurotrophins, chemotactic 
molecules, excitotoxins and apoptosis-inducing substances, and their 
receptors. These molecules, reviewed in the following paragraphs, as well as 
in more detail in the preceding and following chapters of this book, are 
involved in inducing and regulating the level of macrophage activation, 
interaction with encephalitogenic lymphocytes, mediating damage to myelin, 
axons and oligodendrocytes, as well as inducing the repair of the injured 
white matter. 

ANTIGEN PRESENTATION 

Major HistocompatibUity Complex. T cells are known to recognize their 
specific antigen when associated to the class I or class II molecules of the 
major histocompatibility complex, abbreviated as MHC1 and MHC2 (for a 
review see Zinkernagel and Doherty, 1997). This recognition is aided by the 
binding of T-cell accessory molecules CD4 and CD8, expressed by the T- 
helper (mainly CD4+) and the T-suppressor/cytotoxic (mainly CD8+) 
lymphocytes, to their respective MHC2 or MHC1 ligands (Fleury et al., 
1991; Miceli and Parnes, 1991). Despite the strong MHC class-selectiveness 
in the presentation of specific antigen - MHC1 for the endogenous 
(cytoplasmic) and MHC2 for the exogenous (phagocytosed) antigen, recent 
studies point to the existence of alternative and highly effective pathways for 
the presentation of exogenous antigen via MHC1 (Reimann et al., 1994; 
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Larsson et al., 2001). In addition, non-classical MHCl-like molecules such 
as CD1 can also present antigen, particularly glycolipids, to the CD8+ as 
well as to the CD4-CD8- (double null) T-lymphocytes (Sugita et al., 1998). 

The rapid upregulation in the major histocompatibility complex antigens 
were amongst the first set of molecular changes described in multiple 
sclerosis as well as in different forms of experimental allergic 
encephalomyelitis using immunohistochemical techniques. Here, the 
upregulation of MHC2 was clearly restricted to reactive microglia, 
macrophages and blood-borne leukocytes, neighbouring GFAP+ astrocytes 
were MHC2 negative (Konno et al., 1989; Boyle and McGeer, 1990). Unlike 
MHC2, CD1 expression was not found on parenchymal macrophages or 
microglia, but rather on perivascular leukocytes and particularly, on the 
GMCSF+, hypertrophic astrocytes surrounding MS plaques (Battistini et al., 
1996). Interestingly, the absence of overlap between MHC2 and CDlb 
suggests a high level of cell type selectivity in the presentation of MHC2 and 
CDlb-dependent antigens (Cipriani et al., 2003). 

Up to now, most reports on antigen presentation and EAE have 
concentrated on MHC2, leading to the common assumption that only CD4+ 
lymphocytes are encephalitogenic. However, studies using beta2- 
microglobulin-deficient mice do show that MHC1 is involved in mediating 
EAE elicited by adoptively transferred, encephalitogenic CD8+ T-cells (Sun 
et al., 2001). This effect is direct and not mediated by some indirectly 
stimulated host CD4+ lymphocytes, a point demonstrated using the RAG 1-/, 
immunodeficient mice (Sun et al., 2001). In the majority of cases, antigen 
presentation by CDI+ cells appears to inhibit EAE (Lider et al., 2001; 
Miyamoto et al., 2001), although this depends on the cytokine requirements 
of the specific form of EAE (Jahng et al., 2001). In the case of MHC2, most 
initial reports tended to emphasize that microglial expression of MHC2 may 
present antigen to encephalitogenic T-cells, needed to initiate or promote the 
inflammatory and demyelinating process (Hayes et al., 1987; McGeer et al., 
1988). More recent studies have focused on their counter-regulatory and 
immunosuppressive properties. EAE-inducing effects are now attributed to 
perivascular macrophages. 

Studies by Hickey and Kimura using bone marrow chimaeras clearly 
show that MHC2 expression by perivascular macrophages is sufficient for 
antigen presentation and onset of severe EAE, following the transfer of 
encephalitogenic CD4+ T-cells (Hickey and Kimura, 1988). On the other 
hand, high level of microglial MHC2 corresponds with resistance to EAE in 
different strains of rats (Sedgwick et al., 1993; Klyushnenkova et al., 1997). 
Exposure to microglial MHC2 also appears to induce T cell apoptosis, unlike 
the perivascular macrophages that promote T-cell survival (Ford et al., 1996; 
Klyushenkova et al., 1997). Presentation of antigen to non-encephalitogenic 
T-cells appears to play an important part in preventing excessive 
autoimmunity. Thus, adoptive transfer of encephalitogenic T-cells in mice 
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with severe combined autoimmunity (scid) leads to a much more severe and 
recurrent form of EAE compared with immunocompetent mice (Jones et al., 
1999). The particularly strong and profuse upregulation o f  MHC2 on 
parenchymal microglia during early remission (Konno et al., 1989; 
McCombe et al., 1992) thus appears to make an important contribution in 
strengthening the immunosuppressive action of microglial MHC2. 

Accessory Molecules. In addition to processed antigen embedded in 
MHC, effective antigen presentation requires the presence of co-stimulatory 
or accessory molecules on the surface of the antigen presenting cell, 
engaging their receptor counterparts on the T-lymphocyte. These accessory 
molecules belong to several different families of cell surface glycoproteins 
including B7, CD40, ICAM1-3 and the aXb2 integrin, aXb2 is a cell type- 
specific marker of professional, antigen-presenting cells (APC) also known 
as dendritic cells (Brocker et al., 1997; Suter et al., 2000). 

MS is associated with a strong upregulation of CD40 (Gerritse et al., 
1996; Laman et al., 1998; Weinberg et al., 1999) and B7.1 on the 
perivascular macrophages and microglia (Williams et al., 1994; De Simone 
et al., 1995). Inhibition or neutralization of CD40 and B7.1 prevented 
induction of EAE (Kuchroo et al., 1995; Gerritse et al., 1995; Weinberg et 
al., 1999; Becher et al., 2001). In the case of B7.1 this effect depended on the 
presence of IL4 (Kuchroo et al., 1995). Resting microglia already express 
moderate levels of B7.2 (Dangond et al., 1997), and its inhibition may 
enhance the severity of EAE (Kuchroo et al., 1995). Interestingly, combined 
inactivation of B7.1 and B7.2 strongly reduced the pathology and severity of 
neurological symptoms in adoptively transferred EAE (Chang et al., 1999). 
Both systems, CD40 and B7, appear to complement each other. Combined 
inactivation of the B7 receptor CD28, and inhibition of CD40 leads to a 
particularly strong resistance to the induction of EAE (Grivin et al., 2002). 

Activated and phagocytic brain-resident microglia do express co- 
stimulatory molecules such as ICAM1-3, aXb2 or B7.2 in a variety of 
pathological conditions (Boe t  al., 1996; Werner et al., 1998, Bohatschek et 
al., 1999; Kloss et al., 1999). However, most studies concur that the majority 
of the accessory molecule-positive cells in MS and EAE that present antigen 
to T-lymphocytes are hematogenous in origin and concentrated in the 
perivascular infiltrates (Williams et al., 1994; De Simone et al., 1995; 
Gerritse et al., 1996; Laman et al., 1998; Weinberg et al., 1999). Adoptive 
transfer of encephalitogenic T-cells strongly enhances the influx of bone 
marrow-precursors of dendritic cells to the site of CNS inflammation. 
Moreover, these newly recruited dendritic cells, with the appropriate MHC 
molecules, are fully sufficient to induce inflammation and myelin 
destruction in mice following adoptive transfer of rat bone marrow and rat 
encephalitogenic T-cells (Subramanian et al., 2001). This point is also 
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underscored by recent study using bone marrow chimaeras between the 
CD40 wild type (CD40+/+) and CD40 null (CD40-/-) animals, with the latter 
normally resistant to EAE (Becher et al., 2001). Replacement of the 
CD40+/+ bone marrow with that from a CD40-/- animal, turning 
perivascular macrophages and newly recruited dendritic cells to CD40-/-, 
while retaining CD40+/+ microglia, prevents the appearance of EAE in 
almost all animals. On the other hand, the transfer of CD40+/+ bone marrow 
to the irradiated, CD40-/- host, causes an almost complete recovery of EAE 
susceptibility in the host, with just a minor delay (+20%) and reduction in 
the maximal severity of clinical symptoms (-25%), compared to normal, 
CD40+/+ animals receiving a CD40+/+ bone marrow transplant (Becher et 
al., 2001). 

CYTOKINES 

Perivascular cuff macrophages, parenchymal macrophages and microglia 
show a strong upregulation for a long list of inflammation-associated, 
soluble cytokines, including interleukin-1/IL1 (Bauer et al., 1993), 
interleukin-10/IL10 (Jander et al., 1998; Hulshoff et al., 2002), transforming 
growth factor beta-1 (Kiefer et al., 1998; De Groot et al., 1999), 
macrophage-colony stimulating factor/MCSF (Hulkower et al., 1993; 
Werner et al., 2002), granulocyte-macrophage colony-stimulating factor 
(GMCSF), interleukin-12 (ILl2) and tumour necrosis factor-alpha/TNFa 
(Hulkower et al., 1993; Renno et al., 1995; Bitsch et al., 1998; Laman et al., 
1998; Fischer and Reichmann, 2001). There is also an upregulation of 
related cell surface molecules such as FAS and FAS-ligand (FasL), which 
are members of the TNF superfamily (Ouallet et al., 1999). Interestingly, 
expression is frequently focused to specific and different subpopulations of 
macrophages and microglia (Bitsch et al., 2000; Juedes et al., 2000). For 
example, the aMb2-positive microglia/macrophages expressing the dendritic 
cell marker aXb2 integrin secrete high amounts of ILl2, while those 
negative for aXb2 produce GMCSF and TNFa (Fischer and Reichmann, 
2001). 

A subpopulation of these macrophage-produced cytokines and related 
molecules, such as ILl0, TGFbl, or FasL has been shown to inhibit or 
prevent EAE (Rott et al., 19994; Stevens et al., 1994; Zhu et al., 2002; see 
also Wyss-Coray et al., 1997). However, a majority have a strong disease- 
promoting activity (Waldburger et al., 1996; Taupin et al., 1997; Marusic et 
!., 2002). Neutralization of TNF-alpha (Selmaj et al., 1991; Komer et al., 
1997), ILl (Jacobs et al., 1991), ILl2 (Leonard et al., 1995) with antibodies 
or soluble receptors suppresses EAE. Genetic deletion of IL1R1, GMCSF, 
TNFa or IL12p40 has a similar effect, conferring resistance to EAE 
(Schiffenbauer et al., 2000; McQualter et al., 2001; Matejuk et al., 2002; 
Murphy et al., 2002; Gran et al., 2002; see however Liu et al., 1998). 
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Moreover, studies using bone marrow chimaeras between TNFa+/+ and 
TNFa-/- mice show that it is the TNFa which is produced by blood-borne 
leukocytes that plays a decisive role in the onset and severity of EAE 
(Murphy et al., 2002). 

Importantly, moderate overexpression of TNFa or ILl2, using the 
astrocyte GFAP promoter (Stalder et al., 1998; Pagenstecher et al., 2000) has 
been shown to lead to CNS inflammation and neurological disease. In the 
case of TNF, it causes overt demyelination and axonal damage very similar 
to that observed in EAE and MS. The fact that this demyelination is also 
observed in TNFa-overexpressing scid mice lacking T and B-cells (Stalder et 
al., 1998) strongly suggests that these cytokines not only promote the initial 
immune response, but also appear to play a crucial in the final steps 
following antigen recognition, that actually cause the brain pathology and 
neurological dysfunction. 

CHEMOKINES 

The activated macrophages and microglia produce a variety of 
chemotactic molecules including members of the chemokine family, but also 
many other chemoattractant factors such as secretoneurin (Storch et al., 
1996), leukocyte chemotactic factor/LCF (Schluesener et al., 1996), 
endothelial-monocyte-activating polypeptide II (Schluesener et al., 1997) 
and chemotactic peptide-10/CP10 (Deininger et al., 1999). Amongst the 
chemokines, there is a strong increase in the macrophage chemotactic 
protein/MCP1 (Hulkower et al., 1993; Simpson et al., 1998, Jee et al., 2001), 
monocyte inflammatory protein 1 alpha/MIPla (Balashov et al., 1999), 
neurotactin or fractalkine/CX3CL1 (Pan et al., 1997), TCA3 (Murphy et al., 
2002), CCL19 and the macrophage-derived chemokine/CCL22 (Columba- 
Cabezas et al., 2002, 2003), which act as chemotactic ligands for 
macrophages, T-lymphocytes or both. There is also an upregulation for a list 
of macrophage chemokine receptors, such as CCR1, the receptor for MIP1 a 
(Rottman et al., 2000; Trebst et al., 2001), CCR2, CCR3 and CCR5 
(Simpson et ai., 2000), CCR8 (Trebst et al., 2003), CXCR4 and CX3CR1 
(Jiang et al., 1998), and the receptors for IL8 and N-formyl-Met-Leu- 
Phe/FMLP, particularly on foamy, phagocytic macrophages (Muller-Ladner 
et al., 1996). 

Many of these macrophage-derived chemokines are produced by 
hematogenous macrophages, invading the inflamed CNS (Miyagishi et al., 
1997; Sorensen et al., 1999; Matejuk et al., 2002) and are controlled by 
inflammation-associated cytokines such as TNF (Matejuk et al., 2002; 
Murphy et al., 2002). Studies using genetically deficient animals and/or 
neutralizing antibodies also show that the chemoattractive molecules play an 
important role in the pathology of EAE. Transgenic deletion of CCR1, the 
receptor for MIPla, CCR2, the receptor for MCP1, or CCR8, the receptor 
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for TCA3, strongly reduce the susceptibility, onset and severity of EAE 
(Rottman et al., 2000; Huang et al., 2001; Murphy et al., 2002). A similar 
inhibitory effect is also observed with the antibody inactivation of MCP1 
(Karpus et al., 1995). That these molecules are produced in the brain has 
suggested that brain-resident cells, particularly microglia, may also play a 
role in the induction of EAE (Murphy et al., 2002). However, this point is 
contentious and needs to be confirmed, using bone marrow chimaeras. The 
fact that many of these chemokines and chemokine receptors are located on 
blood-borne macrophages, particularly in perivascular cuffs, could argue 
against a major contribution by microglia. 

REACTIVE OXYGEN SPECIES AND SIGNALLING ENZYMES 

Acute inflammatory diseases such as EAE and multiple sclerosis are 
associated with strongly augmented production of reactive oxygen species 
(ROS), particularly by activated brain macrophages (Ruuls et al., 1995). 
Brain macrophages show increased deposition of iron (LeVine, 1997), 
myeloperoxidase (Nagra et al., 1997) and inducible NO synthase/iNOS in 
multiple sclerosis (Bagasra et al., 1995; De Groot et al., 1997) and in EAE 
(Van Dam et al., 1995; Tran et al., 1997). Similar upregulation is also 
observed in viral models of CNS demyelination, e.g. with Theiler's murine 
encephalomyelitis virus (Oleszak et al., 1997). In combination with peroxide 
radicals the synthesis of NO will lead to the formation of peroxynitrite, 
which is toxic for oligodendrocytes (Mitrosic et al., 1996). In vitro, oxidative 
stress causes macrophages to become toxic (Bartnik et al., 2000), and 
scavengers of ROS or their precursors such as uric acid or catalase are 
known to inhibit EAE (Ruuls et al., 1995; Kean et al., 2000). 

Nonetheless, brain macrophages also produce a string of molecules that 
reduce oxidative stress. Perivascular macrophages, and to lesser extent 
microglia, show high levels manganese superoxide dismutase in EAE (Qi et 
al., 1997). Expression of metallothioneins 1 &2/MT1 &2 (Espejo et al., 2001) 
reduces the high susceptibility to EAE, shown in the MTI&2-/- mice 
(Penkowa et al., 2001). Multiple sclerosis and EAE also cause increased 
macrophage synthesis of stress protein heme oxygenase-1 (HO1) that 
produces CO (Emerson and LeVine, 2000; Schluesener and Seid, 2000), the 
inducer of cGMP-synthesizing enzyme guanyl cyclase (Brune and Ullrich, 
1987). This increased HO1 degrades the pro-oxidant heme groups, but also 
reduces the availability of the NADPH cytochrome P450 reductase that is 
needed for the production of superoxide (Emerson and LeVine, 2000). 
Inducers of HO1 such as hemin, reduce the severity, and HO1 inhibitors 
enhance the severity of EAE (Liu et al., 2001). 

Macrophage iNOS and NO synthesis and their effects in EAE have been 
a focus or particular attention. In most cases, early pharmacological 
inhibition of nitric oxide synthase has been shown to reduce EAE (Cross et 
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al., 1994; Brenner et al., see however Ruuls et al., 1996). Late application 
interferes with the recovery process and enhances relapsing activity (Okuda 
et al., 1998; O'Brien et al., 2001). Interestingly, NO production by brain 
microglia and macrophages strongly inhibits T-cell proliferation (Juedes and 
Ruddle, 2001). 

The importance of this point was illustrated by studies in the interferon 
gamma receptor deficient (IFNgR-/-) mice, that are normally unable to 
recover following the induction of EAE, and die from severe demyelinating 
illness (Willenborg et al., 1999). In vitro analysis showed that supernatants 
from IFNgR+/+ macrophages inhibit the proliferation of encephalitogenic T- 
cells while IFNgR-/- macrophages lack this ability. Moreover, the inhibitory 
effects of IFNgR+/+ macrophages could be suppressed by an inhibitor of 
iNOS, underscoring the importance of NO in regulating the T-cell response. 
Interestingly, bone marrow chimaeras between IFNgR+/+ and IFNgR-/- 
show that the presence of IFNg receptors on just one, blood-borne or brain 
resident component, was sufficient to prevent the normally lethal outcome 
following the induction of EAE in IFNgR-/- mice (Willenborg et al., 1999). 

FUNCTIONAL ROLE 

Both brain-derived microglia and blood borne macrophages are crucially 
involved in many consecutive stages of autoimmune demyelination in 
experimental allergic encephalomyelitis and multiple sclerosis. They play an 
important role as antigen-presenting cells in the initial demonstration of 
antigen (Hickey and Kimura, 1988; Jones et al., 1999), and secondary 
recruitment of T-cells, granulocytes and macrophages (Huitinga et al., 1995). 
They also produce a long list of potentially damaging substances, including 
reactive oxygen species, NO and peroxynitrite, TNFa, interleukin-lb and 
excitotoxins (see above). As a case in point, interleukin lb has been shown 
to activate mixed glial cell cultures to produce glutamate agonist neurotoxins 
that cause oligodendroglial cell death (Takahashi et al., 2003). MS- 
associated inflammation leads to a strong increase in glutamate receptors on 
axons in the centre of CNS lesions and on neighboring, reactive astrocytes 
(Geurts et al., 2003), which could predispose them to damage by the glial- 
derived excitotoxins. Axonal damage is particularly intense at early disease 
stages of MS (Kuhlmann et al., 2002), which could correspond to 
particularly intense microglial activation (Bitsch et al., 2002). Microglia and 
macrophages are also the chief debris-removing cells that eliminate damaged 
myelin, resulting in the widespread loss of axonal covering the CNS white 
matter. Last, but not least, microglia and macrophages appear to play a 
decisive role in the induction of remission, as well as resistance to the 
induction of the disease (Konno et al., 1989; McCombe et al., 1992; 
Willenborg et al., 1999). 
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A key question raised with the respect to microglia and macrophages is 
the relative contribution of blood-derived versus brain resident cell 
populations to the overall pathology during the process of autoimmune 
destruction of myelin. This question is particularly appropriate, since 
activated, and particularly phagocytic microglia share most of molecular 
markers with the blood-borne macrophages that enter the damaged brain 
(Streit et al., 1988; Bruck et al., 1995; Raivich et al., 1999). Most studies 
concur that blood-derived macrophages are crucial in the induction of EAE. 
Removal of bone marrow monocyte precursors and circulating macrophages 
with clodronate reduces the parenchymal influx of new macrophages, 
interferes with lymphocyte recruitment and microglial proliferation (Bauer et 
al., 1995; Plofriet et al., 2002). The same macrophage depleting treatment 
also blocks adoptively transferred EAE (Huitinga et al., 1995; Tran et al., 
1998). Similar, disease-abolishing results were also obtained in bone marrow 
chimaeras, when bone marrow-derived macrophages (but not microglia) 
lacked the appropriate MHC antigens, accessory molecules (CD40) or 
cytokines such as TNFa that promote demyelinating disease (Hickey and 
Kimura, 1988; Stalder et al., 1998; Subramanian et al., 2001; Becher et al., 
2001; Murphy et al., 2002), underscoring the significance of blood derived 
macrophages. 

Nonetheless, there are several lines of evidence that begin to shed light 
on the importance of brain resident microglia at different stages of the 
demyelinating disease. The initiation of the autoimmune response is an 
important case in point. For example, the acute transfer of rat 
encephalitogenic T-lymphocytes and appropriate antigen presenting cells 
(APC) to scid mice causes a delay phase of approximately 8 days before the 
onset of EAE (Subramanian et al., 2001), pointing to the importance of local 
APC in the early initial stages. This point is underscored by the very rapid 
microglial response to the adoptive transfer of EAE, in this case the 
induction of microglial amyloid precursor protein, within 24 hours after the 
infusion of encephalitogenic T-cells in animals with the appropriate MHC 
antigens (Banati et al., 1995). Studies using bone marrow chimaeras also 
show that microglia are much more effective removers of myelin than blood- 
derived macrophages (Rinner et al., 1995). Finally, brain-resident microglia 
also play a decisive role in limiting the extent of demyelination, preventing 
lethal outcome and inducing disease remission (Konno et al., 1989; 
McCombe et al., 1992; Willenborg et al., 1999). Here, new insights into the 
function and molecular signals of macrophages and microglia, their 
interaction with each other, as well as with T-lymphocytes, axons and 
myelin-producing oligodendroglia, could pave the way to introducing new 
and more effective therapies to the human demyelinating disease. 



122 Chapter A 7 

REFERENCES 

Angelov DN, Neiss WF, Streppel M, Walther M, Guntinas-Lichius O, Stennert E (1996) 
ED2-positive perivascular cells act as neuronophages during delayed neuronal loss in 
the facial nucleus of the rat. Glia 16:129-39 

Bagasra O, Michaels FH, Zheng YM, Bobroski LE, Spitsin SV, Fu ZF, Tawadros R, 
Koprowski H. 1995 Activation of the inducible form of nitric oxide synthase in the 
brains of patients with multiple sclerosis. Proc Natl Acad Sci USA 92:12041-5 

Balashov KE, Rottman JB, Weiner HL, Hancock WW. 1999 CCR5(+) and CXCR3(+) T cells 
are increased in multiple sclerosis and their ligands MIP-lalpha and IP-10 are 
expressed in demyelinating brain lesions. Proc Natl Acad Sci USA. 96:6873-8 

Banati RB, Gehrmann J, Lannes-Vieira J, Wekerle H, Kreutzberg GW. (1995) Inflammatory 
reaction in experimental autoimmune encephalomyelitis (EAE) is accompanied by a 
microglial expression of the beta A4-amyloid precursor protein (APP). Gila 14:209-15 

Banati RB, Myers R, Kreutzberg GW (1997) PK ('peripheral benzodiazepine')--binding sites 
in the CNS indicate early and discrete brain lesions: microautoradiographic detection 
of [3H]PK11195 binding to activated microglia. J Neurocytol 26:77-82 

Banati RB, Goerres GW, Myers R, Gunn RN, Turkheimer FE, Kreutzberg GW, Brooks DJ, 
Jones T, Duncan JS (1999) [llC](R)-PKll195 positron emission tomography 
imaging of activated microglia in vivo in Rasmussen's encephalitis. Neurology. 
53:2199-203 

Banati RB, Newcombe J, Gunn RN, Cagnin A, Turkheimer F, Heppner F, Price G, Wegner F, 
Giovannoni G, Miller DH, Perkin GD, Smith T, Hewson AK, Bydder G, Kreutzberg 
GW, Jones T, Cuzner ML, Myers R (2000) The peripheral benzodiazepine binding 
site in the brain in multiple sclerosis: quantitative in vivo imaging of microglia as a 
measure of disease activity. Brain 123:2321-37 

Bartnik BL, Juurlink BH, Devon RM. 2000 Macrophages: their myelinotrophic or neurotoxic 
actions depend upon tissue oxidative stress. Mult Scler. Feb;6(1):37-42 

Battistini L, Fischer FR, Raine CS, Brosnan CF. 1996 CDIb is expressed in multiple sclerosis 
lesions. J Neuroimmunol. 67(2):145-51. 

Bauer J, Berkenbosch F, Van Dam AM, Dijkstra CD. 1993 Demonstration of interleukin-1 

beta in Lewis rat brain during experimental allergic encephalomyelitis by 

immunocytochemistry at the light and ultrastructural level. J Neuroimmunol 48:13-21 

Bauer J, Huitinga I, Zhao W, Lassmann H, Hickey WF, Dijkstra CD (1995) The role of 

macrophages, perivascular cells, and microglial cells in the pathogenesis of 

experimental autoimmune encephalomyelitis. Glia 15:437-46 
Becher B, Durell BG, Miga AV, Hickey WF, Noelle RJ. 2001 The clinical course of 

experimental autoimmune encephalomyelitis and inflammation is controlled by the 
expression of CD40 within the central nervous system. J Exp Med. 193:967-74 

Bitsch A, da Costa C, Bunkowski S, Weber F, Rieckmann P, Bruck W 1998 Identification of 

macrophage populations expressing tumor necrosis factor-alpha mRNA in acute 

multiple sclerosis. Acta Neuropathol (Berl). 95:373-7 

Bitsch A, Kuhlmann T, Da Costa C, Bunkowski S, Polak T, Bruck W (2000) Tumour necrosis 

factor alpha mRNA expression in early multiple sclerosis lesions: correlation with 

demyelinating activity and oligodendrocyte pathology. Glia. 29:366-75 
Bo L, Peterson JW, Mork S, Hoffman PA, Gallatin WM, Ransohoff RM, Trapp BD (1996) 

Distribution of immunoglobulin superfamily members ICAM-1, -2, -3, and the beta 2 
integrin LFA-1 in multiple sclerosis lesions. J Neuropathol Exp Neurol. 55:1060-72. 

Bonetti B, Pohl J, Gao YL, Raine CS 1997 Cell death during autoimmune demyelination: 
effector but not target cells are eliminated by apoptosis. J Immunol. 159:5733-41 



A7. Role of Microglia and Macrophages in EAE 123 

Boyle EA, McGeer PL. Cellular immune response in multiple sclerosis plaques. Am J Pathol 
1990 Sep 137:575-84 

Brenner T, Brocke S, Szafer F, Sobel RA, Parkinson JF, Perez DH, Steinman L. 1997 
Inhibition of nitric oxide synthase for treatment of experimental autoimmune 
encephalomyelitis. J Immunol. 158:2940-6 

Brocker T, Riedinger M, Karjalainen K (1997) Targeted expression of major 
histocompatibility complex (MHC) class II molecules demonstrates that dendritic 
cells can induce negative but not positive selection of thymocytes in vivo. J Exp.Med. 
185 541-550. 

Brockhaus J, Moller T, Kettenmann H (1996) Phagocytozing ameboid microglial cells studied 
in a mouse corpus callosum slice preparation. Glia 16:81-90 

Bruck W, Porada P, Poser S, Rieckmann P, Hanefeld F, Kretzschmar HA, Lassmann H. 1995 

Monocyte/macrophage differentiation in early multiple sclerosis lesions. Ann Neurol. 

38:788-96 
Bruck W, Porada P, Poser S, Rieckmann P, Hanefeld F, Kretzschmar HA, Lassmann H. 1995 

Monocyte/macrophage differentiation in early multiple sclerosis lesions. Ann Neurol. 
38(5):788-96 

Brune B, Ullrich V (1987) Inhibition of platelet aggregation by carbon monoxide is mediated 
by activation of guanylate cyclase. Mol Pharmacol. 32:497-504 

Bushong EA, Martone ME, Jones YZ, Ellisman MH. 2002 Protoplasmic astrocytes in CA1 
stratum radiatum occupy separate anatomical domains. J Neurosci 22:183-92 

Cagnin A, Brooks DJ, Kennedy AM, Gunn RN, Myers R, Turkheimer FE, Jones T, Banati 
RB (2001) in-vivo measurement of activated microglia in dementia. Lancet. 358:461- 
7 

Chang 'IT, Jabs C, Sobel RA, Kuchroo VK, Sharpe AH. 1999 Studies in B7-deficient mice 
reveal a critical role for B7 costimulation in both induction and effector phases of 
experimental autoimmune encephalomyelitis. J Exp Med. 190:733-40 

Cipriani B, Chert L, Hiromatsu K, Knowles H, Raine CS, Battistini L, Porcelli SA, Brosnan 
CF. 2003 Upregulation of group 1 CD1 antigen presenting molecules in guinea pigs 
with experimental autoimmune encephalomyelitis: an immunohistochemical study. 
Brain Pathol. Jan; 13 (1): 1-9. 

Columba-Cabezas S, Serafini B, Ambrosini E, Aloisi F. 2003 Lymphoid chemokines CCL19 
and CCL21 are expressed in the central nervous system during experimental 
autoimmune encephalomyelitis: implications for the maintenance of chronic 
neuroinflammation. Brain Pathol 13:38-51 

Columba-Cabezas S, Serafini B, Ambrosini E, Sanchez M, Penna G, Adorini L, Aloisi F. 
2002 Induction of macrophage-derived chemokine/CCL22 expression in experimental 
autoimmune encephalomyelitis and cultured microglia: implications for disease 
regulation. J Neuroimmunol. Sep;130(1-2): 10-21. 

Cossmann PH, Eggli PS, Christ B, Kurz H (1997) Mesoderm-derived cells proliferate in the 
embryonic central nervous system: confocal microscopy and three-dimensional 
visualization. Histochem Cell Biol. 107:205-13. 

Cross AH, Misko TP, Lin RF, Hickey WF, Trotter JL, Tilton RG. 1994 Aminoguanidine, an 
inhibitor of inducible nitric oxide synthase, ameliorates experimental autoimmune 
encephalomyelitis in SJL mice. J Clin Invest. 93:2684-90. 

Dangond F, Windhagen A, Groves CJ, Hailer DA 1997 Constitutive expression of 
costimulatory molecules by human microglia and its relevance to CNS autoimmunity. 
J Neuroimmunol. Jun;76( 1-2): 132-8 

De Groot CJ, Ruuls SR, Theeuwes JW, Dijkstra CD, Van der Valk P 1997 
Immunocytochemical characterization of the expression of inducible and constitutive 
isoforms of nitric oxide synthase in demyelinating multiple sclerosis lesions. J 
Neuropathol Exp Neurol. 56:10-20 



124 Chapter A 7 

De Simone R, Giampaolo A, Giometto B, Gallo P, Levi G, Peschle C, Aloisi F. The 
costimulatory molecule B7 is expressed on human microglia in culture and in multiple 
sclerosis acute lesions.J Neuropathol Exp Neurol. 1995 Mar;54(2): 175-87 

Deininger MH, Zhao Y, Schluesener HJ. 1999 CP-10, a chemotactic peptide, is expressed in 
lesions of experimental autoimmune encephalomyelitis, neuritis, uveitis and in C6 
gliomas. J Neuroimmunol. 93(1-2): 156-63 

Emerson MR, LeVine SM 2000 Heine oxygenase-1 and NADPH cytochrome P450 reductase 
expression in experimental allergic encephalomyelitis: an expanded view of the stress 
response. J Neurochem. 75:2555-62 

Espejo C, Carrasco J, Hidalgo J, Penkowa M, Garcia A, Saez-Torres I, Martinez-Caceres EM. 
2001 Differential expression of metallothioneins in the CNS of mice with 
experimental autoimmune encephalomyelitis. Neuroscience. 105:1055-65 

Fischer HG, Reichmann G. 2001 Brain dendritic cells and macrophages/microglia in central 

nervous system inflammation. J Immunol. 166:2717-26 
Fleury SG, Croteau G, Sekaly RP (1991) CD4 and CD8 recognition of class II and class l 

molecules of the major histocompatibility complex. Semin Immunol 3:177-85 
Flugel A, Bradl M, Kreutzberg GW, Graeber MB. 2001 Transformation of donor-derived 

bone marrow precursors into host microglia during autoimmune CNS inflammation 
and during the retrograde response to axotomy. J Neurosci Res. Oct 1 ;66(1):74-82. 

Ford AL, Foulcher E, Lemckert FA, Sedgwick JD 1996 Microglia induce CD4 T lymphocyte 
final effector function and death. J Exp Med. 184(5): 1737-45. 

Ford AL, Goodsall AL, Hickey WF, Sedgwick JD. 1995 Normal adult ramified microglia 
separated from other central nervous system macrophages by flow cytometric sorting. 
Phenotypic differences defined and direct ex vivo antigen presentation to myelin basic 
protein-reactive CD4+ T cells compared. J Immunol May 1 154(9):4309-21 

Gerritse K, Laman JD, Noelle RJ, Aruffo A, Ledbetter JA, Boersma WJ, Claassen E 1996 
CD40-CD40 ligand interactions in experimental allergic encephalomyelitis and 
multiple sclerosis. Proc Natl Acad Sci U S A. Mar 19;93(6):2499-504 

Geurts JJ, Wolswijk G, Bo L, Van Der Valk P, Polman CH, Troost D, Aronica E. 2003 

Altered expression patterns of group l and II metabotropic glutamate receptors in 

multiple sclerosis. Brain. Jun 4 [Epub ahead of print]. 
Girvin AM, Dal Canto MC, Miller SD (2002) CD40/CD40L interaction is essential for the 

induction of EAE in the absence of CD28-mediated co-stimulation. J Autoimmun. 
18(2): 83-94 

Gran B, Zhang GX, Yu S, Li J, Chert XH, Ventura ES, Kamoun M, Rostami A. 2002 IL- 

12p35-deficient mice are susceptible to experimental autoimmune encephalomyelitis: 

evidence for redundancy in the IL-12 system in the induction of central nervous 

system autoimmune demyelination. J Immunol. 169(12):7104-10 
Hayes GM, Woodroofe MN, Cuzner ML 1987 Microglia are the major cell type expressing 

MHC class II in human white matter. J Neurol Sci. 80:25-37 
Hickey WF, Kimura H. 1988 Perivascular microglial cells of the CNS are bone marrow- 

derived and present antigen in vivo. Science. 239:290-2 
Huang DR, Wang J, Kivisakk P, Rollins BJ, Ransohoff RM (2001) Absence of monocyte 

chemoattractant protein 1 in mice leads to decreased local macrophage recruitment 
and antigen-specific T helper cell type 1 immune response in experimental 
autoimmune encephalomyelitis. J Exp Med. 193:713-26 

Huitinga l, Ruuls SR, Jung S, Van Rooijen N, Hartung HP, Dijkstra CD. 1995 Macrophages 
in T cell line-mediated, demyelinating, and chronic relapsing experimental 
autoimmune encephalomyelitis in Lewis rats. Clin Exp Immunol 100:344-51 



A7. Role of Microglia and Macrophages in EAE 125 

Hulkower K, Brosnan CF, Aquino DA, Cammer W, Kulshrestha S, Guida MP, Rapoport DA, 
Berman JW. 1993 Expression of CSF-1, c-fms, and MCP-1 in the central nervous 
system of rats with experimental allergic encephalomyelitis. J lmmunol. 150:2525-33. 

Jacobs CA, Baker PE, Roux ER, Picha KS, Toivola B, Waugh S, Kennedy MK. 1991 

Experimental autoimmune encephalomyelitis is exacerbated by IL-1 alpha and 

suppressed by soluble IL-1 receptor. J Immunol. 146:2983-9. 
Jahng AW, Maricic I, Pedersen B, Burdin N, Naidenko O, Kronenberg M, Koezuka Y, 

Kumar V. 2001 Activation of natural killer T cells potentiates or prevents 
experimental autoimmune encephalomyelitis. J Exp Med. 194:1789-99 

Jander S, Pohl J, D'Urso D, Gillen C, Stoll G. 1998 Time course and cellular localization of 
interleukin-10 mRNA and protein expression in autoimmune inflammation of the rat 

central nervous system. Am J Pathol. 152:975-82 
Jee Y, Yoon WK, Okura Y, Tanuma N, Matsumoto Y. 2002 Upregulation of monocyte 

chemotactic protein-1 and CC chemokine receptor 2 in the central nervous system is 
closely associated with relapse of autoimmune encephalomyelitis in Lewis rats. J 
Neuroimmunol. Jul; 128(1-2):49-57 

Jiang Y, Salafranca MN, Adhikari S, Xia Y, Feng L, Sonntag MK, deFiebre CM, Pennell NA, 
Streit WJ, Harrison JK. 1998 Chemokine receptor expression in cultured gila and rat 
experimental allergic encephalomyelitis. J Neuroimmunol. 86:1-12 

Jones RE, Mass M, Bourdette DN. 1999 Myelin basic protein-specific T lymphocytes induce 
chronic relapsing experimental autoimmune encephalomyelitis in lymphocyte- 
deficient (SCID) mice. J Neuroimmunol. Jan 1 ;93(1-2):92-101 

Juedes AE, Hjelmstrom P, Bergman CM, Neild AL, Ruddle NH. 2000 Kinetics and cellular 

origin of cytokines in the central nervous system: insight into mechanisms of myelin 

oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis. J 

Immunol. 164:419-26 
Juedes AE, Ruddle NH. 2001 Resident and infiltrating central nervous system APCs regulate 

the emergence and resolution of experimental autoimmune encephalomyelitis. J 
Immunol. Apr 15;166(8):5168-75. 

Karpus WJ, Lukacs NW, McRae BL, Strieter RM, Kunkel SL, Miller SD. 1995 An important 
role for the chemokine macrophage inflammatory protein-1 alpha in the pathogenesis 
of the T cell-mediated autoimmune disease, experimental autoimmune 
encephalomyelitis. J Immunol. 155:5003-10 

Kean RB, Spitsin SV, Mikheeva T, Scott GS, Hooper DC 2000 The peroxynitrite scavenger 
uric acid prevents inflammatory cell invasion into the central nervous system in 
experimental allergic encephalomyelitis through maintenance of blood-central 
nervous system barrier integrity. J Immunol. 165:6511-8. 

Kiefer R, Schweitzer T, Jung S, Toyka KV, Hartung HP. 1998 Sequential expression of 

transforming growth factor-betal by T-cells, macrophages, and microglia in rat spinal 

cord during autoimmune inflammation. J Neuropathol Exp Neurol 57:385-95. 
Klyushnenkova EN, Vanguri P 1997 Ia expression and antigen presentation by glia: strain and 

cell type-specific differences among rat astrocytes and microglia. J Neuroimmunol. 
79(2): 190-201 

Konno H, Yamamoto T, Iwasaki Y, Saitoh T, Suzuki H, Terunuma H. 1989 Ia-expressing 
microglial cells in experimental allergic encephalomyelitis in rats. Acta Neuropathol 
(Berl) 77(5):472-9 

Korner H, Lemckert FA, Chaudhri G, Etteldorf S, Sedgwick JD. 1997 Tumor necrosis factor 

blockade in actively induced experimental autoimmune encephalomyelitis prevents 



126 Chapter A7 

clinical disease despite activated T cell infiltration to the central nervous system. Eur J 

Immunol. 27:1973-81 
Kosel S, Egensperger R, Bise K, Arbogast S, Mehraein P, Graeber MB (1997) Long-lasting 

perivascular accumulation of major histocompatibility complex class II-positive 
lipophages in the spinal cord of stroke patients: possible relevance for the immune 
privilege of the brain. Acta Neuropathol (Berl). 94:532-8 

Kuchroo VK, Das MP, Brown JA, Ranger AM, Zamvil SS, Sobel RA, Weiner HL, Nabavi N, 
Glimcher LH. 1995 B7-1 and B7-2 costimulatory molecules activate differentially the 
Thl/Th2 developmental pathways: application to autoimmune disease therapy. Cell. 
80:707-18 

Kuhlmann T, Lingfeld G, Bitsch A, Schuchardt J, Bruck W. 2002 Acute axonal damage in 

multiple sclerosis is most extensive in early disease stages and decreases over time. 

Brain. 125:2202-12 
Kurz H, Christ B (1998) Embryonic CNS macrophages and microglia do not stem from 

circulating, but from extravascular precursors. Gila 22:98-102 
Laman JD, van Meurs M, Schellekens MM, de Boer M, Melchers B, Massacesi L, Lassmann 

H, Claassen E, Hart BA. 1998 Expression of accessory molecules and cytokines in 
acute EAE in marmoset monkeys (Callithrix jacchus). J Neuroimmunol. Jun 
1 ;86( 1):30-45 

Larsson M, Fonteneau JF, Bhardwaj N (2001) Dendritic cells resurrect antigens from dead 
cells. Trends Immunol 22:141-8 

Leonard JP, Waldburger KE, Goldman SJ. 1995 Prevention of experimental autoimmune 

encephalomyelitis by antibodies against interleukin 12. J Exp Med. 181:381-6 
LeVine SM. 1997 Iron deposits in multiple sclerosis and Alzheimer's disease brains. Brain 

Res. Jun 20;760(1-2):298-303 
Li H, Cuzner ML, Newcombe J 1996 Microglia-derived macrophages in early multiple 

sclerosis plaques. Neuropathol Appl Neurobiol. 22(3):207-15 
Lider O, Miller A, Miron S, Hershkoviz R, Weiner HL, Zhang XM, Heber-Katz E (1991) 

Nonencephalitogenic CD4-CD8- V alpha 2V beta 8.2+ anti-myelin basic protein rat T 
lymphocytes inhibit disease induction. J lmmunol. 1991 Aug 15; 147(4): 1208-13. 

Linehan SA, Martinez-Pomares L, Stahl PD, Gordon S (1999) Mannose receptor and its 
putative ligands in normal murine lymphoid and nonlymphoid organs: In situ 
expression of mannose receptor by selected macrophages, endothelial cells, 
perivascular microglia, and mesangial cells, but not dendritic cells. J Exp Med 
189:1961-72 

Liu J, Marino MW, Wong G, Grail D, Dunn A, Bettadapura J, Slavin AJ, Old L, Bernard CC. 

1998 TNF is a potent anti-inflammatory cytokine in autoimmune-mediated 

demyelination. Nat Med. 4:78-83 
Liu Y, Zhu B, Luo L, Li P, Paty DW, Cynader MS. 2001 Heine oxygenase-I plays an 

important protective role in experimental autoimmune encephalomyelitis. 
Neuroreport. 12:1841-5 

Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H. 2000 
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Ann Neurol. 47:707-17 

Marusic S, Miyashiro JS, Douhan J 3rd, Konz RF, Xuan D, Pelker JW, Ling V, Leonard JP, 

Jacobs KA. 2002 Local delivery of granulocyte macrophage colony-stimulating factor 

by retrovirally transduced antigen-specific T cells leads to severe, chronic 

experimental autoimmune encephalomyelitis in mice. Neurosci Lett. 332:185-9. 



A7. Role of Microglia and Macrophages in EAE 127 

Matejuk A, Dwyer J, Ito A, Bruender Z, Vandenbark AA, Offner H. 2002 Effects of ¢ytokine 

deficiency on chemokine expression in CNS of mice with EAE. J Neurosci Res. 

67(5):680-8 
Matsumoto Y, Ohmori K, Fujiwara M. 1992 Microglial and astroglial reactions to 

inflammatory lesions of experimental autoimmune encephalomyelitis in the rat central 
nervous system. J Neuroimmunol Mar 37(1-2):23-33 

McCombe PA, de Jersey J, Pender MP. 1994 Inflammatory cells, microglia and MHC class I1 
antigen-positive cells in the spinal cord of Lewis rats with acute and chronic relapsing 
experimental autoimmune encephalomyelitis. J Neuroimmunol 51(2): 153-67 

McCombe PA, Fordyce BW, de Jersey J, Yoong G, Pender MP. 1992 Expression of CD45RC 
and Ia antigen in the spinal cord in acute experimental allergic encephalomyelitis: an 
immunocytochemical and flow cytometric study. J Neurol Sci Dec 113(2): 177-86 

McGeer PL, Itagaki S, McGeer EG. 1988 Expression of the histocompatibility glycoprotein 
HLA-DR in neurological disease. Acta Neuropathol (Berl).;76(6):550-7 

McQualter JL, Darwiche R, Ewing C, Onuki M, Kay TW, Hamilton JA, Reid HH, Bernard 

CC. 2001 Granulocyte macrophage colony-stimulating factor: a new putative 

therapeutic target in multiple sclerosis. J Exp Med. 194:873-82 
Miceli MC, Parries JR (1991) The roles of CD4 and CD8 in T cell activation. Semin Immunol 

3:133-41 
Mitrovic B, Parkinson J, Merrill JE 1996 An in Vitro Model of Oligodendrocyte Destruction 

by Nitric Oxide and Its Relevance to Multiple Sclerosis. Methods 10:501-13 
Miyagishi R, Kikuchi S, Takayama C, Inoue Y, Tashiro K. 1997 Identification of cell types 

producing RANTES, MIP-1 alpha and MIP-I beta in rat experimental autoimmune 
encephalomyelitis by in situ hybridization. J Neuroimmunol. 77:17-26 

Miyamoto K, Miyake S, Yamamura T. 2001 A synthetic glycolipid prevents autoimmune 
encephalomyelitis by inducing TH2 bias of natural killer T cells. Nature. 413:531-4 

Muller-Ladner U, Jones JL, Wetsel RA, Gay S, Raine CS, Barnum SR 1996 Enhanced 
expression of chemotactic receptors in multiple sclerosis lesions. J Neurol Sci. 
Dec;144(1-2): 135-41 

Murphy CA, Hoek RM, Wiekowski MT, Lira SA, Sedgwick JD. 2002. Interactions between 
hematopoiectically derived TNF and central nervous system-resident glial 
chemokines underlie initiation of autoimmune inflammation in the brain. J. lmmunol 
169:7054-62 

Nagra RM, Becher B, Tourtellotte WW, Antel JP, Gold D, Paladino T, Smith RA, Nelson JR, 
Reynolds WF. 1997 Immunohistochemical and genetic evidence of myeloperoxidase 
involvement in multiple sclerosis. J Neuroimmunol. 78:97-107 

Navascues J, Moujahid A, Almendros A, Marin-Teva JL, Cuadros MA (1995) Origin of 
microglia in the quail retina: central-to-peripheral and vitreal-to-scleral migration of 
microglial precursors during development. J Comp Neurol. 354:209-28. 

Nedergaard M (1994) Direct signaling from astrocytes to neurons in cultures of mammalian 
brain cells. Science Mar 25;263(5154): 1768-71 

Nguyen KB, McCombe PA, Pender MP. 1994 Macrophage apoptosis in the central nervous 
system in experimental autoimmune encephalomyelitis. J Autoimmun 7(2):145-52 

O'Brien NC, Charlton B, Cowden WB, Willenborg DO. 2001 Inhibition of nitric oxide 
synthase initiates relapsing remitting experimental autoimmune encephalomyelitis in 
rats, yet nitric oxide appears to be essential for clinical expression of disease. J 
Immunol. 167:5904-12 

Ohmori K, Hong Y, Fujiwara M, Matsumoto Y. 1992 In situ demonstration of proliferating 
cells in the rat central nervous system during experimental autoimmune 
encephalomyelitis. Evidence suggesting that most infiltrating T cells do not proliferate 
in the target organ. Lab Invest Jan 66(1):54-62 



128 Chapter A7 

Okuda Y, Sakoda S, Fujimura H, Yanagihara T. 1998 Aminoguanidine, a selective inhibitor 
of the inducible nitric oxide synthase, has different effects on experimental allergic 
encephalomyelitis in the induction and progression phase. : J Neuroimmunol. 81:201- 
10 

Oleszak EL, Katsetos CD, Kuzmak J, Varadhachary A. 1997 Inducible nitric oxide synthase 
in Theiler's murine encephalomyelitis virus infection. J Virol. 71:3228-35 

Ouallet J, Baumann N, Marie Y, Villarroya H. 1999 Fas system up-regulation in experimental 

autoimmune encephalomyelitis. J Neurol Sci. 170:96-104. 
Owens T, Tran E, Hassan-Zahraee M, Krakowski M (1998) Immune cell entry to the CNS--a 

focus for immunoregulation of EAE. Res Immunol 149:781-9 
Pagenstecher A, Lassmann S, Carson MJ, Kincaid CL, Stalder AK, Campbell IL. 2000 

Astrocyte-targeted expression of IL-12 induces active cellular immune responses in 
the central nervous system and modulates experimental allergic encephalomyelitis. J 
Immunol. 164(9):4481-92. 

Pan Y, Lloyd C, Zhou H, Dolich S, Deeds J, Gonzalo JA, Vath J, Gosselin M, Ma J, Dussault 
B, Woolf E, Alperin G, Culpepper J, Gutierrez-Ramos JC, Gearing D 1997 
Neurotactin, a membrane-anchored chemokine upregulated in brain inflammation. 
Nature 387:611-7 

Penkowa M, Espejo C, Martinez-Caceres EM, Poulsen CB, Montalban X, Hidalgo J. 2001 
Altered inflammatory response and increased neurodegeneration in metallothionein 
l+ll deficient mice during experimental autoimmune encephalomyelitis. J 
Neuroimmunol. 119:248-60 

Polfliet MM, van de Veerdonk F, Dopp EA, van Kesteren-Hendrikx EM, van Rooijen N, 

Dijkstra CD, van den Berg TK 2002 The role of perivascular and meningeal 

macrophages in experimental allergic encephalomyelitis. J Neuroimmunol 122:1-8 
Priller J, Flugel A, Wehner T, Boentert M, Haas CA, Prinz M, Fernandez-Klett F, Prass K, 

Bechmann I, de Boer BA, Frotscher M, Kreutzberg GW, Persons DA, Dirnagl U. 
(2001) Targeting gene-modified hematopoietic cells to the central nervous system: 
use of green fluorescent protein uncovers microglial engraftment. Nat Med 7:1356-61 

Qi X, Guy J, Nick H, Valentine J, Rao N. 1997 Increase of manganese superoxide dismutase, 
but not of Cu/Zn-SOD, in experimental optic neuritis. Invest Ophthalmol Vis Sci. 
38:1203-12 

Raivich G, Bohatschek M, Kloss CU, Werner A, Jones LL, Kreutzberg GW. 1999. Neuroglial 
activation repertoire in the injured brain: graded response, molecular mechanisms and 
cues to physiological function. Brain Res Rev 30:77-105 

Reimann J, Bohm W, Schirmbeck R (1994) Alternative processing pathways for MHC class 
I-restricted epitope presentation to CD8+ cytotoxic T lymphocytes. Biol Chem Hoppe 
Seyler 375:731-6 

Renno T, Krakowski M, Piccirillo C, Lin JY, Owens T. 1995 TNF-alpha expression by 

resident microglia and infiltrating leukocytes in the central nervous system of mice 

with experimental allergic encephalomyelitis. Regulation by Thl cytokines. J 

Immunol Jan 15 154(2):944-53 

Rinner WA, Bauer J, Schmidts M, Lassmann H, Hickey WF. 1995 Resident microglia and 

hematogenous macrophages as phagocytes in adoptively transferred experimental 

autoimmune encephalomyelitis: an investigation using rat radiation bone marrow 

chimeras. Glia 14:257-66 

Rott O, Fleischer B, Cash E (1994) Interleukin-10 prevents experimental allergic 

encephalomyelitis in rats. Eur J Immunol. 24:1434-40 



A7. Role of Microglia and Macrophages in EAE 129 

Rottman JB, Slavin AJ, Silva R, Weiner HL, Gerard CG, Hancock WW. 2000 Leukocyte 
recruitment during onset of experimental allergic encephalomyelitis is CCR1 
dependent. Eur J Immunol. 30:2372-7 

Ruuls SR, Bauer J, Sontrop K, Huitinga l, 't Hart BA, Dijkstra CD. 1995 Reactive oxygen 
species are involved in the pathogenesis of experimental allergic encephalomyelitis in 
Lewis rats. J Neuroimmunol 56:207-17 

Ruuls SR, Van Der Linden S, Sontrop K, Huitinga I, Dijkstra CD 1996 Aggravation of 
experimental allergic encephalomyelitis (EAE) by administration of nitric oxide (NO) 
synthase inhibitors. Clin Exp Immunol. 103:467-74 

Schiffenbauer J, Streit WJ, Butfiloski E, LaBow M, Edwards C 3rd, Moldawer LL. 2000 The 

induction of EAE is only partially dependent on TNF receptor signaling but requires 

the IL-1 type I receptor. Clin lmmunol. 95:117-23 
Schluesener H J, Seid K, Kretzschmar J, Meyermann R 1996 Leukocyte chemotactic factor, a 

natural ligand to CD4, is expressed by lymphocytes and microglial cells of the MS 
plaque. J Neurosci Res 44(6):606-11 

Schluesener H J, Seid K, Zhao Y, Meyermann R. 1997 Localization of endothelial-monocyte- 
activating polypeptide II (EMAP I1), a novel proinflammatory cytokine, to lesions of 
experimental autoimmune encephalomyelitis, neuritis and uveitis: expression by 
monocytes and activated microglial cells. Glia. Aug;20(4):365-72 

Schluesener HJ, Seid K. 2000 Heme oxygenase-1 in lesions of rat experimental autoimmune 
encephalomyelitis and neuritis. J Neuroimmunol. 110:114-20 

Schonrock LM, Kuhlmann T, Adler S, Bitsch A, Bruck W. 1998 Identification of glial cell 
proliferation in early multiple sclerosis lesions. Neuropathol Appl Neurobiol. 
24(4):320-30 

Sedgwick JD, Schwender S, Gregersen R, Dorries R, ter Meulen V 1993 Resident 
macrophages (ramified microglia) of the adult brown Norway rat central nervous 
system are constitutively major histocompatibility complex class II positive. J Exp 
Med. 177(4):1145-52. 

Selmaj K, Raine CS, Cross AH. 1991 Anti-tumor necrosis factor therapy abrogates 

autoimmune demyelination. Ann Neurol. 30:694-700 
Simpson J, Rezaie P, Newcombe J, Cuzner ML, Male D, Woodroofe MN. 2000 Expression of 

the beta-chemokine receptors CCR2, CCR3 and CCR5 in multiple sclerosis central 
nervous system tissue. J Neuroimmunol. 108(1-2): 192-200 

Smith T, Schmied M, Hewson AK, Lassmann H, Cuzner ML 1996 Apoptosis of T cells and 
macrophages in the central nervous system of intact and adrenalectomized Lewis rats 
during experimental allergic encephalomyelitis. J Autoimmun. Apr;9(2): 167-74 

Sorensen TL, Tani M, Jensen J, Pierce V, Lucchinetti C, Folcik VA, Qin S, Rottman J, 
Sellebjerg F, Strieter RM, Frederiksen JL, Ransohoff RM. 1999 Expression of 
specific chemokines and chemokine receptors in the central nervous system of 
multiple sclerosis patients. J Clin Invest. 103:807-15 

Stalder AK, Carson MJ, Pagenstecher A, Asensio VC, Kincaid C, Benedict M, Powell HC, 
Masliah E, Campbell IL. 1998 Late-onset chronic inflammatory encephalopathy in 
immune-competent and severe combined immune-deficient (SC1D) mice with 
astrocyte-targeted expression of tumor necrosis factor. Am J Pathol 153:767-83 

Stephenson DT, Schober DA, Smalstig EB, Mincy RE, Gehlert DR, Clemens JA (1995) 
Peripheral benzodiazepine receptors are colocalized with activated microglia 
following transient global forebrain ischemia in the rat. J Neurosci. 15:5263-74. 

Stevens DB, Gould KE, Swanborg RH. 1994 Transforming growth factor-beta 1 inhibits 

tumor necrosis factor-alpha/lymphotoxin production and adoptive transfer of disease 

by effector cells of autoimmune encephalomyelitis. J Neuroimmunol. 51:77-83 



13 0 Chapter A 7 

Stoll G, Jander S (1999) The role of microglia and macrophages in the pathophysiology of the 
CNS. Prog Neurobiol. 58:233-47 

Storch MK, Fischer-Colbrie R, Smith T, Rinner WA, Hickey WF, Cuzner ML, Winkler H, 
Lassmann H 1996 Co-localization of secretoneurin immunoreactivity and macrophage 
infiltration in the lesions of experimental autoimmune encephalomyelitis. 
Neuroscience. Apr;71(3):885-93 

Streit WJ, Graeber MB, Kreutzberg GW (1989) Expression of Ia antigen on perivascular and 
microglial cells after sublethal and lethal motor neuron injury. Exp Neurol 105:115-26 

Subramanian S, Bourdette DN, Corless C, Vandenbark AA, Offner H, Jones RE. 2001 T 
lymphocytes promote the development of bone marrow-derived APC in the central 
nervous system. J Immunol. 166(1):370-6 

Sugita M, Moody DB, Jackman RM, Grant EP, Rosat JP, Behar SM, Peters PJ, Porcelli SA, 
Brenner MB. 1998 CD1--a new paradigm for antigen presentation and T cell 
activation. Clin Immunol Immunopathol. 87:8-14 

Sun D, Whitaker JN, Huang Z, Liu D, Coleclough C, Wekerle H, Raine CS. Myelin 
antigen-specific CD8+ T cells are encephalitogenic and produce severe 
disease in C57BL/6 mice. J Immunol. 2001 Jun 15;166(12):7579-87 

Suter T, Malipiero U, Otten L, Ludewig B, Muelethaler-Mottet A, Mach B, Reith 
W, Fontana A. 2000 Dendritic cells and differential usage of the MHC class 
II transactivator promoters in the central nervous system in experimental 
autoimmune encephalitis. Eur J Immunol 30(3):794-802 

Suzuki M, Raisman G (1992) The glial framework of central white matter tracts: 
segmented rows of contiguous interfascicular oligodendrocytes and solitary 
astrocytes give rise to a continuous meshwork of transverse and longitudinal 
processes in the adult rat fimbria. Glia 6:222-35 

Takahashi JL, Giuliani F, Power C, Imai Y, Yong VW. 2003 Interleukin-lbeta 
promotes oligodendrocyte death through glutamate excitotoxicity. Ann 
Neurol. 53:588-95 

Taupin V, Renno T, Bourbonniere L, Peterson AC, Rodriguez M, Owens T 1997 
Increased severity of experimental autoimmune encephalomyelitis, chronic 
macrophage/microglial reactivity, and demyelination in transgenic mice 
producing tumor necrosis factor-alpha in the central nervous system. Eur J 
Immunol. 27:905-13 

Tran EH, Hardin-Pouzet H, Verge G, Owens T. 1997 Astrocytes and microglia 
express inducible nitric oxide synthase in mice with experimental allergic 
encephalomyelitis. J Neuroimmunol. 74:121-9 

Tran EH, Hoekstra K, van Rooijen N, Dijkstra CD, Owens T. 1998 Immune 
invasion of the central nervous system parenchyma and experimental allergic 
encephalomyelitis, but not leukocyte extravasation from blood, are prevented 
in macrophage-depleted mice. J Immunol 161:3767-75 

Trebst C, Sorensen TL, Kivisakk P, Cathcart MK, Hesselgesser J, Horuk R, 
Sellebjerg F, Lassmann H, Ransohoff RM. 2001 CCRI+/CCR5+ 
mononuclear phagocytes accumulate in the central nervous system of patients 
with multiple sclerosis. Am J Pathol 159:1701-10 

Trebst C, Staugaitis SM, Kivisakk P, Mahad D, Cathcart MK, Tucky B, Wei T, Rani 
MR, Horuk R, Aldape KD, Pardo CA, Lucchinetti CF, Lassmann H, 
Ransohoff RM. 2003 CC chemokine receptor 8 in the central nervous system 
is associated with phagocytic macrophages. Am J Pathol. 162:427-38 



A7. Role of Microglia and Macrophages in EAE 131 

Van Dam AM, Bauer J, Man-A-Hing WK, Marquette C, Tilders FJ, Berkenbosch F: 
1995 Appearance of inducible nitric oxide synthase in the rat central nervous 
system after rabies virus infection and during experimental allergic 
encephalomyelitis but not after peripheral administration of endotoxin. J 
Neurosci Res. Feb 1 ;40(2):251-60 

Waldburger KE, Hastings RC, Schaub RG, Goldman S J, Leonard JP 1996 Adoptive 
transfer of experimental allergic encephalomyelitis after in vitro treatment 
with recombinant murine interleukin-12. Preferential expansion of interferon- 
gamma-producing cells and increased expression of macrophage-associated 
inducible nitric oxide synthase as immunomodulatory mechanisms. Am J 
Pathol. Feb; 148(2):375-82 

Walther M, Popratiloff A, Lachnit N, Hofmann N, Streppel M, Guntinas-Lichius O, 
Neiss WF, Angelov DN. (2001) Exogenous antigen containing perivascular 
phagocytes induce a non-encephalitogenic extravasation of primed 
lymphocytes. J Neuroimmunol 117:30-42 

Weinberg AD, Wegmann KW, Funatake C, Whitham RH. 1999 Blocking OX- 
40/OX-40 ligand interaction in vitro and in vivo leads to decreased T cell 
function and amelioration of experimental allergic encephalomyelitis. J 
Immunol 162(3): 1818-26 

Werner K, Bitsch A, Bunkowski S, Hemmerlein B, Bruck W. 2002 The relative 
number of macrophages/microglia expressing macrophage colony- 
stimulating factor and its receptor decreases in multiple sclerosis lesions. Glia 
40:121-9 

Willenborg DO, Fordham SA, Staykova MA, Ramshaw IA, Cowden WB. 1999 
IFN-gamma is critical to the control of murine autoimmune 
encephalomyelitis and regulates both in the periphery and in the target tissue: 
a possible role for nitric oxide. J Immunol. 163:5278-86 

Williams K, Ulvestad E, Antel JP. B7/BB-1 antigen expression on adult human 
microglia studied in vitro and in situ. Eur J Immunol. 1994 Dec;24(12):3031- 
7 

Xue S, Sun N, Van Rooijen N, Perlman S. 1999 Depletion of blood-borne 
macrophages does not reduce demyelination in mice infected with a 
neurotropic coronavirus. J Virol 73:6327-34 

Zhu B, Luo L, Chen Y, Paty DW, Cynader MS. 2002 Intrathecal Fas ligand infusion 
strengthens immunoprivilege of central nervous system and suppresses 
experimental autoimmune encephalomyelitis. J Immunol. 169:1561-9 

Zinkernagel RM, Doherty PC (1997) The discovery of MHC restriction. Immunol 
Today 18:14-7 



Chapter A8 

THE NEURON AND AXON IN EXPERIMENTAL 
AUTOIMMUNE ENCEPHALOMYELITIS 

Nikos Evangelou and Cris S Constantinescu 
Division of Clinical Neurology, University of Nottingham, UK 

Abstract: Neuronal and axonal loss and damage are increasingly recognized major 
pathological features of MS that correlate with disability. Correspondingly, in 
EAE, these processes are being investigated in great detail. This chapters 
discusses the present knowledge of axonal and neuronal pathology in MS and 
details the relevant studies in EAE, that may form the basis to future 
neuroprotective/regenerative approaches to MS. 

Key words: EAE, MS, axon, neuron, magnetic resonance imaging, atrophy 

The importance of axonal dysfunction and axonal loss in Multiple 
Sclerosis (MS) has been at the centre of the pathological debate over the last 
decade. Since 1995 the number of publications listed in Medline related to 
"MS AND myelin" has increased by 30%, whereas articles on "MS AND 
axon*" increased by 300%. Equally, it is not surprising that more importance 
is also given to the extent of axonal involvement in the EAE models. 

The first part of this review will examine the evidence of axonal 
involvement in MS, and the second part will focus to studies of axons in the 
EAE models. 

1.1 History o f  axonal  loss 

Axonal injury has been recognized since the first descriptions of MS 
pathology. Neuropathologists usually refer to Charcot when describing the 
hallmarks of MS pathology, e.g. inflammation, demyelination, and relative 
preservation of axons. In the historical review on axonal loss in MS, Kornek 
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and Lassmann [1] suggest that it is Marburg in 1906, who emphasized the 
term "relative" as he found more axons were lost than generally believed. 
Charcot clearly described demyelinated axons showing increased diameters, 
large axonal swellings and admitted that, due to methodic limitations, the 
presence of axonal degeneration could not be definitively excluded. 
Fromann provided a detailed description of axonal pathologic changes in the 
lesions of MS. He noticed that lesion formation not only led to the disruption 
of the myelin sheath, but also to the appearance of axonal transections. 
Quantifying the degree of axonal loss came several decades later. Putnam in 
1936 found an "unmistakable decrease in number" of axons in 13 out of 35 
plaques and in 18 they were "absent or the number was so far decreased that 
some high power fields were devoid of them". Greenfield and King 
produced conflicting results: in a series of 125 plaques from 13 cases they 
found that less than 10 percent showed "severe destruction," meaning a 
reduction in number to one-fifth or one-seventh. 

, A X O N A L  L O S S  IN MS 

2.1 In demyel ina ted  lesions in MS 

MS is primarily a demyelinating disease of the central nervous system. 
Evidence of axonal loss derives indirectly from imaging studies and 
directly from pathological specimens. Magnetisation transfer imaging 
(MTI) is a MRI technique that can measure water content in its relation to 
macromolecules [2]. The MTI signal reflects protons bound to tissue 
(particularly myelin) and can therefore provide an index of tissue 
destruction. It is described as a ratio - the lower the ratio, the more 
destructive the lesion. A moderately strong correlation coefficient has been 
demonstrated between the MT ratio and disability[3]. Hypointense T1 
lesions with decreased MTR are also associated with tissue destruction and 
axonal loss and are frequently found in MS patients [4, 5]. 

A number of studies have used Magnetic Resonance Spectroscopy 
(MRS) techniques in the last decade. MRS techniques permit inferences 
about chemical changes in tissues. N-acetylaspartate (NAA) is found 
exclusively or perdominantly in neurons and the NAA peak was found to be 
low both in lesions [6] and in the NAWM [7] in MS. Brain proton MR 
spectroscopy in patients with MS has demonstrated substantially reduced 
NAA/Cr ratios within both chronic [8, 9] and acute [6, 10] lesions. 
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Pathological studies have found that axonal damage was more evidently 
found with acute lesions associated with inflammatory activity [11, 12]. On 
average axonal loss of 59-82% was observed in demyelinated plaques [13]. 

2.2 Normal  appearing white matter in MS 

The term Normal Appearing White Matter (NAWM) is a technical MRI 
definition and was initially used to describe the white matter volume on T2- 
weighted images outside of areas of abnormally high white matter signal 
intensity. An increasing amount of evidence suggests that the white matter 
outside demyelinated lesions is abnormal mainly due to loss of axons. 

2.2.1 Atrophy 

Whereas late stages of chronic MS have long been recognised to be 
associated with brain atrophy, more recent quantitative MRI studies have 
demonstrated that large white mater volume changes occur even early in the 
progression of the disease. Losseff and colleagues have shown that the 
relative atrophy of the spinal cord at the level of C3 correlates with the 
degree of disability [14]. In addition, they described a measurable 
progressive change in the cross-sectional area of the spinal cord at C3 with 
time. Just as for the spinal cord, it was found that MS patients show 
measurable atrophy of brain white matter with time. Although lesion 
formation resulting in tissue destruction certainly can contribute to volume 
loss, the degree of atrophy is out of proportion to the relatively small lesion 
volumes suggesting pathological processes outside lesions being involved. 

2.2.2 Magnetic Resonance Spectroscopy shows evidence for 
diffuse axonal injury in NAWM in MS 

Proton magnetic resonance spectroscopy (MRS) provides a unique tool 
for in vivo evaluation of biochemical changes associated with brain 
pathology. In MRS, information on the resonance frequencies of protons 
observed in the tissue is preserved. This allows analysis of the relative 
spatial distributions and concentrations of small molecules. Water- 
suppressed localised 1H spectroscopy yields spectra dominated by 
resonances of N-acetyl aspartate (NAA), Creatine (Cr)/Phosphocreatine 
(PCr) and Choline (Cho). NAA is exclusively or, at least, predominantly 
localized within neurons in the mature brain [15, 16] and is therefore used as 
a marker of axonal density and integrity. Conventionally in brain MR 
spectroscopy NAA has been quantified in relation to the magnitude of the 
Cr, the concentration of which is believed to vary little. 
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Irreversible decreases in the relative NAA concentrations in lesions must 
reflect axonal volume loss (i.e., either a decrease in the number of axons or 
in their aggregate cross sectional area). Reversible changes are likely to 
signify axonal dysfunction [17] The possibility that significant biochemical 
changes occur outside of areas of focal inflammation (i.e. within the 
NAWM), was highlighted by the finding that reductions in the NAA/Cr ratio 
from a large volume of interest within the brain were relatively independent 
of T2-hyperintense lesion volumes and could be found with even very large 
voxels that included relatively small lesions volumes [18]. Later studies 
directly demonstrated reduced NAA/Cr adjacent to [6] or even distant from 
lesions in regions of the brain containing only NAWM [19]. The reduction in 
the NAA/Cr ratio within the NAWM was shown to be more marked in 
patients with secondary progressive than relapsing-remitting MS [20]. 

The reduced NAA/Cr ratio or reduction in absolute NAA signal within 
the NAWM could arise from reduced axonal density, reduction in axonal 
NAA concentration with axons or altered relaxation times. Early studies 
suggested that relaxation time changes are unlikely to be great enough to 
have a large effect on the NAA/Cr ratio [9]. Decreases in neuronal NAA 
concentration occur in response to an acute inflammatory insult and can be 
reversible [6, 17]. Hence, a reduction in the NAA signal within large areas of 
the macroscopically NAWM in patients who have not suffered a recent 
relapse most likely reflects chronic changes in axonal morphology or 
density. 

2.2.3 Axonal loss in NAWM 

Few studies have investigated the NAWM with pathological methods. In an 
acute MS case, axonal changes were reported. By studying the corpus 
callosum we have shown substantially reduced axonal density and loss of 
volume in the NAWM. Considering both axonal density and volume 
measurements in the corpus callosum there is a mean estimated loss of 53 % 
of the total number of axons in the NAWM of MS brains in our samples 
[21]. We also demonstrated that the axonal loss in the NAWM is the result 
of Wallerian and post-synaptic degeneration of axons caused by axonal 
transection at the site of MS lesions. 
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As mentioned, the association between axonal pathology and clinical 
disability was first discussed by Charcot. The volume of hypointense lesions 
(black holes) [22] and the extent of brain atrophy, both considered a marker 
of axonal loss, correlate with the degree of disability [23]. 

The significance of those MR abnormalities is strengthened by studies that 
have found strong correlations between the NAWM changes and clinical 
disability. Possibly, these MRI abnormalities of the NAWM may reflect the 
cumulative damage from MS lesions, which appears to occur both early in 
the disease, as well as later, in the secondary progressive phase. 

The earliest MR spectroscopic studies reported that large voxel MRS 
measurements of brain NAA were lower in patients with higher disability 
scores than those with lower disability scores [8]. Fu and colleagues later 
co-registered MRSI with conventional images in which the lesions had been 
segmented in order to define independently the relationship between axonal 
injury in lesions or NAWM and progression of disability [7]. They found a 
correlation between decreases in NAA in the NAWM and the progression of 
disability. It is notable that a similar correlation was no_~t found between 
NAA decreases in lesions and disability. While work of Davie et al had 
noted the correlation between overall axonal injury in lesions and disability 
[24], measurement of NAA in the aggregate lesion load is difficult and may 
not be as sensitive to change over time as changes in the NAWM. 
Longitudinal follow-up of the same RR and SP MS patient cohort followed 
by Fu et al demonstrated a strong correlation between the progression of 
disability and decreases in relative NAA concentrations in a large central 
volume of WM. 

2.4 Pathological methods for detecting axonal loss 

MR techniques are only indirectly reflecting axonal dysfunction and are 
unable to differentiate between acute and longstanding axonal damage. 

One of the reasons the axonal element of MS has been given little 
attention until recently is possibly the ease of identifying demyelinated 
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plaques using conventional pathological stains compared to the less striking 
pictures of axonal stains. 

A number of techniques can be used to study axonal damage. While with 
the use of electron microscopy the number and size of axons can be 
measured accurately, this method is complicated by technical difficulties. 
The best images are acquired when the brain tissues are frozen immediately 
following the death of the patient, and as most MS patients do not die in 
hospital, pathological material is difficult to obtain. The use of the EM and 
the fixation techniques also require considerable expertise for good quality 
results. The availability of EM remains another limiting factor. 

Silver-based methods (Bodian, Fink-Heimer, Nauta) are the choice of 
most neuropathology laboratories. Silver-based stains require good fixation 
of tissue. Modifications of those stains take advantage of the higher affinity 
of degenerating axoplasm for binding silver. 

Most immunocytochemical techniques use antibodies to differentiate 
neurofilament components (NF70, NF150 and NF200) present in axons. 
Both silver-based and neurofilament methods visualise mainly the largest of 
the axons. Quantitative comparative studies examining what percentage of 
myelinated or unmyelinated axons are visualised using those techniques 
have not been conducted. 

Another  immunocytochemical  technique involves the use of  Amyloid  
Precursor Protein (APP). APP is a membrane glycoprotein and a 
normal constituent of neuronal cells. Normally APP is transported in 
an anterograde direction and is not visualised in healthy axons. If the 
transport is interrupted either due to axonal transection or possibly due 
to local dysfunction, APP accumulates in the proximal axonal ends and can 
be visualised by standard immunohistochemistry in formalin-fixed tissue as 
APP-positive spheroids. Therefore, beta APP has been suggested to be the 
immunocytochemical marker of choice for the detection of injured axons. 
This method was first used in traumatic brain injuries and found to be more 
sensitive than silver stains. As it has been demonstrated in fatal head 
injuries, APP stains damaged axons within 2 hours after injury and remains 
detectable in axons and bulbs for 10 to 14 days. With a survival time longer 
than 2 weeks, beta APP reactivity disappears from the injured axons as well 
as from bulbs. Beta APP therefore may serve as a marker for early axonal 
damage, while more advanced stages of axonal degeneration may not be 
detected by this method. In MS, APP has been found to be significantly 
expressed throughout acute lesions and at the border of active chronic 
lesions. 
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3.1 Axonal dysfunction vs. axonal loss 

Using magnetic resonance spectroscopy, larger reductions of NAA have 
been demonstrated than could have been expected by plain axonal loss. The 
main proposed explanation relies on the existence of significant axonal 
dysfunction without leading ultimately to neuronal death. Pathologically 
proven axonal loss probably represents the extreme part of the spectrum of 
axonal dysfunction. In MS autopsies a reduced number of cortical synapses 
were found in paralysed compared to ambulatory patients [25]. 
There is supporting EAE evidence derived from a study of the anatomy and 
function of the optic nerve in guinea pigs. The axonal density was analysed, 
but also orthograde transport was studied following tritiated leucine injection 
into the vitreous by autoradiographic analysis of silver grain counts. The 
extent of reduction in radioactivity in acute EAE (74%) was significantly 
more than the axonal loss (16%) [26]. 

3.2 Axonal  damage in different E A E  models 

EAE offers the possibility of providing detailed pathological correlation 
for the MRI technique used to assess axonal loss and dysfunction [27]. 

A number of EAE models have been to study axons. These include 
murine EAE induced by MBP or PLP- specific cell lines and clones [28-32]. 
Guinea pigs [26], and marmoset [33]. Amongst the different models MOG- 
induced EAE shows that, the highest incidence of acute axonal injury during 
active demyelination lead to a pronounced reduction of axonal density in all 
stages of demyelination [31]. The SWXJ mice, which have been used to 
study axonal loss in EAE, when immunized with PLP develop relapsing 
remitting chronic EAE that is very similar in its clinical course to MS. The 
mice have initial relapses and a late plateau of sustained functional disability 
[34, 35]. In most of those models a CNS antigen, usually myelin or a myelin 
protein peptide, was used to induce specific immune responses mimicking 
MS. A different approach was employed by Newman who used heat-killed 
bacillus Calmette-Guerin in a rodent mode in a two-staged approach. 
Initially a brain injection was given. At a second stage, after the blood brain 
barrier damage had healed, a subcutaneous injection of the bacilli induced 
CNS immune activation that resulted in axonal damage [36]. The mechanism 
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of axonal damage by the attracted macrophages is not yet clear, although 
release of cytokines or matrix mettaloproteinases have been implicated. 

3.3 Axonal selectivity 

Recent studies have suggested that smaller axons may be preferentially 
injured in MS [37, 38] We have also shown size-specific neuronal changes 
in the visual pathways [39]. Size-dependent differences in susceptibility 
could be a consequence of differences in surface area-to-volume ratio (e.g., 
if a non-specific, diffusible toxin such as NO is responsible) or other factors, 
such as the particular metabolic or antigenic characteristics of the different 
classes of cells. Confirming size-dependent correlations with injury 
throughout the CNS, for neurons and axons, would help to suggest candidate 
toxic factors. 

Examining spinal cord axons immunostained for tyrosine hydroxylase, 
serotonin and substance P, differences were found in the degree of axonal 
damage in the paraplegic phase in guinea pig EAE. The small diameter 
thinly myelinated or unmyelinated axons that course the spinal cord for long 
distances are more vulnerable to damage. Substance P containing fibres in 
the dorsal horns did not exhibit any changes, possibly because of their small 
intraspinal course [40]. 

3.4 Timing of abnormalities 

The axonal and neuronal abnormalities seem to correlate with the degree 
of demyelination and the functional recovery following the induction of 
EAE. As in MS, actively demyelinating lesions have many swollen and 
distorted axons, seen with Bielschowsky silver stain and 
immunohistochemistry for APP protein, whereas in inactive lesions and 
shadow plaques axonal spheroids are found only occasionally [31]. Early 
active lesions demonstrate higher levels of bAPP [31] as well as non- 
phosphorylated neurofilaments (SMI-32 positive) [33] compared to late 
active lesions. In the paraplegic phase of EAE in rats, grossly distorted 
axons are seen with accompanying grey matter abnormalities. Even by the 
first day of recovery, those changes are less prominent. Within the next 2 
weeks, both the grey matter and the axons became increasing more normal in 
appearance [41 ]. 
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In clinical relapses in EAE Lewis rats, the somatosensory evoked 
potentials was reduced in amplitude and prolonged in latency, presumably 
due to both demyelination and axonal dysfunction. In well-established 
remission, there was residual conduction failure, which can be mainly 
accounted for by axonal degeneration [42]. Most MS remyelinating lesions 
(shadow plaques) do not show significant demyelinating activity, and 
equally show very little acute axonal dysfunction by measuring betaAPP 
levels. This is in contrast to EAE where recurrent demyelination in the 
plaque is common, which may explain the high incidence of axonal bAPP 
reactivity [31 ]. 

3.5 Molecular changes within neurons 

Molecular changes have been observed in CNS neurons both in EAE and 
in post mortem MS material. In a chronic relapsing EAE mouse model that 
consistently displays cerebellar lesions, Sensory Neuron-Specific (SNS) 
sodium channels were detected, which are not present in the cerebellum of 
control mice. Similarly, SNS expression was detected in Purkinje cells in 
MS tissues from patients that exhibited cerebellar deficits, but not in the 
controls. The up regulation of some sodium channels could be due to 
neurotrophic factors, altered electrical activity, or demyelination per se [43]. 

Abnormal localization of N-type calcium channel has been implicated as 
a mechanism of axonal degeneration. Prominent axonal transport of a pore- 
forming subunit of N-type voltage-gated calcium channel has been observed 
in actively demyelinated axons in MS and MOG induced EAE. The subunit 
is thought to then integrate in the axonal membrane of the injured axon, 
possibly causing influx of calcium with activation of proteases and 
degradation of the cytoskeleton [44]. Calpain is a proteinase, found to be 
expressed at clinical peaks of EAE in spinal cord microglia of Lewis rats, 
possibly being one of the causes of degeneration of the axonal cytoskeleton, 
as its activity is increased by free intracellular [45]. 

3. 6 Cytotoxic  cells a n d  a x o n a l  d a m a g e  

What causes this profound axonal damage is unclear. Acute axonal 
pathology correlates with the presence of macrophages in a Lewis rat EAE 
model [31]. Direct attack of the neurons by cytotoxic cells is a possibility. 
Cytotoxic cell precursors recognize antigens on the surface of cells in 
association with MHC class I molecules. Both neurons and axons in MS can 
express MHC I rendering them vulnerable to CD8 -mediated cytotoxicity. 
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Myelin specific CD8 T cells induced clinically and histopathologically 
severe EAE and these cells can directly cause neuronal and axonal damage 
[46, 47]. 

3. 7 Agents associated with axonal damage 

The severity of inflammation and the degree of axonal damage are 
positively correlated in both in MS and EAE. Several mediators of 
inflammation were investigated as primary causes of axonal damage. 

Nitric oxide is produced in high concentration by macrophages and 
possibly by other CNS cells at sites of inflammation. The inducible form of 
NOS can produce much larger quantities of NO for protracted periods. 
Inducible NOS has been detected in MS plaques [48] and in the CNS of 
EAE [49]. The NO levels in the CNS of animals with EAE are reported to be 
up to 30 times greater than in the control animals. In an in vivo study, Smith 
has shown that axons operating at physiological frequencies are prone to 
nitric oxide mediated damage [50]. 

Other inflammatory mediators and cytokines may also act via 
induction or enhancement of NO. When relapses of the EAE were induced 
by intraperitoneal administration of IL-12 in Lewis rats, axonal death was 
observed in association with iNOS and tPA immunostaining throughout the 
gray and white matter. These agents might act either directly or indirectly by 
activating microglia and macrophages leading to axonal damage [51]. 

Perforin may be the principal mediator of axonal damage caused by 
cytotoxic T cells [47]. 

Glutamate neurotoxicity may be implicated in axonal damage and its 
blockade may be beneficial in EAE [52]. 

Trophic factors are important for the normal functioning of the complex 
glial-axon interaction. Ciliary neurotrophic factor (CNTF) has been 
demonstrated to be an important surviving factor for both neuronal and 
oligodendroglial populations. Disruption of the CNTF gene results in motor 
neuron degeneration. A CNTF mutation was detected in a group of MS 
patients with earlier onset and more severe course than those with at least 
one functional allele [53]. In EAE induced by MOG CNTF- deficient mice 
caused histologically a severe oligodendrogliopathy with prominent 
secondary axonal dystrophy and transection. This resulted clinically in 
earlier onset disease, with a significantly prolonged recovery phase [54]. In 
conclusion, lack of trophic factors seems to be associated with more severe 
axonal damage. Whether pharmacologically providing an excess of 
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neurotrophic stimulation will lead to less severe disease remains to be tested. 
Ruffini [55] delivered basic fibroblastic growth factor in mouse by 
genetically modified herpes virus vector that led to improvement of the 
clinical course of chronic EAE. 

3.8 Corre la t ion  wi th  disabi l i ty  

Although the degree of axonal abnormalities observed depends on the 
different model of EAE, the extent of the axonal involvement in a given 
EAE model seems to correlate with the degree of clinical severity of the 
disease. Examining the spinal cord of paraplegic EAE guinea pigs showed 
abnormalities in axons that were more pronounced, compared to rats that 
eventually recovered from the illness [41]. 

With quantitative immunohistochemical methods examining the spinal 
cord in chronic EAE neurological disability has been correlated with 
inflammation and axonal loss. Whereas inflammation was the principal 
determinant of reversible neurological disability during the acute EAE, the 
fixed neurological deficits correlated with axon loss, that in turn correlated 
with the number of symptomatic attacks [35]. 

3.9 Therapeutic interventions 

A number of agents that modulate inflammation in EAE can lead to 
protection of axons. Prazosin an alpha 1- adrenergic antagonist prevented 
monoaminergic axonal damage in the spinal cord of EAE rats [56]. When 
recombinant HSV expressing IL-4 a Th2 cytokine, was injected 
intracraniaily in the BALB/c model of mice EAE it prevented massive 
leucocyte infiltration resulting in protection of both the myelin and the axons 
[57]. 

Memantine, an NMDA receptor antagonist ameliorates neurological 
deficits in Lewis rats with EAE. As this was not found to be due to 
dampened CNS inflammation a direct effect on NMDA receptors had been 
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postulated, suggesting that this might be an easy neuronal target for 
modulation during neuroinflammation [58, 59]. 

Similarly, the phosphodiesterase IV inhibitor roliparm was proven an 
effective anti-inflammatory agent in EAE, possibly because glutamate- 
induced cytotoxicity can be prevented by cyclic AMP elevating agents [60]. 
Studies in progressive MS with pentoxifylline, another phosphodiesterase 
inhibitor, did not show a significant effect [61]. As relapse frequency and 
MRI activity were the end point of the study, one wonders if the anti- 
inflammatory effect of those agents is less important than the effect on 
glutamate toxicity. 

Cannabinoids are currently under investigation in MS especially for 
control of fatigue, tremor, spasticity and bladder dysfunction. Cannabinoids 
have bee successful in the control of spasticity in EAE [62]. Cannabinoid 
receptors are expressed in the CNS, and in vitro studies cannabinoids 
suppress nitric oxide production in neurons [63] and so possibly protect 
neurons from NMDA-induced neurotoxicity. There are suggestions that 
cannabinoids may have a neuroprotective role [64]. 

3.10 Immune modulation and protective autoimmunity 

The degree of neuronal survival following CNS insult is influenced by 
immune mediated mechanisms. Kipnis et al [65] showed that the survival of 
retinal ganglion cells in adult mice, after a variety of insults to the optic 
nerve or the vitreous, is influenced by the susceptibility status to EAE of the 
animal. T cells reactive against neural antigens but nonencephalitogenic may 
enhance recovery. Animals with EAE resistance had 60 % more surviving 
neurons than normal animals. Furthermore, an unrelated injury to the spinal 
cord prior to the retinal ganglion cell insult led to increased survival of 
retinal neurons. Survival was dependent upon the generation of a protective 
T cell response, suggesting T-cell dependent protection mechanisms as 
potential target for neuroprotective therapy. 
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Under normal circumstances, entry of immune system cells into the central 
nervous system (CNS) is restricted by the blood-CNS barrier. However, with 
activation, cells of the immune system undergo changes that allow for an 
immune response within the CNS. The animal model, experimental 
autoimmune encephalomyelitis (EAE), is an important tool by which to 
investigate these processes. Using EAE, it has been shown that the 
establishment of an immune response in the CNS involves activation not only 
of the infiltrating inflammatory cells, but also of the CNS endothelial cells. 
Receptor-ligand interactions between CNS-EC and invading immune cells 
involved in EAE are multi-factorial. Particularly critical interactions occur 
between cell surface selectins on leukocytes and addressins on CNS-EC, and 
between integrins on leukocytes and their ligands on CNS-EC and other CNS 
cells. These interactions are good targets for potential therapies of MS, the 
human disease for which EAE is a model. 

EAE, Endothelial Cells, Adhesion Molecules 

. INTRODUCTION 

Experimental  Auto immune  Encephalomyel i t i s  (EAE) is an auto immune 

demyel inat ing disease of  the central nervous system (CNS) that results f rom 
the infiltration of  neuroantigen-specif ic  T cells into the CNS. These T cells 
in turn initiate a cell- and humoral -media ted  inf lammatory response that 
leads to the destruction of the myel in sheath, resulting in histopathology and 
clinical signs similar to those observed in multiple sclerosis. 

Under  normal circumstances,  entry of  immune system cells (e.g. T cells, 

B cells, monocytes ,  po lymorphonuclear  cel ls--PMNs) into the CNS is 
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restricted by the blood-CNS or blood-brain barrier (BBB; discussed 
elsewhere in this volume). However, upon cell activation, T cells of any 
antigen specificity are able to cross the BBB and enter the CNS. During 
immune surveillance, only those T cells specific for neuroantigen remain for 
an extended period of time (1). Although unproven, it is presumed that 
cellular activation enhances migration across the BBB by cell types other 
than T cells as well. 

With immune activation, blood vessel endothelial cells (EC) and antigen- 
specific T cells undergo morphologic and phenotypic changes, allowing for 
the migration of T cells from the peripheral blood into tissues at the site of 
an immune response. These processes of cell activation and migration have 
been the subjects of much investigation. In many ways, migration of T cells 
across the BBB into the CNS is similar to T cell migration into other 
anatomic sites. However, there are differences unique to the CNS. Here we 
will discuss the role of CNS-EC and the adhesion molecules involved in the 
immunopathogenesis of EAE. 

. I N F L A M M A T O R Y  C E L L  M I G R A T I O N  I N  E A E  

EAE lesions are comprised of T cells, monocytes/macrophages, 
occasional B cells and plasma cells, and reactive glial cells. During early 
clinical EAE, PMNs are also observed. Migration of inflammatory cells 
from the peripheral circulation into the CNS is normally highly restricted. 

2.1 T Cell  m i g r a t i o n  

Migration of inflammatory cells from blood into tissues is a multi-step 
process (2; Figure 1). While this model was first derived from studies of 
monocyte and neutrophil migration, most of the current data, especially as it 
pertains to migration of cells across the BBB, comes from studies of T cell 
migration. Activated lymphocytes are far better able to adhere to EC and to 
migrate across them than are resting T cells. Upon interaction with antigen 
(Ag), T cells express active forms of a variety of cell surface molecules 
including chemokine receptors and adhesion molecules. Similarly, 
chemokine and adhesion molecule expression is induced in EC at the site of 
an inflammatory response. Expression is induced by cytokines produced by 
inflammatory cells. Invading inflammatory cells and intrinsic CNS cells at 
the site of the immune response produce chemokines, small negatively 
charged chemoattractant molecules (reviewed elsewhere in this volume), 
which bind to receptors expressed by inflammatory cells. Chemokines also 
interact with extracellular matrix via electrostactic interactions to form a 
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chemoattractant gradient to attract inflammatory cells to the site. CNS-EC 
may also express chemokine receptors, to aid in formation of a 
chemoattractant gradient (3). This gradient attracts cells bearing specific 
chemokine receptors to the site. As T cells approach the target site, they 
loosely adhere to the EC in an interaction referred to as "tethering", typically 
mediated by interaction of selectin molecules on T cells with their addressin 
receptors on EC. This interaction slows the velocity of the T cells and 
induces the "rolling" stage of cell migration, which is mediated by 
interaction of selectin and integrin molecules on T cells with their addressin 
and immunoglobulin superfamily receptors on endothelial cells. "Rolling" is 
followed by "firm adhesion" (integrin-mediated), and subsequent 
transmigration of the T cell across the EC barrier. The secretion of matrix 
metalloproteinases by invading inflammatory cells aids transmigration 
across the EC layer and into the extracellular matrix. 

2 .2  B ce l l s  a n d  p o l y m o r p h o n u c l e a r  ce l l s  

Although less is known regarding the molecular mechanisms used by B 
cells and PMNs to access the CNS, it is widely believed that they are similar 
to mechanisms used by T cells (4). However, evidence suggests that for 
PMNs different receptor-ligand interactions are involved in rolling and firm 
adhesion. (5-6; section 4.2.3) 
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Figure A9-1. T cell migration across an endothelial cell layer 

. ROLE OF CNS E N D O T H E L I A L  CELLS IN EAE 

3.1 Properties of CNS endothelial cells (CNS-EC) 

The primary blood-CNS barrier is due to specialized properties of CNS- 
EC. Studies using tracer molecules point to the endothelial tight junctions, 
which involve cell membrane fusion between adjacent EC, as the primary 
barrier (7). CNS-EC are unique among EC in that they display little to no 
pinocytosis, a paucity of caveolae, reduced vesicle content, high 
mitochondrial content and a high electrical resistance. The luminal surface of 
CNS-EC is negatively charged (8), typical of EC throughout the body. The 
negative charge is believed secondary to localization of sialic groups and 
sulfated glycosaminoglycans at the luminal EC membrane (9). 

Leukocyte recruitment into the CNS is not typical of that of any other 
body tissues, where recruitment of cells to a site of injury is rapid and often 
extensive. Nonetheless, during EAE, cells of the immune system locate the 
target CNS and penetrate the blood-brain barrier. Several studies have 
indicated that lymphocytes penetrate CNS-EC directly, during which time 
these same EC continue to display intact tight junctions with the adjacent EC 
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(8, 10). This phenomenon has also been reported in non-CNS tissues (11). 
Non-lymphocytic cells such as PMNs and monocytes do appear to invade 
the CNS by moving between the EC. 

BBB breakdown is an early event in EAE, during which the blood-CNS 
barrier becomes opened at the level of both capillaries and venules at the 
sites of inflammation (8, 12). Gaps between EC are observed. Increased 
vesicular transport occurs (12). Such vascular leakage can be induced by 
leukotrienes, vasoactive amines and cytokines. For example, IL-113 injected 
into the rabbit vitreous induces both acute and chronic inflammatory changes 
associated with altered blood-retinal barrier that occur within 6hr of injection 
and persist for 2 weeks or more (13). 

Under normal circumstances and in contrast to systemic EC, lymphocytes 
do not constitutively adhere to CNS-EC in culture (14). Preincubation of 
rodent and human CNS-EC with Interferon-gamma (IFNT) and Tumor 
Necrosis Factor (TNF) c~, and in some cases IL-1, increases the retention of 
lymphocytes on cultured CNS-EC monolayers (15). Direct injection of either 
TNFc~ or IFN~, into rodent spinal cords leads to accumulation of 
mononuclear cells in perivenular cuffs, presumably due largely to the effects 
of these cytokines upon the CNS-EC (see section 3.2, below; 16). 

Effects of cytokines on EC integrity are dramatically demonstrated by the 
vascular leak syndrome induced by systemic IL-2 administration (17). This 
syndrome is associated with the upregulation of E-selectin, ICAM-1 and 
HLA-DQ on peripheral postcapillary venular endothelium. In animal models 
injection of IL-2, as well as other cytokines such as IL-6, into the circulation 
increases BBB permeability (18-19). IL-2 also activates lymphocytes to 
display enhanced motility, adherence to, and migration across EC in vitro 
(20). Elevated serum IL-2 levels are found in MS patients (21), and are 
reported to correlate with disease activity and increased BBB permeability 
(22). Thus, circulating cytokines such as IL-2 may act directly or indirectly 
on cells of the BBB to increase permeability and enhance CNS 
inflammation. 

EAE is the primary animal model for MS. As in EAE, MS lesions are 
perivenular and the microvascular EC display upregulated expression of 
adhesion related molecules (23-25). Several studies of MS patients have 
shown that BBB breakdown as detected by gadolinium enhancement on 
MRI, is an initial event in the development of both permanent and transient 
MS lesions (26). 
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3.2 Morphologic changes in CNS-EC that support 
cellular transmigration 

Clearly, endothelial cells are not passive bystanders in the process of 
transmigration of cells across the blood CNS barrier. We and others have 
reported that CNS-EC associated with early EAE lesions display an altered, 
"activated" morphology at both light and electron microscopic levels (8, 27). 
These "activated" CNS-EC appear plumper, possess increased content of 
mitochondria and rough endoplasmic reticulum, and display frond-like 
appendages, which can be observed to contact adherent cells, at times 
appearing to "capture" circulating cells (14; Figure 2). This appearance is 
distinct from the smooth, flat appearance of CNS-ECs of normal mice. 
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Figure A9-2. Electron micrograph of CNS-EC during acute EAE induced by passive transfer 
of myelin basic protein sensitized lymph node cells in SJL mouse. Typical of CNS-EC 
observed at sites of inflammation during acute EAE, this cell is plumper than normal with 
increased amounts of rough endoplasmic reticulum (rough ER) and mitochondria (M). The 
EC nucleus is out of the plane of section. Tight junctions with the adjacent EC, characteristic 
of the BBB, are noted at either side (long arrows). X 20,000. [See Ref. 10 for methods.] 

Exposure to cytokines such as TNFc~ and IFN 7 induces the expression of 
ICAM-1 and other adhesion related molecules by CNS-EC, as well as LFA- 
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1 by leukocytes. The interaction of ICAM-1 on CNS-EC with LFA-1 
expressed by leukocytes leads to signal transduction events that alter EC 
morphology and function. (28). Upon ligation by LFA-1, the cytoplasmic 
domain of ICAM-I interacts with c~-actinin (29) and with the actin-binding 
protein and p60Src substrate, cortactin, leading to its tyrosine 
phosphorylation (28).The activation of actin-associated proteins and the 
subsequent cytoskeletal rearrangements induced with ICAM-I ligation 
suggest a role for these interactions in the observed morphologic changes of 
CNS-EC (30). 

3.3 Inflammatory mediators expressed by CNS-EC 

3.3.1 Chemokine production by CNS-EC 

CNS-EC elaborate a number of inflammatory mediators upon activation, 
including chemokines, cytokines, and vasoactive amines. At sites of EAE 
lesions, CNS-EC produce chemokines, such as MCP-1 (31). Cultured human 
brain ECs are reported to produce several chemokines, including IL-8, MCP- 
1, IP-10, MIP113, and RANTES (32-33). Expression of these chemokines can 
be induced by cytokines such as TNFo~, IFN 7, IL-113 (32-33). Chemokines 
are concentrated at the luminal and basal surfaces of CNS-EC via binding to 
glycosaminoglycans and chemokine receptors (33-34). 

3.3.2 Cytokine production by CNS-EC 

Both pro-inflammatory (e.g., IL-lcq IL-6, TNFc~, GM-CSF) and 
regulatory cytokines (e.g., IFN13 and TGF131 & 2) are among the molecules 
reported to be secreted by CNS-EC. Production of cytokines by CNS-EC is 
regulated by glial cell-derived soluble cytokines, including IL-113, IL-12, 
TNFc~, IL-10 and TGF13 (35). 

3.3.3 MHC & costimulatory molecule expression 

The cell responsible for initial presentation of antigen to encephalitogenic 
T cells in EAE (and possibly MS) is unknown. CNS-EC remain a contender, 
as do astrocytes, but most evidence favors perivascular microglia. Based 
upon what is known regarding antigen presentation to CD4 T cells, the CNS 
antigen presenting cells must express MHC II and costimulatory molecules 
(B7-1, B7-2). 

Although CNS-EC do not constitutively express MHC II, they can be 
induced to do so, and IFN 7 is especially potent in this role. Early on, Sobel et 
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al. showed expression of MHC on CNS-EC during EAE (36). Human and 
mouse CNS-EC have also been shown to express B7 costimulatory 
molecules when stimulated with IFN 7 in vitro (37-38), but this has been 
difficult to demonstrate on EAE-affected CNS tissues immediately ex vivo 
(39). Several independent groups have each observed that CNS-ECs do not 
support primary antigen-induced T cell proliferation, even upon stimulation 
with cytokines such as IFN 7 (40-42). Furthermore, mouse CNS-EC produce 
6-KPGF1 ~, a stable product of prostaglandin GI2 (PGI2) that directly inhibits 
lymphocyte proliferation to antigen. Exogenous macrophages or recombinant 
IL-1 induce murine CNS-EC to produce PGI2 in a dose dependent manner. 
Thus, CNS-EC may actively inhibit the response to antigen by T cells at the 
BBB by production of 6-KPGF1 c~ (43). 

. R O L E  O F  A D H E S I O N  M O L E C U L E S  IN E A E  

4.1 Se lect ins  and  A d d r e s s i n s  

The initial step of transmigration of inflammatory cells across an 
endothelial cell barrier is "tethering" of activated cells to activated 
endothelial cells via the interaction of selectin molecules with addressin 
molecules (44). These molecules can also mediate the subsequent rolling of 
T cells along the endothelial cell surface. This adhesion of cells to vascular 
endothelium is a long-recognized process termed "pavementing" by 
Cohnheim in the late 1800's (45; Figure 3). 

The three members of the selectin family include L-selectin (CD62L, 
found on all leukocytes), P-Selectin (CD62P, found on platelets and 
endothelial cells), and E-Selectin (CD62E, found on endothelial cells). 
Selectins are transmembrane glycoproteins with intra- and extra-cellular 
domains that bind carbohydrate ligands via a calcium-dependent lectin 
domain. The intracellular domains of the selectins are structurally distinct 
from each other, but highly conserved between species for a given selectin, 
suggesting specific effector functions following the ligation of the particular 
selectin molecules. The extracellular domain is composed of a calcium- 
dependent lectin domain, an epidermal growth factor (EGF)-like domain, 
and a series of short consensus repeats (SCR) with homology to 
complement-binding proteins (reviewed in 46). The extracellular domains of 
the selectins differ primarily in the number of SCR present. The EGF-like 
and lectin-binding domains of L-, P-, and E-selectin are quite similar, 
suggesting that the molecules interact with similar, if not overlapping, 
ligands (47). 
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Vessel Lumen 

Figure A9-3. "Pavementing" is demonstrating in this electron micrograph taken from a well- 
perfused SJL mouse less than 24 hr following clinical onset of passively transferred EAE. 
Mononuclear cells line the Luminal aspect of this small venule. Note the tiny finger-like 
projections of the lymphocytes contacting the endothelium (arrow upper right). At higher 
magnifications, clathrin coated pits are observed at these contact points. X 10,000 

Early reports suggested a role for selectin molecules and their addressin 
receptors in EAE. Naparstek et al. were perhaps the first to recognize the 
importance of these molecules in the development of EAE (48). These 
investigators observed strong binding of neuroantigen-specific T cells to the 
lectin, peanut agglutinin (PNA) upon activation, suggesting that T cell 
activation induced expression of lectin receptors. Furthermore, about 75% of 
activated neuroantigen-specific T cells acquired the lectin binding, and this 
correlated strongly with ability to transfer EAE to naYve recipients. 

Selectins are known to interact with sialylated mucin-like receptors on 
EC and other leukocytes, and these sialyi moieties are required for receptor- 
ligand interaction (discussed below). In a second study, pretreatment of 
CD4+ lymphocytes with sialidase prior to injection into MBP-primed Lewis 
rats led to a significant reduction in the accumulation of these cells in the 
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CNS of animals, compared to injection of untreated cells. Circulating levels 
of treated and untreated cells were similar. Daily injections of sialidase 
delayed the onset of clinical and histologic EAE in a passive transfer model 
(49). 

4.1.1 L-selectin 

The role of L-selectin in the initial stages of lymphocyte migration across 
most endothelial barriers is accepted (reviewed in 50). However, a function 
for L-selectin in migration across the BBB remains controversial. It has been 
suggested that the adhesion molecule phenotype of T cells in the inflamed 
CNS differs from the phenotype of T cells at other inflammatory sites, 
including a lack of L-selectin expression by CNS inflammatory T cells by 
flow cytometric methods (51). Separate studies in a mouse model of EAE 
did identify L-selectin p°s cells in the CNS by histologic observation. These 
L-selectin p°s cells were noted first prior to clinical onset, beginning 8d 
following immunization with CNS homogenate (52). L-selectin p°~ cell 
numbers increased through d18 and then declined with remission of signs. 
However, injection of anti-L-selectin monoclonai antibodies (mAb) had no 
effect on disease course or severity in this model or in a peptide-induced 
mouse EAE model (53). Moreover, L-selectin was not detected on T cell 
lines and clones used for adoptive transfer. Taken together these 
observations suggest that L-selectin is not necessary for migration of T cells 
into the CNS. 

In contrast, in a model of MBP-induced EAE in the Lewis rat treatment 
with either a mAb to L-selectin or F(ab'2) fragments of the mAb suppressed 
actively induced disease. Passively transferred disease was also mildly 
suppressed. Histological examination demonstrated a marked reduction in 
CNS inflammatory cell infiltration. T cell numbers were decreased in the 
draining lymph nodes and spleens in treated animals (54). Thus, suppression 
of EAE may have been due to insufficient trafficking of T cells to peripheral 
lymphoid organs leading to insufficient priming of encephalitogenic T cells, 
rather than defects in migration into the CNS. 

The conflicting results on the effect of anti-L-selectin mAb on EAE 
induction could be due to differences in the EAE models employed. 
Differences in the detection of L-selectin p°~ cells between systems could be a 
reflection of the different methods of tissue isolation and detection, as it has 
been shown that L-selectin expression can be altered by various isolation 
techniques (55-56). Alternatively, it is known that L-selectin is shed readily 
upon cell activation (reviewed in 50). Thus, differences in the detection of 
cell surface L-selectin may be related to time-points chosen for observation. 
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Recent data has suggested a novel role for L-selection expression by 
CNS-infiltrating macrophages in EAE pathogenesis (57). Mice expressing an 
MBP-specific T cell receptor (MBP-TCR) transgene were made deficient for 
L-selectin to study the role of the latter molecule in EAE pathogenesis. L- 
selectin neg MBP-TCR mice were not susceptible to clinical EAE following 
immunization with the encephalitogenic MBPAcH1 peptide. Histologic 
examination of CNS tissue revealed the presence of typical inflammatory 
infiltrates but a lack of demyelination in L-selectin n~g mice. Moreover, while 
inflammatory cells were present, they were localized to the perivascular 
space and did not enter the CNS parenchyma as was observed in L- 
selectin p°~ mice. Passive transfer of L-selectinP% but not L-selectin n~g, 
macrophages resulted in myelin destruction and clinical EAE in L-selectin neg 
mice, indicating a critical role for L-selectin expression by macrophages in 
the effector phase of disease. Interestingly, while L-selectin v°~ macrophages 
did enter the parenchyma of L-selectin "~g mice with EAE, the endogenous L- 
selectin n~g T cells remained in the perivascular space, suggesting a role of L- 
selectin in the final step of transmigration of cells across the parenchymal 
basement membrane into the CNS tissue. 

4.1.2 P-selectin 

The role of P-selectin in EAE remains controversial. P-selectin can be 
induced on mouse CNS-EC by inflammatory cytokines (TNF~, IL-1 ~, IFNT) 
in vitro (58). However, P-selectin could not be detected on CNS-EC in vivo 
by immunohistologic methods, although expression was detected on EC 
outside the CNS. In addition, administration of anti-P-selectin Ab had no 
effect on immune cell infiltration of the CNS or actively induced EAE in a 
mouse model of disease. Interestingly, induction of P- (and E-) selectin on 
primary CNS-EC in vitro was inhibited by astrocyte culture-derived 
supernatants, suggesting that active inhibition by the CNS microenvironment 
of adhesion molecule expression may play a role in maintenance of the BBB. 

More recent studies have supported a role for P-selectin in EAE 
induction (59-62). Utilizing a passive transfer model and looking at early 
time-points (2h and 24h) post transfer (p.t.), Carrithers et al. (59) 
demonstrated a role for P-selectin in the earliest recruitment of T cells into 
the CNS. Mice received MBP-specific T cells labeled with a fluorescent dye, 
and frozen sections of CNS tissue were prepared at various times p.t. Ag- 
specific T cells were detected in the CNS 2h p.t., and these numbers were 
increased at 24h. Characterization of adhesion molecules in the CNS 
revealed expression of ICAM and VCAM (discussed below) beginning at 
24h. P-selectin expression was detected 2h p.t. in the choroid plexus and 
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meninges, but was undetectable at 48h. Thus, expression of P-selectin in the 
CNS coincided with Ag-specific T cell infiltration of the CNS at early time- 
points post adoptive transfer. Furthermore, the early migration of T cells into 
the CNS was inhibited by treatment with Ab recognizing P-selectin, but not 
c~4 integrin (VLA-4, discussed below). These studies suggest a role for P- 
selectin in the migration of "pioneer" T cells (i.e., those T cells that will 
initiate the EAE-inducing inflammatory response) into the CNS. 

Data from a rat model of EAE further support a role for P-selectin in the 
inflammatory infiltration of the CNS (61). Immunization of PVG rats 
deficient for complement component 6 (C6) with neuroantigen resulted in 
less severe clinical EAE than in control (C6 p°s) animals. T cell and 
macrophage infiltration in the spinal cords of C6 "eg rats was also less than 
that observed in C6 °°~ animals. Immunohistochemistry of CNS tissues 
revealed a decrease in ICAM-1 expression by EC and infiltrating cells and a 
lack of P-selectin on vascular endothelium in C6 neg rats, suggesting a role for 
these adhesion molecules in immune cell infiltration of the CNS. Cytokine- 
induced activation of EC renders EC susceptible to complement activation 
(63). Thus, an effect of complement activation on activated EC at the site of 
inflammation may upregulate adhesion molecule expression and further 
compromise the BBB, leading to amplification of the immune infiltrate into 
the CNS. 

Two independent groups employing intravital microscopy techniques 
have further defined a role for P-selectin in lymphocyte recruitment across 
the BBB (60, 62). Kerfoot and Kubes (62) utilized intravital microscopy to 
study leukocyte rolling and adhesion during the course of actively induced 
EAE in mice. Both rolling and adhesion were observed 2d prior to onset of 
clinical signs and remained elevated for 2 weeks before returning to normal 
levels by 5 weeks post onset of clinical signs. Expression of P-selectin in 
EAE-primed mice closely followed this profile. Furthermore, while anti-~4 
integrin (discussed below) Ab were able to partially block the rolling and 
adhesion of leukocytes, especially at later time-points, co-treatment with 
anti-c~4 and anti-P-selectin blocked all remaining rolling at all time-points. A 
role for P-selectin-mediated adhesion in regulation of ~4 integrin-mediated 
adhesions was suggested by the finding that anti-P-selectin treatment lead to 
a complete block of leukocyte rolling and a 70% reduction in adhesion. In a 
separate study employing a similar technique, Piccio et al. (60) demonstrated 
that treatment with Ab recognizing P-selectin was able to block almost 100% 
of tethering and rolling of neuroantigen-specific T cells in their model. Co- 
treatment with antibodies recognizing P- and E-selectin had a similar effect, 
and treatment with anti-E-selectin alone blocked rolling by 77%, suggesting 
that both P- and E-selectin are important to primary adhesion events in the 
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CNS. Interestingly, treatment of mice with anti-L-selectin had no effect on 
Ag-activated lymphocyte rolling (see Section 4. I. 1). 

Although neutrophils are not a component of the chronic EAE lesion, 
these cells can be found in the CNS at the first signs of clinical disease. 
Recently, the role of selectins in the migration of neutrophils across the BBB 
was investigated in a rat system (64). It is known that injection of ILl-J3 into 
the CNS of juvenile rats leads to the accumulation of neutrophils at the site 
of the injection. This accumulation leads to further breakdown of the BBB 
(65). Bernardes-Silva et al. (64) demonstrated that the stereotactic injection 
of IL-I[3 into brains of juvenile rats resulted in the expression of E-selectin 
and P-selectin on CNS vessels by immunohistochemistry. Depletion of 
neutrophils prior to IL-1 [3 treatment had little effect on E-selectin expression, 
but resulted in significantly lower expression of P-selectin, indicating that 
neutrophil recruitment may play an important role in the upregulation of P- 
selectin in this model. The functional importance of P-selectin to neutrophil 
migration across the BBB was demonstrated by the inhibitory effect of anti- 
P-selectin Ab, but not anti-E-selectin, on the accumulation of neutrophils in 
the CNS of treated rats. Thus, P-selectin may function in the migration of 
neutrophils into the CNS, which may in turn be important to the further 
compromise of the BBB and recruitment of inflammatory cells into the CNS. 

4.1.3 E-selectin 

The role of E-selectin in EAE has received little attention. E-selectin has 
been observed on CNS-EC in MS lesions (26). Induction of expression on 
cultured human astrocytes by TNFc~ and on mouse CNS-EC by TNFc~, IL- 
113, or IFN 7 in vitro has been reported (58, 66). However, E-selectin 
expression by CNS-EC could not be detected in vivo, and administration of 
anti-E-selectin did not affect infiltration of inflammatory cells across the 
BBB or the development of EAE (58). As discussed above, more recent 
studies have suggested a role for E-selectin in immune cell migration across 
the BBB (60). 

4.1.4 Ligands of selectin molecules ("Addressins") 

The selectin molecules interact with their ligands through the N-terminal 
lectin domain. Consistent with this, most of the identified ligands of selectins 
are mucin-like molecules with carbohydrate modifications, including 
sialylation, fucosylation, and carbohydrate sulfation, necessary for receptor 
interaction (reviewed in 67). Such ligands, originally termed "Peripheral 
Node Addressins--PNAd", include GlyCAM-1, CD34, MadCAM-1, sialyl 
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Lewis x (sLeX), and PSGL-1 (46, 68-71). More recently, other non-mucin 
ligands for selectins, including heparin, have been identified (72). 

4.1.4.1 Addressins in EAE 

Early studies by Cannella et al. noted expression of high endothelial cell 
(HEV) addressins localized to the CNS during periods of active 
inflammation in a mouse model of EAE (73). More recently, 
encephalitogenic T cells mediating EAE and inflammatory cells present in 
the CNS during active disease were shown to express ligands for P-selectin 
and, to a lesser extent, E-selectin (51, 58). These investigators used 
fluorescent selectin-Ig fusion proteins to identify cells expressing selectin 
ligands by flow cytometry but did not establish the identity of the ligands 
expressed. 

Pertinent to EAE and MS, a CNS-specific ligand for L-selectin has been 
identified. Using a mouse L-selectin-Ig fusion protein, this ligand was shown 
to be localized to CNS white matter and, more specifically, to the myelin 
sheath of CNS axons (74). This ligand was not apparent in PNS myelin (75). 
The identity of this ligand has yet to be determined. 

Of the identified selectin ligands, a role for PSGL-1 in EAE has been 
specifically addressed (60). Mice were pretreated with LPS or TNF to 
activate endothelial cells followed by the passive transfer ot ~ fluorescently 
labeled T cells specific for neuroantigen. The migration of cells was 
followed by invtravital microscopy. The neuroantigen specific T cells were 
observed to roll and arrest activated endothelium, whereas no such behavior 
was observed in untreated animals. Furthermore, the percentage of 
neuroantigen-specific T cells rolling along the vascular endothelium was 
significantly higher than for unactivated peripheral lymph node cells. The 
rolling behavior was nearly completely inhibited in the presence of anti- 
PSGL-1 Ab, but not antibody recognizing L-selectin, indicating a role for 
PSGL-1 and P/E selectin in the early stages of T cell migration across CNS- 
EC. 

A role for MAdCAM-1 in EAE has also been investigated (76-77). 
MAdCAM-1 is relevant not only as a ligand for the selectins but also as a 
ligand for alpha4beta7 integrin (discussed below). Expression of MAdCAM- 
1 was induced on choroid plexus epithelial cells, but not endothelial cells, in 
a mouse model of EAE. Expression could be induced on choroid plexus 
epithelial cells in vitro following incubation with proinflammatory cytokines 
(TNFc~, IFNy, LPS), and MAdCAM-mediated adhesion of lymphocytes 
using in vitro binding assays with frozen tissue was demonstrated (76). It 
was subsequently shown that anti-MAdCAM-1 antibody, administered in the 
presence or absence of anti-VCAM-1 and anti-ICAM-1 led to rapid 
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remission of clinical signs when given early in disease progression, although 
combinatorial therapy was more efficient. Anti-MAdCAM-1 alone or in 
combination with anti-VCAM-1 and anti-ICAM-1 had no effect on 
remission when given later in disease (77). 

4.1.5 Non-adhesion related functions of selectins 

Although selectins are predominantly thought of as adhesion molecules, 
selectin-ligand interaction results in signal transduction in the selectin- 
expressing cells as evidenced by increases in intracellular calcium (reviewed 
in 46). Ligation of L-selectin or E-selectin on neutrophils results in 
aggregation, augmentation of the respiratory burst, oxygen radical 
production, and upregulation of Mac-1 expression (78-84). Similar 
activation of monocytes is noted following P-selectin/PSGL-1 interaction, 
including secretion of chemokines and cytokines involved in inflammation 
(85-87). Further activation of T cell transmigration results from L-selectin- 
mediated activation of betal and beta2 integrins and increased adhesion to 
fibronectin (88-89). 

4.2 Integrins and their Immunoglobulin Superfamily 
receptors 

4.2.1 Integrin / Ig Superfamily member interactions 

Activated T cells and other leukocytes express the integrins, LFA-1 and 
VLA-4. These molecules are ligands for the Ig-superfamily molecules, 
ICAM-1 and -2, and VCAM-1, respectively. Interaction of these receptor- 
ligand pairs is believed to be critical in T cell adherence to CNS-EC. Resting 
cultured brain ECs constitutively express low levels of ICAM-1, and 
minimal VCAM-1 (90). In response to inflammatory cytokines such as IFN 7 
and TNFc~, expression of ICAM-1 and VCAM-1 by cultured rodent and 
human CNS-EC is greatly enhanced (91-92). 

4.2.2 Role of ICAM-1 interactions with LFA-1 in EAE 

To determine the function of the integrins and their Ig superfamily 
member receptors in EAE, studies using mAb directed against these 
molecules were performed. Archelos et al. reported that either intact or 
F(Ab)2 fractions of a purified antibody to ICAM-1 inhibited actively induced 
EAE in guinea pigs (93). Inflammatory infiltration of the CNS was greatly 
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reduced. In contrast, the anti-ICAM-1 treatment had minimal effect upon 
adoptively transferred EAE. Proliferation to antigen was suppressed in T 
cells derived from anti-ICAM-l-treated animals. Another study of anti- 
ICAM-1 in a mouse model of adoptively transferred EAE using MBP- 
sensitized cells had similar results, with minimally decreased severity in 
anti-ICAM-l-treated mice (94). EAE induction in ICAM-l-deficient mice 
revealed decreased proliferation and Thl cytokine production in response to 
antigen in the mutant mice, but unexpectedly EAE was worse in the ICAM-1 
deficient mice (95). These studies suggest that ICAM-I plays a more 
important role in the induction phase of EAE than in the adherence and 
transendothelial migration of leukocytes. 

4.2.3 Role of o~4~1 and crEW7 integrins in EAE and MS 

Several groups have studied the role of o~4131 integrins (VLA-4) in EAE. 
Yednock et al. found that binding of rat and human mononuclear cells to 
EAE affected vessels in vitro was inhibited by pretreatment of the 
mononuclear cells with antibody directed toward c~4 integrin (96). 
Moreover, in vivo administration of anti-or4 integrin prevented CNS 
inflammatory cell infiltration and clinical signs of EAE in a dose-dependent 
manner. Members of this same group later showed that treatment with 
antibody against ix4[31 integrin markedly reduced the clinical and pathologic 
features of EAE in the Hartley guinea pig. Perhaps more significantly, they 
found that treatment after clinical onset led to rapid recovery (97). Another 
group of investigators reported that surface expression of c~4131 integrins by 
Thl T cells was a critical feature in determining encephalitogenicity. In the 
latter study of T cell clones and lines directed against MBP peptide Ac 1-16, 
expression of c~4131 integrins correlated with encephalitogenicity, whereas 
antigen-specific proliferation and production of cytokines IL-2, IFNy, LT or 
TNF did not (98). 

The 137 subfamily of integrins has two members, t~4137 and t~E137. Both 
are expressed solely by leukocytes. The ligand for ct4137 is MAdCAM-1, 
identified by the antibody MECA89. This molecule is upregulated on CNS- 
EC with the morphology of high endothelial venular EC during EAE (73). 
c~E[37 is expressed by intraepithelial lymphocytes and interacts with E- 
cadherin on gut-associated lymphoid tissue. Expression of E-cadherin can be 
induced on cultured CNS-EC. Treatment with an antibody directed against 
[37 integrins leads to remission of established chronic EAE induced with 
myelin oligodendrocyte glycoprotein (MOG). This remission is even more 
dramatic when anti-137 and anti-or4 antibodies are administered together. 
Mice deficient for [37 integrins display attenuated EAE (99). These findings 
strongly implicate the interaction of [37 integrins on leukocytes with their 
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ligands expressed by activated CNS-EC, or perhaps other cells, in the 
pathogenesis of EAE. 

The interaction of c~4 integrins with their ligands appears critical to 
multiple sclerosis disease activity. Early phase trials have shown that 
treatment of MS patients with a humanized monoclonal antibody against o~4 
integrins (natalizumab) decreases the number of MS lesions on MRI (100). 
A multi-center Phase III trial of this drug in MS patients is currently 
underway. 

4.2.4 PECAM-1 in EAE 

At least one member of the Ig superfamily appears to play a key role in 
the maintenance of the BBB. Platelet/endothelial cell adhesion molecule-1 
(PECAM-1, CD31) is a member of the Ig superfamily of transmembrane 
proteins and is expressed on EC, platelets, PMNs and subsets of 
lymphocytes. In systemic organs, expression of PECAM-1 by EC and PMNs 
is important for neutrophil transmigration into tissues. 

Ligation of PECAM-1 expressed by leukocytes mediates signal 
transduction events culminating in the expression of [31 and [32 integrins of 
increased affinity. This would be expected to increase adhesion of 
leukocytes, enhancing inflammation. However, inhibiting PECAM-1 with 
antibodies does not alter the course of EAE in the rat (101). More 
unexpectedly, PECAM-1 deficient mice display earlier onset of clinical 
EAE, with earlier CNS infiltration by inflammatory cells and with 
exaggerated CNS vascular permeability compared to wild-type mice. In 
vitro, T cell migration across artificial BBB made from PECAM-1 neg EC is 
enhanced, with PECAM-1 "eg EC displaying increased susceptibility to 
histamine-induced permeability. Thus, PECAM-1 appears critical to 
maintaining BBB integrity in the setting of inflammation or histamine 
challenge (102). 

4.3 Other  a d h e s i o n - r e l a t e d  m o l e c u l e s  

Data exist for the role of adhesion molecules that are not members of the 
above families in EAE. 

4.3.1 Leukosialin (CD43) 

Leukosialin is a conformationally-extended single-chain leukocyte 
glycoprotein that binds to ICAM-1 (103). It is expressed by all leukocytes, 
including T cells, macrophages, neutrophils, and a subpopulation of B cells. 
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Leukosialin/ICAM-1 interaction leads to intracellular signaling in the 
leukosialin-expressing cell that synergizes with TCR/CD3 signaling 
resulting in T cell activation (104). Immunohistochemical analysis of 
leukosialin p°S cells over the course of actively induced EAE in mice revealed 
their infiltration beginning approximately 8 days post immunization, 
reaching peak levels at days 11-18 and persisting at peak levels through 28 
days post immunization. These cells were noted adhering to the lateral 
ventricular choroid plexus, in periventricular loci in the hippocampus and in 
perivascular locations near the optic tract. Injection of Ab directed against 
leukosialin during the onset of EAE resulted in a trend towards more severe 
clinical EAE, suggesting inhibition of regulatory mechanisms in disease 
(52). 

4.3.2 Laminins 

Laminins are heterotrimeric glycoproteins that form a major functional 
component of all basement membranes. At least 12 isoforms exist, and 
expression can be regulated by proinflammatory cytokines (105). It is known 
that laminins 8 and 10 are expressed in endothelial basement membranes, 
and laminins 1 and 2 are expressed by blood vessels in the CNS, but not in 
other locations (106-108). 

Larger blood vessels in the CNS are associated with at least two 
basement membranes--an endothelial basement membrane and an astroglial 
basement membrane (109). The astroglial basement membrane and the 
meningeal epithelial basement membrane together form the "parenchymal 
basement membrane", which defines the border to the brain parenchyma. 
The perivascular space, where inflammatory infiltrates accumulate during 
EAE, is defined by the endothelial and parenchymal basement membranes. 
Thus, in order to penetrate the brain parenchyma, inflammatory immune 
cells must penetrate two physiologically distinct basement membranes. That 
cell migration across the two distinct basement membranes is not 
mechanistically identical is suggested by EAE experiments in macrophage- 
depleted mice in which infiltrates are trapped in the perivascular space, 
failing to enter the brain parenchyma (110). Similar localization of cells to 
the perivascular space is also noted with EAE experiments in TNF-deficient 
mice (111). 

The role of laminins in directing T cell migration across the BBB and 
into the brain parenchyma was investigated in actively induced EAE (112). 
Using immunofluorescent staining of tissue sections, localization of laminins 
8 and 10 to the endothelial basement membrane and laminins 1 and 2 to the 
parenchymal basement membrane was observed. Inflammatory cell 
migration across the endothelial basement membrane took place in areas 
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where only laminin 8 was expressed, suggesting that laminin 10 is somehow 
restrictive to cell migration, perhaps through high affinity interaction with T 
cells. Using neuroantigen-specific T cell lines, activation-dependent integrin- 
mediated interactions of T cells with laminin 8 and laminin 10 were 
demonstrated. Penetration of the parenchymal basement membrane was 
characterized by expression of both laminins 1 and 2 in the absence of 
smooth muscle actin. However, no physical interaction between activated T 
cells with either of these lectins was demonstrated. 

4.3.3 CD44 (Pgp-1) 

CD44 is a family of cell surface proteoglycans thought to function as 
adhesion molecules. Observed roles include binding to extracellular matrix, 
cell migration, lymphocyte development, tumor cell metastasis, and 
lymphocyte homing (113-115). CD44 has been shown to interact with 
extracellular matrix proteins, including hyaluronate, chrondroitin sulfate, 
collagen, fibronectin, and laminin (116-120). More recently, CD44 has been 
shown to function as a receptor for L- and E-selectin (121-122). 

CD44 has been shown to mediate tethering and rolling under conditions 
of physiologic flow (115, 123). A role for CD44 in cell migration across the 
BBB is suggested by experiments in the EAE model (53, 124). In a passive 
transfer model of disease, pre-coating encephalitogenic T cells with anti- 
CD44 prior to transfer reduced cell infiltration into the CNS by half when 
compared to uncoated cells. Furthermore, mice treated with anti-CD44 
antibody failed to develop inflammatory lesions in the brain, and EAE was 
inhibited in a dose-dependent manner by anti-CD44 antibody (53). Similar 
results were obtained by Brennan et al. (124), who further showed that 
amelioration of disease was due to antibody-induced shedding of CD44 by 
encephalitogenic T cells. While trafficking of T cells to the CNS was 
inhibited, trafficking to the lymph nodes was unaffected in Ab treated mice, 
suggesting that CD44 is specifically involved in the trafficking of Ag-primed 
cells to sites of inflammation. 

4.3.4 MECA-325 

MECA-325 defines a marker of high endothelial venules (HEV) in 
lymphoid tissue of mice and is associated with cell transmigration. The 
identity of the moiety defined by MECA-325, or its exact function is 
unknown. Expression of the MECA-325 epitope correlated with disease 
signs in a relapsing-remitting model of EAE in SJL mice induced by passive 
transfer of myelin basic protein-sensitized lymphocytes (73). MECA-325 
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was expressed on CNS venules 24-48 hr prior to initial signs of murine EAE, 
and at higher levels during acute clinical disease. Normal SJL CNS vascular 
cells did not express MECA-325 in situ. Expression decreased to preclinical 
levels during remission and rose again during relapses. This expression 
profile was similar to that of molecules also thought to be involved in EAE 
pathogenesis (ICAM-1 and MHC II), which fluctuated similarly on and 
around vascular cells during EAE. 

4,4 Cytokine regulation of adhesion molecule expression 
and BBB permeability 

4.4.1 Regulation by Th2 cells 

It is thought that Thl cytokines (i.e., IFN% TNFo~) are necessary and 
responsible for the induction of EAE, while Th2 cytokines (IL-4, IL-10) are 
protective for disease. Transfer of Th2 neuroantigen specific T cells, either 
with transfer of encephalitogenic (Th 1) neuroantigen specific T cells or with 
active immunization with neuroantigen, ameliorates EAE (125-126). 
Organotypic entorhinal-hippocampal slice cultures were used to study the 
mechanism by which Th2 cells are protective for EAE (127). By culturing 
tissue slices with Thl or Th2 cells specific for neuroantigen, it was 
demonstrated that both cell types could invade the parenchyma and interact 
with microglia. However, only Thl cells induced the expression of ICAM-1 
by microglia. Furthermore, Th2 cells were able to inhibit and reverse the 
induction of ICAM-1 by Thl cells, suggesting that Th2 cells may protect 
against EAE in part by affecting migration of inflammatory cells across the 
BBB. 

4.4.2 Effects of Interferon beta on adhesion molecule expression in 
EAE 

Interferon beta (IFNI3) is of established benefit in relapsing-remitting 
MS, decreasing relapse rate, MRI activity and accumulation of disability. 
IFN[3 also decreases clinical and pathologic manifestations of EAE (128). 
The mechanisms by which IFN[3 acts are unknown, however in a rat model 
of EAE, a marked reduction in expression of ICAM-1 and VCAM-1 by 
CNS-EC was noted, accompanied by decreased mononuclear cell infiltration 
of the CNS (129). Cultured CNS-EC upregulate ICAM-1 and VCAM-1 upon 
exposure to proinflammatory cytokines and this upregulation can be 
inhibited in a dose-dependent manner by co-incubation with IFN[3. IFN[3 has 
a number of other effects that may benefit MS, including the diminution of 
MMP secretion by T cells (130). 
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. C O N C L U S I O N  

The BBB represents a specialized barrier to inflammatory cells. 
Migration across the BBB is highly regulated, preventing migration of 
immune cells during normal circumstances. However, in certain diseases this 
barrier is breached. The EAE model provides a valuable tool for studying 
immune cell migration into the CNS and is proving useful in the 
development of therapies to counteract human CNS inflammation. 

A C K N O W L E D G M E N T S  

We thank Dr. Jen Stark for critical reading of the manuscript and dedicate 
this chapter to the memory of our colleague, Dr. John L. Trotter. The 
electron micrographs were taken while AHC was a post-doctoral fellow in 
the laboratory of Dr. Cedric S. Raine at Albert Einstein College of Medicine. 
Supported by the National MS Society USA. 

R E F E R E N C E S :  

1. Hickey, WF, Hsu, BL, Kimura, J. T-lymphocyte entry into the central nervous system. J 
Neurosci Res 28:254-260, 1991. 

2. Springer, TA. Traffic signals for lymphocyte recirculation and leukocyte emigration: the 
multistep paradigm. Cell. 76:301-314, 1994. 

3. Andjelkovic AV, Spencer DD, Pachter JS. Visualization of chemokine binding sites on 
human brain microvessels. J Cell Biol 145: 403-412, 1999. 

4. Rott, LS, Briskin, MJ, Butcher, EC. Expression of alpha4beta7 and E-selectin ligand by 
circulating memory B cell: implications for targeted trafficking to mucosal and systemic 
sites. J. Leuk Biol 68:807-814, 2000. 

5. Walcheck, B, Moore, KL, McEver, RP, Kishimoto, TK. Neutrophil-neutrophil interactions 
under hydrodynamic shear stress involve L-selectin and PSGL-1. A mechanism that 
amplifies initial leukocyte accumulation of P-selectin in vitro. J Clin Invest 98:1081-1087, 
1996. 

6. Dwir, O, Shimron, F, Chen, C, Singer MS, Rosen SD, Alon R. GIyCAM-I supports 
leukocyte rolling in flow: evidence for a greater dynamic stability of L-selectin rolling of 
lymphocytes than of neutrophils. Cell Adhes Commun 6:349-370, 1998. 

7. Dempsey EW, Wislocki GB. An electron microscopic study of the blood-brain barrier in 
the rat, employing silver nitrate as a vital stain. J. Biophys Biochem Cytol 1: 245-256, 
1955. 

8. Lossinsky AS, Badmajew V, Robson JA, Moretz RC, Wisniewski HM. Sites of egress of 
inflammatory cells and horseradish peroxidase transport across the blood-brain barrier in a 



172 ChapterA9 

murine model of chronic relapsing experimental allergic encephalomyelitis. Acta 
Neuropathol 78: 359-371, 1989 

9. Nag S, Ultrastructural localization of lectin receptors on cerebral endothelium Acta 
Neuropathol 66: 105-110, 1985. 

10. Cross AH and Raine CS. Central nervous system endothelial cell-polymorphonuclear cell 
interactions during autoimmune demyelination. Am J Pathology 139: 1401-1409, 1991. 

11. Marchesi VT, Gowens JI. The migration of lymphocytes through the endothelium of 
venules in lymph nodes: an electronmicroscope study. Proc R Soc Lond, Ser B 159: 283- 
290, 1964. 

12. Claudio L, Kress Y, Norton WT, Brosnan CF. Increased vesicular transport and decreased 
mitochondrial content in blood-brain barrier endothelial ce l ls  during experimental 
autoimmune encephalomyelitis. Am J Pathol 135: 446-463, 1989. 

13. Martiney JA, Litwak M, Berman JW, Arezzo JC, Brosnan CF. Pathophysiologic effect of 
interleukin-lb in the rabbit retina. Am J Pathol 137:1411-1423, 1990. 

14. Male D, Pryce G, Rahman J. Comparison of the immunological properties of rat cerebral 
and aortic endothelium. J Neuroimmunol 30: 161-168, 1990. 

15. Hughes CCW, Male DK, Lantos PL. Adhesion of lymphocytes to cerebral microvascular 
cells: effects of interferon-y, tumour necrosis factor and interleukin-1. Immunology 64: 
677-681, 1988. 

16. Simmons RD and Willenborg DO. Direct injection of cytokines into the spinal cord 
causes autoimmune encephalomyelitis-like inflammation. J Neurol Sci 100: 37-42, 1990. 

17. Cotran RS, Pober JS, Gimbrone MA, Springer TA, Wiebke EA, Gaspari AA, Rosenberg 
SA, Lotze MT. Endothelial activation during interleukin 2 immunotherapy. A possible 
mechanism of the vascular leak syndrome. J Immunol 139:1883-1888, 1987. 

18. Saija A, Princi P, Lanza M, Scalese M, Aramnejad E, De Sarro A. Systemic cytokine 
administration can affect blood-brain barrier permeability in the rat. Life Sciences 56: 775- 
784, 1995. 

19. Ellison MD, Krieg RJ, Povlishock JT. Differential central nervous system responses 
following single and multiple recombinant interleukin-2 infusions. J Neuroimmunol. 28: 
249-60, 1990. 

20. Pankonin G, Reipert B, Ager A. Interactions between interleukin-2-activated lymphocytes 
and vascular endothelium: binding to and migration across specialized and non-specialized 
endothelia. Immunology 77: 51-60, 1992. 

21. Trotter JL, Clifford DB, Anderson CB, van der Veen RC, Hicks BC, Banks G: Elevated 
serum interleukin-2 levels in chronic progressive multiple sclerosis. New Eng J Med 
318:1206, 1988. 

22. Sharief MK, Hentges R, Ciardi M, Thompson EJ. In vivo relationship of interleukin-2 and 
soluble IL-2 receptor to blood-brain barrier impairment in patients with active multiple 
sclerosis. J Neurol 24046-50, 1993. 

23. Raine CS, Lee S, Scbeinberg LC, Duijvestijn A, Cross AH. Adhesion molecules on 
endothelial cells in the central nervous system: an emerging area in the Neuroimmunology 
of multiple sclerosis. Clin Immunol Immunopathol 57: 173-187, 1990. 

24. Sobel R, Mitchell ME, Fondren G. Intercellular adhesion molecule-1 (ICAM-1) in cellular 
immune reactions in the human central nervous system. Am J Pathol 136: 1309-1316, 
1990. 

25. Washington R, Burton J, Todd RF, Newman W, Dragovic L, Dore-Duffy P. Expression of 
immunologically relevant endothelial cell activation antigens on isolated central nervous 
system microvessels from patients with multiple sclerosis. Ann Neurol 36: 89-97, 1994. 



A9. Endothelial Cells and Adhesion Molecules in Experimental 
Autoimmune Encephalomyelitis 

173 

26. Harris JO, Frank JA, Patronas N, McFarlin DE, McFarland HF. Serial gadolinium- 
enhanced magnetic resonance imaging scans in patients with early, relapsing multiple 
sclerosis: implications for clinical trials and natural history. Ann Neurol 29: 548-555, 
1991. 

27. Raine CS, Cannella B, Duijvestijn AM, Cross AH. Homing to central nervous system 
vasculature by antigen-specific lymphocytes. II. Lymphocytes/endothelial cell adhesion 
during the initial stages of autoimmune demyelination. Lab Invest 63: 476-489, 1990. 

28. Durieu-Trautmann O, Chaverot N, Cazaubon S, Strosberg AD, Couraud P-O. Intercellular 
adhesion molecule lactivation induces tyrosine phosphorylation of the cytoskeleton- 
associated protein cortactin in brain microvessel endothelial cells. J Biol Chem 269: 
12536-12540, 1994. 

29. Carpen O, Pallai P, Staunton DE, Springer TA. Association of intercellular adhesion 
molecule-1 (ICAM-1) with actin-containing cytoskeleton and alpha-actinin. J Cell Biol 
118: 1223-34, 1992. 

30. Adamson P, Etienne S, Couraud PO, Calder V, Greenwood J. Lymphocyte migration 
through brain endothelial cell monolayers involves signaling through endothelial ICAM-1 
via a rho-dependent J lmmunol. 162: 2964-73, 1999. 

31. Berman JW, Guida MP, Warren J, Arnat J, Brosnan CR. Localization of monocyte 
chemoattractant peptide-I expression in the central nervous system in experimental 
autoimmune encephalomyelitis and trauma in the rat. J Immunol 156: 3017-3023, 1996. 

32. Prat A, Biernacki K, Lavoie JF, Poirier J, Duquette P, Antel JP. Migration of multiple 
sclerosis lymphocytes through brain endothelium. Arch Neurol 59: 391-7, 2002. 

33. Shukaliak JA, Dorovini-Zis K. Expression of the beta-chemokines RANTES and MIP- 
lbeta by human brain microvessel endothelial cells in primary culture. J Neuropathol Exp 
Neurol 59: 339-352, 2000. 

34. Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist U, Shaw S. T cell adhesion 
induced by proteoglycan-immobilized cytokiue MIP-1 [3. Nature 361: 79-82, 1993. 

35. Zhang W, Smith C, Howlett C, Stanimirovic D,. Inflammatory activation of human brain 
endothelial cells by hypoxic astrocytes in vitro is mediated by IL-1 [3. J Cerebr Blood Flow 
Metab 20: 967-78, 2000. 

36. Sobel RA. Natale JM. Schneeberger EE. The immunopathology of acute experimental 
allergic encephalomyelitis. IV. An ultrastructural immunocytochemical study of class II 
major histocompatibility complex molecule (Ia) expression. J Neuropathol Exp Neurol 46: 
239-49, 1987. 

37. Omari KI, Dorovini-Zis K. Expression and function of the costimulatory molecules B7-1 
and B7-2 in an in vitro model of the human blood-brain barrier. J Nenroimmunol 113: 
129-141, 2001. 

38. Jemison LM, Williams SK, Lublin FD, Kuobler RL, Korngold R. Interferon-gamma- 
inducible endothelial cell class II major histocompatibility complex expression correlates 
with strain- and site-specific susceptibility to experimental allergic encephalomyelitis. J 
Neuroimmunol 47: 15-22, 1993. 

39. Cross A.H., Ku G. Astrocytes and central nervous system endothelial cells do not express 
B7-1 (CD80) or B7-2 (CD86) immunoreactivity during experimental autoimmune 
encephalomyelitis. J Neuroimmunol 110: 76-82, 2000. 

40. Pryce G, Male D, Sedgwick J. Antigen presentation in brain: brain endothelial cells are 
poor stimulatory of T cell proliferation. Immunology 66: 207-212, 1989. 



174 ChapterA9 

41. Risau W, Engelhardt B, Wekerle H. Immune function of the blood-brain barrier: 
Incomplete presentation of protein (auto-) antigen by rat brain microvascular endothelium 
in vitro. J Cell Biol. 110: 1757-1766, 1990. 

42. Girvin, Gordon KB, Welsh CJ, Clipstone NA. Miller SD. Differential abilities of central 
nervous system resident endothelial cells and astrocytes to serve as inducible antigen- 
presenting cells. Blood 99: 3692-701, 2002. 

43. McCarron RM. IL-l-induced prostacyclin production by cerebral vascular endothelial 
cells inhibits myelin basic protein-specific lymphocyte proliferation. Cell Immunol 145: 
21-29, 1992. 

44. Ley K, Bullard DC, Arbones ML, Bosse R, Vestweber D, Tedder TF, Beaubet AL. 
Sequential contribution of L- and P-selectin to leukocyte rolling in vivo. J Exp Med 181: 
669-675, 1995. 

45. Cohnheim JF. Lectures on General Pathology. 2 nd edition. Vol. 1 London, The New 
Sydenham Society. 1889 

46. Kansas, GS. Selectins and their ligands: current concepts and controversies. Blood 88: 
3259-3287, 1996. 

47. Tedder TF, Steeber DA, Chen A, Engel P. The selectins: vascular adhesion molecules. 
FASEB J 9: 866-873, 1995. 

48. Naparstek Y, Ben-Nun A, Holoshitz J, Reshef T, Frenkel A, Rosenberg M, Cohen IR. T 
lymphocyte lines producing or vaccinating against autoimmune encephalomyelitis (EAE). 
Functional activation induced peanut agglutinin receptors and accumulation in the brain 
and thymus of lines cells. Eur J Immunol 13: 418-423, 1983. 

49. Simmons RD, Cattle BA, Hugh AR, Willenborg DO. Lymphocytes utilize sialyated 
surface molecules to accumulate in developing lesions of autoimmune encephalomyelitis. 
Autoimmunity 14: 17-21, 1992. 

50. Rainer TH. L-selectin in health and disease. Resuscitation 52: 127-141, 2002. 
51. Engelhardt B, Martin-Simonet MG, Rott LS, Butcher EC, Michie SA. Adhesion molecule 

phenotype ofT lymphocytes in inflamed CNS. J Neuroimmunol 84: 92-104, 1998. 
52. Dopp JM, Breneman SM, Olschowka JA. Expression of ICAM-1, VCAM-1, L-selectin, 

and leukosialin in the mouse central nervous system during the induction and remission 
stages of experimental allergic encephalomyelitis. J Neuroimmunol 54:129-144, 1994. 

53. Brocke S, Piercy C, Steinman L, Weissman IL, Veromaa T. Antibodies to CD44 and 
integrin alpha-4, but not L-selectin, prevent central nervous system inflammation and 
experimental encephalomyelitis by blocking secondary leukocyte recruitment. Proc Natl 
Acad Sci 96: 6896-6901, 1999. 

54. Archelos JJ, Jung S, Rinner W, Lassman H, Miyaska M, Hartung HP. Role of the 
leukocyte-adhesion molecule L-selectin in experimental autoimmune encephalomyelitis. J 
Neurol Sci 159: 127-134, 1998. 

55. Macey G, McCarthy DA, Vordermeir S, Newland AC, Brown KA. Effects of cell 
purification methods on CD1 lb and L-selectin expression as well as the adherence and 
activation of leukocytes. J Immunol Methods 181 : 211-219, 1995. 

56. Stibenz D, Buhrer C. Down-regulation of L-selectin surface expression by various 
leukocyte isolation procedures. Scand J Immunol 39: 59-63, 1994. 

57. Grewal IS, Foellmer HG, Grewal KD, Wang H, Lee WP, Tumas D, Janeway CA Jr., 
Flavell RA. CD62L is required on effector cells for local interactions in the CNS to cause 
myelin damage in experimental allergic encephalomyelitis. Immunity 14:291-302, 2001. 

58. Engelhardt B, Vestweber D, Hallmann R, Schultz M. E- and P-selectin are not involved in 
the recruitment of inflammatory cells across the blood-brain barrier in experimental 
autoimmune encephalomyelitis. Blood 90: 4459-4472, 1997. 



A9. Endothelial Cells and Adhesion Molecules in Experimental 
Autoimmune Encephalomyelitis 

175 

59. Carrithers MD, Visintin I, Kang S J, Janeway, CA Jr. Differential adhesion molecule 
requirements for immune surveillance and inflammatory recruitment. Brain 123: 1092- 
1101, 2000. 

60. Piccio L, Rossi B, Scarpini E, Laudanna C, Giagulli C, Issekutz AC, Vestweber D, 
Butcher EC, Constantin G. Molecular mechanisms involved in lymphocyte recruitment in 
inflamed brain microvessels: critical roles for P-selectin glycoprotein ligand-1 and 
heterotrimeric Gi-linked receptors. J Immunol 168: 1940-1949, 2002. 

61. Tran GT, Hodgkinson S J, Carter N, Killingsworth M, Spicer ST, Hall BM. Attenuation of 
experimental allergic encephalomyelitis in complement component 6-deficient rats is 
associated with reduced complement C9 deposition, P-selectin expression, and cellular 
infiltrate in spinal cords. J Immunol 168: 4293-4300, 2002. 

62. Kerfoot SM, Kubes P. Overlapping roles of P-selectin and alpha4 integrin to recruit 
leukocytes to the central nervous system in experimental autoimmune encephalomyelitis. J 
Immunol 169: 1000-1006, 2002. 

63. Hindmarsh EJ, Marks RM. Complement activation occurs on subendothelial extracellular 
matrix in vitro and is initiated by retraction or removal of overlying endothelial cells. J 
Immunol 160: 6128-6136, 1998. 

64. Bernardes-Silva M, Anthony DC, Issekutz AC, Perry VH. Recruitment of neutrophils 
across the blood-brain barrier: the role of E- and P-selectins. J Cerebral Blood Flow and 
Metabolism 21:1115-1124, 2001. 

65. Anthony DC, Bolton SJ, Fearn S, Perry VH. Age related effects of interleukin-1 beta on 
polymorphonuclear neutrophil-dependent increases in blood-brain barrier permeability in 
rats. Brain 120: 435-444, 1997. 

66. Hurwitz AA, Lyman WD, Guida MP, Calderon TM, Berman JW. Tumor necrosis factor 
alpha induces adhesion molecule expression on fetal astrocytes. J Exp Med 176: 1631- 
1636, 1992. 

67. Rosen SD. Endothelial ligands for L-selectin: From lymphocyte recirculation to allograft 
rejection. Am J Pathol 155: 1013-1020, 1999. 

68. Lasky LA, Singer MS, Dowbenko D, Imai Y, Henzel EJ, Fennie C, Gillett N, Watson SR, 
Rosen SD. An endothelial ligand for L-selectin in a novel mucin-like molecule. Cell 69: 
927-938, 1992. 

69. Baumheuter S, Singer MS, Henzel W, Hemmerich S, Renz M. Rosen SD, Lasky LA. 
Binding of L-selectin to the vascular silaomucin, CD34. Science 262: 436-438, 1993. 

70. Berg EL, McEvoy LM, Berlin C, Bargatze RF, Butcher EC L-selectin-mediated 
lymphocyte rolling on MAdCAM-1. Nature 366: 695-698, 1993. 

71. Bargatze RF, Jutila MA, Butcher EC. Distinct roles of L-selectin and integrins 
alpha4beta7 and LFA-1 in lymphocyte homing to Peyer's patch-HEV in situ: the multistep 
model confirmed and refined. Immunity 3: 99-108, 1995. 

72. Borsig L, Wong R, Hynes RO, Varki NM, Varki A. Synergistic effects of L- and P- 
selectin in facilitating tumor metastasis can involve non-mucin ligands and implicate 
leukocytes as enhancers of metastasis. Proc Natl Acad Sci 99: 2193-2198, 2002. 

73. Cannella B, Cross AH, Raine CS Relapsing autoimmune demyelination: a role for 
vascular addressins. J Neuroimmunol 35: 295-300, 1991. 

74. Huang K, Kikuta A, Rosen SD. Myelin localization of a central nervous system ligand for 
L-selectin. J Neuroimmunol 53: 133-141, 1994. 

75. Huang K, Geoffroy JS, Singer MS, Rosen SD. A lymphocyte homing receptor (L-selectin) 
mediates the in vitro attachment of lymphocytes to myelinated tracts of the central nervous 
system. J Clin Invest 88: 1778-1783, 1991. 



176 ChapterA9 

76. Steffen BJ, Breier G, Butcher EC, Schulz M, Engelhardt B. ICAM-1, VCAM-1, and 
MAdCAM-1 are expressed on choroids plexus epithelium but not endothelium and 
mediate binding oflymphocytes in vitro. Am J Pathol 148: 1819-1838, 1996. 

77. Kanwar JR, Kanwar RK, Wang D, Krissansen GW. Prevention of a chronic progressive 
form of experimental autoimmune encephalomyelitis by an antibody against mucosal 
addressin cell adhesion molecule-1 given early in the course of disease progression. 
Immunol Cell Biol 78: 641-645, 2000. 

78. Bengtsson T, Grenegard M, Olsson A, Sjogren F, Stendahl O, Zalavary S. Sulfatide- 
induced L-selectin activation generates intracellular oxygen radicals in human neutrophils: 
modulation by extracellular adenosine. Biochim Biophys Acta 1313:119-129, 1996. 

79. Crockett-Torabi E, Sulenbarger B, Smith CW, Fantone JC. Activation of human 
neutrophils through L-selectin and Mac-1 molecules. J Immunol 154: 2291-2302, 1995. 

80. Po JL, Mazer B, Jensen GS. The L-selectin antibody FMC46 mediates rapid, transient 
increase in intracellular calcium in human peripheral blood mononuclear cells and Daudi 
lymphoma cells. Biochem Biophys Res Commun 217:1145-1150, 1995. 

81. Waddell TK, Fialkow L, Chan CK, Kishimoto TK, Downey GP. Signaling functions of L- 
selectin. Enhancement of tyrosine phosphorylation and activation of MAP kinase. J Biol 
Chem 270: 15403-15411, 1995. 

82. Laudanna C, Constantin C, Baron P, Scarpini E, Scarlato G, Cabrini G Dechecchi C, 
Rossi F, Cassatella MA, Berton G. Sulfatides trigger increase of cytosolic free calcium and 
enhanced expression of tumor necrosis factor-alpha and interleukin-8 mRNA in human 
neutrophils. Evidence for a role of L-selectin as a signaling molecule. J Biol Chem 269: 
4021-4026, 1994. 

83. Waddell TK, Fialkow L, Chan CK, Kishimoto TK, Downey GP. Potentiation of the 
oxidative burst of human neutrophils. A signaling role for L-selectin. J Biol Chem 269: 
18485-18491, 1994. 

84. Lo SK, Lee S, Ramos RA, Lobb R, Rosa M, Chi-Rosso G, Wright SD. Endothelial- 
leukocyte adhesion molecule 1 stimulates the adhesive activity of leukocyte integrin CR3 
(CD1 Ib/CD18, Mac-l, alpha(m)beta2) on human neutrophils. J Exp Med 173: 1493-1500, 
1991. 

85. Nagata K, Tsuji T, Todoroki N, Katagiri Y, Tanoue K, Yamazaki H, Hanai N, Irimura T. 
Activated platelets induce superoxide anion release by monocytes and neutrophils through 
P-selectin (CD62). J lmmunol 151: 3267-3273, 1993. 

86. Celi A, Pellegrini G, Lorenzet R, De Blasi A, Ready N, Furie BC, Furie B. P-selectin 
induces the expression of tissue factor on monocytes. Proc Natl Acad Sci 91: 8767-8771, 
1994. 

87. Elstad MR, La Pine TR, Cowley FS, McEver RP, McIntyre TM, Prescott SM, 
Zimmerman GA. P-selectin regulates platelet-activating factor synthesis and phagocytosis 
by monocytes. J Immunol 155: 2109-2122. 1995. 

88. Hwang ST, Singer MS, Giblin PA, Yednock TA, Bacon KB, Simon SI, Rosen SD. 
GIyCAM-1, a physiological ligand for L-selectin, activates beta2 integrins on naive 
peripheral lymphocytes. J Exp Med 184: 1343-1348, 1996. 

89. Giblin PA, Hwang ST, Katsumoto TR, Rosen SD. Ligation of L-selectin on T 
lymphocytes activates betal integrins and promotes adhesion to fibronectin. J Immunol 
159: 3498-3507, 1997. 

90. Prat A, Biernacki K, Wosik K, Antel JP. Glial cell influence on the human blood-brain 
barrier. GLIA 36: 145-155, 2001. 



A9. Endothelial Cells and Adhesion Molecules in Experimental 
Autoimmune Encephalomyelitis 

177 

91. McCarron RM, Wang I, Stanimirovic DB, Spatz M. Differential regulation of adhesion 
molecule expression by human cerebrovascular and umbilical vein endothelial cells. 
Endothelium 2: 339-346, 1995. 

92. Wong D, Dorovini-Zis K. Expression of vascular cell adhesion molecule-1 by human 
brain microvessel endothelial cells in primary culture. Microvasc Res 49: 325-339, 1995. 

93. Archelos JJ, Maurer M, Jung S, Toyka KV, Hartung HP. Suppression of experimental 
allergic neuritis by an antibody to the intracellular adhesion molecule ICAM-1. Brain 116: 
1043-58, 1993. 

94. Cannella B, Cross AH, Raine CS: Anti-adhesion molecule therapy in experimental 
autoimmune encephalomyelitis. J Neuroimmunol 46: 43-55, 1993. 

95. Samoilova EB, Horton JL, Chen Y. Experimental autoimmune encephalomyelitis in 
intercellular adhesion molecule-l-deficient mice. Cell. Immunol. 190: 83-89, 1998. 

96. Yednock TA, Cannon C, Fritz LC, Sanchez-Madrid F, Steinman L, Karin N. Prevention 
of experimental autoimmune encephalomyelitis by antibodies against ~4!31integrin. 
Nature 356: 63-66, 1992. 

97. Kent SJ, Karlik SJ, Cannon C, Hines DK, Yednock TA, Fritz LC, Horner HC. A 
monoclonal antibody to ~4 integrin suppresses and reverses active experimental allergic 
encephalomyelitis. J Neuroimmunol 58: 1-10, 1995. 

98. Baron JL, Madri JA, Ruddle NH, Hashim G, Janeway CA JR. Surface expression of a4 
integrin by CD4 T cells is required for their entry into brain parenchyma. J Exp Med 177: 
57-68, 1993. 

99. Kanwar JR, Harrison JEB, Wang D, Leung E,  Mueller W, Wagner N, Krissansen GW. [37 
integrins contribute to demyelinating disease of the central nervous system. J 
Neuroimmunol 103: 1464152, 2000. 

100. Tubridy N, Behan PO, Capildeo R, Chaudhuri A, Forbes R, Hawkins CP, Hughes RA, 
Palace J, Sharrack B, Swingler R, Young C, Moseley IF, MacManus DG, Donoghue A, 
Miller DH. The effect of anti-alpha 4 integrin antibody on brain lesion activity in MS. 
Neurology 53: 466-72, 1999. 

101. Williams KC, Zhou RW, Ueno K, Hickey WF. PECAM-1 expression in the central 
nervous system and its role in experimental allergic encephalomyelitis in the rat. J. 
Neurosci Res 45: 747-757, 1996. 

102. Graesser D, Solowiej A, Bruckner M, Osterweil E, Juedes A, Davis S, Ruddle NH, 
Engelhardt B, Madri JA. Altered vascular permeability and early onset of experimental 
autoimmune encephalomyelitis in PECAM-l-deficient mice. J Clin Invest 109: 383-392, 
2002. 

103. Rosenstein, Y, Park J, Hahn W, Rosen F, Bierer BE, Burakoff S. CD43, a molecule 
defective in Wiskott-Aldrich syndrome, binds ICAM-1. Nature 354: 233-235, 1991. 

104. Park J, Rosenstein Y, Remold-O'Donnell E, Bierer B, Rosen F, Burakoff S. 
Enhancement of T cell activation by the CD43 molecule whose expression is defective in 
Wiskott-Aldrich syndrome. Nature 350: 706-709, 1991. 

105. Frieser M, Nockel H, Pausch F, Roder C, Hahn A, Deutzmann R, Sorokin LM. Cloning 
of the mouse laminin alpha 4 gene: expression in a subset of endothelium. Eur J Biochem 
246: 727-735, 1997. 

106. Jucker M, Tian M, Norton DD, Sherman C, Kusiak JW. Laminin alpha2 is a component 
of brain capillary basement membrane: reduced expression in dystrophic dy mice. 
Neuroscience 71:1153-1161, 1996. 

107. Powell SK, Kleinman HK. Neuronal laminins and their cellular receptors. Int J Biochem 
Cell Biol 29: 401-414, 1997. 



178 ChapterA9 

108. Tian M, Jacobson C, Gee SH, Campbell KP, Carbonetto S, Jucker M. Dystroglycan in 
the cerebellum is a laminin a2-chain binding protein at the glial-vascular interface and is 
expressed in purkinje cells. Eur J Neurosci 8: 2739-2747, 1997. 

109. Wolburg H, Risau W. Formation of the blood-brain barrier. In Neuroglia. H. Kettenmann 
and B.R. Ransom, eds. Oxford University Press, Oxford, UK. 763-776, 1995. 

110. Tran EH, Hoekstra K, Rooijen NV, Dijkstra CD, Owens, T. Immune evasion of the 
central nervous system parenchyma and experimental allergic encephalomyelitis, but not 
leukocyte extravasation from blood, are prevented in macrophage-depleted mice. J 
Immunol 161: 3767-3775, 1998. 

111. Komer H, Riminton DS, Strickland DH, Lemckert FA, Pollard JD, Sedgwick JD. 
Critical points of tumor necrosis factor action in central nervous system autoimmune 
inflammation defined by gene targeting. J Exp Med 186: 1585-1590, 1997. 

112. Sixt M, Engelhardt B, Pausch F, Hallmann R, Wendler O, Sorokin LM. Endothelial cell 
laminin isoforms, laminins 8 and 10, play decisive roles in T cell recruitment across the 
blood-brain barrier in experimental autoimmune encephalomyelitis. J Cell Biol 153: 933- 
945, 2001. 

113. Lesley J, Hyman R, Kincade PW. CD44 and its interaction with extracellular matrix. 
Adv lmmunol 54: 271-335, 1993. 

114. Camp RL, Scheynius A, Johansson C, Pure E. CD44 is required for optimal contact 
allergic responses but is not required for normal leukocyte extravasation. J Exp Med 178: 
497-507, 1993. 

115. DeGrendele HC, Estess P, Siegelman MH. Requirement for CD44 in activated T cell 
extravasation into an inflammatory site. Science. 278: 672-5, 1997. 

116. Turley E, Moore D. Hyaluronate binding proteins also bind to fibronectin, laminin, and 
collagen. Biochem Biophys Res Commun 121: 808-814, 1984. 

117. Miyake K, Underhill CB, Lesley J, Kincade PW. Hyaluronate can function as a cell 
adhesion molecule and CD44 participates in hyaluronate recognition. J Exp Med 172: 69- 
75, 1990. 

118. Jalkanen S, Jalkanen M. Lymphocyte CD44 binds the COOH-terminal heparin-binding 
domain of fibronectin. J Cell Biol 116:817-25, 1992. 

119. Ishii S, Ford R, Thomas P, Nachman A, Steele G Jr., Jessup JM. CD44 participates in the 
adhesion of human colorectal carcinoma cells to laminin and type IV collagen. Surg Oncol 
2: 255-264, 1993. 

120. Carter WG, Wayner EA. Characterization of the class III collagen receptor, a 
phosphorylated, transmembrane glycoprotein expressed in nucleated human cells. J Biol 
Chem 263: 4193-4201, 1998. 

121. Dimitroff CJ, Lee JY, Fuhlbrigge RC, Sackstein R. A distinct glycoform of CD44 is an 
L-selectin ligand on human hematopoietic cells. Proc Natl Acad Sci 97: 13841-13846, 
2000. 

122. Dimitroff CJ, Lee JY, Rafii S, Fuhlbrigge RC, Sackstein R. CD44 is a major E-selectin 
ligand on human hematopoietic progenitor cells. J Cell Biol 153: 1277-1286, 2001. 

123. DeGrendele HC, Estess P, Picker LJ, Siegelman MH. CD44 and its ligand hyaluronate 
mediate rolling under physiologic flow: a novel lymphocyte-endothelial cell primary 
adhesion pathway. J Exp Med 183:1119-30, 1996. 

124. Brennan FR, O'Neill JK, Allen SJ, Butter CS, Nuki G, Baker D. CD44 is involved in 
selective leukocyte extravasation during inflammatory central nervous system disease. 
Immunolgy 98: 427-435, 1999. 

125. Shaw MK, Lorens JB, Dhawan A, DalCanto R, Tse HY, Tran AB, Bonpane C, Eswaran 
SL, Brocke S, Sarvetnick N, Steinman L, Nolan G, Fathman CG. Local delivery of 



A9. Endothelial Cells and Adhesion Molecules in Experimental 
Autoimmune Encephalomyelitis 

179 

interleukin 4 by retrovirus-transduced T lymphocytes ameliorates experimental 
autoimmune encephalomyelitis. J Exp Med 185:1711-1714, 1997. 

126. Kuchroo VK, Das MP, Brown JA, Ranger AM, Zamvil SS, Sobel RA, Weiner HL, 
Nabavi N, Glimcher LH. B7-1 and B7-2 costimulatory molecules activate differentially 
the Thl/Th2 developmental pathways: application to autoimmune disease therapy. Cell 80: 
707-718, 1995. 

127. Gimsa U, Wolf SA, Haas D, Bechmann I, Nitsch R. Th2 cells support intrinsic anti- 
inflammatory properties of the brain. J Neuroimmunol 119: 73-80, 2001. 

128. Yu M, Nishiyama A, Trapp BD, Tuohy VK. Interferon-beta inhibits progression of 
relapsing-remitting experimental autoimmune encephalomyelitis. J Neuroimmunol 64: 91- 
100, 1996. 

129. Floris S, Ruuls SR, Wierinckx A, van der Pol SM, Dopp E, van der Meide PH, Dijkstra 
CD, De Vries HE.. Interferon-beta directly influences monocyte infiltration into the central 
nervous system. J Neuroimmunol 127: 69-79, 2002. 

130. Stuve O, Dooley NP, Uhm JH, Antel JP, Williams G, Yong VW. Interferon beta-lb 
decreases the migration of T lymphocytes in vitro: effects on matrix metalloprotease -9. 
Ann Neurol 40: 853-863, 1996. 



Chapter A10 

GENETICS OF EXPERIMENTAL ALLERGIC 
ENCEPHALOMYELITIS 

David Baker 
Department of Neuroinflammation, Institute of Neurology, University College, London, UK 

Abstract: 

Key words: 

The identification of genetic factors that control the pathogenetic pathways of 
autoimmune neuroinflammation and degeneration may provide targets for 
new therapeutic strategies in human diseases, such as multiple sclerosis. This 
is not easily accomplished as significant heterogeneity exists and such genetic 
dissection may more easily be performed using inbred rodent strains, where 
the genetic heterogeneity is avoided and variation in the environmental 
influences is minimized. Chronic relapsing experimental autoimmune 
encephalomyelitis (EAE) exhibits some histopathological features typical of 
multiple sclerosis and provides a tool to systemically identify genetic 
influences controlling susceptibility through genome scanning and selective 
breeding of congenic animals harbouring disease-related loci. As with MS, 
susceptibility is controlled by expression of certain major histocompatibility 
complex allotypes, which in EAE is in response to induction with certain 
myelin antigens. Both are complex polygenic diseases where disease traits are 
controlled by a number of polymorphic genes which individually exhibiting 
modest effect on disease course. A number of as yet largely unknown genes, 
cluster in certain regions that are sometimes shared between different strain 
combinations and are also shared by other inflammatory diseases, as they are 
uncovered the biology understood they may open avenues to treatment. 

EAE, MS, immunogenetics, susceptibility, major histocompatibility complex, 
polygenic disease 

Mul t ip l e  Sclerosis- a disease with a predisposing genetic susceptibility 
Multiple sclerosis (MS) is the major  demyelinat ing disease of  the central 
nervous system (CNS) affecting about 2-3 million people worldwide,  
however  the distribution of MS is geographical ly restricted and indicates 
some influence of  both environmental  factor(s) and genetic background of  
the affected individuals. (Compston  & Coles 2002). Disease is most  
prevalent  in temperate  regions inhabited by descendents of  northern 
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Europeans (Hogancamp et al. 1997, Compston & Coles 2002) and indicates 
some genetic aetiology most notable there is evidence of familial 
aggregation of MS and increased risks to siblings. This is evidenced by 
higher risk to monozygotic twins (25-30% concordance), dizygotic twins 
and non-twin siblings (2-5% concordance) compared to adoptees from non- 
affected parents (<0.2% concordance) which reflects the recurrence risk in 
the general population. MS sibling pairs tend to cluster by age of onset, 
rather than year of onset, and there is no detectable effect of shared 
environment on MS susceptibility in first-degree non-biological relatives 
(spouses, adoptees). Furthermore there is racial clustering of MS cases, 
particularly evidenced relative lack of MS in native African black people 
resident in high risk white regions and suggestive correlations between 
certain polymorphic genetic loci. (Ebers et al. 1995. Compston & Sawcer 
2002). Disease in MS exhibits many different clinical and histopathological 
phenotypes that may change as disease progresses (Olerup et  al. 1989, 
Lublin & Reingold 1996, Kira et a/.1996, Lucchinetti et al. 1996, Thorpe et 
al. 1996. Thompson et  a l  1996, Confhvreux et al. 2000, Compston & Coles 
2002, Bjartmar et al., 2003). The disease may have different aetiologies or 
represent abroad a spectrum of disease and this heterogeneity makes it 
difficult to analysed the genetic components of MS. Whilst the precise 
aetiology is unknown, it is thought that once disease is triggered, that MS 
represents an autoimmune disease (Compston & Coles 2002). Whilst there 
are no other non-human animals that spontaneously develop a disease 
identical to MS, elements of MS can be mimicked in experimental allergic 
encephalomyelitis (EAE), which is an induced autoimmune disease of the 
CNS (Brocke et al. 1994, Wekerle et al. 1994). Just as MS exhibits many 
clinical phenotypes that include benign disease, which is relatively self- 
limiting, primary progressive disease from onset, relapsing-remitting MS 
which show periods of neurological deficit with periods of remission that 
often leads to secondary progressive disease where disease continues 
unabated. (Compston & Coles 2002), animals species and strains develop a 
variety of  different clinical phenotypes (Raine et al 1980, Brocke et al. 1994, 
Wekerle et  al. 1994, Brok et  al. 2001, t'Hart and Amor 2003). In animals 
disease susceptibility is clearly under genetic control (Levine & Sowlinski 
1973, Raine et al 1980) some strains develop hyperacute and often fatal 
disease (e.g. Hartley strain guinea pigs), others monophasic (e.g. Lewis rats), 
relapsing (strain 13 guinea pig) or chronic (e.g. Marmosets) disease 
following induction with CNS myelin. As similar pathological events appear 
to occur in EAE and MS, its animal model may be used to tease out some of 
the genetic checkpoints that control different disease traits. 

Most adult-onset autoimmune diseases exhibit a female bias (2:i in MS. 
Duquette et al.1992), yet pregnancy is associated with disease quiescence to 
a level not generally matched by currently available pharmaceutical agents 
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(Homo-Delarche et  a/.1991, Jansson & Holmdahl 1998). Although females 
exhibit higher incidence of relapsing remitting disease, males with later 
onset disease more often develop primary progressive disease which is more 
neurodegenerative (Compston & Coles 2002, Bjartmar et al 2003), this may 
suggest that differences in genetic background create physiological 
differences that can withstand varying degrees of insult. However, once a 
threshold is exceeded, both primary and secondary progressive disease can 
develop at similar rates, suggesting that these phenotypes are different poles 
of the same disease process (Confavreux et al. 2000). It is well recognized 
that sex-hormones can influence a great number of immune parameters 
(Homo-Delarche et al l991,  Jansson & Holmdahl 1998). This is also 
reflected by sex differences (typically females are more susceptible than 
males) to susceptibility to the development of CNS autoimmunity in EAE 
(Baker et al. 1995, Bebo et al., 1998,1999). The penetrance of  disease 
expression varies between different experimental paradigms and strain 
combinations and this influences clinical outcome. (Dalal et a1.,1997, 
Jansson & Hoimdahl 1998, Bebo et al.,1998,1999). 

1.1 Myelin and the Major Histocompatibility complex in 
susceptibility to CNS autoimmunity 

In MS the major pathological feature is demyelination and the loss of 
oligodendrocytes (Lucchinetti et  al. 1996, Compston & Coles 2002). That 
EAE develops CNS autoimmunity following sensitization with CNS myelin, 
suggests that it could be a major target in MS. Myelin contains a number of 
proteins where proteolipid protein (PLP. -50% of CNS myelin) and myelin 
basic protein (MBP. -30% of  myelin protein) are major constituents. Due to 
the water solubility and ease of purification, early studies concentrated on 
MBP as a candidate autoantigen along with whole spinal cord homogenates 
(Fritz et al. 1985). The prototypical susceptible EAE strains were SJL (H-2 s 
haplotype), SWR (H-2q), PL and more recently ABH mice (Levine & 
Sowinski 1973, Baker et aL 1990), whilst C57BL/6 (H-2 ~) and BALB/c (H- 
2 d) were classically considered resistant (Levine & Sowinski 1973, Raine et 
al. 1980). Using mice congenic for the major histocompatibility complex 
(MHC), termed H-2 in the mouse, it could be demonstrated that MBP- 
induced disease was restricted by the MHC class II, notably H-2A, gene 
products, however there are exceptions such as B10.S (H-2 s) and B 10.Q (H- 
2 s. Fritz et  al. Table 1). Furthermore as time has passed novel 
encephalitogenic antigens have been described that include the CNS- 
restricted myelin proteins: proteolipid protein (PLP, Tuohy et al. 1988) and 
myelin oligodendrocyte glycoprotein (MOG) in particular (Amor et aL 1994, 
Mendel et al. 1995), but includes other myelin antigens such as myelin 
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associated glycoprotein (MAG), myelin oligodendrocyte specific protein 
(OSP) and non-myelin antigens (Kojima et al. 1994, Morris-Downes et  al. 
2002, Furlan et al. 2002). Here H2 allotypes confer a different set of 
susceptibilities and peptide-epitope restrictions between inbred strains 
(Tuohy et al. 1988, Abdul-Majid et al. 2001, Kjell6n et al. 2001). Notably 
C57BL/6 mice, often used for the generation of 'gene-knockout mice" are 
susceptible to EAE induction with MOG and MOG residues 35-55 peptide 
(Mendel et al 1995, 1999). Thus although the inducing antigens are varied 
between strains, animals from virtually all MHC haplotypes of mice can be 
induced to develop CNS autoimmunity (Table 1). Therefore suggests that 
most mouse strains are susceptible and should no longer be considered as 
resistant but as low responders to certain disease induction protocols. Indeed 
mapping studies have indicated that genetic elements from "resistant" strains 
contribute to susceptibility (Sundvall et al. 1994, Teuscher et al. 1998, 
Jirholt et al. 2000). 

TABLE 1. Susceptibility to myelin antigen induced EAE is genetically 
controlled 

Inducing Antigen 

Strain H-2A MBP PLP MOG 

C57BI./6 b 
BALB/c d 
SJL s 
PI./J u 
SWR q 
ABH g7 

+ 

+ + + 

+ [+1 [+] 
+ + + 

+ + 

Different mouse strains actively induced with myelin basic protein (MBP), Proteolipid protein 
(PLP) and myelin oligodendrocyte glycoprotein (MOG) proteins, and peptides develop 
different levels of susceptibility, some are relatively resistant (-), others show limited or 
delayed susceptibilities ([+]) and others develop full susceptibilities (+) to the development of 
clinical EAE. (Levine & Sowinski 1973, Raine et  al. 1980, Fritz et  al. 1985, Tuohy et  al. 
1998, Pagnany et  al. 2003 

Whilst MHC expression is critical for the generation of autoimmunity, 
there is variability in the background genes of the susceptible MHC 
haplotypes and this may mask the importance of this restriction (Levine & 
Sowinski 1973, Fritz et al. 1985). Spontaneous EAE can occur in myelin- 
specific T cell receptor (TCR), transgenic animals that have a high frequency 
of activated myelin-specific T cells that are capable of entering the CNS 
(Governman et al. 1993, Brabb et al. 1997, Kuchroo et al. 2002, Bettelli et 
al. 2003), but EAE does not usually occur spontaneously therefore genetics, 
biology, environment and chance may determine whether spontaneous 
disease develops in humans. A key issue is likely to be the elements that 
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activate potentially, autoreactive cells outside the control of normal 
homeostatic tolerance mechanisms (Governman et al. 1993). Many 
autoimmune diseases in animals use the same induction protocol and it is the 
nature of the inducing antigen that determines target specificity. Therefore 
many of the disease processes will be similar between different autoimmune 
models. It is therefore not surprising that disease loci are mapped to similar 
regions when different autoimmune diseases are mapped in the same strain 
combinations, as they are probably involved in the initiation of the 
conditions that promote (auto)immunity (Dalman et al. 1998; Encinas & 
Kuchroo 2000, Merriman et al. 2000, Bergsteinsdottir et al. 2000, Becanovi 
et  al. 2003). 

Although some evidence exists that indicates that polymorphisms in myelin 
genes such as MBP may be associated with susceptibility in models of MS 
and a subset of people with MS (Brahic & Bureau 1998, Pihlaja et al. 2003), 
this however, does not appear to be related in the majority of cases (Seboun 
et al. 1999). However, when MBP is naturally catabolised, peptide 
fragments are created that may not have the necessary chemico-physical 
properties to form a productive MHC/TCR interaction with many MHC 
class II antigens. However a major fragment that is generated following 
MBP cleavage contains the residues MBP 89-101 (Barry et al. 1992). This 
can bind to HLA-DR2 (DRBI*I501-DRB5*0101, DQAI*0102, 
DQB 1"0602) molecules (Li et al. 2000), which are over represented in MS 
from people of northern Europeans dissent (Barcellos et al., 2003, Hensiek et 
al. 2002) and thus could offer could offer the potential to generate 
autoimmunity, particularly if the antigen fails to effectively establish thymic 
tolerance mechanisms (Li et al. 2000, Bruno et al. 2002). Indeed HLA- 
DR/DQ transgenic mice of the DR15 haplotype, coupled with transgenic 
myelin-specific human TCR transgenes spontaneously develop disease 
(Madden et al. 1999). However as immune responses to different myelin 
antigens can induce the same clinical phenotype it is not surprising that 
variability of MHC haplotype expression occurs in people with MS, such as 
DR3/DR4 association observed in Sardinia (Marrosu et al. 1997) 
Furthermore within the human immunological context a significantly greater 
number of MHC class I and particularly class II molecule variants occur than 
found in rodents, which allow them to gain protective immunity to 
pathogens but also offers the, probable evolutionary acceptable, possibility 
of adult onset autoimmunity. Whilst HLA allotypes form a component of the 
genetic susceptibility of MS (Haines et  al. 1996, Sawcer et al. 1996, Oturai et 
al. 1999,) as with EAE disease is clearly polygenic. 

Systematic Genome Scans for Eae Susceptibility loci 
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The search for genes controlling human disease genes continues but the only 
locus that consistently is associated with MS susceptibility are to genes 
within the MHC, but no non-HLA region has currently been shown 
unequivocal linkage in disease and putative susceptibility loci vary between 
regions, when analyzed by systematic genome scanning of  individuals 
(Ebers et al 1996, Haines et al 1997, Sawcer et al 1996, Kuokkanen et al 
1997, Chataway et al 1998) and in pools of  affected individuals (Coraddu et 
aL 2001, Broadley et al 2001, Akesson et al. 2002, Ban et al. 2002, Sawcer 
et al. 2002) and even when stratified for DR2 expression (Coraddu et 
al. 1998, Larsen et al. 2000, Goedde et a/.2002). Linkage disequilibrium that 
occurs frequently in human genetics (certain allotypes of  spatially related 
genes tend to be inherited in one supra haplotype, such as occurs in the 
MHC) makes it easier to locate disease-related genes, however due to 
linkage disequilibrium few chromosomal crossover events occur during 
inheritance, which make it difficult to segregate the disease gene. Each 
inbred strains essentially represents one individual and by selective breeding 
to segregate disease traits essentially a simple large family can be generated 
for mapping purposes within a controlled environment. Whilst it is clear that 
there are often phenotypic differences between susceptible and resistant 
strains, these may either represent causal factors or be totally unrelated 
phenotypes to the disease process, which have been acquired through the 20 
generations of  sibling mating to generate an inbred strain. Conventional tools 
such as gene knockout mice, transgenes or any other principle for selective 
targeting, are not particularly useful for the finding of  genetically controlled 
mechanisms regulating disease, since immense numbers of  
immunopathological pathways or mediators can be hypothesized to be 
involved. Microsatellittes are stably inherited polynucleotide repeats that can 
be amplified using polymerase chain reaction using specific flanking 
primers. These are present throughout the genome and exhibit allelic 
differences in the length of the polynucleotide repeat and can be used to 
track the inheritance of  specific chromosomal regions (Todd et al. 1991). A 
search for disease-regulating genes can be done by linkage analysis that 
requires no preformed hypotheses. 

1.2 Non-MHC autosomai susceptibility loci 

Induction of  EAE in mice often uses co-injection of  Bordetella pertussis 
toxin as a co-adjuvant, and an autosomal dominant B.pertussis histamine 
sensitivity (Bphs) was one of  the first non-MHC genes shown to be involved 
in susceptibility to autoimmune diseases and was mapped to the distal of 
chromosome 6 in (C3H (resistant) x SJL (susceptible) x C3H mice. 
(S udweeks et aL 1993). Following the generation a panel of  interval specific 
congenic lines to intergress the susceptible gene on the resistant background 



AIO. GENETICS OF EXPERIMENTAL ALLERGIC 
ENCEPHALOMYELITIS 

187 

in toxin induced vasoactive amine sensitisation controls Bphs was recently 
identified as the histamine HI receptor gene (Hrhl) and differs in 3 amino 
acids between the resistant and susceptible strains.(Ma et al. 2003). 
Although the actions of  B.pertussis toxin are often attributed to permeability 
and vasoactive effects on blood:brain barrier permeability, the significant 
leucocytosis (10 fold) is more likely to account for this action. The 
disruption of  Hrhl leads to immune deviation of  T cell responses 
characterized by the suppression of  IFN3, production and an up-regulation in 
the production of  Th2-related cytokines, a paradigm often shown to inhibit 
the generation of  EAE (Ma et al. 2003, Goa et al. 2003). Although this 
represents the first case where a non-MHC gene controlling autoimmunity 
has been identified, many others require identification. 

The majority of  mapping studies have used strains where the MHC 
haplotype is shared by both the susceptible and resistant strains of  mice/rats 
to exclude its influence. Through selective crossing between resistant and 
susceptible strains and genotypic analysis of  affected and unaffected progeny 
it is possible to systematically scan the whole genome to detect linkage to 
susceptibility to EAE or related traits (Table 2-4). So far a number of  loci 
containing disease-modifying genes have been detected and at present there 
are over 20 EAE-associated loci (Eae) in the rat (Table 2) and over 27 loci 
in the mouse (Table 3), whose precise identity are unknown/proven. In the 
rat, EAE quantitative trait loci have been demonstrated in DA (susceptible) x 
Brown Norway (BN. resistant), Lewis (susceptible) x BN, and E3 x DA 
intercrosses induced with whole spinal cord homogenate or with MOG as 
immunogen in DA x ACI and DA x PVG.1AV1 intercrosses (Table 2). 
Whereas in the mouse, studies have been preformed in B I0.RIII 
(susceptible) x RIII, ABH (susceptible) x NOD, ABH x BALB/c or SJL x 
BI0.S intercrosses following immunization with whole spinal cord 
homogenates, MBP or PLP peptides with or with B. pertussis toxin as co- 
adjuvant (Table 3). 

These studies have indicated that disease is a complex polygenic trait of  
dominant, additive (heterozygotes) and recessive alleles whose products may 
interact in an epistatic fashion, where the detection of  susceptibility loci 
depends on the presence of  another interacting locus. Susceptibility to EAE 
is typically a dominant phenotype, but with various levels of  penetrance of 
genotypic elements and this varies dramatically depending on the parental 
strains been analysed (Sundvall et al 1994, Baker et al 1995, Encinas et al 
1996, Croxford et al 1997, Butterfield et al 1998). Within any strain 
combination it appears that a limited number of  loci (typically <10-15 
depending on the type of  trait being analysed) are revealing significant 
segregation and can be compared to expected Mendelian rates of  inheritance 
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or to expression with the effected and or resistant populations (Table 2-4). 
At a genetic level there is evidence that different disease phenotypes such as 
acute monophasic, relapsing remitting and chronic disease can be influenced 
by segregating loci and may also be dependent on the gender of the animal 
(Butterfield et al. 1998, 1999, Karlsson et al. 2003. Table 3). However 
clinical course may not be solely explained by genetic variability. Whilst 
chronic paralytic disease, which is associated with significant 
neuronal/axonal loss (Wujek et al. 2002), often develops in C57BL/6 mice 
(Mendel et al. 1995, Slavin et al. 1998). ABH mice often develop relapsing 
remitting disease and may be considered as evidence of genetic influence 
(Baker et al. 1990). Due to MHC restrictions, different antigens are often 
uses to induce disease in different strains. However whilst MOG 3555 induces 
chronic disease in C57BL/6, NOD and also ABH mice (Amor et al. 1994, 
Slavin et al. 1998, Ichikawa et al. 1999), interesting M O G  822 induces 
relapsing-remitting disease in ABH mice despite an identical background 
(Amor et al. 1994), unpublished). Likewise although the increased risk of 
monozygotic twins developing disease clearly indicates a genetic influence, 
even in twins the disease phenotype may not be concordant. Although there 
may be other explanations such as antibody isotype responses (Ichikawa et 
al. 1999), chronic disease in mouse EAE has recently been associated with 
significant CD8 + MOG-specific T cell activation (Sun et al. 2001) compared 
to classical-remitting EAE, which is clearly CD4+T cell mediated (O'Neill 
et al. 1993). There are a number of loci that control the ratio of CD4:CD8 in 
the mouse that may be linked to EAE susceptibility, such as a locus in the 
distal part of chromosome 1 (Karlsson et al. 2003). Therefore the way the 
individual may process and present the antigen may determine clinical 
course, as will lesion location where strategically important lesions can be 
related to clinical phenotype (Compston & Coles 2002). However genetic 
background may also contribute to this process such as through influences 
on lesion location (Butterfield et al 1999, Karlsson et ai 2003. Table 3). 

Initial genome wide mapping studies in (B10.RIII x RIII)F2 indicated a 
susceptibility locus (Eae2-m) proximal portion of chromosome 15 and a 
second locus Eae3-m on chromosome 3. (Sundvall et al. 1995). Although the 
Eae2 locus (associated with homozygousity of the allele from the RIII- 
resistant mouse) on mouse chromosome 15 was homologous with a region of 
human chromosome 5p identified in mapping in MS (Kuokkanen et al. 1996, 
Oturai et al. 1999), following backcross to produce Eae2-m congenic mice, 
influence of this locus could not be demonstrated despite replication of the 
original observations (Jirholt et al 2000). This is indicative that Eae2-m is in 
epistasis (expression of phenotype is dependent on the presence of other 
unrelated genetic loci), however in crosses of such congenic animals a locus 
on chromosome 7 was identified. Similarly susceptibility loci could be 
mapped to two loci on chromosome 7 (Eae4, Eae l2 )  in mouse myelin 
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induced (SJL x B10.S)F2 mice, mapping in PLP peptide induced (SJL x 
B10.S) x B10.S failed to demonstrate evidence of linkage (Encinas et al 
1996, Butterfield et al. 1998). The major loci controlling EAE susceptibility 
in (ABH x NOD) x NOD mice was mapped chromosome 7, where disease 
inheritance was highly penetrant compared to other mouse mapping studies 
(Sundvall et al. 1994, Baker et al. 1995, Encinas et al. 1996, Butterfield et 
al. 1998). Further analysis of additional microsatellites and susceptible 
(ABH x NOD) x NOD females (Table 4), strongly support the involvement 
of in this case dominant ABH alleles near Eae4-m (45-51cM), Eae26-m 
(53cM) and EaelO-m (10-16cM) in susceptibility and indicate linkage to an 
additional locus distal to EaelO-m cM, consistent will mapping data in (SJL 
x B10.S)F2 mice. (Butterfield et al. 1998. Table 3). The importance of these 
loci has been definitively demonstrated by the generation of NOD.ABH. Chr7 
mice, where at backcross generation N8, a single copy of ABH chromosome 
7 loci conferred virtually full susceptibility to disease on the NOD mouse 
background and indicates that this chromosome may harbor important loci 
for the control of EAE (Table 4). It is possible that mouse chromosome 7 
harbors a cluster of loci controlling elements of EAE, as has been found for 
the cluster of genes Idd3, IddlO, Idd l7  and Iddl8  controlling insulin 
dependent diabetes (Idd) susceptibility in NOD mice (Podlin et al. 1997). 

In addition to linkage of Eae3-m to susceptibility in (B 10.RIII x Rill) F2 
mice (Sundvall et al. 1994), linkage was also detected on chromosome 3 in 
(SJL x B10.S) x B10.S backcross and in (SJL x B10.S)F2 both for incidence 
and histological disease (Encinas et al. 1996, 2001, Butterfield et al. 1998, 
2000) suggesting that this may be important locus. However no evidence of 
linkage was detected in (ABH x NOD) x NOD backcross mice (Baker et al. 
1995), which suggested that either this gene product was not important in 
this strain combination or they were not segregating possibly due to identity 
of the gene product in both strains. This may be supported by observations in 
diabetes. In NOD mice is diabetes is strong linked to loci on Chromosome 
3 in (B6.H-2A g7 x NOD) x NOD mice, however the polymorphisms in II2 
though to be Idd3 (Lyons et al. 2000) and Fcrg gene originally (Prins et al 
1993) thought to be IddlO (Podolin et al 1997) are identical between ABH 
and NOD mice as was Iddl  (H-2Ag7). Furthermore significant linkage was 
not detected in cyclophosphamide-induced (2 x 200mg/kg day 0 & 14) in 
diabetic (124/807) (ABH x NOD) x NOD mice (unpublished observations). 
This suggested that NOD and C57BL mice may differ at these loci and 
number of congenic mice had been developed for diabetes mapping of Idd3, 
IddlO, Idd l7  and Iddl8  of the chromosome region (Lyons et al 2001) and 
were studied for susceptibility to EAE (Encinas et al. 1998). This indicated 
that the loci for Eae3 and Idd3 are in the same 0.15cM interval. Whilst it 
must be recognized that these may be different but spatially-related loci, this 
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could represent the same gene product involved in autoimmunity. The 
interleukin 2 gene (I12) in mice has coding microsatellite repeat ailelic 
variants (Lyons et al. 2000) and altered glycosylation (Podolin et al. 2000) 
and is a candidate, indeed I12 knockout mice demonstrate spontaneous multi- 
system autoimmunity (Sadlack et al. 1995), further studies in knock- 
out/knock-in mice will be required to definitively address this. Currently the 
identity of any gene from genome screens of EAE mapping studies has yet to 
be identified. 

Despite large group sizes of many hundred of animals, which is larger 
probably than any multiplex family used for mapping in humans, modest 
levels of significance (P<0.05) are often observed (Baker et al. 1995, 
Encinas et al. 1996, Croxford et al. 1997, Butterfield et al. 1998) and few 
reach P<0.001, which is substantially less than required for significant 
linkage for mapping the identity of loci coding monogenic traits. 
Furthermore within any combination of parental strains a number of loci are 
found, but often differ between strain combination and mode of inheritance 
(Jirholt et al. 2000). Thus based on even simple inbred systems with a 
relatively homogeneous phenotype, it indicates the problems faced by 
similar analysis of mixed samples from an outbred human populations with 
heterogeneous disease profiles, is immense. This will likely to dilute the 
ability to identify genes and many thousands will need to be studies to have 
the power to link major loci and importantly identify genes that confer 
susceptibility to MS (Ebers et al 1996, Haines et al. 1996, Sawcer et al 1996, 
Kuokkanen et al 1997, Chataway et al 1998, Coraddu et al. 2001, Broadley 
et al 2001, Akesson et al. 2002, Ban et al. 2002, Sawcer et al. 2002). Some 
favour the candidate gene approach, possibly due to the increasing 
availability of markers for typing alleles of known genes however this also 
means that adequate control populations are available and again is often met 
with lack of confirmation in studies on other populations of MS patients 
(Reboul et al. 2000, Feakes et al. 2000). In contrast to monogenic diseases 
where emphasis is often placed on identifying mutations, within polygenic 
disease susceptibility genes are probably part of the normal repertoire of the 
human population. There is often no need for coding mutations as subtle 
differences in non-coding elements may influence the level of protein 
expression within a biochemical/immunological pathway and there may be 
many different genetic pathways to the phenotype. The evolutionary 
selective pressures on inbred rodents and outbred humans will not be the 
same, and therefore different genetic pathways probably also exist between 
the species, furthermore current models which develop over weeks or 
maximally months (t'Hart & Amor 2003) may not offer access to all the 
complexities of pathologies of human disease that develops over years and 
therefore genetic components of disease may be different. However rodents 
models do clearly exhibit MHC associations (Eae l -m,  E a e - l - r )  as found 
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with human disease (chromosome 6p21) and there are rodent loci (Table 2 & 
3) in regions complementary to "hot spots" showing suggestive evidence of 
linkage to MS such as human chromosomes (Butterfield et al. 1998, Olsson 
et al. 2000) such as, 5 p21-p24 (Eae2-m. Ebers et a/.1996, Kuokkanen et al. 
1996), chromosome 17q12-q25 (Eae7-m, Eae-12-r. Sawcer et al 1996, 
Kuokkanen et al. 1997, Larsen et al. 2000), 18q12-21 (Eael8-m,  Eae l8 -  
r.Merriman et al. 2001), 19q (Eael2-m)  (Haines et al. 1996, Barcellos et al. 
1997). As genes are identified, rodent studies will undoubtedly play an 
important role in understanding the biology of the genetic influence. 
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!0  Ot0RafT-D10Rat15 Incidence, (Oahiman et aL 199913) 
12 D12R~t!9.DI2Ra~3 lnddence (Dahlman et aL 1999b) 
13 D13Rat23 incidence (Dahtman et aL I999b) 
18 DlBMgh4-O!BMi~9 Incidence (Dahlman c#aL 1999b) 
8 D8Rat36*DBRat11 Chrenic{ty (Becanovic et al 2003) 
13 D13Rat85-O8Rat64 Severity (Becaflovic et ai 2003) 
t8  D18Mit9 Oemyelination (Dahlman et aL 1999b) 

5 D5M4tl0-D5Wox21 Onset (Bergsteinsdottir et ai 2000) 
18 OIBMghl-DtBWe×13 Duramen (Bergsteinsdo~ir et al 2000) 
18 Dt8Mit7-D18Woxt Sevedty~ duration (Bergsteinsdottir et ai 2000) 

Micrc~satellite quantitat`ive trait ~ocus mappir~9 in ~ numt:~r of rai s~rains and induction techniques suggest linkage in a 
number of chromosomal regions contrelling the development a ~  severity e~ clinical signs including the development of 
acute and relapsing disease, dernyelina~:~o,q and duration or disease and time of onset, and different histological types of 
lesions (See Becar~ovie et aL 2003 ~o~ relative location (proxima~ or distal) of ~rornosomat ,~,.gments). These Eae.r ioci 
controlling EAE in the rat bear no relationship of the cor~espo[~ding mouse Eae-m k)cus 

Table 3. Quantitative Trait Loci identified for susceptibility to EAE in the mouse 

Locus Location (cM) Traits Reference 

Eael  17 20 (H2) 
Eae2 15 16 
Eae3 3 43 
Eae4 7 50 
Eae5 17 21 
Eae6a 11 7 
Eae6b 11 24 
Eae7 11 48 
Eae8 2 103 
Eae9 9 35 
EaelO 3 72 
Eae11 16 41 
Eae12 7 6 
Eae13 13 37 
Eae14 8 21 
Eae15 10 16 
Eae16 12 12 
Eae17 10 44 
Eae18 18 54 
Eae19 19 34 
Eae20 3 14 
Eae21 2 36 
Eae22 11 61 
Eae23 11 38 
Eae24 8 I 0  
Eae25 18 54 
Eae26 7 53 

Incidence 
Incidence 
Incidence, Acute 
Incidence, lesion location 
Incidence 
Severity 
Duration 
Severity, relapsing chronic 
Incidence, Sevedty; weight 
Incidence, Duration, lesions 
Onset 
Incidence, B lesions (M) 

(Fritz et aL 1985) 
(Sundvell et al. 1995) 
(SLIndVall et aL 1995, E ncinas et at. I 996, BL~erfield et aL 1998) 
(Baker et at. 1995, Butterfield et aL 1998, 1999) 
(Croxford et a11997, Butterfie~d et a11998) 
(Baker et aL 1995 Butterfietd eta!. 1998, Teuscher et el. 1999) 
(Teuscher etal. 1999) 
(Baker et aL 1995, Batle~eld et el. 1998. Teascher et el, 1999) 
(Bake re taL  1995, Biltterfield eta11998) 
~Baker et el. 1995. Butterfield et al 1998) 
(Batterfield et aL 1998) 
(Baker et aL 1995, Bu'tterfle[d et aL 1999) 

incidence, Relapsing Disease(FXBaker eta;. 1995, Butterileld at at 1998 1999) 
Relapsing (Male) 
Incidence 
Lesion location(Male) 
Lesion location 
Severity, Demyelination F. 
Incidence, Lesion location M. 
Demyelinati0n(M) 
Demyelination 
Lesion location F. 
Lesion location (F) 
Lesion location (M) 
sevelity 
severity 
Susceptibility 

Buttedield et aL t999) 
Blaakenhorn et  al. 2000) 
Batterfield et el. 2000) 
Butterfield et aL 2000) 

8takenhorn et el. 2000) 
Baker et el. 1995, Merriman et el. 2000,Butlerfield et aL 2000) 
eutterfieid et aL 2000) 
Butteffield et aL 2000) 
Butteffieid et aL 2000) 
But|erfield et el. 2000) 
Butter'field et aL 2000) 
Encinas et at. 2001 ) 
Btakenhorn eta/ .  2000) 
Jirholt et of. 2000) 

Micresatenite quantitative trait locus mapping in a number of mouse strains and induction techniques suggest linkage in 
a number of chromosomal regions controlling the development and severity of clinical signs including the development 
of acute and relapsing disease, demyelination and duration of disease and time of onset and the presence and location 
of histological mononuclear cell infiltration and demyelination and disease associated weight loss. Some of the effects 
were sex related and seen in only males (M) or females (F). These Eae-m (Eae loci of mice) loci controlling EAE in the 
mouse bear no identity relationship of the nomenclature of the rat, although Eael  both map to MHC. The chromosomal 
locations are approximations of the peak location (www.ncbLorg) and the intervals containing the genes are significantly 
larger. 



TABLE 4. 
Mouse chromosome 7 harbours dominant susceptibility loci for the development of EAE. 

(A) Position ABH:NOD 
Locus (cM) Heterozygous:Homozygous ~ >3.8 = P<0.05 

D7Nds6 (Ckmm) 4 90:58 6.92 
D7Mit20 6 92:57 8.22 
D7Mit180 6 92:57 8.22 
D7Mit55 12 96:53 12.41" 
D7Mit227 13 95:54 11.28 
D7Mit310 15 93:57 8.64 
D7Mit69 21 95:55 10.67 
D7Mit211 26 98:52 14.11" 
D7Mit297 26 97:51 14.30 
D7Ndsl 28 97:53 12.91 
D7 Mit92 29 97:53 12.91 
D7Mit124 37 95:55 10.67 
DTMit262 37 94:53 11.44 
D7Mit37(HbbAr) 37 97:53 12.91 
D7Mit53 38 97:53 12.91 * 
D7Mit130 38 97:53 12.91 
D7Nds14 (Hbb) 39 96:54 11.76 
D7Mit40 43 95:54 11.28 
D7Mit101 46 91:59 6,83 
D7Mit2.06 46 91:59 6,83 
D7Mit68 46 89:61 5.23 
D7Mit44 50 88:62 4.51 
D7Mit186 50 88:62 4.51 
D7Mit71 54 88:62 4.51 
D7Mitl 2 62 87:63 3.84 
D7Mit14 65 82:68 

(B) No. EAEI Group EAE Score Day of Onset 
Strain total 4- SEM 4- SD 

ABH x ABH 7/7 4.0 +_ 0.0 15.1 _+ 1.2 
NOD x NOD 1f7 0.5 -+ 0.5 18.0 +_ n/a 
NOD,ABFf hr7 x NOD.AB/-f h~7 10/12 3.3 _+ 0,4 16.1 4- 1,9 
NOD.AB/-~ 7 x NOD 8/8 3.6 + 0.1 16.8 + 1.9 

Following outcross of male ABH x female NOD mice, male (ABH x NOD) F1 were backcrossed with NOD mice and 
female progeny were selected. EAE was induced following induction with mouse spinal cord homogenate in Freund's 
adjuvant. (A) animals that developed hindlimb paresis or paralysis (grade 3-4 occurs in 25% of the population) were 
selected for microsatellite analysis and compared to expected mendelian inheritance distribution of the ABH mouse 
allele (Baker et al, 1995). (B) Mice were selected for the expression of ABH chromosome 7 (ABFf "rz) alleles at D7Nds6, 
D7Mit211/297 and D7Mit 37/53, D17Mit12 at each generation. Mice expressing the ABH mouse alleles D6Nds3, 
D9Nds2, D11Nds29, D13Mit9, D15Mit11 and D18Mit8/Mit9 previously implicated in EAE susceptibility in this strain 
combination (Baker et al. 1995), where excluded. Following a further 7 backcross generations selecting for ABI-f h~ 
markers mice were intercrossed to produce NOD.AB/-f h~7 homozygous congenic mice. Induction of EAE using spinal 
cord homogenate (Baker et aL 1995) demonstrates that chromosome 7 harbours major susceptibility loci that induce 
clinical disease (Scale 0-4). and that this or these are autosomal dominant genes(Baker et al, 1995). 
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T LYMPHOCYTES IN EAE 
Insights into the development and control of the autoreactive T 
cell 

Kelli Ryan and Stephen M Anderton 
Univeristy of Edinburgh, Institute of Cell Animal and Population Biology 

Abstract: The EAE lesion is initiated by CD4+ T cells. Although this statement still 
holds, recent work has shown that CDS+ T cells and possibly 3'8 T cells can 
also contribute to pathology. The recovery phase of the disease poses more of 
a challenge with the potential for various regulatory T cell populations to halt 
the pathology. We know a good deal about the fine-specificity of T cell 
recognition of epitopes derived from myelin autoantigens. This, coupled with 
technological refinements in cellular immunology, is allowing us to ask 
important questions about the generation and control of the autoreactive T cell 
repertoire. This information also provides the basis for models of how these 
cells become activated and for advances in antigen-specific therapeutic 

intervention. 

Key words: T cells; autoimmunity; regulation 

1 EAE AS A T CELL-MEDIATED DISEASE 

Since Rivers '  early experiments in monkeys ~, experimental autoimmune 
encephalomyeli t is  (EAE) has become the most widely used inducible model 
of autoimmunity, serving as a model for multiple sclerosis (MS) 2. EAE 
shares some characteristics with MS involving widespread foci of 
inflammation and demyelination with perivascular infiltration of 
mononuclear  leukocytes 2. The disease may show a monophasic acute, 
chronic, or relapsing-remitting course depending on the species or strain 
studied and the nature of  the autoantigen used. Nevertheless, EAE should be 
viewed as an imperfect model of a diverse human disease. EAE is driven by 
activation of  autoaggressive myelin-specific T cells and provides several 
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models for the study of various aspects of T cell biology and immune 
tolerance. The initiation phase of EAE is relatively straightforward, although 
the precise molecular basis for pathology remains an enigma. However, the 
many studies that now focus on the regulation of the pathogenic T cells 
provide a complicated picture of diverse and possibly redundant mechanisms 
for the control of self-reactivity. The wealth of information on the precise 
nature of T cell recognition of myelin epitopes now gives a basis for 
investigation of the breakdown of central tolerance and the generation of the 
peripheral autoimmune repertoire and for the development of novel 
therapeutic strategies. 

1.1 EAE is driven by CD4+ T cells 

The development of delayed type hypersensitivity (DTH) reactions to re- 
challenge with the inducing antigen provided the first evidence that EAE 
might have an immunological basis 3. This report also proposed that the 
humoral immune response was not relevant to the pathology seen. 
Subsequent experiments showed that transfer of lymph node cells (and not 
serum) could elicit the disease in non-immunized recipient rats 4. Neonatal 
thymectomy was shown to prevent the development of EAE 5, clearly 
implicating T cells in driving the disease. But which T cell subset - T helper 
cells or cytotoxic T cells - was responsible? Transfer of disease in mice was 
prevented by in vitro depletion of CD4+ T helper cells (using an antibody to 
the Lytl marker) prior to transfer 6. Disease could still be transferred, 
however, if CD8+ cells were depleted (using anti-Lyt2) 6. Therefore CD4+ T 
cells appeared to be responsible for disease, a notion supported by the 
prevention of disease by the in vivo administration of antibodies that 
depleted CD4+ cells prior to active immunization 7. In contrast, in vivo 
depletion of CD8+ cells again showed no capacity to prevent disease 8. The 
ultimate proof came with the demonstration that EAE developed after the 
transfer of CD4+ T cell clones specific for a CNS autoantigen. More 
recently, the crucial role of T cells in EAE has been highlighted by 
prevention of disease with antibodies that block the costimulatory 
interactions involved in the initiation and maintenance of the T cell response. 
Thus, disruption of CD28-CD80/86, CD40-CD154, or OX40-OX40Ligand 
interactions will inhibit disease 9-13. In contrast, mice lacking ICOS show 
more severe disease 14. 

Although the activation of CD4+ T cells is central to the induction of 
EAE, the general view is that the effector cell in EAE is of the macrophage 
lineage with both the CNS resident microglial cells and infiltrating blood 
monocytes responsible for tissue destruction and demyelination 15'16. These 
cells require instruction from CD4+ T cells in the form of cytokines to 
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become activated. Antibodies with specificity for CNS autoantigens are also 
produced during the course of EAE. Whilst these antibodies are not 
sufficient to initiate the inflammatory lesion in the CNS, they are believed to 
play a role in the propagation of disease and may be particularly important to 
the demyelination process through binding to surface components of the 
myelin sheath ~7. Clearly CD4+ T cell help is also essential for the production 
of these autoantibodies. 

1.2. Identification of myelin autoantigens recognized by T cells 

EAE was initially induced using crude preparations of brain or spinal cord 
tissue. This still remains a very effective antigen for disease induction and its 
use has advantages in situations when we have no precise information about 
T cell antigen recognition (when attempting to develop models in previously 
untested species or strains). Whole myelin is also useful when we wish to 
provoke a "global" immune response to CNS tissue, for example when we 
are testing the effects of therapies using individual antigenic epitopes on the 
entire anti-myelin response TM. 

As our understanding of the structure and composition of the myelin 
sheath has advanced 192~ our ability to induce EAE with defined CNS 
autoantigens has developed. Myelin basic protein (MBP) was the first 
defined CNS autoantigen to be tested 22 and has proved the most reliable 
antigen for inducing EAE in several species/strains. MBP remains the most 
widely used antigen, largely because it composes a large fraction (~30%) of 
the protein content of myelin and is therefore relatively easy to purify (CNS 
antigens are notoriously difficult to isolate due to the high lipid content of 
myelin). There are, however, other CNS antigens that are clearly relevant to 
EAE. Proteolipid protein (PLP) 23 and myelin oligodendrocyte glycoprotein 
(MOG) 24 are both now commonly used to provoke EAE in appropriate 
strains of mice. PLP constitutes some 50 % of the protein content of the 
myelin sheath, whereas MOG makes up less than 1%. Both these antigens 
are highly hydrophobic and difficult to purify 2°'21. The use of synthetic 
peptides containing T cell epitopes from PLP 25'26 and MOG 27'28 provide a 
simpler approach to activating pathogenic T cells. However, immunization 
with intact antigens does have benefits over the use of individual peptide 
epitopes to induce EAE. It allows us to study the interaction of one T cell 
with other T cells or B cells responding to different epitopes within the same 
antigen. The cloning of the genes encoding M B P  29 and MOG 3° has 
facilitated the production of large quantities of highly pure antigens to meet 
this challenge. 

1.3 From myelin antigens to synthetic peptides 
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T cells recognize short (9-15 amino acid) peptide fragments generated 
from the intracellular proteolytic degradation of antigen (antigen processing) 
that occurs within antigen presenting cells (APC) 31. These peptides are then 
displayed on the surface of the APC bound to major histocompatibility 
complex (MHC) molecules. CD4+ T cells recognize peptides bound to MHC 
class II molecules that are (under physiological conditions) only expressed 
by dendritic cells (DC), B cells and cells of the macrophage lineage. If we 
know the amino acid sequence of a protein, we can produce synthetic 
peptides containing the amino acid sequence of a region of interest. Such 
short peptides can bind directly to MHC class II molecules (without the need 
for antigen processing) for presentation to T cells. This technology has 
allowed the definition of several T cell epitopes within MBP 3234, PLP 25'26 
and MOG 27'28. Since EAE is driven by the activation of CD4+ T cells, 
immunization simply with peptides containing individual T cell epitopes is 
sufficient to provoke disease. 

The first myelin autoantigen in which an encephalitogenic region was 
defined was MBP 32'35. These studies used synthetic peptides to induce EAE 
in guinea pigs. Remarkably these experiments were performed over three 
decades ago, before the demonstration of MHC restriction and long before 
our appreciation of the molecular basis of T cell recognition. Moreover, 
analog peptides with amino acid substitutions were used to demonstrate the 
requirement for a single tryptophan for disease development. In essence, 
these workers were using altered peptide ligands (APL) two decades before 
the term was first coined 36 Subsequent studies used peptides to define 
encephalitogenic regions of MBP for the rhesus monkey 3v and rat 34'38. After 
these reports, it took a further decade to 
for the mouse 33'39. 

The precise peptide sequences from 

identify encephalitogenic epitopes 

a given autoantigen that induce 
disease vary between species and strains depending on the requirements for 
binding to the MHC haplotype expressed. There do appear, however, to be 
particular regions that contain epitopes recognized in several species. For 
example the 80-100 region of MBP contains epitopes recognized by SJL 
mice and Lewis rats 384°. This region is of particular interest as it also 
contains epitopes recognized by T cells from MS patients 41'42. This 
immunodominant region may reflect a dominant cross-species processing 
activity that generates fragments of this region of MBP for binding to MHC 
and presentation to T cells. 

Today there are several epitopes identified in MBP 33'39, PLP 25'26 and 
MOG 27'28 that can induce EAE in mice. Initially the mouse strains found to 
be susceptible to EAE were of the H-2Uor H-2 ~ MHC genetic 
backgrounds 33'39. These are not common laboratory strains and so these 
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models remain the preserve of groups that specialize in studying EAE. In 
recent years, however, this has changed with the identification of peptide 35- 
55 of MOG as an encephalitogenic epitope in the widely used C567BL/6 (H- 
2 b) mouse 28. This has now become the model of choice for many studies, not 
least because gene knockout and transgenic technologies are well developed 
in this strain. There has therefore been a rapid expansion in reports on the 
influence of gene deficiency in EAE without recourse to laborious 
backcrossing programs. 

1.4 Myelin-reactive TCR transgenie mice 

The development of transgenic technologies has enabled the generation of 
mice expressing TCRs specific for myelin antigens. This represents a great 
advance as it has allowed us to study the activation of na'~'ve autoreactive T 
cells in vitro and in vivo. Several different lines of mice have been produced 
that express TCRs that recognize the acetylated N-terminal epitope of MBP: 
MBP(Acl-9) 4345. These mice in general do not develop spontaneous 
encephalomyelitis and disease requires T cell activation following 
immunization with the Acl-9 peptide. In some situations maintenance in a 
dirty environment will provoke disease aa, in other cases giving pertussis 
toxin alone (without Acl-9) will suffice 46. Crossing these TCR transgenic 
mice with mice that lack recombinase activating gene (RAG) activity, and 
therefore cannot rearrange endogenous TCRc~ chains, also leads to an 
increase in spontaneous encephalomyelitis 43. This appears to be due to an 
aberration in immune regulation (see below). 

More recently, TCR transgenics specific for PLP(139-151) have been 
generated that develop severe spontaneous disease 47. MOG-specific TCR 
transgenic mice are also now available (V.K. Kuchroo, personal 
communication). A transgenic line expressing an MBP(85-99)-specific TCR 
derived from a human T cell clone, together with the human CD4 molecule 
and the human DR2 class II MHC molecule has been generated 48. These 
mice develop encephalomyelitis (with ~4% spontaneous incidence) 
providing strong evidence that T cells recognizing this region of MBP are 
important in human MS. 

1.5 T cells in the etiology of EAE 

Clinical signs of EAE usually develop within two weeks of immunization 
with myelin antigen. T cells primed in the peripheral lymphoid organs need 
to migrate into the CNS to establish the EAE lesion. Recent advances have 
allowed us to track disease-relevant cells. The use of fluorescently labeled 
multimeric peptide-MHC complexes provides a specific reagent for 
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identifying T cells bearing antigen-specific TCRs 49. Such "tetramers" have 
been developed to bind T cells that recognize MBP(Acl-9) in association 
with the A u class II molecule 5°'51. The frequency of Acl-9-specific T cells in 
non-immunized H-2 u mice was below the level of detection. However, by 10 
days after immunization with either whole myelin or the Acl-9 peptide 
around 0.5% of CD4+ T cells in the draining lymph nodes were found to 
bind the tetramer 5°. But how many of these cells go on to enter the CNS? 
This has not yet been addressed using peptide-MHC tetramers. An ELISPOT 
system has been used to identify PLP-specific cytokine secreting T cells 
derived from lymphoid organs and CNS 52. After immunization with the 
PLP(139-151) peptide, high frequencies of antigen-specific T cells were 
found in the draining lymph node, spleen and peritoneal cavity immediately 
prior to onset of clinical signs. At this time-point no cells were detectable in 
the CNS. Once EAE had developed, however, the CNS showed the highest 
frequency of 139-151-specific T cells, although this still only accounted for 
~20% of the total number of specific cells in the mouse. At later time-points 
(by 6-10 weeks after immunization) the total number of 139-151-specific T 
cells had dropped by around ten-fold compared to the peak numbers seen 
prior to EAE onset. At these later time-points responses to a second PLP 
epitope, 178-191, were detectable (due to epitope spreading), mainly in the 
CNS. 

In elegant experiments, MBP-specific rat T cell clones were retrovirally 
engineered to express green fluorescent protein (GFP) so that they could be 
followed anatomically after transfer to na'fve recipients 53'54. As a control, 
GFP-expressing cells specific for chicken ovalbumin (OVA) were 
transferred. MBP-specific (but not OVA-specific) T cells began to 
accumulate in the spinal cord around 3 days after transfer. In this lag phase 
between injection and migration the cells populated the peripheral lymphoid 
organs. Expression of IL-2 receptor and OX40 was reduced whilst 
expression of the chemokine receptors involved in migration into the tissues 
was increased. Once in the CNS the T cells regained an activated phenotype. 
In these experiments the majority of the myelin reactive T cells entered the 
CNS. This contrasts with the results found after PLP immunization described 
above, and may reflect differences between transfer systems and active 
immunization models. 

2. C Y T O K I N E S  IN E A E  

2.1 The effector phase is driven by a Thl response 
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The effector cell in EAE appears to be an activated macrophage or 
microglial cell 16. Macrophage activation is driven by the production of 
interferon 7 (IFN-~,) and tumor necrosis factor c~ (TNF-c~) from T cells 55. 
Effector CD4+ cells have been sub-divided based on the cytokines they 
secrete upon antigenic or mitogenic stimulation 56. T helper 1 (Thl) cells 
produce IFN-3, and TNF-c~, whereas Th2 cells produce interleukin 4 (IL-4) 
and IL-10. The general finding that the CD4+ T cells that transfer EAE fall 
into the Thl camp therefore comes as no great surprise. The transfer of 
myelin-specific T cell clones has shown this most convincingly 57. The Thl 
phenotype was found to be required to induce disease. This most probably 
explains the requirement to mix the autoantigen in complete Freund's 
adjuvant (CFA) to induce EAE. CFA is a very aggressive adjuvant that 
primes strongly for Thl response due to the presence of heat-killed 
mycobacteria. In general, the promotion of a Th2 response does not lead to 
EAE. Immunization with autoantigen in incomplete Freund's adjuvant 
(IFA), lacking mycobacteria, promotes a Th2 response and fails to induce 
EAE 58. Differentiation of na'fve T cells into Thl effector cells is driven by 
DC production of [L-12 59'6°. Microbially derived danger signals such as 
bacterial DNA stimulate DC activation and IL-12 production 61'62. Addition 
of bacterial CpG DNA to MBP in IFA has recently been shown to substitute 
for mycobacteria in driving Thl differentiation and therefore EAE 63'64. The 
prevention of disease by in vivo administration of a neutralizing antibody to 
IL-12 has demonstrated the key role of this cytokine initiation of EAE 
induction 65. Consistent with this, IL-12 deficient mice are totally resistant to 
EAE 66. 

The key cytokines in progression of disease appear to be the Thl-  
associated cytokines IL-12, IFN- 7, TNF-o~ and LT-c~. Exposure to T cell- 
derived IFN-], leads to upregulation of MHC and costimulatory molecules on 
CNS APC (microglia and astrocytes) 16'67. IFN- 7 also enhances adhesion 
molecule expression on endothelial cells thereby facilitating the 
mononuclear infiltration characteristic of EAE 67. The role of IFN-3, in EAE, 
however, is not straightforward. Administration of neutralizing antibodies to 
IFN-~, can, when given at the right time, increase EAE severity 68'69. 
Furthermore, several reports have demonstrated in gene-targeted mice that 
the absence of IFN-'I or the IFN-3' receptor exacerbates rather than prevents 
disease 7°v2. Interestingly, antibody blockade of IL-1 2 prevents EAE in IFN-], 
deficient mice, suggesting that EAE pathology is not simply driven by an IL- 
l 2-IFN- 7 axis 66. IL- 1 2 clearly must drive other pathogenic processes. 

TNF-o~ and LT-c~ have cytotoxic effects on oligodendrocytes leading to 
apoptosis 73'74. TNF-c~ also promotes the release of nitric oxide from 
macrophages leading to further damage of oligodendrocytes and 
demyelination 75. TNF-c~ and LT-~ may therefore have a more direct role in 
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pathology than IFN- 7. Antibody-mediated neutralization of both of these 
cytokines has been reported to limit EAE severity v6 and LT-o~ deficient mice 
develop mild disease 77. However, other studies using mice that are deficient 
in TNF-o~ or both TNF-o~ and LT-c~ have found no effect on susceptibility to 
EAE 7s. Analysis of TNF-c(/ mice is complicated by a failure in peripheral 
lymphoid organogenesis. Therefore the influence of T cell-derived cytokines 
on EAE pathology is far from fully understood and probably involves a 
complex interplay and a significant level of redundancy in function. 

It must be noted that the Thl/Th2 paradigm is not totally secure in 
relation to pathology in EAE. Activation of Th2 cells after disease onset has 
been shown to exacerbate disease. Immunomodulatory approaches that have 
expanded Th2 immunity either deliberately (in primates) 79 or unintentionally 
(in mice) s° have been found to worsen disease. Furthermore, using a T cell 
receptor (TCR) transgenic system, MBP-specific Th2 cells have been shown 
to induce EAE upon transfer to immunocompromized hosts sl. Thl and Th2 
cells are believed to have the potential to counter regulate the expansion of 
each other 56. Establishment of a Th2 response prior to the induction of EAE 
can prevent disease development s2'83. There is little evidence, however, that 
the activation or transfer of a myelin-reactive Th2 population is able to 
control an established Thl response and thereby inhibit EAE s4. 

2.2 Cytokines controlling EAE remission 

Recovery from EAE has been reported to correlate with increased levels 
of IL-4 and IL-10 mRNA within the CNS s5'86. Administration of exogenous 
IL-4 has been found to have some beneficial effect s7 as does the use of 
myelin-specific T cells transduced with the IL-4 gene to target the CNS ss. 
However the use of IL-4 deficient mice has revealed only slight increases in 
EAE severity s9'9°. 

In contrast, IL-10 appears to have a dominant role in the regulation of 
EAE with IL-10 deficient mice suffering a severe non-remitting form of the 
disease 9°'9~. Mice that are transgenic for IL-10 are protected 9°'92. 
Administration of exogenous IL-10 to treat EAE has proved problematic in 
rodent models of EAE 9396. It appears that the most effective approach 
requires targeting of the IL-10 to the CNS 94. This has been achieved either 
by direct intracranial injection of viral vectors 94 or by transfer of myelin 
reactive T cells transduced with the IL-10 gene 97. Both IL-4 and IL-10 are 
produced by Th2 cells 56. In fact, the suppressive qualities of IL-10 have been 
reported to be abrogated by the concurrent administration of IL-4 98. 

There is evidence that transforming growth factor 13 (TGF-[3) also plays a 
regulatory role in EAE since administration TGF13-blocking antibodies leads 
to more severe disease 99'l°°. Provision of exogenous TGF-13, in contrast, 
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reduces EAE severity 99'~°°. These effects may be through inhibition of T cell 
expansion and/or a direct inhibition of macrophage activity in the EAE 
lesion that controls the inflammatory response ~°1~°3. 

Nevertheless, the consensus is that IL-10 is a more potent regulator of 
EAE. This has led to the proposal of a cytokine circuitry involving IL-10 and 
IL-12 as counter-regulators controlling the progression of the disease 66. 
Many cell types produce IL-101°4. The source of the IL-10 that promotes 
recovery remains an issue under investigation. 

The complexities of cytokine networks in EAE is exemplified by a recent 
report that administration of DC that had been loaded in vitro with the 
MOG(35-55) peptide in the presence of TNF-ct could protect against 
subsequent attempts to induce EAE ~°5. These DC led to the expansion of a 
MOG-specific CD4+ T cell population that produced IL-10. However, the 
use of IL-10-blocking antibodies led to only a partial restoration of EAE- 
susceptibility, suggesting the influence of other factors on protection. 

3. N O N - C D 4 +  T C E L L S  I N  E A E  

CD4 T cells have been widely accepted as the critical cell in the 
pathogenesis of EAE and until recently research attention has been focused 
almost entirely on these cells. However, in the last few years, evidence has 
emerged supporting a role for conventional CD8+ c~13 T cells as well as T 
cells expressing the ?8 TCR. 

3.1 CD8+ T cells as effectors in EAE 

In the early 1980s it was first reported that both CD4+ and CD8+ T cells 
are present in CNS lesions of MS patients and mice with EAE 1°6109. 
However, direct evidence that CD8+ T cells alone can induce EAE has only 
recently been provided. In 2001, two independent studies demonstrated that 
CD8+ T cells activated by MHC class I restricted recognition of major 
myelin antigens can induce EAE when transferred intravenously into normal 
mice ll0,111. This was accomplished using peptides from either MBP or MOG. 
Interestingly one of these peptides also contained a previously defined CD4+ 
T cell epitope 28'1~°. Therefore in EAE experiments when we immunize with 
these peptides we may well be activating CD8+ T cells in addition to CD4+ 
T cells. Disease produced by MOG-specific CD8+ T cells was more severe 
than EAE induced by immunization with the MOG peptide in CFA, resulting 
in massive demyelination and more destructive CNS lesions ~1°. EAE 
resulting from transfer of MBP-specific CD8+ T cells also resulted in severe 
demyelination, but lesions were confined to the brain ~1~ 
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The effector mechanisms of EAE mediated by MBP-specific CD8+ T 
cells was investigated, specifically the requirements for IFN~, and TNFo~. 
Whilst blocking TNFcz appeared to have little effect, administration of an 
anti-IFN~, antibody in vivo significantly reduced severity of disease ill. This 
finding contrasts with the CD4+ T cell-mediated models where a genetic 
deficiency in IFN~, signaling worsens disease 71'72. Interestingly, in this 
regard, EAE mediated by CD8+ T cells more closely resembles MS, since 
administration of both IFN~, and a TNF receptor-Fc fusion protein 
exacerbates MS 106'112'113. These CD8+ T cell driven models used transfer of 
CD8+ T cell lines derived from mice immunized with myelin antigens. They 
prove that activated CD8+ cells can enter the CNS and initiate pathology 
without the involvement of CD4+ cells. However, since in vivo priming of 
CD8+ cells usually requires help from CD4+ cells, it remains to be seen 
whether these pathogenic CD8+ populations can be initially activated in vivo 
in the absence of a CD4+ response. 

Whilst these data show CD8+ T cells can have a pathogenic role, other 
studies have suggested that CD8+ T cells may be a regulatory function 
promoting recovery from EAE (see below). 

3.2 ]'~ T cells in EAE 

Only a handful of studies have addressed the role of 3'8 T cells in EAE or 
MS, and these reports give conflicting results. Depending on the method of 
investigation, some studies find that 78 T cells contribute to disease 
pathogenesis, others report an inhibitory role, while still others find that 78 
cells have no impact whatsoever on the course of disease. 

Evidence that 3'8 T cells have no role in EAE comes from investigations 
using the Lewis rat and 8-chain deficient mice. In Lewis rats, 3'8 T cells are 
absent from the CNS and giving anti-TCR3'8 fails to exacerbate EAE 114. 
Similarly, the progression and severity of EAE in 3'8-deficient mice was 
found to be no different from control mice ~ 15. 

In direct contrast to reports assigning no role for 3'8 T cells, other studies 
have found ,/8 cells in MS plaques and in EAE CNS infiltrates ~6~19. By 
implication, there may be a role for these cells, but their presence in the 
target tissue could reflect either a pathogenic or regulatory role. Evidence for 
a regulatory function comes from in vivo 3'8 depletion experiments that 
showed exacerbation of EAE. This correlated with an increase in antigen- 
specific proliferation and elevated IFN3' mRNA at certain phases of EAE 12°. 
Additionally, IL-4-secreting y8 T cells have been found to increase during 
onset and peak of the disease TM. This correlation suggests these cells may 
contribute to a shift away from a destructive Thl cytokine profile. 
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Finally, contrasting evidence also exists showing that 78 T cells can help 
to promote disease. Recent analysis of surface markers on y6 T cells reveals 
an activated phenotype that correlates with disease, and these cells produce 
Thl-like cytokines 122. More significantly, depletion of y8 T cells has been 
reported to reduce EAE signs considerably and was accompanied by a 
decrease in mRNA levels for several pro-inflammatory cytokines, including 
]]q'N7123. Reduced expression of certain pro-inflammatory chemokines and 
chemokine receptors was also reported following in vivo depletion 124. In 
another study disease was found to be significantly reduced in g-chain 
knockout mice compared with controls after either immunization with 
MOG(35-55) or transfer of a MOG(35-55)-specific al3 T cell line 125. It is 
important to note that these mice also display a generalized impairment in 
their ability to mount an immune response. Nevertheless, together these data 
indicate that ~,8 T cells may contribute positively to EAE pathogenesis. 

4. R E G U L A T O R Y  C E L L S  IN E A E  

The pathogenesis of EAE therefore is associated with strong Thl bias in 
immune-reactivity to myelin antigens, whilst protection is associated with 
IL-10 production. Since the molecular targets that drive the disease (myelin 
autoantigens) are constantly available for immune recognition, what 
mechanisms prevent the pathogenic Thl response from developing 
spontaneously? Furthermore, do these same mechanisms re-balance the 
immune response and promote recovery from EAE? Over the past decade 
there has been an exponential rise in the study of lymphocytes with the 
capacity to down-modulate the responses of other potentially pathogenic 
lymphocytes. The majority of studies have examined the role of regulatory T 
cells. These cells are currently attracting intense interest and have been the 
subject of several recent reviews 126128. 

4.1 Spontaneous regulatory T cells. 

Experiments using neonatal thymectomy of mice revealed an interesting 
pathologic outcome. Thymectomy three days after birth (but not at later time 
points) resulted in the subsequent development of multi-organ immune 
infiltrations and spontaneous development of high titers of autoantibody ~26. 
This autoimmunity was proposed to be due to the absence of a suppressive T 
cell population that exits the thymus at this early time point 129. Potentially 
pathogenic autoreactive T cells had already populated the periphery and 
removal of the regulatory cells by thymectomy prevented their normal 
control, allowing autoimmunity to develop. Later experiments showed these 
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regulatory T (Treg) cells to reside in the CD4+CD25+ fraction 13°. Transfer 
of these cells to thymectomized recipients prevented autoimmunity, whilst 
their depletion from non-thymectomized mice led to a similar multi-organ 
pathology. 

Experiments using defined CD4+ T cell populations in rats and mice 
revealed that transfer of purified CD45RB/C h~ cells into lymphopenic or 
immunodeficient hosts resulted in organ-specific autoimmunity (diabetes 
and thyroiditis) TM or inflammatory colitis m. The co-transfer of CD4+ 
CD45RB/C ~° cells could prevent these conditions 132'~33. These suppressive 
ceils had similar qualities to the CD4+CD25+ Treg cells and the two 
populations have since been shown to largely (but not totally) overlap 128. 
Both populations are described as Treg cells. These cells display an anergic 
phenotype (they do not proliferate in response to antigenic or mitogenic 
challenge in vitro, unless supplied with exogenous IL-2) TM. Tregs have a 
potent capacity to inhibit the activation of other T cells in vitro as well as in 
vivo. The in vitro activity of CD4+CD25+ Tregs has been reported to require 
TCR ligation and to be dependent on cell contact, but not IL-10 
production 126-128'135. Other in vivo studies, however, have concluded that IL- 
l0 and TGF-13 are required for protection from autoimmune pathology 136'137. 

The autoimmune manifestations seen in the absence of Tregs in most 
models do not include encephalomyelitis. However, Treg cells do appear to 
have an important role in the prevention of spontaneous encephalomyelitis in 
mice expressing transgenic TCRs recognizing the Acl-9 epitope of MBP. 
These mice do not normally develop spontaneous disease. They do, 
however, when crossed onto a recombinase activating gene (RAG) deficient 
background 43. In the RAG-sufficient transgenics a limited amount of 
endogenous TCRo~ gene rearrangement can occur and CD4+CD25- from 
these mice prevent the onset of disease when transferred into RAG-/- 
recipients ~38. The protective cells were found to express both the transgenic 
MBP-specific TCR and endogenously rearranged receptor 139. Thus Treg 
cells with specificity for MBP can prevent the onset of spontaneous CNS 
autoimmunity. However this system is far from physiological. More 
experiments are therefore required to assess the role of Tregs in non- 
transgenic animals. Also, Tregs clearly do not regulate the initiation of 
autoimmunity in models such as EAE that are induced by active 
immunization with autoantigen (if they did, we would not see disease!). 
Whether they play a role in the recovery phase is unlikely but remains to be 
investigated fully. However, a recent study has reported that prior transfer of 
CD4+CD25+ from normal mice conferred significant protection against 
MOG-induced EAE ~4°. Why this should be the case when the recipient mice 
possess their own Treg cells is something of a puzzle. 
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4.2 Tr l  cells 

T regulatory 1 (Trl) cells are another regulatory CD4+ T cell population 
that have been generated experimentally rather than purified as a naturally 
occurring population ~4~. Trl cells produce large amounts of IL-10 (in 
addition to lower levels of IL-4 and IFN-7) 14~. They have been generated in 
vitro by chronic stimulation in the presence of IL-10141, or more recently by 
stimulation in the presence dexamethasone and vitamin D3142. 

Trl cells derived from transgenic mice expressing an ovalbumin (OVA)- 
specific TCR were able to prevent colitis in immunodeficient mice upon 
oral administration of OVA TM. Thus these IL-10 producing T cells can 
prevent onset of spontaneous disease, but can they influence an induced 
autoimmune disease? Recent data suggest that they can. The transfer of 
OVA-specific Trl cells was found to suppress the development of EAE 
when OVA was injected intracranially ~42. This provision of antigen in the 
CNS was presumably essential for the Trl cells to exert their effects on 
pathogenic immune responses taking place within the CNS or in the 
lymphoid tissue draining the CNS. This is an exciting development, as the 
generation of myelin-specific Trl cells would obviate the need for the 
intracranial delivery of exogenous antigen. 

A recent report suggests the Trl cells specific for Bordetella pertussis 
arise naturally during the course of the immune response to the infection ~43. 
It might be, therefore, that at least some of the effects of IL-10 in promoting 
the remission of EAE may be provided through the influence of cells of the 
Trl type arising spontaneously as the immune response to the autoantigen 
develops. At present, however, no evidence that such a cell type arises 
spontaneously during EAE has been provided. Whether Trl cells can be 
generated in vivo by existing or novel immunotherapeutic approaches will be 
discussed later. 

4.3 NKT cells 

Natural killer (NK) T cells express surface markers found on both NK 
cells and ~ T C R  T cells and have been shown to have regulatory properties 
in murine models of autoimmunity, particularly diabetes ~44. NKT cells 
recognize lipid antigens such as c~-galactosylceramide (c~-GalCer) in 
association with CDld  145q47. This nonpolymorphic MHC class Ib molecule 
is widely expressed, but is found in high levels on marginal zone B cells and 
dendritic cells 148'149. Unlike conventional c~[3 TCR T cells, NKT cells are 
able to rapidly produce high levels of IL-4 and IFN- 7 upon activation TM. 
This IL-4 production has suggested to play a role in driving Th2 responses 
and thus NKT cells may be important in maintaining balanced immune 
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responses 144. This would be consistent with a regulatory function in Thl 
driven autoimmune responses. A large proportion of NKT cells express 
invariant TCR c~ chains (Vod4Jo~281 in mice 15°, Vo~24Jc~Q in humans151). 
Levels of Vcd4Jo~281+ T cells have been found to be reduced in non obese 
diabetic (NOD) mice 152 and transfer of CDld restricted cells could prevent 
spontaneous onset of diabetes 152. Similar results have been found in diabetic 
BB rats ~53. 

Do NKT cells have a regulatory role in EAE? The EAE-prone SJL mouse 
shows quantitative and qualitative defects in NKT cell function ~54. Although 
a causative link has not been made in this model, it is interesting to note 
reported reductions in the numbers of Vcx24Jc~Q T cells in MS lesions ~55. 
Two recent studies have reported that activation of NKT cells via 
administration of c~GalCer, or a synthetic analog that promoted IL-4, but not 
IFN-~, production could limit the development of EAE 156'157. These findings 
reflected reduced Thl and increased Th2 responses against myelin 
autoantigens. Protection was not found in mice deficient in either IL-4 or IL- 
l0156. NOD mice transgenic for VcO4Jc~281 (that possess large numbers of 
NKT cells) were found to be partially protected from diabetes without 
exogenous activation of NKT cells. Activation of NKT cells may therefore 
provide a future therapeutic approach. The contribution of NKT cells to 
normal regulation of EAE remains in question, however, since CDld-/- mice 
did not develop more severe disease than their CDld+/+ counterparts ~56. 
Furthermore, mice transgenic for V(z14Jc~281 were also found to be fully 
susceptible to E A E  156. 

4.4 CD8+ T cells as regulators of  EAE 

Studies with CD8-/- mice crossed onto an H-2" background suggest a dual 
role for CD8+ T cells as both effectors and modulators of EAE since the 
deficient mice undergo a milder primary course of disease resulting in fewer 
deaths while later experiencing more spontaneous relapses 158. The CD8+ T 
cells appear to act as effectors during the induction of EAE by contributing 
to the mortality rate, yet help to downmodulate the inflammatory response at 
the end of the disease course. Lending support to this idea, anti-CD8 
depletion in vivo rendered mice more susceptible to active re-induction of 
E A E  159. Finally, TGF-13 producing CD8+ T cells mediate oral tolerance to 
MBP in rats 16°. 

Early studies attempting to transfer EAE with T cell lines led to the 
paradoxical finding that, in certain circumstances, this did not induce 
disease, but rendered the recipients resistant to subsequent attempts to induce 
EAE by immunization 161. This led to the idea of "T-cell vaccination" - 
variable TCR regions on pathogenic T cells would trigger protective T cells 
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that would destroy these autoaggressive threats 162. Subsequently, 
immunization with the appropriate peptides derived from encephalitogenic 
TCRs was shown to be sufficient to confer protection ~63'~64. 

In H-2 u mice the majority of MBP(Acl-9)-specific encephalitogenic 
CD4+ T cells use the V[38.2 gene segment 165. The expansion of this 
pathogenic T cell population during EAE has been reported to induce a 
regulatory CDS+ T cell population specific for the V[38.2 chain 166. These 
cells can recognize activated V[38.2-expressing pathogenic cells through 
their presentation of V138.2 derived peptides in association with MHC class I 
leading to their removal via apoptosis. Further complexity is added by the 
activation of V[3-specific CD4+ regulatory T cells during EAE (these cells 
express V[~14) 167. The CD4+ and CD8+ regulatory cells recognize distinct 
TCR-derived epitopes, with the CD4+ cells focusing on the TCR framework 
3 region which also appears to be a target for regulation in rat EAE 167'168. 

A recent study has reported CD8+ T cells that are activated by V[38+ Thl,  
but not Th2 cells and are restricted by the non-classical MHC class I 
molecule, Qa-1169. These cells downregulated the Thl response and 
depletion of CD8 cells skewed the cytokine response to the Thl phenotype. 
Cell-cell contact between CD4+ and CD8+ cells was required, but this study 
did not determine whether the CD8+ cells were killing the CD4+ cells 
directly. 

4.5 B cells as regulators of  EAE 

So far we have considered the contribution of T cell populations to the 
induction and control of EAE. But what of B cells? They have the potential 
to influence the progression of EAE at three levels:- by the production of 
pathogenic autoantibodies; by acting as APC to enhance activation of 
autoaggressive T cells; or by having a regulatory function during recovery 
from disease. There is evidence in support of all of these. Autoantibodies 
that bind components of the myelin sheath, particularly MOG, can increase 
disease severity 1v'17°. 

Early experiments in which mice were depleted of B cells using anti-bt 
antibodies indicated that B cells played an important role in the development 
of MBP-induced EAE TM. This involved an enhancement of T cell priming 
presumably by the B cells acting as APC (although secreted anti-MBP 
antibodies may also have contributed). The use of genetically B cell 
deficient btMT mice allowed for a clearer picture to develop. An early report 
concluded that B cells were not required for the development of EAE after 
immunization with the MOG(35-55) peptide m. A subsequent report reached 
this same conclusion, but also that B cells were required for EAE 
development when intact recombinant human MOG protein was used to 
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immunize 173. Pathology could be induced in these B cell deficient mice by 
transfer of serum containing anti-MOG antibodies 174. However, we have 
recently shown that BMT mice develop EAE of similar severity after 
immunization with either the MOG(35-55) peptide or recombinant mouse 
MOG 175. The reasons for these contrasting findings remain unclear, but may 
reflect our use of the true autoantigen (mouse MOG) rather than the 
xenogeneic human MOG. Both studies used recombinant fragments 
corresponding to the 121-amino acid extracellular domain of MOG. The 
mouse and human sequences differ at 1 1 residues within this region ~76. 
These differences may be crucial to B cell recognition and hence whether B 
cells are required as APC. 

Janeway's group have reported that ~tMT mice on the H-2 u background 
failed to recover from EAE induced with MBP suggesting a role for B cells 
as regulators of disease 177. We found the same effect when using H-2 b BMT 
mice immunized with either MOG or the MOG(35-55) peptide ~vS. B cell 
sufficient mice show a peak of disease in the second and third weeks after 
immunization and then enter the recovery phase. BMT mice, however, show 
a non-remitting disease course. Transfer of B cells from recovered mice to 
na'~'ve recipients confers a level of protection against subsequent EAE 
induction. These B cells were found to produce IL-10 when stimulated in 
vitro with MOG. Interestingly IL-10-/- mice show the same severe non- 
remitting disease as BMT mice 9°'91. Did this point to a common deficit - a 
lack of IL-10 production by B cells? 

To address this question, we developed a bone marrow chimera 
technology that allowed us to generate mice in which IL-10 deficiency was 
restricted only to B cells 175. These mice also developed the non-remitting 
form of EAE. This was associated with an uncontrolled anti-MOG Thl 
response compared with fully IL-10 sufficient mice. These findings are 
consistent with the recent report that IL-10 production by B cells is essential 
to control a model of chronic bowel disease ~78. Furthermore B cell 
production of IL-10 seems key to their ability to limit the severity of 
collagen-induced arthritis (C. Mauri, personal communication). Production 
of IL-10 by B cells may therefore be an essential factor in counteracting the 
pathogenic T cell function in autoimmune and inflammatory conditions, i.e. 
B cells have a regulatory function. The precise mechanisms underlying these 
effects remain to be dissected. 

5. S T U D I E S  O N  A U T O R E A C T I V E  T C E L L  
D E V E L O P M E N T  A N D  A C T I V A T I O N  

5.1 How do myelin-reactive T cells avoid negative selection? 
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The cellular and molecular mechanisms of central tolerance - the removal 
of T cells expressing high affinity TCRs specific for self by negative 
selection in the thymus - are fairly well understood 179'18°. But how do the T 
cells that initiate autoimmune damage avoid this central checkpoint? Study 
of T cell reactivity to several encephalitogenic epitopes is beginning to 
provide some answers TM. 

The simplest explanation would be that the autoreactive T cell does not 
see the autoantigen during thymic development. However, there is now good 
evidence that both MBP and PLP are expressed intra-thymically ~82'~83. 
Autoreactivity to PLP seems to be shaped by the form of PLP encountered in 
the thymus. The PLP(139-151) sequence represents the immunodominant 
epitope in H-2 S mice 25. A remarkably high frequency of the resting 
peripheral T cells of an SJL mouse will respond to this peptide (around 1 in 
20,000 T cells) 184. Why aren't these cells deleted in the thymus? 

The gene encoding PLP undergoes alternative splicing producing the 
DM20 isoform that lacks the 116-150 sequence and therefore the 139-151 
epitope ~85. Both full length PLP and DM20 are expressed in the CNS, but 
DM20 is expressed preferentially in the thymus 184. The PLP(139-151)- 
reactive T cells therefore escape negative selection in the thymus because the 
epitope is absent, or is present at levels that are insufficient to activate the T 
cell apoptosis pathway. Administration of exogenous PLP139-151 was 
found to induce negative selection, supporting this conclusion 184. PLP- 
deficient C57BL/6 mice mount T cell responses to epitopes contained within 
DM20 whereas wild type mice do not, indicating that this from of PLP is 
able to induce tolerance ~86. In this case, the induction of tolerance was 
localized to the activity of thymic epithelial cells. 

In cases where the autoantigen is expressed in the thymus, T cell fate is 
determined by the strength of the TCR-peptide-MHC interaction with high 
avidity T cells undergoing negative selection ~v9'18°. Low avidity interactions 
fail to trigger T cell death, however. The Acl-9 peptide of MBP is the 
immunodominant epitope in H-2 u mice 33. A remarkable feature of this 
peptide is that it binds so poorly to the A u MHC class II molecule that a 
binding affinity cannot be determined ~87'188. As a consequence the 
autoreactive T cells that recognize this peptide express very high affinity 
TCRs 5~. The lysine residue at position 4 of Acl-9 interacts unfavorably with 
a hydrophobic pocket within the peptide binding groove of the A ° molecule 
and accounts for the poor class II binding 188191. APL of Acl-9 in which the 
lysine residue at position 4 is changed, for example to a tyrosine (Acl- 
9[4Tyr]), show greatly enhanced binding to A u45'51'192 and hence induce 'T 
cell responses in vitro at concentrations up to a million times lower than are 
required when using the wild type Ac 1-9. 
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The wild type version and APL of the Ac 1-9 peptide were tested for the 
ability to induce thymic negative selection in a TCR transgenic mouse (Tg4) 
with specificity for Acl-9. Systemic administration of high doses of wild 
type Acl-9 failed to induce death of Acl-9-specific thymocytes. The Acl- 
9[4Tyr] APL, however, induced substantial negative selection 45. 

These findings are consistent with avidity-based models of thymic 
selection 193'194. When the developing Acl-9-specific thymocytes receive a 
strong signal through Acl-9[4Tyr] they die. They avoid this fate, however, 
when exposed to weak stimulation from the wild type autoantigen. Thus low 
avidity interactions allow escape from negative selection. A similar 
mechanism has been proposed to account for the ability of autoaggressive T 
cells to escape negative selection in NOD mice 195. Here, the A g7 class II 
molecule is believed to make generally unstable interactions with many 
peptides. 

To stimulate T cell activation the number of peptide-MHC complexes 
displayed by the APC must reach a threshold level TM. This in turn is 
influenced by the ability to release the correct peptide fragment during 
antigen processing. Analysis of T cell reactivity to the immunodominant 
MBP(80-100) region in SJL mice has revealed that MBP is probably cleaved 
after amino acid 94Asn during antigen processing 196. This is driven by the 
enzyme asparagine endopeptidase (AEP), which cuts after this Asn 
residue 197'198. The MBP(85-99) epitope that is recognized by T cells from 
MS patients is therefore destroyed by AEP and inhibitors of AEP activity 
greatly increase the response of these T cells in assays that require antigen 
processing of native MBP 198. Thus the action of the AEP enzyme limits the 
availability of MBP peptide-MHC complexes. Importantly AEP activity was 
shown in purified thymic DC that induce negative selection 198. Therefore the 
ability of MBP(89-99)-specific T cells to avoid negative selection may be 
linked directly to the action of a single enzyme during antigen processing. 

5.2 Promiscuous T cell reactivity: implications for autoimmunity 

The old view that each T cell bears a TCR that confers unique specificity 
for a single peptide-MHC complex has become untenable. Mathematical 
modeling studies indicate that if this were the case, the shear number of 
potential pathogen-derived epitopes would leave the immune system, with 
its limited number of T cells, highly ineffective 199'2°°. The answer is simple, 
TCRs must be able to cross-react with many related but different peptide- 
MHC complexes. This has been shown clearly in many studies over the past 
decade since the advent of APE 201'202. An unavoidable result of this is that a 
T cell that can mount a desirable response to a pathogen might also be able 
to respond to an autoantigen. 
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5.3 Molecular mimicry 

TCR cross-reactivity gives the T cell the potential to respond to 
structurally similar antigenic peptides derived from an infectious agent and 
self-tissue. Once fully activated in response to infection these cells would 
have the potential to mount an autoaggressive attack in the organ(s) 
expressing the cross-reactive self-antigen. This idea of "molecular 
mimicry ''2°3 has, over the past decade, become the dominant theory for how 
autoimmunity arises. Although elegant experimental systems have been 
devised to provide supportive data 2°4'2°5, this remains controversial with 
limited unequivocal evidence 2°62°7. Several studies in EAE have provided 
data pertinent to this issue. 

Database searches have revealed sequence similarities between MBP and 
various viral peptides. Indeed, human MBP specific T cell clones were able 
to respond in vitro when cultured with peptides corresponding to some of 
these viral sequences 2°8. However, the response pattern of the clones was 
variable with no viral peptide able to stimulate all clones. Since T cell cross- 
reactivity has been demonstrated using peptides with minimal similarities, 
the database approach may not pick out all the relevant microbial peptides 2°9. 

Nevertheless this approach has also been used in EAE. Peptides derived 
from murine hepatitis virus (MHV) and haemophilus influenzae type B 
(HAE) could stimulate PLP(139-151)-specific T cells 21°. Whilst 
immunization with these viral peptides could not provoke EAE directly, it 
did enhance disease upon subsequent immunization with the PLP peptide. 
Other studies have reported the development of EAE after immunization 
with microbial peptides that shared sequence homology with MBP 2112~3. In 
other studies protection against EAE has been afforded by immunization 
with viral mimic peptides 214, or after infection with vaccinia virus containing 
MBP sequences 2~5. Studies using immunization are not ideal strategies for 
analysis of molecular mimicry as the theory depends on infection. Giving a 
large dose of peptide antigen in CFA is very different from an infection. 
Also the source of the homologous peptide is not a natural mouse pathogen. 
Moreover, the use of virus expressing the normal self-sequence does not 
show molecular mimicry, but molecular identity. 

To overcome these criticisms, the HAE sequence that mimics PLP(139- 
151) was introduced into a non-encephalitogenic mutant strain of Theiller's 
murine encephalomyelitis virus (TMEV), a natural mouse virus that shows 
tropism for the CNS. Infection with this virus induced PLP(139-151)- 
reactive T cell immunity and severe encephalomyelitis 2~6. The experiments 
with TMEV used direct intracranial injection. The CNS inflammatory 
response associated with this may well play an important role. Since the 
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molecular mimicry theory does not necessarily require the infection to be in 
the target organ, it will be interesting to see if the use of murine viruses that 
are not tropic for the CNS can be used. This has been partially addressed by 
peripheral infection with mutant TMEV expressing PLP(139-151), which 
again led to EAE 217. 

If molecular mimicry is the dominant factor driving autoimmune 
responses we are left with some important questions. We all have a large 
population of self-reactive T cells. We all have infections. Why don't we all 
develop autoimmune disease? Clearly genetic factors must play a role, but is 
there any immunological reason? 

5.4 Do all autoreactive T cells matter? The threshold for harm. 

It is probable that the majority of, if not all, T cells show some degree of 
self-reactivity 199. Clearly thymic negative selection cannot be allowed to 
delete all of these T cells and the threshold for this process seems to be set 
such that only the T cells with high affinity self-reactive TCRs are 
removed 179'21s. Therefore we have a peripheral T cell repertoire full of self- 
reactive cells. How are they controlled? A body of evidence shows that T 
cells can adjust their threshold for activation so that they become relatively 
insensitive after sustained exposure to antigen. This can be achieved in two 
ways:- by the biochemical "tuning" of individual T cells through alterations 
in their TCR proximal signaling machinery219221; or, within a heterogeneous 
T cell population, by the activation-induced cell death of those T cells 
expressing TCRs with high affinity for antigen TM. 

Evidence for both these processes has been obtained from the study of 
responses of encephalitogenic T cells to "superagonist" APL of MBP or PLP 
peptides. The PLP(139-151) system suggests biochemical tuning in vitro 222 

whereas the MBP(Ac 1-9) model shows that Ac 1-9-reactive T cells that bear 
high affinity TCRs are deleted after immunization with the strong MHC 
binding Acl-9[4Tyr] APL 51. Thus mice do not develop EAE after 
immunization with superagonist APL. They do however mount T cell 
responses to the APL, but these T cells use lower affinity TCRs and 
therefore respond very poorly to wild type Acl-9. Residual autoreactivity is 
maintained in this situation, but the T cells cannot initiate EAE because the 
very high levels of Acl-9-A u complexes that are required for their activation 
cannot be reached in the CNS. So can we determine a threshold of sensitivity 
for antigen that confers the ability to damage self - that is a "threshold for 
harm,,196? 

The T cells that induce EAE in the MBP system seem to respond to wild 
type Acl-9 in vitro at or below a concentration of l~tM 51. T cells that require 
concentrations above this seem to be unable to induce EAE. Interestingly, 
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studies using semi-TCR transgenic systems show that T cells can survive 
happily in mice expressing their cognate antigen without causing pathology 
as long as their threshold for activation is above l gM 223. Furthermore 
transfer of resting TCR transgenic T cells into mice expressing transgenic 
antigen lead to the progressive desensitization of the T cells again leaving 
them unable to respond to antigen concentrations below I~M 224. We can 
therefore propose a threshold for harm of I~M. CD4+ T cells generally 
respond to their cognate antigen at doses of ~0.001 pM. 

Therefore mechanisms appear to be in place to allow autoreactive T cells 
to populate the peripheral pool, but to have at least 100 lower sensitivity than 
"normal" To give this some meaning, in vitro studies suggest that l gM 
equates to more than one thousand peptide-MHC complexes on the surface 
of the APC 225"227. 

Loss of self-reactivity in response to APL has been shown using PLP- 
reactive T cells 222'228. For the 1B6 PLP-reactive TCR transgenic mouse, the 
wild-type 139-151 peptide behaves as a weak agonist 222. The Q144 APL 
(with a W--)Q substitution at residue 144) is the full agonist and the L144 
APL behaves as a superagonist. Stimulation of 1B6 T cells in vitro with the 
L144 superagonist leads to their desensitization such that they are still able 
to respond to (higher than normal concentrations of) L144 but can no longer 
respond to the wild type PLP peptide. This "tuning" of sensitivity was 
associated with reductions in TCR-proximal phoshorylation and in calcium 
influx upon TCR stimulation 222. Therefore after exposure to superagonist 
these cells that express a self-reactive TCR, are functionally not self- 
reactive. 

Cross-reactive T cells that have been filtered through the selective 
pressures in the thymus and periphery will see self-antigen with low avidity 
(i.e. the self peptide is a weak agonist, requiring high doses to induce 
activation). To mount an effective anti-non-self response, however the cell 
must have medium-high avidity for the foreign antigen(s). This differential 
avidity keeps the T cell repertoire as diverse as possible while reserving the 
ultimate sanction of negative selection (either in the thymus or periphery) as 
a last resort for T cells expressing high affinity autoreactive TCRs. 

5.5 Other factors relevant to autoimmune T cell activation 

The "tuning" of T cell activation thresholds would serve to limit the risk 
of autoimmunity as a result of molecular mimicry as the self antigen would 
need to be displayed with MHC at unusually high levels to become a target 
that will interest the T cell. There may be situations when this is achieved 
probably involving a combination of factors 181. For example, there is now 
evidence that the cross-reactive potential of PLP-specific and MBP-specific 
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T cells is enhanced by increased expression of costimulatory molecules by 
APC46'229. This has been achieved either by transfection of "artificial" APC 
with high levels of CD80/CD86229, or by in vitro activation of splenic APC 46. 
In both cases autoreactive T cells showed a broader response pattern to APL 
than was observed using "resting" APC with low levels of CD80/CD86 
expression. 

Alterations in antigen processing upon activation of APC might increase 
the peptide load available for binding to MHC 23°. This might be the result of 
enhanced activity of a particular processing enzyme, or the inhibition of 
enzymes that destroy epitopes. As mentioned above, the AEP enzyme 
cleaves MBP and destroys the 85-99 epitope and inhibition of AEP improves 
the ability of 85-99-specific T cells to respond to MBP 198. Therefore 
suppression of AEP activity in vivo could allow generation of sufficient 
peptide-MHC complexes to activate the T cell. Interestingly, a parasite- 
derived inhibitor has recently been described TM. A possible role for infection 
could therefore involve release of factors that modulate the activity of 
enzymes crucial to antigen processing.In addition, there may be a 
requirement for the natural mechanisms that dampen the T cell's inherent 
avidity for self to be (perhaps temporarily) subverted. 

6. T CELL-DIRECTED PEPTIDE THERAPY OF EAE 

Because we know so much about the epitopes recognized by 
encephalitogenic CD4+ T cells EAE has proved a popular testing ground for 
peptide-based antigen-specific immunotherapy. This has been approached in 
two ways: by using peptides corresponding to the wild type sequences, or by 
using APL based on these sequences 232. 
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6.1 APL-based approaches 

Experiments in the PLP(139-151)-induced model in SJL mice have 
proved very successful at inhibiting EAE with APL. These studies used APL 
that were initially identified as TCR antagonists in vitro and proved effective 
blockers of EAE when given at the same time as the wild type PLP 
peptide 233'234. It was subsequently found that the most effective APL, rather 
than simply blocking T cell priming, was inducing PLP-reactive Th2 
cells 235'236. Furthermore, immunization with this APL was able to inhibit 
EAE induced with different epitopes from PLP, MOG, or MBP via 
"bystander suppression ''236. Along similar lines, APL based on the MBP(87- 
99) sequence have been shown to inhibit EAE in mice and rats 237'238. This 
inhibition of disease was reported to be associated with a reduction in MBP- 
specific TNF-a production and increased production of IL-4. 

An alternative approach is to generate superagonist APL that induce 
apoptosis the autoaggressive T cells. As described earlier, APL of 
MBP(Acl-9) behave as superagonists in vitro, but do not induce EAE in 
vivo. Instead Acl-9-specific T cells are deleted after immunization with 
these APL 51. Similar induction of apoptosis has been reported using 
superagonist APL of MBP(87-99) 83. These approaches probably reflect a 
similar effect to that seen when high doses of wild-type antigen are given. 
This leads to activation-induced T cell death and prevention of EAE 239'240. 

A note of caution should be added over the use of APL. We identified 
TCR antagonist APL based on the MBP(Ac 1-9) sequence that were effective 
at blocking in vitro responses of Tg4 transgenic cells. However, these TCR 
antagonist APL were fully capable of inducing EAE when used on their own 
to immunize non-transgenic H-2 u mice 24a. This was found to be due to the 
previously unappreciated complexities of the Acl-9-reactive T cell 
repertoire that was able to induce EAE. These cells showed subtle 
differences in antigen fine-specificity so that not all of them responded to 
APL in the same way. Thus the APL that were TCR antagonists for Tg4 
cells behaved as full agonists capable of activating other Acl-9-reactive T 
cells in vivo leading to EAE. 

Subsequent to these findings in the mouse, reports on phase II clinical 
trials in MS patients using APL based on the MBP(83-99) sequence 
suggested similar effects 242'243. At least in one study, administration of the 
APL was found to boost for Thl responses that cross-reacted with the wild- 
type MBP sequences and two of eight patients showed clinical 
exacerbations 242. When attempting to predict the results of an APL-based 
therapy we must therefore consider the variability of autoreactive T cell 
repertoire in addition to potential adverse effects arising from hyper- 
reactivity to the APL itself. 
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6.2 Therapy using native peptide sequences 

The use of peptides based on natural sequences recognized by the 
autoreactive T cells should give more predictable results. These peptides 
should be able to ligate all the potential autoreactive T cells and, if given in 
the appropriate way, inactivate them. We have known for sometime that the 
form in which an antigen is administered has a major bearing on the 
subsequent immune response TM. Antigen that is aggregated, or mixed with 
adjuvant will provoke a response. On the other hand, antigen in monomeric 
form, in the absence of adjuvant, will lead to a specific state of antigen- 
unresponsiveness, or tolerance. Thus the systemic administration of peptide 
antigens via various routes have been shown to inactivate myelin-reactive T 
cells and inhibit EAE 18'196'245-247. 

This ability to switch off autoreactive T cells using soluble peptides has 
been reported when using peptides derived from MBP 1a'245, PEP 18'247'248 and 
MOGzag(and S.M.A., unpublished observations). Since there are many 
potential targets for autoimmune T cell attack in MS, how would we be able 
to treat the disease with a single peptide? Several studies have tried to 
address this in EAE by administering a single peptide to induce tolerance 
and then immunizing with complex mixtures of antigens (usually whole 
myelin) and looking for bystander suppression 232. T cell reactivity to several 
epitopes is assessed and bystander suppression appears as a general down- 
regulation of responses to epitopes other than the one used for tolerance 
induction. An alternative is to assess bystander suppression in terms of 
disease. Animals are tolerized to one epitope and immunized with another. If 
disease is inhibited, bystander suppression is concluded to be at work. 
Several studies have successfully induced bystander suppression in different 
EAE models 18'236'247'248. 

The induction of bystander suppression may therefore provide attractive 
future therapies in human autoimmune disorders. But how does the 
suppression work? Perhaps the most beneficial scenario would be for the 
tolerance process to boost the natural disease suppressive effects of Treg or 
Trl cells. Recent experiments analyzing T cell tolerance to OVA peptide 
suggest that this may be possible. A limited number of OVA-specific TCR 
transgenic cells were adoptively transferred to non-transgenic recipients 
prior to either intravenous or oral administration of soluble OVA peptide 25°. 
Subsequent analysis revealed that around 20% of the OVA-specific T cells 
had converted to the CD4+CD25+ phenotype (such cells were at a much 
lower frequency in mice that had been immunized with the OVA peptide in 
CFA). These cells had the typical anergic phenotype of Treg cells and were 
able to suppress the activation of naive OVA-specific T cells in vitro. This 
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suppression was independent of IL-10 and presumably involved a cell- 
contact dependent mechanism. 

Similar induction of CD4+CD25+ Treg cells has not, so far, been reported 
from studies of peptide-induced tolerance in EAE models. Instead, recent 
data point to the generation of IL-10 producing T cells that would more 
likely correspond to a regulatory population of the Trl type TM. In our early 
experiments describing bystander suppression in EAE we were unable to 
detect any qualitative shift in antigen-specific cytokine production in 
peptide-treated mice ~8. Thus production of all the cytokines that could be 
detected in control mice was reduced in the peptide treated mice and IL-10 
could not be detected in either group. 

Subsequent experiments using the MBP(Acl-9)-specific Tg4 transgenic 
mice did reveal production of IL-10, however TM. Although these mice 
possess very high numbers of Acl-9-reactive T cells, they can be rendered 
resistant to EAE-induction by repeated (five or more) doses of the Acl- 
9[4Tyr] APL in soluble form. Analysis of Acl-9-specific cytokine 
production revealed that control mice made IL-2, IL-4, IFNy and low levels 
of IL-10. In peptide-treated mice, however, production of IL-2, IL-4 and 
IFN 7 were greatly reduced, whereas IL-10 production was greatly increased. 
This implicated IL-10 in the tolerance process a view supported by 
experiments that showed administration of neutralizing anti-IL-10 antibodies 
could block tolerance induction and restore susceptibility of the Tg4 mice to 
EAE. 

Analysis of these IL-10 producing Tg4 cells has revealed a capacity to 
block activation of na'fve Tg4 T cells both in vitro and in vivo. This 
inhibition was reversed in vivo by administration of anti-IL-10. Importantly, 
these peptide induced regulatory cells did not reside in the CD25+ Treg 
population. They could be generated readily from RAG-/- mice and 
depletion of CD25+ cell did not abrogate their suppressive activity (D.C. 
Wraith, personal communication). Other recent experiments using the 
MOG(35-55) model in C57BL/6 mice have revealed a crucial role for IL-10, 
since IL-10 deficient mice are not protected from EAE by peptide 
treatment 252. 

These data clearly implicate IL-10 as a crucial regulatory cytokine 
controlling protection from EAE following peptide-induced tolerance 
induction. This fits with the data showing that IL-10 is probably the most 
important cytokine in the natural resolution of EAE 9°92. However, activation 
of T cells that produce large amounts of TGF]3 also provides effective 
resistance to EAE in studies of oral tolerance 253. Prior expansion of a myelin- 
reactive Th2 populations can also limit development of the disease 58'235. 
Therefore there is more than one way of eliciting an antigen-specific 
protective immune response. 
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Although peptide-induced regulatory T cell populations hold promise as 
future therapeutic approaches, there is still lot we do not understand. For 
example, the ability to provoke bystander suppression is dependent on which 
myelin epitope is used is. Furthermore, we are only beginning to appreciate 
the complexities that arise from the potential ways in which an exogenous 
peptide can interact with MHC compared with the peptide fragments that are 
generated through antigen processing of the intact autoantigen ~96. There are 
therefore considerable challenges remaining to the development of effective 
and predictable peptide-based strategies for treatment of human autoimmune 
disorders. 

7. C O N C L U D I N G  R E M A R K S  

The various models of EAE that are available provide many opportunities 
for the study of autoreactive T cell development, activation and 
manipulation. The key to this is our understanding of the epitopes 
recognized in several myelin autoantigens. The use of transgenic and 
knockout technologies allows us to dissect the role of individual molecules 
in the etiology of the disease. EAE is providing insights into the molecular 
mechanisms that allow autoreactive T cells to avoid negative selection and 
processes that might control their sensitivity once they reach the periphery. 
Progress has also been made in developing antigen-specific therapies. The 
complexities of the immune processes that turn autoreactive T cells on or off 
are starting to be unraveled. We still have a long way to go, however, and 
the study of EAE will be central to efforts to meet these future challenges. 
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THE ROLE OF COMPLEMENT IN EAE 
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Abstract: The complement system is an essential effector of the humoral and cellular 
immunity involved in cytolysis and immune/inflammatory responses. 
Complement participates in host defence against pathogens by triggering the 
formation of the membrane attack complex. Complement opsonins (Clq, C3b, 
iC3b) interact with surface complement receptors to promote phagocytosis 
while complement anaphylatoxins C3a and C5a initiate local pro- 
inflammatory responses that, ultimately, contribute to the protection and 
healing of the host. However, activation of complement to an inappropriate 
extent has been proposed to promote tissue injury. There is now compelling 
evidence that complement is implicated in the pathogenesis of several 
neurological disorders including the human demyelinating disease multiple 
sclerosis and experimental allergic encephalomyelitis (EAE), an animal model 
that mimics the demyelination seen in multiple sclerosis. Deposition of 
complement proteins correlates with areas of demyelination and axonal loss 
observed in EAE and complement inhibition ameliorates disease. However, 
the precise mechanisms underlying complement-mediated damage are still 
largely unknown. The recent use of transgenic animals is beginning to shed 
light on the relative contributions of the different complement activation 
pathways in the pathogenesis of experimental demyelination. These studies 
will provide the basis for the development of novel drugs aiming to inhibit 
complement in the the central nervous system. 

Key words: Complement; experimental allergic encephalomyelitis; inflammation; 
anaphylatoxins; opsonins; membrane attack complex; demyelination; axonal 
damage; therapy 
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. THE COMPLEMENT SYSTEM 

1 . 1  A crucial effector arm of the innate immune 
response 

Functions of the complement system include the recognition and killing of 
invading pathogens (e.g. bacteria, virus infected cells, parasites) while 
preserving normal 'self' cells. The complement system also contributes 
through its activation products to the release of inflammatory mediators, 
promoting tissue injury at sites of inflammation (1). Having preceded the 
emergence of adaptive immunity, the complement system has maintained a 
degree of phylogenic conservation among both invertebrates and mammals, 
underlying the critical role of complement in tissue homeostasis (2). 

The complement system consists of some 30 fluid-phase and cell- 
membrane associated proteins. Complement can be activated by three 
distinct routes (Figure 1). The classical pathway (involving Clq, Clr, Cls, 
C4, C2 and C3 components) is activated primarily by the interaction of C1 q 
with immune complexes (antibody-antigen) but activation can also be 
achieved after interaction of C 1 q with non-immune molecules such as DNA, 
RNA, C-reactive protein, serum amyloid P, bacterial lipopolysaccharides, 
and some fungal and virus membranes. The initiation of the alernative 
pathway (involving C3, factor B, factor D, and properdin) does not require 
the presence of immune complexes and leads to the deposition of C3 
fragments on target cells. Mannose-binding lectin (MBL), a lectin 
homologous to Clq, can recognize carbohydrates such as mannose and N- 
acetylglucosamine on pathogens and initiate the complement pathway 
independently of both the classical and alternative activation pathways. 
MBL is associated with two serine-proteases, mannose-binding lectin- 
associated serine proteases (MASP)-I and 2, that, like the C1 complex in the 
classical pathway, cleaves and C4 and C2 components, leading to the 
formation of the classical C3 convertase. 
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Figure 1. Schematic representation of the complement cascade. The complement system can 
be activated through the classical, the alternative or the lectin pathway, leading to a common 
terminal pathway: the cytolytic membrane attack complex. Proteolytic cleavage of 
components C3 and C5 leads to the release of pro-inflammatory anaphylatoxins C3a and C5a 
respectively. MBL: mannose-binding lectin; MASP: MBL-associated serine protease. 
1.2 Complement receptors involved in phagoeytosis 

The target pathogen coated with complement opsonins (Clq and C3 
activation by-products: C3b, iC3b) is specifically recognised and 
phagocytosed by macrophages expressing complement receptors (ClqRp 
(CD93), complement receptor (CR) type 1, 3 and 4). In addition to its role in 
pathogen clearance, Clq  has been shown to play an important role in the 
clearance of apoptotic cells. Clq binds directly to surface blebs of apoptotic 
keratinocytes and T cells and there can initiate complement opsonisation (3- 
5). Moreover, transgenic mice lacking Clq display an impairment in the 
clearance of apoptotic cells in the kidney, leading to severe 
glomerulonephritis with immune deposits (6). These obsevations support the 
hypothesis that Clq serves as an opsonin in the recognition and clearance of 
apoptotic cells. The transmembrane glycoprotein termed "C1 q receptor that 
enhances phagocytosis" (ClqRp), recently shown to be identical to CD93 
(7), has emerged as a defense collagen receptor. Monocytes that have 
adhered on Clq-coated surfaces display a 4 to 10 fold enhancement of 
phagocytosis of targets coated with IgG or complement (8). However, the 
potential involvement of Clq  as a ligand for ClqRp/CD93 remains 
controversial (7) and the cellular and molecular properties of C lqRp/CD93 
are yet to be elucidated. 

C3, when activated on a cell surface, binds covalently (opsonisation) as 
C3b and is subsequently cleaved into a very stable fragment iC3b. CR3 
(CDllb/CD18) and CR4 (CDllc/CD18) are involved in the phagocytosis 
process of targets opsonised with C3b and iC3b fragments (9). CR1 (CD35) 
is also a multifunctional receptor binding to C4b, C3b, iC3b and Clq, and as 
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such, has been implicated in phagocytic and complement regulatory 
activities (10). 

1.3 The lytic terminal complex and complement 
regulators 

Ultimately, activation of the complement system leads to the formation, 
through the complement terminal pathway (involving C5, C6, C7, C8 and 
C9 components), of the membrane attack complex (MAC) which forms a 
pore in the phosholipid bilayer to lyse the target cell. However, activation of 
the complement system at inappropriate sites and/or to an inappropriate 
extent can lead to host tissue damage. 

To protect 'self' cells against by-stander lysis, host cells express a 
battery of regulatory proteins (complement inhibitors) which inhibit either 
assembly of the C3-cleaving enzymes or the formation of the MAC (11; 
Figure 2). C1 inhibitor (CI-INH), C4 binding protein (C4bp), factor H, 
factor I, S protein and clusterin are soluble inhibitors secreted and released in 
the fluid phase. Membrane-associated complement inhibitors include 
membrane cofactor protein (MCP, CD46), decay-accelerating factor (DAF, 
CD55), and CD59. Of note, an inhibitor of complement activation termed 
"complement receptor related protein y" (Crry) is expressed on rodent, but 
not human, cell membranes. Crry is broadly distributed and is a functional 
and structural analog of human DAF and MCP. 

ClqNH 
C4bp ~ DAF 

\ / ~o:,or! 

® .............. !~-  co; ..... 
F~tor H O A F - -  ~proteln 
F ~ o r  t~ CRt C!usterlrl 

MCP 
F a V o r  I 

Figure 2. The different pathways of the complement cascade are tightly regulated by 
membrane-associated (DAF, MCP, CD59, CR1) or soluble (CI-INH, C4bp, Factor I, Factor 
H, S-protein, clusterin) inhibitors. CI-INH: C1 inhibitor; C4bp: C4 binding protein; DAF: 
decay-accelerating factor; MCP: membrane cofactor protein; CRI: complement receptor 1. 
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1.4 Sublytic effects of MAC 

Assembly of the MAC is, by definition, involved in cytolytic activities. 
However, when the number of C5b-9 molecules is limited, cells are able to 
escape cell death by rapidly eliminating membrane-inserted C5b-9 by 
endocytosis and membrane shedding (12). When it does not cause death, the 
MAC is involved in cell stimulation (12, 13). Sublytic levels of C5b-9 have 
been shown to increase Ca 2+ influx, to activate phospholipases and protein 
kinases, and to induce the generation of arachidonic acid-derived 
inflammatory mediators (14-19). The MAC at sublytic level has also been 
shown to stimulate endothelial cells to express complement regulatory 
proteins and to protect against secondary damage (20). Taken together, these 
data indicate that the MAC at sublytic level could act as a stress signal to 
activate cells to express increased level of complement inhibitors and protect 
against subsequent damage. 

1.5 Anaphylatoxin receptors 

The most potent pro-inflammatory molecules generated upon 
complement activation are the anaphylatoxins C3a and C5a. C3a and C5a 
are small polypeptides (~9-10 kDa) that are highly pleiotropic in function 
and exert their effect at picomolar to nanomolar concentrations (21). C3a 
and C5a derive from the enzymatic cleavage of C3 and C5 respectively and 
are involved in the stimulation and chemotaxis of myeloid cells. The 
functional responses induced by C3a and C5a are mediated through their 
binding to specific receptors, C3a and C5a receptors (C3aR and C5aR) 
respectively (21). These receptors are members of the rhodopsin family of 
seven transmembrane G-protein coupled receptors (22-26). 

C5a is an important chemoattractant molecule and stimulates cells to 
express increased levels of cytokines, chemokines, adhesion molecules and 
complement components (21). In contrast to the broad pro-inflammatory 
effects of C5a, the effects of C3a appear to be more selective and rather anti- 
inflammatory. C3a is chemoattractant but only for mast cells and eosinophils 
and not for either macrophages or microglia. Recent data indicate that C3a 
can decrease the production of pro-inflammatory cytokines by LPS- 
stimulated macrophages and, on the other hand, can induce the production of 
immunosuppressive cytokines such as IL-10 (21). Furthermore, mice with 
targeted disruption of C3aR exhibited an enhanced lethality when subjected 
to endotoxin shock, underlying the potential anti-inflammatory properties of 
anaphylatoxin C3a (27). 
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COMPLEMENT AND BRAIN INFLAMMATION 

2.1 Complement expression by brain cells 

In mammals, the liver is the major source of most complement proteins 
with the exception of Clq, C7 and FD. The brain is separated from the 
plasma by the blood-brain barrier (BBB), formed by endothelial cells of 
microvessels, the smooth muscle cells (also called pericytes), and 
astrocytes. The BBB acts as a molecular sieve and isolates the brain 
parenchyma from plasma poroteins, including complement components, as 
well as circulating immunocompetent cells such as lymphocytes, 
macrophages and natural killer cells. However, transudation of plasma 
proteins through a damaged BBB can contribute to the deposition of 
potentially cytotoxic and cytolytic complement components in the brain 
parenchyma. 

In addition, we and others have proposed that brain cells can produce 
complement proteins to recognize and kill pathogens locally while 
preserving normal cells in the central nervous system (CNS) (28). Levi- 
Strauss and Mallat were the first to demonstrate that brain cells can 
synthesise complement components (29). They showed that cultured rodent 
astrocyte cell lines and primary cultures of mouse astrocytes produced C3 
and FB and that the expression of complement was increased upon 
stimulation with lipopolysaccharide (LPS). In the last decade, this 
observation has been extended to include astrocytes, microglia, neurons and 
oligodendrocytes (30, 31). Cell lines and primary cultures of human origin 
were used to show that glial and neuronal cells were able to produce most 
complement proteins, particularly after stimulation with inflammatory 
cytokines (32-35). In addition, there is now considerable evidence that local 
expression of complement by resident ceils can be dramatically increased in 
CNS disorders including Alzheimer's disease, brain infection or stroke (36- 
39). From these studies, it has been proposed that uncontrolled complement 
activation within the brain parenchyma may contribute to the propagation of 
the intracerebral inflammatory response and participate in the development 
of tissue damage. 

2.2 Anaphylatoxin receptors in the brain 

The expression of C3aR and C5aR was thought to be restricted largely to 
cells of the myeloid lineage such as macrophages, eosinophils, basophils and 
mast cells (40-42). However, in recent years, studies have reported 
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widespread expression of these receptors throughout many tissues and cell 
types outside the immune system, supporting the view that anaphylatoxins 
might even exert effects unrelated to inflammation (43-45). If the presence 
of C3aR and C5aR on microglia was expected given the monocytic origin of 
these cells, their expression on astrocytes and neurons was not anticipated. 
The functional significance of the presence of anaphylatoxin receptors on 
neurons remains ill-defined. Upregulated expression of anaphylatoxin 
receptors by brain cells has been described in a large variety of CNS 
disorders, including Alzheimer's disease, brain infection, cerebral trauma 
and stroke (46-51). 

Human astrocyte cell lines stimulated with C5a produce increased 
amounts of IL-6 while the levels of IL-1, TNF-o~ and TGF-[3 remain 
unchanged (52). Unexpectedly, C5a has been shown to induce apoptosis of 
the human neuroblastoma cell line TGW (53, 54). Taken together, these data 
suggest that C5a release during CNS inflammation could contribute to the 
exacerbation of tissue damage. Interestingly, Heese and colleagues have 
shown that a human microglial cell line exposed to C3a expressed de novo 
nerve growth factor (NGF), a molecule involved in neuronal growth and 
survival (55). These data would support the view that C3a, in contrast to 
C5a, acts as an anti-inflammatory signal promoting the resolution of the 
inflammatory process. Unlike C5a, C3a failed to display any effect on 
apoptosis-mediated neuronal cell death; however, C3a was shown to protect 
neurons against N-methyl-D-aspartate toxicity, extending its role beyond 
immune functions (56). 

. C O M P L E M E N T  IN EAE 

3.1 Inhibition of complement ameliorates disease 

Early work using in vitro models of demyelination demonstrated that the 
demyelinating component found in sera from animals with experimental 
allergic encephalomyelitis (EAE), the animal model of multiple sclerosis 
(MS), was heat labile, a well known characteristic of the complement system 
(57). The concept that complement activation may contribute to the 
pathogenesis of demyelinating diseases then developed from key 
observations in the early 1970s using EAE models. Treatment with cobra 
venom factor (CVF), which functions as an unregulated C3 convertase, thus 
activating and depleting C3 and C5 via the alternative pathway, delayed the 
onset of EAE and reduced demyelination in rodents without affecting 
cellular infiltration (58-60). Soluble CR1 (sCR1), a potent inhibitor of early 
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complement activation, was found to inhibit pathology in Lewis rats induced 
to develop a modified antibody-mediated demyelinating EAE (61). 
Histologically, there was less inflammation and almost no demyelination or 
complement deposition in treated rats which were also protected from the 
paralytic symptoms (Figure 3). 

untreated treated 

Figure 3. Protective effects of complement inhibition by soluble CR1 (sCRI) in antibody- 
mediated demylination EAE rats. Rats treated with sCR1 display reduced levels of 
demyelination and C9 deposition, a maker for the membrane attack complex. 

Barnum and colleagues have engineered mice expressing a soluble form 
of the rodent complement regulator Crry under the control of the glial 
fibrillary acidic protein (GFAP) promotor to express specifically in the CNS. 
These mice were protected from MOG peptide-induced EAE, indicating that 
complement activation plays a critical role in the development of the 
pathology in this model (62). Studies carried out in C3 gene-targeted mice 
(C3-/-) have been contradictory. One study reported a protective effect of C3 
deficiency. C3-/- mice induced to develop EAE by MOG peptide 
immunisation displayed reduced levels of disease, inflammation and 
demyelination, implicating complement in the pathology (63). In contrast, 
Calida and colleagues found no effect of C3 deficiency on the course of 
MOG-induced EAE in C3-/- mice (64). The reason for these contradictory 
results remains unclear but may relate to the genetic backgrounds of the 
mice studied. 

3.2 Complement components are found in EAE lesions 

Due to the lack of specific antibodies against rodent complement 
activation products, the distribution of complement proteins has been studied 
much less extensively in EAE than in MS. Using an acute antibody-mediated 
EAE model in the rat, Linington and colleagues demonstrated the presence 
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of C9, an indicator of MAC deposition, within demyelinating lesions (65). 
More recently, using EAE in the common marmoset, a model that resembles 
a chronic MS pathology (66, 67), and EAE in the rhesus monkey, a model 
that resembles acute disseminated encephalomyelitis (68, 69), we have 
demonstrated that complement components including Clq and C3b 
neoepitope are present in foci of inflammatory infiltrate (70; figure 4). 

Figure 4. Glial reponses and complement deposition in marmoset EAE. A perivascular 
demyelinating lesion is diffusely infiltrated by macrophages stained for HLA-DP,DQ,DR. 
Note the presence of ramified HLA-DP,DQ,DR-positive microglial cells at the edge of the 
lesion. Reactive astrocytes (antibody to glial fibrillary acidic protein, GFAP) are found in 
areas surrounding the demyelinating plaque. Complement components Clq and C3b are 
present in pericocal inflammatory infiltrates. 

In line with these findings in EAE models, early observations reported the 
presence of several activation products of the cytotoxic/cytolytic 
complement system in the cerebrospinal fluid of multiple sclerosis (71-73). 
More recently, a correlation of neurological disability and CSF concentration 
of MAC has been reported (74). Complement activation products have also 
been localized within the CNS parenchyma of MS patients, providing a 
strong body of evidence that complement-mediated cell death is prominent 
in areas of active demyelination in MS (75-77). In these studies, complement 
activation products such as C3b and C3d, as well as MAC, were found on 
myelin sheaths and altered myelin within the lesion. Finding deposition of 
opsonin C3b and C3d in close proximity to disrupted myelin strongly 
suggests that recognition and uptake, or attempted uptake, of myelin by 
microglia and/or macrophages is mediated by complement. 
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3.3 Expression of anaphylatoxin receptors is 
upregulated in EAE 

Chapter A12 

C3aR and C5aR distribution pattern in EAE has only been documented 
recently. Expression of the gene encoding C5aR was found to be upregulated 
in the white matter of EAE rats (78). Cells expressing C5aR were identified 
as reactive astrocytes, microglia and infiltrating mononuclear cells. In 
addition, in the spinal cord of affected animals, a subset of motor neurons 
adjacent to inflammatory infiltrates were found to express C5a mRNA. 
Interestingly, mice in which the expression of IL-3 is driven by the GFAP 
promotor display clinical and histopathological features that are relevant for 
MS (79). In these mice, numerous foci of infitrating cells as well as 
demyelination were observed, along with a dramatic upregulated expression 
of C5aR mRNA by glial cells and neurons. In contrast, expression of C3aR 
on neurons was found to be unchanged during the course of EAE (80). As 
documented for C5aR, increased expression of C3aR was seen on infiltating 
mononuclear cells, microglia and astrocytes in both EAE and multiple 
sclerosis (50, 80). 

It is still unclear whether anaphylatoxins drive inflammation in models of 
EAE. Recent data indicate that the C5aR is not an essential mediator in the 
induction and progression of EAE. In a study carried out by Reiman and 
colleagues, C5aR-deficient mice (C5aR-/-) and wild-type mice were induced 
to develop EAE using a myelin oligodendrocyte glycoprotein (MOG) 
peptide as the immunogen (81). They found that C5aR-/- mice were fully 
susceptible to MOG-induced EAE with no difference in disease onset or 
severity when compared to control mice. 

3.4 Mechanisms involved in complement-mediated 
demyelination in EAE and MS 

3.4.1 Is complement activated on myelin in an antibody-dependent 
manner? 

Taken together, data obtained from animal models of MS and the human 
disease unequivocally implicate complement in the pathology of 
experimental and clinical demyelination. However, the mechanisms 
responsible for activating complement and myelinotoxic products of 
complement on myelin are still uncertain. 

Complement activation is classically initiated via Clq interacting with 
bound immunoglobulin to produce opsonins, anaphylatoxins and MAC. 
Antibodies against a number of myelin antigens including MOG have been 
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detected in the blood, cerebrospinal fluid, and affected tissue of MS patients 
(82, 83), and have been shown to be directly involved in the demyelination 
process in some models of EAE (83, 84). Interestingly, the demyelinating 
potential of a given anti-MOG monoclonal antibody in a model of antibody- 
mediated EAE has been correlated with its ability to fix complement (85). 
Furthermore, disrupted myelin within active lesions in acute MS is 
sometimes found to be immunoreactive for IgG and MAC, along with C3d 
(76, 77, 86). However, the significance of such observations remains 
uncertain since, in contrast to what observed in EAE, sera from MS patients 
were found not to be more opsonic for isolated myelin than sera from normal 
controls (87). 

3.4.2 Is complement activated on myelin in an antibody- 
independent manner? 

Physically disrupted myelin itself has been shown to activate 
spontaneously the complement system via the classical pathway (88, 89). A 
putative candidate for direct complement binding is MOG, a molecule 
expressed on the outermost lamellae of myelin and which contains a 
conserved motif similar to the C 1 q-binding site of IgG (90). Accordingly, it 
has been reported that the extracellular domain of MOG can fix Clq in a 
calcium- and dose-dependent manner (91). Another candidate is 2',3'-cyclic 
nucleotide 3' phosphodiesterase (CNPase), which has been shown to bind C3 
(92). The first observation that oligodendrocytes are themselves extremely 
susceptible to complement lysis was made by Scolding and colleagues in 
1989. They demonstrated that antibody-independent activation occured in 
vitro on rat oligodendrocyte cell membranes, while O-2A progenitors and 
astrocytes type I and II remained unaffected (93, 94). In this particular 
scenario, complement activation was taking place through the classical 
pathway although the activating molecules were not identified. Further 
studies have demonstrated that rat oligodendrocytes were lacking CD59, the 
major inhibitor of lysis, suggesting that their susceptibility to complement- 
mediated lysis was due in part to their poor ability to control complement 
activation (85). However, the situation in man appears to be different. 
Human oligodendrocytes and human oligodendroglioma cell lines were 
found to express high level of complement regulators, including CD59, and 
failed to activate spontaneously the complement system (95-97). 

3.4.3 An essential role for the MAC in the demyelination process? 

Activation of the complement cascade leads to a range of biological 
outcomes driven either by the generation of anaphylatoxins C3a and C5a, 
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deposition of complement fragments on cell surfaces, or formation of the 
cytolytic MAC. The relative contributions of the different pathways in the 
pathogenesis of experimental and clinical demyelination is still not fully 
understood. 

EAE C6~efictent EAE C6-sufficient 

Figure 5. Histological examination of cervical cord sections from C6-deficient and C6- 
sufficient rats with antibody-mediated demyelination EAE using luxol fast blue/cresyl violet 
staining. Significant demyelination can be seen in the C6-sufficient rats with EAE, whereas 
no myelin loss can be seen in the C6-deficient rats. 

Although it has been proposed that early components of the complement 
cascade mediate demyelination via the opsonization of myelin by C3b and 
C4b and subsequent interaction of these opsonins with complement receptors 
on microglia/macrophages (98), recent data suggest that the MAC is an 
essential effector of the demyelination process. Indeed, demyelination was 
dramatically reduced in C6-deficient rats induced to develop EAE by 
injection of antibodies to MOG (99; Figure 5). These rats have a normal 
complement system except that they are unable to form the MAC, 
suggesting that demyelination in this animal model requires activation of the 
entire complement cascade, including MAC deposition. This observation 
also demonstrates that in the absence of MAC deposition, opsonization of 
myelin and generation of anaphylatoxins C3a and C5a is not sufficient to 
induce demyelination. Interestingly, sCR1 markedly reduced both 
demyelination and inflammation in antibody-mediated EAE (61), whereas 
C6-deficient and C6-sufficient rats had similar degrees of inflammatory 
infiltrate (99). Because CR1 acts early in the complement cascade, this 
would suggest that complement anaphylatoxins C3a and C5a drive the 
inflammatory process in this model but are not responsible for myelin loss. 
Recent data obtained by inducing EAE in CD59-deficient mice further 
support the suggestion of a critical role of the MAC in demyelination. CD59 
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deficiency was shown to markedly exacerbate disease, demyelination and 
CNS inflammation (100). 

3.4.4 A role for complement in axonal damage? 

Axonal damage and neuronal injury in multiple sclerosis, first described 
by Charcot in 1868, have been emphasized recently as hallmarks additional 
to myelin loss, as evidenced by magnetic resonance imaging (101) and 
histopathological studies (102, 103). Axonal damage as a consequence of 
demyelination is also a common observation in rodent (99, 104, 105; Figure 
6) and nonhuman primate (106) EAE. Although the exact mechanisms 
leading to axonal loss are still poorly understood, immunostaining for C9 as 
an indicator of MAC deposition was found to correlate with areas of axonal 
damage (99), suggesting a possible role for the cytolytic MAC in this 
pathological process. However, whether axonal loss is directly mediated by 
the MAC remains to be ascertained. It is possible that axons, exposed after 
demyelination, activate complement in an antibody-independent manner. 
Indeed, human neurons in vitro have the propensity to activate 
spontaneously the complement system and, consequently, are suceptible to 
complement-mediated lysis (107). The poor capacity of neurons to control 
complement activation has been attibuted to the fact that these cells express 
low levels of complement regulators (107, 108). 

Figure 7 summarizes the putative roles of complement activation in 
inflammation mechanisms, myelin loss and axonal damage. 

Figure 6. Axonal pathology in antibody-mediated demyelinating EAE rats. Serial transvere 
sections of spinal cord from EAE rats centered around an inflamed vessel stained for [3-APP 
(13-amyloid precursor protein), phosphorylated-NF (neurofilament), LFB (luxol fast blue), and 
Bielschowski's silver stain showing axonal fragmentation in the demyelinated area. 
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3.4.5 Intrinsic neuroprotective mechanisms against complement 
activation 

Although the neurotoxic effects of complement activation are well 
established in demyelinating diseases, the protective roles of complement 
regulatory proteins on neurons remain ill-characterized. We found that the 
complement classical pathway is activated on neurons located in close 
proximity to inflammatory infiltrates during the course of EAE in the 
marmoset (70). However, these neurons were found to be relatively spared, 
suggesting the existence of intrinsic immunoregulatory mechanisms 
involved in neuronal survival. In response to the insult, these neurons were 
found to express de novo DAF, a critical regulator of the complement system 
(70). This observation underlines the ability of neurons to mobilize defense 
mechanisms to dampen the potentially harmful effects of localised 
complement activation. In this vein, Stadelmann et al. recently reported that 
brain-derived neurotrophic factor and its receptor gp145trkB are expressed 
by neurons within or close to MS lesions, suggesting a role for 
neurotrophins in neuroprotective mechanisms in demyelinating diseases 
(109). 
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Activa~ed T cells 

Figure 7. Proposed roles of complement activation in mechanisms leading to demyelination 
and axonal loss. Complement can be activated on myelin in an antibody-dependent manner 
(a) or spontaneously (b). Opsonins will decorate myelin sheaths (c), leading to macrophage 
binding through specific complement receptors. Complement activation can also induce the 
release of the pro-inflammatory anaphylatoxins (d), which in turn will stimulate inflammatory 
cells to produce toxic signals (f). Ultimately, the complement cascade culminates in the 
formation of the lytic membrane attack complex (MAC; (g)), leading to myelin disruption (h) 
as well as axonal damage (i). 

3.4.6 Effects of sublytie assembled MAC on oligodendrocytes 

Data indicate that the number of membrane-inserted MAC complexes 
determines whether complement activation induces or protects from cell 
death. As an example of their protective role, postmitotic oligodendrocytes 
exposed to sublytic MAC have been shown to enter cell cycle (110, 111). A 
novel gene named "response gene to complement" (RGC)-32, induced in rat 
oligodendrocytes and involved in cell cycle progression, has recently been 
cloned by differential display and implicated in this phenomenom (112). 
Moreover, exposure to sublytic MAC has been demonstrated to protect 
oligodendrocytes from apoptosis induced by serum deprivation (110) or 
exposure to tumor necrosis factor-a (113). The question of whether sublytic 
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assembly of the MAC could also modulate the outcome of damage during 
the course of EAE has been adressed recently. C5-sufficient mice with EAE 
were found to develop less pronounced levels of inflammation when 
compared to C5-deficient mice, unable to form the MAC (114). In addition, 
active remyelination with restoration of tissue integrity was observed in 
chronic lesions only in C5-sufficient mice (114). Taken together, these data 
suggest a possible role for the sublytic assembly of MAC in the modulation 
of tissue inflammation and the initiation of tissue repair in demyelinating 
diseases. 

. T H E R A P E U T I C  I M P L I C A T I O N S  OF 
C O M P L E M E N T  I N V O L V E M E N T  IN 
D E M Y E L I N A T I O N  

The case for an important role of complement in experimental and 
clinical demyelination made above has implications for therapeutic strategies 
to inhibit myelin loss. If drugs can be developed that significantly inhibit 
complement activation in the CNS then a substantial benefit might be 
anticipated in demyelinating disease. Complement therapeutics have 
undergone a mini-revolution over the last decade with the development of 
agents, based upon the naturally occurring regulators of complement, that 
efficiently inhibit complement when administered to man or animal (115). 
As noted earlier, one of these agents, sCR1, has been shown to markedly 
reduce myelin loss in rodent EAE models (61). None of the current crop of 
complement therapeutics is suited to treatment of a chronic disease. All are 
large molecules, active only when administered systemically; all have 
relatively short half lives and all cause global inhibition of complement with 
concomitant loss of the protective physiological roles of complement. These 
shortcomings effectively restrict use to acute disorders. Current research 
aims to make better complement therapeutics by creating small molecule 
inhibitors, by targeting complement inhibition to the relevant site in the body 
or by using a gene therapy approach to the inhibition of complement (116). 
Again, EAE provides the test-bed for these new approaches. Barnum and 
colleagues took the ingenious approach of using transgenesis to achieve 
CNS-specific expression of the powerful rodent regulator Crry. Soluble 
Crry generated in the CNS rendered the transgenic mouse resistant to disease 
and demyelination in the EAE model (62). Although transgenesis is not 
directly applicable to therapy in human disease, the profound effect of local 
inhibition of complement in the CNS in this model provides a powerful 
rationale for pursuing more relevant methods for targeting complement 
regulators to the CNS. The recognition that complement is a major drive to 
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p a t h o l o g y  in E A E  m o d e l s  has  thus  o p e n e d  a new d i rec t ion  to be  e x p l o r e d  in 

the  search  for  e f f ec t ive  t r ea tmen t s  for  h u m a n  d e m y e l i n a t i n g  d i seases ,  
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Abstract: EAE is a T cell mediated disease, but increasing evidence shows an important 
role for B cells and antibodies in its pathogenesis. This also reflects a role for 
humoral factors in the pathogenesis of multiple sclerosis. The main functions 
of B cells and antibodies in EAE are discussed. 
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demyelination 

B-lymphocytes are the major types of immune cells that mediate antigen- 
specific humoral immune responses. In the past two decades, the research 
based on experimental autoimmune encephalomyelitis (EAE) and multiple 
sclerosis MS has solidified the concept that T-helper cell-driven immune 
processes are critical for the pathogenesis of MS and MS has been regarded 
as a T-cell-mediated disease. However, an early support for a role of 
humoral immunity in the pathogenesis of MS followed Kabat's report on the 
elevated levels of immunoglobulins in the cerebrospinal fluid (CSF) of 
patients with this disease 1. Oligoclonal bands (OCB) (oligoclonal IgG) is 
present in the CSF of the majority of MS patients and are produced by CNS- 
resident B cells. Underscoring the utility of the EAE model, both early 2'3 and 
very recent studies 4 have also been shown in several rodent EAE models and 
are also present in primate models 5. In recent years, evidence derived from 
studies in humans, and in animal models such as knock-out or transgenic 
mice and autoimmune and virus-induced variants of encephalomyelitis and 
EAE, has led to a renewed interest in a role for B cells and the humoral 
immune system in the pathogenesis of MS. Studies show that antibody- 
dependent effector mechanisms are also involved in the 
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immunopathogenesis of demyelination 6'7. It emerges that mutually 
interacting cellular and humoral immune components may contribute to 
immune-mediated demyelination in human disorders. In this chapter, a 
general role of B cells and auto-reactive antibodies in EAE pathogenesis is 
reviewed. 

B cells act as antigen-presenting cells for CD4+ T-cells 
In most immune reactions, B and T cells closely co-operate. The important 
contribution of B cell antigen presentation to T cell activation has been 
demonstrated in studies in which the absence or depletion of B cells 
decreases antigen-induced T cell activation sl°. It has also been shown in 
experiments in which B cell presentation of antigen to primed or already 
activated T cells further stimulates the T cells H. In brief, naive B cells 
develop into memory B cells with the help of CD4 + T-helper lymphocytes 
and follicular dendritic cells after an antigen challenge in the secondary 
lymphoid organs. Memory B cells then can take up antigen via their specific 
surface receptors (BCR) consisting of the membrane-bound immunoglobulin 
(mIg) molecule that mediates the binding to antigen, and the mIg associated 
Ig-o:/Ig-[~ heterodimer 12that functions as signaling subunits of the BCR. This 
antigen-induced signaling is modulated by the activity of B-cell co-receptor 
molecules such as CD1913or CD2214. The captured antigen is then 
fragmented by endosomal proteases and presented with MHC-class II 
molecules to T-cell receptor on corresponding helper T cells. Contact 
between the antigen-presenting B cell and a specifically primed T cell leads 
to T-cell activation via engagement of the T-cell receptor and a number of 
accessory molecules including T-cell costimulatory ligands, such as B7.1 
and B7.2 on the antigen-presenting B-cell, and CD28 on the T cell ~5'~6. 
Activation of T cells by B cells is accompanied by secretion of lymphokines 
and transient expression of new cell surface molecules, particularly the 
ligand for CD401719. In this step, B cells are induced to proliferate after 
contact with the activated T-cell surface 2°. Interaction between CD40 and its 
ligand on the T-cell surface is essential for this cell-contact-mediated 
event TM. Finally, exposure of cell-contact-activated B cells to T-cell-derived 
lymphokines leads to their differentiation into antibody-secreting cells 2°. 
This reciprocal activation of T and B cells represents a key immunological 
event that results in cytokine release, immunoglobulin isotype class swith, 
somatic hypermutations in the complementarity determining regions, and 
affinity maturation 2~. 

Antibodies 
The key feature of the humoral immune response is the production of 
antibodies. Antibodies are immunoglobulins of several classes which play 
specific roles in the immune response. An important immunoglobulin class 
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for the pathogenesis of EAE and MS is IgG, but IgM and IgA have also been 
implicated. IgE is involved in reactions to allergens. 

Immunoglobulins consist of heavy and light chains containing the variable 
(V), diversity (D) and joining (J) regions. The V segments on the heavy and 
light chains (Vn and VL, respectively) contain 3 regions that bind the antigen 
called the complementarity-determining regions (CDR). Each B cells has a 
specific pair of heavy and light V region, ensuring that each B cell have a 
single antibody specificity. 

Cytokines 
B cells can be a source of cytokines, most notably IL-6, IL-10 and IL-12. 
These cytokines and others potentially produced by B cells play an important 
role in EAE pathogenesis (see chapter on cytokines). 

Self tolerance and mechanism of B-cell autoimmunity 
The ability to distinguish between self and foreign antigens is a central 
feature of immune recognition, allowing immunity to be acquired against 
foreign organisms while avoiding destructive auto-immunity. Many of the 
negative selection steps in the generation of B-cell repertoire occur early in 
the ontogeny of these cells in the bone marrow 22. However, several 
additional mechanisms of self-tolerance in the periphery have evolved to 
prevent B cells from reacting against self-antigen and from producing 
antibodies that contribute to tissue damage in immune-mediated disorders 23. 
These are largely attributable to the degree of Ig receptor engagement and 
the availability of T cell help 15'21'24'25. Under certain circumstances, some B 
cells may escape established tolerance and start to produce autoantibodies 
that contribute to tissue damage in immune-mediated disorders. The 
mechanisms that operate in generating B-cell autoimmunity in humans are 
still obscure. From studies on transgenic and knock-out mice and in vitro 
investigations, dysregulation at different molecular levels of B-cell function 
appears to result in B-cell autoimmunity. 

Roles of B cells in EAE pathogenesis 
There is increasing evidence that antibodies are involved in the development 
of the demyelinating plaques 26'27. It is generally accepted that B cells and 
antobodies, although incapable of initiating EAE, are likely important 
contributors to the disease process. Possible roles for B cells, plasma cells 
and antibodies in EAE include: 1). Antigen uptake, processing and 
presentation that involves B cells acting as APC; 2). Antibody and 
complement-mediated demyelination 3). Co-stimulation of T-cells; 4). 
Influence on the cytokine production balance; 5). Potential beneficial 
immunoregulatory effects of autoantibodies. 
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B lymphocytes as antigen-presenting cells and as source o f  antibodies in 
EAE 
Studies both in vitro 28'29 and in vivo 8 show that previously activated T cells 
can be stimulated to proliferate and differentiate using B cells as APC. An in 
vivo study has demonstrated that the uptake of antigen through Ig receptor 
results in B cells having an activated phenotype, i.e. up-regulation of surface 
B7-2 and MHC class II, and that they are competent APC for na'fve CD4 + T 
cells. Subsequently, the presentation of a foreign soluble protein by APC in 
the absence of appropriate antigen-presenting B cells was limited, suggesting 
a major contribution of B cells for T cell priming 8'1°. The role of B cells as 
APC in EAE is suggested in B cell-depleted mice. Studies have shown that 
treatment of animals with anti-rat IgM antibody to deplete B cells induces 
resistance to EAE, suggesting B cells and/or their products were necessary 
for EAE in Lewis rats 3°'31 and in mice 32. Further studies show that B cells are 
critical to the induction of EAE, B cell deficient mice being resistant to EAE 
induced by immunisation with the recombinant form of MOG 33'34. Transfer 
of B cells restores the ability of recombinant MOG to induce clinical EAE in 
B cell deficient mice 34. A role for B cells in enhancing the priming of 
autoreactive T cells has also been proposed in EAE induced with myelin 
basic protein 32. However, some studies suggest that the importance of B cells 
in the pathogenesis of MOG-induced EAE is highly dependent on the nature 
of the MOG, EAE could be induced in the absence of B cells after 
immunisation with short peptide, but not with the whole protein 33-35 
Similarly, Dittel and colleagues failed to find a requirement for B cells in 
MBP-peptide induced E A E  36. Thus, the role of B cells in MOG-induced 
EAE depends on the antigen used for sensitisation. B cells are critical for 
human and rat MOG protein-induced EAE but are not critical for EAE 
induced by a short encephalitogenic MOG peptide, where other mechanisms 
may be operative 33'37. 

Autoantibody-mediated demyelination in EAE 
The identification of the myelin oligodendrocyte glycoprotein (MOG) as a 
major target for auto-antibody-mediated demyelination in EAE 38 received 
interest in the role of antibody in the pathogenesis of MS. It is now apparent 
that antibody-dependent effector mechanisms are involved in the 
immunopathgenesis of demyelination 6'7'39. MOG is a minor component of 
CNS myelin that is exclusively expressed at the outer surface of the myelin 
sheath and oligodendrocyte plasma membrane 4°. Sera from animals with 
chronic EAE injected into the CSF of normal animal induces 
demyelination 41. In some animal models that normally show little or no 
demyelination, such as guinea pigs immunized with MBP without lipids 
demyelination can be observed following immunisation with both MBP and 
GALC 42. Administration of antibody to MOG to rats with EAE converts the 
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disease to a more severe clinical form and produces more extensive 
demyelination 43. Further, study of pathology of MS that examined a large 
number of samples obtained by biopsy or at autopsy showed that the 
inflammation was associated with antibody binding to myelin, suggesting an 
antibody-mediated process producing damage to myelin 44. These findings 
are further extended by other reports showing MOG-specific antibodies 
present in actively demyelinating lesions in MOG-induced marmoset EAE as 
well as in MS, supporting the role of antibody in myelin damage 7'45. In 
humans, elevated levels of anti-MOG antibodies and increased frequencies 
of anti-MOG antibody IgG-secreting B cells have been demonstrated in the 
CSF of MS patients 46'47 and in the MS lesions 7'45. Extensive evidence of the 
role of autoantibodies in the pathological process of EAE and MS comes 
from in vitro studies showing demyelination and inhibition of myelination 
with either sera or immunoglobulin fractions from patients with MS or from 
animals with EAE in organotypic cultures 4s. 

B cells express B7-1 and B7-2 and co-stimulate T-cells 
The activation of na~'ve T cells requires not only the recognition of a peptide- 
MHC complex, but also the interaction of co-stimulatory molecules 
expressed by antigen presenting B cells. In humans, the number of 
circulating B cells that express B7.1 are significantly increased during MS 
exacerbations and reduced with interferon-J3 treatment 49. Recent reports have 
also shown that EAE is markedly reduced in B7.1 and B7.2 deficient mice 
following adoptive transfer of wild type MOG short peptide activated T 
cells, suggesting that B7 co-stimulatory molecules, possibly including those 
expressed by B cells, have a critical role in the effector phase of EAE 5°. 
Taken together, these studies indicate that B7 ligands on B cells are part of 
the costimulatory interactions that play a critical role in the initiation of 
EAE. 

Influence of B cells on cytokine balance 
Cytokines play a key role in the development and remission of EAE. The 
inflammatory lesion in the CNS requires a type 1 autoreactive response, 
producing the pro-inflammatory cytokines interferon-~, and tumour necrosis 
factor-c~. 5~Recovery is associated with production of the type 2 cytokines 
interleukin 4 (IL-4) and IL-10 52'53. B cells can regulate immune responses in 
vitro through the production of IL-10 54. Studies have shown that B cells 
from normal B6 mice recovered from EAE produced IL-10 when stimulated 
with the auto-antigen and anti-CD40, while mice with B cells that could not 
be activated through CD40 or could not synthesise IL-10 suffered severe 
non-remitting EAE 55. In addition, transfer of B cells from mice that had 
recovered from EAE could rescue this defect 55. These results are consistent 
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with the previous reports showing that mice do not recover from EAE if they 
lack B cells56or the ability to produce IL-10 57'58. The effects of B cells in 
resolving EAE may be attributed to the direct B cell and T cell interaction 
with B cell antigen presentation favouring Th2 rather than Thl 
differentiation 59. This concept is supported by the previous finding in which 
targeting auto-antigen to B cells before active induction of EAE leads to 
protection against disease that correlates with enhanced Th2 responses or 
with induction of antigen-specific anergy 6°'61. 

Beneficial role of B cells and immunoglobulins in demyelination 
There is evidence that humoral mechanisms may mediate myelin repair. It 
has shown that administration of either whole antiserum 62 or purified IgG 63'64 
directed against unidentified antigens enhances CNS remyelination in the 
Theiler's virus and EAE models. This property is postulated to be one of the 
potential explanations for the beneficial effect of intravenous immune 
globulin in MS. 

Antibody.Dependent Cell Mediated Cytotoxicity 
Antibody-Dependent Cell Mediated Cytotoxicity is a process whereby 
specific antibodies contibute to the lysis of cells expressing the cognate 
antigen. This phenomenon is known to occur in EAE 65 and may explain 
demyelination and oligodendrocyte loss in autoimmune demyelinating 
disease. 

Opsonization 
Myelin phagocytosis occurs during autoimmune demyelination and can be 
reproduced in in vitro models 66. In MBP-induced, IL-12 enhanced Lewis rat 
relapsing EAE, MBP-specific IgG1 and IgG2b rise over time and myelin- 
positive microglia appears increasingly in the CNS 67. Phagocytosis is 
enhanced by opsonization with antibodies or complement. Anti-myelin 
antibodies enhance opsonization and increase the efficiency of myelin 
phagocytosis, contributing to demyelination. 

Complement 
A major role of antibodies is to fix complement, which contributes to many 
beneficial and pathological immune responses. Complement is discussed in a 
separate chapter. 

Conclusion 

In conclusion, B cells and antibodies are major components of the immune 
system that contribute significantly both to the pathogenesis and to the 
modulation of EAE. 
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Abstract: The cytokine network governing the processes of inflammation, 
demyelination, relapses and recovery in EAE is very complex. Here we review 
the major proinflammatory and anti-inflammatory cytokines and their role in 
EAE, as shown by expression in nervous tissue, production by cells of the 
immune and nervous system, experiments with exogenous administration, 
overexpression, antibody neutralization or knockout mice. 
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Cytokines are soluble proteins that mediate interactions between cells of 
the immune system and thus regulate immune functions. The term cytokine 
includes factors produced by lymphocytes (previously named lymphokines), 
monocytes (monokines) and other cells. The term interleukin (IL) originally 
denoted cytokines mediating interaction between lymphocytes or monocytes 
and other lymphocytes but is currently more inclusive and in the current 
nomenclature most cytokines are interleukins. 

Cellular sources of cytokines 

The primary cellular sources of cytokines are cells of the immune system, 
including T and B cells, NK cells, monocytes and macrophages, neutrophils, 
eosinophils and basophils and mast cells. In addition, other cells in the body 
produce cytokines, including cells of the central nervous system such as 
neurons, astrocytes, microglia and oligodendrocytes. 
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In terms of their effect on the immune responses, cytokines have either 
predominantly proinflammatory or anti-inflammatory effects. However, 
there is a great deal of overlap. In experimental autoimmune 
encephalomyelitis (EAE), the ability of an animal to respond to 
immunization by producing proinflammatory or anti-inflammatory cytokines 
correlates with the ability to resist or be susceptible to the development of 
disease. Numerous cytokine manipulations can influence the ability to 
develop EAE, its severity and its resolution. 

Another classification takes into account the main function of cytokines 
in the immune system. The haematopoietic cytokines include IL-3, IL-7, IL- 
9, IL-11 and GM-CSF (granulocyte-macrophage colony stimulating factor). 
Cytokines involved in innate immunity include type 1 interferons (IFN-1), 
IL-12 and TNF. Cytokines mediating adaptive (specific immunity) include 
IL-2, IL-4 and IL-5. 

There is extensive redundancy in the cytokine network, and the immune 
response in EAE is extremely complex. With the continuing discovery of 
new cytokines, this complexity becomes ever more obvious. The majority of 
cytokines described to date have been investigated in the context of EAE 
(and many in the context of MS as well). 

The Table lists the main cytokines with main cellular sources and effects 

Table I. C ,tokines 

Cytokine 
Main 

cellular 
sources 

Main 
cellular 
targets 

Effects 
Pro/anti- 

inflammatory 
net effect 

Mono, Fever, inflammation, 
IL-1 Mac, astr, Many cells tissue injury pro 

mgl 
Growth factor, 

IL-2 Mainly T T, NK antiapoptotic for T, pro 
B 

Immature Growth and 
IL-3 T progenitors differentiation 

Th2, IgE, mast, 
IL-4 T, baso, T, B, mast, inhibits Thl and anti 

?eos, B eos IgG2a switch 
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1L-5 

IL-6 

1L-7 

IL-8 EC, Mono 
IL-9 

IL-10 

IL-II 

IL-12 

1L-13 

IL-15 

1L-16 

T 

Mono, fibr, 
EC, neutr 

Fibr, bone 
marrow 
stromal 

cells 
Neutr 

Mono, 
Mac, T, B, 
astr, mgl 

Bone 
marrow 
stromal 

cells 
p35 many 

cells 
p40 DC, 

mac, APC 

Mac, EC 

Mono, Mac 

T 

Eos, B, ?T 

B cells, 
hepatocytes 

Immature 
progenitors 

Recruitment of neutr 
T 

Mac 

Platelets, 
megakaryo 

T, NK, B 

EC, Mac 

T, NK 

Eos, T? 

Eos activation, 
growth factor for B 
growth factor for B, 
acute phase protein 

synthesis 

Growth and 
differentiation 

pro 
Growth of T 

Inhibits mac 
cytokines, MHC, B7 

Megakaryopoiesis 

IFN-gamma 
production, Th 1 

development, 
cytotoxicity 
Induction of 

adhesion molec, 
Th2, inhibits mac 
NK proliferation, 

cytotox, Th 1 
Eos recruitment, 

T 

anti 

pro 

pro 

anti 
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pro 

anti 

pro 

pro? 

1L- 17 T Many Cytokine, adhesion pro 
Th 1, NK 

IL- 18 Mac T, NK activation pro 

IL-23 Mac, DC T memory Thl pro 

Many 

Mono, 
Mac, mast, 
NK, T, astr, 

mgl, EC 
T 

T, Mono, 
Mac, astr, 

mgl 

Activates Mac, NK, 
IgG2a switch, neutr, 
adhesion, apoptosis 

Activates EC, neutr 
Inhibits T activation; 

inhibits 
inflammation; 

promotes fibrosis 

TNF-~ 

Neutr, EC 

T, other cells 

LT 

TGF-~3 

IL-27 
APC=anti ~en presenting cells; 

pro 

pro 

anti 

astr=astrocytes; baso=basophils; 
DC=dendritic cells; EC=endothelial cells; eos=eosinophils; fibr=fibroblasts; 
mac=macrophages; mgl=microglia; mono=monocytes; neutr=neutrophils. 
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Cytokine receptors 
Cytokine receptors are transmembrane proteins capable of signal 
transduction. There are several families of cytokine receptors. These 
include: 

1. Immunoglobulin superfamily members, for example type I and 
II IL-1 receptor. 

2. Type I family cytokine receptor, characterized by a Trp-Ser-X- 
Trp-Ser linked to two Cys residues, present in many cytokine 
receptors including IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, IL- 
l 3, IL- 15 and GM-CSF. 

3. Type II family cytokine receptor, for example the receptors for 
IFNs. 

4. Type III family cytokine receptor, for example TNF receptor I 
and II, members of the TNF receptor family. 

5. Multichain receptor complexes, for example IL-2, IL-12 and IL- 
15. The receptor consists of several receptor subunits (some 
shared with other cytokines), each of which serves different 
functions. 

6. Transmembrane m-helix recptors, for example many chemokine 
receptors. 

Intracellular signaling through the receptors of many cytokines is 
mediated through the Jak (Janus kinase)/ STAT (signal transducer and 
activator of transcription) pathways. There are four known Jak and 6 STAT 
molecules. Different cytokine receptors are associated with different 
Jak/STAT proteins. Ligand binding results in Jak activation and 
phosphorylation of Tyr residues. This in turn allows binding of STAT 
protein. STAT becomes phosphorylated, dissociates from the receptor and 
dimerizes, and activates gene transcription. 

T cell subsets 
Two major types of T cells are distinguished based on their cytokine 

production and their ability to stimulate cell mediated v. humoral immune 
responses, respectively [1]. Thl cells produce IL-2, TNFi3 and IFN-7 and 
Th2 cells produce IL-4, IL-5, IL-10 and IL-13. In EAE, generally Thl and 
other proinflammatory cytokines are associated with disease activity, while 
Th2 and anti-inflammatory cytokines with recovery, resistance and 
suppression of EAE. Thl and Th2 responses are largely reciprocally 
inhibitory. 

The role of cytokines in EAE can be studied in several approaches. The 
expression of these cytokines at the mRNA and protein levels in the CNS, 
cerebrospinal fluid (CSF), lymphoid organs and blood during the course of 
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EAE can be investigated. The effects of exogenous administration of the 
cytokine on the course of EAE, or in the adoptive transfer models, on the 
encephalitogenicity of T cells can be studied. Also, the effects of 
neutralization of the cytokine by antibodies or soluble receptors can be 
assessed. EAE can be induced in gene-deficient mice or mice transgenic for 
a cytokine. In addition, pharmacological or biological treatments that 
specifically inhibit a cytokine or a set of cytokines can be utilized. 

Proinflammatory cytokines in EAE 

IL-1 is a well-characterized proinflammatory cytokine with multiple 
effects on EAE. It is largely produced by activated monocytes/macrophages. 
There are two forms IL-lc~ and IL-I[3, with similar actions and using the 
same receptors. IL-1 [3 requires processing for activation by IL-1 converting 
enzyme (ICE or caspase-l). IL-1 is responsible for sickness behaviour 
(fever, withdrawal, shaking, lassitude, weight loss) associated typically with 
systemic infections but also with EAE [2]. IL-1 is present in brain [3, 4] and 
CSF [5] during the induction phase of EAE. Administration of IL-1 
enhances disease severity [6] as does exposure of encephalitogenic T cells to 
IL-1 prior to transfer [7], a process that also inhibits T cell anergy [8]. IL-1 
receptor antagonist in EAE successfully prevented or suppressed disease [6, 
9, 10], an effect that, however, was not reproduced in an MS trial. Some 
immunomodulatory drugs such as linomide, which suppress EAE, suppress 
IL-1 production [11, 12]. Recently it was shown that IL-1 receptor gene 
deficient mice are resistant to EAE [13]. 

IL-2 is a pleiotropic cytokine is a key factor for expansion and survival of T 
cells. Thl  cells produce IL-2 but IL-2 may be produced in early, 
proliferative stages by T cells that have not differentiated to Thl or Th2. In 
Thl  cells, IL-2 production decreases as IFN-y production increases. Anergic 
T cells show repressed IL-2 gene expression [14] and costimulation acts in 
part by stabilizing IL-2 mRNA [15]. IL-2 is expressed together with other 
proinflammatory cytokines in the CNS during EAE. IL-2 stimulation of 
encephalitogenic T cells aggravates EAE [16] [17]. Antibody neutralization 
of IL-2 has had different results in the adoptive transfer and active model. In 
the former, it effectively blocked disease, while in the latter it had no 
significant effect. The same divergent results were noted when an anti-IL-2 
receptor antibody was utilized [18]. Other therapies targeting the IL-2 
receptor IL-2 bearing cells have used immunotoxin such as the chimeric 
fusion protein between IL-2 and pseudomonas endotoxin, which successfully 
suppressed EAE [19]. We also have used an IL-2-diphtheria toxin fusion 
toxin and significantly inhibited EAE in Lewis rats (Rostami et al, 
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unpublished observations). By increasing susceptibility of IL-2 stimulated T 
cells to apoptosis induced by high doses of antigen, IL-2 plays a role in this 
form of peripheral tolerance. On the other hand when supplied exogenously 
along with high doses of antigen, it exacerbates EAE. Recent small clinical 
trials of IL-2 receptor antibodies in MS have been promising [20]. 

IL-3 is a cytokine, which functions as a haematopoietic growth factor for 
cells of many lineages. It is produced by T cells and mast cells. The role of 
IL-3 in EAE has not been extensively investigated. IL-3 mRNA is identified 
in the central nervous system (CNS) of mice along with message for other 
proinflammatory cytokines at peak of disease and in relapse [21]. 
Encephalitogenic T cells produce higher amounts of IL-3 along with Thl  
cytokines [22]. Moreover, IL-3 stimulation of donor T cells before adoptive 
transfer enhances their encephalitogenicity [23]. Experimental T-cell 
receptor-directed immunomodulatory interventions decrease IL-3 production 
of by encephalitogenic T cells, suggesting a role for IL-3 in disease 
pathogenesis [24]. Recently IL-3 was shown to stimulate an indirect recall 
antigen-specific IL-4 response in the spleen and in the blood, but not in 
lymph nodes of mice, via stimulation of mast cells to produce IL-4 [25]. 

IL-6 is a pleiotropic cytokine. It is produced by mononuclear phagocytes, 
T-cells, endothelial cells, astrocytes, fibroblasts, and other cells. It has been 
shown that astrocytes can also produce IL-6. Inducing stimuli include 
bacterial lipopolysaccharide (LPS) and IL-1. Although it is a growth factor 
for B cells, in the context of EAE, the main function of IL-6 is that of a 
proinflammatory cytokine. IL-6 is expressed in the CNS of mice or rats with 
EAE during the induction phase [4, 26-29]. Treatment of EAE with 
antibodies against IL-6 yielded conflicting results. Gijbels at al suppressed 
EAE using an anti-IL-6 antibody [30]. Interestingly this was not associated 
with IL-6 neutralization, as the IL-6 levels were actually increased. 
Willenborg et al, on the other hand, found no effect of anti-IL-6 antibody 
treatment on EAE [31 ]. Several studies have shown that IL-6 knockout mice 
are resistant to EAE [32-34]. This was shown to be due to a deficit in the 
production of Thl  and Th2 cytokines and in the expression of adhesion 
molecules. Administration of exogenous IL-6 to the knockout mice in the 
early stage restored typical EAE. Likewise, administration of the 
superantigen, staphylococcal enterotoxin, led to development of typical EAE 
in IL-6-deficient mice, via TNFR1 [35]. 

IL-7 was originally described as a growth factor for B cells, but more 
recently, it has been shown that IL-7 plays an important role in the 
development and function of both T and B cells. Little is known about IL-7 
in EAE; however, the studies indicate a proinflammatory function in EAE. 
IL-7 is expressed in both spleen and lymph nodes of mice with chronic 
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relapsing EAE [36]. Stimulation of proteolipid protein (PLP)-reactive T 
cells with IL-7 enhanced proliferation and IL-2 production. Moreover, when 
transferred to na'fve animals, these cells showed significantly enhanced 
encephalitogenicity [37]. 

IL-9 has been shown to be co-expressed with many other proinflammatory 
cytokines in EAE during the acute onset phase [21 ]. 

IL-12 was originally discovered as a cytotoxic lymphocyte maturation factor 
and as a natural killer (NK) cell stimulatory factor. However, its major role 
is in the development of Thl responses. IL-12 bridges innate and adaptive 
immunity and has been involved in numerous normal and pathological 
immune responses. IL-12 is a disulfide-linked heterodimer with two 
subunits, p35 and p40 encoded by genes on different chromosomes. The p35 
subunit is constitutively expressed at low levels in a variety of cells, while 
p40 is inducible in a restricted class of cells with antigen presenting function. 
IL-12 p40 is produced in excess, the ratio being up to I000. Both subunits 
are necessary for IL-12 biological activity and IL-12p40 alone may be 
antagonistic. IL-12 is critical in the differentiation of T helper cells towards 
the Thl phenotype. The maintenance of the Thl responses also requires the 
synergy of IL-12 and costimulatory interactions between T cells and antigen 
presenting cells. IL-12 binds its receptor (IL-12Rb 1 and IL-12Rb2, the latter 
being associated with the full-blown Thl response) and triggers 
phosphorylation of the STAT-4 signal transduction molecule. STAT-4- 
deficient mice fail to respond to IL-12 and thus to develop efficient Thl 
responses. The major effect of IL-12 on T cells is the stimulation of IFN- 
gamma production [38]. A solid body of evidence points to EAE and MS 
being diseases largely mediated by Thl responses [4, 39-45]. Therefore, 
since the demonstration of the major role of IL-12 in Thl responses, its 
involvement in EAE and MS has been investigated. 

Expression of IL-12 in the acute lesions of MS was identified by Windhagen 
et al [46]. In monophasic EAE, IL-12p40 mRNA was found by in situ 
hybridisation and by RT-PCR in the CNS of Lewis rats only during the 
initial inflammation period [42, 47]. Jander and Stoll found that, IL-12p35 
mRNA did not change throughout the course of EAE. IL-12 mRNA 
expression was found in the CNS and lymphoid organs in mouse EAE as 
well [48]. We also detected IL-12p40 mRNA in the CNS of PL/J x SJL/J F1 
mice during the initial inflammatory phase and during the relapses. The 
identity of producing cells is unclear. Microglia, the CNS macrophages, are 
likely to represent a source of IL-12. We have also shown that astrocytes 
express IL-12p40 in vitro after stimulation with LPS or LPS plus IFN- 
gamma [49]. Other groups have also detected IL-12p40 mRNA by RT-PCR, 
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but failed to detect IL-12p35, and postulated that the modulatory actions of  
astrocytes on immune responses in the CNS may be due to astrocytes 
production of p40 without p35 [50]. However, in our experiments, we 
detected mRNA for IL-12p35 in astrocytes from different strains of  mice, 
with our without stimulation with LPS (Constantinescu CS et al, manuscript 
in preparation). 
Neutralization of  IL-12 by antibodies has also been investigated in EAE. 
Anti-IL-12 antibodies (directed against the p40 subunit) prevented or 
suppressed disease in several models [51-53]. Moreover, the relapses (both 
spontaneous and superantigen-induced) and progression of  disease were also 
suppressed by anti-IL- 12 antibody treatment [52-55]. Agents that are known 
to suppress IL-12 have also been investigated in EAE. Pentoxifylline and 
related agents suppress EAE and are known to suppress a number of  
proinflammatory/Thl cytokines including IL-12 [56, 57]. Captopril, which 
suppresses EAE [58] also suppresses proinflammatory cytokines including 
IL-! 2 [59]. Curcumin inhibits EAE by interfering with IL-I 2 signaling [60]. 
Atorvastatin, a cholesterol-lowering agent, has multiple effects on the 
immune system, including the ability to inhibit Thl responses, via reduction 
in IL-12 production. Atorvastatin successfully blocked EAE [61]. 
IL-12 signaling is critical for EAE development. This has been demonstrated 
in STAT-4 deficient mice, which fail to develop robust Thl responses and 
are resistant to EAE [62]. 
Another line of evidence for the role of 1L-12 in EAE comes from 
experiments with exogenous IL-12 administration. Stimulation with IL-12 of  
antigen-reactive T cells prior to transfer rendered them more 
encephalitogenic [51, 63]. Administration of  IL-12 induces relapses both in 
Lewis rats [64] and in the mouse model [52]. The mechanisms of  induced 
relapses is unclear, but an upregulation of NO and proteases has been noted 
[65, 66]. Rats may have multiple relapses following exogenous IL-12, and 
eventually this leads not only to demyelination but also to axonal loss [65]. 
More than altering the severity and clinical course of  EAE, exogenous IL-12 
may also modify susceptibility to EAE. Resistant mice are rendered 
susceptible to adoptive transfer EAE by treatment of T ceils with IL-I 2 prior 
to transfer [63]. Moreover, CpG-rich bacterial DNA overcome EAE 
resistance via IL-12 induction [67]. Experiments with 1L-12p40 knockout 
mice showed that IL-12p40 is essential for EAE development [68]. The role 
of  IL-12p35 is discussed below in the context of  IL-23. An important 
question is: what are the mechanisms of  induction of IL-12 in EAE? In 
addition to induction by bacterial products, induction by the interaction of  T 
cells and antigen presenting cells is obviously important. In this context, the 
interaction of  CD40 and CD40 ligand is probably a critical mechanism. 
Blockade of  this interaction has been shown to suppress EAE and 
CD40Ligand knockout mice are resistant to EAE [69-71]. We also 
demonstrated that induction of  IL-12 via this interaction plays a significant 
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role in EAE, because exogenous IL-12 reversed the suppression of EAE 
achieved by the blockade of the CD40-CD40 ligand [72]. The effects of IL- 
12 in EAE are also unclear. IL-12 induces IFN-gamma. However, IFN- 
gamma-deficient mice remain susceptible to EAE [73]. The role of IFN in 
EAE is discussed in a separate chapter. In IFN-gamma knockout mice, IL- 
l2 neutralization prevented the induction of EAE, suggesting that the role of 
IL-12 in EAE may involve IFN-gamma-independent actions [68]. One 
candidate is NO, which is upregulated by IL-12. Other effects of IL-12 may 
involve the breakdown of tolerance. Exogenous IL-12 reverses both oral [74] 
and intravenous tolerance [75]. This effect may be more prominent in 
combination with IL-18 [76]. Also, neutralization of IL-12 facilitates oral 
tolerance [77]. 

IL-17 is a recently discovered cytokine with prominent proinflammatory 
function. IL-17 appears to play a significant role in a variety of inflammatory 
conditions [78-80]. Its role in EAE has not been amply investigated. It is 
expressed in EAE in IL-12Rb2 knockout mice during the inflammatory 
phase of the disease [81]. 

IL-18 has been identified as a major IFN-gamma inducing factor [82]. It has 
some similarity to IL-1 and needs processing by caspase 1 (ICE) for 
biological activity. IL-18 synergizes with IL-12 for many of its actions. The 
signalling pathways may be different. Both IL-18 and IL-12 may require 
each other for optimal activity as it has been shown that IL-18 Th 1 induction 
is IL-12-dependent and vice versa [83-86]. IL-18 is expressed in the CNS as 
shown by RT-PCR in parallel to the disease course [47] and in proportion to 
the inflammatory infiltrate. Neutralizing antibodies against IL-18 suppressed 
EAE [87]. 

IL-23. Recently IL-23 was discovered as a cytokine involved in Thl 
responses, which stimulates T cell for production of IFN-gamma with 
preferential effect on memory T cells. IL-23 shares the p40 subunit with IL- 
12 and has a unique p19 subunit. Producer cells are primarily mononuclear 
phagocytic cells and dendritic cells. IL-23 shares the IL-12Rbl and binds 
another specific receptor. It activates STAT-4, like IL-12 [88]. The 
discovery of IL-23 led to re-evaluation of the previous work done with IL- 
12. The neutralizing experiments had used antibodies against IL-12p40 
subunit and knockout experiments used IL-12p40 crossed with IL-12p35 
knockouts. To determine whether neutralization of IL-12p35 affects EAE, 
we utilized an antibody against IL-12p35, which had previously been shown 
to have neutralizing activity and thus inhibit IL-12-induced IFN-gamma in 
vitro and it7 vivo. While ABH mice immunized for EAE treated with anti- 
IL-12p40 antibodies developed no disease, mice treated with either anti-IL- 
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12p35 antibodies or control rat IgG developed EAE with the maximal score 
of 4 (Baker, Constantinescu, Wysocka, unpublished observations) (Figure 
1). 
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Figure 1. Clinical course of EAE in ABH mice treated with anti-IL-12 p35 or p40 
antibodies, showing no suppression of EAE with anti-IL-12 p35 antibodies. 

This indicates that in the effects of IL-12 in EAE the p40 subunit is essential. 
Experiments on knockout mice [89, 90] showed that IL-12p40 knockouts are 
resistant to MOG-induced EAE while IL-12p35 knockout mice are 
susceptible. Finally, experiments using the recently generated IL-23p19 
knockout mice have confirmed that IL-23p19 is required for EAE 
development [91]. In these experiments, exogenous IL-12 in IL-12p40 
knockout mice did not overcome the resistance to EAE, similar to our own 
experiments (Gran, Rostami, Constantinescu, unpublished observations). 
Further work will investigate the relative role of IL-12 and IL-23 in EAE. 
Experiments with cytokine knockouts are difficult to interpret because of the 
great redundancy in the cytokine network and the likely development of 
compensatory mechanisms in the presence of a deleted gene. The evidence 
from exogenous administration of IL-12 and that from its overexpression in 
CNS leading to inflammation suggests that IL-12 is, nevertheless important. 
Immune interventions targeting IL-12p40 are likely to be beneficial in EAE, 
regardless on the relative proportion of IL- 12 and IL-23 they affect. 
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IL-27. The IL-12 family of cytokines is expanding. IL-27 was discovered as 
another proinflammatory cytokine with an IL-12p35-1ike subunit [92]. Its 
role in EAE has not yet been investigated. 

TNF. This is a highly pleiotropic cytokine to which a multitude of effects of 
relevance to the pathology of EAE ad MS have been attributed. The tumor 
necrosis factor family of cytokines comprises "TNF-cz, lymphotoxin (LT)- c¢ 
(LT) or TNF-~ and LT-~. They are encoded by neighbouring genes forming 
part of the major histocompatibility complex. There are no major differences 
in the biological activities of TNF-o¢ and lymphotoxin but TNF-o~is 
predominantly produced by monocytes/macrophages (but also other cells 
including astrocytes and microglia) whereas TNF-[3 (LT-o¢) is produced by 
T cells. LT-]3 is a membrane protein that can bind LT to form a receptor 
related to the two TNF receptors (TNF-RI and TNF-RII). TNF (here used 
collectively for both c¢ and 13) is expressed in the CNS in MS [93] and can 
induce apoptosis in oligodendrocytes with potential resultant demyelination 
[93]. In EAE, TNF expression parallels the course of the disease [42, 93, 
94]. Encephalitogenic T cells produce more TNF than nonencephalitogenic 
counterparts [43, 44]. Exogenous TNF administration can exacerbate the 
course of EAE [43, 95, 96], as does its overexpression in the CNS [97]. 
Moreover, overexpression of TNF-~ in the CNS can lead to a spontaneous 
inflammatory disease with lymphocytic infiltration, gliosis and 
demyelination [98]. This overexpression can also lead to a primary 
oligodendrogliopathy with demyelination [99]. Neutralization of TNF by 
antibodies suppressed adoptive transfer EAE [100]. However, anti-TNF 
antibodies did not inhibit actively induced EAE in another experiment [101]. 
Soluble TNF receptor I successfully treated EAE. Moreover, this approach 
led to significant suppression of disease in mice with established EAE [100, 
102]. In addition, a variety of pharmacological agents known to suppress 
production of TNF have been used successfully to treat EAE, although such 
agents may also suppress other cytokines and immunologically active 
molecules [103, 104], The results from experiments with TNF knockout 
mice are interesting. In TNF-c¢ and LT double knockouts on 129 x C57BL/6 
backgrounds, EAE susceptibility and severity was not changed [105]. 
However, MOG induced EAE on lhe 129 x C57BL/6 background was 
delayed and milder, suggesting a role for TNF in the early inflammatory 
events [106]. The mice had less demyelination but more inflammatory 
infiltrates in the CNS than the wild-type littermates. On the other hand, 
single TNF-cz knockouts on 129 or C57BL/6 background develop more 
severe EAE with enhanced inflammation and demyelination [107]. 
Investigating the role of the TNF-RI and TNF-RII receptors in the 
pathogenesis of EAE using knockout mice has revealed that the 
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susceptibility to EAE depends on TNF-RI (p55). In contrast, TNF-RII 
deficient mice exhibited more severe disease [106]. In summary, there is 
variation in the results with TNF knockout mice, which, in part, may be 
explained by the genetic background and the immunizing antigen used in the 
experiments. On the other hand, it is likely that the role of the TNF family 
of cytokine, a pleiotropic set of immune molecules, in EAE, is very complex 
and not restricted to enhancement of inflammation. For example, TNF is 
involved in apoptosis, in particular via TNF-RI. Genetic deletion of TNF or 
TNF-RI enhances survival of lymphocytes and may contribute to the 
inflammatory damage [108]. Moreover, TNF has multiple direct effects on 
CNS cells and its genetic absence may have numerous non-immunological 
consequences, which may influence the course of EAE. For example, TNF 
may be neuroprotective [109, 110] and it may contribute to synaptic strength 
[111]. 

Osteopontin. This proinflammatory molecule has been shown to induce 
Thl responses. Osteopontin is expressed in the CNS in several disease states 
and it was identified in MS lesions by DNA microarray analysis. Because of 
its marker proinflammatory role, the finding was validated in EAE by 
assessing susceptibility in osteopontin knockout mice. It was found that 
osteopontin is required for induction of EAE [112]. This was confirmed in 
further experiments [ 113]. 

Anti-inflammatory cytokines in EAE. 
While Thl cytokines have been associated with EAE induction and severity, 
Th2 cytokines are associated with remission and suppression of EAE. 

IL-4 is the critical cytokine for the development of Th2 responses [114]. IL- 
4 expression in the CNS has been associated with the remission stage of 
EAE [40] [94] [115]. Most Th2 cells producing IL-4 are 
nonencephalitogenic [44, 95, 116-118]. However, all such Th2 cells may 
not be efficient in their ability to suppress EAE [119]. Exogenous IL-4 
administration or delivery by transfected T cells significantly ameliorates 
EAE [31, 117, 120, 121]. A simultaneous, competing Th2 response not 
directed against neuroantigens, characterized by high IL-4 (and other Th2 
cytokines) production also ameliorates EAE [122, 123]. In addition, 
experimental immunomodulatory treatments of EAE including the induction 
of peripheral tolerance or agents such as retinoids are mediated via IL-4. 
[115, 124, 125]. Similarly, altered peptide ligands and glatiramer acetate 
induce IL-4 [126-128]. There is also evidence supporting a role for IL-4 in 
governing the resistance to EAE in mice. Studies using IL-4 knockouts are 
discussed below. We have shown that MBP-stimulated lymphocytes from 
relatively genetically resistant strains of mice immunized with mouse spinal 
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cord homogenate produce IL-4, while those of resistant mice produce IFN-~,. 
Moreover, #7 vivo neutralization of IL-4 reversed EAE resistance [129]. 
Experiments with IL-4 knockouts yielded conflicting results. Some 
investigators showed IL-4 knockouts to have more severe disease [130, 131 ], 
and mice deficient in STAT-6, the signal transduction molecule through 
which IL-4 acts, also had more severe disease [62] while others showed no 
differences from wild-type mice [68, 132, 133]. These differences may be 
related to different experimental systems or to compensatory mechanisms 
with utilization of default pathways triggered by the inactivation of cytokine 
genes [134]. IL-4 knockout mice do not present a deficit in entering the 
recovery stage of EAE. The results indicate that, while IL-4 is an important 
immunoregulatory cytokine in MS, it is not the only factor involved in the 
downregulation of the immune response in EAE. 

IL-5 is a Th2 cytokine produced largely by T cells. Its main role is in 
eosinophil activation, and it acts as a B cell growth factor as well in mice, 
but not in humans. Because of the sensitivity of IL-5 assays and the more 
restricted cellular sources (more literally a Th2 cytokine), IL-5 has been used 
as a marker for Th2 responses [135]. It has been used in EAE in this 
context, for the determination of Thl  versus Th2 cytokine expression 
pattern. In contrast to IL-4, IL-13 and TGF-b (see below), addition of IL-5 to 
PLP-reactive T cells did not significantly modify their ability to induce 
transfer EAE [136]. IL-5 appears to be expressed along with other anti- 
inflammatory cytokines in the CNS in the resolution phase of EAE [40]. 
Some immunomodulatory treatments beneficial for EAE that suppress Thl  
and induce Th2 responses (immune-deviation) either do not affect or 
enhance IL-5 with other Th2 cytokines [61, 104, 127]. In contrast, other 
strategies, including those inducing peripheral tolerance by anergy or 
deletion may downregulate IL-5 along with other Th2 cytokines [137]. 
Another potential immunomodulatory role of IL-5 in EAE may be the 
stimulation of CD5+ B cells, which have been attributed a regulatory 
function in EAE [138]. 

IL-10 is a thoroughly anti-inflammatory cyt0kine. It suppresses many 
proinflammatory cytokines, antigen presentation and NO production [139]. 
It is produced by T cells with the Th2 phenotype and by macrophages, but 
other cells including astrocytes and microglia can produce it. IL-10 is also 
induced by inflammatory stimuli, for example by LPS in endotoxic shock, 
and by IL-12 [140]. In most studies, IL-10 expression in EAE CNS 
corresponded to the onset of the recovery phase [4, 42]. Low expression of 
IL-10 in EAE is associated with a protracted course [29]. IL-10 may 
participate in a regulatory loop that governs susceptibility versus resistance 
to EAE [68]. In vivo delivery of IL-10 via an IL-10-expressing Vaccinia 
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vector [31] and adenovirus inhibited EAE. Also, exogenous in vivo IL-10 
ameliorated EAE in Lewis rats [141]. Nasal administration of IL-10 also was 
successful in treating EAE in Lewis rats [142]. Immunomodulation of EAE 
with altered peptide ligands induces Th2 or Th0 nonencephalitogenic and 
protective cells producing IL-10 [143, 144]. Other therapeutic approaches 
including peipheral tolerance, IFN-[3 or -'c and glatiramer acetate 
(copolymer-1) treatment induce IL-10 [128, 145-148]. IL-10 is also 
protective against TNF induced relapses of EAE [96]. On the other hand, IL- 
l0 given in vivo after transfer of encephalitogenic T cells failed to protect 
SJL/L mice against EAE and led to slightly more severe disease [149]. 
Similarly, antibody neutralization of IL-10 in this model immediately after 
cell transfer enhanced disease, while treatment of donor cells with IL-10 
prior to transfer had no effect. These results need to be balanced against 
those using transgenic and knockout mice. Bettelli et al. showed that 
transgenic mice overexpressing IL-10 were resistant to EAE while IL-10 
knockout mice develop more severe disease [133, 150]. Transfer of 
transgenic memory T cells overexpressing IL-10 under the control of the 
activation-inducible promoter of IL-2 both prevented and reversed EAE 
[151]. In another transgenic model expressing human IL-10 under the 
control of MHC class II, EAE was successfully prevented despite the 
development of neuroantigen-reactive T cells, indicating that the inhibitory 
effect of IL-10 is not on the generation but on the effector mechanisms of 
Thl  responses [152]. 

IL-13 is classed under the Th2 cytokines and has many similarities with IL-4 
including activation of the STAT-6 signaling pathway. IL-13 is expressed in 
the CNS in the recovery phase of EAE [115]. It is also expressed in lymph 
nodes of rats protected from EAE by targeting the autoantigen to B cells 
[153]. bz vi~,o delivery of human IL-13 via an IL-13 expressing vector 
significantly suppressed MBP-induced EAE. The suppression was not due to 
a major inhibition of development and responses of T cell reactivity to 
autoantigen, nor due to a blockade of autoantibodies against MBP. The 
mechanism involved was an inhibition of macrophage activation [154]. 

The IL-10 family of eytokines. A whole family of IL-10-related cytokines 
has been recently discovered, including IL-19, IL-20, IL-22 (IL-10-related 
T-cell-derived inducible factor or IL-TIF), IL-24 (also known as melanoma 
differentiation-associated antigen 7 or MDA-7) and IL-26 (AK155) [155]. 
Their function is not well known and their involvement in EAE has not yet 
been investigated. Not all of these cytokines may be 
immunosuppressive/immunomodulatory like IL-10. IL-19 and IL-20, for 
example, have been implicated in the pathogenic mechanisms of psoriasis, a 
Thl-mediated autoimmune disease, while IL-22/IL-TIF mediates acute- 
phase response signals in hepatocytes. 
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IL-25. Although related to IL-17, IL-25 is an inducer of Th2 responses 
[156]. Its role in EAE is yet to be determined. 

TGF-[$. This pleiotropic cytokine has multiple, largely anti-inflammatory, 
effects on the immune system. TGF-[3 is produced by T cells, macrophages 
and many other cells including astrocytes of the brain. TGF-~ inhibits T cell 
activation, down-regulates expression of MHC class II [157, 158] and 
proinflammatory cytokines and their receptors, and induces T cell apoptosis 
[159, 160]. TGF-[3 is expressed in brain during both the acute and chronic 
phases of EAE [161]. Treatment of neuroantigen-reactive T cells with TGF- 
[3 prior to adoptive transfer prevents passive EAE [162, 163]. TGF-[3 
administered systemically suppresses acute and chronic EAE [164-166]. The 
improvement occurs even when treatment is initiated in established disease. 
TGF-13 also suppresses relapses of EAE [96]. Antibody neutralization of 
TGF-13 enhances the severity of EAE both clinically and histopathologically 
[161, 167]. TGF-~ has been implicated as an important cytokine of 
regulatory T cells, likely to play an important role in immunoregulation of 
EAE [168]. A variant of such cells, CD4+ T cells involved in the recovery 
after the acute phase of EAE in rats, the so-called post-recovery suppressor 
cells, secrete TGF-13, which down-regulates cytokine production by EAE 
effector CD4+ T cells [169]. In addition, the hallmark of Th3 cell clones 
generated by peripheral tolerance is the secretion of TGF-[3 [170]. The above 
works strongly support the concept of a prominent immunomodulatory and 
anti-inflammatory role for TGF-I~ in EAE. The exact action(s) through 
which it exerts this role or the sites of action are not known. It is likely that 
TGF-[3 operates at multiple levels and possible via multiple mechanisms. 
Interferons. These subgroup of cytokines with multiple, important effects 
on EAE are discussed in another chapter. 
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Paradoxical effects of cytokines. 
The EAE literature contains numerous paradoxes, in particular with respect 
to effects and mechanisms of actions of cytokines. This underscores the 
complexity and the redundancy of the cytokine network. 

Anti-inflammatory effects of proinflammatory cytokines. 
Several proinflammatory/Thl cytokines have been found to have 
paradoxical and unexpected anti-inflammatory effects. IFN-y is discussed in 
the chapter on interferons in EAE. 

IL-1. Administration of IL-1 prior to induction of EAE down-modulates the 
disease. The mechanism probably involves increasing resting levels of 
endogenous corticosteroids [171]. IL-2. The high-affinity receptor for this 
cytokine is a putative marker for regulatory T cells. Immunological 
manipulations in EAE targeting the IL-2R may theoretically impair the 
function of regulatory T cells and thus enhance disease. In addition, the 
survival of regulatory T cells in the periphery is dependent upon IL-2, as IL- 
2 knockouts are deficient in regulatory T cells and are prone to various 
autoimmune/inflammatory phenomena [172-174]. TNF. The experiments 
with TNF knockout mice are discussed above. Maturation of dendritic cells 
with TNF led to their development into a tolerogenic population capable of 
inducing regulatory CD4+IL-10+ T cells [175]. TNF administration rescued 
TNF knockout mice from severe EAE [107]. These results may be explained 
in part by the proapoptotic activity of TNF. IL-6. Although antibody 
neutralization of IL-6 suppresses EAE, it does so by enhancing IL-6 levels 
[30]. IL-12. In IL-12p35-deficient mice, there is a significant up-regulation 
of many proinflammatory cytokines and NO [90]. The mechanisms have not 
yet been clarified. On the other hand, in vivo administration of IL-12 has 
enhanced the severity of disease, unlike in experimental autoimmune uveitis 
(EAU) where IL-12 can have a paradoxically protective role involving IFN- 
7, NO and apoptosis [176]. 
Proinflammatory effects of anti-inflammatory cytokines. 
Conversely, some paradoxical effects of Th2/anti-inflammatory cytokines in 
EAE are also known. IL-4. While in many studies neuroantigen-specific 
Th2 cells are nonencephalitogenic, there are exceptions: IL-4-producing Th2 
cells transferred to na'fve animals induced EAE-like CNS inflammation 
[177]. IL-10. In vivo treatment of SJL/J mice with IL-10 enhanced EAE 
severity [149]. TGF-[3. Treatment of encephalitogenic T cells with TGF-[3 
increased the severity of transfer EAE [178]. Moreover, in mice 
overexpressing in the TGF-[3 CNS, EAE was more severe [179]. These 
results may be tentatively explained by the multiple direct effects of TGF-[3 
in the CNS including enhanced gliosis and amyloidogenesis and also by the 
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possibility that the beneficial effect of in EAE involves the peripheral 
immune cells before CNS invasion. 

In conclusion, many proinflammatory cytokines are involved in the 
pathogenesis of EAE. Modulation of cytokine production during EAE may 
provide therapeutic intervention. 
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Abstract: 
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Interferons, despite their common name, comprise a group of cytokines with 
quite different molecular structures, cellular receptors, biological effects, 
functions and applications. We here review studies directed at defining the role 
played by these molecules when they are produced endogenously or 
administered exogenously in the course of experimental autoimmune 
encephalomyelitis (EAE), a model disease considered relevant for the 
pathogenesis of multiple sclerosis (MS). 

Studies on the role of Type lI interferon, i.e. interferon-y (IFN-y), are almost 
unanimously indicative of a beneficial role, though this is in contrast to 
clinical observations pertaining to the role of IFN-y in MS. Possible 
explanations for this discrepancy are considered in this review. 

Interferon-13 (IFN-[3), one of the Type I interferons, also exerts a beneficial 
effect in EAE. In this case there is good correspondence with clinical 
observations, and studies in the animal model have contributed to providing 
possible explanations for these beneficial effects. 

Our review also covers a limited number of studies on the apparently 
beneficial effect of treatment with another Type ! interferon, namely IFN-~:, 
originally discovered as a pregnancy recognition hormone in sheep. 

interferon, IFN-[3 (interferon-beta), IFN- 7 (interferon-gamma), IFN-z 
(inteferon-tau), multiple sclerosis, autoimmune disease, autoimmunity, 
autoimmune encephalomyelitis. 
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. I N T R O D U C T I O N  

Interferons (IFNs) are major contributors to the first line of antiviral 
defence. However, soon after their discovery in 1957 as antiviral factors, it 
became clear that they exert many other important effects on cells and 
organs. In fact interferons belong to the network of cytokines involved in the 
control of cellular functions, replication, and the immune response. 

Over the years it became clear that interferons represent a large group of 
different proteins and glycoproteins some of which are products of a multi- 
gene family, whereas others are the products of separate genes (reviewed by 
De Maeyer & De Maeyer-Guignard [1]). The current nomenclature for 
interferons is based on sequence analysis of the IFN genes. Two major 
interferon superfamilies can be distinguished. Type I IFNs are all derived 
from the same ancestral gene represented as a cluster on the same 
chromosome and have sufficient structural homology to act via a common 
cell surface receptor. They comprise WN-c~, WN-[3, WN-o~ and WN-'c. 
Details on the different species of Type I interferons and their cognate cell 
surface complex have been reviewed [1-3]. Type II interferon or interferon- 7 
(WN-7), originally discovered by Wheelock in 1965 [4] as an antiviral 
factor, is a lymphokine encoded by a single gene that displays no molecular 
homology with type I IFN's and uses a receptor on the cell membrane 
distinct from the common receptor for WN-o~ and WN-[3, while sharing some 
important biological activities with the "classical" interferons. WN- 7 exerts 
multiple regulatory functions on cells of the immune system distinct from 
these of WN-tx and IFN-13. To date considerable progress has been made in 
the knowledge of the WN receptors, molecular mechanisms of induction and 
of signal transduction in IFN-activated cells. For references the reader is 
referred to extensive reviews [2, 5-7]. 

Another aspect that became clear over the years is that interferons are 
involved in the pathogenesis of many diseases (reviewed in references [6, 8, 
9]). Medical interest in interferons stems from the fact that they represent an 
important mechanism of nonspecific resistance as well as the specific 
immune response against a variety of micro-organisms. A deficient function 
of the sysem is generally believed to be instrumental in increased 
susceptibility to infection and cancer. Conversely, inappropriately high-level 
production of IFN- T is considered to potentially act as a disease-promoting 
factor in inflammatory and autoimmune diseases such as MS, Crohn's 
disease, rheumatoid arthritis, myasthenia gravis and others. 

Studies on the role of WN in experimental autoimmune 
encephalomyelitis (EAE), which are the subject of this review, have made a 
major contribution to our current knowledge on the latter subject. EAE is a 
widely used model for multiple sclerosis (MS) which can be induced in 



A15. The Role of lnterferons in Experimental Autoimmune 
Encephalomyelitis 

315 

several genetically susceptible rodents and primates by active immunisation 
with myelin components together with one or several immune adjuvants or 
by adoptive transfer of encephalitogenic T lymphocytes, T cell lines or T cell 
clones sensitized to myelin basic protein (MBP) or myelin proteolipid 
protein (reviewed by Zamvill and Steinman [10] and Martin et al. [11]). The 
cytokine network plays a central role in initiation and regulation of the 
disease process. For some cytokines, there is unanimity in literature that they 
act either as disease promoters (e.g. TNF-~), for others that they 
downregulate the disease process. IFN- 7 is rather exceptional in that both 
types of effects have been noted. 

2. I F N -  7 IN  EAE 

2.1 Effects of IFN- 7 relevant to the pathogenesis of EAE 

IFN- 7 is a cytokine with several immunoregulatory activities (reviewed 
in ref. [6, 7]) that could in different ways contribute to the pathogenesis of 
EAE. IFN- 7 is known as the most potent inducer of major histocompatibility 
complex (MHC) antigen expression on a variety of cell types in vitro, 
including cerebral vascular endothelial cells, astrocytes, and microglia, 
which in EAE have been shown to play an important role as presenters of 
central nervous system (CNS) antigen to encephalitogenic T cells (reviewed 
by [12, 13]). Class I and Class II MHC antigens are barely detectable in the 
normal CNS. By contrast, in animals with EAE, a marked elevation of these 
antigen expression mainly on microvascular endothelial cells, but also on 
infiltrating macrophages and microglia is observed, possibly induced by 
IFN- 7 that is produced by the invading T cells. Following intrathecal 
injection of IFN- 7, MHC class II antigen expression was found to be 
increased on perivascular cells and various neuronal cells that do not 
normally express these proteins at detectable levels [14]. Although class II 
antigen expression on astrocytes has been conclusively demonstrated in 
vitro, in vivo studies have yielded conflicting results (see [12] for 
references). With some exceptions, most studies failed to detect class II 
antigen-positive astrocytes in the CNS of rats and mice during the disease 
process. However, class II antigen expression on astrocytes was reported in 
active MS lesions suggesting that the ability of astrocytes to function as 
antigen-presenting cells in vivo differs between rodents and humans. 

Another activity of IFN- 7 consists in influencing production as well as 
activity of other cytokines (TNF-c~, IL-1) (see [5]) and other mediators of 



316 Chapter A15 

inflammation that play an important role in the pathogenesis of EAE 
(reviewed by Hartung et al. [15]). This is of particular importance for 
mediators released by invading MPC, by endothelial cells and by resident 
astrocytes and microglia. For instance, production of proteases by these cells 
is thought to be responsible for destruction of myelin (reviewed by 
Opdenakker & Van Damme [16]. In addition, IFN-y synergizes with TNF-o~ 
that is recognized to exert a disease-promoting effect in EAE, probably by 
increasing the number of receptors for TNF-c~ on a variety of different cells 
[5]. 

Adhesion to the endothelial cell wall and breakdown of the blood brain 
barrier are critical steps in regulating the recruitment of activated 
encephalitogenic T cells and the subsequent influx of additional 
inflammatory cells (mononuclear and polynuclear phagocytes) from the 
circulation into the CNS (reviewed in ref. [11, 17]). In vitro IFN-3' causes 
increased lymphocyte adhesion to microvascular endothelial cells derived 
from the CNS [18, 19] and may even promote migration through endothelial 
cell layers in vitro [20]. After intracerebral injection or microinjection of 
1FN- 7 into the lumbosacral spinal cords of normal rats, an influx of 
lymphocytes and other inflammatory cells into the CNS was noted similar in 
pattern to that observed in early EAE [14, 21]. A compromised blood-brain 
barrier may underlie this action of IFN-3'. Morphological and permeability 
changes on primary cultures of human brain microvessel endothelial cells 
have been reported [22]. The process of transmigration is governed by 
adhesion molecules that are reciprocally expressed on endothelial cells and 
leukocytes (reviewed by Hickey [23]). There have been several reports of 
fluctuating patterns of elevated levels of the intercellular adhesion molecule- 
1 (ICAM-1) and vascular cell-adhesion molecule-1 (VCAM-1) on CNS 
endothelium during EAE and intergrins on leukocytes, corresponding to 
periods of clinical disease [24-26, 28] (and reviewed by Hartung et al. [17]. 
IFN- 7 is among the cytokines that augment expression of the intercellular 
adhesion molecule-1 (ICAM-1) on cultured brain microvascular endothelial 
cells in vitro resulting in increased adhesion of MBP-specific 
encephalitogenic T cells to these endothelial cells [27, 28] expressing the 
integrin LFA-1 [29]. The involvement of IFN-~, in the expression of VCAM- 
1 in vivo has been demonstrated by the observation that anti-IFN- 7 antibody 
treatment inhibits the upregulation of VCAM-1 in a passive-transfer EAE 
model [30]. 

As soon as leukocytes have transgressed the endothelial barrier, they 
encounter chemokines which control their further movement to the target 
and cause them to release proteases leading to breakdown of myelin. 
Chemokines, including RANTES, macrophage inflammatory protein (MCP- 
1) a, macrophage chemoattractant protein-1 (MCP-1), IFN-7-inducible 
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protein-10 (IP-10) and chemokine receptors are upregulated in EAE, and 
their expression has been shown to correlate with disease severity and 
distribution of inflammatory infiltrates in the CNS (reviewed in ref. [31-33]). 
Chemokine secretion by endothelial cells and astrocytes is under the 
regulatory control by cytokines, particularly IFN- 7 and TNF-o~. The 
combination of IFN- 7 and TNF-0~ was highly effective in inducing RANTES 
production in vitro: pretreatment with IFN- 7 sensitized human glial cells to 
the induction of RANTES by TNF-o~ ([34, 35]. IP-10 which is highly 
expressed in the CNS of mice with an intact IFN-7 gene and EAE, was 
strikingly absent in IFN- 7 knock-out mice. In vitro experiments confirmed 
that IFN- 7 selectively stimulates astrocytes for IP-10 expression [36]. IFN- 7 
also upregulates MCP-1 gene transcription in vivo [37]. 

Several lines of evidence suggest that IFN-y plays a deleterious role in 
immune-mediated demyelination (reviewed by Popko [38]). IFN-y may have 
an indirect effect on the myelination process through the activation of 
invading MPC and microglial cells e.g. by release of TNF-o~ and NO [39, 
40]. IFN-7 may also exert a direct deleterious effect on oligdendrocytes. 
Thus, application of IFN- 7 to oligodendrocyte cell lines was found to cause 
molecular and morphological changes, and application to primary 
oligodendrocyte cultures resulted in apoptotic cell death [41, 42]. 
Furthermore, transgenic mice expressing IFN- 7 in the CNS displayed a 
reduced myelination, reactive gliosis, macrophage/microglial stimulation, 
and an increase in MHC class I and class II expression in the CNS [43, 44] 
as well as increased susceptibility to EAE in mice that are normally resistant 
to EAE [45] 

Finally, IFN-7 facilitates proliferation of the Thl subset of murine CD4+ 
cells (see [46]), whereas it has a profound antiproliferative effect on the Th2 
subset thereby reducing a key cellular source for IL-4 and IL-10. It has also 
been shown that IFN-7 blocks production of IL-10 by monocytes [47] and 
diminishes the ability to produce IL-4 in an immune response (see [46]), 
thereby reducing or interfering with the anti-inflammatory properties of 
these cytokines. 

Taken together, IFN- 7 exerts many effects on MPC, endothelial and 
resident cells of the CNS that are suggestive for a pro-inflammatory and thus 
predominantly disease-promoting role in EAE. Many of the pathological 
effects in the CNS that are observed in EAE and MS, including decreased 
myelination, increased gliosis, disruption of the blood-brain barrier function, 
increased MHC expression, stimulation of macrophages/microglial 
activation (reviewed by Popko [38]) are consistent with the known effects of 
WN -7. 
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2.2 IFN- 7 production in EAE 

Proliferation and activity of CNS antigen-specific CD4 + lymphocytes of 
the Thl phenotype are assumed to be the driving force in the development of 
tissue damage in EAE. Most significantly, EAE can be transferred to na'l've 
animals using CD4 + antigen specific Thl cells isolated from animals 
suffering from EAE and anti-CD4 + antibodies can inhibit induction of 
disease [10, 48]. IFN-y is one of the cytokines produced by these cells after 
exposure to specific antigens or other stimuli, although in mice the 
suppressor/cytotoxic CD8+ subset of T cells and NK cells are also able to 
produce IFN- 7 (reviewed by Young and Hardy [7]). In vitro studies have 
demonstrated that the effector T cells from rats previously challenged with 
MBP in complete Freunds adjuvant produce IFN- 7 when cultured in the 
presence of the protein. As a contrast, disease suppressing splenic T cells 
found during the recovery phase of the disease failed to produce IFN- 7 and 
inhibited IFN-7 production when added to challenged effector T cells [49]. 

Normally these IFN- 7 producing cells do not transgress the blood-brain 
barrier at considerable levels and as such IFN- 7 is generally undetectable 
within the CNS. Nevertheless, in response to infections of the CNS as well 
as in many immune-demyelinating disorders, CD4+ T cell-traffic across the 
blood-brain barrier does increase considerably (reviewed in ref. [23, 50]). 
Before performing their effector functions in the target organ, T cells must 
recognize Ag presented by antigen-presenting cells in the CNS. It has been 
shown that both infiltrating macrophages and microglia cells can efficiently 
present endogenous and exogenous Ags to T cells during the course of 
MOG-induced EAE, resulting in IFN- 7 production [51]. Thus, the CNS- 
infiltrating CD4+ T-cells are the major source of local IFN- 7, thereby 
exposing neuronal and glial cells to the pleiotropic effects of IFN-y. 
However, IFN- 7 may have neuronal origins as well [52]. It should be noted 
that IFN-7 production by Thl and NK cells is regulated by 1L-12 and IL-18 
in a synergistic manner and that the generation of CD4+ Thl cells depends 
on the coordinate action of IL-12 and IL-18 with IFN- 7 (reviewed in ref. [53- 
55]). An immunoregulatory role of IL-12 and IL-18 in EAE was 
demonstrated. IL-12 was found to enhance the in vitro activation of 
encephalitogenic T cells, and administration of IL-12 following adoptive 
transfer of PLP-stimulated lymph node cells accelerated, whereas blocking 
of endogenous IL-12 completely prevented disease progression [56-58]. IL- 
l2 rendered otherwise resistant mice susceptible to EAE [59]. In vitro, 
neutralizing antibodies to IL-18 reduced T cell production of IFN 7 in 
response to MBP epitopes. Moreover, neutralizing ant-IL-18 antibodies 
partially protected rats from EAE while shifting the Thl/Th2 balance in 
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favor of Th2 selection, accompanied by a marked reduction in the 
production of WN- 7 and TNF-cz ([60]). 

With sensitive methods, individual WN-7-secreting cells could be 
detected in peripheral lymphoid organs and in the CNS of animals with acute 
and passively induced EAE [61-68]. The presence of IFN- 7 within the CNS 
paralleled disease severity and occurred predominantly on inflammatory 
cells, consistent with previous observations correlating disease progression 
with infiltrations of effector CD4 + T cells, a major source of this cytokine. 
The highest levels of WN-7 were observed at the peak of acute disease 
activity and during relapses [51, 69-71, 71]. WN- 7 levels were very low or 
absent in recovered and refractory animals. Thus, local WN- 7 production 
seems to correlate with the disease induction phase. Accordingly, one would 
tend to postulate that endogenous IFN- 7, produced during EAE, promotes 
disease, a prediction thas is supported by the various pro-inflammatory 
effects of WN-7 (vide supra) and the observation that exogenous WN- 7 
augments demyelination in rats given anti-myelin/oligodendrocyte 
glycoprotein antibodies [72]. Moreover, in a single study on patients with 
MS, systemic treatment with WN-y was associated with exacerbated disease 
symptoms [73-75]. In reality, however, direct and indirect evaluation of the 
in vivo effects of endogenous WN- 7 in EAE has yielded contradictory 
results. 

2.3 In vivo evidence for the involvement of IFN- 7 in EAE 

Most of our current knowledge on the role of WN- 7 in EAE stems from 
experiments employing monoclonal antibodies to neutralize WN- 7 in vivo, 
and from experiments involving the use of IFN- 7 or IFN-TR knock-out mice. 
In mice, treatment with neutralizing anti-IFN- 7 antibodies led to a significant 
exacerbation of EAE induced by either active immunization or passive 
transfer and increased mortality even in strains which are relatively resistant 
to the disease [76-80] (reviewed by Billiau [811). The disease-enhancing 
effect was observed only when the antibodies were given early i.e. shortly 
after immunization or at the time of cell transfer, but not at later times, 
indicating that the effect of anti-IFN-7 antobody is exerted early in the 
induction phase of the disease at a stage which follows the appearance of 
activated CNS-reactive T cells. Also, relapses whether actively induced or 
occurring spontaneously, are facilitated by administration anti-IFN- 7 
antibody in the disease-free interval [57]. Studies using both WN-7 ligand 
and IFN- 7 receptor knock-out mice have been unanimous in reporting that 
such mice are more sensitive to induction of EAE than their wild-type 
littermates [82-85]. These data indicate that, although local production of 
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IFN- 7 in the CNS is maximal during the clinically active phases of the 
disease, the overall role of IFN- 7 is to inhibit (limit) EAE contrary to what 
was expected from a pro-inflammatory and immunostimulatory cytokine. 
The enhancing effect of anti-IFN-y is consistent with the observation that, in 
mice, exogenously administered IFN- 7 ameliorated the actively induced 
EAE reaction and alleviated or delayed disease attacks [57, 76], again 
suggesting that systemic IFN- 7 is protective. This protective role was not 
observed when EAE was passively transferred [80]. 

None of these experiments allow dissociating the effects of IFN- 7 that is 
present in the periphery and that produced in the CNS (which may affect 
EAE pathogenesis in opposite ways). Approaches to deliver the cytokine to 
the CNS have yielded contradictory results. Local, intraventricular injection 
of IFN- 7 in a rat model for EAE prior to the onset of disease signs failed to 
affect primary induction of EAE but facilitated relapse induction, suggesting 
that local IFN- 7 promotes disease development [69]. Contradictory to these 
observations was a result reported by Voorthuis et al. [79], showing no 
change in disease course following systemic administration, whereas 
ventricular administration resulted in a complete suppression of symptoms. 
Intrathecal delivery of an HSV-l-derived vector engineered with the mouse 
IFN-y gene protected C57BL/6 mice from chronic progressive EAE induced 
with myelin oligodendrocyte glycoprotein (MOG) 35-55 [86]. Mice treated 
before onset of EAE with the IFN-y-containing vector showed a shorter 
duration of the disease with full recovery and a significant reduction of 
neuropathological signs of the disease such as demyelination and axonal 
loss. Mice treated with the IFN-y-containing vector within 1 week after EAE 
onset partially recovered from the disease. In mice, overexpression of IFN- 7 
in oligodendrocytes, incidence, severity and histopathology of EAE were 
found similar to those in wild-type controls, but the transgenic mice did 
develop chronic neurologic deficits, whereas the disease completely resolved 
in the controls. [43, 45]. 

2.4 Mechanisms involved 

The overall disease-preventing effect of endogenous IFN- 7 in murine 
EAE is suggestive of an immunosuppressive or anti-inflammatory pathway, 
which supersedes the 'classical' pro-inflammatory, and immunostimulatory 
pathways. By what mechanism IFN- 7 exerts this action in EAE remains 
unclear. The discrepancy in results coming from the in vivo studies has been 
rationalized by invoking a differential action of IFN- 7 in the periphery and in 
the CNS [76, 83]. At the local level IFN- 7 may promote inflammation, while 
at the systemic level it may act in an anti-inflammatory fashion. It was 
proposed that circulating IFN- 7 restrains Ag-triggered T lymphocyte 
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proliferation and may promote apoptosis [83]. Therefore, it is plausible that 
elimination of IFN-y from the circulation would have the effect of 
upregulating autoagressive T cells and worsening the EAE disease process. 
In contrast, intrathecal IFN-y is considered likely to activate resident 
microglia and infiltrating MPCs cumulating in increased tissue injury [83]. 
This concept is strongly supported by the studies in transgenic mice that 
expressed IFN-y in the CNS under control of an oligodendrocyte-specific 
promoter. [43, 44]. 

Several studies have documented a role for IFN- 7 in the generation and 
action of MPC-like cells that can suppress proliferative responses of T cells 
to mitogens (reviewed by Billiau [81]. For instance, it has been shown that T 
cells from IFN- 7 knockout mice display a markedly enhanced in vitro 
proliferative response to Con A and alloantigens, suggesting a critical role of 
IFN-y in suppressing T cell proliferation [87]. Anti-IFN-y antibody enhanced 
in vitro proliferation of cloned T cells and of T cell lines specific to myelin 
proteins [77, 88]. In addition, lymph node and spleen cell cultures derived 
from either IFN-y knockout or IFN-TR knockout mice showed enhanced 
proliferation to Ag restimulation in vitro [84, 85, 89]. More recently, in vivo 
evidence was presented that IFN-y downregulates EAE by inhibiting 
proliferation of activated CD4+ T cells [90]. A possible mechanism of 
IFN-y-dependent suppression of T cell proliferation through mononuclear 
phagocytes is generation of H202 and prostaglandins, since both catalase and 
indomethacin can alleviate suppression [91]. IFN-y also enhances the release 
of the active form of TGF-13 by human mononuclear phagocytes [92]. On the 
other hand, TGF-[3 downregulates IFN- 7 production by T effector cells [93]. 
It is therefore tempting to speculate that a feedback regulatory loop exists 
between IFN-y and TGF-~, and that neutralizing IFN-y may prevent TGF-[3 
release. 

Another pathway used by suppressor macrophages that can be activated 
by IFN- 7, is the generation of nitric oxide (NO). NO is considered as one of 
the major effector pathways in inflammatory demyelination (reviewed by 
Smith [94]. However, evidence for its role in the pathogenesis of EAE is 
fraught with internal contradiction. This is well illustrated by studies using 
selective inhibitors of inducible nitric oxide synthetase (iNOS) (reviewed by 
Willenborg [95]). These studies showed that iNOS-derived NO can in fact 
be both deleterious as well as protective in EAE. In general, for both rats and 
mice, NO-inhibitory treatments targeting passive EAE or the effector phase 
of actively induced EAE resulted in amelioration of disease, whereas 
treatments targeting the afferent arm of the response aggravated disease. 
However, the increased EAE severity in iNOS-knockout mice forms a clear 
indication of a predominantly protective role for NO [96, 97]. As a possible 
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mechanism it is suggested that IFN-7-driven NO production by peripheral 
MPCs as well as by CNS-resident cells, such as microglia and astrocytes, 
might downregulate the development of EAE by limiting proliferation of 
autoreactive cells [51, 95]. MPC-derived NO is recognized as a strong 
inhibitor of T cell proliferation [98-100]. Inhibition of T cell proliferation in 
the CNS by NO might account for less severe EAE in wild-type than in 
IFN- 7 knock-out and IFN-yR knockout mice. Consistent with this, peritoneal 
exudate cells from IFN-TR knock-out mice induced enhanced Ag-specific T 
cell proliferation compared with wild type mice, apparently because of their 
reduced production of NO [85]. In addition, T cells from IFN- 7 knockout 
mice demonstrated enhanced in vivo proliferation as measured by BrdU 
incorporation [90]. APCs in the CNS may also limit the expansion of 
autoreactive T cells late in disease by downregulation of their MHC class II 
and costimulatory molecules through NO. [51]. IFN-7-induced MHC-II 
expression on macrophages is inhibited by NO in vitro [101]. 

Another possible down-regulatory mechanism of IFN- 7 in EAE is by 
induction or promotion of apoptosis in T lymphocytes. Many studies have 
demonstrated apoptosis of infiltrating cells in the CNS of animals with 
different models of EAE [102-105]. Blockade of IFN- 7 inhibits cell death 
induced in effector cells by TCR linkage in the absence of accessory cells 
[106]. Furthermore, both in normal and in cultured malignant lympocytes, 
IFN- 7 has been shown to exert contrasting effects, i.e. apoptosis or 
proliferation, depending on the level of expression of IFN- 7 receptors: high 
level expression is associated with an apoptotic response, low level 
expression with a proliferative one [107]. Chu et al (2000) [90] noted that 
during EAE IFN- 7 knock-out mice accumulate larger numbers of activated 
CD4+ T cells in their CNS than wild-type mice. The authors related this to 
increased proliferation and reduced apoptosis of these cells when exposed to 
antigen ex vivo. A similar situation was found to occur in mycobacterial 
infection in IFN- 7 knock-out and wild type mice, and in this case it appeared 
that less proliferation and more apoptosis in the IFN-7-competent mice was 
not a direct effect of IFN- 7, but was rather mediated by IFN-7-activated 
MPCs [108]. On the other hand, by using an HSV-l-derived vector 
engineered with the mouse IFN- 7 gene it has been shown that intrathecal 
delivery of IFN- 7 can protect mice from EAE progression by inducing a fast 
clearance of encephalitogenic T cells infiltrating the CNS parenchyma via an 
apoptotic pathway [86]. 

IFN- 7 produced locally in the CNS during EAE may also constitute a 
feedback control for the efficient clearance of the inflammatory infiltrate in 
the CNS. A fast and efficient phagocytosis of cells undergoing apoptosis by 
tissue-specific macrophages may limit direct tissue injury by preventing 
leakage of harmful (noxious) contents from the dying cells (reviewed in ref. 
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[109, 110]). Phagocytosis of apoptotic lymphocytes by macrophages, 
microglia, oligodendrocytes, and astrocytes has been described in 
histological sections of Lewis rat with EAE [111]. Different pro- 
inflammatory cytokines, including IFN- 7, have been shown to regulate the 
uptake of apoptotic cells by human macrophages in vitro [112, 113]. Using 
an in vitro phagocytosis assay, Chan et al. [113] demonstrated that 
pretreatment of microglia cells with IFN- 7 led to an enhanced phagocytosis 
of apoptotic encephalitogenic T cells and to an increase of the proportion of 
microglial cells ingesting apoptotic cells. 

Finally, the effect of IFN-y on secretion of chemokines implicated in 
trafficking of leukocytes to the CNS may be involved. It was found that 
WN- 7 downregulates the induction of IL-8 by IL-1 and IL-2 in monocytes in 
vitro and may thereby act as a repressor of neutrophil chemotaxis in EAE 
[114]. In mice with intact WN- 7 response there is a strong up-regulation of 
the typical T cell and macrophage chemoattractants RANTES, IP-10, 
MCP-lo~ and MCP-1, in the CNS during EAE (reviewed in ref. [31, 71, 
115]). In mice lacking the IFN-y gene or the receptor for WN-7, MIP-2 and T 
cell activation gene-3 (TAC-3), both neutrophil-attracting chemokines, were 
strongly up-regulated, while RANTES and MCP-1 remained undetectable 
[89]. These mice showed an acute, lethal disease progression compared to 
limited disease in their wild-type littermates. McColl et al [116] reported that 
neutrophil depletion inhibits MBP-induced EAE in SJL/J mice and in MOG- 
induced EAE in IFN-TR knockout mice, suggesting a crucial role for PMN 
in the pathogensis of this inflammatory disease. Thus, the absence of down- 
regulation by WN- 7 may lead to a chemokine imbalance and lethal 
neutrophil invasion. 

Taken together, despite many studies the protective effect of IFN- 7 on 
EAE remains enigmatic. Several immunosuppressive effects of WN- 7 have 
been considered as possible explanations, but there is no clear cut evidence 
in favor of one of them no more than there is a claer-cut explanation for the 
contrasting effect of WN- 7 treatment in MS patients [73, 74]. The 
discrepancy may be due to differences in dosage, treatment schedules or 
timing. It may be connected to the fact that these patients had already 
undergone some overt clinical episodes and were in remission at the time of 
IFN-y treatment. Further experimentation is required to determine the 
molecular mechanisms responsible for the seemingly contradictory roles of 
IFN- 7 in EAE and MS. 
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. INTERFERON-o~ AND -13 IN EAE 

Many different cells can produce type I interferons (IFN-cx or -13, or both) 
during viral infection. IFN-o~ is a product mainly of monocytes and a subset 
of immature dendritic cells (reviewed by Liu et al. [117] and Asselin-Paturel 
et al. [118]. IFN-13 can be produced by virtually any cell infected with virus 
or given another appropiate stimulus. In addition, several growth factors and 
cytokines have been shown to induce the synthesis of IFN-~ and IFN-13 
(reviewed by De Maeyer & De Maeyer-Guignard [1, 119]). For example IL- 
2 can induce the production of murine IFN-c~,13 in mouse bone marrow cells. 
IFN- 7 can also act as an inducer of IFN-o~ or IFN-13. IFN-~ and 13 are 
comparable in their actions and interact with the same type I IFN receptor to 
transduce signals across cell membranes. IFN-~13 are implicated in both 
normal and neoplastic cell growth regulation and in modulating both innate 
and adaptive immune responses (reviewed by Brierley & Fish [120]). 

3.1 In vivo evidence 

Over the past years clinical trials have shown 1FN-13 to be beneficial in 
the treatment of relapsing-remitting MS (reviewed by Chofflon [121]). It 
ameliorates disease activity, reduces relapse frequency, decreases the 
number of inflammatory CNS lesions, but fails to achieve a satisfactory 
control of the disease evolution. Clinical trials with IFN-¢~ have given 
varying results probably because differences in study design (study 
populations, type, dose and route of IFN-¢~, length of treatment) and seems 
to be less effective than IFN-13 treatment (e.g. [122-124]). 

In animals, many studies have shown that IFN-[3 can exert a down- 
regulating effect on the development of EAE. More than 15 years ago both 
natural and purified IFN-o~,I3 were reported to partially inhibit both the active 
form of EAE and the adoptively transferred disease in rats when 
administered during the induction phase of the disease [125-127]. A similar 
effect was reported to occur in EAE induced in SJL/J mice [76, 128]. In 
these studies inhibition was obtained by systemic treatment or by adding the 
interferon to the T cell cultures before transfer. Even a decreased relapse rate 
was observed [128]. In addition, infection of mice with lactic dehydrogenase 
virus known to act as an inducer of IFN-c*,I3 had a similar inhibitory effect 
[76, 129]. Human IFN-13 on the contrary had no effect when similarly tested 
in the rat model, probably due to the known species specificity of interferons 
[127]. More recently, low doses of orally administered natural IFN-o~,13 has 
been shown to suppress clinical relapses and diminished inflammation in a 
murine model for chronic relapsing EAE [130, 131]. It should be noted that 
whether or not oral IFN administration can exert systemic effects is a 
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controversial issue and that the underlying mechanisms, if any, are unknown. 
WN-13, given orally, also enhanced the suppressive effects of oral tolerance 
to MBP and PLP in both rats and mice with EAE [132]. In contrast, studies 
with intracerebrally injected IFN were inconclusive. Highly purified rat 
IFN-c~,[3 was not effective in preventing or ameliorating the disease process 
in rats [133], while natural fibroblast-derived interferon exerted a beneficial 
effect [127]. This discrepancy may possibly have been due to the fact that 
the natural rat WN used was of low purity and may therefore have contained 
several other effector molecules. Studies using recombinant IFN-[3 indicated 
that the timing and length of treatment determines wether IFN-]3 prevents or 
aggravates EAE in rats [134, 135]. Recombinant IFN-[3 effectively prevented 
acute EAE in rats provided that treatment was continued over a long period 
of time. Contrastingly, discontinuation of treatment during the induction 
phase or during the recovery phase led to the rapid onset of EAE with 
strongly enhanced severity and prolonged duration [135]. Finally, gene 
therapy by direct injection of IFN-13 plasmid DNA-liposome complex into 
the CNS of mice with established EAE reduced the severity and onset of 
clinical disease [136]. 

Studies on the immunoregulatory activity of IFN-c~ in EAE are limited in 
number. Small doses of murine natural IFN-c~ or a cross-species-reactive 
human recombinant IFN-c~, administered orally 3 times a week was found to 
suppress acute EAE in rats and clinical relapses in mice with CREAE and 
also to suppress adoptively transferred EAE [130, 137, 138]. Oral 
administration of IFN-o~ is superior to equivalent or higher doses of 
parenteral administration in suppression of clinical relapse in EAE [137, 
138]. 

3.2 Mechanisms involved 

The protective effect of WN-I3 in EAE may stem from the 
immunomodulatory and anti-inflammatory properties of this type of 
interferon (reviewed by Yong et al ([139]). Among these properties is its 
ability to counteract the production and effects of IFN-7. WN-I3 inhibits 
IFN- 7 secretion by activated lymphocytes. Suppression of EAE relapses by 
IFN-a,13 and recombinant human WN-o: correlated with a decreased Con A 
stimulated WN- 7 secretion in spleen and lymph node cells [130, 131, 137, 
138]. Similarly, Luca et al. [140] showed decreased production of IFN- 7 by 
antigen-specific stimulated spleen and lymph node cells derived from mice 
with EAE after in vitro treatment with WN-I3. Likewise, IFN-I3 was shown to 
limit IFN- 7 production by activated lymphocytes from both MS patients and 
controls [141]. IFN-~[3 also antagonizes the effects of IFN- 7 on 
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mononuclear phagocytes. In this respect, IFN-]3 inhibits IFN-7-induced class 
II MHC antigen expression on the surface of antigen presenting cells in 
vitro, such as macrophages/monocytes, astrocytes and endothelial cells [142- 
145]. However, WN-]3 failed to downregulate basal or WN-7-induced MHC 
class II expression on primary human astrocytes and microglial cells except 
at high concentrations. Thus, WN-~ lessens the capacity for antigen 
presentation to T cells and so might be expected to attenuate T-cell response. 

Another anti-inflammatory effect of WN-[5 is its ability to interfere with 
the process of recruitment and entry of inflammatory cells into the CNS, 
events which are regulated by adhesion molecules, cytokines, chemokines 
and metalloproteinases and are compromised in MS and EAE (reviewed by 
Brown [146]). Diminishment of clinical signs of EAE in WN-13-treated mice 
was found to be associated with a major reduction in the formation of 
cellular infiltrates in the CNS [128, 134, 147]. IFN-[3 may directly act on the 
endothelium by reducing the expression of cytokine-induced (WN-y, TNF-o0 
adhesion molecules, such as ICAM-1 and VCAM-1, as observed in vitro on 
cerebral and extracerebral vascular endothelial cells and in vivo in rats with 
acute EAE [144, 145, 147-149]). On the other hand, WN-13 may also 
influence the interaction of activated leukocytes with brain endothelium 
[149]. It has been reported that pretreatment of activated leukocytes with 
WN-[5 inhibited their transendothelial migration by down regulation of the 
expression of the integrins VLA-4 and LFA-1 [144]. In MS-patients treated 
with WN-13, VLA-4 expression on selected T cell subsets from blood is also 
downregulated possibly due to the increased levels of soluble VCAM-1 
observed in these patients [150, 151]. Furthermore, WN-I5 may antagonize 
migration of leukocytes through brain vascular endothelium by down- 
regulating the production and activity of matrix metalloproteinases (MMPs), 
enzymes implicated in breakdown of the blood-brain barrier, activation and 
degradation of disease-modifying cytokines and myelin degradation in MS 
and EAE (review by Yong et al [152, 153]. Indeed, in vitro data have 
demonstrated that exposing activated T cells to WN-[3 resulted in a 
significant decrease in MMP-9 expression associated with inhibited 
migratory capacity of T cells [149, 154, 155]. In addition, peripheral blood 
leukocytes from MS patients treated with WN-[5 showed decreased levels of 
distinct MMP mRNA expression [156-158]. Chemokines that are 
specifically expressed in EAE tissue at the time of lesion formation 
(reviewed by Ransohoff [32]) may also be susceptible to WN-[5 action and 
may hence account for reduced infiltration of the CNS by specific subsets of 
leukocytes. Recently, it was demonstrated that in vitro exposure of 
stimulated human peripheral blood monocytes to WN-13 differentially affects 
chemokine production. WN-13 decreased the production by 
monocytes/macrophages of IL-8, IP-10, MCP-1, MCP-3 and the monokine 
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induced by IFN- 7 (Mig), but not of MIP-I~ [159]. In addition, IFN-~ has 
been found to selectively inhibit expression of mRNA for RANTES and 
MIP-I~ and for their receptor, CCR5, on activated peripheral T cells 
obtained from MS patients [160]. Significantly reduced expression and 
production of chemokines and the chemokine receptors CCR5 and CXCR3 
were found in sera and peripheral blood mononuclear cells from MS patients 
under IFN-[3 therapy [159-162]. Data on the regulation of chemokine 
expression by IFN-~ or -[~ in relevant cell types during EAE are not 
available. Thus, an important part of the action of IFN-[~ may be its effect on 
the complex interaction between adhesion molecules, cytokines, chemokines 
and MMPs implicated in the blood-brain barrier function. 

Autoreactive T cell proliferation in response to antigen presentation is a 
prominent feature of the induction phase of immune responses. One 
mechanism of protection by IFN-~ may reside in its antiproliferative activity 
[131, 141], by which it may inhibit the expansion of autoagressive T cells. 
Mice induced for EAE and fed murine IFN-c~ or cross-reactive recombinant 
human IFN-~ showed decreased mitogen- and antigen-specific proliferative 
response of spleen cells ex vivo [130, 131, 137]. Van der Meide et al [135] 
clearly showed that administration of rIFN-[3 to EAE rats in the early phase 
of the disease resulted in a strong (50 to 80%) reduction of encephalitogenic 
T cells in both spleen and inguinal lymph nodes. Discontinuation of 
treatment led to a rapid abrogation of the antiproliferative activity of rWN-~ 
followed by excessive expansion of encephalitogenic T cells, more severe 
perivascular inflammation in spinal cord tissue relative to control rats. Type 
I interferons may also serve as growth regulators of astrocytes at sites of 
reactive gliosis. An antagonistic effect of IFN-c~ and IFN-~ on IFN- 7 
induced proliferation of human astrocytes in vitro has been reported [163]. 

Some studies have addressed the question of whether IFN-[~ could also 
act by inducing apoptosis. In fact, anti-apoptotic effects of both IFN-c~ and 
IFN-I3 on activated CD4 + and CD8 + T cells have been descibed (reviewed by 
Akbar et al. [164]), though these findings were not confirmed in more recent 
studies. Although IFN-~ enhanced the expression of the death receptor 
CD94 (Fas/APO-1) on human antigen-specific T cell lines from MS patients, 
no clear evidence was found for direct induction of apoptosis as assessed by 
caspase activity [165]. In adoptively transferred EAE, T cell infiltration was 
reduced by IFN-~ without apparent induction of apoptosis [166]. 

IFN-[3 might also redirect cytokine production by immune cells during 
EAE from a Thl towards a Th2 profile and this seems to occur in the 
circulation as well as within the CNS (reviewed by Yong et al. [139]). Thus, 
IFN-~ may lessen tissue damage by inhibiting release of TNF-~ and LT by 
blood mononuclear cells, microglia and infiltrating macrophages [137, 166- 
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168], molecules reported to be toxic for oligodendrocytes [169, 170] and to 
be implicated in demyelination [171]. Adoptive transfer of T cells and CD8 + 
T cells from non-immunized na'fve donor mice fed with IFN-o~ suppressed 
actively induced EAE in recipients while decreasing TNF-c~ secretion in 
these recipients [172]. 

Alternatively, IFN-[~ may induce or promote secretion of 
immunosuppressive cytokines, such as IL-10 or TGF-[3. A decreased 
production of IFN- 7 and an increased production of IL-10 and/or TGF-[3 by 
T cells from EAE-induced mice treated with IFN-[3 or IFN-c~ have been 
reported [140, 173-175]. Furthermore, PBMC from MS patients treated with 
IFN-[3 showed enhanced gene expression of TGF-[3 and increased secretion 
of IL-10 [167, 176-178]. Both cytokines can upregulate TIMPs and decrease 
MMP biosynthesis (reviewed by Yong et al. [152]). IFN-[3 may also act by 
modulating the IL-10/IL-12 cytokine circuit in vivo, which has been 
suggested to control susceptibility to autoimmune disease [179]. McRae et al 
[180, 181] indicated that IFN-[~ abrogates Thl cell differentiation in vitro 
while inhibiting T cell-dependent CD40-induced production of IL-12 from 
dendritic cells. In addition, in IFN-[3-treated mice the cytokine profile in 
response to the priming immunogen was significantly skewed toward an 
increased production of IL-10 and concurrent decreased production of IL-12 
[182]. This was accompanied by an aborted development of epitope 
spreading and disease progression. 

Finally, IFN-[3 may keep in check ongoing immune response by restoring 
T suppressor cell function. It has been shown that human IFN-[3 augments 
suppressor cell activity in MS at least in vitro [183, 184]. A similar positive 
effect on suppression was reported with IFN-c~. 

Thus, in EAE and MS IFN-[3 may curtail immune activation by 
decreasing T-cell proliferation, by blocking IFN- 7 production and by 
counteracting the peripheral actions of circulating IFN- 7 directly, by 
downregulating the entry of encephalitogenic T cells and MPCs into the 
CNS and by downregulating the levels of pro-anti-inflammatory and 
upregulating anti-inflammatory molecules. All these biological activities of 
WN-[~ are likely to act in concert to produce a therapeutic outcome. 

. IFN-TAU IN EAE 

Interferon tau (IFN-% also called ovine trophoblast protein-l, is a 
member of the type I IFN family that was originally identified as a 
pregnancy recognition hormone, constitutively produced in high levels by 
trophoblast cells in ruminants during a very short period in early pregnancy 
(reviewed in ref. by [185, 186]). Its major function is to signal receptors in 
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the endometrium to maintain an appropriate milieu for the embryo. IFN-'~ is 
not induced by viruses or double-stranded RNA, and its production is 
regulated differently from other Type I interferons. Like IFN-a and IFN-[3 it 
possesses antiviral, antiproliferative, and immunomodulatory activities 
(reviewed by Martal et al. [185]). In contrast to other type I IFNs, IFN-'c 
does cross species barriers and lacks the toxicity normally associated with 
high concentrations of these IFNs in vitro as well as in vivo [187]. It has 
been suggested that differential recognition by IFN-~ of the receptor 
complex at its N-terminus as well as interaction with different subunits of 
the type I IFN receptor accounts for its high biologic potency in the absence 
of associated toxicity [188]. Thus, IFN-'~ seems promising as a therapeutic 
agent in cancer, viral infections and autoimmune diseases as it may be 
devoid of the adverse side effects associated with high doses of IFN-c~ and 
IFN-~. 

WN-'r was explored for its ability to prevent the development of EAE. 
Ovine WN-'~ was shown to provide protection as effectively as murine WN-[3 
against development of the acute form of EAE in NZW mice and chronic 
relapsing form of EAE in SJL/J mice, but without associated toxicity such as 
weight loss and leukopenia seen with WN-c~ and WN-13 [186, 187]. The 
onset of EAE can be prevented by treating mice with WN-'c before, during 
and shortly after immunization with MBP. However, when WN-'r treatment 
was discontinued onset of disease was observed within 6-12 days [189]. In 
addition to protecting against both acute and chronic forms of EAE, 
parenteral or oral administration of WN-'c was found to reverse ongoing 
relapsing EAE in SJL/J mice [190]. A histological evaluation of the CNS of 
these mice showed a subsiding lymphocyte infiltration and microglial 
activation. Finally, WN-'r was also able to prevent superantigen-induced 
exacerbations of EAE [ 186, 187]. 

Evidence for mechanisms by which WN-'r may prevent EAE include 
reduced proliferation of T cells specific for the autoantigen MBP [187]. 
Furthermore, anti-MBP antibody levels and proliferation of B cells in 
response to MBP were found to be reduced by WN-'~ either in vitro or in 
vivo in both chronic and acute forms of EAE [190]. Thus, IFN-'r seems to be 
able to suppress both the humoral and cellular responses in EAE. It has also 
been reported that amelioration of EAE by INF-'r is associated with 
induction of suppressor cells and suppressor factors [191]. Suppressor cells 
of the CD4 phenotype were found to be induced in vitro and in vivo after 
parenteral or oral administration of WN-'r. Such WN-'c-induced suppressor 
cells were found able to inhibit the MBP-induced proliferation of MBP- 
sensitized T cells, and injection of these suppressor cells into MBP- 
immunized NZW mice blocked induction of EAE [191]. In addition, the 
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CD4 + suppressor cells produced both IL-10 and TGF-[3, cytokines previously 
found to synergistically inhibit activation of MBP-specific T cells derived 
from EAE mice [191]. It was suggested that the amelioration of 
superantigen-induced reactivation of EAE seen after treatment with IFN-z 
may also be related to induction of suppressor cells [187]. Like other type I 
interferons, IFN< can alter cytokine profiles as evidenced by its ability to 
reduce production of TNF-c~, that has been suggested to be a mediator of 
EAE [170, 192]. IFN-z also induces enhanced production of IL-10. 
Prolonged IFN-z treatment of mice with EAE was shown to result in 
production of IL-10 in the circulation [189]. In addition, prevention of EAE 
by IFN-z correlated with the induction of IL-10 and a concomitant reduction 
of the Thl cytokines IFN- 7, TNF-~ and IL-2 by MBP-stimulated spleen and 
lymph node cells [175]. Another proposed action by which IFN-z reduces 
EAE is by interfering with MHC class II expression: IFN-z was shown to 
downregulate IFN-y-induced expression on murine cerebrovascular 
endothelial cells [193]. 

The lack of toxicity of IFN-'~ and its ability to ameliorate EAE may have 
important implications for its potential use as an immunotherapy for 
inflammatory and autoimmune diseases such as MS. 
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This chapter reviews the research done on the role of growth factor in 
experimental autoimmune encephalomyelitis and demonstrates the 
increasingly recognized therapeutic potential of growth factors in 
inflammatory demyelinating disease. 
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. INTRODUCTION 

The development of tissues, maintenance of homeostasis, and responses 
to disease and injury are all dependent on effective communication between 
cells. Cells produce intercellular signaling molecules that provide this 
function. Peptide hormones, cytokines and growth factors are the three 
major categories of signaling molecules. This review will focus on the role 
of growth factors in the inflammatory demyelinating disease, experimental 
autoimmune encephalomyelitis (EAE). In particular, we will evaluate 
growth factors that were originally characterized in cells or tissues outside of 
the immune system. Neurotrophins (NT), insulin-like growth factor-1 (IGF- 
1), glial growth factors (GGF), fibroblast growth factors (FGF), and ciliary 
neurotrophic factor (CNTF) are among many growth factors that have 
recently been studied in EAE. These molecules have the potential to protect 
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the CNS from damage caused by inflammation, as well as the potential to 
repair the CNS after damage has occurred. Interestingly, many of these 
growth factors have been shown to effect the function of lymphocytes and/or 
be produced by lymphocytes which makes understanding their role in 
neuroimmune interactions valuable in understanding inflammatory 
demyelinating diseases, such as EAE and multiple sclerosis (MS). 

. NEUROTROPHINS 

Neurotrophins are a family of neurotrophic factors that promote the 
survival, differentiation and maintenance of neurons. There are currently 
seven described neurotrophins, nerve growth factor (NGF), brain-derived 
neurotrophin factor (BDNF), neurotrophin (NT)-3, NT-4, NT-5, NT-6, and 
NT-7. The biologically active form of these molecules are non-covalent 
homodimers which interact with two classes of cell surface tyrosine kinase 
receptors. The high affinity receptors include trkA, trkB and trkC. NGF 
binds trkA, BDNF and NT-4/5 bind trkB, and NT-3 binds trkC. The low 
affinity tyrosine kinase receptor, p75, binds all of the neurotrophins with 
similar affinity, yet with different rate constants. The distribution of these 
receptors on different populations of neurons in both the central and 
peripheral nervous system determines the responsiveness of neurons to the 
various neurotrophins. 

Although neurotrophins were originally described because of their 
effects on neurons, it has become increasely clear that their biological effects 
extend well beyond the nervous system. Recent studies have clearly shown 
a bi-directional link between the nervous system and the immune system. In 
particular, there is significant data illustrating the effects of NGF on both the 
innate and adaptive arms of the immune system. NGF has been shown to 
affect mast cells (Aloe 1977, Horigome 1993, Mazurek 1986), basophils 
(Bischoff 1992, Burgi 1996, Miura 2001), neutrophils (Boyle 1985), 
granulocytes (Matsuda 1988), and monocytes/macrophages (Matsuda 1988, 
Chevalier 1994, Ehrhard 1993, Flugel 2001, Kobayashi 2001). In addition, 
NGF has been shown to affect the proliferation, differentiation and trk 
receptor expression by T cells and B cells (Otten 1989, Manning 1985, 
Thorpe 1987, Kimata 1991, Brodie 1992, Bodie 1994, Ehrhard 1993, 
Ehrhard 1994, Garacia 2001, Torcia 2001, Bracci-Laudiero 2002). These 
studies led to interest in the role of neurotrophins in EAE and MS. 

Initial studies attempting to elucidate the role of NGF in EAE 
examined the expression of NGF and its receptors in the CNS during the 
course of EAE. In the Lewis rat model of EAE, the low affinity NGF 
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receptor (p75) was found to be dramatically upregulated on the walls of 
blood vessels and the surrounding neurons in perivascular regions during the 
acute phase of the disease (Calza 1997, 1998). Nataf's (1998) longitudinal 
study of p75 expression in the CNS of EAE-affected Lewis rats showed that 
p75 was first upregulated on the Purkinje cells and later on endothelial and 
perivascular cells, as well as myelinating cells, suggesting that p75/NGF 
may play a role in lymphocyte-endothelial cell interaction during EAE. 
Calza (1997) found that NGF content increased in some areas of the brain, 
but was decreased in the spinal cord during the peak of inflammation. 
Further analysis demonstrated that astrocytes and oligodendrocytes in the 
white matter of EAE-affected brains had an increased expression of NGF 
(Micera 1998). To determine if NGF was providing a protective effect in 
EAE, rats were immunized with NGF/CFA twice prior to EAE induction 
(Micera 2000). This resulted in the production of anti-NGF antibodies 
capable of binding endogenous NGF. The NGF-immunized rats had more 
severe disease, more inflammation, and had a reduction of NGF in the CNS, 
demonstrating the negative effect of NGF deprivation on EAE. 

The obvious next step was to determine if administration of NGF might 
be beneficial in the treatment of EAE. Using a recombinant retrovirus 
encoding NGF, encephalitogenic T cells were generated that produced high 
levels of NGF and transferred into Lewis rats (Flugel 2000). Even though 
these cells maintained a Thl phenotype, they were unable to induce disease 
and these rats had very little CNS inflammation. In addition, NGF was 
shown to upregulate p75 NGF receptor on monocytes and inhibited 
monocyte migration through TNFc~-activated endothelial cells derived from 
brain vasculature in vitro. 

The therapeutic effects of NGF were investigated in a primate model of 
EAE using the common marmoset (Genain 1997, Villoslada 2000). NGF 
was administered via continuous intracerebroventricular infusion beginning 
7 days after immunization with recombinant MOG/CFA. NGF-treated 
marmosets had a lower incidence of disease, a delay in disease onset, and a 
markedly milder clinical course. Histopathological examination of the CNS 
showed minimal demyelination and inflammation. Both glial and 
inflammatory cells within the CNS were found to express the p75 and trkA 
NGF receptors. NGF-treated marmosets had similar lymphoproliferative 
responses to MOG and similar anti-MOG antibody titers, suggesting that 
NGF did not interfere with peripheral T and B cell responses. However, 
cytokine expression in perivascular inflammatory cuffs in NGF-treated 
primates showed minimal IFN~, and a significant increase in IL-10, 
suggesting that the phenotype of the infiltrating cells had shifted from Th 1 to 
Th2. 
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The systemic administration of NGF was evaluated in the BI0.PL 
mouse model of chronic-relapsing EAE (Arredondo 2001). Intraperitoneal 
injection of NGF during the first two weeks post immunization or adoptive 
transfer resulted in a delay in disease onset and decreased severity of disease. 
In vitro stimulation of encephalitogenic T cells with antigen in the presence 
of NGF did not alter the proliferation, cytokine production or the ability of 
these cells to transfer disease, suggesting that NGF alone was not capable of 
altering the phenotype of encephalitogenic T cells. However, when MBP- 
specific T cells were cultured in the presence of IL-4, NGF gene expression 
was increased similar to what had previously seen in cultured astrocytes 
(Brodie 1998). To determine if this was relavant in vivo, NGF levels were 
measured in splenocytes from mice who were given i.p. administration of 
antigen which is an immunization protocol that results in Th2 responses. 
Both NGF and IL-4 were produced by the splenocytes of these mice with a 
concommitant decrease in IFN% demonstrating that NGF production occurs 
in response to Th2-associated stimuli in vivo. Together, these studies 
provide several potential mechanisms by which NGF may ameliorate EAE, 
including inhibiting migration of inflammatory cells across the blood-brain 
barrier and altering the phenotype of potentially encephalitogenic T cells 
from Th 1 to Th2. 

. C I L I A R Y  N E U R O T R O P H I C  F A C T O R  

Ciliary neurotrophic factor (CNTF) was originally identified as a survival 
factor for neurons (Alder 1979). Subsequently, it has been shown to 
promote the differentiation, maturation and survival of oligodendrocytes 
(Barres 1993 and 1996). This observation led to the investigation of the role 
of CNTF in EAE. MOG35-55 induced EAE was more severe in CNTF- 
deficient mice and recovery was poor, but the incidence of disease was 
similar (Linker 2002). Histopathological analysis of the CNS following 
EAE induction in CNTF-deficient mice showed a 60% decrease in the 
number of proliferating oligodendrocyte precursor cells and apoptosis of 
oligodendrocytes was increased by 50% compared to wild-type mice. 
CNTF-deficient mice also had more vacuolar degeneration of myelin which 
is consistent with the loss of oligodendrocytes. Since TNFtx had been 
previously shown to mediate oligodendrocyte apoptosis and loss of myelin, 
the effect of in vivo administration of anti-TNFct was evaluated in the 
CNTF-deficient mice. Anti-TNF~x treatment did not alter the onset of the 
disease, but there was significantly less myelin vacuolation and 
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oligodendrocyte apoptosis. Interestingly, it was recently shown that a null 
mutation in the CNTF gene is associated with early onset MS with 
predominantly motor symptoms (Giess 2002). Consistent with the 
observation in the CNTF-deficient mice, there was no increase in the 
incidence of MS in CNTF-deficient individuals. 

. G L I A L  G R O W T H  F A C T O R  

Since oligodendrocytes produce myelin in the CNS, growth factors that 
stimulate oligodendrocytes are obvious candidates as potential therapies for 
demyelinating diseases. Glial growth factor (GGF2) has been shown to 
promote the proliferation and survival of oligodendrocytes (Marchionni 
1993, Rutkowski 1995, Canoll 1996, Milner 1997). GGF2 is a member of 
the neuregulin family of proteins within the epidermal growth factor 
superfamily (Gassmann 1997). The effect of human recombinant GGF2 on 
chronic relapsing EAE in mice was investigated (Cannella 1998, Marchionni 
1999). Administration of GGF2 to mice during the first ten days after 
adoptive transfer of encephalitogenic T cells resulted in a delay in disease 
onset and reduced disease severity. If treatment with GGF2 was begun 
during the chronic phase of the disease, there was a decrease in the mean 
clinical score compared to the vehicle-treated mice. In addition, the relapse 
rate 

in these mice was reduced and this was seen even after treatment was 
terminated. As anticipated, GGF2-treated mice showed more remyelination 
than control mice and had an increase in gene expression of MBP exon 2 
which is only contained in an isoform of MBP produced during myelination. 
Analysis of cytokine expression in the CNS of GGF2-treated mice showed 
an increase in IL-4 in mice treated early and an increase in IL-10 in mice 
treated during the chronic phase of the disease, suggesting the GGF2 may 
enhance the expression of Th2 (regulatory) cytokines in the CNS. 

. I N S U L I N - L I K E  G R O W T H  F A C T O R - 1  

Insulin-like growth factor-1 (IGF-1) is a single-chain polypeptide with 
structural homology to pro-insulin. It is abundant in the circulation and is 
produced by many tissues, and it regulates the proliferation and 
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differentiation of many cell types. As reviewed in Folli (1996), IGF-1 has 
been shown to play a role in CNS development, injury repair, 
neurodegeneration, as well as a neuromodulator of some higher brain 
functions. However, it was the ability of IGF-1 to promote the survival of 
oligodendrocytes and the formation of myelin sheaths in vitro that prompted 
the investigation of IGF-1 in demyelinating disease (Mozell 1991, Barres 
1992, 1993). The potential of IGF-1 to enhance myelin production was 
confirmed in transgenic mice that overexpressed IGF-1. These mice 
produced significantly more CNS myelin than wild-type mice (Carson 
1993). In situ hybridization analysis of IGF-I and associated receptors in 
EAE-affected rats showed that reactive astrocytes produced high levels of 
IGF1 and oligodendrocytes expressed IGF-1 receptors in areas of lesions 
(Liu 1994). This observation was also seen in cuprizone-induced 
demyelination and cryogenic spinal cord injury (Komoly 1992, Yao 1995). 

The therapeutic potential of IGF-1 in EAE was first examined in the 
Lewis rat model. In the initial studies, IGF-1 was administered 
intravenously at the first signs of tail and hind limb weakness. This resulted 
in lower maximum clinical deficit scores and a faster recovery than the 
control animals. IGF-1 treatment appeared to reduce the permeability of the 
blood-spinal cord barrier as demonstrated by Evans-blue albumin transport. 
Further analysis illustrated that there were fewer and smaller inflammatory 
lesions in the spinal cord. Since IGF-1 had previously been shown to 
enhance myelin formation and promote oligodendrocyte survival in vitro, it 
seemed possible that IGF-I's therapeutic effects may be due to 
remyelination and oligodendrocyte proliferation. Following EAE induction 
in Lewis rats, the gene expression of several myelin proteins was up- 
regulated, including MBP, PLP and CNPase (Yao 1995). In addition, there 
appeared to be proliferating oligodendrocyte-like cells in the area of lesions. 
In the adoptive transfer model of Lewis rat EAE, which has CNS 
inflammation in the absence of demyelination, IGF-1 treatment decreased 
disease severity, lesion numbers, lesion areas, and the number of infiltrating 
cells (Liu 1997). This observation suggested that IGF-l-mediated 
remyelination was not responsible for the therapeutic effect of IGF-1 in the 
Lewis rat. 

To determine how effective IGF-1 may be on relapsing-remitting 
demyelinating disease which is more reminiscent of multiple sclerosis, two 
murine models of EAE were evaluated. Li (1998) adoptively transferred 
MBP-specific T cells into SJL/J mice and administered IGF-1 on days 7-16 
post-transfer. Again, there was a reduction in disease severity, number of 
lesions and size of lesions. Three-dimensional MR microscopy of placebo- 
treated mice showed abnormal signal throughout the brain that was not 
present in the IGF-l-treated mice or the normal control mice, which may 
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reflect changes in the permeability of cell membranes and/or the blood-brain 
barrier (Xu 1998). 

Since IGF-1 can bind to insulin receptors, as well as IGF-1 
receptors, the effect of IGF-1 on EAE in (PLXSJL)F1 mice was analyzed 
using both free IGF-1 and IGF-1 bound to IGF-1 binding protein-3 (IGF- 
1/IGFBP3) to determine if the dose of IGF-1 could be optimized without the 
development of hypoglycemia due to IGF-1 occupation of insulin receptors 
(Lovett-Racke 1998). Pharmacodynamic studies showed that free IGF-1 
could be given at 10 mg/kg/day and IGF-1/IGFPB3 complex given at 100 
mg/kg/day, which is equivalent to 20 mg/kg/day free IGF-1, without clinical 
signs of hypoglycemia. In the initial experiments, IGF-1/IGFBP3 complex 
was given twice daily during the first three weeks following transfer of 
encephalitogenic T cells. The disease onset was delayed in a dose- 
dependent manner, but disease severity was dramatically enhanced in the 
IGF-1/IGFBP3-treated mice. The histopathology of the CNS of these 
animals paralleled the clinical picture with minimal inflammation prior to 
the onset of clinical symptoms followed by increased inflammation, 
demyelination and axonal degeneration compared to placebo-treated 
animals. To determine if this increased disease severity was due to IGF-1 
being bound to IGFBP3, treatment with free IGF-1 and the complex were 
compared. Comparison of equimolar amounts of IGF-1 or IGF-1/IGFBP3 
administered during the first week post-transfer of encephalitogenic cells 
showed that free IGF-1 was only mildly beneficial and the complex provided 
no clinical benefit. When equimolar amount of IGF-1 or IGF-1/IGFBP3 
were given at the onset of disease (days 12-20), IGF-1 had a similar disease 
course as controls and the complex-treated mice had more severe disease. 
Analysis of adhesion molecule expression within the CNS showed a 
decrease in ICAM-1 expression in IGF-1 and complex treated mice which 
may have played a role in the inhibition of inflammation early in the disease. 
In vitro culture of encephalitogenic T cells with IGF-I/IGFBP3 resulted in 
increased proliferation of these cells which may explain why disease was 
exacerbated in mice treated with this complex. In a second study that 
examined IGF-1 treatment in SJL/J mice, there was only a transient clinical 
amelioration of disease and a low level of remyelination after IGF-1 
treatment during the acute phase (Cannella 2000). During the chronic phase 
of the disease, there was no evidence of enhanced remyelination or 
alterations in oligodendrocyte progenitor populations. 
The previous studies in rodents showed that timing, dosage, and species may 
all be critical factors in using IGF-1 as a therapy in inflammatory 
demyelinating disease. An open-label, crossover study was performed in 7 
MS patients to determine the safety and efficacy of recombinant human IGF- 
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1 (Frank 2002). After 6 months of therapy, there was no significant 
difference in MRI or clinical measures of disease activity in these patients. 
The drug was well tolerated, but accumulating data suggest that IGF-1 may 
not be as beneficial as anticipated in the treatment of inflammatory 
demyelinating disease. 

. F I B R O B L A S T  G R O W T H  F A C T O R  

Like IGF-1, basic fibroblast growth factor (FGF-2) has been shown to 
stimulate the differentiation of precursor cells to mature oligodendrocytes in 
vitro (McKinnon 1990). FGF-2 is ubiquitously expressed in the periphery 
and is expressed by several types of neurons and astrocytes (Grothe 1991, 
Gomez-Pinilla 1992, Koshinaga 1993, Eckenstein 1994, Follesa 1994, Liu 
1994, Reilly 1996). FGF-2 promotes neuronal survival and neurite 
outgrowth (Walicke 1986, Unsicker 1986). FGF-2 expression in the CNS 
of EAE-affected Lewis rats was analyzed as a means to assess the potential 
role of this molecule in inflammatory demyelinating disease (Liu 1998). 
FGF-2 gene expression was dramatically increased in the spinal cords of 
EAE-affected rats compared to normal rats. FGF-2 expression was limited 
to neurons in normal CNS tissue, but was prominent in microglia in the 
perivascular regions of EAE-affected tissues. Similarly, the FGF-2 receptor 
(FGFR1) was induced in activated microglia. The expression of FGF-2 on 
microglia had previously only been seen in vitro (Shimojo 1991, Presta 
1995). Liu (1998) gave several potential roles for FGF-2 in EAE. First, it 
may regulate the activity of microglia in an autocrine manner. Second, it 
may induce the expression of IGF-1 which may enhance remyelination. 
Third, it may promote the proliferation of oligodendrocytes in the areas of 
demyelination. The effect of FGF-2 as a therapy has not yet been published. 

. N E U R O P R O T E C T I O N  BY 
E N C E P H A L I T O G E N I C  T C E L L S  

Both MS patients and healthy individuals have myelin-reactive T cells in 
their peripheral blood, suggesting that the presence of these autoreactive T 
cells is not sufficient to confer susceptibility to MS (Burns 1983, Martin 
1990, Zhang 1992, Joshi 1993). It has been shown that the majority of 
MBP-reactive T cells in MS patients are less dependent on CD28-mediated 
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costimulation which is more characteristic of memory cells (Lovett-Racke 
1998, Scholz 1998). However, several studies have shown that insults to the 
CNS such as peripheral nerve injury (Olsson 1992 and 1993), 
cerebrovascular disease (Wang 1992), and viral infection (Miller 1997) can 
lead to the expansion of myelin-reactive T cells in vivo. These findings have 
shifted our focus on the role of these cells from the belief that autoreactive T 
cells should be eliminated during thymic selection to understanding how 
these cells may become encephalitogenic in only a relatively small 
percentage of the population. There is increasing evidence to indicate that T 
cells may actually provide a neuroprotective effect in the event of nerve 
injury, thus providing a possible explanation why it may be beneficial to 
maintain a population of myelin-reactive T cells. 

To evaluate whether lymphocytes effect the severity of motoneuron 
loss during nerve injury, Serpe (1999) performed facial nerve transections in 
severe combined immunodeficient (scid) mice and found that these mice had 
more motoneuron loss than the wild-type controls. Moalem (1999) showed 
that the protection against neuronal loss following mechanical nerve injury 
was due specifically to the presence of myelin-reactive T cells. This was 
demonstrated by showing that the transfer of MBP-specific, but not 
ovalbumin-specific, T cells protected retinal ganglion cells after optic nerve 
crush. These studies, as well as the observation that lymphocytes express 
many growth factors known to affect cells of the CNS, led to the hypothesis 
that lymphocytes may express molecules that protect neurons from damage. 
Since it was known that treatment with neurotrophins enhanced neuronal 
survival after injury, the role of neurotrophins produced by infiltrating 
lymphocytes following nerve injury was investigated. In rats that were 
immunized with MBP one day prior to ventral root avulsion, there was a 
50% higher survival rate of motoneurons in immunized animals versus 
controls (Hammarberg 2000). Both BDNF, NT-3 and glial cell line-derived 
neurotrophic factor were expressed by T and NK cells in the spinal cord. 
The expression of these neurotrophins was not limited to the 
encephalitogenic T cells, but was actually higher in the non-specifically 
recruited T cells. In the optic nerve crush model of nerve injury, it was 
shown that after local administration of a tyrosine kinase inhibitor known to 
prevent autophosphorylation of NT receptors, the neuroprotective effect of 
anti-MBP T cells was diminished (Moalem 2000). These studies suggests 
that production of neutrophins by CNS infiltrating T cells may limit neuronal 
damage during injury. 
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8.  C O N C L U S I O N  

Chapter A 16 

Theoretically, several of the growth factors previously discussed seem 
like ideal candidates as therapeutic agents in the treatment of inflammatory 
demyelinating disease. IGF-1, GGF2, FGF are all capable of influencing the 
function of oligodendrocytes, which are the myelinating cells of the CNS. 
Since the myelin sheath appears to be the primary target of inflammatory 
cells in EAE and MS, these molecules possess the potential to enhance 
remyelination and oligodendrocyte proliferation. NGF and CNTF are potent 
neurotrophic factors that promote the survival of neurons. Since it appears 
that axonal loss following demyelination may be responsible for the 
permanent deficits seen during the progressive phase of MS, these agents 
seem like obvious candidates to limit axonal damage. However, these initial 
studies summarized here using these growth factors as treatments for EAE 
have demonstrated how vast the effects of these molecules are outside of the 
nervous system. In particular, these growth factors can have profound 
effects on immune cells which may alter the encephalitogenicity of 
lymphocytes in a positive or negative manner. Consequently, it has become 
increasingly clear that understanding the role that these growth factors play 
in both the nervous system and immune system are critical in determining 
how effective they may be as therapies for inflammatory demyelinating 
disease. 
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Chemokines chemoattract selected populations of inflammatory cells towards 
sites of inflammation in a gradient-dependent fashion, and also activate both 
recruited and resident inflammatory cells. Chemokines act on target cells 
through G-protein-coupled seven-transmembrane-domain receptors. High 
expression of several chemokines was found in the CNS during EAE. Cells 
expressing these chemokines were predominantly astrocytes and macrophages/ 
microglia. In addition to chemokines, expression of several chemokine 
receptors was reported in EAE. Amelioration of EAE by anti-chemokine 
antibodies and studies in knock-out mice confirm the important roles of some 
chemokines in EAE pathogenesis. In the last several years many reports have 
been published addressing chemokine expression in multiple sclerosis. These 
results resemble results obtained earlier in EAE. Taken together, these data 
suggest that chemokine system may be a promising target for lhture treatment 
methods of multiple sclerosis. 

Chemokines, chemokine receptors, experimental autoimmune 
encephalomyelitis, neuroinflammation, inflammatory cell migration 

Experimental  autoimmune encephalomyelit is  (EAE) is a model 
autoimmune disease of the central nervous system (CNS) induced in 
susceptible strains of  experimental animals with myelin, myelin proteins or 
peptides. The classical autoantigens used for EAE induction are myelin basic 
protein (MBP), proteolipid protein (PLP) and myelin ol igodendrocyte 
glycoprotein (MOG). This model may be induced in appropriate strains of 
mice, rats, guinea pigs and nonhuman primates including rhesus and 
marmoset  species. The advances made by studying this experimental disease 
resulted from the observation that the pathology of  EAE resembles in some 
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respects the pathology of the major human demyelinating disease - multiple 
sclerosis (MS). Typical histopathological hallmarks of the initial phase of 
both diseases are perivascular mononuclear inflammatory foci disseminated 
in the CNS. The mechanism of migration of inflammatory cells from blood 
to the CNS has been studied for many years and it remains incompletely 
understood. Our knowledge about this process has significantly grown since 
the observation that chemoattractant cytokines - chemokines may play an 
important role in inflammatory cells homing to the CNS. 

CHEMOKINES AND THEIR RECEPTORS 

Chemokines and their receptors are the principal determinants of 
leukocyte-type and organ specificity within inflammatory foci. Chemokines 
chemoattract selected populations of inflammatory cells towards sites of 
inflammation in a gradient-dependent fashion, and also activate both 
recruited and resident inflammatory cells. The chemokine family can be 
divided into four separate subfamilies (CXC, CC, C, CXXXC) according to 
the position of the first two cysteines near the N-terminus. Beyond these 
differences in structure, there are also functional differences between 
chemokine subfamilies. The largest subfamilies are CXC and CC 
chemokines. In CXC chemokines the first two cysteines are separated by one 
additional amino acid. The CXC subfamily can be further divided into two 
groups, one with ELR (glutamate-leucine-arginine) motif preceding the first 
cysteine and another without it. CXC chemokines with ELR are primarily 
chemoattractant for neutrophils, while several other non-ELR chemokines 
attract mainly activated lymphocytes and monocytes. SDF-1/CXCL12 is an 
outlier among chemokines in that it acts towards many non marrow-derived 
cells in addition to most leukocytes. CC chemokines have the first two 
cysteines adjacent to one another. They attract principally mononuclear 
leukocytes. The C subfamily consists of lymphotactin which is a potent T 
cell chemoattractant. The single member of CXXXC subfamily is 
fractalkine, a chemokine with three amino acids intervening between the first 
two cysteines. Fractalkine is the prototype tethered chemokine with a long 
stalk attached to the cell membrane; CXCL16 also possesses this unusual 
structure. After cleavage fractalkine may chemoattract mononuclear 
inflammatory cells [1, 2]. In the last few years several new chemokines were 
described by independent research teams. They have been known by 
different names. This complicated chemokine nomenclature. To solve this 
problem, a consensus meeting at the Keystone Chemokine Conference 
(Keystone, CO, January 18-23, 1999) proposed a new nomenclature for the 
chemokines (Table 1). 
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Table 1. N e w  n o m e n c l a t u r e  for  m o u s e  c h e m o k i n e s  ( K e y s t o n e  C h e m o k i n e  

C o n f e r e n c e ,  K e y s t o n e ,  01 .18-23 ,1999) .  

Systematic Mouse ligand Receptor(s) Systematic Mouseligand Receptor(s) 
name name 

CC CHEMOKINE FAMILY CXC CHEMOKINE FAMILY 

CCL1 TCA-3, P500 CCR8 CXCL1 GRO(KC) CXCR2, 
CXCR1 

CCL2 MCP- 1, JE CCR2 CXCL2 GRO(KC) CXCR2 
CCL3 MIP-I~ CCR1, CXCL3 GRO(KC) CXCR2 

CCR5 
CCIA CCR5 CXCLA- PF4varl, PF4alt Unknown 
CCL5 

MIP-I~ 
RANTES CCR1, 

CCR3, 
CCR5 

CXCL5 LIX CXCR2 

CCL6 C 10, Unknown CXCL6 CKc~-3 CXCR 1, 
MRP- 1 CXCR2 

CCL7 MARC, CCR1, CXCL7 Unknown Unknown 
F1C, CCR2, 

NC28 CCR3 
CCL8 MCP-2 CXCL8 Unknown Unknown 

CCL9, 
CCL10 

CCL 11 
CCL12 
CCL13 

MRP-2, 
CCF18, 
MIP- 17 
Eotaxin 
MCP-5 

Unknown 
Unknown 
Unknown 

LCC- 1 
TARC 

CCL14 

CCR2, 
CCR3 

Unknown 

CCR3 
CCR2 

Unknown 
Unknown 
Unknown 

CCR1 
CCR4 

CCL 15 

CXCL9 

CXCL10 
CXCL11 
CXCL12 
CXCL 13 
CXCL14 
CXCL15 CCL16 

Mig 

crg-2, mob- 1 
Unknown 
S D F - I ~  

BLR1L, Angie 
BRAK 

Lungkine 
CCL17 

CXCR3 

CXCR3 
Unknown 
CXCR4 
CXCR5 

Unknown 
Unknown 

CCL18 Unknown Unknown C CHEMOKINE FAMILY 
MIP-3~ 
MIP-3tx 
6Ckine 

ABCD-1 
Unknown 

CCL19 
CCL20 
CCL21 
CCL22 
CCL23 
CCL24 
CCL25 
CCL26 

Unknown 
TECK 

CCR7 
CCR6 
CCR7 
CCR4 

Unknown 
Unknown 

CCR9 
Unknown Unknown 

XCL1 Lymphotactin XCR1 

CX3C CHEMOKINE FAMILY 

CX3CL1 I Fractalkine [ CX3CR1 

CCL27 CTACK, ALP Unknown 
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Chemokines act on target cells through G-protein-coupled seven- 
transmembrane-domain receptors. They are designated as CXCR, CCR, 
XCR and CXXXCR. The largest family of chemokine receptors are CCR 
receptors consisting at present of ten well-characterized members. CXCR 
family of receptors consists of five receptors described to date (CXCR1- 
CXCR5). There are only two XCR receptors and one CXXXCR receptor. 
Classically chemokine receptors are divided into four different subgroups: 
shared, specific, promiscuous and viral [3]. Most of the chemokine receptors 
belong to the first group because they bind more than one chemokine ligand. 
A typical example of this kind of chemokine receptor is CXCR2 that binds 
as many as seven CXC chemokines with ELR motif. The example of 
specific receptor is CXCR4 that binds SDF-1/CXCL12. Duffy blood group 
antigen (DARC) is a promiscuous chemokine-binding molecule (distinct 
from a receptor), which can bind several chemokines belonging to CXC and 
CC subfamilies but does not signal. Many viruses including 
Cytomegalovirus CMV US28 and Herpes virus saimiri HSV ECRF3 encode 
chemokine receptors. The role of virally encoded chemokine receptors is 
unknown [4]. 

CHEMOKINES IN EAE 

Initial studies describing chemokine expression in EAE were published 
less than ten years ago [5, 6]. They showed that chemokines MCP-1/CCL2 
and IP-10/CXCL10 were transiently upregulated in mouse and rat models. In 
the mouse model astrocytes were the cellular source of chemokine 
expression confirmed by coiocalization studies using in situ hybridization 
and immunohistochemistry for GFAP [7, 8]. Later other chemokines 
including RANTES/CCL5, MIP-I~CCL3, MIP-I[3/CCL4, TCA-3/CCL1, 
IP-10/CXCL10, MCP-1/CCL2, KC/CXCL1-3 and MCP-3/CCL7 were also 
detected in the spinal cord during passive transfer mouse EAE [9]. 
Encephalitogenic T cells expressed RANTES/CCL5, MIP-lot/CCL3, MIP- 
113/CCL4 and TCA-3/CCL1 in that study [9]. In murine EAE expression of 
chemokines RANTES/CCL5, MIP-1 ~CCL3 and GRO-~CXCL1 correlated 
with the intensity of CNS inflammation [10]. Analyzing the kinetics of 
chemokine gene expression at the beginning of EAE we suggested that 
chemokines amplify but not initiate invasion of CNS by inflammatory cells 
from the blood [11]. In chronic relapsing EAE we observed increased 
expression of MCP- 1/CCL2, IP- 10/CXCL 10, MIP- 1 ~CCL3, 
RANTES/CCL5 and GRO-~CXCL1 at the beginning of spontaneous 
disease relapse. Chemokines MCP-1/CCL2, IP-10/CXCL10 and GRO- 
~CXCL1 were expressed by astrocytes in the vicinity of inflammatory foci, 
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whereas MIP-I~CCL3 and RANTES/CCL5 were expressed by 
inflammatory cells [12]. In variant of EAE in BALBc mice characterized by 
pronounced neutrophil accumulation upregulation of MIP-logCCL3, MIP- 
2/CXCL2-3 and MCP-1/CCL2 was reported. The main cellular sources of 
MIP-1 ~CCL3 and MIP-2/CXCL2-3 in this model were activated astrocytes. 
Neutrophils produced MIP-I~CCL3 and MCP-1/CCL2 [13]. In an EAE 
model enhanced by focal brain injury (cryolesion) significant upregulation of 
chemokines MCP-1/CCL2 and MCP-5/CCL12 was observed at the 
beginning of the disease. Interestingly, expression of RANTES/CCL5, GRO- 
c~/CXCL1 and MIP-lcz/CCL3 was not elevated in these animals. These 
results suggest that MCP-1/CCL2 and MCP-5/CCL12 are selectively 
involved in enhancement of autoimmune inflammation by focal cortical 
injury [14]. 

Recently expression of relatively new chemokines was analyzed in 
EAE. High expression of C10/CCL6 was found in the CNS during MBP- 
induced murine EAE. Cells expressing this chemokine were predominantly 
macrophage/microglia and foamy macrophages present in perivascular cuffs 
and within the demyelinating lesions [15]. Expression of CXC chemokine I- 
TAC/CXCLll  was very low early after induction of EAE, but was 
upregulated at day 14 post-immunization. By day 20, expression of I- 
TAC/CXCL11 in EAE returned to low baseline levels [16]. 

CHEMOKINE RECEPTORS IN EAE 

In addition to chemokines, expression of several chemokine receptors 
was reported in EAE. In the first study in acute rat EAE upregulation of 
CXCR4, CCR2, CCR5, CCR6 and CX3CR1 was observed in the lumbar 
spinal cords [17]. In chronic-relapsing EAE expression of CXCR2 and 
CXCR4 was significantly increased in the spinal cord during relapses. It was 
suggested that CXCR2 is expressed by migrating inflammatory cells, 
whereas CXCR4 is expressed mainly by CNS parenchymal cells [18]. We 
also observed upregulation of CC chemokine receptors CCR1, CCR2 and 
CCR5 during the initial attack and relapse of the same chronic EAE model 
[19]. CCR5 was expressed by inflammatory cells invading the spinal cord. 
CC chemokine receptors associated with Th2 T-cells (CCR3 and CCR4) 
were not detected during the active stages of this model [19]. 

It was reported recently that CCR6 and its ligand MIP-3ogCCL20 are 
upregulated in the CNS during EAE. MIP-3cMCCL20 is a potent 
chemoattractant for dendritic cells, which infiltrate the spinal cord in this 
model [20]. Moreover, in the rat acute EAE model CXCR3 and all its 
ligands IP-10/CXCL10, Mig/CXCL9 and I-TAC/CXCL11 were detected in 
the spinal cord. In the draining lymph nodes only expression of CXCR3, IP- 
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10/CXCL10 and Mig/CXCL9 was detected [21]. A CC chemokine receptor 
CCR7 associated with lymph-node trafficking, as well as CXCR3, were 
found by immunostaining on encephalitogenic T cells isolated from mice 
with EAE [22]. Immunohistochemistry localized ligands for these receptors, 
ELC/CCL19 and SLC/CCL21 within inflammatory cuffs in CNS 
parenchyma. This is the first observation suggesting that these chemokines 
are also involved in lymphocyte migration to the CNS during EAE, in 
addition to their documented role in regulation of lymphocyte homing to 
lymphoid tissue [22]. 

In acute EAE encephalitogenic CD4+ T cells isolated from the CNS 
expressed mRNA for chemokine receptors CCR1 - CCR5 [23]. 
Encephalitogenic T cells isolated from spleens of the same animals did not 
express CCR1, but expressed other analyzed CC chemokine receptors. 
Neutralization of the CCR1 ligand, MIP-I~CCL3 resulted in lower 
accumulation of encephalitogenic T cells in the CNS [23]. 

Depletion of gamma-delta T cells reduced expression of CCR1, CCR2, 
CCR3 and CCR5 at the beginning of EAE. Later levels of CCR2, CCR3 and 
CCR5 were higher than in control EAE mice. Similarly expression of 
chemokines RANTES/CCL5, MIP-1 ~CCL3, MIP- 1 ~/CCL4, MIP- 
2/CXCL2-3, MCP-1/CCL2, eotaxin in gamma-delta depleted mice was 
reduced at the onset of EAE [24]. Levels of CXCR2, CXCR3, CCR1, CCR5 
and CCR8 in spinal cords were significantly reduced by protection from 
EAE with altered peptide ligand (APL). In APL-treated mice CCR3 and 
CCR4 epitopes were found mostly on lymphocytes supporting the 
hypothesis that Thl cells are down-regulated by APL treatment [25]. 

CHEMOKINES IN GENETICALLY MODIFIED 
ANIMALS WITH EAE 

In interferon gamma knockout (GKO) mice with EAE expression of IP- 
10/CXCL10 was selectively diminished in the spinal cord. This observation 
suggests that expression of IP-10/CXCL10 in EAE is induced by IFN-~, [26]. 
Upregulation of neutrophil-attracting chemokines MIP-2/CXCL2-3 and 
TCA-3/CCL1 was observed in IFN-~, and IFN-~, receptor-deficient mice. In 
those models expression of MCP-1/CCL2 and RANTES/CCL5 was 
undetectable during EAE [27]. Moreover, in the CNS of GKO mice PCR 
analysis showed very low levels of I-TAC/CXCLll throughout the time 
course of the disease, although these mice developed severe EAE [ 16]. 

It has been recently demonstrated that chemokine and chemokine 
receptor expression during EAE follows a distinct pattern in cytokine 
deficient mice [28]. In TNF-c~ knockout mice expression of MIP-lo~/CCL3 
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and MIP-2/CXCL2-3 was almost completely absent, while expression of 
RANTES/CCL5 and IP-10/CXCL10 revealed strong reduction, and the 
decrease of MCP-1/CCL2 was moderate (50%). IFN-~, deficient mice 
displayed pronounced reduction of RANTES/CCL5 and IP-10/CXCL10 and 
moderate decrease in MIP-I~CCL3,  MIP-2/CXCL2-3 and MCP-1/CCL2 
[28]. Other analyzed knockout mice (IL-4 and IL-10 KO) showed less 
remarkable diminution of chemokine expression during EAE. In IL-4 
deficient mice only a 50-60% decrease of RANTES/CCL5 and MIP- 
I~CCL3 was found, whereas in IL-10 KO mice 50-60% reduction was 
detected for RANTES/CCL5, IP-10/CXCL10, MIP-lc~/CCL3 and MIP- 
2/CXCL2-3 [28]. In addition to chemokine expression, expression of 
chemokine receptors was also analyzed in those experiments. Expression of 
CCR1, CCR2 and CCR5 receptors was diminished in TNF-o~ and IL-10 
knockout mice. Lack of IL-4 or IFNq, weakly affected expression of these 
three chemokine receptors [28]. 

Chemokine and chemokine receptor expression was also analyzed in 
the CNS of TCR BV8S2 transgenic mice expressing BV8S2 specific for the 
myelin basic protein (MBP)-NAcl-11 peptide [29]. In the spinal cord of 
these mice increased expression of chemokines RANTES/CCL5, IP- 
10/CXCLI0 and MCP-1/CCL2 as well as chemokine receptors CCR1, 
CCR2 and CCR5 was found. This expression correlated with pronounced 
cellular infiltration of the target organ. Transgenic mice protected from EAE 
by vaccination with heterologous rat BV8S2 protein showed amelioration of 
inflammatory infiltrates in the spinal cord. This amelioration correlated with 
a profoundly reduced expression of chemokines and their cognate receptors 
in the spinal cords of treated animals [29]. 

EAE IN ANIMALS WITH GENETICALLY MODIFIED 
CHEMOKINE SYSTEM 

Recently two publications showed that CCR2 plays an important role in 
the pathogenesis of EAE [30, 31]. Mice without CCR2 did not develop 
clinical signs of EAE and did not ,accumulate mononuclear inflammatory 
cells in the CNS. CCR2 knockout mice failed to upregulate RANTES/CCL5, 
MCP-1/CCL2, IP-10/CXCL10, CCR1, CCR2 and CCR5 during EAE. In 
addition, their T cells displayed decreased proliferation in response to 
autoantigen and lower production of IFN-], than T cells from control wild- 
type animals [30]. MOG-specific T cells from CCR2-deficient mice were 
able to induce passive-transfer EAE but autoimmune T cells from wild-type 
animals transferred to CCR-2 knockout recipients could not induce EAE 



370 Chapter A17 

[31]. Complementing these results, CCR2 knockout mice showed impaired 
recruitment of monocytes and degradation of myelin at the site of a spinal 
cord contusion injury [32]. 

C57BL/6 mice lacking CCR2 ligand - MCP-1/CCL2, are also resistant 
to EAE induction and show impaired recruitment of macrophages to the 
CNS [33]. Similarly like in CCR2 knockout mice, T cells from MCP- 
1/CCL2 deficient animals were able to induce passive-transfer EAE in naive 
recipients, whereas autoimmune T cells from wild-type mice transferred to 
mice lacking MCP-1/CCL2 did not trigger clinical EAE [33]. Disruption of 
MCP-1/CCL2 gene in SJL mice produced milder EAE. Expression of MCP- 
2/CCL8, MCP-3/CCL7 and MCP-5/CCL12 was not upregulated in MCP- 
1/CCL2 knockout mice with EAE but expression of IFN-~, in CNS and 
draining lymph nodes was reduced in those animals [33]. 

CCR1 knockout mice developed less severe EAE [34]. Disease 
incidence and clinical score were significantly lower than in wild-type 
controls. Moreover, only expression of IP-10/CXCL10 was elevated in 
CCRl-deficient mice, whereas in controls expression of IP-10/CXCL10, 
RANTES/CCL5 and MCP-1/CCL2 was elevated. Lymphocyte proliferation, 
cytokine production upon stimulation with MOG and cutaneous 
hypersensitivity were similar in both groups showing that CCRI knockout 
mice were not immunosuppressed [34]. 

Mice with lack of MIP-I~CCL3 and its receptor CCR5 are fully 
susceptible to development of acute EAE [35]. Clinical and 
histopathological signs of EAE in these knockout mice were 
indistinguishable from those observed in wild-type control animals with 
EAE. IP- 10/CXCL 10, RANTES/CCL5, MCP- 1/CCL2, MIP- 1 [~/CCL4, MIP- 
2/CXCL2-3, Lymphotactin/XCL1 and TCA-3/CCL1 gene expression during 
EAE was similar in MIP-I(x/CCL3 deficient mice and in controls. 
Additionally, comparable Thl responses were present in the spinal cord of 
MIP-1 ~CCL3 knock-out mice and wild-type animals [35]. 

TREATMENT OF EAE 
STRATEGY 

WITH ANTICHEMOKINE 

Initial attempts to treat EAE with anti-chemokine strategies came from 
Karpus and colleagues. They showed that anti-MIP-loc/CCL3 antibodies 
prevent development of an initial attack of EAE after adoptive transfer of 
activated antigen-specific T cells. Moreover, anti-MIP-I~CCL3 antibodies 
may also ameliorate ongoing disease [36]. This therapy does not influence 
the cytokine production by encephalitogenic T cells suggesting that they 
rather influence inflammatory cell recruitment to the CNS [36]. Later, the 
same group showed that anti-MCP-1/CCL2 antibodies, which were inert 
towards initial attacks, could reduce relapses of chronic-relapsing disease, 
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which were unaffected by anti-MIP-I~CCL3 [37]. In another study anti- 
MIP-113/CCL4 and anti-MCP-1/CCL2 antibodies influenced the onset of 
EAE and disease severity [38]. Expression of MIP-I[3/CCL4 was not 
detected in the spinal cord of antibody-treated animals, but expression of 
RANTES/CCL5, MCP-1/CCL2 and MIP-I~CCL3 was not decreased in 
these animals. Anti-RANTES/CCL5 and anti-MIP-lo~/CCL3 treatment had 
no significant effect on amelioration of EAE [38]. 

There are unclear observations regarding treatment of EAE with anti- 
IP-10/CXCL10 antibodies. In a murine model induced with 139-151 PLP 
peptide anti-IP-10/CXCL10 polyclonal antibody decreased clinical and 
histological EAE [39]. In that study anti-IP-10/CXCL10 treatment was 
shown to decrease accumulation of mononuclear cells in the CNS. 
Specifically accumulation of encephalitogenic T cells in the spinal cord was 
diminished. Anti-IP-10/CXCL10 did not influence the peripheral activation 
of encephalitogenic T cells [39]. Opposite results were reported in acute 
EAE induced by immunizing rats with guinea pigs brain homogenate [21]. 
In that model, treatment with neutralizing antibody against IP-10/CXCLI0 
resulted in exacerbation of EAE with increased migration of T cells to the 
CNS. In the group treated with anti-IP-10/CXCL10, draining popliteal 
lymph nodes were smaller, with lower cell number than in the control group. 
In the spinal cords of these mice, larger numbers of CD4+ infiltrating cells 
were found [21]. 

A newer strategy to block chemokine-chemokine receptor interactions 
was the usage of chemokines with amino-terminal modifications converting 
agonists to specific antagonists. An example of this type of compound is 
Met-RANTES/CCL5. However, recent study showed that Met- 
RANTES/CCL5 is ineffective in prevention and treatment of acute EAE. In 
a chronic-relapsing model this treatment showed modest amelioration of 
neurological disability. Histological analysis of treated mice did not show 
reduction of inflammatory cell accumulation in the CNS [40]. 

Several other therapeutic strategies of EAE were shown to affect the 
chemokine system. Oral administration of myelin basic protein (MBP) 
conjugated to cholera toxin B subunit before the appearance of the first signs 
of EAE prevented the development of the disease in Lewis rats. This 
treatment was associated with a significant reduction of inflammation in the 
CNS. In situ hybridization analysis showed evident reduction of MCP- 
1/CCL2 and RANTES/CCL5 expression in spinal cords of treated animals 
[41]. Treatment of ongoing EAE with granulocyte-CSF (G-CSF) resulted in 
significantly reduced expression of chemokines RANTES/CCL5, MIP- 
loc/CCL3, MIP-I~3/CCL4, MCP-1/CCL2 and MIP-2/CXCL2-3 in spinal 
cords [42]. G-CSF-treated mice displayed reduced recruitment of T cells to 
the CNS and limited demyelination. G-CSF induced a cytokine imbalance in 
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periphery characterized by deviation towards a type 2 immune response, 
with reduced IFN-y and increased IL-4 levels. Gene therapy of EAE with an 
HSV vector containing IL-4 gene reduced severity of this disease. 
Amelioration of EAE was associated with decreased expression of MCP- 
1/CCL2 and RANTES/CCL5 in the CNS of treated mice [43]. 

CHEMOKINES AND CHEMOKINE RECEPTORS IN 
MULTIPLE SCLEROSIS 

In the last several years many reports have been published addressing 
chemokine expression in MS. These results resemble results obtained earlier 
in EAE. In one of the first studies, expression of RANTES/CCL5 was 
described in perivascular inflammatory cells [44]. Expression of MCP- 
1/CCL2 by astrocytes and inflammatory cells was demonstrated in another 
study. In that study, MIP-I~CCL3 and MIP-I[3/CCL4 were expressed in 
inflammatory cells in active MS plaques [45]. MCP-1/CCL2, MCP-2/CCL8 
and MCP-3/CCL7 were detected in reactive astrocytes and inflammatory 
cells in acute and chronic MS lesions [46]. Recently hematogenous 
monocytes expressing CCR1 and CCR5 were found in perivascular cuffs in 
active MS lesions. In later stages macrophages CCR1-/CCR5+ predominated 
[47]. 

In cerebrospinal fluid from MS patients with relapse we found 
increased levels of IP-10/CXCL10, Mig/CXCL9 and RANTES/CCL5 [48]. 
IP-10/CXCL10 was detected in all CSF samples from active MS. Cells 
bearing receptors for IP-10/CXCL10 were localized in MS plaques. CXCR3, 
the receptor for IP-10/CXCL10, was detected on lymphocytes in 
perivascular inflammatory cuffs as well as on approximately 90% of T cells 
from the cerebrospinal fluid of MS patients. CCR5, receptor for 
RANTES/CCL5 was present on lymphocytes, macrophages and microglial 
cells in active MS lesions. MCP-1/CCL2, chemokine associated with Th2 
responses was significantly reduced in CSF of patients with MS attacks [48]. 
Balashov and coworkers reported similar findings and additionally 
demonstrated increased production of IFN- 7 by circulating CCR5+ T cells 
from MS patients [49]. Another group reported decreased levels of MCP- 
1/CCL2 in CSF in acute MS, whereas IP-10/CXCL10 levels were 
significantly increased in this group. Therapy of MS with 6- 
methylprednisolone or IFN-[3 did not modify the levels of these chemokines 
[50]. 

In very small pilot studies, expression of CCR2 and CCR5 on CD4+ 
cells was significantly higher in MS patients at relapse than in controls and 
expression of CCR3 and CCR4 (Th2-type receptors) on CD4+ cells was 
significantly lower in MS patients than in control subjects [51]. Similarly, in 
the population of CD8+ cells from MS patients at relapse, expression of 
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CCR5 was higher than in controls, and expression of CCR4 was 
significantly lower than in control subjects [51]. Similar preliminary results 
in small groups of patients suggested that treatment of MS with IFN-[3 
reduced RANTES/CCL5 levels in sera and its production by blood 
mononuclear cells from MS patients [52]. There are formidable technical 
challenges to performing such studies in human material and these results 
await confirmation in larger, prospective studies. 

C O N C L U S I O N S  

The presented data obtained to date show relationships between 
expression of some chemokines and disease activity in EAE. Amelioration 
of EAE by anti-chemokine antibodies and studies in knockout mice confirm 
the important roles of some chemokines in EAE pathogenesis. Involvement 
of chemokines in development of CNS autoimmune inflammation is further 
supported by recent results from MS studies. Taken together, these data 
suggest that the chemokine system may be a promising target for future 
treatment methods of MS. 
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FREE RADICALS AND EXPERIMENTAL 
AUTOIMMUNE ENCEPHALOMYELITIS 
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Abstract: This chapter reviews the major reactive oxygen and nitrogen species, their 
generation and their relevance for EAE. The relative contribution of NO 
and ONOO- species is discussed and the current literature EAE reviewed. 
The dual nature of free radicals, pathogenic and protective, and the 
correspondingly conflicting results of therapeutic interventions aimed at 
diminishing free radicals (in particular reactive nitrogen species), are also 
discussed in this chapter. 

Key words: free radicals, EAE, MS, reactive oxygen species, reactive nitrogen 
species, peroxynitrite, nitric oxide 

Introduct ion  
Inflammation is associated with demyelinating disease in humans. The 

generation of reactive oxygen (ROS) and nitrogen species (RNS) is 
increased dramatically in conditions involving inflammation, overwhelming 
intrinsic anti-oxidant defences, and causing damage to the lipid, protein and 
nucleic acid constituents of cells and mitochondria. Oligodendrocytes, with 
little in the way of antioxidant defence and also a high iron content, are 
particularly sensitive to oxidative and nitrative stress. In addition, reactive 
species can damage the myelin sheath directly, promoting the attention of 
macrophages. 

Consequently, there has been intense interest in the contribution of free 
radicals to myelin disorders, summarized recently in a collection of useful 
reviews (1-4). The tone of their collective conclusions is that, while the 
neurological deficits associated with demyelination can be ameliorated by 
reducing ROS, the outcomes of therapies aimed at diminishing RNS are 
more variable, and often exacerbate disease. The purpose of this chapter is to 
try and resolve roles for RNS in EAE. 
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Nitric oxide generation 
There are three major isoforms of NO synthase (NOS). While these are 

products of distinct genes, the cDNAs share 50-60% homology at the 
nucleotide and amino acid levels (5). Two of these gene products, nitric 
oxide synthase (NOS)-I and NOS-3, are constitutively expressed enzymes 
that are calcium-calmodulin dependent, producing small amounts of NO in 
response to transient elevations in intracellular calcium level. Both NOS-1 
and NOS-3 are catalytically functional only as dimers (head-to-head), 
exhibit alternative splice products, and display protein- and lipid-interacting 
domains in their N-terminal regions. To date, the understanding of 
transcriptional regulation of these isoforms is rudimentary. For NOS-1, first 
characterized in the nervous system, activators of the gene include 
mechanical injury, hypoxia, and sex steroids. For NOS-3, responsible for the 
production of endothelium-derived relaxing factor, transcriptional activation 
is associated with shear stress, hypoxia, sex steroids and growth factors (6). 

The NOS-2 isoform is also active only as a dimer, but functions 
independently of a rise in intracellular calcium and is capable of producing a 
large and continuous flux of NO. This isoform is not normally expressed but 
can be transcriptionally induced in response to proinflammatory cytokines, 
bacterial endotoxins, hypoxia, and viral coat proteins. Upon activation of the 
NOS-2 gene, the transcript is very unstable with a tl/2 of 2-3 hours. Clearly 
there are proteins co-induced which are responsible for this RNA instability, 
as h/2 is prolonged by inhibitors of transcription and also protein synthesis. 
The relatively large amount of NO generated by NOS-2 over a sustained 
period has been implicated in various pathologies (7), and also as part of the 
host response to infectious organisms (8). 

The NOS isoforms have similar catalytic domains: a C-terminal 
reductase (homologous with cytochrome P-450 reductase) exhibiting binding 
sites for flavins and NADPH, and a N-terminal oxygenase domain which 
contains bound heme and the site for H4 biopterin. The reductase domain 
transfers electrons from NADPH to heme. Calmodulin binds just at the N- 
terminal side of the reductase. The regulation of dimer assembly is of 
interest, as this leads to functional NOS. The degree to which H4 biopterin is 
required depends on the isoform and the cell type in which the enzyme is 
expressed. Whether arginine and/or heme limits intracellular NOS assembly 
is still unclear. Certainly, in activated cells, NOS-2 exists as a mixture of 
dimer and monomer, implying either that dimers are unstable or that 
assembly is limited. Cell culture studies point to the former. The 
accumulating NO limits dimerization, perhaps by preventing heme insertion 
into the protein. 

In active MS lesions multiple cell types express NOS-2, and there is 
abundant evidence for the local generation of NO oxidation products, such 
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as peroxynitrite (ONOO-) (9). Elevated levels of CSF nitrate (NO3_) 
correlate with clinical relapse. Calabrese et al. (10) report NOS-2 and NOS 
activity in the CSF from patients with MS, and detect nitrotyrosine (NT) 
immunostaining of CSF proteins. There is also evidence for nitrosylation 
(11). In MS there is greater concordance among monozygotic (30%) that 
dizygotic (2.5%) twins, and involvement of the NOS genes has been 
investigated. The NOS-2 gene is situated on the long arm of chromosome 
17, which is linked to MS in British and Finnish populations. The NOS-3 
gene is on 7q36, a locus for induced arthritis. The NOS-1 gene is on the long 
arm of chromosome 12, which is linked to MS. Modin et al. (12) 
investigated five markers within the three NOS genes with regard to MS 
susceptibility and disease course in 156 affected sib-pairs, and in 96 benign 
and 96 severe definite MS patients in the Nordic population. However, 
genetic variation of these genes neither contributes directly to susceptibility 
to MS, nor does it influence disease severity. 

Free radical chemistry 
Reactive nitrogen species are oxidation states and adducts of the products 

of NOS that arise in physiological environments, and include NO-, .NO2, 
NOa-, NaO3, N204, S-nitrothiols, ONOO-, and dinitrosyl-iron complexes. 
Reactive oxygen species are intermediate reduction products of 02 en route 
to water, namely, O2-, HzO: and OH (Figure 1). What follows is a synopsis, 
and more complete coverage can be found (13, 14). 

There are three major classes of pro-oxidant enzymes: NOS, 
cyclooxygenase (COX) and NADPH oxidase, and myeloperoxidase (MPO). 
It is estimated that between 2-5% of electron flow in brain mitochondria 
produces 02-. This is scavenged by superoxide dismutases (SOD), 
glutathione peroxidase and catalase. Cellular antioxidants include 
glutathione, ascorbate, and ~-tocopherol. 

All eukaryotic cells, as well as simpler organisms, are capable of 
synthesizing NO (with L-citrulline as the co-product) from the five electron 
oxidation of L-arginine. The reaction is catalyzed by NOS, which employs 
components familiar from other enzymes but in novel and somewhat 
unconventional ways. As a radical, NO reacts rapidly with other species that 
contain unpaired electrons. In a reaction with 02, NO can form an 

Figure 1 Production of reactive 
oxygen and nitrogen species. 
Modified from (8). 
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intermediate species (N203 .9) that efficiently nitrosates thiols and amines. 
Out-competing SOD, NO reacts with 02  to produce ONOO which, if 
protonated, decomposes within seconds to a hydroxyl radical. This ONOO 
reacts rapidly with CO2 (acting as a catalyst) in a complex manner that 
produces several short-lived reaction intermediates, such as NO2 and CO3. 
These intermediates are probably responsible for many of the reported toxic 
effects of NO. In the absence of arginine and BH4, the NOS enzymes can 
catalyze the production of 02- and, consequently, H202 when the O2- is 
dismuted by SOD. Therefore, the NOS enzymes can produce ONOO-, and 
the decomposition of H202 or ONOO- can lead to the production of HO (15). 

Molecular targets for RNS 
The chemical alteration of DNA underlies a variety of pathological 

states. Nitric oxide can potentially damage DNA either through RNS 
(ONOO, N203), the inhibition of DNA repair processes, or by increased 
production of genotoxic (alkylating) agents. A species such as N203 causes 
mutations in cells, chemically altering DNA. Deamination of cytosine, 
adenine, and guanine results in conversion to uracil, hypoxanthine and 
xanthine, respectively. As well as modification, NO can form or modulate 
the activity of carcinogens. Nitrosamines are metabolized to alkylating 
species which lesion DNA. 

The ability to nitrosate and to nitrate key amino acids in proteins 
(transcriptional regulators, enzymes, receptors) explains many of the actions 
of RNS, in terms of gene regulation and alterations in cell signalling 
pathways. Transcription factors, the regulatory proteins that bind to gene 
promoters and recruit RNA polymerase, display sequences specific for DNA 
binding and also a transactivation domain. A number of transcriptional 
activators have been shown to be regulated by NO, either post-translationally 
through direct modification of the protein, or indirect regulation via 
alteration in the rate of their own transcription. In so doing, NO can turn off 
constitutively expressed genes, activate transcriptionally regulated genes, or 
prevent their activation. The best examples to date are the transcription 
factors NF-kB and AP-1. Their activation can be blocked by NO and the 
proteins can also be directly nitrosated, with a reduction in promoter 
association. These two transcription factors are involved in the regulation of 
expression of a very large number of genes. Serine substitution of a cysteine 
residue at the N-terminal region of the p50 NF-kB subunit reduces DNA 
binding. Specific binding of NF-kB is also inhibited reversibly by NO, and 
these effects appear to be mediated by nitrosation of the same cysteine 
residue. There is also good evidence that NO stabilizes the NF-kB inhibitory 
protein IkB~ and activates its transcription, thus inhibiting NF-kB 
translocation from the cytoplasm to the nucleus. AP-1 is a dimeric complex 
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of Jun-Jun or Jun-Fos proteins. The key to dimer formation resides in two 
cysteine residues in the leucine zipper and basic regions of Fos and Jun, and 
nitrosation of cys 252 in the DNA binding domain decreases AP-1 binding 
to DNA. 

Critical signalling proteins can be influenced by RNS, functioning at the 
transcriptional and/or post-transcriptional level either as an activator (poly 
ADP-ribose synthetase, p21ras, sGC) or inhibitor (adenylyl cyclase Type I, 
protein kinase C, cytochrome P450, nitric oxide synthases, lipoxygenase). 
The heme protein cyclooxygenase (COX) is inhibited by NO at high 
concentrations but activated by low concentrations. The mitochondrial 
respiratory chain is also susceptible. While NO inhibits cytochrome c 
oxidase (complex IV) in a reaction that is reversible and competitive with 
oxygen, ONOO irreversibly inhibits respiratory complex I-III as 
glutathione levels decrease. Nitric oxide can have diverse effects on cell fate, 
initiating or protecting against apoptosis depending on the cell type, NO 
concentration and redox environment. The family of protein-cleaving 
enzymes known as caspases are targets for NO, which inhibits their activity 
in a reversible manner. 

Exposing cells to NO, coupled with the use of NOS inhibitors, has 
revealed complex effects on the production of cytokines. Some members of 
the caspase family participate in the maturation of cytokines. Precursors of 
IL-I[3 and IL-18 are cleaved by caspase-1, and NO reversibly blocks this 
process, thereby acting as an anti-inflammatory agent. However, NO can be 
proinflammatory, increasing release of other cytokines such as TNFc~ and 
IL-6. Chemokines, small chemoattractant cytokines, can be quite specific in 
determining the immigration patterns of lymphocytes and macrophages to 
certain inflammatory regions. There appears to be an interesting cross-talk 
between NO and chemokines in that the expression of IL-8 and MCP-1 are 
inhibited by NO, whereas MCP-1 can prevent the expression of NOS-2. 

RNS and EAE 
It is 10 years since RNS and ROS were first described as products of the 

inflammatory cells seen in rats with hyperacute EAE (16). Associated with 
increased pro-inflammatory gene expression in EAE, there is expression of 
NOS-2 mRNA, protein, and evidence for the generation of RNS. There is 
also evidence for the formation of NT and nitroso-S-cysteine (11), indicating 
interaction of RNS with proteins. While tyrosine nitration has been assumed 
to result from the generation of ONOO-, this view has recently been 
challenged, and .NO2 is now suggested to be the culprit (17). 

In 1999, Willenborg et al. (4) reviewed the 45 papers that had appeared 
on the role of NO in CNS autoimmune inflammatory disease. Predictably, 
the first group of publications all concluded that NO contributed to EAE 
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pathology. This was based on observation that anti-inflammatory steroids 
block cytokine-mediated NO production and reduce EAE symptoms, NOS 
inhibitors reduce passively transferred EAE, encephalitogenic T cells cause 
macrophages to produce NO, and NOS-2 expression correlates with disease 
severity. However, a study of the therapeutic effects of five different NOS 
inhibitors in both adoptive transfer and actively induced EAE revealed no 
protection, and some exacerbation of disease (18). Okuda et al. (19) noted 
that the inflammatory cells dying in spinal cord lesions of EAE mice were 
juxtaposed to NOS-2 expressing cells, suggesting that NO was eliminating 
them. The phosphodiesterase inhibitor, Rolipram, elevated NOS-2 
expression in monocytes and ameliorated disease (20). With one of the first 
NOS-2 selective inhibitors (L-NIL), Gold et al found protection in adoptive 
EAE and exacerbation of actively induced disease (21). However, the 
emergence of NOS-2 knockout mice, and the observation that NO is 
important in recovery and refractoriness to active reinduction, again pointed 
to the potential protective role of NO in actively induced EAE. Thus, while 
the majority verdict was to maintain that NO was contributing to disease, by 
1999 fully one third of publications were leaning towards NO having a 
protective role. 

It is well known that NO has a number of effects on immune responses, 
such as the inhibition of macrophage Ia expression, which would have the 
effect of preventing T cell expansion. This inhibition of T cell proliferation 
appears to be a specific impairment of Thl,  while sparing Th2 cells. Since 
EAE is a function of Thl cells, the increase in NO may selectively limit 
proliferation of the encephalitogenic effector population. In addition, the 
expression of VCAM and ICAM-1 are downregulated by NO, significantly 
altering lymphocyte migration. In target tissue, NO can induce both 
apoptosis and necrosis in T effector cells and protect oligodendrocytes 
against destruction by lipid peroxidation (1). 

So, what are the roles of RNS in EAE? More recent publications have 
clarified their effects. 

ONOO- vs. NO in EAE 
The group at Thomas Jefferson University in Philadelphia have long 

claimed a destructive role for ONOO- in MS and EAE, based on the 
observation that a natural antioxidant scavenger, uric acid (UA), ameliorates 
disease. They postulate that the normal levels of UA in humans confers 
enhanced protection against free radical-mediated cell injury, and that low 
UA would predispose towards the development of CNS diseases involving 
ONOO-, which include not only MS but also amyotrophic lateral sclerosis 
(ALS), Parkinson's and Alzheimer's diseases. 
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To understand how ONOO- is involved, they examined the effects of UA 
on blood-brain barrier permeability, and on the accumulation and activity of 
inflammatory cells in the spinal cord (22). Induction of EAE in female mice 
was by direct immunization with MBP. They reasoned that, if UA acts solely 
by inactivating ONOO-, then raising UA levels should not directly affect the 
activation of inflammatory cells (eg. NOS-2 expression) but would reduce 
the subsequent inflammation (eg. NT accumulation). In mice that received 
UA before the onset of clinical signs of EAE there was reduced invasion of 
inflammatory cells into the CNS and disease prevention. In mice with active 
EAE, and therefore a compromised blood-brain barrier (BBB), the 
administration of UA blocked NT, reduced apoptosis in the lesions, and 
promoted recovery. The UA treatment also reversed the increase in BBB 
permeability observed in EAE. This action could explain why UA 
administration prevents the onset of EAE. While UA does not affect the 
specific T cell proliferative response, the levels of IgG antibodies, or 
appearance of cells expressing NOS-2 in lymph nodes and peripheral blood 
of MBP-immunized mice (23), it does reduce the levels of NOS-2 
expression in spinal cord (24). This group has also looked at novel ONOO- 
scavengers, mercaptoethylguanidines, that readily cross the BBB (25). These 
compounds delayed the onset, and reduced the incidence of MBP-induced 
EAE. Surprisingly, the scavengers did not alter the severity of disease or 
overall mortality, but this could be due to the lower efficiency with which 
these compounds inactivate ONOO-, as compared with UA. Alternatively, it 
could be because these scavengers also inhibit NOS-2 activity, removing the 
protective influence of NO. Interestingly, the radical scavenger ascorbic acid 
(AA) can also block nitration, but does not protect against EAE (26). 

There have been concerns raised about the interpretation of the UA 
effects in EAE, and its role as a ONOO- scavenger. Uric acid causes an 
inflammatory response in the peritoneum, characterized by neutrophil 
accumulation, and it is suggested that this could reduce the number of cells 
available for extravasation. In addition, UA was found to be effective even 
in EAE induced in IFN], receptor knockout mice, where very little NO (and 
therefore ONOO-) is generated (27). However, catalysts specific for the 
decomposition of ONOO- have recently been developed, and these promote 
the isomerization of ONOO- to NO3 without directly affecting NO levels. 
Mice receiving catalyst displayed less severe clinical disease, and less 
inflammation and demyelination, but encephalitogenic T cells could still be 
recovered from catalyst-treated mice (28). 
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Evidence for beneficial NO and/or against NOS-2 derived NO being 
harmful 

1. The oral administration of L-arginine (the NOS substrate) was found to 
delay disease onset and to reduce the severity of neurological and 
histological signs of EAE, and yet there was a significant elevation in 
CNS nitrite, and decreases in O2- and H202 (29). 

2. Female PVG rats are resistant to actively-induced EAE, their spleens 
have more monocytes and fewer RBC than males, and produce more 
RNS. If splenectomised, these animals are no longer resistant. 
Immunized intact females do generate EAE effector cells, and are also 
susceptible to passively transferred disease. Therefore, in actively- 
induced EAE in these animals, there must be a block at the effector cell 
expansion phase, or of transmigration into target tissue, and this could be 
related to the higher RNS levels (30). 

3. Mice deficient in glucocorticoid receptors (GR) are resistant to actively 
induced EAE, because of a reduction in spleen and lymph node cell 
proliferation. These GR-deficient mice have much higher NO2 levels, 
due to unsuppressed NOS expression. When treated with NOS 
inhibitors, the level of NO2 decreases, there is increased effector cell 
proliferation, and mice are now susceptible to EAE. Thus, NO appears to 
be the immunosuppressant (31). 

4. The administration of a low dose of IL-4 prior to immunization 
improves clinical scores of EAE. The dendritic cell population 
proliferates, secreting high levels of IFNT, NO and IL-10, and the NO 
promotes apoptosis of autoreactive T cells (32). 

5. Xu et al. (33) used 3-morpholinosydnonimine (SIN-l) to enhance NO 
levels during the development of EAE. This compound can release 
ONOO-, but they found no changes in 02- or ONOO- formation. Given 
within the first week following immunization, SIN-1 enhanced IFN 7 
levels, reduced expression of MHC class II, and augmented apoptosis of 
blood mononuclear cells. This resulted in less cellular infiltration into 
the CNS and, therefore, reduced clinical signs of disease. 

6. High dose of the specific antigen can induce apoptotic T cell death and 
so suppress immune responses. Weishaupt et al. (34) looked at levels of 
TNF(x, IFN 7, and NOS-2, and found them highly elevated in this 
response. Apoptosis of T cells was evident, but a potentially harmful 
side effect was the observation that oligodendrocytes were also 
undergoing apoptosis. Interestingly, there still remained a clinical 
benefit, and this was lost when TNFc~ activity was neutralized. 

7. The injection of mice with staphylococcal enterotoxin B prior to 
immunization for EAE provides protection against disease, and yet more 
NOS-2 is evident in the brains of treated animals (35). 
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. Mice immunized with complete Freund's adjuvant (CFA) containing 
mycobacterial extract (which can transcriptionally activate NOS-2) are 
protected against EAE, but NOS-2 knockout mice are not protected. In 
the wildtype mice there was augmentation of the IgG1 response, a 
decrease in IL-6 production by T cells, and a marked decrease in 
monocyte infiltration into the CNS (36). 

Multiple roles for NO in EAE ? 
The addition of pertussis toxin (PT) when EAE is triggered worsens the 

CNS effects. Both NOS-2 and TNFo~ are increased, over and above the 
levels seen in animals not receiving PT (37). Pozza et al. (38) showed that a 
NOS inhibitor, given prior to immunization, caused complete recovery from 
the acute phase of EAE, and a delayed and milder relapse. The benzoquinoid 
ansamycins (anti-fungals) induce heat shock proteins, and reduce NOS-2 
expression and NO2 accumulation. Given after immunization, these agents 
reduce EAE disease onset by >50% (39). 

Lewis rats, immunized with MBP-CFA, recover from EAE. They do not 
relapse, and develop a resistance to further induction. The serum levels of 
RNS are increased during recovery and, if challenged again with MBP-CFA, 
increase further. If a NOS inhibitor is given (even in the absence of MBP- 
CFA), then 100% enter a second episode of disease. This is consistent with 
NO inhibiting T cell proliferation, adhesion and migration into the CNS. 
However, this second episode is chronic, with periods of remission and 
relapse (40). Why is NO unable to prevent relapse? The authors conclude 
that there is primary disease, limited in time by the production of NO, and 
then relapsing disease, perhaps as a result of excessive production of RNS. 

Conclusions 
In their review Willenborg et al. (4) concluded that, for both rats and 

mice, treatments that target passive EAE, or the effector phase of actively 
induced EAE, result in amelioration of disease. However, treatments that 
target the afferent arm of the response lead to the aggravation of pathology. 
Simply put, an increase in RNS levels in the target tissue is bad, but an 
increase during immunization is good. Much of the recent data support this 
notion, and provide a strong hint that it is ONOO-, and not .NO, that causes 
the tissue damage. If so, then EAE joins a growing list of pathologies in 
which RNS have causal and protective functions. The trick for therapeutics 
will be to devise means to eliminate one but preserve the other. 
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Abstract: The role of proteases and peptidases in the pathogenesis of EAE has been 
extensively studied. In particular research has focussed on the matrix 
metalloproteinase (MMP) family of enzymes as well the plasminogen 
activator/plasmin system. These enzymes have been proposed to have a 
number of functional roles in disease pathogenesis including: breakdown of 
the blood brain barrier and the extracellular matrix, degradation of the myelin 
sheath with the generation of further encephalitogenic peptides and 
amplification of the inflammatory process in the CNS, via activation of pro- 
inflammatory cytokines. The administration of proteolytic enzyme inhibitors 
to animals with EAE resulting in clinical improvement, has provided further 
support for the MMP/plasminogen activator/plasmin system in the disease 
process. The involvement of other enzymes including, myelencephalon 
specific protease, calpain and dipeptidyl petidase IV in EAE pathogenesis is 
also discussed. 

Key words: metalloproteinases, serine proteases, demyelination, blood brain barrier, 
inflammation 

. INTRODUCTION 

Proteinases and peptidases involved in neuroinflammation can be divided 
into those with intracellular or extracellular activity. Intracellular proteases, 
include calpains and caspases and the extracellular proteases, which have 
been extensively investigated in EAE pathogenesis, consist of  two major 
groups: the serine proteases, plasminogen activators (PAs), including 
urokinase-type PA (uPA) (EC 3.4.21.73) and tissue type PA (tPA) (EC 
3.4.21.68) and plasmin and the matrix metalloproteinases (MMPs) 1'2. 



392 Chapter A 19 

The MMPs are a family of Zn 2+ dependent endopeptidases, which are 
capable of degradation of the extracellular matrix (ECM) and have been 
implicated in the degradation of myelin. This family of at least 25 proteins, 
includes collagenases, gelatinases, stromelysins and membrane-type MMPs 
(MT-MMPs), based on their substrate specificity and domain structures, 
however there is considerable overlap in substrate specificities between sub 
groups. MMPs are capable of degradation of all protein components of the 
ECM including collagen, elastin, fibronectin and laminin 3'4'5. Members of 
the related ADAMs (A Disintegrin And Metalloproteinase) family of 
proteins are important sheddases for the release of membrane bound proteins 
e.g. TNF and its receptor are cleaved by ADAM 10 and 17 (TACE, tumour 
necrosis factor converting enzyme) 5. These enzymes are membrane bound 
and possess an integrin binding, disintegrin domain, which may be important 
in cell-cell interactions 6. Another group of ADAMs family proteins, recently 
identified, are the ADAMTSs, which are secreted proteins possessing one or 
more thrombospondin motif and no transmembrane or cytoplasmic domains. 
ADAMs and ADAMTSs have to date not been investigated in EAE. 

The activity of these two main families of proteases, PAs and MMPs, is 
tightly controlled, to prevent any unwanted tissue damage, in a number of 
ways: the enzymes are synthesised as pro-forms which require proteolytic 
cleavage to produce the active enzyme; the presence of endogenous 
inhibitors, PAIs and TIMPs (Tissue Inhibitors of Metalloproteinases) which 
bind to the enzymes in a 1:1 stoichiometry; regulation of gene transcription, 
and de novo synthesis by secretion. The transcriptional regulation of these 
enzymes and their inhibitors by chemokines 7 and cytokines via AP1 
transcription factors is also critical in chronic inflammation 6. Thus the 
resultant activity of these proteolytic enzymes is dependent on their levels 
within a tissue, the concentration of the endogenous inhibitors at the same 
site as well as the presence of pro- or anti-inflammatory cytokines. 

PAs catalyse the conversion of plasminogen to plasmin (EC 3.4.21.7) 8. 
Plasminogen is present in most body fluids and plasmin generated from it 
has a wide range of substrates including not only fibrin but components of 
the basal lamina, fibronectin and laminin, tenascin-C, components of the 
ECM of the brain, tenascin-C, proteoglycans and myelin 9'1°'11'12'13'14'15'16. 
Thus plasmin may play a role in ECM breakdown as occurs in damage to the 
blood brain barrier (BBB) and during cell migration in the central nervous 
system (CNS) parenchyma as well as in myelin breakdown. In addition, 
plasmin is capable of activating the proforms of several M M P s  17'18'19. Thus 
plasmin provides a link between the two systems whereby plasmin is a 
limiting factor on MMP activation. It can also activate latent transforming 
growth factor 13 (TGFI3), reducing inflammation z°. 

These proteolytic enzyme systems have been implicated in a number of 
pathological events during the pathogenesis of EAE including 1'2: 
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o Disruption of the BBB via proteolysis of the basement membrane, 
permitting inflammatory cell migration across the blood brain 
barrier 

o Myelin degradation and generation of further myelin basic protein 
(MBP) fragments to amplify the immune response 

o Disruption of cell-cell or cell-ECM interactions within the CNS 
parenchyma 

o Amplification of inflammation via cytokine processing and 
activation 

o Further cleavage of pro-MMPs into the active enzyme 

Paradoxically they have also been reported to play a beneficial role in 
recovery following an inflammatory insult to the CNS. For example, 
degradation of the ECM may be required to allow remodelling following 
CNS injury, migration of phagocytic cells, i.e. microglia and macrophages, 
within the CNS. To remove cellular debris will require the secretion of 
MMPs by these cells. Similarly neural cell precursors may require MMPs to 
aid their migration into the damaged area, to replenish cells damaged as a 
result of the inflammation and allow axonal elongation, finally they may 
release growth factors anchored to the ECM, which could then promote 
repair within the lesion 4. 

Here we review the research to date on the role of these proteases and 
others in the pathogenesis of EAE, as well as summarising evidence which 
suggests that inhibition of these enzymes is a potential therapeutic strategy in 
the treatment of CNS inflammation. 

Matrix metalloproteinases 
The structure of the MMP family of enzymes is similar, each having 

five protein domains, a classical signal peptide is recognised by the ER 
docking enzyme and leads to secretion, the pro-peptide domain with a single 
cysteine sulphydryl group forms the amino terminal part of the secreted 
protein, the presence of this sulphydryl group determines the latent state of 
the pro-enzyme. The active enzyme domain, and the zinc-binding domain 
form the catalytic site. The hemopexin domain is located at the carboxy 
terminus. In addition, the MT MMPs possess a short chain of hydrophobic 
amino acids, which anchor the enzymes in this group to the cell membrane. 
MMP2 (EC 3.4.24.24) and 9 (EC 3.4.24.35) have an extra fibronectin-like 
domain and MMP9 also has an additional type V collagen domain. 
Activation of the inactive zymogen to the active enzyme occurs via a 
cysteine switch mechanism, which involves removal of the cysteine, 
sulphydryl group and replacement with water 21. This activation occurs 
downstream of the proteolytic cleavage of plasminogen by uPA and tPA to 
plasmin, although MT-MMPs can cleave pro MMP2 to the active form and 
pro MMP9 has been reported to be cleaved by MMP2 ~. Cytokines modulate 
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the expression and regulation of MMPs, via expression of proto-oncogenes 
of the c-fos and c-jun family which in turn contributes to formation of 
dimeric forms of AP1 transcription factors that bind to specific promoter 
sequences which are present in the promoter region of most MMP genes 5. 
MMPs in turn can act as sheddases for membrane bound cytokines, their 
receptors and adhesion molecules. Although, ADAM10 and 17 (TACE) are 
more effective sheddases for TNFc~, a key cytokine in the CNS immune 
response in E A E  22. 

MMPs and EAE 
Studies on the expression of MMPs in EAE have included a wide range 

of different models of the disease, including rat and mouse models induced 
by active immunisation with myelin antigens, usually MBP, myelin 
oligodendrocyte glycoprotein (MOG), proteolipid protein (PLP) or spinal 
cord homogenate as well as passive transfer models using CNS antigen- 
specific T cells. More recently, genetically modified animals have also 
provided further information on the role of MMPs in CNS inflammation. For 
example, mice over expressing cytokines, in particular TNF, in the CNS and 
mice under expressing MMP9, have been used to elucidate the role of these 
enzymes in CNS inflammation 23'24. 

Reports on the expression of MMPs during the course of EAE are 
generally in agreement with a dominant role being assigned to MMPs 7 (EC 
3.4.24.23) and 9. These enzymes are expressed by both inflammatory cells in 
perivascular locations as well as by resident glia. However other MMPs 
including MMPs 1, 3, 10, 12 (EC 3.4.24.7, EC 3.4.24.17, 3.4.24.22 and 
3.4.24.65 respectively) and MMP 14 have also been demonstrated in the 
CNS in EAE 25. Elevated levels of MMP 9 were found in the cerebrospinal 
fluid (CSF) of mice with EAE and correlated with clinical disease score  26. In 
acute EAE in the Lewis rat, development of clinical disease was associated 
with a 3 fold increase in MMP activity in the CSF, measured by a coumarin- 
labelled peptide substrate assay. Using quantitative PCR, mRNA for at least 
seven MMPs were expressed in normal and EAE spinal cord. However 
MMP 7, localised to macrophage cells, showed a dramatic increase of over 
500 fold in EAE animals compared to normal control animals and the levels 
remained high during the recovery period. MMP 7 has been shown to 
degrade MBP and this may be one of the actions of this enzyme in EAE. 
MMP 9 showed only a moderate, five fold increase, which peaked at disease 
onset but declined thereafter 27. In an adoptive transfer model of EAE in 
Lewis rats, MMPs 7 and 9 increased, 100 fold and ten fold respectively, as 
assessed by a semi-quantitative competitive reverse transcriptase PCR assay, 
which was in line with the increasing clinical severity. Also using gelatin 
zymography, the authors demonstrated that the increase in mRNA was 
associated with an increase in MMP 9 activity. In contrast to the active 
disease model, MMP 7 levels declined in the recovery period. Expression 
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was localised by immunohistochemistry to infiltrating mononuclear cells and 
to the perivascular space as well as within the parenchyma. The localisation 
of the protein was predominantly extracellular although the most likely 
source of the enzyme was reported to be from the infiltrating T cells and 
macrophages (Figure 1). 

Figure 1. Expression of MMPs 2, 
7 and 9 in perivascular 
inflammatory cuffs within the 
spinal cords of rats with 
experimental autoimmune 
encephalomyelitis. 
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MMP-7 

MMP-9 
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ADAM 17 expression in normal control rat brain parenchyma 

ADAM 17 (TACE) expression by perivascular astrocyctes in spinal cord 
of EAE rats 
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ADAM 17 expression by endothelial cells and astrocytes within spinal 
cord of EAE rats. 

Frozen sections (10btm) 
were stained for the various 
MMPs and ADAM17 using 
monoclonal primary 
antibodies with an FITC 
labelled secondary 
antibody(green). Sections 
were counter stained with 
propidium iodide (red) to 
demonstrate cell nuclei 
(magnification x 400). The 
photographs were kindly 
provided by Mr Jonnie 
Plumb, Biomedical 
Research Centre, Sheffield 
Hallam University 

MMPs 2, 3, 11 and 13 were unchanged during the course of the 
disease 28. MMP9 activity is essential for degradation of type IV collagen 
within the basal lamina that surrounds blood vessels, thus local expression 
of this enzyme would permit an influx of inflammatory cells into the CNS 
across a damaged BBB. Sustained production of MMPs throughout the 
course of chronic EAE may be a key factor in the neuronal loss that 
occurs in the later stages 5. 

The expression of nine different MMPs and three TIMPs was 
examined in normal SWR mice and mice with EAE. Upregulation of 
expression of three MMPs, MMP 3, MMP 9 and MMP 12, were the major 
changes reported 23. In EAE animals an inverse relationship was seen 
between MMP expression and TIMP1 expression, the former was localised 
to leukocytes and possibly microglia, whereas TIMP-1 was restricted to the 
astrocytes surrounding the inflammatory lesions. The balance between the 
level of MMPs and TIMPs will determine the outcome of the inflammatory 
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lesion. TIMPs 2 and 3 levels remained at constitutive levels in the choroid 
plexus and neurons. 

The role of MMPs in induction of EAE in BALB/c mice with spinal 
cord homogenate, a strain more resistant to induction of EAE, has been 
assessed 29. This is a monophasic disease with peak clinical scores at days 
10-14. Although mRNA for MMP 9 was undetectable in the CNS in this 
model, enzyme activity was detected by in situ zymography in the meninges, 
around blood vessels and in the parenchyma in areas of inflammatory cell 
accumulation, particularly in the lumbar and cervical spinal cord, which was 
confirmed by gelatin zymography. MMP 2 was constitutively expressed in 
both control and EAE mice 

Experiments undertaken on the role of MMP 2 in T cell extravasation 
in EAE demonstrated a role for alpha 4 integrin in the induction of MMP23°. 
This work agreed with the earlier study of Pagenstcher98 highlighting a role 
for inflammmatory cell production of MMPs, MT1-MMP, MMP 9 and 
MMP 12 and astrocytic cell production of the endogenous inhibitor TIMP-1. 
In a more recent study EAE was induced in BALB/c mice using a sonicated 
preparation of spinal cord homogenate with complete Freund's adjuvant. 
Both MMP 8 and 9 activity was demonstrated to correlate with disease 
severity 31. MMP 8 has not been previously reported in sensitive strains and 
its expression was co-localised to neutrophil infiltration into the CNS, which 
is a unique feature of this model, particularly associated with cortex, 
cerebellum and submeningeal space of the spinal cord. MMP 9 activity was 
localised to perivascular infiltrates, in agreement with studies on sensitive 
strains. The source of MMP 9 appeared to be a result of release from stores 
within leukocytes, since mRNA for the protein was not detected. In contrast, 
increased TIMP-1 protein and mRNA were expressed by astrocytes in the 
surrounding tissue in the mice injected with sonicated antigen, possibly 
serving to prevent excessive tissue destruction by the released MMPs, as 
reported previously in SWR mice 23. 

We are currently undertaking a study of the distribution of ADAM 17 
in the spinal cord of Lewis rats with EAE. Preliminary results demonstrate 
expression of ADAM 17 in astrocytes and endothelial cells in both normal 
spinal cord and in animals with EAE, at a single time point (Figure 1). 
Studies are ongoing to examine the expression of the enzyme throughout the 
disease course as well as the relationship between the expression of TIMP-3 
and ADAM 17, the ration of which will ultimately determine the level of 
ADAM 17 activity. 
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MMP expression in transgenic mice with EAE 

In a comparative study on EAE in SWR mice and mice transgenic for 
one of the cytokines, IL-3, IL-6 or TNFc~ linked to a GFAP promoter, there 
was increased expression of MMP 9, MMP 12 and MMP 3 mRNA with 
increasing disease score. MMP 12 was expressed by foamy macrophages 
and lymphocytes in the CNS in mice with EAE. There were striking 
similarities between the mice over expressing TNF in the CNS and mice 
with EAE except that MMP 2 was not expressed in EAE animals. The 
changes in level of mRNA were accompanied by increased enzyme activity 
and immune reactivity for the proteins and expression was localised to 
lesional areas and in particular infiltrating leukocytes and microglia 23. In 
mice in which the gene for MMP 2 had been inactivated, EAE could still be 
induced, however in the MMP 9 knock out mouse there was resistance to 
induction of EAE, compared with age-matched controls. When EAE was 
actively induced in C57B1/6 mice less than 4 weeks old, in which the MMP 
9 gene had been deleted, the animals were less susceptible to EAE induced 
by spinal cord homogenate, and the mean disease score was significantly 
lower than the wild type controls, although this was not the case in adult KO 
mice 24. 

In an analogous experimental approach MBP specific T ceils were 
genetically manipulated in vitro to over-express MMP 2 and injected into 
PL/J x SJL/J F1 mice, to determine the effect on induction of EAE. An 
enhanced T cell migration in vivo with this T cell line was reported and a 
hydroxamate inhibitor of MMPs (GM6001 see below), administered daily 
i.p. from the day of induction of EAE, delayed T cell entry into the CNS 
parenchyma. However if administered 48 hours post adoptive transfer of T 
cells, the treatment had no effect on the disease course. Thus, the data 
obtained using adoptive transfer of T cells over-expressing MMP 2 provides 
evidence for a role for MMP 2 in the entry of T cells into the CNS. The 
results of the inhibitor studies in this model suggest that although 
autoreactive T cell expression of MMP 2 is important for T cell entry into 
the CNS, expression of MMPs or other enzymes by cells recruited to the 
inflammatory lesion are important in invasion of the cells into the 
parenchyma 3°. 

Inhibition of MMP activity in EAE 

There are a number of key reports on the use of synthetic inhibitors of 
MMPs to ameliorate the signs of EAE, indeed as early as 1982 protease 
inhibitors have been reported to ameliorate or treat EAE in animals models 32. 
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GM6001, a hydroxamate inhibitor, suppressed the development of EAE in 
SJL/J mice and reversed clinical symptoms when administered after disease 
onset in a dose dependent manner 33. A reduction in MMP9 activity in the 
CSF of treated animals was noted. The beneficial effects of the drug were a 
result of decreased inflammation as a result of a restored BBB in treated 
animals, rather than any inhibitory effects on demyelination as this was not 
a feature of this EAE model. Since GM6001 is a broad spectrum inhibitor of 
MMPs, enzymes other than MMP 9 could be inhibited and these may also 
play a role in induction and progression of EAE. In a separate study, another 
hydroxamate inhibitor, Ro31-9790, reduced the severity of clinical signs in 
both active and passive transfer models of EAE in the Lewis rat, when 
administered on the day of disease induction or 3 days post induction. 
However in animals with more severe clinical signs the inhibitor was less 
effective in controlling the disease 34. Similarly BBll01,  a broad spectrum 
MMP inhibitor, reduced disease severity in Lewis rats with active EAE 27 
and prevented onset of EAE and reversed acute disease in SJL/J mice 35. 

Chronic relapsing EAE in SJL/J mice, induced by adoptive transfer, 
was attenuated following BBll01 administration and this agreed with 
histological evidence of reduced demyelination and glial scarring in treated 
animals. There was also a shift in cytokine profiles in these animals from 
pro-inflammatory, TNF, to anti inflammatory, IL-4, relative to untreated 
controls. The transcription of FasL was also down regulated by MMP 
inhibition suggesting a role in prevention of Fas induced cell death which 
has been proposed as a mechanism for oligodendrocyte death 35. Fas ligand 
can be cleaved by MMP 7 resulting in soluble FasL which is a potent 
inducer of cell death by apoptosis 36. Thus decreased MMP7 activity would 
lead to decreased apoptosis mediated via Fas-FasL. However recovery from 
the acute stage of EAE has been associated with the apoptotic deletion of 
autoreactive T cells 37. These apparently contradictory functions of apoptosis 
in EAE need to be more fully understood before the effects of MMP 7 on the 
Fas system can be fully elucidated. 

D-Penicillamine, an anti-rheumatic drug, was partially effective in 
treating EAE in SJL mice and in Biozzi AB/H mice. In chronic relapsing 
EAE in the Biozzi mouse model, treatment attenuated exacerbations even 
when the drug was administered after disease induction 38. However, other 
investigators have questioned whether D-penicillamine is acting as a 
proteinase inhibitor in this model 35. 

The use of Minocycline, a semi-synthetic analogue of tetracycline, has 
been assessed for its effectiveness in treatment of MOG35_55 petide-induced 
EAE in C57BL/6 mice. Two forms of the disease were induced, mild 
(peptide alone) and severe (peptide plus pertussis toxin i.p.). The drug was 
administered daily ip from the day of MOG immunisation. Minocycline was 
found to delay the onset of the severe form of the disease and increased the 
time by 6-8 days for animals to become moribund, however treatment did 
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not prevent the disease. In the milder form of the disease, the drug was 
effective in reducing the severity throughout the disease course. The 
beneficial effects of Minocycline were mediated by inhibition of MMP 9, 
although MMP 2 was also inhibited, the significance of this finding was 
unclear 39. 

An antioxidant, alpha lipoic acid, has been used as a treatment for EAE 
and it was found to suppress EAE both clinically and histologically as well 
as being effective in reducing disease severity, following its administration 
after disease induction. Since the entry of T cells into the CNS was 
prevented by this treatment it was proposed that the effect was through the 
inhibitory actions of alpha lipoic acid on MMP9 which was inhibited in a 
dose dependent manner 4°. 

Due to the multiple effects of the MMP inhibitors tested to date it is 
unlikely that a single molecular mechanism will explain their actions in 
ameliorating or preventing EAE 35. The beneficial effects of these broad 
spectrum MMP inhibitors therefore may be a result of preventing 
transmigration of cells at the BBB, inhibiting demyelination 1 and also 
reducing the level of active TNFo~ within the CNS, through inhibition of 
ADAM17, thus preventing exacerbation of the inflammatory process. It has 
been shown that TNFo~ exacerbates EAE and preventing its actions with 
specific antibodies or soluble receptors is beneficial in treatment of mice 
with EAE 22. 

The PA/Plasmin System 
The PA/plasmin system has received much less attention than the 

MMPs in EAE, despite the interactions between the two systems and the 
potentially important role of plasmin, generated by plasminogen activation 
inEAE. Both tPA and uPA are produced as single chain proforms requiring 
activation to two chain forms by proteolytic cleavage by enzymes such as 
plasmin or cathepsin B, or in the case of tPA by binding to fibrin 4~'a2. These 
enzymes differ in their extracellular location which influences their function. 
tPA binds to extracellular components whereas uPA is predominantly cell 
associated, bound to specific uPA receptors (uPARs) 42'43. uPA is therefore 
thought to be involved in processes requiring periceilular proteolysis such as 
tissue remodelling and cell migration/invasion and tPA in fibrinolysis. 

uPARs concentrate uPA on cell surfaces and enable more efficient 
plasminogen activation when plasminogen is also bound to the cell 
surface 44'45. uPAR binding of pro-uPA also enhances its activation 44. 
Plasmin generated at cell surfaces in this way is not susceptible to inhibition 
by its major inhibitor c~2-antiplasmin 45. The receptor binding of uPA may 
also facilitate other direct catalytic activities such as its ability to degrade 
fibronectin, activation of hepatocyte growth factor, an activity shared with 
tPA, and activation of procathepsin B 46'47'48. Furthermore, uPARs can bind 
to vitronectin in the ECM promoting cell adhesion and migration 49 and 
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signalling can occur via uPA receptors by association of receptor molecules 
with adaptor molecules such as integrins 5°'51. 

The activity of PAs and plasmin is controlled not only by their 
production as proenzymes requiring activation but also by the presence of 
endogenous inhibitors. The major inhibitor of plasmin is ~2-antiplasmin 
and there are three specific inhibitors of PAs, PA inhibitors 1, 2 and 3 (PAI- 
l, 2 and 3) which bind only the active two chain forms of the enzymesSZ.Two 
less specific inhibitors are the protease nexin and neuroserpin, which inhibit 
plasmin and thrombin and trypsin respectively, in addition to the Pas 53'54. 
PAI-1, in addition to binding to PAs, also binds to vitronectin and can 
compete with uPARs for vitronectin binding, hence modulating cell 
adhesion and movement 49'5°. 

The PA/plasmin system in EAE 
An early insight into the role of the PA/plasmin system in EAE was 

obtained from investigations on the effects of a range of proteinase inhibitors 
on the development of disease. It was thought that a major source of these 
enzymes was activated macrophages within the inflammatory lesion 3e'55'56. 
These studies used an active model of EAE in Lewis rat. Inhibitor treatment 
was started on day 6 or 7 after induction and continued until around day 16 
when the experiments were terminated. In these studies, inhibitors of PA 
and plasmin, aminomethylcyclohexane carboxylic acid (AMCA), e- 
aminocaproic acid (EACA) and p-nitrophenylguanidinobenzoate (NPGB) 
gave protection against EAE in terms of reduction of paralysis and weight 
loss. Histologically only a slight reduction in infiltration by inflammatory 
cells was seen in rats treated with AMCA and EACA but the extent of 
infiltration and the degree of demyelination surrounding these cells was 
reduced. Interestingly trasylol, an inhibitor of PA and plasmin, exacerbated 
EAE in both studies. The effects of AMCA have also been investigated in a 
a passive transfer model of EAE in the Lewis rat. The inhibitor was started 
on day 2 after cell transfer and continued until the end of the experiment on 
day 9 or 10. Again clinical signs of EAE were reduced in the treated rats, 
however cellular infiltrates were still observed. These workers also studied 
the effect of AMCA on the permeability of the BBB using a double isotope 
method to study the distribution of 125I and 135I-labelled human serum 
albumin. They found a reduction in BBB permeability in AMCA treated rats 
compared with saline treated controls which appeared to be coincident with 
clincal improvement. They suggested that the BBB barrier permeability was 
the result of reduced fibrinolysis. Breakdown of fibrin, deposited on 
endothelial cells of CNS blood vessels as a result of inflammatory processes 
would, in the absence of AMCA, produce vasoactive peptides which could 
increase permeability of the BBB. 
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Effects of D-penicillamine, an inhibitor of MMP9 and tPA and uPA 
have been investigated in mouse models of acute and chronic relapsing EAE. 
Penicillamine inhibited disease development and attenuated disease 
recurrence 38. It was suggested that penicillamine modulated MMP9 activity 
directly and indirectly via PA/plasmin mediated activation. 

These observations provide circumstantial evidence for the 
involvement of the PA/plasmin system in the pathogenesis of EAE, however 
the inhibitors used may not be absolutely specific for PAs and plasmin and 
could act via other serine proteinases. More recent studies have investigated 
the induction of components of the PA/plasmin system in EAE. Koh and 
coworkers studied PA activity in normal rats and the Lewis rat cell transfer 
model of EAE 57. Activity was determined using a fibrin slide technique on 
sections of spinal cord. Fibrin degradation which occurred only in the 
presence of plasminogen was taken as a measure of PA activity. Normal rats 
showed PA activity associated with vascular endothelial cells, particularly 
meningeal endothelial cells. In EAE, PA activity decreased in the early 
phase of disease, compared to normal rats and remained low during clinical 
disease and increased with remission. Little or no activity was associated 
with vessels containing inflammatory cells, however this was suggested to 
be an artefact resulting from cell binding of PA which limited its diffusion 
into the fibrin overlay. This drop in PA activity may be the result of:- (1) 
exhaustion of endothelial cell PA content in the presence of fibrin deposition 
in blood vessels at lesion sites; (2) release of PAI-2 by infiltrating monocyte- 
macrophages and (3) stimulation of PAI-1 production by endothelial cells in 
response to inflammatory cytokines, IL-1 and TNF. It was suggested that 
rather than promoting demyelination, infiltrating monocyte-macrophages 
may promote remission by down-regulating fibrinolysis and release of fibrin 
degradation products, some of which are chemotactic and may contribute to 
disruption of the BBB. 

More recent studies have however shown induction of elements of the 
PA/pasmin system in EAE. Teesalu et al investigated the expression of tPA, 
uPA, PAI-1 and uPAR in spinal cord and brain from a BALB/c mouse 
model of EAE, induced with an emulsion of mouse spinal cord in complete 
Freund's adjuvant followed by an injection of pertussis toxin 24h later 29. In 
situ hybridisation and zymography were used to detect gene expression of 
these components and PA activity respectively. In situ hybridisation in 
normal animals indicated little or no transcripts for tPA, uPA, PAI-1 or 
uPAR. Spinal cords from EAE mice showed tPA transcripts on the edge of 
the white matter in activated astrocytes. The presence of tPA protein in 
activated astrocytes was confirmed by immunohistochemistry. PAI-1 
transcripts had a similar distribution to tPA and both were also increased in 
the brainstem and pons. uPA transcripts were undetectable, but uPAR 
transcripts were present in immune cells in inflammatory lesions. This 
contrasts with PA activity, determined by in situ zymography, which was 
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detected in spinal cords, this was weak in control animals but increased in 
EAE and was present in areas of the dorsal horn, central spinal cord and 
along the meninges. A slight reduction of activity was noted in the presence 
of amiloride, an inhibitor of uPA, indicating the presence of both tPA and 
uPA, though tPA appears the predominant enzyme in this model. 

Ahmed and coworkers, using a relapsing remitting model of EAE in 
Lewis rat, with relapses induced with IL-12, saw an increase in tPA, 
determined by immunostaining, during the second and third relapse 58. It was 
localised to macrophages and activated microglia in inflammatory cuffs and 
microglia and axons in grey and white matter. Whereas in first relapse 
animals, tPA was confined to inflammatory cells in cuffs and microglia in 
the grey matter but not in axons. PAl-levels, also determined by 
immunostaining, appeared to decrease as tPA increased. 

There are a number of speculations about the role of the PA/plasmin 
system in these latter two models 29'58. The increase in tPA may be both 
detrimental and beneficial, tPA/plasmin mediated ECM degradation may 
lead to damage to the BBB and neuronal damage 36. Neuronal damage and 
demyelination is more evident in relapsing remitting models of EAE. tPA is 
thought to promote neuronal damage by mediating the degradation of 
laminin, the loss of substratum causing cell death via apoptosis 12'59 and by 
the activation of microglia via a non-proteolytic mechanism 6°. Activation of 
protease-activated receptors (PARs) by serine proteinases such as plasmin, 
leading to astrocyte proliferation and microglial activation may also 
contribute to tissue damage 61'62'63. 

tPA may have beneficial effects via tPA mediated degradation of fibrin 
deposits in areas of perivascular inflammation. The clearance of fibrin may 
limit the extent of immune cell infiltration by removing a substrate for 
immune cell adhesion and invasion 29. tPA mediated fibrinolysis has also 
been shown to reduce axonal degeneration and demyelination after 
damage 64. Activation of TGF-13 by the PA/plasmin system may also be 
beneficial, reducing the production of NO by microglia which is toxic to 
microglia and oligodendrocytes 2°. uPA, though less evident in these models 
of EAE, may contribute to plasmin generation and its consequences, uPARs 
could promote adhesion and movement of inflammatory cells on 
perivascular deposits of vitronectin. PAI-1, in addition to modulating PA 
activity, modulates uPAR mediated cell adhesion to vitronectin. 

The evidence available strongly suggests a role for the PA/plasmin 
system in EAE, though this would appear to differ in different models and is 
complicated by the range of effects mediated by this system which may 
exacerbate or alleviate EAE. 
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Myelencephalon-specific protease 

In addition to the PA system proteinases, another trypsin-like serine 
proteinase, rat myelencephalon-specific protease (MSP), (human 
homologue, kallikrein 6), has been implicated in demyelination in EAE and 
MS 65. MSP is more highly expressed in the CNS compared to other non- 
neuronal tissues where it is present in neurons and oligodendroglia 66. In a 
marmoset model of EAE, MSP was found at lesion sites in infiltrating 
mononuclear cells where it may be secreted from these cells and activated by 
proteolysis 65,6v. 

MSP has a broad substrate specificity including MBP, MOG and ECM 
components laminin, fibronectin, and collagen 65'67. In EAE, inflammatory 
cell MSP may therefore contribute to demyelination and immunogenic 
peptide production and may facilitate their infiltration into the CNS by 
degradation of the BBB basal lamina. Addition of MSP to oligodendrocytes 
in vitro has also been shown to interfere with process formation, reducing 
formation in immature cells and causing loss of processes in mature cells. 
Such effects may be detrimental to repair processes 65. It has been suggested 
that the predominant CNS distribution of MSP, makes it a good potential 
therapeutic target for MS, however it requires further characterisation in 
terms of its regulation. 

C A L C I U M - A C T I V A T E D  N E U T R A L  P R O T E I N A S E  

Calcium-activated neutral proteinase (calpain) is another enzyme 
thought to have a role in the pathogenesis of EAE 68. Calpain is a cytosolic 
cysteine endopeptidase, active at neutral pH and with activities against a 
range of proteins including neurofilament protein, myelin and its own 
endogenous inhibitor calpastatin 69. There are two main subclasses of calpain, 
ubiquitous and tissue specific 7° and it is the ubiquitous subclass which has 
been implicated in EAE 68'71. Ubiquitous calpain has microcalpain and 
millicalpain isoforms (EC 3.4.22.17) so called because they are activated by 
~M or mM concentrations of calcium respectively. 

Calpain level and activity and calpastatin levels were studied in the 
spinal cords of Lewis rats, 10 - 12 days after induction of EAE by 
immunisation with guinea pig MBP. Calpain, determined as millicalpain, 
and calpastatin levels were increased in EAE as was the activity of calpain, 
determined indirectly by the presence of calpain-specific breakdown 
products of neurofilament protein and myelin associated glycoprotein. 
There was no significant increase in mRNA for calpain or calpastatin, 
suggesting that their regulation was at the post-translational level 68. In view 
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of its substrate specificity, calpain is thought to be involved in demyelination 
and axonal degeneration via breakdown of neurofilaments 72'73. Increased 
expression in activated glial and inflammatory cells in EAE support this 71. 
Its degradation of MBP is only partial but may lead to the production of 
immunogenic peptides, exacerbating EAE. 

In order to degrade myelin or neurofilaments calpain requires 
activation by calcium. Activation of either of the calpain isoforms 
intracellularly would require a calcium influx as intracellular calcium is ~ 
100 nM. In EAE this could result from complement fixation at the cell 
surface or perforin damage 74'75 and would enable intracellular degradation of 
myelin in the myelin sheath. Alternatively calpain may be secreted and 
function extracellularly where calcium levels are ~2 mM. Calpain can be 
secreted from activated macrophages and T cells 76'77'78. 

Calpain is also thought to be involved in T cell migration from the 
spleen to the brain in EAE, promoting disease progression. Calpain activity 
and levels are increased in spleen T cells and macrophages in developing 
EAE 79. However this may not be specific to EAE, but may be a more 
generalised response to immunisation as it was also seen in rats given 
complete Freund's adjuvant containing Mycobacterium tuberculosis but no 
MBP. Calpain may facilitate T cell migration by disruption of 
cytoskeleton/integrin links enabling clustering of LFA-1 and enhanced 
binding to adhesion molecules 8°'81. This may be important in enabling the 
passage of T cells across the BBB. 

Caspases 
Caspases are involved in apoptosis and cytokine activation 82. Their 

role in apoptosis is discussed in detail in the chapter by Gold and Chan. 
Caspase-1 (EC 3.4.22.36) is involved in the activation of IL-113 and was 
formerly known as IL-113 converting enzyme (ICE). It is therefore a key 
early component in inflammatory processes. Caspase-1 has been shown to 
be induced in a mouse model of EAE, induced by immunisation with 
incomplete Freund's adjuvant supplemented with Mycobacterium 
tuberculosis and MOG peptide 35-55 or spinal cord homogenate 83. 
Transcription levels of caspase-1 correlated with the severity of disease and 
the transcription rates of pro-inflammatory cytokines such as IL-I[3 and 
TNF~. The caspase inhibitor, Z-Val-Ala-DL-Asp-fluoromethylketone 
reduced the incidence of EAE in mice, when administered from the time of 
immunisation However when administered 7 days post immunisation, it had 
little therapeutic effect. Caspase-1 null mice showed a reduced severity and 
susceptibility to induction of EAE. These results indicated the importance of 
caspase-1 in the early stages of development of EAE 83. 
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Mast cell proteinases 

Early work showed that activated mast cells produced proteinases 
capable of degrading rat myelin to produce an encephalitogenic peptide. 
Immunisation of Lewis rats with this peptide or adoptive transfer of T cell 
lines stimulated with the peptide produced EAE 84. Mast cells have been 
localised in MS brain, in normal rat brain and in brain from a Lewis rat 
model of EAE. In the CNS of EAE rats there was an apparent increase in 
mucosal-type mast cells fairly late on in the disease process, 13 days post 
immunisation. This was determined by the mRNA expression and 
immunoreactivity of rat mast cell protease II (RMCPII) (EC),  a marker for 
this type of mast cell. The RMCPII content of these cells was also 
increased. These mast cells were localised adjacent to inflamed blood 
vessels 85. Mast cells and their proteinases may therefore contribute to EAE 
via demyelination and the generation of immunogenic peptides. 

Peptidases 

There have been few studies on the role of peptidases in EAE. Two 
peptidases implicated in the disease process are angiotensin converting 
enzyme I (ACE) (EC 3.4.15.1) and dipeptidyl peptidase IV (DPIV)(CD 26) 
(EC 3.4.14.5). ACE is a membrane bound peptidase which mediates 
inflammation, participates in T cell activation via its generation of 
angiotensin II and has effects on the permeability of the BBB 86'87'88'89. 
Evidence for the involvement of ACE in EAE comes from a study of the 
effects of an ACE inhibitor, captopril, in a Lewis rat model of EAE. It was 
shown that when captopril was administered from the day of immunisation, 
it reduced both disease severity and the in vitro responsiveness of 
lymphocytes from captopril treated rats to MBP 9°. 

DPIV is also a membrane bound peptidase which is present on T cells 
and is involved in T cell activation and function 91. It has been investigated 
in a mouse model of EAE induced by adoptive transfer of lymph node cells 
from mice immunised with either guinea pig MBP or peptide 139-151 from 
PLP 92. The effects of DPIV inhibitor Lys[Z(NOz)]-pyrrolidide (I40) were 
studied. When administered from the day of cell transfer a reduced 
incidence and severity of disease was observed. It was also effective in 
reducing disease severity if administered following development of clinical 
signs which agreed with histological evidence of reduced inflammatory 
lesions and myelin loss. In vitro studies showed a reduction in proliferation 
and pro-inflammatory cytokine secretion by MBP primed lymph node cells 
and an increase in TGF[31 secretion. Thus it was suggested that the effects 
were mediated by TGFI31 production, which in turn suppressed disease 93. 
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Thus DPIV appears to have an important role in the activation and function 
of  T cells in EAE and could constitute an important new therapeutic target. 

SUMMARY 

The evidence reviewed here provides strong support for an effector 
function for proteases and peptidases in the pathogenesis of EAE in a range 
of  rodent species using both active and passive disease transfer models as 
well as relapsing remitting forms. Inhibition of these enzymes has resulted in 
amelioration or prevention of  the disease. Effective inhibition in some cases 
required administration before disease onset, whereas others were effective 
when given after disease onset. The  PA/plasmin/MMP enzymes have been 
most specifically identified as the major contributors to the pathological 
process including increasing the permeability of  the BBB, degradation of  the 
myelin sheath resulting in axonal damage, generation of  active pro- 
inflammatory cytokines by cleavage of  the pro forms, further propagating 
inflammation within the CNS and finally generation of further 
encephalogenic peptides which may promote the autoimmune. However  
other enzymes such as MSP may provide more specific potential targets for 
new drug development.  

REFERENCE LIST: 

1. Cuzner ML, Opdenakker G (1999). Plasminogen activators and matrix 
metalloproteases, mediators of extracellular proteolysis in inflammatory 
demyelination of the central nervous system. J of Neuroimmunol, 94:1-14 

2. Rosenberg GA (2002). Matrix metalloproteinases in neuroinflammation. 
GLIA, 39:279-291 

3. Chandler S, Miller KM, Clements JM, Lury J, Corkill D, Anthony DC, Adams 
SE, Gearing AJ (1997). Matrix metalloproteinases, tumor necrosis factor and 
multiple sclerosis: an overview. J of Neuro, 72:155-161 

4. Yong V W, Krekoski CA, Forsythe PA, Bell R and Edwards DR (1998). Matrix 
metalloproteinases and diseases of the CNS. Trends Neurosci 21, 75-80. 

5. Leppert D, Lindberg RL, Kappos L, Leib SL (2001). Matrix metalloproteinases: 
multifunctional effectors of inflammation in multiple sclerosis and bacterial 
meningitis. Brain Res Revs, 36:249-257 

6. Yong VW, Power C, Forsyth P and Edwards DR. (2001). Metalloproteinases in 
biology and pathology of the nervous system. Nature Reviews, Neurosci 2,:502- 
511 

7. Cross AK, Woodroofe MN (1999). Chemokine modulation of matrix 
metalloproteinase and TIMP production in adult rat brain miroglia and a human 
microglial cell line in vitro. GLIA, 28:183-189 

8. Andreasen PA, Kjoller L, Christensen L, Duffy M (1997). The urokinase-type 
plasminogen activator system in cancer metastasis: A review. Int J of Cancer 



A19. Proteases and peptidases in eae 409 

72(1): 1-22 
9. Cammer W, Bloom BR, Norton WT and Gordon S (1978). Degradation of basic 

protein in myelin by neutral proteases secreted by stimulated macrophages: A 
possible mechanism of inflammatory demyelination. Proc Natl Acad Sci USA, 
75, : 1554-1558 

10. Lijnen HR (2001). Elements of the fibrinolytic system. Ann of NY Ac of Sci, 
936:226-236 

1 1. Liotta LA, Goldfarb RH, Brundage R, Siegal GP, Terranova V, Garbisa S 
(1981). Effect of plasminogen-activator (urokinase), plasmin and thrombin on 
glycoprotein and collagenous components of basement-membrane. Cancer 
Research, 41:4629-4636 

| 2. Chen Z, Strickland S (1997). Neuronal death in the hippocampus is promoted by 
plasmin-catalyzed degradation of laminin. Cell, 91: 917-925. 

13. Gunderson D, Trfin-Thang C, Sordat B, Mourali F and Riiegg C (1997). 
Modulation by Tlymphocyte-derived urokinase-type Plasminogen activator and 
effect on T Lymphocyte adhesion, activation and cell clustering. J of Immunol, 
158: 1051-1060. 

14. Yamaguchi Y (2000). Lecticans: organiser of brain extracellular matrix. Cell 
and Mol Life Sci 57:276-289 

15. Sobel RA (2001). The extracellular matrix in multiple sclerosis: an update. Braz 
J Med Biol Res, 34:603-609 

16. Mochan E, Keler T (1984). Plasmin degradation of cartilage proteoglycan. 
Biochim Biphys Acta 800:312-315 

17. Ramos-DeSimone N, Hahn-Dantona E, Sipley J, Nagase H, French DL, Quigley 
JP (1999). Activation of matrix metalloproteinase-9 (MMP-9) via a converging 
plasmin/stromelysin-1 cascade enhances tumor cell invasion. J of Biol Chem, 
274(19): 13066-13076 

18. Werb Z, Mainardi CL, Vater CA, Harris ED (1977). Endogenous activation of 
latent collagenase by rheumatoid synovial cells. Evidence for a role of 
plasminogen activator. New Engl J Med, 296:1017-1023. 

| 9. Baramova EN, Najou K, Remacle A, Lhoir C, Krell HW, Weidel UH, Noel A, 
Foidart JM (1997). FEBS Letters, 405:157-162 

20. Vincent VA, Lowik CW, Verheijen JH, de Bart AC, Tilders FJ, Van Dam AM 
(1998). Role of astrocyte derived tissue - type plasminogen activator in the 
regulation of enxotoxin-stimulated nitric oxide production by microglial cells. 
Glia, 22:130-137 

21. Hartung HP, Kieseier B (2000). The role of matrix metalloproteinases in 
autoimmune damage to the central and peripheral nervous system. J 
Neuroimmunol, 107:140-147 

22. Baker D, Butler D, Scallon BJ, O'Neill JK, Turk JL, Feldmann M (1994). 
Control of established experimental allergic encephalomyelitis by inhibition of 
tumor necrosis factor (TNF) activity within the central nervous system using 
moclonal antibodies and TNF receptor-immunoglobulin fusion proteins. Euro J 
of lmm, 24:2040-2048 

23. Pagenstecher A, Stalder AK, Kincaid CL, Shapiro SD and Campbell IL (1998). 
Differential expression of matrix metalloproteinase and tissue inhibitor of 
matrix metalloproteinase genes in the mouse central nervous system in normal 
and inflammatory states. Am Journal of Pathology, 152, 52:729-741 

24. Dubois B, Masure S, Hurtenbach U, Paemen L, Heremans H, Van den Oord J, 
Sciot R, Meinhardt T, H~imerling G, Opdenakker G and Arnold B (1999). 
Resistance of young gelatinase B-deficient mice to experimental autoimmune 
encephalomyelitis and necrotizing tail lesions. J Clin Investig, 104:1507-1515 

25. Opdenakker G, Van den Steen PE, Van Damme J (2001). Gelatinase B: a tuner 



410 Chapter A 19 

and amplifier of immune functions, Trends in Immuno, 22:571-579 
26. Gijbels K, Proost P, Masure S, Carton H, Billian H and Opdenakker G (1993). 

Geltanise ~ is present in the cerebrospinal fluid during EAE and cleaves MBP. J 
Neurosci Res 36, 432-440 

27. Clements JM, Cossins JA, Wells GM, Corkill DJ, Helfrich K, Wood LM, Pigott 
R, Stabler G, Ward GA, Gearing et al (1997). Matrix metalloproteinase 
expression during experimental autoimmune encephalomyelitis and effects of a 
combined matrix metalloproteinase and tumour necrosis factor-alpha inhibitor. J 
of Neuroimm, 74:85-94 

28. Kieseier BC, Storch MK, Hartung HP (2000). Toxic effector molecules in the 
pathogenesis of immune-mediated disorders of the central nervous system. 
Journal of Neural Transmission, 59; 69-80 

29. Teesalu T, Einkkanen AE and Vaheri A (2001). Coordinated induction of 
extracellular proteolysis systems during experimental autoimmune 
encephalomyelitis in mice. Am J Pathol 159:2227-2237 

30. Graesser D, Mahooti S, Madri J (2000). Distinct roles for matrix 
metalloproteinase-2 and c~4 integrin in autoimmune T cell extravasation and 
residency in brain parenchyma during experimental autoimmune 
encephalomyelitis. J Neuroimmunol 109:121-131 

31. Nygardas PT and Hinkkanen AE (2002). Up-regulation of MMP-8 and MMP-9 
in the BALB/c mouse spinal cord correlates with the severity of experimental 
autoimmune encephalomyelitis. Clin Exp Immunol, 128:245-254 

32. Smith ME, Amaducci LA (1982). Observations on the effects of inhibitors on 
the suppression of experimental allergic encephalomyelitis. Neurochem Res, 7: 
541-554 

33. Smith ME, Van der Maesen K and Somera FP (1998). Macrophage and 
Microglial responses to cytokines in vitro: phagocytic activity, proteolytic 
enzyme release and free radical production. J Neurosc Res, 54:68-78 

34. Hewson AK, Smith T, Leonard JP, Cuzner ML (1995). Suppression of 
experimental allergic encephalomyelitis in the Lewis rat by the matrix 
metalloproteinase inhibitor Ro31-9790. Official Journal of the European 
Histamine Res Soc, Vol 44, : 345-349 

35. Liedtke W, Cannella B, Mazzaccaro RJ, Clements JM, Miller KM, 
Wucherpfennig KW, Gearing AJ, Raine CS (1998). Effective treatment of 
models of multiple sclerosis by matrix metalloproteinase inhibitors. Annals of 
Neurology, l: 35-46. 

36. Lo EG, Wang X, Cuzner ML (2002). Extracellular proteolysis in brain injury 
and inflammation: Role for plasminogen activators and matrix 
metalloproteinases. J of Neuroscience Res, 69:1-9 

37. Pender MP, Nguyen KB, McCombe PA, Kerr JF (1991). Apolbtosis in the 
nervous system in experimental autoimmune encephalomyelitis. Neurosci Ress, 
104:81-87 

38. Norga K, Paemen L Masure S, Dillen C, Heremans H, Billiau A, Carton H, 
Cuzner L, Olsson T, Van Damme J (1995). Prevention of acute autoimmune 
encephalomyelitis and abrogation of relapses in murine models of multiple 
sclerosis by the protease inhibitor D-pencillamine. Official Journal of the 
European Histamine Res Soc., 44:529-534 

39. Brundula V, Rewcastle NB, Metz LM, Bernard CC and Yong VW (2002). 
Targeting leukocyte MMPs and transmigration Minocycline as a potential 
therapy for multiple sclerosis. Brain, 125:1297-1308 

40. Marracci GH, Jones RE, McKeon GP, Boudette DN (2002). Alpha lipoic acid 
inhibits T cell migration into the spinal cord and suppresses and treats 
experimental autoimmune encephalomyelitis. Journal of Neuroimmuno 131 ; 



A19. Proteases and peptidases in eae 411 

104-114 
41. Hart DA, Rehemtulla A (1988). Plasminogen activators and their inhibitors: 

regulators of extracellular proteolysis and cell function. Comp Biochem Physiol 
90B: 691-708 

42. Oates JA, Wood JJ (1988). Tissue plasminogen activator. New Eng J Med, 319: 
925-931 

43. Blasi F (1993), Urokinase and urokinase receptor: a paracrine/autocrine system 
regulating cell migration and invasiveness. Bio Essays 15:105-111. 

44. Ellis V, Behrendt N, Dano K (1991). Plasminogen activation by receptor-bound 
urokinase, a kinetic study with both cell associated and isolated receptor. J Biol 
Chem 266:12752-12758 

45. Plow EF, Freaney DE, Plescia J, Miles LA (1986). The plasminogen system and 
cell surfaces: evidence for plasminogen and urokinase receptors on the same cell 
type. J Cell Biol 103:2411-2420. 

46 Gold LI, Schwimmer R, Quigley JP (1989). Human fibronectin as a substrate 
for human urokinase. Biochem J, 262:529-534 

47. Dalet-Fumeron V, Guinec N, Pagano M (1993). In vitro activation of pro- 
cathepsin B by 3 serine proteinases, leukocyte elastase, cathepsin G and the 
urokinase-type plasminogen activator. FEBS Lett 332:251-254 

48. Mars WM, Zarnegar R, Michalopoulos GK (1993). Activation of hepatocyte 
growth factor by the plasminogen activators uPA and tPA. Amer J Pathol 143,: 
949-958. 

49. Blasi F (1997). UPA, UPAR, PAl-1: key intersection of proteolytic, adhesive 
and chemotactic highways? Immunol Today, 18:415-417 

50. Chapman A (1997). Plasminogen activators, integrins and the coordinated 
regulations of cell adhesion and migration. Curr Opin Cell Biol 9:714-724 

51. Dummler I, Weis A, Mayboroda OA, Maasch C, Jerke U, Hallert H and Gulba 
C (1998). The Jak/Stat pathway and urokinase receptor signalling in human 
aortic vascular smooth muscle cells. J Biol Chem, Vol 273, I 

52. Romanaic AM and Madri J (1994). Extracellular matrix-degrading proteinases 
in the nervous system. Brain Path 4:145-156 

53. Sprengers ED and Kluft C (1987). Plasminogen activator inhibitors. Blood 69: 
381-387. 

54. Silverman GA, Bird PI, Carrell RW, Church FC, Coughlin PB, Gettins PGW, 
Irving JA, Lomas DA, Luke CJ,Moyer RW, Pemberton PA, Remold-O'Donnell 
E, Salveson GS Travis J and Whisstock JC (2001). The Serpins are an 
expanding superfamily of structurally similar but functionally diverse proteins. J 
Biol Chem, 276,33293-33296. 

55. Brosnan CF, Cammer W, Norton WT and Bloom BR (1980). Proteinase 
inhibitors suppress the development of experimental allergic encephalomyelitis. 
Nature, 285:235-237 

56. Koh CS, Paterson PY (1987). Suppression of clinical signs of cell-transferred 
experimental allergic encephalomyelitis and altered cerebrovascular 
permeability in Lewis rats treated with a plasminogen activator inhibitor. Cell 
Imm,107:52-63 

57. Koh CS, Kwaan HC, Paterson PY (1990). Neurovascular fibrinolytic activity in 
normal Lewis rats and rats with cell-transferred experimental allergic 
encephalomyelitis. J Neuroimmuno, 28, :189-200 

58. Ahmed Z, Gveric D, Pryce G, Baker D, Leonard JP and Cuzner ML (2001). 
Myelin/Axonal Pathology in lnterleukin-12 Induced serial relapses of 
experimental Allergic Encephalomyelitis in the Lewis rat. Am J of Pathology, 
Vol 158,:2127-2138 

59. Flavin MP, Zhao G and Ho LT (2000). Microglial tissue plasminogen activator 



412 Chapter A19 

(TPA) triggers neuronal apoptosis In vitro. GLIA 29: 347-354. 
60. Siao C-J, Tsirka SE (2002). Tissue plasminogen activator mediates microglial 

activation via its finger domain through annexin II. J of Neurosci, 22: 3352- 
3358 

61. Gingrich MB and Traynelis (2000). Serine proteases and brain damage - is there 
a link? TINS 23 (9): 39 9-407. 

62. Wang H, Joachim U, Reiser G (2002). Four subtypes of protease-activated 
receptors, co-expressed in rat astrocytes, evoke different physiological 
signaling. Glia 37:53-63 

63. Suo z, Wu M, Ameenuddin S, Anderson HE, Zoloty JE, Citron BA, Andrade- 
Gordon P, Festoff BW (2002). Participation of protease-activated receptor-1 in 
thrombin-induced microglial activation. J of Neurochem, 80: 655-666. 

64. Akassoglou K, Kombrinck KW, Degen JL, Strickland S (2000). Tissue 
plasminogen activator-mediated fibrinolysis protects against axonal 
degeneration and demyelination after sciatic nerve injury. J of Cell Biol, 149: 
1157-1166 

65. Scarisbrick IA, Blaber SI, Lucchinetti CF, Genain CP, Blaber M and Rodriguez 
M (2002). Activity of a newly identified serine protease in CNS demyelination. 
Brain, 125:1283-1296 

66. Scarisbrick I, Isackson PJ, Ciric B, Windebank AJ, Rodriguez M (2001). MSP; 
a trypsin-like serine protease. J Comp Neurol 431:347-361 

67. Blaber, SI, Scarisbrick IA, Bernett MJ, Dhanarajan P, Seavy M, Yonghao J, 
Schwartz MA, Moses R, Blaber M (2002). Enzymatic properties of rat 
myelencephalon-specific protease. Biochemistry, 41: 1165-1173. 

68. Shields DC, Banik NL (1998). Upregulation of calpain activity and expression 
in experimental allergic encephalomyelitis: a putative role for calpain in 
demyelination. Brain Res, 794:68-74 

69. Suzuki K, Imajob S, Emori Y, Kawasaki H, Minami Y, Ohno S (1987). 
Calcium-activated neutral protease and its endogenous inhibitor. FEBS Letts 
220:271-277 

70. Suzuki K, Sorimachi H, Yoshizawa T, Kinbara K, lshiura S (1995). Calpain: 
novel family members activation and physiological function. J Biol Chem 376: 
523-529 

71. Shields DC, Tyor WR, Deibler GE, Hogan EK and Banik NL (1998). Increased 
calpain expression in activated glial and inflammatory cells in experimental 
allergic encephalomyelitis. Neurobiology, 95: 5768-5772. 

72. Shields DC, Banilk NL (1999(a)). A Pathophysiological role of calpain in 
experimental demyelination. J of Neuroscience Res, 55:533-541 

73. Schaecher KE, Shields DC, Banik NL (2001). Mechanism of myelin breakdown 
in experimental demyelination: A putative role for calpain. Neurochem Res 
26:731-737 

74. Schaecher KE, Shields DC, Banik NL (2001). Mechanism of myelin breakdown 
in experimental demyelination: A putative role for calpain. Neurochem Res 
26:731-737 

75. Zajicek T, Wing M, Scolding W, Compston D (1992). Interactions between 
oligodenrocytes and microglia: A major role for complement and tumour 
necrosis factor in oligodendrocyte adherence and killing. Brain 115:1611-1631 

76. Saido T, Suzuki H, Yamazalci H, Tanoue K, Suzuki K (1993). J Biol Chem 268: 
7422-7426 

77. Deshpande R, Goust T, Hogan G, Banik NL (1995). Calpain secreted by 
activated human lymphoid cells degrades myelin.J Neurosci Res 42:259-265 

78. Smith ME, Van der Maesen K and Somera FP (1998). Macrophage and 
Microglial responses to cytokines in vitro: phagocytic activity, proteolytic 



A19. Proteases and peptidases in eae 413 

enzyme release and free radical production. J Neurosc Res, 54:68-78 
79. Shields DC, Schaecher KE, Goust J-M, Banik NL (1999(b)). Calpain activity 

and expression are increased in splenic inflammatory cells associated with 
experimental allergic encephalomyelitis. J Neuroimmunol, 99:1-12 

80. Potter D, Tirnauer T, Janssen R, Croall D, Hughes C, Fiacco K, Mier T, Maki 
M, Herman I (1988). Calpain regulates actin remodelling ? cell spreading. T 
Cell Biol 141:647-662 

81. Stewart MP, McDowall A, Hogg N (1998). LFA-1-Mediated adhesion is 
regulated by cytoskeletal restraint and by a Ca2+-dependent protease, calpain. J 
Cell Biol 140:699-707 

82. Salvesen GS and Dixit VM (1997). Caspases: Intracellular Signalling by 
Proteolysis. Cell 91: 443-446. 

83. Furlan R, Martino G, Galbiati F, Poliani PL, Smiroldo S, Bergami A, Desina G, 
Comi G, Flavell R, Michael SS and Ardorini L (1999). Caspase-1 regulates the 
inflammatory process leading to autoimmune demyelination ~. J Immunol, 163: 
2403 -2409. 

84. Dietsch GN, Hinrichs DJ (1991). Mast cell proteases liberate stable 
encephalitogenic fragments from intact myelin. Cell Immm 135:541-548 

85. Rouleau A, Dimitriadou V, Tuong MDT, Newlands GFJ, Miller HRP, Schwartz 
JC, Garbarg M (1997). Mast cell specific proteases in rat brain: change in rats 
with experimental allergic encephalomyelitis. J Neural Transm 104:399-417 

86. Foris G, Dezs6 B, Medgyesi GA, Fiist G (1983). effect of angiotensin II on 
macrophage junctions. Immunology 48:529-535 

87. Weinstock JV, Ehrinpreis MN, Boros DL, Gee JB (1981). Effect of S014225, an 
inhibitor of angiotensin I converting enzyme, on the granulomatons response to 
Schisto sand man sani eggs in mice. J Clin Invest 67:931-936. 

88. Eisenlohr LC, Bacik I, Bennink JR, Bernstein K, Yewdell JW (1992). 
Expression of a membrane protease enhances prsentation of endogenous 
anFigens to MHC class I - restricted T lymphocytes. Cell 71: 963-972. 

89. Brownlees T, Williams CH (1993). Peptidases, peptides and the mammalian 
blood brain barrier. J Neurochem 60:793-803 

90. Constantinescu CS, Ventura E, Hilliard B, Rostami A (1995). Effects of the 
angiotensin converting enzyme inhibitor captopril on experimental autoimmune 
encephalomyelitis. Immunopharma & Immunotoxi, (3): 471-491 

91. 

92. 

Masimoto C, Schlossman SF (1998). The structure and function of CD26 in the 
T cell immune response. Immunol Rev 161:55 
Steinbrecher A, Reinhold D, Quigley D, Gado A, Tresser N, Izikson L, Born I, 
Faust J, Neubert K, Martin R, Ansorge S and Brocke S (2001). Targeting 
dipeptidyl peptidise IV (CD26) suppresses autoimmune encephalomyelitis and 
up-regulates TGF-BI secretion In vivo. J of Immunol, 166:2041-2048 

93. Racke MK, Dhib-Jalbut S, Cannella B, Albert PS, Raine CS, McFarlin DE 
(1991). Prevention and treatment of chronic relapsing experimental allergic 
encephalomyelitis by transforming growth factor-beta 1. J of Immuno, 146: 
3012-3017 



Chapter A20 

THE BLOOD-BRAIN BARRIER IN EAE 
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Tiibingen, Germany 

Abstract: The normal function of the blood brain barrier (BBB) is the maintenance of the 
central nervous system homeostasis. The normal structure, development, 
differentiation and maintenance (and in particular the role of tight junctions) of 
the BBB are discussed in this chapter, followed by a description of the 
pathological changes in the BBB during EAE: leakiness, molecular changes in 
the tight junctions, the crossing of encephalitogenic T cells and the 
immunological factors responsible for the BBB breakdown during EAE. 

Key words: EAE, cerebrospinal fluid, blood brain barrier, tight junctions, endothelium 

1. I N T R O D U C T I O N  
Homeostasis of the central nervous system (CNS) microenvironment is 

essential for its normal function and is maintained by the blood-brain barrier 
(BBB). The BBB is formed by highly specialized capillary endothelial cells, 
which inhibit transcellular passage of molecules across the barrier by an 
extremely low pinocytotic activity. The lack of fenestrae and an elaborate 
network of complex tight junctions (TJ) between the endothelial cells restrict 
the paracellular diffusion of hydrophilic molecules. On the other hand, in 
order to meet the high metabolic needs of the CNS tissue, specific transport 
systems selectively expressed in the capillary brain endothelial cell 
membranes mediate the directed transport of nutrients into the CNS or of 
toxic metabolites out of the CNS. 

Because of the presence of the BBB, the lack of lymphatic vessels and the 
absence of classical MHC-positive antigen presenting cells the CNS is 
considered an immunologically privileged site. In fact, under physiological 
conditions lymphocyte entry into the healthy CNS across the BBB is kept at 
a low level. During inflammatory diseases of the CNS such as in multiple 
sclerosis (MS) or its prototype animal model experimental autoimmune 
encephalomyelitis (EAE), however, circulating immunocompetent cells 
readily get access to the CNS. In EAE, CD4 + autoaggressive T cells are 
activated outside the CNS, migrate across the healthy BBB into the CNS and 
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start the molecular events leading to inflammation, loss of barrier properties 
and subsequently edema formation and finally demyelination. 

During inflammatory demyelinating diseases the BBB might be 
considered as performing both, a passive and an active role. Loss of barrier 
function during EAE might be considered as a passive involvement of the 
BBB leading to edema formation and exacerbation of the disease. In contrast, 
the BBB is actively involved in such disease processes as the altered 
phenotype of BBB endothelium during EAE that is characterized by 
enhanced expression of traffic signals like adhesion molecules and 
chemokines leads to enhanced leukocyte traffic into the CNS and 
consecutively chronic inflammation. In this chapter we will describe the 
molecular mechanisms involved in altered BBB function during EAE and 
consider their impact on the initiation and progression of the disease process. 

2. THE PHYSIOLOGICAL BLOOD-BRAIN BARRIER 
2. 1 History 

The discovery of a vascular barrier between blood circulation and the 
CNS dates back more than 100 years, when in the 1880s Paul Ehrlich and 
Edwin E. Goldman discovered that upon the injection of protein-bound dyes 
into the vascular system they were rapidly taken up by all organs with the 
exception of the brain and spinal cord (Ehrlich, 1904), whereas the very same 
dyes when injected into the cerebrospinal fluid readily stained neural tissue 
but were excluded from all the other organs (Goldmann, 1913). Obviously 
these dyes could not penetrate the wall of CNS blood vessel. The concept of 
a vascular blood-brain barrier, which also functions as a brain-blood barrier 
was born. It took an additional 70 years until Reese, Karnovsky and 
Brightman (Reese and Karnovsky, 1967; Brightman, 1968) localized the 
barrier ultrastructurally to the capillary endothelial cells within the brain by 
electron microscopy studies. Following injection into the vasculature or into 
the CNS, the electron-dense tracer horseradish peroxidase distributed into the 
intercellular clefts of brain endothelial cells up to the tight junctions (TJs) 
between the endothelial cells. Thus, the interendothelial TJs were recognized 
as the morphological correlate of the blood-brain barrier (BBB; Figure 1 ). 
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Figure 1: 
Ultrastructural 
localization of  the BBB 
Diffusion of the 
electondense tracer 
lanthanum localizes the 
BBB to the endothelial 
TJs 
A: Rat brain capillary 
with lanthanum 
deposited on the luminal 
surface of the 
endothelium. The arrow 
points out the TJ where 
diffusion of lanthanum 
stops. B: higher 
magnification of the TJs 
pointed out in A. 
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2.2 Development,  differentiation and maintenance of  the BBB 
During embryogenesis the development of the brain vascular system 

begins when angioblasts, which differentiate from the mesoderm, enter the 
head region and form the perineural vascular plexus that covers the entire 
surface of the neural tube. From the perineural plexus vascular sprouts 
invade the proliferating neuroectoderm. This mechanism, whereby new 
vessels are formed from pre-existing vessels, is called angiogenesis (Risau, 
1997). These observations suggested that the embryonic brain produces 
angiogenic factors that bind to specific receptors expressed on endothelial 
cells thus leading to migration and proliferation of  these cells. To date, the 
probably most critical of these factors have been characterized largely by 
analyzing genetically modified mice. By using these mouse models, the 
essential roles of numerous gene products for blood vessel development and 
morphogenesis in general including the brain have thus been established. 
The most prominent examples of genes, the function of  which is essential 
during development already, include VEGF-A and its endothelial tyrosine 
kinase receptors VEGF-RI (Flt-l) and -R2 (Flk-l), the receptor tyrosine 
kinases Tie-1 and Tie-2 as well as the Tie-2 ligands Angiopoietin-1 and -2, 
components of  the TGFI3 signalling pathway (such as TGFI31, ALK-I, 
endoglin, SMAD5 and SMAD6) and more recently members of the EphB- 
receptor / ephrinB-ligand family such as EphB4 and ephrinB2 and also select 
members of the Notch receptor / jagged and delta-like ligand families (for 
review see Risau 1997; Gale and Yancopoulos 1999; Carmeliet and Collen, 
2000; Adams 2002). By virtue of gene targeting technology it has been 
demonstrated that the VEGF-A ligand and its receptors VEGF-RI and -R2 
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are essential for endothelial cell lineage specification, differentiation and 
blood vessel formation. Based on the spatial and temporal relationship of 
VEGF and VEGF-R expression during brain angiogenesis, it seems that 
capillary sprouts originating from the perineural vascular plexus expressing 
VEGF-R 1 and-R2 radially invade into the developing neuroectoderm along a 
concentration gradient of VEGF, which is highly expressed by cells in the 
ventricular layer of the developing neuroeetoderm (summarized in 
Engelhardt and Risau, 1995). There is a precise regulation of the timing and 
pattern formation in brain angiogenesis in mammals with brain angiogenesis 
being maximal in early post-natal days and downregulated in the adult (B~, 
1980). Obviously, additional signals are required to produce the complex 
architecture of a mature vascular tree within the CNS. In recent years, two 
endothelial cell specific receptor tyrosine kinases, Tie-1 and Tie-2 have been 
identified, the activities of which seem to govern processes that allow for 
endothelial cell sprouting, remodelling of primitive vascular networks and 
blood vessel maturation and integrity (Dumont et al., 1994). Tie-2 and at 
least two of its angiopoietin ligands (Ang-i and Ang-2; Davis and 
Yancopoulos, 1999) are involved in the regulation of angiogenic sprouting, 
vascular remodelling and recruitment of perivascular cells during embryonic 
development. A common feature of Tie-2 and Ang-1 deficient embryos is a 
defect in the association of endothelial cells with the underlying extracellular 
matrix and with perivascutar cells. Based on these findings, it has been 
suggested that Tie-2 signalling could be required for upregulation of factors 
in endothelial cells that are chemotaetic for pericytes and smooth muscle 
cells leading to the migration of these cells towards the endothelial cell wall 
and subsequent maturation of the vessels by an increased production of 
extracellular matrix components elicited by the action of activated TGF-~ 
and other proteins (Folkman and D'Amore, 1996). Amongst these, platelet- 
derived growth factor (PDGF)-B, a high affinity ligand for the receptor 
tyrosine kinase PDGF-RI3 present on perivascular mesenchymal cells is 
produced by endothelial cells during development. PDGF-B has been shown 
to be involved in vascularization of the brain as disruption of the PDGF-B 
gene leads to pericyte loss and lethal micoraneurysm formation during late 
embryogenesis (Lindahl et al., 1997). 

Even though many of the molecular components involved in brain 
angiogenesis have now been identified, their exact mechanisms of action are 
still not fully understood. Furthermore, as these mechanisms also apply 
outside the CNS it seems unlikely that they are involved in BBB 
differentiation. However, the biggest remaining obstacle to the understanding 
of the roles of those proteins for the development of specific vascular beds is 
the fact that mutations in their genes invariably lead to lethal phenotpyes 
during early embryogenesis before BBB differentiation starts. Therefore, 
meaningful in vivo analysis of their possible involvement in BBB 
differentiation or their contribution during pathological alterations of the 
BBB has to ax,,~it the development of more sophisticated genetic models 
such as conditional and inducible mouse mutants. 
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In any case, additional molecules specifically expressed in brain 
endothelial cells have to be involved in the differentiation of the BBB. To 
date, specific expression of the non-receptor tyrosine kinase lyn (Achen et 
al., 1995) and of gene products encoding P-glycoprotein has been 
demonstrated early during brain angiogenesis (Qin and Sato, 1995). Whereas 
the relevance of lyn expression during brain angiogenesis remains to be 
determined, expression of P-glycoprotein is required for the differentiation of 
the BBB (Schinkel et al., 1994) and seems to ensure the rapid removal of 
toxic metabolites from the neuroectoderm before the BBB has fully 
differentiated. In the developing chicken CNS, it has been shown that 
angiogenic vessels invading the neuroectoderm express N-cadherin between 
endothelial cells and pericytes. With the onset of barrier differentiation, N- 
cadherin labelling decreased suggesting that transient N-cadherin expression 
in endothelial and perivascular cells may represent an initial signal which 
may be involved in the commitment of early blood vessels to express BBB 
properties (Gerhardt et al., 1999). Thus establishing of the barrier is 
accompanied by further changes in the phenotype of the brain endothelial 
cells such as upregulation of the HT/7-antigen/basigin (Seulberger et al., 
1992) or downregulation of the MECA-32 antigen (Hallmann et al., 1995), 
the mouse homologue of the rat VP-1 (Stan et al., 1999) besides the 
expression of specific transporters and metabolic pathways can be observed 
(Pardridge, 1988; Pardridge, 1991). At present, the development of the 
barrier function of brain capillaries is basically still investigated as done by 
Paul Ehrlich over 100 years ago by measuring the decreasing permeability 
for vascular tracers. Although different approaches gave somewhat different 
results (Wakai and Hirokawa, 1978; Risau, 1991; Stewart, 2000; 
Dziegielewska et al., 2001) it has become clear that BBB tightness is not just 
"switched on" at a specific time point during brain angiogenesis but rather 
that the tightening of the barrier occurs as a gradual process, which is 
independent from vascular proliferation and begins late during 
embryogenesis when angiogenesis is not complete (Risau et al., 1986). The 
molecular mechanisms involved in this process are not understood until 
today. Based on the elegant transplantation studies of Stewart and Wiley, 
who were first to show that vessels derived from the coelomic cavity when 
growing into an ectopic brain transplant gain BBB characteristics (Stewart 
and Wiley, 1981), it is known that the development of BBB characteristics in 
endothelial cells is not pre-determined but rather induced by the 
neuroectoderm. 

The question remains, which cell or combination of cell types within the 
neuroectoderm induces BBB characteristics in endothelium. Astrocytic 
endfeet are in close proximity to the endothelial cells' plasma membrane and 
are separated only by the basal lamina. As the astroglial perivascular sheet is 
a unique feature of CNS capillaries and forms at around the same time as the 
permeability barrier develops (Phelps, 1972), astrocytes and their precursors 
have been implicated in the induction of the BBB (Goldstein, 1988). First 
hints have been provided by Janzer and Raft (Janzer and Raft, 1987), who 
were the fist to demonstrate that purified astrocytes induce BBB-like 
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permeability changes in invading endothelial cells in vivo. However, as some 
of the BBB characteristics in brain endothelial cells appear very early and 
prior to astrocyte differentiation, other cell types might be involved in BBB 
differentiation in addition to astrocytes. The fully differentiated BBB 
consists of a complex cellular system of highly specialized endothelial cells, 
pericytes embedded in the basal membrane, perivascular cells and astrocytic 
endfeet (Figure 2). 

¢ 
Figure 2" 
The cellular 
components 
of the BBB 

endo~el~l 
~se~mt ~ r ~ n e  

While the endothelial cells form the barrier proper, the interaction with 
adjacent cells seems to be a prerequisite for barrier function. Pericytes are 
found in close association with endothelial cells even at very early stages of 
development and seem to be more prevalent on neural capillaries than on 
other capillaries (Simionescu et al., 1988). The function of pericytes in vivo 
has been unclear for a long time (Sims, 1986), but recently it has become 
evident that they are required for vessel maturation (Lindahl et al., 1997). 

The role of the extracellular matrix in the induction and maintenance of 
the BBB has been insufficiently investigated so far. This may partly be due 
to the enormous molecular heterogeneity including different laminins, 
collagens, fibronectin etc. (see below). In particular agrin, a heparan sulfate 
proteoglycan, was found in the basement membranes of vessels with special 
barrier properties like those in the brain, thymus and testis, and it has been 
proposed to be involved in the development of the BBB (Barber and Lieth, 
1997). Agrin was first isolated from the electric organ of Torpedo californica 
and identified to be essential for clustering acetylcholine receptors in the 
postsynaptic membrane of the motor endplate (Nitkin et al., 1987). 
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Astrocytes have been shown to express agrin in vivo and in vitro, which is 
why agrin could serve as a basal membrane factor inducing barrier functions 
in brain endothelium in vivo. Since agrin is linked to the cytoskeleton via 
dystroglycan and the dystrophin-glycoprotein complex (Blake and Kr6ger, 
2000), it could participate in establishing cellular polarity, which is a 
characteristic feature of perivascular astrocytes. In any case, it is noteworthy 
that the extracellular matrix of leaky blood vessels in malignant human brain 
tumors was found to be devoid of agrin (Rascher et al., 2002). In multiple 
sclerosis or in EAE, BBB capillaries also become generally permeable 
leading to edema formation and exacerbation of the disease. These 
observations suggest that a continuing regulation of BBB maintenance is 
provided by the tissue microenvironment. Disturbances in the molecular 
interplay between the CNS microenvironment and the BBB might therefore 
lead to BBB dysfunction. 

Taking these observations together, based on the observations that early 
during embryogenesis endothelial-neuroectodermal interactions induce a 
"commitment" in endothelial cells to form a BBB lineage, we have 
previously proposed two phases of endothelial -neuroectodermal interactions 
leading to BBB differentiation (Engelhardt and Risau, 1995). This is 
documented by the early induction of specific genes in those endothelial cells 
such as lyn and P-glycoportein (see above). In a subsequent phase, 
secondary interactions of "committed" brain endothelial cells with the 
developing neuroectoderm elements induce further endothelial 
differentiation, which leads to the fully functional BBB. Whereas the 
"commitment" of brain endothelial cells to form a BBB remains stable, the 
second phase might be reversible. Maintenance of a functional BBB thus 
strictly depends on the permanent interaction of the BBB endothelium with 
the surrounding cellular and extracellular elements. Molecular changes in the 
CNS within close proximity of the vascular barrier will thus lead to changes 
in BBB phenotype and function. Thus immigration of encephalitogenic cells 
across the BBB during EAE would induce an alteration in the "molecular 
communication" of the perivascular cells with BBB endothelium and 
ultimately lead to altered BBB function (see below). 

2. 3 In vitro models of the BBB 
Further evidence for the necessitiy of continuous signals provided by the 

CNS microenvironment for brain endothelial cells to maintain barrier 
properties is provided by in vitro observations. When brain endothelial cells 
are isolated and cultured in vitro they rapidly lose many of their BBB 
characteristics including formation of proper TJs and a permeability barrier, 
indicating that integrity of the BBB strictly depends on signals provided by 
the CNS microenvironment (Figure 3). 
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Figure 3: Freeze 
fracture analysis of 
BBB TJs 
Association of the P- 
face association of 
TJs particles as 
present in vivo is 
rapidly lost from 
BBB endothelium 
cultured in vitro 

This is in contrast to epithelial cells, which when cultured in vitro still 
form proper TJs emphasizing that the formation of epithelial TJs is less 
dependent on extrinsic factors than the formation of endothelial TJs (Kniesel 
and Wolburg, 2000). This might be due to the fact that the architecture of 
epithelial and endothelial TJs differ with respect to their spatial and 
molecular organisation. In endothelial cells components of adherens 
junctions and TJs can be intermingled along the intercellular cleft, whereas 
they remain spatially separated in epithelial cells (Schulze and Firth, 1993). 
Thus, in vitro BBB models employing epithelial cells have to be considered 
as not suitable for the study of BBB characteristics. Also, based on the 
observations described above, namely that brain endothelial cells become 
"committed" to form a BBB during emryogenesis, in vitro BBB models 
employing non-cerebral endothelial cells must be considered less 
appropriate, as these endothelial cells lack expression of genes specifically 
induced in brain endothelial cells during development. 

Several in vitro BBB models have been established which utilize the co- 
culture of cerebral porcine or bovine brain endothelial cells with primary 
glial cells mimicking the in vivo BBB microenvironment (Meresse et al., 
1989; Rubin et al., 1991; Wolburg et al., 1994). In most of those models the 
permeability barrier and high electrical resistance of the cerebral endothelial 
cells have been extensively characterized. In vitro establishment of other 
biological aspects of BBB endothelium, such as expression of surface 
markers (i.e. HT7/basigin) (Prat et al., 2001) or transcytosis of LDL or 
transferrin (Cecchelli et al., 1999) across the cerebral monolayer has, 
however, been investigated less frequently. In agreement with the literature 
(reviewed in (Wolburg and Lippoldt, 2002), when employing the in vitro 
BBB model by Cecchelli (Cecchelli et al., 1999) we observed that bovine 
brain capillary endothelial (BBCE) cells grown in mono-culture in vitro did 
not build a permeability barrier to tracers, whereas co-culture of BBCE cells 
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with primary glial cells for 10 days induced a tight permeability barrier 
(Hamm et al. manuscript submitted). In that study, we could demonstrate that 
removal of glial cells from the co-culture resulted in a modulation of the 
permeability barrier. Therefore, in this in vitro system the permeability 
barrier of the BBCE cells is directly dependent on humoral factors present in 
the co-culture only. Modulation of the BBB in vitro was due to the opening 
of the endothelial TJs as demonstrated by the increased permeability to 3H- 
inulin and 14C-sucrose and most significantly by their opening to horseradish 
peroxidase at the ultrastructural level. An increase in the number of 
pinocytotic vesicles leading to increased transendothelial transport of tracers 
did not occur. 

Our observations emphasize that leakiness of the BBB most probably 
occurs via modulations at the TJ level. To date, no in vitro system has yet 
been established that allowed the induction of TJ complexes between the 
cultured endothelial cells in such a way that they mimicked barrier properties 
leading to high electrical resistance measurements as in vivo. 

In contrast to their compromized usefulness for investigations of the 
molecular mechanisms involved in barrier formation or barrier breakdown 
(i.e. the passive involvement of the BBB in EAE pathogeneis), in vitro 
cultured brain endothelial cells or even brain endothelial cell lines have 
proven to be valuable tools to study traffic signals involved in 
leukocyte/endothelial interactions in vitro (active contribution of the BBB in 
EAE pathogenesis), which have proven to be valid in vivo as well 
(Greenwood et al., 1995b; Laschinger and Engelhardt, 2000; see below ). 

2. 4 Tight junctions (TJs) of the BBB 

2.4.1 M o r p h o l o g y  
Although BBB TJs are unique as they are very sensitive to ambient factors, 

within ultrathin section electron micrographs their morphology resembles 
those of epithelial TJs as they appear as a chain of fusion points - "kisses" - 
of the outer plasma membrane leaflet of adjacent cells (Figure 4). 
Additionally, TJs between the endothelial cells of the brain microvessel have 
been analysed by qualitative freeze-fracture electron microscopic studies. 
TJs function as a seal only if they are continuous and branched. The complex 
network of TJs between brain endothelial cells is therefore primarily 
responsible for the paracellular impermeablity and, unlike simple TJs present 
between endothelial cells elsewhere in the organism, provides a high 
electrical resistance. 
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Figure 4: TJ 
"kisses" between 
endothelial cells of 
the BBB 
Ultrathin section of 
a BBB TJ. Arrows 
point to the 
characteristic kissing 
points of the outer 
leaflets of the 
plasma membranes 
of adjacent cerebral 
endothelial cells. 

In freeze-fracture electron microscopy studies the BBB TJs have been 
demonstrated to be more complex than TJs in other endothelial cells in the 
body appearing as a continuous network of parallel and highly 
interconnected strands that circumscribe the apex of lateral membranes of 
adjacent cells (Figure 3; Nagy et al., 1984; Nico et al., 1992). However, it 
turned out that the complexity of strands is only one feature of the tight 
junctional network and that the association of the TJ particles with the 
protoplasmic (P-face) or external leaflet of the membrane (E-face) is another 
criterion to correlate morphology and physiology of TJs. In the endothelial 
cells that form the BBB, the association of TJ particles with the P-face is 
higher than in all other endothelial cells of the entire vasculature of the body. 
It was shown that the P-face association correlates with the barrier function 
of the BBB endothelium (Figure 3; (Wolburg et al., 1994). This observation 
is also consistent with the low P-face association in TJs of peripheral, non- 
barrier endothelial cells, where the E-face associated tight junctional particles 
clearly predominate (Mtihleisen et al., 1989; Simionescu et al., 1988). It has 
been hypothesized that there is an important functional role for the P-face 
association, and thus presumably the cytoplasmic anchoring of the TJ 
particles, particularly for BBB function (Wolburg et al., 1994). This is further 
supported by the finding that a molecular component, which was identified to 
associate with the P-face, claudin-3, is predominantly incorporated into BBB 
endothelial cell tight junctions (see below). 

2.4.2 Molecular composition o f  BBB TJs 
In recent years, several proteins have been identified that are asociated 

with epithelial and endothelial TJs (Figure 5). This group of TJ associated 
proteins include cytoplasmic peripheral membrane proteins of the MAGUK 
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family, such as ZO-1, ZO-2 and ZO-3 (reviewed in Tsukita et al, 1999 and 
Wolburg and Lippoldt, 2002). These proteins link integral membrane 
proteins of the TJs to the cytoskeleton. Occludin was the first integral 
membrane protein found to be exclusively localized within TJs (Furuse et al., 
1993). However, mice carrying a null mutation in the occludin gene are 
viable and develop morphologically normal TJs in most tissues including the 
brain (Saitou et al., 2000) proving that occludin is not essential for proper TJ 
formation. In contrast to occludin, the claudins, which exhibit no sequence- 
homology to occludin, comprise a novel gene-family of integral membrane 
TJ proteins with more than 20 members to date and have been shown to be 
sufficient for the formation of TJ strands (Morita et al., 1999a). Transfection 
of claudin-I or claudin-3 into fibroblasts lacking TJs, induced P-face 
associated TJs (Furuse et al., 1999), whereas transfection of fibroblasts with 
claudin-2 or claudin-5 induced E-face associated TJs in the absence of 
occludin (Morita et al., 1999c) demonstrating that different claudins induce 
structurally different T.ls. Claudins are not randomly distributed throughout 
the tissues. Using immunohistochemistry we could demonstrate that besides 
claudin-5, claudin-3 is localized in endothelial TJs in the CNS of mice and 
man (Wolburg et al., 2003). Additionally, we and others have shown that 
occludin and ZO-I are localized within BBB TJs (BoRon et al., 1998; 
Wolburg et al., 2003). Furthermore, the Ig supergene family members 
junctional adhesion molecule (JAM) (Martin-Padura et al., 1998) and the 
recently discovered endothelial cell-selective adhesion molecule (ESAM) are 
localized in TJs (Nasdala et aL, 2002) of  the BBB. Via interaction with ZO-1 
these integral membrane proteins interact with the actin cytoskeleton thus 
providing the molecular link for TJ association with the cytosketeton. In 
addition, adherens junctions, which are strongly associated with the 
cytoskeleton, e.g. via cadherin/catenin interactions seem to be intermingled 
with TJs at the BBB (Schulze and Firth, 1993). 

2.4.3 Molecular composition o f  adherens junct ions and cell-to-cell 
contacts in BBB endothelium 

In cerebral endothelial cells non-occluding adherens junctions are found 
in close proximity to TJs (Schulze and Firth, 1993), Figure 5). In adherens 
junctions the endothelial specific integral membrane protein VE-cadherin 
(Corada et al., 1999), is linked to the cytoskeleton via catenins, which belong 
to the family of armadillo proteins (Vleminckx and Kemler, 1999). In 
endothelial cells expression and localization of 13-catenin, ~/-catenin and 
pt 20 c~ have been described to be crucial for the functional state of adherens 
junctions (Dejana, 1996). 
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This is supported by the observation that application of monoclonal 
antibodies directed against VE-cadherin increase vascular permeability in 
vivo (Corada et al., 2001). Whether VE-cadherin is also required to maintain 
integrity of the BBB remains to be investigated. 

Finally, PECAM-1 has been demonstrated to be localized in endothelial 
cell contacts outside of either TJs or adherens junctions. In mice deficient for 
PECAM-1 no defect in BBB integrity has been reported (Duncan et al., 
1999). 

3. THE BLOOD-BRAIN BARRIER DURING EAE 

3.1 BBB leakiness 
Breakdown of the BBB was shown to precede symptoms and other MRI 

signs of new lesion development in MS (Kermode et al., 1990). These 
findings are modelled in EAE, where the impaired integrity of the BBB has 
been demonstrated to precede clinical signs of the disease (Claudio et al., 
1989). Using several tracers to investigate BBB integrity during EAE, 
increased transport of sodium, chloride, sucrose and inulin could be 
demonstrated in different areas of the diseased brain (Juhler, 1988). Studies 
on the time course of BBB breakdown in rodent models during progress of 
EAE support a caudal-to-rostral gradient preceeding the progression of the 
gradient of severity of the inflammatory disease (Butter et al., 1991). 
However, more recently it was demonstrated that during EAE the cerebellar 
BBB is dramatically and briefly compromised even before breakdown of the 
BBB in the spinal cord prior to disease onset (Tonra et al., 2001). Disruption 
of the BBB during CNS inflammation can lead to the immediate problem of 
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vasogenic edema and the clinical problems related to this condition. Active 
lesions are characterized by the perivascular accumulation of serum 
components such as albumin or fibrin and inflammatory cells (Figure 6). 

Figure 6: CNS microvessels during EAE 
A) (left) Leakiness of the BBB during EAE. Upper left: CNS micovessel with 
erythrocytes, center: perivascular space with massive protein deposits, lower right: 
myelinated nerve fibers. Note the protrusion of the glia limitans from the left to the right. 
B) (right) Characteristic "tortured" TJ between cerebral endothelial cells in an inflamed 
vessel during EAE is shown 

Whereas the accumulation of serum components in the perivascular 
space of CNS microvessels demonstrates that passive diffusion of these 
proteins can occur across the BBB, at the same time the absence of 
neutrophils and red blood cells within the CNS suggests that even the 
impaired BBB still plays an active role in the recruitment of inflammatory 
cells into the CNS. In EAE, leakiness of the BBB occurs mainly at the level 
of postcapillary venules, which are surrounded by inflammatory cuffs. CNS 
postcapillary venules are thin walled and mainly comprised of endothelial 
cells and function as exchange microvessels, much like capillaries 
(Fenstermacher et al., 2001). Several observations suggest that these small 
venules are the microvessels that are most prone to disruption and BBB 
breakdown. Eventually, leakiness of the BBB is accompanied by the loss of 
the differentiated phenotype of BBB endothelial cells as supported by the re- 
expression of the MECA-32 antigen on brain endothelial cell in inflamed 
vessels surrounded by inflammatory cuffs (Engelhardt et al., 1994). 

Leakiness of the BBB could be a result of either TJ opening or enhanced 
pinocytotic activity of the endothelial cells. Whereas the latter could not be 
observed by us, in the CNS of mice afflicted with EAE, vessel profiles 
surrounded by inflammatoty cuffs were characterized by an increase of the 
luminal surface of postcapillary endothelium and by a complicated and 
branched course of the tight junctional domains (Figure 6B). This suggests 
that BBB leakiness mainly occurs via an opening of the BBB TJs. This 
observation on the ultrastructural level seems to be confirmed by 
immunocytochemical studies demonstrating that inflamed CNS vessels 
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exhibit a seemingly disrupted immunostaining for TJ molecules, while 
staining in the healthy BBB is characterized by straight and continuous 
patterns (Wolburg et al., 2003). 

3. 2 Molecular alterations of BBB TJs during EAE 
Using immunohistochemistry, we recently demonstrated that during the 

clinical disease of EAE the TJ molecule claudin-3 is selectively lost from 
vessels surrounded by inflammatory cuffs (Wolburg et al., 2003). In contrast 
to claudin-3, the presence of other TJ molecules like claudin-5, occludin or 
ZO-1 in cerebral vessels was not affected during EAE. These observations 
differ from a previous report, where loss of ZO- 1 and occludin from cerebral 
vascular endothelium was observed during CNS inflammation caused by 
injection of LPS in juvenile rats (Bolton et al., 1998). However, in this study 
the cellular infiltrate was dominated by neutrophils, which is in contrast to 
EAE, where the cellular infiltrate is mostly composed of mononuclear cells. 
Interestingly, only juvenile rats younger than 3 weeks developed LPS 
induced neutrophil mediated inflammation in the CNS, whereas injection of 
LPS in older rats did not lead to any CNS inflammation or alterations at the 
BBB, indicating that maturation of the BBB was not complete at that age. 
Thus, loss of occludin and ZO-1 from cerebral vessels upon neutrophil 
recruitment might be specific to the immature BBB. Alternatively, 
recruitment of different leukocyte populations might differently affect the 
TJs due to usage of distinct routes of transendothelial migration, i.e. 
transcellular versus paracellular (Faustmann and Dermietzel, 1985, 
Greenwood et al., 1994). Interestingly, selective loss of claudin-3 can also be 
observed in leaky vessels in glioblastoma multiforme in the absence of any 
inflammation, suggesting that in vivo the loss of claudin-3 from BBB TJs 
correlates with BBB breakdown at these sites and that this is not necessarily 
dependent on the presence of inflammatory cells (Wolburg et al., 2003). 
Claudin-3 might therefore be a key component determining the permeability 
of BBB endothelial TJs in vivo. Future studies will have to demonstrate the 
signals determining the subcellular distribution of claudin-3. Defining these 
signals might allow to develop new therapeutic strategies to reduce BBB 
permeability and thus severity of brain edema in CNS diseases. 

An alteration of the TJ structure during EAE is further supported by our 
findings that during EAE the TJ molecules JAM-1 becomes accessible at the 
luminal surface of BBB endothelium whereas in the healthy CNS JAM-1 is 
confined to the BBB TJs and cannot be accessed for immunostaining by 
antibodies injected into the blood-stream (Dehouck and Engelhardt, 
unpublished observations). In fact, in vitro studies demonstrated that 
stimulation of endothelial cells by pro-inflammatory cytokines will lead to a 
release of JAM-1 from endothelial TJs and its availability on the endothelial 
luminal surface, where it can then mediate the binding of highly activated T 
cells via the integrin LFA-1 (Ostermann et al., 2002). These observations 
suggest, that during inflammation, TJ proteins such as JAM-1 might be 
involved in guiding inflammatory cells across the BBB TJs. 
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3.3 Contribution of  endothelial PECAM-1 
Platelet/endothelial cell adhesion molecule-1 (PECAM-1, CD31) is a 

member of the Ig superfamily of transmembrane proteins and is concentrated 
at cell contact sites in all continuous endothelial cell linings in vivo including 
the endothelial cells of the BBB and is proximal to adherens junctions 
(Figure 5). 

The lack of endothelial PECAM-1 expression in knock-out mice results 
in an earlier onset of clinical symptoms during EAE, associated with an 
increased inflammatory cell migration across the BBB (Graesser et al., 
2002). Lack of endothelial PECAM-1 was additionally shown to lead to an 
impaired ability to restore vascular integrity after alteration of the 
endothelium in PECAM-1 deficient mice or of cultured PECAM-I" 
endothelial cells (Graesser et al., 2002). The resulting increased and 
prolonged vascular permeability might lead to enhanced transendothelial 
migration of inflammatory cells and thus early onset of CNS inflammation 
during EAE. We hypothesized a role for PECAM-1 in the restoration of 
inter-endothelial junctional integrity following disrupting stimuli, while 
normal, homeostatic endothelium is not affected. The prolonged vascular 
permeability in the PECAM-l-deficient mice could be accounted for if 
PECAM-1 plays a role in re-establishing intact junctions following 
inflammatory stimuli and transendothelial migration of leukocytes. In turn, 
disruption of endothelial cell-cell junctions has been shown to facilitate 
transmigration of leukoe~es, which may contribute to a cycle of increased 
migration and decreased junctional integri~ in the PECAM-1-deficient mice. 
However, the endothelial permeability barrier was eventually restored, 
showing that the requirement for PECAM-I at inter-endothelial junctions is 
not absolute. One might speculate on an involvement of ~-catenin, which 
normally associates with the transmembrane junctional protein VE-cadherin, 
linking it to cytoskeletal proteins, but can also associate with PECAM- 1 (Ilan 
et al., 2000). When, through certain stimuli, such as inflammation in EAE, 
junctional disassembly is induced, ~-catenin becomes tyrosine- 
phosphorylated, dissociates from VE-cadherin but associates with PECAM-l 
(Ilan et al. 1999). The presence of phosphorylated [~-catenin and protein 
tyrosine phosphatases such as SHP-2 on the same scaffolding molecule may 
induce the dephosphorylation of 13-catenin, allowing it to re-associate with 
VE-cadherin, thus re-assembling intact adherens junctional complexes (Ilan 
et al. 1999). Perhaps in the PECAM-l-deficient mice, PECAM-I cannot act 
as a reservoir for phosphorylated ~-catenin, resulting in an increased 
cytoplasmic pool of the phosphorylated protein, which cannot readily re- 
associate with VE-cadherin in the junctional complex. Ultimately, ~-catenin 
may become dephosphorytated by other mechanisms and resume its 
association with VE-cadherin and other junctional proteins, thus eventually 
restoring integrity of the endothelial cell layer. Further elucidation of the 
underlying mechanism(s) by which PECAM-I modulates vascular integrity 
will aid in our understanding of the roles PECAM-I plays during 
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inflammatory responses. Although this does not discount the possibility that 
signals mediated via PECAM-1 may contribute to the generation or 
propagation of the immune response during EAE, the impairment of dynamic 
vascular junctional integrity is likely to be one of the driving forces in the 
early EAE phenotype of the PECAM-l-deficient mice. 

3.4 Inflammatory mediators/cytokines involved in BBB leakiness 
during EAE 

Inflammatory cytokines play an active part in the mediation of the 
immune response during EAE. Proinflammatory cytokines such as tumor 
necrosis factor (TNF)-a, interferon (IFN)-y, interleukin (IL-1) and IL-6 have 
been detected in the cerebrospinal fluid of MS patients and in CNS tissue of 
mice suffering from EAE (Gijbels et al., 1990). These cytokines have been 
shown to be involved in the immunopathogenesis of EAE and based on in 

vitro studies demonstrating that TNF-0t, IL-1 and IL-6 induce increased 
vascular permeability of tracers across monolayers of endothelial cells (de 
Vries et al., 1996), it has been suggested that they also impair BBB function 
in vivo. In fact, administration of TNF-o~ to an in vitro model of the BBB 
resulted in increased paracellular permeability to small tracers and was 
accompanied by the reorganization of actin filaments within the brain 
endothelial cells (Dell et al., 1995), supporting the possibility that locally 
increased levels of TNF-ot in the CNS during EAE might directly lead to 
increased permeability of the BBB. lntravital microscopy studies 
demonstated that in vivo TNF-o~ increases the permeability of pial 
microvessels to tracers via a mechanism involving the activation of  soluble 
guanylate cyclase and protein tyrosine kinases (Mayhanm, 2002). 
Additionally, in vivo application of IL-I was demonstrated to impair barrier 
properties of the BBB (Blamire et al., 2000). 

In addition to locally produced cytokines affecting BBB function, 
impairment of BBB in EAE was shown to be accompanied by an increased 
transport of TNF-ot from the blood into the CNS by a saturable system 
(Gutierrez et al., 1993; Pan et al., 1996). Increased transport of TNF-0t was 
observed throughout the CNS, i.e. brain and cervical, thoracic, and lumbar 
spinal cord with a distinct time course and reversibility (Pan and Kastin, 
2001). 

Exposure of cerebral endothelial cells to pro-inflammatory cytokines can 
lead to the release/expression of various products of the arachidonic acid 
cascade with both vasoactive and pro-inflammatory properties, including 
prostaglandins, leukotrienes, and platelet-activating factor (PAF) by the BBB 
endothelial cells themselves leading to changes in local cerebral blood flow 
and blood theology, and finally increases in BBB permeability (Stanimirovic 
and Satoh, 2000). Whereas involvement of these mechanisms and of classical 
vasoactive mediators such as nitric oxide or endothelin in BBB breakdown is 
generally accepted, their involvement during MS is not well studied. 
Recently, VEGF was suggested to be involved in BBB breakdown during 
EAE/MS (Proescholdt et al., 2002). As described above, VEGF is a major 
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inducer of angiogenesis, but originally, it was described as vascular 
permeability factor (Senger et al., 1990). In both acute and chronic MS 
plaques as well as during EAE, VEGF expression was found to be 
upregulated in astrocytes in association with inflammatory cuffs (Proescholdt 
et al., 2002), suggesting that VEGF might exacerbate the inflammatory 
response in antoimmune diseases of the CNS by inducing focal BBB 
breakdown. To date, involvement of VEGF in the development of vascular 
leakage in the CNS has rather been associated with stroke, head injury and 
high-altitude illness, disorders that are associated with tissue hypoxia. As 
VEGF gene expression was shown to be upregulated by hypoxia, increased 
VEGF expression may link hypoxia and vascular leakage in the CNS in vivo. 
Thus it remains to be shown whether hypoxic conditions might occur in 
inflammatory cuffs during EAE or whether VEGF might be induced by other 
m e a n s .  

Last but not least, pro-inflammatroy cytokines lead to the activation of 
BBB endothelium, which is characterized by the upregulated expression of 
traffic signals for leukocytes such as adhesion molecules ~ d  ehemokines 
that govern inflammatory cell recruitment across the BBB during EAE (see 
below). 

4. R E C R U I T M E N T  O F  E N C E P H A L I T O G E N I C  T C E L L S  
ACROSS THE BBB 

4.1 Antigen presentation by BBB endothelium 
The question whether BBB endothelium would present antigen has been 

addressed extensively, when it was still assumed that the BBB is 
impermeable for tymphocytes. It was thought that "accidental" presentation 
of myelin-antigens on the luminal surface of the BBB endothelial cells would 
lead to local activation and thus transmigration of  activated T cells across the 
BBB. In order to present antigen to encephalitogenic C D 4 ~ T  cells, 
endothelial cells must present MHC class II antigens. Although it was 
repeatedly claimed that during EAE there is induction of MHC class II 
products on BBB endothelium, demonstration of MHC class II on BBB 
endothefium at the electron microscopic level in vivo was achieved only in 
the guinea pig model of  EAE (Sobel et al., 1987; Wilcox et al., 1989). In 
contrast, the inducibility of MHC class I1 products on brain endothelial cells 
from different species in vitro could be demonstrated by several groups by 
using pure cultures of BBB endothelial cells. Furthermore expression of the 
costimulatory molecules B7-1 and B7-2 was demonstrated on human brain 
endothelial cells in an in vitro BBB model (Omari and Dorovini-Zis, 2001). 
Inflammatory mediators such as TNF-~ or y-IFN were shown to induce 
MHC class II expression on those cultured endothelial cells in vitro (Male 
and Pryce, 1988; Risau et al., 1990). Direct investigation of the antigen- 
presenting potential of MHC class lI-positive brain endothelial cells in vitro, 
however, demonstrated that T cells cocultured with MHC class II positive 
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mediated by CD4 +, MBP-specific T cells in those cultures (Risau et al., 1990; 
Sedgwick et al., 1990; Wang et al., 1995), which was, however, dependent 
on the presence of the specific antigen and the appropriate MHC class II 
molecule. This apparent paradox might be attributed to the production of 
prostaglandins by brain endothelial cells inhibiting T cell proliferation 
(McCarron, 1992). More recently it was shown that CD4 + T cell proliferation 
and cytokine production is inhibited by a factor derived from human brain 
endothelial cells. Addition of exogenous I1-2 prevented T cell 
unresponsiveness reinforcing the notion that brain endothelial cells can 
induce T cell anergy (Prat et al., 2000). 

Taken together, based on the observations that T cell blasts can migrate 
through the BBB endothelium independent of their antigen specificity and 
MHC-restriction as shown using ovalbumin-specific T cells and bone- 
marrow chimeras (Hickey et al., 1991) and that traffic signals guiding T cells 
across the BBB were identified (see below) it is highly unlikely that antigen- 
presentation is required for T cell migration across the BBB. It might well be 
though that later during ongoing EAE, when high levels of cytokines and 
myelin degradation products are present within the inflammatory cuffs, 
antigen-presentation by brain endothelial cells might contribute to the 
destruction of the BBB, which is typical for acute EAE and MS (Tsukada et 
al., 1993). 

4. 2 Traffic signals provided by BBB endothelium 
In general, lymphocyte recruitment across the vascular wall is regulated 

by the sequential interaction of different adhesion or signaling molecules on 
lymphocytes and endothelial cells lining the vessel wall (Butcher et al., 
1999). An initial transient contact of the circulating leukocyte with the 
vascular endothelium, generally mediated by adhesion molecules of the 
selectin-family and their respective carbohydrate ligands, slows down the 
leukocyte in the bloodstream. Subsequently, the leukocyte rolls along the 
vascular wall with greatly reduced velocity. The rolling leukocyte can 
receive endothelial signals resulting in its firm adhesion to the endothelial 
surface. These signals are transduced by chemokines via G-protein coupled 
receptors on the leukocyte surface. Binding of a chemokine to its receptor 
results in a pertussis toxin sensitive activation of integrins on the leukocyte 
surface. Only activated integrins mediate the firm adhesion of the leukocytes 
to the vascular endothelium by binding to their endothelial ligands, which 
belong to the immunoglobulin (Ig)-superfamily. This ultimately leads to the 
extravasation of the leukocyte. Successful recruitment of circulating 
leukocytes into the tissue depends on the productive leukocyte/endothelial 
interaction during each of these sequential steps. 

We and others have investigated the expression of adhesion molecules on 
CNS endothelium during EAE in the SJL/N mouse by means of in situ 
hybridization and immunohistology and found induction of ICAM-1 and 
VCAM-1 but not E- and P-selectin on CNS endothelium (Engelhardt et al., 
1997; Cannella et al., 1991; Steffen et al., 1994; Wilcox et al., 1990). ICAM- 
1 and VCAM-1 were shown to mediate adhesion of lymphocytes to inflamed 
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cerebral vessels on frozen brain sections in vitro (Steffen et al., 1994; 
Yednock et al., 1992). In vivo monoclonal antibody inhibition studies 
confirmed the involvement of VCAM-I and its ligand ct4-integrin but not E- 
and P-selectin in the pathogenesis of EAE as antibodies directed against 
VCAM-1 and its ligand Gt4-integrin but not against E- and P-selectin 
successfully blocked the development of clinical EAE in the SJL/N mouse 
(Engelhardt et at., 1997 and 1998). Although we have discounted a role for 
endothelial selectins in EAE, recent evidence was provided demonstrating 
that during ongoing EAE P-selectin is involved in leukocyte recruitment at 
least into the meningeal vessels (Kerfoot and Kubes, 2002). Even though it 
was previously reported that BBB endothelial cells lack storage of P-seleetin 
in Weibel-Palade bodies (Barkalow et al., 1996), P-setectin was recently 
implicated in the initial recruitment of activated eneephalitogenic T cells into 
the healthy CNS (Carrithers et al., 2000). These apparently contradictory 
results can only be investigated by direct observation of leukocyte- 
endothelial interaction in vivo. 

In order to gain direct evidence for the molecular mechanisms of 
leukocyte interaction with the vascular wall within the CNS, observation of 
the CNS microcirculation by intravital fluorescence microscopy is necessary. 
This approach is hampered, however, by the protected localization of the 
brain and spinal cord within the skull and the spinal column, respectively. In 
order to gain intravital microscopic access to the CNS microcirculation, acute 
and chronic cranial window preparations have been developed for rodents, 
which allow observation of the pial and cortical, i.e. CNS grey matter, 
microcirculation respectively (Uhl et al., 1999; Vajkoczy et al., 2000). In 
EAE, however, CNS white matter is the battle field of the inflammatory 
attack with preference of the spinal cord. Therefore, we recently developed a 
novel spinal cord window preparation, which enabled us to directly visualize 
CNS white matter microcirculation by intravital fluorescence 
videomicroscopy (Vajkoczy et al., 2001). We gained direct evidence that T 
lymphoblast interaction with the BBB is unique due to the lack of rolling. 
Constitutively expressed VCAM-1 mediates the G-protein independent 
prompt arrest (capture) of circulating encephalitogenic T cell blasts via t~4- 
integrin to the endothelium of the healthy BBB. Transient capture is followed 
by G-protein dependent ot4-integrin /VCAAVI-I mediated adhesion 
strengthening and subsequent LFA-1 mediated migration of lymphocytes 
across the BBB into the spinal cord white matter (Vajkoczy et al., 2001, 
Laschinger et al., 2002). Requirement for t~4-integrin in leukocyte interaction 
with the inflamed BBB during ongoing EAE is maintained as demonstrated 
by intravital microsocpy of CNS microvessels in the brain (Kerfoot and 
Kubes, 2002). Furthermore, as recently demonstrated the requirement for ct4- 
integrin in inflammatory cell recruitment across the BBB seems to translate 
to the mechanisms invoved in inflammatory cell recruitment across the BBB 
in MS, where therapy using a humanized anti-tx4-integrin antibody has 
proven to be beneficial (von Andrian and Engelhardt, 2003). 
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A crucial role for chemokines in successful recruitment of 
encephalitogenic T cells across the BBB is suggested by the requirement for 
signalling via G-protein coupled, PTX-sensitive receptors on 
encephalitogenic T cells to firmly arrest on BBB endothelium in vivo. We 
found expression of the lymphoid chemokine "EBV-induced molecule 1 
ligand chemokine" (ELC)/CCLI9 at the level of the BBB endothelium on a 
subpopulation of CNS venules and induced expression of the "secondary 
lymphoid chemokine" (SLC)/CCL21 in inflamed CNS venules during EAE 
(Alt et al., 2002). Expression of their common receptor CCR7 was detected 
in a subpopulation of cells present in the perivascular inflammatory cuffs. 
Encephalitogenic T cells show surface expression of CCR7 and the 
alternative receptor for CCL21, CXCR3. They chemotax specifically towards 
both, CCL19 or CCL21 in a concentration dependent and pertussis toxin- 
sensitive manner, comparable to naive lymphocytes in vitro. Additionally, in 
frozen section assays functional ablation of CCR7 and CXCR3 or blocking 
CCLI9 and CCL21 reduced binding of  encephalitogenic T lymphocytes to 
inflamed venules in the brain. Absence of rolling, the involvement of the 
lymphoid chemokines CCL19 and CCL2t and the predominant involvement 
of ct4-integrin and VCAM-1 make this T lymphoblast interaction with the 
BBB unique and suggest that these specific mechanisms operate to limit 
leukocyte travel to this immunoprivileged site (Figure 7). 

Interestingly, although we observed T cell interaction with the vascular 
wall in CNS capillaries and post-capillary venules, extravasation of  
encephalitogenic T cells was only observed at the level of post-capillary 
venules. This is consistent with the observations of the localization of 
inflammatory cuffs, which characteristically form around the post-capillary 
venules but not around capillaries, indicating that extravasation of 
autoagressive T cells and inflammatory cells preferentially occurs at this 
level. In contrast to peripheral organs, where extravasation of teukocytes 
takes several minutes, we observed that extravasation of encephalitogenic T 
cells across the BBB takes several hours (Laschinger et al., 2002; Vajkoczy 
et al., 2001), supporting the notion that transendothelial migration across the 
BBB follows unique mechanisms. In this context, it should be noted that 
initial T cell recruitment across the healthy BBB is not accompanied by BBB 
leakiness as observed by intravital microscopy (Vajkoczy et al., 2001 ). 

In any case the passageway of leukocytes in transendotheliat migration 
across the BBB is still a matter of debate. The general belief is that outside 
the CNS leukocytes migrate across the interendothelial junctions. This has 
been supported by observations that antibodies directed against VE-cadherin 
accelerate neutrophil recruitment into the inflamed peritoneal cavity of  mice 
(Gotsch et al., 1997). Involvement of the TJ molecule JAM-1 was described 
in transendothelial migration of monocytes at least in vitro (Martin-Padura et 
al., 1998) and supported by the recent findings that JAM-1 can function as a 
ligand for LFA-1 on highly activated T cells (Ostermann et al., 2002). 
Involvement of JAM-1 in leukocyte recruitment into the CNS in vivo, 
however, is still controversial (Del Maschio et al., 1999; Lechner et al., 
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2000). It is possible that differences in the usage of passageways across 
endothelial cells are chosen by different leukocyte subpopulations as 
suggested by the observation that transendothelial migration of neutrophils 
and monocytes but not of lymphocytes can be blocked by pre-treatment of 
endothelial cells with antibodies directed against PECAM-I(Muller et al., 
1993; Nakada et al., 2000). The highly specialized BBB might even lead to 
BBB specifc passageways for leukocyte subpopulations during 
immunosurveillance and inflammatory disease. It has been suggested 
previously that leukocyte recruitment across the BBB occurs rather 
parajunctional than through the TJs (Greenwood et al., 1995a), which is 
supported by our own observations (Wolburg and Engelhardt, unpublished). 
Therefore understanding the entire sequence of traffic signals involved in the 
recruitment of inflammatory cells across the BBB will be necessary to 
understand CNS inflammation and whether these events will eventually lead 
to BBB breakdown during EAE. 

4. 3 The BBB basement membrane 
After their passage across the endothelial cell monolayer forming the 

BBB inflammatory cells still face the endothelial cell basement membrane 
and the subjacent glia limitans consisting of astrocytic endfeet and associated 
basement membrane before entering the CNS parenchyma (Figures 7 and 8). 

Figure 7: Multi- 
step cascade of 
encephalitogenic 
T cell recruitment 
across the BBB 
durine EAE 

During EAE the endothelial cell and astroglial basement membranes 
clearly define the inner and outer limits of the perivascular space around 
post-capillary venules, where inflammatory cells accumulate during acute 
EAE before infiltrating the brain parenchyma (Figure 8). However, the 
molecular mechanisms involved in T cell penetration of the endothelial cell 
basement membrane and the process of invasion across the glia limitans have 
not been investigated in great detail until recently. 
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basement membrane and the process of invasion across the glia limitans have 
not been investigated in great detail until recently. 

Figure 8: Basement 
membranes at the i~!flamed 
BBB 
Immunofluorescence 
staining for laminin of a 
postcapillary venule 
surrounded by 
inflammatory cells in the 
brain of a mouse afflicted 
with EAE. Laminin staining 
n~rks the borders of the 
pefivascular space with the 
inner endothelial basement 
membrane and the outer 
astrocytic basement 
membrane. I = vessel 
hLmen. 

There is evidence suggesting that these two steps are distinct and 
independent of one another: In EAE induced in macrophage depleted mice 
(Tran et al., 1998) or in TNF-ct-deficient mice (Korner et al., 1997) the 
inflammatory infiltrate becomes entrapp~ in the perivascular space and 
parenchymal infiltration is prevented, indicating that progression through the 
astrocytic basement membrane is functionally distinct from endothelial cell 
basement membrane transmigration. 
The major proteins of all basement membranes belong to the laminin family 
of glycoproteins. Laminins are heterotrimers composed of an or, ~ and y 
chain. Only two isoforms, namely laminin 8 (composed of laminin c~4, ~ 
and )q) and laminin 10 (composed of laminin o~5, 131 and ?0 are found in 
endothelial basement membranes of most tissues including the CNS (Sorokin 
et al., 1994). Blood vessels in the CNS have also been reported to express 
laminins I and 2 (Jucker et aL, 1996; Virtanen et al., 2000), which are not 
detected in blood vessel basement membranes elsewhere. Recently, laminin 
distribution in blood vessels in the CNS could be clarified by investigating 
the laminin isoforms of BBB basal membranes during EAE (Sixt et al., 
2001). The localization of inflammatory cuffs surrounding post-capillary 
venules during EAE allowed a clear distinction of endothelial call and 
astrogliat basement membranes, demonstrating that the endothelial cell 
basement membrane contains laminins 8 and t0 whereas the astroglial 
basement membrane contains laminins 1 and 2. In the absence of 
inflammation the endothelial and astroglial basement membranes lie in such 
close proximity that at the light microscopic level they may be mistaken for a 
single structure leading to the mis-conception that laminin 1 and 2 are 
present in endothelial cell basement membranes. 
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membrane. Perivascular cuffs were only observed around endothelial cell 
basement membranes containing laminin 8, while in the presence of laminin 
10 no infiltration was detectable. In vitro, encephalitogenic T-cells could 
bind to both laminins 8 and 10 present in the endothelial basement membrane 
via ~613Mntegrin, however, they were unable to bind the laminins 1 and 2 
present in the astroglial basment membranes, suggesting that 
encephalitogenic T cells might not be able to penetrate the astrocytic 
basement membrane (Sixt et al., 2001). This is supported by previous 
observations that encephalitogenic T cell blasts injected to induce EAE in 
naive recipients remain in the perivasular space of CNS venules and do not 
immigrate into the CNS parenchyma (Cross et al., 1990). 

These data suggest that the astrocytic basement membrane breaks down 
in more advanced stages of the disease process during EAE and is likely to 
be dependent on the proteolytic activity of matrix metalloproteinases 
(MMPs). MMPs have been demonstrated to be involved in T-cell entry into 
and residency in the parenchyma of the CNS, as well as in demyelination 
(Graesser et al., 1998; Graesser et al., 2000). While protease inhibitors have 
been shown to reduce the severity or delay the onset of EAE, to date no 
protease inhibitor has been shown to completely ablate T-cell migration into 
the perivascular space or the brain parenchyma (Graesser et al., 2000). Until 
now it was not clear that emigrating T-cells face more than just the 
subendothelial cell basement membrane. The results of the MMP inhibitor 
experiments were, therefore, interpreted as reduced transmigration across the 
endothelial cell basement membrane. However, they can equally well be 
explained by inhibition of transmigration across the parenchymal basement 
membrane. It now remains to be determined whether the main targets of 
MMP activity are components of the endothelial cell or the parenchymal 
basement membrane. 

Investigations of the distribution of the major laminin receptors, ~6~l- 
integrin and ~-dystrophin, demonstrated that ~613Mntegrin occurs 
predominantly on the endothelial cells in the brain mediating interactions 
with the endothelial cell laminins 8 and 10, while ~-dystroglycan is 
expressed on the astrocyte endfeet and probably mediates binding to the 
parenchymal laminins 1 and 2 (Sixt et al., 2001). It has been shown that 
during the course of MS, ~6131-integrin is downregulated on the endothelial 
cells at sites of infiltration (Sobel et al., 1998). In vitro, laminin ~4 
expression was shown to be strongly upregulated in endothelial cells by 
proinflammatory cytokines such as interleukin-I (IL-1) (Frieser, 1997), 
suggesting a role in inflammatory events. Thus, selective upregulation of 
laminin c~4 expression by cytokines such as IL-I o1" TNF-~. which have been 
shown to play a role in EAE, in combination with a high turnover of laminin 
~t4 in endothelial cell basement membrane in the brain may lead to a 
loosening of the endothelial cell-basement membrane interaction at sites of 
T-cell infiltration in EAE facilitating the further development of perivascular 
cuffs during EAE. 
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5. THE BLOOD-CEREBROSPINAL FLUID BARRIER IN EAE 
A role of the choroid plexus in the pathogenesis of EAE or MS,  i.e. as 

an alternative entry site for circulating lymphocytes directly into the CSF, 
has not been seriously considered before. In the choroid plexus, the 
epithelium forms the blood-cerebrospinal fluid (CSF) barrier and is 
responsible for the secretion of the CSF from the blood. The morphological 
correlate of the blood-CSF barrier are the TJs of choroid plexus epithelium. 
Interestingly, in EAE the adhesion molecules ICAM-1 and VCAM-1 are 
upregulated on the choroid plexus epithelium in parallel to their upregulation 
on BBB endothelium (Steffen et al., 1996). Ultrastructural studies revealed 
polar localization of ICAM-1, VCAM-1 and MAdCAM-1 on the apical 
surface of choroid plexus epithelial cells and their complete absence on the 
fenestrated endothelial cells within the choroid plexus parenchyma (Wolburg 
et al., 1999). Furthermore, ICAM-1, VCAM-1 and MAdCAM-1 expressed in 
choroid plexus epithelium mediate binding of lymphocytes via their known 
ligands (Steffen et al., 1996). 

Massive ultrastructural changes can be observed during EAE within the 
choroid plexus (Engelhardt et al., 2001), however, at the ultrastructural level 
the TJs seem to remain intact (Wolburg et al., 2001). Choroid plexus 
epithelial TJs are morphologically unique resembling the TJs of the central 
myelin sheaths, which are characterized by their parallel and poorly 
anastomosing strands (Dermietzel et al., 1980). These morphologically 
unique TJs of CNS myelin sheaths were recently found to be exclusively 
constituted by oligodendrocyte specific protein/claudin-ll (Morita et al., 
1999b). The central role of claudin-11 for the formation of parallel-array TJs 
was confirmed in the OSP/claudin-ll null mouse (Gow et al., 2000), in 
which myelin sheaths of oligodendrocytes were shown to be devoid of any 
TJs. We found that the TJs in the choroid plexus are unique with respect to 
the presence of claudins as claudin-ll is found to be accompanied by 
claudin-1 and claudin-2 (Wolburg et al., 2001). A possible role for 
OSP/claudin-ll in the development of EAE was demonstrated by the 
induction of the disease in susceptible mice after immunization with 
OSP/claudin-11 (Stevens et al., 1999) and the demonstration of antibodies 
directed against OSP/claudin-ll in the CSF of patients suffering from 
multiple sclerosis (Bronstein et al., 2000). Whereas presence of claudin-11 in 
the CSF of MS patients is taken as a measure for myelin degradation until the 
present day, it might well reflect a modulation of the blood-CSF barrier 
localized at the choroid plexus epithelium. 

In addition, as choroid plexus epithelial cells have been found to express 
MHC class I and II molecules on their surface (for review see (Engelhardt et 
al., 2001) it will be interesting to see the contribution of this barrier to 
autoimmune inflammation within the CNS. 

6. O U T L O O K  
The endothelial cells of the BBB and probably the epithelial cells of the 

blood-CSF barrier are involved in the pathogenesis of inflammatory 
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demyel ina t ingdiseases  such as MS or its animal model  EAE.  Contr ibut ion of 
the BBB can be considered twofold,  an active role by guiding inf lammatory 
cells across the BBB and a passive role character ized by breakdown of  the 
BBB. 

It has been more than 100 years since the discovery of  the BBB. During 
the last 10 years great progress has been made in understanding the active 
contr ibut ion of  the BBB by character izat ion of  the traffic signals involved in 
leukocyte  recrui tment  into the CNS. In contrast, the molecular  mechanisms 
leading to BBB breakdown are less well  understood.  

For  this purpose it will be mandatory  to character ize the mechans ims 
involved in BBB differentiat ion during deve lopment  and those involved in 
maintaining BBB characerist ics in endothel ia l  cells in the adult  CNS. 
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Abstract: Experimental autoimmune encephalomyelitis (EAE) is an animal model for 
human multiple sclerosis (MS). The disease is initiated by myelin-specific T 
cells, but mediated by cells of both the adaptive and innate immune system. 
Therefore, strategies targeting either lymphocytes or myeloid cells can be 
effective in modulating EAE. In this chapter, we will review some of the 
strategies that have been developed to treat or prevent EAE. Our emphasis will 
he on those strategies that are still in the developmental stage, but may have 
the potential to be used in the clinic in the future 

Keywords: EAE, tolerance, MS, deletion, anergy, suppression. 

Introduction 

Studies using experimental models of multiple sclerosis (MS) have 
revealed important principles of autoimmune demyelination. The presence 
of self-reactive T cells directed against myelin antigens present in the central 
nervous system (CNS) is a defining characteristic of experimental 
autoimmune encephalomyelitis (EAE), the animal model that shares many of 
the clinical and pathological features of multiple sclerosis. [1-3]. In most 
experimental models, EAE is induced by priming specific T cells with 
immunogenic forms of myelin. Myelin antigens can be immunogenic if they 
are administered with adjuvants such as complete Freunds adjuvant (CFA). 
The adjuvants stimulate antigen presenting cells and result in the 
differentiation of autoreactive encephalitogenic T cells, which in most 
models of EAE are T helper (Th) 1 cells. 
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The importance of T cells in EAE [reviewed in [4]] was first established by 
the observations that 1) depleting CD4 ÷ helper T cells [5, 6] led to the 
suppression of the disease and 2) depleting CD4 + T cells from activated 
lymph node cultures of myelin basic protein (MBP)-sensitized rats prevented 
the adoptive transfer of EAE [7, 8]. 

Helper T cells can be divided into different sub-populations, based on 
the types of cytokines they secrete [9]. Thl cells are CD4 ÷ T cells that 
secrete a distinct set of cytokines including interferon (IFN)-y, IL-2, and 
TNF-a. Th2 cells on the other hand secrete IL-4, IL-5 and IL-10. The 
development of these two classes of helper T cells appears to be mutually 
antagonistic because the cytokines of one type can downregulate the 
development of the other [10, 11]. For instance, IL-4 potentiates the 
development of Th2 responses while suppressing the development of IFN-y 
secreting cells [12]. On the other hand, IL-12, which is produced by antigen 
presenting cells and NK cells and has a major role in the differentiation of 
IFN-ysecreting Thl cells, suppresses Th2 cell development [13, 14]. The 
vast majority of encephalitogenic T cell clones secrete IFN-y and IL-2 and, 
thus, are Thl cells. Enhancing the development of Thl cells exacerbates the 
disease [15]. For example, treatment of mice with IL-12 [16-18] or 
deficiency in IL-4 gene expression in mice [19] potentiates the development 
of EAE. Anti-IL-12 antibody treatment prevents EAE in mice while anti-IL- 
4 treatment increases the susceptibility of mice to EAE [15]. 

During the past decade, many advances have been made in the area of 
helper T cell activation. It is now clear that for a T cell to become activated, 
it must receive at least two signals. The first is an antigen specific signal 
that activates the T cell receptor by a peptide presented in the context of the 
major histocompatibility complex. The CD4 molecule is also involved in 
generating this first signal. The CD4 molecule is responsible for binding the 
major histocompatibility class II molecules on the antigen-presenting cell. 
The second signal comes from costimulatory receptors and their ligands. 
The most studied such ligand/receptor pairs are 1) the CD28 receptor and its 
ligands B7.1 (CD80) and B7.2 (CD86), and 2) the CD40 receptor and its 
ligand CD154 (CD40L). It has been reported that costimulation through 
B7.1 may lead to a Thl bias whereas B7.2 costimulation may give rise to a 
Th2 type response [20]. 

In EAE, after the initial activation events, encephalitogenic T cells 
further undergo a differentiation program to become effector cells in the 
draining lymph nodes and spleen, and then migrate via the blood vasculature 
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to the central nervous system. There they leave the blood stream by passing 
through the vascular endothelium forming the blood brain barrier and enter 
the CNS tissue. It is at this point that they reencounter antigen-presenting 
cells harboring specific myelin antigens and execute their effector functions. 

EAE, therefore, is a consequence of concerted actions of myelin 
specific T cells, antigen presenting cells as well as non-specific effector cells 
such as macrophages and granulocytes [21 ]. Many antigen specific and non- 
specific strategies have been explored to treat or prevent EAE, some of 
which have already been incorporated into treatment regimens for MS 
patients. In this chapter, we will review some of these strategies. Our 
emphasis is on those that are still at the experimental stage, but may have the 
potential to be used in the clinic in the future. 

1. Non-specific strategies 

1.1 Macrophage-based strategies 

Blood-derived macrophages and microglia, the resident macrophage- 
like cell of the CNS, are believed to be critically involved in the effector 
phase of EAE and MS. Macrophages phagocytosing myelin in active lesions 
can be easily detected in the CNS. Macrophages can be directly activated by 
myelin via CR3 [22]. EAE is suppressed in mice depleted of macrophages 
following administration of mannosylated liposome-encapsulated 
dichloromethylene diphosphonate (C12 MDP) [23], which regulates the 
leukocyte influx to the CNS. In addition to directly phagocytosing myelin, 
macrophages may damage myelin by producing reactive oxygen species [22, 
24]. Aminoquanidine, an inhibitor of nitric oxide synthase [25], suppresses 
EAE. Similarly, modulating arginine uptake and subsequent NO production 
by macrophages was effective in suppressing the disease [26]. 

1.2 Immunoglobulin injection. 

Intravenous administration of immunoglobulins from healthy donors 
can have beneficial effects for patients with autoimmune diseases. It has 
been reported that normal human serum suppresses the development of EAE 
[27-31]. The suppression was associated with an inhibition of antigen 
specific Thl type cytokine (IFN- 7, IL-2 and TNF-o9 production [29, 31] and 
T cell proliferation [28, 29]. This may be due to the induction of anergy in 
reactive T cells since the suppression of cytokine secretion could be reversed 
by IL-2 in vitro [29]. Two reports have shown that Igs have no suppressive 
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effect on the adoptive transfer of EAE [27, 31]. However, Ig injection at the 
time of disease onset could be effective [31]. The protective effect may be 
due to the changes at the TCR-peptide/MHC interface. Activated T cells 
specific for MBP can bind IgG, presumably through the Fc receptor since 
binding could be inhibited by soluble Fc molecules [27]. 

1.3 Bone Marrow Replacement Therapy 

Replacement of the 'defective' autoimmune-susceptible immune 
system with a nondefective autoimmun resistant immmune system 
represents a rational strategy for the treatment of autoimmune disease. This 
necessitates the ablation of the immune system of susceptible mice (usually 
with lethal irradiation) followed by transfer of allogeneic bone marrow from 
autoimmune-resistant strains autoimmune-susceptible recipient, with the 
concommitant immunodeficiency and risk of infection shortly after the 
irradiation and graft versus host disease later. EAE-susceptible animals with 
bone marrow from resistant animals were resistant to induction of EAE [32- 
38]. 

In only two reports susceptible mice remained susceptible to EAE after 
transfer of bone marrow from resistant strains [39, 40]. 
Unexpectedly in experiments in rats with arthritis, syngeneic bone marrow 
replacement therapy was as effective in suppressing disease as allogeneic 
bone marrow from resistant mice [41]. This surprising result provided a 
rationale for similar experiments in EAE which recapitulated the results in 
arthritis. In chronic and relapsing models of EAE, treatment of mice with 
syngeneic bone marrow transfer at the acute stage of disease was also very 
effective with complete remission and only rare relapses. Treatment at the 
chronic stage of disease was however not effective, presumably due to the 
recalcitrant nature of the preexisting demyelinated lesions in the CNS [42]. 
In experiments using high dose cyclophosphamide the time of treatment was 
important, treatment on the 6 t" day after the first of two immunizing 
injections one week apart was very effective [43]. Likewise treatment 
during acute disease was highly effective but treatment on the 9 th day after 
the first immunization did not prevent EAE. The induction of tolerance was 
proposed as a mechanism in lower dose cyclophosphamide (30% of lethal) 
followed by sygeneic bone marrow although the evidence was far from 
conclusive [44, 45]. Even treatment with autologous or pseudoautologous 
bone marrow could reverse the disease course of EAE although relapses both 
spontaneous and induced did occur [38, 46, 47]. Treatment with syngeneic 
bone marrow cells though, had less relapses [36, 37]. This effect has been 
explained by the possible elimination of residual memory T cells after 
immune ablation by the 'graft versus-autoimmunity' reaction [48]. This 
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theory was supported by the finding that myeloablation resulted in the 
elimination of autoreactive T cells in the CNS [47]. These experiments 
suggest that bone marrow transfer in human MS patients has the potential to 
significantly suppress disease. The high risk factors involved in the 
procedure however, must be very seriously considered. 

2. Antigen-specific strategies 

Administration of tolerogenic forms of myelin antigens can inhibit the 
development of EAE in an antigen-specific manner. Because of the relative 
lack of side effects, this strategy is a very attractive alternative to the 
currently used therapies for MS. Tolerogenic antigens can be administered 
intravenously (i.v.), intranasally (i.n.), or orally. Although different 
mechanisms may be associated with different forms of tolerance induction, 
the following general mechanisms may operate in most systems [49]. 

a) 

b) 

c) 

Clonal deletion. Clonal deletion is the elimination of antigen specific 
cells by apoptosis. 
Clonal anergy. Clonal anergy is the induction of functional hypo- 
responsiveness to antigens. 
Active suppression. Active suppression is the induction of an antigen 
specific population of cells, which in turn antagonise or negatively 
regulate the antigen specific autoreactive cells. Immune deviation is the 
conversion of a Thl type (interferon-~, secretion, delayed type 
hypersensitivity) response to a Th2 type (IL-4 and IL-10 secretion) 
response. Since Th2 type response can antagonise the Thl response, this 
mode of regulation may also be considered a component of active 
suppression. 

2.1 Mucosal Tolerance 

The existence of regulatory mechanisms in the mucosa can restrict the 
development of unwanted immune responses to common or harmless 
antigens encountered in the air or food. Exposure of the mucosal surfaces of 
the intestine or the naso-pharangial mucosa can induce tolerance to antigens. 
The induction of tolerance to myelin-specific antigens by oral [50-52] and 
nasal [53-57] route is a powerful and highly specific method to suppress 
EAE. 
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2.1.1 Oral Tolerance 

The mucosae are the major ports of entry for foreign antigens. More 
than 100 kilograms of food antigens are processed each year by our 
gastrointestinal mucosa and an estimated 0.1 to 1% of these (100-1000 
grams) are absorbed in un-degraded forms. To meet up with this challenge, 
more than 60% of our peripheral lymphoid tissue is deployed at the gut 
mucosa, where it secretes large quantities of IgA with various specificities 
[58, 59]. Yet, not all foreign antigens are infectious pathogens. In fact, most 
food antigens are beneficial nutrients that must be tolerated. Therefore, the 
gut immune system has to differentiate two types of antigens: beneficial 
dietary antigens and infectious pathogens. Failure to tolerate dietary antigens 
may lead to intestinal hypersensitivity as exemplified by food-sensitive 
enteropathies, and failure to expel infectious pathogens may contribute to 
infections [59, 601. 

2.1.1.1 The unique properties of the gut mucosal 
immune system 

Collectively, the gut-associated lymphoid tissue (GALT) makes up the 
largest lymphoid organ of the body. It consists of a large number of 
lymphoid follicles scattered throughout the entire intestinal tract. In many 
areas, the lymphoid follicles aggregate to form lymphoid nodules called 
Peyer's patches. The Peyer's patch is structurally similar to peripheral lymph 
node in that it contains separate zones for T and B cells. In the T cell zone of 
the Peyer's patch, i.e., the interfollicular region (IFR), high endothelial 
venules (HEL) are present, allowing extravasation of naive T cells to the 
mucosal lymphoid tissues. The B cell zone is located at the antiluminal side 
of the Peyer's patch and often exhibits characteristics of secondary follicles 
with activated B cells forming germinal centers. 

However, the Peyer's patch differs from peripheral lymph node in one 
important aspect: it contains a subepithelial dome (SED) which is separated 
from the intestinal lumen by only one layer of epithelial cells. Some of the 
epithelial cells overlaying the Peyer's patch have a dendritic morphology 
and are called microfold (M) cells. The M cells are specialized epithelial 
cells which function to directly transfer antigen to underlying antigen- 

presenting cells (APC) [61, 62]. The APC present in the SED appears to be 
primarily dendritic cells; macrophages are rarely detected in the SED [63, 
64]. The dendritic cell in the SED is the interdigital type but differs from 
those present in the interfollicular regions of the Peyer's patch or those in the 
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paracortex of the lymph nodes: they express N418 and 2A1 but not NLDC- 
145 or M342 [63, 64]. Furthermore, Peyer's patch dendritic cells express 5- 
10 fold higher levels of MHC class II molecules than splenic dendritic cells 
[63, 64]. Unlike the T or B cell zones of the Peyer's patch, the SED contains 
both T and B cells [63-65]. 

The 'non-lymphoid' compartment of the mucosa is also different from 
that of most other organs: it contains relatively large number of 
lymphocytes. In fact, the 'non-lymphoid' compartment of the mucosa is 
often referred to as the 'diffused gut-associated lymphoid tissue' [59, 61, 
62]. It consists of primarily the viii-associated epithelium and the underneath 
laminar propria. Inside the epithelium, a unique type of lymphocytes called 
intraepithelial lymphocytes are present; whereas in the laminar propria, T, B 
lymphocytes as well as plasma cells are abundant [58, 59]. Intraepithelial 
lymphocytes contain a sub-population of T cells that develop extra- 
thymically, most probably in intestinal epithelium. These cells express ~'~5 T 
cell receptors [66, 67]. Additionally, the epithelial cells of the small 
intestine express both class I and class II MHC molecules and can present 
antigen in vitro [58, 59]. 

For the development of mucosal immunity, a naive T cell must 
accomplish a minimum of four migration steps. First, it must extravasate at 
the interfollicular region of the Peyer's patch (or scattered lymphoid follicles 
of the intestine) through HEL. Second, it must become activated in IFR or 
SED and enter the B cell rich follicle of the Peyer's patch to activate specific 
B cells. Third, it must leave the Peyer's patch through lymph as memory T 
cells and re-enter systemic circulation. Finally, it must home to the laminar 
propria of the gut through specific "homing receptor" (e.g., o~4137 integrin) 
[68-70]. Of note is that GALT is a member of the common mucosal immune 
system which serves not only the gastrointestinal tract, but also the bronchus, 
the lung and the urinary/genital tracts. Lymphocytes activated in the GALT 
will home not only to the gut but also to other mucosal tissues to effect 
immune function [69-71]. This is the cellular basis for oral vaccination 
against infections of non-gastrointestinal origins. 

2.1.1.2 Mucosal immunizat ion and tolerization 

It is a long-recognized fact that oral administration of antigen can 
induce both immunity and tolerance. Oral immunization has been 
extensively exploited for vaccine development and is now being used for 
preventing a number of devastating diseases including polioviral and 
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adenoviral infections [59, 72]. Oral tolerance on the other hand has only 
recently been exploited as a potential therapy for allergies, autoimmune 
diseases and transplant rejections [73, 74]. 

The potential application of oral vaccination and oral tolerization in 
clinical medicine has helped foster the growth of mucosal immunology 
during the past decades. Studies of the various cellular and molecular 
components of the mucosal immune system [64, 67, 72, 75-78] have 
enhanced tremendously our understanding the phenomena of oral 
immunization and tolerization. Characterization of TH1 and TH2 mucosal 
responses to various antigens revealed pivotal roles of cytokines in mucosal 
immunity [76, 79, 80]. Investigation of different pathways of tolerization led 
to the recognition of the importance of the antigen dosage in mucosal 
tolerance [74, 81, 82]. However, despite these progresses, an efficient 
manipulation of mucosal immune system, either for vaccination or for 
tolerance induction, remains to be a challenging task. 

2.1.1.3 Deletion and non-deletion pathways of oral 
tolerance 

Tolerance induced at the mucosa may be mediated by both deletion and 
non-deletion mechanisms [73, 74, 83, 84]. Although apoptotic cells can not 
be directly demonstrated in conventional animals (due to the extreme low 
frequency of antigen reactive cells), a role for deletion has been strongly 
suggested by the decrease in T cell frequency and by the lack of complete 
reversibility of the tolerance, especially when high dose antigens were used 
[85]. Using TcR transgenic animals [84] and conventional animals injected 
with transgenic T cells [86], we have demonstrated directly that mucosal 
exposure of antigen induced apoptosis and deletion of specific T cells. 
Because deletion eliminates specific cells from the system, this pathway of 
oral tolerance is usually not reversible and therefore the most effective. 

However, deletion is not complete either in transgenic mice or 
conventional animals. In TcR transgenic mice, although more than 50% of 
transgenic T cells can be deleted in the Peyer's patch after five feedings with 
high dose ovalbumin (50-500 mg OVA per feeding), only about 20% 
decrease of transgenic cells was noted in other lymphoid organs [84]. In 
mice receiving an injection of TcR transgenic cells, deletion induced by high 
dose antigen may affect only about 50% of the transgenic cells [86] 
suggesting that non-deletional mechanisms also play important roles in 
mucosal tolerance. Non-deletion mechanisms of oral tolerance may involve 
clonal anergy of TH1 cells and immune deviation to TH2 cells. Clonal 
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anergy is characterized by deficiency in interleukin (IL)-2 production and 
the reversibility of hypo-responsiveness by IL-2 [74, 81, 87]. By contrast, 
deviation is characterized by preferential activation of T cells producing 
TGF-13 and TH2 cytokines. The deviated T cells may be not only non- 
pathogenic but also capable of downregulating TH1 responses through 
releasing their cytokines [73, 88]. 

It should be emphasized that deviation pathway leads to tolerance of 
TH1 but not TH2 cells and that the end result of immune deviation is partial 
or 'split' tolerance rather than full tolerance; this pathway has been shown to 
be a result of low dose antigen administration [81, 82, 88]. When high doses 
of antigens are used, both TH1 and TH2 cells are tolerized, and this may be 
mediated by deletion and/or anergy pathways [84, 89, 90]. 

2.1.1.4 Application of mucosal immunity and tolerance for 
immunotherapy. 

Despite the success of polio oral vaccine, effective mucosal vaccines 
have not yet been developed for most infectious pathogens including human 
immunodeficiency virus (HIV) and various sexually transmitted microbes 
which invade the mucosa. Similarly, application of mucosal tolerance for 
treatment of autoimmune diseases and allergy has just begun to be explored; 
no clinical trials have yet been conducted successfully in humans, despite the 
bulk of evidence from animal studies that oral tolerization effectively 
ameliorates autoimmune diseases and allergies. 

Thompson and Staines [91] and Nagler-Anderson et al. [92] initially 
described suppression of collagen induced arthritis by feeding type II 
collagen. Weiner's [93] and Whitacre's [74, 94] groups have studied 
suppression of experimental autoimmune encephalomyelitis by orally 
administered myelin antigens. Weiner's and others' laboratories have also 
investigated oral tolerance to suppress anti-viral immunity, allograft 
rejection (by feeding donor cells or MHC peptide) [95, 96] and autoimmune 
models of uveitis [83, 97, 98], diabetes [99] and adjuvant arthritis [100]. 
However, in none of these models, disease protection was complete 
especially when the antigens were given after the onset of the disease. 
Similarly, in many of these models, immune tolerance was partial, and 
preferential activation of certain arms of immunity was documented. 
Recently, Blanas et al. showed in a TcR transgenic model that oral antigen 
may exacerbate rather than suppress autoimmune diabetes [ 101 ]. Similarly, 
partial tolerance induced by intravenous antigen may delay the onset but 
exacerbate late stages of the disease in the marmoset model of autoimmune 
encephalomyelitis [102]. 
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Using both intact TcR transgenic and adoptive transgenic mouse models, we 
showed that T cell activation preceded the development of mucosal tolerance 
[84, 86]. To determine whether blocking T cell activation during mucosal 
tolerization enhances the tolerance, we performed a series of experiments 
using B7-blocking agent CTLA4-Ig. This led to our unexpected finding that 
B7-blockade prevents the development of mucosal tolerance [103]. It is our 
belief that a thorough understanding of the cellular and molecular 
mechanisms of mucosal immunity and tolerance is essential for the success 
of mucosal antigen therapy. 

2.1.2 Nasal Tolerance. 

Intranasal (i.n.) administration of tolerogenic antigen can suppress 
responses not only against the tolerogen but also against other related 
antigens present at the same location. Thus, epitopes found in myelin basic 
protein can be used to regulate responses directed against other epitopes of 
the MBP or epitopes of the PLP, another component of the myelin. 
Bystander suppression of autoreactive T cells by regulatory T cells can be 
demonstrated following a single dose i.n. administration of autoantigen [53, 
54]. The regulatory T cells appear to be short-lived since they could not 
regulate newly exported T cells from the thymus [54]. In rat, the bystander 
suppression induced by i.n. MBP was associated with the increased IL-4 
and/or TGF-[3 response and decreased IFN-y and TNF-ct responses [56, 57]. 
Low doses of myelin antigen was sufficient to prevent the development of 
EAE whereas higher doses were necessary to suppress disease progression 
after active immunization. A role for regulatory CD8+ 3'8 T cells in the 
airway has also been proposed [104, 105]. CD8+ 3'8 T cells could suppress 
the adoptive transfer of diabetes to non-diabetic mice [ 106]. 

2.2 Intravenous Tolerance. 

Intravenous administration of autoantigen has long been used to 
suppress EAE [107-109]. Tolerance was shown to be dependent on the 
presence of the encephalitogenic epitope in the tolerizing antigen. The 
timing of intravenous antigen can have a significant effect on the efficacy of 
the treatment. It is the most effective when the antigen is administered at the 
time of disease onset, or two weeks before active immunization, and the 
efficacy is reduced both before the time of the onset and after the 
establishment of the disease [110]. Tolerance induction by high dose i.v. 
antigen is mediated, at least in part, by the elimination of autoantigen 
specific T cells [111-113]. However, the induction of regulatory cells in 
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the spleen may also play a role [114]. In studies utilizing mice containing 
the transgenic T cell receptor for the encephalitogenic epitope of MBP 
(which spontaneously develop EAE), the disease course could be reversed 
by repeated i.v. administration of the antigen. This reversal was 
accompanied by massive deletion of peripheral and thymic T cells and the 
anergy of the remaining T cells in the periphery [115]. The lack of adequate 
activating factors probably plays a role in the tolerance induction, and IL-12 
can block the induction of i.v. tolerance [116]. 

Intravenous administration of antigen-coupled splenocytes also results 
in specific suppression of EAE whose efficacy is dependent on the dose and 
timing of the administration [117-119]. Anergy plays an important role in 
the development of tolerance following this form of i.v. antigen 
administration [ 120]. 

2.3 Altered Peptide Ligands 

An altered peptide ligand (APL) is the MHC-binding antigenic peptide 
modified by susstitution of one or more amino acids to change the MHC or 
TCR binding characteristics. It can induce tolerance to the original peptide 
through several mechanisms including partial activation of specific T cells 
[121, 122] and antagonism at the level of T cell activation [123]. A single 
TCR can transmit different signals depending on the ligand it encounters 
[121, 122, 124]. APLs have been used to regulate and modify the nature of 
the T cell responses to antigens. The induction of anergy in both Thl [125] 
and Th2 [126] cells have been accomplished using altered peptide ligands. 

A comparison of the response of Thl and Th2 clones to the same 
peptide/MHC complex revealed that different amino acid contact residues of 
the peptide were important for TCR recognition and signaling by different 
clones. Altered peptide ligand may compete with native antigen peptide for 
MHC binding to antagonise T cell activation [123]. In addition; APLs can 
cross-react with native antigen specific T cell clones to induce qualitatively 
and quantitatively different cytokine responses. Altered peptide ligands, 
therefore, can be used to regulate or alter immune responses. 

There is ample evidence that APL can be used to suppress EAE. 
Several different mechanisms may be responsible for the suppressive effect. 
APL with high affinity for the MHC class II molecules can block peptide 
MHC interaction [127, 128]. Regulatory cells were demonstrated following 
administration of a proteolipid protein (PLP)-based APL. This APL, when 
co-injected with the original PLP peptide, could protect mice from clinical 
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EAE. However, the protected mice and mice immunized with APL alone 
showed substantial histological EAE [129, 130]. T cells isolated from the 
CNS of APL treated mice secreted TGF-[3 and the suppression could be 
partially blocked by treatment with anti-TGF-[3 antibody [130]. 

Superagonists, which are defined as altered peptide ligands with similar 
or lower MHC binding affinity, induce half-maximal effector responses at 
100-fold lower concentrations than the original peptide [131]. An APL 
consisting of a single amino acid change replacing the lysine residue at 
position 4 of the MBP Acl-ll with alanine (Acl-ll [4Ala]) could bind to 
MHC II I-A u with a higher affinity and was a better stimulator in vitro for 
encephalitogenic T cell clones. However, it prevented EAE when 
administered in vivo [132] in (PL/JXSJL)F1 mice. Since a related but 
different APL with no protective effect could bind to I-A u with similar 
affinity, MHC blockade was ruled out as a mechanism for the EAE 
inhibition. Moreover, since the splenocytes from protected mice could not 
prevent mice from EAE, the generation of a regulatory cell population was 
likewise ruled out. Further experiments in this model using a superagonist 
amino acid substitutions at position 4 of the Ac 1-11 peptide Acl-ll [4Tyr] 
demonstrated that stimulation with the weakest (original) antigen could 
expand the high affinity encephalitogenic T cells and cause disease. Acl-ll 
[4Tyr] however deleted the high affinity T cells and stimulated a different 
population of T cells which had a lower affinity TCR [133]. Furthermore, 
responsive cells remaining after i.v. treatment with Acl-ll [4Tyr] secreted 
Th2 type cytokines [ 134]. 

The modification of the antigenic peptides can have drawbacks, 
however. Immunization with an antagonistic APL effective in in vitro 
testing with a TCR transgenic T cell actually induced EAE in susceptible 
mice [135]. Recent human trials using APL have yielded unexpected results 
[136]. It is possible that tolerizing one population of encephalitogenic T cells 
could activate another. It is, therefore, necessary to carefully investigate the 
cellular and molecular mechanisms of APL action before it can be 
successfully applied in humans. 
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Experimental allergic encephalomyelitis (EAE) is a T cell-mediated, 
autoimmune disorder characterized by central nervous system (CNS) 
inflammation and demyelination, features reminiscent of the human disease, 
multiple sclerosis (MS). In addition to the signal the encephalitogenic T cell 
receives through the T cell receptor (TCR), a second signal, termed 
costimulation, is required for complete T cell activation. The B7 family of cell 
surface molecules expressed on antigen presenting cells (APC) is capable of 
providing this second signal tO T cells via two receptors, CD28 and CTLA-4. 
Our studies and those of others have shown that costimulation provided by B7 
molecules to its ligand CD28 is important in the initiation of the autoimmune 
response in EAE. Further, it appears the costimulation provided by B7-1 is 
important in disease development, while B7-2 may play an important 
regulatory role. We and others have shown that B7/CTLA-4 interaction plays 
a critical role in down-regulating the immune response in EAE. Other 
costimulatory pathways, such as CD40/CD40L and ICOS and its ligand, also 
play significant roles in the EAE model. 
Previous work has shown that activated T cells and T cells of a memory 
phenotype are less dependent on costimulation than naive T cells. T cells 
reactive with myelin components that are involved in the pathogenesis of EAE 
and possibly MS would be expected to have been activated as part of the 
disease process. Building upon our prior work in the EAE model, we have 
tested the hypothesis that myelin-reactive T cells, which are relevant to the 
pathogenesis of CNS inflammatory demyelination, can be distinguished from 
naive myelin-reactive T cells by a lack of dependence upon costimulation for 
activation. It is hoped that therapies targeting costimulation may provide a 
means of conserving normal immune function whilst eliminating or 
suppressing autoreactive T cells, providing a more efficient means to treat 
autoimmune disease. 

EAE, costimulation, second signal, CD28, CTLA-4, B7-1, B7-2, 
ICOS, memory T cells, multiple sclerosis 



472 Chapter A22 

Introduction 

In the United States, it is estimated that 250,000-350,000 people have 
physician-diagnosed MS (Anderson et al., 1992). The majority of patients are 
diagnosed with the disease during their third and fourth decade of life, 
resulting in many patients having to suffer the effects of this disease for most 
of their adult life. The cause of MS remains elusive. However, because the 
disease is characterized by perivascular, mononuclear cell, inflammatory 
infiltrates and demyelination, features also characteristic of EAE, an 
autoimmune process is thought to be involved in disease pathogenesis 
(Martin et al., 1992; Raine, 1984; Arnason, 1983). Interestingly, both MS 
patients and normal controls have been shown to have T cells reactive to a 
number of myelin antigens, making it difficult to establish a relationship 
between myelin reactivity and the presence of disease. Epidemiological 
studies as well as studies examining identical twins suggest that both genetics 
and environment, particularly viral infections, may play a role in disease 
pathogenesis (Martin et al., 1992; Sadovnick and Ebers, 1993; Martyn, 
1991). Three drugs have been approved by the FDA for use in the treatment 
of patients with relapsing and remitting MS (IFNB Multiple Sclerosis Study 
Group, 1995; Jacobs et al., 1996; Johnson et al., 1995). However, these 
agents are not a cure for the disease, so the need for the development of 
better treatment strategies in MS remains. 

Relevance of  EAE to h u m a n  MS 
There are several animal models which have been used to study MS. 

In some of these models, disease is induced by viruses such as Theiler's virus 
(Miller and Karpus, 1994). Of the EAE models, the most commonly studied 
are those established in the Lewis rat and in several susceptible mouse 
strains. Our laboratory has used exclusively the murine model for a number 
of reasons. Many models of murine EAE result in a relapsing/remitting 
disease, similar to the early phase of most MS patients, while EAE in the 
Lewis rat is a monophasic illness. In chronic murine EAE, the pathology 
observed in the white matter is much more reminiscent of the pathology seen 
in the CNS of patients with MS, showing much more demyelination than the 
Lewis rat model. With the advent of transgenic and homologous 
recombination technology, it is becoming increasingly clear that many 
powerful molecular tools are becoming available to study the immune 
response in mice in pathological processes such as EAE. 

EAE as a model  of  organ-specif ic  auto immunity  
The understanding of immunological mechanisms involved in 

autoimmune, inflammatory demyelination has advanced greatly through the 
investigation of EAE, an animal model of MS which can be induced either 
by immunization of susceptible animals with components of myelin or 
adoptive transfer of CD4+ T cells specific for myelin antigens (Martin et al., 
1992; Zamvil and Steinman, 1990). It is the adoptive transfer experiments 
which have clearly established that EAE is a T cell-mediated autoimmune 
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disease. Studies of various inbred mouse strains demonstrated that their 
ability to develop EAE following immunization with myelin varied 
significantly (Fritz and McFarlin, 1989). MHC class II background was 
initially thought to be the most important factor in conferring susceptibility to 
EAE, but studies have shown that other genetic loci are also involved in 
disease susceptibility (Fritz et al., 1985). Another variable in EAE studies has 
been the antigen used to induce disease. MBP and PLP are the major protein 
components of myelin and have been most studied as the disease-initiating 
antigen in EAE, although myelin oligodendrocyte glycoprotein (MOG) is 
being used increasingly in B6 mice (Martin et al., 1992; Zamvil and 
Steinman, 1990). Although EAE produced by immune responses against 
MBP or PLP is T cell mediated, it has also been shown that addition of 
antibodies to MOG, a minor glycoprotein on the outer surface of the 
oligodendrocyte, dramatically enhances demyelination in MBP-induced EAE 
(Linington et al., 1988). 
T cell costimulation 

The activation and differentiation of T cells require both 
antigen/MHC recognition and costimulatory signals. The signal conferred by 
the TCR determines the antigen-specificity of the response. The second 
signal, termed costimulation, is provided by accessory molecules on the 
antigen-presenting cell (APC) and appears to be necessary for T cell 
activation (see Figure 1). There are several receptor-ligand pairs which can 
provide costimulation. However , the signal provided by the B7 family of 
cell surface molecules with its receptors on T cells, CD28 and CTLA-4, 
appears to be the predominant one for T cell activation (June et al., 1994; 
Jenkins and Johnson, 1993; Bretscher, 1992). 

Two Signal Model of T cell Activation 

Ag/MHC TCR 

Figure 1. Trimolecular complex (TCR:Ag/MHC) forms signal 
one, while B7:CD28/CTLA-4 pathway composes important 
second signal. 
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At least two members of the B7 family of CD28 ligands have been 
defined, B7-1 (CD80) and B7-2 (CD86) (Freeman et al., 1993a,b,c; Hathcock 
et al., 1994; ). These molecules, although having modest homology, are each 
capable of providing costimulation to T cells for proliferation and IL-2 
production. It is for this reason that a mouse genetically deficient for B7q 
was still immunocompetent (Freeman et al., 1993a). On the other hand, T 
cells from a mouse deficient in CD28 could not produce IL-2 after 
stimulation with the mitogenic lectin Con A, demonstrating that 
costimulation through this molecule is critical for IL-2 production (Green et 
al., 1994a). 

B7-1 and B7-2 are expressed differentially on various APC and their 
kinetics of expression and binding also differ (Larsen et al., 1994; Freedman 
et al., 1991; Linsley et al., 1994). B7-2 is expressed by monocytes 
constitutively, while B7-1 can be induced on these APC with IFN- 7. B7 is 
expressed on B cell populations after an activation stimulus; B7-2 is 
expressed within 6 hours, while B7-1 expression peaks after 48 hours. The 
expression of B7-1 and B7-2 has also been shown to occur on T cells 
themselves (Sansom et al., 1993; Azuma et al., 1993). Interestingly, it 
appears that B7-2 expressed on T cells is unable to interact with CD28, yet is 
still able to interact with CTLA-4 (Greenfield et al., 1997). Work by our 
group demonstrated that T cells are the main cell type expressing B7 
molecules in the CNS during various stages of EAE (Cross et al., 1999). 
Thus, as with CD28 and CTLA-4, B7 molecules themselves may be able to 
either enhance or inhibit immune responses. 

Much has been learned about the role of costimulation in immune 
processes with a soluble fusion protein, CTLA-4Ig, which can prevent the 
interaction between B7 and CD28 or CTLA-4 (Gimmi et al., 1993). 
Administration of CTLA-4Ig prevented rat cardiac allograft rejection and 
pancreatic islet cell xenograft rejection in transplantation models in mice 
(Lin et al., 1993; Lenschow et al., 1992). In both instances, it appeared the 
mechanism of suppression involved the induction of antigen-specific 
tolerance. The costimulation provided by B7 also appears to be important for 
the development of encephalitogenic effectors and subsequent autoimmunity. 
Our laboratory has examined the role of B7:CD28/CTLA-4 interactions in 
the induction of EAE (Perrin et al., 1995a,b; Perrin et al., 1996a; Racke et al., 
1995). In the adoptive transfer model of EAE, CTLA-4Ig was able to inhibit 
the proliferation and IL-2 production of MBP-specific lymph node cells 
during activation in vitro, diminishing the clinical disease observed upon 
subsequent transfer. Thus, B7-mediated costimulation was found to be an 
important factor in determining encephalitogenicity of myelin-specific T 
cells. It is important to note that once activated autoreactive cells had been 
injected into naive recipients, CTLA-4Ig intervention did not alter the course 
of disease. This would be consistent with the concept that activated T cells 
do not require costimulation to perform their effector function. 

In active models of EAE, several intriguing observations have been 
made. Disease induced by immunization with MBP and pertussis toxin (PT) 
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injection was inhibited by a single injection of CTLA-4Ig (Perrin et al., 
1995b). On the other hand, in a model using a two immunization schedule 
without PT, clinical signs of EAE were enhanced following administration of 
multiple doses of CTLA-4Ig, yet was inhibited with a single injection 48 
hours after the initial administration of encephalitogen (Racke et al., 1995). 
These paradoxical results suggested that B7 costimulation may also provide a 
regulatory role during an immune response. 

Early studies indicated that CTLA-4 induced a positive 
costimulatory signal in conjunction with CD28 (Linsley et al., 1992). 
Evidence generated by our laboratory utilizing the EAE model suggested that 
the signaling through the CTLA-4 molecule actually mediated a negative 
regulatory function (Perrin et al., 1996b). In CD28-deficient mice, 
costimulation provided by B7+ APC did not transduce a positive signal 
(Green et al., 1994b). Furthermore, a mouse genetically deficient in CTLA-4 
has a fatal phenotype secondary to a lymphoproliferative disorder (Tivol et 
al., 1995; Waterhouse et al., 1995). These studies all suggested that B7 
mediated costimulation provided regulatory signals that limited the immune 
response. 

We and others showed that B7-1 provides an important stimulus for 
the development of encephalitogenic T cells (Perrin et al., 1995a,b; Perrin et 
al., 1996a; Racke et al., 1995; Kuchroo et al., 1995; Miller et al., 1995). 
However, we were unable to demonstrate that B7-1 costimulation skewed 
development to the Thl phenotype (secreting IFN- 7, IL-2, and LT) or that 
B7-2 costimulation preferentially resulted in Th2 cells (secreting IL-4-6), as 
described by Kuchroo et al. (1995). Interestingly, we did make similar 
observations that anti-B7-1 administration was protective while anti-B7-2 
administration exacerbated EAE. observations using mice deficient in either 
B7-1 or B7-2 suggests that both molecules can make significant 
contributions to the production of both IL-4 and IFN- 7. However, neither 
molecule plays an obligatory role in priming for the production of either 
effector cytokine (Schweitzer et al., 1997). Furthermore, in the non-obese 
diabetic mouse, the effect of administration of anti-B7 antibodies was 
reversed, with anti-B7-1 exacerbating disease and anti-B7-2 blocking the 
development of disease (Lenschow et al., 1995). However, as noted above, 
because the B7-2 expressed on T cells appears to be able to interact with 
CTLA-4, the addition of anti-B7-2 may result in the inhibition of a negative 
signal to the responding T cells, resulting in the enhanced disease observed in 
the EAE model. Thus, the role of the B7 family of costimulatory molecules 
in autoimmune diseases appears to be quite complicated. 

Inhibition of the B7/CD28 pathway has been shown to have 
significant effects in a number of autoimmune models, including EAE. For 
example, NOD mice deficient in CD28 were totally resistant to the 
development of EAE (Akdis et al., 2000). However, T cells primed against 
proteolipid protein (PLP), which were also deficient in CD28, could 
proliferate and secrete IFN- 7 and TNF-c~ at wild type levels (Howard et al., 
1999). Recent studies in the EAE model examining the role of CD28 and B7 
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molecules have utilized mice generated by homologous recombination which 
are deficient in these molecules. Initial studies examining susceptibility of B6 
mice deficient in CD28 to EAE demonstrated that the T cells from these mice 
were impaired in their ability to enter the CNS (Perrin et al., 1999; Chitnis et 
al., 2001). These mice specifically developed a significant picture of 
meningitis, with clear impairment of T cells to directly enter the CNS 
parenchyma. Interestingly, studies carried out using B6 mice deficient in 
both B7-1 and B7-2 demonstrated that these mice were also resistant to the 
development of MOG-induced EAE (Chang et al., 1999). This impairment 
was not due solely to impaired priming of MOG-reactive T cells, since wild 
type T cells transferred to B7-1 and B7-2 deficient mice were still resistant to 
the development of EAE. Again it appeared the major finding was that these 
cells could not invade the CNS parenchyma. These observations clearly 
suggest that CD28:B7 interaction may also play an important role for T cells 
to enter the CNS itself. In addition, it appears CD28 blockade is most 
effective in situations where the number of memory T cells for a particular 
auto-antigen is low, which may not be the case for all situations in 
autoimmunity. 

Cost imulat ion requirements  for naive versus m e m o r y  T cells 
The ability of the immune system to respond upon first contact with 

an antigen is critical for host defense against foreign pathogens. 
Understanding the requirements for expansion of T cells in the adaptive 
immune response for a particular antigen is not only important for host 
defense, but also important in understanding the pathogenesis of 
autoimmunity. Several functional differences between naive and memory T 
cells have been delineated. Naive T cells, which have not encountered their 
antigen since exiting the thymus, express high levels of CD45RA or RB and 
L-selectin and low levels of CD44. Memory T cells, which have encountered 
their antigen one or more times, have low expression of CD45RA/B (or high 
CD45RO in humans), low L-selectin, and high CD44 (Croft et al., 1994). 

It has been shown that naive T cells have distinct activation 
requirements in comparison to memory or activated T cells. For example, 
MHC-peptide complexes could stimulate primed TCR transgenic T cells, yet 
this same stimulus resulted in poor activation of those same TCR transgenic 
T cells when these cells were naive (Sagerstrom et al., 1993). Providing 
costimulation through CD28 resulted in activation and proliferation of the 
naive T cells. In addition, memory T cells have been shown to be 
considerably less dependent on accessory cell costimulation than naive T 
cells (Croft et al., 1994; Damle et al., 1992). The activation state of myelin- 
reactive T cells has not been well characterized. Myelin-specific T cells with 
a mutation in the HPRT gene have been found at a higher frequency in MS 
patients than normal controls, suggesting that these cells have replicated in 
vivo and had the opportunity to mutate (Allegretta et al., 1990; Trotter et al., 
1997). In another study, the frequency of myelin-specific T cells expressing 
the IL-2 receptor, a marker of activation, was shown to be higher in MS 
patients (Zhang et al., 1994). Our own studies demonstrated that antigenic 
stimulation of murine MBP-specific lymph node cells made them much less 
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dependent on B7-mediated costimulation on subsequent antigenic stimulation 
in vitro (Racke et al., 1995). An important issue is whether costimulation- 
independent, myelin-reactive T cells in MS patients accumulate over time 
and whether this accumulation correlates with disease progression. This 
result will have important consequences with regard to the potential 
application of interference with costimulatory pathways as a treatment for 
human autoimmune diseases. 

Antigen determinant spreading in EAE and MS 
The relapsing-remitting course of disease characteristic of both EAE 

and MS has suggested the possibility that T cell immunity to new myelin 
antigens may develop during chronic CNS inflammation and may play a role 
in subsequent relapses. This phenomenon, termed antigen-determinant or 
epitope spreading, occurs when T cell immunity has developed to antigens 
other than that antigen used to initiate the inflammatory response. Work 
performed in the laboratory of the late Dr. Dale McFarlin was the first to 
demonstrate that following the induction of EAE to one MBP epitope, T cell 
responses to another MBP peptide could be observed (McCarron et al., 1990; 
Lehmann et al., 1992). This process represented what is now known as 
intramolecular spreading. Later, work by Dr. Anne Cross demonstrated a 
response developed to PLP after EAE had been initiated by MBP, a 
phenomenon termed intermolecular epitope spreading (Cross et al., 1993; 
McRae et al., 1995). Recent studies have demonstrated that administration of 
Fab fragments that block B7-1 during remission in relapsing/remitting EAE 
were able to prevent epitope spreading and development of new relapses in 
EAE (Miller et al., 1995). 

Relevance to the therapy of multiple sclerosis 
Our studies have addressed the question of whether memory T cells 

specific for an autoantigen such as MBP have different costimulatory 
requirements than naive cells specific for the same autoantigen. If we can 
demonstrate that memory T cells have reduced costimulatory requirements in 
vivo, this would have implications for the development of an immunotherapy 
targeting the B7:CD28/CTLA-4 pathway. Such an immunotherapy has 
several attractive features, the greatest being that it might be able to target 
autoreactive T cells without actually requiring the knowledge of the specific 
autoreactive antigens. 

Our laboratory has performed several studies that have helped define 
the contribution of the B7:CD28/CTLA-4 pathway in the pathogenesis of 
EAE (Perrin et al., 1995a,b; Perrin et al., 1996a; Racke et al., 1995; Perrin et 
al., 1999; Cross et al., 1999; Ratts et al, 1999a,b). It is only much more 
recently that our laboratory has begun to engage in studies which attempt to 
characterize the immune response to myelin antigens in patients with MS 
(Lovett-Racke et al., 1997). The studies we have performed on the pivotal 
role of costimulation in the EAE model provided the intellectual basis for the 
experimental approaches we have used to study T Cell activation 
requirements to myelin antigens in patients with MS. 
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CD28 Costimulation Requirements in MS patients 
Myelin-reactive T cells are present in both MS patients and controls 

(Pette et al., 1990; Martin et al., 1993), indicating that autoreactive T cells 
can exist in individuals without pathologic consequences. We wished to 
address whether there was a difference in the costimulatory requirements of 
MBP-reactive T cells in MS patients versus normal controls. The hypothesis 
tested was that MS patients would have myelin-reactive T cells that were less 
dependent on CD28-mediated costimulation because they had an activated or 
memory phenotype. 

We decided to use an approach which would minimize the amount of 
in vitro manipulation, such as that which occurs with T cell cloning, because 
after repeated in vitro stimulation, T cells would have an activated or 
memory phenotype. Peripheral blood mononuclear cells (PBMC) from MS 
patients, stroke patients, or controls were plated at a density of 2.5 x 105 
cells/well in the presence of MBP and either c~CD28 or control antibody. In 
addition, 48 wells without antigen and each antibody were plated. After 6 
days in culture with MBP, 3H-methyl-thymidine was added and the cells 
were harvested on day 7. Positive wells were considered to be those wells 
with MBP and antibody (either c~CD28 or control) that had counts greater 
than 2 SD above the mean of the control wells and also had a stimulation 
index greater than 2 (see Lovett-Racke et al., 1998 for details). Figure 2 
shows the percentage of the MBP response inhibited by ~xCD28 in MS 
patients, stroke patients, and controls. 
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Approximately 80% of the MBP- 
specific proliferative response was 
inhibited 
in normal controls and stroke patients, 

while only 35% of the response was 
inhibited by ~CD28 in MS patients 

Figure 2. Blockade of CD28- 
mediated costimulation did not 
efficiently inhibit proliferation of 
MBP-reactive T cells in most MS 
patients. The percent inhibition of 
the number of positive wells in 
lymphocyte proliferation assays in 
the presence of anti-CD28 was 
determined for the patients and 
controls who had a response rate 
>3% with the control antibody. A 
two-tailed t test indicated a 
significant difference between the 
MS patients and controls. 
Reproduced from the Journal of 
Clinical Investigation, 1998, vol. 
101, pp. 725-730 by copyright 
permission of the American Society 
for Clinical Investigation. 

(MS vs. control, p=0.0036; MS vs. stroke, p= 0.0317; control vs. stroke, 
NS). This data suggests that MBP-reactive T cells in MS patients are less 
dependent on costimulation, a characteristic of activated or memory T cells, 
than the MBP-reactive T cells in controls or stroke patients. The stroke 
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patients represent an important control, because presumably after an infarct, 
macrophages that are recruited to the region of the infarcted tissue would 
subsequently have the opportunity to present MBP and other myelin antigens 
to the immune system. It was previously shown that B7-1 is expressed in the 
inflammatory lesions in the brains of MS patients, but not in cerebral 
infarcts, making it likely that priming to MBP would occur in MS, but not in 
stroke (Windhagen et al., 1995). As another control, we have examined the 
responses to tetanus toxoid (TT) in MS patients and normal controls. As one 
might expect, since almost everyone has had multiple immunizations to TT, 
patients and controls make an excellent response to TT that is not inhibited 
by the addition of (xCD28 (Lovett-Racke et al., 1998). One might expect that 
costimulatory blockade should completely inhibit MBP-specific proliferation 
in healthy controls and conversely, have no effect on the proliferation of 
MBP-reactive T cells in MS patients. One explanation for the incomplete 
inhibition of MBP-reactive T cell proliferation in healthy controls following 
CD28 blockade may be due to cross-reactivity of MBP-reactive T cells with 
foreign antigens. Wucherpfennig and Strominger (1995) described MBP- 
reactive T cells that could proliferate to a variety of antigens derived from 
common viral pathogens, suggesting that these "MBP-specific" T cells may 
have been activated in vivo in controls in response to an infection and may 
have never encountered MBP, which is sequestered behind an intact blood- 
brain barrier. Limiting dilution analysis of MBP and TT-reactive T cells 
demonstrated that the frequency of MBP-reactive T cells able to respond 
when CD28 was blocked decreased 4-6 fold in controls, suggesting that these 
T cells are naive. In contrast, there was no significant difference in the 
frequency of MBP-reactive T cells with or without o~CD28 in MS patients. 
There was also no difference in the frequency of TT-reactive cells for the 
controls or MS patients. This is consistent with the hypothesis that memory T 
cells in humans are less dependent on 
mount a proliferative response. 

Our laboratory has a great deal 
block B7-mediated costimulation in the 
c~CD28 give similar responses in their 
response in MS patients (Lovett-Racke 

CD28-mediated costimulation to 

of experience using CTLA-4Ig to 
EAE model. Both CTLA-4Ig and 
ability to block an MBP-specific 
et al., 1998). Just as important, 

CTLA-4Ig behaved similarly with regard to c~CD28 in its inability to block 
the memory proliferative response to TT. Similar results blocking the 
proliferative response of MBP-specific T cells from normal controls using 
CTLA-4Ig have been demonstrated by others (Scholz et al., 1998). Thus, 
using both c~CD28 and CTLA-4Ig has allowed us to accurately examine the 
costimulatory requirements of myelin-reactive T cells in MS patients. Recent 
work by Markovic-Plese et al. (2001) showed that these costimulation- 
independent T cells lack CD28 expression, yet can be stimulated to produce 
high amounts of IFN-~, and upregulate the IL-12RI32 chain. The authors 
hypothesized that these T cells would likely initiate immune responses in the 
CNS, because they would not require the expression o f  costimulatory 
molecules on professional APC. 
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Costimulation Requirements in EAE 
In our prior studies examining costimulation in the EAE model, we 

have methodically examined the clinical outcome of blocking B7 molecules 
individually or together using either anti-B7-1 and anti-BT-2 antibodies or 
CTLA-4Ig (Perrin et al., 1995a,b; Perrin et al., 1996a; Racke et al., 1995; 
Perrin et al., 1999; Cross et al., 1999; Ratts et al, 1999a,b). Although we have 
identified certain regimens which appear to reduce clinical signs of EAE and 
reduce production of relevant inflammatory cytokines, we have never been 
able to completely eliminate the development of disease. This suggests the 
possibility that there may be a population of T cells that are B7- 
costimulation-independent and that these T cells will be able to mediate 
disease despite costimulatory blockade. 

Recently, we performed experiments which demonstrated that 
blockade of the CD28 signal is actually responsible for reducing clinical 
disease following costimulatory blockade. MBP-specific LNC activated in 
the presence of o~CD28 Fab (10 ~g/ml) make less IL-2 and were less 
encephalitogenic when subsequently transferred into naive recipients (Perrin 
et al., 1999). Here again, although the encephalitogenic response was 
reduced, it was not eliminated, suggesting that there are encephalitogenic T 
cells which are not dependent on CD28-mediated costimulation. Another 
important observation was that blockade of CD28 during the first disease 
episode resulted in significant attenuation of subsequent disease course. 
However, this observation needs to be considered with recent findings using 
mice deficient in CD28 (Bachmeier et al., 1996). In an autoimmune 
myocarditis model, CD28 -/- mice developed autoimmune heart disease, 
although it was less severe than that observed in heterozygous littermates. 
After primary immunization with myelin oligodendrocyte glycoprotein, 
CD28 -/- mice develop experimental autoimmune meningitis (EAM) instead 
of EAE (Perrin et al., 1999). EAM is characterized by neutrophil-dominated 
lesions within the leptomeninges and is reminiscent of aseptic meningitis. 
The different disease phenotypes seen in CD28-/- and CD28 +/+ mice 
demonstrate the importance of CD28 in T cell differentiation. In addition, 
breeding of NOD mice to CD28 -/- mice exacerbated autoimmunity, 
suggesting CD28 plays an important regulatory role in that disease model 
(Lenschow et al., 1996). 

Costimulation dependence of i.v. tolerance. 
We have also made some interesting observations with regard to the 
mechanisms of extrathymic tolerance secondary to high dose i.v. antigen 
therapy (Critchfield et al., 1994; Racke et al., 1996). The potential use of 
such a therapy in MS necessitates the need to further elucidate the 
mechanisms involved in tolerance induction. In our initial studies, we have 
learned that the V[38 transgenic mice, which do not express the V~2 
transgene, are useful in these studies (Ratts et al., 1999a,b). Unlike the VI38, 
Vc~2 transgenic mice, these mice do not develop spontaneous EAE, however 
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100% of these animals develop EAE when immunized with either Acl-11 or 
MBP in CFA, and do so without a requirement for pertussis toxin injection. 
These mice have a precursor frequency of MBP-reactive T cells ranging from 
1/80,00-1/200,000 before priming with antigen, which is increased over 
naive B10.PL mice. LNC isolated from these mice without prior antigen 
priming can be shown to proliferate to MBP in a standard 4 day proliferation 
assay, thus we have used the proliferative response and cytokine secretion as 
a measure of tolerance induction. 
Interactions between B7 molecules on antigen presenting cells and CTLA-4 
on T cells have been shown to be important in establishing tolerance (Perez 
et al., 1997). We examined the kinetics of tolerance induction following i.v. 
administration of myelin basic protein (MBP) Acl-11 in mice transgenic for 
a TCR V~8.2 gene derived from an encephalitogenic T cell clone specific for 
MBP Acl- l l  (Ratts e al., 1999a). Examination of the lymph node cell 
(LNC) response 10 days after antigen administration demonstrated an 
accentuation of i.v. tolerance induction with anti-CTLA-4 blockade. Anergy 
was induced in splenocytes by i.v. antigen administration as demonstrated by 
a decrease in MBP-specific proliferation and IL-2 production, and co- 
administration of anti-CTLA-4 potentiated this effect. In addition, i.v. 
antigen plus anti-CTLA-4 and CFA was not encephalitogenic. Interestingly, 
i.v. tolerance (a single injection) did not inhibit EAE, and anti-CTLA-4 
administration did not alter this phenotype. These results suggest that while 
the majority of MBP-specific T cells are tolerized by i.v. antigen, and that 
this process is potentiated by anti-CTLA-4 administration, a population of T 
cells still remain that is quite effective in mediating EAE. 

Costimulation dependence of i.p. tolerance. 
Evidence suggests that costimulation provided by B7 molecules through 
CTLA-4 is important in establishing peripheral tolerance, whether by i.v. or 
i.p. antigen administration (Perez et al., 1997). In another study, we 
examined the kinetics of tolerance induction and T cell differentiation 
following i.p. administration of MBP Acl-11 in mice transgenic for a TCR 
V~8.2 gene derived from an encephalitogenic T cell clone specific for MBP 
Acl- l l  (Ratts et al., 1999b). Examination of the lymph node cell (LNC) 
response after antigen administration demonstrated a dependence on CTLA-4 
for i.p. tolerance induction. Examination of splenocyte responses suggested 
that i.p. antigen administration induced a Th2 response, which was 
potentiated by co-administration of anti-CTLA-4. Interestingly, i.p. 
tolerance was able to inhibit the induction of experimental autoimmune 
encephalomyelitis (EAE) and anti-CTLA-4 administration did not alter this 
phenotype, suggesting that CTLA-4 blockade did not block tolerance 
induction, but rather potentiated the Th2 phenotype of MBP-specific T cells, 
which likely was responsible for the inhibition of EAE. Thus, T cell 
differentiation and the dependence on CTLA-4 for tolerance induction 
following i.p. antigen administration differs between immune cells in the 
lymph node and spleen in the EAE model. 
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Additional Costimulatory Pathways Regulating EAE 

While the B7:C28/CTLA-4 pathway has been the best studied in EAE, other 
pathways have also been investigated. For example, CD40L, a member of the 
TNF receptor family, is predominantly found on activated T cells, while its 
ligand CD40, can be found on B cells, dendritic cells, macrophages, 
astrocytes, and thymic epithelial cells. Professional APC constitutively 
express the costimulatory molecules CD40 and B7 and both are upregulated 
when the APC becomes activated (Howard et al., 1999b; Lefrancois et al., 
2000; McCormick et al., 1999; van der Eertwegh et al., 1993). In CD4+ T 
cells, ligation of the TCR results in increased expression of CD40L and its 
expression is further increased by other costimulatory events. CD40 ligation 
leads to the upregulation of B7-1 and B7-2 on APC and thereby enhances the 
ability of APC to activate naive T cells (Howard et al., 1999b). Thus, CD40L 
interaction with CD40 is important in T cell activation, particularly in its 
early stages. Studies conducted in SJL mice examining PLP139-151-induced 
EAE showed that anti-CD40L antibody could block progression of clinical 
disease, whether administered at the peak of disease or during disease 
remission. CNS inflammation was also reduced by anti-CD40L 
administration (Howard et al., 1999b). Thus, blockade of the CD40/CD40L 
pathway appears to be a promising method for inhibiting initial T cell 
activation and subsequent clonal expansion of autoreactive T cells. 

Another recently described pathway is that of the inducible costimulator 
(ICOS) and its ligand B7-H2, which is expressed by B cells in the lymph 
node and also present in a number of nonlymphoid tissues. CD40 stimulation 
does not increase B7-H2 expression as it does with B7-1 and B7-2 
(Yoshinaga et al., 1999). ICOS shares about 30-40% sequence homology 
with CD28 and CTLA-4 an dit maps to the same locus, suggesting that it 
likely arose via gene duplication. ICOS is not constitutively expressed by the 
T cell, but is upregulated after stimulation, reaching maximal expression in 
48 hours (Zhang et al., 1997; Kouki et al., 2000; Barrat et al., 1999; Coyle et 
al., 2000; Mages et al., 2000). Interestingly, ICOS can be upregulated in the 
absence of CD28, however IL-2 production is less than if CD28 
costimulation also exists (McAdam et al., 2000). ICOS expression does 
appear to be present constitutively on previously activated T cells, suggesting 
it may play a more important role in modifying the responses of memory and 
effector T cells. 

Manipulating ICOS in the setting of diseases such as EAE has proven that 
complexity of ICOS signaling. ICOS blockade dramatically improved the 
resolution of clinical symptoms in EAE (Sporici et al., 2001), however 
susceptibility to EAE was greatly enhanced in ICOS-deficient mice (Chen et 
al., 2001). Hopefully future studies will determine whether targeting this 
costimulatory pathway will be beneficial in the treatment of human diseases 
such as MS. 
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Conclusions 
The studies described in this review demonstrate an important role 

for costimulation in both multiple sclerosis and its animal model EAE. Our 
current studies of MS patients, which are based on our prior work in the EAE 
model, will demonstrate whether costimulation-independent, myelin-reactive 
T cells develop over time with disease progression. More significantly, we 
will be able to determine whether these T cells have been expanded in vivo 
and will be able to follow the T cell repertoire to myelin antigens over time 
in MS patients. We feel these studies, initially developed in the EAE model, 
will provide important information relevant to the pathogenesis of MS and 
will have implications for the development of immunologically based 
therapies for this disease. 
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Abstract: Intramolecular and intermolecular epitope spreading, the development of 
immune cells with new reactivities different from the original 
immunodominant response, plays an important role in the relapses and 
progression of EAE and has been implicated in the progression of MS. This 
chapter describes the process of epitope spreading in EAE, its impact on the 
development on tolerance, and the induction of peptide-specific tolerance 
and other immune intervention modalities that can prevent epitope 
spreading and its consequences. 

Key words: epitope spreading, EAE, MS, intramolecular, intermolecular, peptide-specific 
tolerance 

I n t r o d u c t i o n  

Experimental allergic encephalomyelitis (EAE) is an inflammatory 
paralytic central nervous system (CNS) demyelinating autoimmune disease 
in rodents that serves as a widely used experimental model for studying 
multiple sclerosis (MS). In several mouse models of EAE a relapsing- 
remitting disease pattern of disease similar to that of MS develops (1). 
Studies have demonstrated that EAE is mediated by encephalitogenic CD4 + 
proinflammatory T cells of the Thl phenotype (2,3). Data from animal 
studies show that the autoimmune T cell repertoire is not fixed but changes 
as disease progresses. Many reports have indicated that the relapse and 
progression of EAE may be due to the acquisition of emerging T cell 
responses to new self-antigens during the course of disease. This acquired T 
cell neoreactivity is commonly referred to as epitope spreading or 
determinant spreading. Epitope spreading has been observed in both 
actively induced EAE and passively induced disease. Epitope spreading is 
typically demonstrated by proliferation, ELISPOT, or delayed type 



492 Chapter A23 

hypersensitivity (DTH) reactions to self epitopes not involved in initiation of 
disease. Epitope spreading during EAE has been shown to be a pathogenic 
process that spontaneously generates encephalitogenic T cells capable of 
inducing relapses and sustaining autoimmune demyelination. On the other 
hand the emergence of destructive new autoimmune T cell repertoires serves 
to provide more potential targets for developing antigen-specific 
immunotherapies capable of inhibiting or preventing the debilitating effects 
of chronic inflammatory self-recognition. 

EAE Disease Induction in Studying Epitope Spreading 

EAE is a useful animal model system in which to study MS because 
both have many clinical, histopathologic, and immunopathologic 
similarities. EAE is generally induced in susceptible strains of rodents by 
immunization with CNS myelin proteins or their disease-inducing peptides, 
referred to as encephalitogenic determinants. The most common proteins 
used for inducing EAE include myelin basic protein (MBP;4,5), myelin 
proteolipid protein (PLP;6,7), and myelin oligodendrocyte glycoprotein 
(MOG;8). The adoptive transfer of MBP, PLP, or MOG specific CD4 + T 
cells into na'fve recipient mice can also induce acute and relapse-remitting 
EAE (9-11). Clinical disease symptoms emerge when activated CD4 + T 
cells enter the central nervous system and recognize the encephalitogenic 
peptide epitopes presented in the context of major histocompatibility (MHC) 
class II molecules on CNS antigen presenting cells. Rodents that are 
susceptible to disease display an acute phase of disease followed at times by 
several relapsing episodes that are marked by flaccid limb paralysis. 

In the SJL/J and (SWRxSJL)F1 (SWXJ) mouse strains, antigen- 
induced EAE results in a relapsing-remitting form of disease. A moderate to 
severe initial acute disease followed by a recovery period characterizes the 
relapsing-remitting EAE (R-EAE) model. One or more relapses may occur 
over a period of weeks to months. This R-EAE mouse model system 
resembles the clinical features of relapsing-remitting MS patients that 
develop over many years. In both the SJL/J and SWXJ mouse strains the R- 
EAE animal model is often utilized by investigators to examine epitope 
spreading because disease can be induced by encephalitogenic epitopes of 
PLP, MBP and MOG that have been previously identified. In addition, a 
hierarchy of disease inducing epitopes has been demonstrated in both the 
SJL/J and SWXJ mouse models of EAE (12,13). 

Mouse Models for Examining Epitope Spreading 

In SWXJ R-EAE the relapsing-remitting stage of disease often progresses 
to chronicity, thereby mimicking the clinical features of MS (14). 
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Immunization of SWXJ mice with either the p139-151, p104-117 or p178- 
191 peptides of PLP generates an acute disease followed by a relapsing- 
remitting course of EAE, with each new relapse progressively more severe 
than the previous (15;Figure 1A). Most SWXJ mice develop a chronic 
progressive stage of disease several months after EAE onset. Clinically, at 
this stage the mice exhibit the inability to initiate movement and show a 
significant loss in body weight. Severe demyelination and perivascular 
inflammatory foci develop in the CNS, particularly in the spinal cord. SJL/J 
mice also develop a relapsing-remitting EAE disease, similar to that seen in 
SWXJ mice and EAE can be induced in SJL/J mice with peptides from 
several myelin proteins including MBP (16), PLP (17) and MOG (18). 

Intramolecular Epitope Spreading during EAE Progression 
Intramolecular epitope spreading in EAE was first described in studies 

by McCarron et al. (19) who showed that (SJLxPL)F1 mice develop a new 
MHC class II-restricted response to MBP during relapse that is not observed 
during the initial inflammatory immune attack. In this study EAE was 
induced by adoptive transfer of I-A u restricted MBP1-37 specific T cells, 
whereas responses to the I-A S MBP89-169 determinant developed during 
disease progression. 

Other studies by Lehmann and colleagues (20) expanded on these 
findings by analyzing T cell responses to MBP in the (SJLxB10.PL)F1 
mouse strain, which is highly susceptible to EAE. The investigators 
demonstrated that the specificity of the T cell repertoire in the 
(SJLxB10.PL)F1 mice was restricted to the MBPI- l l  immunodominant 
priming epitope during the inductive phase of EAE, but broadened to 
involve responses to the cryptic MBP epitopes p35-47, p81-100, and p121- 
140 as disease progressed. Most importantly immunization with whole MBP 
was not required for detection of epitope spreading which occurred even 
when mice were primed with the immunodominant MBPI- l l  epitope. In 
other mouse strains such as SJL/J and B10.PL and in the Lewis rat EAE 
model, epitope spreading within the MBP protein has been detected (21, 22). 
Therefore, determinants of MBP that are cryptic after a primary 
immunization can become immunogenic during the disease course of EAE. 

Intermolecular Epitope Spreading In EAE 

Intermolecular epitope spreading in EAE has been described in studies 
where immune responses specific for the priming CNS myelin autoantigen is 
associated with the detection of T cell responses specific for other CNS 
myelin proteins. Intermolecular spreading was first observed by Perry and 
colleagues (23) who analyzed lymph node T cell proliferative responses and 
DTH responses to PLP during the course of disease induced by 
immunization of (SJLxPL)F1 with MBP. The investigators found in vitro T 
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cell responses to PLP at 3 weeks post-immunization, and this response to 
PLP peaked during the first and second relapses at 5-7 weeks post- 
immunization. 

In additional studies by Cross and colleagues (24), the authors adoptively 
transferred disease with MBP87-99 primed lymph node cells into nafve 
recipient mice and analyzed the lymph node and spleen cell reactivity to the 
encephalitogenic PLP p 139-151, as well as to the priming MBP p87-99. 
Proliferative responses to the PLP 139-151 epitope were observed during the 
acute and chronic stages of EAE. The pathogenicity of intermolecular 
spreading was demonstrated by passive transfer of EAE into naive SJL/J 
recipient mice with PLP139-151 stimulated spleen cells taken from SJL/J 
mice that had previously developed EAE by passive induction of EAE with 
MBP 87-99 stimulated cells. The results suggest that the autoimmune 
inflammatory CNS destruction mediated by T cells targeted against MBP 
leads to endogenous self priming to PLE 

Other studies by McRae et al. (12) demonstrated PLP intermolecular 
spreading during EAE induced in SJL/J mice by adoptive transfer of 
MBP84-104 primed T cells. Responses to the PLP139-151 spreading 
determinant were detected by proliferation and DTH during the emergence 
of the first disease relapse. 

The Epitope Spreadin~ Cascade 
In EAE primary autoreactivity associated with the clinical onset of 

disease regresses with time and often becomes undetectable during the 
course of disease. The emergence of secondary immune responses to 
autoreactive spreading epitopes is detected as disease progresses. Thus, the 
chronic progression of EAE involves a transition of autoreactivity from the 
primary initiating self-determinant to a defined cascade of secondary 
determinants that sustain the CNS inflammation (25). 

In the SWXJ mouse strain, when EAE is induced by immunization 
with either PLP139-151, PLP178-191, or PLP104-117, the order in which 
new self-determinants are recognized during the course of disease follows a 
predictable and sequential pattern (13,15). By 12-16 weeks after 
immunization, responses to the priming determinants regress and are often 
undetectable by conventional proliferation assays despite the development of 
chronic progressive disease. This regression of primary autoreactivity 
occurs both in the periphery and CNS. SWXJ mice immunized with 
PLP139-151 develop a sequential pattern of neoreactivity that includes 
initially PLP249-273, MBP87-99 and PLP178-191 at 4, 8, and 12 weeks 
post-immunization, respectively (Figure 1A,B). After priming with the 
PLP104-117 determinant, responses to PLP139-151 occur early after EAE 
onset and are subsequently followed by responsiveness to MBP87-99. 
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Similarly, immunization PLP178-191 results in the development of 
responses to PLP139-151 and MBP87-99. This neoreactivity to spreading 
determinants has been detected up to 12 weeks post-immunization. In 
contrast to SWXJ mice, immunization of SJL/J mice with PLP139-151 
results in a reverse spreading ordering with expansion of the PLP178-191 
repertoire occurring before expansion of MBP84-104-specific T cells 
(12,26,27). The disease course in PLP139-151 or PLP178-191 induced R- 
EAE results in a moderate to severe acute stage followed by an incomplete 
remission. Primary relapse usually develops within 3 weeks after remission 
onset with a severity of disease not substantially greater than the acute phase. 
Responses to the relapsing PLP178-191 determinant develop after remission 
from onset of disease in PLP139-151 induced EAE. However, immune 
responses to the MBP84-104 spreading determinant begin to emerge during 
the second relapse. In MBP84-104 induced R-EAE in the SJL/J model, the 
disease is characterized differently. A mild acute stage of disease develops 
which is followed by complete remission. Approximately 30-40 days 
following the onset of remission, relapse occurs and an immune response to 
the immunodominant determinant PLP 139-151 can be detected. 

Epitope spreading has also been associated with disease progression in 
MS. Studies have focused on patients with isolated monosymptomatic 
demyelinating syndromes (IMDS) that have clinical disorders associated 
with progression to CDMS. In studies analyzing proliferative immune 
responses to PLP peptides, patients with monocentric monophasic IMDS 
responded to distinct PLP peptides (28). Responses to these defined PLP 
epitopes can be detected for more than 1 year (Figure 1C). However, the 
autoreactivity associated with the onset of symptoms in IMDS patients 
wanes over time and eventually becomes undetectable as disease progresses. 
Moreover, there is a shift in the responses to new PLP epitopes that appear to 
sustain the autoimmune inflammatory disease state. These results indicate 
that epitope spreading occurs during the development and progression of 
MS, similar to the epitope spreading cascade that develops during EAE 
progression. 
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Figure 1 
Edling and Tuohy 

Figure 1. The Epitope Spreading Cascade Accompanies Progression Of EAE 
And MS. (a) Immunization of SWXJ mice with PLP 139-151 results in a relapsing- 
remitting course of EAE that progresses to chronicity. Each relapse is followed by 
an incomplete recovery that results in a progressive accumulation of neurologic 
deficit. Similar clinical profiles occur following immunization with PLP 104-117 
and PLP 178-191. Error bars show _+SEM. (b) A predictable sequential epitope 
spreading cascade accompanies progression to chronicity in EAE. Induction of EAE 
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by immunization of SWXJ mice with PLP 139-151 results in a temporally spaced 
cascade of neoautoreactivity involving PLP 139-151 --~ PLP 249-273 --) MBP 87-99 
--~ PLP 178-191. Similar sequential cascades occur during progression of EAE 
induced with the encephalitogenic PLP determinants pi04-117 and p178-191. It 
should be noted that EAE progression continues long after responses to the priming 
p139-151 determinant have peaked. The data are represented as spline curve plots 
of mean splenocyte proliferative responses of at least three mice tested at each 0, 2, 
4, 8, and 12 week time points. (c) The progression of MS is accompanied by the 
decline of primary autoreactivity associated with initial symptoms and by the 
concurrent emergence of epitope spreading. IMDS patient DL showed progression 
to CDMS 60 weeks after the initial onset of symptoms. Disease progression 
involved a sustained neo-autoreactivity to PLP 167-182 accompanied by a decline 
and eventual disappearance of responses to the PLP 116-150 determinant associated 
with disease onset. The data are represented as spline curve plots of mean 
proliferative responses of PBMC on each day tested. (Figure and legend from: 
Tuohy, V.K., Yu, M., Yin, L., Kawczak, J.A., Johnson, J.M. Mathisen, P.M., 
Weinstock-Guttman, B., and Kinkel R.P. 1998. The epitope spreading cascade 
during progression of experimental autoimmune encephalomyelitis and multiple 
sclerosis. Immunologic Rev. 164:93-100. Printed with permission from Blackwell 
Munksgaard, 1 RosenCrns All6, P.O. Box 227, DK-1502, Copenhagen V, Denmark). 

Epitope Spreading to Self Determinants in Theiler's Murine 
Encephalomyelitis (TMEV) 

TMEV is a murine pathogen in the picornavirus family that results in a 
persistent infection of CNS APCs. In SJL/J mice a persistent TMEV 
infection in the CNS produces a chronic progressive inflammatory 
demyelinating disease clinically similar to chronic progressive EAE, but not 
to relapsing-remitting disease (29). Demyelination in the TMEV model 
appears to be immune mediated and initiated by T cells specific for the viral 
epitopes. Recent studies have shown that epitope spreading of myelin self 
determinants contributes to the chronic progressive demyelination induced 
with TMEV. 

Immune responses to TMEV epitopes develop at 5-7 days post-infection. 
However, T cell responses to myelin epitopes do not develop prior to disease 
onset, but are detected 30-35 days post-viral infection. CNS APCs 
persistently infected with TMEV present viral epitopes to virus-specific T 
cells thereby targeting T cell mediated myelin destruction in the CNS. 
During later stages in TMEV infection, T cell responses to a number of 
encephalitogenic myelin epitopes can be demonstrated (30,31). At 50-60 
days post-infection T cell proliferative and DTH responses can be detected 
to the immunodominant epitope PLP139-151. T cell responses to several 
other myelin epitopes develop as the disease progresses. Four weeks after 
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the detection of PLP139-151 responses, T cell responses to PLP56-70 and 
MOG92-106 appear followed 2 months later by responses to PLP178-191 
and MBP84-104. These data demonstrate a pattern of epitope spreading to 
myelin proteins during the chronic stages of TMEV induced demyelination. 

In the TMEV demyelination model epitope spreading may be viewed 
as a virus-specific T cell mediated inflammatory response which leads to the 
activation of resident CNS APCs that process and present endogenous self- 
epitopes to autoreactive T cells. Thus, Thl autoreactivity is triggered by the 
inflammatory response to the viral infection and leads to a chronic 
autoimmune disease in the CNS by an epitope spreading process. 

Epitope Spreading and EAE Disease Progression 
It is widely believed that newly acquired autoreactive T cell specificities 

develop during the course of EAE as a result of chronic tissue inflammation 
or damage and subsequent presentation of new self epitopes to T cells 
invading the target organ. Thus, the processing and presentation of newly 
acquired antigenic determinants lead to the activation of autoreactive T cells 
specific for spreading epitopes. One question that arises in autoimmunity is 
whether epitope spreading contributes to disease pathogenesis. This issue 
has been most difficult to address in human disease. 

Evidence indicating a role for intramolecular epitope spreading in the 
pathogenesis of disease was observed in a PLP139-151-induced RR-EAE 
SJL/J disease model. T cells responding to the encephalitogenic PLP 
spreading epitope p178-191 were detected in spleens of PLP139-151- 
induced EAE mice. Importantly, the epitope spreading splenic PLP178-191 
specific T cells demonstrated pathogenic potential by passively transferring 
disease into na'l've SJL/J mice (12). 
Vanderlugt et al. (32) demonstrated that T cells specific for endogenous 
myelin epitopes play a major role in the development of EAE relapses. In 
these studies splenic T cells isolated from SJL/J mice 7 weeks after 
induction of EAE with MBP84-104 specific T cells were able to transfer 
disease after in vitro activation with either MBP84-104 or the spreading 
determinant PLP139-151. Moreover, the autoreactive T cells specific for 
spreading epitopes were found in the CNS of mice before and during the 
primary disease relapse. 

The pathogenicity of T cells responding to spreading determinants 
was also evaluated by adoptive transfer experiments in SWXJ mice (33). 
Seven weeks after priming with PLP139-151, spleen cells were activated 
with the PLP139-151 or MBP87-99 epitope in vitro and EAE was passively 
transferred into na'fve SWXJ/J recipient mice. The EAE severity induced by 
T cells specific for the spreading MBP87-99 was similar to the severity 
induced by T cells specific for PLP139-151. Therefore, the neoautoreactive 
T cells were pathogenic and expressed a Thl proinflammatory cytokine 
profile, secreting significant levels of IL-2 and IFN-~,. 
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More recent studies by Targoni et al. (34) demonstrate that throughout 
the course of EAE, a first stage of effector cells undergoes exhaustion in the 
CNS and periphery while a second stage of effector cells, developed by 
epitope spreading, emerges in the CNS. The investigators used enzyme- 
linked immunospot analysis (ELISPOT) to determine the frequency of the 
priming PLP139-151 or spreading PLP178-191 specific T cells in the CNS 
and periphery during disease progression. The frequency of T cells specific 
for the priming PLP139-151 epitope in the CNS and periphery was high 
during the onset of paralysis and then declined over time, completely 
disappearing 70 days after immunization. However, PLP178-191 specific T 
cells were detected in the CNS, prior to their detection in the periphery 
during the second episode of paralysis. Thus, the epitope spreading 
responses were shown to initiate in the targeted CNS tissue rather than in the 
periphery. Although the primary effector response declined to an 
undetectable level, mice continued to demonstrate disease progression. 
Presumably as a consequence of the active spreading repertoire these results 
confirm previous findings that epitope spreading plays a significant role in 
the progression of autoimmune disease. 

Peptide-Specific Tolerance in the Prevention of Epitope Spreading 
Several studies indicate that induction of tolerance to spreading 

determinants inhibits EAE relapse and progression even when tolerance is 
induced after onset of disease. Vanderlugt et al. (32) showed that 
pretolerization with relapse associated epitopes 7 days before EAE induction 
did not have an effect on acute disease, but reduced the relapse rate in both 
PLP139-151 and MBP84-104 induced R-EAE. Tolerance induction with the 
relapsing-epitopes was also induced during the remission period following 
acute disease and resulted in a decrease in relapses. 

Similar studies were conducted in the SWXJ mouse model. Mice were 
tolerized by intravenous injection of the MBP87-99 spreading determinant 
ten days after onset of EAE induced by immunization with PLP139-151. 
Mice tolerized to the spreading MBP 87-99 determinant showed consistent 
improvement in mean clinical score and delayed progression of clinical 
disease while mice tolerized to the non-spreading PLP104-117 determinant 
continued their progression to disability. The clinical improvement of MBP 
87-99 tolerized mice was accompanied by a corresponding significant 
inhibition of MBP 87-99 DTH as measured by peptide-specific ear swelling. 
These studies demonstrate that epitope spreading is not simply an 
epiphenomenon but rather plays a pathogenic role in the development of 
relapse and chronic progression of autoimmune disease (33). 

Additional Therapeutic Strategies Targeting Epitope Spreading in EAE 
It has been shown that progression of EAE may be significantly inhibited 

when Th2-1ike T cells specific for priming determinants are adoptively 
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transferred after onset of disease (35,36). Yin et al. (37) examined the 
efficacy of preemptive targeting of the epitope spreading cascade by 
adoptive transfer of regulatory T cells after onset of disease. A panel of high 
IL-10 producing Th2/Trl-like T cell lines were generated by transfecting 
primed lymph node cells with a transgene construct designed to produce 
mouse IL-10 regulated by a mouse IL-2 promoter. The investigators found 
that after induction of EAE with PLP 139-151, adoptive transfer of MBP 87- 
99 specific Th2/Trl-like T cells resulted in a marked and prolonged 
inhibition of disease progression accompanied by a significant decrease in 
spinal cord demyelination. The therapeutic effect involved a Trl immune 
deviation of the response to the MBP 87-99 spreading determinant and a 
bystander inhibition of the recall IFN-y response to the priming PLP 139-151 
immunogen. These results indicate that the clinical course of autoimmune 
demyelinating disease may be dramatically altered by preemptively creating 
an immune deviated epitope spreading cascade. However, such deviation 
may produce cascades involving distinctly different targeted self-antigens as 
has been shown in the response of NOD mice to beta cell antigens in insulin 
dependent diabetes mellitus (38). 

Another target of therapy for inhibiting epitope spreading in EAE is 
blockade of B7-1 mediated co-stimulation (26,32). The activation of T cells 
requires two signals: an antigen-specific signal through the T cell receptor 
and MHC complex and co-stimulatory signals through the CD28 molecule 
expressed on T cells, and B7-1 (CD80) expressed on APCs (39,40). B7-1 is 
upregulated during R-EAE disease progression. When anti-B7-1 F(ab) 
fragment therapy is administered in SJL/J mice, endogenous self priming 
and epitope spreading are blocked and clinical relapses and CNS pathology 
are reduced. The clinical and pathological effects appear to be long lasting, 
even when treatment is administered late in the disease stage. The 
mechanisms involved in the inhibition of disease may include anergy 
induction of T cells specific for relapse associated epitopes. Thus, the co- 
stimulation antagonist may have a therapeutic application in MS as a result 
of its ability to prevent endogenous self priming and epitope spreading. 

Finally, it is quite possible that the therapeutic effects of IFN-13 in MS 
may substantially be due to inhibition of IL-12 dependent epitope spreading 
(41). McRae et al. (42,43) have shown that IFN-[3 abrogates Thl 
differentiation in vitro by inhibiting T cell dependent CD40-induced 
production of IL-12 from monocyte derived DC, a requirement for priming 
Th0 ---) Thl cells (44,45). We have found that the therapeutic effect of 
treating SWXJ mice with IFN-13 after EAE onset is accompanied by a 
dramatic inhibition of IL-12 production in ex vivo splenocyte responsiveness 
to the PLP 139-151 immunogen (46). Moreover, this IFN-13 induced 
inhibition of IL-12 is accompanied by a marked failure to develop 
neoautoreactivity to determinants involved in the epitope spreading cascade. 
These results support the view that IFN-13 inhibits 1L-12 dependent 
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endogenous self-priming in vivo resulting in aborted epitope spreading and 
subsequent inhibition of disease progression. 

In summary, epitope spreading is a pathogenic process that leads to 
relapse and chronic progression of autoimmune disease. During 
development of autoimmune disease a predictable sequential pattern of 
epitope spreading emerges. This ordered epitope spreading cascade may 
provide a basis for targeted peptide-specific immunotherapy after onset of 
clinical disease in MS. 
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Abstract: 

Key words: 

Particularly in the vulnerable CNS with a low capacity for regeneration 
specialized mechanisms must be active for the fast and gentle elimination of 
dysregulated autoaggressive immune cells. In EAE, local apoptosis of 
autoimmune T-cells has been identified as a safe means for the removal of 
these unwanted cells. T-cell apoptosis in situ followed by phagocytic clearance 
of apoptotic remnants by glia assures a minimum of detrimental bystander 
damage to the local parenchyma and down-regulates the local inflammatory 
reaction. The pharmacological augmentation of local apoptosis of 
inflammatory effector cells might gain therapeutic importance also in human 
neuroimmunological diseases such as multiple sclerosis. 

T-cell, phagocytosis, Experimental autoimmune neuritis, astrocyte, microglia, 
glucocorticosteroids, multiple sclerosis 

. INTRODUCTION 

Multicellular organisms face the task of  safely disposing unwanted cells 
under physiological and pathological conditions. The active and tightly 
regulated cell death program during apoptosis is considered to play a major 
role in the physiological control of cell turnover while at the other end 
dysregulation of apoptosis has been shown to contribute to the pathogenesis 
of  different autoimmune diseases. 
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During the last decade the role of apoptosis also in neuroimmunological 
diseases has been more clearly defined. In EAE and experimental 
autoimmune neuritis (EAN), especially apoptosis of the pathogenic effector 
cells has been thoroughly investigated. This review will briefly introduce 
definitions and detection methods for apoptosis. We will focus on apoptotic 
cell death of effector T-cells in EAE, proposed mechanisms of T-cell 
apoptosis, functional consequences and finally its potential therapeutic 
implications. 

1.1 Apoptosis: definition and detection 

Apoptosis is a specialized, morphologically and biochemically distinct 
form of eukaryotic cell death. Introduced in 1972 by Kerr and colleagues, the 
term apoptosis served to describe a set of morphological features commonly 
observed during cell death in various tissues and cell types which were 
different to those observed during necrotic cell death (1). The stereotypic 
series of cellular changes comprise blebbing of the plasma membrane and 
condensation of chromatin at the periphery of the nucleus, followed by 
disintegration of the cell into multiple membrane-enclosed vesicles. In 
contrast to the lytic processes observed during necrosis, cell death by 
apoptosis is not associated with secondary inflammatory tissue responses, 
e.g. towards potentially harmful intracellular contents of the dying cells (2). 
Thus, apoptosis is considered to provide a safe and gentle cell death 
mechanism. In vivo, apoptosis also appears to be a fast and efficacious 
mechanism for the elimination of unwanted cells, with completion of the cell 
death program within 4-5 hrs at least in certain tissues and under defined 
conditions (3). 

As the traditional definitions of apoptosis were mainly based on 
morphological criteria, electron microscopy served as the gold standard in 
the detection of apoptosis. Meanwhile, the better understanding of 
underlying biochemical processes during apoptosis has led to the 
introduction of an array of detection methods at the molecular level (4,5). 
For example, intravital internucleosomal DNA-fragmentation which 
generates fragments of 180 bp and multiples thereof can reliably be detected 
using TUNEL or in situ nick translation techniques. The identification of a 
set of aspartate-directed cysteine proteases (Caspases) whose activation 
underly many of the observed morphological changes during apoptosis has 
further broadened the spectrum of detection methods. Thus, either the 
activated caspases or their proteolytic cleavage products (e.g. cytokeratin 18, 
Poly(ADP-Ribose)-Polymerase PARP, APP, actin cleavage products) can be 
identified. Also specific alterations of the cell membrane (e.g. loss of 
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phospholipid asymmetry detected with annexin-V) or mitochondrial changes 
(e.g. cytochrome c release, "permeability transition") serve as the basis for 
commercially available detection methods for apoptosis. However, many of 
these detection methods have to be interpreted cautiously (4). For example 
DNA-fragmentation does not only occur during apoptosis, but also during 
necrosis. Since different intracellular pathways lead to typical apoptotic 
features, a combination of different molecular detection methods is feasible. 
Thus, typical morphological features of apoptosis can also occur in the 
absence of oligonucleosomal DNA-fragmentation as well as in enucleated 
cells (6,7). 

1.2 T-cell apoptosis in EAE and CNS inflammation 

T-cells autoreactive to CNS-antigens such as MBP can also occur in 
healthy individuals (8,9). Albeit more often in MS-patients, surges of 
increased frequencies of circulating myelin-reactive T-cells can also be 
observed in healthy subjects, possibly driven by cross-reactive 
environmental antigens (10). These activated autoreactive T-cells are capable 
of entering the CNS-parenchyma and thus have the potential to induce a 
local immune response when they encounter their specific antigen in the 
context of appropriate restriction molecules (11,12). Therefore, specialized 
anatomic barriers such as the blood brain barrier or the absence of lymphatic 
drainage are not sufficient to prevent immune-mediated damage in the CNS, 
arguing for other mechanisms in the physiological control of autoreactive 
inflammatory cells in situ. Local apoptosis of pathogenic T-cells has been 
identified as a major immunological defense mechanism in the "immune- 
privileged" CNS, leading to an inhibition of inflammation or, once it has 
encroached, to rapid and non-destructive elimination of the inflammatory 
infiltrate (review in (13,14). 

First reports on cell death by apoptosis in inflammatory brain lesions of 
Lewis rat EAE were from Pender and colleagues (15). Using morphological 
criteria the majority of the dying cells appeared to be lymphocytes and 
oligodendrocytes. Apoptosis of ~13-T-cells was subsequently confirmed by 
the same group using pre-embedding immunolabelling techniques (16). By 
combined T-cell immunohistochemistry, molecular labeling techniques and 
ultrastructural criteria, Schmied and coworkers analyzed T-cell apoptosis in 
the spinal cord quantitatively during the time course of different rat EAE 
models (17). Of all apoptotic cells, 64% were identified as T-lymphocytes, 
mostly expressing the ~[3-T cell receptor. While another 9% of the apoptotic 
cells were classified as oligodendrocytes, apoptosis of macrophages was only 
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rarely observed. However, a considerable proportion of apoptotic cells could 
not be identified immunocytochemically, due to the advanced degeneration 
of the cells. 
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Figure 1. Time course of T-cell apoptosis in situ. Apoptosis during the natural course of 
experimental autoimmune encephalomyelitis (EAE) or neuritis (EAN), passively induced by 
cell transfer or by active immunization with MBP (EAE) or peripheral nerve myelin (EAN). 
Ordinate: percentage of apoptotic T-cells (mean +/- SD). Modified after (18). 

During Lewis rat cell transfer (AT)-EAE using MBP-specific T-cells the 
degree of T-cell apoptosis was minimal at early stages on day 4, but peaked 
at the time of recovery from disease at day 7 with apoptosis rates of up to 
49% (figure 1). Also in the active disease model prevalence of T-cell 
apoptosis in situ was highest when animals had recovered from the disease. 

Apoptosis of inflammatory cells in situ also occurs in chronic relapsing 
EAE models, especially during clinical relapses (15,19,20,21). In the CNS of 
adoptively transferred chronic relapsing EAE in SJL/J mice, apoptosis of 
CD4+ T-cells and microglia/brain macrophages could readily be observed, 
while oligodendrocytes and astrocytes did not exhibit TUNEL positivity 
(19). 

T-cell apoptosis in situ has not only been identified in EAE but also in 
coronavirus-mediated encephalomyelitis (22). Apoptosis of T-lymphocytes 
also occurs in inflammatory human brain lesions, most prominently in acute 
disseminated leukoencephalomyelitis (ADEM) (23), an acute monophasic 
disease which closely mimics pathological changes of acute EAE. T-cell 
apoptosis can also be observed in active MS lesions albeit to a lesser extent, 
possibly due to the chronicity of the disease (24). The similar degree of T- 
cell apoptosis in the acutely autoimmune inflamed rodent (EAE) and human 
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CNS (ADEM) (25) with approximately 30% of all invading T-cells 
undergoing apoptosis highlights the importance of the local apoptotic 
destruction of inflammatory T-cells in the termination of CNS-inflammation. 

In contrast to the high T-cell apoptosis rate observed in the CNS, the PNS 
and other peripheral tissues appear to have a lower capacity to induce T-cell 
apoptosis locally. T-cell apoptosis could also be observed in sciatic nerves of 
Lewis rats with active or AT-EAN (26). Whereas the time course was similar 
to EAE, the extent of T-cell apoptosis was markedly different: highest levels 
were also found during recovery, with typical T-cell rates of approximately 
10% (figure 1). However, in spite of this lower apoptosis rate, also in the 
PNS local T-cell apoptosis can be regarded as an efficient mechanism of cell 
elimination. Thus, given a time frame of 4-5 hrs for the completion of 
apoptosis, one could assume that up to 50% of an inflammatory infiltrate 
would be eliminated within 24 hrs. 

Negligible degrees of T-cell apoptosis were found in T-cell mediated 
autoimmune diseases of muscular tissue. T-cell apoptosis was less than 0.5% 
in CD8-T-cell dominated experimental autoimmune myositis and biopsies of 
different human myopathies of presumed autoimmune etiology (27,28). 
Thus, T-cell inflammation in muscle is not cleared by apoptosis in situ, 
which could contribute to the non-self-limiting nature of these diseases. Even 
in HIV-associated polymyositis and -neuropathy there is virtually no relevant 
T-cell apoptosis in situ, in spite of the pathophysiological relevance of T-cell 
apoptosis in HIV-infection (29). 

Also T-cell infiltrates in the skin do not appear to be eliminated by local 
apoptosis. In Lewis rat EAE, there was negligible T-cell apoptosis in the 
dermal tissue adjacent to the sensitization site, despite a heavy T-cell 
infiltration (17). Furthermore, in skin biopsies of patients with 
dermatomyositis and lupus erythematosus, T-cell apoptosis was virtually 
absent (30)(Chan, Gold, unpublished observations). 

Given the obvious disparity in T-cell apoptosis between the 
"immunoprivileged" CNS and other non-immunologically protected sites, 
tissue-specific local mechanisms must be active in the CNS, that lead to a 
very efficient apoptotic clearance of pathogenic T-cells. 

1.3 Possible mechanisms of T-cell apoptosis in the CNS 

An important question in the elucidation of possible mechanisms of T-cell 
apoptosis concerns the specificity of the dying cells. Thus, apoptosis- 
inducing mechanisms such as activation induced cell death via triggering of 
the T-cell receptor would lead to selective cell death only of autoantigen- 
specific T-cells. In contrast, apoptosis also of non-antigen specific 
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"bystander" T-cells, secondarily recruited into the lesion, would suggest non- 
selective mechanisms of apoptosis induction. 

To elucidate this further, Pender and colleagues investigated T-cell 
apoptosis in Lewis rat EAE passively induced with a MBP-specific T-cell 
clone using the V[38.2+ T-cell receptor, which is the predominant T-cell 
receptor element in MBP-induced Lewis rat EAE (31,32). Apoptosis and T- 
cell receptor usage was then analyzed in lymphocytes isolated and enriched 
from spinal cord. The frequency of V[38.2+ T-cells was about sevenfold 
higher in the apoptotic cell population than in the non-apoptotic T-cells. 
Moreover, using MBP- and ovalbumin-specific T-cells, it appeared that 
MBP-specific T-cells were readily eliminated from the CNS by apoptosis, 
while T-cells specific for ovalbumin, an antigen not present in the Lewis rat, 
survived in the CNS and recirculated to peripheral lymphoid organs. 
However, these studies could not exclude that also ovalbumin specific T- 
cells underwent apoptosis in the CNS. Also, altered physicochemical 
properties of collapsed apoptotic cells could have precluded their 
quantitative recovery from spinal cord during gradient centrifugation. 
Moreover, other MBP-reactive T-cell receptor elements besides V]38.2, 
proven to be encephalitogenic were not analyzed in these studies (33,34). 

Using T-cells stably expressing specific genomic markers, Lassmann and 
colleagues could demonstrate that both MBP-specific and ovalbumin- 
specific T-cells undergo apoptosis in the CNS of EAE-animals (35). In 
addition, the occurence of T-cell apoptosis during EAE in bone marrow 
chimeras with different MHC-haplotypes of the resident glial cells and the 
passively transferred T-cells indicates that T-cell apoptosis is not dependent 
on antigen-specific mechanisms (35). Thus, both encephalitogenic, antigen- 
specific T-cells as well as secondarily recruited bystander T-lymphocytes 
appear to undergo apoptosis in situ. 

The molecular mechanisms leading to T-cell apoptosis in the CNS in situ are 
as yet incompletely understood (14). In vivo, the TNF-receptor-1 (TNFR1)- 
mediated death pathway appears to play a major role in the induction of T- 
cell apoptosis in the CNS (36). Thus, in EAE of TNFRI-or 
TNF/lymphotoxin-deficient mice, local T-cell apoptosis was decreased. 
TNF-c~ has been demonstrated to be a potent inducer of T-cell apoptosis 
(37). Following this line, administration of anti-TNF-c~ antibody decreases 
local T-cell apoptosis in EAE of Lewis rats undergoing high-dose antigen- 
therapy with MBP, where the release of high amounts of TNF-c~ can be 
observed in situ (38). 
T-cell apoptosis in the CNS may also be mediated via the Fas/Fas Ligand 
(CD95/CD95L)-pathway (review in (14,39)). Thus, one proposed 
mechanism is the ligation of T-cell CD95 by CD95L expressed by host cells 



A24. Apoptotic cell death in Experimental Autoimmune 
Encephalomyelitis 

513 

resident in or secondarily recruited into the CNS (40). In addition, intrathecal 
infusion of FasL suppresses Lewis rat EAE and augments apoptosis of 
inflammatory cells in situ (41). 

Since T-cell apoptosis appears to be tissue specific, resident glial cells 
might sensitize T-cells towards cell death directly or through soluble factors. 
Antigen presentation to MBP-specific T-cells by rat microglia results in T- 
cell apoptosis in vitro, which can be prevented by exogenous IL-2 (42). 

Also astrocytes, which act as non-professional antigen presenting cells 
(APC), render T-cells susceptible to apoptosis induced by 
glucocorticosteroids in vitro (43). Glucocorticosteroids markedly increased 
T-cell apoptosis when added to T-cell astrocyte co-cultures during late T-cell 
activation stages whereas there was no effect when thymus cells were used 
as antigen presenters. These results could argue for a scenario, where an 
infiltrating T-cell is primed for an apoptotic stimulus by a resident non- 
professional APC, and subsequently undergoes apoptosis under hormonal 
influences of the microenvironment or systemic changes. However, T-cell 
apoptosis during recovery from EAE also occurs in the CNS of 
adrenalectomized animals, arguing for additional mechanisms (44). 
Among others, further proposed mechanisms of local CNS T-cell apoptosis 
comprise the action of reactive oxygen intermediates and nitric oxide, or cell 
death due to deprivation of growth factors such as IL-2 (45,46). Yet, the 
precise role of the different putative mechanisms as well as other to date 
unknown CNS-specific factors in the induction of T-cell apoptosis remain to 
be elucidated. 

1.4 Phagocytosis of apoptotic cells in the central nervous 
system 

The high degree of apoptosis of inflammatory cells in the autoimmune 
inflamed human and rodent CNS raises the need for an efficient and tightly 
controlled removal mechanism for these unwanted cells. A key event in the 
resolution of an inflammatory infiltrate is the nonphlogistic and thus safe 
phagocytic clearance of dying, yet intact leukocytes undergoing apoptosis 
(review in (47,48). Apoptosis labels unwanted cells with signals that direct 
the recognition, uptake and subsequent degradation by tissue-specific 
phagocytes, thus preventing the spilling of potentially harmful contents and 
inhibiting secondary immune responses directed towards the dying cells. In 
addition to the mere clearing of cell remnants, the ingestion of apoptotic cells 
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also actively elicits phagocyte responses that modulate immune reactions and 
inflammation. 

In Lewis rat EAE, phagocytosis of apoptotic lymphocytes by 
macrophages/microglia, oligodendrocytes and astrocytes in situ has first 
been described by electron microscopy (49). Using an in vitro phagocytosis 
model, we have further investigated the phagocytosis of apoptotic T-cells by 
different glial cell elements and its functional consequences (50). Lewis rat 
microglia efficiently phagocytose specifically apoptotic, encephalitogenic 
MBP-specific T-cells. This process is differentially regulated by Thl-/Th2- 
type cytokines (51). The phagocytosis of apoptotic T-cells by Lewis rat 
microglia is more efficient than by other glial cell elements such as 
astrocytes. Moreover, phagocytosis of apoptotic T-cells leads to a profound 
downregulation of microglial immune functions with a suppression of pro- 
inflammatory cytokines and microglial T-cell activation, thus silencing the 
microglial phagocyte in the inflammatory context (52). Figure 2 gives a 
hypothetical model of the phagocytosis of apoptotic T-cells in the CNS. 

DownregulaUon of 
T-cells Pha~locytoais f , ~  effector functi0ns 

~ '~  IL-4 ~ _  ..TNF..Ck iL, i2 

exposure of 
recognition 
signals 

!FN-'r, IFN- ~ 

Waste disposal 

Modulation 
of immune 
responses 

IFN-y, IL4 
Sere i+professional 
phagocytes: back Up 
phagocytosis 

Figure 2. T-cells undergoing apoptosis exhibit specific "eat me" recognition signals for 
phagocytes. Phagocytosis by microglia is differentially regulated by cytokines ("waste 
disposal"). The uptake of apoptotic cells leads to a down-regulation of different microglial 
immune-functions ("modulation of immune responses"). Astrocytes have a lower capacity to 
phagocytose apoptotic cells and may provide a "backup" mechanism. Modified from (50). 

In vitro, rat microglia/brain macrophages have also been demonstrated to 
phagocytose apoptotic neurons via lectin-, integrin-, and phosphatidylserine- 
dependent mechanisms (53). 
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Current therapeutic approaches in presumably immune-mediated, 
demyelinating diseases of the CNS such as MS aim at the rapid termination 
of the inflammatory process, thereby hastening clinical recovery and 
potentially also preventing subsequent demyelinative and axonal tissue 
damage (54). Glucocorticosteroids (GS) are potent anti-inflammatory drugs, 
whose therapeutic efficacy in neuroimmunological diseases has especially 
been established in immune neuropathies, MS, lupus erythematosus and 
cerebral vasculitis. Intravenously administered high-dose GS serve as the 
current mainstay in the therapy of acute MS-relapses(55). GS can mediate 
their pleiotropic anti-inflammatory effects via different mechanisms, e.g. 
modulation of cell activation, cytokine expression, secretion of inflammatory 
mediators, leucocyte migration and the reduction of local edema (56). These 
effects are mediated via the cytosolic GS-receptor (GSR) and can be blocked 
by the GSR antagonist RU 468 at low GS concentrations. At higher 
concentrations, GS appear to induce cell death directly, possibly via non- 
genomic, physicochemically mediated effects on the plasma membrane (56). 

In Lewis rat EAE, iv. methylprednisolone (MP) therapy administered at 
the clinical disease maximum increased T-cell apoptosis in the spinal cord in 
situ and decreased T-cell infiltration (57). This effect was clearly dose- 
dependent with a dosage of at least 10 mg/kg body weight MP required to 
achieve an increase of T-cell apoptosis and a marginal decrease in T-cell 
infiltration. Higher dosages of 50 mg/kg body weight MP were superior in 
both respects, and were also effective in mild EAE, in contrast to the lower 
dosage of MP. The strong apoptosis-promoting effect of GS has also been 
demonstrated on peripheral blood leukocytes (PBL) of MS-patients (58). 
After intravenous high-dose corticosteroid treatment, apoptosis of PBLs was 
markedly augmented in different MS-subgroups, predominantly affecting 
CD4-positive T cells. 

Also in the peripheral nervous system, high-dose GS augment T-cell 
apoptosis (59). In Lewis rat EAN, a 4-5-fold increase of T-cell apoptosis 
could be observed in the sciatic nerve after therapeutic administration of GS 
(10 mg/kg body weight prednisolone). Similar results could be observed in 
Lewis rat experimental autoimmune myositis (EAM), a model for human 
idiopathic myosites of presumed autoimmune-inflammatory etiology (27). 
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Here, a clear increase of apoptotic endomysial T-cells could be 
demonstrated, with up to 50% of these apoptotic T-cells being CD8-positive. 
This indicated that glucocorticosteroids also induce CD8-T-cell apoptosis, 
even in organs where normally T-cell apoptosis does not occur. 

The type 1 interferon (IFN) IFN-~, is one of the current mainstays in the 
immunomodulatory therapy of MS (60). IFN-~ appears to affect particularly 
inflammatory aspects of MS, with a reduction of the relapse rate and positive 
effects on inflammatory changes observed in MRI scans. In the experimental 
models, IFN-[3 has been shown to inhibit progression of relapsing-remitting 
EAE (61), while early discontinuation of IFN-~ led to exacerbation of active 
EAE (62). While the exact mechanism of action of IFN-~ is still unknown, 
numerous putative mechanisms have been proposed (review in (63)). 
Whether the therapeutic benefit of IFN-[3 is also based on the induction of 
apoptosis in inflammatory cells is still controversially discussed (64,65). In 
Lewis rat AT-EAE, no major increase of T-cell apoptosis in situ could be 
observed after treatment with IFN-[3 (66). However, IFN-[3 clearly increases 
the phagocytosis of apoptotic, encephalitogenic, MBP-specific T-cells by 
microglia in vitro (Chan, A., Seguin, R., submitted). Thus, theoretically IFN- 
13 could help to engulf and eliminate T-cells driven into apoptosis by other 
therapeutically used agents, e.g. corticosteroids. 

Antigen-specific therapy with CNS or PNS-autoantigens has been shown to 
be effective in EAE and EAN (67,68). The underlying mechanism appears to 
involve T-cell receptor reengagement at an appropriate stage of the cell cycle 
which leads to T-cell apoptosis (69). In Lewis rat cell transfer (AT)-EAE, 
high dose antigen (guinea pig MBP) therapy not only led to apoptotic cell 
death of invading T-cells in situ but also of resident oligodendrocytes (38). 
This was accompanied by a profound modulation of the cytokine network 
with a rapid induction of the Thl-type cytokines TNF-~ and IFN-~, as well 
as inducible nitic oxide synthase. Neutralization of TNF-c~ in vivo led to a 
decrease in T-cell and oligodendrocyte apoptosis but did not change the 
beneficial clinical effect of high-dose antigen therapy. This argues for a 
central role of TNF-c~ as a mediator of local apoptosis which may have 
different functional effects. Similar results could also be observed in antigen- 
specific therapy of Lewis rat AT-EAN using P2-protein (70,71). 

Conclusions 
Apoptosis of inflammatory effector cells constitutes an effective 

protective mechanism in the autoimmune-inflamed CNS. Thus, the selective 



A24. Apoptotic cell death in Experimental Autoimmune 
Encephalomyelitis 

517 

induction of apoptosis in pathogenic cells is an attractive therapeutic target 
in neuroimmunological diseases. However, apoptosis of resident CNS cells 
represents also a major mechanism in the pathogenesis of different 
neurodegenerative disorders, where selective blockade of apoptotic pathways 
may be benificial. Therefore, the identification of the molecular, tissue- and 
cell-specific factors that lead to local apoptosis remain to be elucidated in 
order to take advantage of this phylogenetically old and important defense 
mechanism. 
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ENVIRONMENTAL INFLUENCES IN 
EXPERIMENTAL AUTOIMMUNE 
ENCEPHALOMYELITIS 
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Abstract: Environmental factors, in particular infectious agents, are thought to have a 
major influence on the development and course of MS. Some of these 
influences are also reflected in the animal model, EAE. In this chapter, the 
role of infectious agents in the development and course of autoimmunity in 
EAE is discussed. Other environmental agents including trauma, solar 
radiation exposure, temperature, stress, toxins, are discussed in terms of their 
relevance to MS and EAE. 

Key words: EAE, MS, infection, autoimmunity, trauma, solar radiation, UV light, 
temperature, stress, toxins 

Introduct ion  
Like several other diseases with an autoimmune mechanism and 

polygenic susceptibility, including type I diabetes mellitus and rheumatoid 
arthritis, the most commonly accepted working model of  MS development  is 
that it is an autoimmune disease triggered in genetically susceptible 
individuals by some environmental  factor. MS thus arises as a result of an 
interplay of  varying degrees of  environmental and genetic factors. Such an 
interplay is important not only in determining the susceptibility of  an 
individual to the disease but also possibly other aspects of the disease such 
as severity or course. 

Experimental  autoimmune encephalomyelit is  (EAE) is in many respects 
the prototypical organ specific, T cell mediated autoimmune disease having 
provided many clues to the immune mechanisms of MS. As a useful animal 
model, EAE ideally must reflect some of these environmental influences that 
play a role in MS. Moreover,  EAE being generally induced in strains of 
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animals, which are very well characterized immunogenetically, the genetic 
contribution remains equal across the strain or substrain, and the 
environmental conditions can be varied to provide clues to their contribution 
to the susceptibility and course of EAE. 

Infectious agents 
Of the many environmental factors implicated in MS, infectious agents 

have been most consistently investigated [1]. The possibility that MS is 
caused by an infectious agent has been entertained since the first detailed 
clinico-pathological description of MS, and is supported by several lines of 
evidence. The possibility that, in addition, infectious agents, directly or 
through their immunological consequences, may modify disease activity is 
also being increasingly substantiated by studies. 

Many infectious agents have been 
spirochetes, bacteria, and viruses (table) 

Table 1. 

implicated in MS, including 

Some infectious agents linked to MS 

Adenovirus 
Borrellia burgdorferi 
Canine distemper virus 
Chlamydia pneumoniae 
Coronavirus 
EBV 
Enterovirus 
HSV 1, 2, 6, 8 
Herpes zoster 
HTLV-1 and 2 
Measles 
Mumps 
Papovavirus 
Rubella 
Simian virus 5 
Theiler's encephalomyelitis virus 

Some of these infectious agents are linked to MS because of evidence of 
an increased titer of antibodies against them in the CSF of MS patients, for 
example measles and herpes zoster, or in their blood, for example EBV. 
Many, however, are linked to MS because of the existence of spontaneous or 
experimentally induced demyelination in animal models. These aspects are 
discussed in detail in the section of this book dedicated to viral models of 
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demyelination. 
However, like in MS, and underscoring the utility of EAE as a model, 

infectious agents can influence aspects of EAE. 
Self-reactive lymphocytes recognizing neuroantigens exist not only in 

MS patients but also in normal subjects. Moreover, the precursor frequency 
of these cells does not appear to be higher in MS patients. However, the 
neuroantigen-reactive T cells from MS patients are in higher state of 
activation than those of normal subjects [2]. Activated T cells are more 
capable of crossing the blood brain barrier and there, where they encounter 
their cognate antigen, they can cause the inflammatory demyelination 
damage. In relapsing MS, as in relapsing models of EAE, the reactivation of 
these cells may be a major event in the pathogenesis of relapses. 

The role of infectious agents in these situations has been investigated, as 
it is recognized that infectious events (or immunizations) can trigger MS 
relapses or the first manifestations of the disease. 

Several mechanisms may operate whereby autoreactive T cells can be 
activated and their action in EAE is discussed below. 

Superantigen activation 
Superantigens (SAG) are viral or bacterial products capable of activating 

a large number of T cells bearing the same T cell receptor (TCR)V chain [3]. 
SAG include several bacterial enterotoxins such as staphylococcal 
enterotoxin A (SEA) and B (SEB) and have been implicated in several 
human diseases. SAB bind the V[3 region of the TCR outside the groove 
normally occupied by the antigenic peptide, and also the MHC class II 
molecule on the surface of antigen presenting cells. In EAE, and possibly in 
MS there may be a bias in the V]3 TCR usage in particular in the early stages 
of the disease, before significant epitope spreading has occurred. SAG 
activation of neuroantigen-reactive T cells bearing the corresponding TCR 
may lead to a relapse in EAE. This is indeed the case. SAG SEB, which 
predominantly binds V[3 TCR in mice has been demonstrated to induce 
relapses in myelin basic protein (MBP)-induced EAE in PL/J and PL/J x 
SJL/J F1 mice, whose MBP-reactive T cells predominantly use TCR V[38 [4, 
5]. Moreover, we confirmed this ability of SEB to induce relapses [6]. In 
addition, we demonstrated that SEA (which does not bind V]38 in mice) also 
induces significant relapses. Therefore, although it was originally proposed 
that V[38 TCR confers specific tendency for autoimmunity [7], the ability of 
SAG to reactivate autoimmunity in EAE is not entirely dependent on V[38 
TCR. 

What is the mechanism by which SAG induce relapses? It is known that 
SAG preferentially activate Thl cells [8, 9]. It is also known that 
superantigens induce a variety of proinflammatory cytokines and other 
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inflammatory mediators. We demonstrated that SAG induce IL-12, the 
major factor in the development of Thl- type immune responses. Indeed 
antibodies against IL-12 p40 blocked SAG-induced relapses in PL/J x SJL/J 
F1 mice. Moreover, IL-12 administration mimicked the effects of SAG, 
inducing itself relapses [6]. This result was also demonstrated in MBP- 
induced EAE in Lewis rats [10]. 

A similar response has been found with TNF. TNF administration 
induced relapses [11] while administration of neutralizing TNF antibodies 
partially suppressed relapses [4]. 

Several anti-inflammatory cytokines including TGF-[3, IFN-~, and IL-10 
were capable of suppressing SAG-induced relapses of EAE. 

It appears most likely that the mechanism of activation of potentially 
pathogenic T cells in EAE by superantigens, in addition to activation of a 
large number of T cells using the same TCR, involves tipping the balance of 
pro- and anti-inflammatory cytokines toward a more inflammatory 
environment. 

Interestingly, SAG were not only shown to reactivate autoimmunity by 
inducing relapses in EAE, but also to modify susceptibility to EAE. 
Interleukin-6 (IL-6) is a proinflammatory cytokine also known to be induced 
by SAG. Besides IL-12 (p40) it is a proinflammatory cytokine whose 
deficiency is consistently known to render mice completely resistant to EAE 
[12, 13]. Administration of SEB to IL-6 knockout mice has overcome their 
resistance to EAE [14]. 

These results are highly relevant for MS. It is known that relapses or the 
initial attack are often preceded by infections. It is also known that SAG can 
activate human neuroantigen-reactive T cells [15]. This may represent an 
important mechanism whereby infectious agents can (re)activate MS. 
Knowledge of this possibility also has implications for the treatment of MS. 
For example, glatiramer acetate, currently successfully used in the treatment 
of relapsing remitting MS, promiscuously binds MHC class II inside the 
peptide binding groove but not requiring antigen processing [16]. Although 
initially developed as a mimic of MBP, it suppresses not only MBP-induced 
EAE but also PLP-induced EAE [17]. This promiscuous MHC binding 
makes it a potentially very useful immunomodulatory treatment, and it was 
shown to suppress autoimmune uveitis as well [18]. However, while it 
suppresses antigen-specific T cell proliferative responses in vitro to nominal 
antigen, it does not suppress SAG-induced responses, suggesting that its 
blockade of the peptide-binding site in the MHC class II groove, does not 
affect SAG binding. We have recently confirmed this observation in human 
SEB-stimulated T cells (Constantinescu C, Robins A et al, unpublished 
observations). 
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Molecular mimicry 
Another possible activation mechanism for autoreactive T cells with 

potential to cause or reactivate autoimmunity is molecular mimicry. The 
concept implies the existence of a structural similarity and an immunological 
cross-reactivity between self antigens of the host and an infectious agents 
such as bacteria, viruses, or yeasts, which elicits an immune response, after 
which T or B cells developed against these agents respond against cross- 
reactive self-determinants. A most convincing and biologically relevant 
example of molecular mimicry in human autoimmunity and 
neuroimmunology is the Guillain-Barre syndrome (GBS) [19]. This is 
another autoimmune demyelinating disease of the nervous system involving 
the peripheral nerves. There is convincing evidence for a bacterial etiology 
in up to 50% of patients. Although typically monophasic, the presentation 
can be different (for example the various proportions of axonal, myelin, or 
cranial nerve involvement) and the distribution across age groups in different 
part of the world can also be different. Campylobacter jejuni is a common 
gastrointestinal pathogen that causes diarrhea. It also, less frequently causes 
GBS. However, up to two thirds of patients with GBS have serological 
evidence of a recent C jejuni infection. Of these serogroup Penner 19 is 
overrepresented, while, on the other hand, rarely associated with 
gastroenteritis. Different serogroups express different lipopolysaccharides 
(LPS) closely resembling human cell surface glycolipids. Infection with C 
jejuni can thus lead to production of anti-ganglioside antibodies, which 
cross-react with human glycolipids. The most common such cross-reactive 
self-antigen is ganglioside GM1. Anti-GM1 antibodies are found in 
approximately 70% of patients with C. jejuni-associated GBS and in about 
30% of patients with GBS but without serological evidence of recent C 
jejuni infection. 

Other anti-ganglioside antibodies are associated with specific clinical 
forms of GBS, for example anti-GQlb with the Miller Fischer variant with 
prominent cranial nerve involvement and anti-GalNac-GDla antibodies with 
distal motor variant. These antibodies can also be triggered by C jejuni as 
well as other infections. 

Other infection can result in GBS, notably Mycoplasma pneumoniae. 
Molecular mimicry may play an important role here as well. It has been 
shown that M pneumoniae triggers anti-GalC antibodies, which, in high titre 
are associated with a demyelinating GBS. It is important to note here that 
these glycolipids are also present in abundance in the CNS myelin therefore 
may represent potential autoantigens in MS and EAE in addition to GBS. 
Moreover, EAE has been induced by immunization with GalC. 

Although a significant component of neuropathology in GBS is antibody 
and complement mediated, a role for a T cell participation in molecular 
mimicry involving glycolipids, traditionally considered T-independent 
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antigens, is likely to exist, and this mechanism likely to be relevant to T cell 
mediated autoimmunity such as occurs in EAE and MS. It has been shown 
that GM1 antibody production by B cells of GBS patients is T cell dependent 
[20]. Moreover, self-glycolipids reactive T cells have bee found both in 
normal individuals and in patients with MS [21]. In addition, EAE is more 
severe when the immunogenic brain homogenate contains the glycolipid 
fraction than when this fraction has been removed [22]. Therefore, a T cell 
and B cell cross reactive immune response between infectious agent 
components such as LPS and myelin glycolipids is a conceivable mechanism 
whereby molecular mimicry generates and activates self-reactive 
lymphocytes in CNS inflammatory demyelination. 

Another important example of molecular mimicry with great relevance to 
EAE and MS is the hepatitis B virus (HBV). Its polymerase has been found 
to have sequence homology and antigenic cross-reactivity with an 
encephalitogenic epitope on MBP. Moreover, immunization of animals with 
HBV leads to a histologically evident EAE-like inflammatory demyelination 
[23]. It is thus conceivable that T cells against antigenic determinants of the 
HBV polymerase recognize cross-reactive MBP epitopes and become self- 
reactive. Wucherpfennig et al screened viral sequences for potential 
homology with the peptide predicted to bind MHC class II groove of the 
commonest MS-associated haplotype, HLA-DR2 (DRBI*1501), and 
demonstrated that some of these peptides stimulated myelin antigen (MBP)- 
reactive T cells from patients with MS [24]. 

Bystander activation 
Bystander activation is the mechanism in which T cells are activated by 

exposure to self-antigen in the situations in which an infection has created an 
inflammatory environment favorable for the development of Thl type T 
cells, or in an evironment which allows the expression of an antigen 
normally not exposed to the immune system, for example a sequestered 
antigen. The latter situation is closely linked with the phenomenon of 
epitope spreading, which is known to occur in EAE and MS, whereby 
previously unexposed (cryptic) epitopes become exposed during the tissue 
damage accompanying the initial event [25]. The initial event may be the 
initial inflammatory demyelinating attack, but also potentially an event with 
another pathogenesis such as injury, ischemia, or indeed, infection. The 
latter can be exemplified by the fact that infection with viruses that cause 
experimental demyelination such as coronavirus or TMEV eventually leads 
to spreading of the epitope to self-determinants including the known 
neuroantigens of EAE such as MBP [26]. 

Another example of bystander activation with a sequestered antigen is 
that of o~B-crystallin. This is a protein belonging to the heat shock protein 
family. It has been shown that c~B-crystallin induces marked T cell responses 
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in individuals with MS, more prominenent than responses to other 
neuroantigens such as MBP or PLP [27]. c~B-crystallin is normally 
sequestered, not exposed to the immune system, not being on the surface of 
oligodendrocytes, but the response against it may develop later in the course 
of the disease via epitope spreading [28]. Moreover, EBV has been shown 
to induce expression of B-crystallin in B cells, which then present it in an 
HLA-DR-restricted fashion [29]. Since serological evidence of EBV 
exposure is present in nearly 100% of people with MS [30], it is conceivable 
that a mechanism of activation of neuroantigen (in this case c~B-crystallin)- 
reactive T cells is induction by this virus in the context of a non-sequestered 
environment. 

The creation of an inflammatory environment for bystander activation of 
autoreactive T cells by infectious agents has been convincingly demonstrated 
(and it may in great part explained why in some EAE induction models there 
is need for adjuvants (see chapter on adjuvants in EAE). Mice transgenic for 
a TCR specific for MBP do not develop EAE when kept in a germ free 
environment; however, when placed in a germ-containing environment they 
develop spontaneous EAE [31]. It is known that bacterial products other 
than SAG are involved in this (re)activation of autoimmune disease. LPS of 
gram-negative bacteria is an example of such infectious product. It was 
shown to be involved in the reactivation of experimental arthritis by bacterial 
overgrowth in the bowel [32]. In EAE, CpG-rich bacterial DNA, which has 
been shown to have multiple immunostimulating activities largely centered 
on induction of proinflammatory cytokines, modifies resistance to disease of 
prototypically resistant mice, rendering them susceptible [33]. 

A common feature of these bacterial products is their ability to induce 
proinflammatory cytokines and in particular, IL-12, a key cytokine for the 
development of Thl responses, required for EAE. Also adjuvants such as the 
Mycobaterium tuberculosis-based complete Freund's adjuvant (CFA) all 
induce IL-12 [34, 35]. 

A plausible working hypothesis, therefore, is that the final common 
pathway of activation of autoimmunity in EAE (and in MS) by infectious 
agents is through their effects on proinflammatory cytokines and in 
particular IL-12 and/or the related IL-23, with which IL-12 shares a subunit. 
In terms of how this applies to MS, it is likely that not all infections, but 
those infections preferentially inducing a Th-l-type immune response may 
trigger or reactivate autoimmunity. In support of this is the fact that the viral 
sequences found to have homology with HLA-DR2 binding motif capable of 
activating CNS-reactive T cells from MS patients belong to relatively 
common human viruses such as EBV [24]. A substantial proportion of 
people without MS have evidence of EBV exposure. Thus, a large number 
of HLA-DR2+ individuals would be expected to develop MS if that were the 
unique requirement for self-reactive T cell activation. The ability to build a 
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response in which these activated T cells have a Thl  phenotype, which may 
depend on a combination of host and pathogen factors may represent one of 
the additional requirements necessary for induction of autoimmunity. 

An infectious agent capable of skewing the immune response toward Th2 
may conceivably confer the opposite mechanism, protection against Thl  
autoimmunity in EAE. It has been shown that coexistent Th2 responses 
dampen the mangnitude of a Thl  response. This may reflect the finding that 
the prevalence of asthma and allergic conditions is decreased in MS [36]. 
Some infections may also have a protective role against autoimmunity. This 
has been used to explain the increasing rates of autoimmune diseases 
including MS, paralleled by decreasing rates of infectious diseases in the 
developed countries [37]. 

Other possible mechanisms 
Conceivably, other mechanisms may contribute to the pathology of EAE. 

Cytokines potentially induced by infectious agents may have directs effects 
on the CNS including oligodendrocyte apoptosis or permeabilization of the 
blood brain barrier. 

Trauma 

Whether head trauma can trigger the onset of MS or attacks of 
established MS remains controversial [38, 39]. However, it is known that 
head trauma can cause a breakdown of the blood brain barrier, thus 
potentially facilitating the entry of autoreactive T cells in the CNS. Recent 
experiments in EAE have shown that focal brain injury following the 
immunization can lead to more severe neuropathology, mediated in part by 
chemokines [40]. 

Solar radiation 

A well-described feature of the epidemiology of MS is that its prevalence 
increases with increasing latitude. This holds true for both hemispheres [41 ]. 
Although in part this feature can be described on the basis of genetic factors 
taking into consideration various population migration patterns [42], it 
strongly suggests that an environmental factor linked to latitude plays a role 
in the susceptibility to MS. Of all potential factors investigated, the most 
consistently associated with MS has been the decreased level of exposure to 
solar radiation [43]. In addition, at the same latitude, there is an inverse 
altitude gradient, in that the prevalence of MS in mountainous areas is 
significantly lower than in neighboring regions in industrial valleys [44]. 
This further supports the concept that sunlight exposure has a protective 
effect against MS. Sunlight contains ultraviolet and visible light. Both have 
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the potential to affect MS and EAE. 

Ultraviolet light 

UV light from sunlight has numerous biological activities including 
many effects on the immune system. It is therefore used as a therapeutic 
agent in a number of diseases. It induces apoptosis in several cell types [45]. 
It also modifies properties of lymphocytes potentially changing the 
autoreactive cells and rendering them tolerant. Photopheresis, a procedure in 
which circulating blood cells are exposed extracorporeally to UV light after 
administration of a photosensitizing agent, and then reintroduced in the 
circulation, is based on this principle. Although established in cutaneous T 
cell lymphoma and graft versus host disease, photopheresis has had 
conflicting results in MS. In an uncontrolled report, two patients with 
relapsing remitting disease benefited [46], while in a placebo-controlled 
study in progressive MS it was not beneficial [47]. In EAE, a recent study 
shows that photopheresis decreases the number of relapses in a relapsing 
model in rats. 

A major role of UV light is in the supply of the Vitamin D. Diet, in 
particular fish and vitamin D-enriched milk provide only a part of a human's  
daily requirement of Vitamin D. The majority of this requirement is 
provided by the Vitamin D synthesis in the skin. Pre-vitamin D3 is 
synthesized in the skin from 7-dehydrocholesterol in a reaction catalyzed by 
UV light. It then isomerizes to form Vitamin D3, which is then converted to 
25-hydroxy-Vitamin D3in the liver and then to the active 1,25 Dihydroxy- 
Vitamin D3 (calcitriol) in the kidney. 

Goldberg, noting a high prevalence of MS in areas with low solar 
radiation exposure suggested that this might be related to low vitamin D3, 
and that this vitamin is important in myelin biosynthesis [43]. There is no 
evidence for a role of vitamin D3 in myelination, but there is increasing 
evidence for its multiple roles in regulation of immune functions. It has 
been shown that vitamin D3 and its biologically active derivatives suppress 
the major Thl  inducing cytokine, IL-12 [48]. Thus, its deficiency may lead 
to an enhanced Thl  immune response. The epidemiological evidence 
suggesting that MS patients may have a vitamin D3 deficiency was 
confirmed in studies in which 25-hydroxy-vitamin D3 was actually 
measured in MS patients. These showed a very significant proportion of 
vitamin D3 deficiency or insufficiency. Moreover, there was evidence of 
significantly reduced bone mass in women with MS compared to age- 
matched controls [49]. 

In EAE, Cantorna et al [50] showed that oral administration of calcitriol 
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prevented the onset of the disease, and its administration at the first clinical 
signs of EAE suppressed further progression. In further studies [51] the 
same group showed that calcitriol also is capable of reversing the clinical 
signs of disease in mice that already had clinically severe disease. 

The mechanisms of action of calcitriol in EAE are not entirely elucidated. 
However, it is likely that its acts on the balance between pro- and anti- 
inflammatory (Thl/Th2) cytokines in favor of the latter. Cantorna et al [51] 
presented evidence that calcitriol induces anti-inflammatory cytokines TGF- 
~31 and IL-4. On the other hand, another study demonstrating suppression of 
EAE by vitamin B 12 showed that the major mechanism was inhibition of IL- 
12 [52]. 

Vitamin D3 is not only effective in EAE. It was also successfully used in 
other experimental models of autoimmune disease including collagen- 
induced arthritis (where it was effective in both preventing and suppressing 
disease), [53] and insulin dependent diabetes mellitus in NOD mice [54]. It 
also has a beneficial effect in ameliorating the human inflammatory, 
presumed autoimmune disease, psoriasis [55]. 

Visible light 

A fundamental component of sunlight is, of course, visible light. There 
is evidence that visible light is also important in MS and EAE. Daylight is 
also closely linked with the biological clock. One possibility explaining the 
latitude gradient for MS is that day length may be related to MS prevalence. 
There is anecdotal evidence of relapses being more frequent in the spring 
and autumn. The biological clock that maintains daily and seasonal 
rhythmicity may have an influence on the susceptibility to and 
manifestations of, autoimmune disease including EAE and MS. 

In mammals the central clock is in the suprachiasmatic nucleus (SCN), 
which sends signals to the pineal gland to produce its hormone, melatonin, in 
a cyclical fashion. Melatonin feeds back onto the SCN and can modulate the 
clock cycle [56]. Melatonin can also modulate the body temperature cycle. 
The body temperature is high during the day, when melatonin levels are low 
[57]. 

Melatonin has a number of immune effects, in particular 
immunostimulatory activities [58]. It enhances production of IFN-7 and 
appears to favor a Thl  bias of T cells. Interestingly, this action has been 
shown to be due to the ability of melatonin to induce the major cytokine 
driving Thl  responses, IL-12 [59]. In a study of diurnal rhythmicity of 
cytokine production in humans, the analysis of the ratio of IFN- 7 to IL-10 
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indicates that the strongest Thl bias coincided to the highest levels of 
melatonin [60]. Removing production of melatonin by pinealectomy can 
suppress experimental autoimmune disease including collagen-induced 
arthritis. This has subsequently been demonstrated in EAE as well [61 ]. 

The peak production of melatonin is at night and the nadir is during 
daytime. Visible light suppresses production of melatonin. Thus 
conceivably increased daylight exposure time may be associated with lower 
susceptibility to Thl mediated autoimmunity, in part possible due to 
decreased melatonin-enhanced Thl cytokine production. This may explain 
why the geographic distribution of MS is related to the degree of sunlight 
exposure. 

In experimental models of autoimmune diseases, this has been 
confirmed: constant light ameliorated experimental arthritis. In addition, 
exposure of animals with EAE to constant visible light significantly 
suppressed disease activity [62]. 

Melatonin can act directly upon cells of the immune system including T 
and B cells which have been shown to possess melatonin receptors [57]. We 
have used a melatonin receptor antagonist, Luzindole, injected at nighttime 
in the dark during peak melatonin production, and significantly suppressed 
EAE disease activity [63]. 

These results concur in suggesting that sunlight' visible light spectrum 
via suppression of melatonin, and UV light spectrum via provision of 
vitamin D3, and their effects on the immune system may contribute to the 
susceptibility to and manifestations of EAE and MS. 

An additional and opposing aspect of melatonin needs to be considered. 
By modulation the body temperature clock, it lowers the body temperature. 
This has led to relief of several temperature-dependent symptoms in 
demyelinating disease. It is known that increases in body temperature can 
worsen symptoms of MS, usually in a transient fashion (Uhthoff's 
phenomenon). Conversely, lowering the body temperature improves 
symptoms of MS, possibly by improving conduction through demyelinated 
nerve fibers. This has been shown in human and experimental 
demyelination. Thus melatonin, which lowers the body temperature, can lead 
to short term symptomatic relief of MS symptoms. In the long term, 
however, its immunostimulating, Thl biasing effects may make this 
hormone detrimental, and the above evidence of the positive effects of its 
suppression on EAE supports this. 

Although speculative, another aspect of sunlight exposure may be 
protective against inflammatory demyelination: its ability to stimulate 
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melanin production. Even within the same latitude, dark skinned individuals 
are at lower risk of developing MS than light skinned individuals. In EAE, 
with notable exceptions, susceptible strains are albino, while resistant ones 
are dark. This may be related to the protective effect of melanin, for 
example its known ability to scavenge and suppress free radicals. 

Stress 

Stress can be physical (trauma) or psychological (emotional). This part 
of the discussion refers to the latter. The role of stress in MS remains 
controversial. It is very difficult to assess and quantify stress. Many 
differences in the threshold, degree of perception, and cultural responses to 
stress between individuals are likely. Stress is so much a part of everyday 
life that envisioning a stress free environment is difficult in humans. 
Because of the ubiquity of stress, prospective studies in MS linking disease 
activity to stressful events are also difficult, and retrospective studies pose 
problems with controls. As with major physical trauma, major stressful 
events are most easily remembered, which may bias retrospective studies. 
However, a study in MS has suggested that stress may have a protective 
effect. Investigating the frequency of relapses and new onset of MS in Israel 
during the period of general stress to the whole population of Israel, of the 
Gulf War, Nisipeanu and Korczyn [64] have shown it to be significantly 
lower than expected. On the other hand, stress is frequently blamed, usually 
by patients themselves, for the onset of MS or for an exacerbation in the MS 
symptoms. 

In solving this apparent discrepancy, here again animal models can be 
very helpful. Although emotional stress in humans is obviously a very 
complex phenomenon, its simplified direct biological correlate is a strong 
sympathetic response. The immunological phenomena that ensue are 
mediated by the presence of both beta2 and alpha2 adrenergic receptors on 
cells of the immune system. It is thought that Thl cells possess beta2 
receptors and thus are more amenable to immunomodulation via these 
receptors, while Th2 cells do not. Therefore, creating conditions 
representing the biological correlate of a stress free environment in an 
experimental animal can be accomplished by sympathectomy. Chemical 
sympathectomy can be achieved by using 6-hydroxydopamine 
hydrobromide, which becomes oxidized in the sympathetic nerve terminals 
and destroys them resulting in long term sympathectomy in the neonate and 
temporary axotomy in the adult. The short-term results of either procedure 
are similar, and consistent with a significant enhancement of immune 
functions. 

This can be reflected in EAE as well. Animals having undergone 
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permanent or temporary sympathectomy have been shown to exhibit more 
severe CNS inflammation [65, 66]. In adoptive transfer experiments 
between sympathectomized and non-sympathectomized mice, it has been 
shown that donor T cells from sympathectomized animals induce more 
severe EAE, and when the recipient is sympathectomized, the EAE is also 
more severe, suggesting that both T cells and APC from sympathectomized 
animals contribute to the increased severity of EAE [67]. 

In addition to sympathectomy, experimental situations inducing stress in 
the animal have been tested for its effect on EAE. These have included 
maternal deprivation, a swimming test, thermal stress etc. These 
investigations have consistently shown a protective effect of stress on EAE. 

Taken together, these results suggest not only that EAE reflects reliably 
the relationship between MS and stress, but also that sympathectomy as is 
reliable as a surrogate for creation of "stress-free" conditions while 
adrenergic stimulation mimics stress. 

This is further confirmed by the fact that beta adrenergic agonists such as 
terbutaline or isoproterenol mimic stress by inducing similar, suppressive 
changes in the immune system. These effects were also seen on EAE [68]. 

After the initial sympathetic stimulation and immune suppression by 
stress, there appears to be an overshoot of immune stimulation as stress 
declines or the stressful situation has passed. It has been shown that after 
exposure of medical students to examination stress with the corresponding 
immune suppressive effect, there was a hyper-responsiveness in immune 
functions 4-6 weeks after the examination. It is also possible that chronic 
stress induces different changes than acute or one-time stressful conditions. 
This may reconcile the discrepancies between the studies showing a 
protective effect of stress on EAE and MS and situations in which worsening 
or onset of MS were attributed to stress. 

Diet 

Besides the importance of vitamin D3 (with the contribution of diet and 
sunlight) as discussed above, there are several other associations of diet and 
MS, which, despite much investigation, remain controversial. The most 
consistent aspects linking diet and MS are the positive association with the 
consumption of meats (in particular those preserved by curing or smoking) 
and the prevalence of MS, and the inverse relationship with the use of fish 
and vegetable oils rich in polyunsaturated fatty acids. The protective effect 
of omega-6 and omega-3 fatty acids has been investigated in double blind 
trials. They appear to  decrease the severity of relapses. They reduce 
production of proinflammatory cytokines and eicosanoids [69]. Similarly, 
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omega-6 fatty acids have a beneficial effect in EAE. This effect appears to 
be mediated by enhancing TGF-betal and prostaglandin (PG) E2 production 
[7O]. 

In addition to vitamin D3, retinoids such as vitamin A appear to be 
important in skewing the immune response toward a Th2, anti-inflammatory 
type. In experimental animals, a diet poor in vitamin A resulted in an 
enhanced Thl-type responses and administration of retinoids led to 
suppression of EAE. The mechanism has been shown to be via suppression 
of IL-12 and enhancement of IL-4 production. [71-73]. 

Toxins 

Several toxins have been implicated in MS but none have been 
consistently and definitively demonstrated to have role in MS. The more 
notable ones have been occupational exposure to Zinc and organic solvents. 

With regard to EAE, these have not been studied extensively. However, 
several toxins have been shown to induce experimental demyelination, and, 
although not necessarily involved in human demyelinating disease, provide 
important insights into the pathology or demyelination, the biology of 
myelin producing cells and the glial and neural response to demyelination. 
They can also answer important questions regarding mechanisms ,of 
remyelination and the use of novel mechanisms to induce or enhance it. 

Several toxin-induced demyelinating models exist. 

Cuprizone-induced demyelination 

The drug Cuprizone (biscyclohexanone, oxaldihydrazone) represents an 
excellent model fro demyelination [74-78]. When the drug is added to the 
diet of weanling mice for several weeks or longer, a near-total, primary 
demyelination of the superior cerebellar peduncle develops. The 
demyelination is caused by oligodendrocyte degeneration, but there is 
relative preservation of axons. There is a continuum between myelin 
degeneration via formation of vacuoles and death of oligodendrocytes. The 
prevalence of these pathological processes is in part dependent of the 
concentration of the toxin, suggesting that the demyelination via vacuolation 
does not represent a specific myelinopathy but rather an dose-dependent 
oligodendrocyte toxicity. The myelin debris is removed by 
microglia/macrophages and astrocytes. The relatively preserved axons 
become invested in glial processes. There is a remarkable glial response to 
demyelination, characterized by the occurrence of immature glial cells, both 
of astrocytic and oligodendroglial nature. There is also survival of some of 
the mature oligodendrocytes. 
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A great advantage of this model is that it allows the detailed study of the 
kinetics and mechanisms of remyelination in the CNS. 

With the re-institution of a normal, cuprizone-free diet, remyelination 
begins within a week, and continues until nearly all residual axons are 
remyelinated. The pattern resembles that of myelination as part of the 
normal CNS development, with spiral wrapping around axons. Cellular 
sources of remyelination largely represent residual surviving adult 
oligodendrocytes and new cells differentiated from immature precursor 
forms. The possibility of perineuronal satellite cells contributing to 
remyelination has also been proposed. Like in EAE and MS, remyelination 
is incomplete: the maximal thickness reached by new myelin sheets is V2 that 
of normal sheets, and the internodal distance is shortened. 

Importantly, recurrent demyelination can be demonstrated in this system. 
This can be accomplished by repeated exposure to cuprizone. This recurrent 
demyelination appears to be more protracted and the remyelination potential 
is more reduced. This is attributed to reduced numbers of surviving 
oligodendrocytes. The intensity of the glial reaction to the injury is lower 
compared to the initial reaction, and this may also in part explain the less 
efficient remyelination. In addition, this model of re-exposure to cuprizone 
shows that remyelinated axons are not more susceptible to demyelination 
than axons that have not previously been demyelinated. This finding, if it 
can be extrapolated to other mechanisms of demyelination, has important 
implications for EAE and MS. 

Ethidium bromide-induced demyelination. 
Another model of toxin-induced demyelination is the ethidium bromide 

exposure model [79]. This is accomplished by the intracisternal injection of 
ethidium bromide in rats. The toxin induces status spongiosus and 
oligodendrocyte degeneration. Many axons are demyelinated within 6 days 
of injection. The myelin debris is phagocytosed largely by 
microglia/macrophages. Such cells also infiltrate between myelin lamellae. 
There can be complete oligodendrocyte degeneration in areas of myelin loss. 

There is remyelination in this model as well. Remyelinated axons are 
thinner. In addition, Schwann cells may contribute to remyelination, a 
feature recognised in some forms of MS with predominanlty myelopathic 
features in Japan. 

There are additional models of toxin-induced demyelination including 
diphtheria toxin and lysolecithin induced demyelination [80] 

Effects of temperature 

The effects of temperature on clinical and experimental demyelination 
have been investigated since the report by Uhthoff of worsening symptoms 
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of optic neuritis associated with an increased in body temperature caused by 
physical exertion [81]. It is now recognized that any other mechanisms of 
elevating the body temperature (even within the normal range, even by as 
little as 0.5C) can cause an increased perception of symptoms of 
demyelination (Uhthoff phenomenon), and that such symptoms are not 
limited to visual disturbances [82]. 

Conversely, a decrease in body temperature can improve symptoms of 
demyelination. This has been shown in humans with optic neuritis given ice 
cream or iced water [83, 84]. Although Uhthoff's phenomenon is not 
exclusively limited to primary demyelinating conditions, having been 
reported in giant cell arteritis or brain tumors, the ice test seems to allow 
distinguishing optic neuritis from other clinically similar conditions, and has 
been suggested as an auxiliary differential diagnostic tests. 

These phenomena have been studies in experimental models of 
demyelination as well. 
Lower temperatures increased conduction while high temperatures 
impair it. [85-87] 

Hyperbaric oxygen 

Although hyperbaric oxygen has long been advocated by some authors as 
a treatment for multiple sclerosis, no convincing evidence from controlled 
trials has been obtain to support its use. There are anecdotal accounts of 
symptomatic improvement with hyparbaric oxygen treatment. 

Reports in EAE are also somewhat controversial. Theoretically the high 
pressure provided during hyperbaric treatments can affect the blood brain 
barrier and increase its permeability, thus potentially facilitating invasion of 
CNS by myelin-reactive cells. However, an opposite effect on the blood 
brain barrier has been proposed. 

Dysbarism, as occurs in scuba diving accidents, may result in 
permeabilization of the blood brain barrier and autopsies of fatal cases have 
shown demyelination in the spinal cord similar to that seen in MS and EAE. 

Few studies have investigated the effects of hyperbaric oxygen treatment 
in EAE. The effects may be dual, and may depend on the timing of the 
treatment relative to the immunization. 

An old study revealed immunosuppressive effects of hyperbaric oxygen, 
with an associated positive effect on EAE in guinea pigs [88]. These effects 
depended on the duration of treatment and gas pressure. They, were, 
however, sustained only briefly after discontinuation of treatment. The 
immunosuppression was demonstrated by inhibition of cellular reactivity to 
myelin basic protein and tuberculin. 

More recent studies using magnetic resonance (MRI) imaging showed 
that hyperbaric oxygen treatment does not reduce the disruption of the blood 
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brain barrier or the cerebral edema seen in EAE [89]. On the contrary, it was 
shown to increase the blood brain barrier breakdown. When given at the 
time of immunization as a preventive treatment, it caused amelioration in the 
clinical course of EAE, but when given 11 days after immunization in 
attempt to modify EAE, it had no effect [89]. 

Conclusion 
In conclusion, the various environmental influences on MS can be 

investigated in the animal model, EAE. The mechanisms by which infectious 
agents can have an impact on MS and autoimmunity in general can be 
carefully dissected in the EAE model. Other factors such as UV and visible 
light exposure, stress, temperature, trauma, and their relevance to MS can be 
explored. 
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HORMONAL AND GENDER INFLUENCES ON 
EXPERIMENTAL AUTOIMMUNE 
ENCEPHALOMYELITIS 
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Virology, Immunology and Medical Genetics, Ohio State University, Columbus, OH, USA 

Abstract: This chapter highlights the important interactions between the CNS, the 
endocrine system and the immune system that influence the course of EAE. 
In particular, we focus on the bi-directional relationship between the 
hypothalamic-pituitary-adrenal (HPA) axis and EAE, and the influences of 
gender and sex hormones on EAE. 

Key words: EAE,  glucocorticoids, hypothalamic-pituitary-adrenal axis, sex 
hormones 

Experimental autoimmune encephalomyelitis (EAE) is studied as a 
model for the human demyelinating disease, multiple sclerosis (MS). Nearly 
all of the therapeutic strategies which have been tried in MS have first been 
tested in the EAE model system. EAE can be induced in all common 
laboratory animals by the injection of central nervous system (CNS) myelin 
proteins and adjuvant or by the transfer of disease-causing activated T 
lymphocytes. EAE has been studied most intensively using the following 
animal species/strain and antigen immunization regimens: Lewis rats 
immunized with myelin basic protein (MBP), DA rats immunized with 
myelin oligodendrocyte glycoprotein (MOG), SJL (H-2 s) mice immunized 
with myelin proteolipid protein (PLP)139-151 peptide, B10.PL (H-2 u) mice 
immunized with MBP, and C57BL/6 (H-2 b) mice immunized with MOG35.55 
peptide. In the aforementioned models, EAE is characterized by clinical 
neurologic signs of ascending hindlimb paralysis and CNS histopathologic 
changes consisting of demyelination and inflammatory cell infiltration into 
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the brain and spinal cord. EAE is mediated by CD4+ MHC Class II- 
restricted Thl lymphocytes, and IL-2, interferon gamma (INF-7) and tumor 
necrosis factor alpha (TNF-~) have been shown to be important contributors 
to disease pathogenesis. Because EAE is a Thl-mediated disease, the 
disease course can be dramatically affected by immune modulatory drugs, 
hormones, cytokine ablation, and other therapies directed at T cells and their 
products. In this chapter, we review the influences of steroid and sex 
hormones on the disease course and pathogenesis of EAE. 

1. Glucocorticoids 
MacPhee et al. observed markedly elevated serum corticosteroid levels in 

Lewis rats with MBP-induced EAE, with peak levels occurring at the time of 
maximal clinical disease 1. The rats started to recover while glucocorticoid 
levels were still maximal and, as the clinical signs resolved, levels decreased 
to normal. Corticosteroid levels increased after the appearance of CNS 
inflammatory changes, but before the onset of paralysis, suggesting 
endogenous steroid production is not triggered by the stress of the paralytic 
attack. It is proposed that macrophage production of pro-inflammatory 
cytokines, such as IL-113 and IL-6, contributes to activation of the HPA axis 
in EAE 2'3. Blockade of IL-1 receptors in Lewis rats manifesting MBP- 
induced EAE reduces corticosteroid levels 2. IL-1 may stimulate the HPA 
axis by acting on the anterior pituitary, stimulating adrenocorticotrophic 
hormone (ACTH) release, or the hypothalamus, stimulating corticotrophin 
releasing factor (CRF) release 3'4. 

1.1 Glucocorticoids modulate the severity of EAE 
It has been recognized for over fifty years that ACTH and cortisol can 
prevent the development  of EAE 5. The importance of endogenous 
glucocorticoid production in mediating EAE recovery is highlighted 
by studies on adrenalectomized animals, exogenous glucocorticoid 
administration, and the pharmacological  blockade of the HPA axis1'6'7. 
MacPhee et al. demonstrated that animals adrenalectomized before EAE 
induction, and treated with exogenous steroids to maintain normal resting 
corticosterone levels, rapidly developed clinical disease and died 1. When 
steroid replacement was adjusted to mimic the levels produced in EAE the 
disease followed a non-fatal course, while higher steroid levels suppressed 
clinical disease completely. 

Pharmacological blockade of the HPA axis also worsens EAE 6'8. Reder et al. 
observed that treatment with RU 486 (a glucocorticoid receptor antagonist), 
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from the time of immunization with guinea pig spinal cord, amplified the 
clinical and histological severity of EAE in Lewis rats, while dexamethasone 
therapy blocked clinical disease 6. Similarly, Bolton et al. showed RU486 
worsened chronic relapsing EAE in Biozzi ABH mice, while dexamethasone 
suppressed disease 8. 

Stefferl et al. observed the corticosteroid response to MOG-induced chronic 
relapsing EAE in DA rats, characterized by an initial episode of disability, 
followed by a clinical remission and then a relapse, with chronic progressive 
disability and death 9. In the initial phase corticosteroid levels rose markedly 
and then dropped as the animals entered remission. However, relapse was 
not accompanied by a second rise in corticosteroid levels, but rather a further 
decrease as disease progressed. The authors suggest the poor HPA axis 
response during relapse is due to a combination of reduced production of 
pro-inflammatory mediators and HPA hypo-responsiveness to these 
mediators. During relapse, the HPA axis was hypo-responsive to IL-113 (but 
not to disease-unrelated psychological stress) and IL-113 levels in the spinal 
cord were reduced in comparison with the initial phase of the disease. 
Supplementing corticosterone, to maintain steroid levels at those seen during 
the initial phase of disease, delayed relapse. Sternberg et al. reported that 
Lewis rats exhibit a deficit in HPA axis responsiveness to inflammatory and 
other stress mediators which may contribute to a high susceptibility to 
autoimmune disease 1°. In comparison to the Lewis rat, the PVG rat, which is 
not susceptible to EAE, mounts a more vigorous response to stress 1~. 
Adrenalectomy allows EAE induction in some, but not all, resistant rat 
strains 7,1 ~. 

1.2 The influence of restraint stress on EAE 
The importance of endogenous glucocorticoids in mediating EAE recovery 
is supported by work on restraint stress (RST). Levine et al. first 
demonstrated that stress induced by 3 hours of daily restraint (i.e. by taping 
down all four limbs), initiated before immunization with spinal cord 
homogenate, decreased both the incidence and the clinical and histological 
severity of EAE in the Lewis rat 12. Dowdell et al. extended these findings 
to male B10.PL mice which exhibit a relapsing-remitting disease course 
following immunization with guinea pig MBP 13. 12 hours of RST 
dailystarted before disease induction and administered during the active 
night cycle, reduced the incidence, severity and relapse frequency of EAE. 
Furthermore, they demonstrated that the HPA axis plays a greater role than 
the sympathetic nervous system in mediating the protective effects of EAE. 
Blocking glucocorticoid action with RU 486 and aminoglutethimide (a 
glucocorticoid synthesis inhibitor) partially reversed the RST-induced 
suppression of EAE, while nadolol (a J32-adrenergic antagonist) had no 
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effect. The duration of RST is important. While 9 hours of RST/day 
suppressed EAE in Lewis rats, 1 hour/day enhanced disease ~4. 

1.3 Abrupt steroid withdrawal can worsen EAE 
Reder et al. demonstrated that abrupt withdrawal of glucocorticoids can 

exacerbate EAE, using Lewis rats immunized with guinea pig spinal cord 6. 
Untreated rats developed EAE 9 to 11 days after immunization and then 
completely recovered over 7 to 12 days. Animals treated with 
dexamethasone for 3 weeks from the time of immunization showed no 
clinical evidence of EAE. However, when the dexamethasone was stopped 
suddenly (or rapidly reduced over 4 days), rather than being reduced 
gradually, severe clinical and histological disease was provoked. 
Interestingly, disease was also provoked when untreated rats, which had 
recovered spontaneously from EAE, received a 5 day "pulse" of 
dexamethasone. Clearly this work has potential implications on steroid 
treatment regimens for Multiple Sclerosis. 

1.4 Mechanisms of action of  glucocorticoids in EAE 
The mechanism of action of glucocorticoids in the amelioration of EAE 

is unknown. In vivo, glucocorticoids are likely to interact with the immune 
system at a number of levels (for reviews see15-17), limiting the generation 
and trafficking of encephalitogenic cells to the CNS, and by inhibiting the 
activity of these cells. In EAE encephalitogenic T cells primarily produce 
Thl  cytokines (IL-2, IFN-7, TNF), while Th2 cytokines (IL-4, IL-10) help 
disease recovery. There is in vitro evidence that glucocorticoids mediate a 
Thl  to Th2 shift in cytokine production ~6. In vivo, a reduction in both Thl  
and Th2 cytokines, rather than a Th2 shift, was observed when RST reduced 
disease severity in relapsing EAE 13'18. 

Steroids may reduce the proliferative capacity of lymphocytes or induce 
apoptosis of autoreactive T cells ~6. RST and corticosteroid therapy have been 
shown to reduce T cell numbers in the lymph nodes and spleen of mice with 
EAE ~3. Smith et al. described T-cell infiltration and apoptosis in spinal cord 
lesions of Lewis rats with MBP-induced EAE, observing reduced T-cell 
apoptosis in adrenalectomized rats ~9. In addition, treatment of EAE that is 
equivalent to the standard glucocorticoid treatment of relapses in Multiple 
Sclerosis induces T cell apoptosis 2°. Glucocorticoids may also inhibit 
lymphocyte trafficking to the CNS, by altering endothelial cell expression of 
adhesion molecules ~5. Recent in vitro work has suggested that decreased 
synthesis of inducible nitric oxide synthase (iNOS) is responsible for 
mediating dexamethasone-induced protection of rat microglial cells from 
inflammatory injury zl. 
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1.5 Neonatal glucocorticoid therapy increases EAE susceptibility in 
adult rats 
Glucocorticoids play an important role in the development of the immune 
system 16. Bakker et al. demonstrated that treating Wistar rats with 
dexamethasone for the first three days of life resulted in an increase in 
incidence and severity of EAE when rats were immunized with MBP at 8 
weeks of age 22. This was associated with a reduction in corticosteroid 
response to endotoxin. Neonatal dexamethasone therapy was also shown to 
reduce endotoxin-induced TNF-a and IL-lJ3 production by macrophages in 
adult rats, suggesting that a diminished macrophage response contributes to 
the HPA hypo-reactivity that predisposes to EAE. 

2. Gender influences on EAE 

Gender-related differences in susceptibility and severity of EAE are well 
recognised. Many models of EAE parallel multiple sclerosis, where females 
are more susceptible to disease than males 2324 and pregnancy is associated 
with reduced disease activity 25'26. Increased female susceptibility to EAE has 
been observed in both active and adoptive models 24'27. In adoptive EAE 
gender differences influence both the ability of the donor to generate 
encephalitogenic T cells and the ability of the recipient to manifest disease 24. 
It should be noted that important differences exist between different EAE 
models, depending on the species, strain and method of disease induction. 
For example in the Lewis rat males may be more susceptible to disease and 
less amenable to immunomodulation than females 28. This may be related to 
lower production of corticosteroids and higher numbers of immunologically 
competent cells 28 Seven different mouse strains were evaluated for gender 
differences in susceptibility to actively induced EAE 29. In the SJL, females 
exhibited greater severity regardless of immunizing antigen (PLP or MOG 
peptides) as did the ASW, both strains on an H-2 s genetic background. 
However, male B10.PL and PL/J mice, both H-2 u, showed more severe 
disease than females. No sex differences were seen in the C57BL/6, NZW 
or NOD strains 29. 
Sex hormones and sex-linked genetic factors are likely to influence gender 
differences in susceptibility to autoimmune disease 3°. Sex hormones may act 
directly on androgen or estrogen receptors expressed by immune cells, 
influencing antigen presentation, cytokine production, homing of immune 
cells or lymphocyte activation (for review see31). Sex hormones may 
contribute to the female preponderance for autoimmune disease by affecting 
the T cell balance between Thl and Th2 cytokine production. Several groups 
suggest the increased severity of EAE in female mice is associated with 
increased levels of Thl cytokines, while males produce higher levels of Th2 
cytokines and develop less severe or frequent disease 23'31'32. 



552 Chapter A26 

2.1 Gender differences in ability to generate encephalitogenic T cells 

Using an adoptive transfer model of EAE, Kim et al. demonstrated that 
lymphocytes derived from male SJL mice following immunization with 
MBP are less encephalitogenic, with female-derived cells transferring more 
severe disease 23. Male-derived cells only induced disease when transferred at 
higher doses. Similarly, Bebo et al. demonstrated T cells derived from PLP- 
immunized female SJL mice transferred more severe disease than T cells 
from male mice 33. Kim et al. observed that, following immunization with 
MBP, draining lymph nodes derived from males contained fewer 
lymphocytes compared to females 23. Furthermore, the proliferative response 
of these lymphocytes to MBP and non-MBP stimulation was reduced. Bebo 
et al., in contrast, found no differences in proliferation between sexes when 
spleen cells from PLP139_~51-immunized mice were stimulated with neuro- 
antigen in vitro 33. 
Kim et al. suggested that reduced IL-12 during antigen-specific stimulation 
is central to the decreased encephalitogenicity of MBP-specific T 
lymphocytes derived from males 23. When draining lymph node cells from 
immunized mice were stimulated in vitro with MBP, cells from males 
produced lower levels of IL-12 and IFN-~,. When stimulated with MBP in 
the presence of exogenous IL-12, lymphocytes from male mice induced 
more severe disease. 
The B 10.PL strain provides an interesting comparison to the results observed 
in the SJL. In the B10.PL immunized with MBP, males exhibit more severe 
disease than females during the acute disease period 29. In this strain, male 
lymph node cells demonstrate a greater proliferative response to MBP than 
female cells. Moreover, upon stimulation with MBP in vitro, male lymphoid 
cells showed higher levels of IFN~, and TNFc~ and lower levels of IL-10 than 
female lymphoid cells. 
Several studies have examined the role of androgens in regulating T cell 
cytokine secretion. Bebo et al. suggest that the presence of androgen in the 
lymphoid microenvironment during EAE induction alters the development 
of encephalitogenic T cells, causing a shift towards Th2 cytokine production 
and contributing to gender differences in EAE susceptibility 33. Spleen cells, 
removed from female PLP139.151-immunized SJL mice and stimulated in vitro 
with neuro-antigen, secreted increased IFN- 7 while male T cells produced 
increased IL-10. When T cell lines from immunized females were stimulated 
in vitro in the presence of exogenous androgens they secreted less IFN- 7 and 
more IL-10 than untreated cell lines and transferred less severe disease. 
Interestingly, the Th2 shift induced by androgen therapy was maintained 
during subsequent stimulations in the absence of androgen. Other work has 
also reported a bias in autoantigen-specific T cell responses toward the Th2 
phenotype in males with EAE. Increased IL-4 and reduced IFN-~, production 
has been implicated in the mechanism of reduced encephalitogenicity of T 
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cells derived from SJL male mice following immunization with MBP or 
PLP139_lS127'34 

2.2 Gender differences in the effector phase of EAE 

When MBP-specific T cells are transferred adoptively to female and male 
SJL mice, female recipients show more severe clinical and histological 
disease 24'32. Dalai et al. suggested the protective effect of testosterone on 
EAE is mediated by enhancing IL-10 production by encephalitogenic T 
cells 32. MBP-specific T cells derived from spleens of male mice during the 
effector phase of EAE produced higher levels of IL-10 than female-derived 
cells. IFN- 7 and IL-4 production was not different. Treating females with 
dihydrotestosterone, initiated before injection of MBP-specific T cells, 
enhanced IL-10 production and resulted in less severe disease. 

2.3 Role of sex hormones in determining gender differences in EAE 

2.3. 1. Androgens 

The effect of exogenous androgens on enhancing Th2 cytokine 
production has already been discussed. Hormonal manipulation by castration 
of male animals provides further evidence of the effect of androgens on 
disease course. Bebo et al. immunized SJL mice with PLP139-151, inducing a 
monophasic disease in male mice but a relapsing disease in females 31. 
However, when males were castrated before immunization, the majority 
developed relapsing disease. This was associated with increased activated 
IFN-y-producing T cells in the spinal cord at relapse. The authors suggest 
androgens may modify leucocyte migration to the CNS 31. 

2.3.2. Estrogens 

Pregnancy levels of estrogen are protective against a number of autoimmune 
disorders including EAE, as will be discussed 3°. It has been proposed that 
estrus or diestrus levels of 17[3-estradiol (E2, the primary hormone of the 
ovulatory cycle) enhance Thl immunity and susceptibility to cell-mediated 
autoimmune diseases, whereas the high levels seen in pregnancy shift the 
response toward Th2 immunity and protection from cell-mediated 
pathology 35. Indeed, in vitro studies on human T cell lines have shown a 
biphasic dose effect of E2, with low doses increasing TNF-a production, and 
doses approximating those of pregnancy decreasing TNF-a production and 
increasing IL- 10 production 36. 

Bebo et al. challenged this hypothesis, demonstrating low dose estrogens 
can provide protection against EAE in SJL mice immunized with PLP139- 
1513v. Estrogen therapy with either E2 (at estrus and diestrus levels) or estriol 
(E3, at sub-pregnancy levels) reduced the clinical and histological severity of 
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active EAE, with both genders being equally sensitive to estrogen. 
Furthermore, low dose estrogens (E2 or E3) reduced the capacity of 
lymphocytes from female mice to transfer EAE, with recipients of 
splenocytes from estrogen-treated animals showing a delay in onset and 
reduction in severity of disease. Low dose E2 therapy initiated after the 
appearance of clinical disease had no effect on disease severity suggesting 
differentiated effector cells are less sensitive to estrogens. 

The protective effects of estrogens are also highlighted by the increased 
incidence and severity of EAE seen in ovariectomized female mice 29'38'39. 
Gender differences in EAE susceptibility appear to be primarily due to the 
protective effect of testosterone 4°. It should be noted that low-dose E2 
therapy has produced disparate results in different mouse strains. For 
example, Jansson et al. observed no disease amelioration when castrated 
B 10.RIII female mice received E2 at ovulatory cycle doses 38. 

The mechanisms by which estrogens inhibit EAE are poorly understood. 
While high dose estrogen therapy mediates a shift towards Th2 cytokine 
productional,42, low dose estrogens can be protective in the absence of such a 
shift 37'43. In vitro, estrogens alter the function of various immunocompetent 
ceils and estrogen receptors are expressed on a variety of immune cells, 
including T cells and macrophages 3°'44'45. Recent evidence suggests that the 
intracellular estrogen receptor alpha (ERa) mediates estrogen-induced 
disease protection in EAE 42. ERc~-knockout mice were not protected from 
disease by E3 treatment, while control mice showed reduced disease severity 
with E342. In vitro, estrogen can regulate the expression of endothelial cell 
adhesion molecules and some groups have suggested that estrogens regulate 
lymphocyte trafficking to the CNS 39'46. For example, Matejuk et al. observed 
that E2-mediated suppression of EAE was accompanied by a dramatic 
reduction in CNS cellularity and chemokine synthesis 39. A recent DNA 
microarray study in BV8S2 transgenic mice immunized with MBP suggests 
that E2 therapy regulates the expression of a number of genes for several 
cytokines, chemokines and adhesion molecules 47. 

Ito et al. suggested that down-regulation of TNF-ct is an important pathway 
by which estrogens ameliorate EAE 43. Low dose E2 therapy (five times less 
than pregnancy levels), initiated before immunization with MOG33-55, 
suppressed the clinical and histological manifestations of EAE in C57BL/6 
female mice. E2 suppressed EAE in IL-4 knockout, IL-10 knockout, and 
IFN- 7 knockout mice to a similar extent, suggesting E2 regulation of EAE 
occurs independently of inducing changes in these cytokines. The frequency 
of TNF-ct producing cells in the CNS and spleens of estrogen-treated 
animals was decreased profoundly. Reduced TNF-ct production has also 
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been observed in lymphocytes from MOG33_55-immunized C57BL/6 male 
mice treated with E342. 

Sex steroids may also act indirectly via the HPA axis. Suppression of MBP- 
induced EAE with restraint stress is more pronounced in the female Lewis 
rat than in the male ~8. The female Lewis rat exhibits higher levels of basal 
and stress-induced corticosteroid production than males 28. The presence of 
an estrogen-response element in the promoter region of the CRH gene 
further suggests that estrogen-mediated regulation of glucocorticoid 
production is a mechanism by which estrogens protect mice from EAE 3°. 

3. Pregnancy 

A protective effect of pregnancy on EAE has been reported in acute models 
of EAE in rats, rabbits and guinea pigs 25,26. Recently, Langer-Gould et al 
examined the effect of pregnancy on a relapsing model of PLP~39.151-induced 
EAE in SJL mice 5°. Late pregnancy improved disability and protected 
against relapses in mice with pre-existing EAE, without an associated 
improvement in CNS inflammatory lesions. They also demonstrated that 
mice immunized during mid and late pregnancy had a reduced incidence of 
EAE. We have confirmed these observations and shown that mice 
immunized during the post-partum period exhibit increased severity of 
clinical signs and increased EAE relapses. A shift towards humoral (Th2) 
immunity, which is thought to be beneficial for maintenance of the foetal 
allograft, has been demonstrated during pregnancy 17. This shift may explain 
observations that Thl-mediated diseases, such as multiple sclerosis and 
rheumatoid arthritis, remit during pregnancy while Th2-mediated conditions, 
such as systemic lupus erythematatosus, are exacerbated 17. 

3.1. Mediators of beneficial effects of pregnancy 
Potential candidate hormones responsible for the amelioration of EAE 
during pregnancy include E3, E2 and progesterone, all of which increase 
during late pregnancy and can induce Th2 shifts in cytokine secretion in 
vitro 36,4s. 

3.1.1. Estrogens 

Estrogen at pregnancy levels hasbeen shown to decrease the severity of 
EAE in mice 3s. E3 has profound effects on EAE. Kim et al. demonstrated 
that E3 decreases the ability of encephalitogenic T cells to induce EAE in 
non-pregnant SJL/J female mice 01. E3 therapy at late pregnancy levels, 
commenced before the adoptive transfer of MBP-specific T cells, reduced 
the clinical and histological severity of EAE. This was accompanied by a 
Th2 shift, as evidenced by an increase in MBP-specific antibodies of the 
IgG1 isotype and increased IL-10 production by MBP-specific T cells 
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obtained from E3 treated animals. E3 therapy also reduced the severity of 
EAE after disease induction, when commenced at the onset of clinical signs. 
Again this was associated with increased IL-10 production during the MBP- 
specific response. The concept of an E3-induced Th2 shift is also supported 
by the work of Liu et al. who treated C57BL/6 male mice with pregnancy 
levels of E3 before immunization with MOG33.55, protecting them from 
disease 42. They observed reductions in the pro-inflammatory cytokines TNF- 
a, IFN-3, and IL-2, and increased levels of the Th2 cytokine IL-5. 

E2 has also been shown to have beneficial effects at pregnancy levels. 
Jansson et al. studied chronic relapsing EAE in female B10.RIII mice 
induced with MBP89.10138. Ovariectomy led to earlier disease onset. High 
levels of E2 delayed onset, but not incidence or severity, in both castrated 
and normal female mice. In castrated females pregnancy levels of E3 
delayed disease onset for longer than pregnancy levels of E2, suggesting E3 
might be more potent. In contrast Bebo et al. detected no difference in the 
incidence or severity of PLP139.15~-induced EAE between E2 and E3 treated 
female mice 37. 

3.1.2. Progestogens 
In vitro, progesterone induces a Thl to Th2 shift in cytokine production 4s. 
Despite this, progesterone has not been shown to ameliorate disease activity 
in EAE 41. Implanting progesterone pellets into non-pregnant SJL/J female 
mice before the adoptive transfer of MBP-specific T cells had no effect on 
EAE 41. However, progesterone has been shown to be neuroprotective and 
thus in the long term it may also have a beneficial effect on neuronal loss or 
dysfunction in inflammatory demyelination 49. 

3.2 Evidence for another serum factor that suppresses EAE in 
pregnancy 
Not all studies implicate a Th2 shift in ameliorating EAE during pregnancy. 
Langer-Gould et al. suggest the presence of a transient circulating serum 
factor in late pregnancy that suppresses T cell activation 5°. T cells 
derivedfrom mice immunized with neuroantigen during late pregnancy, and 
stimulated in vitro with PLP139-151, showed no differences in cytokine 
secretion profiles or proliferation compared with virgin controls. However, 
when this stimulation occurred in the presence of sera taken from mice in 
late pregnancy, proliferation and IL-2 production weredecreased compared 
with stimulation in the presence of normal mouse sera. Similarly, late 
pregnancy sera diminished the proliferative response and IL-2 production of 
auto-reactive cells from virgin controls. 
4. Other hormones in EAE 
4.1 Prolactin 
Riskind et al. demonstrated that female Lewis rats immunized with guinea 
pig spinal cord homogenate experienced a rise in prolactin levels before the 
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onset of clinical signs 51. Prolactin suppression with bromocriptine therapy 
reduces disease severity in these animals, either when started before 
immunization, or at the onset of disease 51'52. Dijkstra et al. also used 
bromocriptine therapy in a chronic relapsing EAE model. Starting therapy at 
the onset of the first attack reduced the duration of the second attack 52. 

4.2. Thyroid Hormones 
Thyroid hormone (T4) has potential application in promoting re-myelination 
in EAE by recruiting CNS progenitor ceils and channelling them into the 
oligodendrocyte lineage. T4 is required for normal oligodendrocyte 
maturation and myelination 53. Calza et al. induced EAE in Lewis rats using 
guinea pig spinal cord tissue 54. A large number of proliferating cells and 
undifferentiated precursors were present in the spinal cords of the animals. 
T4 treatment, commenced at disease onset, reduced the number of cells 
expressing proliferation markers and markers for undifferentiated precursors, 
and up-regulated expression of markers for oligodendrocyte progenitors. 
This effect of T4 on differentiation of progenitor cells towards the 
oligodendrocyte lineage was found only in EAE rats and not in controls. 

4.3. Growth Hormone-Releasing Hormone (GHRH) 
Ikushima et al. recently suggested a role for GHRH in the development of 
EAE, demonstrating C57BL/6J mice deficient of the GHRH gene were 
resistant to MOG-induced EAE 55. 

5. Conclusion 
Interactions between hormones and the immune system are clearly important 
ina wide variety of immune responses. Sex and steroid hormones exert 
profound effects on the course and disease progression of EAE. A 
predominant mechanistic theme of both hormone systems is a Thl to Th2 
shift in cytokine production, but these hormones are likely to exert their 
effects by multiple mechanisms. Identification of these mechanisms will lead 
to a greater understanding of autoimmune disease of the CNS. 
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EXPERIMENTAL AUTOIMMUNE 
ENCEPHALOMYELITIS IN PRIMATES 
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Abstract: Due to their genetic and immunological proximity to humans, the 
common marmoset, Callithrix jacchus, provides an important bridge 
between rodent-based research and the human disease. Experimental 
autoimmune encephalomyelitis (EAE) induced in the outbred common 
marmoset provides a highly reproducible model of multiple sclerosis (MS) 
phenotypically characterised by neurological deficits, inflammatory 
lesions of the cerebral white matter and spinal cord, primary 
demyelination and axonal destruction. A fused placental blood circulation 
in utero, unique amongst monkeys, results in an immune tolerance 
between chimeric twins which allows adoptive transfer experiments 
assessing the relative contributions of T- and B-cells to pathogenesis. 
Overall, the ability to perform serial blood sampling, quantitative 
magnetic resonance imaging (MRI) and histopathological techniques, 
which are comparable to the human MS situation, means that the common 
marmoset EAE model provides an excellent test system for investigating 
the relationship between neurological deficits and pathological processes 
and the evaluation of new therapeutics. 

Key words: common marmoset, experimental autoimmune encephalomyelitis (EAE), 
magnetic resonance imaging (MRI), myelin oligodendrocyte glycoprotein 
(MOG), non-human primate, pre-clinical model 

I n t r o d u c t i o n  

In this chapter we review a new non-human primate experimental  
model  of  multiple sclerosis (MS) that bridges the experimental  data between 
inbred rodent strains and the disease in humans. The  animal model 
experimental  au to immune encephalomyeli t is  (EAE) shares many of the 
clinical and pathological  phenotypes  of  MS. To  date, EAE induced in 
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susceptible inbred rodent strains has highlighted many possible therapeutic 
candidate molecules although few have translated to clinical efficacy. 
Clearly the extrapolation of experimental data from genetically homogenous 
laboratory rodents to the heterologous human population has been hampered 
by the wide microbiological, genetic and immunological diversity.l 

Until recently, reproducible non-human primate EAE models were 
restricted to two macaque species, namely rhesus (M. mulatta) and the 
cynomolgus monkey (M. fascicularis). M. mulatta appeared to be the most 
susceptible of the Macaca species to disease induced with whole brain 
homogenate or myelin basic protein. EAE in the rhesus macaque usually 
followed an acute course with large haemorrhagic/necrotic lesions observed 
in most animals, these data suggested that the acute pathological event 
induced a severe inflammatory necrosis rather than selective demyelination. 2 
Thus, EAE in the rhesus monkey most resembled the acute fulminant forms 
of MS, such as post-infectious leuko-encephalomyelitis, rather than the more 
common chronic MS phenotypes. 

. EAE IN THE C O M M O N  M A R M O S E T  

1.1 The common marmoset 

The common marmoset (Callithrixjacchus) is a small sized monkey 
originating from the Atlantic rainforest in north and north-east Brazil (Figure 
1). Common marmosets are born as non-identical twins however due to a 
fused placental blood circulation in utero they share a natural bone marrow 
chimerism, a unique feature among monkeys. Chimeric twins have, in effect, 
haemopoetic cell systems that are educated in the same thymic environment 
resulting in a permanent state of mutual allospecific tolerance. 

Figure 1: The 
common 

marmoset 
(Picture 
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was a kind gift f rom Dr. Susanne Rensing, German Primate 
Centre) 

The evolutionary divergence of 65 million years between mice and 
humans has resulted in several known discrepancies in both the innate and 
adaptive immunity. 1 In contrast, humans and common marmosets share a 
high degree of similarity at the level of cytokine mediated T- and B-cell 
responses, 3 cell surface markers, 4-6 T-cell receptor V[3 repertoire, 7 co- 
stimulatory molecules, 8 major histocompatibility complex (MHC) class II 
genes, 9'~° immunoglobulin VH repertoire, ~l and myelin proteins. 12'13 

1.2 M y e l i n - i n d u c e d  E A E  

Outbred common marmosets immunised with human brain-derived 
myelin from MS patients, emulsified within Freund's complete adjuvant, 
were characterised by a clinically and pathologically heterogeneous disease 
pattern. Despite the outbred population EAE incidence was 100%, with the 
vast majority of monkeys characterised by a variable number of neurological 
episodes followed by a chronic-progressive phenotype. ~4'15 Whilst chronic- 
progression to hind-limb paralysis (score 3) resulted in a humane end-point, 
the time duration between disease onset and non-remitting paralysis varied 
considerably. 
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Multiple Sclerosis Experimental Autoimmune Encephalomyelitis 
Marmoset Rhesus Rodent 

Epidemiology 

Population Outbred Outbred Outbred Inbred 

Prevalence/ MOG 100% 100% in 
1:1000 100% 

incidence MBP 60% susceptible strains 

Cause Unknown Immunisation Immunisation lmmunisation 

Relapsing- Monophasic, 

remitting relapsing remitting 
Clinical Course Acute, fulminant 

chronic- or chronic 

progressive progressive 

MHC Caja- 
HLA-DR2 Manu-DPB1 "01 Strain-dependent 

association D RB * W1201 

Pathology 

Demyelination Present Present Probable Present 

Inflammation Focal Mainly focal Mainly focal Focal and diffuse 

Strain/model 
Remyelination Present Present Present 

dependent 

Extensive in 

acute MS, Strong in all Strain/model 
Present, limited 

variable in lesions dependent 

chronic MS 

Yes Yes Yes Only in rats 

Axonal 

pathology 

MRI analysis 

Immunology 
Myelin, 

Myelin, MBP, 
MBP/PLP, Myelin proteins or 

Induction Not testable MOG, MOG 35- 
MOG, MOG14- peptides. 

56 
36 

Adoptive Yes, chimeric 
Not testable Yes, autologous Yes 

Transfer twins 

Plasma cells, 
B- Plasma Anti-MOG ]" 

Ig/C, anti-MOG Not investigated 
cell/antibodies cells, Ig/C demyelination 

T demyelination 

Possible, low Reagents may not 
Pre-clinical Limited 

quantity of Suboptimal model be species cross- 
testing possibilities 

reagents needed reactive. 

Table 1: Comparison of multiple sclerosis with non-human primate EAE 
models 
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Isolated lymphoid organs from necropsied monkeys with chronic 
neurological progression demonstrated more prominent mononuclear cell 
(MNC) in vitro proliferative responses to the quantitatively minor myelin 
protein myelin oligodendrocyte glycoprotein (MOG) compared to major 
myelin proteins, such as proteolipid protein (PLP) and myelin basic protein 
(MBP). 16 It is pertinent to mention here that all experiments were performed 
with recombinant protein encompassing the Ig-like extracellular domain of 
human MOG (amino acids 1-125; rhMOGlgd). Myelin-induced EAE was 
characterised by active lesions within the brain and spinal cord and 
immunohistochemical analysis revealed the presence of many macrophages 
containing myelin degredation products and the expression of activation 
markers 27E10, MRP14 and CD40. Also, activated T-cells positive for the 
CD40 ligand protein CD154 were found at these sites, although at lower 
numbers. Since CD40-CD154 ligation provides one of the important co- 
stimulatory signals needed for Thl-cell stimulation by antigen presenting 
cells (APC), it was not surprising that within these cell clusters a variety of 
immunomodulating molecules were expressed (Figure 2).1719 
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Figure 2: Expression of accessory molecules and cytokines in marmoset 
EAE brain. (a) Acid phosphatase (red) expressed by infiltrating 
macrophages and activated microglia (magnification = x40); (b) 
Detail of (a), showing extensive perivascular infiltration by 
macrophages (red)(xZO0); (c) CD40 (red) expressed on infiltrating 
mononuclear cells (xlO0); (d) Doublestaining showing 
macrophages with cytoplasmic acid phosphatase activity (red) and 
membrane CD40 expression (blue). Arrowheads indicate examples 
of macrophages expressing CD40 (x650); (e) CD40L (red) 
expressed on perivascular mononuclear cells (xZO0); (f) Scattered 
CD4OL-expressing cells (red) within an infiltrate (x325). Figure 
reproduced with permission, from ref 17. 

The prevalence of MOG-specific antibodies in areas of myelin 
disruption suggested a causal relationship between anti-MOG humoral 
responses and lesion formation, z° Furthermore, the induction of 
demyelination and clinical signs in the common marmoset were dependent 
on the presence of anti-MOG antibodies, z°'z~ Fine specificity of anti-MOG 
antibody responses were characterised by testing necropsy sera against 23- 
mer peptides encompassing the MOG extracellular Ig-like domain. Robust 
antibody responses to conformational epitopes within the Ig-like domain of 
MOG, but minor antibody reactivity to MOG peptides was present following 
myelin-induced EAE. Occasional responses to recombinant human MBP, 
PLP (purified from human brain), or ~xB-crystallin were also observed. 

1.3 MOG-induced EAE 

To further elucidate the contribution of MOG-specific autoreactivity 
during EAE common marmosets were immunised with rhMOG ~gd. Similar to 
myelin-induced EAE, rhMOG ~gd immunisation resulted in complete 
susceptibility to chronic-progressive EAE (Figure 3) 
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Figure 3: Clinical heterogeneity in rhMOG-immunised marmosets. Twenty- 
six marmosets (2-5 years old) were immunised with 100 mg rhMOG in CFA. 
The clinical scores represent: 0.5=apathy, loss of appetite; 1.0=Iethargy, 
anorexia, flaccid tail; 2.0=ataxia, sensory loss,, blindness; 2.5=incomplete 
paralysis one-(hemi-) or two-sided (paraparesis); 3.0=complete paralysis 
hind part of the body (hemi-/paraplegia); 4.0=complete paralysis of whole 
body (quadriplegia). Figure reproduced with permission, from ref 2. 

This 100% susceptibility within the outbred population was found to map 
to the monomorphic class II allele Caja-DRB*W1201. 9'16 This allele was 
found to be present in all monkeys from four different outbred populations 
and the generation of T-cell lines from unrelated animals demonstrated 
diverse patterns of T-cell reactivities, however the epitope pMOG24.36 was 
common to all. Subsequent MHC isotype blocking and cross-presentation 
studies revealed that the Caja-DRB*W1201 was the restriction element for 
the activation of CD4 + pMOG14_36-specific T-cells] 6 This conclusion was 
further supported by the observation that B-cell lines from the evolutionary 
ancestor of Callithrix jacchus, Callithrix penicillata, could present the 
pMOG14.36 peptide in a recognisable fashion, as the Caja-DRB*W12 locus in 
this species also contains the -DRB*W1201 allele. B-cell lines from the 
more distantly related cotton-top tamarin (Saguinus oedipus), which lacks 
the Caja-DRB*W1201 homologue, failed to stimulate peptide specific T-cell 
lines. Importantly, the marmoset Caja-DR is equivalent to the human HLA- 
DR, which has been shown to exert a strong genetic influence on MS 
susceptibility.22 
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Adoptive transfer of CD4 + pMOG14-36 T-cell lines into na'fve MHC 
compatible recipients induced early pathological signs of EAE. 23 
Interestingly, pMOG14_36 induced EAE was characterised by only mild 
clinical disease, inflammatory oedema and perivascular infiltrates of MNC 
but an absence of demyelination. Whilst serum antibodies from pMOGI4-36 
immunised marmosets recognised linear epitopes of MOG they were unable 
to bind to the protein expressed within a MOG-transfected cell line 
(unpublished data). The onset of clinical disease following rhMOG ~gd 
immunisation correlated with broadening of the T-cell repertoire to 
numerous MOG epitopes. No such association could be demonstrated 
between the presence of autoantibodies and disease onset (unpublished data). 

2 M A G N E T I C  R E S O N A N C E  I M A G I N G  

As lesions of both MS and EAE are localised to the CNS in vivo 
characterisation requires the use of non-invasive imaging techniques. To 
date, the diagnostic imaging modality of choice is magnetic resonance (MR) 
imaging (MRI). 24'25 The most frequently used imaging parameters are T1- 
weighting (T1W) with gadolinium-diethylenetriamine-penta-acetic acid (Gd- 
DTPA) contrast enhancement and T2-weighting (T2W). Inflammatory active 
demyelinating brain lesions can be visualised following intravenously 
injected Gd-DTPA extravasation through the disrupted ('leaky') blood-brain 
barrier (BBB), giving rise to a focal increase of the T1W NMR signal 
intensity. T2W images reveal alterations in structural alteration of CNS 
tissues with all lesion stages, from early inflammation to late chronic stages, 
characterised as hyperintense regions. Quantification of T2W MRI positive 
lesions equalled those found by pathological analysis and thus T2W can be 
utilised to discern spatial distribution and total lesion load) 6 Lesions with 
contrast-induced regional signal enhancement correlated reasonably well 
with disease activity both in M S  27-30 and EAE. 31 Essentially the same MRI 
techniques were used for visualisation and initial characterization of brain 
white matter lesions in the marmoset EAE model. 14'32 

By utilising NMR-spectroscopy (MRS) markers for inflammation, 
such as lactate, myelin degradation (choline, inositoi), or axonal degradation 
(N-acetyl-aspartate) can be measured in individual lesions. Through a 
combination of MRI and MRS analysis a reasonable impression of the 
neuropathological aspect of a lesion can be formed, although very little is 
still known about the MRI correlates to distinct pathophysiological processes 
that give rise to lesion formation. 



A27. Experimental Autoimmune Encephalomyelitis IN PRIMATES 569 

3. P A T H O L O G Y  

Pathological examination of common marmosets with EAE revealed 
the presence of inflammatory lesions with predilection sites in the cerebral 
white matter and spinal cord. In contrast, the cerebellum and medulla 
oblongata remained relatively spared with only occasional perivascular 
lesions present. TM Large confluent plaques containing lymphocytes and 
macrophages were present within the cerebrum. The maturation stage of 
lesions were assessed using previously published criteria of MS lesions. 33 
Based upon the presence of inflammatory T-cells, myelin degradation 
products in phagocytic macrophages, as well as astrocytic scar formation, all 
animals presented active as well as inactive lesions. Furthermore, 
immunoglobulin deposition was present in both active and inactive lesions 
and this co-localised with complement factor C9 in demyelinating 
lesions, a4'34 These data suggested that Ig- and complement-dependent 
mechanisms played an active role in the destruction of myelin sheaths, as 
described in M S .  35'36 Remyelinated lesions, or shadow plaques due to the 
presence of very thin LFB-positive myelin sheaths, were observed in 
inactive, early and late actively demyelinating lesions. 

3.1 Axonal damage 

In rhMOG-immunised marmosets a substantial lesion load can occasionally 
be observed within the brain of animals without evidence of neurological 
dysfunction. A similar discrepancy between clinical and pathological 
features has also been reported in MS patients. 3v Recent attention has 
highlighted the significant contribution of axonal pathology to the 
neurological dysfunction in MS patients, even at early stages of the 
disease. 38'39 Either staining by conventional silver staining or monoclonal 
antibodies directed against two markers of early axonal pathology in MS, 
namely human [3-amyloid precursor protein ([3-APP) and unphosphorylated 
neurofiliaments (SMI-32) revealed axonal suffering in demyelinated 
lesions] 4'4° Early active lesions showed ~-APP accumilation and staining 
with SMI-32. These markers of early axonal pathology (suffering) were 
absent in late active lesions. Finally, silver staining of old chronic lesions 
revealed marked axonal destruction. 
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Figure 

! 

4: Histopathology of  a magnetic resonance imaging (MRI)- 
detectable lesion in common marmosets. (a) coronal slice of  a 72- 
weighted MRI recorded post mortem shows at least three MRI- 
detectable lesions (magnification = x2.5). The lesion indicated 
with the arrowhead was processed for histology. (b) Kliiver- 
Barrera staining visualises myelin in blue, showing strong 
demyelination (x99). Within the same lesion axonal conservation 
was confirmed by Bielschowsky silver impregnation (x 99). The 
presence of  numerous 27ElO-positive macrophages (orange) (d) 
and CD3 + T-cells (brown) (e) classifies the lesion as late-active 
(x246). Figure reproduced with permission, from ref 14. 
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3.2  P r e - c l i n i c a i  m o d e l .  

As outlined early, the disappointing translation of therapeutic 
candidate molecules from rodent EAE models to MS have highlighted the 
necessity to establish model systems with greater genetic and immunological 
proximity to humans. The common marmoset EAE model facilitates the 
investigation into the relationship between neurological deficits and 
pathological processes. The ability to perform serial blood sampling, 
quantitative MRI and histopathological techniques, which are comparable to 
the human MS situation, means that the autoimmune common marmoset 
EAE model provides an excellent test system for new therapeutics. 

Previously we have demonstrated the therapeutic potential of a 
chimeric anti-CD40 antibody (5D12) therapy 41 as well as the protective 
effect of a fully human anti-IL12p40 antibody (CNTO1275) which 
neutralised interleukin (IL)-12/23.18 More recently, these antibodies were 
shown to suppress the activity and enlargement of existing brain lesions 
(unpublished data). 

. C O N C L U D I N G  R E M A R K S  

Due to their genetic and immunological proximity to humans, non- 
human primates provide an important bridge between rodent-based research 
and the human disease. The two most investigated models are EAE in rhesus 
monkeys and common marmosets. As myelin or myelin antigen-induced 
EAE in the rhesus monkey resembles acute fulminant forms of MS its pre- 
clinical value remains limited. However, EAE induced in the common 
marmoset provides a reproducible model of chronic with several 
immunological advantages (Table 1). Their small size and relative ease of 
breeding and handling reduce the amount of therapeutic agent needed. 
Marmoset MHC typing and TCR characterisation permit epitope specificity 
to be described in detail. Widespread primary demyelination, the hallmark of 
MS, occurs in the marmoset CNS. Finally, the immune tolerance among 
chimeric twins allows adoptive transfer experiments assessing relative 
contributions of T- and B-cells to pathogenesis. 
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Abstract: 

Key words: 

The Theiler's virus model shows all the major features of MS pathology - 
demyelination, inflammation, axonal injury, and remyelination. Extensive 
qualitative and quantitative characterization of the pathology has provided 
important insights into disease mechanisms, particularly how they relate 
to neurological function. 

Theiler's virus, histopathology, demyelination, multiple sclerosis 

Among the viral models of MS, one of the best characterized is 
inflammatory demyelination in the mouse CNS induced by Theiler's murine 
encephalomyelitis virus (TMEV). A primary reason why the TMEV model is 
relevant to MS is the similarities in pathology between the two diseases. Both 
are characterized by inflammation, demyelination, axonal injury, and 
remyelination to varying degrees. Each of these pathological features varies 
widely and somewhat independently in the TMEV model, largely as a result 
of mouse strain. This chapter will focus primarily on the spinal cord 
pathology in the SJL mouse strain following infection with the Daniel's 
strain of TMEV. SJL mice develop inflammatory demyelination in the spinal 
cord and brainstem starting at 3 weeks postinfection (pi). It persists for the 
life of the mouse, accompanied by extensive axonal injury, minimal 
remyelination, and progressive accumulation of neurological deficits - a 
model of chronic, progressive MS. This disease differs in important ways 
from that induced by the closely related BeAn strain of virus, which includes 
infected cell types, pathology, and disease course. Dal Canto, Lipton, and 
colleagues provided many of the early descriptions of TMEV pathology. In 
the past decade our laboratory has extended these observations, but more 
importantly we have analyzed each of the major pathological features 
quantitatively and related them to motor dysfunction. 
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INFLAMMATORY DEMYELINATION 

Inflammation is the earliest pathologic event in spinal cords from infected 
mice, only slightly preceding demyelination. Inflammation comprises the 
infiltration of blood-derived cells, particularly T and B lymphocytes and 
monocytes, and activation of resident microglia and astrocytes. Monocyte- 
derived macrophages and activated microglia account for over half of the 
inflammatory cells in spinal cords, as determined by fluorescence activated 
cell sorting (FACS) of isolated, inflammatory cells. They are nearly 
indistinguishable from each other morphologically and phenotypically and 
are widely distributed throughout the white matter where virus persists. T 
and B lymphocytes, including plasma cells, each account for approximately a 
quarter of the isolated cells. Within the T cell population, CD4 cells 
outnumber CD8 cells approximately 3:1. B cells and CD4 cells reside 
predominantly around blood vessels, forming perivascular cuffs, whereas 
CD8 cells distribute widely throughout the parenchyma. Meningeal 
inflammation also is common. The relative abundance of each cell type 
changes little over the course of disease. 

The onset of demyelination coincides with the inflammatory 
response. Electron and light microscopy of plastic-embedded sections show 
several characteristics of demyelination in common among all mouse strains. 
Demyelination and inflammation co-localize to areas of virus expression, as 
shown by in situ hybridization and immunohistochemistry for TMEV. 
Demyelination is not obviously centered on blood vessels in chronic disease. 
Normally myelinated axons often are seen adjacent to perivascular cuffs, 
suggesting that the perivascular cells do not ubiquitously injure myelin. 
Demyelinated lesions develop only rostral to the second lumbar level, 
concentrating in the thoracic cord and secondarily in the cervical cord. 
Ventral and lateral columns are consistently lesioned, whereas the dorsal 
column is more variably affected. The ventral-most aspect of the dorsal 
column is the only area where lesions rarely develop. Demyelination usually 
begins at the cord periphery, but during advanced disease may extend the 
entire width of the white matter. 

Demyelination first appears as myelin splitting, vesiculation, or 
thickening of the myelin lamellae associated with axon collapse. Swelling 
and vesiculation of inner glial loops, the most distal oligodendrocyte 
processes, also are seen early and support the hypothesis that demyelination 
represents a dying-back oligodendrogliopathy (1,2). Myelin figures are 
abundant within phagocytes during early demyelination. Myelin "stripping" 
by macrophages has been reported (3), but it is not clear whether 
macrophages initiate attack on completely normal myelin or alternatively that 
macrophages are responding to molecular changes that target the myelin for 
degradation. Often early stage lesions have a patchy appearance, in which 
degenerating myelin, phagocytes, and other inflammatory cells are 
interspersed among normal axon-myelin profiles. In other lesions myelin 
degeneration occurs uniformly in a region, which results in demarcation from 
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normal white matter. In some mouse strains the lesions develop a highly 
vacuolated, spongiform appearance. Early stage lesions are found at any time 
postinfection, suggesting that the pathogenic mechanisms responsible for 
demyelination are ongoing throughout disease. 

Figure 1. SJL spinal cord lesions. (A) Early stage lesion showing patchy demyelination 
numerous phagocytic cells with myelin debris. (B) Late stage lesion showing inflammati 
nearly complete demyelination, and many vacuolated cells. (C) Perivascular inflammat 
with partial preservation of myelin. (D) Chronic demyelination with minimal remyelinati 
(E) and (F) Axonal injury indicated by large accumulations of abnormal organelles 
demyelinated, partially remyelinated, and sometimes swollen axons. 

Morphometric data indicate that the proportion of white matter with 
inflammatory demyelination in SJL mice reaches a plateau by 3 months pi, 
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but the cord continues to atrophy beyond this time (4). Late stage, or chronic 
lesions take on a "cleaned out" appearance in which the center of the lesion 
is devoid of myelin figures, being replaced by cells filled with lipid vacuoles. 
The vacuolated cells are more common in SJL mice than many other strains. 
Some likely are foamy macrophages and microglia containing end-products 
of myelin degradation, but others likely are oligodendrocytes (5,6). 
Inflammatory cells and glia persist in chronic lesions, and axons are either 
completely demyelinated or remyelinated to varying degrees. 

Demyelination is quantified in our lab morphometrically by camera 
lucida tracings of lesions on a digital tablet (7). Ten cross-sections spanning 
the second cervical to second lumbar level of each spinal cord are analyzed, 
and lesion areas are expressed as a percentage of total white matter area 
(lesion load). Beyond 3 months pi lesions occupy 5-10 % of the total white 
matter. This percentage seems low, but in fact the proportion of axons that 
course through lesions at least at some point in the cord is much higher - at 
least 30%. This value represents the fraction of white matter area that is 
lesioned in the single cross-section with the most expansive lesions from 
each cord (8). Lesion tracing also reveals that most lesions extend several 
millimeters rostro-caudally. This does not necessarily imply that axons 
completely demyelinated over this distance, as some remyelination occurs. 
However, the probability is high that conduction in every axon in the lesion 
is affected at least somewhere along its length. 

Myelin degeneration probably occurs in many ways. It may reflect a 
direct effect of toxic factors such as proteases, cytokines, complement, or 
free radicals upon the myelin sheath, with sparing of oligodendrocyte cell 
bodies. A second possibility is secondary dying-back of myelin following a 
primary insult to the oligodendrocyte cell body. Oligodendrocyte cell bodies 
show degenerative pathology in lesions, consisting of swelling, vacuolation, 
and the presence of degenerating, electron-dense organelles. Reductions in 
proteolipid protein mRNA expression occur well in advance of any 
morphological change and probably contribute to myelin disruption (9,10). 
Some demyelination also must be associated with Wallerian degeneration, as 
axonal loss occurs in chronically diseased mice. 

One mechanism of oligodendrocyte death and myelin disruption is 
direct, virus-induced cytolysis or apoptosis, although its extent in 
immunocompetent mice is not clear. The Daniel's strain of TMEV kills 
oligodendrocytes in culture (5,11). It also infects oligodendrocytes in vivo, 
including cell bodies, inner and outer glial loops, and Schmidt-Lanterman 
incisures, and colocalizes to degenerating oligodendrocytes (2,12-14). A 
direct role for virus in causing demyelination is supported by infection of 
athymic, nude mice, which lack most T lymphocytes. Infected and 
degenerating oligodendrocytes and demyelination are present in these mice, 
although the overall extent of demyelination is relatively small (15,16). In T 
and B lymphocyte-deficient RAG -/- (recombinase activating gene) mice we 
have not observed demyelination after direct inoculation of the brain or 
spinal cord, although 3-week survival of these mice may be insufficient to 
realize the full effects of oligodendrocyte infection. Virus persistence and 
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neuronal necrosis in the gray matter in nude and RAG-/- mice highlight an 
important role of the immune system in protecting neurons from infection. 

The immune system plays a prominent role in demyelination insofar as 
many experimental manipulations such as drug or antibody treatment, 
adoptive cell transfer, or genetic knockout influences pathology and disease 
course. One nice example is the adoptive transfer of splenocytes into 
immunodeficient SCID mice, which normally succumb to encephalitis within 
3 weeks of infection (17). Transfer of too few cells does not protect against 
death, and too many cells leads to nearly complete virus clearance and little 
pathology. However, transfer of intermediate numbers of cells results in virus 
persistence and demyelination, an independent effect of both CD4 and CD8 
lymphocytes. The tenuous balance of TMEV immunity and 
immunopathology illustrated by this study is the reason why the 
contributions of specific immune mechanisms are difficult to discern. 
Manipulations designed to reduce immunopathology also impact antiviral 
immunity and alter viral pathogenesis. For example, cyclophosphamide 
depletes T lymphocytes and reduces the extent of demyelination when 
administered at an early stage of disease (e.g. 1-wk pi) but kills many mice 
both early and late (e.g. 6-months pi), presumably due to viral recrudescence 
(18-20). Similarly, antibody-mediated depletion of CD4 cells early in disease 
and genetic knockout of CD4 also cause high viral titers and mortality. 
Depletion of CD4 cells late in disease reduces clinical symptoms but does 
not affect demyelination (20-23). 

In mice that normally do not develop demyelination, elimination of 
Class I MHC activity through genetic knockout of 132microglobulin (132m-/-) 
makes them susceptible to demyelination. Interestingly, the converted mice 
develop CD4-mediated DTH responses and demyelination equivalent to SJL 
mice but no obvious disease symptoms (8,24-26). On the SJL background 
132microglobulin knockout results in more demyelination than in wildtype 
animals but no greater incidence of disease (27). CD8-/- mice on both 
resistant and susceptible backgrounds also exhibit increased demyelination 
compared to wildtype but little or no deficit (23). Virus titers are elevated in 
[32m-/- and CD8-/- strains (23,27,28). Therefore, both the Class II MHC- 
CD4 and Class I MHC-CD8 pathways are important in virus control and in 
turn CNS pathology. 

Other treatments that exacerbate pathology in some strains of mice 
include cobra venom factor, anti-mu antibodies, anti-interferon-gamma 
(IFNT) antibodies, and knockout of V[3 loci of the T cell receptor (29,30). 
These results are consistent with protective, antiviral effects of complement, 
B lymphocytes, IFN 7, and a diverse T cell repertoire. Other cytokines that 
reduce demyelination and virus expression early in disease include 
interleukin-6, tumor necrosis factor-alpha (TNF(z), and transforming growth 
factor-beta2 (TGF132) (31-33). In contrast, cyclosporin A and macrophage- 
depleting agents reduce demyelination, consistent with a deleterious role for 
interleukin-2 release and macrophage infiltration (34,35). Thus, a wide 
variety of cells and molecules regulate demyelination in the TMEV model. 
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AXONAL INJURY 

Ultrastructural studies suggest that axons mostly are preserved in MS 
lesions as compared to other neurological diseases, but axonal injury does 
occur variably and is more common than previously believed. Likewise, 
most axons present in TMEV lesions look normal ultrastructurally, although 
demyelinated axons contain more mitochondria than normally myelinated 
axons (36). The abundance of mitochondria in lesions implies a mechanism 
to focally regulate ATP supply and meet the energetic demands of 
demyelinated axons. Some axons, however, show clear signs of dysfunction 
or degeneration, including overcrowding of axoplasm with abnormal 
organelles, darkened axoplasm, and irregular axonal outlines. Degenerating 
axons are found in all states of myelination - completely demyelinated, 
remyelinated, or normally myelinated (36). Completely demyelinated axons 
may be most susceptible to injury by inflammatory cells or secreted factors 
such as nitric oxide (37,38). Degenerating, remyelinated or normally 
myelinated axons probably represent Wallerian degeneration following 
axonal transection in lesions elsewhere in the white matter. Neurofilament 
immunohistochemistry and Bielschowsky staining also show axonal 
disruption. 

An EM morphometric analysis of 48,827 axons showed that large- 
diameter axons are preferentially lost in chronically diseased mice (36). A 
light microscopy procedure that quantified surviving, normally myelinated 
axons in parts of the white matter that were free of lesions (e.g. lumbar) 
verified the dropout of large axons, and secondarily medium axons, (7). 
Axon loss was present at 3 months pi and increased at 7 months pi despite a 
constant level of demyelination. The loss translated into atrophy of the white 
matter columns in the cervical and thoracic cord up to 25% compared to 
uninfected mice (4). Extrapolation of the axon loss from sample images to 
the entire cord estimated a 23% reduction in axon number and 37% loss in 
axon area overall (39). 

Another method that documents axonal injury is retrograde neuronal 
labeling with the fluorescent tracer, Fluoro-Gold. Administration of Fluoro- 
Gold into the lower thoracic cord results in its accumulation within a few 
days in cell bodies of all descending neurons in the brain that have intact and 
functional projections to the site of Fluoro-Gold application. In 9-month- 
infected mice the number of neurons that accumulate tracer is reduced by 60 
- 93% compared to uninfected mice, depending on the neuronal population 
studied (vestibulospinal, reticulospinal, rubrospinal). Vestibulospinal neurons 
show the largest reduction, consistent with their projection through ventral 
columns where lesions are most common. Thus, most descending neurons 
are transected in chronically diseased mice, or their retrograde uptake and/or 
trafficking mechanisms are completely disrupted somewhere along the axon 
length (39). 
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Figure 2. Axonal injury shown by retrograde neuronal 
labeling of vestibulospinal neurons. (A) Uninfected 
mouse with many labeled cell bodies in the vestibular 
nucleus. (B) Chronically infected mouse with few 
labeled neurons due to axon injury in the spinal cord. 

The extent of axonal pathology is the major predictor of neurological 
deficits in the TMEV model. In most SJL mice neurological deficits become 
obvious not until beyond the time at which lesion load reaches a plateau. 
Most informative is the finding that motor dysfunction measured by rotarod 
assay in chronically diseased mice correlates linearly with all measures of 
axonal injury - spinal cord atrophy (4), dropout of axons as measured by light 
and electron microscopy (4,36), reduction in retrograde labeling, and 
remarkably even the number of degenerating axons in electron micrographs 
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from single lesions (36). The importance of axon integrity in maintaining 
normal function also is exemplified in [32m-/- mice, which develop 
demyelination but no neurological deficits (26). [32m-/- mice develop similar 
lesion loads, lesion expanses, and lesion distributions as SJL mice, but show 
more retrograde labeling indicative of axonal preservation (8). This finding 
has several important implications. First, it indicates that demyelination and 
axonal loss can occur independently and at different rates. Secondly, it 
emphasizes that the quality or extent of CNS pathology can not be inferred in 
all cases from the clinical presentation of disease or lack thereof. Like 132m-/- 
mice without obvious deficits, people also develop subclinical demyelination 
(40). Thirdly, the data suggest that CD8 T cells may specifically injure 
axons, which is supported by the lack of deficits in CD8-/- mice (23) and by 
axon transection by CD8 cells in a culture model (41). These findings are 
relevant to MS because CD8 cells are the major type of lymphocyte in many 
MS lesions and their presence correlates with axonal pathology (42). 

REMYELINATION 

Remyelination improves impulse conduction (43). It also may protect 
axons by shielding them from inflammatory insults or by providing trophic 
support, although this hypothesis has not been thoroughly tested. 
Remyelination in MS patients occurs sporadically and its regulation is poorly 
understood. As in MS, remyelination in the TMEV model can be mediated 
by oligodendrocytes or by Schwann cells that migrate into the injured CNS 
(44). Remyelination by oligodendrocytes, which is most common in the 
TMEV model, appears as thin, compacted myelin (45) and usually begins at 
the edge of lesions adjacent to normal myelin. Schwann cell myelin is thicker 
than oligodendrocyte myelin, and the Schwann cell body juxtaposes to the 
axon-myelin unit. Schwann cell remyelination usually begins near the 
periphery of the cord. Prior to remyelination, lesions show nearly complete 
demyelination and largely are void of degenerative myelin figures (chronic 
lesion), implying that catabolism of myelin debris or associated events are 
necessary for remyelination to proceed. This chronology also supports the 
conclusion that the thin myelin sheaths indeed represent remyelination rather 
than partial demyelination. A reduction in inflammation also is prognostic of 
repair, as the best remyelination occurs in areas with the least inflammation. 
Astrocytic processes often associate with remyelinated axons. 

The extent and timing of spontaneous remyelination varies widely 
among different mouse strains. SJL mice develop little remyelination even up 
to 1 year pi. Lymphocytes are partly responsible for the poor repair, 
especially CD4 cells, as their depletion by antibodies or genetic knockout 
induces remyelination (20). Depleting lymphocytes for the goal of promoting 
remyelination is problematic, however, because it also elevates virus 
expression and kills many mice. In MS, treatment with lymphocyte-depleting 
antibodies reduces inflammation but either has no effect on clinical disease 
or increases disability and worsens MRI parameters of neuronal pathology 
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(46,47). Thus, lymphocytes appear to have both protective and destructive 
properties in demyelinating diseases. Macrophages and microglia also likely 
have multiple roles. 

Remyelination is inducible in SJL mice not only by immunosuppression 
but also by treatment with certain antibodies (48,49). The first demonstration 
of this effect was the treatment of diseased mice with serum or polyclonal 
antibody generated against spinal cord homogenate (50,51). Many 
remyelination-promoting antibodies of murine and human origin now have 
been identified and share certain characteristics. All recognize 
oligodendrocytes at an intermediate developmental stage and all are 
polyreactive. Some of the antibodies are polyclonal, for 

Figure 3. Remyelination 
induced with 
oligodendrocyte- reactive 
antibodies in SJL mice. (A) 
Light microscopy shows 
nearly complete lesion 
repair. (B) Electron 
microscopy shows 
oligodendrocytes and thin 
myelin sheaths around most 
a x o n s .  

example recognizing myelin basic protein or copolymer-1 (52,53), whereas 
others are monoclonal. Two mechanisms are proposed for their activity. 
Firstly, binding to oligodendrocytes or their progenitors might trigger 
proliferation or differentiation directly. In support of this hypothesis we have 
observed calcium fluxes and changes in phosphorylation in oligodendrocytes 
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upon antibody binding (54). Secondly, the antibodies might modulate 
immune mechanisms sufficiently to release the block on remyelination (55). 
Induced remyelination in SJL mice has not yet shown clinical benefit; 
combining remyelination with other immunosuppressive treatments may be 
necessary. In support, PLJ-CD4-/-  mice show late remyelination and 
improvement in motor function (56). 

In conclusion, investigation of  the pathology of  TMEV disease has 
yielded invaluable clues about disease mechanisms and potential, reparative 
treatments. Prominent examples include a role of  CD8 T cells in neuronal 
injury, and the potential for antibodies to promote remyelination. The 
Theiler 's  model provides a rare opportunity for rigorous quantitation of 
pathology in a demyelinating disease. 
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Abstract: 

Key words: 

The Theiler's murine encephalomyelitis (TMEV) model has been used to 
study the interactions of virus, myelin and anti-neuroantigen autoimmunity. 
TMEV and myelin can interrelate during virus entry and persistence. On virus 
entry, TMEV might use peripheral myelin Po protein as a virus receptor. For 
persistence, TMEV seems to require myelin functional proteins or structural 
myelin itself. Here, myelin and oligodendrocyte loss and downregulation of 
myelin genes would lead to demyelination, but might limit virus spread in the 
central nervous system. Unlike experimental allergic encephalomyelitis 
(EAE), a pathogenic role of anti-myelin autoimmunity is unclear in TMEV 
infection. Anti-myelin autoantibodies have been detected in TMEV infection. 
Among them, only anti-galactocerebroside (GC) antibody is shown to be 
myelinotoxic, and has molecular mimicry with TMEV. Myelin-specific T 
cells play no role in initiation or progression of demyelination in the first two 
to three months after TMEV infection. However, cellular autoimmunity 
against several myelin antigens (epitope spreading) can be detected during the 
late chronic stage. Using the TMEV model, epitope spreading and 
autoantibody-mediated remyelination have been investigated by recombinant 
TMEV and anti-neuroantigen (natural) antibodies, respectively 

Animal models, Autoimmune diseases of the nervous system, Demyelinating 
diseases, Galactosylceramides, Myelin basic proteins, myelin proteolipid 
protein, Multiple sclerosis, Picornaviridae infections 
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. INTRODUCTION 

1.1 Overview 

The Theiler's murine encephalomyelitis virus (TMEV) infection model 
of multiple sclerosis (MS) has provided excellent paradigms to study the 
interactions between the virus, myelin and immune system (1-5). In this 
chapter, we will first review the associations between TMEV and myelin 
genes and proteins. We will next discuss possible roles of anti-myelin 
immunity including molecular mimicry and epitope spreading in the 
pathogenesis of demyelination. Finally, we will introduce two unique model 
systems using TMEV infection (i) to study the pathogenic role(s) of 
molecular mimicry and (ii) to explore potential therapeutic agents, 
remyelination-promoting autoantibodies, in demyelinating diseases. An 
understanding of the diverse interactions between viruses, myelin and host 
immune responses to neuroantigens may shed light on the etiology and 
pathogenesis of MS. 

1.2 Theiler's murine encephalomyelitis virus 

In 1934, TMEV was isolated by Max Theiler, who was awarded a Nobel 
Prize for developing the first effective vaccine against yellow fever (6,7). 
TMEV belongs to the genus Cardiovirus, family Picornaviridae (2). 
Picornaviruses are small, nonenveloped negative stranded RNA viruses. 
Several picornaviruses, such as poliovirus and coxsackievirus, can cause 
neurological disease in humans (8). However, TMEV infects mice and rats 
in vivo and causes a demyelinating disease only in mice. Thus, TMEV has 
not been identified as a causative agent in any human disease; its association 
with dermatomyositis (9) and Vilyuisk encephalomyelitis (10,11) are thus 
far inconclusive. 

The Theiler's original (TO) subgroup, which includes Daniels (DA), 
BeAn 8386, and WW strains, produces a biphasic disease in susceptible 
mice inoculated intracerebrally [reviewed in (2)]. During the first week 
(acute phase), the mice develop an acute polioencephalomyelitis where mice 
occasionally show clinical signs such as weight loss. Virus antigen is 
expressed primarily in neurons in the central nervous system (CNS) (12). 
Subsequently, about one month post infection (p.i.) (chronic phase), the mice 
show signs of spastic paralysis as a result of demyelination within the white 
matter of the spinal cord. Areas of demyelination are associated with 
perivascular infiltration of mononuclear cells (MNC). The disease 
progresses without evidence of remission, either clinically or pathologically, 
with the exception of CD-1 mice infected with the WW strain of TMEV 
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(13). During the chronic phase, viral antigens are expressed within 
oligodendrocytes (14,15), astrocytes and macrophage/microglia but not in 
neurons [reviewed in (4)]. 

TMEV-induced demyelinating disease is one of a few animal models for 
the progressive forms of MS (16). Although there are many animal models 
for MS, their clinical courses are either acute monophasic or relapsing- 
remitting (RR). These animal models are only useful as experimental 
models for RR-MS. Therefore, the TMEV model is a unique animal model 
to study the pathogenesis for the other three types of MS: primary 
progressive (PP)-, secondary progressive (SP)-, and progressive relapsing 
(PR)-MS (17). 

The precise mechanisms of demyelination in TMEV infection are not 
clear. There are two major hypotheses: (i) direct virus infection of myelin 
forming cells, i.e. oligodendrocytes, and (ii) immune-mediated mechanisms. 
Infection with live TMEV is necessary to induce demyelination, since 
neither ultraviolet-inactivated TMEV nor cDNAs encoding individual 
TMEV capsid proteins alone cause demyelination (18). Virtually all 
immune cells, including T cells, B cells and macrophages, have been shown 
to play important roles [reviewed in (1-4)]. In contrast to experimental 
allergic encephalomyelitis (EAE) (3) and other virus-induced demyelinating 
diseases (19), adoptive transfer of uninfected immune cells from TMEV- 
infected mice does not induce demyelination in the recipient mice (20). In 
addition, acquired immunity is neither necessary, nor sufficient in some 
TMEV model systems; TMEV can persistently infect the CNS and induce 
demyelination in: major histocompatibility complex (MHC) class I-deficient 
mice (21,22), MHC class II-deficient mice (23), CD4-deficient mice (24), or 
CD8-deficient mice (24). TMEV also causes demyelination in the spinal 
cord of moth-eaten mice, lacking protein tyrosine phosphatase SHP-1, as 
early as five days p.i., when no acquired immune responses are normally 
generated (25). 

. MYELIN GENES, VIRUS ENTRY, AND VIRUS 
PERSISTENCE 

2.1 Peripheral nerve myelin protein for TMEV entry 

During a natural infection, TMEV spreads from mouse to mouse by the 
oral-fecal route (26,27). In order to cause CNS infection by this route, the 
virus must get from the alimentary tract into the CNS, either 
hematogenously or intra-axonally. Since the strains of the TO subgroup of 
TMEV could be isolated from feces up to 154 days p.i. (28), invasion into 
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Table 1. Myelin gene, virus entry and virus persistence 

Virus Entry Virus Persistence 

CNS 

Receptor unknown 

PNS 

Po protein as a virus 
receptor? 

TMEV 

requires 

MBP and PLP 

functionally 

and/or 

requires myelin itself 
as a structure 

"Ev~e-nc~': No virus 

Host 

downregulates 

'41' MBP and PLP mRNA 

actively or passively 

and/or 

• '~ loses oligodendrocyte and 

myelin (demyelination) 

Evidence: In vitro Evidence: In situ hybridization, 
assays persistence in shiverer and TUNEL, myelin staining, EM 

rumpshaker mice 

Abbreviations: CNS, central nervous system; EM, electron microscopy; MBP, myelin basic protein; PLP, myelin 
proteolipid protein; PNS, peripheral nervous system; TMEV, Theiler's murine encephalomyelitis virus; TUNEL, 
terminal deoxynucleotidyl trasnferase-medlated dUTP-biotin nick-end labeling. 

the CNS via the neural route from a persistent infection in the intestine may 
be one pathway, as originally suggested by Theiler and Gard (27). Myelin is 
a multiple lamellar membrane that sheathes axons and facilitates the 
saltatory conduction of nerve impulses. P0 protein is a member of the 
immunoglobulin (Ig) gene superfamily, and constitutes 50% of the total 
myelin proteins present in the peripheral nervous system (PNS). Using virus 
overlay and virus binding assays, Libbey et al (29) identified P0 protein as a 
potential receptor for TMEV (Table 1). They suggested that the use of the 
P0 protein in Schwann cells as a receptor may be one mechanism by which 
TMEV spreads from the gastrointestinal tract to the CNS in vivo. In the 
CNS, TMEV receptors on neurons during the acute phase and on glial cells 
and macrophages during the chronic phase have not been identified. 

2.2 Myelin protein requirement for TMEV persistence 

Myelin basic protein (MBP) and myelin proteolipid protein (PLP) are the 
major component of CNS myelin; many other proteins and glycoproteins are 
present to a lesser extent. Bihl et al (30) demonstrated that myelin gene 
mutation could affect the persistence of TMEV. Susceptibility/resistance to 
chronic TMEV infection has been mapped to several loci including one 
tentatively located in the telomeric region of chromosome 18, close to the 
myelin basic protein locus (Mbp locus) (31,32). To determine if the Mbp 
gene influences viral persistence, Bihl et al (30) inoculated DA virus into 
C3H mice bearing the shiverer (shi) mutation, a 20-kb deletion in the gene. 
Whereas TMEV-infected wild-type C3H +/+ mice had intermediate levels of 
virus persistence on days 20 and 45 p.i., an increase in viral persistence was 
detected in heterozygous C3H +/shi mice, and no virus persistence was 
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detected in homozygous C3H shi/shi mice. The increased susceptibility of 
the heterozygous shiverer mice was also seen in (C57BL/6 x C3H +/shi) F1 
mice (1), although C57BL/6 mice are resistant to TMEV persistence. 
Furthermore, no viral RNA was detected 20 days after DA virus infection of 
C3H/101H mice homozygous for a point mutation in the gene coding for 
PLP (PLP1, previously PLP), the rumpshaker (rsh/rsh) mutation (no data 
was available in control C3H/101H (+/+) mice, though) (30). In these 
studies, infection of oligodendrocytes, the presence of demyelination and 
anti-TMEV immune responses were not tested. The number of oligodendro- 
cytes has been reported to be normal, or even slightly increased in uninfected 
shiverer and rumpshaker mutant mice, although the myelin is grossly 
deficient. Therefore, these results suggest that TMEV persistence is linked 
to myelin and functional alteration, for example, may change the virus's 
ability to replicate in, or traffic through, the myelin sheath. Although the 
MBP gene or some other MBP-linked locus has been suggested to influence 
susceptibility to MS, other studies have not demonstrated linkage between 
MS and the MBP gene (33,34). 

2.3 Myelin gene downregulation in TMEV infection 

The genes encoding myelin proteins, such as MBP and PLP, are 
expressed by oligodendrocytes in the CNS, and their transcripts are markers 
for activity of maintenance or reproduction of myelin. Yamada et al (35) 
demonstrated the relationship between MBP and PLP mRNAs, viral RNA, 
and demyelination within the spinal cord during TMEV infection. At four 
weeks p.i., decreased levels of MBP and PLP mRNAs were associated with 
the presence of viral RNA and demyelination. By 8 or 12 weeks p.i., 
however, extensive demyelination was associated with a significant decrease 
of MBP and PLP mRNAs but not with the presence of viral RNA. These 
results indicate that a viral infection of white matter in the early phase of 
TMEV infection leads to demyelination, but that, later in the course of 
disease, some other mechanism, such as an immunopathologic process, 
drives extensive demyelination. Subsequent reports by other groups 
confirmed the decrease in PLP mRNA expression, not only in infected- but 
also in uninfected-oligodendrocytes in the spinal cord (36-38). 

The decrease of MBP and PLP mRNAs in the lesions indicates either a 
loss of oligodendrocytes or suppression of the myelin metabolism of the 
oligodendrocyte without cell lysis. The former is supported by the finding of 
apoptosis of oligodendrocytes in demyelinating lesions in TMEV infection 
(39). The latter possibility is supported by the fact that some viruses are 
known to alter the "luxury" or differentiated function of a cell, without 
disturbance of its vital function, i.e., ability to survive (40). Using electron 



598 Chapter B2 

microscopy, Rodriguez (15) demonstrated degenerative changes in the most 
distal processes of oligodendrocytes in TMEV infection. Although this 
'dying-back oligodendrogliopathy' has not been directly linked to 
suppression of myelin metabolism, similar ultrastructural pathology has also 
been described in MS (41). Also, in the polyomavirus-induced human 
demyelinating disease, progressive multifocal leukoencephalopathy (PML), 
JC virus has been reported to cause demyelination not only by the lytic 
infection of oligodendrocytes, but also via the suppression of myelin gene 
expression ]reviewed in (42)]. 

Although suppression of MBP and PLP mRNAs as well as demyelination 
results in neurological functional deficit, this might benefit the host by 
suppressing viral replication in the CNS. As we discussed in the previous 
section, persistent viral infection seems to require either functionally or 
structurally intact myelin. Therefore, suppression of myelin function and 
loss of myelin (demyelination) might serve a protective role by suppressing 
virus persistence in TMEV infection (Table 1). Demyelinating diseases 
might represent the oligodendrocytes' futile attempt to suppress viral 
replication, which ultimately results in potentially irreversible myelin 
damage. On the other hand, incomplete suppression of the oligodendrocyte 
functions might actually benefit the virus, since the heterozygous shiverer 
(+/shi) mutation resulted in an increase in viral persistence in the CNS. 

. HUMORAL AUTOIMMUNE RESPONSES TO 
MYELIN 

3.1 Anti-myelin antibodies in TMEV infection 

Damage to CNS tissue liberates CNS antigens into the cerebrospinal fluid 
(CSF) compartment. MBP can be detected in the CSF of patients with active 
myelin destruction caused by MS or other processes, such as CNS infarction. 
Rauch et al (43) found MBP in the CSF of 14 of 19 mice infected with DA 
virus 12 weeks p.i. They also detected serum anti-MBP antibody in 10 of 14 
TMEV-infected mice. Welsh et al (44) also demonstrated that antibody 
responses to myelin developed in CBA mice by day 28 after BeAn virus 
infection and reached a peak between day 42 to 56 p.i. Anti-myelin antibody 
production was prevented by depletion of CD4 ÷ T cells. However, there was 
no correlation between the titer of anti-myelin antibodies and the severity of 
clinical disease. 

Using Western blot analysis, Cash et al (45) studied the specificity of Ig 
secreted by B cells isolated from the spinal cord of SJL/J mice infected with 
DA virus. They found antibodies directed against two unidentified nonviral 
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proteins with molecular weights of 26 and 28kDa; these were present only in 
the white matter of infected mice and were not found in purified myelin. 

Rodriguez et al (46) showed that, like in MS, increased amounts of Ig in 
the CSF and oligoclonal IgG bands were detected in TMEV-infected mice 
on day 21 p.i. However, IgG in the serum and CSF was primarily directed at 
virus antigen rather than at normal myelin components, although rare 
examples of myelin sheaths positive for IgG were found by immunoelectron 
microscopy in TMEV-infected mice. On the other hand, Roos et al (47) 
demonstrated that the heterogeneity of anti-TMEV antibody in the CSF was 
less restricted than oligoclonal IgG bands seen in MS or subacute sclerosing 
panencephalitis (SSPE). Rodriguez et al (46) also showed that complement 
depletion on day 15 p.i. resulted in exacerbation of demyelination on day 21 
p.i. Although the authors suggested no pathogenic role of humoral immunity 
from this study, the treatment can hamper antibody-mediated clearance of 
TMEV and day 21 might be too early to assess effector mechanisms in 
TMEV infection, where overt demyelination is generally seen later. 

A direct pathogenic role for anti-MBP antibody in demyelination is 
unlikely, since anti-MBP antibody has been demonstrated not to be 
myelinotoxic either in vivo or in vitro (48). This is in contrast to antibodies 
against galactocerebroside (GC) or myelin oligodendrocyte glycoprotein 
(MOG), whose adoptive transfer to mice with EAE exacerbates demyelina- 
tion (49). Functionally, Barbano and Dal Canto (20) demonstrated that sera 
from mice infected with TMEV for two to three months did not injure 
myelinating cultures in vitro. This study suggests that there is no myelino- 
toxic humoral factors in sera from TMEV-infected mice. 

Anti-myelin antibody might indirectly affect myelin antigen presentation 
to class II-restricted T cell by receptor-mediated antigen uptake in TMEV 
infection (50). Myelin-specific surface Ig can serve to capture myelin 
antigens on the surface of B cells (51). The B cells could then internalize 
and present myelin antigen to specific T cells. In addition, professional 
antigen presenting cells (APCs) could exploit soluble anti-myelin antibody 
for antigen capture by Fc receptor mediated uptake of myelin-containing 
immune complexes. This would lead to augmentation of myelin-specific 
T cell responses, and also might contribute to determinant spreading (see a 
later section) in TMEV infection, as suggested for other autoimmune 
diseases (52). The potential beneficial role of anti-neuroantigen antibodies 
will be discussed in the last section of this chapter. 
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3.2 Molecular mimicry between TMEV and 
galactocerebroside 

Molecular mimicry between host protein and microorganism has been 
known for many years. A cross-reacting immune response initially 
generated against a virus that also reacts with myelin components could lead 
to demyelination. However, Rauch et al (43) found that anti-MBP antibody 
from TMEV infected mice did not cross-react with TMEV antigens. Lack of 
cross reaction between MBP and capsid proteins VP1, VP2, and VP3 was 
also supported by a competition radioimmunoassay with sera from rabbit 
subcutaneously injected with TMEV capsid proteins (53). 

On the other hand, Fujinami et al (54) raised a monoclonal antibody 
(mAb) H8 that reacts with TMEV and GC from spleen cells of BALB/c mice 
infected with DA virus intracerebrally. GC is a major lipid component of 
myelin. The mAb H8 reacts with viral capsid protein VP1 and efficiently 
neutralizes TMEV in vitro. Intraneural injection of mAb H8 into the sciatic 
nerve induced Schwann cell destruction and demyelination (55). When 
injected intravenously into mice with EAE, mAb H8 increased 
demyelinating lesions within the spinal cord by ten-fold (56). To determine 
whether antibodies similar to mAb H8 exist during viral infection, mice were 
infected with TMEV and sera were collected at various times after infection. 
Antibodies to GC were detectable ten days p.i. These results suggest that 
antibody(s) of the H8 type is generated and could contribute to 
demyelination in vivo in TMEV infection. 

Interestingly, Fujinami et al (57) also demonstrated that another TMEV- 
neutralizing antibody (H7) could react with VP1 but not with GC. Passive 
administration of mAb H7 resulted in the clearance of virus and survival of 
athymic mice. Both H7 and H8 antibodies can neutralize TMEV, yet only 
H8 is myelinotoxic (Table 2). Further investigation is needed to clarify 
which immunologic factors, such as T helper cells, favors generation of each 
type of anti-VP1 antibody in vivo. The presence of "myelinotoxic activity" 
has been demonstrated in the CSF and sera in demyelinating diseases; only 
GC and MOG are identified as target molecules of demyelinating antibodies 
of which passive transfer exacerbates, but not initiates, demyelination in the 
CNS in vivo (58). Anti-GC antibody has also been detected in some MS 
patients (59). 

Tab le  2. Destructive or beneficial autoimmunity in TMEV infection 

Effector 
Mechanism P,I. Days Destructive Beneficial 

Molecular  10 days Antibody to TMEV cross reacts Virus neutralization 
mimicry  with GC and exacerbates 

demyelinat ion 

Epitope 2-3 months MBP-, PLP-, MOG-specific T CNS regeneration 
spreading cells induce DTH responses 

NatUral N.E. Autoantibody binds to CNS Remyelinat ion 
autoantibody antigens 

Abbreviations: CNS, central nervous system; DTH, delayed-type hypersensitivity; GC, galactocerebroside; MBP, myelin 
basic protein; MOG, myelin oligodendrocyte glycoprotein; N.E., not examined hi TMEV infection, but detected in SCH- 
immunized mice; P.I., TMEV post infection; PLP, myelin proteolipid protein; SCH, spinal cord homogenate; TMEV, 
Theiler's murine encephalomyelitis virus, 
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. CE LLULAR A U T O I M M U N E  RESPONSES TO 
MYELIN 

4.1 Myelin-specific T cell responses play no role in 
demyelination in the first two to three months after 
TMEV infection 

Epitope spreading (determinant spreading) is defined as the 
diversification of epitope specificity from the initial dominant epitope- 
specific immune response to subdominant epitopes [reviewed in (60)]. 
Epitope spreading can play an active role in the relapse or progression of 
autoimmune diseases, as was first suggested in EAE by Lehmann et al (61). 
After initial immune-mediated tissue destruction, tissue debris is taken up by 
macrophages, dendritic cells or B cells, and presented to tissue-specific 
T cells. Spreading of the specificity of an immune response can be from one 
epitope to another on the same molecule (intramolecular epitope spreading, 
for example, from PLP139-151 to PLP178-191) or from an epitope on one 
molecule to one on a different molecule (intermolecular epitope spreading, 
for example, from PLP139-151 to MOG92_I06) (60). 

Although tissue destruction occurs less than one week after TMEV 
infection, epitope spreading is not observed until two to three months after 
TMEV infection [reviewed in (62)]. Barbano and Dal Canto (20) 
demonstrated that spleen cells from TMEV-infected mice did not injure 
myelinating cultures and did not proliferate in response to MBP or spinal 
cord homogenate (SCH) in vitro. In addition, these spleen cells did not 
produce disease in vivo by adoptive transfer into naive mice, regardless of 
whether in vitro stimulation was with MBP or SCH. Similarly, Miller et al 
(63,64) demonstrated a lack of delayed-type hypersensitivity (DTH) 
responses and T cell proliferation against whole MBP and PLP, their 
encephalitogenic peptides MBP9H04 and PLP139-151, and SCH in TMEV- 
infected mice 23, 60, 69, 90 and 127 days p.i. 

Comparative studies using the EAE model induced by neuroantigens also 
demonstrated no pathogenic role of myelin specific T cells during the early 
chronic phase of TMEV infection. EAE is induced by subcutaneous 
injection of myelin antigens emulsified with complete Freund's adjuvant 
(CFA), while emulsification with incomplete Freund's adjuvant (IFA) can 
induce anergy to myelin antigens, rendering resistance to subsequent EAE 
induction. Following MBP or SCH emulsified in IFA injection, Lang et al 
(65) injected mice with DA virus or SCH/CFA for EAE induction. They 
found that pretreatment with myelin antigens/IFA suppressed EAE 
induction, but not TMEV-induced demyelination at 45 days p.i. Another 
protocol for neuroantigens-specific tolerance induction that can suppress 
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EAE also failed to alter the development of TMEV-induced demyelinating 
disease on day 65 p.i. (64). Similarly, using a treatment regimen reported to 
suppress EAE, Drescher et al (66) demonstrated that oral tolerization with 
myelin did not alter TMEV-induced demyelination at day 45 p.i., supporting 
a non-autoimmune mechanism of TMEV-induced demyelination. Although 
TMEV-infected mice develop demyelinating disease one month after 
infection and disease progresses continuously from then on, myelin-specific 
cellular immunity contributes to neither initiation nor progression of 
demyelinating disease at least for the first two to three months after TMEV 
infection. 

4.2 Epitope spreading during the late chronic phase of 
TMEV infection 

Although TMEV-infected mice develop extensive inflammatory 
demyelination with progressive disability by two to three months after 
infection, neurological disease seems to progress for the rest of the life of 
infected mice. While most studies on TMEV-induced demyelination have 
used mice infected with TMEV for one to two months p.i., the Miller group 
has examined the role of epitope spreading in initiating anti-myelin auto- 
immune responses in SJL/J mice during the late chronic phase of disease, 
more than two to three months after BeAn strain of TMEV infection (60). 
As reviewed in the previous section, before three months p.i., TMEV- 
infected mice develop CD4 + T cells specific for TMEV, but not for 
neuroantigens. However, the Miller group demonstrated PLP139.~st-specific 
T cell proliferation in TMEV-infected mice 87 days, but not 33 days, after 
infection, and DTH response to PLP139-151 was first demonstrable at day 52 
(67). Peripheral T-cell responses to myelin epitopes develop during 
progressive disease in a hierarchical order, beginning with the dominant 
PLP139-151 peptide, but only after the onset of demyelination. As disease 
progresses, responses to various other less-dominant encephalitogenic 
myelin epitopes, such as PLP178-191, PLP56-70 and MOG92.106 develop. 
Although there are some inconsistencies as to the onset date of the anti- 
neuroantigen specific immune response between the reports by Miller's 
group, overt anti-myelin immune responses seem to be detectable around 
three months after TMEV infection, which argues against these responses 
contributing to myelin damage before this time. 

Autoreactivity could be initiated, in part, by the processing of myelin 
debris and subsequent presentation of myelin epitopes by infiltrating 
macrophages and resident perivascular cells/microglia in the CNS. 
Macrophages and microglia harvested from the CNS during the early 
chronic phase, 40-42 days after TMEV infection, presented viral peptides, 
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but not myelin peptide (68). However, by 90 days post-infection, CNS 
APCs presented both viral and myelin epitopes to Thl and Th2 cell lines and 
hybridomas specific for TMEV or PLP peptides in the absence of exogenous 
antigen in vitro, indicating these APCs could endogenously process and 
present both viral and myelin antigens (68,69). Importantly, anti-CD86 (B7- 
2) antibody predominantly inhibited PLPm.asl-specific T cell proliferation 
mediated by endogenous antigen presentation by CNS APCs from TMEV- 
infected mice (72% inhibition), compared with anti-CD80 (B7-1) (44% 
inhibition). This is in contrast to CD80 predominance in SJL/J mice with 
RR-EAE. Therefore, the costimulatory dependence of epitope spreading 
differs between TMEV infection and RR-EAE. In vivo costimulatory 
blockade of CD28 (ligand for CD80 and 86) on days 0, 2, 4, 6 and 9 after 
TMEV infection inhibited anti-TMEV immune responses and increased 
virus persistence, accelerating epitope spreading (70). This CD28 blocking 
would have been more intriguing, if it had been administered in TMEV- 
infected mice during the early chronic phase, possibly during the priming 
period of anti-PLP responses, where the treatment could inhibit epitope 
spreading without suppression of anti-TMEV immunity. 

Most recently, Miller's group demonstrated that the treatment of TMEV- 
infected mice with an MP4 fusion protein, consisting of PLP and MBP, 
mildly attenuated disease progression (40-110 days p.i.) and resulted in 
decreased inflammatory cell infiltration in the CNS (71). Paradoxically, 
PLP139.151-specific splenic T cell proliferative and interferon (IFN)- 7 
responses were enhanced in the MP4-treated mice, while PLPm.~51-specific 
DTH responses were downregulated. In addition, after 120-140 days p.i., 
MP4-treated mice showed disease severity comparable to control animals. 
These results indicated that MP4-treatement in TMEV infection did neither 
induce tolerance via deletion or anergy, nor immune deviation from Thl to 
Th2 responses. In contrast, the MP4 treatment completely inhibited both the 
acute attack and relapse of PLP- and MBP-induced EAE with significant 
suppression of PLP- and MBP-specific lymphoproliferative responses (72). 
Administration of MP4 also markedly ameliorates the course of established 
EAE. These results suggest that the immunological parameters of epitope 
spreading differ between TMEV infection and EAE. 

Another group also demonstrated myelin specific-DTH responses during 
the late chronic phase (36-48 weeks p.i.), but not during the early chronic 
phase (4 to 12 weeks p.i.), indicating autoimmune responses do not play a 
major role in the initiation of demyelination in TMEV infection (73). There 
was no correlation between clinical score and the strength of the DTH 
response to myelin autoantigens in mice tested at 36-48 weeks. Therefore, 
the authors concluded that anti-myelin autoimmunity might be an additional 
factor that contributes to lesion progression during the late chronic stage, 
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although autoimmunity to myelin might represent only an epiphenomena, 
being induced only after damage to myelin produced by other mechanisms. 

It is unknown why epitope spreading can be detected only during the late 
chronic stage of TMEV infection. In addition to virally induced tissue injury 
and immunomodulation, mouse strain and aging might contribute to epitope 
spreading in TMEV-infected SJL/J mice. Naive SJL/J mice have a high 
frequency of PLP139-151 specific T cells, and it increases with age (74,75). 
Moreover, aged SJL/J mice tend to have immunological abnormalities: a 
high incidence of reticulum cell sarcoma and paraproteinemia with 
enlargement of lymph nodes and splenomegaly (76). 

A pathological role for epitope spreading is controversial even in EAE 
(74) and difficult to verify. Epitope spreading might simply reflect release 
of autoantigens secondary to myelin destruction, and may not have 
pathogenic significance. However, Dal Canto et al (77) showed that lymph 
node cells harvested from mice 70 days after TMEV infection produced 
demyelination in organotypic cultures after stimulation with PLP139-152 but 
not after stimulation with whole MBP. The authors suggested that antigen 
spreading to PLP, but not to MBP, might play an important role in 
demyelination. It would be intriguing to test whether adoptive transfer of the 
PLP peptide-stimulated lymphocytes from TMEV-infected mice could cause 
demyelination in na'fve mice in vivo, while possible contamination with live 
transferred virus in cultures and the effect of whole PLP or MBP peptide 
stimulation of lymph node cells should also be addressed in future 
experiments. On the other hand, autoimmunity in the CNS, including MBP- 
specific T cells, has been demonstrated to have a protective or beneficial 
nature under certain circumstances (78). Therefore, one cannot rule out the 
possibility that anti-myelin autoimmunity might play a neuroprotective role 
during the late chronic phase of TMEV infection, a time when severe axonal 
injury and loss has been demonstrated [reviewed in (5)]. 

. TMEV INFECTION AS MODELS TO STUDY 
M O L E C U L A R  MIMICRY AND 
REMYELINATION 

5.1 Recombinant T M E V  as a molecular mimicry model 

Using TMEV, Olson et al (79) established a virus-induced molecular 
mimicry model of MS. They engineered a nonpathogenic TMEV (AClaI- 
BeAn) encoding PLP139qs1. Infection with the PLP139_151-encoding TMEV 
(PLP139-BeAn) led to rapid-onset of paralytic disease within ten days. As 
early as 14 days p.i., inflammatory demyelinating lesions were detected in 
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the spinal cord, and PLP139_ls~-specific T cell proliferation and DTH response 
were detected in the spleen. Similar early-onset disease with anti-PLP 
responses was also observed in mice infected with a TMEV encoding altered 
peptide ligand (APL) of PLP139-151 with an amino acid substitution at the 
T cell receptor contact residue (H147A PLP139-BeAn). PLP139.151-specific 
T cells, but not TMEV-specific T cells, from PLP139-BeAn-infected mice 
transferred demyelinating disease to na'fve recipients, and induction of 
PLP~B9.15~-specific tolerance before infection prevented clinical disease (80). 
The authors suggest that both PLP139-BeAn and H147A PLPI39-BeAn 
viruses induced PLP specific T cells, leading to early onset of demyelinating 
disease. No information is available about pathology and viral replication 
one week after PLP139-BeAn virus infection. It is also unknown whether 
this model is similar to TMEV infection or PLP139.151-induced EAE clinically 
and histologically. 

In this study, TMEV expressing an encephalitogenic PLP epitope as well 
as an APL of PLP could induce early-onset disease in the absence of a 
stimulus associated with CFA. This is in contrast to the infection of mice 
with a vaccinia virus construct expressing the entire coding region of PLP, 
which failed to induce CNS disease without a second challenge by CFA 
(81). Thus, TMEV might provide sufficient signals to induce autoreactive 
T cells in some circumstances. Importantly, the APL of PLP that is encoded 
in H147A PLP139-BeAn is not encephalitogenic even when administered 
with CFA in mice (82). This may mimic the situation of a recent clinical 
trial in MS, in which administration of an APL of MBP into MS patients 
resulted in induction of MBP-specific T cell proliferation and exacerbation 
of clinical signs (83,84). 

5.2 Anti-neuroantigen antibodies as a therapeutic agent 
in TMEV infection 

In contrast to the classical view of the anti-myelin immune responses 
playing a pathogenic role in CNS demyelinating disease, autoimmunity 
against myelin might play a beneficial role by promoting CNS regeneration: 
axonal regeneration and myelin regeneration (remyelination). In the EAE 
model, injection of a myelin component with IFA ameliorates clinical and 
pathological demyelinating disease. This therapeutic effect could be due to: 
1) suppression of Th I cell-mediated autoimmunity and 2) production of anti- 
myelin antibody that plays a direct role in remyelination. This latter role is 
in agreement with in vitro observations of antibody-mediated oligodendro- 
cyte stimulation. Based on the initial observations by Traugott et al (85) of 
remyelination in EAE, Lang et al (86) conducted similar experiments with 
mice infected with the DA strain of TMEV. At three months p.i., mice 
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treated with subcutaneous injections of MBP and GC emulsified in IFA 
showed substantial CNS remyelination compared with control treated 
animals. In the following paper, however, they demonstrated that pretreat- 
ment of mice with SCH/IFA or MBP/IFA did not suppress clinical and 
histological disease in TMEV infection (65). 

The discovery that certain autoantibodies can be beneficial in an animal 
model of CNS demyelination suggests that the presumed pathogenic role of 
antibodies in MS may need to be reevaluated. Using the TMEV model, 
Rodriguez and colleagues have shown a beneficial role of anti-neuroantigen 
antibodies due to their promotion of remyelination [reviewed in (87)]. 
Spontaneous remyelination is impaired in SJL/J mice infected with the DA 
strain of TMEV. Rodriguez and Lennon (88) observed that passive transfer 
of either antiserum or purified IgG from uninfected syngeneic animals 
immunized with SCH promoted remyelination by oligodendrocytes (CNS- 
type), but not by Schwann cells (PNS-type), in TMEV-infected mice. While 
astrocytes were common within areas of remyelination, inflammatory cells 
were less numerous in remyelinating areas than in demyelinating lesions. 
In vivo autoradiography with [3H] thymidine demonstrated that the majority 
of radiolabeled cells were MNCs, while remyelinated areas contained GC-- 
proliferating cells that might be immature oligodendrocytes, morpho- 
logically (89). However, subsequent experiments demonstrated that a 
similar extent of oligodendrocyte proliferation was also detected in mice 
treated with control sera, suggesting proliferation of oligodendrocytes is not 
sufficient for new myelin synthesis (90). Anti-SCH serum also stimulated 
proliferation of primary glial cell cultures in vitro (91). The effect of the 
treatment on anti-TMEV antibody production and virus persistence seemed 
to be inconclusive. A mild increase of anti-TMEV antibody titer was 
detected by an enzyme-linked immunosorbent assay (ELISA), but not by a 
plaque reduction assay; an increase of viral persistence was reported by 
immunohistochemistry against viral antigen, but not by virus plaque assays 
of CNS homogenates (92). Rodriguez etal (93) also demonstrated that 
treatment with antiserum or purified IgG directed against MBP promoted 
remyelination after TMEV infection without altering virus persistence or 
serum TMEV-specific antibody responses. 

The Rodriguez group also generated a remyelination-promoting IgM 
mAb, SCH94.03, from the spleen cells of mice injected with SCH. 
SCH94.03 showed reactivity toward a red blood cell antigen, spectrin and 
several other protein antigens, astrocytes and oligodendrocytes, but not with 
MBP (94,95). SCH94.03 injection suppressed T cell infiltration and 
increased TMEV persistence in the CNS, while levels of TMEV-specific 
IgG were similar to controls (96). SCH94.03 neither reacted with any 
TMEV proteins as determined by Western blot, nor neutralized TMEV 
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in vitro (97). Treatment with SCH94.03 also reduced relapse rate, 
demyelination and meningitis in SJL/J mice with EAE induced by adoptive 
transfer of MBP91.103-specific T cells (98). These results are consistent with 
the hypothesized immunomodulatory function of autoantibodies, although 
neither immune responses to MBP nor extent of remyelination was explored 
in this EAE model. Interestingly, however, SCH94.03 increased the rate of 
oligodendrocyte remyelination in a nonimmune, toxin-induced model of 
lysolecithin-induced demyelination (99). 

Other IgM mAbs, SCH79.08, O1, 04, A2B5, and HNK-1, have also been 
shown to promote remyelination in TMEV models. SCH79.08 was 
established from mice immunized with SCH, reacts with MBP and shows 
intracellular, but not cell surface, staining of oligodendrocytes (100). O1, 
04, A2B5, and HNK-1 antibodies recognize differentiation stage-specific 
surface antigens on oligodendrocytes. We do not know, however, whether 
these antibodies against oligodendrocyte precursors actually recognized the 
cells in vivo. Immunoperoxidase staining for markers expressed on 
presumed glial progenitor cells (04, A2B5, and Gin) was not successful in 
the adult mouse spinal cord in TMEV infection, even though the reagents 
worked in the neonatal rat optic nerve system in vitro (90). 

Several antibodies join a list of immunoglobulins that enhance 
remyelination in the Theiler's virus model (101). The list includes pooled 
human intravenous IgG (IVIg), polyclonal human IgM, and two human IgM 
mAbs, sHIgM22 and sHIgM46, both of which were isolated from Walden- 
strom's macroglobulinemia. Neither IVIg nor human IgM bound to human 
oligodendrocytes in vitro, while the two IgM mAbs bound to 
oligodendrocytes. Polyclonal human IgM and sHIgM22, but neither poly- 
clonal IgG, anti-SCH IgG, nor IVIg, accelerated the rate of remyelination 
following lysolecithin-induced demyelination in SJL/J mice (99,102). 
Therefore, the authors suggested that IgG and IgM antibodies might function 
to enhance remyelination through different mechanisms. 

The precise mechanisms of remyelination by the autoantibodies are 
unknown. It is unclear whether there is one single common mechanism 
which explains promotion of remyelination in all remyelination-promoting 
sera, IgG, and IgM antibodies. Because many of the remyelination- 
promoting antibodies bind to oligodendrocytes and/or myelin, a direct effect 
on the recognized cells has been hypothesized. However, since the 
remyelination-promoting autoantibodies have varying specificities, it is 
unlikely that each of the antibodies functions directly through a common 
antigen or receptor. The authors also suggested opsonization of myelin 
debris due to IgM antibody by phagocytes might enhance clearance of 
cellular debris from the damaged area, allowing the normal process of CNS 
repair to progress. Since Fc receptors on phagocytes do not generally bind 
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to the Fc portion of IgM, IgM likely interacts with C3b via its C~tl domain, 
thereby allowing antibody-antigen complexes containing IgM to indirectly 
mediate phagocytosis. Although by this mechanism, C3b, once fixed, can 
promote uptake via complement receptors on macrophages, the roles of 
complement and Fc receptor have not been tested in this model. 
Immunomodulation by autoantibody is also hypothesized. However, no data 
are available as to how autoantibody treatment might influence cellular 
immune responses to virus or myelin antigen. 

Several other studies need to be performed to clarify the mechanism of 
remyelination, such as immunological and histological time course studies 
over a four-week antibody treatment period and in vivo trafficking of 
injected antibody. In addition, we do not know why autoantibodies stimulate 
CNS-type remyelination by oligodendrocytes, but not PNS-type remyelina- 
tion by Schwann cells, despite the fact that the PNS also expresses antigens, 
including MBP, recognized by the autoantibodies (95). It should be noted 
that most remyelination-promoting studies used mice four to six months 
after TMEV infection, in contrast to the other TMEV research groups who 
use mice one to two months after TMEV infection. As discussed earlier, the 
mechanisms of demyelination might be different at these two time points. 

Interestingly, among the autoantibodies, several (SCH94.03, SCH79.08, 
O1, 04, HNK-1), but not all (A2B5, sHIgM22), monoclonal antibodies have 
been shown to have characteristics of natural autoantibodies (100,101,103). 
Natural autoantibodies, usually IgMs whose physiological significance is 
unknown, are present in the serum of normal unimmunized animal, and 
represent a substantial fraction of the total Ig repertoire (104). Natural 
autoantibodies show polyreactivity toward multiple self and nonself 
antigens, and are typically encoded by unmutated germ line Ig genes (103). 
It has been shown that some viruses may act as polyclonal B cell activators, 
may release antigens not ordinarily recognized by the host immune system, 
or may augment the response to many antigens (105,106). Any of these 
mechanisms may explain the induction of autoantibodies or an increase of 
the levels of natural autoantibodies. 

It is attractive to hypothesize that the presence or absence of 
remyelination-promoting antibody might alter the disease course in 
demyelinating diseases. Here, a lack of the autoantibodies would prevent 
remyelination in DA virus-induced progressive disease in SJL/J mice. It 
may be intriguing to test whether the autoantibody is involved in the 
pathogenesis of CD-1 mice infected with the WW strain of TMEV, who 
develop a relapsing remitting disease course, characterized by extensive 
PNS- and CNS-type remyelination (13). 

Clinically, comparison of the levels of autoantibodies in patients with 
RR-MS versus PP- and SP-MS might be important. From a patient with MS, 
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a clone of a possible natural antibody was established (107). This oligo- 
dendrocyte-reactive IgM monoclonal antibody, DS1F8, is polyreactive and 
its antigen-binding domains are encoded by germ line genes. In addition, 
Matsiota et al (108) found that MS patients often had elevated CSF antibody 
levels against many autoantigens, but not against MBP, suggesting a local 
expansion of B cells producing natural autoantibodies. Whether these anti- 
bodies have any effect on demyelination is unknown. 

. C O N C L U S I O N  

In this chapter, we have reviewed the interactions of TMEV, myelin and 
anti-myelin immune responses. On virus entry, TMEV might use peripheral 
myelin protein P0 as a virus receptor, and require myelin genes functionally 
or myelin itself structurally for virus persistence. In turn, the host down- 
regulates myelin gene expression and/or loses oligodendrocytes and myelin. 
While this leads to demyelination, it might also be beneficial to the host 
since it prevents virus spread in the CNS. Anti-TMEV humoral immune 
responses can help virus clearance, while some anti-viral antibodies might 
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Figure 1. Myelin infection, anti-myelin responses, and other effector mechanisms during TMEV disease course. 
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cross-react with host myelin molecules, including GC, leading to 
exacerbation of demyelination. During the early chronic phase, cellular 
immune responses to TMEV, but not to myelin, were detected. However, 
epitope spreading seems to develop during the late chronic phase, and T cell 
responses to encephalitogenic epitopes of PLP, MBP and MOG, can be 
detected. Impaired remyelination could also contribute to disease 
progression. Here, the presence or absence of remyelination-promoting 
antibody might be important in disease remission. Of all the above 
interactions between virus, myelin, and autoimmune responses, no single 
mechanism may be solely responsible for demyelination. However, all of 
the interactions potentially contribute to progression of demyelinating 
disease in which a variety of different pathogenic mechanisms, such as 
oligodendrocyte infection and apoptosis, axonal injury and anti-TMEV 
immune responses, seem to act in parallel or sequence to cause myelin 
destruction (Figure 1). 
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THE ROLE OF ASTROCYTES, 
OLIGODENDROCYTES, MICROGLIA AND 
ENDOTHELIAL CELLS IN TMEV INFECTION 
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Abstract: Chronic TMEV infection in susceptible strains leads to an inflammatory 
demyelinating disease modeling MS. TMEV antigen can be found abundantly 
in microglia and infiltrating macrophage, but viral growth is restricted in these 
cells. Viral persistence has been seen in astrocytes, microglia, and 
oligodendrocytes. However, infiltrating macrophage and, to some extent, 
resident microglia play an important role in antigen presentation, inflammation 
and epitope spreading. 

Keywords: Theiler's virus infection; demyelination; astrocytes; microglial cells; 
oligodendrocytes; viral persistence; epitope spreading 

. INTRODUCTION 

1.1 TMEV infection 

Theiler's murine encephalomyelitis virus (TMEV) is an enteric pathogen of 
mice belonging to the Picornaviridae family (1). Two groups of TMEVs 
include high neurovirulent strains such as GDVII  and low neurovirulence 
TMEVs such as BeAn and DA. Intracerebral inoculation with GDVII results 
in a rapidly fatal encephalitis in which grey matter neurons are infected and 
lysed. In contrast, BeAn and DA strains experimentally injected into 
susceptible strains of mice result in an initial acute phase of grey matter 
involvement followed by a chronic phase of viral persistence, inflammation 
and demyelination in the white matter of the spinal cord (2), TMEV-induced 
demyelinating disease (TMEV-IDD). 

The extent of acute phase grey matter involvement and the proposed 
mechanisms of the chronic phase demyelination depend largely on the strain 
of virus and the strain of mice infected. The initial acute grey matter 
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involvement following inoculation of the DA strain into SJL mice is 
characterized by microglial proliferation and neuronal necrosis. Surviving 
mice go on to develop TMEV-IDD. In contrast, intracerebral inoculation of 
BeAn into SJL mice results in a very limited and clinically silent early acute 
phase grey matter disease. Chronic demyelination in the BeAn/SJL model 
appears to be due to the Thl inflammatory response rather than direct lysis of 
virally infected oligodendrocytes. 

Histopathologically, TMEV-IDD resembles the human demyelinating 
disease multiple sclerosis (MS). 

1.2 T M E V - I D D  as a m o d e l  o f  M S  

There is evidence for a viral etiology (epidemiology) of multiple sclerosis 
(3, 4), making TMEV-IDD an important model of MS. Although no one 
virus has been shown to be consistently associated with MS, early infection 
may trigger events, through molecular mimicry (5) or epitope spreading (6), 
that eventually result in disease. Like TMEV-IDD, MS is an immune- 
mediated demyelinating disease characterized by perivascular CD4+ T cell 
and mononuclear cell infiltration, with subsequent primary demyelination of 
axonal tracts, leading to progressive paralysis (7). MS is generally 
considered to have an autoimmune component, however a direct cause-effect 
relationship between myelin reactivity and disease has not been established. 
Interestingly, although TMEV-IDD is due initially to a persistent CNS viral 
infection, autoimmune anti-myelin Thl responses are seen during the chronic 
phase of disease. 

Three interesting areas of investigation in TMEV-IDD include 
identification of the CNS cells harbouring the persistent infection, the 
antigen-presenting cells (CNS APCs) responsible for presenting viral antigen 
and inducing the Thl inflammatory response leading to demyelination, and 
the CNS cells involved in epitope spreading, from viral epitopes to myelin 
targets, in this chronic inflammatory disease. 

. T H E  R O L E  O F  C N S  G L I A  IN T M E V - I D D  

2.1 Pers i s t ent  in fec t ion  

Demyelination and the resulting clinical disease symptoms are not the 
consequence of viral lysis of oligodentrocytes, but are immune mediated, due 
to the inflammatory response in the CNS (8, 9). Viral persistence is however 
required for chronic disease, since mouse strains which clear the virus do not 
go on to chronic demyelination that characterizes TMEV-IDD. Therefore it 
is important to determine which cells harbor the persistent virus. 

Initial observations using immuno-histochemistry demonstrated that viral 
antigens could be found in abundance in the spinal cord of TMEV infected 
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mice in macrophage/microglial cells and in astrocytes (10, 11). In contrast to 
the abundance of viral antigen, infections virus has been consistently shown 
to be low (<104 PFU). Viral persistence is routinely demonstrated by plaque 
assays of the spinal cord and brain tissue of infected mice. Historically, 
macrophage/microglia have been thought to be the major reservour of 
infectious virus. Macrophage depletion with mannosylated liposomes 
abrogated TMEV persistence (12). However, it had also been demonstrated 
that viral replication was blocked in these cells (11, 12). 

Recently, Lipton et. al. analysed the copy number of TMEV genomes, 
plus- to minus-strand ratios, and full-length. Interestingly, large numbers of 
viral genomes were detected (13). To some extent, an abundance of viral 
antigen and viral genomes combined with very low amounts of infectious 
virus can be explained by neutralization of infectious virus via the immune 
response and its restricted growth in macrophages (13, 14), blocked after 
viral RNA replication. 

Although macrophage/microglia have historically been thought to be the 
predominant cell type supporting TMEV replication, other cell types may be 
important for persistence. Both oligodendrocytes and astrocytes have been 
suggested to harbor TMEV in vivo. Oligodendrocytes isolated from infected 
SJL mice contained amounts of viral genome equal on a per cell basis to that 
of macrophages (13) and an oligodendrocyte line proved to be significantly 
more productive in terms of infectious virus (PFU) per cell than 
macrophages. However, most early immuno-histochemical studies showed 
little if any viral antigen in oligodendrocytes during TMEV-IDD. 

Although astrocytes have been considered by some to be an unlikely 
source of viral persistence, early immunohistochemical studies demonstrated 
viral antigen in these cells during TMEV-IDD (10), and more recent work in 
our lab suggests rethinking this historic view (15). De novo viral protein 
synthesis was seen in astrocytes and, to a lesser extent, in oligodentrocytes 
and microglia, when these cells (obtained from neonatal mice) were infected 
in vitro in the presence of 35S-methionine. Additionally, when a GFP-BeAn 
virus was used to infect microglia, oligodendrocytes and astrocytes in vitro, 
similar results were seen. De novo protein synthesis (GFP is translated as 
part of the viral leader) was clearly seen in astrocytes. Plaque assays and 
RNAse protection assays confirmed the findings that astrocytes from 
neonatal mice were productively infected in vitro to a greater extent than 
oligodendrocytes. Minimal cytopathic effects resulted from this infection. 
The most remarkable finding was that the ratio of viral replication in 
astrocytes versus microglial cells was 100 to 4 as quantitated by Image Quant 
analysis in a Phosphor Imager measuring negative RNA strand production in 
these cells. The production of negative strand RNA is the most sensitive 
method to measure true viral replication (Fig 1). 
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Fig 1. Rnase protection assay for the detection of TMEV replication. A positive RNA 
transcript, containing 208 specific TMEV nucleotides, was protected by the replicative, 
negative strand of TMEV in infected astrocytes and microglial cells. (1) Uninfected 
astrocytes, (2) infected astrocytes, (3) uninfected microglia, (4) infected microglia, (5) 
microglia infected in the presence of 1NF-gamma and (6) 258 base transcript probe. The 
amount of RNA protected was quan titated by Image Quant analysis in a Phosphor lmager. 
The values represent amount of the RNA protected in microglia as a percentage of the 
amount protected in astrocytes, which was assigned a value of 100. (Reproduced with 
permission from J Neuroimmunol 118:256-267,2001) 

While providing new data regarding the unexpected capacity of  astrocytes 
to become infected by TMEV, these studies also confirm that viral 
transcription is restricted in microglia, as earlier studies had showed. 
Confocal microscopy of  immuno-histochemical stains of  the brain and spinal 
cord from mice with TMEV-IDD confirmed the in vitro results as staining 
with anti-TMEV antibody co-localized with GFAP staining. In fact, most 
astrocytes stained positive for viral antigen (Fig 2) (15). 
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Fig 2. Immunohistologic analysis of spinal cord tissues from mice suffering from TMEV- 
induced demyelinating disease or EAE disease. Double immunostaining of frozen sections 
was done using both the BeAn antisera with a rhodamine conjugated secondary antibody 
(red) and different antibodies to cell specific markers with FITC-conjugated secondary 
antibodies (green). Column 1: viral antigen in (a) astrocytes, (b) microglia, (c) 
oligodendrocytes and (d) EAE. Column 2: (a and d) anti-GFAP for astrocytes, (b) MOMA- 
2 for macrophages, (c) anti-CNPase for oligodendrocytes. Column 3:colocalization of the 
two stains. Bar in row C measures 10 microns; all other bars measure 20 microns. 
(Reproduced with permission from J Neuroimmunol 118:256-267, 2001) 

The relat ive resistance of  o l igodendrocytes  to TMEV infection is of  
interest and supports  earl ier  studies that showed different  responses to 
infection by mature o l igodendrocytes  when compared  with an immortal ized,  
deve lopmenta l ly  arrested o l igodendrogl ia l  cell line (16). Those studies 
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demonstrated that infected mature oligodendrocytes, similarly to astrocytes, 
revealed very little, if any, cytopathic effect. In addition, when synthesis of 
mRNA for myelin proteins, such as MBP and MOG was investigated, no 
suppression could be demonstrated. This contrasted with the demonstration 
of both cytopathic effects and suppression of MBP and MOG mRNA 
synthesis in an immortalized line of oligodendrocytes which was arrested at 
an early developmental level. These studies suggest that adult, differentiated 
oligodendrocytes are quite resistant to TMEV cytopathic effects, both 
structurally and functionally, although a low level infection is permitted. On 
the other hand, developing oligodendrocytes are more susceptible to TMEV- 
induced injury, a conclusion that correlates with previous studies 
demonstrating direct oligodendroglial cytopathic effects in neonatal mice 
(17). 

The importance of oligodendroglial resistance to TMEV infection is also 
underscored by the ability of oligodendrocytes to be stimulated into a 
remyelinating mode after demyelination produced by different strains of 
TMEV. Without stimulation, very little remyelination can be seen in SJL/J 
mice, in which demyelination is generally quite severe. In strains of mice in 
which the demyelinating process is more subdue, or when using certain 
TMEV strains, spontaneous remyelination can occur, however, most of the 
remyelinating activity is carried out by invading Schwann cells, and only a 
minority of the repair process is spontaneously carried out by 
oligodendrocytes (reviewed in 18). Recently, however, Rodriguez and his 
colleagues have demonstrated that oligodendroglial cells may be induced to 
produce abundant remyelination when appropriately stimulated. 

Their initial studies utilized anti-spinal cord antiserum to stimulate 
remyelination in TMEV-infected mice (19). Later, IgM monoclonal 
antibodies were prepared, and these showed the same capability of enhancing 
oligodendroglia-mediated remyelination (20, 21). These studies suggested 
that binding of antibodies to the surface of oligodendrocytes initiated a series 
of events eventually leading to remyelination. Subsequently, these 
investigators demonstrated that an IgM antibody present in human serum 
was also capable to enhance remyelination in the CNS of demyelinated 
animals (22). These results were confirmed by using a recombinant human 
IgM antibody generated by DNA-mediated gene transfer (23). In vitro 
studies showed binding of this antibody to oligodendrocytes resulting in 
enhanced Ca entry into the cells. Studies in vivo, utilizing chronically 
TMEV-infected mice, clearly showed enhanced remyelination. These 
studies strongly suggest that IgM antibody binding to the oligodendroglial 
surface initiates a signaling cascade, that eventually results in enhanced 
remyelination. These studies open the possibility of using antibody therapy in 
MS patients to stimulate myelin repair. 
Summary: During ongoing TMEV-IDD macrophage/microglia phagocytose 
viral particles but do not allow viral replication, blocked after transcription. 
Oligodendrocytes may be infected, but the bulk of active infectious virus 
replication is found in astrocytes. Oligodendrocytes, even after infection are 
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resistant to cytolysis and they may produce substantial remyelination when 
stimulated with antibody binding to their surface. 

2.2 Antigen presentation and inflammation 

Although viral persistence is necessary for disease, the immune response 
itself, not direct viral lysis, appears to cause the demyelination characteristic 
of TMEV-IDD. Therefore, another important area of investigation includes 
the identification of the cells in the CNS important in initiating and 
sustaining the immune response resulting in CNS inflammation and 
demyelination. 

The brain has been considered an immune-privileged site due to the blood- 
brain-barrior (BBB). The BBB includes cerebrovascular endothelial cells 
(CVEs) and astrocytes. CVEs differ from endothelial cells in the capillaries 
of other organs by their continuous tight junctions and lack of 
transendothelial pathways. The foot processes from astrocyes cover almost 
the entire surface of the CVE basement membrane. Together these cells 
provide a continuous cellular barrier between the blood and the interstitial 
fluid limiting the entry of immune cells such as T lymphocytes and 
antibodies. 

Activation of T cells requires two signals. The antigen-specific signal 
through the major histocompatibility complex (MHC) class II plus peptide 
and costimulatory signals, most notably through the B7 molecules on APCs. 
Efficient antigen presenting cells must take in antigen, process it into 
peptides which then are bound in the groove of the MHC class II molecule 
on its surface. Additionally, costimulatory molecules like CD40, B7-1 and 
B7-2 must be expressed in sufficient quantities for effective activation of 
CD4+ T cells. CNS cells express low to no levels of (MHC) class II, 
costimulatory and adhesion molecules and are therefore, under normal 
circumstances, not capable of activating T lymphocytes. 

During an inflammatory immune response, however, the BBB is disrupted 
and activated T cells along with infiltrating peripheral 
monocytes/macrophage begin to traffic into the CNS. How this initiation of 
CNS inflammation occurs and which resident CNS cells serve as antigen 
presenting cells (APCs), for initiation and during ongoing inflammation, has 
been the subject of much investigation. 

When treated in vitro with IFN-]', SJL astrocytes (isolated from neonatal 
mice) upregulated adhesion molecules ICAM-1 and VCAM-1, in addition to 
MHC class II, invariant chain, H2-M, and costimulatory molecules CD40 
and B7-1. These IFN-~'-treated astrocytes were capable of processing 
PLP139-151 peptide from intact proteolipid protein (PLP) and induced B7-1 
dependent activation of Thl lines and lymph node T cells (24). Soos et al 
also demonstrated that astrocyte clones are capable of processing and 
presenting protein antigen to activate T cells (25). 
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SJL astrocytes isolated from neonatal mice were compared with cloned 
SJL CVEs. In vitro studies demonstrated that although neither astrocytes nor 
CVEs constitutively express MHC class II, both cells up-regulated 
expression when incubated with IFN- 7 alone. TNF-c~ inhibits IFN-y-induced 
MHC class II up-regulation on CVEs, but not on astrocytes. Limited 
expression of costimulatory and adhesion molecules were found on CVEs as 
compared to astrocytes. B7-1, ICAM-1 and VCAM are found on astrocytes 
and upregulated by IFN-y. CD40, another important costimulatory molecule, 
was expressed on neither CVEs or astrocytes. B7-1 and VCAM was very 
low on CVEs but VCAM was upregulated strongly by treatment with IFN- 7 
and TNF-(x together. Not surprisingly, astrocytes, but not CVEs, elicit MHC 
class II-restricted T cell responses (26). These data suggest that astrocytes, 
in the inflammatory milieu of TMEV-IDD, can function as CNS APCs. 
CVEs, on the other hand, are less likely to participate. The question of 
whether CVEs could present antigen at the BBB to myelin-specific T cells 
remains unanswered. 

Microglia are more efficient than astrocytes at processing and presenting 
antigen to T cells (27). Microglia are bone marrow-derived, macrophage- 
like cells of the CNS which migrate into CNS during development and are 
considered to be resident macrophage populations. Microglia are phagocytic 
and can process and present antigen, including the dominant myelin epitope 
in the SJL mouse, PLP139-151. When infected in vitro with TMEV, 
microglia upregulate MHC class II/I, cytokines including the "anti-viral" 
IFN-a/13, co-stimulatory molecules including B7-1/2 and CD40, and 
adhesion molecules like ICAM-1 to a similar extent as IFN-7-treated 
microglia. Infected microglia can also process and present endogenous viral 
antigens to a virus specific T cell line (28). In MS, microglia were shown to 
phagocytoze myelin and express MHC class II plus costimulatory molecules 
(29). 

Summary: Once CNS inflammation has been initiated, peripheral 
macrophage certainly play a major role in the inflammatory demyelination 
characteristic of MS and TMEV-IDD. Microglia, the resident macrophage 
cell of the CNS, are fully capable of participating in the demyelinating 
inflammation. They are likely infected, although abortively, and are able to 
process and present viral antigens to T cells. Astrocytes may also participate 
in this process since they are not only infected, but are also capable APCs 
when in an inflammatory environment. CVEs, however, are unlikely to take 
part in antigen processing and presentation during TMEV-IDD, although 
their proposed role in the initial migration of antigen-specific T cells across 
the BBB remains a possibility. 

2.3 Epitope spreading 

TMEV-IDD is initiated by virus infection and chronic disease progression 
requires viral persistence. In addition to infiltrating macrophage, CNS 
resident microglia and astrocytes are not only infected, but are also capable 
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of processing and presenting viral antigens to virus-specific T cells, thereby 
triggering CNS inflammation. Interestingly, although virus-specific T cell 
responses are detectable throughout TMEV-IDD, T cell responses against 
self myelin antigens arise at around day 50 post infection (6). This 
autoimmune component may have a role in the chronic nature of TMEV- 
IDD. 

The mechanisms underlying the initiation and progression of MS are not 
well understood, however, like TMEV-IDD, viral infections may be 
important in induction while disease progression appears to be autoimmune. 
Several mechanisms in which virally induced disease may trigger 
autoimmunity have been hypothesized, including molecular mimicry, in 
which autoreactive T cells cross-reactive with a viral epitope are directly 
activated, non-specific T cell activation by a viral superantigen, and epitope 
spreading. 

Epitope spreading is a process in which tissue debris (myelin in this case) 
is phagocytosed, processed and presented in an inflammatory environment. 
As a result of this presentation of self epitopes, self-reactive T cells are 
activated. Epitope spreading plays a major role in the progression of myelin 
destruction in the SJL mouse during relapsing experimental autoimmune 
encephalomyelitis (R-EAE), another MS model (30). For more information 
on epitope spreading in EAE see section A, chapter 23. 

In TMEV-IDD, initiation of myelin damage is associated with the 
activation of mononuclear inflammatory cells by proinflammatory cytokines 
from TMEV-specific CD4+ T helper 1 (Thl) cells responding to viral 
epitopes presented by CNS resident APCs harbouring persistent virus. T cell 
proliferation to major encephalitogenic epitopes on PLP and myelin basic 
protein (MBP) (epitope spreading) can be detected by day 50 and delayed- 
type hypersensitivity (DTH) by day 90 PI, only after animals exhibit 
histological demyelination and clinical disease (31). The site of T cell 
activation during epitope spreading is not clear, however, CNS APCs may be 
important in this process. 

In fact, endogenous presentation of viral and myelin epitopes by plastic- 
adherent CNS-resident mononuclear cells (CNS APCs) isolated from the 
spinal cords of mice with ongoing TMEV-IDD was clearly demonstrated at 
90 days PI (32). In these assays, myelin-specific T cell lines were induced to 
proliferate by CNS APCs without the addition of antigen (endogenous 
presentation of antigen already present within and on the APCs). This 
antigen presentation was B7- dependent and MHC class II restricted. No 
endogenous presentation of viral epitopes was seen in APCs isolated from 
EAE (a non-viral model of MS) and no endogenous presentation of myelin 
epitopes could be detected using plastic-adherent CNS-resident mononuclear 
cells harvested from TMEV-IDD mice prior to onset of demyelination and 
clinical signs. These data suggest that immune mediated virally-induced 
inflammatory demyelination leads to presentation of myelin debris by CNS 
APCs. Autoreactive T cells are then activated and participate in the 
inflammatory response. For more information on autoreactive T cell 
activation in TMEV see section B, chapter 3 and 6. 
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The functional significance of epitope spreading was recently explored 
utilizing organotypic spinal cord explants from neonatal SJL/J mice. T cells 
were isolated from mice 50 days after TMEV infection, at the time when 
sensitization had been shown to be mainly limited to the major 
encephalitogenic PLP epitope. These cells, after stimulation with PLP, but 
not other myelin proteins were capable of demyelinating the myelinated 
cultures. These results strongly suggest that sensitization to myelin proteins 
in chronic TMEV infection is functionally significant (33). 
Summary: Although viral infection of peripheral macrophages, CNS 
resident microglia, and astrocytes initiates the demyelination of TMEV-IDD, 
ongoing presentation of both viral and myelin antigen by these CNS APCs 
certainly perpetuates the inflammatory demyelination seen in this model of 
MS. 
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The genetic basis for differential susceptibility to Theiler's virus-induced 
demyelinating disease is complex and often confusing, similar to the situation 
seen in analyzing the genetic risk for human multiple sclerosis. Numerous 
genetic loci have been identified as influencing the likelihood of disease 
development, most prominently among them the class I H2-D locus which has 
the single most important effect of any of the loci studied thus far. Genetic 
analysis is complicated, however, by the fact that susceptibility to the disease 
is not inherited as a consistently dominant or recessive trait, and that the 
relevant loci can differ from one mouse strain to another. The system has 
proved amenable to the utilization of numerous transgenic and knock-out gene 
systems to analyze the disease process. 

Theiler's murine encephalomyelitis virus (TMEV), demyelinating disease, 
multiple sclerosis, major histocompatibility complex (MHC), H2, H2-D, 
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Multiple sclerosis (MS) has a suspected infectious etiology based on 
epidemiologic evidence that viral infections may play a role in initiation 
and/or exacerbation of the disease (1, 2), but also has a clear genetic basis 
(3-9). Similarly, there is clearly a genetic component to the risk of 
developing demyelinating disease in mice infected with Theiler's murine 
encephalomyelitis virus (TMEV) (10-18). TMEV is a single-stranded RNA 
virus belonging to the Picornaviridae family (19). TMEV-induced 
demyelinating disease (TMEV-IDD) is a natural chronic-progressive CNS 
demyelinating disease with similarities to primary-progressive MS (20, 21). 
CNS pathology in TMEV-IDD is initiated by viral capsid protein-specific 
CD4 + T cells targeting virus persisting in CNS microglia, but autoreactive 
myelin-specific CD4 + Thl  responses arise via epitope spreading and 
contribute to chronic pathology (22, 23). Myelin destruction is mediated 
largely by the production of the pro-inflammatory cytokines, IFN-y and 
TNF-o¢ (24). Both HLA and numerous non-HLA loci have been implicated 
in contributing to the risk of human MS, although in many cases the 
statistical associations are low as might be anticipated for a genetically 
complex disease in an outbred population (25, 26). Similarly, multiple genes 
are involved in determining whether the anti-viral immune responses in 
TMEV-infected mice will eventually lead to the destructive inflammatory 
responses associated with demyelination. In some cases, effects on human 
and murine demyelinating diseases have been attributed to homologous loci 
in the two species (27). 

There are clear differences among various inbred strains of mice in 
susceptibility to the development of TMEV-IDD disease (Table 1), in terms 
of incidence, severity and time of onset. Some strains such as SJL/J, 
DBA/2J and SWR/J are highly susceptible and consistently develop severe 
demyelinating disease within a month of infection. Other strains such as 
C57BL/6 and C57BL/10 are highly resistant, with only an infrequent 
individuals developing disease after infection. Strains such as CBA and 
C3H (both H2 ~) develop relatively mild forms of the disease. BALB/c mice 
(H2 u) can be either resistant or susceptible, depending upon the substrain 
(28, 29). However, even the susceptible BALB/c substrains tend to develop 
only moderately severe disease (2), and the severity of disease within some 
strains can also vary considerably (29). C57BR mice (H2 k) are generally 
considered resistant (30), but do begin to develop signs of disease after a 
lengthy interval, 100+ days, following infection (Miller, personal 
communication). 
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T a b l e  1. Susceptible and Resistant Inbred and Congenic Mouse Strains 
H 2  type Susceptible Strains 
H 2  b 129Sv 
H 2  d BALB/c l, DBA/2, NZW 2, B10.D2 3 
H2 f B10.M 3 
H 2  ~ AKR, C3H, CBA, B10.BR 3 
H 2  q SWR, DBA/1, FVB 
1-12 ~ SJL 
H 2  r B 10.RIll 3 
H 2  u PL/J 
H 2  p P/J 

H 2  z NZB 2 

Resistant Strains 
C57L, C57BL/6, C57BL/10 
BALB/c I 

C57BR, B10.K 3 
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BALB/cByJ and BALB/cCum substrains are 

BALB/cAnNCr substrains are susceptible (28). 

Melvold (unpublished observations) 

Reference 31 

resistant. BALB/cJ and 

Resistance and susceptibility are not consistently dominant or recessive 
traits, but vary with the particular hybrid generated. Hybrids between 
different combinations of resistant and susceptible strains (Table 2) are 
sometimes susceptible, sometimes resistant, and sometimes intermediate. 
The outcome, therefore, is dependent upon the sum of the allelic interactions 
between the multiple loci that may vary between the susceptible and 
resistant parental strains. In comparisons among B10 congenics, where the 
non-H2 genotypes are held constant, resistance is inherited as the dominant 
trait and susceptibility as the recessive trait (31). However, when both H2 
and non-H2 genotypes are varied, this is not always true and the interactions 
between relevant loci may be complex. For example, hybrids between 
resistant C57BL/6 and susceptible DBA/2 mice are resistant, while those 
between resistant BALB/cByJ and susceptible DBA/2 mice are susceptible 
(32-34). Likewise, when susceptible SWR mice are crossed with either the 
resistant C57BL/6 or C57L strains (both carrying H2-Db), the two types of 
resulting hybrid progeny have markedly different susceptibilities, despite the 
very close similarities of the two types of resistant parents (35). Comparable 
results have been found in EAE, another animal model for multiple sclerosis 
(36) where some crosses between resistant and susceptible strains produced 
resistant hybrid progeny, while other crosses produced susceptible progeny. 

Human multiple sclerosis occurs more frequently in women than in men. 
In the TMEV model, differences in susceptibility between the two sexes 
have not been frequently noted, possibly because many studies employed 
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only one sex or the other. In some strain combinations, however, such 
differences have been reported. Among backcross and F2 progeny between 
the susceptible C57L and susceptible SJL strains, females were more 
frequently affected than males, by ratios ranging from 2:1 to 7:1. Similarly, 
among SWXL recombinant-inbred mice, generated between the susceptible 
SWR and resistant C57L strains, females were affected approximately 3 
times as frequently as males (37). 

Table 2. Hybrids Between Susceptible and Resistant Strains 
Resistant Susceptible H2 Status Reference 
Strain Strain genotype 
BALB/cByJ SJL H2b/H2 s Intermediate (60% affected) 38, 39 
C57BL/6 SJL H2b/H2 s Resistant (5-15% affected) 40 
C57L SJL H2b/H2 s Susceptible (100% 41 

affected) 
BALB/cByJ DBA/2 H2a/H2 d Susceptible (85% affected) 34 
C57BL/6 DBA/2 H2b/H2 ~ Resistant (0-10% affected) 32, 33 
C57BL/10 DBA/2 H2b/H2 d Resistant 42 
BALB/cByJ BALB/cAnNCr H2d/H2 d Resistant (30% affected) 28 
BALB/cByJ SWR H2d/H2 q Susceptible (94% affected) 35 
C57BL/6 SWR H2b/H2 q Intermediate (44% affected) 35 
C57L SWR H2b/H2 q Susceptible 35 
BALB/cByJ PL/J H2d/H2 u Susceptible (78% affected) Melvold 

(personal 
comm.) 
Melvold 
(personal 
comm.) 

C57BL/6 PL/J H2b/H2 u Resistant (25% affected) 

Immune response differences exist between strains in terms of 
immunodominant TMEV epitopes. For example, resistant C57BL/6 mice 
show stronger T proliferative responses to TMEV capsid proteins VP1 and 
VP3, while susceptible SJL mice proliferative more strongly to VP2 (43). In 
DTH assays, the two strains react equally to VP1 and VP3, but SJL shows a 
slightly stronger reactivity to VP2. No pattern of epitope specificity has 
been found, however, that is consistent across a variety of resistant and 
susceptible strains or H2 haplotypes. 

Several specific loci have been shown to influence the development of 
demyelinating disease following TMEV infection. In addition, associations 
between disease and specific DNA polymorphisms have identified several 
chromosomal segments as containing loci influencing disease. The loci and 
chromosomal segments affecting TMEV persistence or actual susceptibility 
to TMEV-induced demyelination are enumerated in Table 3. Lipton and 
Melvold (40) initially identified the involvement of both H2 and non-H2 
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genes. Numerous additional investigations (44-47) have demonstrated that 
major histocompatibility complex (MHC) genes are frequently of major 
effect in the differential susceptibility of inbred mouse strains to TMEV- 
IDD. Subsequent studies in several laboratories, utilizing different resistant- 
susceptible strain combinations, mapped the primary H2 contribution to the 
class I H2-D locus (42, 48-50). ~2-microglobulin deficient mice that are 
unable to express class I MHC molecules, and thus lack CD8 ÷ T cells, 
displayed an increased susceptibility (51-54). The importance of the MHC 
in the TMEV model is similar to human MS where statistical association of 
particular HLA genes with disease has been frequently reported (3, 7, 9, 25, 
26). 

Naturally existing polymorphisms at H2-D are usually important, with 
H2-D b usually associated with resistance, and H 2 - D  ''q'p'u'z alleles associated 
with susceptibility. The H2-D a and H2-D k alleles are found in both 
susceptible and resistant strains, illustrating the joint effects of both H2 and 
non-H2 genomes. Utilization of strains carrying mutated or transgenic H2-D 

alleles confirmed the importance of this locus. Mutations of either the c~l or 
o~2 domain of the H2-D a allele (49) or the H2-D h allele (42, 55) in resistant 
mice resulted in a change to the susceptible phenotype. Transgenic insertion 
of H2-D alleles associated with resistance into normally susceptible mice 
resulted in resistance (56-57). The importance of this H2 class I locus 
suggests that H2-D restricted CD8 + T cells have an important role in 
determining whether or not disease ensues after TMEV infection. CD8 + 
cytotoxic T cells generated in TMEV-infected animals are directed 
preferentially against H2-D-restricted capsid proteins (58-61), although their 
precise role in pathogenesis or protection is yet unclear. At one week post- 
infection, the CNS of resistant mice contained TMEV-specific CTLs that 
were only H2-D restricted, although both H2-D and H2-K restricted TMEV- 
specific CTLs were present in the spleen (58). Susceptible strains had no 
TMEV-specific CTLs in the CNS during this same time period (58). 

The importance of MHC genes in differential susceptibility to TMEV- 
induced demyelination (40, 42, 44-50), as well as their statistical association 
with the risk of multiple sclerosis in human populations (3-9) has led to 
experiments in which human HLA genes are inserted into mice to assess 
their effect on the development of demyelinating disease. This approach has 
led to insights in many disease models (62). Rodriguez and David (63) 
inserted the human HLA-B27 gene into susceptible B 10.D2-H2 am1 mice, and 
found that mice carrying the transgene exhibited less demyelination and 
lower expression of TMEV antigen than did non-transgenic controls. In 
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later experiments, mice lacking 132m and intrinsic class II gene expression 
were transfected with human DQ6 or DQ8 genes (64). While both types of 
transgenic mice exhibited similar levels of demyelination by 120 days post- 
infection, those with DQ8 developed demyelinated lesions more rapidly than 
did those with DQ6 (64). 

Non-H2 loci are also important in determining resistance or susceptibility 
(Table 3), as is readily apparent from comparing resistant BALB/cByJ and 
susceptible DBA/2J mice, both carrying H2 J. Utilizing various strain 
combinations, effects on susceptibility have been mapped to Theiler's 
murine encephalomyelitis virus demyelination-1 (Tmevd-1) on chromosome 
6 (38, 39, 47), Tmevd-2 on chromosome 3 (65), Tmevd-3 and Tmevd-4 on 
chromosome 14 (66) and Tmevd-5 on chromosome 11 (67). Several loci 
affecting TMEV persistence (e.g., Tmevp-1, -2, -3 and -pgl) have also been 
identified (68-73), several of them on chromosome 10. Loci (Tmevd-6, -7, - 
8, -9) have recently been identified on chromosomes 1, 5 and 15 (74) that 
affect the severity of clinical signs. Differences between resistant B6 and 
susceptible SJL mice that affect the persistence of TMEV have been mapped 
to chromosomes 10 and 18, near the Ifg (interferon-y) and Mbp (myelin basic 
protein) loci, (69, 70). A number of additional unnamed loci have been 
identified as well (see Table 3). 

Rodriguez et al (75, 76) assessed the effects of deletions (50 - 70%) of T 
cell receptor V~ genes, finding that intermediately susceptible B10.RIII 
mice (70% of VI3 genes deleted) had increased demyelination and viral 
loads. However, no other effects of deletion were found in normally 
resistant or susceptible animals. Bahk et al (77) found associations between 
susceptibility and particular VI3CI] polymorphisms. The involvement of 
chromosomal regions near or including T cell receptor genes is paralleled in 
humans by observations that some Vc~ and VI3 alleles are not randomly 
represented in MS patients (78-81). Even such closely related strains as 
C57BL/6, C57BL/10 and C57L (all H2 b) have differences in non-H2 genes 
affecting susceptibility evident in hybrid progeny produced by crossing these 
three strains with susceptible strains (35). For example, (D2 x B10.D2) F1 
hybrids are more susceptible than (D2 x B6.C-H-2d)F1 hybrids (Melvold, 
personal communication). 
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Locus Chromosome Effect References 
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MHC 
H2 (entire complex) 17 Affects susceptibility 40, 42, 44-47 
H2-D 17 Affects susceptibility 42, 44, 48-50 

Non-MHC 
Tmevd-1 6 (near TCR[3) Affects susceptibility 38 
Tmevd-2 3 (near Car-2) Affects susceptibility 65 
Tmevd-3 14 Affects susceptibility 66 
Tmevd-4 14 Affects susceptibility 66 
Tmevd-5 11 Affects susceptibility 67 
Tmevd-6 1 Affects severity of  74 

symptoms 
Tmevd-7 5 Affects severity of 74 

symptoms 
Tmevd-8 15 Affects severity of 74 

symptoms 
Tmevd-9 1 Affects severity of 74 

symptoms 
Tmevp-1 unknown Affects TMEV 68 

persistence 
Tmevp-2 10 Affects TMEV 69-71 

persistence 
Tmevp-3 10 Affects TMEV 71-73 

persistence 
Tmevpg I 10 Affects TMEV 73 

persistence 
Tcrl3 6 Deletions/polymorphis 75-77 

ms affect susceptibility 
Eae3 3 (near Tmevd- Affects susceptibility 34 

e) 
shiverer 18 Affects susceptibility 82 
Unnamed 18 Affects TMEV 70 

persistence 
Unnamed multiple loci Expressed in non- 72 

hematopoietic tissues 
Unnamed ?? Differs among SWR, 35 

C57BL/6 and C57 
strains 

UDP-galactose 11 Required for entry of 83 
transporter TMEV into mammalian 

cells 

C o m p a r i s o n s  be tween  suscept ib le  D B A / 2 J  and resis tant  B A L B / c B y J  

mice  have  impl ica ted  the s a m e  reg ion  of  c h r o m o s o m e  3 as Tmevd-2 and 
sugges t  the poss ib i l i ty  that  Tmevd-2 m a y  be identical  (or very  near)  to Eae3, 
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a gene governing susceptibility to EAE (experimental autoimmune 
encephalomyelitis), an autoimmune model for MS (34). Interestingly, a 
region of human chromosome 5 that is homologous to the region of mouse 
chromosome 15 containing Eae2 has been implicated in risk of MS (27). 

Additional comparisons employing different combinations of susceptible 
and resistant strains indicate that the relevant differential loci vary from one 
combination to another. For example, the differences between susceptible 
DBA/2 and resistant C57BL/6 mice map to both the H2-D and Tmevd-2 loci 
(65) while differences between resistant BALB/c and susceptible SJL mice 
are attributable jointly to H2-D and Tmevd-1 (38, 39, 47). Interestingly, the 
H2 complex is not always involved. Comparisons between resistant B6 and 
susceptible SWR mice indicate that susceptibility is due to a single non-H2 
locus other than Tmevd-1 and Tmevd-2, while differences between C57L and 
SWR are strongly affected by H2, as well as non-H2, genes (35). Thus, the 
genetic basis for susceptibility or resistance to TMEV-IDD disease is a 
complex, multigenic one. 

The genetically determined susceptible/resistant status of mice is not, 
however, immutable. Several resistant strains become susceptible if treated 
with various immunopotentiating agents prior to infection with TMEV. 
Normally resistant B6D2F1 hybrids become susceptible if treated with either 
low dose (2 - 20 mg/kg body weight) cyclophosphamide or low dose 
irradiation (50 - 300 rads) prior to infection (32, 33). C57BL10 and 
BALB/cByJ mice become susceptible if given low dose (200 - 300 rads) 
irradiation shortly prior to infection (28, 84-86). Thus exposure to such 
agents can reverse the intrinsic genetic "programming" of resistant animals, 
apparently by killing or inhibiting TMEV-specific CD8 + and/or other 
regulatory T cells that can inhibit the inflammatory demyelination (85, 86). 
It should be noted that comparable treatments of normally susceptible 
animals do not have substantive effects on the severity of disease (28, 32, 
33). However, Pullen et al (87) demonstrated that normally resistant 
C57BL/6 mice became susceptible if given LPS prior to infection, possibly 
due to alterations the innate immune response during infection. The 
difference between the H2-identical susceptible BALB/cAnNCr and 
resistant BALB/cByJ substrains is consistent with a single unmapped locus 
(28), and appears to be due to the lack of a CD4 + T cell subset required for 
activation of CD8 + T cells capable of preventing the development of 
inflammatory demyelination (88). These results are similar to those reported 
in EAE by Lando et al (36, 89). The differences between various 
immunopotentiating agents in their ability to convert specific resistant 
strains suggests that the genetic basis for resistance may differ among those 
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resistant strains. Thus the risk for an animal to develop demyelinating 
disease, whether induced by autoimmunity or by infection, involves at least 
three elements: (a) exposure to infection by TMEV, (b) genotype and (c) 
exposure to agents which can modulate the effects of genotype. 

Utilization of mice bearing deleted or inactivated molecules suspected to 
be involved in the disease process has provided additional insight into the 
mechanisms regulating TMEV-IDD (Table 4). Deletions affecting 
expression of either MHC class I or class II molecules are associated with an 
increase in susceptibility. Loss of MHC expression in resistant animals, due 
to an absence of ~2-microglobulin, inhibits CD8 + T cell function and is 
associated with development of TMEV-induced demyelination (51-53). In 
strains that are already susceptible, this leads to exacerbation of clinical 
signs (54). Similarly, loss of MHC class II molecules leads to early phase 
neurological disease, although the pathogenesis may be different. The loss 
of class II molecules inhibits CD4 + T cell function in generating both 
cellular and antibody responses and may eliminate much of the animal's 
ability to resist the infection altogether, leading to a viral encephalitis (90, 
91). The loss of IFN-c~ and IFN-[3 receptors from normal resistant FVB 
mice led to a rapid infection and death due to loss of neural tissue after 
TMEV infection. Those who carried deletions of the IFN- 7 receptor 
developed a late phase disease with demyelination (92). 

Table 4. Loci Involved in Functions Pertinent to TMEV-IDD 
Locus Function Reference 
Beta-2-microglobulin 

MHC class I1 

CD4 

Interferon-~x,-]3,-7 receptors 

L-selectin 

Perforin 

Loss results in non-expression of 51-54 
MHC I molecules 
Deletion ofMHC II genes is 90, 91 
associated with susceptibility 
Loss leads to TMEV persistence 93 
and demyelination 
Deletion causes loss of cytokines 92 
associated with viral infection and 
inflammation 
Reduced number of CD8 + T cells 94 
in CNS 
Involved in killing of virally 95, 96 
infected cells 

Normally resistant C57BL/6 mice bearing knock-out mutations of the L- 
selectin gene, involved in targeting of activated T cells to sites of infection, 
exhibited diminished CNS infiltration of CD8 + T cells following TMEV 
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infection (94). This diminished infiltration, however,  did not appear to 
inhibit CNS clearance of  TMEV.  Loss of  the perforin gene, utilized by 
cytotoxic CD8 + T cells to destroy TMEV-infected  cells, led to increased 
viral load and demyelination in otherwise resistant animals (95, 96). 

In summary, the genetic influence on the development  of  TMEV-induced 
demyelination is an exceedingly complex one similar to the genetic loci 
influencing susceptibility to MS. Not only are numerous loci, both MHC 
and non-MHC involved, but the precise combinations of  such genes that are 
present in a particular animal have considerable influence on the outcome. 
A gene that may promote demyelination in one genetic setting, may promote 
resistance in another. A major role is clearly evident for loci of the H2 
complex,  particularly the H2-D class I locus. However ,  the precise 
mechanisms by which these genes, and their products and the other genes 
with which they interact, ultimately produce the resistant or susceptible 
phenotypes still requires considerable investigation. 
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The immune response to TMEV involves activation of both the 
innate and adaptive immune responses. The innate immune 
response is the initial response by the host to a viral infection. 
The adaptive immune response follows the initial response and 
is mediated by CD8 + and CD4 + T cell and antibody responses 
specific to the viral antigens. CNS pathogenesis in TMEV-IDD 
is associated with long-term virus persistence in CNS-resident 
microglia and macrophages which leads to the activation of a 
virus-specific CD4 + Thl response. Myelin destruction is 
initiated by the bystander effector functions of CNS-resident 
mononuclear cells which are activated both directly by the 
innate immune response to persistent TMEV infection and 
indirectly by pro-inflammatory cytokines released by virus- 
specific Thl cells. Initial myelin destruction leads to the release 
of myelin antigens and the subsequent activation of myelin 
epitope-specific autoreactive CD4 * Thl cells via epitope 
spreading which are largely responsible for chronic disease 
progression. 

Theiler's murine encephalomyelitis virus (TMEV), demyelinating disease, 
multiple sclerosis, epitope spreading, molecular mimicry 
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1. Introduction 

Theiler's murine encephalomyelitis virus' (TMEV) infection triggers a 
two-step immune response directed towards the virus. The initial response is 
the innate immune response that occurs immediately following virus 
infection which is geared to control the early stages of virus replication. The 
second response is the adaptive or virus-specific immune response that arises 
with a few days and which is necessary to clear the virus infection from 
mouse strains which are resistant to induction of TMEV-induced 
demyelinating disease (TMEV-IDD). In susceptible mouse strains, however, 
virus is not cleared from the mouse resulting in a persistent infection of 
central nervous system (CNS) mononuclear cells including resident 
microglia and infiltrating peripheral macrophages. CNS viral persistence 
leads to a cascade of events in which pro-inflammatory cytokines released 
from virus-specific CD4 + T cells cause initial macrophage-mediated myelin 
tissue damage, release of endogenous myelin antigens, and eventual 
activation of myelin epitope-specific autoreactive CD4 ÷ T cells via the 
process of epitope spreading. Thus, adaptive immune responses to both 
viral and self epitopes appear to be involved in the chronic-progressive 
pathogenesis of TMEV-IDD. 

This chapter will begin with discussion of the distinct roles of TMEV- 
specific CD4 + and CD8 + T cell responses in both virus clearance and the 
initiation of CNS pathology. Secondly, the role of myelin-specific 
autoreactive CD4 ÷ T cells in chronic progressive disease will be discussed. 
Finally, the innate immune response to TMEV will be discussed in relation 
to the activation of persistently infected CNS mononuclear cells and their 
role as effector cells in axonal demyelination and as antigen presenting cells 
in CNS activation of both virus-specific and autoreactive T cells. 

2. Role of virus-specific T cell responses in disease resistance/ 
susceptibility 

Susceptibility to TMEV-induced demyelinating disease has been 
associated with the CD8 ÷ T cell response by the finding that 
resistance/susceptibility is linked to the H2-D locus of MHC class I gene (1- 
4). A potent CD8 + T cell response has been shown to mediate viral 
clearance in genetically resistant mice and a weak anti-TMEV CTL response 
and inability to clear the infection is associated with CNS viral persistence 
and subsequent demyelinating disease in susceptible mouse strains. Virus 
persistence in the CNS is associated with the later development of the 
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myelin-specific autoimmune responses leading to the chronic phase of 
disease in these mice. Mutations in the H-2D MHC class I locus of resistant 
mice leads to viral persistence and development of demyelinating lesions in 
these mice (5). CD8 + T cell depletion in the resistant strains confers virus 
persistence and demyelination while CD8 + T cell depletion in susceptible 
strains does not alter demyelination (6-9). TMEV infection of ]32- 
microglobulin (132M)-deficient mice, which lack expression of MHC class I 
expression and thus lack functional CD8 + T cells, further demonstrates the 
critical role of CD8 + T cells in disease resistance. Infection of 132M-deficient 
mice on the resistant C57BL/6 background resulted in the development of 
pathologic signs of demyelinating disease, while infection of [32M-deficient 
mice on the susceptible SJL background resulted in enhanced demyelination, 
earlier onset of disease and increased levels of persistence virus in the CNS 
(10,11). Further, adoptive transfer of CD8+T cells from TMEV-infected 
resistant mice into susceptible mice protected them from demyelinating 
disease following TMEV infection (12). Recent studies have identified the 
H-2D restricted epitopes from the TMEV capsid proteins that are recognized 
by CD8 + T cells in TMEV infected resistant mice (13). Likewise, functional 
CD8 + T cells specific for viral epitopes have been isolated from the CNS of 
infected susceptible SJL mice in which the epitopes are H-2K restricted (14). 
Therefore, the TMEV-specific CD8 + T cells are activated following infection 
in both susceptible and resistant mice strains, however, the susceptible mice 
do not have the H-2D restricted response that has been linked to efficient 
viral clearance from the CNS. 

In contrast to virus-specific CD8 + T cell responses which are associated 
with disease resistance, susceptibility to TMEV-IDD is correlated with a 
strong CD4 + T cell response to viral antigens. TMEV-IDD is a CD4 ÷ T cell 
dependent disease as demonstrated by numerous observations. Depletion of 
CD4 + T cells in SJL/J mice infected with TMEV dramatically decreased 
disease incidence and delayed onset of demyelinating disease while a similar 
depletion of CD8 + T cells did not lead to a decrease in demyelinating disease 
(6-8). The MHC class II-restricted CD4 + T cell response can be recognized 
in infected mice by high level delayed type hypersensitivity (DTH) 
responses to viral antigens beginning at 7-10 days post-infection and 
continuing throughout the late chronic phase of disease (1,15). Mice 
resistant to TMEV-IDD develop a low level DTH response to viral antigens, 
but develop similar virus-specific T cell proliferative responses and serum 
antibody levels as susceptible mice (16). The immunodominant CD4 + T cell 
determinant in the susceptible SJL/J mice has been mapped to the TMEV 
VP2 capsid protein, specifically VP2 70-86 (17). Systemic transfer of VP2 
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70-86 specific CD4 + Thl cells into SJL/J mice infected with a suboptimal 
dose of TMEV increased the incidence and severity of demyelinating disease 
(6). Thus, VP2 74-86 specific CD4 + T cells have functional 
immunopathologic potential in virus infected mice. Minor CD4 + T cell 
epitopes have also been identified on other TMEV capsid proteins, VP1 
(VP1 233-250) and VP3 (VP3 24-37) (18,19) and may also contribute to the 
immune-mediated demyelination. 

TMEV-IDD is initiated by TMEV-specific CD4 + T cells which respond to 
persistent virus in the CNS (Figure 1). TMEV-specific CD4 + T cell 
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Figure 1. Temporal development of TMEV-IDD clinical disease and CD4 + T cell 
responses. SJL/J mice infected with BeAn strain of TMEV develop a chronic progressive 
demyelinating disease associated with clinical signs (line graph). CD4 + T cell responses to 
viral antigen (VP2 70-86) and myelin antigen (PLP139-151) were assayed from infected mice 
at various times following infection by splenic proliferation assays (bar graph). 

responses are detected within 4-5 days following infection and persist for at 
least six months, while T cell responses to myelin basic protein (MBP) and 
proteolipid protein (PLP) are not detected until 50-60 days post infection 
which is after disease onset which typically occurs 30-40 days post-infection 
(20,21). Proof of the critical pathologic role for TMEV-specific CD4 + T 
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cells in initiation of demyelination is demonstrated by the observation that 
tolerance induced by intact TMEV virions coupled to syngeneic splenocytes 
prior to or shortly after virus infection, which specifically anergizes virus- 
specific Thl responses (22,23), results in a dramatic reduction in the 
incidence and severity of demyelinating lesions and clinical disease in SJL/J 
mice subsequently infected with TMEV (24). Tolerance specifically 
reduced the virus-specific CD4 ÷ Thl response in the mice and reduced the 
number of CD4 + T cells infiltrating the CNS (24). Thus, the virus-specific 
CD4 + T cells appear to play contrasting roles by contributing to virus 
clearance by serving as helper cells for virus-specific CD8 ÷ CTLs and B 
cells, but also by contributing to the initiation of demyelinating disease. 

3. Role of myelin-specific T cell responses in TMEV-IDD 

Neuroantigen-specific T cells do not play a significant role in disease 
initiation. As described previously, although responses to TMEV epitopes 
arise within 4-5 days post-infection, MBP and PLP responses are not 
detected prior to disease onset (30-40 days PI) (20,25) and induction of 
peripheral tolerance to mouse spinal cord homogenate (MSCH a 
heterogeneous mixture of multiple neuroantigens) 7-14 days prior to TMEV 
infection fails to affect the initiation of TMEV-IDD and the accompanying 
virus-specific T cell and antibody responses (26). However, this tolerogenic 
regimen is extremely effective in preventing clinical and histologic signs of 
MSCH-induced relapsing EAE (R-EAE) and the accompanying 
neuroantigen-specific DTH responses (26,27). In addition, there appears to 
be no cross-reactivity between CD4 + T cells specific for the 
immunodominant TMEV epitopes and myelin proteins indicating that the 
wildtype BeAn strain of TMEV contains no epitopes which mimic the 
immunodominant myelin epitopes in the SJL mouse (28). 

Although myelin-specific responses appear to not be involved in disease 
initiation, they play an important role in the chronic stages of the disease 
process. Approximately 45-55 days post-infection (2-3 weeks after the onset 
of clinical disease), when myelin damage reaches a critical threshold, CD4 + 
T cell responses to the immunodominant myelin PLP139-151 epitope appear 
(28), and as disease progresses T cell responses to multiple additional 
encephalitogenic myelin epitopes (e.g., PLP56-70, MOG92-106, PLP178- 
191, and MBP84-104) arise in an ordered progression (21,28). Following 
i.c. infection with the wildtype BeAn strain of TMEV, anti-myelin epitope 
responses arise via epitope spreading as indicated by the late appearance of 
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anti-myelin T cells and lack of cross-reactivity between T cells specific for 
TMEV epitopes and myelin proteins and peptides and vice versa (28). Thus, 
epitope spreading appears to play a role in progression of TMEV-IDD 
similar to the roles we have described that intermolecular and intramolecular 
epitope spreading play in mediating relapses in two different models of 
myelin peptide-induced relapsing EAE (R-EAE) in the SJL mouse (29,30). 

Relevant to the pathologic role of these autoreactive T cells, recent 
evidence has shown that PLP139-151-specific T cells can be found in the 
CNS of mice with chronic TMEV-IDD at 65 days post-infection(31) and that 
these autoreactive T cells can demyelinate in vitro organotypic CNS cultures 
(32). More importantly, we have reported that induction of peripheral 
tolerance to MP4 (a recombinant fusion protein comprising the 21.5 kD 
isoform of human MBP and a recombinant variant of human PLP) at 45 days 
post-infection attenuated disease progression and decreased demyelination 
and inflammatory cell infiltration in the CNS (31). In addition, antigen 
presenting cells isolated from the CNS of infected mice present myelin 
epitopes to myelin-specific CD4 + T cells in vitro (33). Thus, autoreactive 
CD4 + T cell responses to myelin epitopes develop only after clinical signs of 
demyelinating disease are evident, however these responses play a major 
pathologic role in mediating chronic progression of the disease (Figure 1). 
Collectively, these results are consistent with a model (Figure 2) wherein 
virus-specific CD4 + Thl cells responding to the persistent virus infection of 
CNS APCs secrete pro-inflammatory cytokines that recruit and activate 
mononuclear inflammatory cells that initiate myelin damage in the CNS 
(34). The damaged myelin is then processed and presented by CNS APCs 
and infiltrating macrophages to infiltrating autoreactive CD4 + T cells which 
then secrete pro-inflammatory cytokines to perpetuate the chronic pathologic 
process. The epitope spreading hypothesis is also supported by observations 
that CNS APCs isolated from TMEV-infected mice 60-90 days post- 
infection endogenously present both virus and multiple myelin antigens to 
specific CD4 + T cell lines, whereas CNS APCs isolated at 40 days post- 
infection endogenously present virus, but not myelin antigens (33). Thus, 
epitope spreading is the primary mechanism for initiation of the autoimmune 
response in TMEV-IDD (28). 

4. TMEV-IDD Model of Molecular Mimicry 

As described above, myelin-specific autoreactive CD4 + T cell responses 
in TMEV-IDD are initiated by epitope spreading; however, autoimmune 
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Figure 2. Model of Initiation and Progression of TMEV-Induced Demyelinating 
Disease. Infection of susceptible SJL/J mice leads to an inefficient CD8 ÷ CTL response 
resulting in virus persistence in the CNS. TMEV-specific CD4 + T cells then infiltrate the 
CNS and release pro-inflammatory cytokines, promoting infiltration and activation of 
peripheral macrophages and CNS-resident APCs (microglia and astrocytes) which cause 
bystander myelin damage. Via the process of epitope spreading, myelin debris is then 
phagocytized and processed by microgliaJmacrophages and endogenous myelin epitopes are 
presented to myelin-specific autoreactive T cells which play the predominant role in chronic 
immunopathology.. 

responses can also be initiated by molecular mimicry during infection. 
Molecular mimicry is the activation of cross-reactive T cells during a virus 
infection which recognize both a viral epitope and a self epitope due to 
sequence homology. We have recently provided conclusive evidence that 
CD4 + T cell-mediated molecular mimicry can be initiated following virus 
infection. A nonpathogenic mutant of TMEV was used to construct a model 
to test the ability of a virus to encode a self sequence and initiate 
autoimmunity by molecular mimicry (35). Infection of SJL/J mice with a 
recombinant TMEV containing the immunodominant PLP139-151 epitope 
resulted in a rapid-onset, severe demyelinating disease mediated specifically 
by PLP139-151 specific CD4 + Thl cells (35). The pathologic role of 
autoreactive T cells in mediating the early-onset demyelinating disease was 
demonstrated by the findings that tolerance induced with PLP139-151- 
coupled splenocytes prior to infection protected SJL mice from disease 
development and serial transfer of PLP139-151 specific CD4 + T cells from 
infected mice to a naive recipient resulted in induction of demyelinating 
disease (36). More relevant to proof of autoimmunity via molecular 
mimicry, infection of mice with recombinant TMEV containing a mimic 
PLP139-151 sequence derived from the protease IV gene of Haemophilus 
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influenzae resulted in an early onset demyelination concomitant with 
induction of CD4 + T cell responses cross-reactive with PLP139-151 (35). 
Therefore, although infection with wildtype TMEV does not result in 
induction of autoimmunity via molecular mimicry, the virus provides the 
structure and specificity to facilitate study of a molecular mimicry model of 
virus-induced demyelinating disease. 

5. Innate Immune Response Induced by TMEV Infection 

The innate immune response occurs immediately following infection in 
response to pathogen-associated molecular patterns (PAMPs) integral to the 
pathogen, such as double-stranded RNA (dsRNA) derived from virus 
infection, lipopolysaccharide (LPS) from gram negative bacteria and 
peptidoglycan from gram positive bacteria. These molecular patterns are 
recognized by Toll like receptors (TLRs) which are a class of innate immune 
receptors identified in humans and mice. At least ten TLRs have been 
described in humans (37) and all require MyD88 in their signaling that leads 
to the activation of NFkB resulting in expression of multiple innate immune 
cytokines, including type I interferons (IFN-a and IFN-J3), IL-1, IL-12, TNF- 
(x, etc. In virus infections, type I interferons are produced in response to 
dsRNA (38) which is commonly found in the replication cycles of multiple 
viruses, including TMEV, but which is not found in mammalian cells (39). 
The cellular response to dsRNA is dependent on the dsRNA-activated 
protein kinase R (PKR), a dormant enzyme directly activated by binding of 
dsRNA which leads, via the activation of NFr, B, to the production of type I 
IFNs (40). In turn, type I IFN signaling takes place through an IFN receptor 
complex consisting of two alpha chains (type I IFN receptor) complexed 
with Jakl and Tyk2. These kinases phosphorylate Statl and Stat2 
respectively eventually leading to upregulation of MHC class I and II and 
many other downstream effects (41). A recent study has also reported that 
TLR3 binds dsRNA suggesting a TLR pathway for virus recognition by the 
innate immune response (42). 

Relevant to the chronic-progressive pathogenesis of TMEV-IDD, we have 
shown that na'fve microglia could be persistently infected with TMEV in 
vitro (43). Significantly, these infected microglia were activated to 
upregulate expression of cytokines involved in innate immunity (TNF-tx, IL- 
6, IL-18 and, most importantly, type I interferons) along with upregulation 
of MHC class I and II, IL-12, various co-stimulatory molecules (B7-1, B7-2, 
CD40 and ICAM-1) and chemokines (MCP-1 and MIP-lct). Most 
significantly, TMEV-infected microglia were able to efficiently process and 
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present both endogenous virus epitopes and exogenous myelin epitopes to 
inflammatory CD4 + Thl cells whereas microglia exposed to UV-inactivated 
TMEV remained inefficient APCs. Thus ,  productive TMEV infection of 
microglia activates these cells to initiate an innate immune response which 
may lead to the activation of naive and memory virus- and myelin-specific 
adaptive immune responses within the CNS and, in addition, causes them to 
elaborate pro-inflammatory molecules (e.g. iNOS and TNF-o0 involved in 
myelin destruction. Collectively, these results suggest that astrocytes, 
activated microglia, and CNS-infiltrating macrophages (Figure 2), exposed 
to the pro-inflammatory cytokine environment encountered during immune- 
mediated TMEV demyelination and/or upon direct infection with TMEV 
have the potential of stimulating both activated (involved in initiation of 
disease) and naive (possibly involved in epitope spreading) virus/myelin- 
specific T cells which gain access to the CNS. 

6. Conclusions 

The immune response following TMEV infection of genetically 
susceptible mouse strains leading to chronic immune-mediated 
demyelination is a complex and multi-step process involving activation of 
innate immune signals within persistently infected CNS-resident APCs, 
CD4 + and CD8 + anti-viral T cells, and autoreactive myelin-specific CD4 + T 
cells. Myelin destruction is initiated by virus-specific CD4 ÷ T cells 
responding to persistent virus infection resulting in the release of pro- 
inflammatory chemokines and cytokines which activate CNS-resident 
mononuclear to cause bystander myelin destruction. Subsequent release of 
myelin antigens into the inflammatory environment leads to epitope 
spreading and the activation of myelin-specific CD4 + T cells that continue to 
perpetuate the chronic demyelinating process. 
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Abstract: Cytokines, chemokines and adhesion molecules play pivotal roles in the 
initiation and progression of TMEV-induced demyelinating disease. 
Furthermore, the same cytokines, chemokines and adhesion molecules are also 
important in induction of protective immune responses that are necessary to 
eliminate persistent viral infection. Thus, the type, level and timing of the 
initial responses of cytokines, chemokines and adhesion molecules upon viral 
infection, as well as consequent immune responses, will likely determine the 
pathogenic or protective outcome. The previous trials to intervene the 
development and progression of disease have been focused on the 
inflammatory Thl responses. However, recent studies have indicated that 
these molecules induced directly by viral infection are important in clearing 
viral persistence and shaping adaptive immune responses. Therefore, 
investigations to block the initiation of the inflammatory responses, as the 
early events of cellular infiltration to CNS and cytokines/chemokines involved 
will be very valuable. 

Key words: Chemokines, Cytokines, TMEV, Astrocyte, Microglia, Oligodendrocyte 

Intracerebral infection of  susceptible strains of  mice with Thei le r ' s  murine 
encephalomyel i t is  virus (TMEV)  leads to a chronic immune-media ted  
demyel inat ing disease of  the central nervous system (CNS) that is very 
similar to human multiple sclerosis (MS). There  are two subgroups of  
TMEV;  the first group, which includes the G D V I I  and FA viruses, causes a 

rapid fatal encephalitis. The BeAn and D A  viruses belong to the second 
subgroup,  and cause a biphasic neurological  disease in susceptible mice such 
as SJL/J (1). However ,  the clinical and histopathological  symptoms  of  BeAn 

and DA differ in the acute phase of  disease. Infection with the DA strain 

leads to an acute polioencephali t is  in the gray matter  causing flaccid limb 
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paralysis and neuron degeneration followed by chronic viral persistence in 
the white matter of the spinal cord leading to demyelination. The BeAn 
strain, on the other hand, is characterized by a clinically undetectable acute 
phase followed by a very similar chronic phase and demyelination in the 
white matter. Thus, the TMEV strain used in the experiments may affect the 
experimental outcome and consequent interpretations. 

Demyelination in the white matter leading to clinical symptoms is 
associated primarily with cell-mediated immune responses, in particular 
inflammatory Thl  responses to both viral and autoantigens (2, 3). However, 
the role of cytotoxic T cells in pathogenesis of demyelination is not yet clear, 
although this cell population appears to be important for clearing viral 
persistence resulting in the protection from TMEV-induced demyelinating 
disease. The major CD4 + and CD8 + T cell epitopes of TMEV in resistant 
and susceptible mice have recently been determined; therefore studying the 
anti-viral immune response in the CNS is now feasible (2, 4, 5). Early 
studies with cytokines have mainly been focused on defining the Th types. 
Analysis of cytokines, chemokines and adhesion molecules involved in 
TMEV-induced demyelinating disease is quite complex since these 
molecules are produced by not only various activated immune cells but also 
many different CNS resident glial cells directly upon viral infection. 

1. CYTOKINES 

Due to the inflammatory nature of the immune response to TMEV, the 
cytokines produced by resident CNS cells and infiltrating immune cells are 
likely to play a key role in the pathogenesis of TMEV. TMEV-induced 
demyelinating disease (TMEV-IDD) appears to be mediated by CD4 + T cells 
that gain access to the CNS after viral infection. The T cells that are found 
within demyelinating lesions of the CNS preferentially produce IFN-~, (5, 6), 
therefore the initial establishment of a T helper type 1 (Thl) response may 
be critical for the pathogenesis of TMEV. While the pathogenic role of 
CD4 + T cells is well accepted, the role of CD8 + T cells is controversial. 
However, it is conceivable that virus specific CD8 + T cells are critical for 
viral clearance, as well as pathogenesis via IFN-'/production (5). A fine line 
of balance of various cytokines produced by glial cells, antigen presenting 
cells (APC), natural killer (NK) cells, as well as helper T cells and CD8 + T 
cells, may contribute to protection or pathogenesis. Due to the inflammatory 
nature of immune responses in the CNS following infection with TMEV, the 
majority of the previous studies have focused on the cytokines associated 
with Thl  and/or Th2 responses. 
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1.1 Cytokines in the CNS following viral infection 

Many studies have examined the production of various cytokines 
throughout the course of TMEV-IDD. Susceptible SJL/J mice demonstrate 
an early production of the inflammatory cytokines, Interferon (IFN)-y, tumor 
necrosis factor (TNF)-~, and also the anti-inflammatory cytokines IL-10 and 
IL-4 within the CNS of infected mice during the preclinical phase of disease 
following viral infection, and these levels continue to rise into the chronic 
phase of disease (7, 8). Attempts have been made to determine the order of 
cytokine production in the CNS following viral infection and the results 
somewhat vary, i.e. Thl associated cytokine production precedes Th2 
associated cytokines in some studies (7, 9) and virtually the same time by 
others (8). Both resistant C57BL/6 and susceptible SJL/J mice show an 
early production of IFN-y, IL-1, IL-6, IL-12 and TNF-ct (10, 11). However, 
SJL/J mice show greater levels of these cytokines, particularly tumor growth 
factor (TGF)-J3 (11). It has been postulated that this increase in TGF-[3 may 
be responsible for the insufficient anti-viral immune response in SJL/J mice. 
Cytokine secretion during the acute phase is sustained during the chronic 
phase of disease in SJL/J mice. C57BL/6 mice, on the other hand, show 
very little cytokine secretion in the CNS at this late time point (10, 11). 
These studies indicate the importance of individual cytokines on the 
development and progression of disease. However, the cellular origin of the 
cytokines in these studies has not been elucidated and may reflect the level 
of many different inflammatory responses, in addition to the Th responses. 

1.2 Cell types involved in cytokine production 

The earlier studies have heavily emphasized on cytokine production by T 
cells. Due to the difficulties in isolating T cell population from the CNS, 
peripheral T cells specific for viral epitopes have frequently been analyzed. 
These early studies indicated that virus-specific T cells predominantly 
produce IFN-y, a potent proinflammatory cytokine. Recent advancements in 
cytokine detection with small numbers of antigen-specific T cells utilizing 
ELISPOT and intracellular cytokine staining accompanied by flow 
cytometric analysis, have permitted to assess cytokine production by various 
infiltrating T cell populations. Again, the majority of virus-reactive T cells, 
including Th and CTL produce proinflammatory cytokines, like IFN-y and 
TNF-c~, although some subpopulations produce anti-inflammatory cytokines 
such as IL-4/IL-5 and/or IL-10 ((5, 6), Lyman and Kim, unpublished data). 

Previous studies have indicated that the main reservoir of viral replication 
is microglia/macrophages in the CNS and depletion of macrophages protect 
mice from TMEV-IDD. Our initial studies indicate that the majority (>50%) 
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of microglias in the CNS of TMEV-infected SJL/J mice produce TNF-c~, 
compared to a minor population (<5%) of macrophages (Mohindru and Kim, 
unpublished data). Infection of other glial cells (e.g. astrocytes, 
oligodendrocytes) within the CNS is also crucial for viral persistence. 
However, isolation and maintenance of these glial cells from infected adult 
mice are rather difficult. 

Consequently, astrocytes, oligodendrocytes and microglia derived from 
neonatal mice have been utilized to investigate whether virus infection of 
these cell types directly induces the production of chemokines, cytokines and 
other surface and secreted molecules. Early studies using cultured murine 
astrocytes illustrated TNF-a production following TMEV infection (12). 
Recent studies with isolated glial cells, astrocytes in particular, indicate that 
the expression of various proinflammatory cytokine genes (e.g. IL-12, IL-6, 
TNFc~, IL-I, IFN[3) is directly induced by TMEV infection via the NFvd3 
pathway (Palma and Kim, unpublished). The cytokine induction in astrocyte 
cultures following TMEV infection has been further extended by using 
pathogenic and low-pathogenic viruses (13). This study shows that key 
proinflammatory cytokines, such as IL-12 and IL-1, are vigorously induced 
by the pathogenic virus, whereas much reduced levels by low-pathogenic 
virus. In addition, TMEV infection similarly induces the upregulation of 
several pro-inflammatory cytokines and molecules in isolated microglia 
cultures. Among these molecules are TNF-a, IL-6, IL-18, type I IFNs, and 
IL-12 (14). 

In addition to the glial cells, it is possible that TMEV infection may also 
induce proinflammatory cytokines in professional antigen presenting cells, 
which critically affect the initial commitment of Thl/Th2 differentiation 
(13). Infection of isolated dendritic cells and macrophages with TMEV 
results in preferential upregulation of IL-12 production over IL-10, 
suggesting the importance of cytokines directly induced by TMEV infection 
in subsequent inflammatory immune responses. 

1.3 Effects of manipulation of cytokine levels 

In order to study the role of cytokines in the progression of demyelinating 
disease, the effects of these cytokines on the development of disease have 
been extensively investigated following the neutralization or overexpression 
of the key cytokines. Since TMEV-induced demyelinating disease is 
considered as an immune-mediated inflammatory disease, most of the early 
studies have focused on either inhibiting inflammatory cytokines or 
enhancing anti-inflammatory cytokine production (15). 

IL-12 secreted by antigen presenting cells is critical in the Thl 
commitment by na'l've Th cells. By neutralizing IL-12 using a monoclonal 
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antibody (mAb), the immune response to TMEV and the disease progression 
have been studied in the absence of an effective Thl response, which has 
been determined to be critical for the pathogenesis of TMEV-IDD. Two 
separate studies have yielded very different results. The first study showed 
that the elimination of IL-12 leads to suppression of disease, decrease IFN-y 
and TNF-ct production with a concomitant increase in the Th2 type cytokines 
IL-4 and IL-10 (16). The second report indicated that anti-IL-12 mAb 
treatment had no effect on TMEV-mediated pathology (17). The use of 
different strain of virus (BeAn and DA respectively), as well as the 
differences in the timing and dose of mAb treatments may have affected the 
experimental outcome. 

IFN-y is produced by many different cell types, including NK/NKT, Th as 
well as cytotoxic T cells and affects the immune system in many different 
ways. This cytokine is critically important for upregulation of 
proinflammatory cytokines and chemokines, activation of macrophages and 
NK cells, as well as molecules involved in cellular trafficking. The 
production of IFN-y is drastically upregulated in the CNS following virus 
infection; therefore it is possible that the elimination of this cytokine may 
lead to protection from TMEV-IDD. Surprisingly, depletion of IFN-y by the 
use of neutralizing mAbs or IFN- 7 receptor-deficient mice, lead to an 
exacerbation of clinical symptoms rather than a protection from disease (18- 
20). However, intracerebral administration of recombinant IFN-y also lead 
to exacerbation of disease (18). A likely explanation is that IFN-y is 
necessary to activate microglias/macrophages, CTL and NK cells, that are 
critical for protective immunity. In the absence of 1FN-y, the initial anti- 
viral immune response may not be able to effectively clear virus from the 
CNS hence leading to enhanced disease. On the other hand, an excess 
amount of IFN-7 may lead to a highly inflammatory environment, which 
ultimately recruits and promotes more pathogenic Thl cell responses in the 
CNS to inflict neurological damage. 

TNF-ct is another important pro-inflammatory cytokine produced in 
significant quantities early after viral infection by both lymphocytes and 
glial ceils in the CNS. Both susceptible and resistant mice produce TNF-a, 
but susceptible mice produce higher levels during both the acute and chronic 
phases of disease (10, 11, 21). Administration of neutralizing anti-TNF-a 
mAb to susceptible mice at the time of disease onset suppresses the 
development of both clinical and histopathological signs of disease (21). In 
contrast, administration of anti-TNF-~ prior to and during the course of 
infection does not suppress disease (22) and injection of recombinant TNF-a 
at those time points ameliorates disease. Thus, treatment regimens that 
differ in timing of administration appear to be critical for the outcome of the 
cytokine effects. Taken together, TNF-c~ may also have dual functions: 
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protective role in the initial stages of viral infection, perhaps by activating 
innate immunity and pathogenic effects after establishment of viral persis- 
tence by promoting inflammatory responses. 

. C H E M O K I N E S  

Chemokines are low molecular weight chemotactic proteins that bind and 
signal through G protein coupled receptors. In many inflammatory diseases 
including MS, chemokines play an important role in mediating the 
infiltration of various inflammatory cells into sites of tissue damage. Much 
work has been done studying the role of chemokine/chemokine receptor 
expression in other animal models of MS including experimental 
autoimmune encephalomyelitis (EAE) and mouse hepatitis virus (MHV)- 
induced demyelinating disease. However, very little work determining the 
importance of these molecules in TMEV-IDD has been reported. Viral 
infection is known to induce various proinflammatory chemokines in many 
different cell types, which are detected in the inflammation sites induced by 
different infectious agents. In addition, activation of glial cells by certain 
chemokines or cytokines also results in further induction of the same or 
additional chemokines. Since the transmigration of inflammatory cells into 
the CNS is dependent on chemokines, these molecules are likely involved in 
the pathogenesis of TMEV-IDD. 

Studies using the BeAn strain of TMEV showed early expression of 
monocyte chemoattractant protein (MCP)-I (or CCL2), macrophage 
inflammatory protein (MIP)-la (CCL3), IFN-~/inducible protein of 10 KDa 
(IP-10 or CXCL10), regulated on activation, normal T-cell expressed and 
secreted (RANTES, CCL5), and MIP-I~ (CCL4) mRNAs in the CNS but 
not the periphery after infection with TMEV (23). As early as six days post 
infection with the DA strain of TMEV, mRNAs for IP-10, RANTES, and 
MCP-1 were detected in the brains of infected mice (24). There was a 
resurgence of the same chemokines during the chronic phase of disease and 
the chemokine gene expression appears to correspond well with viral 
persistence rather than the level of adaptive T cell responses (25). These 
chemokines are also found after infection with different TMEV strains, 
including GDVII and DA displaying different pathogenicity (26). 

The above studies of chemokine gene expression in vivo strongly suggest 
the importance of these molecules for inflammatory responses in the CNS 
during TMEV infection. However, the cell types responsible for chemokine 
production as well as the sequence of the events are still elusive. Recently, 
the direct activation levels of chemokine gene expression after viral infection 
have been examined in various CNS cell cultures (27). Upon infection with 
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TMEV, the expression of RANTES, IP-10, MCP-1, MIP-113, MIP-la, and 
MIP-2 genes were upregulated in astrocytes, microglia, as well as oligo- 
dendrocytes, although the levels were somewhat different depending on the 
cell types. In whole brain cultures the pattern of chemokine expression is 
identical to that of astrocytes cultures (27), suggesting the importance of 
chemokine contribution by infected astrocytes in the CNS. Similar to viral 
infection, the proinfiammatory cytokines, such as IFN-y and TNF-a, were 
also able to upregulate the expression of chemokines by astrocytes. These 
results indicate that the identical chemokines are induced secondarily by 
stimulation with cytokines that are initially produced by virus-infected 
resident glial cells, infiltrating antigen producing cells, natural killer cells, as 
well as T cells in the CNS. 

Studies assessing the role of chemokines in the pathogenesis of and/or 
protection from TMEV-IDD have not yet been reported. If the pathogenic 
mechanisms involved in TMEV-IDD are similar to the MHV-induced 
demyelinating disease (28, 29), inhibition of RANTES and/or IP-10 that are 
directly and primarily produced in astrocytes after TMEV infection (27), 
may decrease the pathogenesis of demyelinating disease. Such studies will 
provide important information regarding the role and mechanisms of various 
chemokines in the initiation and maintenance of inflammatory responses in 
the CNS leading to TMEV-induced chronic demyelinating disease. These 
studies will also present opportunity to compare to those involved in either 
autoimmune and/or other virally induced demyelinating disease models. 

. A D H E S I O N  M O L E C U L E S  

Adhesion molecules are important in the T cell-APC interaction, cellular 
trafficking, and transmigration of inflammatory cells into the CNS. While 
other adhesion molecules (e.g. VCAM-1) may be involved in the patho- 
genesis of TMEV-1DD, the role of intracellular adhesion molecule (ICAM)- 
1 (CD54) has been primarily studied. ICAM-1, expressed on APC is a mem- 
ber of the immuno-globulin superfamily and interacts with lymphocyte 
function associated antigen (LFA)-I (or CDlla),  expressed on T cells, 
granulocytes, monocytes and macrophages. Because the interaction between 
these molecules is critical for T cell activation as well as extravasation of 
lymphocytes into the CNS, attempts to inhibit this interaction were made by 
administrating neutralizing antibodies. Blocking the interaction leads to 
decreased incidence and severity of TMEV-IDD accompanied by decreased 
numbers of infiltrating CD4 +, CD8 + and MHC class II + cells in the CNS 
resulting in inhibition of inflammatory demyelination. In addition, this 
treatment also decreased the levels of virus-specific DTH, T cell prolifer- 
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ation, and the production of IFN-y and TNF-a with an increase in the 
production of IL-10 (30). In contrast, similar administration of neutralizing 
mAb against LFA-1 and/or ICAM-1 in another report showed no effect on 
the onset/severity or the extent of demyelination or inflammation (31). The 
first study administered the antibody prior to and during infection while the 
second study only began antibody treatment after virus infection during the 
acute phase of disease (7 d post-infection). ICAM-1 may be necessary for 
the migration of T cells through the CNS endothelium, therefore blocking 
ICAM-1 prior to infection may prevent this migration and hence the 
subsequent inflammation and demyelination. Thus, it is conceivable that all 
the necessary inflammatory T cell populations have already been infiltrated 
into the CNS at 7 days post-infection. Local amplification of T cells may 
occur in the CNS (32) and continuous cellular infiltration may not be 
necessary to sustain chronic inflammatory demyelinating disease in the 
presence of viral persistence. In addition, the ICAM-1/LFA-1 interaction 
functions as an important costimulatory signal for T cell activation and 
clonal expansion. Without this signal, T cell response to TMEV may be 
compromised or deviated to the non-pathogenic Th2 response. 

The role of CD28/B7 (CD80/86) costimulatory molecules in the develop- 
ment of TMEV-IDD has also been investigated. Treatment with mAbs to 
B7-1 (CD80), but not B7-2 (CD86), resulted in significant inhibition of the 
Thl response to viral epitopes and the consequent development of disease 
(33). However, blocking the costimulation at the time of TMEV infection 
enhances disease severity (34), suggesting that such a blockade may also 
inhibit the development of protective immune responses permitting un- 
checked viral replication. Thus, utilization of immuno-suppressive regimes 
may be difficult to balance between promoting the protective immune 
responses and inhibiting pathogenic inflammatory responses. The timing of 
the treatments appears to be critically important in determining the clinical 
outcome. 

. R O L E  I N  P A T H O G E N E S I S  O F  D I S E A S E  

The pathogenic mechanisms involved in virally induced demyelinating 
disease appear to be complex. Both the protection and pathogenesis are 
likely dependent on the levels of various chemokines, cytokines as well as 
adhesion molecules upregulated following viral infection. In general, the 
innate chemokine and cytokines responses induced upon viral infection are 
important in protecting the host by providing anti-viral functions. However, 
in the presence of viral persistence in susceptible mice, such innate 
responses may continuously stimulate pathogenic T cell responses leading to 
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CNS damage (2). For example, susceptible SJL/L mice are known to be 
deficient in NK/NKT cell compartment(s). Thus, the early viral clearance 
may be compromised and allow establishment of viral persistence in the 
CNS, despite the vigorous innate chemokine and cytokine responses after 
TMEV infection. Under the circumstances, chemokines and cytokines as 
well as adhesion molecules upregulated in various glial cells by viral 
infection will facilitate influx of various inflammatory cells, including virus- 
specific T cells (Figure 1). In addition, these chemokines and cytokines may 
also further stimulate adjacent glial cells to produce similar chemokines and 
cytokines, resulting in amplification of inflammatory responses in the CNS. 
Furthermore, these chemokines/cytokines as well as viral infections will 
further activate professional and non-professional antigen presenting cells 
(13, 35) and may reduce the threshold of T cell activation, leading to 
pathogenic Thl cell responses specific for viral antigens as well as neuronal 
autoantigens (3). For example, proinflammatory cytokines such IFN-y and 
TNF-c~ produced by activated Thl cells stimulate astrocytes to enable 
effective presentation of viral epitopes to T cells for further T cell activation 
and expansion (36). Also, such cytokines further activate resident 
microglias and macrophages that are likely involved in tissue damage of 
CNS. In addition, certain cytokines such as TNF-a may also be directly 
cytotoxic to oligodendrocytes responsible for myelin production (37). 

However, the same chemokines and cytokines as well as upregulated 
adhesion molecules may also be necessary to contain viral replication. For 
example, strong infiltrating Thl as well as CTL responses that are effective 
for viral clearance in the CNS are necessary to be protective to TMEV-IDD. 
These virus-specific immune responses are also heavily dependent on the 
initial innate chemokine/cytokine responses. Therefore, investigations of 
these initial chemokine/cytokine responses in resistant and susceptible mice 
will be valuable in understanding the pathogenic/protective mechanisms 
involved in TMEV-IDD. The previous attempts to ameliorate this virally 
induced demyelinating disease by simply skewing against the Thl response 
have met inconsistent outcomes. Often times, attempts to suppress inflam- 
matory responses may have lead to viral expansion and persistence, resulting 
in exacerbation of chronic disease. On the other hand, this disease is 
immune-mediated and inflammatory immune responses need to be inhibited 
in order to prevent/treat the disease. Thus, fast and complete elimination of 
viral persistence before sustaining immune damage of the CNS tissues 
would be ideal for preventing virally induced immune-mediated diseases. 
Alternatively, selective upregulation of strong anti-viral immunity, while 
inhibiting inflammatory Th responses, may be essential for treating virally 
induced demyelinating diseases. 
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Figure 1: Schematic presentation of the steps involved in TMEV-induced 
demyelinating disease. (1) Early, (2) Acute and (3) Chronic responses in the 
CNS following viral infection. (1). At the Early stage, mainly chemokine, 
cytokine and adhesion molecule responses are directly induced in various glial 
cells upon viral infection. These molecules may further activate adjacent glial 
cells and facilitate cellular (NK, DC, macrophages, neutrophils) infiltration to 
the CNS. (2). At the Acute stage, various immune cells (B, Th and CTL) are 
infiltrated. These immune cells will be further stimulated/amplified by viral Ag- 
APCs (professional and non-professional). Virus will be neutralized and virus- 
infected cells will be eliminated by immune cells. (3). At the Chronic stage, 
viral persistence remains and continuous inflammatory responses are maintained 
in susceptible mice, whereas completely cleared viral persistence and the 
inflammatory response is resolved in resistant mice. 
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Abstract: Strains of Theiler's murine encephalomyelitis virus (TMEV) can be divided 
into two subgroups based on their distinct biological activities. Members of 
the GDVII subgroup are highly neurovirulent and cause an acute, fatal 
encephalomyelitis. In contrast, members of the TO subgroup cause a mild 
encephalomyelitis early after infection followed by a late disease that is 
characterized by virus persistence, a low level of virus gene expression, and 
inflammatory demyelination. 
Chimeric viruses constructed between members of the two subgroups have 
shown that the viral determinants for these distinct disease phenotypes are 
polygenic, and that interactions between different determinants on the viral 
genome are critical in determining disease phenotype. A point mutation in the 
internal ribosome entry site (IRES) of the 5'untranslated region of the GDVII 
subgroup strain can result in a virus with reduced neurovirulence that is able to 
persist. These results demonstrate that determinants for virus persistence are 
not unique to the TO subgroup strains, and identify the viral IRES as playing a 
critical role in determining TMEV pathogenesis. We have identified an 18kD 
protein known as L* that is present in TO subgroup strains but not GDVII 
subgroup stains, and appears to play a key role in virus persistence and 
demyelination. Disruption of L* expression results in a virus that grows well 
in cell culture but is unable to persist in the central nervous system or induce 
demyelination. Further investigations of TMEV-induced disease should 
provide insight into mechanisms that underlie virus persistence and virus- 
induced demyelination. 

Key words: Theiler's murine encephalomyelitis virus, persistence, demyelination, L*, 
internal ribosome entry site 

INTRODUCTION 
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Theiler's murine encephalomyelitis virus (TMEV) refers to a group of 
closely related viruses in the Picornaviridae family, genus cardiovirus. 
Strains of TMEV can be divided into two subgroups based on their distinct 
biological activities (Table 1). Members of the GDVII subgroup, which 
include GDVII and FA strains, are highly neurovirulent in weanling mice 
and display a large plaque phenotype when grown on cultured cells. 
Intracranial (IC) inoculation with as little as one plaque-forming unit (pfu) 
causes a severe, acute encephalomyelitis that is associated with a progressive 
flaccid paralysis of the hind limbs that leads to death within days to a couple 
weeks post-inoculation (PI). Members of the GDVII subgroup replicate in 
neurons and astrocytes of the gray matter in the central nervous system 
(CNS) and are not observed to induce demyelination. Members of the 
second TMEV subgroup, Theiler's original (TO) subgroup, include DA, 
BeAn, WW, Yale and TO strains. These strains, which display a small 
plaque phenotype when grown in cultured cells, fail to kill a weanling mouse 
despite IC inoculations of >106 pfu. During the first two weeks PI, TO 
subgroup strains replicate in neurons and astrocytes of the gray matter of the 
CNS, and induce a subclinical encephalomyelitis. By 3 weeks PI the 
encephalomyelitis resolves, at which time virus is primarily found in glia 
and microglial cells of the spinal cord white matter and is associated with 
foci of inflammatory demyelination. The white matter lesions peak at about 
6 weeks, but continue throughout the life of the mouse. The inflammatory 
demyelination observed is similar to that seen in multiple sclerosis. Virus 
persists in the CNS with a restricted expression of viral genes, i.e., genome is 
present with relatively little viral protein or infectious virus production. 

Table B7. Phenotypic Differences Between TMEV Subgroups 
Phenotype TO Subgroup Strains (DA, 

BeAn, TO, WW, Yale, etc.) 
GDVII Subgroup Strains 
(GDVII, FA) 

Neurovirulence 
(50% lethal dose) • . + +  

(>106 PFU) (1 PFU) 

Early Disease 
(Encephalomyelitis) -I- "t- 

Late Disease 
(restricted virus expression, 
inflammation and white 
matter demyelination) 

+ 
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The complete  genome of  the GDVII  strain as well as two TO 
subgroup strains, DA and BeAn, have been sequenced.  Sequence 
analysis demonstra ted 90% identity at the nt level and 95% identity at 
the amino acid (aa) level among the different  strains of  T M E V  from 
the two subgroups [2, 3]. While  this degree of  similarity is relatively 
high, the differences that are present are located throughout  the viral 
genome,  suggesting that determinants for the very distinct disease 
phenotypes  caused by the GDVII  vs. TO subgroup strains are likely to 
be scattered over the T M E V  genome.  

ntl0~ 

A~ Polyprotein 

~uG. L ~  
BA . 

6DVl I ACG 

nil079 nt1547 

A 

3'UTR ~A 

P3 

Figure B7. The TMEV genome of approximately 8,100 nucleotides. The polyprotein coding 
region is flanked upstream by a 5'UTR and downstream by a 3'UTR. The coding region for 
the polyprotein begins with the coding region for Leader (L) protein and is followed by 
genomic regions P1, P2 and P3. P1 is divided into 1A, 1B, 1C and 1D coding regions, which 
synthesize, respectively, the capsid proteins VP4, VP2, VP3 and VPI. P2 (which includes 
2A, 2B and 2C) and P3 (which includes 3A, 3B, 3C and 3D) encode various nonstructural 
proteins. The initiating AUG codon for L* is located at nt 1079 for strain DA while the 
GDVII strain has an ACG in this position. 

R E C O M B I N A N T  A N D  M U T A N T  V I R U S  S T U D I E S  

The generation of full-length cDNA clones derived from TO and GDVII 
subgroup strains of TMEV has made it possible to rapidly engineer chimeric 
cDNAs and recombinant viruses between the two subgroups. Studies 
utilizing these recombinant viruses have been aimed at determining the 
regions of the viral genome that are necessary for the subgroup-specific 
phenotypes, such as GDVII subgroup neurovirulence and TO subgroup 
persistence, demyelination, and restricted virus gene expression. 
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The recombinant virus studies have demonstrated that phenotypes 
such as virus neurovirulence, persistence and demyelinating activity are 
polygenic. Replacement of the capsid coding region of the TO subgroup 
strain DA with the capsid coding region from GDVII strain results in a 
recombinant virus that is almost as neurovirulent as wild type (wt) GDVII 
virus [4]; replacement of the 5' UTR along with the capsid coding region of 
DA with the corresponding regions of GDVII results in a virus with 
neurovirulence that is equal to that of the parental GDVII virus. This result 
demonstrates that the GDVII capsid coding region plays a key role in 
determining neurovirulenc~ and suggests that the DA capsid plays a role in 
virus persistence and demyelination (although later studies described below 
indicate that the latter suggestion needs to be modified). Surprisingly, 
replacement of DA regions coding for the carboxyl half of VP2, all of VP3, 
all of VP1, and the amino end of 2A with the corresponding regions of 
GDVII resulted in a virus (GD1B-2A/DA virus) that persisted and induced 
demyelination in mice, suggesting that a key determinant for the persistent, 
demyelinating phenotype may lie within the 5' half of DA VP2 [5] (but 
again, this suggestion was modified by later studies). 

Another interpretation of the results from studies of GD1B-2A/DA 
virus is that GDVII strain does indeed contain determinants for persistence 
and demyelination, but that GDVII does not persist or demyelinate due to its 
extreme neurovirulence. In fact, investigations showed that virus persistence 
and demyelination can occur in a series of recombinant viruses in which 
different parts of the DA genome that span the length of the genome from 
the 5' terminus to the 3'UTR were replaced with the corresponding segments 
of the GDVII genome, suggesting that there is no single determinant for 
virus persistence and demyelination on the DA genome that cannot be 
substituted for by the corresponding region of the GDVII genome, i.e., 
GDVII contains determinants for virus persistence and demyelination [6]. 

The issue as to whether GDVII strain contains determinants for 
persistence and demyelination that are not apparent because of the virus' 
extreme neurovirulence was also examined by testing whether attenuation of 
a GDVII strain to a certain level will result in a virus that persists and 
demyelinates. It is clear that GDVII strain can be sufficiently attenuated so 
that it fails to efficiently grow in the CNS, and therefore will not persist or 
demyelinate; an example of one such virus is the leaderless GDVII virus, 
which is completely attenuated for growth in the CNS and therefore unable 
to persist [7]. We recently investigated this topic by examining GDVII 
strains with mutations in the IRES that alter the binding of the cellular factor 
polypyrimidine tract binding protein. These mutant viruses were attenuated, 
and at least one, GD91 [8], persisted in the CNS but failed to induce 
demyelination (Viktorova et al., manuscript in preparation). These results 
demonstrate that: TMEV persistence does not require the presence of the 
capsid of TO subgroup strains; attenuated GDVII strains (with one 
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nucleotide change, in the 5'UTR, compared to GDVII wt virus) are capable 
of persistence; persistence is not sufficient for demyelination. The lack of 
demyelinating activity by the attenuated GDVII virus may result from the 
absence of L* protein (see later) and/or the presence of GDVII rather than 
DA capsid proteins. Our studies demonstrate the importance of IRES- 
binding proteins in determining disease phenotype, a theme that recurs in 
discussions of the varying levels of L* vs. the polyprotein synthesis 
depending on different neural cell types. 

Interactions between parts of the viral genome are not unexpectedly 
important in the virus' biological activities. Further studies with GD1B- 
2A/DA virus showed that introduction of a single, additional mutation in the 
DA backbone at aa residue 141 of VP2 from Lys to Asn (where Asn is the 
amino acid present in GDVII at this position, and corresponds to the position 
of Lys in DA), resulted in a virus (R5 virus) with increased neurovirulence 
that neither persisted nor induced demyelination [9]. These results 
demonstrated that interactions between parts of the genome can have 
dramatic effects on disease phenotype. In this case, interactions of a 
particular aa residue (141) in VP2 (that is normally present in GDVII) along 
with the capsid segment containing half of GDVII VP2, all of VP3 and all of 
VP1 presumably interfered with the activity of determinants for the 
persistent demyelinating phenotype of the TO subgroup strain. 

The interactions between aal41 and the capsid can be better 
understood by taking advantage of the available three-dimensional crystal 
structure of TMEV [10, 11, 12]. In these structures, aal41 lies at the tip of 
the EF loop in the VP2 puff on the rim of the canyon region of the viral 
capsid coat. It is this canyon region that is thought to be the site of 
interactions between the virion and its still unknown cellular receptor(s). 
Therefore, it has been proposed that the importance of aal41 lies in its 
ability to alter interactions with cellular receptors present on specific cell 
types [13]. The presence of Asn in this position along with part of the 
GDVII capsid may prevent interactions of the virion with cellular receptors, 
specifically on cells in the white matter of the spinal cord. Support for this 
hypothesis has been provided by studies showing that R5 virus fails to 
spread from the gray matter to the white matter of the spinal cord of nude 
mice, whereas DA strain spreads efficiently [13]. The absence of a 
competent immune system in these mice indicates that the inability of this 
recombinant virus to spread is independent of the host immune response, 
providing further support that the Asn interferes with interactions between 
the virion and specific cellular receptors present on cells in the white matter 
of the spinal cord. 

Although much has been learned from recombinant virus studies 
there are clear shortcomings to this approach. At times, the substitution of a 
genome segment of one strain into the genome of a strain from the other 
subgroup can disrupt key intratypic interactions important for disease 
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phenotype or even viability of the virus. For example, when two segments 
of the GDVII genome were substituted separately into the DA genome 
neither of the two resultant recombinant viruses displayed the phenotype of a 
recombinant virus which contained both of the GDVII genome segments [4]. 
In addition, some intertypic recombinant viruses have a defect in a critical 
function of the virus, such as assembly, leading to poor virus growth in vitro, 
and therefore preventing animal studies [14]. For these reasons, studies 
using recombinant viruses as a way of clarifying subgroup-specific disease 
phenotypes have been generally replaced by investigations involving site- 
specific mutation of particular nucleotides or aa residues. 

THE ROLE OF L* IN TO SUBGROUP STRAIN DISEASE 

L* in DA Strain-Infected Cells 

We recently identified a coding region of TO subgroup strains that appears 
critical in virus persistence and demyelinating activity. This region codes 
for an 18 kD protein that we have called L*. L* was initially identified 
following in vitro translation of the DA RNA genome, but not of GDVII 
[15]. The L* protein is not an artifact of the in vitro translation system 
since L* is synthesized in DA, but not GDVII infected cells. L* synthesis 
starts at 4 hours PI, with an expression profile that closely mimics that of the 
viral polyprotein; the protein is stable throughout the course of the virus 
infection [16, 17]. 

L* is synthesized from an initiating AUG located 13nt downstream 
from the polyprotein's AUG of TO subgroup strains [18], out of frame with 
the polyprotein's reading frame [17]. Sequence analysis of different TMEV 
strains has shown that the initiating AUG for the L* reading frame is present 
in the RNA genome of all TO subgroup strains, while the genome of GDVII 
subgroup strains contains an ACG at this site in the genome; this result 
explains the apparent absence of L* synthesis following translation of 
GDVII RNA. 

Comparison of the nucleotide sequence of the L* reading frame 
among different strains of the TO subgroup has shown that the predicted 
amino acid sequence of the L* reading frame is more highly conserved than 
the aa sequence of the overlapping polyprotein reading frame. This high 
degree of conservation of the L* reading frame suggests that L* has a 
function that is important for the virus. Additionally, the presence of an L* 
AUG in TO, but not GDVII, subgroup strains suggests that it plays a role in 
a TO subgroup-specific phenotype, such as persistence, demyelination, and 
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restricted virus gene expression. These suggestions were found to be valid, 
as described below. 

L* and TO Subgroup Strain Persistence and Demyelination 

L* has been shown to play a critical role in determining virus persistence 
and the demyelinating phenotype of TO subgroup strains. Work from our 
laboratory has shown that viruses containing mutations that prevent L* 
protein expression, whether by mutating the L* initiating AUG to ACG 
(DAL*-I virus) or by creating stop codons in the L* reading frame 
(DAL*stop virus), grow at wt levels in cultured cells but are unable to 
persist and induce demyelination in the CNS [17, 19, Viktorova et al. 
unpublished]. DAL*-I virus induces an acute encephalomyelitis similar to 
that produced by wt virus and grows to a similar titer at 1 week PI; however, 
at 45 days PI, there is no evidence of the DAL*- 1 viral genome and scant 
evidence of inflammation or demyelination in the CNS. Both DAL*-I and 
DAL*stop viruses are cleared following infection, with little evidence of 
demyelination, indicating that the actual L* coding region rather than the 
additional translational start site is key to the mutant phenotype. 

The importance of L* in TO subgroup persistence and 
demyelination was initially called into question by Michiels and colleagues 
[20]. These investigators were working with a different full-length clone of 
DA, pTMDA, than the one used by our group. Surprisingly, Michiels and 
colleagues found that substitution of an ACG mutation for the L* initiating 
AUG in pTMDA resulted in a virus (which we will call TMDAL*-1 virus) 
that persisted and demyelinated almost as well as the wt TMDA virus. 
However, a more recent study from this group found that: TMDAL*-I virus 
does in fact produce small amounts of the L* protein, presumably through 
initiation at the ACG; the small amount of L* produced by TMDAL*-I virus 
is presumably able to facilitate virus persistence and demyelination, 
however, mutations which introduce a stop codon in the L* reading frame of 
pTMDA (and produce no L*) result in viruses that fail to persist and 
demyelinate [21]. Together, these studies support our thesis that L* plays a 
key role in determining TO subgroup persistence and demyelination. 

Although L* is important for TO subgroup persistence and 
demyelination, the recombinant virus studies at first glance suggest that L* 
may not be essential for these activities. For example, some GDVII/DA 
recombinant viruses that replace the DA L* AUG with the GDVII ACG are 
able to persist and demyelinate. However, Michiels and colleagues 
demonstrated that a small amount of L* is synthesized from the ACG of wt 
GDVII, suggesting that L* may be synthesized in these recombinant viruses 
and that L* may indeed be essential for virus persistence and demyelination. 
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The precise mechanism(s) by which L* allows TO subgroup strains 
to persist and induce demyelination is unclear. There is evidence that L* 
perturbs the immune response, and therefore may play a role in allowing the 
virus to escape clearance by the host's immune system [22]. DA wt virus 
infection of certain mouse strains (e.g., C57B1/6 mice) that are resistant to 
the persistent, demyelinating infection induced by TO subgroup strains 
generate an anti-virus cytolytic T-lymphocyte (CTL) response 7 DPI (and 
this response clears the virus), while mouse strains (e.g., SJL mice) 
susceptible to TO-induced disease do not generate a virus-specific CTL (and 
the absence of this response fosters virus persistence) [23, 24]. In contrast to 
this latter situation, inoculation of SJL mice with DAL*-I virus results in a 
virus-specific CTL response, virus clearance and an absence of the 
demyelinating disease [22]. Our recent data involving wt and DAL*-I virus 
infections of CD4-/- and CD8-/- mice as well as adoptive transfer studies 
suggest that L* inhibits a CD4+ T cell -dependent activity that is capable of 
clearing DA virus from susceptible mice [Lin, X, Ma, X, Rodriguez, M, and 
Roos, R.P., submitted] 

The Role of L* in Microglial Infection 

L* may play a role in TMEV infection of microglia, a key CNS cell in which 
the virus persists. In vitro experiments have shown that members of the 
GDVII subgroup are growth restricted in cultured macrophage cell lines, 
whereas the DA strain grows to high titer in these cells [25]. Additional 
studies showed that a recombinant GDVII-type virus engineered to contain 
the L* coding region from the DA strain gained the ability to productively 
infect cultured macrophages. In an analogous way, a DA strain that lacks 
L*, as is the case with DAL*-I virus, lost the ability to productively infect 
cultured macrophages [26]. These results suggest that the L* protein is 
necessary for efficient infection of macrophages by TMEV. In addition, 
work from our laboratory has shown that the GDVII strain and DAL*-I 
virus are significantly more efficient at inducing apoptosis of cultured 
macrophages than DA, suggesting that the L* protein has an antiapoptotic 
effect in macrophages [19]. In summary, L* allows the virus to efficiently 
replicate in macrophage cells, a major site for virus persistence, and the virus 
persistence in this cell type is enhanced by inhibition of virus-induced 
apoptotic cell death. 
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Cell-Type Specific Regulation of L* Synthesis 

The critical role of the L* protein in the TO subgroup strain-induced 
persistent CNS infection and demyelinating disease highlights the 
importance of regulating translation of L* in addition to the polyprotein. We 
have hypothesized that the presence of cell-specific IRES-binding proteins 
regulate whether ribosomes initiate translation at the L* rather than the 
polyprotein start site, leading to different ratios of L* to polyprotein 
synthesis in different cell types. Neural cells in which ribosomes 
preferentially synthesize L* over the polyprotein (with an associated 
decrease in synthesis of the polyprotein) might have the following important 
properties key to TO subgroup strain disease: translation from the L* reading 
frame may lead to a restricted expression of the viral polyprotein; a 
combination of increased L* production and decreased polyprotein 
production may help the virus avoid recognition and clearance by the 
immune system; increased L* production may prevent virus-induced 
apoptosis in cells that support virus persistence. Our studies found that the 
ratio of L* synthesis to VP2 synthesis varied in rabbit reticulocyte lysates in 
comparison to BHK-21 cells, and also in different tissue culture cell types 
[27]. In addition, recent investigations have shown that the presence of 
different IRES-binding proteins in different cell types regulates the 
efficiency of translation of the viral polyprotein of TMEV and has a 
profound effect on disease phenotype [8]. 

C O N C L U S I O N  

TMEV infection provides an excellent model system for the study of 
virus persistence and virus-induced demyelinating disease. The 
identification of the critical role of the L* protein, capsid proteins, and the 
viral 5'UTR in determining the demyelinating disease caused by the TO 
subgroup strains represent important steps towards a full understanding of 
TMEV-induced disease. Continued investigations of the L* protein and its 
function should provide additional insight into the mechanism by which T O  
subgroup strains of TMEV persist and induce demyelination in the host. 
Identification of factors involved in regulating translation of the L* reading 
frame in various cell types in vivo will also enhance our understanding of 
TMEV-induced disease. Lastly, identification of the host cell receptor(s) 
and an understanding of the interaction of receptor with the virus capsid 
proteins will further answer questions about virus tropism and spread in the 
host CNS. 
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NITRIC OXIDE IN TMEV 
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Abstract: We and others have previously investigated the role of inducible nitric oxide 
synthase (iNOS) on early acute and late chronic demyelinating disease induced 
by Theiler's Murine Encephalomyelitis Virus (TMEV). Infection of 
susceptible SJL mice with this virus serves as an excellent model of virus- 
induced demyelinating disease, such as multiple sclerosis (MS). iNOS 
transcripts and protein were detected in brains and spinal cords of TMEV- 
infected SJL mice during early acute disease, which resembles 
polioencephalomyelitis. Similar level of expression of iNOS has been found in 
resistant B6 mice, which develop only early acute disease. Weak iNOS 
staining was detected in reactive astrocytes and in leptomeningeal infiltrates in 
TMEV-infected SJL mice at 42 days post infection (p.i.), corresponding to 
early phase of chronic demyelinating disease, but not at 66 and 180 days p.i. 
corresponding to advanced and terminal stages of the disease, respectively. 
Results from other laboratories demonstrated that, blocking of NO by 
treatment of TMEV-infected SJL mice with amino guanidine (AG), a specific 
inhibitor of NO resulted in delay of late chronic demyelinating disease. 
However this protective effect of NO inhibitor depended on the temporal 
phase of the disease, type of cells expressing iNOS and the time of 
administration of AG. The results from our laboratory suggests that NO 
expressed during early acute disease is beneficial to the host through induction 
of apoptosis of infiltrating T cells and resolution of encephalitis, but its role in 
myelin/oligodendrocytes damage during late chronic demyelinating disease is 
not clear and it may depend on availability of superoxide and formation of 
peroxynitrite. 

Key words: nitric oxide, TMEV, multiple sclerosis 
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. I N T R O D U C T I O N  

Theiler's virus (TMEV) induces a biphasic disease in susceptible strains 
of mice (such as SJL). Early acute disease (polioencephalomyelitis) is 
characterized by replication of the virus in gray matter(I-4). This phase of 
disease is associated with neuronophagia and inflammatory infiltrates in the 
cerebral gray matter and anterior horn cells of spinal cord(4, 5). Within two 
to three weeks the virus is partially cleared and approximately 35 days p.i. 
susceptible mice develop late chronic demyelinating disease. The virus 
persists at very low level in microglia/macrophages, astrocytes and 
oligodendrocytes(1, 5-9). Heavy inflammatory infiltrates comprised of 
CD4 + and CD8 + T cells, macrophages, and few B cells are present, 
exclusively in the spinal cord(7, 9, 10) .  Demyelinating lesions are 
associated with perivascular and parenchymal inflammatory infiltrates. 
TMEV-induced late chronic demyelinating disease is an excellent animal 
model for human MS(l, 2, 7, 9, 11). Resistant strains of mice (such as 
C57BL/6) develop only early acute disease, clear the virus completely and 
do not develop demyelinating disease. MS is the most common 
inflammatory demyelinating disease in humans. It has been suggested that T 
cells specific for a myelin component such as MBP (Myelin Basic protein, 
PLP (proteolipid) and/or MOG (myelin oligodendrocytes protein), and 
activated microglia/macrophages participate in myelin damage(12-15). 
Epidemiological evidence suggests that MS could be triggered by virus (es) 
acquired before puberty. 

The mechanism(s) of the pathogenesis of inflammatory demyelinating 
diseases is not well understood. Although oligodendrocytes/myelin may be 
damaged by a direct attack of cytotoxic T cells, other cells, including CD4 + 
T cells, activated macrophages, and microglia may contribute to myelin 
destruction by the production of cytokines, such as IL-1, IFN- 7, and TNF- 
o¢,.and reactive oxygen and reactive nitrogen species(14, 16). Nitric Oxide 
(NO) is a short lived, highly reactive molecule with free radical properties. It 
is synthesized by nitric oxide synthase (NOS) by converting of L-arginine to 
L-citrulline, reviewed in(17, 18). There are three isoforms of NOS; NOS- 
type I and NOS-type III are calcium dependent and are constitutively 
expressed. This results in the production of physiological levels of NO 
which acts as second messenger in the NO signaling pathway in the neuronal 
and cardiovascular system. The NOS-type II (iNOS, inducible NOS) is 
calcium independent and is produced in large amounts during innate and 
adaptive immune responses(19-24). NO produced during an innate immune 
response clearly contributes to the killing of intracellular microorganisms 
and parasites(25-27). Less is known about a role of NO in the generation 
and regulation of an adaptive immune response, including inflammation. 
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It has been suggested that NO may exhibit cytotoxic, regulatory, and 
immunosuppressive properties, including induction of apoptosis and 
autoimmune disease, reviewed in (28-30). Such a wide array of biological 
actions of NO suggests that iNOS may have different functions in different 
cells. The immunoregulatory action of NO is likely mediated through its 
effect on cytokines and other inflammatory molecules by regulation of the 
transcription factor, NF-activating protein-1 (AP-1) by targeting the Th 1/Th2 
balance(29, 31-33). On the other hand, NO produced by 
microglia/macrophages could be a potent neurotoxin and mediates TNF-~ 
neurotoxicity toward oligodendrocytes(16, 34-36). The toxic effect of NO is 
likely attributed to the nitrosylation of target iron-sulfur proteins, including 
enzymes involved in DNA replication and repair and in blocking 
mitochondrial respiration(37, 38). The uncoupling of the electron transfer 
chain in mitochondria will result in production of oxygen free radicals. 
Reaction of NO with a superoxide will lead to formation of extremely toxic 
peroxynitrite (ONOO)(39-41). Peroxidations of membranes and swollen 
oligodendrocyte cell bodies have been described in the CNS of patients with 
MS(42). Nitrosylation of tyrosine in proteins has been demonstrated in a 
number of neurodegenerative and inflammatory conditions of the CNS(43- 
45). 

In the inflammatory conditions of CNS, such as viral encephalitis and 
EAE (experimental allergic encephalomyelitis), iNOS is expressed in 
macrophages, microglia and/or astrocytes, and possibly neurons but not 
oligodendrocytes(41, 43, 45-51). The role of iNOS has been examined in a 
number of encephalitis's induced by viruses, such as corona, flavi, rhabdo, 
Borna, rabies, herpes, Japanese encephalitis, Venezuelan encephalitis and 
several others, revealing that NO may contribute to the pathogenesis of the 
disease(52-60). Alternatively, NO may have a protective role in a viral 
infection. 
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Figure B8-1. 

1HC localizations of GFAP (A) and iNOS protein in the CNS of SJL mice at 10 (A-C), 6 (D), 
42 (E and F), and 66 (G) days p.i. (A) Encephalitis and poliomyelitis phase: an area of intense 
leptomeningeal inflammation accompanied by reactive astrogliosis in the subjacent brain 
parenchyma, which is highlighted by GFAP staining. (B) Same field from an immediately 
adjacent section exhibiting iNOS-like staining in reactive subpial astrocytes (arrowheads) as 
well as in scattered monocytes/macrophages in the overlying leptomeningeal infiltrate (top 
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portion of photomicrograph). (C) Encephalitis and poliomyelitis phase: iNOS-like 
localization in hypertrophic endothelial cells of a blood vessel amidst an area of necrotizing 
encephalitis. (D) Encephalitis and poliomyelitis phase, iNOS-like staining in cells of the 
monocyte/macrophage lineage and in vascular endothelial cells from an area of spinal grey 
matter inflammation. (E) Early stage of spinal cord demyelination exhibiting a number of 
scattered iNOS-positive astrocytes in a background of incipient vacuolar changes 
(arrowheads) suggestive of early demyelination involving the lateral column. (F) Spinal cord 
demyelination phase: Focal, weak, and ill-defined iNOS-like immunoreactivity is detected 
among leptomeningeal infiltrates (the three arrows) which are encroaching upon the lateral 
funiculus of the spinal cord. Note vacuolar change in the lateral column (arrowheads). (G) 
Spinal cord demyelination phase: Lack of iNOS-like staining in large foamy (myelin-laden) 
macrophages in full-blown demyelinating lesions in the posterior columns of the thoracic 
cord. (Original magnifications: A, B, E, F x400; C, D. G xl000) 

1.1 iNOS in TMEV infection. 

We have examined the expression of iNOS transcripts and protein in the 
CNS of TMEV-infected mice during early acute and late chronic 
demyelinating disease(61). Both susceptible (SJL) and resistant (B6) strain 
of mice were infected i.c. with the DA strain of TMEV and infected mice 
were sacrificed at 0, 3, 6, 10 days p.i. (SJL and B6), corresponding to early 
acute disease and at 39, 42, 66-67 and t80 days p.i. corresponding to late 
chronic demyelinating disease (SJL only). Mock-infected mice were injected 
i.c. with medium alone and they were sacrificed at 6 and 39 days p.i. iNOS 
transcripts were determined by RT-PCR, followed by Southern blotting, as 
described(61); the presence of iNOS protein was determined by 
immunohistochemical staining using affinity-purified polyclonal rabbit anti- 
iNOS antibody (61). These antibodies are iNOS specific and do not react 
with NOS type I and NOS type II. 

Although both strains of TMEV-infected mice develop 
polioencephalomyelitis (gray matter inflammatory disease), confirmed by 
histological analysis (Fig.l), none of the animals showed overt neurological 
signs. We did not detected any transcripts for iNOS in brain and spinal cord 
of mock-infected animals examined at day 6 and 39 p.i. and very little iNOS 
transcripts were present at day 3 p.i. In contrast, high levels of expression of 
iNOS transcripts were detected in the CNS of TMEV-infected SJL and B6 
mice at 6 and 10 days p.i. In general, higher levels of iNOS expression were 
detected in brains of SJL and B6 mice than in the spinal cords. 
Immunohistochemical staining of CNS tissue enabled the identification of 
cells which expressed iNOS during early acute disease. At 6 and 10 days p.i. 
iNOS was expressed in strains of TMEV-infected mice in areas of intense 
inflammation in reactive astrocytes (Figs. 1A & B), monocytes/macrophages 
and hypertrophic endothelial cells (Figs. 1C, 1D). Few perivascular 
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monocytes-like cells in leptomeninges were also iNOS positive, while 
lymphocytes were negative(61). Normal endothelial cells and smooth 
muscles cells were consistently negative for iNOS. To confirm that reactive 
astrocytes were the major cell type expressing iNOS, we stained adjacent 
sections with antibodies to GFAP (glial fibrillary acidic protein) or with 
antibodies to iNOS. Cells which were positive for iNOS were also positive 
for GFAP. The profile of iNOS staining in the spinal cord was similar to 
that described for encephalitis. We have not detected any iNOS-like 
immunoreactivity in normal interfascicular fibrous astrocytes, protoplasmic 
astrocytes, Bergmann's glia or oligodendrocytes. Rod-shaped microglia-like 
cells were also consistently negative, iNOS protein was essentially 
undetectable in the brain and spinal cord of naive mice. 

We have examined expression of iNOS in late chronic demyelinating 
disease(61), iNOS transcripts were detected in spinal cords of TMEV- 
infected SJL mice at 39 days p.i., which corresponds to the beginning of 
inflammatory demyelinating disease (61). Less iNOS transcripts were 
detected in brains of these mice. Immunohistochemical staining confirmed 
expression of iNOS protein in fibrillary astrocytes in areas of inflammation 
(Fig.lE) and in leptomeningeal infiltrate (albeit weak) at 42 days p.i. 
(Fig.IF). iNOS protein was not detected in the CNS of TMEV-infected B6 
mice at 42 and 67 days p.i. and, as expected, there were no overt 
pathological changes in the brains and spinal cords of these mice. In 
contrast, extensive inflammatory disease, demyelination and gliosis were 
demonstrated in TMEV-infected SJL mice at day 39, 67 and 180 p.i. 
However, we did not detect any iNOS transcripts nor iNOS protein at day 67 
p.i. (advanced phase of demyelinating disease) or at 180 days p.i. (terminal 
phase of disease) associated with hind leg paralysis and incontinence). 
Foamy-myelin-laden macrophages were always negative (Fig. IG). 

1.1.1 DISCUSSION 

We have demonstrated that during early acute disease induced in TMEV- 
infected SJL and B6 mice iNOS is expressed in the brain and spinal cord of 
infected animals, predominantly in hypertrophic astrocytes, 
monocytes/macrophages and endothelial cells in the area of inflammation 
(61). During late chronic demyelinating disease, iNOS has been detected in 
fibrous astrocytes and meningeal infiltrates of spinal cord but only during the 
early stages (39 days p.i.) of late chronic demyelinating disease (SJL mice) 
and not at 66days p.i. or at 180 days p.i. (terminal stage of the disease). We 
have also demonstrated that during early acute disease there is high level of 
apoptosis of T cells undergoing activation induced cell death, while there is 
paucity of apoptosis of T cells infiltrating the CNS of TMEV-infected SJL 
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mice during late chronic demyelinating disease (unpublished observations). 
We suggest that NO produced by reactive astrocytes and 
macrophages/microglia during early acute disease triggers apoptosis of 
infiltrating T cells. Conversely, lack of expression of iNOS in the CNS 
during late chronic demyelinating disease (days 66 and 180 p.i.) may relate 
to the very low level of apoptosis of these T cells. Induction of apoptosis of 
MBP-specific T cells by NO producing astrocytes (functioning as antigen 
presenting cells) has been described(62). Molina-Holgado(63) recently 
reported that in brain astrocytes infected in vitro with TMEV there is high 
expression of iNOS and that IL-4 and IL-10 down regulate expression of 
iNOS by modulation of NF-rd3 activity. We have demonstrated high level 
of expression of proinflammatory cytokines in the CNS of TMEV-infected 
mice during early acute and late chronic demyelinating disease (64). 
However, IL-4 transcripts have been detected primarily during late chronic 
demyelinating disease. It is therefore possible to suggest that IL-4 down 
regulates expression of NO in astrocytes in SJL mice during late chronic 
demyelinating disease, which may result in inhibition of apoptosis. 
According to this postulate, expression of iNOS during early acute disease 
would be beneficial to the host, because NO could be responsible for 
eliminating infiltrating T cells through down regulation of Bcl-2 and 
induction of AICD, leading to restoration of homeostasis in the CNS. Thus, 
NO may function as an anti-inflammatory or immunosuppressive molecule 
during early acute disease. Immunosuppressive effect of macrophage- 
derived NO on T cells has also been reported (25, 28, 29). However, lack of 
iNOS expression (down regulated perhaps by IL-4/NF-v,B) during late 
chronic demyelinating disease in TMEV-infected mice may be detrimental 
to the host by blocking apoptosis of infiltrating T cells. On the other hand, 
down regulation of NO production in the CNS of TMEV-infected mice may 
represent an effort of the host to curb formation of peroxinitrite, an 
extremely toxic molecule, which may lead to peroxidation of membranes 
and formation of nitrotyrosine. Whether nitrotyrosine is present in the CNS 
of TMEV-infected mice is not known. NO is a weak oxidant and acts rather 
like an antioxidant and only in reaction with superoxide it forms 
peroxynitrite, very toxic molecule. We and others demonstrated the 
expression of iNOS and nitrotyrosine in reactive astrocytes and 
monocytes/macrophages in Multiple Sclerosis lesions(43, 45). In general the 
expression of iNOS and nitrotyrosine seems to depend on the extent of 
lesion activity (acute vs. chronic). 

The unexpected protective or destructive role of NO in induction and 
progression of EAE is also well known, reviewed in(65). 

The effect of specific iNOS inhibitor, amino guanidine (AG) on mice 
infected with DA strain of TMEV has been examined(66). Treatment of 
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TMEV-infected mice starting at day 28 p.i. till day 49 p.i. significantly 
decreased inflammation, demyelination and axonal necrosis. This treatment 
was associated with decreased apoptosis of CNS infiltrating cells, 
presumably monocytes or lymphocytes. Early treatment (starting at day 7 
p.i.) was not effective(66). When TMEV-infected mice were treated starting 
at day 14 p.i., only demyelination and axonal necrosis were decreased while 
the level of inflammation was not changed(66). These results suggest that 
inflammation and demyelination and axonal damage may be differentially 
down regulated by treatment of TMEV-infected mice with NO inhibitors at 
different times of infection. The outcome of treatment may depend on the 
level of activation of macrophages/microglia and astrocytes, which produce 
NO but also on availability of superoxide. The role of iNOS in TMEV 
induced demyelinating disease has also been examined using BeAn strain of 
the virus (instead of DA strain routinely employed in our laboratory). The 
BeAn strain of TMEV replicates with different kinetics in the CNS of SJL 
mice(67). For example, mice infected with BeAn show clinical signs of 
disease such as extensor spasm and hind leg of paralysis at 50 days p.i., 
whereas, mice infected with DA strain of TMEV do not show these signs 
earlier than 180 days p.i. Treatment of SJL mice infected with BeAn strain 
of TMEV with AG during the effector phase of the disease (initiating 
treatment at 15 days p.i.) resulted in significant delay of inflammatory 
demyelinating disease (67). Interestingly, iNOS was detected at low levels 
in monocytes/macrophages (MOMA-positive) in leptomeninges and 
perivascular spaces, but not in astrocytes, in TMEV infected mice between 0 
and 15 days p.i.(67). The maximum expression of iNOS was observed at 
day 60 p.i. In contrast, iNOS expression was high in the CNS of SJL mice 
infected with DA strain of TMEV between 6 and 10 days p.i., but was not 
detectable at 66 and 180 days p.i. Treatment of TMEV (BeAn)-infected 
mice with AG in the induction phase (starting at day 1 p.i.) did not alter the 
course of the disease(67). The authors suggested that protective effect of 
AG on inflammatory demyelinating disease observed in BeAn infected mice 
when treatment had begun 15 days p.i. was associated with suppression of 
activation and proliferation of inflammatory macrophages and 
lymphocytes(67). The results of these experiments suggest that the effect of 
NO on inflammatory demyelinating disease induced by these two strains of 
TMEV may depend on the kinetics of disease, time of appearance of 
inflammatory infiltrates, type of cells which express iNOS and time of 
administration of the inhibitor. 
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Abstract: Apoptosis, one aspect of programmed cell death, is initiated by cell death 
receptor-ligand interactions and in response to cellular stress. Environmental 
stressors, such as increased temperature, and intracellular stressors, such as 
viral infection, result in the activation of caspase cascades leading to cell 
death. Intracerebral inoculation of susceptible mouse strains with the 
picronavirus TMEV results in the chronic infection of the central nervous 
system white matter and concomitant demyelination. This review examines the 
evidence for TMEV-induced apoptosis in vitro and in vivo. 

Keywords: TMEV, apoptosis, demyelination, picornavirus 

DEFINITION OF APOPTOSIS 

Apoptosis is defined as the initiation of a cascade of cellular processes 
leading to cell death. Hallmarks of apoptosis include membrane inversion 
and exposure of phosphatidylserine residues, blebbing, fragmentation of the 
nucleus, chromatin condensation, and DNA degradation. These features 
distinguish apoptosis from necrosis, which results from injury and is 
characterized by cell swelling, no nuclear condensation, and cell rupture (1- 
3). There are two other recently described phenomena of programmed cell 
death (PCD): apoptosis-like PCD, which presents some features of apoptosis 
but lacks densely packed chromatin; and necrosis-like PCD, which is 
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typified by the absence of chromatin condensation but utilizes a signaling 
pathway (4). 

Cellular degradation occurs through a cascade of cysteine proteases that 
cleave at aspartic acid residues in the P1 position (caspases) and target a 
restricted set of proteins necessary for the cell's integrity (2). Caspases have 
been classified as "initiator" or "apical" (caspases 2, 8, 9, 10, 11), which 
begin the apoptotic cascade (5-8) and "effector" or "executioner"caspases 
(caspase 3, 6, 7), which cleave vital cellular proteins (9). 

P a t h w a y s  to Cel l  D e a t h  

There are two well-recognized pathways of apoptosis induction (10, 11), 
an intrinsic pathway that depends on the cell's ability to recognize 
cytoplasmic and/or nuclear damage, and an extrinsic pathway that relies on 
signaling through death receptors expressed on the cell surface (Figure 1). 

ytokine 
activation 

pIL-I~ 

Secretion 

Extrinsic pathway 
Death ligand 

VvV , 

Figure 1. Schematic representation of the caspase pathways. The extrinsic pathway, which is 

initiated by trimerization of death receptors by their ligands, leads to activation of initiator 

caspases 8 and 10, and results in the cleavage of the executioner caspases 3 and 7. The 

intrinsic pathway, which is activated by cellular stress, leads to mitochondrial membrane 

permeability, cytochrome c release, the formation of an Apaf-l-caspase 9 complex with 

subsequent cleavage of caspase 9 and activation of the executioner caspases. "Reprinted 

from Current Opinion in Structural Biology, 10, Marcus G. Grutter, Caspases: key players in 

programmed cell death, 649-655. Copyright (2000), with permission from Elsevier". 
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Intrinsic Pathway 

The intrinsic apoptosis pathway is activated when the cell detects 
intracellular metabolic disturbances and forms a complex called the 
apoptosome, which consists of cytochrome c, Apaf-1 (apoptosis-activating 
factor-l), and caspase 9. Such alterations can be induced chemically by 
compounds that affect DNA integrity (topoisomerase, staurosporine), or 
oxidative stress (12-15) or environmentally by heat, radiation, nutrient 
deprivation (16) or virus infection (4, 17). In any case, it appears that 
mitochondrial permeability and subsequent release of cytochrome c are 
essential for the formation of the apoptosome, activation of caspase 9 and 
ensuing cell death through caspase 3 activation (18). Recent evidence by 
Lassus et al. (8) using adenoviral oncogene EIA-transformed human 
fibroblasts and several cancer cell lines suggest that caspase 2 may be 
responsible for mitochondrial membrane permeability that initiates the 
formation of the apoptosome. However, O'Reilly et al. (19) have reported 
that caspase 2 is not required for thymocyte or neuronal apoptosis. Whether 
caspase 2 is an early integral component of the intrinsic apoptotic pathway 
or a cell specific component in the apoptotic process remains to be 
determined. 

The basic debate in this field concerns the role of mitochondria in 
apoptosis, i.e. do mitochondria and bcl-2 proteins control apoptosis by 
activating the caspases or do caspases trigger apoptosis which results in 
mitochondrial rupture and amplification of the caspase cascade (20). 

Extrinsic Pathway 

The extrinsic pathway is dependent on signaling through the cell surface 
death receptors by their ligands, tumor necrosis factor (TNF)-~/TNF- 
receptor, Fas/FasL, and TRAIL/ TRAIL-receptors (2, 9). TNF-~ and Fas 
have been studied extensively, while characterization of the more recently 
defined TRAIL and its receptors lag behind. Ligand binding and receptor 
oligomerization leads to the formation of the death-inducing signal complex 
(DISC) and recruitment of the Fas-adapter protein, FADD, through death 
domains (DDs). FADD, in turn, recruits caspase 8 and 10 through death 
effector domains (DEDs) located at the other end of the molecule from DDs. 
Activation of caspase 8 by binding to the DISC promotes cleavage of 
downstream caspases 3, 6, 7 (9). These smaller effector/executioner 
caspases degrade various cellular components, leading to the cell's demise. 
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Truncation of the Bcl-2 interacting protein, Bid, by caspase 8 leads to Bcl-2 
inhibition, mitochondrial permeability, and amplification through 
apoptosome formation (9). 

T M E V - I N D U C E D  A P O P T O S I S  

Cytopathic Effect vs. Apoptosis 

While the relationship between virus-induced cytopathic effect (CPE) 
and virus-induced apoptosis is unclear, the effect of many virus infections on 
cells is now described as apoptotic. Both DNA and RNA viruses have 
devised strategies to inhibit or curtail apoptosis, some viruses have both anti- 
and pro-apoptotic strategies, and still others depend on apoptosis for their 
dissemination (for reviews see (4, 21)). Apoptotic response to infection by 
the picornaviruses TMEV and poliovirus (small RNA viruses) appears to 
depend on the cell's permissiveness for virus infection, i.e., cells that restrict 
virus replication undergo apoptosis, while CPEpredominates in permissive 
cells (22-24). Agol et al. (24) have described a switch from a pro-apoptotic 
program early in poliovirus replication in HeLa cells to CPE during the later 
stages of a productive virus infection. When poliovirus replication is 
restricted, the switch to CPE does not occur. In TMEV, morphologic 
changes and DNA laddering indicative of apoptosis could only be discerned 
in cells that restricted virus replication (22, 23) 

TMEV-Induced Apoptosis in Cultured Cells 

Figure 2. Apoptosis and TMEV antigen 
expression in undifferentiated (left) or 
differentiated (right) M1 cells. Cells were 
infected with TMEV-BeAn virus (MOI = 10) and 
examined 20 h later for virus antigen (green) by 
staining with polyclonal rabbit anti-TMEV 
followed by a FITC-labeled secondary antibody; 
nuclei (pink) were visualized by DAPl and PI 
staining. 

The 
activation/differentiation state 
of the macrophage determines 
whether this cell is 
susceptible to TMEV 
infection. While precursor 
macrophage cell lines do not 
support virus replication, the 
differentiated cells become 

infected and undergo 
apoptosis (Figure 2) (25, 26). 
Because macrophages appear 
to bear the largest virus- 
antigen burden in vivo (27) 
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and are necessary for persistence (28), macrophage cell lines are the best- 
studied restrictive cells. Analyses of several macrophage cell lines for their 
ability to support TMEV replication (22, 26, 29) revealed ~100-fold lower 
virus replication and titers than in permissive BHK-21 cells, but abundant 
virus antigen and extensive apoptosis. 

In a recent analysis of TMEV replication in bone-marrow-derived 
macrophages from SJL/J and interferon-~[3 (WN-~I3) receptor-negative 
mice (30), maximal numbers (30-50%) of TMEV-positive cells were 
detected 27-54 h after infection, but after 13 days in culture, viable cells 
showed no evidence of virus antigen. At the low MOI used in these cultures, 
the TMEV-infected cells produced sufficient W N - ~  to protect the 
remaining uninfected cells from virus infection and apoptosis. We recently 
found that mouse peritoneal macrophages undergo apoptosis as a result of 
TMEV infection at a high MOI (20-50), although about 50% the TUNEL+ 
cells did not contain virus antigen (manuscript in preparation). The fact 
that only one-half of the cells in both bone marrow derived- and peritoneal 
macrophage cultures are infected suggests that in these cultures cells may be 
at different stages of macrophage differentiation/activation. However, 
macrophage subsets have not been identified with available markers, and the 
effect of cell cycle on susceptibility to TMEV infection has not been 
explored in primary cells. Alternatively, the amount of IFN-~[3 in cultures 
may selectively protect some cell subsets. 

TMEV infection has been studied in microglia, the resident central 
nervous system (CNS) macrophages (29, 31) (32). In one study (31), the 
TMEV-infected microglial cell line Ra2 showed no evidence of apoptosis as 
assessed by DNA degradation and TUNEL, whereas both were evident in 
the macrophage cell line P388D1. In both cell lines, virus titers were very 
low. Although virus-induced apoptosis or virus replication was not directly 
measured in another study of primary microglia, TMEV-infected cells 
showed up-regulated expression of surface markers and cytokines associated 
with antigen presentation and activation, and were persistently infected for 
1-2 weeks as determined by flow cytometric detection of virus antigen (32). 
The data suggest that microglia are persistently infected without evidence of 
cell death and may be the reservoir for continual virus infection and 
concurrent inflammation. 

A study by Zheng et al. (33) of primary CNS cultures for TMEV 
infection of glial cells and apoptosis indicated that both astrocytes and 
oligodendrocytes supported virus replication (titers 8x107 and l x l 0  7 pfu/ml, 
respectively), whereas microglia showed much lower titers ( 3 x 1 0  4 pfu/ml). 
Oligodendrocytes exhibited incomplete CPE and microglia showed DNA 
laddering indicative of apoptosis. Since astrocytes supported virus 
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replication without evidence of apoptosis, the authors suggested that 
astrocytes may be the primary cell type responsible for TMEV persistence in 
the CNS of susceptible mice. By contrast, Olson et al. (32) reported that 
TMEV antigen persisted in microglia for 2 weeks without evidence of CPE 
or apoptosis. Thus, there is still controversy about the primary cell type 
infected and undergoing apoptosis, possibly due to differences in isolation 
procedures from neonatal brains or virus concentrations and strains used for 
infection. 

Anderson and colleagues (34) have recently characterized TMEV- 
infected neonatal cerebellar explant cultures, which produced virus within 24 
h after infection and maintained a constant yield of - 1 0  4 pfu/culture for 72 h. 
Lactic dehydrogenase release at 48 h but not at 72 h indicated initial necrosis 
and recovery, respectively, whereas apoptosis increased steadily until 72 h 
after infection. Microscopic examination of infected cultures at 72 h 
revealed apoptotic nuclei and condensed axons separated from the 
surrounding myelin, but no myelin destruction. The investigators concluded 
that TMEV can directly induce apoptosis in CNS-derived neuronal granule 
cells without contribution of an anti-viral immune response. Since 
oligodendrocytes could not be identified in the explants, infection and 
apoptosis of cells that actually produce the myelin sheath could not be 
determined. Moreover, this type of study addresses only the acute phase of 
TMEV infection, not virus persistence and apoptosis in the chronic phase of 
disease. 

TMEV-Induced Apoptosis in Animals 

Intracerebral inoculation of TMEV in susceptible SJL mice results in a 
biphasic CNS disease, an initial polio-like disease primarily affecting 
neurons, and a chronic phase in which the virus persists in glial cells not 
neurons and leads to an inflammatory, demyelinating pathology. 

TUNEL analysis of TMEV-infected spinal cord sections revealed 
numerous apoptotic cells in acute disease (1-2 weeks) in mice infected with 
DA virus (35-37) and in the chronic disease (> 30 days) in mice infected 

with BeAn or DA virus 
(36, 38, 39). Although 

i® Tsunoda et al. (37) 
reported the frequency of 
apoptotic cells as 
"seldom" in the DA- 
induced chronic disease 
(>30 days after infection), 

Figure 3. TMEV BeAn-infected SJlJJ mouse spinal cord 69 
days after infection, Apoptotic cells are labeled by TUNEL 
staining (50X) (left). The boxed area is in the left panel is shown 
at higher magnification on the right (200X). TUNEL-positive 
cells are prominent in areas of  demyelination. 
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some apoptotic cells could be identified as oligodendrocytes and 
macrophages, but not astrocytes. In contrast, Palma et al. (35) identified 
mainly astrocytes as TUNEL-positive 120 days after BeAn infection of SJL 
mice. Very few CD4+ cells were apoptotic, and other apoptotic cells were 
not identified. At this late stage of infection, the number of hypertrophic 
fibrillary astrocytes was increased indicating an active astrogliosis. In other 
studies of spinal cord segments examined at earlier times after infection, 
TUNEL-positive cells were readily observed, although the cell phenotypes 
were not defined (36, 39). Examination of apoptosis during the course of 
chronic TMEV-induced demyelinating disease revealed an increase in mean 
number of apoptotic cells as the disease progressed (Figure 3) (38). 
Approximately 75% of the apoptotic cells were identified as T cells, 10% as 
macrophages, and 1% or less as astrocytes; about 14% of TUNEL-positive 
cells were left unidentified, but were postulated to be B cells and/or 
oligodendrocytes. These data differ from those of Palma et al. (35), who 
identified apoptotic astrocytes and not T cells, but agree with Zheng et al. 
(33), who reported apoptosis in microglia and not astrocytes. In summary, 
studies of TMEV-induced apoptosis show that either few or many cells 
undergo apoptosis in vivo, the majority of apoptotic cells are either 
astrocytes or T cells, after infection microglia either die by apoptosis or 
survive, and, apoptosis either does or does not play a role in pathogenesis. 
Clearly, more definitive studies are required to determine the role of 
apoptosis in TMEV-induced pathogenesis. 

P I C O R N A V I R U S  A N T I - A P O P T O T I C  M E C H A N I S M S  

Infection of susceptible mice with the low-neurovirulence TMEV strains 
DA and BeAn results in a persistent virus infection and chronic 
demyelinating disease, while high-neurovirulence strain GDVII infection is 
fatal in 7-10 days with as little as 1 pfu. The DA and BeAn strains translate 
an 18 kb protein, L* from an alternative reading frame in the leader 
sequence that is not present in the high-neurovirulence strains (40). Ghadge 
et al. (41) reported that GDVII virus infection induced apoptosis much more 
efficiently than DA in a macrophage cell line, P388D1, and that DA virus 
with a mutation to eliminate L* translation resembled GDVII in its ability to 
quickly shut-off host protein synthesis and induce apoptosis. Thus, L*'s 
function was thought to be anti-apoptotic. However, the virus yield was 
unchanged in that study; if L* acts to delay the onset of apoptosis, virus 
replication should proceed for longer periods and virus titers should increase, 
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whereas in the absence of L*, apoptosis should be faster and virus titers 
lower. 

In studies of several other investigators using a different macrophage cell 
line (J774-1), recombinant DA viruses translating L* replicated in cells, 
whereas DA virus constructed to express the GDVII leader or mutated DA 
L* sequences did not (42, 43). Those authors suggested that L* is required 
for virus growth in macrophages, but apoptosis kinetics were not assessed 
with these recombinant viruses. The definitive role of L* in apoptosis 
induction awaits further clarification. 

An interesting viral anti-apoptotic mechanism is the reduction of tumor 
necrosis factor (TNF)-c~ receptor by poliovirus non-structural proteins (44). 
In that study retroviral vectors with non-capsid genes were analyzed for their 
ability to inhibit induction of apoptosis by TNF-o~ and Fas. Interestingly, 
while protein 2A, which turns off host protein synthesis, sensitized cells to 
TNF-~-induced apoptosis, proteins 2B and 3A, with unclear functions, 
suppressed it. Analysis of the mechanism by which protein 3A suppresses 
apoptosis revealed that brefeldin A, like poliovirus 3A, reduced the level of 
TNF-o~ receptor (44). Those experiments implicate Golgi transport 
inhibition as the mechanism of TNF-cx removal from the cell surface. 
Whether TMEV proteins have a similar function remains to be determined. 

ROLE OF APOPTOSIS 
I N  T M E V - I N D U C E D  D E M Y E L I N A T I N G  D I S E A S E  

That apoptotic cells exist in the spinal cord of mice with TMEV-induced 
demyelinating disease (TMEV-IDD) has been well-documented, although no 
consensus exists about the apoptotic cell phenotype. It is also known that 
perforin-deficient mice are unable to clear the virus and die within 2 weeks 
(45), indicating that the cytolytic machinery of the CD8+ T cells is required 
for control of the initial virus infection. Finally, virus antigen is known to 
persist for the lifetime of the infected animal. What is not clear is how 
apoptosis might contribute to the pathogenesis of the disease. One 
hypothesis is that macrophage phagocytosis of infected, apoptotic cells 
account for the continuing presence of virus antigen in macrophages in the 
spinal cord, so that apoptosis might play only a passive role in the 
persistence. Apoptosis of infected macrophages/microglia might also serve 
to restrict virus infection by suppressing virus production keeping virus titers 
low and allowing protection of the surrounding cellular environment by IFN- 
ell3. Apoptotic macrophages/microglia might also release IL-1, an 
inflammatory cytokine, which may propagate an inflammatory response (see 
Figure 1). 
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The presence of apoptotic T cells in TMEV-IDD suggests that 
activation-induced cell death (AICD) is taking place, since there is no 
evidence that T cells become infected with TMEV. AICD in TMEV- 
susceptible mouse strains has not been examined. If AICD is defective, it is 
possible that activated T cells remain in the spinal cord too long, resulting in 
an overabundance of cytokines and maintenance of an inflammatory 
response. Alternatively, if AICD occurs too quickly, the stimulating antigen 
may not be efficiently eliminated. 

Induction of AICD in T cells involves Fas/FasL and TRAIL/TRAIL-R 
interactions (46), molecules that are increased in MS patients (47). 
Recently, the anti-apoptotic protein Bcl-XL was found to be up-regulated in 
multiple sclerosis patients (48), raising the possibility of a dysregulated 
balance between pro- and anti-apoptotic proteins in this disease and 
suggesting a promising area of research. 

While oligodendrocyte- and astrocytes-induced apoptosis by direct BeAn 
virus infection in vivo remains controversial, virus infection of derived cell 
lines in vitro does result in apoptosis. Besides the elimination the myelin- 
producing oligodendrocytes, phagocytosis of these cells and myelin debris 
by macrophages might result in efficient antigen presentation of myelin 
peptides capable of stimulating antigen-specific T cells and propagating an 
additional inflammatory response. This expansion would result in further 
CNS damage and exacerbation of the clinical symptoms in the mice. 

Further studies of TMEV-IDD are needed to address the role of L* in 
persistence and pathogenesis, the contribution of apoptotic astrocytes, 
macrophages and oligodendrocytes to pathogenesis, and the role of apoptotic 
dysregulation in the disease process. Understanding the mechanism of 
apoptosis control in this model system would offer insights and direction for 
MS research. 
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HISTOPATHOLOGY IN CORONAVIRUS- 
INDUCED DEMYELINATION 

Ehud Lavi  
Division of Neuropathology, Department of Pathology & Laborator Medicine., University oJ 
Pennsylvania, School of Medicine, Philadelphia, PA 19104 

Abstract: 

Key words: 

The experimental model system of coronavirus mouse hepatitis virus (MHV) 
induced demyelination in 4-6 week old C57B1/6 or Balb/c mice exhibits a 
biphasic disease and two distinct forms of virus-induced demyelination. 
During the acute phase of the disease MHV infection causes acute 
encephalitis, and some strains of virus cause also hepatitis. Infection with the 
JHM strain of MHV causes severe panencephalitis, whereas MHV-A59 causes 
mild to moderate encephalitis involving specific limbic and limbic related 
areas of the brain and brain stem. The target cells are neurons and glia 
including oligodendrocytes. Demyelination during the acute stage is due to 
cytolytic infection of oligodendrocytes. After two weeks, the disease process 
enters a chronic stage of immune-mediated demyelination, in the presence of 
high levels of anti-viral antibodies and persistent low levels viral RNA in glial 
cells, without detectable levels of infectious virus or viral antigens. 

Demyelination, mouse hepatitis virus (MHV), coronaviruses, nidoviruses, 
histopathology, pathology, pathogenesis, autoimmunity. 

INTRODUCTION 

The mechanism of  demyel inat ion in the model system of  MHV-induced  
demyelinat ion has been the subject of  intense controversy.  In the early years 
fol lowing its original description, the M H V  model has been considered a 
perfect  example  of  virus-induced demyelinat ion due to direct cytolytic effect  
on ol igodendrocytes,  as opposed to E A E  and the Thei le r ' s  virus induced 
encephalomyel i t is  model,  which were considered the prototypes of  
au to immune  demyelination.  In recent years, evidence was presented in 
favor  of  an immune-media ted  mechanism in MHV-induced  demyelination.  
However ,  examining the strong evidence that supports each mechanism it 
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appears that the only explanation for to this discrepancy is that the two 
mechanisms co-exist in the same model. While the early descriptions 
referred to the cytolytic mechanism of acute infection, the later evidence 
described the mechanism that dominates the chronic disease. In the 
following chapter the histopathological features of MHV disease of the brain 
will be described for the two stages of the disease. 

M H V  I N D U C D  A C U T E  E N C E P H A L I T I S  

Some strains of MHV are purely hepatotropic (e.g. MHV-2) 
(Hirano et al. 1981), some are primarily neurotropic (e.g. JHM ) 
(Robb et al. 1979), while others (MHV-A59, MHV-S and MHV-3) 
are both hepatotropic and neurotropic (Virelizier et al. 1975; 
Barthold and Smith 1983; Lavi et al. 1986). MHV infection has 
been extensively used as a model system for viral persistence and for 
acute and chronic neurologic diseases (Weiner 1973; Knobler et al. 
1981; Stohlman and Weiner 1981; Sorensen et al. 1982; Wege et al. 
1982; Barthold and Smith 1983; Buchmeier  et al. 1984; Lavi et al. 
1984; Perlman et al. 1990). The experimental models of neurotropic 
MHVs exhibit a bi-phasic disease. Acute meningoencephali t is  (with 
or without hepatitis) is the major pathologic process in the first two 
weeks following inoculation. Subsequently,  subacute and chronic 
diseases develop, which can be either an inflammatory 
demyelinat ing disease (in JHM and A59) or vasculitis (in MHV-3). 

MHV enters and spreads into the brain primarily by hematogenous 
spread. This conclusion is based on the fact that injection of virus 
into one hemisphere produces a simultaneous appearance of viral 
antigen in both hemispheres at the same time. When the route of 
infection is by intracerebral injection virus quickly enters the blood 
circulation and re-enters the brain, and other target organs such as 
liver, by hematogenous spread. However, following intranasal 
inoculation of mice, virus can be traced propagating from the olfactory 
system into limbic system structures and their connections in the brain stem. 
Thus interneuronal transport has been suggested as an additional mode of 
spread within neuronal cells during acute encephalitis (Barthold 1988; Lavi 
et al. 1988; Barnett et al. 1993). In addition, the fact that the virus travels 
from cerebral hemispheres to brainstem and then to spinal cord (Perlman et 
al. 1990) suggests an interneuronal transport. 

During the acute phase of the disease the JHM strain of MHV causes 
severe panencephalitis, involving the telencephalon, diencephalon, brain 
stem, cerebellum and spinal cord. In contrast to the pantropic property of wt 
JHM, MHV-A59 and certain mutants of JHM produce a limited CNS disease 
restricted to specific locations of predilection. These include the olfactory 
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and limbic systems, and certain basal nuclei, which are physiologically 
connected with the limbic system. 

Acute MHV encephalitis cuases a lytic infection of cells including 
neurons, astrocytes and oligodendrocytes (Lampert et al. 1973). This finding 
raised the speculation that demyelination is caused only by direct cytolytic 
effect of the virus on oligodendrocytes. 

THE MHV DEMYELINATING DISEASE 

The first description of the ability of MHV to cause demyelination was in 
1949. Cheever and co-workers isolated JHM, a strain of MHV, from the 
brains of mice with hind leg paralysis (Cheever et al. 1949). A detailed 
histological analysis by Bailey et al revealed disseminated encephalomyelitis 
and areas of demyelination with sparing of axons in the brain and spinal cord 
(Bailey et al. 1949). Twenty-four years later, Leslie Weiner studied in more 
details the pathogenesis of demyelination induced by JHM (Weiner 1973). 
He found that the development of demyelination was a function of the age of 
mice, the dose of virus and the route of inoculation. The study was focused 
on demyelination during the 7-15 days post infection. There was evidence 
of viral antigen but no evidence of immunopathology. Immunosuppressive 
treatment did not abolish demyelination and taking all this information 
together the study concluded that JHM-induced demyelination was due to a 
cytopathic effect of the virus on oligodendrocytes. In the same year Lampert 
and co-workers came to the same conclusion. They studied by 
electronmicroscopy the ultrastructural pathology of JHM-induced acute 
demyelination, 3-6 days after infection. They found acute encephalomyelitis 
with patchy demyelination in the brainstem and spinal cord. They also 
found viral particles consistent with the appearance of coronaviruses in the 
cytoplasm of oligodendrocytes. The obvious conclusion from that study was 
that JHM replicated in oligodendrocytes and killed some of them causing 
demyelination. 

Both JHM and A59 then cause subacute and chronic inflammatory 
demyelinat ion in the brain, but mainly in the spinal cord (Stohiman 
and Weiner 1981; Lavi et al. 1984). Propagation of virus from the 
initial site of infection in the brain to the spinal cord occurs by 
transport of the virus in neurons and astrocytes (Sun and Perlman 
1995). Astrocytes in particular may play an important role in this 
process by secreting cytokines and producing iNOS (Sun et al. 
1995). Perivascular mononuclear  ( lymphocytic/macrophage)  
inflammatory infiltration of meninges and Virchow-Robin spaces is 
seen adjacent to areas of destruction of myelin, denuded, but 
otherwise intact axons, and macrophages containing myelin debris 
are seen in various areas of white matter, especially in the spinal 



714 Chapter C1 

cords of infected animals (Lampert  et al. 1973; Weiner  1973; Fleury 
et al. 1980; Lavi et al. 1984). Recurrent  demyel inat ion,  
remyel inat ion,  regenerat ion of o l igodendrocytes  and increased 
myelin basic protein gene expression have been demonstra ted in 
various MHV model systems (Herndon et al. 1975; Herndon et al. 
1977; Kristensson et al. 1986). These features parallel many of the 
pathologic f indings seen in multiple sclerosis in contrast  to the 
monophasic  viral or post viral human demyel inat ing diseases such as 
acute disseminated encephalomyel i t i s  (ADEM), and progressive 
mult ifocal  leukoencephalopathy (PML). 

Several laboratories including our own showed evidence of persistent 
coronavirus infection in both glial cell cultures and in animals. Persistent 
virions were demonstrated in chronic infection with ts mutant of JHM 
(Knobler et al. 1982), and persistence of viral genome was found following 
infection with MHV-A59 (Lavi et al. 1984). Persistent infection of glial 
cultures with MHV-A59 was used to demonstrate induction of MHC class I 
expression on astrocytes and oligodendrocytes, mediated by a soluble factor 
(Suzumura et al. 1986; Suzumura et al. 1988; Lavi et al. 1989). MHC class 
II induction mediated by viral particles has been demonstrated in glial cell 
infection with JHM (Massa et al. 1986). In the last decade the role of an 
immune mediated pathogenesis as the major mechanism of chronic MHV- 
induced demyelinating disease has been suggested based on indirect 
evidence. Adoptive transfer of demyelination with T cells from JHM- 
infected rats and in-vitro sensitivity to myelin basic protein suggested the 
possibility that MHV induced demyelination can be at least in part an 
immune-mediated, EAE-like disease (Watanabe et al. 1984). 
Immunosuppression of mice infected with JHM decreased the incidence of 
demyelination suggesting that the chronic demyelinating disease is immune- 
mediated (Wang et al. 1990). 
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Abstract: Infection of neurotropic strains of coronaviruses in susceptible animals results 
in acute encephalomyelitis followed by a chronic demyelinating disease, 
similar to multiple sclerosis (MS). Although the mechanism of chronic 
coronavirus-induced demyelination is not entirely clear, studies show that it is 
mostly immune-mediated. Astrocytes, microglia and endothelial cells play an 
important role in normal functions as well as in immunologic and pathologic 
processes in the central nervous system (CNS). The interaction between 
coronaviruses and these cells induces various inflammatory mediators 
including cytokines, chemokines, MHC and NO, which acting in concert are 
involved in the pathogenesis of demyelination. 

Key words: astrocytes, microglia, endothelial cells, coronavirus, demyelination 

1. I N T R O D U C T I O N  
Astrocytes, microglia and endothelial cells play an important role in the 

pathogenesis of coronavirus, mouse hepatitis virus (MHV)-induced disease 
in mice in several ways. All three cell-types are targets to various degrees of 
MHV infection during acute and chronic disease. Secondly, astrocytes and 
microglia are also targets of apoptotic cell death, presumably as a direct 
consequence of infection. In addition, astrocytes and microglia serve as 
reactive proliferating cells, as normally seen in viral encephalitis and other 
types of CNS injury. Finally all three cell-types are considered part of the 
CNS innate immune system, and as such are responsible for pro- 
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inflammatory immune reactions. These reactions involve secretory 
functions of a variety of pro-inflammatory molecules including cytokines, 
chemokines, upregulation of major histocompatibility complex (MHC) and 
NO molecules and a variety of downstream signal transduction and related 
molecules. CNS disease, especially demyelination could be a result of a 
combination of viral cytopathic effect on cells and the secondary pathologic 
effect of toxic inflammatory mediators, thus fulfilling the concept of 
autoimmunity. Indirect proof for this concept comes from studies in which 
immuno-suppression ameliorated chronic MHV-induced demyelination. In 
the following paragraphs we will briefly review the normal functions of 
astrocytes, microglia and endothelial cells and evaluate how these functions 
are affected in relationship to the pathogenesis of virus-induced CNS 
disease. 

1.1. Astrocytes 
Historically two groups of glial cells were identified in the CNS: the 

macroglia, including astrocytes, oligodendrocytes, and ependymal cells, and 
microglia. More recently microglial cells have been identified as bone 
marrow derived and not of neuroectodermal origin, and therefore cannot be 
considered as true glial cells. 

Astrocytes, the main CNS glial cells have a number of important 
physiological properties related to CNS homeostasis. Astrocytes have a 
dynamic role in regulating neuronal function (Sofroniew et al. 1999; Haydon 
2000) by the release of neurotrophic factors, guidance of neuronal 
development, contributing to the metabolism of neurotransmitters, and 
regulating extracellular pH and K + levels. Astrocytes influence the 
formation and maintenance of the blood-brain barrier (BBB), a structure that 
serves to limit entry of blood-borne elements into the CNS. Astrocytic foot 
processes are in close apposition to the abluminal surface of the 
microvascular endothelium of the BBB, and soluble factors secreted by 
astrocytes appear to be involved in the maintenance of the BBB. Thus, 
astrocytes contribute to both the structural and functional integrity of the 
BBB (Wolburg-H 1995). 

Astrocytes also serve as one of the immune effecter cells in the CNS. 
Astrocytes play a significant role during infectious and autoimmune diseases 
of the CNS. As part of the BBB, astrocytes are in close proximity to 
endothelial cells and secrete cytokines, chemokines and adhesion molecules 
(Lee et al. 2000). Cultured astrocytes express a wide range of molecules 
with neurotropic properties such as nervous growth factor (NGF), glial- 
derived growth factor (GDGF), and ciliary neurotropic factor (CNTF). In 
response to activation by intefferons astrocytes express class I and class II 
MHC antigens. The expression of the costimulatory molecules B7 and 
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CD40 in astrocytes is controversial (Aloisi et al. 1998; Soos et al. 1999; 
Nguyen and Benveniste 2000). 

The ability of astrocytes to function as bona fide antigen presenting cells 
(APCs) is also controversial. Early studies documented the ability of class II 
MHC-positive astrocytes to function as APCs in vitro (Fierz et al. 1985; 
Fontana et al. 1986; Takiguchi and Frelinger 1986). These studies clearly 
indicate that astrocytes exposed to WN-y have the capacity to express 
molecules such as class II MHC, invariant chain, H2-M, B7-1, and B7-2, 
enabling them to efficiently process and present self antigens and activate 
both naive and memory T cells. However, there is also a large body of 
evidence indicating that astrocytes function as nonprofessional APCs by 
promoting mainly Th2 responses and/or apoptosis of T cells, which may be 
important for recovery from Thl-mediated CNS inflammation (Meinl et al. 
1994; Weber et al. 1994). 

1.2. Microglia 
Microglia constitutes 12% of the cells in the CNS, which are the 

principal immune cells in the CNS and play a significant role in the host 
defense against invading microorganisms. The CNS endogenous microglia 
share many properties with macrophages, having developed from a common 
precursor cells (Nelson et al. 2002). Features common to microglia and 
systemic macrophages include the expression of innate immune receptors 
and the ability to phagocytose pathogens, cells or cellular debris (Ling and 
Wong 1993; Williams et al. 1994). 

The functions of microglia in the CNS include phagocytosis, antigen 
presentation, production and release of cytokines, eicosanoids, complement 
components, and excitatory amino acids such as glutamate, oxidative 
radicals, and nitric oxide (Gehrmann et al. 1995). Three states of microglia 
have been identified based on developmental and pathophysiologic studies: 
(1) the resting, ramified microglia present in normal CNS; (2) the activated 
non-phagocytic microglia found in areas involved in CNS inflammation (3) 
the reactive, phagocytic microglia observed in areas of trauma and infection. 
Microglia can express class I and II MHC antigens, Fc receptors (I-III), 
complement receptors (CR1, CR2, CR4), [32-integrins, intercellular adhesion 
molecule-1 (ICAM-1), and costimulatory molecules B7-1 and B7-2 
(Minagar et al. 2002). Numerous studies have confirmed the role of 
microglia as important APCs within the CNS (Aloisi et al. 2000; Becher et 
al. 2000), while the role of astrocytes remains controversial. 

1.3. Endothelial cells 
Traditionally, the CNS has been regarded as an immunologically 

privileged site. The CNS lacks lymphatic vessels and is sealed by the BBB. 
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The cellular basis for the BBB is at the levels of both the CNS microvascular 
endothelial cells and the choroid plexus epithelial cells. The BBB is an 
important mechanism for protecting the brain from fluctuations in plasma 
composition and from circulating agents such as neurotransmitters and 
xenobiotics capable of disturbing neural function (Abbott and Romero 
1996). The barrier also plays an important role in the homeostatic regulation 
of the brain microenvironment necessary for the stable and coordinated 
activity of neurons (Abbott 2002). The brain endothelium has lower levels 
of endocytosis/transcytosis than peripheral capillaries, but has a number of 
specific transport and enzyme systems, which regulate molecular traffic 
across the endothelial cells. The brain endothelium also contains specific 
enzymatic systems such as monoamine oxidase that support the protective 
and detoxifying roles of the BBB. Cerebral microvascular endothelial cells 
are also considered as potential APCs because of their large cumulative 
surface and their unique anatomical location between circulating T cells and 
the extra-vascular sites of antigen exposure. Thus BBB covers a number of 
static and dynamic properties that enable the endothelium to protect and 
regulate the brain microenvironment (Abbott and Romero 1996). 

The BBB phenotype develops under the influence of associated brain 
cells, especially astrocytes. In vitro cell culture models have provided a 
great deal of information about the key role of astrocytes in the induction of 
the BBB phenotype in brain endothelium (Bauer and Bauer 2000). The 
chemical nature of the glial-produced inductive signal(s) is currently unclear. 
TGF-13 (Tran et al. 1999), GDNF (Utsumi et al. 2000), bFGF (Sobue et al. 
1999), IL-6 and hydrocortisone (Hoheisel et al. 1998) have been shown to 
modulate endothelial differentiation and induction. In addition to a role in 
barrier induction and maintenance, astrocytes may play active roles in 
modulating BBB permeability by the release of several humoral agents 
including glutamate, aspartate, taurine, ATP, ET-1, NO, TNF~, MIP2 and 
IL-1 ~, although the regulation of this release is not well understood (Abbott 
2002). Interestingly, it has recently been shown that endothelial cells induce 
the differentiation of astrocyte precursor cells into astrocytes in vitro, which 
is mediated by endothelial cell production of leukemia inhibitory factor 
(LIF) (Mi et al. 2001). Thus endothelium and astrocytes are involved in 
two-way induction. It is clear that endothelial cells are involved in both 
long- and short-term chemical communication with neighboring cells, with 
astrocytes being of particular importance. 

Maintenance of the adult BBB appears to depend on continuing exchange 
of inductive signals between glia and endothelium, and disturbance of this 
induction may be instrumental in several neuropathologies involving BBB 
dysfunction, such as tumors and MS. 



C2. The Role of Astrocytes, Microglia, and Endothelial Cells In 
Coronavirus induced demyelination 

721 

2. Animal models of coronavirus induced demyelination 

Coronaviruses constitute a large group of positive-stranded RNA viruses 
that are associated with a wide variety of respiratory, gastrointestinal, and 
neurological diseases in animals and humans. However there is no 
conclusive evidence that any human neurological diseases, such as MS, may 
occur as a result of human coronavirus infection. 

MS is an inflammatory demyelinating disease of the CNS that is 
characterized by mononuclear cell infiltration into the CNS, myelin 
degradation and oligodendrocyte loss. It is the most common neurological 
disease affecting young adults (Ewing and Bernard 1998). The etiology and 
pathogenesis of MS have yet to be elucidated but are probably multifactorial, 
involving both genetic and environmental factors (Ewing and Bernard 1998). 
Several viruses have been associated with demyelinating processes including 
human coronaviruses (HCoV) and murine coronavirus (MHV). Intracerebral 
infection of susceptible mice with neuroadapted strains of mouse hepatitis 
virus (MHV) results in an acute encephalomyelitis followed by a chronic 
demyelinating disease similar to the pathology of the human MS (Lavi et al. 
1984; Lavi et al. 1986; Houtman and Fleming 1996; Lane and Buchmeier 
1997), serving as models for this diseases. The two strains of MHV that 
have been used in the majority of studies of MHV infection in the CNS are 
MHV-A59 and JHM (MHV-4). 

The mechanism of MHV induced demyelination is still not well 
understood. Although it was initially believed to result from direct viral 
lysis of oligodendrocytes, chronic demyelination was demonstrated to be 
largely immune mediated in more recent reports. The immune response to 
MHV infection is critical in host defense as well as the development of 
demyelination (Houtman and Fleming 1996; Wu et al. 2000). However, the 
precise role of individual components of the immune system in this process 
is not known and need intense investigation. 

3. The role of astrocytes, microglia, and endothelial cells in 
MHV-induced CNS demyelination 

The fact that the nude mice were unable to clear virus and still develop 
demyelination suggests that conventionally educated T cells are not an 
essential component for demyelination. That means that either the 78 subset 
of T cells, natural killer cells, or microglia, astrocytes, or even endothelial 
cells, may participate and/or be responsible for the demyelinating process. 

3.1 The innate immune system of the CNS 

To protect the host from the invasion of foreign organisms and 
pathogenic insults, the immune system has evolved into two parts: one is 
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responsible for immediate, relatively generic, action against external agents, 
known as the "the innate immune system". The other component of the 
immune system responds specifically to an external threat and requires 
plasticity and memory, which is called the "adaptive or acquired immune 
system". These two systems are not separate, but are functionally 
intertwined and the actions of one have a profound effect on the other 
(Medzhitov and Janeway 1997). 

B and T lymphocytes are the cellular members of the adaptive immune 
system. These cells are generated in primary lymphoid tissues (bone 
marrow, thymus) and re-circulated in secondary lymphoid structures 
(lymphnode, spleen). The innate immune system on the other hand uses 
mainly phagocytic cells (including monocytes/macrophages, and 
polymorphonuclear phagocytes) as a first line of defense against foreign 
structures. Astrocytes and microglia are the principal innate immune cells in 
the CNS concomitant with inflammatory brain disease and play a significant 
role in the host defense against invading microorganisms. 

3.2 The immune response within the CNS upon viral 
infection 

Although the CNS has been characterized as an immune privileged site, it 
is also the site of blood-borne inflammation, either in response to exogenous 
antigens (infection) or as a result of disrupted peripheral tolerance to self 
antigens (autoimmnunity). The microenvironment of the CNS, shaped by its 
structural and cellular components, participates in the physiological immune 
process that occurs within the CNS and is at least in part responsible for the 
extent of immune response within the CNS upon viral infections. Glial and 
microglial cells play a pivotal role in both acute and chronic phases of 
coronavirus infection, which could lead to the production of a variety of 
inflammatory molecules in glial cells including cytokines, chemokines, 
MHC and nitric oxide (NO) that have been associated with the pathogenesis 
of demyelination. 

3.4. MHC class I and II expression 
The MHC class I and II antigens play an important role in demyelination 

following infection by MHV of resident cells of the CNS. Infection of the 
CNS with MHV-A59, a neurotropic murine coronavirus, induces class I 
MHC antigen expression on oligodendrocytes and astrocytes (Suzumura et 
al. 1986; Suzumura et al. 1988; Lavi et al. 1989), cells that do not normally 
express detectable MHC surface antigens. The role of MHC class I in 
demyelination remains complex because of reports indicating that 
demyelination can occur in MHV-infected mice that lack either stable 
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expression of the MHC class 1 molecule or functional CD8+ T cells 
(Gombold et al. 1995). Because MHC class I antigens play a key role in 
interaction between cytotoxic T cells and target cells, the induction of MHC 
class I antigens could potentially allow gliai cells to interact with or become 
a target for immunocytes. 

The MHC class 11 molecules play a critical role in induction of immune 
responses through presentation of processed antigens to CD4 + T-helper cells. 
Although class II MHC molecules are essential for lymphocyte development, 
antigen presentation, and T-cell activation, inappropriate class II expression 
has been implicated in several autoimmune diseases, including rheumatoid 
arthritis, inflammatory bowel disease, and MS (Grusby and Glimcher 1995). 
Class II MHC molecules are normally expressed on professional APCs, such 
as B cells, macrophages, dendritic cells, and thymic epithelium, expression 
on other cell types, including astrocytes, can be induced and/or regulated by 
cytokines, neurotransmitters, and neuropeptides. Astrocytes were the first 
CNS cell type shown to express class II MHC molecules upon IFN- 7 
stimulation in vitro (Wong et al. 1984). The cytokine TNF-a, while having 
no influence alone on class II MHC expression, enhances IFN-7-induced 
class 11 MHC expression on astrocytes (Panek et al. 1994). Infection of 
astrocyte cultures derived from MHV-susceptible Lewis rats with MHV- 
JHM resulted in induction of MHC class II, whereas no such induction was 
observed in astrocytes from disease-resistant Brown Norway rats (Massa et 
al. 1986; Massa et al. 1986). A number of soluble mediators have been 
shown to inhibit class 11 MHC expression in astrocytes, which include TGF- 
13, IL-113, IFN-13, IL-4, glutamate, vasoactive intestinal peptide, 
norepinephrine, and nitric oxide (Rohn et al. 1996). The expression of MHC 
II on phagocytic microglia implies the capacity of microglia as APCs. 
Phagocytic microglia is often regarded as potentially cytotoxic in both acute 
and chronic CNS disorders. MHC class 11 expression by phagocytic 
microglia also corresponds to the elevated expression of potentially 
cytotoxic substances in the CNS, among which nitric oxide and TNF-~ are 
notably involved in the death of oligodendrocytes and demyelination 
(Benveniste 1997; Eugster et al. 1999). A study on the demyelinating 
twitcher mouse has shown that the number of reactive microglia and the 
concomitant demyelination is significantly reduced when the twitcher mouse 
carries an MHC 11 null background (Matsushima et al. 1994). Therefore, 
MHC 11 expression by activated microglia in chronic neurodegenerative 
disorders may indicate that the activated microglia become cytotoxic (Zhang 
et al. 2001). 

Expression of MHC class II has been shown to be important in 
demyelinating disease in some animal models, such as TMEV and EAE 
(Borrow and Nash 1992). However, mice deficient in MHC class 1I 
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expression are capable of having demyelination following infection with 
MHV-JHM (Houtman and Fleming 1996). Therefore, the expression of 
MHC class I or II may play some role in the MHV-induced demyelination, 
but neither one is absolutely necessary for this process. 

3.5. Cytokines and chemokines production 
Astrocytes and microglia produce a variety of cytokines and chemokines 

upon stimulation with a variety of factors including viral infection. 
Although expression of cytokines and chemokines is controlled and balanced 
in the normal, healthy, CNS, aberrant expression occurs in CNS diseases 
such as AD, MS, HAD, Parkinson's disease, and in brain injury/trauma. In 
many of these diseases, astrocytes and microglia are responsible for some of 
the production of cytokines and chemokines, whereas blood-borne 
inflammatory cells are responsible for the rest. Both in vitro and in vivo 
studies have documented the ability of astrocytes to produce interleukin-1, -6, 
and -10 (IL-1, -6, and -10); interferon (IFN)-a, and -[3; colony-stimulating 
factors GM-CSF, M-CSF, and G-CSF; TNF-a; TGF-[3; and chemokines 
including RANTES, IL-8, monocyte chemoattractant protein-1 (MCP-1), 
and IFN-7-inducible protein-10 (IP-10) (Dong and Benveniste 2001). 
Cytokines that have been demonstrated to be produced by microglia are IL-1, 
2, 3, 4, 6, 8, 10, IFN-~, TNF<t, TGF-J3, and CSF. Cytokine/chemokine 
communications between microglia and astrocytes are involved in the 
balance of protective and destructive actions by these cells. Both cell types 
may play a dual role, amplifying the effects of inflammation and mediating 
cellular damage as well as protecting the CNS. Thus, interactions between T 
lymphocytes, microglia, and astrocytes play a major role in the pathogenesis 
of nerological diseases such as MS. 

Chemokines are small chemotactic cytokines that modulate leukocyte 
recruitment and activation during inflammation. Chemokines have been 
implicated in a variety of normal CNS functions (i.e., neuronal progenitor 
migration, axon guidance and adhesion, oligodendrocyte proliferation, and 
intercellular communication) although more and more evidence supports 
their role in CNS disease and injury such as Alzheimer's disease and HAD. 
In particular, chemokines are induced in the demyelinating disease MS, and 
numerous animal models for demyelination including experimental 
autoimmune encephalomyelitis (EAE), Theiler's and MHV-induced 
demyelinating disease, experimental autoimmune neuritis, and twitcher, a 
murine model of globoid cell leukodystrophy (Glabinski and Ransohoff 
1999; Hoffman et al. 1999; Kieseier et al. 2000). 

Many cells in the body can secrete chemokines, including astrocytes and 
microglia. MHV infection of the CNS results in an orchestrated expression 
of chemokine genes including IFN inducible protein of 10 kDa/ CXCL10, 
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monokine induced by IFN-~/CXCL9, CCL2, CRG-2, MCP-1, MCP-3, 
RANTES, Mig, macrophage inflammatory protein-l~J/CCL4, CCL5, and 
CCL7 (Lane et al. 1998). Neutralization of IP-10 or Mig at the time of 
infection with MHV results in increased mortality, higher viral loads and 
markedly decreased T cell infiltration into the CNS (Liu et al. 2000; Liu et 
al. 2001). In contrast, mice treated with RANTES antiserum have delayed 
viral clearance, decreased T cell infiltration, and significantly less 
demyelination than do untreated mice, but show no change in mortality 
(Lane et al. 2000). Also certain chemokine receptors including CCR1, 
CCR2 and CCR5, have been shown to regulate the gateway for 
inflammatory cell entry into the CNS. CCRl-deficient mice have reduced 
CNS inflammatory responses in the MOG-induced EAE model (Rottman et 
al. 2000), and CCR5-deficient mice have negligible inflammation after 
disseminated C. neoformans infection of the CNS (Huffnagle et al. 1999). 
Therefore, chemokines have an important role in host defense as well as 
demyelination induced by viral infection by attracting T lymphocytes and 
macrophages into the CNS. 

Cytokines are a large and diverse group of polypeptides ranging in size 
from 8 to 26 kDa, which major function is activation of the immune system 
and inflammatory responses. In most acute encephalitis cytokines such as 
IL-1, TNF-a, IL-6 and IFN-y are detected in the CNS of infected mice. 
Depletion of IFN-y leads to decreased virus clearance and greater mortality. 
However, neutralization of TNF-ct did not appear to affect either T cell 
recruitment or virus clearance. Except for astrocytes and microglia, 
edothelial cells are another possible cellular source of cytokine including IL- 
l, IL-6 and TNF-Gt, as well as some cytokines receptors IL-1R1 and IL-1R2. 

In our laboratory we analyzed the ability of MHVs with different 
neurotropic phenotypes to modulate the expression of cytokines in astrocytes 
and microglia in primary cultures from newborn C57BL/6 mice. The results 
show that infections of cultures with neurotropic viruses MHV-A59 and 
JHM up-regulate IL-113, IL-6, IL-12p40, IL-15 and TNF-~ mRNA in both 
astrocytes and microglia, significantly more than infection with the non- 
neurotropic virus MHV-2. Similar up-regulation was observed in mouse 
brains during acute encephalitis and in mouse spinal cords during the chronic 
inflammatory demyelinating disease but a different profile was seen in the 
liver during acute hepatitis. There are close interactions between the five 
upregulated cytokines. Studies of MHV-A59 infections in cultures derived 
from cytokine knockout mice indicate that IL-12 and TNF-~ are the 
upstream molecules that cause the subsequent up-regulation of the other 
three cytokines. Furthermore we found that infection with neurotropic 
MHVs induce up-regulation of a set of chemokines in astrocytes and 
microglia, including MIP-1, MIP-3, MCP-2, MCP-5, MIG. This pattern of 
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cytokine/chemokine response in astrocytes and microglia is similar to the 
Thl response of lymphocytes and appears to be associated with the 
neurotropic properties of the virus strain. These studies allow us to study the 
unique contribution of CNS local immune cells to the process of MHV 
disease and thus provide new insights into the pathogenesis of MHV- 
induced neurological diseases as well as the general role of brain immune 
cells and cytokines in the process of immune-mediated diseases of the CNS 
(Li et al. 2004). 

Several reports studied the role of cytokines in the chronic demyelinating 
process. The cytokines IL-113, TNF-m IL-6 are expressed by astrocytes 
which are located near the sites of demyelination in chronically infected 
spinal cords (Perlman 1998). A wide range of cytokines have been detected 
in MS lesions, and IL-la and 13, IL-6, TNF-ct, and IFN-y may participate in 
the CNS demyelination process (Benveniste 1998). Cytokines such as IFN- 
7, TGF-13, IL-1, IL-4, and IL-10 may regulate class II MHC expression (Han 
et al. 1999; O'Keefe et al. 1999). Cytokines induce increased expression of 
chemokines, stimulate adhesion molecules on endothelial cells, and allow 
leukocyte entry into the CNS. Thus cytokines are involved in the initial 
phase as well as the development stages of demyelination. 

Studies using knockout mice have shown that neither perforin, Fas-FasL, 
TNF-c~, IL-10 or IFN-y are required for demyelination (Haring and Perlman 
2001). Our own studies in knockout mice indicate that deficiency of IL-6 
and IL-12p40 does not decrease the level of demyelination induced by 
MHV-A59 infection compared to wide type C57BL/6 mice. Thus, none of 
the single cytokines plays a crucial role in demyelination, however, we still 
did not rule out that a combination of cytokines may be required for 
demyelination. Chemokines may play a role in demyelination. RANTES is a 
proinflammatory chemokine that act as a chemoattractant for a variety of 
lymphocytic and myeloid cell types including monocytes and granulocytes 
(Lane et al. 2000). Inhibition of RANTES has been shown to reduce MHV 
induced demyelination (Lane et al. 1999). An alternative hypothesis is that 
MHV could potentially damage oligodendrocytes by disrupting the function 
of astrocytes, which in turn affect oligodendrocytes (Sun and Perlman 1995). 

3.6. Regulation of Thl/Th2 development 
Activation of CD4 + T-helper (Th) cells within the CNS plays an 

important role in regulating immune responses, inflammation and ultimately 
repair, during a variety of CNS diseases. The types of Th cells are 
distinguished by the profiles of cytokines that they produce. Thl cells 
produce the cytokines IL-2, IL-12, IFN-y, LT-~, and tumor necrosis factor 
(TNF), leading to macrophage activation, inflammation, and tissue damage 
(Rengarajan et al. 2000). Thl cells have been implicated in the pathogenesis 
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of CNS autoimmune diseases such as MS and EAE (Owens et al. 2001). In 
contrast, Th2 cells produce the cytokines IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, 
IL-11, and IL-13, that mediate humoral immune responses and inhibit 
macrophage functions (Rengarajan et al. 2000). Within the CNS, Th2 type 
cytokines play a role in down-regulating Thl responses and macrophage 
activation. The presence of IL-12 and IFN- T facilitates Thl development; 
while IL-4 promotes Th2 differentiation. 

Cytokines are the most prominent factors determining the development 
and polarization of Th cells. However these cytokines are not produced by T 
cells but by APCs such as DCs, B lymphocytes and macrophages. 
Astrocytes and microglia are also the source of cytokines within the CNS 
that can influences Thl versus Th2 responses (Aloisi et al. 1997; Stalder et 
al. 1997). According to our own studies IL-12, the crucial cytokine 
facilitating Thl development, can be produced by astrocytes/microglia upon 
MHV infection in vitro. Regulation of class II MHC, B7, and CD40 
expression are also involved in the T cells polarization. 

3.7. NOS activation and NO production 
Nitric oxide (NO) is a pleiotropic molecule with important functions in 

vascular regulation, neuronal function, and immunological processes. Of the 
three isoforms of nitric oxide synthase (NOS), NOS2 is recognized as an 
important inflammatory mediator, with both protective and 
immunopathological capabilities (Nathan and Xie 1994). Macrophage 
production of NO by NOS2 is part of the effector phase of the immune 
response to numerous pathogens, including viruses (MacMicking et al. 1997; 
Reiss and Komatsu 1998). NOS2-generated NO may contribute to the 
pathology of demyelination by exerting cytotoxic effects on 
oligodendrocytes (Merrill et al. 1993) and by regulating proinflammatory 
factors such as cytokine and chemokine secretion (Remick and Villarete 
1996; Brenner et al. 1997; Merrill and Murphy 1997). 

Both astrocytes and microglia express NOS-2 and release NO upon virus 
stimulation in vitro. Moreover, these cells are the likely source of NOS-2 
expression during CNS inflammation in vivo (Mitrovic et al. 1996). During 
the acute phase of MHV infection of mice, expression of NOS2 by 
macrophages is up-regulated, whereas NOS2 synthesis is confined to 
astrocytes during the chronic demyelinating disease (Sun et al. 1995; 
Grzybicki et al. 1997). 

The role of NO and NOS2 in MHV-induced demyelination is still 
controversial. Inducible NOS2 transiently contributes to MHV-induced 
demyelination. Inhibition of NOS2/NO by aminoguanidine (AG), a 
selective inhibitor of NOS2 activity, slows the progression of MHV-induced 
demyelination by controlling inflammation and modulating chemokine 
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expression in the CNS (Lane et al. 1999). More recent studies show that 
NOS2 function is not required for demyelination in mice infected with 
MHV-JHM (Wu et al. 2000). Although NO may have a transient role in the 
early steps of demyelination, it is not necessary for disease to develop. 
Infection of NOS2 knockout (-/-) and NOS2(+/+) mice with MHV resulted 
in similar kinetics of viral clearance from the brain and comparable levels of 
demyelination. MHV-infected NOS2(-/-) mice displayed a marked decrease 
in mortality as compared to infected NOS2(+/+) mice, which correlated with 
a significant decrease in the number of apoptotic cells present in the brain. 
These studies indicate that NOS2-generated NO contributes to apoptosis of 
neurons but not demyelination following MHV infection (Chen and Lane 
2002). 

Of note, MHV-induced demyelination differs from that observed in other 
model systems since inhibition of NO production by AG ameliorates 
demyelination in rodents with adoptive EAE and mice infected with 
Theiler's murine encephalomyelitis virus (Cross et al. 1994; Rose et al. 1998). 

3.8. The disruption of the BBB 
The BBB has been assumed to be an effective barrier for blood cells. 

However, during viral infections or autoimmune diseases of the CNS, T 
lymphocytes are activated and migrate into the CNS and initiate the cellular 
events leading to inflammation and demyelination within the CNS white 
matter. The endothelial BBB has been considered the obvious place of entry 
of circulating lymphocytes into the CNS. The vascular endothelium is the 
first element that leukocytes encounter. Immune-specific interactions 
between lymphocytes and cerebral endothelium have been excluded as an 
initial mechanism. Adhesion interaction between T cells and endothelia 
must precede transmigration (Hart and Fabry 1995). Certain adhesion 
molecules seem to be critically involved in this process for example 
intercellular adhesion molecule I(ICAM-1) and vascular cell adhesion 
molecule I(VCAM-1) are up-regulated on the endothelial cells. Dissociated 
cultures of cerebral endothelial cells prepared from surgical resections of 
adult CNS tissue express an array of adhesion molecules whose expression is 
modulated by encounter with T cells or the cytokines they produce 
(Calabresi et al. 1997). Chemical mediators, particularly chemokines, 
regulate the synthesis, surface expression, and avidity of adhesion 
molecules. The most important adhesion molecule pairs are the selectins (E, 
L and P), the immunoglobulins ICAM-1 and VCAM-1, and the beta 2 and 
beta 1 integrins (e.g., LFA-1 and VLA-4), which play a role in a number of 
pathological processes (Cotran and Mayadas-Norton 1998). Various 
inflammatory mediators, primarily pro-inflammatory cytokines including 
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TNF-c~ and IL-I[3, activate endothelial cells. Endothelial cells can also be 
induced to express MHC class II and B7 in vitro (Prat et al. 2000). 
Furthermore, they inhibit antigen presentation by other APC in co-cultures. 
The basis for this inhibition is still unknown. 

The BBB may have a protective role against spreading of MHV-A59 into 
the CNS, by specific restriction of viral entry into endothelial cells of 
cerebral origin (Godfraind et al. 1997). 

4. CONCLUSIONS 

The effector mechanisms of coronavirus-induced demyelination are 
complex and largely redundant. The brain resident cells respond to infection 
by coronavirus by producing various inflammatory mediators including 
cytokines, chemokines, MHC and NO, which could act in concert to 
orchestrate an inflammatory pathology in the CNS. This argues for an 
indirect immunologic mechanism by which coronavirus infection could be 
implicated in a pathogenesis of the CNS diseases. However, one can 
conclude from all these data that no single molecule is absolutely required 
for coronavirus-induced demyelination, neither cytokines, MHC class I or II, 
nor NOS2. Furthermore, no specific immune cell population is essential for 
coronavirus-induced demyelination, neither CD4 T cells, CD8 T cells, nor 
hematogenous macrophages (Gombold et al. 1995; Sutherland et al. 1997). 
Therefore, coronavirus-induced demyelination may be a result of multiple 
mechanisms, which still need further investigation. 
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Infection of mice with the coronavirus mouse hepatitis virus induces primary 
demyelination in susceptible strains of rodents. Although demyelination is the 
primary pathological process detected in the central nervous system of infected 
mice, axonal dysfunction and damage also occur concomitantly with 
demyelination. This process is T cell mediated, with either CD4 or CD8 T 
cells sufficient for MHV-induced axonal damage. A striking feature is that 
axonal damage occurs early in the disease process, at nearly the same time as 
demyelination is first observed. Axonal damage in MHV-infected mice has 
many similarities with the parallel process in humans with multiple sclerosis. 

Coronavirus, demyelination, axonal damage, T cells 

. INTRODUCTION 

The human disease multiple sclerosis (MS) is characterized by focal 
demyelinating lesions throughout the white matter of the CNS (1, 2). In 
multiple sclerosis, immune-mediated damage to ol igodendrocytes and/or the 
myelin sheaths accounts for this pathology. The process of demyelination 
results in electrical conduction deficits and other alterations in axonal 
physiology, and previously had been assumed to account for the clinical 
signs and symptoms of  MS. 

As described elsewhere in this volume, several older studies identified 
axonal damage as part of the disease process in MS (3). A series of  recent 
reports confirmed that permanent damage to neurons and their axons also 
occurs within these demyelinating lesions (4-6). In one study (7), N-acetyl 
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aspartate, a neurotransmitter, was diminished throughout the CNS in patients 
with progressive MS, while those patients with relapsing-remitting MS 
exhibited reduced levels of N-acetyl aspartate only in areas of 
demyelination. This reduction in N-acetyl aspartate correlated with axonal 
loss detected by either magnetic resonance imaging or electron microscopy 
of involved tissue. 

Other studies of patients with MS have examined the characteristics of 
axonal damage, using immunohistochemistry with antibodies to 
nonphosphoneurofilament H or amyloid precursor protein to visualize 
damaged axons (5, 6). The preponderance of axonal damage occurred in 
demyelinating lesions, with the remainder of damage found adjacent to these 
lesions. 

Axonal damage in MS may account for a significant amount of the 
clinical signs and symptoms seen in the progressive phase of disease. 
Progressive MS is poorly correlated with the size or number of 
demyelinating lesion seen by MRI, suggesting that axonal pathology, not 
demyelination, may be the primary cause of the irreversible deficits that are 
observed (8). One interpretation is that demyelination and remyelination 
may explain the relapsing-remitting phase, while progressive disease results 
from irreversible axonal pathology (9). 

Axonal damage has been reported in several animal models of MS, 
including in rodents with experimental autoimmune encephalomyelitis 
(EAE) and in mice with demyelination induced by Theiler's 
encephalomyelitis virus or mouse hepatitis virus, strain JHM (MHV) (10- 
13). Although it had long been believed that MHV-associated demyelination 
occurs primarily as a result of virus-induced destruction of oligodendrocytes, 
accumulating data from multiple studies indicate that CD4 and CD8 T cells 
are essential in the pathological process (14, 15) (see also chapter C4 of this 
volume). In this review, we summarize data showing that this T cell- 
mediated demyelination occurs concomitantly with axonal damage in MHV- 
infected mice. 

2. TEMPOROSPATIAL PROFILE OF AXONAL 
DAMAGE IN MHV INFECTION 

As described elsewhere in this volume, several models of MHV-induced 
demyelination are studied in different laboratories. In one model, 
splenocytes are transferred from MHV immune mice to syngeneic 
immunodeficient mice [mice with severe combined immunodeficiency or 
with genetic disruption of recombination activation gene 1 (RAGI-'-)I 
infected with the neuroattenuated variant of MHV, 2.2-V-1 (16). Both SCID 
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and RAG1 -/ mice lack B and T lymphocytes (17) and as such are unable to 
mount an adaptive immune response to MHV. While immunocompetent 
C57B1/6 (B6) mice develop demyelination ten to twelve days after 
intracranial inoculation with MHV, their RAG1 / or SCID counterparts 
develop, instead, a fatal acute encephalitis at 14-18 days post infection (p.i.). 
Clinical and histological evidence of demyelination, with accompanying 
macrophage/microglia infiltration, can be detected within seven to ten days 
of transfer. 

Most recent work has been performed using MHV-infected RAG1 / mice 
as recipients. In this adoptive transfer model, either CD4 or CD8 T cells can 
mediate demyelination and disease. T cells are necessary for the 
demyelinating process since transfer of splenocytes depleted of CD4 and 
CD8 T cells results in no demyelination. RAG1 / recipients of CD4 T cell- 
enriched splenocytes (CD8 T cell-depleted) or CD8 T cell-enriched 
splenocytes (CD4 T cell-depleted) also develop demyelination, although 
with different kinetics than recipients of undepleted splenocytes. CD4 T cell 
enrichment results in a rapid course of disease, with mortality by day 7 p.i., 
while CD8 T cell enrichment results in a protracted course of disease (as 
compared to wild type), with mortality at day 14-16 p.i. or later. Strikingly, 
up to 50% demyelination is observed in recipients of CD8 T cell-enriched 
populations by 15 days p.i. This model system was used to determine the 
kinetics of axonal damage and relationship to demyelination in MHV- 
infected mice. 

2.1 The relationship between demyelination and axonal 
damage in MHV-induced disease 

Spinal cords were harvested from MHV-infected RAG1-/- mice at 7 days 
after adoptive transfer (10 days p.i.) of MHV immune splenocytes. We 
examined zinc formalin-fixed, paraffin-embedded sections for demyelination 
and axonal damage. Areas of myelin damage were determined using the 
chemical stain luxol fast blue (LFB) with quantification as previously 
described (18). We further assessed the distribution of 
macrophages/microglia using mAb to the macrophage-specific protein F4/80 
(Serotec, Oxford, England) and viral antigen (using the MHV nucleocapsid- 
specific mAb 5B 11.2, provided by Dr. M. Buchmeier, The Scripps Research 
Institute, La Jolla, CA) by immunohistochemistry. Additionally we stained 
for axonal damage using an antibody specific for nonphosphoneurofilament 
H (mAb SMI-32 (Sternberger Monoclonals, Lutherville, MD). This protein 
is largely found in damaged axons, but is also expressed in the cell body and 
proximal processes of a fraction of unaffected neurons. 
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In areas of demyelination, there was abundant staining with SMI-32, 
indicating axonal damage. Examination of the staining pattern revealed 
continuous axonal staining, suggestive of intact, demyelinated axons, 
discontinuous staining patterns consistent with Wallerian degeneration of the 
axon, and terminal ovoids indicative of axonal transection (Figure C3-1). We 
detected a large infiltrate of macrophages/microglia in areas of 
demyelination, consistent with a role for these cells as the terminal effectors 
of MHV-induced demyelination. It seems likely that these cells also partly 
mediate axonal damage. These areas of demyelination had relatively little 
viral antigen staining, suggesting that myelin and axonal damage occurred 
during the process of viral clearance by infiltrating lymphocytes and 
macrophages/microglia. 

Next we analyzed areas of white matter adjacent to demyelinating 
lesions. These periplaque regions exhibited abundant staining for virus 
antigen, with a modest infiltration of macrophages as compared to areas of 
demyelination. This most likely represents an early infiltrate of macrophages 
into virus-infected white matter. This infiltration of macrophages was 
accompanied by roughly half the level of staining for 
nonphosphoneurofilament H as detected in areas of frank demyelination. 

Figure C3-1. MHV-induced axonal damage. Midsagittal spinal cord sections from MHV- 
infected mice were stained with mAb SMI-32. An area of demyelination within the white 
matter is shown. Three different types of axonal pathology are indicated. Arrowheads: a 
demyelinated axon. Small arrows: a degenerating axon. Large arrow: a terminal ovoid, 
consistent with axonal transection. 
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Areas of normal appearing white matter distant from demyelinating 
lesions, as assessed by staining with LFB, were generally devoid of 
macrophages and viral antigen, although scattered virus-infected cells were 
occasionally detected in these regions of the spinal cord. These areas had 
only limited staining with mAb SMI-32. This staining may have resulted 
from direct viral damage to the axon, since viral antigen has been detected 
throughout axons (19). Alternatively, and we believe more likely, axonal 
damage was occurring distal to a demyelinating lesion. 

Two methods were used to quantify the amount of axonal damage in the 
spinal cords of MHV-infected mice. In one method, midsagittal sections of 
whole spinal cords were stained with mAb SMI-32, analyzed by confocal 
microscopy, photographed and digitalized. The numbers of pixels 
fluorescing above background were counted (Figure C3-2A). This method 
quantifies total damage throughout the spinal cord, but because the majority 
of the spinal cord does not exhibit demyelination, tended to blunt differences 
between samples. To address this issue, the number of SMI-32 positive blebs 
in areas of demyelination, areas adjacent to demyelination, or normal 
appearing white matter was counted in a blinded fashion (Figure C3-2B). 
Quantification of the amount of axonal damage (Figure C3-2B) revealed that 
there were roughly twice as many SMI-32 positive axons in areas of 
demyelination, on average, than in adjacent areas, while there was minimal 
damage in distant normal-appearing areas of white matter. 

Finally, we investigated the kinetics of axonal damage in relationship to 
the appearance of demyelination. Spinal cords of mice at 4.5 days p.i. were 
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Figure C3-2. Quantification of axonal damage in MHV-infected mice. A, Whole spinal cords 
(midsagittal sections) were stained with SMI-32, photographed and digitalized, and the 
number of positive pixels was counted and expressed as a percentage of total spinal cord area. 



742 Chapter C3 

B, the number of terminal ovoids in areas of demyelination, areas adjacent to demyelination 
("periplaque" areas) or areas of normal appearing white matter (NAWM) were counted. 

analyzed using the stains described above. This is the first time point at 
which demyelination is detectable. Surprisingly, axonal damage, as 
measured by SMI-32 positivity, was found in these mice. This occurred only 
in areas of early macrophage infiltration and viral antigen, suggesting that 
demyelination and axonal damage occur concomitantly, and are mediated at 
least in part by the same effector agents. 

2.2 Contribution of CD4 and CD8 cells to axonal 
damage 

As previously published (16), there are substantial differences in clinical 
disease and in demyelination between recipients of CD4 T cell- and CD8 T 
cell-enriched splenic populations. We reasoned that these differences in 
phenotype could be related to differences in the amount of axonal damage 
mediated by these two cell types. Therefore, the adoptive transfer system 
was used to elucidate the contribution of CD4 and CD8 T cells to the 
pathogenesis of axonal damage. MHV-infected RAG1 -/ mice received 
splenocytes enriched for either CD4 or CD8 T cells three days p.i. We 
quantified the amount of axonal damage by measuring the number of pixels 
above background in spinal cords stained with mAb SMI-32 and analyzed by 
confocal microscopy. 

Mice receiving splenocytes depleted of both CD4 and CD8 T cells did 
not develop demyelination and also did not develop axonal damage (Figure 
C3-2A). Mice that received splenocytes treated with complement only 
exhibited 0.4% of mAb SMI-32 immunoreactivity across the spinal cord. 
Surprisingly, no difference in total mAb SMI-32 immunoreactivity could be 
detected between the spinal cords of recipients of CD4 T cell- or CD8 T cell- 
enriched splenocytes. The amount of axonal damage was not different 
statistically from that observed in recipients of undepleted populations of 
cells. In addition, the amount of axonal damage was not well correlated 
with the extent of demyelination. These results show that axonal damage did 
not explain the differences in clinical disease observed between the 
recipients of undepleted and T cell subset-enriched splenocytes. 

3. F U T U R E  D I R E C T I O N S  

Axonal damage appears to be important in the pathological process in all 
demyelinating diseases, including MS, EAE, and viral models of 
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demyelination, including MHV-infected mice (5, 10-13). In the model of 
MHV-induced demyelination described herein, clinical disease and 
demyelination occur rapidly and reproducibly after adoptive transfer of 
immune T cells, making it ideal for the dissection of the processes leading to 
axonal damage in demyelinating disease. 

Although CD4 and CD8 T cells both contribute to demyelination and 
axonal damage, the mechanisms by which these processes are mediated 
remains to be determined. CD8 T cell-mediated demyelination is interferon- 7 
mediated, whereas CD4 T cell-mediated demyelination is increased in the 
absence of this cytokine (20, 21). Demyelination itself is associated with 
changes in the cytoskeletal structure of the associated axon (22). In mice 
with genetic disruption of the proteolipid protein gene, axonal dysfunction is 
observed in the presence of normally compacted myelin (23, 24). In some 
models, demyelinated axons appear to be able to compensate for the loss of 
myelin by upregulating ion channels necessary to maintain conduction (25, 
26). Other demyelinated axons fail to do so, leading to severe conduction 
defects and axonal dysfunction. It is likely that T cells and 
macrophages/microglia, by creating a pro-inflammatory milieu, contribute to 
the pathogenesis of axonal injury. 

Important issues to be resolved include identifying the effector 
molecules and cells that cause axonal damage and determining if axonal 
injury is a necessary consequence of demyelination. Once the mechanisms of 
axonal dysfunction and damage are better understood, it may be possible to 
design therapy to minimize axonal disease in MHV-infected mice, and 
ultimately, in humans with MS. 
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Abstract: Mice infected with neurotropic strains of coronavirus develop acute 
encephalomyelitis and eliminate infectious virus. However, control of acute 
infection is incomplete resulting in persistence of viral RNA in the central 
nervous system (CNS) associated with ongoing primary demyelination. A high 
prevalence of virus specific CD8 and CD4 T cells within the CNS correlates 
with ex vivo cytolytic activity and IFN- 7 secretion, which are both required for 
virus reduction during the acute infection. Although most infected cell types 
are susceptible to perforin mediated clearance, IFNq' is required for 
controlling infection of oligodendrocytes. Furthermore, by enhancing class I 
expression and inducing class II expression within resident CNS cells IFN- 7 
optimizes T cell receptor dependent functions. In addition to its direct anti 
viral activity, these multifactorial effects make IFN-y more essential than 
perforin for viral control. CD4 T cells enhance CD8 T cell expansion, survival 
and effectiveness. Although both CD8 and CD4 T cells are retained within the 
CNS during persistence, they cannot control viral recrudescence in the absence 
of humoral immunity. Demyelination can be mediated by either CD8 or CD4 
T cells; however, although a variety of effector molecules have been excluded, 
a dominant common denominator remains elusive. Thus concerted efforts to 
control infection coincide with a variety of potential mechanisms causing 
chronic demyelinating disease. 

Key words: CNS, demyelination, IFN- 7, perforin, T cells, mouse hepatitis virus 

INTRODUCTION 

Neurotropic strains of mouse hepatitis virus (MHV) produce an 
acute demyelinating encephalomyelitis in rodents (reviewed in 1-3). 
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Following infection with the JHM strain of MHV (JHMV) survivors have no 
detectable infectious virus by 2 weeks p.i., but viral antigen (Ag) and RNA 
persist within the CNS, predominantly in spinal cords up to 2 years p.i. 
Although persistently infected mice exhibit few clinical abnormalities, 
histological examination shows ongoing primary CNS demyelination 
consistent with the pathological changes characterizing the human 
demyelinating disease multiple sclerosis. Experimental CNS infection by 
MHV thus provides an excellent model to study the role of inflammatory 
cells during ongoing demyelination associated with persisting virus. 

The majority of research focusing on the role of T cells in MHV 
pathogenesis has used the JHMV 2.2v-1 monoclonal antibody (Ab) 
neutralization escape mutant (1-3). This variant has several advantages in 
studying virus-induced demyelination when compared to parental JHMV 
and other variants: i) Most mice survive the infection, with demyelination 
observed in all survivors, ii) The cellular tropism of most JHMV strains for 
microglia, astrocytes and oligodendroglia is retained; neurons are only 
rarely infected, iii) Hepatitis, which is transient following infection with the 
MHV-A59 strain and may confound analysis of CNS specific immune 
responses, is rare following i.c. infection. Much of the data discussed within 
this chapter pertain to this variant. 

Several independent studies demonstrate that both CD4 T cells and 
CD8 T cells are required to control acute virus replication within the CNS, 
thereby protecting from an otherwise lethal infection (1-3). However, T cell- 
mediated protection against JHMV is generally provided at the cost of 
immune-mediated demyelination (1-7). Demyelination also occurs in mice 
with T cell deficiencies following infection with either JHMV (5) or MHV- 
A59 (8). Nevertheless, mice defective in B cells or anti-virus antibody 
secretion all develop severe demyelination (9,10), negating a prominent role 
of humoral immune responses. Irrespective of the controversies regarding 
mediators and perpetuators of demyelination, the final effector cells are 
believed to be activated macrophages/microglia (1,2,6,11). This chapter 
focuses on mechanisms of viral clearance and how activated T cells may 
contribute to immune pathology in JHMV-infected mice with an emphasis 
on the complexity of interactions involved. 

CONCERTED A N T I - V I R A L  E F F O R T S  O F  T C E L L S  

Although neutrophils, macrophages, NK cells and B cells constitute 
early infiltrates, T cells, most prominently the CD8 subset, provide the most 
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critical anti-viral functions (3). A protective role for T cells in acute JHMV 
pathogenesis was demonstrated by the failure of both SCID and nude mice, 
genetically deficient in T cells, to clear JHMV resulting in lethality within 
12-16 days (5,6). Selective depletion of either CD4 or CD8 T cells both 
diminished viral clearance, implicating a contribution of both T cell subsets 
(1-3). In addition, adoptive transfer of either virus specific CD8 T cells or 
CD4 T cells protected mice from acute encephalomyelitis (1-3). However, 
whereas CD8 T cells afforded protection by clearing infectious virus, distinct 
CD4 T cell donor populations varied in their ability to mediate direct anti 
viral function (1). The precise role that T cells have in viral clearance and 
MHV-induced demyelination is an area of active investigation, as discussed 
below. 

T Cell Priming, CNS Recruitment, and Effector Function 

Mapping of T cell epitopes has greatly facilitated phenotypic and 
functional analysis of both CD8 and CD4 T cell expansion and recruitment 
into the CNS (3; see Chapter C6). Virus specific CD8 T cells are detectable 
in the CNS by day 6 p.i. and accumulate to high frequencies within the CNS 
by day 8 p.i. as demonstrated using MHC class I/peptide tetramers, 
intracellular IFN-7 staining, as well as ELISPOT technology (3,12-16). 
During acute infection, up to 40% of CD8 T cells in the CNS respond to a 
single immunodominant epitope in both BALB/c and C57BL/6 mice (3,12- 
16). By contrast, the frequency of virus specific CD8 T cells in the 
periphery is ~ 10-20 fold lower (3,12,13). Detection of virus specific CD8 T 
cells in cervical lymph nodes (CLN) and spleen 2 days prior to the CNS 
supports priming, expansion, and differentiation in the periphery, rather than 
the CNS (17). The high prevalence of virus specific T cells in the CNS 
correlates with virus specific ex vivo cytolysis by CNS derived cells, a 
property not detected in unfractionated spleen or CLN cells (3). Although 
these observations suggested acquisition of effector function within the 
CNS, virus specific cytolytic effectors can be demonstrated following CD8 T 
cell enrichment from splenocytes at day 7 p.i. (17). The rapid accumulation 
of armed effector CTL results in a potent regional response which efficiently 
reduces viral titers, but does not prevent persistence. Furthermore, despite 
protection and 

enhanced viral clearance achieved by transfer of JHMV specific CD8 T 
cells, virus could still be detected in oligodendrocytes (18), a major target of 
replication for the JHMV 2.2v-1 variant (1-3,18-20). 
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Distinct Anti-Viral Functions of IFN- T and Perforin 

The suggestion that oligodendrocytes are more resistant to CD8 T 
cell mediated anti-viral function compared to other glial cell types prompted 
investigation of T cell effector functions utilized for protection. Anti- 
microbial T cell mediators include perforin, granzymes, and Fas-FasL, as 
well as soluble agents such as IFN- 7, TNF and selected chemokines (21 ;22). 
A unique aspect of JHMV pathogenesis is that the immunological 
mechanisms clearing infectious virus are cell type specific (19,20). Studies 
in genetically deficient mice revealed that replication in astrocytes and 
microglia is controlled via perforin mediated cytolysis, but not Fas/FasL 
interactions (19,23). Furthermore, abrogation of TNF-~ by mAb treatment 
did not affect viral clearance (24). By contrast, IFN- 7 controls replication in 
oligodendrocytes (20). Both cytolytic and IFN- 7 effector mechanisms peak 
between days 8-10 p.i., coincident with maximal T cell infiltration 
(13,14,25). The inability to achieve sterile immunity, despite concerted 
action of these anti-viral mediators, suggested downregulatory mechanisms 
or viral evasion from T cell function. Although CTL escape variants play a 
prominent role in disease progression of weanling mice protected by 
neutralizing Ab, they appear to play no role in immune competent adult mice 
(3; see Chapter C6). However, the number of CNS T cells gradually 
decrease after day 10 p.i., despite the continued presence of Ag positive cells 
and viral RNA (13-15). Furthermore, Ag specific cytolytic activity at a 
single cell level rapidly declines by day 14 p.i. and remains absent thereafter 
(13). Loss of cytolytic activity is independent of either demyelination (14) or 
viral recrudescence in Ab deficient mice (9,12). The apparent inability to 
enhance T cell recruitment/function even during virus recrudescence (9,12) 
suggests restricted access or Ag driven apoptosis; however, there is no 
evidence to support increased apoptosis by high Ag levels in vivo (26). 
Whether CD8 T cells are downregulated by release of inhibitory factors 
within the local CNS environment or by the presence of suppressor cells is 
unknown. 

Contrasting the loss of cytolysis, mRNA and ELISPOT analysis 
suggests that IFN- 7 secretion in the CNS appears to continue after clearance 
of infectious virus (13,25). Furthermore, unlike the permanent loss of 
perforin mediated cytolysis, IFN- 7 mRNA levels increase during JHMV 
reactivation in the CNS of B cell deficient ~tMT mice (26). The 
contradictory finding of reduced numbers of IFN- 7 secreting cells in ~tMT 
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mice (12) may reside in potential apoptosis of IaMT derived CD8 T cells 
upon in vitro stimulation, as apoptosis is not increased in vivo (26). 
Irrespective of the extent of IFN- 7 secretion, the balance between loss of 
cytolytic activity but continued cytokine secretion appears to reflect an 
attempt to control infection while reducing CNS immunopathology. 

Overall the results suggest that IFN- 7 is more vital than perforin in 
the hierarchy of immune effectors controlling JHMV infection and mortality. 
The nonredundant roles for both IFN- 7 and perforin are more clearly evident 
by pathogenesis studies in mice deficient for both perforin and IFN- 7 (27). 
These mice exhibit ongoing viral replication in all glial cell types coincident 
with a high mortality rate by day 14 p.i. Adoptive transfers demonstrate that 
wt memory CD8 T cells were most efficient in reducing virus, while perforin 
deficient T cells were slightly less efficient. IFN- 7 deficient T cells had no 
affect on reducing viral titers. The inefficiency of IFN- 7 deficient donor CD8 
T cells to provide protection coincided with diminished class I upregulation 
and an absence of class II expression on resident microglia. 1FN- 7 mediated 
upregulation of class I Ag processing expression (28) is especially crucial 
within the CNS due to the paucity of MHC expression in the healthy, 
quiescent CNS (29,30). As both IFN-~, and TNF-~ release as well as perforin 
mediated killing are strictly dependent on MHC-TCR contact (31), CD8 T 
cells initially recruited by chemokines (32) are likely to be less effective in 
exerting effector function in vivo in an IFN- 7 deficient environment. In 
addition to its direct anti-viral role, IFN- 7 thus enhances both CD8 and CD4 
T cell function by upregulating MHC class I and class II presentation. The 
correlation between Ag recognition and elicitation of effector function has 
clear consequences for the efficiency of distinct effector functions in vivo. 
Whereas release of IFN- 7 can be triggered by a subset of antigen presenting 
cells and act on a distal, non MHC expressing cell types, perforin mediated 
cytolysis can only be exerted on cells presenting viral Ag. The multifactorial 
effects of IFN- 7 within the CNS thus shed light on the higher efficacy of 
IFN- 7 compared to perforin in anti JHMV effector mechanisms. 

Auxilliary and Direct Anti-Viral Functions of CD4 T Cells 

The precise role of CD4 T cells as direct anti-viral mediators are less 
well understood, especially their contribution to anti-viral IFN- 7 secretion. 
The majority of CD4 T cells accumulating within the CNS are virus specific 
(33), similar to CD8 T cells. Depletion of CD4 T cells prevents JHMV 
clearance from the CNS (1-3). Although transferred JHMV specific CD4 T 
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cells protect from acute disease, the mechanisms of protection may be 
unrelated to IFN-~, mediated control (1). CD4 T cells also provide crucial 
accessory function by enhancing expansion of virus specific CD8 T cells and 
maintaining CD8 T cell viability within the infected CNS (12,34). Although 
depletion of CD4 T cells does not prevent CD8 T cells from entering the 
CNS parenchyma, it compromises their viability, as indicated by increased 
apoptosis (34); the mechanisms involved remain obscure. Predominant 
localization of CD4 T cells in the perivascular and subarachnoid spaces 
during JHMV infection is consistent with recent data demonstrating that 
Fas/FasL interactions, a mechanism of CD4 T cell mediated cytolysis, does 
not contribute to JHMV clearance, encephalomyelitis or demyelination 
(23,34). 

T C E L L  F U N C T I O N  D U R I N G  P E R S I S T E N C E  

A hallmark of JHMV persistence and ongoing demyelination is 
significant CNS retention of virus specific CD8 and CD4 T cells (12-16). 
Persisting T cells appear tightly linked to persisting virus as a source for 
chronic activation, as shown by the disappearance of T cells from the CNS 
of mice infected with a JHMV variant that does not persist (15). However, 
the percentages of virus specific cells within the CD8 T cell compartment 
remain remarkably similar throughout infection, negating selective 
enrichment or loss of ceils with virus specificity (13-16). Despite an 
apparently dormant T cell state, several observations support an active 
turnover process: i) Persisting CD8 T cells exhibit restricted fine-specificity 
(35); ii) A reversed pattern of immunodominance emerges comparing acute 
and persistently infected CB6F1 (H-2 ~×b) mice (13); and iii) CD69 
expression is sustained during persistence, indicative of chronic CD8 T cell 
activation (13). Sustained CD69 expression has been observed on persisting, 
yet activated CD8 T cells in the CNS, lung and liver, following other viral 
infections (36-38). 

Despite an apparent role for continued Ag presentation in T cell 
survival within the CNS, there is also evidence to support the contrary. CD8 
T cells are readily maintained in the CNS following challenge of influenza 
virus immune mice with a heterologous neurotropic influenza virus (36). 
Unlike the JHMV model, there was no evidence for persistent infection and 
these cells retain ex vivo cytolytic capacity. The phenotype of these cells is 
reminiscent of peripheral memory CD8 T cells found in nonlymphoid organs 
(39), suggesting that T cell retention within the CNS may in part reflect 
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peripheral memory T cells. However, in the JHMV model ultimate 
disappearance of all T cells in the absence of JHMV RNA in both brains and 
spinal cords suggests persisting RNA supports active T cell maintenance by 
ongoing chemokine release and/or continued Ag presentation. The source 
and renewal of such persisting T cells is under investigation. 

The sufficiency of T ceils for protection during MHV persistence 
has been challenged by the discovery of viral recrudescence in mice 
deficient in Ab (8,9,26). The necessity of Ab in controlling persistent 
infection is supported by the accumulation of virus specific Ab secreting 
cells within the CNS of wt mice (40). T cells may nevertheless contribute to 
control during the chronic phase, perhaps by secreting IFN-y and supporting 
B cell differentiation and/or survival. 

T C E L L S  AS C O R R E L A T E S  O F  D E M Y E L I N A T I O N  

T cells control viral replication in several models of viral CNS 
infection, but are also key mediators of the pathological changes associated 
with encephalitis and/or demyelination (1-7,41,42). During JHMV infection 
both CD4 or CD8 T cells alone are capable of inducing demyelination (7). 
Unlike TMEV induced demyelination, there is little evidence for 
involvement of an autoimmune CD4 T cell component or epitope spreading. 
A prominent role for CD4 T cells is however indicated by clinical 
improvement as well as remyelination of JHMV infected mice treated with 
anti-IP-10 Ab (32). IP-10 treatment specifically reduced CD4, not CD8 T 
cells within the CNS, suggesting CD4 T cell dependent pathology in 
persistently infected mice. Secretion of RANTES leading to increased 
macrophage recruitment may be one mechanism (32). Mice deficient in 
perforin, IFN-y, TNF-o~, NOS2 and IL-10 all develop demyelination similar 
to that in wt mice (19,20,24,43,44), suggesting none of these effector 
molecules alone dominate the demyelinating process. Recent findings 
demonstrating that CD4 and CD8 T cells contribute to demyelination via 
different mechanisms (45,46) further complicate understanding the network 
of effector molecules involved. Infection of mice deficient in recombination 
activation gene 1 activity (RAG -/-) or SCID mice results in no demyelination. 
However, adoptive transfer of splenocytes from mice immunized with 
JHMV resulted in demyelination within 7 days post transfer (5-7). 
Splenocytes enriched for either CD4 or CD8 T cells mediated demyelination, 
although no demyelination was observed if both subsets were deleted. 
Further, reconstitution of infected RAG -/- mice using T cell subsets 
selectively deficient in T cell effector functions indicate that IFN-y, but not 
perforin or TNF-o~ is crucial for CD8 T cell mediated demyelination (45). 
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By contrast, the absence of IFN- 7 severely enhances demyelination mediated 
by CD4 T cells (46). Surprisingly, increased demyelination was not 
necessarily correlated with the amount of activated macrophages/microglia 
within the white matter. Furthermore, although virus replication was 
diminished to some extent after adoptive transfer of CD4 or CD8 T cells 
from wt or immunodeficient donors, only transfer of populations from 
immunocompetent B6 mice effected virus clearance (7). Contrasting a 
detrimental role of IFN- 7 in demyelination by T cell transfers into infected 
H-2 b RAG -/- mice, adoptive transfers of memory CD8 T cells into H-2 a SCID 
mice suggest that both IFN-y and perforin together propagate the 
demyelination process, but that CD8 T cell IFN- 7 secretion alone does not 
increase pathology (Parra & Stohlman, unpublished). Finally, demyelination 
following JHMV infection can also be caused by non virus-specific 
bystander CD8 T cells, albeit only following activation by cognate Ag (47). 
Bystander CD4 T cells do not cause demyelination (Haring & Perlman, 
unpublished). In a recent study demyelination was shown to be 78 T cell- 
mediated in nude mice (48). 

The complex linkages between IFN- 7, MHC class I and II 
expression, and chemokines have made it extremely challenging to delineate 
distinct pathways leading to demyelination. For example, impaired MHC 
and costimulatory molecule expression on resident CNS cells in the absence 
of IFN-7 are likely to ameliorate perforin and TNF mediated cell damage, 
but at the cost of increased virus load. Furthermore, macrophages/glia 
activation may be reduced, in turn affecting chemokine secretion (32). 
Together the current evidence suggests that JHMV induced demyelination is 
influenced by the balance between virus replication predominantly in 
oligodendroglia, distinct immune effector functions mediated by both CD4 
and CD8 T cells and their effects on glia/macrophage activation. 

C O N C L U S I O N S  

T cell mediated immune responses within the CNS can be both 
beneficial by clearing infectious agents, and detrimental by destroying tissue, 
triggering autoimmunity, and activating resident cells. The CNS responds 
rapidly to coronavirus infection by chemokine mediated recruitment of 
specific as well as bystander T cells. Recognition of cognate Ag presented 
by MHC is crucial in triggering Ag-specific T cell function both during virus 
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and auto-Ag induced inflammation. However, prolonged T cell stimulation 
by foreign as well as self Ag promotes immune pathology, such as 
demyelination. The ubiquitous upregulation of class I during inflammation 
allows both IFN- 7 and perforin mediated anti-viral functions. Whereas 
perforin secretion is directed, only affecting cytolysis of Ag presenting cells, 
IFN- 7 can act on neighboring and distal cells not expressing MHC. Soluble 
mediators, i.e. IFN- 7 and RANTES, may have detrimental effects by 
perpetuating chemokine secretion by astrocytes and recruiting activated 
macrophages. Efforts to link sustained immune activation to ongoing 
chemokine secretion and Ag recognition during viral persistence will 
provide clues for candidate factors promoting macrophage/microglia 
dependent demyelination and CNS pathogenesis. 
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Pathogenesis induced by mouse hepatitis virus (MHV) infection of rodents is 
characterized by acute viral encephalomyelitis and demyelination which 
progresses to a persistent CNS infection associated with ongoing myelin loss, 
pathologically similar to multiple sclerosis (MS). Although humoral immunity 
appears redundant for the control of acute virus replication, it is vital in 
maintaining virus at levels detectable only by RNA analysis. T cell mediated 
control of acute infection cannot be sustained in antibody (Ab) deficient mice, 
resulting in virus reactivation. The protective role of Ab during persistence is 
strongly supported by detection of Ab in the cerebrospinal fluid of MHV 
infected rodents and maintenance of virus specific Ab secreting cells (ASC) in 
the CNS long after virus clearance. Ab mediated neutralization constitutes the 
major mechanism of protection, although fusion inhibition also plays a minor 
role. Delayed accumulation of ASC, concomitant with a decline in T cell 
function, assures control of residual virus while minimizing T cell mediated 
pathology. Although there is little evidence for a detrimental role of Ab in 
demyelination, an association between Ab mediated protection and 
remyelination is unclear. 

CNS, demyelination, mouse hepatitis virus, B cells, Antibody. 

HUMORAL IMMUNITY AND M U L T I P L E  S C L E R O S I S  

MS is a chronic  demyel ina t ing  disease o f  the C N S  charac ter ized  by 

in f lammat ion  and white  matter  destruct ion,  but o f  unknown  e t io logy (1). The  

ch ie f  pa thologica l  features are focal  areas o f  myel in  loss associa ted with an 
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inflammatory response consisting of B cells, T cells and macrophages (2). 
The relative contribution of each of these individual immune components 
remains poorly understood. A variety of cellular and humoral abnormalities 
have been observed in MS patients (2). The seminal findings of elevated Ig 
in CSF (3) as well as humoral involvement in demyelination during 
experimental allergic encephalomyelitis (EAE) (4) were the first hints 
implicating humoral components in the demyelinating disease. Increased B 
cell abundance as well as detection of myelin specific Ab in acute lesions 
with active ongoing demyelination compared to older, inactive lesions have 
supported their possible involvement in the disease pathogenesis (5,6). 
Although T cell studies have predominated this field of research based on 
the detection of activated T cells in MS plaques and involvement of T cells 
in EAE, current research in both MS and MOG protein induced EAE has re- 
ignited interest in the potential role of humoral immunity in the pathogenesis 
of demyelinating disease (2,7). 

One hallmark of MS is that cerebral spinal fluid (CSF) in ~90% of 
patients is characterized by the presence of oligoclonal immunoglobulin (Ig) 
bands which exhibit restricted isoelectric focusing points (3,7). The CSF Ig 
response is sustained by resident B cells not represented in peripheral 
compartments (8). The IgG sequences feature extensive somatic mutations 
suggesting active antigen (Ag) driven B cell selection and clonal expansion 
(8). Oligoclonal bands are also encountered routinely following CNS 
infections with measles virus, Herpes simplex virus-1 and mumps virus; 
however, the majority of the Ig are specific for the causal agent (9). 
Moreover, detailed studies into the clonality of B cells in both CSF and MS 
plaques has revealed no single dominant Ag target. These Ab express varied 
Ag specificities from myelin components, oligodendrocyte protein, viruses, 
cell nuclei, endothelial cells, fatty acids, gangliosides, and axolemma (7,10). 
Auto Ab could potentially contribute to demyelination by various 
mechanisms including Ab dependent cell mediated cytotoxicity (ADCC), 
stimulation of Fc receptors expressed on NK ceils or macrophages/microglia 
resulting in release of inflammatory molecules, opsonization of myelin 
resulting in phagocytosis by macrophages, or complement activation. Direct 
evidence of Ab mediated mechanisms in MS lesions was revealed with the 
detection of IgG deposition on the borders of the actively demyelinating 
plaques along with the presence of activated complement fragments and 
complexes (11). Ab eluted from MS plaques preferentially bind to CNS self 
Ag (7), although this reactivity to a variety of CNS Ag could also be due to 
liberation of Ag as a consequence of inflammatory tissue destruction. It thus 
appears that a concerted action of humoral and cellular factors could 
participate in the induction and/or maintenance of an inflammatory response 
specific for CNS Ag. 
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MHV PATHOGENESIS 

Infection of the CNS with MHV produces an acute 
encephalomyelitis associated with a focal loss of myelin. Virus replicates in 
various CNS cell types including astrocytes, oligodendroglia and microglia / 
macrophages. Distinct mechanisms of CD8 T cell mediated control are 
required to clear virus from the CNS as described elsewhere in this book 
(12,13). As virus replication is controlled, focal myelin loss however, is 
increased, suggesting a temporal lag between the maximal number of virus 
infected cells and the loss of myelin. The inability of cell mediated immunity 
to completely eliminate virus results in a non-productive persistent infection 
confined to the CNS, predominantly in spinal cord oligodendroglia. 
Persistent infection is associated with ongoing myelin loss and repair. These 
traits make MHV infection of the CNS along with Theiler's murine 
encephalitis virus infection and EAE the three primary murine models to 
study mechanisms underlying both encephalomyelitis and demyelination 
(12,13). 

H U M O R A L  I M M U N I T Y  A N D  A C U T E  I N F E C T I O N  

Analysis of viral pathogenesis in mice depleted of T cell subsets, distinct 
T cell functions or humoral components demonstrated that acute infection by 
MHV-JHM strain (JHMV) is controlled by cellular immune responses 
(12,13). Humoral responses are redundant during acute infection as shown 
by initial virus clearance in the CNS of B cell deficient mice with similar 
kinetics to wt mice (14,15). Unlike the almost complete clearance of JHMV 
which expresses the immunodominant spike protein derived $510 epitope, 
infection with the MHV-A59 strain, which lacks this CTL epitope revealed 
minimal clearance in the B cell deficient mice, thus emphasizing the 
dominant role of cellular immunity (16). Similarly, mice deficient in T cells 
were unable to clear virus (12,13). Consistent with a redundant early role of 
humoral immunity, examination of serum anti-viral Ab titers showed that 
IgM and IgG are detectable only after the majority of the infectious virus has 
already been cleared from the CNS (12,17). Moreover, examination of the 
two biological activities of the Ab response directed at the spike protein, i.e., 
neutralization and fusion inhibition (17), determined that while neutralizing 
Ab was initially detectable by day 10 p.i., when most of infectious virus had 
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already been cleared from the CNS, fusion inhibiting Ab was not detected 
until much later (day 21 p.i.). Thus the delayed appearance of serum Ab 
relative to virus clearance further supported a minor, if any role of Ab early 
in the adaptive host response to acute infection. 

Transfer of monoclonal Ab specific for different virus structural 
proteins including spike, nucleocapsid and matrix proteins prior to or 
concomitant with JHMV infection nevertheless resulted in protection from 
virus induced mortality, but was not always associated with reductions in 
virus replication (12,18-20). The mechanisms of protection by pre- 
established Ab may merely reside in neutralization of the bolus of infectious 
virus prior to establishing CNS infection. Alternatively, Ab may modify 
tropism by prevention of infection of critical cells specifically neurons, 
thereby increasing survival rates (18,19). In other models, suckling mice 
weaned on immunized dams or transgenic mice which express neutralizing 
IgA in the milk are protected from acute JHMV induced encephalomyelitis; 
however, the role of Ab in these models is unclear (21,22). A variable 
percentage of protected weanling mice exhibit a delayed onset of acute 
encephalitis associated with demyelination. However, delayed onset with 
progressive disease is associated with CTL escape variants rather than Ab 
escape mutants or the loss of Ab mediated protective mechanisms (21). 

Irrespective of the apparent redundancy of Ab in controlling acute 
infection, flow cytometric analysis of CNS inflammatory cells from infected 
wt mice revealed that mature B cells (CD19+/sIg +) are rapidly recruited into 
the CNS along with T cells (12,17). Furthermore, following the peak of virus 
replication, a low but constant percentage of B cells (5-7%) is retained in the 
CNS during viral persistence (12,17). A potential Ab independent, innate 
anti-viral effector function of B cells in vivo was initially suggested by the 
observation that B cells from na'fve mice exhibit the ability to lyse virus 
infected target cells in vitro. Lysis is mediated through an interaction 
between viral receptor expressed at high levels on B cells and the viral spike 
protein expressed on the surface of infected cells (23). This unique cytolysis 
is inhibited by Ab specific for the viral spike protein, which in vivo is 
detected only after CNS virus replication has been initially controlled. 
Hence the absence of Ab early during infection could allow B cells to 
interact with virus infected cells in vivo, thereby contributing to viral control. 
However, convincing evidence for this mechanism was negated by studies in 
transgenic mice containing B cells unable to secrete anti-viral Ab (15). 
These mice cleared virus with similar kinetics as B cell deficient mice, 
excluding an effect of innate B cell function in vivo. 

B cells are recruited to and activated in secondary lymphoid organs 
following infection (24,25). It has been shown that Ag within the CNS 
drains to cervical lymph nodes (CLN), which are the major sites of B cell 
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activation following intrathecal administration of Ag (25). However, virus 
specific Ab secreting cells (ASC) appear in the spleen prior to detection in 
the CLN (17). While there was no major increase in virus specific IgM ASC, 
the frequencies of IgG ASC increases almost four fold in the CLN compared 
to spleen suggesting that the majority of initial activation occurs in the 
spleen, followed by transient CLN accumulation. No virus specific ASC 
were observed in blood, consistent with previous data suggesting that ASC 
do not migrate by this route (25). It is assumed that activated B 
cells/plasmablasts traffic to the target organ containing Ag where they 
differentiate to plasma cells and secrete Ab (25). Recruitment kinetics of 
anti-viral ASC into the CNS revealed that low frequencies detected prior to 
maximal viral replication increased only slightly as virus replication was 
controlled (17). Thus, based on: 1) the inability of B cells to express 
detectable anti-viral activity, 2) the paucity of plasma cells in the peripheral 
lymphoid compartments at any time post infection and 3) the appearance of 
serum Ab and virus specific ASC within the CNS following viral clearance, 
humoral immunity appears to have play a redundant role during acute MHV 
infection of the CNS. 

HUMORAL IMMUNITY AND VIRAL PERSISTENCE 

Humoral immunity protects the CNS from infection by prevention of 
virus dissemination from peripheral sites. However, if CNS infection is 
already well established prior to induction of Ab responses, Ab can help 
further reduce infectious virus (26) or maintain viral persistence at non- 
detrimental levels (17). The beneficial effect of an early Ab response was 
demonstrated in the rat model of JHMV infection. Resistant Norway rats 
exhibit a more rapid and robust neutralizing Ab response, determined by 
detection of serum and CSF Ab and ASC compared to susceptible Lewis rats 
(27). Incomplete virus clearance in B cell deficient mice at days 12-14 p.i. 
support that neutralizing Ab, which first appears by day 10 p.i., indeed may 
act in concert with T cells during the later stages of acute infection to 
completely eradicate infectious virus from CNS, particularly as resident CD8 
T cells lose their CTL activity (15,28). This prompted detailed analysis of 
the emergence of ASC relative to the decline in T cell activity within the 
CNS. Virus specific ASC were barely detectable in the peripheral 
compartments following virus clearance in mice (17). Furthermore, despite 
early recruitment of ASC into the CNS, only a minority was virus specific 
(17). However, the limited recruitment of virus specific ASC into the CNS 
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towards the end of the acute phase, at days 10-12 p.i., was followed by a 
dramatic increase, which continued up to day 21 p.i. While there was a slight 
decrease in virus specific IgM ASC, frequencies of IgG ASC in the CNS 
remained constant. The majority of the ASC at this time point were of the 
IgG2b isotype indicating massive expansion of this subtype specific Ab, 
with fewer numbers of IgG2a and IgG1 ASC. Preferential expansion of ASC 
during this period of infection, concomitant with down regulation of CTL 
activity and inflammation, implies a major role for ASC in CNS during both 
the terminal phase of acute infection and during chronic infection. 

Virus specific ASC are retained in the CNS, although there is a 
decline following the peak of expansion. The relatively long-term presence 
of ASC accompanied by the decline of other inflammatory cells, including T 
cells and macrophages, in addition to reactivation of virus in B cell deficient 
mice enforce the role of Ab in controlling viral persistence in the CNS. 
Following virus clearance from the CNS in wt mice, viral Ag can be 
detected beyond day 35 p.i. and viral RNA for up to a year (13). Virus 
specific ASC were found at higher frequencies in the CNS compared to bone 
marrow or any other peripheral compartment even at 90 days p.i. (Tschen & 
Stohlman, unpublished). This is in contrast to detection of plasma cells 
predominantly in the bone marrow following resolution of peripheral 
infections (24). The persistence of plasma cells within the CNS appears to be 
a common trait of many viral CNS infections (26,29). While the majority of 
Ag is cleared from the brain during persistence, viral Ag and RNA are 
detectable for longer periods of time in the spinal cord (13). Spinal cords 
also exhibited increased ASC by histology compared to brain, thereby 
signifying a causal relationship between prolonged retention of ASC and 
viral Ag / RNA (16). A variety of cellular and soluble factors could also 
contribute to the survival of these cells in the CNS: cytokines including 
TNF-o~, interleukins 1, 2, 4, 6 and 10, nerve growth factor, or stimulation 
with CD40L on T cells and Fc receptors on microglia / macrophages. The 
possible presence of chemokines such as SDF-oq MIP-3[3 or BLC could also 
contribute towards long-term retention of plasma cells in the brain. 
Although trapping of B cells cannot be excluded, these data suggest that the 
CNS provides a nourishing microenvironment that facilitates retention and 
maintenance of ASC. 

Neutralizing Ab is maintained at relatively high levels in the serum 
beyond 90 days p.i. (Tschen, unpublished). Given the short half life of Ab, 
maintenance of Ab secretion may be attributed to one or a combination of 
factors: (i) re-exposure to Ag due to persistent low grade chronic viral 
infection; (ii) structural homologies of viral and CNS Ag generating cross 
reactive responses; (iii) persistent Ag presentation by dendritic cells; (iv) 
presence of long lived plasma cells in either bone marrow or the CNS. Work 
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is ongoing to find a causal relationship between long-lived plasma cells and 
possible sustaining factors, viral control, and demyelination. 

Virus recrudescence in the CNS of Ab deficient mice strongly 
implies a more crucial protective function of persisting ASC versus T cells 
during chronic infection (14-17). Virus reactivation is accompanied by 
sustained clinical disease and high mortality rates in contrast to recovery of 
wt mice that had cleared infectious virus (14-16). A similar picture was 
observed in transgenic mice, which contained B cells that could not secrete 
anti-viral Ab (15,16). Following initial virus clearance, virus reactivated in 
the CNS of the transgenic mice by day 14 p.i. albeit at a slower, but 
statistically insignificant rate compared to B cell deficient mice, thus ruling 
out a prominent role of innate B cell effector function (15,16). In addition to 
multiple Ag positive cells compared to wt mice, histological examination 
suggested differential Ag tropism in the transgenic mice containing B cells 
as compared to B cell deficient mice during reactivation (15). While Ag was 
detected in all CNS cell types in B cell deficient mice, similar to acute 
infection, the transgenic mice containing B cells harbored Ag predominantly 
in oligodendrocytes. Preferential elimination of virus from astrocytes and 
microglia, suggests either B cell lytic activity during persistence or increased 
class II mediated stimulation of virus specific CD4 T cells. Irrespective of 
potential B cell mediated lysis in transgenic mice, this mechanism is 
irrelevant in wt mice, which have neutralizing Ab in the CNS at this time 
(15). Oligodendroglial tropism in these mice is reminiscent of the resistance 
of these cells to perforin-mediated cytolysis (30). However, it appears that 
following initial virus clearance, the CNS environment preempts further T 
cell mediated antiviral effects. There is no evidence for either increased CD8 
T cell recruitment or re-expression of CTL activity in response to 
reactivation in Ab deficient mice (15,28). Such an altered CNS environment, 
likely resulting from T cell mediated or virus induced pathology, emphasizes 
the necessity for alternative, less destructive modes of protection during 
recovery, such as provided by Ab. 

These observations are reinforced by protection of B cell deficient 
mice treated with polyclonal neutralizing Ab at time points simulating the 
appearance of serum neutralizing Ab in wt mice following i.c. inoculation 
(14-16). Ab transfer reduced virus to almost undetectable levels in 
recrudescing recipients at 21 days p.i., compared to high titers in the CNS of 
control mice. These results in B cell deficient mice, in conjunction with the 
burst of virus specific ASC in wt mice between days 12 and 21 p.i., clearly 
suggested that control of viral persistence in glial cells is solely dependent 
on anti-viral Ab. Further investigation of the mechanisms involved in Ab 
mediated protection revealed that only neutralizing Ab and to a limited 
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extent, fusion inhibiting Ab could reduce virus reactivation (31). Monoclonal 
Ab specific for matrix, nucleocapsid protein or even spike protein with no 
neutralizing activities were unable to suppress virus reactivation (31). 
Suppression of virus reactivation appears to require the constant presence of 
Ab, as virus reemerged following discontinuation of Ab administration 
resulting in increased mortality rates. The transient nature of virus control is 
comparable to other infectious models wherein immunocompromised mice 
required continuous infusion of Ab to control virus replication (26,32). 

Other humoral components do not appear to play a major role in 
virus clearance. Analysis of MHV infection in mice devoid of complement 
(C3) revealed no role for complement in virus clearance (16,18). 
Furthermore, complete clearance of virus in FcR deficient mice (16) and the 
ability of neutralizing F(ab)2 fragments to afford protection (33) indicate a 
minor role for ADCC mechanisms in virus clearance, although each 
mechanism may suffice to make individual contributions. 

A N T I B O D Y  A N D  D E M Y E L I N A T I O N  

Despite the presence of oligoclonal Ig bands in CSF of MS patients, 
there is little evidence for the involvement of Ab responses during most 
experimental virus induced demyelinating diseases. Robust demyelination is 
induced by both JHMV and MHV-A59 strains in B cell deficient mice as 
well as transgenic mice containing B cells, but deficient in virus specific Ab 
(14-16). These data support multiple studies implicating T cells and 
macrophages/microglia as the prominent players in the initiation of 
demyelination during MHV infection (12,13). However demyelination in Ab 
deficient mice does not exclude other humoral mechanisms, including 
complement and FcR, as contributors to the demyelinating process. 
Furthermore, infection of nude mice demonstrated the presence of 
demyelinating plaques albeit to a lesser degree than wt mice, supporting a 
role for humoral immune responses in the demyelinating process (34). 
Infected SCID and RAG-/- mice, deficient in both B and T cells, by contrast, 
do not develop demyelination. Adoptive transfer of splenocytes from 
immunized nude mice into infected SCID mice however failed to induce 
demyelination (34), leaving a pathogenic role for B cells controversial. 
Nevertheless, a pathogenic role for humoral immunity was also suggested by 
the detection of IgG, complement (C9) deposits and plasma cells in areas of 
actively demyelinating plaques in Lewis rats (35). While an Ab-dependent 
role in initiation of demyelination is not established, the presence of ASC 
with viral as well as yet unidentified specificities in the CNS does not 
exclude a possible involvement in the demyelinating process. Following Ag 
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clearance in wt mice, demyelination is reduced compared to increasing 
levels of demyelination in B cell deficient mice (14,15). Whether this is due 
to higher viral load or absence of B cells or Ab is unclear. Although the 
effect of Ab on remyelination has not been studied in this model, Ab 
mediated control of viral recrudescence and thereby prevention of further 
virus induced cell death, results in less severe demyelination in wt mice as 
compared to infected B cell deficient mice. Furthermore, preliminary 
analysis of B cell deficient mice protected by the transfer of Ab, suggests an 
ameliorating, rather than detrimental effect on demyelination, similar to the 
TMEV model (31,36). These results support an overall beneficial role of Ab 
in MHV induced CNS pathogenesis, predominantly by enhancing 
elimination of infectious virus and controlling viral persistence. Further 
studies are required to assess potential effects of Ab and other components 
of humoral immunity on the dynamic processes of myelin loss and repair. 

CONCLUSIONS 

In summary, despite unequivocal evidence that acute CNS infection 
is controlled by T cells with minimal B cell involvement, B cells and Ab 
regulates viral persistence. Virus reactivation in the CNS in mice devoid of 
antiviral Ab results in increased demyelination. A protective role of B cells 
is supported by accumulation of virus specific ASC following T cell 
mediated clearance. The prominent mechanism of Ab mediated protection 
appears to reside in its neutralizing activity. Furthermore, humoral immune 
mediated control does not appear to initiate or enhance the severity of 
demyelination. Thus, an evolving model of biphasic immune control of viral 
infection of the CNS has developed with acute clearance and initiation of 
demyelination being controlled by T cells while viral persistence and 
possibly repair is regulated by humoral immunity. 

REFERENCES: 

1. Correale J., de Los Milagros Bassani Molinas M, Oligoclonal bands and antibody 
responses in Mulitple sclerosis. J Neurol. 2002.249: 375-89. 

2. Connor O., Kevin C., Bar-Or A., Hailer D. A. The Neuroimmunology of Multiple 
Sclerosis: Possible roles of T and B lymphocytes in lmmunopathogenesis. J Clin 
lmmunol. 2001.21: 81-92. 

3. Kabat E. A., Glusman M., Knaub V. Quantitative estimation of the albumin and gamma 
globulin in normal and pathologic cerebrospinal fluid by immunochemical methods. Am J 
Med. 1948.4: 653-62. 



768 Chapter C5 

4. Bornstein M. B., Appel S. H. The application of tissue culture to the study of experimental 
allergic encephalomyelitis. I. Patterns of demyelination. J Neuropathol Exp Neurol. 1961. 
20: 141-7. 

5. Esiri M. M., Immunoglobulin-containing cells in multiple sclerosis plaques. Lancet. 1977. 
ii: 478-80. 

6. Genain C. P., Cannella B., Hauser S. L., Raine C. S. Identification of autoantibodies 
associated with myelin damage in multiple sclerosis. Nat. Med. 1999.5: 170-5. 

7. Cross A. H., Trotter J. L., Lyons J-A. B cells and antibodies in CNS demyelinating 
disease. J NeuroImm. 2001. 112: 1-14. 

8. Colombo M., Dono M., Gazzola P., Roncella S., Valetto A., Chiorazi N., Mancardi G. L., 
Ferrarini M. Accumulation of clonally related B lymphocytes in the cerebrospinal fluid of 
multiple sclerosis patients. 2001. J Immunol. 164: 2782-89. 

9. Gilden D. H., Devlin M. E., Burgoon M. P., Owens G. P. The search for virus in multiple 
sclerosis brain. Mult Scler. 1996.2: 179-83. 

10. Archelos J. J., Storch M. K., Hartung H-P. The role of B cells and autoantibodies in 
Multiple sclerosis. Annals Neurol 2000.47: 694-706. 

11. Lumsden C. E. The immunopathogenesis of the multiple sclerosis plaque. Brain Res. 
1971.28: 365-90. 

12. Stohlman, S. A., Bergmann C. C., Perlman S. "Mouse hepatitis virus." In Persistent Viral 
Infections R. Ahmed, I. Chen. ed. New York, NY: Wiley Publishers. 1999. 

13. Marten N. W., Stohlman S. A., Bergmann C. C. MHV infection of the CNS: 
Mechanisms of immune-mediated control. Viral Immunol. 2001.14: 1-18. 

14. Lin M. T., Hinton D. R., Marten N. W., Bergmann C. C., Stohlman S. A. Antibody 
prevents virus reactivation within the central nervous system. J Immunol. 1999. 162: 
7358-68. 

15. Ramakrishna, C., Stohlman S. A.,. Atkinson R., Shlomchik M. J.,. Bergmann C. C. 
Mechanisms of central nervous system viral persistence: the critical role of antibody and 
B cells. J Immunol. 2002. 168:1204-11. 

16. Matthews A. E., Weiss S. R., Shlomchik M. J., Hannum L. G., Gombold J. L., Paterson Y. 
Antibody is required for clearance of infectious murine hepatitis virus A59 from the 
central nervous system, but not the liver. J Immunol. 2001. 167: 5254-63. 

17. Tschen, S., Bergmann C. C., Ramakrishna C., Morales S., Atkinson R., Stohlman S. A. 
2002. Recruitment kinetics and composition of antibody secreting cells within the central 
nervous system following viral encephalomyelitis. J. Immunol. 168: 2922-29. 

18. Fleming J. O., Shubin R. A., Sussman M. A., Casteel N., Stohlman S. A. Monoclonal 
antibodies to the matrix (El) glycoprotein of mouse hepatitis virus protect mice from 
encephalitis. Virology. 1989. 168: 162-7. 

19. Buchmeier M. J., Lewicki H. A., Talbot P. J., Knobler R. L. Murine hepatitis virus-4 
(strain JHM)-induced neurologic disease is modulated in vivo by monoclonal antibody. 
Virology. 1984. 132: 261-70. 

20. Nakanaga K., Yamanouchi K., Fujiwara K. Protective effect of monoclonal antibodies on 
lethal mouse hepatitis virus infection in mice. J Virol. 1986.59: 168-71. 

21. Perlman S., Schelper R., Bolger E., Ries D. Late onset, symptomatic, demyelinating 
encephalomyelitis in mice infected with MHV-JHM in the presence of maternal antibody. 
Microb Pathog. 1987.2: 185-94. 

22. Kolb A. J., Pewe L., Webster J., Perlman S., Whitelaw C. B., Siddel S. G. Virus- 
neutralizing monoclonal antibody expressed in milk of transgenic mice provides full 
protection against virus induced encephalitis. J. Virol. 2001.75:2803-9. 

23. Morales S., Parra B., Ramakrishna C., Blau D. M., Stohlman S. A. B cell mediated lysis 
of cells infected with the neurotropic JHM strain of mouse hepatitis virus. Virol. 2001. 
286: 160-7. 

24. Slifka M. K., Ahmed R. Long lived plasma cells: a mechanism for maintaining persistent 
antibody production. Curr Opin lmmunol. 1998. 10: 252-8. 



(25. THE ROLE OF HUMORAL IMMUNITY IN MOUSE HEPATITIS 
VIRUS INDUCED DEMYELINATION 

769 

25. Knopf P.M., Harling-Berg C. J., Cserr H. F., Basu B., Sirulnick E. J., Nolan S. C., Park J. 
T., Keir G., Thompson E. T., Hickey W. F. Antigen-Dependent intrathceal antibody 
synthesis in the normal rat brain: Tissue Entry and local retention of Antigen specific B 
cells. J Immunol. 1998. 161: 692-701. 

26. Griffin D., Levine B., Tyor W., Ubol S., Despres P. The role of antibody in recovery from 
alphavirus encephalitis. Immunol Rev. 1997. 159: 155-61. 

27. Schwender S., Imrich H., Dorries R. The pathogenic role of virus-specific antibody 
secreting cells in the central nervous system of rats with different susceptibility to 
coronavirus-induced demyelinating encephalitis. Immunol. 1991.74: 533-8. 

28. Bergmann C. C., Ramakrishna C., Kornacki M.,, Stohlman S. A. Impaired T cell 
immunity in B cell-deficient mice following viral central nervous system infection. J. 
Immunol. 2001. 167:1575-83. 

29. Smith-Norowitz T. A., Sobel R. A., Mokhatarian F. B cells and antibodies in the 
pathogenesis of myelin injury in Semliki Forest Virus encephalomyelitis. Cell Immunol. 
2000. 200: 27-35. 

30. Lin M. T., Stohlman S. A., Hinton D. R. Mouse hepatitis virus is cleared from the central 
nervous systems of mice lacking perforin-mediated cytolysis. J V irol. 1997.71:383-91. 

31. Ramakrishna C., Bergmann C. C., Atkinson R., Stohlman S. A. Control of central nervous 
system persistence by neutralizing antibody. J. Virol. Submitted. 

32. Furrer, E., T. Bilzer, L. Stitz, and O. Planz. Neutralizing antibodies in persistent Borna 
disease virus infection: prophylactic effect of gp94-specific monoclonal antibodies in 
preventing encephalitis. J Virol. 2001.75: 943-51. 

33. Lamarre A., Talbot P. J. Protection from lethal Coronavirus infection by immunoglobulin 
fragments. J Immunol. 1995. 154: 3975-84. 

34. Houtman J. J., Fleming J. O. Dissociation of demyelination and viral clearance in 
congenitally immunodeficient mice infected with murine coronavirus JHM. J Neurovirol. 
1996.2: 101-10. 

35. Zimprich F., Winter J., Wege H., Lassmann H. Coronavirus induced primary 
demyelination: indications for the involvement of a humoral immune response. Neuropath 
Applied Neurobiol. 1991. 17: 469-84. 

36. Drescher K. M., Pease L. R., Rodriguez M. Antiviral immune responses modulate the 
nature of central nervous system (CNS) disease in a murine model of multiple sclerosis. 
Immunol Rev. 1997. 159:177-93. 



Chapter C6 

THE ROLE OF T CELL EPITOPES IN 
CORONAVIRUS INFECTION 

Taeg S. Kim* and Stanley Perlman*,( 
Affiliation: *Interdisciplinary Program in Immunology, (Departments of Microbiology and 
Pediatrics, University of Iowa, Iowa City, IA . 

Abstract: Multiple MHV-specific CD4 and CD8 T cell epitopes have been identified in 
C57B1/6 and BALB/c mice. In particular, at least two CD8 T cell epitopes are 
recognized in C57B1/6 mice. In one model of MHV persistence, mutations are 
detected in the immunodominant CD8 T cell epitope recognized in this strain. 
These mutations contribute to virus persistence and to the development of 
more severe clinical disease. 

Key words: Coronavirus, CTL escape, demyelination 

. INTRODUCTION 

In most viral infections, host defense mechanisms are efficient and result 
in rapid clearance of the virus. Stable memory populations of T and B cells 
develop and protect the host from subsequent infections with the same agent. 
Viruses, in turn, have evolved mechanisms to evade the host immune 
response and are able to establish long-term persistent infections. Much has 
been learned over the past several about the strategies that viruses use to 
evade the immune response [reviewed in (1)]. This review will be focused 
on one strategy used by viruses to persist, i.e., the selection of cytotoxic CD8 
T cell (CTL) escape variants. The first part of this article will discuss aspects 
of the T cell immune response to MHV, with a focus on CD4 and CD8 T cell 
epitopes recognized in rodents. Second, CTL escape in the context of mice 
infected with the neurotropic JHM strain of mouse hepatitis virus (MHV) 
will be described in detail. 
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. C E L L - M E D I A T E D  I M M U N I T Y  D U R I N G  M H V  
I N F E C T I O N  OF R O D E N T S  

The importance of CD4 and CD8 T cells in virus clearance in rodents 
infected with MHV is well documented, as described elsewhere in this 
volume (Chapter C4). In several studies, the CD8 and CD4 T cell epitopes 
recognized by MHV-specific lymphocytes have been identified. C57B1/6 
(B6) and BALB/c mice are used in most studies of MHV-induced 
pathogenesis and, as a consequence, most of the epitopes are H-2 b- or H-2 d- 
restricted. A summary of the epitopes identified thus far is shown in Table 1. 
These epitopes were identified using either splenocytes after in vitro 
stimulation or, alternatively, lymphocytes harvested from the CNS of 
infected mice. In the latter case, cells were analyzed in direct ex vivo 
cytotoxicity assays. In BALB/c mice, a CD8 T cell epitope encompassing 
residues 318-326 of the nucleocapsid (N) protein (epitope N318), was 
immunodominant (2) whereas, in B6 mice, two CD8 T cell epitopes 
encompassing residues 510-518 and 598-605 of the surface (S) protein 
(epitopes $510 and $598) were recognized (3, 4). Both are located within a 
hypervariable region of the protein that can tolerate deletion or mutation 
without loss of viability (5). CD4 T cell epitopes have also been identified in 
both strains of mice. In BALB/c mice, CD4 T cell epitopes were identified 
within the N protein whereas in C57BL/6 mice such epotopes were located 
within the S and transmembrane (M) proteins (6-8). These CD4 T cell 
epitopes are present outside the hypervariable region of the S protein. 

Table 1. Summary of epitopes recognized by CD4 and CD8 T cells in MHV-infected rodents 

Cell type Host Protein Residues 

CD8 T cell 2 BALB/c mice N 318-326 
CD8 T cell 3'4 B6 mice S 510-518 
CD8 T cell 4 B6 mice S 598-605 

CD4 T cell 9 Lewis rat N 361-458 
CD4 T cell 7 B6 mice M 128-147 
CD4 T cell 8'1° B6 mice S 329-343 
CD4 T cell ~° BALB/c mice S 329-343 
CD4 T cell 6 BALB/c mice N 266-279 
CD4 T cell 8 B6 mice S 358-372 

S 408 -422 
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3.1 Overview of selection of CTL escape variants in viral 
encephalomyelitis 

Infection with virulent variants of the JHM strain of MHV cause an acute 
fatal encephalitis in all susceptible rodents. Disease is largely confined to the 
central nervous system, with variable, albeit minor, infection of the liver. A 
persistent infection was noted in several studies when either mice were 
infected with attenuated strains of virus or when infection with virulent virus 
was modified by treatment with anti-viral antibodies or T cells (11). In one 
model, clinical disease manifested by hindlimb paralysis and histological 
evidence of demyelination developed several weeks after virus inoculation 
(12). In this model, suckling B6 mice (10 to 14 days old) were inoculated 
intranasally with a virulent variant of MHV. If nursed by naive dams, they 
uniformly developed an acute encephalitis. However, when nursed by dams 
previously immunized 

Table 2. Summary of mutations in epitope $510 identified in B6 mice with hindlimb 
paralysis. 

Position 1 2 3 4 5 6 7 8 9 

Contact *M M T M T M/T M 

WTepitope I C S L W N G P H L 

Variant F(2) A R(2) R(7) H(1) V(2) H(2) 
epitopes 

Y(1) F(3) G(1) D(2) R(1) L(6) 

P(2) P(2) C(1) S(12) E(1) 

T(1) 

(untested) K( 1 ) R( 1 ) F(1 ) 

The immunogenicity of the mutated epitopes was tested in cytotoxicity assays. The amino 
acid changes listed above resulted in a greater than 20 -fold decrement in ability to sensitize 
cells for CTL lysis, except for the L to P change noted at position 2 (4 fold decrement) (15). 
Some mutations were not analyzed in these assays (untested). *MHC (M) or TCR (T) contact 
residues based on published data (16). a Numbers in parenthesis represent the number of 
animals from which the indicated mutations were detected. 
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to MHV, they were protected from the acute encephalitis. A variable fraction 
(40-90%) developed clinical disease and a demyelinating encephalomyelitis 
3-8 weeks after inoculation. Infectious virus could be isolated from all mice 
with clinical disease but not from those that remained asymptomatic. 
Subsequent analysis of viral RNA harvested from the infected CNS revealed 
the presence of mutations in the immunodominant CD8 T cell epitope 
(epitope $510) in all samples of RNA and viruses isolated from symptomatic 
mice (Table 2) (13). These mutations abrogated recognition by epitope 
S510-specific CD8 T cells in direct in vivo cytotoxicity assays using CNS- 
derived cells. These mutations were detected at early times and mutations 
were not detected in epitope $598 or in the regions flanking the epitopes 
(14). Mutations in epitope $510 were not detected in most mice that 
remained asymptomatic or in persistently infected mice with severe 
combined immunodeficiency (SCID) (14). These results suggest that CTL 
escape variants were selected by immune pressure and consequently 
contributed to the establishment of virus persistence and to the development 
of a demyelinating encephalomyelitis. 

3.2 Requirements for selection of CTL escape variants in 
the CNS 

1. Immunodominance. It is conceivable that a CTL response directed 
against a single immunodominant epitope favored the emergence of virus 
mutants abrogating CTL recognition. In B6 mice infected with MHV, 
epitope $510 was immunodominant, with up to 50% of the CD8 T cell 
response in the CNS directed at this epitope, as determined by either direct 
ex vivo intracellular interferon- 3' assays or by staining with MHC class 
I/peptide tetramers (17, 18). The CD8 T cells were fully activated as 
measured by cytokine secretion, cytotoxic function and expression of 
activation markers, at least during the acute infection. This strong immune 
response to the immunodominant epitope is likely to be a major factor 
facilitating the selection of CTL escape variants. In support of this, 
mutations in the subdominant CD8 T cell epitope (epitope $598), an epitope 
with substantially less functional avidity have never been detected. This was 
true even when suckling mice were infected with virus mutated in epitope 
$510 so that epitope $598 became the dominant target for the CD8 T cell 
response (19). In other viral infections, epitopes with strong functional 
avidity were preferentially mutated at early times after inoculation (20). One 
apparent exception to this observation is that mutations were never identified 
in the immunodominant CD4 T cell epitope recognized in B6 mice (epitope 
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M133-147, Table 1), but mutations were detected in a subdominant CD4 T 
cell epitope (epitope $328-347, Table 1). However, the biological 
significance of this mutation is not known since CD4 T cell recognition to 
the mutated epitope was not affected by this mutation (8). 

2. Hypervariable region. It is imperative that the CTL epitope mutations 
do not inactivate the virus. The two CTL epitopes (epitopes $510 and $598) 
recognized in B6 mice are located within a region of the protein that is 
highly permissive to both deletions and amino acid changes without the loss 
of infectivity (5). Presence of epitopes within this hypervariable region may 
provide an optimal genetic background for CTL escape, while keeping virus 
viable. Epitope $598 is also located in this hypervariable region, but 
mutations in this epitope were not detected. At present, it is not known 
whether the lack of mutations in epitope $598 reflect an effect on virus 
viability. It is now possible to address this issue, using recently described 
methods of reverse genetics (21). Alternatively, there may be insufficient 
immune pressure to select CTL escape mutations because the epitope has a 
low functional avidity (4) or because it is expressed relatively poorly on the 
cell surface. Mutations in epitopes with high functional avidity were detected 
at early times during the course of other persistent viral infections whereas 
mutations in epitopes with low functional avidity were not detected until 
disease had progressed (20, 22, 23). 

3. Infection of suckling B6 mice. CTL escape variants were selected only 
in B6 mice (H-2 b background) inoculated at the suckling stage (10-14 days 
01d) with virulent MHV-JHM and protected from acute encephalitis by 
nursing with dams previously immunized to MHV. In other models of MHV 
persistence, immunocompetent adult mice were inoculated with attenuated 
strains of MHV (11). Virus was cleared under these conditions, but viral 
RNA and ongoing demyelination were readily detected. CTL escape mutants 
were never detected in these mice. The host strain is also important in the 
selection of CTL escape mutants. Suckling BALB/c mice never develop a 
late onset demyelinating encephalomyelitis. The immunodominant CD8 T 
cell epitope recognized in BALB/c mice is located in a protein (nucleocapsid 
IN] protein) that is highly conserved among coronaviruses (2, 24). 
Consistent with the lack of clinical disease, mutations are never detected in 
this epitope (N318-326). 

One explanation for the observation that CTL escape only occurred in 
suckling B6 mice relates to the role of anti-MHV antibody in pathogenesis. 
Vertical transmission of maternal neutralizing antibody plays a crucial role 
not only in providing protection from acute encephalitis but also for 
establishing a milieu for selection of CTL escape variants. Levels of 
neutralizing antibodies need to be sufficient to control the acute infection but 
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insufficient to achieve sterile immunity. Our recent data showed that, as 
maternal antibody waned, production of anti-MHV antibody by infected 
suckling B6 mice was substantially lower than by suckling BALB/c mice. 
Most striking was the lack of anti-MHV antibody producing cells in the CNS 
of B6 mice infected at the suckling stage (A. Dandekar and SP, unpublished 
data). Since anti-MHV antibodies provide a crucial role in preventing 
recrudescence of infectious virus in infected mice (25), lack of locally 
produced antibody may allow virus to continue to replicate and therefore 
predispose to the selection of CTL escape mutants. Interestingly, suckling 
BALB/c mice, which never show evidence of CTL escape, mount a robust 
humoral immune response in the CNS. Of note, Brown Norway, but not 
Lewis rats, mount a strong anti-MHV antibody response in the CNS. MHV 
causes a clinically silent demyelinating encephalomyelitis in Brown Norway 
rats, whereas Lewis rats develop symptomatic clinical disease, with elevated 
levels of infectious virus present. These results also suggest an important 
role for CNS-derived anti-MHV antibody in controlling the infection (26). 

4. Monospecific polyclonal epitope S510-specific CTL response. As 
discussed above, CTL immune pressure focused on an immunodominant 
CTL epitope may favor selection of CTL escape variants by virtue of the 
significant loss of immune recognition when the epitope is mutated. 
However, this phenomenon may be less likely if CD8 T cells specific to the 
epitope are polyclonal (27). To determine the diversity of the epitope $510- 
specific T cell response, TCR V[3 element usage and the complexity of the 
complementary determining region 3 (CDR3) were determined. Epitope 
S510-specific CD8 T cells were obtained from the CNS of acutely and 
chronically infected mice by staining with peptide $510-loaded MHC class I 
tetramers and FACS analysis. A large number of different V[3 elements were 
detected within the epitope S510-specific population. Furthermore, analysis 
of CDR3 regions from this population revealed the presence of 400-600 
different clonotypes per infected mouse, with many sequences common in 
all animals (17). This polyclonal response was not protective against the 
CTL escape, however, since it was functionally monospecific, with a strong 
focus on the center of the MHC class I/peptide complex (15). 

5. Anatomical location of persistent virus. Since the CNS is a site of 
immune privilege, CTL escape mutants, once selected, may be able to 
replicate more efficiently in an environment with a less than optimal anti- 
MHV immune response. This may contribute to high level virus persistence, 
and eventually, to the development of clinical disease. 
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. B I O L O G I C A L  S I G N I F I C A N C E  O F  C T L  E S C A P E  

V A R I A N T S  I N  M H V - I N F E C T E D  M I C E  

Accumulating data suggest that evasion of the immune response by 
selection of CTL escape mutants occurs in several persistent infections, 
including humans infected with HIV, hepatitis B virus or hepatitis C virus 
and primates infected with SIV or hepatitis C virus (20, 28-30). A causal 
relationship between the presence of CTL escape variants and clinical 
outcomes is difficult to establish in infected humans or primates. Thus, the 
maternal antibody protection model described above is useful for 
determining the role of these variants in virus pathogenesis. 

Pewe et al. (19) showed that escape from the CTL response was a major 
factor in disease progression in MHV-infected mice. Infection of suckling 
mice with CTL escape mutant virus resulted in higher mortality and 
morbidity than observed in mice infected with wild type virus. Furthermore, 
sequencing of infectious virus isolated from chronically infected mice 
revealed a lack of heterogeneity among isolates from a single animal. These 
data indicated that viral variants were selected during early infection and, 
once selected, they were fixed permanently, possibly due to continuous 
positive selection by CTL, ultimately leading to clinical disease. 

. C O N C L U D I N G  R E M A R K S  

CTL escape has been demonstrated in several persistent infections. 
MHV-infected mice provide an excellent model for determining the role of 
these phenomena in viral pathogenesis. The results thus far show that CTL 
escape variants have a selective advantage and enhance clinical disease and 
demyelination. Although a specific virus has not been identified as an 
etiological agent in patients with MS, the development of CTL escape 
mutants provides a plausible mechanism for how a persistent, virus infection 
controlled by the immune system could progress to cause more significant 
disease. Further efforts will be directed at determining the mechanism of 
CTL escape and to determine why CTL escape has been identified in only a 
fraction of persistent viral infections. 
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Abstract: 

Key words: 

Multiple sclerosis (MS) is an autoimmune disease in which autoreactive T 
cells specific to central nervous system (CNS) myelin antigens are activated. 
Although disease etiology remains unknown, coronaviruses are suspected to 
be involved in MS pathology. Molecular mimicry, the recognition of two 
antigens by a single immune cell, could be the mechanism explaining the link 
between a viral infection and MS through activation of myelin-reactive T cells 
by a virus infection in a genetically predisposed individual. Evidence 
supporting this hypothesis in humans has been accumulated in our laboratory. 
Human coronavirus (HCoV) - myelin cross-reactive T-cell lines (TCL) were 
predominantly found in MS patients compared to patients with other 
neurological or inflammatory diseases, or healthy controls. Moreover, virus- 
myelin T cell cross-reactivity was confirmed at the clonal level. Molecular 
mimicry between infectious pathogens such as the ubiquitous human 
respiratory coronaviruses could, in genetically susceptible individuals, play a 
role leading to the development of MS. Together with other possible 
mechanisms such as bystander effects, epitope spreading or even 
superantigenic activities, this pathogen-associated immune induction could 
play a role in maintaining and broadening the autoimmune response associated 
with MS pathology. 

autoimmunity, T cells, central nervous system, virus, molecular mimicry 

1. INTRODUCTION 

Mult iple  sclerosis (MS) is an au to immune  disease o f  the central  nervous  
sys tem (CNS)  charac ter ized  by in f lammat ion  and myel in  destruction.  Even  
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though MS was described more than 130 years ago, its exact etiology 
remains unknown. A genetic predisposition is suggested and HLA genes are 
suspected to be involved (1, 2). Environmental factors are also associated 
with the triggering of this pathology. Indeed, epidemiological studies with 
identical twins demonstrate a low MS concordance between siblings and 
specific patterns of worldwide disease distribution point out the role for 
environmental factors, such as microbial agents (3, 4). 

Amongst environmental factors potentially related to MS is a long list of 
more than 20 viruses. These viruses have been associated with MS by 
different experimental approaches: isolation of virus particles from tissues of 
MS patients (5), antibodies specific to virus found in central nervous system 
(CNS) of MS patients (6, 7) or demonstration of virus gene expression in the 
CNS of MS patients (8-14). 

. N E U R O A N T I G E N S  

Tolerance is described as a mechanism established to create and maintain 
a state of non-response to autoantigens. In the CNS, some proteins were 
found to activate the immune system: myelin basic protein (MBP), 
proteolipid protein (PLP), myelin associated glycoprotein (MAG), myelin 
oligodendrocyte glycoprotein (MOG), myelin oligodendrocyte basic protein 
(MOBP), CNPase (2',3'- cyclic nucleotidyl 3'-phosphodiesterase), 
transaldolase, S100~ and ~-B-crystallin (15, 16). All of these proteins were 
found at one time or another to activate autoreactive T lymphocytes in MS 
patients and therefore are suspected in maintaining or amplifying 
autoimmune reactions observed in the disease (17-20). Those neuroantigens, 
previously cryptic, might have been liberated in the CNS milieu following 
damages to the myelin sheath, and made available for antigen presentation. 

How tolerance is broken in MS is still not understood. The suggested 
potential mechanisms are related to the initiation or propagation of the 
autoimmunity observed in MS. Superantigens could lead to a potent non- 
specific activation of a given T-cell receptor (TCR) VI] family. Non-specific 
bystander effects of inflammation could also hold a key role. Moreover, 
determinant (epitope) spreading would broaden the immune response 
towards the recognition of new autoantigens. Finally, molecular mimicry 
between self-proteins and microbes represents another possible mechanism 
that could be involved in breaking tolerance and could explain the 
association of several infectious pathogens with MS etiology and 
exacerbations. 
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. MS AND CORONAVIRUSES 

Coronaviruses are enveloped virus with a diameter of approximately 120 
nm and that exhibit characteristic crown-shaped projections on their surface 
(21). Their genome consists of a very long positive-stranded RNA. 
Coronaviruses are responsible for 10 to 35% of common cold in humans 
(22) and were associated with more serious diseases such as respiratory 
distress in newborns (23), severe acute respiratory syndrome (SARS), and 
severe diarrhea (24). 

The association between coronavirus and MS is strengthened by 
observations in mice. Indeed, murine coronavirus infection of susceptible 
mice leads to an inflammatory demyelination. This virus-induced 
demyelination is similar to MS in several aspects, providing a widely studied 
model for this neurological autoimmune disease (23, 24). 

In humans, it was demonstrated using different experimental approaches 
that coronaviruses are neuroinvasive, i.e. that they can reach the CNS. First, 
virus was isolated from the brains of MS patients (27). Second, titers of 
antibodies specific to human coronaviruses were described to be higher in 
cerebrospinal fluids of MS patients than controls (28). Third, coronavirus 
RNA was detected in the brain of MS patients by RT-PCR and by in situ 
hybridization (11, 12, 14). 

Furthermore, coronavirus neurotropism, the capacity to infect CNS cells, 
has also been demonstrated in humans. An acute infection by human 
coronaviruses was demonstrated in primary cultures of human microglia and 
astrocytes (29) as well as oligodendrocytes (Talbot et al., unpublished data). 
In addition, a persistent infection by coronavirus was demonstrated in cell 
lines from nervous system (30, 31). 

These observations demonstrated that coronavirus could reach the CNS 
and infect neural cells. Although it cannot be concluded from these 
observations that coronaviruses do cause MS, it suggests an association 
between CNS viral infection and this neurologic disease. In addition, 
epidemiological studies have shown that MS relapses were often preceded 
with respiratory tract infections (30). Interestingly, coronavirus reinfections 
are in fact possible (22). 

. T C E L L  C R O S S - R E A C T I V I T Y  T O  

C O R O N A V I R U S  A N D  M Y E L I N  P R O T E I N S  

Several mechanisms have been proposed to explain how a viral infection 
could lead to an autoimmune disease. Amongst these mechanisms is 
molecular mimicry. According to this model, a non-self agent first activates 
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an immune cell. Then, the cell recognizes a self-element that shares 
antigenic conformation with the pathogen and directs a response towards it. 
Individuals who are genetically predisposed to respond to this antigenic 
determinant of a pathogen having a similar conformation to a determinant on 
a self-antigen could develop an autoimmune response following infection. 
Shared sequences or similar determinant conformations between coronavirus 
and myelin proteins such as myelin basic protein (MBP) and proteolipid 
protein (PLP) have been identified (33-35). Molecular mimicry provides a 
unifying mechanism that could explain both the genetic and environmental 
aspects in the triggering of MS. 

The molecular mimicry hypothesis would indeed explain observation of 
T cell lines (TCL) cross-reactive to both myelin antigen (Ag) and human 
coronavirus (HCoV) we have reported in MS patients (36). In this study, 
peripheral blood lymphocytes from MS patients and healthy controls were 
used to select long-term MBP- and HCoV-reactive T cell lines. A summary 
of these results is shown in Table 1. MBP T-cell lines were found as 
frequently in MS patients than in healthy controls. All the participants tested 
seropositive for coronavirus, as expected (22). Interestingly, TCL from ten 
of sixteen MS patients and two of fourteen control subjects showed 
cross-reactivity between myelin and viral antigens, for a proportion of such 
lines of 29% in MS patients and only 1.3% in healthy donors. Such cross- 
reactivity is thus highly significantly observed in MS patients. Therefore, in 
genetically predisposed individuals, T cells could be primed and activated 
following a systemic infection; the activated lymphocyte would enter the 
CNS and could establish a response towards myelin antigens. Myelin- 
reactive T lymphocytes could also have a role in broadening the immune 
response and increasing tissue damage. Coronavirus-myelin cross-reactive 
lymphocytes could thus initiate, maintain and/or amplify autoimmunity. 

Table I. Overall number of coronavirus-myelin cross-reactive TCL produced from MS 
patients and healthy donors. Cross-reactive TCL are obtained in a highly significant 
proportion (p<0.0001) in MS patients versus controls, with 29% out of TCL generated from 
the peripheral blood compared to only 1.3% (Talbot, 1996). 

Donors n Lines Cross-reactive T-cell lines 
(CD4+) Lines n % 

MS 16 134 39 10 29 
Healthy 14 155 2 2 1.3 
Controls 

Although these findings regarding T-cell cross-reactivity between human 
coronavirus and myelin antigen are consistent with the molecular mimicry 
hypothesis, experiments at the clonal level were needed to prove that a single 
T cell was indeed activated by both viral and myelin antigens. 
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. C L O N A L  T - C E L L  C R O S S - R E A C T I V I T Y  

Studies conducted at the molecular level reinforce and confirm the 
molecular mimicry hypothesis in MS (37). It was essential to examine 
coronavirus-myelin cross-reactivities at the T cell clonal level since TCL are 
made of a heterogeneous cell population: more than one TCR could have 
been involved in the measured cross-reactive response. Similar to the 
previous study involving TCL, long-term primary T cell clones (TCC) were 
also derived from the peripheral blood of MS patients. Selecting antigens 
used in this study were both known human coronavirus serotypes (229E and 
OC43) as well as two CNS proteins, MBP and PLP. Briefly, TCL were first 
selected with either one of the selecting antigen and positive cells were then 
cloned by limiting dilution; tritiated thymidine incorporation assays 
determined antigenic-specitifities (38). Table 2 shows that a total of 145 
monospecific TCC were obtained from twenty-two patients, out of thirty- 
two patients studied. Many TCC were positive to coronavirus antigens, with 
about 80% of the TCC cultures selected with either HCoV-229E or HCoV- 
OC43. 

Interestingly, ten cross-reactive long-term primary TCC were also 
cultured from six out of thirty-two MS patients (Table 2). While some 
patients led to very poor TCC production, other patients could lead to more 
then one cross-reactive TCC. These TCC were selected with myelin antigens 
(PLP and MBP, both encephalitogenic in genetically predisposed rodents) 
and HCoV. Half of these patients were HLA-DRBI*1501, a genetic 
susceptibility associated with MS (1). TCC produced were CD4+. HLA- 
typing and antigenic specificities of all ten cross-reactive TCC are described 
in Table 3. The selecting antigen is identified for each clone. Interestingly, 
two TCC selected with viral antigens recognized both myelin antigens. The 
TCR V~ chains were also identified for six of those TCC and hypervariable 
regions were also determined through sequencing analysis (37). 

Even if the method used to obtain the TCC is reliable, clonality was 
double-checked by diversity PCR. TCR were sequenced and only one TCR 
13 chain was identified by PCR on several bacterial colonies issued from the 
same transformation. Assuming that the TCC obtained bear only one TCR, 
this study shows that a single TCR can recognize two different antigens, one 
from a human coronavirus, and the other from a myelin antigen that is 
targeted by T lymphocytes in MS. Such a cross-reactive phenomenon could 
be an elegant framework to explain the origin of an autoimmune disease as 
MS. 

Thus, the T cell cross-reactivity between HCoV and myelin proteins in 
MS patients was confirmed at the single cell level. Combined with our 
previous results of highly significant coronavirus-myelin T-cell cross- 
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reactivities in MS patients compared  to healthy controls (36), it appears  that 
molecular  mimicry  could represent a signicant pathogenic mechanism 
associated with MS pathogenesis.  

Table 2. Overall number of both monospecific and coronavirus-myelin cross-reactive TCC 
produced from the peripheral blood of thirty-two MS patients. Selecting antigens used for that 
experiment were both known serotypes of human coronavirus, HCoV-229E and 
HCoV-OC43, as well as two CNS proteins, MBP and PLP. Long-term primary human TCC 
were generated by limiting dilution of antigen-specific TCL. (37, 38) 

TCC Donors Number of TI'C Produced Number of TCC Total 
(n) with Viral Antigens Produced with 

Myelin Antigens 

HCoV-229E HCoV-OC43 MBP PLP 
Monospecific 22/32 80 34 19 12 145 

Cross- 6/32 4 2 2 2 10 
reactive 

Table 3. Antigenic specificity patterns of ten coronavirus-myelin cross-reactive TCC obtained 
from six MS patients. The HLA-typing for each patient from which those TCC were produced 
is shown. The selecting antigen is identified in bold. 

TCC HLA-DR Antigenic Specificity 
PV-a 1 1 , 1 7  HCoV-OC43 MBP 
P8-a 15,17 HCoV-229E MBP 
P12-a 13 PLP HCoV-229E 
P12-b 13 PLP HCoV-229E 
P12-c 13 MBP HCoV-229E 
P13-a 15 MBP HCoV-229E 
P13-b 15 HCoV-OC43 MBP and PLP 
P22-a 1 3 , 1 5  HCoV-229E MBP 
P22-b 13,15 HCoV-229E MBP and PLP 
P24-a 7,17 HCoV-229E MBP 

. M S  S P E C I F I C I T Y  O F  
T - C E L L  C R O S S - R E A C T I V I T Y  

In order to verify whether  coronavirus-myel in  T-cell  cross-reactivi ty is 
more significantly associated with MS, T C L  were established f rom the 
peripheral blood of patients having neurological  or inf lammatory disease and 
f rom healthy controls (Talbot et al., unpublished data). In this study, T C L  
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cross-reactive for both myelin (MBP, PLP) and human coronavirus antigens 
were found in four out of eleven MS patients, in a proportion of 3.4% of all 
TCL derived from the peripheral blood. Only one out of ten patients having 
neurological or inflammatory disease showed such cross-reactive TCL, for a 
proportion of 0.5% of the overall TCL produced from the peripheral blood. 
The latter proportion (0.5%) of cross-reactive TCL was obtained from 
healthy donors, where a cross-reactive TCL toward myelin and coronaviral 
Ag was found in only one out of twelve donors. These results are shown in 
Table 4. Cross-reactive TCL were found more often in MS patients. It is too 
early to say that such antigenic pattern is clearly related to MS, however, it 
remains of great interest to explore those antigens regarding molecular 
mimicry and neurodegeneresence. 

Thus, cross-reactive TCL for myelin proteins and HCoV seem to be more 
abundant in the peripheral blood MS patients than in healthy patients. 
Moreover, the cross-reactivity observed appears to be found in MS, an 
autoimmune neurological disease, but not in other inflammatory or 
neurological diseases. 

. CONCLUSIONS 

The etiology of MS, an autoimmune neurologic disease, is unknown. 
Coronaviruses are suspected to be involved in MS pathology. Molecular 
mimicry, the recognition of two antigens by one single immune cell, could 
be the mechanism explaining the link between a viral infection and MS. 
Evidence of molecular mimicry between coronavirus and myelin antigens 
have been described in humans by our laboratory. Cross-reactive TCL were 
found predominantly in MS patients compared to patients with other 
neurological or inflammatory diseases, or healthy controls. Moreover, the T 
cell cross-reactivity was confirmed at the clonal level. However, it is 
important to keep in mind that the role of molecular mimicry does not 
exclude the participation of other immune mechanisms such as bystander 
effects, determinant spreading or even superantigens in the triggering or 
development of this autoimmune disease. All those mechanisms could play a 
role in maintaining or broadening the autoimmune response. The association 
of infection by a ubiquitous virus such as the human coronavirus with the 
development of multiple sclerosis in genetically susceptible individuals most 
likely represents the result of an aberrant induction of immune responses 
towards myelin proteins, possibly coupled to a persistent virus infection of 
the central nervous system that may activate glial cells (39), induce neuronal 
loss (40) and be associated with local immunopathology (41). 
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Table 4. To assess whether coronavirus-myelin cross-reactive TCL were only found in MS or 
could also be detected in other diseases, 13 MS patients, 10 patients suffering either of a 
neurological or an inflammatory disease, as well as 12 healthy controls were studied in 
comparison. For each group, TCL were produced and selected with MBP, HCoV-229E or 
HCoV-OC43, then were tested with a proliferation assay against both CNS proteins and both 
human coronavirus serotypes. The coronavirus-myelin cross-reactive TCL are shown in bold; 
those are also compared to the overall monospecific TCL number produced during the 
experiment to determine the percentage of cross-reactive TCL generated per studied group of 

donors. N.D. indicates that the test was not performed and results are not determined 
(selecting antigen indicated at the top of each column and antigen used for proliferation assay 

indicated on the left). 

MultipleSclerosis Neurologicaland HealthyControls 
lnflammatoryDiseases 

MBP HCoV- HCoV- MBP HCoV- HCoV- MBP HCoV- HCoV- 
229E OC43 229E OC43 229E OC43 

N.D. 3 1 N,D. 1 0 N.D. 0 0 

5 0 0 2 0 0 2 N.D. N,D. 
1 N.D. 0 0 N,D. 5 N.D, N.D. 1 

2 2 N.D. 0 1 N.D. 1 2 N.D. 

123 50 53 55 90 37 71 84 49 

MBP 

PLP 
HCoV-229E 

HCoV-OC43 

Overall 
Monospecifc 
TCL 
produced 
Myelin-Virus 
Cross- 
reactive 
TCLrFotal 

7/226 (3.1%) 1/182 (0.5%) 1/204 (0.5%) 
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Abstract: 

Key words: 

MHV-A59 coronavirus infection produces a transient episode of demyelination 
that is followed by spontaneous remyelination. This paradigm provides a 
complex lesion environment to examine cellular and molecular mechanisms 
involved in successful CNS remyelination. Our work in this model has 
focused on the roles of platelet-derived growth factor and fibroblast growth 
factor 2 in regulating oligodendrocyte progenitor responses required for 
remyelination. 

platelet-derived growth factor, fibroblast growth factor, estrous cycle, gender, 
demyelinating disease, remyelination, coronavirus, cuprizone 

. INTRODUCTION 

Insufficient remyelination results in prolonged neurological impairment in 
demyelinating disease states, such as multiple sclerosis. A critical 
determinant of remyelination is regulation of oligodendrocyte lineage 
responses. Surviving and/or newly generated oligodendrocyte lineage cells 
must be recruited to appropriate sites within demyelinated tissues and 
induced to differentiate and form myelin. Each of these oligodendrocyte 
lineage cell responses appears to be regulated by signals within the lesion 
environment, such as growth factors, cytokines, and cell-cell interactions. 

The pathology of multiple sclerosis (MS) lesions is heterogeneous 
between patients, with at least four fundamentally different patterns of 
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demyelination (12). Therefore, analysis of experimental models of 
demyelination with distinct mechanisms of pathogenesis is warranted. In 
addition, different experimental models have advantages for examining 
specific aspects within the course of demyelinating diseases. The mouse 
model of murine hepatitis strain A59 (MHV-A59) coronavirus infection 
serves as a relevant model for analyzing the cellular and molecular 
components involved in spontaneous remyelination. The complexity of 
MHV-A59 lesions includes infiltration of CD8+ and CD4+ T cells, B 
lymphocytes producing immunoglobulins, macrophages, and reactive glial 
cells (15,21). These lesion components are variably exhibited among 
categories of MS lesions. 

The potential function of molecules that can promote remyelination in MS 
lesions, such as growth factors, is ideally analyzed in the context of a 
complex lesion environment due to contributing effects of cytokines, 
chemokines, infiltrating lymphocytes, and reactive cells. However, this 
complex lesion milieu can also make it difficult to delineate effects that are 
specific to the remyelination process. For this purpose, analysis of 
oligodendrocyte lineage responses is facilitated by comparison with a 
simpler lesion model, such as ingestion of cuprizone (14). Growth factor 
effects common to experimental lesions of diverse pathogenesis, such as 
MHV-A59 and cuprizone models, are most likely to be applicable more 
generally to demyelinating diseases. 

This chapter will review recent findings of the expression and function of 
specific growth factors in MHV-A59 and cuprizone models of spontaneous 
remyelination. In addition, the complexity of the MHV-A59 model will be 
exemplified by discussion of the modulation of the disease course in 
correlation with gender and estrous cycle status. This modulation of the 
MHV-A59 disease course is also relevant to modulation of MS disease 
activity. 

. D I S E A S E  S E V E R I T Y  IN T H E  M H V - A 5 9  M O D E L  

Intracranial infection of female C57B1/6 mice at 28 days of age with 1000 
plaque forming units (PFU) of MHV-A59 virus produces a characteristic 
progression of demyelinating disease. Demyelination begins within the first 
week post-injection (wpi), with more extensive areas of myelin degeneration 
by 2 wpi (1,9). During this progression of demyelination, mice exhibit loss 
of motor function, and virus is present in cells of the white matter (9). In 
subsequent weeks, clearance of virus and myelin debris occurs, 
remyelination is initiated, and recovery of motor function proceeds (9,21). 
However, among mice similarly infected with MHV-A59, there is variability 
in the proportion of mice that exhibit distinct results from asymptomatic, 
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mild paresis, severe paralysis, to mortality. Early studies reported mortality 
rates that ranged from 11% (1) to 70% (11). 

To take advantage of knockout mice for the analysis of growth factors and 
cellular components involved in spontaneous remyelination in this model, we 
needed to optimize the reproducibility of the MHV-A59 infection outcome. 
This objective led us to explore more quantitative methods to monitor 
disease progression and identify determinants of variation in disease severity, 
including mortality. 

Intracranial MHV-A59 injection of 1000 PFU at 28 days of age has been 
used to maximize demyelination and minimize mortality compared to 
infection of younger mice (1,2,21). However, in addition to an age factor, a 
correlation was also observed between weight and mortality. Female 28-day 
old mice that eventually died during the acute infection weighed 12 _+ 0.34 g 
(mean _+ s.e.; n = 25) while survivors weighed 13.5 g + 0.22 (mean + s.e.; n = 
51) (p < 0.0005, unpaired t-test). Accordingly, subsequent experiments used 
only mice weighing 13-15 g at 28 days of age. 

Variability of infection outcome still occurred among female mice within 
these weight and age restrictions. Measures were already in place to 
minimize experimental variability from animal husbandry and experimental 
treatment. Additional tests were conducted to quantify the neurological 
effects of MHV-A59 lesions and determine whether the infection outcomes 
were clearly different, which would suggest an additional factor contributing 
to infection outcome. A "hang time" test of limb motor function and 
grasping was chosen to assess the result of MHV-A59 infection because the 
lesion predilection sites include the spinal cord white matter adjacent to the 
ventral root exit zones throughout all spinal cord levels (8,10,21). 

To perform the hang time test, mice were placed onto a wire cage top, and 
once the mice had gripped the bars the top was turned upside-down and held 
horizontally above a table (similar to ref. 23). The length of time that each 
mouse held onto the bars was recorded, up to a maximum of 60 seconds. 
Control mice easily grasped the cage top bars with paws, often curled tails 
around the bars, and moved around to explore while upside-down (Figure 
1A). In contrast, mice with impaired limb motor function could not grasp 
cage top bars with paws, rarely curled tails around bars, and dropped off 
prior to the 60 seconds maximum time limit (Figure 1B). Inability to hold on 
was associated with demyelination, as evident in previous reports of the 
histopathology of MHV-A59 infected mice (1,21). 
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Figure 1. Control (A) and MHV-A59 
infected (B) mice shown hanging from a 
cage top during hang time tests. The control 

~ i i  mouse can easily grasp the bars with paws 
(black arrow) and tail (black arrowhead). The 
MHV-A59 infected mouse has hind limb and 
tail impairment so that the paws cannot 
normally grasp the bars (white arrow) and the 
tail is limp (black arrowhead). 

The time course of individual 
.............. mouse hang time performance over 4 

wpi showed that some mice had only mild motor dysfunction while others 
had severe motor dysfunction (Figure 2). Operational definitions for mild 
and severe groups can be made several ways. One method is to sum hang 
times over the disease course, through 4 wpi when many mice have fully 
recovered. Clustering of subgroups of mice is evident as either a low 
summed hang time (severe motor dysfunction) or a high summed hang time 
(mild motor dysfunction). However, to allow mice to be used prior to the 
recovery phase, a practical set of criteria was needed by 2 wpi. After testing 
the hang time of mice at 7, 10, and 14 days post-infection (dpi), a mouse that 
had 2 or 3 hang time values of > 30 seconds o! recovered to a 60 second 
hang time by 14 dpi was categorized as only mildly affected. A mouse that 
had 2 or 3 hang times < 30 seconds and did not recover to 60 seconds by 14 
dpi was categorized as severely affected. 

In many models of experimental demyelination involving the spinal cord, 
disease severity is commonly quantified by a clinical scoring system. An 
adapted clinical rating has been applied in the MHV-A59 model (21). The 
clinical score scale is a measure of impairment based upon observed paresis 
or paralysis of limbs, so that 0 = no observable paresis/paralysis, 1-5 = 
paresis/paralysis in 1-5 limbs, respectively (such as limp tail, abnormal limb 
contracture or extension, dragging of limb, abnormal lateral movement of 
limb), and 6 = morbidity. The clinical scores of mildly affected mice over 
time are significantly less than the clinical scores of severely affected mice 
(Figure 2). However, the limited unit range of the clinical score scale does 
not detect individual variation as well as the hang time test in the MHV-A59 
model. 
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Figure 2. Examples of hang time and clinical score results. Individual records are 
shown for 2 mildly affected mice and 2 severely affected mice as representative examples of 
the variability in disease severity. The same mice are shown in both graphs. The hang times 
shown on each day are the averages of 3 trials. 

. M H V - A 5 9  D I S E A S E  S E V E R I T Y  R E L A T I V E  TO 
G E N D E R  A N D  E S T R O U S  C Y C L E  

Sex hormones have a role in disease susceptibility and severity in MS, 
which has been replicated in experimental autoimmune encephalomyelitis 
(EAE) in SJL mice (25). While females are more susceptible to MS than 
males (26), a worse survival curve is associated with male gender in primary 
progressive MS (6). In females with relapsing-remitting MS, worsening 
disease activity has been reported to vary with estrous cycle stage, but results 
attempting to correlate further to hormone levels have produced conflicting 
results (4,19,24,29). 

To identify an underlying factor in the variability of disease severity in 
our MHV-A59 model, estrous cycle stage was monitored using vaginal 
smears (7)(Figure 3). Severely affected female mice were more likely to be 
in diestrus or metestrus during the early effector stage of the pro- 
inflammatory response (4 dpi). Estradiol and progesterone are relatively low 
at these stages of the estrous cycle. Female mice in proestrus or estrus (at 4 
dpi), when estradiol and progesterone levels are elevated, more frequently 
experienced a milder outcome after MHV-A59 infection. Interestingly, EAE 
was ameliorated in SJL mice treated with estradiol at a sustained high dose, 
regardless of the dose of progesterone used in combination (25). However, 
the dose of estradiol needed to significantly decrease EAE severity was 
above levels that occur naturally during the estrous cycle (25). Thus, the 
MHV-A59 pathogenesis may be very sensitive to variation of hormone 
levels during the estrous cycle. 
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Figure 3. Outcome of MHV-A59 infection in female mice, at different stages of the 
estrous cycle, and male mice. The outcome of infection in each mouse was based upon hang 
time score using the classification described in the text. Each value represents mice combined 
from at least 3 separate infection experiments. Female mice, Proestrus/Estrus n = 20, 
Metestrus/Diestrus, n = 129; combined from 6 separate sets of infections; sampling difference 
reflects the proportional difference in the duration of the stages within the 4 day mouse 
menstrual cycle. Male mice, n = 92; combined from 3 separate sets of infections. 

Male mice in this MHV-A59 model clearly had a more severe disease 
course and higher rate of  mortality than female mice. A Thl  cytokine 
response, specifically interferon gamma, is required for clearing of  the 
MHV-A59 virus from oligodendrocytes and resolution of  the disease as a 
model of transient demyelination (18). Male hormonal conditions favor a 
bias towards Th2 cytokine production rather than a Th l  response (28), which 
may correlate with a lack of  interferon gamma production in lesions of  males 
and explain the increased rates of mortality compared to females. 

. G R O W T H  F A C T O R  E X P R E S S I O N  F O L L O W I N G  
D E M Y E L I N A T I O N  

Discussion of  growth factor pathways in MHV-A59 lesions will focus on 
ol igodendrocyte lineage responses during remyelination. Given the 
variability of  MHV-A59 disease severity noted above, studies of growth 
factors in this model utilize only the mice that are classified as "severe"  to 
provide a reproducible status. Also, when possible, findings in the MHV-  
A59 model will be compared with the cuprizone model to establish common 
mechanisms. 
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Experimental models with different pathogenesis indicate that, when 
remyelination occurs, oligodendroglial repopulation of demyelinated lesions 
may result from a common mechanism: local proliferation and recruitment of 
oligodendrocyte progenitor cells. In vitro studies predict that specific growth 
factors regulate the oligodendrocyte progenitor responses needed for 
myelination during development and for remyelination (i.e. proliferation, 
migration, differentiation, and survival). Among the growth factors known to 
regulate the oligodendrocyte lineage, platelet-derived growth factor (AA 
homodimer, PDGF) and fibroblast growth factor 2 (FGF2) warrant high 
priority for analysis. 

In vitro studies have documented the ability of PDGF and FGF2 to 
regulate responses of oligodendrocyte lineage cells isolated from normal 
neonatal and adult CNS. During development, neonatal oligodendrocyte 
progenitors proliferate in response to PDGF or FGF2, and grow as a self- 
renewing cell line in the combination of PDGF and FGF2 (5,16,22). PDGF 
and FGF2 can also enhance the proliferation of oligodendrocyte progenitor 
cells isolated from normal adult rodent CNS (13,27). FGF2 treatment of 
more mature stages of the oligodendrocyte lineage inhibits terminal 
differentiation (3). 

In vivo studies have supported the hypothesis that growth factors may 
regulate oligodendrocyte progenitor responses involved in myelin repair. At 
the onset of remyelination (4 wpi) in spinal cords of MHV-A59 lesioned 
mice, increased expression of PDGF-A and FGF2 ligands, as well as the 
corresponding receptors, indicated the potential for each to act upon 
oligodendrocyte lineage cells involved in remyelination. Immunostaining for 
PDGF-A ligand demonstrated increased expression in reactive astrocytes in 
remyelinating lesions (21). In situ hybridization to detect PDGF-A mRNA 
revealed a 2.9 fold increase in the number of labeled cells in sections from 
MHV-A59 infected mice vs. PBS-injected control mice (21). Similar in situ 
hybridization of FGF2 demonstrated markedly increased signal in reactive 
astrocytes and microglia localized within and near white matter lesions (17). 
Over the course of MHV-A59 disease progression, FGF2 mRNA transcript 
abundance peaked at 4 wpi as greater than 5-fold over non-lesioned levels 
(17). At a corresponding stage in cuprizone demyelination, a similar increase 
was observed for FGF2 (2) and PDGF-A mRNA (unpublished observation). 
Interestingly, in both models the increased signal for FGF2 is clearly 
localized to the lesion while the increase in cells with detectable PDGF-A is 
much more widely distributed in the tissue. These distributions may indicate 
differences in the influence of these growth factors on the oligodendrocyte 
lineage cell response. 
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In addition to demonstrating the increased expression of PDGF-A and 
FGF2 mRNA, expression of corresponding receptors on oligodendrocyte 
lineage cells has been examined in vivo. In lesioned white matter undergoing 
remyelination after MHV-A59 infection, the number of cells expressing FGF 
receptors increased as much as 5-fold (17). Oligodendrocyte progenitors 
expressed receptors for both FGF2 and PDGF (specifically PDGFc~R, the 
alpha form of PDGF receptor) (7,20,21). Oligodendrocytes also expressed 
FGF receptors (19,20). 

In both the MHV-A59 model and the cuprizone model, the 
oligodendrocyte progenitor proliferative response corresponds with 
expression of PDGFc~R (2,21). During early remyelination, there is a 
dramatic increase in the number of cells that are expressing PDGFccR mRNA 
transcripts and have incorporated bromodeoxyuridine (BrdU; indicative of 
DNA synthesis) during a 4-hour terminal in vivo pulse. In contrast, mature 
oligodendrocytes did not exhibit substantial proliferation. Taken together, 
these studies support the prediction that PDGF and FGF2 may play a role in 
the successful generation of oligodendrocyte lineage cells and subsequent 
remyelination observed in this mouse model; the ligands and receptors are 
expressed at an appropriate stage of the disease process and with the 
appropriate cellular localization, and association with a proliferation 
indicator. 

A specific role of PDGF and FGF2 in regulating proliferation during 
remyelination has been demonstrated by culturing oligodendrocyte lineage 
cells from spinal cords of MHV-A59 infected mice. Approximately 20% of 
the white matter is demyelinated throughout the rostrocaudal levels of the 
spinal cord as a result of MHV-A59 infection (8). This extent of tissue 
involvement is sufficient for isolation of a population of oligodendrocyte 
progenitor cells that is significantly more proliferative than the population 
derived from normal adult mouse spinal cord (1). PDGF and FGF2, 
produced by reactive astrocytes and microglia within the cultures, are 
significant mitogens regulating this proliferative response (8). Interestingly, 
in cultures derived from different time points after MHV-A59 infection, the 
oligodendrocyte progenitor response varies with the disease stage; 
proliferation is more robust during the demyelination phase while 
differentiation is more extensive during remyelination (8). 

Knockout and transgenic mice can test the function of growth factors 
throughout the progression of demyelination and remyelination, as has been 
done for FGF2 knockout mice (2). In both MHV-A59 and cuprizone models, 
oligodendroglial repopulation of lesions was enhanced in the absence of 
FGF2. During early remyelination, oligodendrocyte lineage cell proliferation 
and survival were not altered by the FGF2 genotype - possibly because other 
growth factors sufficiently supported these lineage responses (see ref. 2). 
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Thus, during remyelination, absence of FGF2 may promote oligodendroglial 
regeneration by enhancing oligodendrocyte progenitor maturation. This in 
vivo distinction among potential roles of FGF2 in differentiation versus 
proliferation demonstrates that transgenic and knockout mouse models are 
important for testing growth factor roles in the context of the lesion 
environment throughout the disease progression. The expression and activity 
of growth factors, and other regulatory molecules, change throughout the 
disease course. In addition, the oligodendrocyte lineage population changes 
with progressive stages of the disease course. Therefore, the effect of a given 
growth factor on the oligodendrocyte lineage population may vary in vivo 
during the disease course. 

, C O N C L U S I O N  

Future therapeutic developments may make it possible to intervene to 
promote remyelination for MS patients in which the disease progression can 
be arrested. Effective treatments to promote repair of demyelinated lesions 
will need to be tailored to the specific pathology of the patient and adapted 
for the disease stage. Animal models are clearly an important component for 
identifying and testing the potential roles of growth factors as candidate 
interventions to promote remyelination. 
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Inflammation within the central nervous system (CNS) is critical in the 
development of the neuropathology associated with the human demyelinating 
disease multiple sclerosis (MS). Recent studies have identified a family of 
soluble proinflammatory molecules called chemokines that are able to direct 
leukocyte infiltration into the CNS in response to infection or injury. 
Identification of chemokines within and around demyelinating lesions in MS 
patients indicate a potential role for these molecules in contributing to the 
pathogenesis of MS. To address this issue, we have used mouse hepatitis virus 
(MHV) infection of the CNS to understand the dynamic interaction of 
chemokine expression as it relates to inflammation and neuropathology. Our 
results indicate that chemokine expression within the CNS results in persistent 
recruitment of both T lymphocytes and macrophages and results in subsequent 
myelin destruction. Herein, we demonstrate the complexity of the chemokine 
response to MHV infection of the CNS and the delicate balance that exists 
between host defense and development of disease. 

Chemokines, T lymphocytes, Macropbages, Demyelination 

. INTRODUCTION 

M o u s e  hepatit is  virus ( M H V )  is a single strand, posit ive sense R N A  virus 

that is a m e m b e r  o f  the Coronav i r adae  family.  As  with many  viruses,  the 

disease induced by M H V  infect ion depends  upon  a variety o f  different  

factors  such as host  and viral genet ics  as well as the dose and route o f  
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inoculation. For example, intracranial (i.c.) infection of susceptible strains 
of mice such as C57BL/6 (H-2 b background) with the neuroattenuated 
variant MHV strain J2.2v-1 results in infection of glial cells and 
oligodendrocytes resulting in an acute encephalomyelitis accompanied by 
white matter destruction. Type I interferons are expressed early following 
infection and this correlates with recruitment of neutrophils and natural killer 
(NK) cells into the CNS. Although not completely understood, it is thought 
that these components of the innate immune response control viral spread 
prior to the entry of virus-specific T cells as well as participate in amplifying 
chemokine expression within the CNS that results in the induction of the 
adaptive immune response. CD8 + T cells are the primary effector component 
of the adaptive immune response and are able to eliminate infectious virus 
from the host through secretion of IFN- 7 (oligodendrocytes) and perforin- 
mediated cytolysis (astrocytes and microglia) (1,2). CD4 + T cells can also 
directly participate in reducing viral burden presumably through the release 
of antiviral cytokines such as IFN- 7. However, CD4 + T cells also play an 
essential role in host defense by providing support for CD8 + T cells (3,4). 
Although both CD4 + and CD8 + T cells are potent anti-viral effector cells 
within the CNS, sterile immunity is not achieved and viral RNA and protein 
persist primarily within white matter tracts in which astrocytes and 
oligodendrocytes are the predominant cellular reservoirs for virus. 

Viral persistence in white matter tracts results in a chronic 
demyelinating disease in which foci of demyelination are associated with 
areas of viral RNA/antigen. Clinically, mice develop loss of tail tone and a 
partial to complete hind-limb paralysis. Recent reports have indicated that 
MHV-induced demyelination is complex and involves immunopathologic 
responses against viral antigens expressed in infected tissues. MHV 
infection of immunosuppressed or immunodeficient mice results in high 
titers of virus within the CNS and increased mortality but no detectable 
demyelination (5). Further, adoptive transfer of MHV-immune splenocytes 
restores demyelination to the infected recipients suggesting a role for 
immune cells in driving demyelination (5). We have recently demonstrated 
that CD4 -/- mice displayed a significant reduction in the severity of 
demyelination as compared to CD8 -/ and immunocompetent wildtype mice 
suggesting an important role for CD4 ÷ T cells in amplifying the severity of 
white matter destruction (6). Additional support for T cells in contributing to 
demyelination comes from a recent report by Wu et al. (3) that demonstrated 
that both CD4 + and CD8 + T cells are important in mediating myelin 
destruction following adoptive transfer into MHV-infected RAG1 -/- mice. 
Although B cells and/or antibodies have been shown to play an important 
role in controlling the recrudescence of virus during the chronic stage of 
disease, they are not important in MHV-induced demyelination (7). We and 
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others have found that macrophages/microglia are also important in 
contributing to demyelination (3,6,8). Current evidence suggests that 
demyelination in MHV-infected mice is not the result of epitope spreading 
and induction of an immune response against neuroantigens as has recently 
been reported to occur during Theiler's virus-induced demyelination (9). It 
is likely that T cells present within the CNS of MHV-infected mice are 
specific for viral antigens and these cells drive demyelination by producing 
and/or influencing the production of cytokines/chemokines that amplify and 
support inflammation. Therefore, collective evidence points to a role for 
inflammatory T cells in contributing to macrophage/microglia infiltration 
and activation that results in myelin destruction. Collectively, these studies 
illustrate the complexity of the MHV system as it relates to the immune 
response and demyelination. 

Given the importance of both T cells and macrophages in amplifying the 
severity of myelin destruction in persistently infected mice, it is clear that 
maintenance of a chronic inflammatory response is important with regards to 
the neuropathology of this model system. Numerous cytokines including 
TNF-c~, IL-1 [3, and IL-6 are produced by activated astrocytes within the CNS 
of persistently infected mice (10). Working in concert or individually, these 
molecules may contribute to disease and myelin destruction by attracting T 
cells and macrophages into the CNS. However, the soluble signals that 
regulate CNS invasion by inflammatory cells likely consist of additional 
factors. With this in mind, studies from our laboratory have focused on 
chemokines (chemotactic cytokines) and the role these molecules have in 
MHV-induced demyelination. This chapter will focus on recent studies 
evaluating the functional significance of chemokine expression as it relates 
to disease development following MHV infection of the CNS. 

1.1 Chemokines and Chemokine Receptors 

Chemokines are a family of small molecular weight, secreted proteins that 
have been shown to target the migration of specific populations of 
leukocytes (Reviewed in 11). The chemokines are currently divided into 
four subfamilies based upon the arrangement of conserved cysteine residues 
in the amino-terminus of the protein (structural criteria) and what leukocytes 
are targeted, e.g. monocytes, macrophages, granulocytes, neutrophils, and T 
lymphocytes (functional criteria)(ll-13). A variety of lymphoid and 
nonlymphoid tissues can produce chemokines, often in connection with the 
initiation or progression of inflammation (11). However, recent evidence 
also identifies a role for chemokines in the regulation of normal leukocyte 
migration into, out of, and within lymphoid tissues and organs (14,15). 
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Much attention has focused on two distinctive groups of chemokines, the 
CXC and CC chemokines, because of their appearance in numerous disease 
models, including MS (11,16,17). The CXC family can be further 
subdivided into two groups based upon the presence of a glutamic acid- 
leucine-arginine (ELR) motif on the amino terminus. The appearance of the 
ELR motif encodes for chemotaxis of neutrophils, whereas its absence 
dictates the recruitment of lymphocytes and monocytes (11,13,18,19). In 
general, the CC chemokines share chemoattractant properties with non-ELR 
CXC chemokines, attracting monocytes, T lymphocytes, basophils, and 
eosinophils and have little or no effect on neutrophils (11,13). 

As mentioned above, chemokines can be produced in the presence or 
absence of inflammation. However, much attention has focused on the 
beneficial and detrimental role of chemokines in leukocyte recruitment in 
response to infection (11,13, 20-28). A wide variety of cell types can 
produce chemokines in response to pathogen, including monocytes, 
macrophages, lymphocytes, neutrophils, endothelial cells, fibroblasts, and 
astrocytes. Although many of these cells can produce a diverse array of 
chemokines, specific chemokine production appears to be linked to the type 
and strength of the stimuli present. Chemokines are able to induce leukocyte 
migration into tissue by promoting the adherence and extravasation of 
leukocytes across the vascular endothelium. Once inside the inflamed tissue, 
leukocytes are able to migrate across chemokine gradients towards the 
highest localized concentration. These gradients are established through the 
binding of the highly basic chemokines to the acidic extracellular matrix on 
the luminal side of the endothelium. This interaction may also allow for 
reduced chemokine diffusion and help establish a fixed gradient towards the 
site of infection (29). 

Although in vitro studies have shown extensive redundancy in the 
chemotactic properties of chemokines, in vivo studies utilizing knockout 
mice and neutralizing-antibodies have suggested that in response to viral 
infection of the CNS, chemokines are able to selectively attract distinct 
leukocyte populations (20-24). Importantly, accumulating evidence 
indicates that this non-redundant recruitment may influence a variety of CNS 
diseases by initiating events culminating in neuroinflammation (20,30,31). 
In addition to their prominent role in inflammation, chemokines may also 
directly contribute to disease progression by exerting a cytotoxic effect upon 
host tissue (32). Furthermore, there is increasing evidence that chemokines 
are able to influence the activation and differentiation (Thl vs. Th2) of T 
cells (22,33). 

Chemokines act through binding specific receptors present on the surface 
of numerous cell types. The majority of chemokine receptors belong to the 
seven-transmembrane G protein-coupled receptor superfamily. Unlike the 
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specificity observed between most ligand receptor pairs, chemokines exhibit 
a high level of promiscuity, capable of productively binding to multiple 
chemokine receptors and chemokine receptors can functionally bind multiple 
chemokines (34-37). Following chemokine binding to its cognate receptor, 
signaling events are initiated that result in various cellular processes 
including increases in intracellular calcium, production of cytokines and 
chemokines, adhesion to the endothelial matrix, and chemotaxis (38). 
Interestingly, numerous CXC and CC chemokines can also bind to a receptor 
identical to the Duffy blood group antigen that is present on the surface of 
erythrocytes (39-41). Binding of chemokines to these receptors does not 
result in intracellular signaling events, instead it appears to reduce the level 
of circulating chemokines that may decrease unwanted interactions between 
chemokines and leukocytes within the blood, maximizing the ability of 
circulating leukocytes to migrate to highly concentrated chemokine levels at 
the site of infection (40,42,43). 

Leukocytes can limit chemokine signaling by effectively down-regulating 
chemokine receptor expression or by uncoupling the downstream signaling 
events from the chemokine receptor, allowing for immediate control of 
chemokine signaling. Additionally, leukocytes exposed to high 
concentrations of an individual chemokine can become desensitized via 
phosphorylation of chemokine receptors limiting leukocyte movement at the 
site of infection (34,44). 

Chemokine receptors can be identified on nearly all lymphocyte 
populations. However, the expression pattern of certain receptors appears to 
correlate with the activation state of the cell. For this reason, specific 
chemokine receptors have been utilized to determine the activation state of 
specific sub-populations of T lymphocytes. For example, expression of the 
chemokine receptor CCR7, which is necessary for migration into secondary 
lymphoid tissues, has been localized to the surface of na'l've T cells and a 
subpopulation of memory cells (45). In contrast, T cells expressing the 
chemokine receptors CXCR3, CCR1 and/or CCR5 selectively migrate into 
inflamed tertiary tissues, indicating an important role for these chemokine 
receptors and their respective ligands in promoting an inflammatory 
response (20,24,45-47). 

1.2 Chemokines and Multiple Sclerosis 

Expression of chemokines has been associated with demyelinating plaque 
lesions present in MS patients (48,49). Hvas and colleagues (48) 
demonstrated expression of the CC chemokine CCL5 by infiltrating T- 
lymphocytes surrounding MS plaque lesions. Elevated levels of the non- 
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ELR CXC chemokines CXCL10, CXCL9 as well as CCL5 were found in the 
CSF of MS patients during periods of clinical attack (49). In addition, 
astrocyte expression of CXCL10 has been reported in plaque lesions present 
in MS patients (49). Recent work has demonstrated a direct correlation 
between clinical progression in the severity of MS with leukocyte infiltration 
into the CNS suggesting that production of CXCL10, CXCL9, and CCL5 
may contribute to the pathogenesis of MS by recruiting T cells and 
macrophages into the CNS (49). Further, MS patients display increased 
expression of CXCR3 and CCR5, the cellular receptors for CXCL10, 
CXCL9, and CCL5, respectively, within the CNS as compared to control 
patients (49). T cells expressed both CXCR3 and CCR5 whereas 
macrophages/microglia were found to express CCR5 (49). Further support 
for chemokines and chemokine receptors in contributing to recruitment of 
activated leukocytes comes from a recent study by Baranzini et al. (50) that 
demonstrated increased expression of CCR1 (signaling receptor for CCL5 
and CCL3) and CCR5 within the brains of MS patients. Collectively, these 
data emphasize the need for a better understanding the functional 
significance of chemokine and chemokine receptor expression as it relates to 
demyelination in MS patients. 

1.3 MHV Infection and Chemokine Gene Expression 

MHV infection of the CNS results in a well-orchestrated expression of 
chemokine genes which appears to be dictated, in part, by viral burden (51, 
Table I). CXCL10 mRNA transcripts are detected within 1 day following 
infection and co-localize with areas of MHV replication. At this time, the 
cellular source of CXCL10 transcripts are primarily ependymal cells lining 
the lateral ventricle (51). By day 6 p.i., virus has spread throughout the 
brain parenchyma and a robust inflammatory response, characterized 
primarily by CD4 + and CD8 + T cells and macrophages, is established within 
the brain. Chemokines expressed at this time include CXCL9, CXCL10, 
CCL2, CCL3, CCL5 and CCL7 (51). In situ double-labeling revealed that 
astrocytes are the predominant cellular source of mRNA transcripts for 
CXCL9 and CXCL10 during the acute stage of disease (21,51). In addition, 
MHV-infection of mouse cultured astrocytes results in the rapid induction of 
numerous chemokine genes including CXCL1, CXCL10, CCL2, CCL4, and 
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Table I. Summary of chemokine expression with clinical and 
pathological features following MHV infection of the CNS 

Days Postinfection 

811 

Clinical signs 

Chemokines a 

Viral Titer ~ 
Viral RNA 

Demyelination d 

3 7 12 35 
None Limp tail, Limp tail, ruffled Limp tail, ruffled 

ruffled fur, hunched, fur, hunched, 
fur,hunched awkward gait awkward gait 

CXCL10 CXCL10 CXCL10 CCL5 
CCL9 CXCL9 CCL5 CXCL10 
CCL5 CCL5 
CCL2 CCL2 
CCL3 CCL3 

CXCL11 CXCL11 
+++ ++ BD b BD 

+ + + + +  + + +  + +  

- + + +  + + +  

aBrains and spinal cords were removed at indicated time points, and total RNA extracted and 
chemokine mRNA transcripts were evaluated by RPA. Chemokine mRNA transcripts are 
listed in order of abundance. 

bBD= Below Detection. 

cViral RNA detectable by in situ hybridization. 

aDemyelination was determined by Luxol fast blue staining of paraffin-embeded brain and 
spinal cord sections. 

CCL7 (6). UV-inactivated MHV was sufficient to trigger low level 
chemokine gene expression indicating that viral replication is not necessary 
to induce expression of these genes (51). In vivo analysis of the chemokine 
receptor mRNA profile indicates increased expression of CCR1, CCR5, and 
CXCR3 during the acute stage of disease (20,24). Confocal microscopy 
revealed that macrophages (determined by F4/80 antigen expression) express 
CCR5 (24). In addition, studies have shown that both CD4 + and CD8 + T 
cells infiltrating into the brain express CXCR3 (20). 

1.4 Functional Significance of Chemokine Expression 
during MHV-Induced Demyelination 

CXCL10 and CCL5 are the predominant chemokines expressed in the 
CNS of persistently infected mice undergoing demyelination (51) (Table I). 
Moreover, CXCR3 and CCR5 expression (receptors for CXCL10 and CCL5, 
respectively) is also detected at this time (20,24). These findings have 



812 Chapter C9 

parallels in human neurodegenerative diseases. Glial cell expression of 
CCL5 and CXCL10 as well as CXCR3-and CCR5-positive mononuclear 
cells have been reported within demyelinating lesions present in patients 
with MS (49,52). Moreover, increased levels of CXCL9, CXCL10 and 
CCL5 are present within the cerebral spinal fluid of MS patients during 
periods of clinical attack and their presence correlates with increased 
numbers of inflammatory cells (49). Therefore, the overlap in chemokine 
and chemokine receptor expression profiles within the demyelinating CNS 
of MHV-infected mice and MS patients provides an opportunity to assess the 
functional significance of these molecules as it relates to demyelination in 
the MHV model system. 

1.5 CCL5 and Disease 

Intracranial infection of CD4 -/ and CD8 -/- mice with MHV resulted in 
increased mortality and delayed clearance of virus from the CNS 
demonstrating an important role for T lymphocytes in host defense against 
MHV-induced CNS disease (6). Interestingly, infected CD4 /- mice 
displayed significantly less severe inflammation and demyelination as 
compared to CD8 /- and wildtype C57BL/6 mice. FACS analysis of the 
cellular infiltrate present within the CNS of infected mice revealed that CD4 
/ mice contain fewer activated macrophages and significantly lower levels of 
CCL5 mRNA transcripts and protein when compared to CD8 -/ and C57BL/6 
mice. These data suggested that CD4 + T cells are the predominant source of 
CCL5 following MHV infection of the CNS, although it is also possible that 
CD4 + T cells influence expression of CCL5 by other cell populations 
through the release of cytokines and/or chemokines. Additional cellular 
sources such as CD8 + T cells, macrophage and glial cells must be considered 
due to the fact that CCL5 mRNA transcripts and protein are detected, albeit 
at lower levels, within the CNS of CD4 -/- mice. In light of the fact that 
CCL5 exerts a potent chemotactic effect on both T cells and macrophages, 
these data suggest that the reduction in macrophage infiltration and the 
severity of demyelination into the CNS of CD4 /- mice is causally related to 
the reduced CCL5 levels observed. 

To provide a direct test of CCL5 importance in contributing to 
MHV-induced CNS inflammation and demyelination, MHV-infected 
C57BL/6 mice were treated with anti-CCL5 antisera immediately following 
MHV infection and the severity of disease evaluated. Treatment lead to a 
disease in C57BL/6 mice similar to the phenotype observed in CD4 / mice 
with mice displaying a significant reduction in the severity of demyelination. 
Decreased macrophage infiltration in anti-CCL5 treated mice correlated with 
the reduced severity of demyelination supporting the observations with 
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MHV-infected CD4 -/ mice (6). These observations reinforce the functional 
significance of CCL5 expression during virus-induced CNS disease 
indicating that this chemokine has an important role in the recruitment of 
macrophages into the CNS following MHV infection. Moreover, 
administration of neutralizing anti-CCL5 antibodies to MHV-infected mice 
in which disease e.g. demyelination and paralysis is already established 
resulted in a marked improvement in neurologic disease that correlated with 
reduced T cell infiltration and a reduction in the severity of myelin 
destruction (Glass and Lane, unpublished observations). Collectively, these 
data highlight the important role of CCL5 signaling in both host defense and 
disease pathogenesis by regulating leukocyte accumulation within the CNS 
of MHV-infected mice. 

Having established that CCL5, a major signaling ligand of CCR5, is 
important in contributing to demyelination in MHV-infected mice by 
attracting macrophages into the CNS, studies were performed to further 
characterize the contributions of CCR5 to neuroinflammation and 
demyelination in MHV-infected mice. Analysis of CCR5 expression within 
the CNS of MHV-infected mice revealed that the majority of cells 
expressing this receptor were macrophage/microglia (24). MHV infection of 
CCR5 -/ mice did not result in an increase in either morbidity or mortality as 
compared to infected CCR5 +/+ mice. In addition, clearance of virus from the 
CNS of infected CCR5 / mice was not impaired and this correlated with 
equivalent levels of infiltrating T cells into the CNS when compared to 
MHV-infected CCR5 +/+ mice. These data indicate that the expression of this 
receptor does not contribute to host defense. However, demyelination was 
reduced in MHV-infected CCR5 -/ mice and this correlated with reduced 
levels of infiltrating macrophages as compared to CCR5 +/+ mice. These data 
suggest that CCL5 signaling through CCR5 is an important mechanism 
whereby macrophages are able to enter the CNS and contribute to 
demyelination. Additional support for the importance of CCR5 signaling in 
leukocyte migration comes from recent studies from our laboratory 
examining the outcome of MHV infection of CCL3 knock-out mice. In 
addition to CCL5, CCL3 is able to bind and signal through CCR5 and trigger 
T cell and macrophage activation and trafficking. Intracranial infection of 
CCL3 -/ mice resulted in diminished T cell and macrophage accumulation 
within the CNS that correlated with a significant reduction in demyelination 
as compared to MHV-infected wild-type mice (22). Therefore, these data 
demonstrate that CCR5 signaling by either CCL3 or CCL5 enhances both T 
cell and macrophage trafficking and accumulation within the CNS of MHV- 
infected mice and this correlates with the severity of myelin destruction. 

Signaling through CCR5 appears to selectively regulate the trafficking of 
subsets of T cells into the CNS of MHV-infected mice. Adoptive transfer of 
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virus-specific CD4 + T cells derived from MHV-immunized CCR5 +/+ mice 
and expanded to the immunodominant epitope present in the matrix protein 
spanning residues 133-147 into MHV-infected RAG1 /- mice resulted in T 
cell accumulation within the CNS and increased CCL5 expression that 
correlated with macrophage infiltration and demyelination (53). In contrast, 
adoptive transfer of virus-specific CD4 + T cells obtained from immunized 
CCR5 / mice resulted in only limited numbers of T cells present within the 
CNS and diminished CCL5 expression that correlated with a reduction in 
macrophage infiltration and demyelination. Examination of chemokine 
receptor expression on virus-specific CD4 + T cells derived from CCR5 +/+ 
and CCR5 ~/- mice indicated a marked decrease in mRNA transcripts for 
several receptors. Notably, CXCR3, which is the signaling receptor for 
CXCL10, was significantly reduced. These data imply that CCR5 signaling 
may regulate expression of additional chemokine receptors which enhance T 
cell trafficking into target tissues. In contrast, CCR5 signaling is not 
required for trafficking of virus-specific CD8 + T cells into the CNS (Glass 
and Lane, unpublished observations). However, CCR5 does appear to 
contribute to effector functions of CD8 + T cells as CD8 + T cells lacking 
CCR5 exhibit increased production of IFN-~, and increased cytolytic activity 
as compared to wildtype mice. These data highlight the importance of 
chemokines and chemokine receptors with regards to the trafficking and 
activation of specific subsets of T cells as it relates to host defense and 
disease progression in the MHV model system. 

1.6 CXCL10 and Disease 

As mentioned above, the pattern of chemokine expression as well as the 
appearance of the respective chemokine receptors on the surface of activated 
T cells suggested that these molecules may control the migration of 
lymphocytes following viral infection of the CNS. Although many 
chemokines are expressed at specific times during the course of MHV 
infection, one of the most prominent chemokines expressed is CXCL 10 (51). 
Analysis of the functional contributions of CXCL10 during the acute stage 
of disease indicated a direct role in activated CD4 + and CD8 + T cell 
chemotaxis into the CNS. The correlation between T cell infiltration and 
demyelination following MHV infection as well as the appearance of 
CXCL10 during the chronic stage of MHV disease suggested that this 
chemokine may also contribute to T cell mediated myelin destruction. To 
address the functional contributions of CXCL10 to MHV induced 
demyelination, mice were treated with anti-CXCL10 neutralizing antibodies 
12 days following i.c. infection. Strikingly, anti-CXCL10 treatment not only 
stopped further progression of myelin destruction, but decreased the severity 
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of clinical symptoms as compared to mice treated with control antibody (31). 
Histological analysis revealed that reduced clinical symptoms correlated 
with a dramatic reduction in the level of demyelination within anti-CXCL10- 
treated mice. Furthermore, this decrease in behavioral deficits correlated 
with the presence of increased levels of remyelination within the CNS as 
assessed by electron microscopy. Analysis of T cell infiltration following 
anti-CXCL10 treatment indicated a dramatic reduction in CD4+T cells while 
CD8 + T cell levels remained similar to control. The preferential effect on 
CD4 + T cells was in contrast to effects observed following anti-CXCL10 
treatment during the acute stage of disease, where both CD4 ÷ and CD8 ÷ T 
cell migration was compromised (20). However, analysis of CXCR3 
expression on infiltrating lymphocytes during both the acute and chronic 
stage of MHV infection indicated that while both CD4 + and CD8 + T cells 
express abundant CXCR3 expression during the acute disease, CD4 ÷ T cells 
preferentially express increased levels of the CXCL10 receptor during 
chronic disease, suggesting that receptor expression is responsible for 
selective CD4 + T cell migration (31). Regardless, these results indicate that 
CD4 ÷ T cell infiltration can contribute not only to myelin destruction, but 
also inhibit remyelination following MHV infection. These results indicate 
that one mechanism by which CXCL10 can contribute to demyelination is 
by recruiting activated CD4 ÷ T cells into the CNS that can participate in 
disease pathogenesis. 

1.7 Conclusion 

MHV infection of the CNS provides a consistent, reliable model in which 
to study not only host response to viral infection but also to determine the 
contributions of chemokines to neuroinflammation and demyelination. 
Although the studies mentioned above indicate a complex web of 
chemokines and chemokine receptor expression, analysis of individual 
chemokines utilizing knockout mice and neutralizing antibodies has 
indicated specific and selective roles for these molecules within the CNS. 
As depicted in Figure 1, chemokines are expressed within the CNS 
throughout MHV infection, and have now been shown to participate in the 
recruitment and/or activation of cells based on their temporal expression. 
Indeed, early expression of CXCLI0 contributes to the development of the 
innate response that can both control viral replication and further amplify 
chemokine production aiding in the establishment of the adaptive immune 
response (Trifilo and Lane, unpublished observations) (Figure 1, 1). By day 
7 p.i., robust expression of numerous CXC and CC chemokines (see Table I) 
are detected within the CNS. Highlighted is CXCL10 and CCL5 expression 
that are critical for the infiltration of T cells (CD4 + and CD8 +) and activated 
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Figure C9-1. MHV infection of the CNS 

macrophages (20,24) (Figure 1, 2). T cell infiltration mediates clearance of 
replicating virus from the CNS by 12 days p.i. through the release of 
cytokines (ie. IFN-7) and cell mediated cytolysis (CTL). Although 
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replicating virus can no longer be detected, viral protein and RNA persist 
after 12 days p.i., resulting in chronic expression of both CXCL10 and CCL5 
(Figure 1, 3). These chemokines induce the chronic recruitment of activated 
T cells and macrophages that subsequently participate in demyelination. This 
model reveals the protective and destructive properties chemokines posses 
based on both the level and time of expression. 

Collectively, our data indicate that chemokines can play specific and 
selective roles in T lymphocyte and macrophage recruitment within the CNS 
(CXCL10 and CCL5) as well as contribute to the activation of virus-specific 
T cells (CCL3). More importantly, although numerous chemokines are 
detected within the CNS following MHV infection, it is clear that these 
molecules function in a nonredundant manner, thus meriting further studies 
on chemokines with regards to the role of these molecules in viral-induced 
CNS disease. Finally, the data clearly demonstrate that chemokines and 
their receptors may represent viable targets in modulating the severity of 
human nueroinflammatory diseases including MS. 
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Abstract: 

Key words: 

The major receptor for murine coronavirus, mouse hepatitis virus (MHV), is 

identified as a protein, cell-adhesion molecule 1 in the carcinoembryonic 

antigen family (CEACAM1), which is classified in the immunoglobulin 

superfamily. There are four CEACAMI isoforms, with either four or two 

ectodomains, resulting from an alternative splicing mechanism. CEACAMI 

is expressed on the epithelium and in endothelial cells of a variety of tissues 

and hemopoietic cells, and functions as a homophilic and heterophilic 

adhesion molecule. It is used as a receptor for some bacteria as well. The N 

terminal domain participates in mediating homophilic adhesion. This 

domain is also responsible for binding to the MHV spike (S) protein; the CC' 

face protruding in this domain interacts with an N terminal region of the S 

protein composed of 330 amino acids (called S1N330). The binding of 

CEACAMI with MHV S protein induces S protein conformational changes 

and converts fusion-negative S protein to a fusion-positive form. The allelic 

forms of CEACAM1 found among mouse strains are thought to be an 

important determinant for mouse susceptibility to MHV. 

CEACAM l, cell adhesion molecule, carcinoembryonic antigen, mouse 
hepatitis virus 

1. INTRODUCTION 

T h e  C o r o n a v i r u s  f ami ly  includes  a n u m b e r  o f  d i f ferent  v i ruses  that 

infect  a var ie ty  o f  an imal  species ,  caus ing  numerous  diseases ,  ma in ly  in 

organs  o f  the enter ic ,  resp i ra tory  and central  ne rvous  sys tems.  T h e y  are 
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classified into three distinct groups in terms of serological cross-reactivity 
and sequence homology. Group 1 consists of porcine transmissible 
gastroenteritis virus, human coronavirus (HCoV) 229E, feline infectious 
peritonitis virus and so on. Group II includes mouse hepatitis virus 
(MHV), HCoV-OC43, bovine coronavirus and some others. Group III is 
comprised of avian coronaviruses; infectious bronchitis virus and turkey 
coronavirus. All of these viruses infect animals in a highly species-specific 
fashion, although some of them can experimentally infect animals different 
from their natural hosts. The receptor protein for group I viruses has been 
revealed to be an aminopeptidase N, while the receptor for MHV in group 
II is a protein classified in the immunoglobulin (Ig) superfamily. The 
receptors for other viruses in group II, as well as for viruses in group III, 
have not yet been identified. In this chapter, I describe the receptor for 
MHV as well as the interaction of MHV receptor and the virus spike (S) 
protein. The receptors of other coronaviruses can be found in a review 
article (1). 

2. RECEPTORS FOR MHV 

2.1 Discovery of MHV receptor proteins 
MHV infects mice, but few other species. The major target organs are 

the liver, intestine and central nervous system. This host-species 
specificity or organ tropism of MHV has been thought to be determined 
mainly by the cellular receptor for MHV. A series of studies carried out by 
Kay Holmes and her colleagues, which began with analysis of differential 
susceptibility to MHV infection among mouse strains, has led to the 
finding of a major MHV receptor molecule. Boyle et al. found that the 
plasma membranes isolated from MHV-susceptible BALB/c mouse 
hepatocytes or enterocytes contained a 110 to 120-kDa protein that binds to 
MHV particles, but those derived from MHV-resistant SJL mice lacked 
such a protein (2). This finding suggested that the difference in MHV 
susceptibility among mouse strains is determined by this protein, 
presumably the MHV receptor. By using monoclonal antibody (MAb) CC- 
1 specific to 110-120 kDa protein from BALB/c, they purified a protein of 
ca. 110 kDa and determined the amino acid sequence in its N terminal 
region, from which the ll0-kDa protein was postulated to be a 
glycoprotein classified in the carcinoembryonic antigen (CEA) family (3, 
4). Finally, they isolated a gene encoding this protein, which was revealed 
to be cell adhesion molecule 1 in the CEA family of the Ig superfamily 
[formerly called biliary glycoproteinl (Bgpl) and currently termed 
CEACAM1] (5). MHV non-permissive BHK cells transfected with this 
gene were converted to MHV-susceptible cells, indicating that this 
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molecule is the receptor for MHV. It was also found that MHV-resistant 
SJL mice express a homologous protein (6, 7). 

Two other species of glycoprotein, Bgp2 (8) and pregnancy-specific 
glycoprotein (9), both of which belong to CEA family members, were 
thereafter found to serve as the MHV receptor in mouse species. However, 
none of these are as highly efficient as CEACAM1 in terms of receptor 
functionality or receptor utility by MHV strains. Human CEA 
glycoprotein works as an MHV receptor as well (10). 

2.2. Structure and functional regions of major MHV receptor proteins 
CEACAM1 is a member of the Ig superfamily and its prototypical 120- 

kDa glycoprotein consists of four ectodomains (in the order of N, A1, B 
and A2 from the N terminus), a transmembrane region (TM) and a 
cytoplasmic tail (Cy) (Fig. 1, 11). The N domain is similar to an Ig- 
variable domain, and the three other domains resemble a C2 Ig-constant 
domain. Four different isoforms of CEACAM1 are known to exist, and 
have been produced by alternative splicing (Fig. 1). Two of the isoforms 
have 4 ectodomains and the other two have 2 domains, consisting of an N 
terminal and A2 domains, one of which has either a short or long Cy. The 
two-domain protein is 48 to 58 kDa in size. CEACAM1 has two allelic 
forms, CEACAM1 a and CEACAM1 b (Fig. 1). The former is expressed in 
most laboratory mouse strains, while the latter, insofar as is currently 
known, is expressed only in MHV-resistant SJL mice (12). In wild mice, 
however, both of those forms are widely distributed (13). The major 
structural differences between CEACAM1 a and CEACAM1 b lie in the N 
domain, which differs in 29 of its 108 amino acids (6, 7). CEACAM1 a is 
10- to 100-fold higher than CEACAM1 b in terms of receptor function (14, 
15). There is no apparent difference in virus-binding activity as examined 
by a neutralization test between the 4-ectodomain isoform and the 2- 
domain CEACAM1 a (16). However, mice deleting the 4-domain 
CEACAM1 a and expressing the 2-domain isoform alone are more resistant 
to MHV than those expressing both of the 4- and 2-domain isoforms (17). 
Thus, there could be a difference between them in terms of MHV receptor 
function in mice. On the contrary, CEACAM1 b isoform containing 4 
domains neutralizes MHV-A59 strain more efficiently than does the 
isoform containing 2 domains (N and A2 domains), while both of these 
isoforms showed similar neutralization activity to MHV-JHM strain (16), 
suggesting a virus-strain specificity in the interaction with CEACAM1. 
The N domain is responsible for receptor function (18). Since the 
CEACAM1 splice variant deleting the A1 and B domains is functional, 
then it is evident that these domains are not necessary for receptor function. 
The CEACAM1 isoform containing the N and second A1 domains is also 
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Fig. 1. Schematic structure of a major MHV receptor CECACMI: Four distinct isoforms of 

CECAMlexist in each CEACAM1" and CECAM1 ~' allelic forms. There are four or two 

ectodomains resembling Ig-V or -C domain. Also, long (L) or short (S) cytoplasmic tail (Cy) is 

known. LS; leader sequence, TM; transmembrane domain. 

functional, indicating that the fourth A2 domain is not absolutely critical. 
Although CEACAM1 consisting of N domain alone bound MHV, it did not 
work as a functional receptor when expressed on CEACAMl-negative 
cells (18). However, the chimeric CEACAM1 having the N domain linked 
to the mouse poliovirus receptor homolog deleting N domain that has a 
binding specificity to poliovirus served as a functional receptor for MHV 
(19). As a result of these reports, it is believed that the N domain alone is 
sufficient for receptor function; however, when expressed on the cell 
surface, CEACAM1 containing the N domain alone was buried among the 
various molecules expressed on the cell surface because of its shortness 
and hence it failed to bind to viruses (19). By using a soluble form of 
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CEACAM1, we have recently found that CEACAM1 with N domain alone 
converted MHV S protein from a fusion-negative to fusion-positive form 
(20). Collectively, the N domain is sufficient for the MHV receptor 
function. Detailed analysis using N domain deletion mutants of 
CEACAM1 showed that a stretch composed of 19 amino acids (aa34 to 52) 
in the N domain is particularly important for receptor function (21). The 
stretch is located in the CC' loop in the N domain composed by 13-strands 
and is supposed to protrude from the N domain (22, 23). The difference in 
receptor function observed between CEACAM1 a and CEACAM1 b results 
from a 6-amino-acid difference in the above-described 19 amino acids in 
the N domain (14). 

2.3. Distribution and biological function of CEACAM1 
CEACAM1 is reported to be distributed in various cells in different 

organs, not only in the target organs of MHV, but also in those in which 
MHV infection has not been detected. A high level of CEACAM1 
expression is reported on epithelium and endothelial cells of a variety of 
tissues, and in hemopoietic cells, such as monocytes, macrophages, 
granulocytes and their precursors, the B cells, activated T cells and thymic 
stromal cells (11, 24). It is also demonstrated on both apical membranes of 
epithelial cells as well as on sites of cell-cell contact (e.g., between 
hepatocytes, stratified epithelia, junctional epithelium that forms a 
transition zone between gingival epithelium and teeth, and between 
pericytes and endothelial cells of blood vessel walls). Furthermore, during 
early mouse embryonic development, CEACAM1 is abundantly expressed 
in endodermal and mesenchymal derivatives (25), but is not detected by 
immune histochemistry in any type of cells in the brain (26). However, 
MHV infection in the brain was blocked by anti-CEACAM1 MAb CC-1 
(27). Also, a CEACAM1 isoform with 2 domains was detected by RT- 
PCR in the brain (28). These findings suggest that the CEACAM1 
molecule is expressed, albeit in very small amounts, in some cell 
populations of the brain. 

The major biological function of CEACAM1 is cell adhesion. It serves 
as both a homophilic and heterophilic adhesion molecule (11). Homophilic 
adhesion, confirmed by in vitro studies of rodent and human CEACAM1, 
is thought to be important in the embryonic organization of the intestinal 
epithelium and liver hepatocytes, in placental trophoblasts, during muscle 
and tooth development and vascularization of the central nervous system 
(24). CEACAM1 also plays an important role in neutrophil activation and 
adhesion during inflammatory responses (29), lymphoregulation and 
immunosurveillance (30), angiogenesis (31), and the negative regulation of 
cell proliferation (11, 24). Heterophilic adhesion of CEACAM1 to other 
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CEACAM family members has been shown (32). Also, heterophilic 
adhesion to Opa proteins of Neisseria gonorrhoeae, Neisseria meningitis 
and Haemophilus influenzae mediates their infections (33, 34), indicating 
that CEACAM1 is a receptor for those bacteria. This also facilitates 
bacterial colonization of the gut and bacterial phagocytosis by neutrophils 
and is involved in the initial tethering of granulocytes to E-selectin on the 
endothelium prior to their transendothelial migration during inflammatory 
responses. It was recently shown that homophilic adhesion of CEACAM1 
involves N-terminal domain interactions. The GFCC'C" face of the N 
domain, which includes the MHV binding site CC' region, is responsible 
for homophilic interaction (22). 

3. I N T E R A C T I O N  O F  C E A C A M 1  A N D  M H V  S 
PROTEIN 

The MHV S protein comprising a petal-like projection on virion 
surface is the ligand for the CEACAM1 molecule. The projection is 
composed of two or three molecules of the S1-$2 heterodimer derived 
from S protein. S protein is a type I glycoprotein. It is synthesized and co- 
translationally glycosylated as a 150-kDa, protein, becomes as 180-200 
kDa protein after modification of glycans and cleaved by a host-derived 
proteinase into two subunits, N terminal S1 and C terminal $2 (35). S1 
comprises an outer knob-like structure of the spike, and $2 consists of the 
stem-like part beneath the knob (36). S1 and $2 units are associated by 
non-covalent linkage, and they can be easily dissociated from each other by 
denaturing reagents or even during a purification process. Alpha-helices 
constructed by the heptad repeats in the $2 play an important role for 
oligomerization of S1-$2 heterodimers, though there is another 
determinant in the S 1 for oligomerization (37). Following its synthesis, the 
S protein is incorporated into the envelope of viral particles after 
interaction with viral integral membrane protein in the internal 
compartments from endoplasmic reticulum to the Golgi apparatus. The S 
protein is also transported to the plasma membrane. 

The N terminal region in the S1 composed of 330 amino acids 
(S1N330) is responsible for binding to CEACAM1 (38). Among S 
proteins of a variety of MHV strains, there are three conserved regions in 
S1N330 (S1N330-1, -II and -III) composed of 10 or more identical amino- 
acid stretches (39). Site-directed mutagenesis analysis suggested that two 
of these regions, S1N330-I and -II, located far from one another, are 
involved in receptor binding (39). Studies using MHV variants containing 
mutations in S 1 N330-I confirmed the significance of this region in receptor 
binding (40). S1N330-III was recently suggested to be responsible for 
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virus entry into the cell in combination with a region in the $2 (41). 
Denaturing of S1N330 abolished the receptor-binding activity, indicating 
that the tertiary structure composed of different regions in the S1N330 
or/and the dimerization of S1 which takes place within S1N330 (37) is 
important. 

The interaction of MHV S protein and CEACAM1 leads to the S 
protein functional conversion from a fusion-negative to a fusion-positive 
form (42). Recently, it was also shown that this functional activation is 
accompanied with conformational changes in the S protein; receptor-bound 
S protein has a fraction resistant to proteinase digestion, while receptor- 
unbound S protein is susceptible (43). These functional and structural 
changes of the S protein greatly resemble those of the envelope protein of 
retroviruses that take place after they bind to their receptors (44, 45), 
suggesting that MHV enters cells in a fashion similar to that of 
retroviruses. 

4. MHV RECEPTOR AND ITS IMPLICATIONS FOR 
M O U S E  S U S C E P T I B I L I T Y  T O  MHV 

A number of investigators have reported that BALB/c, C57BL and 
most other mouse strains, later revealed to have a Ceacaml ~ (1 ~) gene, are 
susceptible, while SJL mice with a Ceacaml t' (1 b) gene are resistant (46, 
47). Genetic analyses indicated that a single dominant gene located on 
chromosome 7 is responsible for susceptibility to MHV (47). The 
Ceacaml could be a gene determining susceptibility, since 1) the 1 a makes 
mice susceptible and 2) Ceacaml is also mapped on chromosome 7 (48). 
The expression of either I a or 1 b in CEACAMl-negative cells converted 
them to MHV susceptible, suggesting that allelic differences in receptor 
proteins were not sufficient to explain the differences in mouse 
susceptibility to MHV (6, 7). In detailed studies, however, cells transiently 
expressing 1 a were 10 to 100 times more sensitive to MHV than were cells 
expressing 1 b (14, 15), indicating a small, but significant difference 
between 1 a and 1 b. This also suggested that the MHV receptor expressed in 
SJL is still functional. If the receptor allele controls MHV susceptibility, 
then SJL should be relatively, but not completely, resistant to MHV. SJL 
mice are, in fact, resistant to MHV when challenged with a low dose of 
virus, but susceptible when inoculated with a high dose of virus (49, 50). 
These observations suggest that Ceacaml is a gene controlling MHV 
susceptibility. Of 120 mice of (BALB/c x SJL) F2 and backcrossed mice 
to SJL, all mice with 1~/1 ~ and U/1 b genotypes were susceptible, while all 
mice with lb/1 b genotype were resistant after infection with a low dose of 
virus (12). This implies the MHV receptor gene and MHV-susceptibility 
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gene are identical, and if not, they are located within 0.86 cM on 
chromosome 7. To finally examine whether the receptor gene is identical 
to the gene that controls MHV susceptibility, gene replacement is a useful 
strategy. The MHV susceptibility of BALB/c mice in which la/1 a is 
replaced by lb/1 b and SJL mice in which lb/1 b is replaced with I"/U will 
conclusively establish whether the MHV receptor gene is the gene which 
controls the MHV susceptibility of mice. 
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Abstract: 

Key words: 

Mouse hepatitis virus (MHV) induced encephalitis, hepatitis and chronic 
demyelinating disease involves inflammatory and parenchymal cell death. 
TUNEL assays and electron microscopy reveal that brain parenchymal cells 
such as neurons, astrocytes, microglia/macrophages and oligodendrocytes are 
undergoing apoptosis during acute and chronic infection with a neurotropic 
strain MHV-A59. Although apoptosis is a normal phenomenon in helping the 
turnover of inflammatory cells, apoptosis of brain parenchymal cells may have 
significant implications for the pathogenesis of viral-induced demyelination. 

apoptosis, astrocytes, microglia, macrophages, coronavirus, demyelination 

INTRODUCTION 

Coronavirus mouse hepatitis virus (MHV) strain A59 causes severe 
acute hepatitis, focal meningoencephalitis, and chronic demyelinating 
disease. It serves as an experimental model for multiple sclerosis 
(MS). A closely related strain (MHV-2) causes acute hepatitis and 
meningitis without encephalitis or demyelination. The pathogenesis of 
MHV-induced demyelination in mice is not completely understood 
and a potential mechanism of apoptosis was suggested. Previous 
studies showed apoptotic T cells, astrocytes, and oligodendrocytes in 
demyelinating areas following infection with JHM, another 
neurotropic-demyelinating strain of MHV (Barac-Latas et al 1997). 
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However, the distribution of demyelination has been suggested to 
correlate better with macrophage infiltration than with the apoptotic 
cells (Wu and Perlman 1999). In the chronic demyelinating disease 
induced by Theiler's virus, apoptotic astrocytes were found in 
demyelinating lesions (Palma et al 1999). In experimental allergic 
encephalitis (EAE), the disease was much milder in mice lacking Fas- 
Fas ligand molecules, suggesting that apoptosis plays a role in the 
disease (Waldner et al 1997). 

APOPTOSIS IN MHV-INDUCED DISEASE 

To study apoptosis in MHV-A59 disease we used the experimental model 
system of MHV-A59 and MHV-2 infection in 4-week-old male C57BL/6 
and B6MRL-Fas-lpr (lpr) mice (Schwartz, Fu et al. 2001; Schwartz, Fu et al. 
2002). Mice were injected intracerebrally (I.C.) with 2.5x103, 25 and 5 PFU 
of MHV-A59, 25 and 5 PFU of MHV-2. B6MRL-Fas-lpr mice were injected 
I.C. with 25 and 5 PFU of MHV-A59. Mock-infected mice were injected 
I.C. with L2 cell lysate. Mice were sacrificed on days 1,3,5,7,9,11,and 30 
(2-3 mice per time point per virus, during the acute stage and 52 mice on day 
30). Brain, spinal cord and liver were removed and placed in 10% normal 
buffered formalin and embedded in paraffin. Five gm thick sections were 
stained with LFB and H&E. Detection of in situ DNA fragmentation was 
done with fluorescein in situ cell death detection kit (Boehringer Mannheim, 
Indianapolis, Indiana) as specified by the manufacturer. Double labeling for 
TUNEL with viral antigen, and TUNEL with specific markers for 
astrocytes, oligodendrocytes, and macrophages was performed by 
immunohistochemistry. The analysis was performed by the avidin-biotin- 
phosphatase based technique (Biomeda, Foster City, CA) using fast-red or 
vector blue (Vector laboratories, Burlingame, CA) as a staining substrate 
and a 1:200 dilution of rabbit anti-MHV-A59 polyclonal antibody, 1:100 
dilution of monoclonal glial fibrillary acidic protein (Lee et al. 1984), 1:500 
carbonic anhydrase II (Cammer et al 1985) or 1:50 rat anti mouse F4/80 
antigen (Serotec Inc., Raleigh, NC), respectively. 

TUNEL staining was detected in the brains and livers of mice infected 
with MHV-A59 and MHV-2. Extensive liver apoptosis was observed in 
both MHV-2 and MHV-A59 infections. Co-localization of A59 viral 
antigen and TUNEL staining was detected in hepatocytes. Apoptosis was 
found in the brain parenchyma of MHV-A59 infected mice and meningial 
apoptosis was found in both infections. The kinetics, intensity and pattern 
of apoptosis correlated with the inflammatory events. Mock-infected mice 
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were apoptosis-negative in all tissues. No apoptosis was identified in the 
spinal cord during the acute stage. 

TUNEL staining was observed exclusively in the spinal cords with 
demyelinating lesions of 15 mice infected with MHV-A59. No apoptosis 
was detected in the spinal cords of 3 MHV-A59 infected mice without 
demyelination, 28 MHV-2 infected mice and 10 control mice. TUNEL 
staining was negative in the brains and the livers of all infected mice. 

To assess the role of the apoptotic cascade in the demyelination process, 
lpr mice were infected with MHV-A59 virus. Two of 5 mice in both groups 
developed demyelination, however the extent of demyelination in the spinal 
cord was significantly less in the lpr mice compared to wt mice (10% and 
34% demyelinating quadrants respectively). 

Recently mice were infected with MHV-A59 and simultaneously 
implanted with subcutaneous ALZET osmotic pumps that were filled with a 
pan-caspase inhibitor Z-Val-Ala-D1-Asp-fluromethylketone (Z-VAD-fmk). 
This treatment has been previously shown to be effective in the treatment of 
apoptosis in EAE and also reduce the amount of demyelination. The 
treatment was given continuously at a dose of 1 mg per day, at a delivery 
rate of lmicroliter per hour, for 30 days, beginning 1 day prior to the 
infection with the virus. While encephalitis was not different between the 
treated and untreated mice, demyelination was significantly reduced in the 
treated mice. In 4 mice receiving A59 and anti-pan-caspase treatment 
demyelination was found in only 3/76 spinal cord quadrants (3.94%), 
whereas 6 untreated A59-infected mice in the same experiment had 18/120 
demyelinating quadrants of spinal cord (15%), and mice receiving only 
treatment without infection had no demyelination. Although these studies 
are preliminary due to small number of animals, they may support an 
important role for apoptosis in autoimmune demyelination as in EAE and 
Theiler's virus induced demyelination. 

Double labeling for TUNEL-positive nuclei and specific markers for 
astrocytes, oligodendrocytes and macrophages was observed. 
Quantification studies demonstrated 3-5% oligodendrocytes, 1-2% 
astrocytes and 70% macrophages, double stained. 

D I S C U S S I O N  

Apoptosis was observed in mice following infection with MHV-A59 and 
MHV-2. The kinetics, intensity and pattern of the apoptotic staining 
correlated well with the distribution of inflammation. However, apoptosis 
was found in both inflammatory cells (macrophages and possibly 
lymphocytes), and parenchymal cells such as hepatocytes, oligodendrocytes, 
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neurons and astrocytes. The involvement of parenchymal cells in CNS 
apoptosis and the location and temporal relationship between apoptosis and 
pathology (either encephalitis or demyelination), may indicate that apoptosis 
is indeed a significant factor in the pathogenesis of the disease and not a 
merely epiphenomenon. This conclusion is also supported by the reduced 
demyelination in animals lacking the Fas-lpr pro-apoptotic molecule and 
mice receiving prolonged pan-caspase inhibitor treatment. Since these 
treatments affect both inflammatory cells and parenchymal cells the result 
may be the balance between two opposing trends. A recent report 
documented the ability of oligodendeocytes to undergo apoptosis in culture 
upon infection with MHV-A59 (Liu, Cai et al. 2003). This in vitro model 
greatly supports the hypothesis that death of oligodendrocytes and 
demyelination due to MHV are caused at least in part by apoptosis. A 
previous study did not find any difference in the extent of demyelination 
between wt and lpr mice 13 days following JHM infection (Parra et al 
2000). However, the different results may be due to the differences in 
strains of the virus or time points examined. 

In conclusion, apoptosis may play an important role in both acute and 
chronic MHV disease. The relationship between apoptosis, inflammation 
and tissue damage is yet to be defined, but can possibly be defined through 
further dissection of the apoptotic cascade. 
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Abstract: Infection with neurotropic strains of mouse hepatitis virus (MHV) results in 
rapid leukocyte infiltration into the central nervous system (CNS). The 
inflammatory response controls virus replication but fails to mediate sterile 
clearance. The persistence of viral RNA and inflammatory cells within the 
CNS is associated with the development of ongoing demyelination. Matrix 
metalloproteinases (MMPs) are a family of proteases involved in degradation 
of the extracellular matrix (ECM). During inflammatory responses MMPs are 
thought to play a significant role in breaking down the basement membrane 
surrounding blood vessels as well as parenchymal ECM thereby facilitating 
leukocyte infiltration. MMPs have also been associated with activation of 
chemokines and perhaps more significantly the degradation of myelin proteins 
and generation of autoantigens. Recent examination of MMP expression 
during MHV infection suggests that MMP-3, -9 and -12 are involved in the 
inflammatory response. The proinflammatory effects of these MMPs are 
likely tempered by induction of tissue inhibiter of metalloproteinase-1 
expression. 

Key words: Central nervous system (CNS), demyelination, matrix metalloproteinase 

(MMP), mouse hepatitis virus, tissue inhibiter of matrix metalloproteinase 

(TIMP). 

INTRODUCTION 

Mouse hepatitis virus (MHV) can cause respiratory, enteric, hepatic or 
neurologic infections depending on the viral strain, age of the host and route 
of infection (33). MHV infection of the central nervous system (CNS) as a 
model of demyelinating disease has been studied extensively using strains 
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derived from either the neurotropic JHM strain (MHV-JHM; MHV-4 
serotype) or the MHV-A59 strain, which is both hepatotropic and 
neurotropic (33,43). As described by others, and ourselves acute MHV 
infection of the CNS induces a potent inflammatory response involving 
neutrophils, macrophages, NK, B and T cells (33,43,52). In order to reach 
the site of infection, however, these cells must overcome physical barriers 
represented by the blood brain barrier as well as the dense extracellular 
matrix (ECM) of the CNS parenchyma. The ability of leukocytes to 
extravasate from blood vessels and cross the parenchymal tissues is 
presumably dependent on the activity of extracellular proteases. One family 
of proteases, which are often associated with inflammatory responses are the 
matrix metalloproteinases (MMPs). The descriptions of MMP regulation 
and function during normal physiological as well as pathological conditions 
have been described in numerous publications (32,23,41), thus only a brief 
summary is provided herein. 

BACKGROUND 

MMPs comprise a large group of endoproteinases that, in conjunction 
with other proteases, mediate degradation during remodeling of the 
extracellular matrix (ECM). Twenty four different MMPs have been 
identified and classified as collagenases, gelatinases, stromelysins, 
matrilysin and membrane type MMPs (MT-MMPs) based on their substrate 
specificities and protein domain structures (24,34). These proteases are 
produced by a wide range of cell types, including endothelial, inflammatory 
and stromal cells (18,23,32). Regulation of MMP activity has been 
classically defined as occurring at three distinct levels. Primary regulation 
of MMP activity occurs at the transcriptional level (5,12,22,30,40). MMP 
gene expression can be induced by a wide range of signals including acute 
phase cytokines such as IL-lc~ and -13, IL-6 and TNF-c~, and chemokines 
such as MCP-1, MIP113, and RANTES (6,12,22). A second level of 
regulation for MMP activity is post-translational, as MMPs require 
proteolytic cleavage of their proenzyme form to become activated (4,34). 
Following translation, most proMMPs are released into the extracellular 
space. By contrast, a subgroup of membrane associated MMPs, the MT- 
MMPs, may play a role in the processing of secreted proMMPs to their 
active form (20). The final level of control for MMP activity resides in their 
regulation by a small group of specific inhibitors, the tissue inhibitors of 
metalloproteinases (TIMPs) (7). TIMPs function primarily as specific 
inhibiters, binding to MMPs in a 1:1 stoicheometry. Interestingly, there is 
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evidence that TIMPs may also act as chaperone proteins during the 
processing of MMPs from proenzyme to active form, suggesting that they 
can promote as well as inhibit MMP enzymatic activity, at least for MMP-2 
(42,44). 

MMPs and their inhibitors are involved in remodeling of the ECM during 
normal physiological conditions. However they have also been associated 
with diverse pathological processes from rheumatoid arthritis to tumor 
invasion and metastasis (16,25). A number of MMPs and TIMPs have also 
been associated with the CNS inflammatory/demyelinating disease multiple 
sclerosis (MS) in humans (2,32) as well as its rodent model experimental 
autoimmune encephalitis (EAE) (10,38). In the case of MS, these include 
MMP-1, -2, -3 -7 and -9 and TLMP-1 (2,11,32). These MMPs and TIMPs 
have been detected by immunohistochemistry in both inflammatory 
infiltrates and activated glia within acute MS lesions as well as perivascular 
infiltrates. Following EAE induction in mice, MMP-3, -9, -12 and -14 as 
well as TIMP-1 gene expression were induced within the CNS (38). MMP-1 
and -10 were also induced although to a lesser degree than the 
aforementioned genes (38). The induction of MMP-7 mRNA expression 
was not detected but the presence of MMP-7 protein has also been reported 
during EAE in rats (10). The consistent association of MMP and TIMP 
expression with inflammatory demyelinating disease suggests that MMPs 
play either a direct or indirect role in promoting CNS pathology (2,27,32). 
However, as discussed below, identifying specific MMPs and their exact 
role in promoting inflammatory/demyelinating has proven to be difficult. 

MMP AND TIMP EXPRESSION 
C O R O N A V I R U S  INFECTION 

DURING 

In vitro infection of human astrocytic and microglial cell lines with 
human coronavirus induced up-regulation of MMP-2 and -9 protein 
suggesting that virus infection can up-regulate MMP expression within the 
CNS (15). The mechanism by which MMPs were up-regulated by infection 
where not known, however, virus infection of the glial cell lines induced 
expression of IL-6, TNF-c~ and MCP-1, which are all inducers of MMP 
expression (15). Transfer of non-infectious supernatants from infected 
cultures to uninfected cells was sufficient to induce expression of MMP-2 
and -9. MMP expression, including MMP-2 and -9, is also elevated in na'fve 
transgenic mice, which express IL-6 and TNF-c~ within the CNS (38). These 
observations suggest that viral infections induce expression of 
chemokines/cytokines, which in turn induce MMP expression in neighboring 
cells (15,38). 
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Recent examination of MMP gene expression within the brains of mice 
infected with lethal and attenuated MHV-JHM variants showed that MMP-3 
and -12 mRNA were rapidly up regulated during acute infections (51, 53). 
By contrast, infection did not alter transcription of the genes encoding 
MMP-2, -9, -11 or -14, which were constitutively expressed in the CNS of 
na'fve BALB/c mice (51). These data are summarized in Table 1. Kinetic 
analysis of MMP expression indicated that MMP-3 and MMP-12 expression 
peaked by 6 days post infection (p.i.) in accord with viral load, however, 
expression was significantly higher in lethally infected mice (51,52). 
Comparisons of MMP/TIMP expression in infected irradiated and control 
mice revealed relatively little loss in MMP or TIMP expression in 
immunosuppressed mice (51). These results indicated that CNS resident 
cells were responsible for the majority of MMP-3, and -12 gene expression 
detected within the brain and that this gene induction was relatively 
independent of the presence of inflammatory cell infiltration. Expression of 
MMPs constitutively expressed in naive mice (MMP-2, -9, -11, -14) were 
unaffected by immunosuppression. 

Table l: MMP and TIMP expression within the CNS during MHV infection a. 

Virus induced expression Constituative expression Not Detected 

MMP-3 MMP-2 MMP- 1 
MMP-9 b MMP- 11 MMP-7 
MMP-12 MMP-14 
TIMP- 1 TIMP-2 

TIMP-3 
RNA was prepared from brains of MHV-JHM infected mice. Relative gene expression was 

determined by RNase protection assay. 
b Analysis of MMP-9 expression by RNase protection assay did not reveal an increase in 
MMP-9 expression in RNA prepared from total brain. However, analysis of MMP expression 
from CD45 hi inflammatory cells isolated from the CNS indicated that MMP-9 expression was 
increased during MHV infection. 

Four TIMPs have been characterized and all are capable of inhibiting a 
range of MMPs (7,23). Basal expression of TIMP-1 is low but readily 
induced in response to a multitude of inflammatory signals (5,7). By 
comparison, TIMP-2, -3 and -4 are expressed constitutively and alterations 
in their expression are less frequently associated with inflammatory 
responses (26,31,38). Examination of naive and MHV-JHM infected brains 
revealed that TIMP-2 and -3 were unaffected by the infection (51) (Table 1). 
By contrast, MHV infection induced rapid expression of T1MP-1 (51) (Table 
1). TIMP-1 expression peaked by 6 p.i. in conjunction with MMP-3 and -12 
expression (51,52). TIMP-1 expression was higher in lethally infected mice 
compared to sublethally infected mice suggesting that expression is 
dependent on viral load and/or virulence. T1MP-1 expression has been 
reported to be associated with both tissue resident cells as well as most 
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inflammatory cells (7). Expression levels of TIMP-1 were higher in 
irradiated, immuncompromised mice compared to control animals, 
indicating that most TIMP-1 is produced by CNS resident cells (51). 

Analysis of whole brain samples for MMP RNA and protein failed to 
detect induction of MMP-9 expression during MHV infection (51), which 
was in sharp contrast to its prominence in MS. However, subsequent 
analysis of individual cell populations sorted from infected brains indicated 
that MMP-9 gene expression is up regulated several fold among infiltrating 
inflammatory cells (Zhou, unpublished data) (Table 1). Similarly, a strong 
induction in TIMP-1 expression within the inflammatory cell populations 
(Zhou, unpublished data) suggests that T cells are, at least in part, a source of 
both MMP-9 and TIMP-1 as both of these genes are co-expressed by T cells 
(35). Furthermore, analysis of cell extracts prepared from infiltrating cells 
revealed that MHV infection also induced a sharp rise in the level of 
intracellular MMP-9 protein (51, 53). The increase in intracellular MMP-9 
protein was attributed to the presence of polymorphonuclear cell infiltrates 
in response to infection (51, 53). Neutrophil synthesis of MMP-9 differs 
from other cell types in two key ways. First, in contrast to mononuclear 
cells, which release MMP-9 directly into the extracellular space, neutrophils 
store MMP-9 proenzyme in granules for release during degranulation (35), 
therefore permitting neutrophils to rapidly release large quantities of MMP-9 
in the absence of de novo synthesis. Second, expression of MMP-9 in 
neutrophils is not linked to co-expression of TIMP-1 as is the case for T cells 
(35). Thus, MMP-9 from neutrophils is regulated at the level of 
degranulation as opposed to gene transcription and co-expression of TIMPs. 
These data suggest MMP-9 is likely released from both mononuclear and 
polymorphonuclear infiltrates during JHMV infection. Thus, with the 
exception that MMP-7 was not detected during MHV infection (51), the 
overall expression patterns for both MMPs (-3, -9 and -12) and TIMP-1 
during MHV infection, EAE and MS are extremely similar. 

ROLE OF MMPS IN DEMYELINATION 

Linkage between MMP/TIMP expression during demyelinating disease 
has been well chronicled (32,38,51). By contrast, determining a definitive 
role for MMPs during demyelinating disease has proven to be far more 
elusive. During inflammatory processes within the CNS, MMPs most likely 
play two key roles: 1) Breaking down the basal lamina surrounding the 
blood brain barrier, thereby allowing inflammatory cells to enter the CNS 
(35) ; and 2) breaking down connective tissues linking tightly packed CNS 
resident cells, thereby allowing inflammatory cells to migrate along 
chemokine gradients towards the sites of infection/injury (18,50). Other key 
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mechanisms in the genesis of inflammatory demyelination have been 
associated with MMPs. These include activation of cytokines and 
chemokines, such as the conversion of TNF-a from pro to active form (8) 
and increasing the potency of the chemokine IL-8 (48). Furthermore, 
activated MMP-3 can convert pro-MMP-9 into it active form (13). Thus 
MMP-3 produced by CNS resident cells may be involved in activating pro- 
MMP-9 synthesized by inflammatory cells. Activation of these 
proinflammatory proteins by MMPs increases the potential for immune 
mediated damage to the CNS. 

A number of MMPs including -3, -9, and -12, which are common to many 
demyelinating diseases, are capable of breaking down proteins of the myelin 
sheath (8,9,39). The consequences of this are two fold. First, induction of an 
inflammatory response to a foreign antigen within the CNS may non- 
specifically initiate destruction of the myelin sheath through the release of 
MMPs. Second, generation of potential autoreactive self-antigens by MMP 
mediated breakdown of myelin proteins may initiate specific responses 
against oligodendroglia resulting in additional demyelination (36,39). 

Of the MMPs associated with MHV infection of the CNS, MMP-9 and its 
specific inhibitor, TIMP-I, are of particular interest for several reasons. 
MMP-9 and TIMP-1 are produced by both activated inflammatory as well as 
CNS resident cells (19,35,47). MMP-9 is specific for type IV collagens, 
which make up the basement membrane surrounding the blood brain barrier 
(49). This suggests that MMP-9 contributes to the ability of activated 
inflammatory cells to cross this barrier. Support for the role of MMP-9 in T 
cell trafficking comes from MS patients undergoing IFN-13 treatment, one of 
the few therapeutics shown to have a positive effect. Although no single 
conclusive mechanism for the anti-inflammatory activity of IFN-[3 has been 
demonstrated, MMP-9 gene expression is down regulated by IFN-13 
(30,45,46). Conversely, TIMP-I, which inhibits MMP-9, is up regulated by 
1FN-I3 (37). This suggests that one of the mechanisms by which IFN-13 
works is through inhibition of MMP-9 mediated inflammatory cell 
trafficking. These data are supported by treatment of EAE mice with MMP 
inhibitors, which have generally prevented disease induction or reduced 
clinical symptoms when treatment was initiated after active disease was 
apparent ( 17,21,28). 

CONCLUSIONS 

MMP and TIMP expression are closely associated with the human 
demyelinating disease MS as well as experimental animal models of 
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demyelinating disease. MMP expression within the CNS is most likely up 
regulated by the presence of inflammatory cytokines. However, as stated 
previously, confirmation of a specific role for MMPs in the inflammatory 
process is lacking. The use of knockout mice to determine the role of 
specific MMPs in inflammatory responses have generated mixed results, 
particularly in regard to blood brain barrier breakdown and inflammatory 
cell infiltration across endothelial cell barriers (1,3,14,29). This may in part 
be explained by the large number of MMPs with overlapping specificities as 
well as the presence of other proteases. Thus, although MMP expression is 
clearly associated with inflammatory responses during demyelinating 
disease, the role of individual MMPs as active participants or simply as 
markers remains to be determined. 
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Abstract: Mouse hepatitis virus (MHV) is a member of the coronavirus family of the 
nidovirales order. MHV is an enveloped virus with single-stranded, positive 
genomic RNA of about 3 lkb. Infection of susceptible strains of mice with the 
MHV-JHM and A59 strains results in acute encephalomyelitis and chronic 
demyelinating disease with features similar to the human demyelination 
disease multiple sclerosis (MS). Because the mechanism of demyelination in 
MS is not completely understood, various experimental models, including 
MHV infection in mice, have been used to study the pathogenesis of 
inflammatory autoimmune demyelination. The spike (S) glycoprotein of 
MHV has been implicated as the most critical genomic determinant of MHV 
pathogenesis and demyelination. However, other genes and proteins are likely 
to contribute to MHV pathogenesis as well. 

Key words: Mouse hepatitis virus (MHV), Coronaviruses, Nidoviruses, Molecular 
determinants, Demyelination, Multiple Sclerosis (MS). 

THE MHV GENOME 

The MHV genome is approximately 31 kb of single-stranded RNA of 
positive polarity. The genomic organization consists of 7 functional genes, 5 
of  which encode structural proteins (Fig 1). Genes 2b, 3, 5b, 6 and 7 encode 
the structural proteins hemagglutinin-esterase (HE) in some strains of  MHV, 
spike (S), membrane (M), envelope (E) and nucleocapsid (N) [1]. The 
remaining genes encode non-structural proteins. The nucleotide sequences 
have been determined for 3 strains of  MHV: A59, JHM and MHV-2.  The 
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structural protein genes are clustered at the 3' of the genome, whereas the 5' 
third of the genome consists of a single gene encoding a large polyprotein 
comprising of viral polymerase, proteases and associated nonstructural 
proteins. The nucleotide sequence at the 5' end contains a 65 to 85 
nucleotide-long leader RNA, followed by 200 to 500 non-translated 
nucleotides. The first 60% of the length of the genome, roughly 20 Kb from 
the 5' end, consists of two overlapping open reading frames, ORF la and lb, 
that encode the viral RNA- dependent RNA polymerase, proteases and 
helicase. At the overlapping region between ORF la and lb there is a 7- 
nucleotide slippery sequence and a pseudoknot structure, essential for 
ribosomal frame shifting. Several of the non-structural proteins are not 
essential for viral replication in vitro but may play a role in viral 
pathogenesis. An important aspect of MHV biology is the high frequency of 
RNA-RNA recombination between different, but closely related MHVs, 
when mixed in the same culture. RNA recombination is likely an important 
mechanism of viral evolution and may contribute to viral pathogenesis. 

STRUCTURAL PROTEINS 

5' end 

HE S E M N 

ORF 2b 3 5b 6 7 

ORF 1 a 

NON STRUCTURAL PROTEINS 

l 
lb 2a 4a 4b 5a 

3" end 

Figure 1,  Schematic diagram of the MHV genomic organization. 

S T R U C T U R A L - F U N C T I O N A L  R E L A T I O N S H I P  O F  M H V  

The virions of MHV contain a nucleocapsid protein (N), which binds to 
the viral RNA to form a helically symmetric nucleocapsid. Surrounding the 
nucleocapsid is a membrane envelope, which contains 3 or 4 major 
glycoproteins: the spike (S), the membrane (M), the small envelope protein 
(E), and in some strains such as MHV-JHM, the hemagglutinin-esterase 
protein (HE) [1-4]. 
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Upon infection of susceptible cells the MHV genomic RNA serves as a 
template for the negative strand RNA synthesis, which, in turn, is used for 
the synthesis of genomic and subgenomic mRNAs [2]. Each mRNA has a 
leader RNA of about 70 nucleotides at the 5' end [3]. The exchange of 
leader RNA is a common phenomenon during coronavirus replication and 
mRNA 1 can be synthesized during MHV infection with or without a 9- 
nucleotide sequence (UUUAUAAAC) located immediately downstream of 
the leader RNA of the 5' terminus of MHV [4]. Studies of naturally 
occurring and artificially constructed defective interfering (DI) RNAs have 
shown that both 5'- and 3'-terminal portions of the MHV genome are 
required for making the Dis functional [5, 6]. More specifically, the 5' cis- 
acting elements essential for MHV-JHM and A59 DI RNA replication have 
been mapped to 5' 474 nucleotides of which at least 446 nucleotides are 
required [6]. At the 3' end of the MHV genome 417 to 463 nucleotides is 
the minimal number of nucleotides required for replication [5]. Using 
interspecies-targeted RNA recombination, MHV-JHM gene 4 was 
genetically inactivated. Interestingly, the virus lacking gene 4 replicated in 
tissue culture cells with similar kinetics as the wild type virus. Thus ORF 4 
is not essential for viral growth in tissue culture or in the CNS of the infected 
host [7]. Likewise, the deletion of the 2a/HE gene cluster did not affect viral 
growth in vitro; deletion of the 4/5a gene cluster merely decreased viral 
replication rate by 10 fold [8]. 

The function of the M protein has been recognized as the predominant 
constituent of virion architecture. However, the function of HE protein has 
yet to be established other than the hemagglutinating and acetyl-esterase 
activities [9]. The HE protein forms disulfide-linked homodimers and strains 
of viruses that express this protein show a second, shorter fringe of 
peplomers on their virions. The small envelope protein E, has been shown to 
be translated both in vivo and in vitro. The E and M proteins are both 
necessary and sufficient for the formation and extracellular release of 
particles appearing structurally identical to MHV virions, thus suggesting 
that the E and M proteins are important for virion assembly [10, 11]. 

The N protein of MHV is a 50-60 kDa phosphoproteins with overall high 
basic amino acid content and 3 structural domains [12]. The functions of the 
N protein involve interactions between N and viral RNAs [13, 14]. The 
internal gene I, a large open reading frame embedded entirely within the 5' 
half of N gene, has been proved not essential for the replication of MHV 
either in tissue culture or in its natural host [15]. The middle domain of N is 
responsible for RNA binding. N binds certain regions of coronavirus RNA 
more efficiently than nonviral RNA and the binding specificity for 
encapsidation and packaging in the context of virus-infected cells may be 
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influenced by interactions with the membrane protein (M) or possibly other 
viral proteins [16]. 

T H E  S P I K E  G L Y C O P R O T E I N  (S) 

Forming the spikes on the virion surface, the spike protein (S) of 
coronavirus MHV has a variety of important biological activities. The S 
protein is a transmembrane glycoprotein of about 180 kDa with 4139 
nucleotides in length, encoding two posttranslational subunits: S1, predicted 
to form the globular head, and $2, predicted to form the stalk of the 
glycoprotein. The MHV S protein plays a critical role in viral pathogenesis, 
including functions in both viral entry and spread within the host [17, 18]. 
The S1 portion may independently bind to cellular receptors and the $2 
portion is responsible for fusion of viral and cellular membranes [19]. The S 
protein is also the target for both humoral and cellular immune responses 
[20-22]. The S protein contains determinants of neurovirulence and 
demyelination [23-26]. 

Studies to determine molecular determinates of MHV pathogenesis have 
been limited by the large size of the MHV genome. For many years the size 
of the MHV genome presented an obstacle for the construction of a full- 
length cDNA clone, which would be amenable for genetic manipulations. 
The construction of a plasmid vector, pMH54, containing the entire 3' of the 
MHV-A59 genome downstream from the hemagglutinin esterase gene and 
two marker restriction sites avrlI and sbfI, marked a new stage in 
pathogenesis studies. The availability of this construct allowed the 
introduction of different S genes into the background of MHV-A59 and the 
introduction of site directed mutatation into S or other genes [27, 28]. Using 
targeted RNA recombination between the trandfected and manipulated 
pMH54 plasmid and an infectious virus, various properties of the S protein 
were studied in the past few years. 

Replacing the S gene of MHV-A59 with the S gene of the highly 
neurovirulent MHV-4, increased the virulence of the new recombinant virus 
substantially [23, 29] Alterations in both S 1 and $2 resulted in reduced viral 
replication in the brain, associated with decrease in neurovirulence [25]. 
Mutations and deletions in the hypervariable region (HVR) suggested that 
the HVR was important for neurovirulence [25, 30-32]. In addition, the 
H716D amino acid substitution correlated with a delayed fusion phenotype, 
but without loss of hepatotropism [33, 34]. Q159L amino acid substitution 
affected hepatotropism and demyelination [35, 36] and L1114R (within the 
$2 region) has been speculated to play a role in the conformation of spike 
and in the dynamic interaction between S1 and $2 [37, 38]. The S gene was 
also found to contain determinants of hepatotropism [39]. 
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Infection of MHV-A59 in 4-week-old C57BL/6 mice produces a biphasic 
disease with acute hepatitis and meningoencephalitis followed by chronic 
CNS demyelination [40-42]. Thus infection of mice with MHV-A59 has 
been used as an animal model for the human demyelinating disease multiple 
sclerosis (MS) [43-46]. MHV-2, previously recognized as mainly 
hepatotropic virus with only weakly neurotropic properties [47-50], was 
shown to produce severe hepatitis and meningitis, without encephalitis and 
demyelination [26, 51]. The weak neurotropic properties of MHV-2 made 
this strain ideal for a comparative study with the closely related, neurotropic, 
demyelinating strain MHV-A59 [52]. We first sequenced the entire genome 
of MHV-2 and compared it with that of MHV-A59 [52]. We then studied 
the role of the S gene in demyelination by replacing the S gene of MHV-A59 
with that of MHV-2, using targeted RNA recombination. The new 
recombinant viruses (Penn98-1, 2) were more virulent than A59, but unable 
to induce demyelination in C57BL/6 mice [26]. Thus we hypothesized that 
demyelination determinants map to the S gene of MHV-A59. 

To further explore which specific regions of the S gene are directly 
responsible for the demyelinating phenotype, we studied a set of random 
recombinant viruses (ML-7, ML-8, ML-10, and ML-11) that were produced 
by co-infection of cultures with MHV-2 and LA-7, a ts mutant of MHV-A59 
[53]. All of these recombinant viruses were unable to induce demyelination 
in vivo. In vitro study ascertained that this group of recombinant viruses was 
able to replicate to the same titers as their parental viruses in L2 cells tissue 
cultures. Morphologically, the viruses ML-7, ML-8 and ML-10 produced 
large plaques and syncytia (similar to MHV-A59), whereas ML-11 produced 
small plaques as MHV-2. Sequencing of the S genes of ML-7, ML-8 and 
ML-10 revealed that they contained three common mutations, I375M, L652I, 
and T1087N [54]. The I375M mutation is located downstream from the 
receptor-binding site, the L652I mutation is located in the Hypervariable 
(HVR) region of the S gene and the T1087N mutation is located between the 
two-heptad repeat regions. Since these viruses were derived from a 
recombination between LA-7 and MHV-2, we also sequenced the S gene of 
LA-7 and we confirmed that the S gene of LA-7 contained the exact same 
three mutations implicating LA-7 as the source of these mutations. In 
addition, the sequence results of the S gene of ML-11 confirmed that the S 
gene of ML-11 was identical and was derived from to the S gene of MHV-2 
[51]. 

We then investigated the role of the three amino acid substitutions in 
MHV-A59-induced demyelination. We first produced viruses with all 3 
amino acid substitutions by targeted recombination. The virulence of 
Penn2K-1 and 2 was dramatically reduced (LD50>50,000pfu) although 
Penn2K-1 and 2 exhibit similar kinetics of replication as their parental virus 
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MHV-A59 in L2 cell cultures. Pathogenesis studies of Penn2K-1 and 2 
showed only mild encephalitis and hepatitis when high doses were used for 
infection (50,000pfu I.C). No demyelination was found with any dose of 
virus used for infection. Thus we hypothesized that one of the 3 amino acid 
substitutions or a combination of two or three of these mutations marked 
genomic determinants of CNS demyelination. 

Using site directed mutagenesis and targeted recombination; we then 
made a series of recombinant viruses containing each one of the 3 points 
mutation and each of the combined 2 point mutations. In vitro studies 
showed that all of these recombinant viruses exhibited similar kinetics of 
replication in L2 cell culture. The virulence of all of these recombinant 
viruses was reduced compared to wtR-A59. The recombinant viruses with 
the T1087N mutation (Penn99-1 and 2) were the most virulent 
(LD50=20,000pfu) among these recombinant viruses. The virulence of all 
other recombinant viruses, including the I375M point mutation (Penn01-1 
and 2), the L652I point mutation (Penn01-3 and 4) and I375M-L652I two 
point mutation (Penn2K3 and 4), I375M, and T1087N two point mutation 
(Penn01-5 and 6), L652I, and T1087N two point mutation (Penn01-7 and 8), 
were all significantly attenuated (LD50>50,000pfu). The reduced virulence 
correlated well with the reduced in severity of hepatitis and encephalitis. 
Interestingly, demyelination was not influenced by the reduction of virulence 
because most of the recombinant viruses with one or two combined amino 
acid mutations were significantly less virulent but demyelination-positive. It 
further confirmed that the induction of demyelination is a separate pathologic 
property that does not depend on the intensity of prior encephalitis or 
hepatitis during the acute phase [26]. Penn2K-3 and 4, the combination of 
mutations in S 1 (I375-M, L652I) did not produce demyelination in C57BL/6 
mice even when mice were infected with the highest dose (50,000pfu, I.C.). 
We then searched for additional mutations around amino acid 375 and 
eventually found that N345S was a single point mutation that abolished 
demyelination (Fu et al, manuscript in preparation). Thus we identified a 
region in the S1 gene downstream from the receptor-binding domain that 
controls demyelination. 

S U M M A R Y .  

The S gene controls a variety of biologic functions many of them are 
important for pathogenesis. Our laboratory identified a region around amino 
acid 345 of the S gene, outside and downstream from the receptor-binding 
domain that appears to control demyelination. Further studies are 
underway to define the functions of this region in virus-host 
interactions. Crystallization studies will determine whether the three 
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dimensional folding of this S1 region of the molecule may enable a 
spatial interaction between this site and the other two mutation sites 
which may affect viral host interaction and subsequently pathogenesis. 
More detailed mutagenesis, coupled with functional studies such as studies 
of receptor binding, S1-$2 separation, and fusion properties, will also be 
helpful in elucidating the mechanism of MHV neuropathogenesis. 
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SFV infection of the laboratory mouse provides an excellent model to study 
age-related virus virulence, virus neuroinvasion and the pathogenesis of acute 
encephalitis and demyelination. The A7(74) strain is avirulent in weaned 
mice. Following intraperitoneal infection this vials is neuroinvasive and 
crosses the blood-brain barrier to establish focal infections in neurons and 
oligodendrocytes. Virus replication is for the most part restricted and non- 
destructive in these cells and in the absence of immune responses virus 
persists. In immunocompetent animals focal lesions of inflammatory 
demyelination develop throughout the CNS including the olfactory nerves. 
CD8 + T-lymphocytes are required for the generation of these lesions. Animals 
have abnormal visual evoked responses and may develop limb paralysis. 

Semliki Forest virus, demyelination. 

. VIRUS STRAINS 

SFV is an alphavirus of the Togaviridae. Naturally the virus is found in 
Africa where it has been shown to infect horses and man. The virus is 
spread by mosquitoes. In man infection results in a mild febrile illness 
(Mathiot et al, 1990). SFV has been studied for many years in the laboratory 
mouse as an experimental  model system to understand viral and 
immunological  events in viral encephalitis and virus induced CNS 
demyelination (Atkins et al, 1985; Fazakerley and Buchmeier,  1993; 
Fazakerley et al, 1997; Fazakerley and Walker  2003). The virus is relatively 
simple, it has an approximately 12 kb genome of  single-stranded positive 
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sense RNA. This has been cloned (Garoff et al, 1980; Takkinen et al, 1986) 
and as with many positive stranded RNA viruses, studies of site directed 
mutants are proving to be a powerful approach to mapping areas of the 
genome responsible for individual phenotypic characteristics (Glasgow et al, 
1994; Santagati et al, 1995; Santagati et al, 1998). The genome has a 
replicase gene which undergoes sequential post-translational processing to 
produce a complex of four polypeptides (nsP1-4) which mediate RNA 
replication. The viral structural proteins (the capsid C, and 3 glycoproteins, 
El ,  E2 and E3) are encoded within a separate transcriptional unit controlled 
by a subgenomic promoter. A major determinant of virulence resides in the 
nsP3 protein, a component of the viral replicase (Tuittila et al, 2000). There 
are a number of strains of the virus derived from independent isolates by 
passage through mice or cell culture. The most commonly studied strains 
are L10, prototype and A7 and A7(74) which are respectively, virulent and 
avirulent in adult mice. As with all virus infections the route of inoculation, 
the dose of virus, the age of the mice and the genetics of both virus and host 
affect the outcome of infection. All SFV strains are virulent in neonatal and 
suckling mice by all routes of inoculation. A number of viruses generated 
by mutagenesis have also been studied, from the point of view of 
demyelinating disease, the most notable of these is M9 (Barrett et al, 1980). 

. A G E - R E L A T E D  V I R U L E N C E  A N D  R E S T R I C T E D  

R E P L I C A T I O N  

In neonatal mice all strains of this virus spread rapidly around the brain 
and infection is rapidly fatal. As the mice age some strains are less able to 
spread in the CNS and there is a sharp age-related virulence (Fleming, 1977; 
Oliver et al, 1997; Oliver and Fazakerley, 1998). In the mature CNS the 
A7(74) strain has a restricted replication and remains confined to 
perivascular foci (Pathak and Webb, 1978; Fazakerley et al, 1993; Oliver et 
al, 1997). This age-related virulence is not a function of the maturity of 
specific immune responses as this strain of the virus remains confined to 
small, predominantly perivascular foci in athymic nu/nu mice or mice with 
severe combined immunodeficiency (Fazakerley et al, 1993; Fazakerley and 
Webb, 1987b; Amor et al, 1996). Interestingly, widespread CNS infection 
can be established in adult mice by treatment with gold compounds prior to 
infection. It is unclear how this works but gold in common with other heavy 
metals is thought to have an affect on neuronal differentiation (Scallan and 
Fazakerley, 1999). Events in age-related virulence are well described with 
intranasal infection. Following intranasal infection SFV can track along the 
olfactory nerve to enter the CNS in the olfactory bulb (Kaluza et al, 1987; 
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Oliver and Fazakerley, 1998). For the A7(74) strain of SFV, spread of 
infection along olfactory and other CNS pathways is dependant upon 
neuronal maturity (Oliver et al, 1997; Oliver and Fazakerley, 1998). The 
virus can only replicate efficiently in immature developing neurons. 
Following intranasal infection, in the immature brain of weanling mice virus 
can be observed to sequentially infect the olfactory nerve layer, 
periglomerular cells, mitral cells and granule cells of the olfactory bulb and 
then to exit into secondary olfactory areas such as the olfactory tubercle and 
the anterior olfactory nucleus (Oliver and Fazakerley, 1998). In the 
immature brain this wave of infection is followed by a wave of apoptotic cell 
death (Allsopp and Fazakerley, 2000; Fazakerley and Allsopp, 2001). 
Interestingly and in complete contrast, infection of mature neurons appears 
to be non-destructive and can be persistent (Fazakerley and Webb, 1987b; 
Amor et al, 1996; Donnelly et al, 1997). This phenomenon of restricted 
virus replication in mature CNS cells may be highly relevant to 
demyelinating disease. It is also observed with measles virus in subacute 
sclerosing panencephalitis and in animal models (Schneider-Schaulies et al, 
1995). The inability of viruses to replicate fully or efficiently in mature 
CNS cells coupled with a relative resistance of these highly specialized and 
irreplaceable cells to initiate programmed cell death upon infection may be 
crucial in establishing CNS infection (Allsopp and Fazakerley, 2000; 
Fazakerley 2001). This may only be eliminated by immune mediated 
destruction and consequent demyelination (Fazakerley and Walker, 2003). 

. ENTRY INTO AND SPREAD WITHIN THE 
BRAIN 

SFV has the advantage of being neuroinvasive as well as neurotropic, 
allowing study of virus entry into the CNS and the functioning of the blood- 
brain barrier. In weaned (> 3 weeks of age) mice following intraperitoneal 
(ip) inoculation, SFV replicates in muscles including skeletal, smooth and 
cardiac muscle (Pusztai et al, 1971; Amor et al, 1996). A high titer plasma 
viraemia is detectable by 24 hours. This usually falls after 48 hours and 
virus is generally undetectable in the blood by 4 days (Pusztai et al, 1971; 
Fazakerley et al, 1993). All strains which have been studied (L10, A7, 
A7(74)) are neuroinvasive. Original electronmicroscopic studies of infected 
mouse brains did not observe virus replication in cerebral vascular 
endothelial cells and the authors suggested virus was transported without 
replicating in them (Pathak and Webb, 1974). However, an in vitro study in 
immature mouse endothelial cells showed good virus replication (Dropulic 
and Masters, 1989). Virus replication was also subsequently observed in 
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suckling mouse primary cerebral vascular endothelial cell cultures (Soilu- 
Hanninen et al., 1994). In the same study, viral RNA and proteins were 
detected in brain endothelial cells by in situ hybridization and 
immunostaining between days 1 and 7 post-infection with the highest 
frequency of positive cells on days 3 and 4. Other in situ hybridization and 
immunostaining studies have not reported positive cerebral vascular 
endothelial cells (Fazakerley et al, 1993; Gates et al, 1984; Balluz et al, 
1993). 

Once across this barrier the virus infects adjacent cells resulting in 
striking perivascular foci of infection (Fazakerley et al, 1993). It is likely 
that other strains also enter the CNS predominantly by this route. Infection 
of the brain via the olfactory nerves can also occur (Kaluza et al, 1987; 
Oliver and Fazakerley, 1998). Whether this is of relevance following ip 
infection is not clear. All strains of the virus appear to infect both neurons 
and oligodendrocytes but not astrocytes and only rarely meningeal, 
ependymal or choroid plexus cells (Balluz et al, 1993; Pathak and Webb, 
1983). 

In weaned mice, SFV infection of the CNS occurs by 24h. Thereafter 
titers rise, rapidly with the virulent strains (eg L10) until death at 3 or 4 days, 
or more slowly with the avirulent strains (eg A7(74)) to reach a peak around 
3 days after which titers begin to fall (Pusztai et al, 1971; Fazakerley et al, 
1993). Avirulent A7(74) virus cannot be detected in the brain by plaque 
assay after day 8, by the more sensitive ICLDs0 after day 11 and by in situ 
hybridization after day 14 (Jagelman et al, 1978; Suckling et al, 1978; 
Fazakerley et al, 1993). RT-PCR studies following M9 infection indicate 
that viral RNA can be detected in the brain for even longer periods, >90 days 
(Donnelly et al, 1997). Following A7(74) infection antibody producing 
plasma cells in the brain and intrathecal anti-viral antibody are detectable for 
months suggesting persistence of viral antigen (Parsons and Webb, 1984; 
Parsons and Webb, 1989). In the absence of specific immune responses the 
A7(74) virus can persist in CNS cells, apparently without damage and 
essentially for the life of the mouse (Fazakerley et al, 1983; Amor et al, 
1996). 

. B L O O D - B R A I N  B A R R I E R  C H A N G E S  

With avirulent strains, early infection of the adult CNS detectable by 24 h 
is followed a few days later by a biphasic mononuclear cell pleocytosis 
(Parsons and Webb, 1982b). Measurement of albumin and IgG in the 
cerebrospinal fluid demonstrates a disturbance of the blood-brain barrier 
between days 4 and 10 (Parsons and Webb, 1982a; SoiluHanninen et al, 
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1994). Disruption of the blood-brain barrier at day 5 has also been observed 
by the detection of fibrinogen in the brain parenchyma adjacent to cerebral 
blood vessels (SoiluHanninen et al, 1994). The cause of the blood brain 
barrier disruption is unclear; it could be a direct viral effect, for example 
destruction of endothelial cells as is observed in culture (SoiluHanninen et 
al, 1994), a direct result of the passage of inflammatory cells across the 
barrier or it could be mediated by cytokines, for example interferon-gamma. 
The leaky barrier does corresponds to the time of increasing inflammatory 
cell infiltration and reduction of brain virus titers. Pleocytosis is apparent 
from 4 days and subsides by 9 days but cell counts in the cerebrospinal fluid 
do not return to normal for weeks and immunoglobulins are synthesized 
locally by invading B-lymphocytes (Parsons and Webb, 1984; Parsons and 
Webb, 1989). 

. A N T I B O D Y  R E S P O N S E S  

SFV A7(74) infection of BALB/c mice results in a rapid and neutralizing 
serum IgM antibody response followed rapidly by an IgG2a response and a 
much slower IgG1 response (Fazakerley et al, 1993). SCID mice which 
have no serum anti-viral antibodies have both a persistent viraemia and a 
persistent CNS infection (Amor et al, 1996), whereas nu/nu mice control the 
viraemia as seen in immunocompetent mice but nu/nu mice have a persistent 
CNS infection. The nu/nu mice produce serum anti-viral IgM but not IgG 
(Suckling et al, 1982) suggesting that this may be controlling the viraemia 
but unable to eliminate the CNS infection. That this is the case is confirmed 
by resolution of persistent viraemia but not CNS infection by transfer of day 
7 nu/nu mouse serum to infected SCID mice (Amor et al, 1996). In contrast, 
transfer of high titer IgG sera from immunocompetent BALB/c mice to 
SCID mice eliminates both the viraemia and CNS virus, at least that 
detectable by infectivity assay (Amor et al, 1996). Whether this is complete 
eradication of all viral sequences is not clear since it has not been checked 
by techniques such as RT-PCR. Antibodies are highly effective in 
protecting mice from challenge with a lethal dose of SFV. A number of B- 
cell epitopes have been mapped on the viral glycoproteins (Boere et al, 1984; 
Snijders et al, 1991) and even a single monoclonal antibody directed to the 
E2 envelope glycoprotein has been shown to protect mice against a virulent 
infection (Boere et al, 1983). Combinations of linear B-cell epitopes and B 
and T cell epitopes have been tested as potential vaccine candidates (Snijders 
et al, 1991; Snijders et al, 1992a). 
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. I N F L A M M A T O R Y  R E S P O N S E S  

Mice infected with SFV have good delayed-type hypersensitivity 
responses to the virus (Kraaijeveld et al, 1979) and T-cell epitopes for some 
haplotypes have been mapped (Snijders et al, 1991; Snijders et al, 1992b; 
Snijders et al, 1992a). Expression of cellular adhesion molecules on cerebral 
vascular endothelial and infiltrating mononuclear cells, cytokine expression 
and the phenotype of infiltrating mononuclear cells during SFV A7(74) 
infection have been studied in two systems BALB/c and Biozzi ABH mice 
(SoiluHanninen et al, 1994; SoiluHanninen et al, 1997; Morris et al, 1997; 
Parsons and Webb, 1989; Smith et al., 2000). It is possible that these two 
mouse strains differ in the kinetics of events but the following presents a 
synthesis. By immunostaining, interleukin (IL) -lc~ and 113, IL-10, and 
TGF-[3 are detectable at 3 days; GMCSF, IL-2 and TNFc~ at 7 days and IFN- 
7 and IL-6 at 10 days. Increased expression of ICAM-I on cerebral vascular 
endothelial cells and adjacent cells occurs from day 3, with a peak 
somewhere between days 5 and 10. Expression of VCAM-I is maximal 
around 7 to 10 days and is limited to the blood vessels. Major 
histocompatibility type-I and -II  expression are detectable on endothelial 
and other blood vessel associated cells by 7 days. Immunostaining studies 
indicate that CD8 ÷ cells, LFA-1 + cells, Mac-1 + cells and VLA-4 + cells are all 
first observed in the infected brain at 3 days and that CD8 + cells dominate 
the early phase of infection while CD4 + T-lymphocytes are detectable from 7 
days to at least 35 days. Numbers of B220 + B-lymphocytes increase 
dramatically from 7 days to a peak at 21 days. The parenchymal MHC-I + 
cells form a network surrounding the foci of infection in which the level of 
MHC-I staining decreases with distance from the infected cells. MHC-II ÷ 
cells, probably pericytes can be observed adjacent to blood vessels in areas 
of infection and MHC-II + astrocytes and microglial cells are present in the 
areas of infection and inflammation (Morris et al, 1997). 

. N E U R O P A T H O L O G Y  

Semliki Forest virus (SFV) infection of adult mice results in a 
demyelinating meningoencephalomyelitis. An intense inflammatory 
response characterized by perivascular cuffing with invading cells spreading 
into the parenchyma is apparent histologically from 3 days (Parsons and 
Webb, 1982b). Areas of inflammatory infiltrates correspond to the areas of 
infection (Subak-Sharpe et al, 1993; Morris et al, 1997). Perivascular cuffs 
are a prominent feature of the neuropathology and are maximal between 7 
and 10 days. Demyelination is first apparent by luxol fast blue staining of 
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paraffin sections around 14 days post-infection but small focal lesions are 
apparent by electron microscopy at 10 days (Suckling et al, 1978; Kelly et al, 
1982). In the optic nerve there are lesions of demyelination and changes in 
visually evoked responses and axonal transport (Tremain and Ikeda, 1983). 
These are features which also occur in MS. Adoptive transfer studies in 
SCID and nu/nu mice and studies in mice immunosuppressed with total body 
irradiation, cyclophosphamide, cyclosporin or cycloleucine all demonstrate 
that T-cell responses are pathogenic and are required to generate the lesions 
of demyelination (Fazakerley et al, 1983; Fazakerley and Webb, 1987c; 
Fazakerley and Webb, 1987b; Fazakerley and Webb, 1987a; Amor and 
Webb, 1987; Amor et al, 1996). Treatment of infected mice with anti-VLA- 
4 antibodies dramatically reduces CNS cellular infiltrates and demyelination 
(Smith et al, 2000). Depletion of CD8 + cells with a monoclonal antibody 
greatly reduces demyelination whereas depletion of CD4 + cells reduces the 
extent of the inflammation but not that of demyelination (Subak-Sharpe et al, 
1993). Given the requirement for CD8 + cells and that the virus infects 
oligodendrocytes, the most likely mechanism of demyelination would seem 
to be CD8 + T-cell destruction of virally infected oligodendrocytes, though 
this remains to be proven following for example, adoptive transfer of SFV- 
specific cytotoxic T-cell clones or lines into nu/nu or SCID mice. Mice 
infected with SFV A7(74) generate CNS antigen specific autoantibodies, are 
more sensitive to the induction of experimental allergic encephalomyelitis 
and have T-cells which cross react between viral and CNS epitopes (Amor 
and Webb, 1988); Mokhtarian and Swoveland, 1987; Mokhtarian et al, 
1996). At present the role of autoimmune responses in the generation, 
exacerbation or perpetuation of SFV A7(74) induced demyelinating lesions 
remains unclear. 
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Abstract: 

Key words: 

Canine distemper is induced by canine distemper virus (CDV), a morbillivirus 
of the Paramyxoviridae family closely related to measles virus. CDV infection 
frequently results in the affection of the central nervous system (CNS). Besides 
a polioencephalitis, distemper leukoencephalitis (DL) is the main sequela of 
CDV CNS infection. Demyelination in DL appears to be a biphasic process. 
Initiation of demyelination is ascribed to a direct action of the virus as there is 
a prominent intralesional expression of viral proteins and mRNA. Early lesions 
are accompanied by the presence of few CD8+ lymphocytes and single CD4+ 
cells and an up-regulation of the major histocompatibility complex class II 
(MHCII). In this phase, tumour necrosis factor-or (TNF-c0, CD44, a 
hyaluronate receptor, and matrix-metalloproteinases (MMPs) as well as their 
inhibitors (TIMPs) are up-regulated. Plaque progression seems to be an 
immunopathological process. The strong reduction or absence of viral protein 
and mRNA expression is associated with a vigorous immune response. CDS+ 
lymphocytes dominate within the lesions while CD4+ lymphocytes and B 
cells are mainly found perivascularly. Simultaneously, there is a strong up- 
regulation of MHCII and the pro-inflammatory cytokines interleukin (IL) -6, 
IL-8, IL-12, and TNF-c~. The pro-inflammatory cytokines II-lf~, IL-2, and 
interferon-y are lacking. The anti-inflammatory cytokines IL-10 and 
transforming growth factor-g are not influenced by the CDV infection. CD44, 
TIMPs and single MMPs are strongly diminished. 

Summarized, in CDV induced demyelinating leukoencephalitis, plaque genesis 
is a biphasic process with various factors associated with lesion initiation or 
progression. Understanding the mechanisms of demyelination in these two 
phases might allow insights into the pathogenesis of demyelinating diseases of 
m a l l ,  

canine distemper, brain, demyelination, immunopathology, extracellular 
matrix, dog 
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1. I N T R O D U C T I O N  

Chapter D2 

1.1 Canine distemper virus 

Canine distemper (CD) was decribed for the first time in Europe in 1761 
(Mitscherlich, 1938) and the virus etiology was confirmed by Carr6 in 1905 
(Fankhauser, 1982). The natural host spectrum of CDV comprises all 
families of the order Carnivora (Deem et al., 2000). In humans, the 
participation of CDV in the pathogenesis of Paget's disease of bone (Gordon 
et al., 1991, Mee et al., 1998, Mee et al., 1999, Helfrich et al., 2000, Ooi et 
al., 2000) and multiple sclerosis (MS; Cook et al., 1978 and 1987, Vollmer 
and Waxman, 1991, Hodge and Wolfso, 1997, Hernan et al., 2001) has been 
speculated but lacks final verification. 
Canine distemper virus belongs to the genus morbillivirus of the 
Paramyxoviridae family and is closely related to measles virus (Pringle, 
1999). CDV is an enveloped negative stranded virus (Kingsbury, 1990). It 
contains 6 structural proteins, the nucleocapsid (NP), phospho (P), and the 
large (L) protein (core proteins) and the membrane (M), hemagglutinin (H), 
and fusion (F) protein (surface proteins; Hall, 1980, Orvell, 1980, Diallo, 
1990). The NP proteins catalyze transcription and replication in the host cell 
(Kingsbury, 1990). The M protein is involved in virus maturation as it 
connects the surface glycoproteins with the nucleocapsid (Kingsbury, 1990). 
The F protein manages the fusion of the virus with the host cell or the 
infected cell to the neighbour cell (Diallo, 1990). The H protein mediates the 
attachment of the virus to the host cell by neuraminic acid binding receptors 
(Hall et al., 1980; Kingsbury, 1990) and determines viral tropism and 
cytopathogenicity (von Messling et al., 2001). The function of the non- 
structural proteins V and C is not clear. Recently, another non-structural 
protein has been detected that seems to allow virus replication in different 
species (Wang et al., 1998). CD9, a tetraspan transmembrane protein is 
associated with CDV induced cell-cell fusion but not virus-cell fusion 
(Schmid et al., 2000). Signalling lymphocyte activation molecules (SLAMs; 
CD150) act as cellular receptors for CDV and other morbilliviruses (Tatsuo 
et al., 2001, Tatsuo and Yanagi, 2002). There is only one serotype but there 
are several cocirculating genotypes of the virus (Haas et al., 1997). CDV 
strains display different properties. Some strains are associated with 
polioencephalitis (Snyder Hill) while others induce demyelinating 
leukoencephalitis (R252, A75-17; Summers and Appel, 1994). 
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1.2 Forms of canine distemper encephalitis 

Canine distemper encephalitis can be classified in different subtypes 
according to morphological changes and brain areas affected. The type of 
neuropathological changes depend on the virus strain, age and immune status 
of the affected animal (Krakowka and Koestner, 1976, Summers et al., 
1984a, Pearce-Kelling et al., 1990, Raw et al., 1992). Polioencephalitis is a 
rare manifestation of CDV infection and is predominantly observed in the 
cortex and the nuclei of the brain stem, neurons and protoplasmic astrocytes 
being the mainly affected cell populations (Baumg~irtner et al., 1999). 
Distemper polioencephalitis includes the subgroups "old dog encephalitis" 
(Lincoln et al., 1973, Imagawa et al., 1980), inclusion body encephalitis 
(Nesseler et al., 1997, and 1999), and post-vaccinal encephalitis (Hartley, 
1974, Bestetti et al., 1978). 

In contrast, distemper ieukoencephalitis (DL) is a common finding and 
has been known for a long time. "Swelling of myelinated nerve fibres" was 
described by Cerletti in his work "about various forms of encephalitis and 
myelitis in dogs with canine distemper" as early as 1912. Scherer (1944), a 
German neuropathologist was among the first to compare DL white matter 
lesions to acute multiple sclerosis and he is the one who gave the impulse to 
use canine distemper as a model to study the pathogenesis of human 
demyelinating diseases (Koestner, 1975, DalCanto and Rabinowitz, 1982). 
Lesions in DL are mainly found in the cerebellum and less frequently in the 
cerebral white matter and the spinal cord (Baumg~irtner et al., 1999). 
Demyelination is consistently observed in fibre tracts in close proximity to 
the ventricles like the rostral medullary velum, cerebellar peduncles, and 
optic tracts (Summers and Appel, 1994). Studies tracking the route of CDV 
invasion and the mode of distribution of the virus in the brain showed 
ependymal infection and spread of the virus to the subependymal white 
matter indicating CNS infection along the cerebrospinal fluid (CSF) 
pathways (Vandevelde et al., 1985a). This finding matches the observation 
of Higgins et al. (1982a) who found a productive infection of the choroid 
plexus of the fourth ventricle and ependymal cells. In addition, 
hematogenous spread of CDV in the CNS is mediated by the association of 
the virus with lymphocytes (Rochborn, 1958, Summers et al., 1979) and 
plasma (Krakowka et al., 1989) or via infection of endothelial cells and 
subsequent spread to pericytes and astrocytic processes (Axtehelm, 
Baumg~irtner, 1989). DL lesions are categorized in acute, subacute non- 
inflammatory, subacute inflammatory, chronic, and sclerotic (Krakowka et 
al., 1985, Alldinger et al., 1993, Gaedke et al., 1999). Acute lesions are 
characterized by focal vacuolation and mild astro- and microgliosis. 



874 Chapter D2 

Subacute non-inflammatory plaques display primary demyelination, 
astrogliosis with formation of gemistocytes and multinucleated giant cells, 
and microgliosis occasionally accompanied by malacia and scavenging gitter 
cells. Axonal injury is expressed by spheroid formation. Subacute 
inflammatory and chronic lesions are infiltrated by mononuclear 
inflammatory cells accumulated in the parenchyma orin the perivascular 
space. In sclerotic plaques demyelinated areas are replaced by astrocytic scar 
tissue (Baumgfirtner et al., 1989, Alldinger et al., 1993, Wiinschmann et al., 
1999, Gaedke et al., 1999). 

Plaque genesis was intensely studied in naturally and experimentally 
CDV infected dogs (McCullough et al., 1974a and c, Raine, 1976, Summers 
et al., 1979, Higgins et al., 1982b, Summers and Appel, 1987). In 
experimentally infected dogs, primary changes such as vacuolation and 
spongious disaggregation of the subependymal and subpial white matter are 
light microscopically observed 24 days post infection (d.p.i.). The vacuols 
grow in number and size to form a demyelinated plaque. Transmission 
electron microscopically the vacuolations turn out to be an edema of the 
myelin sheath (Summers et al., 1987). According to Wisniewski et al. (1972) 
and Higgins et al. (1982a) the separation starts at the intraperiod line. The 
edema of the myelin sheath compresses axons and spheroids are formed. 
This change is named complex necrosis by Higgins et al. (1982b). The 
plaque periphery constitutes a growth zone, where myelin edema can be 
observed (Summers et al., 1987). Loss of compact myelin starts 27 d.p.i, in 
experimentally infected dogs. Astrocytes separate intact myelin segmentally 
from the axon (Higgins et al., 1982b). Summers, (1987) however, observed, 
that loss of compact myelin begins by spiral wrapping of cytoplasmic 
processes of macrophages followed by concentric stripping of myelin 
lamellae away from the axon. Myelin fragments are found as extracellular 
myelin droplets (Summers et al., 1987) or in the cytoplasm of 
macrophages/microglia (Wisniewski et al., 1972, Raine, 1976, Summers et 
al., 1987), astrocytes (Raine, 1976, Summers et al., 1987) or in single 
oligodendrocytes (Summers et al., 1987). Remyelination is feature of older 
demyelinating lesions in the presence of intact axons (Wisniewski et al., 
1972), McCullough et al., 1974b, Higgins et al., 1982b, Summers et al., 
1987). 
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. DEMYELINATING D I S T E M P E R  ENCEPHALITIS  

2.1 Cell tropism 

The pathogenesis of CDV induced demyelination is still largely 
unknown. In experimental studies, CDV appears in the CNS 9 d.p.i. (Appel, 
1969) and is found in astrocytes, neurons, microglia, ependymal cells, 
leptomeningeal cells, and choroid plexus epithelial cells (Appel, 1969, 
Vandevelde, 1980, Alldinger et al., 1993a; Wtinschmann et al., 1999). 
Infection of oligodendroeytes has been the focus of numerous studies in the 
last years with contradictory results. Using light and transmission electron 
microscopy, a direct oligodendrocyte was observed by several investigators 
(McCullough et al. 1974b, Raine 1976, Blakemore et al. 1989). However, 
other studies did not detect oligodendrocyte infections in vivo (Vandevelde 
et al., 1983) and several in vitro investigations did not succeed in confirming 
an oligodendrocyte infection in primary brain cell cultures infected with 
different CDV strains (Zurbriggen and Vandevelde, 1983, Vandevelde et al., 
1985b, Zurbriggen et al., 1986, 1987a and b). Employing molecular 
techniques, the question on the role of oligodendrocytes in CDV infection 
was resumed. Zurbriggen et al. (1993) demonstrated a restricted infection of 
oligodendrocytes. Furthermore, Graber et al. (1995) and Zurbriggen et al. 
(1998) found a down-regulation of the expression of a variety of 
oligodendroglial genes after restricted CDV infection. The same group 
investigated the participation of apoptosis or necrosis in cell death induced 
by CDV in vivo and in vitro and found, that neither of them played a 
significant role (Schobesberger et al., 1999). Recently, it has been shown, 
that oligodendrocytes are present in chronic lesions, and thus demyelination 
precedes oligodendrocyte loss in CDV induced encephalitis (Schobesberger 
et al., 2002). 

Astroeytes are the main cell population infected by CDV. In non- 
inflammatory lesions in the cerebellar white matter of dogs with acute 
distemper, doublelabelling techniques unveiled, that 64% of astrocytes 
within a lesion were infected and this cell population provides 95% of all 
infected cells (Mutinelli et al., 1988). Infected astrocytes form gemistocytes, 
syncytia (Summers and Appel, 1985) and have a glassy cytoplasm 
(Vandevelde et al., 1983). They lose their cell processes and glial fibrillary 
acidic protein (GFAP) positive fibrils are newly arranged being concentrated 
around the nucleus (Zurbriggen et al., 1986). Among other CNS cell 
populations astrocytes display cytoplasmic and intranuclear inclusion bodies. 
The paradoxical intranuclear accumulation of the NP protein of an RNA 
virus seems to be a sign of cellular stress (Oglesbee and Krakowka, 1993). 
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2.2 Viral persistence 

In spite of a strong virus-specific intrathecal immune response, early 
lesions without overt inflammation can be observed in the vicinity of chronic 
lesions with prominent invasion of inflammatory cells (Alldinger et al., 
1993). Clearence of viral antigen is associated with the presence of 
inflammation and intrathecal virusspecific antibodies. However, these 
chronic lesions, devoid of viral antigen coexist with acute plaques containing 
a high viral load (Bollo et al., 1986). A detailed immunohistological 
investigation upon the distribution of CDV proteins and their epitopes in 
different lesion types showed, that in acute and subacute lesions without 
inflammation, expression of the M, H, and F proteins is only slightly 
diminished compared to the core proteins. However, plaques with severe 
inflammation are either devoid of viral antigen or exhibit NP- and P-specific 
immunoreactivity restricted to the periphery with simultaneous reduction or 
loss of surface proteins. The intracellular distribution of the proteins varies. 
Exclusively the NP and P proteins are found in the cell nucleus and the cell 
processes in addition to the cytoplasm (Alldinger et a1.,1993). It can be 
assumed, that the nucleocapsid itself is infectious as shown for measles virus 
(Rozenblatt et al., 1979). The presence of the core proteins in cell processes 
is suspicious of a possible spread of the virus along this pathway in order to 
escape immune surveillance (Alldinger et al., 1993) as has been shown in 
cell culture studies (Zurbriggen et al., 1995J Virol ). The hypothesis of the 
intralesional persistence of viral mRNA in the absence of proteins was 
disproved by molecular studies (Mtiller et al., 1995, Gaedke et al., 1999). In 
the grey matter, however, more CDV RNA than protein is found suggestive 
of impaired translation of CDV and a possible mode of viral persistence 
(Mtiller et al. 1995). Studies on distemper inclusion body polioencephalitis 
support the hypothesis of restricted grey matter infection as a mechanism of 
viral persistence (Nesseler et al., 1999). According to in vitro investigations, 
persistence of CDV in the brain appears to be due to non-cytolytic selective 
spread of the virus with very limited budding (Vandevelde and Zurbriggen, 
1995; Zurbriggen et al., 1995). An analysis of the nucleotide- and deduced 
amino-acid sequences of the NP and M genes yielded results supporting the 
notion, that the NP and the M gene harbour determinants of viral persistence 
(Stettler et al., 1997). 
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2.3 Immunopathology 

CDV-associated immunosuppression (Krakowka et al., 1975a) is an 
important manifestation of canine distemper. It is caused by the lytic effect 
of the virus on lymphocytes and macrophages during the caute phase of the 
disease and can be found months after viral clearence (Krakowka et al., 
1975a and 1980). The recovery of the lymphatic tissue, coincides with the 
invasion of the CNS by inflammatory cells. Immunophenotyping of the 
cellular immune response in DL revealed, that only few inflammatory cells 
are found in acute and subacute non-inflammatory lesions. In this phase, 
CD8+ cells dominate and might be involved in viral clearence or contribute 
as antibody-independent cytotoxic T cells to early lesion development 
(Wtinschmann et al., 1999). This hypothesis is supported by the finding, that 
occurrence of T cells in early demyelinating lesions correlates with sites of 
viral replication and coincides with the demonstration of an early immune 
response against the nucleocapsid protein of CDV. T cell migration to the 
CNS is suspected to be triggered by activated microglia secreting 
chemokines. Hence, a marked IL-8 activity is present in the CSF of dogs 
with acute lesions. Resting T cells of the early stages of the disease might 
facilitate the later development of the intrathecal immune response and 
associated immunopathological complications (Tipold et al., 1999). 
Subacute inflammatory and chronic lesions are massively infiltrated by 
inflammatory cells. CD8+ cells may function as cytotoxic effectors. CD4+ 
cells are suspected of initiating a delayed-type hypersensitivity reaction in 
these older lesions (Wtinschmann et al., 1999). Immunpathological 
mechanisms involved in CD plaque pathogenesis are emphasized by up- 
regulation of the major histocompatibility complex class II (MHCII) in DL 
brains. Following CDV infection, there is a mild up-regulation of this 
molecule in acute increasing to severe in chronic lesions. MHCII is present 
on microglia, endothelial, meningeal, choroid plexus epithelial, ependymal, 
and intravascular cells. Virtually all cells forming perivascular infiltrates are 
MHCII-positive. Although MHCII is up-regulated throughout the white 
matter an accentuated expression is found in CDV-antigen positive acute and 
subacute plaques. In chronic plaques MHCII expression is especially 
prominent in areas with reduced or absent viral antigen expression indicating 
that non-viral antigens may play an important role as triggering molecules in 
the chronic phase of demyelination (Alldinger et al., 1996). 

The term "bystander demyelination" was used to describe the myelin 
damaging effect of proteolytic enzymes released by stimulated macrophages 
(Cammer et al. 1978) to explain myelin destruction in the absence of obvious 
oligodendrocyte infection. Other macrophage mediators, including reactive 
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oxygen species (ROS), seemed to be involved in DL demyelination (Btirge 
et al., 1989; Griot et al., 1989a and b and 1990). 

The humoral immune response, i.e. the intracerebral presence of B cells 
and their importance for intrathecal antibody production during chronic 
demyelinating distemper leukoencephalomyelitis is well documented 
(Vandevelde et al., 1982, 1986, AIldinger et al., 1996). B cells especially 
producing immunoglobulins of the IgG subtype are found, at variance within 
chronic lesions and in perivascular infiltrates (Vandevelde et al., 1982, 
Alldinger et al., 1996). Besides a prominent CDV-specific humoral immune 
response in serum and cerebrospinal fluid (Vandevelde et al., 1982, 1986, 
Rima et al., 1991) anti-myelin specific antibodies are found (Krakowka et 
al., 1973, Vandevelde et al., 1986). Consequently, a mechanism of 
demyelination based on complement-dependent antibody mediated humoral 
cytotoxicity is discussed (Vandevelde et al., 1982). However, the 
pathological significance of anti-myelin antibodies remained doubtful as 
high titres of these antibodies are also detected in dogs with resolving lesions 
(Vandevelde et al., 1986). Furthermore, antibody-dependent T-cell mediated 
cytotoxicity was suspected as many intralesional and perivascular cells are T 
lymphocytes and there is a simultaneous occurrence of perivascular B and 
CD4+ cells (Vandevelde et al., 1982, Alldinger et al., 1996, Wtinschmann et 
al., 1999). The simultaneous decline of intrathecal antibody production and 
clinical improvement were suggestive of a deleterious role of the humoral 
immune response (Vandevelde et al., 1982). Cell to cell communication and 
interaction between immune cells and resident or activated brain cells were 
investigated by studying cytokine expressions in DL. Accordingly, 
demyelination is frequently associated with interleukin (IL)-I, -12, tumour 
necrosis factor (TNF) and transforming growth factor (TGF) mRNA 
expression in the blood of dogs with natural CD. IL-6 transcripts are only 
found in animals with early CNS lesions. Simultaneous occurrence of pro- 
and anti-inflammatory cytokines in whole blood preparation from most of 
the dogs with CD, favored the hypothesis of a complex most likely disease 
stage dependent orchestrated cytokine expression (Gr6ne et al., 1998). In the 
CSF of dogs naturally infected with CDV, TNF and IL-6, associated with 
disease exacerbation and IL-10 and TGF, indicative of remission, are often 
observed simultaneously and can not be assigned to specific disease stage. 
IL-10 remains the most frequently detected cytokine indicating that the 
stage of inactivity prevails (Frisk et al., 1999). An immunohistochemical in 
situ study revealed, that IL-1 is expressed to varying degrees in all types of 
lesions and is most often present in CD3 (T lymphocytes) and BS-I 
(microglia/brain macrophages) positive cells in early plaques and in cells 
comprising perivascular cuffs found in chronic lesions. IL-6 expression is 
present in all lesions and follows a similar distribution pattern as IL-1. IL-12 
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is observed only in individual perivascular cells. TNF-a is mainly associated 
with astrocytes and might be involved in the pathogenesis of early 
demyelination in DL (Gr6ne et al., 2000). According to an in situ semi- 
quantitative RT-PCR study, there is a prominent up-regulation of the pro- 
inflammatory cytokines IL-6, IL-8, IL-12, and TNF-c~ in early distemper 
CNS lesions. Other pro-inflammatory cytokines such as IL-1, IL-2, and 
interferon (IFN)-~, are not detected. Conversely, IL-10 and TGF-B, though 
detectable in most distemper cases, experienced no significant up-regulation 
following CDV infection and lesion development. The lack of increased 
expression of anti-inflammatory cytokines might represent an early 
derailment of the immune response in demyelinating distemper 
leukoencephalitis (Markus et al., 2002). 

2.4 Extracellular matrix 

In view of the importance of astrocytes as major source of extracellular 
matrix (ECM) proteins (Montgomery, 1994) and their significance for 
maintaining structure and relationships in the brain, the consequences of a 
CDV infection of this cell population seemed to be an important question to 
be addressed. Asher et al. (1991) demonstrated, that a hyaluronate-based 
ECM must exist in the canine CNS as glial hyaluronate binding protein 
(GHAP) is demonstrated immunoelectron microscopically in the space 
between myelin sheaths and astrocytic processes. The importance of the 
ECM is stressed by the observation, that In acute and subacute 
demyelinating encephalitis, a plaque-associated CD44-up-regulation is found 
that parallels astrocyte activation. CD44 plays a dual role for the progression 
of the demyelination process. Ligation of this receptor might induce 
chemokines and cytokines and hence initiate and perpetuate the 
inflammatory process. In chronic lesions, CD44 expression declines together 
with the number of GFAP-positive astrocytes. In addition, in this plaque 
type, CD44 is expressed on the cell membrane of perivascular mononuclear 
cells, possibly marking memory cells (Alldinger et al., 2000). Matrix- 
metalloproteinases (MMPs), zinc dependent enzymes, that cleave molecules 
of the extracellular matrix and their inhibitors (TIMPs) are most prominently 
up-regulated in acute and subacute non-inflammatory lesions and are 
expressed mostly by astrocytes and microglia. In this phase, they might 
contribute to lesion initiation. In older lesions, MMP and TIMP expressions 
decline apart from MMP-I 1, -12, and -13 favoring the hypothesis of the 
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TIMP-MMP imbalance as the motor for lesion progression (Miao et al., 
2002). 

3. C O N C L U S I O N S  

Demyelinating distemper leukoencephalitis represents a biphasic disease. 
Lesion initiation is most likely directly virus-induced and is supported by the 
actions of CD8+ cells, inflammatory cytokines including TNF-a as well as 
specific MMPs. The second or immunopathological phase of demyelination 
is associated with a massive infiltration of inflammatory cells, antigen 
presentation, a preponderance of pro-inflammatory cytokines and a TIMP- 
MMP imbalance in the absence of virus. Obviously, CDV does not lead to 
myelin destruction on a direct pathway, but interferes with sensitive control 
mechanisms between brain cells, immune cells myelin, and the extracellular 
matrix. 
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Figure 3-1: Serial longitudinal sections of spinal cord from a C57Bl/6 mouse with MOG induced
EAE. (a) In the haematoxylin-eosin-stained section there is an intense mononuclear inflammatory
infiltration of the peripheral white matter, with two perivascular cuffs at the margin of the affected
area (arrows).  (b) In the Luxol fast blue stained section the extent of the demyelination of this area
of peripheral spinal cord white matter can be seen relative to the normally myelinated deeper tissue.

Figure 3-2: Immunohistochemical labelling of sections of spinal cord from a C57Bl/6 mouse with
MOG induced EAE.  These are formalin fixed, paraffin wax-embedded tissues that have been
labelled for expression of CD3 using a cross-reactive polyclonal rabbit anti-human CD3 antiserum
in an avidin-biotin immunohistochemical technique.  (a) Shows T lymphocytes within a
perivascular cuff in affected spinal cord white matter.  (b) Shows an area of peripheral spinal cord
white matter demyelination, throughout which are scattered individual T lymphocytes.

Figure 3-3: Sections of spinal cord from a C57Bl/6 mouse with MOG induced EAE-stained by
haematoxylin-eosin.  (a) There is an intense inflammatory and demyelinating lesion within the
ventral white matter of the cord (arrowed).  (b) Higher power view of the margin of this lesion with
unaffected white matter, shows extensive macrophage-dominated inflammation.
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Figure 3-4: Tissues from C57Bl/6 mice with MOG induced EAE stained by haematoxylin and eosin
(a, c and d) and Luxol fast blue (b).  (a) High power view of cerebellar white matter showing a
prominent area of perivascular cuffing with mononuclear inflammatory cells, with extension of the
lesion into the parenchyma.  (b) This serial section shows that demyelination is restricted to the area
occupied by the inflammatory infiltrate, with uninflamed parenchyma showing normal staining
reaction.  (c) Section through the meninges, showing a mixed inflammatory infiltration throughout
the meningeal layers.  (d) Section through the retina, optic disc and optic nerve.  There is an intense
inflammatory infiltration surrounding the optic nerve (perineuritis).  This comprises chiefly
neutrophils and there are scattered neutrophils within the optic nerve tissue.

Figure 2: Proteolipid protein 1 structure. PLP1 is predicted to have four transmembrane domains,
and both the amino and carboxy-termini in the cytoplamic compartment. A 35-amino acid long
domain shaded in blue represents the PLP1-specific region of the protein. Cysteine residues that
are predicted to be acylated are shaded in black. 
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Figure 1: In order for antigen (Ag) presentation in the context of major histocompatibility complex (MHC) class II to occur,
some absolute requirements have to be met.  An MHC class II heterodimer on the cell surface of an antigen presenting cell
(APC) contain and antigen binding groove, which can load a linear peptides that are typically 13-20 amino acids in length.  A
T cell can bind to Ag within the MHC class II binding groove with its T cell receptor.  Only T cells that express the accessory
surface molecule CD4 are capable of recognizing and binding linear peptide antigen (Ag) in the context of the MHC class II.
Ag-activated T cells express CD40 ligand (CD40L), which engages to the costimulatory molecule CD40 on the cell surface of
APC.  Cross linking of CD40 and CD40L enhances expression of other costimulatory molecules on APC’s, namely B7-1
(CD80), and B7-2 (CD86).  Furthermore, engagement of CD40 leads to secretion of the cytokine IL-12, which induces the
differentiation of naïve Th0 cells to effector CD4+ Th1 cells.  These Th1 cells secrete increased amounts of proinflammatory
cytokines like interferon (IFN)-g and IL-2.  INF- g is required for induction of class II MHC molecules on nonprofessional
antigen presenting cells (APC), including astrocytes.  Some studies suggest that IFN-g also causes astrocytes to upregulate
expression of B7 (B7-1 and B7-2) molecules, which are required for CD28 T cell costimulation.  Thus, in cell-mediated
immunity, cross-activation occurs between APC and T cell.

Figure 2: The endocytic compartment.  Exogenous protein antigen (Ag) is taken up into an antigen presenting cell (APC) by
endocytosis and broken down into peptide through acidification and proteolysis.  The major histocompatibility complex (MHC)
class II heterodimer is assembled in the endoplasmatic reticulum (ER) and then stabilized by the invariant chain (Ii).  Within
the ER, the Ii initially is a trimer that can bind three MHC class two heterodimers (not shown).  The Ii blocks the MHC class II
Ag binding groove, in order to prevent endogenous peptides in the ER from binding.  Subsequently, the Ii targets the delivery
of MHC class II dimers to the endosomal compartment, where it modulates proteolytic enzymes.  Cathepsins are a group of
cystein and aspartyl proteases that play a key role in the endosomal degradation of Ag and Ii.  The last component of the Ii that
remains bound to the MHC class II binding groove is named CLIP.  The MHC class II like molecule (H-2M) catalyzes the
release of CLIP and low stability peptides from the MHC class II Ag binding groove, and stabilizes empty MHC class II until
high affinity peptide can be loaded.  H-2M cannot bind Ag itself, and it is not expressed on the cell surface.  Peptide loaded into
the MHC class II binding groove can now be transported to the cell surface and presented to CD4+ T cells.
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Figure 1: Expression of MMPs 2, 7
and 9 in perivascular inflammatory
cuffs within the spinal cords of rats
with experimental autoimmune
encephalomyelitis.

MMP-9MMP-7

MMP-2

Figure 3: The major histocompatibility complex (MHC) class II transactivator (CIITA), a transcriptional co-activator, is the key
molecule that directs interferon-gamma (IFNg)-inducible MHC class II expression in nonprofessional antigen presenting cells
(APC) and constitutive MHC class II expression in professional APC.  CIITA expression is controlled at the level of
transcription by differential activation of multiple nonhomologous promoters.  CIITA promoter, pIV, which contains a GAS site,
E-box, and IRF element, directs IFNg-inducible CIITA expression in non-professional APC.  It has been demonstrated that
statins decrease IFNg inducible MHC class II surface expression through inhibition of CIITA pIV.
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ADAM 17 expression in normal control rat
brain parenchyma

ADAM 17 (TACE) expression by perivascular
astrocyctes in spinal cord of EAE rats

ADAM 17  expression by endothelial
cells and astrocytes within spinal
cord of EAE rats.
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Figure 1 (continued)



Figure 4: Histopathology of a magnetic
resonance imaging (MRI)-detectable lesion
in common marmosets. (a) coronal slice of a
T2-weighted MRI recorded post mortem
shows at least three MRI-detectable lesions
(magnification = x2.5). The lesion indicated
with the arrowhead was processed for
histology. (b) Klüver-Barrera staining
visualises myelin in blue, showing strong
demyelination (x99). Within the same lesion
axonal conservation was confirmed by
Bielschowsky silver impregnation (x 99).
The presence of numerous 27E10-positive
macrophages (orange) (d) and CD3+ T-cells
(brown) (e) classifies the lesion as late-active
(x246). Figure reproduced with permission,
from ref 14. 
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Figure 2: Expression of accessory molecules and cytokines in marmoset EAE brain. (a) Acid
phosphatase (red) expressed by infiltrating macrophages and activated microglia (magnification =
x40); (b) Detail of (a), showing extensive perivascular infiltration by macrophages (red)(x200); (c)
CD40 (red) expressed on infiltrating mononuclear cells (x100); (d) Doublestaining showing
macrophages with cytoplasmic acid phosphatase activity (red) and membrane CD40 expression
(blue). Arrowheads indicate examples of macrophages expressing CD40 (x650); (e) CD40L (red)
expressed on perivascular mononuclear cells (x200); (f) Scattered CD40L-expressing cells (red)
within an infiltrate (x325). Figure reproduced with permission, from ref 17.



Figure 2: Immunohistologic analysis of spinal cord tissues from mice suffering from TMEV-
induced demyelinating disease or EAE disease. Double immunostaining of frozen sections was
done using both the BeAn antisera with a rhodamine conjugated secondary antibody (red) and
different antibodies to cell specific markers with FITC-conjugated secondary antibodies (green).
Column 1: viral antigen  in (a) astrocytes, (b) microglia, (c) oligodendrocytes and (d) EAE. Column
2: (a and d) anti-GFAP for astrocytes, (b) MOMA-2 for macrophages, (c) anti-CNPase for
oligodendrocytes. Column 3:colocalization of the two stains. Bar in row C measures 10 microns;
all other bars measure 20 microns. (Reproduced with permission from J Neuroimmunol 118:256-
267, 2001)
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Figure 1: Schematic presentation of the steps involved in TMEV-induced demyelinating disease.
(1) Early, (2) Acute and (3) Chronic responses in the CNS following viral infection.  (1). At the
Early stage, mainly chemokine, cytokine and adhesion molecule responses are directly induced in
various glial cells upon viral infection.  These molecules may further activate adjacent glial cells
and facilitate cellular (NK, DC, macrophages, neutrophils) infiltration to the CNS.  (2). At the
Acute stage, various immune cells (B, Th and CTL) are infiltrated.  These immune cells will be
further stimulated/amplified by viral Ag-APCs (professional and non-professional).  Virus will be
neutralized and virus-infected cells will be eliminated by immune cells.  (3). At the Chronic stage,
viral persistence remains and continuous inflammatory responses are maintained in susceptible
mice, whereas completely cleared viral persistence and the inflammatory response is resolved in
resistant mice.   

Chapter B6



Chapter B8

Figure B8-1: IHC localizations of GFAP (A)
and iNOS protein in the CNS of SJL mice at 10
(A-C), 6 (D), 42 (E and F), and 66 (G) days p.i.
(A) Encephalitis and poliomyelitis phase: an
area of intense leptomeningeal inflammation
accompanied by reactive astrogliosis in the
subjacent brain parenchyma, which is
highlighted by GFAP staining. (B)  Same field
from an immediately adjacent section exhibiting
iNOS-like staining in reactive subpial astrocytes
(arrowheads) as well as in scattered
monocytes/macrophages in the overlying
leptomeningeal infiltrate (top portion of
photomicrograph). (C) Encephalitis and
poliomyelitis phase:  iNOS-like localization in
hypertrophic endothelial cells of a blood vessel
amidst an area of necrotizing encephalitis. (D)
Encephalitis and poliomyelitis phase. iNOS-like
staining in cells of the monocyte/macrophage
lineage and in  vascular endothelial cells  from
an area of spinal grey matter inflammation. (E)
Early stage of spinal cord demyelination
exhibiting a number of scattered iNOS-positive
astrocytes in a background of incipient vacuolar
changes (arrowheads) suggestive of early
demyelination involving the lateral column. (F)
Spinal cord demyelination phase: Focal, weak,
and ill-defined iNOS-like immunoreactivity is
detected among leptomeningeal infiltrates (the
three arrows) which are encroaching upon the
lateral funiculus of the spinal cord.  Note
vacuolar change in the lateral column
(arrowheads). (G) Spinal cord demyelination
phase:  Lack of iNOS-like staining in large
foamy (myelin-laden) macrophages in full-
blown demyelinating lesions in the posterior
columns of the thoracic cord. (Original
magnifications: A, B, E, F  x400; C, D. G
x1000)



Figure C9: MHV infection of the CNS
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