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Preface

‘Experimental Autoimmune Encephalomyelitis — Models, Disease Biology and
Experimental Therapy' is totally focused on the model of multiple sclerosis,
experimental autoimmune encephalomyelitis (EAE). The book chapters give a very
good and in depth overview about the currently existing and most used EAE models.
In addition, chapters dealing with novel experimental therapeutic approaches
demonstrate the usefulness of the EAE model for MS research. MS is a severe disease
of the central nervous system (CNS) that leads to progressive neurological deficit.
Inflammation in the CNS causes myelin destruction, axonal and neural loss. Even
though the disease has been known for centuries, there is only an incomplete
understanding of the disease biology, especially of the mechanisms that lead to axonal
and neural loss.

With the introduction of interferon-beta preparations in the treatment of MS about 20
years ago, a major therapeutic breakthrough has been achieved in a disease that was
considered to be non-treatable. Since then, a number of new treatments have been
introduced like Glatirameracetate, Natalizumab and Fingolimod. More are to come.
All of these mainly affect inflammatory processes in the CNS. These treatments are not
curing the disease but provide much benefit for the patient, reduce relapse rate and
severity and slow disease progression. In research and development, a lot of effort is
currently being done to discover treatments that are neuroprotective or restoring. Not
much light is on the horizon there. EAE is also a very important model that is used in
academic research as well as biotech and industry. As outlined in great detail in the
different book chapters, different EAE models provide insights into different aspects
of MS disease biology and pathology. There is not one model that adequately
addresses all facets of MS. For the researcher it is of paramount importance to select
the most adequate model for the specific research subject. The book can possibly be of
major help in this situation, since, unlike most journal reviews, the book chapters
provide a more personal insight into the selection of adequate models. This is an
international book with authors contributing from all over the world (Australia,
Germany, Japan, Spain, Taiwan, USA). There is an impressive international Faculty
that provides insight into current research themes. This further demonstrates the
importance of EAE in research all over the world. I am convinced that this book will
provide many established researchers and students with novel insights and guidance
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for their research and will help to push the field forward to better understand the
disease biology of MS and other autoimmune diseases and help to establish novel
therapeutic approaches.

October 2011

Robert Weissert
University of Regensburg,
Germany
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Disease Biology






Experimental Autoimmune Encephalomyelitis

Robert Weissert
University of Regensburg
Germany

1. Introduction

Experimental autoimmune encephalomyelitis (EAE) is an animal model of multiple sclerosis
(MS). MS is also named encephalomyelitis disseminata (ED). EAE has been also called
experimental allergic encephalomyelitis, but the word ‘allergic® is more and more replaced
by the word “autoimmune’. This has to do with the deeper understanding of the disease
biology that has been gathered over the last years. MS is a chronic autoimmune disease of
the central nervous system (CNS) that leads to inflammation, demyelination and axonal
loss. The CNS lesions cause neurological deficits.

In the beginning the disease course of MS is in most cases relapsing-remitting but changes
after several years into a secondary chronic progressive disease course (Table 1). More
rarely, there are also primary progressive disease courses. The diagnosis of MS is often
preceded by a single demyelinating event for example the appearance of Optic Neuritis
(ON). There are indications that MS is caused by the activation of autoreactive CNS-specific
T cells and possibly antibodies that lead to subsequent activation of additional immune
cascades and lesion formation (Fig. 1). The relapsing phase of MS is thought to be
predominately mediated by the adaptive phase of the immune response, while progressive
forms are more driven by innate immune mechanisms (Bhat and Steinman, 2009; Weiner,
2009).

The EAE models that are used in the laboratory for assessment of immunological,
neurobiological and therapeutic studies are all induced models or genetically modified
models. There is no naturally occurring spontaneous EAE model that is accepted as a
valuable laboratory model for MS. EAE can be induced in various animal strains and
species. Most used species are mice and rats. The reason for this is the size, the availability
of inbred strains and the possibility for genetic modification as well as the immense number
of tools to characterize rodents. In addition certain monkey species like marmosets are used
for specific questions that cannot be easily assessed in rodents (Hart et al., 2011).

What has become clear over the last years is the fact that EAE is no perfect model for all
aspects of MS. Rather various different models represent facets of MS. Some models are
more suited for immunological analyses and this can be further divided into adaptive and
innate immunity related aspects as well as cellular aspects, like the analysis of influences of
T and B cells on disease precipitation and maintenance. There are models that are more
suited for analysis of certain neurobiological aspects of the disease, like axonal and neuronal
pathology and detailed lesion characterization.
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Course Characteristics Estimated
Prevalence

Relapsing MS (RR-MS, rSP-MS, PR-MS)

RR-MS e Presence of relapses and 22 %
(Relapsing-remitting remissions
MS) e Disability due to residual

symptoms
rSP-MS e Presence of relapses 3.5 %
(SP-MS with o Progressive form, steadily

superimposed relapses) increasing disability

PR-MS e Presence of relapses 1.5 %
(Progressive relapsing

e Progressive from onset,
MS)

steadily increasing disability

Progressive MS without relapses (nrSP-MS, PP-MS)

nrSP-MS e No relapses 60 %
(SP-MS without

e  Progressive form, steadily
superimposed relapses)

increasing disability

PP-MS e Norelapses 13 %
(Primary progressive

e Progressive from onset,
MS)

steadily increasing disability

Table 1. Different disease courses of MS. Relapsing disease courses of MS are mainly driven
by the adaptive immune response (T and B cells) while progressive disease is thought to be
predominantly mediated by innate immunity. In most cases, relapsing disease changes over
the course of MS to secondary progressive disease. As outlined in Table 10, specific EAE
models can be used to mimic the aspects of different types and variants (Devic’s, ADEM) of
MS.

MS variants can be modeled in rodents. For example Acute Disseminated Encephalomyelitis
(ADEM), an acute inflammatory reactive disease of the CNS, and Neuromyelitis Optica
(Devic's disease) can be modeled in certain rodent species as outlined further below. The
researcher who wants to use EAE as a model should be aware of all the various types of
EAE and should be careful in selecting the correct species, strain and immunization
protocol, since depending on these factors, the outcome and interpretability of the research
will differ. The selection of the specific model might differ strongly between an
immunologist who wants to assess basic principles of organ specific autoimmunity in
contrast to the MS researcher who wants to analyze specific disease aspects or a new
therapeutic approach in preclinical pharmacology studies.
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Genetic
. Predisposition . .
Trigger factors Induction of disease
Possible cofactors:
) Vitamin D levels

Infection? Sunlight exposure

Adjuvants?

Endogenous

presentation of

self antigen? Autoimmunity

T and B cells recognize

myelin fragments, i.e.

Proteolipid protein

Myelin-basic protein
Myelin-oligodendrocyte glycoprotein

Fig. 1. Possible cascade for induction of MS. So far it is not clear what induces MS. Trigger
factors are possibly infections, adjuvants or the endogenous presentation of self antigens
(Fissolo et al., 2009). On the ground of a genetic predisposition with the possible cofactors
vitamin D and sunlight exposure the disease is induced and autoimmunity is maintained by
aberrant immune cascades that will finally lead to myelin/oligodendrocyte pathology as
well as axonal and neuronal loss.

2. EAE models

Nowadays widely used EAE models in rats are the monophasic EAE in LEW rats that is
induced with Myelin Basic Protein (MBP) or MBP peptides and Complete Freund’s
Adjuvant (CFA) (Table 2). CFA consists of the mineral oil Incomplete Freund’s Adjuvant
(IFA) mixed with heat killed extract from Mycobacterium Tuberculosis (MT). As prototype
chronic EAE model in rats, EAE induced in DA rats with whole myelin extract in IFA or the
extracellular domain of Myelin Oligodendrocyte Glycoprotein (MOG) in CFA or IFA have
high value for studies regarding MS disease biology and therapeutic interventions. Whole
myelin extract for this model is typically obtained from autologous spinal cord of DA rats.
Interestingly DA rats develop EAE with the myelin extract/ MOG with IFA alone.

In mice the most used model is the chronic model in C57BL/6 mice induced with the
extracellular domain of MOG or MOG peptide 35-55 and CFA as well as Pertussis Toxin
(PT) as adjuvant (Table 2). Other valuable models are the chronic relapsing EAE model
induced with PLP or PLP peptide 139-151 in SJL mice with CFA and PT as ajduvants, the
chronic relapsing EAE model induced in Biozzi mice with the extracellular domain of MOG
or MOG peptide 92-106 in CFA and PT, the chronic progressive EAE induced in
autoimmunity prone NOD mice with MOG peptide 35-55 and the monophasic EAE induced
with MBP peptide Acl-11 (or MBP peptide Acl-9) with CFA and PT in PL/]J mice.

There are relapsing progressive EAE models that can be induced with Theiler's Murine
Encephalitis Virus (TMEV) (Table 2). Interestingly in the TMEV model, antigen spreading to
the classical myelin antigens can be observed during the disease course. Genetically
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Species  Strain Induction Disease type Reference

Rat LEW MBP or MBP 68-88  Acute monophasic (Mannie et al., 1985;
peptide in CFA McFarlin et al., 1975)

Rat DA Spinal cord in IFA  Relapsing/progressive (Lorentzen et al.,
or MOG 1-125 in 1995; Weissert et al.,
CFA or [FA 1998b)

Mouse PL/] MBP, MBP Acl-11  Acute monophasic (Zamvil et al., 1986)
(or Ac1-9) in CFA +
PT

Mouse  SJL PLP protein or PLP  Chronic relapsing (Kuchroo et al., 1991)
139-151 peptide in
CFA +PT

Mouse  C57BL/6  MOG protein or Progressive or acute ~ (Mendel et al., 1995;
MOG 35-55 peptide Oliver et al., 2003)
in CFA + PT

Mouse  Biozzi MOG protein or Chronic relapsing (Baker et al., 1990)
MOG 92-106
peptide in CFA +
PT

Mouse = NOD MOG 35-55 peptide Chronic progressive ~ (Maron et al., 1999)
in CFA + PT

Mouse  SJL Theiler’s murine Relapsing progressive (Olson et al., 2001)
encephalitis virus

Mouse  B10.PL- TCRMBP transgenic ~ Spontaneous acute (Goverman et al.,

H2u 1993)

Mouse  C57BL/6  TCRMOG transgenic  Optic neuritis (Bettelli et al., 2003)

Mouse  C57BL/6  TCRMOGXIgHMOG  Spontaneous Optico-  (Bettelli et al., 2006;
transgenic spinal disease Krishnamoorthy et

al., 2006)

Table 2. Presently most used EAE models for laboratory research. The list only provides a
part of all available EAE models. CFA = Complete Freund's Adjuvant; IFA = Incomplete

Freund's Adjuvant; PT = Pertussis Toxin.
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modified models include the spontaneous EAE in C57BL/6 mice that have a T Cell Receptor
(TCR) specific for MBP peptide 1-9. Another genetically modified C57BL/6 mouse with a
MOG specific TCR and a MOG specific B Cell Receptor (BCR) or surface Immunoglobulin
(slg) develop spontaneous EAE and can be very useful for assessment of specific scientific
questions.

There are rodent EAE models that can be induced by passive transfer of T cells. These
models are not subject of this chapter and are therefore not outlined in detail. T cell transfer
models have been very suitable for immunological investigations mainly in regard to the
dissection of the role of T cells in organ-specific autoimmunity (Krishnamoorthy and
Wekerle, 2009).

3. Establishment of Myelin-Oligodendrocyte-Glycoprotein (MOG)- induced
EAE in rats

The rat is a good species to perform EAE studies due to its larger size as compared to mice,
the availability of many well characterized inbred strains, its strong standing for
pharmacological studies and its great value for behavioral outreads. In addition novel ways
for genetic modification are increasingly becoming available. The rat Major
Histocompatibility Complex (MHC) is called RT1. The classical MHC I molecule is called
RT1.A, the MHC II molecules are named RT1.B and RT1.D that are equivalent to HLA-DQ
(RT1.B) and HLA-DR (RT1.D) (Fig. 2, Table 3).

Class I [ I

Ke3 DP DQ DR C4 Hsp70 TNF B C A MOG
HLA
(human)
Class I Il ] |

Ke3 A H B D C4 Hsp70 TNF Cc M MOG
RT1
(rat)
Class I Il 1 I

Ke3 K P A E c4 Hsp70 TNF D L Q T M MOG
H-2
(mouse)

Fig. 2. Organization of MHC in different species (human [HLA], rat [RT1], mice [H2]). There
are considerable differences in the organization between HLA, H2 and RT1 (Giinther and
Walter, 2001).

EAE induced with whole myelin extracts or MBP in LEW (RT1!) rats has been used over
many years (Table 2). This model is monophasic and was the prototype EAE model in the
past. Much understanding regarding MS pathogenesis, immunology and neurobiology has
been obtained over the years. The model is very useful to study basic immunological
principles regarding T cell migration to the CNS and T cell related immunity of MS. This
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model is often used for pharmacological investigations in EAE. Beside with whole myelin
extracts the model can be induced with MBP protein (various isoforms) or peptides from the
main encephalitogenic regions MBP 89-101 and MBP 68-88. Interestingly MBP peptide 89-
101 binds to RT1.D! (HLA-DR-like), while MBP 68-88 binds to RT1.B! (HLA-DQ-like) (de
Graaf et al., 1999; Weissert et al., 1998a). There are species dependent effects of MBP on
disease development. We could demonstrate that the MBP peptide 63-88 derived from
Guinea Pig (GP) as compared to the MBP peptide 63-88 derived from rat is much more
encephalitogenic. Immunization with MBPgp63-88 results in the agglomeration of T cells in
the CNS that express up to 30% the TCRBV chain 8.2 (TCRBV8S2), while after immunization
with MBPra163-88 there is not such a strong overusage of such T cells in the CNS (Weissert
et al., 1998a). Based on this fact it can also be understood that therapeutic manipulation in
the context of immunization with MBPcp63-88 is more demanding as compared to
MBPra163-88. We equally demonstrated that MBP derived peptides of different species can
act as superagonists, agonists or antagonists depending on the expressed MHC 1II haplotype
(de Graaf et al., 2005).

Strain* Class 1 Class 11 Class 111 Class1
Haplotyp  RT1.A RT1.B RT1.D RT1.C
DA avl a a a avl avl
CcOP avl a a a avl avl
ACI avl a a a avl avl
PVG-RT12(DA) avl a a a avl avl
LEW.1AV1 (DA) avl a a a avl avl
LEW 1 1 1 1 1 1
LEW.1IN (BN) n n n n n n
LEW.1A (AVN) a a a a a a
LEW.1IW (WP) u u u u u u
LEW.1AR1 r2 a u u u u
LEW.1AR2 r3 a a a u u
LEW.1IWR1 r4 u u u a a
LEW.1WR2 r6 u a a a a
BN n n n n n n

Table 3. RT1 haplotypes of inbred rat strains (Weissert et al., 1998b). RT1.B is the rat
equivalent to HLA-DQ and RT1.D to HLA-DR. *Donor strain in brackets

It was demonstrated that as compared to LEW rats, DA rats develop in a much higher
incidence chronic disease after immunization with autologous whole spinal cord
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homogenates (Lorentzen et al., 1995). In DA rats immunization of autologous whole spinal
cord in IFA is sufficient to induce this type of chronic disease. Interestingly it was found that
DA rats develop antibodies against the MOG extracellular domain MOG 1-125. Based on
this fact we were interested to assess the encephalitogenic potential of MOG 1-125 in DA
rats and other inbred rat strains. We found that immunization with MOG 1-125 in CFA
resulted in relapsing-remitting disease (Weissert et al., 1998b). Also the immunization of
MOG 1-125 in IFA causes to this type of disease. Interestingly for the first time it was
observed in rodents that the rats developed ON in addition to classical EAE symptoms
(Storch et al., 1998). In addition, specific immunization protocols allowed the selective
induction of ON. ON is a typical aspect of MS. The CNS lesions in this model have much
greater similarity to MS as compared to the lesions in LEW rats immunized with MBP or
MBP peptides. Widespread demyelination was present and the analysis of lesions resulted
in the important insight that beside T cells also antibodies contribute to lesion formation in
this model. In contrast to MBP, MOG is expressed on the exterior part of the myelin sheath
and the Ig-like domain can be recognized by antibodies. Binding of antibodies to MOG can
activate a number of immune mechanisms like the activation of macrophages and
complement deposition that can result in increased tissue damage as compared to purely T
cell mediated pathology.

Based on the findings in DA rats and immunization with MOG we were wondering about
the encephalitogenic potential in rat strains with different MHC haplotypes. This question
appeared important to us, since it has been demonstrated for a long time that the MHC 1II
region has a strong genetic influence on MS (Sawcer et al., 2011). Therefore we used a large
number of inbred congenic LEW rat strains that express a wide variety of MHC haplotypes.
In addition we used various inbred rat strains (Table 3) (Weissert et al., 1998b).

We observed that certain rat strains developed relapsing-remitting or chronic progressive
disease, others hyperacute progressive disease, some slow progressive disease with
predominance of cortical pathology and others were protected (Table 4). Also the selection
of the adjuvant had additional effects. While LEW.IN (RT1») immunized with MOG 1-125 in
CFA developed hyperacute progressive disease that often lead to death due to pontine
lesions, immunization with MOG 1-125 in IFA resulted in chronic progressive disease with
axonal pathology that has great similarity to MS (Kornek et al., 2000).

We also observed that LEW (RT1!) rats immunized with MOG 1-125 did not develop EAE
(Weissert et al., 1998b). This is in contrast to immunization protocols with MBP or MBP
peptides which lead to EAE as outlined above (Weissert et al., 1998a). Based on the fact that
LEW.1AV1 rats that carry the RT1av1 haplotype derived from the DA rat develop EAE after
immunization with MOG 1-125, we concluded that the MHC haplotype is operating in the
context of the myelin antigen used for immunization (Weissert et al., 1998b). This was
further supported by the observation that LEW.IN (RT1") rats and BN (RT1") rats do not
develop disease after immunization with MBP, but strong disease after immunization with
MOG 1-125. This finding appears of some importance since it might explain why MHC
haplotypes might differ as susceptibility loci in different parts of the world: depending on
the environmental challenges that differ in different regions of the world, the subsequent
induction of immunity against certain myelin components might differ. For example in
Western Europe and North America the main susceptibility HLA allele is HLA-DR2b, while
in Sardinia it is HLA-DR4 (Marrosu et al., 1997).
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We described rat strains that carried MHC haplotypes that allow disease development after
immunization with MOG 1-125 but which were protected by non-MHC genomes. We
defined that ACI rats as well as MHC congenic PVG-RT1av! that both carry the RT1av
haplotpye were protected from EAE (Weissert et al, 1998b). Subsequent large genetic

screens allowed dissection of some of the susceptibility genes (Swanberg et al., 2005).

Species Strain Induction Disease type Reference
Rat LEW.1A MOGI1-125in CFA  Chronic progressive  (Weissert et al., 1998b)
Rat LEW.1AV1 MOGI1-125in CFA Relapsing-remitting (Weissert et al., 1998b)
Rat LEW.1IAV1 MOGI1-125inIFA  Relapsing-remitting (Kornek et al., 2000)
Rat LEW.IN MOGI1-125in CFA  Hyperacute (Weissert et al., 1998b)
progressive
Rat LEW.IN MOGI1-125inIFA  Chronic progressive  (Kornek et al., 2000)
Rat LEW.1W MOGI1-125in CFA  Slow progressive (Weissert et al., 1998b)
Rat LEW.1AR1 MOGI1-125in CFA Slow progressive, (Storch et al., 2006;
cortical pathology Weissert et al., 1998b)
Rat DA MOGI1-125in CFA  Relapsing-remitting, (Storch et al., 1998;
optic neuritis Weissert et al., 1998b)
Rat BN MOGI1-125in CFA  Neuromyelitis optica (Meyer et al., 2001;
Weissert et al., 1998b)

Table 4. EAE models induced with MOG 1-125 in rats. Different disease courses and types of
CNS pathology can be induced that are dependent on the MHC haplotype.

We found one LEW rat strain with a specific MHC haplotype that predominantly develops
cortical lesions, LEW.1AR1 (RT1:2) rats (Storch et al., 2006; Weissert et al., 1998b). Recently
cortical lesions have been acknowledged as a primary cause of disability in MS. Cortical
lesions can be also induced in LEW rats with a subencephalitogenic immunization with
myelin components and subsequent local intrathecal application of Tumor Necrosis Factor
alpha (TNFa) (Merkler et al., 2006). Marmosets immunized with MOG 1-125 can develop
cortical lesions as well (Pomeroy et al., 2005). By now it has also been observed that certain
mouse strains can develop cortical pathology (Mangiardi et al., 2011). In our observation
LEW.1AR1 rats immunized with MOG 1-125 in CFA represent the most suitable and
reproducible model for cortical pathology of MS and possible therapeutic manipulation.

In a next step we were interested to define the encephalitogenic stretches within the
extracellular domain of MOG 1-125 (Tables 5, 6). In order to do this we used 18 amino acid
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long overlapping peptides of the MOG 1-125 rat sequence (Weissert et al., 2001). We
performed this study in many different inbred and inbred MHC congenic rat strains.
Interestingly we found that only MOG 91-108 in CFA induced disease in rat strains with
the RT1av1 or RT1n haplotype. Rat strains with the RT1av1 haplotype are DA rats and
LEW.1AV1 rats and rats with the RT1n haplotype LEW.IN and BN rats. We found that
MOG 91-108 bound well to purified RT1.Ba molecules and to RT1.Dn molecules.
Immunization with MOG 91-108 induced a T and B cell response. In LEW.1N rats this T
cell response was difficult to measure and we concluded early that other factors than
classical Thl mediated cytokines might be operative contributing to disease precipitation
(Weissert et al., 2001).

In most instances the immunodominant peptides did not correspond to the peptides that
were capable of inducing EAE. We concluded that the immune response to the
immunodominant peptides might be also a signature of a regulatory T cell response (we
called it “‘modulatory).

RT1 RT1.A RT1LB/D RTI1.C Strain Disease Peptides that raise
inducing an immuno-
peptides dominant T cell

response
1 | 1 1 LEW none MOG 37-54 and
MOG 43-60
u u u u LEW.1IW none None
r4 u u a LEW.1WR1
r2 a u u LEW.1AR1
a a a a LEW.1A MOG91-  MOG 73-90, MOG
3 a a u LEW.1AR2 1098 é_lNgZG 91-108
6 u a a LEW.1IWR2

avl a a avl LEW.1AV1

avl a a avl DA

avl a a avl COP

avl a a avl PVT-RT1av1 none none

avl a a avl ACI

n n n n LEW.IN MOG 91- MOG 19-36
n n n n BN 1O§é_11vggc

Table 5. MOG peptides that induce disease and immune responses. Most MOG stretches
that induce strong immune responses in rats do not induce EAE (Weissert et al., 2001).
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Species Strain Induction Disease type Reference

Rat DA MOG91-108 in Monophasic or (Weissert et al,,
CFA chronic 2001)

Rat LEW.1AV1 MOG91-108 in Monophasic or (Weissert et al.,
CFA chronic 2001)

Rat LEW.IN MOG91-108 in Monophasic or (Weissert et al.,
CFA chronic 2001)

Rat LEW.1AV1 MOG96-104 in Monophasic or (de Graaf et al,,
CFA chronic 2008)

Rat LEW.IN MOG98-106 in Monophasic or (de Graaf et al.,

CFA

chronic

2008)

Table 6. EAE models induced with MOG peptides. Based on detailed immunological
analysis the region MOG 91-108 was defined as the encepathalitogenic region in different rat
strains. Further dissection allowed the narrowing of the disease inducing MOG stretches to
nine amino acid long peptides.

We observed that complement depletion does lead to protection from disease, underscoring
the influence of antibodies to MOG. Crystallographic studies have indicated that the region
MOG 91-108 is accessible to antibodies (Breithaupt et al., 2008). In addition, we
demonstrated by spectroscopic TCR analysis that depending on the expressed RT1
haplotype, the predominance of certain TCRBV chains was the same in rat strains with
different non-MHC genomes underscoring the strong influence of the MHC II haplotype on
TCRBV usage in the MOG model (de Graaf et al., 2008).

For the rat EAE models, we measured the binding strength of the encephalitogenic peptides
by comptetitive binding assays (Table 7). We could show that the peptides that induce EAE
are binding well to the MHC II molecules that present the peptides to T cells (de Graaf et al.,
2008; de Graaf et al.,, 1999; Weissert et al., 2001; Weissert et al., 1998a). We dissected the
binding qualities to purified RT1.B and RT1.D molecules and the T and B cell response to
MOG 91-108 in LEW.IN and LEW.1AV1 rats. We found that the peptides that bound
strongest, induced EAE. This were the peptides MOG 96-104 in LEW.1AV1 rats binding to
RT1.B2 and MOG 98-106 in LEW.1IN rats binding to RT1.Dn. With increasing shortening of
the peptides, the evolving disease was partly reduced, indicating that possibly there was a
reduction in the activated encephalitogenic T cell repertoire (de Graaf et al., 2008).

That peptides which induce EAE bind strongly to the restricting MHC II molecule is in
agreement with measured binding strengths in humanized mouse models, but contrasts
findings in the PL/] mouse in which the encephalitogenic peptide MBP Ac1-9 binds only
very weakly to the I-Av MHC II molecule. While in the first case the persistence of antigen
might lead to breaking of tolerance, in the latter case, the escape from tolerance might be of
primary importance in disease establishment.



Experimental Autoimmune Encephalomyelitis 13

Haplotype Encephalitogen  Restriction ICs (uM) Reference
(Strain)
RT1! (LEW) MBPy,72-85 B! 2,5 (Weissert et al., 1998a)
MBP 87-99 D! 0,02 (de Graaf et al., 1999)
RT1av1 (DA, MBP 87-99 Ba 0,06 (de Graaf et al., 1999)
LEW.1AV1)
MOG 91-108, MOG Ba 9,5 (de Graaf et al., 2008;
96-104 Weissert et al., 2001)
RT1n (BN, MOG 91-108, MOG Dn 0,03 (de Graaf et al., 2008;
LEW.1IN) 98-106 Weissert et al., 2001)
H-2s (SJL/J) MBP 81-100 I-As 0,36 (Wall et al., 1992)
PLP 100-119 I-As 1,24 (Greer et al., 1996)
PLP 139-151 I-As 0,04 (Greer et al., 1996)
PLP 178-191 I-As 0,74 (Greer et al., 1996)
H-2u (PL/J) MBP Ac1-9 I-Au >100 (Fairchild et al., 1993;
Liu et al., 1995)
HLA-DR2 MBP 84-102 DRB1*1501 0,004 (Madsen et al., 1999;
transgenic mice Wucherpfennig et al.,
1994)
HLA-DR4 MOG 91-108 DRB1*0401 0,3 (Forsthuber et al., 2001)

transgenic mice

Table 7. Binding of EAE inducing peptides to purified MHC molecules. Binding strengths
were assessed with competitive binding assays and affinity purified MHC II molecules.

In summary we made a major step in establishing more suitable models to study MS disease
biology and therapeutic interventions. In addition we were able to obtain a large quantity of
insight into the immune regulation in the context of genetic factors in a complex
autoimmune disease. We demonstrated the major influence of MHC II haplotypes on
disease regulation, but for the first time also of MHC I. Recently also for MS influences of
MHC I loci on susceptibility could be confirmed (Sawcer et al., 2011).

4. Ways of EAE induction with either MBP, PLP or MOG and choice of the
relevant animal model/strain

Beside the selection of the right species and strain, the selection of the model antigen is of
great importance for the outcome of the EAE studies. The sequences of the most used
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stretches of myelin proteins for disease induction used in different species are listed in Table
8. The peptides should have a high degree of purity and it is advisable to prepare large
batches that can be used over long term for experimentation. In the case of EAE induction
with recombinant antigens, also larger scale preparation and usage of identical batches over
longer time is recommendable, since there is the danger of batch to batch variation that can
dramatically affect the outcome of experimentation.

In addition to species, strain and antigen, the adjuvant is of major importance for the success
of the EAE induction and the outcome of the experimentation (Table 9). While in the rat
models, the usage of IFA or CFA is sufficient, nearly all mouse models require the addition
of PT in the immunization protocol and booster immunizations. The preparation of the
antigen/adjuvant mixture requires much care and the presence of a homogenate emulsion is
needed for successful immunizations.

In the past immunizations have often been performed in the foot pads of the rodents. Due to
obvious ethical reasons, this procedure is not any more applied. In addition this procedure
results in the swelling of the footpads affecting gait. This type of gait disturbance can blur
EAE symptoms with the consequence of wrongly reported EAE scores. Nowadays, in rats
the immunization is done as a single injection in the base of the tail, while in mice multiple
injections in the flanks are used for the procedure. It is advisable to establish the best suited
immunization protocol in the laboratory with care, after the selection of the model based on
scientific rationales has been performed.

Myelin protein stretch Sequence

MBPwouse Acl-9 Ac-ASQKRPSQR

PLPmouse 139-151 HSLGKWLGHPDK

MOGwousk 35-55 MEVGWYRSPFSRVVHLYRNGK
MBPrat 68-88 HYGSLPOKSQRTQODENPVVHF
MBPcp68-88 HYGSLPQKSQRSQDENPVVHF
MBPrat 89-101 VHFFKNIVTPRTP

MOGgaT 91-108 SDEGGYTCFFRDHSYQEE
MOGgat Ac96-104 Ac-YTCFFRDHS-NH2
MOGRraTAC98-106 Ac-CFFRDHSYQ-NH2

Table 8. Sequences of myelin peptides used for EAE induction in mice and rats
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Species/ Immunogen Primary  Secondary Injection Reference

strain adjuvant adjuvant site

Mouse

PL/] MBP Acl-11 CFA PT Flanks  (Zamvil et al., 1986)
SJL PLP 139-151 CFA PT Flanks (Kuchroo et al., 1991)
Biozzi MOG 1-125 CFA PT Flanks  (Baker et al., 1990)
C57Bl/6 MOG 35-55 CFA PT Flanks  (Oliver et al., 2003)
Rat

LEW MBP CFA None Tail base (Weissert et al., 2000)
LEW MBP 68-88 CFA None Tail base (Weissert et al., 1998b)
LEW MBP 89-101  CFA None Tail base (Weissert et al., 2000)
LEW PLP CFA None Tail base (Zhao et al., 1994)
DA, MOG 1-125 CFA or None Tail base (Kornek et al., 2000;
LEW.1AV1, IFA Storch et al., 2006;
BN, Weissert et al., 1998b)
LEW.IN,

LEW1.AR1

DA, MOG 91-108, CFA None Tail base (de Graaf et al., 2008;
LEW.1AV1 MOG 96-104 Weissert et al., 2001)
LEW.INor MOG91-108, CFA None Tail base (de Graaf et al., 2008;
BN MOG 98-106 Weissert et al., 2001)

Table 9. Immunization regimen for different EAE models and usage of adjuvants. CFA =
Complete Freund's Adjuvant; IFA = Incomplete Freund's Adjuvant; PT = Pertussis Toxin.

5. Conclusions

It is well possible to induce different aspects of MS in rodent EAE models (Table 10). Some
models are more suited for immunological analysis, while others better serve the
neuroscience community. None of the models can model all aspects of MS. Based on the
specific scientific question, the most suitable EAE model for a specific analysis should be
selected based on the characteristics of the model. The selection of the best suited model will
result in better results of the overall research project and will improve the interpretability of

the results.
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Course of MS Type of EAE  Strain Immunization
Relapsing forms of MS
RR-MS MOG-EAE DA, LEW.1AV1 MOG 1-125
rSP-MS MOG-EAE DA MOG 1-125
PR-MS MOG-EAE LEW.IN MOG 1-125
Non-relapsing forms of MS
nrSP-MS MOG-EAE LEW.1A MOG 1-125
PP-MS MOG-EAE LEW.1W, MOG 1-125

LEW.1WR1
Specific pathologies or rare
MS variants
Predominance of cortical MOG-EAE LEW.1AR1 MOG 1-125
lesions
Devic's disease MOG-EAE BN MOG 1-125
ADEM MBP-EAE LEW MBPcp68-88,

MBPraT68-88

Table 10. Best suited rat model to investigate aspects of different MS types and MS variants

The MOG-EAE model in rats with the availability of various inbred and RT1 congenic
strains provides a very good and well defined system for assessment of pertinent questions
regarding MS disease biology and therapeutic interventions.
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1. Introduction

Multiple sclerosis (MS) is one of the most difficult to diagnose neurological diseases because
its clinical manifestations are highly variable and the disease course also shows
unpredictable individual patterns. We are far from understanding the complexities that
underlie this variability, but certain patterns clearly emerge. First, it has become clear that
different genetic backgrounds will lead to different manifestations of an autoimmune T cell
attack on the central nervous system (CNS) (Hoppenbrouwers and Hintzen, 2010). It is also
clear that differences in the CNS antigen-specificity of the T cell response can result in a
differential involvement of anatomical regions of the CNS (Berger et al., 1997; Kuerten et al.,
2007). Differences in lesion localization are a typical feature of MS, termed dissemination in
space, and are likely to cause heterogeneity in clinical symptoms. There is evidence for the
prevalence of either T cell-/macrophage- or antibody-/complement-mediated CNS
demyelination versus a primary oligodendrogliopathy in MS patients (Lucchinetti et al.,
2000). While the patterns of demyelination remain the same in individual patients over time,
heterogeneity is evident when comparing different patients (Lucchinetti et al., 2000). In
addition to these rather defined parameters of CNS histopathology (termed “pattern I-IV”
by Lucchinetti et al., 2000) there are dynamic elements of the inflammatory cascade that can
result in interindividual variations of disease progression. Among these are the extent of
antigen determinant spreading (Lehmann et al., 1992; McRae et al., 1995), the prevalence of
antigens in different CNS regions to which the spreading occurs (Targoni et al., 2001) as well
as the rate at which regulatory or compensatory reactions of the immune system surface to
counterregulate the damage of the target organ (Kasper et al., 2007).

Due to the impossibility of obtaining CNS tissue samples from individual patients
repeatedly over time, studies as to the pathogenesis of the human disease need to rely on
suitable animal models. To study pathologic features of MS three main animal models are
used: disease induction by toxic agents, viral models, and finally different types of
experimental autoimmune encephalomyelitis (EAE). Toxic agents like the copper chelator
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cuprizone cause demyelination in the relative absence of inflammation or axonal damage.
Lesions induced in the cuprizone model typically resemble primary oligodendrocyte
dystrophy in MS patients, while lacking the characteristic T cell infiltrate. The cuprizone
model has no autoimmune component. Still, it is well-suited to investigate principle features
of de- and remyelination in the CNS (Kipp et al., 2009). Intracerebral inoculation of Theiler’s
murine encephalomyelitis virus (TMEV) is used to investigate how viral infections can
induce CNS autoimmunity. After an early, subtle disease period, susceptible mouse strains
develop brain and spinal cord inflammation, demyelination and axonal damage. The clinical
course resembles that of chronic, progressive MS (Tsunoda et al., 2010). However, EAE
remains the most intensively studied animal model of MS.

2. Experimental Autoimmune Encephalitis (EAE)

EAE was introduced by Thomas Rivers and his colleagues in the early 1930s (van Epps,
2005). Since then, it has been subject to elaborate studies (reviewed in Goverman and Brabb,
1996; Steinman, 1999; Hemmer et al., 2002). Animals studied initially included guinea pigs
and rats, in particular the Lewis rat, but later also involved marmoset monkeys and mice -
the latter being the dominant model organisms used nowadays (Gold et al., 2006). EAE can
either be induced by active immunization with CNS antigens in adjuvant (active EAE) or by
the passive transfer of encephalitogenic T cells (adoptive/passive EAE). In addition,
spontaneous EAE models relying on transgenic animals exist (Fig. 1).
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Fig. 1. The interplay between genetic background, disease triggering antigen and the mode
of disease induction results in differences in EAE outcome.

Originally, whole spinal cord homogenate (SCH) (Einstein et al., 1962; Bernard & Carnegie,
1975; van Epps, 2005) was used for disease induction, before specific target antigens were
defined. Early efforts to characterize the encephalitogenic antigen in SCH identified myelin
basic protein (MBP) (Einstein et al. 1962; Martenson et al., 1970; Hashim et al., 1975)
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comprising approximately 30 - 40% of the proteins in the myelin sheath. H-2u mice, in
particular the B10.PL and PL/]J strains are highly susceptible to MBP- or MBP peptide-
induced EAE (Fritz et al.,, 1983 and 1985), while most common mouse strains, including
C57BL/6 (B6) mice are resistant to MBP-induced disease (Bernard, 1976; Fritz and Zhao,
1996; Gasser et al., 1990; Skundric et al., 1994). The in-depth characterization of the B10.PL
and PL/] model revealed highly restricted T cell responses to MBP involving a single
immune dominant determinant and a limited usage of T cell receptor (TCR) chains (Zamvil
et al., 1988; Urban et al., 1988; Kumar and Sercarz, 1994; Radu et al., 2000). Since similar
findings were made in the Lewis rat (Burns et al., 1989), hopes emerged that such features
could also apply to MS, providing therapeutic possibilities. These perspectives faded as
diverse T cell repertoires were found in the proteolipid protein (PLP):139-151-induced EAE
of SJL mice (Kuchroo et al,, 1992) and after realizing that autoimmune T cell repertoires
undergo determinant spreading (Lehmann et al., 1992; McRae et al., 1995; Jansson et al.,
1995; Yu et al., 1996; Tuohy et al., 1999). Recent studies of antigen-specific autoantibodies in
EAE have also provided for the diversification of the autoimmune response (Stefferl et al.,
2000; Cross et al., 2001). PLP constitutes approximately 50% of the myelin proteins. As with
MBP-induced EAE, only few strains were found to be susceptible to PLP-induced EAE.
C57BL/6 mice were reported to be resistant (Tuohy, 1993; Mendel et al., 1995; Fritz and
Zhao, 1996; Klein et al., 2000). The search for additional encephalitogenic antigens identified
myelin oligodendrocyte glycoprotein (MOG) (Lebar et al., 1986; Mendel et al., 1995 and
1996; Schmidt, 1999), myelin associated glycoprotein (MAG) (Schmidt, 1999; Morris-Downes
et al., 2002; Weerth et al., 1999), myelin oligodendrocyte basic protein (MOBP) (Schmidt,
1999; Holz et al., 2000; de Rosbo et al., 2004), oligodendrocyte-specific glycoprotein (OSP)
(Morris-Downes, 2002), 2',3’-cyclic nucleotide 3" phosphodiesterase (CNPase) (Schmidt,
1999; Morris-Downes et al., 2002), B-synuclein (Mor et al., 2003) as well as 51008, which is
not only expressed on astrocytes, but also in many other tissues including the eye, thymus,
spleen and lymph nodes (Kojima et al., 1997; Schmidt, 1999).

Each combination of antigen with the respective susceptible strain and also considering the
mode/ protocol of disease induction results in a characteristic form of EAE (Goverman &
Brabb, 1996; Steinman, 1999; Schmidt, 1999) (Fig. 1). The different EAE models show
fundamental differences, however. For example, the MBP-induced disease in B10.PL and
PL/]J mice is monophasic: the mice completely recover after a single episode of short acute
disease and become resistant to re-induction of EAE (Waxman et al., 1980). PLP peptide 139-
151-induced EAE in SJL mice is remitting-relapsing (Hofstetter et al., 2002), while the
disease elicited by MOG:35-55 in C57BL/6 mice is chronic (Eugster et al., 1999). In addition,
the different EAE models involve differences in CNS histopathology and the role of antigen-
specific antibodies, which will be described in detail below.

There have been extensive discussions regarding which antigen/strain combination
provides the “best” EAE model for MS. The prevalent view is that none of them
individually, but all of them jointly are best (Schmidt, 1999; van Epps, 2005; Hafler et al.,
2005). MS does not seem to be a single disease entity, but rather involves a profound
heterogeneity. As Vijay Kuchroo (Harvard University) once pointed out “each EAE model
recapitulates a small piece of the human disease”, thus facilitating the analysis of each single
step disrupting immune competence leading finally to a severe autoimmune disease (van
Epps, 2005; Steinman and Zamvil, 2006). EAE is an appropriate model for studies of basic
mechanisms that underlie autoimmune pathology because, unlike in spontaneous
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autoimmune diseases, the autoantigen, the time point and the site of the ensuing
autoimmune response is known, and the type of cytokine differentiation of the induced T
cells can be directed (Forsthuber et al., 1996; Yip et al., 1999). Being able to control the above
parameters as well as the ability to monitor the autoantigen-specific T cells in the course of
the disease renders EAE suitable for studies aiming at defining the mechanisms of
therapeutic interventions. Genetically-manipulated mice have been and will continue to
gain increasing importance for such studies.

Traditionally, mechanistic studies have relied on the use of antibodies and on complex
manipulations of mice. However, such treatments that can be applied to essentially any EAE
model, do not necessarily permit unambiguous conclusions. For example, when a cell
surface marker-specific antibody is injected to study the role of that molecule in EAE, the
antibody might have a clinical effect on the disease, but it could be due to a multitude of
mechanisms. The antibody could deplete the marker positive cells via the activation of
complement, antibody-dependent cell-mediated cytotoxicity (ADCC) or apoptosis
(Cebecauer et al., 2005), which in turn may be associated with a varying degree of
inflammation causing unaccounted effects. Alternatively (or in addition) antibodies can
inactivate or activate the marker positive cells, with variable bystander cell involvement.
When antibodies are injected to study the role of a cytokine, the clinical effect seen can result
from the neutralization of the cytokine, or on the contrary, from the prolongation of the half-
life of that cytokine. For such reasons, the use of antibodies for mechanistic studies has
frequently resulted in contradictory, inconclusive data (Dittmer and Hasenkrug, 1999;
Silvera et al., 2001). The use of genetically-targeted mice, along with adoptive transfers of
cells that express/do not express molecules of interest is increasingly becoming
indispensable for mechanism-oriented studies, and the more this “tool box” expands the
more powerful it will become. Most gene knock-out/knock-in mice have been generated on
the 129 (H-2b) background and backcrossed to H-2 congenic C57BL/6 mice. Instead of
having to move each new member of this ever expanding “toolbox” to the background of
each EAE susceptible strain, it is much more effective to be able to study EAE in C57BL/6
mice. This is why MOG:35-55-induced EAE in C57BL/6 mice is increasingly becoming
essential for mechanism-oriented studies - and why at the same time it is problematic to
rely on this single EAE model for MS. To this end, we set out to establish and characterize
additional EAE models for C57BL/6 mice. PLP protein-induced EAE has not been
extensively studied; unlike the hydrophilic MBP molecule, PLP is highly hydrophobic and
thus as a protein very difficult to utilize (Tuohy, 1993). PLP as an antigen for EAE induction
established itself only after the encephalitogenic PLP peptide 139-151 had been identified for
SJL mice (Kuchroo et al., 1992; Lehmann et al., 1992). Only recently, PLP peptide 178-191-
elicited disease in C57BL/6 mice has been introduced (Tompkins et al., 2002), but this model
still awaits thorough characterization. Encompassing most potential determinants of the two
major myelin antigens, MBP and PLP, the MP4 fusion protein was generated as a drug
candidate for MS (Elliott et al., 1996). MP4 contains the three hydrophilic loops of PLP
(domains I, IT and III; Fig. 2A), while the four hydrophobic transmembrane sequences have
been excised. These hydrophilic domains constitute APLP4 that has been linked to the 21.5
kD isoform of human MBP (Fig. 2B).

In SJL mice it has been shown that, when given under tolerogenic conditions, MP4 can
prevent and revert EAE induced by MBP- and PLP-specific T cells (Elliot et al., 1996). It has
also been shown that MP4 can induce EAE in SJL/] mice, and in another report (Jordan et
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al., 1999) MP4 was found to be encephalitogenic in marmoset monkeys. Our studies later
demonstrated that MP4 was also capable of inducing EAE in C57BL/6 mice, thus
introducing a much needed alternative to the MOG:35-55 and PLP:178-191 peptide model
(Kuerten et al., 2006). Overall, there are few systematic studies as to whether different EAE
models can reproduce distinct features of MS histopathology. One typical problem is that -
as mentioned above - the induction of EAE requires the specific combination of genetic
strain and CNS antigen. Yet, it is difficult to compare results obtained in different models
since it is unclear, which outcome can be ascribed to the antigen and which one depends on
the genetic background (Kuerten et al., 2009). It is therefore crucial to modify only one
variable at a time, that is either the antigen or the genetic background. With the introduction
of the MP4 model on the C57BL/6 background, the spectrum of models on this background
covered all main antigens known from MS pathology: MOG, MBP and PLP. In addition, this
background offers the possibility of performing genetic modifications, facilitating
mechanistic studies.

In the following the characteristic histopathological features of MOG:35-55-, MP4- and
PLP:178-191-induced EAE on the C57BL/6 background will be discussed and critically
evaluated in the context of MS pathology considering the three hallmarks of MS pathology
inflammation, demyelination and axonal damage.
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Fig. 2. The molecular structure of the MBP-PLP fusion protein MP4. (A) Structure of PLP.
PLP is a transmembrane protein that consists of two extracellular (I and III) and an
intracellular (II) hydrophilic domain, and four hydrophobic transmembrane sequences. (B)
Structure of MP4. The three hydrophilic PLP domains have been fused to create APLP4,
which has been linked to the 21.5 kD isoform of human MBP.
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3. Studies on the CNS histopathology of EAE and its correlation with clinical
and immunological parameters

3.1 The CNS lesion topography and composition depends on the antigen used for
immunization in models of C57BL/6 EAE

Inflammation is a feature of MS pathology that can essentially be reproduced in any EAE
model. In principle, pathology is initiated when autoreactive T cells enter the CNS. Before,
these cells need to be primed in the secondary lymphoid organs. In MOG:35-55- and PLP:178-
191-induced EAE the antigen used for immunization is a single peptide and the autoreactive T
cell response is directed against this peptide, while determinant spreading does not occur,
which could include further determinants into the autoimmune response. The MP4 model, in
contrast, is characterized by a multideterminant-specific CD4* T cell response and we have
shown that there is no single dominant determinant being recognized in mice immunized with
MP4 (Kuerten et al, 2006). Rather, the response seems to randomly target different
determinants of the MP4 protein with interindividual variation in individual mice. The
advantage of multideterminant specificity in the MP4 model resides in the fact that it may be
used to better mirror the heterogeneity of the T cell response present in MS patients. It has
been shown that there is not a single determinant targeted by the autoimmune response in MS.
Differences do not only exist between individual patients, but also develop as disease
progresses, since new determinants can be engaged into the immune response through
determinant spreading (Tuohy et al., 1998). In patients this is a random process, which is
highly unpredictable and can at least in part account for the kinetics of disease progression.

We assume that differences in the peripheral antigen-specific response have major
implications on the subsequent CNS histopathology. In all models that we analyzed,
infiltration of the cerebrum with focus on the meninges close to the hippocampal region
occurred already in acute disease. In addition, in MP4- and PLP peptide-induced EAE
inflammation of the spinal cord meninges was evident, while in the MOG peptide model
inflammation extended into the parenchyma. Cerebellar infiltration was absent in the
former two models, but pronounced in the latter in the acute stage of the disease. In chronic
EAE (50 days after immunization), lesion distribution shifted towards the spinal cord and
cerebellar parenchyma in the MP4 model, while it decreased remarkably in the cerebrum. In
MOG peptide- and PLP peptide-induced EAE the lesion topography was comparable to the
acute stage. Overall, CNS inflammation was time-dependent and dynamic only in the MP4
model, shifting from the cerebrum to the spinal cord and finally involving the cerebellum,
thus allows the staging of the disease (Kuerten et al., 2007). MS is characterized by lesion
dissemination in time and space, for which the MP4 EAE could serve as a valuable model. In
contrast, the PLP and MOG model showed rather static inflammatory patterns that
remained unchanged throughout the disease.

Next to differences in lesion topography we found differences in the cellular composition of
CNS lesions. In particular, these differences pertained to the numbers of CNS infiltrating B
cells.

3.2 The development of tertiary lymphoid organs (TLOs) in MP4-induced EAE of
C57BL/6 mice

Studying the MP4, MOG peptide and PLP peptide model systematically early and late after
immunization, we found that B cell infiltration was a common feature of the MP4 model,
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while in MOG peptide- and PLP peptide-induced disease B cells were scarce within the
infiltrates (Kuerten et al., 2008). Moreover, it was striking that in MP4-induced disease B
cells showed clustering, while in the other models they were scattered throughout the
lesions (Fig. 3).

MOGp

Fig. 3. Presence of CNS B cell aggregates in the MPP4 model. C57BL/6 mice were immunized
with 150 pg MP4 or 100 ng MOG peptide 35-55 (MOGp) in complete Freund’s adjuvant
(CFA). Pertussis toxin was given at 200 ng per mouse on the day of immunization and 48 h
later. 35 days after disease onset mice were sacrificed, the CNS was removed and snap-
frozen in liquid nitrogen. Seven pm thick cryostat sections were obtained from cerebrum,
cerebellum and spinal cord and stained for the presence of B cells using B220 antibody.
Representative cerebellar parenchymal infiltrate from a (A) MP4-immunized and a (B) MOG
peptide 35-55-immunized mouse. Images are at 400x magnification and representative for 58
mice tested in at least eight independent experiments (Kuerten et al., 2008).

The presence of B cell aggregates could be indicative of the formation of ectopic foci of
lymphoid tissue - termed tertiary lymphoid organs (TLOs) - in the MP4 model. Lymphoid
organization of inflamed tissue can occur in the setting of chronic inflammation and is
mainly directed by the expression of lymphotoxin (LToufp2) by activated B and T cells that
interacts with the lymphotoxin- receptor on stromal organizer cells (Aloisi & Pujol-Borrell,
2006). The structure of TLOs has been reported to be variable (Drayton et al., 2006) and there
has been controversy as to the exact definition of a TLO. Overall, TLOs are thought to
resemble lymph nodes (Aloisi & Pujol-Borrell, 2006; Deteix et al., 2010). Major features of
TLOs include T cell/B cell compartmentalization, the presence of high endothelial venules
(HEVs) that allow naive B and T cells to enter the tissue as well as the expression of
lymphoid chemokines such as CXCL13, CCL12, CCL19 and CCL21. In addition, follicular
dendritic cell (FDC) networks have been associated with TLO formation and occasionally
germinal centers have been found. The presence of germinal centers in TLOs points to the
fact that these structures are not solely epiphenomena that emerge in chronic inflammation,
but that these organs can be functional and may influence disease progression in the setting
of autoimmunity, for example by the production of high-affinity autoantibodies and by the
facilitation of determinant spreading (Stott et al., 1998; Armengol et al., 2001; Sims et al.,
2001). Somatic hypermutation, affinity maturation, immunoglobulin class switching and B
cell receptor revision are all processes that take place in secondary lymphoid organs (SLOs)
and there is increasing evidence that they can also occur in TLOs, probably contributing to
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the exacerbation of the chronic inflammatory state and also to the detachment from the
immune response generated in SLOs. The formation of TLOs has been found under a
variety of pathogenic circumstances including autoimmune diseases such as Sjogren’s
syndrome (Aziz et al., 1997; Salomonsson et al, 2003; Barone et al., 2005), autoimmune
thyreoiditis (Armengol et al., 2001) and arthritis (Takemura et al., 2001; Shi et al., 2001),
infectious diseases (Murakami et al., 1999; Mazzucchelli et al., 1999), tumors (Coronella et
al., 2002; Nzula et al., 2003) and transplantation (Baddoura et al., 2005). In MS B cell
aggregates have been identified in the meninges of patients with secondary-progressive MS
(SP-MS). Owing to the expression of CXCL13, the presence of FDCs, proliferation (indicative
of germinal center formation) and plasma cells these aggregates have been described to be
ectopic B cell follicles (Serafini et al., 2004; Magliozzi et al., 2007). The presence of ectopic B
cell follicles has been linked to a younger age at disease onset, irreversible disability and
death in addition to more pronounced demyelination, microglia activation and loss of
neurites in the cerebral cortex (Magliozzi et al., 2007). In a follow-up study, Serafini et al.
provided evidence for an association between B cell follicle formation in the CNS and latent
Epstein-Barr virus (EBV) infection, which they suggested to contribute to B cell
dysregulation (Serafini et al., 2010). These data have important implications for the disease
pathogenesis since they propose a histopathological correlate for sustained disease and its
chronification as well as they strongly support the viral hypothesis of MS. However, it
should be noted that other researchers failed not only to detect meningeal B cell follicles and
an association between meningeal inflammation and cortical demyelination, but also the
presence of EBV-infected cells in the CNS of MS patients (Kooi et al., 2009; Willis et al., 2009;
Perferoen et al, 2010). The debate about the actual presence and relevance of B cell
follicles/ ectopic lymphoid tissue in MS has not yet been resolved.

Since research involving tissue from MS patients is restricted and problems emerge when it
comes to defining the exact onset and further course of the disease, studies in EAE could
help clarify the controversy about B cell follicles in the disease process. In EAE, disease
onset and progression are clearly defined, which facilitates the correlation of ectopic
lymphoid tissue development and clinical outcome. Yet, most traditional EAE models are
independent of B cells. Among these models are (as mentioned above) the traditional MOG
peptide 35-55- and PLP peptide 178-191-induced EAE in C57BL/6 mice and the PLP peptide
139-151-elicited disease in the SJL/]J strain. Only the human MOG (Oliver et al., 2003) and a
transgenic SJL model (Pollinger et al., 2009) have been shown to comprise a pathogenic B
cell response, but have so far not proven to be helpful when it came to studying lymphoid
tissue formation in the CNS. Ongoing studies in our laboratory are currently dealing with a
thorough analysis of the B cell aggregates found in the CNS of MP4-immunized mice. We
have obtained first evidence that these aggregates indeed take over characteristics of TLOs
including B cell and T cell compartmentalization (Fig. 4).

In addition to B cell/T cell compartmentalization, CNS B cell aggregates in MP4-induced
EAE showed further characteristic features of TLO formation including the presence of
HEVs, FDCs and chemokine expression (Fig. 5).

Having established that MP4 immunization induces TLO formation in C57BL/6 mice,
specific questions addressed in future studies will be concerned with the topography and
kinetics of TLO formation in MP4-induced EAE, the correlation with the clinical disease
outcome and cortical pathology. In addition, we aim at elucidating whether TLOs in MP4-
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Fig. 4. Presence of B cell/T cell compartmentalization within a CNS B cell aggregate in MP4-
induced EAE. C57BL/6 mice were immunized with 150 pg MP4 in CFA. Pertussis toxin was
given at 200 ng per mouse on the day of immunization and 48 h later. 52 days after disease
onset mice were sacrificed, the CNS was removed and snap-frozen in liquid nitrogen. Seven
pm thick cryostat sections were obtained from the cerebrum, cerebellum and spinal cord
and stained for the presence of B cells (A) and CD4+ T cells (B). A representative infiltrate in
the cerebral meninges is shown. Images are at 400x magnification and representative for a
total of 24 mice tested in six independent experiments (Kuerten et al., 2011c).
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Fig. 5. Characteristics of CNS TLO formation in MP4-induced EAE. C57BL/6 mice were
immunized with 150 pg MP4 in CFA. Pertussis toxin was given at 200 ng per mouse on the
day of immunization and 48 h later. 35 days after disease onset mice were sacrificed, the
CNS tissue was removed and snap-frozen in liquid nitrogen. Seven um thick cryostat
sections were obtained from cerebrum, cerebellum and spinal cord and stained for the
presence of B cells (A,B), FDCs (C), CCL19 (D), CXCL13 (E) and PNAd expressed in HEVs
(F). A representative cerebellar parenchymal infiltrate from a MP4-immunized is shown. (A)
is at 100x, (B) at 200x and (C-F) are at 630x magnification. The images are representative for
a total of 24 mice tested in six independent experiments (Kuerten et al., 2011c).
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induced EAE are functional - here our focus will be laid onto the role of TLOs for
determinant spreading of the T cell and B cell response. Determinant spreading can
substantially contribute to the chronification and diversification of the immune response in
autoimmune disease (Lehmann et al., 1992; McRae et al., 1995; Tuohy et al., 1998). Revealing
TLOs as structures responsible for determinant spreading will underline the importance of
studies that evaluate TLOs as therapeutic targets. The therapeutic disruption of TLO
formation could be a potential means to slow down or ideally prevent disease progression
in multiple sclerosis and other autoimmune disorders.

3.3 The immunopathology of MP4-induced EAE is autoantibody-dependent

We have shown that the involvement of B cells in the MP4 model is not restricted to the
infiltration of these cells into the CNS and the formation of TLOs, but that it additionally
includes the production of antibodies by autoreactive B cells. Antibodies have been noted in
a variety of EAE models, directed against MOG, MBP and PLP (Sadler et al., 1991; Lyons et
al., 2002). However, the presence of antibodies in the serum of immunized mice does not
directly imply their pathogenicity. Among others, antibodies directed against MOG peptide
35-55 or rat MOG protein have been shown to be non-pathogenic (Oliver et al., 2003; Marta
et al., 2005), while antibodies against human MOG protein have been associated with
demyelination (Lyons et al., 2002; Oliver et al., 2003). Immunization with MP4 clearly
triggered the production of MP4-specific antibodies (Kuerten et al., 2011a). Antibodies
reactive to MP4 were evident as early as 15 days after immunization. The MP4-specific
antibody response reached a plateau around day 50 after immunization. The MP4-specific
antibodies were of the IgG1 and IgG2a isotype, with IgG1 apparently prevailing, but the
difference did not reach statistical significance. In addition, these MP4-specific antibodies
proved to be myelin-reactive. C57BL/6 mice were immunized with PBS in CFA or MP4 in
CFA, and B cell-deficient uMT mice were immunized with MP4. On day 40 after
immunization mice were bled and serum was isolated. Consecutively, frozen longitudinal
spinal cord sections obtained from naive untreated C57BL/6 wild-type mice were incubated
with the serum to evaluate myelin reactivity. Staining of the myelin sheath was only evident
when incubating spinal cord sections with serum obtained from MP4-immunized wild-type
C57BL/6 mice, while staining was absent when using control serum from PBS/CFA-
immunized or MP4-immunized pMT mice. In the following, we demonstrated that these
myelin-reactive antibodies, however, were not able to mediate pathology on their own.
When immunized with MP4, the two congenic B cell-deficient mouse strains uMT and JuT
did not develop EAE, emphasizing the role of B cells in the MP4 model (Kuerten et al.,
2011a). Transfer of MP4-reactive serum into B cell-deficient mice did not revert this
resistance. The permeabilization of the blood-brain barrier (BBB) by injection of pertussis
toxin in parallel to the serum transfer did not result in clinically and/or histologically
evident EAE either. Merely the additional immunization of B cell-deficient mice with MP4
restored disease to the level of the wild-type mice. In this set of experiments, the serum
transfer protocol as established by Lyons et al., 2002 was used. MP4-reactive serum was
isolated from C57BL/6 donor mice on days 30, 50, 70 and 90 after immunization. MP4
reactivity was tested by ELISA and myelin binding capacity by incubating spinal cord tissue
from naive untreated C57BL/6 mice with each particular serum batch. Only serum that
tested positive in both ELISA and immunohistochemistry was used for subsequent transfer.
Serum was transferred four times, that is on days 0, 4, 8 and 12 adding up to a total of 600 ul
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of serum transferred into each recipient mouse (150 pl of serum were transferred on each
time point, diluted to a total of 500 pl injection volume in sterile PBS).

The mechanism by which MBP/PLP-specific antibodies assert the EAE sensitizing effect in
MP4-immunized mice is unclear. We have shown that MP4-induced antibodies stain myelin
on tissue sections. Because the sections go through the myelin sheath, such staining,
however, does not permit the distinction between intra- or extracellular binding of the
antibodies. When studying CNS sections of mice undergoing EAE antibody depositions
were seen in lesions only, while being absent in parts of the CNS, in which cellular
infiltration and tissue damage was not evident. This finding supports the hypothesis that
autoantibodies can assert local effects only in synergy with T cell-induced inflammation,
which disrupts the blood-brain barrier (BBB) and also permits complement components to
enter. Fig. 6 shows colocalization of demyelination, antibody and complement depositions
in a spinal cord lesion induced by immunization with MP4. The data point to the
involvement of the complement system in the MP4 model.

Fig. 6. Colocalization of demyelination and antibody/complement depositions in CNS
lesions of MP4-immunized mice. C57BL/6 mice were immunized with 150 pg MP4 in CFA.
Pertussis toxin was given at 200 ng per mouse on the day of immunization and 48 hours
later. Mice were sacrificed on day 35 after immunization, the spinal cord was removed and 7
pm cryostat sections were obtained. The tissue was stained for the deposition of C5b-9 (the
membrane attack complex MAC) (A) and IgG (B) in colocalization with demyelination (C).
Results are representative for a total of n = 6 mice analyzed in two independent
experiments. Images are at 100x magnification and refer to a mouse with a clinical score of
2.5 (Kuerten et al., 2011d).

While PLP may be the primary target of the autoimmune response due to its extracellular
domains, MBP might be involved in later disease stages once myelin breakdown has
occurred. It will be of interest to evaluate the relevance of various myelin antigens in
different disease stages. To this end, future studies will require working with individual
domains of MP4. In addition, the generation of monoclonal antibodies against individual
domains of PLP and the MBP molecule will be needed to further dissect the fine-specificity
of MP4-specific antibody action.

3.4 Demyelination, axonal damage and gray matter pathology in C57BL/6 EAE

Inflammation is known to be the characteristic attribute of the acute stages of the disease.
However, differences have been observed when comparing different EAE models. In MOG
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peptide 35-55 and PLP peptide 178-191 EAE of C57BL/6 mice three months after
immunization only few disseminated infiltrating cells, in particular CD4* T cells and
macrophages, were present in the tissue. In the MP4 model, inflammation was more
sustained: while inflammatory foci decreased over time in spinal cord and cerebrum,
cerebellar infiltration was a prevalent feature of chronic EAE three months after
immunization. Besides inflammation, demyelination and axonal damage are considered to
be hallmark features of MS and therefore also need to be addressed in studies of the animal
model. In our follow-up study we investigated the degree of demyelination, axonal damage
and motor neuron pathology in MP4-, MOG peptide and PLP peptide-induced EAE of
C57BL/6 mice. We demonstrated that major differences between the three models resided in
(i) the region-/tract-specificity and disseminated nature of spinal cord degeneration, (ii) the
involvement of motor neurons in the disease and (iii) the extent and kinetics of
demyelination.

Not many studies have dealt with a systematic investigation of the differential involvement
of spinal cord fiber tracts in EAE. The murine spinal cord can be subdivided into three main
fiber tract systems - the anterolateral tract (that carries on pain, temperature and crude
touch sensation), the dorsal tract (that transmits fine touch sensation) and the pyramidal
tract (responsible for motor function). Most reports either do not provide information about
which tract has actually been analyzed, or reports focus on the anterolateral tract. However,
the clinical symptoms evident in the mice cannot solely be explained by anterolateral tract
pathology. Mice typically present with a floppy tail initially that advances into an ascending
paralysis as the disease progresses. To this end, any correlation between clinical deficits and
CNS histopathology also needs to involve studies of pyramidal tract and motor neuron
alterations.

Our data demonstrate that the anterolateral tract was affected in all mice in MOG peptide
35-55-, PLP peptide 178-191- and MP4-induced EAE and to a similar extent. The dorsal tract
showed more gradual pathology in acute EAE, but was targeted in 100% of mice in chronic
EAE. While a clinical assessment of sensory deficits in mice is hard to perform, our data
show that EAE is suitable to study the pathology of this neurological quality (Kuerten et al.,
2011b). Autoimmune encephalomyelitis has originally been believed to be a “white matter
disease”. However, reports exist that suggest additional pathologic changes in the gray
matter including loss and/or atrophy of motor neurons (Bannerman et al., 2005; Fisher et al.,
2008; Derfuss et al., 2009; Rudick & Trapp, 2009). In MS patients CNS gray matter has been
shown to be affected at multiple sites covering the basal ganglia, the hippocampus (Derfuss
et al., 2009), spinal cord and the cortex (Kidd et al., 1999; Bo et al., 2003; Wegner et al., 2003;
Kutzelnigg et al., 2005; Kutzelnigg et al., 2007). In addition, gray matter pathology has been
shown to reflect functional disability better than the extent of white matter plaque formation
(Wegner et al., 2003; Fisher et al., 2008). Consecutively, contactin-2 has been suggested as
gray matter target antigen for the autoimmune T cell response (Derfuss et al, 2009). Motor
neuron pathology as one aspect of gray matter disease has not been investigated extensively
yet. Vogt and colleagues (Vogt et al., 2009) were able to demonstrate that in MS patients
compound muscle action potential amplitudes and motor unit numbers were decreased
compared to controls subjects, which was indicative of lower motor neuron loss. The data
were confirmed by high-precision unbiased stereological quantification of spinal cord
neurons in post-mortem MS tissue. In this material, T cells secreting TNF-related apoptosis
inducing ligand TRAIL were found in close vicinity to apoptotic neurons (Vogt et al., 2009).



Studies on the CNS Histopathology of EAE and
Its Correlation with Clinical and Immunological Parameters 33

Studies as to whether gray matter pathology is a characteristic feature of different EAE
models are scarce. Bannerman et al. (2005) have reported motor neuron atrophy in MOG
peptide 35-55-induced EAE of C57BL/6 mice by staining of hypophosphorylated
neurofilament H with SMI-32 antibody. In our study we extended the analysis of
neurofilament H phosphorylation patterns to also include PLP peptide- and MP4-induced
EAE. The data show that in PLP peptide-induced EAE the motor neuron phenotype did not
show any signs of atrophy, while in the MP4 and MOG peptide model significant alterations
were evident.

We agree with findings presented by Bannerman et al. (2005) in the context of MOG:35-55-
induced EAE suggesting motor neuron atrophy evidenced by significantly diminished SMI-
32 reactivity. In addition, this group reported that such abnormalities were much less
prominent by 14 weeks post immunization. We followed up on spinal cord pathology for
about 12 weeks. We share the regression of motor neuron phenotype alterations in MOG
peptide-induced EAE and we delineate that in the MP4 model motor neuron pathology
seems to be more persistent (similar to the chronic demyelination and axonal damage in this
model) (Kuerten et al., 2011b).

Loss of spinal cord motor neurons has been reported in MBP-induced EAE of Lewis rats
(Smith et al., 2000). In MOG peptide 35-55-induced EAE of C57BL/6 motor neuron loss has
not been noted (Bannerman et al., 2005). On the one hand, no TdT-mediated dUTP-biotin
nick end labeling (TUNEL) positive neurons were observed in any of the mice analyzed on
days 14, 21 or 98 post immunization (Bannerman et al., 2005). On the other hand, there was
also no difference in the densities of motor neurons counted in cross sections of L5,L6 spinal
cords in MOG peptide-EAE and CFA control mice on day 98 after immunization. Finally,
the analysis of L5,6-innervated skeletal muscles did not show any muscle atrophy,
angulated skeletal muscle fibers no fiber type-specific grouping in MOG peptide-
immunized animals on day 98 after immunization, indicating that these muscle fibers were
neither denervated nor reinnervated by axonal collateral sprouting (Bannerman et al., 2005).
We also performed analysis of apoptosis in motor neurons in MOG peptide 35-55-, PLP
peptide 178-191- and MP4-induced EAE staining for TUNEL or caspase 3. In accordance
with Bannerman et al., 2005 we did not observe motor neuron apoptosis in the three models
(unpublished data). The cause of the alteration of the motor neuron perikaryal
phosphorylation in the MOG peptide and MP4 model remains to be elucidated. Previous
studies have shown that increased phosphorylation of neuronal neurofilament H can be
induced by an increase in the extracellular concentration of glutamate (Ackerley et al., 2000).
Glutamate excitoxicity is believed to play an important pathogenic role in EAE and MS
(Hardin-Pouzet et al., 1997; Matute et al., 2001; Werner et al., 2001) and could also be of
importance for causing neuronal damage. Future studies clearly need to address the
mechanisms underlying motor neuron alterations in EAE and possibly also MS. To further
assess alterations in the motor neuron phenotype we are currently conducting
ultrastructural analysis using electron microscopy. Our preliminary data show that in
addition to changes in the neurofilament H phosphorylation patterns, motor neuron
pathology can include nuclear membrane dissolution, vacuolization of the cytoplasm and a
decrease in synaptic densities (Fig. 7). Only mild motor neuron degeneration was evident in
MOG:35-55-immunized mice, characterized by an increased number of intracytoplasmic
vacuoles and slight nuclear changes that encompassed an irregular undulation of the
nuclear membrane. MP4-induced EAE in contrast led to more severe nuclear membrane
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Fig. 7. MP4-induced EAE displays severe motor neuron pathology. C57BL/6 mice were
immunized with 150 pg MP4 or 100 pg MOG:35-55 in CFA. Pertussis toxin was given at 200
ng per mouse on the day of immunization and 48 hours later. (A) Motor neuron pathology
was assessed using a semi-quantitative scoring system, which considered the overall degree
of motor neuron degeneration, the occurrence of intracytoplasmic vacuoles (B-D), rough ER
(E-G) and nuclear changes (H-]) as well as the number of synapses per mm. Stars in panels
(F) and (G) designate vacuoles, the arrows in panels (I) and (J) indicate the nuclear
membrane. All images are at 12.000x magnification. The data refer to n = 6-8 mice tested in
each group and tested in at least three independent experiments. Data obtained from EAE
mice were compared to data from untreated control mice. Mild EAE encompassed the
clinical scores 0.5-2, severe EAE referred to clinical scores > 2. The mean clinical score in the
MOG peptide and MP4 group was similar both in mild and severe EAE, respectively
(1.40 £ 0.22 versus 1.35 + 0.03 in mild MOG peptide versus MP4-induced EAE with p = 0.593
and 2.58 + 0.20 versus 2.66 * 0.28 in severe MOG peptide versus MP4-induced EAE with
p =0.582).
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defects up to complete nucleic resolution. The extent of rough endoplasmic reticulum (rER)
alterations and the number of synapses remained largely unchanged compared to the
control group. Only in severe MP4-induced EAE we noted beginning resolution of the rER.
The number of synapses per mm was decreased in both MOG:35-55- and MP4-induced EAE
compared to controls (Gruppe et al., 2011).

Besides motor neuron dysfunction, damage to the pyramidal tract can be responsible for the
development of motor deficits. What was intriguing to see was the fact that in our light
microscopic analysis of methylene blue-stained transverse spinal cord sections in the MP4
model almost exclusively motor neuron perikaryal disturbances were evident, while in the
MOG and PLP peptide model the pyramidal tract equally showed degeneration (Kuerten et
al., 2011b). The perikaryal disturbances were characterized by an increase in staining
intensity of the Nissl substance. These microscopically visible changes could be due to a
transient increase in Nissl substance due to a loss of trophic input as a consequence of EAE-
induced motor neuron dendritic pathology (Zhu et al., 2003; Bannerman et al., 2005).
Considering our ultrastructural data that showed a decrease of rough ER (and thus Nissl
substance) over time, it is - however - more likely to favour the alternative hypothesis that
the light microscopic picture is due to rough ER dissolution/fragmentation.

However, at this point it should be noted that a conclusive statement as to the pathologic
changes in individual fiber tracts cannot be made without further ultrastructural analysis.
Similar to our analysis of motor neuron pathology we are currently also conducting electron
microscopic studies of pyramidal tract pathology. Our data indicate that pyramidal tract
pathology also occurs in the MP4 model including demyelination and axonopathy, however
the extent of pyramidal tract pathology seems to be less severe compared to the MOG
peptide 35-55 model, which could explain the differences observed in our light microscopic
analysis.

Next to the differential targeting of spinal cord fiber tracts, another differential
histopathological feature applied to the extent and kinetics of demyelination in MP4-, MOG
peptide 35-55- and PLP peptide 178-191-induced EAE. Chronic demyelination in the MP4
model was opposed to only transient or absent myelin pathology in MOG peptide and PLP
peptide EAE. Considering these data in the context of what we have discussed above, the
MP4 and MOG peptide model could help reproduce distinct demyelinative patterns. MP4-
induced EAE may be a valuable tool for studying myelin pathology that relies on B
cells/autoantibodies and complement activation versus demyelination primarily caused by
T cells and macrophages in the MOG peptide model. In addition, the comparison of these
models to the non-demyelinating disease induced by PLP peptide 178-191 may give insight
into factors that actually initiate and maintain the myelin attack dependent on the antigen
that is the prime target. When evaluating the activity of the lesion by staining for major
histocompatibility (MHC) class II we noted the transition from active plaque regions with
high expression of MHC II to chronic still demyelinated, but “MHC II low” lesions in MP4-
induced EAE. The presence of highly inflammatory lesions later turning into chronic burnt-
out demyelination is a hallmark of MS (Trapp et al., 1996), which still needs further
investigation, for which the MP4 model may be a suitable tool.

Finally, besides all these differences in CNS histopathology, the analysis of the clinical
outcome of EAE induced by MP4, MOG peptide 35-55 and PLP peptide 178-191 showed
major similarities in the course and severity of the disease (Kuerten et al., 2007). While these
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similarities were clearly opposed to the differential patterns of demyelination and regional
spinal cord pathology that we have just discussed, we found the extent of axonal damage to
be highly comparable in the three models (Fig. 8). Therefore, in accordance with data
obtained in MS patients (Trapp et al., 1998), we propose axonal injury as the main structural-
morphological correlate causing irreversible functional deficits, but we acknowledge that
future studies on the ultrastructural level are still needed to support this notion.
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Fig. 8. Increasing axonal damage in the course of MP4-, MOG:35-55-, and PLP:178-191-
induced EAE. C57BL/6 mice were immunized with 150 png MP4, 100 ng MOG peptide 35-55
or 200 pg PLP peptide 178-191. Pertussis toxin was given at 200 ng per mouse on the day of
immunization and 48 h later. Longitudinal 7 um thick frozen spinal cord sections were
stained with SMI-32 antibody. Representative images are shown for spinal cord sections
from PBS/CFA control-immunized C57BL/6 mice (control) (A) and EAE tissue, here taken
from a MP4-immunized mouse three months after onset of the disease with a score of 2.5
(B). Panels (C-E) display the mean number of SMI-32 positive axonal segments per mm? +
SD in each model on the peak of acute EAE (approximately day 15 in the MPP4 model, day 20
in the MOG peptide 35-55 model and day 30 in PLP peptide EAE) and in the chronic stage
of EAE three months after immunization compared to control-immunized mice. The data
refer to n = 10 mice tested in each group in three independent experiments. All images are at
400x magnification. * p = 0.05, *** p < 0.001.

In conclusion, while all three models - MP4-, MOG 35-55- and PLP:178-191-induced EAE in
C57BL/6 mice - clinically display chronic disease with comparable severity and course, the
CNS histopathology underlying the functional clinical deficits can follow differential
patterns. Our data suggest the use of MP4-, MOG peptide 35-55- and PLP peptide 178-191-
induced EAE on the C57BL/6 background as a reasonable strategy for reproducing distinct
features of CNS pathology fuelling work towards a better understanding of MS diversity.
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4. Future implications

Eventually, our experimental approach is meant to go beyond the investigation whether
different EAE models can be reflective of different patterns of CNS pathology. A clinically
highly relevant question deals with the correlation between CNS histopathology and the
clinically evident outcome in each individual patient. While axonal damage is assumed to
cause irreversible deficits, due to the limited access to human CNS samples and the
impossibility of obtaining samples repeatedly over time there are few reports so far directly
analyzing in which way or how the degree of CNS pathology defines the clinical severity.
The kinetics of lesion development in patients have mostly been assessed by MRI (Inglese et
al., 2011; Sicotte et al., 2011). While this approach allows to establish a correlation between
overall lesion load and clinical disease severity, it does not provide information about the
mechanisms underlying lesion development. Even further, it would be clinically highly
relevant to investigate whether there is a correlation between CNS pathology and
peripherally measurable immunological parameters.

In an initial study we set out to analyze the correlation between the magnitude of the
interferon-y(IFN-y)/interleukin-17 (IL-17) antigen-specific response in the blood and the
clinical course of the disease in two independent EAE models: the remitting-relapsing PLP
peptide-induced EAE of SJL/] mice and the chronic disease of C57BL/6 mice immunized
with MOG peptide 35-55. To this end, we established an experimental technique that
worked with low amounts of blood, thereby permitting longitudinal and repeated testing of
mice. The technique we used relied on a double-color enzyme-linked immunospot
technique (ELISPOT)-based test system, for which as little as 150 ul of murine blood
sufficed. We then tested mice repeatedly over the time course of EAE to establish the
kinetics of the antigen-specific blood IFN-y and IL-17 T cell response in both the MOG
peptide 35-55/C57BL/6 and the PLP peptide 139-151/SJL model. In sum, the data delineate
that the dynamic course of EAE in the SJL/] model was closely reflected by dynamics in the
blood T cell compartment, while chronic EAE in the C57BL/6 model was mirrored by a
relatively stable antigen-specific T cell response (Kuerten et al., 2010).

As we learn more about the antigens that are actually targeted in MS, our approach may
serve as a valuable approach towards more efficient prognostic and diagnostic options in
patients. Despite remarkable scientific effort, MS has remained highly unpredictable and a
suitable biomarker for the disease has not been found (hallmark studies are summarized in
Galboiz & Miller 2002; Rinaldi & Gallo, 2005 and Reindl et al., 2006). To date, there is no
possibility of determining whether a patient presenting with clinically-isolated syndrome
(CIS) or radiologically-isolated syndrome (RIS) will develop definite MS. There is also no
possibility of predicting the course of disease in MS patients, and in particular whether and
when a patient in clinical remission will develop a relapse. In addition, it is assumed that
several subpopulations of MS exist, and the contribution of CNS antigen- and in particular
myelin-reactive B and T cells differs in these subpopulations. While in a majority of patients
autoreactive T cells are detectable in CNS demyelinative lesions, there are also
subpopulations of patients, in which a primary oligodendrogliopathy is evident. This
difference in response is likely to result from differences in immune pathogenesis
underlying the disease. So far, there are also no methods available that permit the prediction
of treatment responsiveness in MS patients.
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In an ongoing study in collaboration with the Department of Neurology, University
Hospitals of Cologne, we perform measurements of CNS antigen/myelin-specific T and B
cells in the blood after in vitro stimulation of these T cells with CNS/myelin antigen. It is our
aim to determine whether such measurements can permit the prediction of: (a) whether a
patient with CIS or RIS is likely to transit into definite MS, (b) whether a patient with MS is
likely to show disease relapse in the near future, and/or (c) whether a patient with CIS, RIS
or MS is likely to respond to/benefit from immune modulatory treatment.

While our data imply that there is indeed a correlation between blood cytokine responses
and the clinical course of EAE, they leave open the question if and how the CNS cytokine
response is linked to this correlation. It is tempting to speculate that the magnitude of the
blood cytokine response defines the magnitude of the CNS cytokine response. On the one
hand, it is conceivable that the more antigen-specific cells are present in the blood the more
enter the CNS. On the other hand, it is equally possible that the more cells are present in the
CNS, the less cells will be found in the blood. In addition, it needs to be defined if the
magnitude of the IFN-y/IL-17 response in the blood and/or the CNS itself is related to the
degree of histopathology and if this finally defines the clinical outcome of the disease.
Should we find a positive correlation between all four parameters - peripheral/CNS
cytokine response, CNS pathology and clinical disease - our data would point towards the
possibility of mirroring/predicting the degree of CNS pathology by simple measurements
of blood responses and kinetics. It remains to be elucidated in the future whether our notion
proves true.

5. Conclusion

What is to be concluded from the data presented here is that despite all the criticism about
the model, EAE can be a valuable tool for studying MS. Different models can be used to
selectively reflect different pathomechanisms of the disease. Most of the therapeutic options
we rely on in the therapy of the disease today have been developed and/or validated in
EAE and our data delineate that the model can also be used for working towards a better
understanding of the interaction between the peripheral and CNS immune response and the
subsequent damage to the target organ that finally defines the clinical outcome of the
disease. The translation of our data into the clinical situation will show how accurate our
interpretation of the disease processes presented here is.
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1. Introduction

Neuroinflammation is involved in the pathogenesis and progression of neurological
disorders such as Alzheimer's disease and multiple sclerosis (MS) (Doorduin et al., 2008).
MS has been considered a T cell-mediated autoimmune disorder of the central nervous
system (CNS), characterized by inflammatory cell infiltration and myelin destruction
(Hauser et al., 1986) and focal demyelinated lesions in the white matter are the traditional
hallmarks of MS. However more recent evidence suggests more widespread damage to the
brain and spinal cord, to areas of white matter distant from the inflammatory lesions and
demyelination of deep and cortical grey matter (McFarland & Martin, 2007). Experimental
autoimmune encephalomyelitis (EAE) is an extensively used model of T-cell mediated CNS
inflammation; modelling disease processes involved in MS. EAE can be induced in several
species by immunization with myelin antigens or via adoptive transfer of myelin-reactive T
cells. The models of EAE in rodents [actively induced and transferred] provide information
about different phases [inflammation, demyelination and remyelination] and types
[monophasic, chronic-relapsing and chronic-progressive] of the human disease multiple
sclerosis and a vast amount of clinical and histopathologic data has been accumulated
through the decades. A key aim of current investigations is developing the ability to
recognise the early symptoms of the disease and to follow its course and response to
treatment.

Molecular imaging is a rapidly evolving field of research that involves the evaluation of
biochemical and physiological processes utilising specific, radioactive, fluorescent and
magnetic resonance imaging probes. However, it is positron emission tomography (PET)
and single photon emission computer tomography (SPECT) which, due to their exquisite
sensitivity involving specifically designed radiolabelled molecules, that is leading the way
in molecular imaging and has greatly enabled the non-invasive “visualisation” of many
diseases in both animal models and humans. Furthermore, PET and SPECT molecular
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imaging are providing invaluable imaging data based on a biochemical-molecular biology
interaction rather than from the traditional anatomical view. Increasingly, PET and SPECT
radiotracers have been exploited to study or identify molecular biomarkers of disease,
monitor disease progression, determining the effects of a drug on a particular pathology and
assess the pharmacokinetic behaviour of pharmaceuticals in vivo. Significantly, these new
imaging systems provide investigators with an unprecedented ability to examine and
measure in vivo biological and pharmacological processes over time in the same animals
thus reducing experimental variability, time and costs. Molecular imaging based on the
radiotracer principle allows chemical processes ranging from cellular events, to cellular
communication and interaction in their environment, to the organisation and function of
complete tissue and organs to be studied in real time without perturbation. One of the key
benefits of molecular imaging is a technique that allows longitudinal studies vital for
monitoring intra-individual progression in disease, or regression with supplementary
pharmacotherapies. This is key in animal models of diseases such as MS, where there is
significant intra-individual variability in the disease course and severity.

Recent investigations have proposed the translocator protein (TSPO; 18 kDa), also known as
the peripheral benzodiazepine receptor (PBR), as a molecular target for imaging
neuroinflammation (Chen & Guilarte, 2008; Doorduin et al.,, 2008; Papadopoulos et al.,
2006). TSPO (18 kDa) is a multimeric protein consisting of five transmembrane helices,
which, in association with a 32 kDa subunit that functions as a voltage dependent anion
channel and a 30 kDa subunit that functions as an adenine nucleotide carrier forms part of a
hetero-oligomeric complex (McEnery et al., 1992) responsible for cholesterol, heme and
calcium transport in specific tissue. TSPO is primarily located on the outer mitochondrial
membrane and is predominantly expressed in visceral organs (kidney, heart) and the steroid
hormone producing cells of the adrenal cortex, testis and ovaries. In the central nervous
system (CNS), TSPO is sparsely expressed under normal physiological conditions, however
its expression is significantly upregulated following CNS injury (Chen et al., 2004;
Papadopoulos et al., 1997; Venneti et al., 2006; Venneti, et al., 2008).

Several studies have identified activated glial cells as the cells responsible for TSPO
upregulation in inflamed brain tissue, both in humans and in experimental models (Mattner
et al., 2011; Myers et al., 1991a; Stephenson et al., 1995; Vowinckel et al., 1997) and the TSPO
ligand [11C]-PK11195 was one of the first PET ligands used for imaging activated microglia
in various neurodegenerative diseases (Venneti et al., 2006). Although ['1C]-(R)-PK11195 is
widely used for imaging of microglia, its considerable high plasma protein binding, high
levels of nonspecific binding, relatively poor blood-brain barrier permeability and short
half-life, limits its use in brain imaging (Chauveau et al., 2008). Recently, alternative PET
radioligands for TSPO including the phenoxyarylacetamide derivative [11C]-DAA1106 and
its analogues (Gulyas et al., 2009; Takano et al, 2010; Venneti et al., 2008), the
imidazopyridines (PBR111) and its analogues (Boutin et al., 2007a; Fookes et al., 2008) and
the pyrazolo[1,5-a]pyrimidine derivatives [18F]-DPA-714 and [11C]-DPA-713 (Boutin et al,,
2007b; James et al., 2008) have been investigated.

In addition to imaging with PET, recent advances in new generation of hybrid SPECT
imaging systems enabling increased resolution and morphological documentation with
associated computed tomography have been made for use clinically and preclinically. These
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advances have created a need and an opportunity for SPECT tracers; particularly those
incorporating the longer lived radiotracer iodine-123 (t %2 = 13.2 h), to facilitate extended
longitudinal imaging studies.

In this study the recently developed high-affinity TSPO, SPECT ligand, 6-chloro-2-(4'-
iodophenyl)-3-(N,N-diethyl)-imidazo[1,2-a]pyridine-3-acetamide or CLINDE , was used to
explore the expression of activated glia in a model of transferred EAE (tEAE). ['5]]-CLINDE
has demonstrated its potency and specificity for TSPO binding, its ability to penetrate the
blood-brain barrier and suitable pharmacokinetics for SPECT imaging studies (Mattner et
al., 2008). It has also been shown that [12[]-CLINDE was able to detect in vivo inflammatory
processes characterized by increased density of TSPO in several animal models (Arlicot et
al., 2008; Arlicot et al., 2010; Mattner et al., 2005; Mattner et al., 2011; Song et al., 2010), thus
representing a promising SPECT radiotracer for imaging neuroinflammation. The present
study aimed to investigate the effectiveness of [12[]-CLINDE to detect and quantify the
activated glia and consequently correlate the intensity of TSPO upregulation with the
severity of disease in a model of tEAE.

2. In vivo distribution and in vitro binding of TSPO - correlation with
upregulation in a model of tEAE

2.1 In vivo evaluation

The effectiveness of [2I]-CLINDE to detect and quantify activated glia and correlate TSPO
upregulation to the severity of neuroinflammation was assessed on a Lewis rat model of
tEAE (Willenborg et al., 1986). The intravenous injection of myelin basic protein (MBP)-
specific T lymphoblasts results in a single disease episode. The cells should be used when
encephalitogenic, i.e. in the first three days after MBP re-stimulation of spleen or lymph
node cells (from MBP- complete Freund's adjuvant (CFA) primed Lewis rats) or established
MBP-specific CD4* IFNy producing T line cells (De Mestre et al., 2007). A huge advantage of
this model of neuroinflammation is its uniform time course.

Male Lewis rats (Animal Resource Centre, Australia) were maintained and monitored
according to Australian laws governing animal experimentation. The rats were immunised
with emulsion of bovine MBP and CFA (4 mg/ml Mycobacterium butyricum). On day 10
the popliteal and inguinal lymph nodes were removed and single cell suspensions were
incubated with the antigens MBP or PPD (50 pg/ml) for 3 days. MBP and PPD lymphoblasts
were isolated on a density gradient (d=1.077), propagated in IL-2 containing medium for 25
h and 3x107 cells were injected via the lateral tail vein into naive Lewis rats. The rats were
examined daily and a clinical score assigned according to the accepted scale: O,
asymptomatic; 1, flaccid distal half of the tail; 2, entire tail flaccid; 3, ataxia (difficulty
righting). Half values were given when assessment fell between two scores.

The radiotracers ['2[]-CLINDE and ['2°]]-CLINDE were synthesized as previously described
(Katsifis et al., 2000) using an improved method, giving rise to high purity and high specific
activity product. Briefly the tributyltin precursor (50-100 pg) in acetic acid (200 uL) was
treated with a solution of either no carrier added Nal?’l in 0.02 M NaOH (Australian
Radioisotopes and Industrials, Sydney, Australia) or Na'?I (GE-Healthcare) followed by
peracetic acid (1-3%, 100 puL). After 5 min the reaction was quenched (sodium bisulphite, 200
pL, 50 mg/mL), neutralised (sodium bicarbonate, 200 pl, 50 mg/mL) and injected onto a
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semipreparative C-18 RP-HPLC column. The purification and isolation of [123/125]]-CLINDE
was carried out by C-18 RP-HPLC using a mixture of acetonitrile/0.1 M ammonium acetate
55:45 at a flow rate of 4 mL/min. Under these conditions, the radiotracer eluted at 25 min.
The eluted product was evaporated to dryness and reconstituted in saline (0.9%) for in vivo
pharmacological studies. For in vitro assays, unlabelled CLINDE was added to the [125]]-
CLINDE to achieve a specific activity of 3.7 GBq/umol and reconstituted in ethanol. The
specific activity of ['2[]-CLINDE was assumed to be greater than 185 GBq/umol based on
the limit of detection of the UV in the HPLC system used. The specific activity of [125]]-
CLINDE was measured as 80 GBq/umol, close to the theoretical specific activity of the [123I]-
iodine.

In order to assess the distribution of the [12I]-CLINDE in vivo, rats showing different tEAE
clinical scores were used: [0 (pre-clinical, n = 4), 2 (n = 4), 3 (n = 4) and 0 (after recovery, n =
3)]. Rats were given PPD-lymphoblasts (n = 4) and control naive rats (n = 4) served as
controls. The animals were injected via the tail vein with 0.70 MBq of ['2]I]-CLINDE in
saline. Tissue samples were taken 3 h later, the radioactivity was measured with an
automated gamma counter and the percent injected dose (%ID/g) was calculated by
comparison with samples of standard dilutions of the initial dose.

Statistically significant increase in [12]]-CLINDE uptake was measured in brains and spinal
cords of Lewis rats given MBP-specific T lymphoblasts that developed EAE with clinical
scores of 2 and 3 (Figure 1). In the brain, the medulla oblongata, medulla pons, cerebellum,
diencephalon, hypothalamus, hippocampus, frontal and posterior cortex were affected and
the increase in [12]]-CLINDE uptake was in the range of 1.5 - 3.8 times.
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Fig. 1. Uptake of [12[]-CLINDE in the CNS. Data are represented as mean + SD of wet
tissue.* p<0.05 - One way ANOVA with Tukeys post-hoc test.

In the spinal cord the uptake of activity reflected the ascending nature of the inflammatory
process: lumbar spinal cord > thoracic spinal cord > cervical spinal cord. The positive
correlation between the ligand uptake and the disease severity is shown also in Figure 2.

Importantly, the radiotracer uptake on day 4 did not differ significantly from the one in the
naive controls if the disease irrelevant PPD-specific T lymphoblasts or the disease relevant
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MBP-specific T lymphoblasts were injected (Figure 1). Also, all animals showed the typical
TSPO ligand biodistribution in the visceral organs and EAE severity had no influence on
ligand uptake in the visceral organs (Table 1).

clinical score

Fig. 2. Correlation between uptake of [!5]]-CLINDE and disease severity in the lumbar
spinal cord. Linear regression analysis, r squared value (0.97) and error bars being 95%
confidence intervals for fit.

Control tEAE

Organ Naive PDD Sco.re.O Score 2 Score 3 Score 0

n=4 n=4 Preclinical n=4 =4 recovery

n=4 n=4

Liver 0.27+0.05 0.27+0.03 0.32+0.03  0.32+0.03  0.33£0.02  0.25+0.03
Spleen 3.01+0.45 3.12+0.34 3.49+0.10 3.14+£0.32  3.24+0.37  3.33+0.49
Kidney 2.07+0.36  1.68+0.07 2.24+0.11  2.03£0.13  2.33+0.37  1.97+0.25
Lungs 2.27+0.41 2.01+0.18 241+0.32 2124016  2.2740.38  2.05+0.24
Heart 3.24+0.49  2.85+0.29 3.81+0.14  2.87+0.08 3.16+0.31  3.32+0.03
Blood 0.0440.01  0.04+0.01 0.06£0.00  0.04+0.01  0.05:£0.01  0.04+0.00
Pancreas 0.61+£0.12 0.51+0.04 0.64+0.06  0.58+0.07  0.62+0.05  0.55%0.08
Thymus 0.84+0.09 0.81+0.34 117026  0.85+0.24  1.33£0.34  1.12+0.23
Adrenals 7.69£1.27  6.38%0.62 7.86x0.37  7.00£0.93  7.22+1.33  8.49+2.10

Table 1. Biodistribution of [123]]-CLINDE in the visceral organs of Lewis rats given MBP-
specific T lymphoblasts and controls. Results are expressed as %ID/g + SD of wet tissue

The specificity of [12)I]-CLINDE binding was demonstrated in a competition study with the
PK11195 (Sigma-RBI) injected in rats with tEAE clinical score 2. The in vivo specificity of
[123]]-CLINDE was tested in two groups of four rats with tEAE clinical score 2 by injecting
only [12]]-CLINDE or by injecting PK11195 (5 mg/kg) prior to [12?[]-CLINDE. PK11195 was
dissolved in saline with 5% dimethyl sulfoxide and injected 5 minutes prior to the injection
of 0.70 MBq of the radiotracer. Animals were sacrificed 3 h p.i. and the tissues were analysed
as described above.
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Administration of PK11195 reduced the uptake of [12[]-CLINDE in the CNS (Figure 3) and
the visceral organs with TSPO expression (data not shown) by 65-85% confirming the
specificity of the ligand.
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Fig. 3. Specificity of [12]]-CLINDE binding in CNS. Data are represented as mean + SD.
* p<0.05 - Mann Whitney test

The feasibility of using TSPO as a marker to assess the degree of microglia activation in the
living rat was tested using [!2Z]]-CLINDE on a dedicated small animal SPECT imaging
system. Longitudinal imaging studies were performed using a small animal dual-head
SPECT/CT camera (Flex X-SPECT, Gamma Medica Ideas Inc.) equipped with 1 mm-
aperture pinhole collimators (McElroy et al., 2002). Four rats given MBP-specific T
lymphoblasts and 2 control naive animals were used. The experimental rats were imaged
four times (baseline, day 4, 6 and 11 post tEAE induction), while controls were imaged twice
on alternate days.

Rats were injected via the tail vein with [12[]-CLINDE (20-30 MBq in 0.1 ml saline) and
anaesthetized with isoflurane (2.5%). Their heads were carefully positioned at the centre of
the field-of-view, and scanned between 40 and 104 minutes after the radiotracer injection.
Sixty-four 1 min-projections were collected over 360 degrees by each head, at a radius-of-
rotation of 45 mm. CT scan of the rat head was then performed in order to provide
anatomical landmarks for the analysis. The SPECT projections of the two heads were
combined and reconstructed with an iterative cone-beam algorithm (16 subsets, 4 iterations).
The reconstructed data were then scaled using calibration factors to allow the measured
activity to be expressed as %ID/mL. SPECT and CT volumes were automatically fused for
each of the eight scans. All CT volumes of the same rat were then manually co-registered to
the first one (reference), using an image visualisation and processing software
(http:/ /brainvisa.info). A rat brain atlas was finally coregistered onto the reference volume
and statistics derived for each Region of Interest.

The average values of ['8]]-CLINDE uptake in the brain measured before the induction of
tEAE (expressed as a percentage of injected dose per mL) (0.64 £ 0.1%ID/mL) is equivalent
to the average uptake of all controls imaged during the study period (0.71 + 0.3%ID/mL).
The peak increase in activity is reached 6 days post immunization and the uptake depends
on the clinical score of the rat. The uptake of [12[]-CLINDE, as assessed by SPECT imaging
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during the course of the study, is exemplified in the hypothalamus and midbrain (Fig 4A).
The spatial distribution of the activity in the brain of one typical rat over time is shown in
figure 4B.

Using this small animal SPECT system we could not find statistically significant differences
between intra-cerebral structures in the different groups of animals. This was probably due
to the fluctuation of uptake values among animals from the same experimental group
showing different tEAE scoring (Figure 4A). Moreover based on the example in Figure 4, the
peak uptake in different structures of the brain differs from rat to rat depending on the tEAE
score, disease severity, and therefore averaging the values for the experimental group did
not reach statistical significance in the data. However the brain structures that showed an
increase in uptake by SPECT imaging were the same structures where increased uptake was
observed in the biodistribution studies.
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Fig. 4. In vivo SPECT imaging of TSPO in brain of rats given MBP-specific T lymphoblasts.
(A) Representative individual dynamics of [12I]-CLINDE uptake in hypothalamus and
midbrain (expressed as a percentage of injected dose per mL). (B) Representative SPECT
images of [123]]-CLINDE uptake in a rat brain. The SPECT images shown were coregistered
with CT at 0 (baseline), 4 and 6 days after induction of tEAE.
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2.2 Autoradiography and immunochemistry correlation with the upregulation of TSPO
in the tEAE model

In vitro and ex vivo autoradiography with [12[]-CLINDE was performed to delineate the
CNS areas with TSPO uptake.

For in vitro autoradiography, animals with tEAE clinical scores: 2 (n = 3) and 0 (after
recovery, n = 5) and 7 control naive rats were used. Brains and spinal cords were frozen in
isopentane at -80°C. Coronal sections (20 pm thick) were cut, mounted onto polysine coated
slides and stored at -20°C. TSPO receptors were labeled with ['2]]-CLINDE (3.7 GBq/umol)
at 3 nM concentration in Tris-HCI, pH 7.4 at 4°C for 60 min. Nonspecific binding was
defined by incubating adjacent tissue sections with 10 uM of PK11195. The incubation was
terminated by rinsing sections twice for 2 min in cold incubation buffer. Sections were then
dipped briefly in cold distilled water and dried rapidly under a stream of cold air. The
sections were affixed together with calibration standards (Amersham) to radiographic films
(Amersham Hyperfilm-fmax) for 4-6 h and developed using GBX developer and fixer
(Kodax). The autoradiograms were analysed using a Microcomputer Imaging Device
(MCID, Imaging research, Ontario, Canada).

For ex vivo autoradiography rats with tEAE clinical scores: 3 (n = 3) and 0 (after recovery, n =
3) and control naive rats (n = 3) were given [125[]-CLINDE (1.85 MBq in 100 pl of saline) i.v.
and were sacrificed 3 h after the injection of the radiotracer. Brains and spinal cords were
frozen in isopentane at -80°C. Coronal sections (20 um thick) were cut, thawed, dried and
affixed to radiographic films (Amersham Hyperfilm-fmax) for 10-15 days and the
autoradiograms analyzed as above.

In vitro autoradiography with [12°I]-CLINDE of the spinal cord from rats with tEAE
compared to controls showed statistically significant increased binding of TSPO in areas of
the grey (2 times) and white matter (1.2 - 3 times) (Figure 5). This study extends earlier
observations using [*H](R)-PK11195 (Banati et al., 2000) in which increased binding in the
spinal cords from rats with tEAE, at peak of clinical disease was documented.

The in vitro and ex vivo autoradiography revealed an increase in the TSPO expression at
three brain levels (Figure 6), i.e. nuclear diagonal band/rostral migratory stream; substantia
nigra cerebral peduncle and mammillary nucleus; ventral cochlear nucleus. Histologically, a
lesion was observed in one of the five brains at level -3 mm to bregma, in the region of
substantia nigra.

As the autoradiography showed a clear increase in TSPO labelling at specific regions in the
forebrain, midbrain and hindbrain as well as in the spinal cord (Figures 5 and 6),
immunohistochemistry was also performed in order to clarify the presence of gliosis in the
TSPO positive areas.

For this purpose, brains from 2 naive rats, 2 rats given PPD-lymphoblasts (day 4), 4 rats
given MBP-lymphoblasts (day 4), 3 rats tEAE score 2 and 3 rats after recovery from the
episode, were fixed in formalin, placed in David Kopf Instruments (Tujunga, CA) brain
blocker and cut at six levels at a distance of 2 mm. Serial 4 pm coronal paraffin sections were
taken at each of the six levels and assessed according to the rat brain atlas of Paxinos and
Watson (Paxinos & Watson, 2007).
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Fig. 5. Different cervical spinal cord TSPO expression in control rats and in rats with tEAE,
using in vitro [125]]-CLINDE autoradiography. Results are expressed as fmol/mg T.E +SD, n
= 3-7, one way ANOVA with Tukeys Post Hoc test (Control vs Score 2, **p<0.01, *** p<0.001;
Score 2 vs Recovery, ¥ p<0.05, # p<0.01, # p<0.001)

Indeed, at the level of the midbrain, in three of the four rats studied, astrogliosis was
found around the lateral ventricles on day 4 after tEAE induction, i.e. just before and at
the time of onset of the clinical EAE signs (Figure 7). However, with labelling for GFAP
and ED-1 no changes were observed in any of the other five brain levels studied as well as
in none of the six levels in three rats with tEAE score 2 and in three rats after recovery
from score 2 to score 0.

The autoradiography and immunohistochemistry results confirm the immunofluorescence
observations of Meeson et al (Meeson et al., 1994) indicating very little brain inflammation
that is localised in the forebrain around the third ventricle. It is tempting to speculate that
the change in the medial habenular nucleus and the dentate gyrus gliosis reflects a stress
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reaction (Sugama et al., 2002), as this was observed around the onset of tEAE and did not
persist during its development.
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Fig. 6. Brain in vitro autoradiography after administration of [125[]-CLINDE in Lewis rats
given MBP-specific T lymphoblasts and controls

Longitudinal sections of the spinal cords were examined at the lumbar, thoracic and cervical
level. After antigen retrieval (20 min boiling in citrate buffer, pH 6.0) and blocking of
endogenous peroxidase and non-specific antibody binding, the macrophage/activated
microglial cells were labelled with mouse anti-rat ED-1 biotin-conjugated monoclonal
antibody (Serotec); TSPO - with goat polyclonal anti-TSPO IgG (Santa Cruz Biotechnology);
the astrocytes - with rabbit anti-GFAP antibody (Sapphire Bioscience) and the chemokine
CXCL11 - with rabbit anti-rat I-TAC IgG (kind gift from Prof. Shaun McCall, Chemokine
Biology, Department of Molecular Biosciences, Adelaide University). The staining was with
InnoGenex IHC Kit (San Ramon, CA) with aminoethyl carbazole (AEC) as peroxidase
substrate. The sections were counterstained with Mayer’s haematoxylin.

Although the histopathologic analysis and magnetic resonance (MR) microscopy had
excellent correlation regarding the extent of white matter lesions on the rat EAE model
(Steinbrecher et al., 2005), this imaging technology is not suitable for detection of
inflammatory infiltrates in the grey matter. In our experiments significant [123]]-CLINDE
uptake was registered in the grey matter of the spinal cord of Lewis rats with tEAE score 2
and 3 (Figure 5). This increased uptake correlated with the positive staining for the
chemokine CXCL11 that is produced mainly by astrocytes as well as with the presence of
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numerous ED-1 positive cells (macrophages/glial cells) that were visualised in the spinal
cord meninges and parenchyma during the tEAE episode (Figure 8). Importantly, some of
these activated glial cells were positive for TSPO that supports the autoradiography
quantitative data. Two days after spontaneous recovery from tEAE episode, few
parenchymal cells were positive for ED-1 and there was no staining for TSPO and the

chemokine CXCL11 (I-TAC).
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Fig. 7. Glial activation in Lewis rat tEAE (immunohistochemical evaluation). Midbrains
labelled for GFAP. At disease onset, astroglyosis was observed around the 3rd ventricle in
four of five animals.
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Fig. 8. Longitudinal sections of lumbar spinal cord labelled for macrophages/activated
microglia (ED-1), TSPO, astrocytes and I-TAC at different clinical stages of tEAE.

One of the first in vivo MRI studies on tEAE in rats (Morrissey et al., 1996) showed that MRI
changes were observed well before the onset of major cellular infiltration and before the
onset of clinical signs that made possible to assess quantitatively the breach of the blood
brain barrier (BBB) and to distinguish in vivo between two components of the early phase of
the lesion - inflammatory infiltrates and vasogenic oedema. Increased binding of several
TSPO ligands has been reported after brain injury, including focal (Myers et al., 1991a;
Myers et al., 1991b) and global (Stephenson et al., 1995) cerebral ischemia in the rat where
heterogeneous level of expression of TSPO in different cells is seen in the core of infarction
as early as 4 days after ischemia (Rojas et al., 2007).

In this model of neuroantigen-specific neuroinflammation the significant changes were also
registered from day 4 onward with SPECT imaging. A study on the same model (Banati et
al., 2000) also found normal autoradiography up to day 4 with [3H]-PK11195. One should
point out that we used two appropriate controls (not only naive rats). Interestingly, the time
frame is similar for PET scan studies in stroke patients - the increase in binding was as early
as 3 days after the onset of stroke (Price et al., 2006). Thus, any earlier in vivo as well as in
vitro changes are most likely attributed to stress reaction.

The imaging studies, using the SPECT tracer [123I]-CLINDE in Lewis rat models of
transferred EAE (this study) and active EAE (Mattner et al., 2005) confirm the MRI studies
by other groups that the imaging changes parallel the monocyte/microglia/astrocyte
activation rather than the lymphocyte infiltration (Morrissey et al., 1996; Rausch et al.,
2003). These results confirm the reliability of the translocator protein (Papadopoulos &
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Lecanu, 2009) in early diagnostics of antigen-specific neuroinflammation and eventually -
of MS.

N.B. Discussion with mouse tEAE models was not included as they result in inflammation
which progresses to demyelination (Mokhtarian et al., 1984) while the MBP-specific T
lymphoblasts induced tEAE in the Lewis rat is monophasic with full recovery (Holda et al.,
1980; Paterson et al., 1981).

3. Conclusion

Transferred EAE was induced in Lewis rats with MBP-specific T lymphoblasts and the
uptake of the translocator protein (TSPO) tracer [12]]-CLINDE was studied by
biodistribution, in vitro and ex vivo autoradiography, immunohistochemistry and SPECT
imaging. On a background of the typical TSPO ligand biodistribution in the visceral organs,
a statistically significant 2-4 fold increase was measured in brains and spinal cords of
animals with EAE clinical score of 3, compared to controls (naive or given disease-irrelevant
PPD-specific T-lymphoblasts). Importantly, using [12)[]-CLINDE as a radiotracer we were
able to register significant inflammation also in the grey matter. The CNS regional ['2]]-
CLINDE uptake correlated with the immunohistochemical localisation of activated glial
cells. The results demonstrate the ability of this highly specific TSPO ligand to measure
changes in TSPO density according to area of involvement and the severity of disease
suggesting it is a useful SPECT tracer for studies on experimentally induced inflammation
and in multiple sclerosis.
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1. Introduction

Multiple sclerosis is a chronic, inflammatory, and demyelinating disease of the central
nervous system characterized by the pathological infiltration of autoreactive leukocytes.
Experimental autoimmune encephalomyelitis serves as a disease model for human multiple
sclerosis in mouse and rat (Conlon et al, 1999). Experimental autoimmune
encephalomyelitis is induced through sensitization with neuroantigens such as myelin
oligodendrocyte glycoprotein that activates neuroantigen-reactive T cells in the peripheral
lymphoid organs. These T cells subsequently migrate into the central nervous system and
encounter endogenous neuroantigens, which reactivates them and leads to nerve
demyelination. Thus, induction of encephalitogenic T cells and their migration into the
central nervous system are critical for development of experimental autoimmune
encephalomyelitis.

CD4* helper T cells secreting IFN-y (Th1 cells) were long considered to be the predominant
T cell subset inducing experimental autoimmune encephalomyelitis (Kuchroo et al., 2002;
El-behi et al., 2010). This view was challenged by the finding that IFN-y-deficient mice
showed more severe experimental autoimmune encephalomyelitis than wild type mice
(Ferber et al., 1996; Gran et al., 2002). More recently, IL-17-producing T helper cells (Th17
cells) have emerged as a critical pathogenic T cell subset causing experimental autoimmune
encephalomyelitis or human multiple sclerosis (Langrish et al., 2005). Th17 cells produce the
pro-inflammatory cytokines IL-17A, IL-17F, and IL-22 (Ghilardi and Ouyang, 2007 ), and
mice lacking expression of IL-17 were resistant to the induction of experimental
autoimmune encephalomyelitis (Komiyama et al., 2006). Recently, Th17 cells were
demonstrated to disrupt the blood-brain barrier by the action of IL-17A (Huppert et al.,
2010). Based on the many investigations on the encephalitogenic T cells, current concept is
that both Th1 and Th17 cells participate in the development of EAE (El-behi et al, 2010). The
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induction of pathogenic T cells appears dependent on the coordinated migration of several
cell types, a phenomena regulated by chemokines (Elhofy et al., 2002). Indeed, many
chemokines have been shown to be critical for the development of experimental
autoimmune encephalomyelitis (Rebenko-Moll et al., 2006). As we will discuss later,
chemokines CCL19 and CCL21 regulate induction of pathogenic T cells independent of their
role in the migration of immune cells. These CCR7-ligand chemokines contribute for the
generation of pathogenic Thl7 cells which are more efficient for the induction of
experimental autoimmune encephalomyelitis.

Entry of primed T cells into the central nervous system is governed by both integrin-
dependent adhesion to blood vessels and chemokine-driven migration through the blood-
brain barrier. Many chemokines have been shown to be critical for the migration of
activated and propagated pathogenic T cells into the central nervous system (Rebenko-Moll
et al., 2006). Among them, chemokine CCL20, a ligand for CCRe, is constitutively expressed
on epitherial cells of choroid plexus in mice and humans and provides ports of lymphocytes
expressing a chemokine receptor CCR6 characteristic of Th17 cells (Reboldi et al., 2009).
Recently, CXCL12, a ligand for CXCR7 and CXCR4, has been shown to restrict the central
nervous system entry of CXCR4-expressing leukocytes, and loss of CXCL12 from abluminal
surfaces of the blood-brain barrier is critical for migration of pathogenic lymphocytes into
the parenchyma of the central nervous system during inducing experimental autoimmune
encephalomyelitis (Cruz-Orengo et al., 2011). CCL19 and CCL21, ligands for CCR7, also
have been detected at the blood-brain barrier, and suggested their involvement in CCR7-
dependent lymphocyte recruitment into the central nervous system (Alt et al., 2002).

We previously identified a spontaneous mutation in mice characterized by a defect in
homing of naive T cells to the lymph node, Peyer’s patches, and splenic white pulp (paucity
of lymph node T cells mice; plt/plt mice). These mice lack the expression of CCL19 and
CCL21-ser and exhibit a migration defect in T cells and dendritic cells into the T cell zone in
the secondary lymphoid organs. These mice, as well as CCR7-/- mice, provide a good tool
for the investigation of the role of these chemokines in in vivo immune response. Using
plt/plt mouse, we have analyzed the role CCL19 and CCL21 in the regulation of immune
response (Nakano et al., 1997, 1998, 2009; Gunn et al., 1999; Vassileva et al., 1999; Nakano
and Gunn, 2001; Mori et al., 2001; Yasuda et al., 2007; Kuwabara et al., 2009; Aritomi et al.,
2010). Unexpectedly, in vivo CD4* T cell response is not decreased, but rather enhanced.
When plt/plt mice were immunized with a protein antigen ovalbumin with complete
Freund’s adjuvant, both expansion of ovalbumin-responding CD4* T cells in the draining
lymph nodes and an in vitro recall response are prolonged and do not decline for a long
time as compared with those in wild type mice.

Thus, there are two opposite possibilities; plt/plt mice with C57BL/6 background are
resistant because of the lack of the expression of CCR7-ligands at the blood-brain barrier, or
quite sensitive to the induction of experimental autoimmune encephalomyelitis because of
the enhanced induction of pathogenic T cells. Using plt/plt mice as well as CCR7-/- mice, we
investigated the role of CCR7-ligands in developing experimental autoimmune
encephalomyelitis. As described below, we found plt/plt mice with C57BL/6 background are
resistant to the induction of experimental autoimmune encephalomyelitis. This resistance is
due to the failure to induce pathogenic Th17 cells because of deficient IL-23 production by
dendritic cells, which results from lacking expression of CCL19 and CCL21.
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2. CCL19 and CCL21 are required for the development of encephalomyelitis
through generation of IL-23-dependent Th17 cells

For the development of experimental autoimmune encephalomyelitis, we used C57BL/6
wild type mouse and C57BL/6-plt/plt mouse. They were immunized following a standard
protocol for induction of experimental autoimmune encephalomyelitis, that is,
subcutaneous injection with myelin oligodendrocyte glycoprotein 35-55 peptide in complete
Freund’s adjuvant, and subsequent intravenous injection on day 0 and day 2 with pertussis
toxin (Kuwabara et al., 2009).

2.1 plt/plt mouse is resistant to the induction of experimental autoimmune
encephalomyelitis

When C57BL/6 mice were immunized under the standard immunization protocol as
described above, wild type mice developed experimental autoimmune encephalomyelitis
with 100% disease incidence with onset at day 14 and the peak at 4th week after
immunization, whereas plt/plt mice failed to develop the disease during 42 days following
immunization (Figure 1, upper left panel). Confirming CCR7-ligands requirement in the
disease development, similarly treated CCR7-/- mice did not develop experimental
autoimmune encephalomyelitis (Figure 1, upper right panel). That experimental
autoimmune encephalomyelitis did not develop in plt/plt mice might be due to the failure of
pathogenic T cells to migrate into the central nervous system because of the lack of CCR7-
ligands expression, as suggested previously (Alt et al., 2002). To examine this possibility, 9
days after subcutaneous immunization draining lymph node cells from wild type mice were
incubated for 3 days with myelin oligodendrocyte glycoprotein 35-55 peptide, and then
CD4* T cells were adoptively transferred intravenously into wild type and plt/plt mice. As
shown in Figure 1, lower panel, both wild type and plt/plt recipients developed
experimental autoimmune encephalomyelitis with 100% disease incidence with similar
clinical scores and time courses. As expected, draining lymph node cells from immunized
plt/plt mice did not develop experimental autoimmune encephalomyelitis in naive wild type
mice (Figure 1, lower panel). These results indicated that pathogenic T cells are able to
infiltrate the central nervous system to induce experimental autoimmune encephalomyelitis
despite the absence of CCR7-ligands but strongly suggest that pathogenic cells fail to be
generated in plt/plt mice immunized with myelin oligodendrocyte glycoprotein 35-55
peptide.

Thus, the dependency of experimental autoimmune encephalomyelitis development on
CCR?7-ligands is not due to a defect in the migration of pathogenic T cells in plf/plt mice,
since adoptive transfer of pathogenic CD4* T cells prepared from draining lymph node cells
of wild type mice results in the disease development in pli/plt and wild type recipient mice
with similar time course and disease severity.

2.2 Deficient IL-17 and IFN-y production by draining lymph node cells from mice
lacking expression of CCR7-ligands

To examine whether pathogenic cells were generated in pli/plt mice, we compared the in
vitro recall responses of draining lymph node cells from primed wild type and plt/plt mice.
Draining lymph node cells were prepared 9 days after immunization when experimental
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Fig. 1. Failure of plt/plt mice and CCR7-/- mice to develop experimental autoimmune
encephalomyelitis. Upper panels, Mice were subcutaneously immunized with myelin
oligodendrocyte glycoprotein 35-55 peptide in complete Freund’s adjuvant at flanks and
intravenously injected with pertussis toxin on days 0 and 2 (10 mice/ group). Clinical
symptoms were monitored for 42 days after immunization. Mean clinical score £ SD is
shown. Results from wild type and plt/plt mice are shown in the left panel and those from
wild type and CCR7-/- mice in the right panel. Lower panel, Draining lymph node cells were
prepared from wild type or pli/plt mice 9 days after immunization and incubated with
myelin oligodendrocyte glycoprotein 35-55 peptide for 3 days. Wild type CD4* T cells or
plt/plt CD4+ T cells (1x107) prepared from the treated cells were intravenously transferred
into naive and 500R X-irradiated wild type or plt/plt mice (10 mice/group). Results are
shown as mean experimental autoimmune encephalomyelitis clinical score + SD. WT: wild
type. (Kuwabara et al., 2009)

autoimmune encephalomyelitis symptoms were not observed in wild type mice, and 14
days after immunization when the symptoms became evident. The proliferative recall
responses to various doses of myelin oligodendrocyte glycoprotein 35-55 peptide were
similar between draining lymph node cells from wild type and plt/plt mice prepared 9 days
after and 14 days after immunization, suggesting T cell responses were similarly elicited in
wild type and plt/plt mice. We also analyzed recall cytokine production to myelin
oligodendrocyte glycoprotein 35-55 peptide. IL-4 and IL-10 were similarly produced by
draining lymph node cells from wild type and plt/plt mice. Dose-dependent production of
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IFN-y or IL-17 was detected in cultures of draining lymph node cells from wild type and
plt/plt mice, but production of each of these cytokines was severely diminished in plt/plt
draining lymph node (Figure 2). These results suggest plt/plt T cells could be primed by
immunization with myelin oligodendrocyte glycoprotein 35-55 peptide, but that the pattern
of cytokine responses differed from wild type mice.

Day 9 Day 14
300 y 200 ¢ Y
?8»250 150
£ 200
N~
=< 150 100 |
-
= 100 50

50

0

25 40
= 35+t
€ 2.0
3 30t
£15 25¢t
.>10 20t
e Hi

0.5 05l

« 0 «
0 3 10 0 3 10
MOG 35-55 (uM) MOG 35-55 (M)

—o— WT —a plt/plt

Fig. 2. In vitro response to myelin oligodendrocyte glycoprotein 35-55 peptide of draining
lymph node cells from wild type and plt/plt mice. Wild type and plt/plt mice were
immunized, as described in the legend for Figure 1. Draining lymph node cells prepared 9
or 14 days after immunization were incubated with myelin oligodendrocyte glycoprotein
35-55 peptide at indicated doses, and assessed for IFN-y, and IL-17 in the culture
supernatants by enzyme-linked immunosorbent assay using OptEIA kits (BD Biosciences).
Each result is expressed as mean + SD. (Kuwabara et al., 2009)

2.3 Requirement for CCR-7 ligands in the generation of IL-17- or IFN-y-secreting T
cells

Reduced in vitro IL-17 and IFN-y production by draining lymph node cells from plt/plt mice
suggested a defect in Th17 and Thl cell generation. To examine this possibility, draining
lymph node cells were prepared 9 days after immunization, incubated with myelin
oligodendrocyte glycoprotein 35-55 peptide and assessed for intracellular IL-17 or IFN-y
staining. As shown in Figure 3, CD4+*IL-17* Th17 cells were found at a much lower frequency
in draining lymph node cells from plt/plt mice than in those from wild type mice (0.4% vs.
4.2%). Addition of CCL19 or CCL21 to DLN cells from plt/plt mice during incubation with
myelin oligodendrocyte glycoprotein 35-55 peptide restored Th17 cell generation from 0.4% to
3.0 or 4.1%, respectively (Figure 3). Also the frequency of CD4*IFN-y* Thl cells was much
lower in plt/plt mice than in WT mice (0.4% vs. 4.4%). Addition of CCL19 or CCL21 restored
Thl cell generation in plt/plt mouse draining lymph node cells from 0.4% to 3.1 or 3.2%,
respectively (Figure 3). These results support the hypothesis that the defect in generating Th17
or Th1 cells in plt/plt mice was due to the lack of CCR7-ligand expression.
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Fig. 3. Analysis of the T cell response in draining lymph nodes from wild type and plt/plt
mice immunized for experimental autoimmune encephalomyelitis induction and generation
of Th17 or Thl cells by CCR7-ligand. Draining lymph node cells were prepared from wild
type and plt/plt mice 9 days after immunization as described in the legend for Figure 1.
Draining lymph node cells were incubated with myelin oligodendrocyte glycoprotein 35-55
peptide in the presence or absence of CCL21 or CCL19 (100ng/ml) then assessed for
intracellular IL-17 or IFN-y expression on a flow cytemeter. Numbers in right quadrants are
the percentage to the total cells. (Kuwabara et al., 2009)

2.4 Decreased production of IL-12 and IL-23 by draining lymph node cells from plt/pit
mice

For the optimal induction of IL-17-producing cells, IL-6, TGF-$ and IL-23 are required
(Veldhoen et al., 2006; Bettelli et al., 2006; Mangan et al., 2006). IL-12 is critical for inducing
IFN-y-producing cells (Seder and Paul, 1994) . Deficient production of IL-17 and IFN-y
suggested that these cytokines were insufficiently produced in draining lymph node cells
from plt/plt mice. Draining lymph node cells prepared from wild type and plt/plt mice 4 or 9
days after immunization, similar levels of IL-6 and TGF-p production were observed
following incubation with myelin oligodendrocyte glycoprotein 35-55 peptide. In contrast,
as shown in Figure 4, the expression of IL-23p19 mRNA and IL-12p35 mRNA and
production of IL-23 and IL-12 were much lower in cells from plt/plt mice than wild type
mice, suggesting that the defect in production of IL-17 and IFN-y in draining lymph node
cells from plt/plt mice was due to insufficient provision of IL-23 and IL-12.
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Fig. 4. Severely impaired production of IL-12 and IL-23 in draining lymph node cells from
plt/plt mice. Draining lymph node cells were prepared 4 or 9 days after immunization as
described in the legend for Figure 1. A, B, Expression of IL-23p19 mRNA (A) and IL12p35
mRNA (B) in CD11c* cells was estimated by quantitative RT-PCR in draining lymph node
cells from wild type and plt/plt mice. The expression is shown as mean + SD of the ratio to
GAPDH, an internal control. These experiments were repeated 5 times with similar results.
C, D, Draining lymph node cells from naive mice or 4days after immunization were
incubated with 10 uM myelin oligodendrocyte glycoprotein 35-55 peptide for 24 hrs.
Culture supernatants were assessed for IL-23 (C) and IL-12 (D). Results of triplicate assay
were presented as mean + SD. (Kuwabara et al., 2009)

2.5 Th17 cells critically participate in the development of experimental autoimmune
encephalomyelitis

Previous reports demonstrated that neuroantigen-specific Th17 or Th1 cell is responsible for
experimental autoimmune encephalomyelitis induction (Langrish et al., 2005; Lees et al.,
2008; Kroenke et al., 2008). To determine which defect in generating Th17 or Th1 cells was
more critical in the resistance to experimental autoimmune encephalomyelitis development,
draining lymph node cells from plt/plt mice were stimulated in vitro with myelin
oligodendrocyte glycoprotein 35-55 peptide under the conditions for generating Th17 cells
or Thl cells, enriched for CD4* T cells, and transferred into wild type mice. As shown in
Figure 5, CD4* T cells containing Th17 cells (CD4+IL-17*cells: 9.2%, CD4*IFN-y* cells: 0.1%)
induced experimental autoimmune encephalomyelitis in the recipient mice with 100%
disease incidence, whereas those containing Thl cells (CD4*IL-17*cells: 0.1%, CD4*IFN-y*
cells: 11.0%) did not, indicating that Th1 cells are less efficient at inducing experimental
autoimmune encephalomyelitis, at least under the conditions employed. The cell
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preparation containing Th17 or Th1 cells was confirmed to predominantly produce IL-17 or
IFN-y, respectively. The cells similarly prepared from WT mice and enriched for Th1 cells
(CD4* IL-17*cells: 0.6%, CD4* IFN-y* cells: 20.3%) also failed to elicit experimental
autoimmune encephalomyelitis in the recipient mice, whereas those containing Th17 cells
(CD4+* IL-17*cells: 19.2%, CD4* IEN-y* cells: 0.4%) elicited experimental autoimmune
encephalomyelitis. These findings strongly support our interpretation that the defect in
generating Th17 cells is crucial in the resistance to experimental autoimmune
encephalomyelitis development in plt/plt mice under the conditions employed.

3 - O~ plt/plt TR1—WT 3
—o— plt/plt TR17>WT
—O pit/plt+IL-23—WT

[~ WT Th1—=>WT
=~ WT Th17->WT

EAE Score
N

10 15 20 25 3 35 4 45 10 15 20 25 30 35 40 45
Days after transfer Days after transfer

Fig. 5. Th17-enriched, rather than Thl-enriched, cell population was responsible for
experimental autoimmune encephalomyelitis development in recipient mice. Draining
lymph node cells from primed plt/plt (left panel) or wild type (right panel) mice were
incubated with myelin oligodendrocyte glycoprotein 35-55 peptide for 3 days in the
presence of CCL19, IL-12 and anti-IL-4 and anti-IL-23 mAbs for developing Th1 cells, in the
presence of CCL19, IL-23 and anti-IL-4 and anti-IFN-y mAbs for developing Th17 cells, or in
the presence of IL-23 alone. CD4+* T cells (1x107) prepared from the treated cells were
intravenously transferred into naive and 500R X-irradiated wild type mice (10 mice/group).
Experimental autoimmune encephalomyelitis development is shown as a mean clinical
score + SD. (Kuwabara et al., 2009)

2.6 IL-23-dependent induction of encephalitogenic Th17 cells

Deficient IL-23 production in draining lymph node cells from plt/plt mice prompted us to
evaluate the role of IL-23 in inducing Th17 cells. Addition of exogenous IL-23 to CD4*
draining lymph node cells from immunized plt/plt mice stimulated with immobilized anti-
CD3 and anti-CD28 mAbs increased the frequency of Th17 cells from 0.18% to 1.34%,
supporting the idea that the defect in developing Thl17 cells in plt/plt mice was due to
reduced production of IL-23. To confirm that stimulation with IL-23 was able to induce
pathogenic T cells in experimental autoimmune encephalomyelitis induction, draining
lymph node cells from immunized plt/plt mice were incubated with myelin oligodendrocyte
glycoprotein 35-55 peptide in the presence of IL-23, enriched for CD4* T cells, and
adoptively transferred into naive wild type mice, which resulted in the development of
experimental autoimmune encephalomyelitis in the recipient mice (Figure 5, left panel).
These results suggested that exogenous IL-23 was able to stimulate plt/plt mouse draining
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lymph node cells along with myelin oligodendrocyte glycoprotein 35-55 peptide to induce
pathogenic Th17 cells, consistently, with the critical role of IL-23 in the induction phase of
experimental autoimmune encephalomyelitis (Thankker et al., 2007). Taken all together,
these findings suggest that the defect in plt/plt mice is likely a defect in Th17 cell generation
due to deficient IL-23 production.

2.7 CCR7-ligands stimulate dendritic cells to produce IL-23

Dendritic cells are known to produce IL-23 (Oppmann et al., 2000). The reduced production
of IL-23 in the incubation of plt/plt draining lymph node cells with myelin oligodendrocyte
glycoprotein 35-55 peptide suggests the dependency of the IL-23 production on CCR7-
ligands. To confirm this possibility, we prepared bone marrow-derived dendritic cells and
stimulated the cells with CCR7-ligands or other chemokines. Lipopolysaccharide was used
as a positive control for induction of IL-23p19 mRNA (Oppmann et al., 2000). CCL19 or
CCL21 increased IL-23p19 mRNA expression, although not to the same extent as
lipopolysaccharide (Figure 6-A, left and middle panels). The chemokines CCL5 and CXCL12
did not stimulate bone marrow-derived dendritic cells to produce IL-23 (Figure 6, left
panel). Confirming that CCL19 and CCL21 stimulate DCs through CCR7 to express IL-
23p19mRNA, bone marrow-derived dendritic cells from CCR7-/- mice did not respond to
the chemokines (Figure 6-A, right panel).

Draining lymph node cells also express IL-23p19 mRNA in response to CCR7-ligands.
Draining lymph node cells from immunized wild type, plt/plt, or CCR7-/- mice were
incubated with myelin oligodendrocyte glycoprotein 35-55 peptide for 6 hours in the
presence or absence of CCL19 or CCL21. Then, CD11c* cells were enriched and assayed for
IL-23p19 mRNA expression. As shown in Figure 6-B, left panel, CD11c* cells from wild type
mice expressed much higher IL-23p19 mRNA than those from naive mice, and addition of
CCL19 did not further enhance IL-23p19 mRNA expression in these cells from immunized
wild type mice, probably because they had been exposed to CCL19 produced in draining
lymph nodes. In CD11c* cells from plt/plt mice, however, addition of exogenous CCL19 or
CCL21 increased IL-23p19 mRNA expression (Figure 6-B, middle). As expected, cells from
CCR7+/- mice did not respond to the addition of CCR7-ligands (Figure 6-B, right panel).

CCR7-ligands also stimulated IL-23 production by bone marrow-derived dendritic cells
from wild type and pl/plt mice and by draining lymph node cells from plt/plt mice (Figure 6-
C, D). Draining lymph node cells alone from immunized wild type mice produced much
more IL-23 than those from naive wild type mice, probably because endogenous CCR7-
ligands induced sufficient level of IL-23 production (Figure 6- C, D). Taken together, the
results shown in Figure 6 demonstrate that CCL19 or CCL21 is necessary and sufficient to
induce IL-23 production from dendritic cells. Confirming that IL-23 production in response
to a CCR7-ligand plays a critical role in Th17 induction, in a dose-dependent fashion anti-IL-
23 mAD inhibited Th17 cell generation following incubation of draining lymph node cells
from plt/plt mice with myelin oligodendrocyte glycoprotein 35-55 peptide in the presence of
CCL19 or CCL21 (Figure 7).

Also in vivo expression of 1L-23 in dendritic cells was observed in the presence of CCR7-
ligands, but not in the absence of them. When mice were immunized subcutaneously with a
protein antigen ovalbumin in complete Freund’s adjuvant, expression of IL-23p19 mRNA
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Fig. 6. CCR7-ligands stimulate dendritic cells to express IL-23p19 mRNA and to produce IL-
23. A, Bone marrow-derived dendritic cells were prepared from wild type, plt/plt, and CCR7-
/- mice, and stimulated with lipopolysaccharide or indicated chemokines at 100ng/ml for 6
hours. Cellular RNA was prepared from each cell population and IL-23p19 mRNA
expression was evaluated by quantitative RT-PCR. The expression is shown as mean + SD of
the ratio to GAPDH, an internal control. B, Draining lymph node cells were prepared 4 days
after immunization from wild type, plt/plt, and CCR7-/- mice, and incubated with 10pM
myelin oligodendrocyte glycoprotein 35-55 peptide in the presence or absence of CCL19 or
CCL21 for 6 hrs. CD11c* cells were enriched with a positive selection kit (BD Biosciences) by
MACS. CD11c* cells were 89.2%, 92.2%, and 90.4% for wild type, plt/plt, and CCR7-/-mice,
respectively. Cellular RNA was prepared from each cell population and assessed for IL-
23p19 mRNA expression by quantitative RT-PCR. Controls were lymph node cells from
naive mice. Expression is shown as mean * SD of the ratio to GAPDH as an internal control.
C, D, Bone marrow-derived dendritic cells (C) or draining lymph node cells (D) from wild
type and plt/plt mice were stimulated as described above for 24 hours. The supernatants
were assessed for IL-23 using an enzyme-linked immunosorbent assay kit (BD Biosciences).
Results are shown as a mean + SD of triplicate assay. (Kuwabara et al., 2009)
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Fig. 7. Draining lymph node cells from plt/plt mice were incubated with myelin
oligodendrocyte glycoprotein 35-55 peptide for 2 days in the presence or absence of CCL21
or CCL19 alone or with anti-IL23 mAb. The cells were analyzed for CD4 expression and
intracellular IL-17. (Kuwabara et al., 2009)

and its protein was much higher in the draining lymph nodes CD11c* dendritic cells from
wild type mice than in those from plt/plt mice. Thus, CCR7-ligands are required for IL-23
production both in vivo and in vitro.

IL-12p35 mRNA expression and IL-12 production in bone marrow-derived dendritic cells
from plt/plt mice were also induced by the addition of exogenous CCL19 or CCL21.

It was also possible CCR7-ligands directly stimulated CD4* T cells to produce IL-17.
However, this seemed unlikely since CD4* T cells isolated from naive plt/plt mice or plt/plt
mice primed with myelin oligodendrocyte glycoprotein 35-55 peptide were not induced to
produce IL-17 in response to immobilized anti-CD3 and anti-CD28 mAbs in the presence of
exogenously added CCL19 or CCL21. We concluded CCR7-ligands stimulated dendritic
cells to produce IL-23, which in turn resulted in Th17 differentiation. Consistently, IL-23 has
been shown to be a critical Th17 growth, survival and pathogenesis-inducing factor
(Verdhoen et al., 2006; Bettelli et al., 2006; Mangan et al., 2006; Ghoreschi et al., 2010).

2.8 CCR7-ligands promote the generation of pathogenic Th17 cells

To determine the pathogenicity of draining lymph node T cells from plt/plt mice that had
been incubated with CCR7-ligands under experimental autoimmune encephalomyelitis
inducing conditions, 9 days after immunization cells were incubated for 3 days with myelin
oligodendrocyte glycoprotein 35-55 peptide in the presence of CCL19 or CCL21. CD4+ T
cells were enriched from the treated cells and intravenously transferred into naive wild type
mice. As shown in Figure 8, the recipient mice developed experimental autoimmune
encephalomyelitis with more than 70% disease incidence.
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Fig. 8. Restoration of pathogenic T cells by incubation with CCR7-ligands. Draining lymph
node cells from immunized plt/plt mice (CD45.2+) were incubated at 4x10¢ cells/ml with 10
uM myelin oligodendrocyte glycoprotein 35-55 peptide in the presence of CCR7-ligands
(100 ng/ml) for 3 days. CD4* T cells (3x107) prepared from the treated cells were
intravenously transferred into naive and 500R X-irradiated wild type mice, and mice were
monitored for experimental autoimmune encephalomyelitis (10 mice/group). A mean + SD
of experimental autoimmune encephalomyelitis clinical score is plotted. The experimental
autoimmune encephalomyelitis incidence was 0% for recipients of cells incubated in the
absence of CCR7-ligands, 70% for those in the presence of CCL19, 80% for those in the
presence of CCL21. (Kuwabara et al., 2009)

2.9 CCRY7 ligands up-regulate IL-23 through PI3-kinase and NF-kB pathway in
dendritic cells

Finally, we explored the molecular mechanism involved in CCR7-ligand-induced IL-23
production in dendritic cells, using CD11c* spleen and bone marrow-derived dendritic cells.
Although IL-23 is a heterodimeric molecule of a p40 subunit and a pl9 subunit, p19
expression is the rate-limiting factor for IL-23 production (Oppmann et al., 2000). Several
reports have shown that MAPK and PI3K/Akt signaling pathways triggered by CCR7
activation modulate dendritic cell function (Yanagawa & Onoe, 2002, 2003; Sanchez-Sanchez
et al, 2004; lijima et al, 2005; Riol-Blanco et al.,, 2005). Similar to previous studies,
stimulation of dendritic cells with CCL19 or CCL21 resulted in the activation of Erkl/2,
JNK, p38 MAP kinase and PI3K (Kuwabara et al., 2011). The CCR7 ligand-induced increase
in IL-23 p19mRNA transcription was markedly antagonized only by a PI3K inhibitor. In
contrast, the ability of dendritic cells to migrate toward CCL19 or CCL21 was not blunted by
the PI3K inhibitor, indicating that signaling pathways triggered by CCR7 for IL-23
production and for migration are different (Kuwabara et al., 2011).

PI3K/Akt activation is known to induce NF-xB activation (Kane et al., 1999).
Lipopolysaccharide activates NF-«xB in dendritic cells to produce IL-23 (Utsugi, et al., 2006;
Mise-Omata, et al.,2007; Varmody, et al.,, 2007; Liu, et al.,, 2009). We examined if NF-xB
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activation was also critical for CCR-7-mediated IL-23 production. When dendritic cells were
stimulated with CCL19 or CCL21, translocation of NF-xB was observed from the cytoplasm
into the nucleus. IxBa is an NF-xB inhibitor whose levels are inversely and closely
correlated to the activation of NF-xB (Karin & Ben-Nerah). We found stimulation of
dendritic cells with CCL19 or CCL21 degraded IxBa, which was prevented by inhibition of
PI3K/ Akt signaling. In addition, NF-xB inhibitors blunted the ability of CCR7 ligands to
induce IL-23 production. Inhibition of PI3K activation abolished CCR?7 ligand-mediated NF-
kB DNA binding activities (Kuwabara et al., 2011). Thus, CCR7 ligands triggers NF-xB
activation through PI3K/ Akt signaling, which results in the production of IL-23. It was also
confirmed that CCR7 ligand-stimulated dendritic cells induce Th17 cells as antigen
presenting cells.

3. Conclusions

We have investigated the role of CCR7-ligands, CCL19 and CCL21, in the development of
experimental autoimmune encephalomyelitis, a disease model for human multiple sclerosis
in mice. For this aim we used plt/plt mouse lacking expression of CCL19 and CCL21-ser,
which we previously identified. These mice are resistant to the induction of experimental
autoimmune encephalomyelitis under the standard protocol. In these mice encephalitogenic
Th17 cells are not generated. For the generation of Th17 cells IL-23 is required but dendritic
cells in these mice are unable to produce IL-23. CCR7 ligands stimulate dendritic cells to
produce IL-23, and dendritic cells treated with CCR7 ligands are able to generate Th17 cells
as antigen-presenting cells. The molecular mechanism involved in CCRY7 ligand-induced IL-
23 production in dendritic cells was analyzed. CCR7 ligands trigger PI3K/Akt signaling
pathway in dendritic cells through CCR7 and activate NF-«xB, which results in the
production of IL-23. The signaling pathway for IL-23 production is different from that for
migration toward CCR7 ligands. For the development of strategies to treat experimental
autoimmune encephaslomyelitis or human multiple sclerosis, we have to elucidate precise
mechanisms for IL-23 production in dendritic cells through CCR7 and how dendritic cells
are stimulated with CCR?7 ligands in vivo to produce IL-23.
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1. Introduction

2-Amino-2-[2-(4-octylphenyl)ethyl]propane-1,3-diol hydrochloride (FTY720, fingolimod
hydrochloride) is an orally active sphingosine 1-phosphate (51P) receptor modulator with a
structure closely related to sphingosine (Adachi et al., 1995; Chiba et al., 1996, 1997) (Fig. 1).
FTY720 sequesters circulating mature lymphocytes into the secondary lymphoid organs
(SLO) and thymus by long-term down-regulation of S1P receptor type 1 (S1P1) on
lymphocytes, and shows potent immunomodulating effects (Brinkmann et al., 2000, 2002a,
2002b, 2004; Chiba et al., 1998, 1999, Chiba, 2005; Matloubian et al., 2004).

It has been previously reported that a potent immunosuppressive natural product, myriocin
(ISP-I) can be isolated from a culture broth of Isaria scinclairii, a kind of vegetative wasp
(Fujita et al., 1994a, 1994b; Sasaki et al., 1994). The chemical modification of ISP-I led to a
novel synthetic compound, FTY720 that has more potent immunomodulating activity and
less toxicity than myriocin (Adachi et al., 1995; Fujita et al., 1995, 1996; Kiuchi et al., 2000).
FTY720 is highly effective in prolonging allograft survival in various experimental allograft
models (Chiba et al., 1996, 1998, 2005; Hoshino et al., 1996; Kawaguchi et al., 1996;
Masubuchi et al., 1996; Suzuki et al., 1996, 1998). A striking feature of FIY720 is the
induction of a marked decrease in the number of peripheral blood lymphocytes (T cells and
B cells) at doses that prolong allograft survival (Chiba et al., 1996, 1998, 1999; Yanagawa et
al., 1998a, 1998b, 1999, 2000). The reduction of the number of peripheral blood lymphocytes
induced by FTY720 is mainly caused by sequestration of circulating mature lymphocytes
into the SLO as lymph nodes and Peyer’s patches (Chiba et al., 1998, 1999, Yanagawa et al.,
1998a, 1998D).

It has been reported that FTY720 is effectively phosphorylated to FTY720-phosphate
(FTY720-P, (S)-enantiomer) (Fig. 1) by sphingosine kinases (Billich et al., 2003; Paugh et al.,
2003) and that FTY720-P is a high affinity agonist at four types of S1P receptors (S1P1, S1P3,
S1P4, and S1P5) (Brinkmann et al., 2002a, 2002b; Mandala et al., 2002). It is well documented
that S1P1 plays an essential role in lymphocyte egress from the SLO to lymph (Brinkmann et
al., 2004; Chiba, 2005, Matloubian et al, 2004). FTY720-P induces a long-lasting
internalization and degradation of S1P1, reduces S1P responsiveness of lymphocytes, and
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inhibits lymphocyte egress from the SLO (Brinkmann et al 2002a, 2004; Chiba, 2005; Cyster,
2005; Graler et al., 2004, Maeda et al., 2007, Matloubian et al., 2004; Pham et al., 2008).
Consequently, FTY720-P acts as a functional antagonist at lymphocytic SIP1 and
immunomodulating effects of FTY720 are likely due to inhibition of egress of antigen-
specific T cells from draining lymph nodes.
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Fig. 1. The Chemical structures of myriocin (ISP-I), sphingosine, sphingosine 1-phospahete
(S1P), fingolimod (FTY720) and FTY720-phosphate (FTY720-P).

Multiple sclerosis (MS) is a common and often disabling disease of the central nervous
system (CNS). Early active MS lesions are characterized by the presence of infiltrated
mononuclear cells around venules and small veins, followed by myelin breakdown and
astrogliosis, resulting in irreversible disability (Lubin et al., 1996; Martin et al., 1992;
Rammohan, 2003). The etiology of MS remains unknown, but is widely considered to
involve the organ-specific autoimmune destruction of CNS myelin mediated by myelin-
specific T cells (Anderson et al., 2004; Seamons et al., 2003). Inmunomodulating therapy
using cyclophosphamide, interferon (IFN)-B, or glatiramer acetate is widely used for the
treatment of MS (Goodkin et al.,, 1999; Zamvil et al., 2003). Experimental autoimmune
encephalomyelitis (EAE), an animal model of human MS, is a demyelinating, inflammatory
disease of the CNS and is induced by the immunization of susceptible strains of rats or mice
with myelin antigens combined with adjuvant (Kuchroo et al., 1993; Martin et al., 1992, 1995;
Owens et al., 1995). It is highly likely that trafficking and infiltration of IFN-y-expressing
type 1 helper T cells (Thl cells) (Bright et al., 1998; Merrill et al., 1992; Windhagen et al.,
1995) and interleukin 17 (IL-17)-expressing helper T cells (Th17 cells) (Bettelli et al., 2006;
Komiyama et al., 2006; Kroenke et al., 2008; Langrish et al., 2005; Steinman, 2010; Stromnes
et al., 2008) into the CNS play an important role in the development and progression of EAE
because myelin antigen-specific Th17 cells and Thl cells can be found in the blood,
lymphoid tissues and CNS in EAE and MS.

There are several reports on ameliorating effects of FTY720 on EAE in mice and rats
(Balatoni et al., 2007; Brinkmann et al., 2002a; Chiba et al., 2011; Foster et al., 2007; Fujino et
al., 2003; Kataoka et al., 2005; Webb et al., 2004). In myelin basic protein (MBP)-induced EAE
in LEW rats, prophylactic administration of FTY720 at 0.1 to 1 mg/kg almost completely
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prevents the development of EAE symptoms and EAE-associated histological change in the
spinal cords (Fujino et al., 2003; Kataoka et al. 2005). In myelin oligodendrocyte glycoprotein
(MOG)-induced EAE in DA rats, prophylactic therapy of FTY720 protects against the
emergence of EAE symptoms, neuropathology, and disturbances to visual and
somatosensory evoked potentials (Foster et al., 2007, Balatoni et al., 2007). Consistent with
rat EAE, development of EAE induced by myelin proteolipid protein (PLP) in SJL/J mice is
almost completely prevented and infiltration of CD4 T cells into spinal cord is decreased by
prophylactic treatment with FTY720 and FTY720-P (Webb et al., 2004; Kataoka et al., 2005).
When FTY720 or FTY720-P is given after establishment of EAE in SJL/] mice, marked
therapeutic effects on EAE are observed accompanying with reduction of demyelination and
infiltration of CD4 T cells in the spinal cords (Chiba et al., 2011; Kataoka et al., 2005; Webb et
al., 2004). Similar therapeutic effects by FTY720 are obtained in MOG-induced EAE in
C57BL/6 mice (Chiba et al., 2011; Kataoka et al., 2005, Seki et al., 2010).

In this chapter, we demonstrate the prophylactic and therapeutic effects of FTY720 on EAE
in rats and mice using MBP, myelin PLP or MOG as myelin antigens (Chiba et al., 2011;
Kataoka et al., 2005, Seki et al., 2010). Our findings suggest that FTY720 is more efficacious
in mouse EAE as compared with rm-IFN-f and that the ameliorating effects of FTY720 on
EAE are likely due to reduction of the infiltration of myelin antigen-specific Th17 and Thl
cells into the CNS.

On the other hand, it has been well documented that neural cells express S1P receptors and
FTY720 can distribute into the CNS beyond blood brain barrier (Brinkmann, 2009). Recently,
it has been strongly suggested that FTY720-P directly acts as a functional antagonist at S1P1
on not only lymphocytes but also neural cells, particularly astrocytes because the
therapeutic effects of FTY720 on EAE was lost in CNS mutants lacking S1P1 on astrocytes
but not neuron (Choi et al, 2011). Since FTY720 possesses a completely new mechanism of
action, FTY720 should provide a useful therapeutic approach for MS.

2. Discovery of FTY720 from a natural product, myriocin

A potent immunosuppressive natural product, myriocin was isolated from a culture broth
of Isaria sinclairii, a kind of vegetative wasp that is an "eternal youth" nostrum in traditional
Chinese herbal medicine (Fujita et al, 1994a, 1994b; Sasaki et al., 1994). Chemical
modification of myriocin yielded a new compound, FTY720 (Fig. 1), which has more potent
immunomodulating activity and less toxicity than myriocin (Adachi et al., 1995; Fujita et al.,
1995, 1996; Kiuchi et al., 2000). FTY720 at an oral dose of 0.1 mg/kg or higher significantly
prolongs allograft survival in experimental skin, cardiac and renal allotransplantation
models (Chiba et al., 1996, 1997, 1998; Hoshino et al., 1996, Kawaguchi et al., 1996;
Masubuchi et al., 1996; Suzuki et al., 1996, 1998). Unlike calcineurin inhibitors, FTY720 does
not impair lymphocyte function including T cell activation and production of Thl cell-
associated cytokines by antigen stimulation (Chiba et al., 1996, 1997, 1998; Yanagawa et al.,
1998a). Moreover, we have demonstrated that FTY720 does not inhibit serine
palmitoyltransferase that is the first enzyme in sphingolipid biosynthesis and is the target
enzyme of myriocin (Fujita et al., 1996).

A striking feature of FIY720 is the induction of a marked decrease in the number of
peripheral blood lymphocytes at doses that display an immunomodulating activity (Chiba
etal., 1996, 1997, 1998, Li et al., 2002; Yagi et al., 2000; Yanagawa et al., 1998a, 1998b). In rats,
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the number of lymphocytes (T cells and B cells) in peripheral blood decreases dramatically
within 6 hours after oral administration of FTY720 at 0.1 to 1 mg/kg (Chiba et al., 1998,
1999). To clarify the mechanism of lymphocyte reduction by FTY720, distribution of
lymphocytes in blood, lymph, and various SLO was analyzed after FTY720 administration
in rats (Chiba et al., 1998). When FTY720 at an oral dose of 0.1 mg/kg or higher is given to
rats or mice, the number of lymphocytes is decreased markedly in the peripheral blood and
thoracic duct lymph whereas that in the SLO is increased significantly. Intravenous
transfusion of fluorescein-labelled lymphocytes into rats reveals that the labelled
lymphocytes are accumulated in the SLO by FTY720 administration (Chiba et al, 1998).
These data suggest that FTY720 induces sequestration of circulating mature lymphocytes
into SLO and decreases the number of lymphocytes in peripheral blood, and lymph. Thus,
sequestration of circulating mature lymphocytes is presumed to be the main mechanism of
immunomodulating activity of FTY720. As reported previously, immunohistochemical
staining and flow cytomeric analysis revealed that FTY720 decreases the infiltration of T
cells into the allograft at doses showing immunomodulating effects (Chiba, 2005, Yanagawa
et al, 1998a, 1999, 2000). These findings strongly suggest that FIY720 exerts
immunomodulating activity by decreasing T cell infiltration into inflammatory sites.

3. Mechanism of action of FTY720, S1P receptor modulator

Circulation of mature lymphocytes among the SLO, lymph and blood plays a central role in
the establishment of the immune response to foreign antigens. Homing of lymphocytes from
blood into the SLO beyond high endothelial venules is highly dependent on the interaction
between the CC-chemokine ligand (CCL) 19, CCL21, CXC-chemokine ligand (CXCL) 13, and
their receptors: CC-chemokine receptor (CCR) 7 and CXC-chemokine receptor (CXCR) 5 on
lymphocytes. On the other hand, throughout the analyses of the mechanism of action of
FTY720, it is clarified that S1P and its receptor, SIP1 play an essential role in lymphocyte
egress from the SLO to lymph (Brinkmann et al 2002a, 2004; Chiba, 2005; Chiba et al., 2006;
Cyster, 2005; Lo et al., 2005; Maeda et al., 2007, Matloubian et al., 2004; Pham et al., 2008).
Reverse pharmacological approaches have been performed to elucidate that FTY720 is
phosphorylated by sphingosine kinases (Billich et al., 2003; Paugh et al., 2003) and FTY720-
phosphate (FTY720-P) acts as a high affinity agonist of 4 types of S1P receptors (S1P1, S1P3,
S1P4, and SI1P5) (Brinkmann et al, 2002a, 2002b; Mandala et al., 2002). After oral or
intravenous FTY720 administration, the plasma concentration of FTY720-P was 2 to 6 times
higher than FTY720 (Brinkmann et al 2002a).

S1P, a pleiotropic lysophospholipid mediator is converted primarily by the phosphorylation
of sphingosine by sphingosine kinases and stimulates multiple signalling pathways
resulting in calcium mobilization from intracellular stores, polymerization of actin,
chemotaxis/migration, and escape from apoptosis (Hla et al., 2001, Pyne et al.; 2000). S1P is
predominantly released by red blood cells or platelets and is found in significant amounts
(100 to 400 nM) in serum (Kimura et al, 2001). S1P binds with nano-molar affinities to five
related G-protein-coupled receptors, termed S1P1-5 (Brinkmann et al., 2002a, 2002b; Chiba,
2005; Mandala et al. 2002) (Fig. 2). It has been reported that S1P1 is essential for lymphocyte
recirculation and that S1P1 regulates lymphocyte egress from the SLO (Brinkmann et al
2002, 2004; Chiba, 2005; Cyster, 2005; Maeda et al., 2007, Matloubian et al., 2004; Pham et al.,
2008). In mice whose hematopoietic cells lack a single S1P receptor, S1P1, there are no T cells
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in the periphery because mature T cells are unable to exit SLO (Matloubian et al., 2004).
Moreover, S1P1-dependent chemotactic responsiveness is suggested to be up-regulated in
lymphocytes before exit from the SLO, whereas S1P1 is down-regulated during peripheral
lymphocyte activation, and this is associated with retention of lymphocytes in the SLO (Lo
et al, 2005).
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Fig. 2. Generation of SIP and interaction with S1P receptor. S1P is generated primarily by
the phosphorylation of intracellular sphingosine by sphingosine kinases and binds to five
related G-protein-coupled S1P receptors (S1P1-5).

FTY720 treatment down-regulates S1P1, creating a temporary pharmacological S1P1-null
state in lymphocytes, providing an explanation for the mechanism of FTY720-induced
lymphocyte sequestration (Graler et al., 2004; Matloubian et al., 2004). Since S1P1 surface
expression on lymphocytes is highly dependent on the extracellular concentration of S1P,
S1P1 on lymphocytes is down-regulated in the blood, up-regulated in SLO and down-
regulated again in the lymph (Cyster, 2005; Lo et al., 2005). Thus, it is proposed that cyclical
modulation of S1P1 surface expression on circulating lymphocytes by SI1P contributes to
establishing their transit time in SLO.

We have confirmed that only the (S)-enantiomer of FTY720-P can bind to four types of S1P
receptors (S1P1, 3, 4, 5) at nano-molar concentrations, but not S1P2, whereas FIY720 up to
10,000 nM does not bind S1P receptors (Chiba, 2005, Kiuchi et al., 2005). FTY720-P shows
agonist activity for S1P1 at nano-molar concentrations using extracellular signal regulated
kinase 1/2 (ERK1/2) phosphorylation assay and subsequently induces long-term
internalization of S1P1 in Chinese hamster ovary (CHO) cells stably expressing human S1P1
(Chiba, 2005; Chiba et al.; 2006, Maeda et al., 2007). The internalization of S1P1 by FTY720-P
appears to be maintained longer than that by S1P and the difference between FTY720-P and
S1P seems to be due to the distinct stability of FTY720-P and SI1P for degradation by S1P
lyase. S1P at concentrations of 10 to 100 nM induces migration of lymph node CD4+ T cells
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in mice. By contrast, the pretreatment with FTY720-P effectively inhibits the migration of
CD4+ T cells toward S1P (Chiba, 2005; Chiba et al.; 2006, Maeda et al., 2007). Based on these
results, it is presumed that FTY720-P converted from FTY720 acts as a functional antagonist
at S1P1 receptor by internalization and degradation of the S1P1, reduces S1P responsiveness
of lymphocytes, and inhibits S1P1-dependent lymphocyte egress from SLO (Fig. 3).
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Fig. 3. FTY720-P converted from FTY720 inhibits S1P/S1P1 axis-dependent lymphocyte
egress from SLO by functional antagonism (internalization and degradation) at lymphocytic
S1P1.

4. Effects of FTY720 on MBP-induced EAE in LEW rats

We examined the prophylactic and therapeutic effects of FTY720 on EAE induced by
immunization with MBP in LEW rats (Kataoka et al., 2005). All of the LEW rats in the
vehicle-treated control group developed EAE-associated clinical symptoms 10 days after
immunization with guinea pig MBP, reaching a maximal level on day 13 followed by a
gradual decline (Fig. 4A). Elevation of EAE scores was significantly inhibited in groups
given FTY720 prophylactically at oral doses of 0.1, 0.3, and 1 mg/kg for 20 days from the
day of MBP immunization. Consistent with EAE-associated symptoms, the histological
scores in FTY720-treated groups decreased significantly and dose-dependently as compared
with the vehicle-treated control group.

To evaluate the therapeutic potential of FTY720 in MBP-induced EAE in LEW rats, the
administration was started from the day of EAE onset (Fig. 4B). In the vehicle-treated
control group, EAE had developed by day 9 after immunization and reached a maximal
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level on day 11 to 13. Thereafter, the mean of EAE scores remained within the 2 to 3 range
until day 20, because 4 out of 8 EAE rats died with severe symptoms in the control group.
Therapeutic administration of FTY720 from the day of EAE onset significantly decreased
post-peak EAE-associated clinical signs. Moreover, the therapeutic administration of FTY720
resulted in a significant decrease in the histological score of EAE. The infiltration of
inflammatory cells into the spinal cords of EAE rats was inhibited in the FTY720-treated
group. These data indicate that FTY720 not only has a prophylactic but also a therapeutic
potential in MBP-induced EAE in LEW rats.
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Fig. 4. Prophylactic and therapeutic effects of FTY720 on MBP-induced EAE in LEW rats.
LEW rats were immunized with guinea pig MBP (100 pg/rat) and Freund’s complete
adjuvant. FTY720 was administered orally to MPB-immunized LEW rats every day from the
day of immunization (A: prophylactic administration) or the day of onset (B: therapeutic
administration) until day 20. Rats in the control group were administered vehicle only. The
results are expressed as the mean + S.E.M of 8 animals and statistical differences were
calculated by Steel’s test (non-parametric Dunnett’s multiple comparison test, *:

p<0.05, **: p<0.01).

5. Effects of FTY720 on PLP-induced EAE in SJL/J mice
5.1 Prophylactic effects of FTY720 on PLP-induced EAE in SJL/J mice

In human MS, neurological symptoms relapse over several years; however MPB-induced EAE
in LEW rats was monophasic with no relapse. To clarify the therapeutic potential of FTY720 in
human MS more precisely, we evaluated the effect of FIY720 and its active metabolite,
FTY720-P on relapsing EAE in SJL/] mice induced by PLP139.151 immunization (Chiba et al.,
2011; Kataoka et al.,, 2005). SJL/] mice immunized with PLPi39.151 emulsified in Freund’s
complete adjuvant resulted in the development of EAE-associated clinical symptoms and a
decrease in body weight 11 days after immunization. EAE scores rapidly elevated and reached
a maximal level on day 15. The first phase of EAE remitted with a low EAE score on day 20
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and spontaneously relapsed thereafter (Fig. 5A). The elevation of EAE-associated clinical score
and the loss of body weight were prevented in groups given FTY720 prophylactically at oral
doses of 0.1 and 0.3 mg/kg for 42 days from the day of immunization (Figs. 5). Consistent with
MBP-induced EAE in LEW rats, there was no increase in EAE score in the group treated with
FTY720 at 1 mg/kg, indicating a complete prevention of PLP139.151-induced EAE in SJL/J mice
(Kataoka et al., 2005). Almost the same prophylactic effect was observed when FTY720-P at 0.1
and 1 mg/kg was administered intraperitoneally to PLP139-151-immunized SJL/] mice from the
day of immunization. By contrast, prophylactic treatment with recombinant mouse (rm)-IFN-p
at 10000 IU three times a week intraperitoneally showed no clear effect or no lymphopenia
(Kataoka et al., 2005).

The infiltration of inflammatory cells was observed in the spinal cord of SJL/J mice 17 days
after immunization with PLP139.151 (Kataoka et al., 2005). Prophylactic administration of
FTY720 at 1 mg/kg orally resulted in a marked reduction of the infiltration of inflammatory
cells in the spinal cord of PLPi39.151-immunized SJL/] mice (Fig. 6A-D). Immunohisto-
chemical staining analysis using anti-T cell subset mAbs revealed the infiltration of CD4* T
cells rather than CD8* T cells into the spinal cord, especially the perivascular area and
funiculus dorsalis in white matter under pia mater, of PLP139_15-immunized SJL/] mice with
developed EAE. Prophylactic administration of FTY720 at 1 mg/kg orally markedly
decreased the infiltration of CD4* T cells into the spinal cord as compared with the vehicle-
treated control EAE group (Fig. 6E-H).
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Fig. 5. Prophylactic effect of FTY720 on PLP139.151-induced EAE in SJL/J mice. SJL/] mice
were immunized with PLPi39.151 (50 g/ mouse) and Freund’s complete adjuvant. FTY720
was administered orally to PLP139.15-immunized SJL/] mice every day from the day of
immunization for 42 days. Mice in the control groups were administered vehicle only. The
results are expressed as the mean + S.E.M. of 7 animals and statistical differences in clinical
scores of EAE were calculated by Steel’s test (*: p<0.05, **: p<0.01).
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Fig. 6. Prophylactic administration of FTY720 decreased the infiltration of CD4* T cells into
the spinal cord of EAE mice induced by PLP139.151 immunization. SJL /] mice were
immunized with PLP139.151 and administered FTY720 at 1 mg/kg p.o. prophylactically. On
day 17 after immunization, the spinal cords of EAE-developed mice were obtained, and
haematoxylin and eosin (H&E) and immunohistochemical staining with anti mouse CD4
monoclonal antibody (mAb) were performed.

5.2 Therapeutic effects of FTY720 on PLP-induced EAE in SJL/J mice

To evaluate the therapeutic effect of FTY720 on PLP13g-151-induced, relapsing EAE in SJL/]
mice, EAE-developed mice were pooled, divided into 4 groups consisting of six mice, and
administration of FY720 was started 17 days after immunization (Kataoka et al., 2005). EAE-
associated clinical signs had decreased rapidly by day 21, and thereafter, relapse of EAE
occurred in the vehicle-treated control group (Fig. 7A). By contrast, the relapse of EAE was
markedly inhibited and no EAE-associated clinical signs were observed from day 32 to 59 in
groups given FTY720 at 0.3 and 1 mg/kg therapeutically, indicating complete inhibition of
EAE relapse. In the group given rm-IFN-f at 10000 IU three times a week intraperitoneally,
the EAE score was significantly lowered at day 24, and relapse was delayed; however rm-
IFN-p failed to inhibit the relapse of EAE. In another experiment, it was confirmed that the
magnitude of the therapeutic effect of FTY720 is almost equal to that of prednisolone (1
mg/kg p.o.) (Fig. 7B). In the group given FTY720 at 1 mg/kg therapeutically, the area of
demyelination and the infiltration of CD4* T cells into the spinal cord were decreased as
compared with the vehicle-treated control group (Fig. 8). Similarly, the relapse of EAE was
markedly inhibited in groups given FTY720-P at 0.1 and 1 mg/kg therapeutically (Kataoka
et al., 2005).
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Fig. 7. Therapeutic effect of FTY720 on PLP139.151-induced EAE in SJL/] mice. SJL/] mice
were immunized with PLP139.151 (50 pg/mouse) and Freund’s complete adjuvant. EAE-
developed mice were pooled, divided into 4 groups and administrations of FTY720 (daily),
rm-IFN-f (3 times a week), and prednisolone (daily) were started from day 17. The results
are expressed as the mean + S.E.M of 7 animals and statistical differences in clinical scores of
FTY720 groups were calculated by Steel’s test (*: p<0.05, **: p<0.01), and those in rm-IFN-{3
or prednisolone were done by Mann Whitney U test (#: p<0.05).
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Fig. 8. Therapeutic administration of FTY720 decreased infiltration of CD4* T cells into
spinal cords of PLP139.151-induced EAE mice. SJL/] mice were immunized with PLP139.151 and
were administered FTY720 (1 mg/kg p.o.) therapeutically from day 17. The spinal cords of
EAE-developed mice were obtained on day 28, and were performed immunohistochemical
staining with anti-mouse CD4 mAb.

5.3 FTY720 shows a superior efficacy as compared with IFN-B in the relapse of EAE
induced by PLP in SJL/J mice

To clarify the preventing effects of FTY720 on relapse of EAE induced by PLP139-151 in SJL/]
mice, EAE-developed mice were pooled on day 15 after immunization, divided into 5
groups, and administered vehicle or FTY720 (oral doses of 0.03, 0.1, 0.3 and 1 mg/kg) daily
for 28 days (Fig. 9A) (Chiba et al., 2011). In vehicle-treated control group, the first phase of
EAE was remitted with low EAE scores by day 8 after primary administration; however
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EAE symptoms were relapsed on day 10 to day 14 spontaneously, reached to maximal level
on day 16, and maintained with high severity thereafter. The relapse of EAE was
significantly inhibited in all of FTY720 groups and no clinical symptoms were observed in
the groups given FTY720 at 0.3 and 1 mg/kg from day 12 to day 28 after primary
administration. As shown in Fig. 11B, all 12 mice in the control group experienced the
relapse of EAE from day 6 to day 16 after primary administration. FTY720 (0.03 to 1 mg/kg)
significantly prolonged the time to confirm the relapse of EAE and no relapse was seen in
group given FTY720 at 0.3 and 1 mg/kg, indicating an almost complete prevention for the
relapse of EAE (Fig. 9B).
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Fig. 9. Therapeutic effects of FTY720 on EAE induced by PLP139.151 in SJL/] mice. SJL/] mice
were immunized with PLP139.151 (50 pg/mouse) and Freund’s complete adjuvant. EAE-
developed mice were divided into 5 groups on day 15 day after immunization and
administered vehicle or FTY720 orally every day for 28 days. (A) Clinical scores are
expressed as the mean + S.E.M. of 12 mice. Statistical differences in EAE scores were
calculated by Steel’s test (*: p<0.05, **: p<0.01 versus vehicle-treated control group). (B)
Results are expressed as the proportion of mice remaining relapse-free in total 12 mice.
Statistical differences were calculated by generalized Wilcoxon test adjusted by Holm’s
multiple comparison test (**: p<0.01 versus vehicle-treated control group).

Next, we directly compared the therapeutic effects of FTY720 and rm-IFN-p on relapsing-
remitting EAE induced by PLP139.151 in SJL/] mice. EAE-developed SJL/] mice were divided
into 5 groups on day 15 after immunization and then administered vehicle, FTY720 (0.1 and
0.3 mg/kg p.o., daily), or rm-IFN-f (3000 and 10000 IU/mouse, subcutaneously every other
day) for 28 days (Chiba et al. 2011). The relapse of EAE was markedly inhibited in groups
given FTY720 at 0.1 and 0.3 mg/kg (Fig. 10A). The administration of rm-IFN-$ at low dose
(3000 IU/mouse) resulted in only a slight but not significant inhibition on day 14 after
primary administration. The high dose (10000 IU/mouse) of rm-IFN-p showed a significant
reduction of EAE scores, suggesting a delay of the relapse in early period of administration;
however even high dose of rm-IFN-P failed to prevent the relapse of EAE in latter period
(Fig. 10B).
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Fig. 10. Therapeutic effects of FTY720 and rm-IFN- on relapsing remitting EAE induced by
PLP139.151 in SJL/] mice. EAE-developed mice were divided into 5 groups on day 15 after the
immunization. Clinical scores are expressed as the mean £ S.E.M. of 12 mice. (A) Statistical
differences in clinical scores of EAE were calculated by Steel’s test (*: p<0.05, **: p<0.01
versus control). (B) Results are expressed as the proportion of mice remaining relapse-free in
total 12 mice. Statistical differences were calculated by generalized Wilcoxon test adjusted
by Holm’s multiple comparison test (**: p<0.01 versus vehicle-treated control, ##: p<0.01
versus rm-IFN-p 3,000 IU/mouse, t: p<0.05, t1: p<0.01 versus rm-IFN- 10,000 IU/mouse).

All mice in the control group experienced the relapse of EAE from day 6 to day 14. FTY720
at 0.1 and 0.3 mg/kg significantly prolonged the time to first confirmed relapse and no
relapse was seen in 0.3 mg/kg group (Fig 10C). In the high dose of rm-IFN-f group, the
relapse of EAE was significantly delayed; however all mice given rm-IFN-P experienced the
relapse of EAE (Fig. 10D). Furthermore, FTY720 significantly prolonged the time to first
confirmed relapse as compared with rm-IFN-f, indicating that FTY720 shows a superior
efficacy for preventing the relapse of EAE as compared with rm-IFN-f.

5.4 FTY720 reduces infiltration of Th17 cells and Th1 cells into the spinal cords of
PLP-induced EAE in SJL/J mice

To elucidate the effects of FTY720 on demyelination and infiltration of CD4* T cells into the
CNS in EAE induced by PLPi3g_151, the spinal cords were obtained from EAE mice given
FTY720 or vehicle on day 28 after immunization.
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Fig. 11. Effects of FTY720 on the frequency of PLP-specific Th1l and Th17 cells in the spinal
cords and inguinal lymph nodes in EAE mice immunized with PLP139.151. SJL/] mice were
immunized with PLP139.151 (50 pg/mouse) and Freund’s complete adjuvant. EAE-developed
mice were administered FTY720 at an oral dose of 0.1 mg/kg therapeutically for 28 days. On
the next day of the final administration, the spinal cords were obtained and were stained
with H&E (A) control, (B) FTY720 0.1 mg/kg. Immunohistochemical staining of the spinal
cords was performed by using anti-mouse CD4 mAb: (C) control, (D) FTY720 0.1 mg/kg. On
the same day, lymphocytes were prepared from the spinal cords or inguinal lymph nodes of
EAE mice and were cultured for 72 h in the presence of PLP139.151 (50 pg/ml). After the
culture, intracellular cytokine staining was performed by using anti-mouse CD4, anti-mouse
IL-17, and anti-mouse IFN-y mAbs (E).

Demyelination and infiltration of inflammatory cells including lymphocytes were observed
in the spinal cord of EAE mice in vehicle-treated control group (Fig. 11A). Therapeutic oral
administration of FTY720 at 0.1 mg/kg resulted in a marked reduction of demyelination and
infiltration of inflammatory cells in the spinal cord of EAE mice (Fig. 11B). By
immunohistochemical staining using anti-mouse CD4 mAb, it was revealed that CD4+ T
cells were infiltrated into the spinal cord, particularly the perivascular area and funiculus
dorsalis in white matter under pia matter of EAE mice (Fig. 11C). Therapeutic
administration of FTY720 at 0.1 mg/kg orally resulted in a marked reduction of infiltration
of CD4* T cells into the spinal cord (Fig. 11D).

To clarify the involvement of myelin antigen-specific Th17 and Thl cells, lymphocytes were
prepared from the spinal cord and inguinal lymph nodes of EAE mice induced by
immunization of PLP139_151 on day 28 after immunization (Chiba et al., 2011). The obtained
lymphocytes were re-stimulated with PLP13g.151 for 72 h in vitro. Then, the numbers of PLP-
specific Th17 cells and Thl cells were determined by intracellular cytokine staining using
anti-mouse CD4, anti-IL-17, and anti-IFN-y mAbs. Fig. 11E shows a typical pattern of
intracellular cytokine staining of CD4-gated Th17 cells and Thl cells in the spinal cord
and inguinal lymph nodes in EAE mice. Significant numbers of Th17 and Th1 cells were
found in the spinal cord from EAE mice, indicating the infiltration of myelin PLP-specific
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Th17 and Th1 cells into the CNS of EAE mice. FTY720 (0.1 mg/kg) markedly reduced the
infiltration of PLP-specific Th17 and Th1 cells into the spinal cord of EAE mice (Chiba et
al., 2011). On the contrary, FTY720 increased the frequency of PLP-specific Th17 and Thl
cells in inguinal lymph nodes to approximately 3-fold, suggesting inhibition of egress of
PLP-specific Th cells from draining lymph nodes. From these results, therapeutic effects of
FTY720 on EAE are likely due to reduction of infiltration of myelin antigen-specific Th
cells into the CNS.

6. Effects of FTY720 on MOG-induced EAE in C57BL/6 mice

6.1 Prophylactic and therapeutic effects of FTY720 on MOG-induced EAE in C57BL/6
mice

When C57BL/6 mice were immunized with MOGss.s5 in the presence of Freund’'s complete
adjuvant, chronic progressing EAE was developed on day 11 and reached a maximal level
on day 17 after the immunization. Prophylactic administration of FTY720 at an oral dose of
0.3 mg/kg resulted in a marked delay in the onset of EAE and a significant reduction of
EAE symptoms during the administration period (Fig. 12A) (Seki et al, 2010).

To examine the therapeutic effects of FTY720 on EAE induced by immunization with
MOGss.55 in C57BL/6 mice, EAE-established mice were divided into 3 groups consisting of
eleven mice 17 days after the immunization (Kataoka et al., 2005). When FTY720 (0.1 and 0.3
mg/kg) was administered therapeutically, the symptoms of EAE were significantly
improved during the administration period (Fig. 12B).
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Fig. 12. Prophylactic and therapeutic effects of FTY720 on MOGss.s5-induced EAE in
C57BL/6 mice. C57BL/6 mice were immunized with MOGss.55 (200 g/ mouse) in the
presence of Freund’s complete adjuvant. (A) Prophylactic administration of FTY720 was
stared on the day of the immunization for 21 days. (B) EAE-developed mice were pooled,
divided into 3 groups and therapeutic administration of FTY720 was started from day 17 for
25 days. Clinical scores are expressed as the mean + S.E.M. of 10 to 11 mice. Statistical
differences were calculated by Mann-Whitney U test (A) or Steel’s test (B) (*: p<0.05, **:
p<0.01).
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To compare the therapeutic effects of FTY720 and rm-IFN-p on chronic EAE induced by
MOGss.s5 in C57BL /6 mice, EAE-developed mice were divided into 5 groups on day 15 after
immunization with MOGss.s5, and administered vehicle or FTY720 (oral doses of 0.03, 0.1,
0.3 and 1 mg/kg) daily for 28 days (Chiba et al., 2011). Therapeutic administration of
FTY720 at 0.1 to 1 mg/kg significantly improved the EAE-associated symptoms during
administration period (Fig. 13A). On the other hand, rm-IFN-B (subcutaneous injection at
10,000 IU/mouse every other day) showed no clear effect on chronic EAE induced by
MOG35_55 (Flg 13B)

6.2 FTY720 reduces infiltration of Th17 and Th1 cells into the spinal cords of EAE
mice induced by immunization with MOG

Demyelination and infiltration of inflammatory cells including lymphocytes were observed
in the spinal cord of EAE mice in vehicle-treated control group (Fig. 14A). Therapeutic oral
administration of FTY720 at 0.3 mg/kg resulted in a marked reduction of demyelination and
infiltration of inflammatory cells in the spinal cord of EAE mice (Fig. 14B). By
immunohistochemical staining using anti-mouse CD4 mAb, it was revealed that CD4* T
cells were infiltrated into the spinal cord of EAE mice (Fig. 14C). Therapeutic administration
of FTY720 at 0.1 mg/kg orally resulted in a marked reduction of infiltration of CD4* T cells
into the spinal cord (Fig. 14D).

To examine the influence of FTY720 on infiltration of Th17 and Thl cells into the CNS in
MOGssss-induced EAE in C57BL/6 mice, the spinal cords were obtained from EAE mice

20, A FTY720 ag. B rm-IFN-{}
H === —0=0
: S E . o
a
th
m
A
£
O o5t
ol i L M N LY L L i .
i} 7 14 | 28 0 ¥ 14 M 28
Days after primary administration
—C— Cantral
—~8=FTY720 .03 mylky po.  —B- FTY720 0.5 mgiky R -0~ Canral
—&=FTY720 0.1 mykygp.o. -4=FTYF201 molkg p.o. == rm-AF N 10000 I olse 5.0

Fig. 13. Therapeutic effects of FTY720 and rm-IFN-f on chronic EAE induced by MOGss.55 in
C57BL/6 mice. C57BL/6 mice were immunized with MOGss.55 (200 pg/mouse) and EAE-
developed mice were divided into 5 groups on day 14 after immunization. (A) FTY720 was
administered orally every day for 28 days. (B) rm-IFN- was administered subcutaneously
every other day for 28 days. Clinical scores are expressed as the mean £ S.E.M. of 12 mice.
Statistical differences in EAE scores were calculated by Steel’s test (*: p<0.05, **: p<0.01
versus control group). There was no significant difference between control group and rm-
IFN-B-treated group by Wilcoxon test.
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given FTY720 or vehicle for 16 days. Th17 and Th1 cells infiltrated into the spinal cords were
determined by intracellular cytokine staining with mAbs against IL-17 and IFN-y. Fig. 14E
shows a typical pattern of intracellular cytokine staining of CD4-gated IL-17-expressing
Th17 cells and IFN-y-expressing Thl cells in the lymphocytes infiltrated into the spinal
cords in EAE mice (Seki et al., 2010). The number of CD4* T cells infiltrated into the spinal
cords was markedly decreased to less than 10% of control EAE mice by prophylactic
administration of FTY720 at 0.3 mg/kg for 16 days. Moreover, the frequency of Th17 and
Th1 cells in the spinal cords of EAE mice given FTY720 was also markedly decreased
compared with control (Fig. 14E). On the contrary, the frequency of Th17 and Thl cells in
draining inguinal lymph nodes was increased to approximately 2-fold by the administration
of FTY720, suggesting that myelin antigen-specific Th cells can not exit from draining lymph
nodes into periphery by treatment with FTY720.

FTY720-P, an active metabolite of FTY720, is known to show an agonistic activity on S1P
receptors; however it acts as a functional antagonist of S1P1, because it strongly internalizes
S1P1 receptor and reduces S1P responsiveness of lymphocytes (Brinkmann et al 2002, 2004;
Chiba, 2005; Cyster, 2005; Maeda et al., 2007, Matloubian et al., 2004; Pham et al., 2008). As
reported previously, mouse CD4* T cells shows a migratory respond to a physiological
concentration (10 nM) of S1P and the S1P responsiveness of CD4+ T cells is almost
completely inhibited by pretreatment with 0.3 to 3 nM FTY720-P. To know whether myelin
antigen-specific Th17 and Thl cells generated in draining lymph nodes can respond a
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Fig. 14. Effects of FTY720 on the frequency of Th1 and Th17 cells in the spinal cords and
inguinal lymph nodes in EAE mice immunized with MOGss.s5. C57BL/ 6 mice were
immunized with P MOGsgs.s5 (200 pg/mouse) and EAE-developed mice were administered
FTY720 at an oral dose of 0.1 mg/kg therapeutically for 28 days. On the next day of the final
administration, the spinal cords were obtained and were stained with H&E (A) control, (B)
FTY720 0.3 mg/kg. Immunohistochemical staining of the spinal cords was performed by
using anti-mouse CD4 mAb: (C) control, (D) FTY720 0.3 mg/kg. On the same day,
lymphocytes were prepared from the spinal cords or inguinal lymph nodes of EAE mice and
intracellular cytokine staining was performed by using anti-mouse CD4, anti-mouse IL-17,
and anti-mouse IFN-y mAbs (E).
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physiological concentration of S1P, we performed migration assays toward S1P using
lymphocytes from draining inguinal lymph nodes of EAE-established mice. Both Th17 and
Th1 cells prepared from the draining lymph nodes of EAE mice could migrate toward 10 nM
S1P and the migratory response of these Th cells toward S1P was almost completely inhibited
by pretreatment with 1 nM of FTY720-P (Seki et al., 2010). On the other hand, FTY720-P up to
100 nM showed no clear effect on the generation of either Th17 or Th1 cells from naive CD4* T
cells in vitro (Seki et al., 2010). Moreover FTY720-P did not affect IL-17 production from Th17
cells or IFN-y production from Thl cells in vitro (Seki et al., 2010). From these results, it is
suggested that FTY720-P converted from FTY720 inhibits egress of myelin antigen-specific
Th17 and Th1 cells from draining Ilymph nodes, reduces infiltration of these Th cells into the
CNS, and shows ameliorating effects on EAE in mice.

7. Therapeutic effects of FTY720 in relapsing remitting MS

The first clinical evidence that FTY720 has the therapeutic benefits in MS was provided in a
6-month, placebo-controlled Phase II trial involving 281 patients with relapsing remitting
MS (RRMS) (Kappos et al., 2006). Patients receiving FTY720 at an oral dose of 1.25 mg or 5.0
mg daily had a significant lower median total number of gadolinium-enhancing lesions (the
primary end point) on magnetic resonance imaging (MRI) than those receiving placebo. The
annualized relapse rates in groups given 1.25 mg and 5.0 mg of FTY720 were 0.35 and 0.36,
respectively and were significantly lower than that in the placebo group (0.77). By extension
study for additional 6 months, the number of gadolinium-enhanced lesions and relapse
rates remained low in groups given FTY720 and both measures decreased in patients who
switched from placebo to FTY720.

In FTY720-treated MS patients, the number of IL-17-expressing CD4+* T cells were reduced
by >95% in the peripheral blood suggesting that FTY720 inhibits egress of Th17 cells from
the SLO and reduces the infiltration of Th17 cells into the CNS (Brinkman, 2009; Mehling et
al., 2010). In addition, FTY720 primarily reduced the numbers of CCR7+ CD45RA* naive T
cells and CCR7* CD45RA- central memory T cells in the blood in MS patients, because these
T cells express the homing receptor CCR?7, recirculate through the lymph nodes, and can be
sequestered into the lymph nodes by FTY720. In contrast, CCR7- CD45RA- and CCR7-
CD45RA* effector memory T cell subsets are not sequestered into the SLO and are remained
in the blood when FTY720 is administered. These results suggest that FTY720 effectively
inhibits infiltration of pathogenic CD4* T cells including Th 17 cells into the CNS in MS
patients whereas FTY720 does not affect the function of effector memory T cells that play an
important role in the prevention of infection.

FTY720 was evaluated in a 24-month, double blind Phase III study (FREEDOMS study),
involving 1272 patients RRMS (Kappos et al., 2010). The patients were randomized to
receive a daily oral dose of FTY720 at 0.5 mg or 1.25 mg, or placebo. The annualized relapse
rates in groups given 0.5 mg and 1.25 mg of FTY720 were 0.18 and 0.16, respectively and
were significantly lower than that in the placebo group (0.40). FTY720 at 0.5 mg and 1.25 mg
significantly reduced the risk of disability progression over 24-month period. The
cumulative probability of disability progression confirmed after 3 months was 17.7% with
0.5 mg FTY720, 16.6% with 1.25 mg FTY720, and 24.1% with placebo. FTY720 at 0.5 mg and
1.25 mg showed improved effects compared with placebo with regard to the MRI-related
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measures (number of new or enlarged lesions on T2-weightend images, gadolinium-
enhanced lesions, and brain-volume loss).

FTY720 was also evaluated in a 12-month, double blind, double dummy Phase III study
(TRANSFORMS study) involving 1292 patients with relapsing remitting MS, comparing
FTY720 with IFN-p-la (AVONEX®), an established therapy for MS (Cohen et al., 2010).
Patients were randomized to receive a daily dose of 0.5 mg or 1.25 mg FTY720 orally, or a
weekly intramuscular injection of IFN-B-1a. The annualized relapse rates in groups given
FTY720 0.5 mg and 1.25 mg were 0.16 and 0.20 respectively, and were significantly lower
than that in the group receiving IFN-p-1a (0.33). FTY720 at 0.5 mg and 1.25 mg showed
improved effects compared with IFN-B-1a with regard to MRI-related measures. These
Phase III studies demonstrated that oral FTY720 had superior efficacy compared with
intramuscular IFN-B-1a and placebo with regard to reducing the rate of relapse and MRI-
related measures of inflammatory lesion activity. Based on these results from clinical trials,
FTY720 was approved by the United States Food and Drug Administration in September
2010 as a first-line treatment for RRMS. As FTY720 has been approved more than 40
countries including EU at this time, it is presumed that oral FTY720 provides a new
therapeutic approach for RRMS.

8. Conclusion

FTY720, a S1P receptor modulator, acts as a functional antagonist at SIP1 and is highly
effective in EAE in rats and mice. We directly compared the therapeutic effects of FTY720
and rm-IFN-P on relapse and progression of EAE in mice. When FTY720 at oral doses of 0.03
to 1 mg/kg was administered daily after establishment of EAE induced by myelin PLP in
SJL/] mice, relapse of EAE was significantly inhibited during administration period.
Subcutaneous injection of rm-IFN-p (10,000 IU/mouse) also inhibited the relapse of EAE at
early period; however EAE was relapsed in all the mice within administration period.
Therapeutic administration of FTY720 (0.03 to 1 mg/kg) significantly improved the
symptoms of chronic EAE induced by myelin oligodendrocyte glycoprotein in C57BL/6
mice whereas rm-IFN-$ (10,000 IU/mouse) showed no clear effect. These results indicate
that FTY720 is more efficacious in mouse EAE as compared with rm-IFN-B. FTY720
markedly reduced the frequency of myelin antigen-specific Th17 and Th1 cells in the spinal
cord of EAE mice, suggesting that the ameliorating effects of FTY720 on EAE are likely due
to reduction of infiltration of myelin antigen-specific Th17 and Th1 cells into the CNS.
Recently, it has been strongly suggested that FTY720-P directly acts as a functional
antagonist at S1IP1 on not only lymphocytes but also neural cells, particularly astrocytes
because the therapeutic effects of FTY720 on EAE was lost in CNS mutants lacking S1P1 on
astrocytes but not neuron. Since FTY720 possesses a completely new mechanism of action
and shows superior efficacy compared with intramuscular IFN-B-la (AVONEX®) in
relapsing remitting MS patients, FTY720 should be a useful therapeutic approach for MS.
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1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating and neurodegenerative
disease of the central nervous system (CNS), affecting more than 2 million people
worldwide (Hirtz et al., 2007, McQualter & Bernard, 2007; Sospedra & Martin, 2005).
Although it has been described for over two hundred years, it is not well characterized and
no cure exists (Hirtz et al., 2007, McQualter & Bernard, 2007). For this reason, nowadays
there is still considerable interest in the investigation of the pathogenesis of this disease, the
improvement of diagnosis, the assessment of prognosis, and the discovery of new
therapeutic agents.

The CNS cannot easily be sampled, so to gain ideas about neuroinflammatory diseases,
animal models are developed. Experimental research has been performed in many species,
including monkeys (Genain & Hauser, 2001), however most of the studies use rodents,
fundamentally mice (Campbell et al,, 2001; Chandler et al., 2002; Dowdell et al., 1999;
Johnson et al., 2004, 2006; Meagher et al., 2007; Mi et al., 2004, 2006; Sieve et al., 2004, 2006;
Steelman et al., 2009, 2010; Welsh et al., 2004; Whitacre et al., 1998; Young et al., 2008, 2010)
and rats (Anane et al., 2003; Bukilica et al., 1991; Correa et al., 1998; Dimitrijevi¢ et al., 1994;
Griffin et al., 1993; Kuroda et al., 1994; Laban et al., 1995a, 1995b; Le Page et al., 1994, 1996;
Levine et al., 1962; Nufiez-Iglesias et al., 2010; Owhashi et al., 1997; Pérez-Nievas et al., 2010;
Teunis et al., 2002; Whitacre et al., 1998). In these studies, similar clinical phenotypes are
achieved via different routes, so it is probable that some heterogeneity exists in the
pathways leading to MS. In general, the standard experimental models of MS include:
myelin mutant models, toxic demyelination models, viral models, and autoimmune models,
being the virus-induced and immune-mediated models the most common ones for MS.

a. Myelin mutant models. Myelin mutants, such as the taiep rat and the Shiverer mouse
(myelin basic protein (MBP) mutant), as well as gene knockout animals (e.g. myelin
associated glycoprotein (MAG) knockout mouse) show axonal degeneration, altered
neurotransmission, and in some instances clinical disease (Loers et al., 2004). Myelin
mutant models have largely been used to study mechanisms of demyelination and
remyelination. However, their relatively high cost has limited their widespread
application (e.g. as preclinical drug screening tools).
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b. Toxic demyelination models. Neurotoxicants such as lysolecithin, ethidium bromide or
cuprizone are used to induce chemical lesions. In lysolecithin and ethidium bromide
models, a focal lesion is induced by stereotactic injection of the compound into the
rodent CNS. The toxic effect of lysolecithin is considered to be selective on myelin
producing cells while ethidium bromide is toxic for all nucleolus containing cells
(Woodruff & Franklin, 1999). The cuprizone model is widely used to study toxin
induced demyelination. In this model, animals are fed with the copper chelator
cuprizone (bis-cyclohexanone oxaldihydrazone) leading to demyelination, which is
reversed after cessation of the toxin. This model is reliable and has the advantage of
good reproducibility regarding the amount and site of demyelination (Matsushima &
Morell, 2001).

c. Viral models. Several viruses, including Semliki Forest Virus and Theiler's Murine
Encephalomyelitis Virus (TMEV), induce disease by neurotrophic infection of the CNS,
specifically oligodendrocytes. Succinctly, virally-infected cells are attacked by T cells
inducing important humoral responses, which finally lead to demyelination (Ercolini &
Miller, 2006; Lavi & Constantinescu, 2005). The Picornavirus TMEV is a naturally
occurring pathogen that was originally isolated from mice. In this species, strains of
Theiler's virus (BeAn, DA, WW, Yale) cause a biphasic disease that includes an acute
CNS inflammatory phase followed by a chronic neuroinflammatory/autoimmune
demyelination phase with glial and microglial infection (Oleszak et al., 2004). The
chronic phase of the disease has many similarities, both behaviorally and
physiologically with progressive MS (Dal Canto et al., 1995; Lipton, 1975; Oleszak et al.,
2004; Tsunoda & Fujinami, 1996), so Theiler's virus-induced demyelination (TVID) is
commonly used as an excellent animal model of MS (Dal Canto et al., 1995; Oleszak et
al., 2004, Tsunoda & Fujinami, 1996) for studying: the pathogenesis, the disease
susceptibility factors, the mechanisms of viral persistence within the CNS, and the
mechanisms of virus-induced autoimmune disease (Welsh et al., 2009).

d. Autoimmune models. Experimental autoimmune encephalomyelitis (EAE) has
received the most attention as a model of MS. Clinical and histological features of MS
can be actively or passively induced. Active EAE is accomplished through inoculation
with spinal cord homogenate or with many different CNS proteins or peptides (such as
myelin oligodendrocyte glycoprotein (MOG), myelin-associated oligodendrocyte basic
protein (MOBP), oligodendrocyte-specific protein (OSP), proteolipid protein (PLP), and
MBP) emulsified in adjuvant (e.g. complete Freund’s adjuvant (CFA), Pertussis toxin,
alum, etc) (Tsunoda & Fujinami, 1996). Adjuvants potentiate immune reactions (Lavi &
Constantinescu, 2005), ensure persistence of antigens at relevant sites (Lavi &
Constantinescu, 2005), and influence stress response pathways inducing changes in
levels of hormones such as ACTH (Selgas et al., 1997), so they can modulate the clinical
course of EAE (Libbey & Fujinami, 2011). On the other hand, passive EAE is induced
through adoptive transfer of myelin specific T cells into naive animals (Tsunoda &
Fujinami, 1996). Both models of EAE induction have been used extensively, with the
active model most useful for studying the parameters involved in the initiation of EAE,
and the passive model generally used in the study of the effector phase of EAE (Dittel et
al.,, 1999). EAE is polygenic and the susceptibility and the clinical course (acute
relapsing, chronic relapsing, relapsing-remitting, chronic progressive) can vary
depending on the chosen EAE model and the strain/species of animal being
investigated (Lavi & Constantinescu, 2005; Libbey & Fujinami, 2011; T. Owens, 2006).
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Therefore, EAE is not a single model, but a number of models that have varying
degrees of similarity to MS (Lavi & Constantinescu, 2005).

Some authors have doubts about the validity of experimental models of MS. However, at
present it is accepted that although the preclinical research in MS is merely exploratory, it is
also very necessary because it has contributed to elucidating key targets in the pathogenesis
of MS. They have helped in the discovery of numerous cytokines and chemokines and the
characterization of T helper cell subsets, thus playing a key role in understanding basic
principles of immune function and autoimmunity (Gold et al., 2006). On the other hand,
diagnostic, prognostic, and therapeutic aspects of MS have been cleared and resolved by
means of experimental models (Pahan, 2010; Steinman & Zamvil, 2006). In this way, studies
on EAE have culminated in three MS therapies (Steinman & Zamvil, 2006). For example
glatiramer acetate, which was approved in 1996 for treatment of relapsing-remitting MS,
currently is one of the most popular medications for treatment of relapsing-remitting MS,
and more than 100,000 individuals with MS worldwide have received glatiramer acetate
treatment (Sela, 2006). Besides, nowadays one of the exciting directions in the development
of therapy for MS is consideration of various combinations of medications, and once again
EAE models have demonstrated to be a valuable tool. They have shown potential synergies
between drugs (statins and glatiramer), which show efficacy when used at doses that are
suboptimal for these drugs when used alone (Greenwood et al., 2006; Stiive et al., 2006).

2. Stress and multiple sclerosis

The etiology of MS remains unknown, but studies have implicated both genetic and
environmental factors (Noseworthy et al., 2000; Sospedra & Martin, 2005). The notion that
psychological stress may be related to MS dates back to the time of Charcot, who suggested
that the onset of MS is often preceded by grief or vexation, as well as by other socially
undesirable circumstances (Charcot, 1877). Many studies since then have found that MS
patients, as compared to healthy people or patients with other neurological disorders, report
more stressful experiences prior to initial symptomatology. In the 1980s, two controlled
studies were published on this issue. Their results showed that MS patients experienced
remarkable life stress more frequently than the control subjects in the year (or six months)
prior to MS onset (Grant et al., 1989; Warren et al., 1982). In addition to MS onset, relapses
have also been found associated with stressful events (Ackerman et al., 2002; Brown et al.,
2005, 2006; Franklin et al., 1988; Golan et al., 2008; Grant et al., 1989; Li et al., 2004, Mohr et
al., 2004; Sibley, 1997). Franklin et al. (1988) in a longitudinal prospective study on 55 MS
patients, with a clinical evaluation every 4 months for about 2 years, found that patients
who reported significant negative or stressful life events were 3.7-times more likely to have
an exacerbation than those free of such events. Sibley (1997) also found a significant
association (p<0.02) between conjugal or job stress and MS relapses; in the same way that
Mohr et al. (2004) in a systematic meta-analysis of 14 prospective studies, published from
1965 to 2003, found that there was a significantly increased risk of exacerbation associated
with stressful life events (effect size of d=0.53; C.1.=0.40 to 0.65). In line with previously
related studies, this relation has been further cleared by imaging techniques (magnetic
resonance imaging) with the marker of acute focal brain inflammation, gadolinium (Goodin
et al., 1999). In this way, Mohr et al. (2000) studied a group of 36 MS patients, finding that
the occurrence of stressful life events was associated with a significantly increased risk of



Experimental Autoimmune Encephalomyelitis
110 — Models, Disease Biology and Experimental Therapy

new gadolinium-enhancing (Gd+) brain lesions. Taken together, these findings and similar
observations discovered in animal investigations (Campbell et al.,, 2001; Chandler et al.,
2002; Johnson et al., 2004; Laban et al., 1995a; Meagher et al., 2007; Mi et al., 2004, 2006;
Nufez-Iglesias et al., 2010; Pérez-Nievas et al., 2010; Sieve et al., 2004, 2006; Steelman et al.,
2009, 2010; Teunis et al.,, 2002; Welsh et al., 2004; Young et al.,, 2008, 2010) confirm the
necessity of applying preventive and tailored interventions, behavioral and
pharmacological, in stressed patients with MS (Golan et al., 2008).

Despite all studies previously commented, some researchers have doubted about the
association between the occurrence of stressful life events and the subsequent development
of MS disease activity. Pratt (1951) and Gasperini et al. (1995) have not found significant
differences between MS patients and control subjects, as far as their experienced stressful
events were concerned; and even Nisipeanu and Korczyn (1993) have suggested that
psychological stressors could have a “protective effect”. Initially it was said that this
discrepancy might be the result of a number of research design problems, including
infrequent monitoring of patients, small patient samples, subjective reporting bias, type of
statistical analysis used, lack of adequate controls, etc (Golan et al., 2008; Goodin, 2008;
Martinelli, 2000). However, nowadays it is accepted that the relationship between MS and
stressful life events is complex (Brown et al., 2005; Mohr et al., 2000). The type, the timing,
and duration of the stressor as well as the animal strain and sex, and the chosen
experimental model of MS (Mohr et al., 2004) are factors which determine the result:

a. Type (Table 1): Johnson et al. (2004) observed that if social stress is applied concurrently
with Theiler’s virus infection, disease severity is reduced compared to infected, non-
stressed animals. In contrast, if restraint stress is applied concurrent with infection, the
disease is again exacerbated (Campbell et al., 2001; Sieve et al., 2004). Likewise, Bukilica
et al. (1991) indicated that whereas 19 daily sessions of inescapable tail-shock (80, 5s, 1
mA) have no effect when administered prior to EAE induction, stressor exposure
following EAE induction has a protective effect. Specifically, tail-shock reduces the
incidence and duration of EAE, delays disease onset, and decreases the severity of
clinical and histological symptoms.

b. Timing and duration (Table 1): Repeated moderate stressors suppress clinical signs
when they are given before EAE induction, whereas acute severe stressors enhance the
progression of disease after its induction (Heesen et al., 2007). Alternatively, acute stress
applied prior to induction of EAE increases the severity of the disease (Teunis et al.,
2002), and the contrary (i.e. a protective effect) is observed if the stressor is chronic
(Levine & Saltzman, 1987; Levine et al., 1962; Whitacre et al., 1998).

c. Animal strain (Table 1): Certain inbred mouse strains, including SJL and DBA/2, are
very susceptible to persistent CNS infection with TMEV and to the development of
TVID, whereas other strains are intermediately susceptible (C3H, AKR, and CBA), and
others are still able to clear the virus from the CNS, being resistant to the demyelinating
phase of the disease (BALB/c and C57BL/6) (Sieve et al., 2004, 2006; Welsh et al., 1990).
For example, Sieve et al. (2004, 2006) have observed important differences between CBA
and SJL mice. Concretely: first, SJL mice show symptoms of the chronic phase of disease
earlier (at 35 days pi) than CBA mice (at 150 days pi); second, SJL mice gradually
develop late disease, whereas CBA mice have a sudden onset of severe symptoms;
third, the incidence of the chronic phase is higher in SJL than in CBA mice (100% of the
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Stressor characteristics Results
Study Model of MS (type, timing, and Acute .
duration) stressor* Chronic stressor**
Restraint stress started
Pérez-Nievas et | DA rats, EAE the same day of Exacerbation (12d)
al., 2010 (MOG/CFA) induction. Duration: 12d Protective (21d)
or 21d
Nufiez-Iglesias | Lewis rats, EAE ;?;Sretztizsuitgztsd >d Exacerbation (19d
etal., 2010 (MBP/CFA) Duration: 19d or 39d or 39d)
SJL/JCrHsd Restraint stress started
Young et al., . . . . . .
2010 mice, Theiler the day prior to infection. Exacerbation
(BeAn strain) Duration: 28d
Steelman et al C57BL/ 6 mice, Restraint stress started
2010 7| Theiler (BeAn the day prior to infection. -
strain) Duration: 7d or 4w
Steelman et al.,, |SJL mice, Theiler Restraint S.t ress s.tarte(?l .
. the day prior to infection. Exacerbation
2009 (BeAn strain) ;
Duration: 8d
Youne et al CBA mice, Restraint stress started
2008 & i Theiler (BeAn the day prior to infection. Exacerbation
strain) Duration: 4w
Balb/cJ mice, Social disruption stress
%ge;gher etal, Theiler (BeAn started 1w before Exacerbation
strain) infection. Duration: 7d
. CBA mice, Restraint stress started
2/&)? al., 2004, Theiler (BeAn the day prior to infection. | Exacerbation |Exacerbation
strain) Duration: 2 or 7 d
CBA mice, Restraint stress started
Sieve et al., 2006 | Theiler (BeAn the day prior to infection. Exacerbation
strain) Duration: 4w
Social disruption stress fxaiieé‘;at;?; (ts(;cress
Balb/c] mice, started: appied b
Johnson et al., . . . . . infection)
Theiler (BeAn 1w prior to infection or .
2004 . . . Protective (stress
strain) * the day of infection .
Duration: 7d applied concurrent
) with infection)
. . Restraint stress started
Sieve et al., 2004 SJL mice, T'heller the day prior to infection. Exacerbation
(BeAn strain) ;
Duration: 4w
CBA mice, Restraint stress started
Welsh et al., 2004 | Theiler (BeAn the day prior to infection. Exacerbation
strain) Duration: 4w
Physical stress
Anane et al., Lewis rats, EAE | (microwaves) started the .
2003 (MBP/CFA) day of induction.
Duration: 21d
Restraint stress was
Chandler etal., |SJL/] mice, EAE |performed on days 2 and .
2002 (PLP/CFA) 3 post-induction. Exacerbation

Duration: 2d
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Stressor characteristics Results
Stud Model of MS e, timing, and
y typ g Acute . -
duration) stressor* Chronic stressor
Neonatal maternal
Teunis etal, Wistar rats, EAE zglr‘)flg:r?z(c)lna;;fx 7w Exacerbation
2002 (MBP/CFA) before induction.
Duration: 24h
Campbell et al CBA mice, Restraint stress started
200113 "’ | Theiler (BeAn the day prior to infection. Exacerbation
strain) Duration: 4w
Dowdell etal, | B10.PL mice, EAE i:sgj;“;gfsti“arted Protective
1999 (MBP/CFA) induction. Duration: 21d
. Protective (9h of
Whitacre et al., Lewis rats, EAE gjsgralggjt:(f?flgfs;iis stress/d)
1998 (MBP/CFA) Du};agon‘ o : Exacerbation (1 or
) 12h of stress/ d)
Varied stress (swimming,
predator odor, water
P s
Correa et al., Wistar rats, EAE sound a,n d %a o y before induction)
1998 (MBP/CFA) o & Exacerbation (stress
inclination) was after induction)
performed for the 14d
before or after induction.
Duration: 2w
Water bath (44°C) was - (stress
erformed for the 10 or before
Owhashi etal.,, |Lewis rats, EAE P induction)
13d before or after the .
1997 (MBP/CFA) . . . Protective
induction. Duration: 10 or
(stress after
13d ) .
induction)
--- (stress
Physical exercise was before
Le Pace et al Lewis rats performed the 2d before | induction)
1996 & N adobtive ]:: AR or after the adoptive Scantily
P transfer of EAE. protective
Duration: 2d (stress after
induction)
Neonatal handling or
Laban et al., DA rats, EAE gentling was performed E bati
1995a (SCH/CFA) 8w before induction. xacerbation
Duration: 4w
Maternal deprivation was
performed 8w before Protective
Laban et al DA rats, EAE induction. Duration: 28d (maternal
1995b 7 (SCH/ éF A) Early weaning was deprivation

performed for 5-6w
before induction.
Duration: 1-2w

Exacerbation (early
weaning)
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Stressor characteristics Results
Study Model of MS (type, timing, and Acute .
duration) stressor* Chronic stressor**
Physical exercise was
Le Page et al., Lewis rats, EAE | performed for the 10 days Protective
1994 (SCH/CFA) after induction. Duration:
10d
. Neonatal sound stress Exacerbation
C Lewis and DA .
Dimitrijevi¢ et was performed 2 or 3w (Lewis)
rats, EAE . . .
al., 1994 (SCH,/CFA) before induction. Protective
Duration: 1h (DA)
Kuroda et al., Lewis rats, EAE E:gigi;t;esj g‘éa: frer -~ (1d)
1994 (SCH/CFA) induction. Duration: 3d Protective (8d)
Griffin et al., Lewis rats, EAE Esfscif‘zl?rltclsltlietiscs)r?tarted > Protective
1998 (MBP/CFA) Duration: 23d
Protective (electric
Electric stress or sound stress after
Bukilica et al., DA rats, EAE stress was performed the induction and
1991 (SCH/CFA) 19d before or after sound stress)
induction. Duration: 19d --- (electric stress
before induction)

Table 1. Animal studies (published from 1991 to 2010) on the effects of stress on disease
manifestation. Studies are classified according to the type of stressor used: acute or chronic.
*Acute stressor, stressor lasting less than 1 h and for less than 5 days; **chronic stressor,
stressor lasting longer than 1 h and more than 5 days (although in most instances they were
not presented all through the day). Abbreviations. CFA, complete Freund's adjuvant; d, day;
DA, Dark August; EAE, experimental autoimmune encephalomyelitis; h, hour; MBP, myelin
basic protein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid protein; SCH,
spinal cord homogenate; w, week.

SJL mice develop severe symptoms of the chronic phase of the disease, versus to 70%
(at most) of the CBA mice) (Friedmann & Lorch, 1985; Oleszak et al., 2004; Simas &
Fazakerley, 1996). Susceptibility to TMEV persistence and TVID has been linked to
genetic differences between strains of mice (Bureau et al., 1993; Monteyne et al., 1997;
Oleszak et al., 2004; Rodriguez et al., 1990), which could explain the variability in their
responsivity to stress and their different immunological background. In relation to EAE,
it has also been shown that the susceptibility varies depending on the strain. So,
whereas ABH and SJL mice develop relapsing EAE to disease induced by whole
myelin, C57BL/6 mice are resistant (Lavi & Constantinescu, 2005).

d. Sex: A very discussed topic has been the sex impact in the disease process (Hill et al.,
1998; Kappel et al., 1990; Lipton, 1975; Sieve et al., 2004, 2006). In some studies, female
SJL mice are known to have greater susceptibility to disease as compared to males, a
pattern that is similar to that found in human MS patients (Hill et al., 1998; Kappel et al.,
1990; Sieve et al., 2004); on the contrary, other studies indicate that male mice develop
more severe symptomatology of disease than females (Alley et al., 2003). It has been
suggested that these apparently contradictory results may be due to different study
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designs and criteria used such as housing conditions or strain of Theiler’s virus (Sieve et
al., 2004). However, the sexual dimorphism of the immune system, the stress systems or
the bidirectional communication between the reproductive system and the stress
systems are reasons which may also explain, at least in part, this discrepancy (Gaillard
& Spinedi, 1998; Whitacre et al., 1999). On the other hand, it is important to emphasize
that the pattern of sex differences found can be complex. Sometimes, there are no sex
differences in the early viral infection, existing on the contrary, greater behavioral signs
in males than in females in later disease (Sieve et al., 2004).

e. Experimental model of MS (Table 1): Several authors have observed that stress
exacerbates the early viral infection (Campbell et al.,, 2001; Sieve et al., 2004) and the
later demyelinating disease (Sieve et al., 2004) in Theiler’s virus infection. However, this
does not coincide with studies using EAE, which show no effect of stress prior to
disease induction, and a suppression during disease induction (Bukilica et al., 1991;
Dowdell et al., 1999; Griffin et al., 1993; Levine & Saltzman, 1987; Levine et al., 1962).
The differences in how stress affects EAE and Theiler’s virus infection may lie in their
immunological mechanisms of demyelination and neuronal destruction. However, the
observed discrepancy between these two experimental models of MS can also be
attributed to the fact that the stressor is applied during different phases in the
immunological response of the disease process (Sieve et al., 2004).

3. Effects and mechanisms of action of benzodiazepines on models of MS

Benzodiazepines (alone or in association with other therapies) have long been used to
relieve or resolve symptoms and signs associated with MS (Arroyo et al., 2011; Bush et al,,
1996; D'Aleo et al., 2011; Hung & Huang, 2007; Meythaler et al., 1991; Rode et al., 2003;
Solaro et al., 2010; Stork & Hoffman, 1994; Velez et al.,, 2003; Yerdelen et al., 2008). For
example, Hung and Huang (2007) have observed that a combination of lorazepam and
diazepam may be considered to release catatonic features in patients with MS, although the
prescription of benzodiazepines associated with electroconvulsive therapy is another
therapeutic option commonly used (Bush et al., 1996; Hung & Huang, 2007). Likewise,
painful spasms, tremors or seizures (with or without associated anxiety symptoms) are
treated with benzodiazepines such as clonazepam (Rode et al., 2003; Yerdelen et al., 2008),
diazepam (D'Aleo et al., 2011; Meythaler et al., 1991; Rode et al., 2003) or tetrazepam (Rode
et al, 2003); and even, Velez et al. (2003) have observed that patients with dramatic
opisthotonic posturing and vermiform tongue fasciculations respond well to intravenous
doses of lorazepam.

Benzodiazepines are used clinically as tranquilizers, muscle relaxants, anticonvulsants,
anxiolytics, and sedative-hypnotics. These effects are mediated primarily via the central
benzodiazepine receptors (CBR) located in the CNS (Heiss & Herholz, 2006); however, in
addition to binding of GABAAx receptors in the CNS, benzodiazepines bind to another site in
peripheral tissues. This second type of recognition sites was mistakenly termed “peripheral
benzodiazepine receptor” (PBR) for many years (Table 2). However, at present scientists
prefer using the nomenclature: translocator protein (18 kDa) (TSPO) (Papadopoulos et al.,
2006a). The TSPO is different from the CBR in terms of function, structure, expression, and
pharmacological action (Gavish et al., 1999; Woods & Williams, 1996), so their study must be
performed separately.
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3.1 Effects mediated by the CBR

To date, only one study has been conducted to examine the influence of central
benzodiazepine agonists on the development of animal models of MS (Nufiez-Iglesias et al.,
2010). Nuifiez-Iglesias et al. (2010) have observed that alprazolam decreases the clinical
(paralysis, paraplegia, piloerection, etc) and histological (perivascular inflammatory
infiltrate) manifestations of acute EAE in Lewis rats exposed to a chronic auditory stressor.

The molecular mechanisms mediating the clinical effects of central benzodiazepines in
animal models of MS are unknown. However, it is thought that stress response mediators

might play an important role in them.

cerebellum, thalamus, striatum,
pons (Heiss & Herholz, 2006).

CBR TSPO
Structure Part of a macromolecular Part of a hetero-oligomeric complex comprised
complex that also contains a y- of the voltage-dependent anion channel and an
aminobutyric acid (GABAA) adenine nucleotide carrier (McEnery et al.,
receptor site and a chloride ion 1992; Papadopoulos et al., 2006a).
channel (Heiss & Herholz, 2006).
Subcellular Plasma membrane of neurons Mitochondrial outer membrane (Gavish et al.,
localization (Heiss & Herholz, 2006). 1999; Heiss & Herholz, 2006).
Nonmitochondrial localization: plasma
membrane (Gavish et al., 1999; Olson et al.,
1988), nucleus, and perinuclear area (Gavish et
al., 1999; Kuhlmann & Guilarte, 2000).
Localization | Central: medial occipital cortex, Peripheral: kidney (Gavish et al., 1999), lung

(Gavish et al., 1999), skeletal muscle (Gavish et
al., 1999), liver (Gavish et al., 1999), heart
(Gavish et al., 1999), uterus (Gavish et al.,
1999), testis (Gavish et al., 1999), ovaries
(Cosenza-Nashat et al., 2009; Gavish et al.,
1999), haematogenous cells (Cosenza-Nashat et
al., 2009; Olson et al., 1988; Ruff et al., 1985),
and the steroid hormone-producing cells of the
adrenal cortex (Gavish et al., 1999).

Central (low concentrations): principally non-
neuronal cells: ependymal lining of the
ventricles, choroid plexus (Mattner et al.,
2005), and glial cells (astrocytes and microglia)
(Cosenza-Nashat et al., 2009; Mattner et al.,
2005). Some studies also suggest that neurons
may express TSPO (Jayakumar et al., 2002).

Table 2. Benzodiazepine binding sites. Main differences between CBR (central
benzodiazepine receptor) and TSPO (translocator protein (18 kDa), also known as:
peripheral-type benzodiazepine binding site, peripheral benzodiazepine receptor or

mitochondrial benzodiazepine receptor).
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3.1.1 Psychoneuroimmunoendocrinology and MS

Stress affects host defenses comprising neuronal, endocrine, and immune reactions. This
complex network of bi-directional signals plays a vital role in determining the outcome of
the stress response, since when the balance among these systems is altered, the risk of
disease increases (Masood et al., 2003).

Figure 1 shows how stress impairs both natural and specific immune responses, which
could influence morbidity associated with MS. Changes in the absolute number of
lymphocytes, T-lymphocytes, T-helper, and T-suppressor cells have been reported (Freire-
Garabal et al.,, 1991, 1997). Stress also interferes with several immune responses such as
splenic cytotoxic activities, mediated by NK cells and cytotoxic T lymphocytes (Nuiiez et al.,
2006), the activity of phagocytosis (Freire-Garabal et al., 1993a, 1993b), the delayed type
hypersensitivity (DTH) response (Freire-Garabal et al., 1997; Nufez et al., 1998; Varela-
Patifo et al., 1994), the blastogenic response of spleen lymphoid cells (Freire-Garabal et al.,
1991, 1997), and T-dependent antibody responses (Fukui et al., 1997).

Research into the mechanisms by which the stressors are translated into impaired
immune function and vulnerability to disease has focused primarily on two pathways: the
hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic branch of the autonomic
nervous system (ANS) (Figure 1). Whereas increased sympathetic adrenal activity appears
to play a major role in immune changes observed after acute stress, HPA axis-activity
together with sympathetic mechanisms are mainly responsible for the inhibition of
cellular and humoral immune responses following chronic stress exposure (Glaser &
Kiecolt-Glaser, 2005). The importance of these systems is so high that when
neuroendocrine hyper- or hypoactive responses of the HPA axis or the sympathetic
nervous system (SNS) to stress occur, they function as risk factors of specific diseases,
such as neurodegenerative diseases. Concretely, Gold et al. (2005) highlight the relevance
of the functional status of the HPA axis in the control of EAE. During the experimentally
induced disease in animals, the endogenous levels of glucocorticoids are elevated and the
recovery from the disease is clearly dependent on this endocrine change (MacPhee et al.,
1989). This endocrine response is immunologically mediated so it is mainly the result of
the stimulation of the HPA axis by cytokines (such as IL-1) produced during the immune
response that induces the autoimmune disease (Del Rey et al., 1998). In EAE models, the
negative feedback system mediated via the glucocorticoid receptors seems to be disturbed
(Gold et al., 2005), with the stressors favoring the perpetuation of this disregulation, as is
shown by increased corticosterone levels in stressed rats relative to unstressed animals
(Nufez-Iglesias et al.,, 2010). The importance of an increased HPA axis activity is
supported by the observation that this phenomenon is related to the clinical disease
course (Then Bergh et al., 1999).

The most basic literature regarding the HPA axis in pharmacology studies has been
obtained in rats. More recently the mouse has been used due to the availability of genetically
manipulated mice. The mouse is a model species of choice for genetic engineering because:
a) its genes have an equivalent in humans; b) its genome is easy to modify by homologous
recombination; c) it allows the creation of relevant animal models of human disease; d)
numerous biological and biochemical functions of the mouse are similar to those of humans;
e) it is easy to breed, less expensive to feed than rats and lives in smaller cages. These
genetic models have allowed the determination of genes involved in anatomic and
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Fig. 1. Biological pathways mediating stress-induced modulation of immune function. The
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axis are the main neural efferent pathways through which stress can affect the activity of the
immune system. Stress-induced impairments in immunity can influence morbidity

associated with neurodegenerative diseases. Abbreviations: ACTH, adrenocorticotropic
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SNS, sympathetic nervous system. Own production. Source: Friedman & Lawrence (2002)
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functional alterations of brain circuits critical for stress regulation. Furthermore, they have
contributed to understanding genetic vulnerability to anxiety and its pharmacological
treatment (Gardier et al., 2009).

3.1.2 Benzodiazepines for control of stress associated with MS

Several mechanisms could explain the effects mediated by central benzodiazepines on
attenuated manifestations of MS:

a.

Inhibitory influence on the activity of the HPA axis.

GABA and benzodiazepines reduce levels of HPA axis hormones, including CRF
(corticotropin releasing hormone) and ACTH (adrenocorticotropic hormone) and
corticosterone (Arvat et al., 2002; Bizzi et al., 1984; M.]. Owens et al., 1989) acting on
CBR. Central pharmacological effects related to CBR acting by facilitating inhibitory
GABA neurotransmission in the CNS, may regulate the release of neuroendocrine
hormones involved in the immune response to stress.

Platelet activating factor (PAF) antagonist properties.

Activation and control of the coagulation cascade, modulated by antigen-specific
mediators of cellular immunity, appear to be of prime importance in the animal models
of MS (Inoue et al., 1996). Susceptibility and resistance to EAE in rodents correlate with
the induction of procoagulant and anticoagulant activities. Geczy et al. (1984) observed
that anticoagulants produced by cells from nonsusceptible EAE rodents suppressed the
common coagulation pathway by inhibiting trombin and factor Xa activities.

Central benzodiazepines such as alprazolam have PAF antagonist properties. It was
found that in washed human platelets the alprazolam potently inhibits PAF-induced
changes in shape, aggregation, and secretion, with the effects being specific for PAF
activation (Kornecki et al.,, 1984). Likewise, Ng and Wong (1988) also showed that
alprazolam can inhibit the [FH]JPAF binding to the human peripheral blood
mononuclear leukocytes. In this context, it is interesting to point out that PAF plays a
role in the activation of the HPA axis and glucocorticoid secretion and can serve as a
mediator in the interactions of the immune system with the CNS. Concretely, PAF is an
activator of the HPA axis in the rat. Its activation, which causes significant stimulation
of hypothalamic CRH, pituitary ACTH, and adrenal corticosterone secretion, is
inhibited by alprazolam. In addition, the PAF stimulates ACTH secretion by dispersed
rat pituicytes, which is also inhibited by the alprazolam (Bernardini et al., 1989). The
specific antagonism of PAF action by psychotropic drugs suggests that PAF or PAF-like
phospholipids may play a role in neuronal function (Kornecki et al., 1987).

Inhibitory activity on proinflammatory cytokines.

Besides the mechanisms previously described, downstream effects of the alprazolam on
immunological and inflammatory parameters important for EAE must be underscored.
Secondarily recruited inflammatory cells account for the vast majority of infiltrating
cells in MS lesions and they play a pivotal role in CNS tissue damage (Ransohoff, 1999).
The detailed mechanisms by which inflammatory cells enter the CNS compartment are
not completely understood. However, evidence suggests that cytokines are essential for
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this process (Karpus & Ransohoff, 1998). Enhanced expression of proinflammatory
cytokines in the CNS, such as the monocyte chemoattractant protein 1 (MCP-1), has
been demonstrated both in animal models of MS (Juedes et al., 2000) and in human case
series (D'Aversa et al., 2002), and Karpus et al. (1997) have showed that the severity of
manifestations is reduced by anti-MCP-1 antibodies. Additionally, mice that lack C-C
chemokine receptor 2 (CCR2), the major receptor on monocytes for MCP-1, fail to
develop the disease after active immunization (Fife et al., 2000) and are resistant to
induction of it by the adoptive transfer of primed T cells from syngenic wild-type mice
(Izikson et al., 2000). The effect of alprazolam on the expression levels of cytokines has
been studied (Chang et al., 1992; Oda et al., 2002). Oda et al. (2002) have noted a potent
inhibitory activity of this benzodiazepine on IL-la-elicited MCP-1 production in T98G
cells. Likewise, alprazolam inhibits the production of cytokines IL-1p and MCP-1 in
LPS-stimulated mouse macrophage cells (Oda et al., 2002) and reduces the production
of IL-2 by murine splenic T-cells (Chang et al,, 1992). These findings suggest that
alprazolam might prevent the infiltration of specific regions by an excess of
proinflammatory cytokines. Since the excess production of proinflammatory cytokines
exacerbates MS or EAE (Karpus & Ransohoff, 1998), the above-described action of
alprazolam might explain the improvement of manifestations associated with EAE in
non-human species or patients treated with this drug.

3.2 Effects mediated by the TSPO

Microglia play a significant role in the pathogenesis of MS (Venneti et al., 2006). They serve
housekeeping functions and maintain homeostasis of local environments (Davalos et al.,
2005; Nimmerjahn et al., 2005). In response to CNS insults, microglia change from a resting
to an activated state to function as phagocytic macrophages (Chan et al., 2003; Fetler &
Amigorena, 2005). This transition of microglia into an activated state includes a change in
their morphology, migration towards the site of neuronal damage, proliferation until they
quadruplicate in number (Davalos et al., 2005; Fetler & Amigorena, 2005), overexpression of
cell markers (Agnello et al., 2000; Banati et al., 1997, 2000; Debruyne et al., 2003; Gavish et
al., 1999; Kuhlmann & Guilarte, 2000; Versijpt et al., 2005; Vowinckel et al., 1997), and release
of a widespread variety of substances or molecules (Chao et al., 1992, 1995a, 1995b; Colton et
al.,, 1993; D'Aversa et al., 2002; Giulian et al., 1986, 1990; Heyes et al., 1996; McManus et al.,
1998; Murphy et al., 1995; Righi et al., 1989). These findings demonstrate that microglia
(together with perivascular macrophages -Guillemin & Brew, 2004-) represent a first line of
the immune defense system of the brain (Davalos et al., 2005; Fetler & Amigorena, 2005;
Nimmerjahn et al., 2005), and justify their description as a “sensor for pathological events in
the CNS” (Kreutzberg, 1996). Parallel to this protective function, microglia can also
contribute to aggravating the underlying neuronal damage via the synthesis and release of
neurotoxins (Chao et al., 1992, 1995a; Colton et al., 1993; Giulian et al., 1990; Heyes et al,,
1996), cytokines (Chao et al., 1995b; Giulian et al., 1986; Righi et al., 1989), and chemokines
(D'Aversa et al., 2002; McManus et al., 1998; Murphy et al., 1995). Taking into account these
results, it is concluded that microglia can exist in different states of activation depending on
the microenvironment, with some states favoring the secretion of substances damaging
neurons and other states favoring a protective phagocytic role (Morgan et al., 2005).

Microglia must maintain the balance between neurotoxicity and neuroprotection in injury,
but the complex network of factors which governs their responses is only beginning to be
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deciphered (Biber et al., 2007; Glezer et al., 2007). Certainly, it would be interesting if some
components of the network of microglial control could be manipulated for prognostic or
therapeutic purposes of MS (Rock & Peterson, 2006). In this regard, TSPO plays a very
important role. TSPOs are involved in the regulatory processes and metabolic functions of
the tissue in which they are present. Outside the CNS: i) it is thought to aid in the transport
of cholesterol from the outer to the inner mitochondrial membranes and thus be vital in
steroid synthesis (Papadopoulos et al, 1997); ii) as a constituent of the mitochondrial
permeability transition pore, TSPO is believed to regulate cell death (McEnery et al., 1992)
and mitochondrial respiration (Hirsch et al., 1989); iii) evidence for an immunomodulatory
role for this receptor includes the ability to: modulate chemotaxis and phagocytosis in
peripheral monocytes and neutrophils (Marino et al., 2001; Rulff et al., 1985), induce cytokine
expression and superoxide generation (Zavala et al., 1990), regulate macrophage functions
(Pawlikowski, 1993), and stimulate formation of antibody-producing cells (Zavala &
Lenfant, 1987), among others (Gavish et al., 1999); iv) TSPO is also thought to play a role in
cell proliferation and differentiation (Camins et al., 1995), in protein and ion transport
(Casellas et al., 2002; Gavish et al, 1999), and in bile acid synthesis (Lacapere &
Papadopoulos, 2003; Woods & Williams, 1996). On the other hand, the functions of this
receptor within the CNS are less known. It is suggested that it is involved in neurosteroid
synthesis (Papadopoulos et al., 2006b), regulating mitochondrial function (Casellas et al.,
2002), and modulating neuroinflammation in microglial cells (Wilms et al., 2003). The fact
that TSPO knockout mice die at an early embryonic stage (Papadopoulos et al., 1997)
strongly suggests that TSPO is involved in basic cell functions and is essential for embryonic
development.

The main findings derived from the study of TSPO in MS patients or animal models of MS
are detailed next:

a. TSPO as in vivo marker of neuronal damage in MS.

Reactive gliosis based on morphological examination is a microscopic finding in brain
tissue sections and can only be obtained from invasive biopsy or postmortem autopsy.
Therefore, the development and validation of an in vivo biomarker of glial damage is a
major advance in the neurology field. In this way, the visualisation of the TSPO has
received great importance in MS patients.

TSPO is expressed in the undamaged CNS at only a low level (Agnello et al., 2000;
Banati et al., 2000; Gavish et al., 1999); however, its expression is dramatically increased
(mainly on microglia and in minor importance on astrocytes) in inflammatory diseases
such as MS (Banati et al., 2000; Debruyne et al., 2003; Versijpt et al., 2005; Vowinckel et
al., 1997) and animal models of MS (Agnello et al., 2000; Banati et al., 2000; Gavish et al.,
1999; Vowinckel et al., 1997). This up-regulation, which reflects an activation of resident
microglia, can be visualized and measured using in vitro receptor autoradiography and
binding assays as well as in vivo imaging techniques, such as PET (Maeda et al., 2004).
So, in recent years a number of PET ligands with affinity to the TSPO have been
developed and tested (e.g. Ro5-4864, PK11195, DAA1106, and vinpocetine) (Junck et al.,
1989; Maeda et al., 2004). This has propitiated that nowadays TSPO cellular expression
can be considered a reliable biomarker for neuroinflammation and gliosis with neuronal
damage (Banati et al., 2000; Debruyne et al., 2003; Mattner et al., 2005; Versijpt et al.,
2005; Vowinckel et al., 1997).
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b.

Neuroprotective function: anti-inflammatory and anti-apoptotic properties.

Recent evidence suggests that TSPO may play an important neuroprotective role in MS
patients, both for its anti-inflammatory and its anti-apoptotic properties.

b.1 Anti-inflammatory properties.

Some investigations point to the possibility that the TSPO may participate actively in
neuroinflammation and may thus itself be a target for therapeutic intervention. In this
way, it has been demonstrated that TSPO ligands (Choi et al., 2002; Ryu et al., 2005) and
some benzodiazepines (Wilms et al., 2003) possess anti-inflammatory properties. The
PK11195 ligand inhibits increases in cyclooxygenase-2 levels in cultured human
microglia (Choi et al., 2002), decreases expression of pro-inflammatory cytokines (IL-1f3,
IL-6, TNF-a) (Choi et al.,, 2002; Ryu et al., 2005) and reduces neuronal death in the
quinolinic acid-injected rats (Ryu et al,, 2005). Likewise, Wilms et al. (2003) have
observed that midazolam, clonazepam, and diazepam interfere with the synthesis and
release of proinflammatory (TNF-a) and neurotoxic (nitric oxide -NO-) molecules
generated by activated microglia in vitro. The anti-inflammatory action associated to
TSPO is not exclusive for microglial cells, it has also been shown on human blood cells
(Bessler et al., 1992; Lenfant et al., 1986, Zavala et al., 1990). It is known that PK11195
and Ro5-4864 inhibit IL-3-like activity secretion in human peripheral blood
mononuclear cells, and that IL-2, IL-1, TNF-a, and IL-6 production is inhibited by Ro5-
4864 (Bessler et al., 1992; Lenfant et al., 1986). Likewise, treatment of mice with Ro5-4864
markedly reduces the capacity of macrophages to produce key mediators of
inflammation such as reactive oxygen intermediates, IL-1, TNF, and IL-6 (Zavala et al.,
1990). In particular, TNF is considered an important pharmacological target for the
therapy of MS and drugs able to inhibit TNF-synthesis, such as the phosphodiesterase
inhibitors, have been reported to ameliorate EAE (Sommer et al., 1995). Taken together,
these findings are very promising, specially if we bear in mind that diazepam has been
undoubtedly demonstrated to be neuroprotective in experimental models of other
diseases (Schwartz-Bloom et al., 2000).

The true meaning of increased TSPO expression in microglia is unknown, however
Wilms et al. (2003) have postulated that the presence of a high density of TSPO in
human MS might be an adaptive response to neuronal damage with subsequent
decreased release of neurotoxic microglial mediators. This hypothesis is supported by
findings of Lacor et al. (1999) and Costa et al. (1994). They demonstrated that TSPO
density is highly increased after peripheral nerve injury, with TSPO returning to normal
levels when regeneration is complete or with TSPO remaining elevated in the absence
of regeneration. A possible source of endogenous ligands of TSPO are astrocytes, which
release substantial amounts of endozepines (Patte et al., 1999). These findings suggest
that TSPO may be a trophic factor in recovery from brain injury.

A lot has been speculated about the mechanisms by which TSPO specific ligands confer
protection. However, associations between TSPO activation and stimulation of
neurosteroid synthesis have been noted (Lacapére & Papadopoulos, 2003; Le Goascogne
et al., 2000). For example, Le Goascogne et al. (2000) have shown that TSPO activation
in astrocytes promotes the synthesis of neurosteroids (Le Goascogne et al., 2000), which
possess neurotrophic and neuroprotective activity (Le Goascogne et al., 2000) and are
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inhibitors of TNF production (Di Santo et al., 1996). A similar increase is obtained with
anxiolytic benzodiazepines known to bind to both classes of benzodiazepine receptors
(diazepam). On the contrary, ligands selective for the GABA, receptor (clonazepam)
have no effect on steroid synthesis (Papadopoulos et al., 1992). On the other hand,
Cascio et al. (2000) have shown a correlation among TSPO expression, steroid synthesis,
myelination, and oligodendrocyte differentiation, thus reasserting the trophic function
of TSPO in recovery from brain damage.

b.2 Anti-apoptotic properties.

The association of TSPO with the mitochondrial permeability transition pore suggests a
role in the regulation of cell survival in microglia (McEnery et al., 1992). The
participation of the TSPO in apoptotic processes has been demonstrated neither in MS
patients nor in animal models of MS. However, studies that have induced
overexpression of TSPO in cells different from those microglial ones suggest its
implication in cell death regulation (Carayon et al., 1996; Everett & McFadden, 2001;
Johnston et al., 2001; Rey et al., 2000; Stoebner et al., 2001). Interestingly, forced TSPO
overexpression in myxoma poxvirus-infected macrophages blocks apoptosis (Everett &
McFadden, 2001), in the same way that forced TSPO expression in neurons in vivo and
Jurkat cells in vitro also protects these cells from apoptosis (Johnston et al., 2001;
Stoebner et al., 2001). Likewise, it has been shown that TSPO upregulation in testicular
Leydig cells (Rey et al., 2000) and in blood phagocytic cells (Carayon et al., 1996)
preserves them from cytokine- and oxidant-induced cell death, respectively. TSPO
expression in microglia may thus protect them from various toxins, thereby
contributing to longer microglia life spans in the brain.

c. Neurotoxic effects.

A wealth of literature suggests that the TSPO overexpression , in addition to playing a
protective role, can contribute to tissue destruction and disease progression (Block et al.,
2007; Kreutzberg, 1996, Rothwell & Hopkins, 1995). When microglia enter an
overactivated state, they synthesize and release a battery of potent neurotoxins
(including free radicals (Block et al., 2007; Chao et al., 1995a), NO (Chao et al., 1992),
proteinases (Colton et al., 1993), eicosanoids (Heyes et al., 1996), and excitotoxins
(Giulian et al., 1990), cytokines (IL-1 (Giulian et al., 1986), IL-6 (Righi et al., 1989), and
TNFa (Chao et al., 1995b)), and chemokines (such as MIP-1a (Murphy et al., 1995), MIP-
1B (McManus et al., 1998), and MCP-1 (D'Aversa et al., 2002)) that cause neurotoxicity,
influencing the viability and function of neurons and exacerbating neuronal injury. Two
major possible neurotoxic secretion products of microglial cells are NO and TNF-a
(Wilms et al., 2003). NO is neurotoxic due to inhibition of complex 1 and 2 of the
respiratory chain. Moreover, it reacts with superoxide anion to generate peroxynitrite, a
highly reactive molecule capable of oxidizing proteins, lipids, and DNA. The cytokine
TNF-a is an important factor in the regulation of neuronal apoptotic cell death, which is
expressed by astrocytes and microglial cells in brain lesions of MS patients (Wilms et
al., 2003).

The inhibition of microglial activation by a pharmacological approach, using non-
steroidal anti-inflammatory drugs or minocycline, has been hypothesized to reduce
neuronal damage in animal models of neurodegenerative diseases (Du et al., 2001).
Furthermore, activation of microglia also inhibits neurogenesis in the rat hippocampus,
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and hippocampal regeneration is restored by blocking microglial activation with either
indomethacin (Monje et al., 2003) or minocycline (Ekdahl et al., 2003). These studies
suggest that activation of microglia could perpetrate neurodegeneration through
several mechanisms.

4. Conclusion

Animal models of MS are a very beneficial tool, which have led to a better understanding of
MS. New clues to the pathogenesis of MS and new potential markers for the diagnosis and
prognosis of MS have been gained from research in animal models. Likewise, they have
helped in the development of therapeutic approaches that are currently being used.

The susceptibility to MS is modulated by interactions among many factors. In this context, it
has been hypothesized that disease onset, progression, and relapses in MS are associated
with stressful life events, and this alleged relation has been confirmed by sophisticated
medical techniques. However, it is necessary to bear in mind that stressor characteristics are
key factors in determining the effects of stress on MS symptom development.

Drugs known to affect the immune system have become the primary focus for managing
MS. However, the most recent findings suggest that benzodiazepines might be an add-on
option for MS treatment because they can modify the stress-induced manifestations of EAE
by interacting with CBRs. Concretely, it has been demonstrated that alprazolam reduces the
latent period and inflammatory lesions of the SNC and delays the onset of the disease.
Several mechanisms have been hypothesized to explain the effects of this type of drugs,
which influence hormonal, immune, endocrine, and/or inflammatory parameters associated
with the HPA axis and the sympathetic branch of the ANS.

Recent evidence suggests that TSPOs might play a dual role in MS patients and perform
neuroprotective and neurotoxic functions. On the other hand, because TSPO is dramatically
up-regulated in MS, TSPO cellular expression is considered a reliable marker for diagnosis
of the disease progression and of the therapeutic response.
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1. Introduction

Multiple sclerosis (MS) is a chronic disease of the central nerve system (CNS) primarily
affecting youngsters. The CNS has a potent antioxidant defense mechanism to scavenge
reactive oxygen species (ROS). MS can be effectively studied in animal models with
experimental autoimmune encephalomyelitis (EAE). The immunopathogenic mechanisms
involved in EAE are attributed to T-cell-mediated inflammatory disease of the CNS and
activation of T cells, which recruit invading inflammatory cells, such as macrophages. The
activated T cells also induce astrocytes and microglia in situ to secrete cytokines,
chemokines, and toxic molecules, namely, glutamate, nitric oxide (NO), and/or ROS, which
in turn contribute to axonal damage. These processes are followed by complement
activation and antibody-mediated phagocytosis of axons, which eventually lead to
demyelination and axonal injury.

Brain tissue of MS patients was found to express antioxidants, and MS lesions have been
reported to express high levels of antioxidants, indicating oxidative stress (OS). Heme
oxygenase-1 (HO-1) is a heat-shock protein induced by OS; this protein was found to be
expressed in active MS lesions and in EAE. Therefore, it can be inferred that ROS may play a
distinct role in the pathogenesis of MS and that antioxidants may inhibit the development
and progression of MS lesions. In this chapter, we summarize immunomodulation and
therapeutic strategies in MS and examine experimental and clinical evidence to assess the
applicability of the novel strategy of using antioxidants, such as melatonin, statins, a-lipoic
acid (ALA), natural compounds (flavonoids), and erythropoietin (EPO), as adjuvant
treatment in MS.

2. Roles of OS in MS

The initial stages of the formation of MS lesions are primarily characterized by the activation
of residential microglia by autoreactive Th cells, while the active phase of the MS lesion is

* Corresponding Author
Conflict of interest: The authors declare that no conflict of interest exist



Experimental Autoimmune Encephalomyelitis
140 — Models, Disease Biology and Experimental Therapy

characterized by the infiltration of the lesion area by monocyte-derived macrophages, which
initiate demyelination [Schreiner et al., 2009; van der Valk and De Groot, 2000]. Both
activated microglia and infiltrated macrophages can generate excessive amounts of
proinflammatory mediators and oxidizing radicals, such as superoxide, hydroxyl radicals,
hydrogen peroxide, and NO [Colton and Gilbert, 1993; Gilgun-Sherki et al., 2004]. MS is
most commonly studied in animal models of EAE. The immunopathogenesis of EAE is
widely believed to involve T-cell-mediated inflammatory disease of the CNS, wherein
activated T cells recruit macrophages and resident astrocytes and microglia, leading to the
release of inflammatory mediators and cytotoxic molecules, namely, glutamate, NO, and/or
ROS, which contribute to axonal damage; this is then followed by complement activation or
antibody-mediated phagocytosis of axons [Hisahara et al., 2003; Schreibelt et al., 2007].
Furthermore, axonal degeneration in MS lesions can be divided into 2 steps: an initial stage
of acute axonal injury in the inflammatory MS lesion [Ferguson et al., 1997; Trapp et al,,
1998] and subsequent “slow burning” or axonal degeneration in non-inflammatory chronic
lesions [Kornek et al., 2000]. The pathological changes in MS are also characterized by the
presence of demyelinating plaques within the gray matter [Frohman et al., 2006].
Nevertheless, mitochondrial dysregulation and mitochondria-derived ROS have been
reported to contribute to axonal damage in MS [Kalman et al., 2007; Mahad et al., 2009; Su et
al., 2009; van Horssen et al., 2010; Witte et al., 2009]. In addition, a subset of activated
microglia was found in cortical lesions, suggesting that microglia-derived ROS might
contribute to gray matter demyelination [Gray et al., 2008]. Taken together, these evidences
indicate that ROS play a pivotal role in several processes underlying the formation and
persistence of MS lesions.

Experimental animal studies have demonstrated that the dietary intake of exogenous
antioxidants, including flavonoids and a-lipoic acid, reduces the progression and clinical
signs of EAE [Chaudhary et al, 2006, Hendriks et al.,, 2004; Marracci et al., 2002;
Theoharides, 2009; Verbeek et al.,, 2005]. Despite promising results observed in animal
models of MS, data on successful antioxidant therapy in MS patients is still limited; this
emphasizes the need for epidemiological and clinical studies on this treatment strategy in
MS. Reports indicate that antioxidants need be administered in high quantities to exert their
protective effects in animal models of MS [Gilgun-Sherki et al., 2004; Mirshafiey and
Mohsenzadegan, 2009]. Since ROS play a pivotal role in the initial phase as well as the
chronic stage of MS, antioxidant therapy may be suitable for limiting overall disease
progression. Thus, further understanding of the immunomodulatory activities of potential
protective antioxidants is vital for their application in MS [Schreibelt et al., 2007; van
Horssen et al.].

2.1 HO-1 in EAE/MS

HO-1 is a heat-shock protein induced by OS. In HO-1-expressing cells, the association of
reductase with HO-1 competitively limits the interaction of reductase with cytochrome P450
isozymes, and thereby, the resultant production of superoxide; this reduced interaction
limits free radical production and prevents oxidative damage of DNA, thereby suppressing
oxidative or proinflammatory tissue damage [Prawan et al, 2005]. HO-1 has both
antioxidative and anti-inflammatory activities and is highly inducible by a variety of stimuli,
including its substrates heme and OS [Schipper, 2004]. Lee and Chau demonstrated that the
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overexpression of HO-1 in macrophages can inhibit proinflammatory response via
lipopolysaccharide (LPS) stimulation and that IL-10 and HO-1 activate a positive feedback
circuit to enhance the anti-inflammatory response both in vitro or in vivo [Lee and Chau,
2002]. In addition, Ponomarev et al. found that increased expression of IL-4 in glial cells was
associated with reduced severity of EAE and that IL-4 production in the CNS is crucial for
controlling autoimmune inflammation by inducing an alternative pathway for the
regulation of microglial cells, but IL-4 production in the peripheral circulation was not
found to have this effect [Ponomarev et al., 2007]. In contrast, Lee and Suk showed that IL-
10 and IL-4 levels did not have any effect on the overexpression of HO-1 in LPS-stimulated
microglia in vitro [Lee and Suk, 2007]. However, Zenclussen et al. found that the
upregulation of HO-1 by using an adenoviral vector system expressing the HO-1 gene
(AdHO-1) has a protective effect against fetal rejection in the murine abortion model; they
also found that compared to abortion-prone mice, AdHO-1-treated mice showed higher
values of the systemic and local IL-4/IFN-y ratios and the IL-10/TNF-a ratio in the spleen
[Zenclussen et al., 2006].

HO-1 has been detected in EAE lesions, and significant amplification of HO-1 protein levels
has been proved in animal models of EAE [Schluesener and Seid, 2000]. HO-1 expression
has also been reported in active MS lesions [van Horssen et al.,, 2008]. This enhanced
expression of endogenous HO-1 may be one of the mechanisms involved in minimizing
tissue damage in EAE [Emerson and LeVine, 2000]. Evidence has also shown that Hmox1(-
/- )C57BL/6 mice, i.e.,, HO-1 gene knockout mice, displayed greater severity of EAE as
compared to Hmox1(+/+) mice. Further, induction of HO-1 by cobalt protoporphyrin IX
(CoPPIX) administration has been shown to suppress EAE progression, but this protective
effect of CoPPIX was abrogated in Hmox1(-/-) mice with EAE [Chora et al., 2007]. Thus,
endogenous HO-1 expression may play an important protective role in EAE, and therefore,
the induction of HO-1 overexpression may represent a novel therapeutic strategy for MS
[Liu et al., 2001].

2.2 Inflammation and immunopathogenesis of ROS and NO in MS

Brain tissue is very vulnerable to free radical damage because of its high oxygen utilization
(20% of the total oxygen inspired); high concentrations of polyunsaturated fatty acids [Floyd
and Hensley, 2002] and transition metals, such as iron, which are involved in the generation
of the hydroxyl radical [Hill and Switzer, 1984]; and low concentrations of cytosolic
antioxidants [Floyd and Carney, 1993; Reiter, 1995b]. In the brain, NO plays crucial roles in
neuromodulation, neurotransmission, maintenance of synaptic plasticity, etc., and it also
mediates pathological processes such as neurodegeneration and neuroinflammation [Golde
et al., 2002]. Thus, NO may inhibit neuronal respiration, and NO production by astrocytes is
believed to contribute to the neurodegenerative process via the impairment of
mitochondrial function.

In addition, neuronal injury has also been reported to be associated with NO released by
glial cells [Bal-Price and Brown, 2001; Mander et al., 2005]. Although glial activation can be
protective, excess activation can be detrimental [Murphy, 1999]. Glia are activated by
inflammatory mediators and express new proteins such as inducible NO synthatase (iNOS)
[Emerit et al., 2004]. NO produced by the action of iNOS appears to be a key mediator of
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glia-induced neuronal death. Astroglial cells are “activated” in a wide range of CNS
disorders, leading to the induction of iNOS [Bolanos et al., 1997; Endoh et al., 1994]. In
mouse models of EAE, immunohistochemistry revealed elevated activity levels of iNOS in
inflammatory lesions of the CNS, suggesting that excessive NO production due to activity of
iNOS may play an essential role in eradicating inflammatory cells in the CNS of mice with
EAE [Okuda et al., 1997].

A chronic inflammatory state gives rise to an activated immune response, which involves an
acute phase protein response and the release of proinflammatory cytokines, macrophages,
lymphocytes, and other immune system cells [Murakami, 2009; Taupin, 2008]. This
complicated process triggers the recruitment of innate immune cells, which in turn mediates
demyelination and axonal damage, and the formation of lesions that generally consist of T
cells, macrophages, and microglia. OS plays a critical role in the pathogenesis of MS. ROS,
which are generated in excess amounts mainly by macrophages subjected to OS, have been
implicated in the demyelination and axonal damage occurring in both MS and EAE [Gilgun-
Sherki et al., 2004]. NO has also been identified in the spinal cords of mouse models of EAE,
indicating the potential role of NO in the pathogenesis of EAE, and possibly MS [Lin et al.,
1993].

Increased levels of the indicators of OS and/or decreased levels of antioxidant enzymes and
antioxidants have been detected in the blood and cerebrospinal fluid of MS patients in the
active phases of the disease; these findings indicate that increased levels of ROS may cause
the depletion of cellular antioxidants [van der Goes et al., 1998; van Horssen et al., 2010; van
Meeteren et al., 2005]. In recent decades, immunologic cascade and inflammation have been
proposed as causative factors of neurological diseases and autoimmune disorders, such as
MS [Taupin, 2008]. On the basis of currently available findings, we assessed the usefulness
of statins, melatonin, ALA, natural antioxidant compounds, and EPO, as potential
candidates for adjuvant therapy in MS patients, by virtue of for their antioxidant and
immunomodulatory proprieties.

3. Statins in MS/EAE

The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (or statins)
are powerful cholesterol-lowering drugs, which are beneficial to the primary and secondary
prevention of coronary heart disease; these drugs can improve endothelial function, increase
NO bioavailability, exhibit antioxidant activity, stabilize atherosclerotic plaques, regulate
progenitor cells, inhibit inflammatory responses, and exert immunomodulatory effects
[Endres, 2006]. Pahan et al. reported that lovastatin inhibits the induction of iNOS and
expression of proinflammatory cytokines in rat primary glial cells (astroglia and microglia)
and macrophages [Pahan et al, 1997]. Subsequently, Stanislaus et al. showed that
proinflammatory cytokines and iNOS are involved in the pathogenesis of EAE [Stanislaus et
al., 1999] and thus highlighted the therapeutic importance of lovastatin in inhibiting the
neuroinflammatory processes in the CNS and the central expression of iNOS, TNF-a, and
IFN-y in EAE; this suggests that lovastatin may have therapeutic potential in the treatment
of neuroinflammatory diseases, such as MS [Stanislaus et al., 1999].

Atorvastatin exhibits pleiotropic immunomodulatory activity against both antigen-
presenting cells (APC) and T-cell compartments. For instance, Youssef et al. reported that
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atorvastatin treatment of microglia inhibits I[FN-y-inducible transcription of multiple major
histocompatibility complex (MHC) class II transactivator (CIITA) promoters and suppresses
the upregulation of class II MHC [Youssef et al., 2002]. In addition, they found that
atorvastatin suppresses IFN-y-inducible expression of CD40, CD80, and CD86 co-
stimulatory molecules, as well as L-mevalonate, thereby indicating that statins may be
beneficial in the treatment of MS and other Thl-mediated autoimmune diseases [Youssef et
al., 2002].

Nath et al. demonstrated that lovastatin inhibits EAE by modulating T-cell as well as APC
responses and that the effects of lovastatin on macrophage/microglia in an Ag-non-specific
system suggest that lovastatin is not only effective in EAE. Their study also revealed that
lovastatin inhibits the transcription factors T-bet, NF-xB, and STAT4, which are responsible
for CNS inflammation, via the induction of Thl cell differentiation and production of related
cytokines, such as IFN-y and TNF-a. In addition, lovastatin induces the expression of
GATAS3 and STAT6 in Th2 cells and contributes to the downregulation of IFN-y/T-bet in
Th1 cells [Nath et al., 2004]. Statins have been reported to have potential for use as novel
therapeutic agents to reverse the established paralysis in MS and to exert beneficial effects in
synergy with other agents already approved for MS therapy [Weber and Zamvil, 2008].
However, simvastatin administered along with interferon p-1a as add-on therapy for at least
1-3 years in patients with relapsing-remitting MS (SIMCOMBIN study) did not show any
beneficial effects in a placebo-controlled randomized phase 4 clinical trial [Sorensen et al.].
Similarly, a cohort study revealed that the disability progression in MS did not differ
significantly between MS patients receiving and those not receiving statin therapy, thereby
suggesting that statins do not affect the long-term course of MS [Paz Soldan et al].
However, the combination of other statins with other disease-modifying drugs may be
beneficial in MS. More clinical data is required to clarify this issue.

4. Melatonin in MS/EAE

Melatonin (5-methoxy-N-acetylserotonin) is mainly produced in the pineal gland during the
dark phase of the day-night cycle, and it displays multifunctional properties and
characteristics of a potent antioxidant [Martin et al., 2000]. In addition, melatonin is involved
in the regulation of aging [Pierpaoli and Regelson, 1994] and scavenging of free hydroxyl
radicals [Reiter, 1995a]. Melatonin is now well-known as a powerful antioxidant; an
increasing number of experimental evidences have shown its protective effects against OS-
induced macromolecular damage and diseases, including those involving mitochondrial
dysfunction [Acuna et al., 2002]. Furthermore, melatonin exhibits both direct and indirect
antioxidant activity, scavenges free radicals, stimulates antioxidant enzymes, enhances the
activities of other antioxidants, and protects other antioxidant enzymes from oxidative
damage [Castroviejo et al., 2011; Esposito and Cuzzocrea, 2010].

The results of numerous clinical studies have indicated that melatonin is a neuroprotective
molecule in neurodegenerative disorders, which are believed to involve widespread brain
oxidative damage [Esposito and Cuzzocrea, 2010; Kaur and Ling, 2008]. For example,
melatonin defeats neurally derived free radicals and reduces the associated
neuromorphological and neurobehavioral damage [Reiter et al., 2007]. Melatonin inhibits
the expression of the iNOS in murine macrophages by inhibiting NF-xB activation [Gilad et
al.,, 1998] and suppressing the levels of intercellular adhesion molecule (ICAM)-1 in
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experimental spinal cord reperfusion injury [Cuzzocrea et al., 2000]. Constantinescu et al
reported that melatonin is capable of immunomodulation via the activation of NK cells
[Constantinescu et al.,, 1997], upregulation of Th2 response, and inhibition of NF-xB
[Maestroni, 1995]. Thus, both experimental and clinical data show that melatonin reduces
the expression of adhesion molecules and pro-inflammatory cytokines and modifies serum
inflammatory parameters.

Since the abovementioned findings indicate that melatonin exhibits both anti-inflammatory
and immunomodulatory activities, it can be considered effective in suppressing
autoimmune diseases, including EAE [Constantinescu, 1995; Sandyk, 1997]. Moreover, Kang
et al. demonstrated that melatonin ameliorates EAE through the suppression of ICAM-1
levels. They also reported that melatonin treatment increases T-cell proliferation in mice and
enhances the production of NK cells and monocytes in the bone marrow of mice, suggesting
that it plays an important role in the immune system; thus, exogenous melatonin has been
shown to ameliorate EAE by reducing the expression of ICAM-1 and lymphocyte function-
associated antigen-la (LFA-la) in autoimmune target organs [Kang et al,, 2001]. On the
other hand, Maestroni et al. showed that melatonin treatment of mice decreases the
expression of IL-2 and IFN-y and upregulates the expression of Th2 cell cytokines, such as
IL-4 and IL-10 [Maestroni, 1995]. Lin et al. found that melatonin prolongs islet graft survival
in nonobese diabetic (NOD) mice via the reduction of Th1 cell and T-cell proliferation and
elevating IL-10 levels, thereby indicating that melatonin treatment suppresses autoimmune
recurrence after graft implantation [Lin et al., 2009]. Thus, melatonin plays a role in
immunomodulation by regulating cytokine production of immunocompetent cells. From
these findings, melatonin may be considered effective in improving the clinical course of
autoimmune inflammatory diseases.

A clinical study by Akpinar et al. revealed that nocturnal serum melatonin levels were
associated with major depression in acute MS patients, suggesting that melatonin deficiency
may contribute to the occurrence of depression in MS patients [Akpinar et al., 2008b].
Moreover, Anderson et al. demonstrated that the optimization of melatonin and vitamin D3
inhibits the effects of IL-18 on the symptoms and cell loss of MS, as well as microglia and T-
cell activation [Anderson and Rodriguez, 2011]. In addition, they confirmed that valproate
treatment may interact significantly with melatonin and vitamin D3 to inhibit seizures and
other signs and symptoms of MS [Anderson and Rodriguez, 2011]. Thus, the understanding
of the immunomodulatory and anti-oxidative activity of melatonin in EAE may enable the
therapeutic application of this molecule in MS.

5. ALA in MS/EAE

ALA (or 1,2-dithiolane-3-pentanoic acid) is a naturally occurring dithiol compound
synthesized enzymatically in the mitochondrion from octanoic acid (Curr. Med. Chem. 11
(2004) 1135-1146.); it is an essential cofactor of key mitochondrial enzymes that control
glucose oxidation, such as pyruvate dehydrogenase and a-ketoglutarate dehydrogenase
[Gohil et al., 1999]. ALA mainly acts as a natural antioxidant that scavenges ROS and
regenerates or recycles endogenous antioxidants (Free Radic. Res. 20 (1994) 119-133.). ALA
and its reduced dithiol form, dihydrolipoic acid (DHLA), are potent antioxidants in both fat-
and water-soluble media. In addition, ALA reacts with superoxide and hydroxyl radicals,
hypochlorous acid, peroxyl radicals, and singlet oxygen [Marangon et al., 1999]. ALA also
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recycles vitamins C and E and increases the intracellular glutathione concentration. The
antioxidative effect of ALA may be partially mediated by the chelation of transition metals,
modification of the redox status of thiol-containing proteins, and inhibition of redox-
sensitive nuclear transcription factors [Abdul and Butterfield, 2007; Akpinar et al., 2008a;
Moini et al., 2002]. Tirosh et al. have previously shown that LA-plus is a potent protector of
neuronal cells against glutamate-induced cytotoxicity and associated oxidative damage
[Tirosh et al., 1999]. Further, Cheng et al. reported that ALA protects the cardiovascular
system against oxidative injury" [Cheng et al., 2006]. They also found that ALA significantly
increased the expression levels of HO-1 and ROS production and increased HO activity in
A10 cells and the resistance of A10 cells to hydrogen-peroxide-induced OS; this effect was
blocked by N-acetyl-cysteine, which also inhibited ALA-induced activation of p44/42
mitogen-activated protein kinase (MAPK) and AP-1, HO-1 expression, and HO activity.
These findings suggest that ALA induces HO-1 expression through the production of ROS
and subsequent activation of the p44/42 MAPK pathway and AP-1 in vascular smooth
muscle cells and that it increases the expression of HO-1, which is a critical cytoprotective
molecule [Cheng et al., 2006].

van der Goes et al. reported that ROS appear to be involved in the regulation of the
phagocytosis of myelin and that lipoic acid (LA), a non-specific scavenger of ROS, also
decreased the phagocytosis of myelin by macrophages [van der Goes et al., 1998].

Marracci et al. have shown that ALA ameliorates EAE in SJL mice immunized with
proteolipid protein (PLP) 139-151 peptide, resulting in minimal inflammation characterized
by less demyelination and only mild axonal loss in the spinal cords; they also demonstrated
a marked reduction in the expression of CD3*+ T cells and CD11b* monocyte/macrophage
cells in the affected spinal cord. Further, ALA and its reduced form, DHLA, inhibited the
activity of matrix metalloproteinase-9 (MMP-9) in a dose-dependent manner [Marracci et al.,
2002]. This was associated with a reduction in the number of CNS-infiltrating T cells and
macrophages as well as decreased demyelination. Morini et al. further tested ALA in a
therapeutic protocol aimed at suppressing myelin oligodendrocyte glycoprotein (MOG)-
EAE; they also found significant reduction of demyelination and inflammatory infiltration
and in the number of MOG-specific T cells, resulting in decreased production of IFN-y and
IL-4; this suggests that ALA exerts immunosuppressive activity on both Thl and Th2
cytokines [Morini et al., 2004].

Marracci et al. showed that both ALA and DHLA inhibited Jurkat cell migration and have
different mechanisms for inhibiting MMP-9 activity. These data together with the finding
that ALA can ameliorate relapsing EAE suggest that ALA merits investigation as a
therapeutic agent for MS [Marracci et al.,, 2004]. Moreover, Schreibelt et al. reported that
antioxidant LA dose-dependently prevented the clinical development of EAE in a rat model
of MS, along with a decrease in the CNS infiltration of leukocytes, particularly monocytes,
which may be reflected as reduced ability to cross the blood brain barrier (BBB) [Schreibelt
et al., 2006].

Accordingly, oxidative injury is recognized as an important process in the pathogenesis of
MS. The powerful antioxidant property of ALA may render it a good candidate for adjuvant
treatment in EAE/MS. In addition, ALA is greatly effective in suppressing and treating
EAE; this effect is mediated by the inhibition of T-cell trafficking into the spinal cord,
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possibly by inhibiting MMP. Thus, ALA impedes the development of EAE not only by
serving as an antioxidant but also by affecting the migratory capacity of monocytes and by
stabilizing the BBB; these features make ALA an attractive therapeutic agent for MS

6. Potential of natural food compounds in the treatment of EAE/MS

Aktas et al. reported that the green tea extract epigallocatechin-3-gallate (EGCG) reduced
the clinical severity of EAE when administered at the initiation or after the onset of the
condition; this effect of EGCG is believed to be mediated by the limiting of brain
inflammation and reducing neuronal damage, which are mediated by NF-kappa B
inhibition, abrogated proliferation and TNF-alpha production of encephalitogenic T cells,
and direct blocking of the formation of neurotoxic ROS in neurons [Aktas et al., 2004]. Thus,
natural green tea components that have antioxidant, anti-inflammatory, and
neuroprotective activities, may be considered novel candidates for the treatment of MS.

6.1 Natural compounds repress MMP to protect EAE/MS

Hendriks et al. have shown that flavonoids, which are naturally occurring compounds of
green tea, can influence myelin phagocytosis by macrophages in vitro. The flavonoids
luteolin, quercetin (3,3'4',5,7-pentahydroxy flavone), and fisetin most significantly reduce
the extent of invasion of myelin phagocytes, without affecting their viability; this implies
that they may be capable of restricting the demyelination process involved in MS [Hendriks
et al., 2003]. On similar lines, Theoharides found that luteolin and structurally similar
flavonoids can inhibit EAE and suggested that an appropriate luteolin formulation that
permits sufficient absorption and reduces its metabolism could be a useful adjuvant to IFN-
B in the treatment of MS [Theoharides, 2009]. A study by Muthian et al. on SJL/] mouse
models of EAE revealed that quercetin (QRC), a flavonoid phytoestrogen, ameliorates EAE
in vivo by inhibiting IL-12 production and neural antigen-specific Th1 differentiation and by
reducing the MMP-9/TIMP-1 ratio. They further reported that when QRC was used in
combination with IFN-p, it has additive effects on the regulation of the levels of TNF-a and
MMP-9 [Sternberg et al., 2008]. The enzymes gelatinases A (MMP-2) and B (MMP-9) are
involved in the pathogenesis of MS [Bever and Rosenberg, 1999; Mandler et al., 2001]. Liuzzi
et al. reported that the non-flavonoids resveratrol (RSV) and tyrosol/hydroxytyrosol
(Oliplus), but not the flavonoids QRC and catechins [green tea extract (GTE)], dose-
dependently inhibit the expression of MMP-2 and MMP-9 in LPS-activated primary rat
astrocytes. In turn, the direct inhibition of MMP2 and MMP-9 was achieved completely by
QRC and GTE, not by RSV, and only partially by oliplus in cell-free systems of MS sera.
These results indicate that the flavonoids and non-flavonoids tested exert their inhibitory
effect on MMPs, displaying different mechanisms of action, possibly related to their
structure; this indicates that their combined use may represent a powerful tool for the
downregulation of MMPs in the course of MS [Liuzzi et al.].

6.2 Fumarate linking to Nrf2 pathway to protect MS

The antioxidant-responsive element (ARE) is an enhancer element that triggers the
transcription of a battery of genes encoding phase II detoxification enzymes [Rushmore et
al.,, 1991; Rushmore and Pickett, 1990] and factors vital for neuronal survival [Lee et al.,
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2005]. The ARE is activated through the binding of its transcription factor NF-E2-related
factor 2 (Nrf2) [Moi et al,, 1994; Venugopal and Jaiswal, 1996]. Nrf2-ARE activation is a
critical neuroprotective pathway that confers resistance to a variety of oxidative, stress-
related, neurodegenerative injuries [Johnson et al., 2008]. Evidentially, autopsy studies of
MS-affected tissue have revealed that neuronal Nrf2 is also activated during the natural
course of MS, which is similar to the observations made in untreated EAE [Linker et al.].
Furthermore, van Horssen et al. showed that invading leukocytes contribute to cell damage
and demyelination by producing excessive amounts of cytotoxic mediators, including ROS,
and that to neutralize the destructive effects of ROS, the CNS is endowed with a repertoire
of endogenous antioxidant enzymes, which are regulated by the transcription factor Nrf2;
on the basis of these findings, they suggested that persistent Nrf2-mediated transcription
occurs in active MS lesions, but this endogenous response is insufficient to prevent ROS-
induced cellular damage, which is abundant in inflammatory MS lesions [van Horssen et
al.]. Accordingly, overexpression of Nrf2/ ARE-regulated antioxidants in EAE and MS tissue
is indicative of ongoing OS [Schreibelt et al., 2007]. Furthermore, Linker et al. reported the
Nrf2 pathway was activated by dimethyl fumarate or monomethyl fumarate [Linker et al.].
They showed that dimethylfumarate exerts protective effects on oligodendrocytes, myelin,
axons, and neurons in vivo and reduces the oxidative stress in MOG-EAE models; their
study also provided evidence that the proper functioning of Nrf2 is required for the
therapeutic effect of dimethylfumarate, suggesting that the CNS-protective effects of
dimethylfumarate involve the activation of Nrf2-mediated OS response mechanisms, which
is an important protective mechanism of the CNS in a variety of pathological conditions. A
phase II trial is currently underway to examine the applicability of fumarate as a disease-
modifying agent in MS patients [Barten et al., 2010].

6.3 Other extracts from plants to benefit MS

De Paula et al. found that genistein, which occurs abundantly in soy products, has
apoptotic, antioxidant, and anti-inflammatory properties. They observed that genistein
treatment significantly ameliorated the severity of EAE, modulating pro- and anti-
inflammatory cytokines and decreasing the rolling and adhering of leukocytes, which imply
that genistein may have potential as a therapeutic agent for MS [De Paula et al., 2008].
Another antioxidant compound, silymarin—a purified extract from milk thistle (Silybum
marianum)—is composed of a mixture of 4 isomeric flavonolignans: silibinin (main active
component), isosilibinin, silydianin, and silychristin. This extract has been empirically used
as a remedy for almost 2000 years and continues to be used in the treatment of many types
of acute and chronic liver diseases. Although it is routinely used in clinical practice as a
hepatoprotectant, the mechanisms underlying its beneficial effects remain largely unknown
[Crocenzi and Roma, 2006]. Min et al. reported that silibinin significantly reduced the
histological signs of demyelination and inflammation in EAE and that silibinin
downregulated the secretion of pro-inflammatory Th1 cytokines and upregulated the anti-
inflammatory Th2 cytokines in vitro in an Ag-nonspecific manner. Further, silibinin dose-
dependently inhibited the production of Thl cytokines ex vivo, indicating that it is both
immunosuppressive and immunomodulatory and may therefore be effective in the
treatment of MS [Min et al., 2007].

Together, many antioxidant components extracted from natural foods or plants, such as
flavonoids, luteolin, EGCG (extracted from green tea), genistein (occurring abundantly in
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soy), and silibinin (the major pharmacologically active compound of silymarin, a fruit
extract of S. marianum) have been proved to have not only health benefits but also the
potential for use in the treatment of MS [Hutter and Laing, 1996; Mori et al., 2004; Sueoka et
al., 2001; Theoharides, 2009].

7. Antioxidant and immunomodulatory effects of EPO in MS/EAE

EPO exhibits both hematopoietic and tissue-protective effects via interaction with different
receptors [Leist et al., 2004].

Several experimental studies have shown that both EPO and EPO receptor (EpoR) are
functionally expressed in the nervous system and that this cytokine has remarkable
neuroprotective activity both in vitro, against different neurotoxicants, and in vivo, in
animal models of experimental nervous system disorders [Bartesaghi et al., 2005]. Moreover,
EPO has been proved to have the ability to cross the BBB and modulate astrocytes to protect
the brain from ischemic damage and the spinal cord from injury in animal models
[Bernaudin et al., 1999; Brines et al., 2000; Diaz et al., 2005]. The neuroprotective effects of
EPO against neuronal death induced by ischemia and hypoxia have also been extensively
studied in both in vitro and in vivo studies [Bernaudin et al., 1999; Gunnarson et al., 2009].

7.1 Cytoprotective interaction of EPO and HO-1

A recent report indicated that the upregulation of HO-1 expression contributes to EPO-
mediated cytoprotection against myocardial ischemia-reperfusion injury [Burger et al,,
2009]. The neuroprotective action of EPO in ischemic and CNS degenerative models was
mediated by Janus-tyrosine kinase 2 (Jak2) signaling and the subsequent activation of PI3-
K/ Akt phosphorylation and NFxB cascades, which lead to the suppression of the CNS
damage due to excitotoxins and the consequent generation of free radicals, including NO
[Digicaylioglu and Lipton, 2001; Maiese et al., 2004]. Moreover, Sittler et al. showed that
in rats with MOG-induced optic neuritis, the systemic administration of EPO resulted in a
significant increase in the survival and function of retinal ganglion cells (RGC), the
neurons that form the axons of the optic nerve; they also found that the neuroprotective
effects of EPO were mediated by 3 independent intracellular signaling pathways
involving the proteins phospho-Akt, phospho-MAPK 1 and 2, and Bcl-2m, which showed
increased levels in vivo after EPO treatment [Sattler et al., 2004]. They also found that EPO
in combination with a selective inhibitor of phosphatidylinositol 3-kinase (PI3-K)
prevented the upregulation of phospho-Akt and the consecutive RGC rescue, thereby
indicating that the PI3-K/Akt pathway in MOG-EAE has an essential influence on RGC
survival under systemic EPO treatment [Sattler et al., 2004]. Interestingly, PI3K/Akt-
pathway-related responses to OS and apoptosis have also been shown to be mediated by the
transcriptional regulation of HO-1 [Martin et al.,, 2004]. Previously, Lifshitz et al.
demonstrated that the dendritic cells (DCs) are direct targets of EPO, to initiate the
immune response through the overexpression of human EPO in transgenic mice in in vivo
experiments and validate a higher expression of EPO-R mRNA from bone marrow-
derived DCs (BM-DCs) [Lifshitz et al., 2009]. Recent reports indicate that EPO exerts its
cytoprotective effects in cardiac ischemia-reperfusion injury by inducing HO-1 expression
[Burger et al., 2009]
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7.2 Interaction of EPO, HO-1, and NO in EAE/MS

Tzima et al. reported that myeloid HO-1 deficiency exacerbated EAE in mice and enhanced
the infiltration of activated macrophages and Th17 cells (IL-17-producing CD4* IL-17-
producing CD4* T cells) in the CNS, and thus, they established HO-1 as a critical early
mediator of the innate immune response [Tzima et al., 2009; Zwerina et al., 2005]. Liu
showed that the inhibition of HO-1 expression resulted in marked exacerbation of EAE,
suggesting that endogenous HO-1 expression plays an important protective role in EAE and
that the targeted induction of HO-1 overexpression may represent a novel therapeutic
strategy for the treatment of MS [Liu et al., 2001]. A study be Wu et al. at a center associated
with ours revealed that the therapeutic induction of HO-1 expression ameliorates
experimental murine membranous nephropathy via anti-oxidative, anti-apoptotic, and
immunomodulatory mechanisms [Wu et al., 2008]. HO-1 overexpression has been proved to
protect cells and tissues in a transgenic model of EAE [Panahian et al., 1999]. Moreover,
Kumral et al. demonstrated that EPO exerts neuroprotective activity through the selective
inhibition of NO overproduction in neonatal hypoxic-ischemic brain injury [Kumral et al.,
2004]. Furthermore, Yuan et delineated a novel potential of EPO on peripheral inflammatory
modulation in a murine MOG-EAE model [Yuan et al., 2008].

7.3 Immunomodulatory effects of EPO in EAE

After EPO was found to have neuroprotective effects in murine models of EAE [Zhang et al.,
2005], it was introduced in humans and found to be effective in chronic progressive MS
[Ehrenreich et al., 2007]. In our previous study, we found that EPO can enhance the
expression of endogenous HO-1 either peripherally or locally in EAE; similarly, we
observed that EPO-treated MOG-EAE mice exhibited upregulation of the splenic regulatory
CD4+* T cells (Treg) and Th2 cells and downregulation of central Th1 and Th17 cells. We also
obtained molecular evidence proving that EPO enhances the expression of endogenous HO-
1 and that it has potential immunomodulatory activity and causes the suppression of
inflammatory response to EAE [Chen et al., 2010].

We thus demonstrated the protective effects of EPO on EAE (Fig. 1a, b), and we observed
significantly higher expression levels of endogenous HO-1 mRNA in the brain and a
tendency for higher expression levels of endogenous HO-1 mRNA in the spinal cord and
brain of the EPO-treated MOG-EAE mice than in those of the controls (Fig. 1c). Similarly, the
expression levels of HO-1 mRNA in lymphocytes isolated from the CNS of MOG-EAE mice
and controls differed significantly (Fig. 1c). Correspondingly, the protein levels of HO-1 in
the spinal cord of EPO-treated MOG-EAE mice were higher than those of the controls (Fig.
1d). We further confirmed the augmenting effects of EPO on HO-1 in situ. Encephalitogenic
Th17 cells play an essential role in the pathogenesis of EAE [Bettelli et al., 2006]. Thl cells
facilitate the invasion of Th17 cells to the CNS during EAE [O'Connor et al., 2008]. Further,
IL-4 produced by CNS-derived Th2 cells is crucial to regulate the inflammation in EAE
[Ponomarev et al., 2007]. To study the Th lineages further, we isolated mononuclear cells
from the CNS of MOG-EAE mice treated with EPO and controls. Interestingly, we observed
significantly lower ratios of both Thl and Th17 cells to CD4* cells in the EPO-treated MOG-
EAE mice than in the controls; only a mildly increasing trend of encephalitogenic Th2
cells/CD4+ cells was noted in the EPO-treated group (Fig. 2 a-b). These findings suggest that
EPO has the ability to counteract encephalitogenic Th1 and Th17 cells in situ, at least in part,
and protect neuronal cells in EAE.



Experimental Autoimmune Encephalomyelitis
150 — Models, Disease Biology and Experimental Therapy

(al i) i)

. a | resasssasnan

- Catedd o | f Stan Spinal Cord

] |o e « L o —_—
l 1 Hlrr | PBS GPO  PDS EFO

= e "l | peocaosncs

N o - R .
¥ /LT is £ f
k.l f"r"’f \}éw | |
| elA11lt Ay ]
r,-h.l 1 Lill1l ¥
I¥

Pactin oo g ——

2 Hﬂﬁwﬂww-’ﬁ% --------------- e

LB 7 8 BRI G TR B 1t e
Firs 1
(=} HO-1 relaftes mAMS supessiion
|
— — — 1 — |
e [ -] : (12
1
2 1
z = o :
1, .
| | | .
W N e -t . =
Berin Byl cond Infiratien od CH3 bymphosyies

Fig. 1. EPO lessens EAE and enhances HO-1 in situ. (a) Clinical score and (b) time of onset of
EAE in C57BL/6 mice treated i.p. with PBS or EPO (100 U/100 ul/mouse) on days 1, 3, 5,
and 7 after s.c. immunization with MOG 35.55/ CFA on day 0 and PTX i.p. on days 0 and 2.
Each group contained 10 mice. Data represent means + SEM. (c) Expression of HO-1 mRNA
in the brain, spinal cord, or lymphocytes isolated from CNS of EPO-treated and PBS-treated
(as control) MOG-EAE mice determined by real time PCR. Data in plots are expressed as
mean * SD from 3 independent experiments. Statistical significance was set at p < 0.05. (d)
Western blot analysis of HO-1 expression in the brain and spinal cord of EPO-treated and
control mice on day 14 after MOG injection. (partly adapted from Clin Exp Immunol. [Chen
etal.])

Furthermore, we observed a greater extent of staining for HO-1-positive splenocytes in
EPO-treated MOG-EAE mice than in the controls (Fig. 3a); this was also reflected in a
significantly greater mean fluorescence intensity (MFI) in flow cytometry of the splenic
lymphocytes of EPO-treated MOG-EAE mice than those of the controls (Fig. 3b). Similarly,
we found an increased ratio of encephalitogenic Th1l and Th17 cells in EPO-treated MOG-
EAE mice, however, only a mildly decreasing trend of splenic Thl and Th17 cell subsets
from EPO-treated MOG-EAE mice was noted. Instead, a significantly high ratio of splenic
Th2 (Fig. 3a) was noted in the EPO-treated group than in the controls, and a notably
significant elevation of splenic CD25*Foxp3* CD4* cells (Tregs) was observed in the EPO-
treated MOG-EAE mice (Fig. 3d).

We observed that the mRNA expression of HO-1 showed a tendency to increase, while the
protein expression of HO-1 was notably high in the spinal cord of EPO-treated MOG-EAE;
in contrast, a significant elevation of HO-1 mRNA, but no significant expression of HO-1
protein, was observed in the brain of EPO-treated MOG-EAE mice. Currently, Th17 cells are
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Fig. 2. Distribution of Th lymphocyte subsets in situ. (a) Flow cytometric analysis of
intracellular cytokines in CD4+* T cells isolated from CNS of mice treated with either EPO or
PBS. CD4 T lymphocytes isolated from the CNS of EPO-treated mice or controls on day 21 at
peak disease stage were intracellularly stained with IL-4, IFN-y, and IL-17 by flow
cytometry. (b) Percentages of IFN-y-producing CD4+ T cells (Th1), IL-17-producing CD4+ T
cells (Th17), and IL-4-producing CD4* T cells (Th2) are presented. Data are representative of
3 experiments. (partly adapted from Clin Exp Immunol. [Chen et al.])

believed to play a vital role in immunopathogenic mechanisms of EAE. However, Th1 cells
are required to facilitate the CNS infiltration of Th17 cells in EAE [O'Connor et al., 2008].
Yuan et al. reported that short-tem EPO therapy for EAE can peripherally downregulate
MHC class II of DCs and counteract Th17 cell responses [Yuan et al.,, 2008]. Our data
confirmed further that EPO counteracts Th17 and Thl cell inflammatory responses in EAE,
both peripherally and centrally. EPO markedly reduced IL-6 levels in the spinal cord and
decreased the inflammation and clinical score of EAE, thereby suggesting that the
immunomodulatory activity of EPO may be partly mediated by the reduction of IL-6 levels
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Fig. 3. EPO enhances splenic expression of HO-1, Th2 cells, and Treg.

(a) Immunohistochemical staining for HO-1 expression in the spleen of EPO-treated mice
(right) and controls (left) on day 14 after MOG injection. Images are at either 40 x (top) or
400 x (bottom) magnification, and the length of the bar represents 50 pm. (b) Splenic
lymphocytes from EPO-treated mice and controls on day 14 of EAE were stained with FITC-
conjugated HO-1 for flow cytometry. Mean fluorescence intensity (MFI) of HO-1 staining
was analyzed (b, left). Representative of 3 experiments. * indicates p < 0.05. (c) Splenic
lymphocytes from EPO-treated mice and from controls were stained for Th1, Th2, and Th17
cells for flow cytometry analysis of the proportion of total CD4 T cells. Data represent 4
experiments. (d) These splenic lymphocytes were also stained for CD25*Foxp3* CD4+* cells
(Treg) by flow cytometry. Compared to controls, EPO-treated MOG-EAE mice had higher
ratio of splenic Treg on day 14. Data of Treg represent 6 experiments. (partly adapted from
Clin Exp Immunol. [Chen et al.])
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[Agnello et al.,, 2002]. Tron et al. noted that the expression of HO-1 were elevated in a
localized inflammation after intramuscular injection of inflammatory material and IL-6-
specific transcripts were introduced into the injured muscle and were in accordance with the
serum levels of IL-6; these findings imply that the induction of HO-1 in local inflammation
may affect other anti-inflammatory agents, such as local IL-6 [Tron et al., 2005]. Our data
show that there is suppression of IL-6 mRNA in the CNS of EPO-treated MOG-EAE mice,
which may be attributed to the overexpression of residential HO-1 to counteract IL-6 (Fig.
2). However, further investigation is required to clarify this.

We confirmed that exogenous EPO promotes the expression of endogenous HO-1, either in
the CNS or the spleen, to repress Thl and Th17 responses in situ and that it enhances the
systemic invasion of Th2 and Tregs to reduce the severity of EAE. The potential role of EPO
in upregulating the expression of endogenous HO-1 and, thereby, the anti-oxidative and
anti-inflammatory activities of HO-1 indicate that EPO may have potential for clinical
therapeutic application in autoimmune CNS disorders, such as MS. Taken together, these
findings suggested that EPO not only causes the upregulation of HO-1 expression in the
CNS but also acts as a potent inducer of HO-1 expression in the peripheral immunologic
systems. Collectively, the neuroprotective action of EPO in EAE appears to involve different
mechanisms of systemic and local inhibition of inflammation [Chen et al., 2010].

8. Conclusion

Patients with MS often experience difficulty in ambulation, spasticity, sensation, and
cognition. The year 2010 marked the beginning of the era of oral medications for MS with
the introduction of fingolimod [Brinkmann et al., 2010] as the first oral disease-modifying
agent for MS. Subsequently other oral agents, including cladribine, teriflunomide,
laquinimod, and dimethyl fumarate, as well as the monoclonal antibodies alemtuzumab,
daclizumab, and rituximab have been used in MS [Gold, Krieger]. Currently, promising
results have been obtained in Phase II trials of teriflunomide, daclizumab, laquinimod, and
an antioxidant agent-fumarate [Barten et al., 2010].

However, to date, no specific drugs have been developed to completely cure MS.

Considering the data gathered from studies, such as those on animal models of EAE, it can
be inferred that antioxidant molecules may be beneficial to some extent for adjuvant therapy
in MS [Mirshafiey and Mohsenzadegan, 2009; van Horssen et al., 2008; van Horssen et al.,
2010]. Although some antioxidants have shown some degree of efficacy in EAE, little
information is available on the effect of their use in MS [Mirshafiey and Mohsenzadegan,
2009; Schreibelt et al., 2007]. Nevertheless, antioxidant therapy can be considered a
candidate for use as adjuvant therapy in MS.
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Experimental Autoimmune Encephalomyelitis - Models, Disease Biology and
Experimental Therapy is totally focused on the model of multiple sclerosis,
experimental autoimmune encephalomyelitis (EAE). The book chapters give
avery good and in depth overview about the currently existing and most used
EAE models. In addition, chapters dealing with novel experimental therapeutic
approaches demonstrate the usefulness of the EAE model for MS research. With an
international perspective, this book features contributions from authors throughout
the world, Australia, Germany, Japan, Spain, Taiwan, and USA. There is an impressive
international Faculty that provides insight into current research themes. This further
demonstrates the importance of EAE in research all over the world. The book will
provide established researchers and students with novel insights and guidance for their
research and will help to push the field forward.

978-953-51-6812-

12-6
535%1 24.‘>H

681

ISBN
9“789

Photo by illustrart / iStock InteChopen
" il \J /-
2/ B\

‘ -

3




	Experimental Autoimmune Encephalomyelitis - Models, Disease Biology and Experimental Therapy
	Contents
	Preface
	Part 1
Disease Biology
	Chapter 1
Experimental Autoimmune Encephalomyelitis
	Chapter 2
Studies on the CNS Histopathology of EAE and Its Correlation with Clinical and Immunological Parameters
	Chapter 3
Assessment of Neuroinflammation in Transferred EAE Via a Translocator Protein Ligand
	Chapter 4
The Role of CCR7-Ligands in Developing Experimental Autoimmune Encephalomyelitis

	Part 2
Experimental Therapeutic Approaches
	Chapter 5
Therapeutic Effects of the Sphingosine 1-Phosphate Receptor Modulator, Fingolimod (FTY720), on Experimental Autoimmune Encephalomyelitis
	Chapter 6
Effects of Anxiolytic Drugs in Animal Models of Multiple Sclerosis
	Chapter 7
Immunomodulation of Potent Antioxidant Agents: Preclinical Study to Clinical Application in Multiple Sclerosis


