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RESUME EN FRANCAIS

La sclérose en plaques (SEP) est une maladie neurologique autoimmune chronique du
systéeme nerveux central (SNC). Elle est multifactorielle et ses manifestations cliniques sont
liees a une déemyélinisation des fibres nerveuses du SNC (cerveau et moelle). Sa prévalence
montre d'importantes disparités géographiques, et elle touche majoritairement les femmes.
L’étiologie de la SEP n’est pas encore établie, elle associe des facteurs génétiques et
environnementaux (alimentaires, climatiques et viraux), I’opinion la plus largement acceptée
concernant la pathogenése de la maladie implique une réponse immunitaire cellulaire comme
cause principale. Cette auto-immunité est associée a une perte de myéline et d’axone. La
myéline peut étre restaurée aux premiers stades de la maladie grace a un processus de
réparation endogene et le patient peut regagner tout ou une partie de son handicap
neurologique. Ce processus de réparation devient de plus en plus inefficace avec
I’avancement de la maladie. De nombreux traitements de la SEP visent a modifier le profil de
la réponse inflammatoire, mais aucune de ces thérapies ont démontré des propriétés
protectrices directement de I’axone.

L'encéphalomyélite autoimmune expérimentale (EAE) est un model animal de la SEP,
carractérisée par une maladie autoimmune inflammatoire et démyélinisante du SNC. Un des
modeles d’EAE le plus utilisé au laboratoire est la souris de souche C57BL/6 immunisée avec
le peptide recombinant qui est une glycoprotéine myélinique d’oligodendrocytes (MOG 3s.55
aa). Ce modele présente un profil de maladie chronique proche de la SEP qui est caractérisé
par la rupture de la barriére hémato-encéphalique, l'infiltration de cellules inflammatoires (des
lymphocytes T spécifiques de la myéline et des cellules présentatrices d’antigéne (APC)), une
démyélinisation, une apoptose des oligodendrocytes ainsi que des Iésions axonales.
L'évolution clinique de ce modele d’EAE comprend une phase aigué suivie d'une phase
chronique avec absence de rémission compléte.

Le facteur de croissance hépatocytaire (HGF) est un facteur pléiotropique qui agit en
se liant a son récepteur spécifique appelé c-Met. Ces fonctions incluent I’induction de la
motilité, la prolifération, des modifications de la morphogenese et la régénération de cellules
épithéliales. Les souris dépourvues soit du HGF soit de son récepteur c-Met, meurent durant
I'embryogenese, avec des défauts de formation du placenta, du foie et du développement
musculaire. Dans le SNC, c-Met est exprimé par les neurones, mais aussi par les cellules
résidante du cerveau, telles que les oligodendrocytes, les astrocytes et les cellules

microgliales. Il est connu que le HGF induit la croissance des axones et régule la



différenciation des différentes populations neuronales. De plus, HGF est capable d'induire la
prolifération et la migration des cellules précurseurs des oligodendrocytes (OPC), les cellules
a la base de la formation de la myéline, et est impliqué dans les processus de neuroprotection.
L'effet immunomodulateur du HGF est plus anti-inflammatoire que pro-inflammatoire. Si le
HGF est connu pour augmenter I'adhésion et la migration des cellules inflammatoires, il est
egalement capable de modifier le profil de cytokines, d’inhiber la fonction des APC, de
diminuer I’expression des chemokines inflammatoires, et de bloquer la fonction de NF-kappa
B. Finallement, HGF joue un rdole immuno-protecteur dans plusieurs maladies inflammatoires
comme la myocardite, la glomérulonéphrite, les maladies inflammatoires de I’intestin,
I'arthrite et la fibrose pulmonaire.

Dans la premiére partie du projet de these, nous avons évalué I'effet de la
surexpression du HGF dans le systéme nerveux centrale (SNC) de souris. Nous avons montré
que HGF diminuait la sévérité de I'EAE. Cet effet est associé a une diminution de
I’inflammation, de la démyélinisation et des lésions axonales dans le SNC. Nous avons
montré aussi que HGF induit la tolérisation des cellules dendritiques (DCs) en inhibant leur
fonction et en favorisant la sécrétion des cytokines de type Th2. De plus, HGF bloque la
prolifération des lymphocytes T et induit la différenciation des cellules T regulatrices (Treg)
sécrétrices d’1L-10. Ces résultats suggerent que HGF représente un candidat d’intérét pour le
développement de nouveaux traitements des maladies autoimmunes démyélinisantes
associées a une neuro-dégénérescence telle que la SEP.

Nous avons également montré durant ces années de thése et dans le cadre de
collaborations scientifiques que : i) les souris traitées continuellement avec la toxine pertusis
développent une EAE moins sévere que les souris non traitées, cette protection étant due a
une augmentation du nombre de cellules Treg qui secrétent I’IL-10, ii) les souris traitées avec
I’antagoniste de I’IL-21 sont protégées contre I’EAE, iii) glatiramer acétate (GA) augmente le
taux de I’IL-1Ra dans le sang et est capable de moduler la différentiation des lymphocytes T
CD4 au niveau de leur stade de maturation chez les patients atteints de SEP, iv) le GA n’a pas
d’effet sur la progression du lupus murin et finalement, v) I’interferon beta (IFN-B) a un effet
potentiellement neuroprotecteur via I’induction de la sécretion du facteur neurotrophique

provenant du cerveau (BDNF) chez les patients atteints de SEP.



SUMMARY

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central
nervous system (CNS). The pathogenesis of MS includes an auto-inflammatory process
directed against the CNS, associated with demyelination and axonal loss. At early stages of
the disease, the endogenous repair process may restore the myelin around the axons and a
recovery of the neurological handicap. At later stages, this recovery process is often
insufficient and patient progress to permanent disability. Actually, numerous MS-oriented
therapies are aimed at modifying the profile of the inflammatory response toward a less
inflammatory pattern. But, none of these therapies have demonstrated direct neuroprotective
properties.

Experimental autoimmune encephalomyelitis (EAE) is the first identified and a well
characterized animal model of immune-mediated CNS demyelination close to MS. One of the
most common EAE model used in laboratory is the C57BL/6 mouse strain immunized with
recombinant myelin oligodendrocyte glycoprotein (MOG) peptide (aa 35-55). It induces a
chronic EAE with some similar pattern of MS including disruption of the blood brain barrier,
infiltration of inflammatory cells (myelin specific T cells and antigen presenting cell (APC)),
demyelination, oligodendrocyte apoptosis as well as neuro-axonal injury. The clinical
evolution of this EAE model includes an acute stage followed by a chronic stage with absence
of complete remission.

Hepatocyte growth factor (HGF), also called scatter factor, is a polypeptide growth
factor which belongs to the plasminogen family. HGF is a pleiotropic factor that acts by
binding to its specific receptor (c-Met) and can trigger motility, proliferation, morphogenesis
and organ regeneration in a variety of epithelial cells. Mice lacking either HGF or its receptor
die during embryogenesis, with defects in placenta, liver and muscle development. During
EAE, both HGF and c-Met are expressed in the CNS and the latter is activated. c-Met is
expressed in neurons but also in others brain-resident cells such as oligodendrocytes,
astrocytes and microglia. In the CNS, HGF promotes axonal outgrowth and regulates the
differentiation of various neuronal populations. In addition, HGF is able to induce
proliferation and migration of oligodendrocyte precursor cells (OPC). Therefore, HGF is
involved in the processes of neuroprotection, induces the proliferation and the generation of
OPCs and thus could also participate to the process of remyelination.

The immunomodulatory effect of HGF in mostly anti-inflammatory although some a pro-

inflammatory effects are described. On the one hand, HGF increases adhesion and migration



of inflammatory cells of both the adaptive and the innate immune system. On the other hand,
HGF induces Th2/Th3 bystander deviation with increase of TGF-B and IL-10, inhibits APC
function, down-regulates inflammatory chemokines, and blocks NF-kappa B function. HGF
has immuno-protective effects in various animal models of inflammatory-mediated diseases
including myocarditis, glomerulonephritis, inflammatory bowel disease, collagen-induced
arthritis, and pulmonary fibrosis.

In the first part of the experiments presented in this thesis, we assessed the effect of an
overexpression of HGF in the CNS of mice during EAE. We showed that HGF decreases the
EAE clinical course which is associated with a decrease of inflammation, demyelination and
less level of axonal loss in the CNS. We showed that HGF induces DC tolerization by
inhibiting their function and induces Th2 bias cytokines. In addition, HGF blocks T
lymphocyte proliferation and increases Treg differentiation with increase of IL-10 secretion.
These results suggest that HGF is a candidate of high interest for the development of new
treatments for immune-mediated demyelinating diseases associated with neurodegeneration
such as MS.

In other collaboratorative projects, we showed that, i) continuous pertussis toxin
treatment protect mice against EAE via expansion of Treg and elevated Th2 cytokines, ii)
mice treated with IL-21 antagonist are protected against EAE, iii) glatiramer acetate (GA)
enhances circulating slIL-1Ra levels in MS patients, and decreases Thl differentiation of CD4
T cells in RR-MS patients at all stages of T-cell maturation, iv) GA has no effect on lupus
mice model and finally, v) interferon beta (IFN-B) has the capacity of increasing brain derived

neurotropic factor in peripheral blood mononuclear cells (PBMC) of RR-MS patient.
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I. INTRODUCTION

A. Multiple sclerosis (MS)

A.l. Epidemiology

Multiple sclerosis (MS) is an inflammatory disease that affects the central nervous
system (CNYS), i.e., the brain and spinal cord. Onset usually starts between 20 and 40 years of
age (1). Approximately 2.5 million individuals affected with MS worldwide, and 10000 in
Switzerland. Women outnumber men by a ratio of approximately two to one (2), This bias
towards females is also seen in other autoimmune diseases such as rheumatoid arthritis,
systemic lupus erythematosus and autoimmune thyroiditis. The distribution of MS cannot be
explained on the basis of population genetics alone. Outside Europe, prevalence rates among
Caucasians are half those documented for many parts of northern Europe. In Australia and
New Zealand, there are gradients in frequency that do not follow genetic clines. Studies show
increased MS incidence in families with a history of disease, relatively high risk in northern

Europeans and relatively low risk in Africans, Asians, and native Americans (3).

A.2. Clinical presentation

Paralysis, sensory disturbulances, lack of coordination and visual impairment are
common manifestations in MS. The disease often starts with an attack that can last up to
several weeks; followed by remission where upon an individual can be disease free for several
years. This cycle of relapse-remission involves 85% of MS patients (RR-MS) at disease onset,
lasts several years in most individuals. Approximately 50% of them will enter a secondary
progressive (SP-MS) phase after 8-15 years of evolution. In this secondary progressive phase,
distinct attacks are rare or absent and the deterioration of health is gradually progressive.
Evidence indicates that the earlier phase of disease, characterized by distinct attacks followed
by remission, is mediated by an autoimmune reaction. The subsequent chronic phase of
disease is due to the degeneration of both myelin sheath, which is synthesized by
oligodendroglial cells, and the underlying axons, which emanate from the neuronal cell body
some distance away. Indeed, it is axon loss in the spinal cord and spinal cord atrophy that
correlate most strongly with the inability to walk and paralysis (4). The advent of magnetic
resonance imaging (MRI), and its incorporation into current criteria for the diagnosis of MS,
also permits an accurate diagnosis in a majority of patients with a first clinical demyelinating

event (5). There is also heterogeneity in morphological alterations of the brain found by
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histopathological evaluation (6). In 15% of MS patients however, clinical disability develops
progressively without relapses, in which case the disease is called primary progressive MS
(PP-MS).

A.3. Genetic influence

MS is considered as a complex polygenic disease characterised by a modest inherited
risk for disease susceptibility (7). While the disease is not directly inherited, one can inherit a
greater susceptibility to acquiring MS. A consistent MS-associated gene is the human
leukocyte antigen (HLA)-DRB1 gene on chromosome 6p21 (8) which accounts for 16%-60%
of the genetic susceptibility in MS (9). Although this association has reinforced the immune
etiology of MS, possibly by affecting antigen presentation, the mechanism by which HLA-
DRBL1 contributes to disease susceptibility is unknown. Full genome screens of families with
multiple cases of MS support a role for several additional unidentified genes, each with
modest effect. Other genes within the HLA complex are involved in the pathogenesis of MS,
including tumor necrosis factor (TNF), various components of the complement cascade, and
myelin oligodendrocyte glycoprotein (MOG). Transcriptional profiling using gene
microarrays and large-scale sequencing of transcripts from MS lesions have revealed genes
involved in the pathogenesis of acute disease, like immunoglobulins and interleukin-6 (IL-6)
(10), as well as genes like osteopontin (11) that play a role in the transition from relapsing
remitting to chronic MS. The interleukin -7 (IL-7) receptor alpha chain and interleukin-2
receptor alpha chain (IL-7/2R alpha) have been identified as additional inheritable risk factors
accounting for less than 0.4% of the variance in the risk for developing MS (12). It is clear
from these studies that MS is a complex genetic disorder in which multiple interactions
between polymorphic genes has low penetrances, and each exerts a small effect on the overall

disease risk.

A.4. Role of the environment

Epidemiological, clusters or outbreaks, and migration studies have been widely used
to illustrate potential environmental influences on MS. Although the interpretation of most of
these studies has been difficult, in part due to the limited number of study participants in the
individual reports, the results have been influential and do suggest a role for environmental
factors in MS, and in some cases, they suggest the existence of critical time periods for

exposure to putative environmental disease agents. A lot of environmental exposures have
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been investigated. Including viral and bacterial infections, nutritional and dietary factors,
trauma, pollution, chemical agents, and various occupational hazards. Common viruses are
among the most frequently studied and biologically plausible putative infectious agents
related to MS pathogenesis, and many have been proposed at one time or another to be the
causative MS agent. Proposed candidates include the herpes viruses, including Epstein Barr
virus (EBV), varicella zoster virus, and HHV6. Strong evidence for a role of EBV in
particular, a ubiquitous herpesvirus with a worldwide distribution, has been indicated by
epidemiologic (13) and laboratory studies (14). A higher risk of infectious mononucleosis
(associated with relatively late EBV infection) with MS, and conversely, individuals never
infected by EBV are at low MS risk. Study of EBV-specific cellular and humoral immune
responses in the cerebrospinal fluid (CSF) of MS patients showed that the intrathecal
responses to viral capsid antigen (VCA) and Epstein—Barr nuclear antigen-1 (EBNA-1) were
increased in patients with early MS. This indicate that EBV may show more signs of
reactivation in the CSF than in the blood at MS clinical onset (15). Environmental supplies of
vitamin D have been proposed as a possible risk for developing MS (16). A recent study
showed that the risk of MS is decreasing with increasing serum vitamin D levels (17). It has
been shown also that newly diagnosed patients with MS have lower serum levels of vitamin D
during MS relapses than in remission (18). Vitamin D was also able to inhibit experimental

autoimmune encephalomyelitis (EAE) (19).

A.5. Physiopathology
A.5.1. Inflammation
a) T cells

Although the etiology of MS remains to be clearly established, the most widely
accepted view of the pathogenesis of the disease implicates a cellular immune response as a
central requirement (20). This view is supported by the histopathologic observations of the
presence of activated T cells in the perivascular spaces (Figure 1) and the parenchyma in the
early phases of the disease. These inflammatory lesions are the apparent substrates
corresponding to the recurrent lesions seen with (MRI) (21). Studies of the EAE models have
helped define the sequence of events involved in the development of autoimmune CNS-

directed inflammatory disease. This initial sequence of immunopathological events can be
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subdivided into two major phases: i) initial T-cell priming/activation and ii) subsequent

recruitment and effector phase.

Figure 1: Acute perivascular inflammatory lesion in MS, (Hematoxilin- Eosine staining).
Courtesy of Dr P.H. Lalive.

Antigen presentation is a crucial process during immunity for the generation of
protective T cell responses against pathogens or other foreign structures. APCs are capable of
engulfing foreign microorganisms and expressing the antigenic peptides in the major
histocompatibility complex molecules on the cell surface. There are professional APCs
equipped to initiate a primary immune response by the presentation of antigen to naive T cells
and non-professional APCs that can only stimulate a secondary response by the presentation
of antigen to primed T cells. The dendritic cells, macrophages and microglia of the immune
system possese the former ability, wereas B cells and certain stromal cells may engage in
secondary T-cell responses (22). CD4 T cells recognize antigens that are associated with the
MHC (major histocompatibility complex) class Il molecules, whereas CD8 T cells bind
antigen-MHC class | complexes. Both naive CD4 and CD8 T cells become fully activated
only when receiving additional co-stimulatory signals from the APC, whereas the activation
of T cells that have already been “primed” or exposed to their antigens may be less dependent
on co-stimulation (23). MS and EAE are thought to be mainly mediated by the actions of
myelin-reactive CD4 T cells (24). This observation is based on the cellular composition of
brain and CSF infiltrating cells, current evidence on the induction and perpetuation of MS still
favors CD4 autoreactive T cells as a central factor for the autoimmune pathogenesis of MS by
the following argument: i) CD4 T cells contribute to the CNS and CSF infiltrating
inflammatory cells in MS, ii) genetic risk is to a substantial degree conferred by HLA-DR and
-DQ molecules, iii) humanized transgenic mice expressing either HLA-DR or -DQ molecules
are susceptible to EAE (25), and mice expressing both MS-associated HLA-DR molecules

and MS patient—derived myelin basic protein (MBP) specific TCR develop spontaneous or
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induced EAE (26), (iv) a therapeutic trial with an altered peptide ligand (APL) of MBP
induced cross-reactive CD4 T cells with Th1l phenotype that led to disease exacerbations of
MS patients (27). In MS, much less is known about CD8 T cells than CD4 T cells. CD8 T
cells are much better suited than CD4 T cells to mediate CNS damage for the following
reasons: i) except for microglia, none of the resident CNS cells express MHC class II; it can
be induced on astrocytes by interferon gamma (IFN-y) (28) but not on oligodendrocytes or
neurons, and therefore the latter can only be recognized by CD8 T cells (29), ii) important
oligoclonal expansions of CD8 memory T cells have been found in the CSF (30) and in MS
brain tissue (31), and a persistence of CD8 T cell clone in CSF and blood (31), iii) CD8 T
cells are more prevalent in MS brain tissue than are CD4 T cells (32), iv) a number of HLA
class I-restricted myelin epitopes have been described for MBP, proteolipid protein (PLP) and
MAG, and others (33), and the CD8 cytotoxic T cell response to MBP is increased in MS
patients (33), v) CD8 myelin-specific T cells secrete chemoattractants (IL-16 and 1P-10) for
CD4 myelin-specific T cells (34). Both CD4 and CD8 T cell responses contribute to MS

pathogenesis, albeit at different steps and with different roles.

b) B cells and antibodies

It has been shown that immunoglobulines (Igs) were elevated in the CSF of MS
patients (35) which has been the most important and earliest evidence suggesting a role for B
cells and antibodies (Abs) in the pathology of MS. B cells do not cross the intact blood brain
barrier (BBB), however, once inflammation has started, B cells, Abs, and complement can
enter the CNS. This production is local because the intrathecal-specific Abs are absent in the
serum. B cells and Abs can contribute to MS disease pathogenesis in various ways. i) B cells
can serve as APCs for autoreactive T cells, the encephalitogenic T cell epitopes, and the
immunodominant T and B cell epitopes in humans often overlap (36), ii) B cells provide
costimulation to autoreactive T cells, iii) B cells and tissue bound Ig can recruit autoreactive T
cells to the CNS (37), iv) CSF Igs from MS patients may activate idiotope-specific T cells
which sustain B cells that produce such idiotopes (38) and v) the production of myelin-
specific Abs and the destruction of myelin within plaques appear to be an important way that
B cells contribute to pathogenesis. B cells, plasma cells, and myelin-specific Abs are detected
in MS plaques and in areas of active demyelination in MS patients (39). Abs can cause
demyelination by opsonization of myelin for phagocytosis (40). Another Ab-mediated

mechanism of demyelination acts via complement activation, leading to membrane attack
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complex (MAC) deposition and complement-mediated cytolysis (41). MOG is a minor
constituent specific to the CNS. The full-length protein contains 218 amino acids. The
encephalitogenic properties of MOG is due to the extracellular location of its IgV-like domain
which makes it an exposed target accessible to initial autoimmune attack on compact
myelinated axons (42). Anti-MOG Abs are able to cause myelin destruction in EAE (43).
Anti-MOG Abs have also been found in human MS lesions (39). It has been reported that
serum anti-MOG Abs in patients with first CNS symptoms of MS and MRI lesions are
predictive of subsequent exacerbations and the diagnosis of definitive MS (44), but later this
result were rejected by a nother group which showed a lack of association between anti-MOG
Abs and progression to MS (45). Both anti conformational MOG and anti galactocerebroside
Abs have been described as potential biomarkers MS clinical stages (46-49). Both anti-PLP
and anti-MBP Abs are not associated with an increase in myelin injury despite there increase
numbers in the CSF of MS patients (50). Abs with specificity against minor myelin
components, other autoantigens, lipids, and DNA are summarized in Table 1.
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Table 1: Abs specificities against CNS components other than MOG, PLP and MBP, adapted from Lalive et al.,
2008.

Target antigen Remarks and references
Myelin-associated glycoprotein Low titers in MS; possible involvement in progression (51)
(MAG)

Oligodendrocyte-specific protein Minor myelin component, anti-OSP detected in the
(OSP/Claudine-11). CSF o0s MS patient (52)

2’,3’-cyclic nucleotide 3’ phosphodiesterase  Anti-CNP were present in sera and in CSF in high titre of MS
(CNPase) patient (53)

?Iigo;jendrocyte surface glycoprotein AN-2 Present in both serum and CSF of MS patient (54)
NG2

Galactocerebroside (Gal-C) Major myelin lipid, anti-Gal-C has demyelinating activity in
vitro and exacerbate EAE (55). AntiGal-C are found among

the RR-MS subtype (49)

Gangliosides Anti-GM1, GM3, GD1a, GD1b and GD3 Abs are
higher in PP-MS and SP-MS (56)

Phosphatidylcholine The presence of IgM anti-myelin/lipid has been found among
oligoclonal bands in the CSF (57)

Neurofilament-L (NF-L) Neurofilament light chain (NF-L) is a promising neuronal Ag
biomarker, anti-NF-L Abs are increase in PP-MS and SP-MS

(58)
Proteasome auto-Abs directed against some specific subunits are increase

in two thirds of MS patients (59)

Heat shock protein (HSP) anti-HSP-60 protein have been associated with promotion of
remyelination in animal and in vitro models (60), another
report showed that anti-alpha-Bcrystallin Abs (a small HSP)

was associated with an increase in relapse rate (61)

Nogo A (neurite outgrowth inhibitors) IgM anti Nogo A was found to increase in both CSF and
serum of RR-MS patients (62)

Lingo-1 (Nogo receptor-interacting) Lingo-1 play a negative regulator of oligodendrocyte

differentiation and myelination. Mice KO to Lingo-1 are

protected against EAE (63)
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¢) Innate immune cells

The main note of the innate immune system is self-protection and maintenance of
homeostasis. Nevertherless innate immune mechanisms can in some circumstances result in
destructive autoimmunity. This part will summarize important findings and include
observations that suggest a role for the following cells and molecules in the pathogenesis of
MS: i) DCs are professional APC that play an important role in promoting activation and
differentiation of naive T cells, there are two distinguishes categories of DCs in human:
myeloid (mDC) and lymphoid/plasmacytoid (pDC) (64). The interaction of DCs with T cells
is crucial in determining T cell differentiation into either effector T cells (Thl, Th2, and Th17
cells) or Treg cells (natural Tregs and induced Tr1 cells). DCs can also stimulate natural killer
(NK) cell mediated cytotoxicity or prime NK responses toward viral and bacterial pathogens
(65). mDC-mediated inflammation is more pronounced in SP-MS patients than in RR-MS
patients, these cells showed an enhanced of IL-12 in response to IFN-y and LPS (66). This
activated phenotype of DCs in both RR-MS and SP-MS patients is accompagnied by an
enhanced secretion of TNF, IFN-y, IL-6 and IL-23 (Th-17 bias cytokine) (67). pDCs are
involved in both innate and adaptive immunity including protection from microbial infections
and the generation of immunoregulatory immune responses. pDCs are assumed to play an
important role in the immunoregulatory network in MS. pDCs are rarely detected in the CNS
under nonpathologic conditions, but their number increase under neuroinflammatory

conditions including MS in the CSF (68). ii) Microglia cells/macrophages, microglia are

resident macrophages of the CNS, being involved in phagocytosis, antigen presentation and
production of cytokines. There are rapidly activated in response to injury, neuro-degeneration,
infection, tumors and inflammation. Until now, there are no unique markers distinguishing
microglia cells from blood-derived macrophages in the CNS. Microglial cells and
macrophages express all known toll like receptors (TLRs) and expression of these receptors is
pivotal for generation of neuroimmune responses (69). Expression of TLRs is increased in
brain lesions in EAE and MS (70). Macrophages and microglia cells are involved in
demyelination and phagocytosis of the degraded myelin, which results in augmentation of the
expression of myeloperoxidases, these enzymes and reactive oxygen species cause neuronal
damage (71). Microglia cells can secrete TWEAK (TNF like weak inducer of apoptosis)
molecule which is an inflammatory cytokine that can trigger proliferation, angiogenesis,
inflammation and induction of cell death. The expression of TWEAK is upregulated in MS

lesions by the cytokine milieu in CNS (72). Expression of TWEAK by microglia is involved
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in extensive loss of myelin, neuronal damage and vascular abnormalities in cortical lesions.
Microglia cells also express IL-17 and it receptor, IL-6, nitric oxide (NO), adhesion
molecules, neurotropic factors and macrophage inflammatory proteins (73). Although the
negative contribution of microglia/macrophage cells in MS or EAE pathology, there is
evidence indicating a potential beneficial role of these cells by secreting anti-inflammatory
cytokines (IL-10 and TGF-B) depending upon the inflammatory milieu in CNS (74).
Switching their function from neuro-destructive to neuro-protective may be beneficial in
preventing chronic demyelination and axonal loss and thus preventing progression or relapse

of disease (75). iii) Natural killer (NK) Cells contribute to both effector and regulatory

functions of the innate immune systeme via their cytotoxic activity mainly against viral
infected cells or tumor cells and through their ability to secrete different cytokines (76). The
actual role of NK cells in CNS autoimmunity is still unclear (77). In vitro NK cells show
cytotoxic activity towards oligodendrocytes and other glial cells, such as astrocytes and
microglial cells during inflammation by releasing of perforin (78). NK cells may also play a
role in CNS protection and repair as these cells have the ability to produce neurotrophic
factors such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3). iv)
Mast cells are crucial component of allergic responses through the release of large quantities
of histamine from their cytoplasm granules. Mast cells are present in the normal brain in the
parenchyma and at the BBB and can interact with myelin (79). Studies have suggested several
effects of mast cells in MS, elevated numbers in MS plaques were shown (80). Interestingly,
mast cell-released mediators such as tryptase and histamine are increased in the CSF of MS
patients. Mast cells and their mediators are involved in the BBB opening and increase CNS
infiltration via inducing recruitment, adhesion, rolling, and extravasation of leukocytes
through the chemokines/cytokines lymphotactin and 1L-16, through TNF and IL-1-mediated
induction of ICAM-1 and VCAM-1 expression. Mast cell proteases activate MMP precursors;
Mast cell can also synthesize matrix metalloprotease (MMP-2 and MMP-9) directly. v) NK-T
cells are a particular subset of T cells that share properties of NK cells and T cells and that
recognize lipid antigen presented by CD1d by a T cells receptor of limited diversity. These
cells can be either CD4" or CD8" or can be CD4 CD8". During MS, the number of total NK-T
cells decreases with a prominent decrease of CD4 cell population and a modest decrease of
CD4" NK-T cell subpopulation (81). The same study showed that long term cell lines derived
from MS, enhanced of IL-4 and no differences in IFN-y secretion, this Th2 bias of NK-T cells
might be involved in mediating the remission phase of MS, highlighting the
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immunoregulatory role of these cells in MS. vi) Gamma-delta T cells (ydT Cells) represent

another distinct lymphocyte population that mediates host defense and immunoregulatory
functions. Human ydT expresse NK cell inhibitory receptors which indicate there role in
tumor immunity and autoimmunity. ydT cells exist under two fractions. One fraction
expresses Vyl within epithelial tissues which provide a first line of defense against infections
and cancer. The second fraction that expresses Vy2 represents the majority of peripheral blood
voT cells. This fraction infiltrates chronic lesions and is detected in the CSF of MS patients
(82). It is known that oligodendrocytes selectively stimulate the expansion of the Vy2 subtype
of yoT cells (83). Human yaT cells can lyse oligodendrocytes via perforin without the need for
APCs, maybe through recognition of heat shock proteins (84), aB crystallin, or even non
peptide antigens (85). These findings, together with EAE studies in which y3T cells appear to

be important early mediators of damage (86), support a role for y3T cells in MS pathogenesis.

d) Cytokines and chemokines
Cytokines

To maintain homeostasis, a dynamic balance between pro- and anti-inflammatory
cytokines is required. Pro-inflammatory cytokines are thought to play a role in the
pathogenesis of MS via immune system activation in the periphery and/or by directly
damaging the oligodendrocyte/myelin unit, in MS pro-inflammatory cytokines represented by
(IFN-y , TNF, IL-12, IL-17, and IL-23), and anti-inflammatory cytokines (IL-4, IL-10), and
others exerting both effects as IL-6 (87). Pro-inflammatory cytokines can participate in the
pathogenesis of MS at different points; elevated numbers of blood cells expressing TNF
MRNA (88), serum TNF concentrations (89), and PBMC secreting TNF have been reported
in MS patients (90). Nevertheless, therapy with a soluble TNF receptor Ig fusion protein or
anti-TNF leads to increased and prolonged MS exacerbations (91). Results on blood IFN-y in
MS patients are conflicting. Although higher numbers of PBMC expressing IFN-y mRNA and
serum levels (89) have been found in MS, other studies found no differences (92). Higher
numbers of mononuclear CSF cells expressing TNF and IFN-y have been detected in MS
patients. TNF has pro-inflammatory functions but is also involved in tissue repair in the brain.
Pro-inflammatory cytokines have also been found in active MS lesions (93). The expression
of TNF is elevated in active demyelinating lesions compared to inactive/remyelinating lesions

(94). The addition of IFN-y to cultured oligodendrocytes renders them susceptible to Fas
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ligand—mediated apoptosis by inducing Fas expression on their surface (95). IL-12, a principal
stimulator of IFN-y has been implicated as a pro-inflammatory cytokine (96), but other data
indicated that IL-23, a cytokine that shares the p40 chain with IL-12, is the main mediator of
these effects (97). In MS, some studies have reported higher numbers of PBMC expressing
IL-12 p40 mRNA (98), but other studies found no differences (99). IL-12 and IL-17 are also
elevated in CSF and brain lesion of MS patients (100). Unexpectedly high numbers of cells
expressing IL-4 mRNA have been observed in MS CSF lesions (101). Controvertial data on
anti-inflammatory cytokines in MS described decreased numbers of PBMC secreting 1L-10
and lower serum levels of IL-10 in MS (102). Moreover, investigators have described
decreases in IL-10 expression but elevated numbers of PBMC expressing 1L-10 mRNA
before clinical relapses (103). Increased levels of IL-6, a cytokine with pro- and anti-
inflammatory capacities, have been found in MS patient serum (90). Studies on IL-10 and IL-
6 have been contradictory, at least two interpretations can be proposed: i) these cytokines,
mainly IL-10, could be involved in MS pathogenesis by augmenting B cell proliferation,
differentiation, and antibidy production. There is a correlation between IL-10 levels and 1gG
in the CSF of MS patients has been reported (104). ii) The presence of IL-4, IL-10, and TGF-
B in the CSF or in MS brain parenchyma could reflect immunoregulatory effects that are
initiated after disease aggravation and are important for disease resolution/prevention in EAE
(105).

Chemokines

Chemokines and their receptors play an important role in the inflammatory
recruitment of leukocytes and other cell types. Trafficking of inflammatory T cells into the
CNS is a crucial step in MS and begins with weak adhesion and rolling on the endothelium of
the BBB. Chemokines induce and activate leukocyte adhesion molecules that mediate firm
adhesion to the endothelium and establish a chemotactic concentration gradient that results in
recruitment across the endothelial monolayer. Chemokines mediate retention of leukocytes in
the CNS. Numerous reports analyze the roles of chemokines and their receptors in intrathecal
accumulation of T cells in MS (106). Among the various chemokine receptors, CCR5 and
CXCR3 have received attention as key receptors on Thl cells, as have CCR3 and CCR4 on
Th2 cells. Furthermore, CCR7, an important marker for the capacity of mononuclear cells to
migrate to secondary lymphoid organs, is also important. In MS chemokines were found in
these compartements: 1) Blood: CCR5 and CXCR3 expression is increased on circulating T
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cells in MS patients (107). T cells expressing CCR5 and CXCR3 in MS produce high
quantities of IFN-y and TNF (108), and MBP-specific Thl cells express high levels of
CXCR3 and CXCR6 (109), ii) CSF: CCL5 (RANTES) and CXCL10 (IP-10) are elevated in
MS CSF, whereas CCL2 (MCP-1) is significantly decreased (110). The increase of CXCL10
and decrease of CCL2 has been found during MS exacerbations and not during remissions
(111). CCL3 (MIP-1a) has been found in the CSF of MS patients, as well as in other
neuroinflammatory diseases. Higher proportion of CSF T cells that express CXCR3 and
CCRS5 has been found (110) compared to PBMC. Interestingly, CXCR3 expression probably
facilitates the entry of T cells into the CSF, and CXCL10 mediates retention in the inflamed
CNS. CCR5+ and CXCR3+ Th1 cells in the CSF also express CCR7 (112).

iii) Brain lesion: numerous chemokines and the corresponding receptors have been detected in

MS brain lesions, CCL3, CCL4 (MIP-1p), and CCLS5 are expressed within MS lesions, CCL4

in parenchymal inflammatory cells (macrophages and microglia), CCL3 also in parenchymal
inflammatory cells and activated neuroglia (113), and CCL5 in perivascular inflammatory
cells and less in astrocytes (114). Other chemokines in active MS lesions include CCL2,
CCL7 (MCP-3), CCL8 (MCP-2), and CXCL10. CXCR3 is expressed on the majority of
perivascular T cells in MS brain lesions. CCR1 has been found on newly infiltrating
monocytes (115), CCR2 and CCR3 on macrophages, and CCR5 on infiltrating monocytes and

activated microglia cells (114).

e) The blood brain barrier (BBB)

Penetration of the BBB by activated lymphocytes is a multistep process. There are
specialized capillary endothelial cells in the CNS, which are nonfenestrated and connected by
tight junctions. These capillary endothelial cells are induced to express vascular cellular
adhesion molecule (V-CAM) and MHC class Il by IFN-y and TNF, which are released in the
inflammatory response (116). Activated lymphocytes are able to extravasate through this
barrier via adhesion molecules such as integrins, particularly alpha-4 integrin, which binds to
V-CAM, and members of the Ig supergene family such as CD4, which bind to MHC class II.
Any activated T cell expressing very late antigen (VLA-4) may bind to adhesion molecules on
the surface of inflamed endothelium, which is the first component of the BBB and initiates
transmigration. Blockade of VLA-4 reverses symptoms of clinical paralysis in acute EAE,
and prevents further relapses in the chronic model. Once the activated lymphocytes have

extravasated, they must pass through a barrier of extracellular matrix comprised of type 1V

22



collagen before entering into the CNS. Alpha-1 integrin may play a role in binding to collagen
type IV (117). After which, immune cells secrete enzymes such as MMP which allow the
activated lymphocytes to gain access to the white matter surrounding axons of the CNS. MMP
2 and 9 also called gelatinase A and B, specifically degrade collagen type IV which surrounds
inflamed brain endothelium. In MS, activated T cells, as well as NK cells secrete gelatinase A
and B, allowing penetration through the extracellular matrix surrounding blood vessels in the
CNS. IFN- is a potent inhibitor of gelatinase B activity, and this may account for its success
as a therapy for MS inhibition and may interfere with T cell migration into the CNS, as well
as T cell secretion of TNF, a critical cytokine in the process of demyelination. It has also been
demonstrated that TNF has neuroprotective functions (118, 119) and promotes proliferation of
oligodendrocyte progenitors that aid in remyelination (120).

A.5.2. Demyelination and axonal degeneration

The traditional neuropathological view of MS highlights myelin loss (Figure 2) as the
key event leading to impaired propagation of action potentials across the exposed region of
the axon and ensuing neurological deficits. However, the early literature on MS already
described substantial axonal damage in active lesions (121). Other histopathological studies
reveal abundant transected and dystrophic axons in sites of active inflammation and
demyelination, and confirm that partial or total axonal transection begins early in the disease
process (4, 122). Axonal damage appears to take place in every newly formed lesion, and the
cumulative axonal loss is considered now to be the reason for progressive and irreversible
neurological disability in MS (123). Substantial numbers of axons (over 11000 per mm?® of
brain white matter) are transected in acute inflammatory demyelinating lesions (4) where the
axon seems to be a target of the immunemediated demyelination (124). The axonal
transection that produces early in MS is clinically silent because the human brain has a
remarkable ability to compensate for neuronal and axonal loss (125). The transition of RR-
MS to SP-MS is thought to occur when the brain exhausts its capacity to compensate for
further axonal loss (126). In SP-MS, axonal degeneration of chronically demyelinated axons
is supported by pathological and brain imaging studies. Pathological evidence for continuous
neurodegeneration is based on macroscopic and microscopic observations. The presence of
transected axons in chronic inactive lesions analysed post mortem provides histological
evidence for degeneration of chronically demyelinated axons (127). The brains of many
patients with SP-MS show progressive and substantial atrophy (Figure 3 and 4).
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Figure 2: a) Demyelinated lesion (Luxol Fast Blue). Courtesy of Dr P.H. Lalive, and b) representation
of myelin loss.

Different mechanisms of axonal injury in inflammatory lesions of the brain and spinal
cord have been described including: adaptive immunity mediated through, i) cytotoxic CD8 T
cells inducing axonal transection in active MS lesions (128), in EAE mice (129), and in vitro
(130). Class Il restricted T-cells may induce axonal injury, when they are directed against a
protein component of the axon (131), CD4 T cells can induce tissue injury in an antigen
independent way by inducing calcium oscillations and cell death in neurons (132), ii) auto-
Abs against myelin components, and molecules expressed on the surface of axon, are thus
potential candidates for mediating axonal or neuronal injury (133). Axonal injury can be
mediated through innate immunity driven by iii) activated macrophages and microglia which
produce a large array of toxic molecules, including, proteo-and lipolytic enzymes, cytotoxic
cytokines, excitotoxins and reactive oxygen or nitric oxide intermediates (134). Pro-
inflammatory cytokines released by activated T cells and activated microglia lead to further
inflammatory cell recruitment, resulting in an aggressive immune attack against the myelin
sheath. Following myelin destruction, axons have a higher demand for adenosine triphosphate
(ATP) due to redistribution of sodium channels along the demyelinated segments (135). It has
been shown that sodium channels play an important role in neurodegeneration during

autoimmune CNS inflammation (136).
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Figure 3: Transection of axons during inflammatory demyelination.

(A) Confocal image of an actively demyelinating MS lesion stained for myelin proteolipid protein
(red) and non-phosphorylated neurofilaments (green). Three axons show areas of demyelination
(arrows). Two axons end in swellings (arrowheads), called retraction bulbs, which are characteristic of
the proximal ends of transected axons. Quantification of axonal retraction bulbs has established that
significant axonal transection occurs in demyelinating lesions of MS. (B) Summary diagram of axonal
responses during and after transection: (1) Normal myelinated axon. (2) Demyelination occurs due to
an immune-mediated or immune cell-assisted process. (3) The distal end of the transected axon rapidly
degenerates, whereas the proximal end connected to the neuronal cell body survives. After transection,
the neuron continues to transport molecules and organelles down the axon, accumulating at the
proximal site of the transection. Trapp et al., 20009.

Figure 4: Cerebral atrophy in MS.

Chronically demyelinated axons degenerate due to loss of myelin trophic support and alterations in the
chronic lesion microenvironment. Continuous and irreversible loss of brain tissue occurs during
chronic MS, despite a dramatic reduction in new lesions. MRI scans are shown from (A) a normal
brain, (B) the brain of a patient with RR-MS, and (C) the brain of a patient with SP-MS with end-stage
disease. The progressive increase in ventricular volume indicates the brain atrophy that occur as most
patients with MS age. Trapp et al., 2009.
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In addition to the higher energy demand due to strong sodium concentrations in
demyelinated axons, an impaired ATP production due to mitochondrial dysfunction has also
been suggested (137). Defects of mitochondrial respiration chain complex IV have been
described in MS patients (138), and have been associated with hypoxia-like tissue injury (6)
and reduced in N-acetylaspartate (NAA) which is a sign for neuronal dysfunction and
destruction (139). Increased energy demand and reduced ATP production due to
demyelination leads to a vicious cycle in chronically demyelinated axons by the loss of
Na'/K*-ATPase (140), which further contributes to an increased intracellular sodium
concentration. Consequently, calcium is released from intracellular stores (141) and the
direction of the Na'/Ca’-exchanger is reversed, resulting in additional extracellular calcium
influx (142). The lethal increase in intracellular calcium then induces a variety of calcium-
dependent enzymes like calpains, leading to cytoskeleton disruption (143). In addition, the
proton-gated acid sensing ion channel-1 (ASIC1) has been associated with neurodegenerative
processes in the context of neuroinflammation (144). The EAE model in ASIC1 deficient
mice showed a reduced clinical deficit and reduced axonal degeneration compared to wild
type mice. Axon pathology and the frequency of transected axons in MS lesions correlate with
the degree of inflammation (4). The inflammatory microenvironment contains a variety of
substances that induce axon damage. These factors include proteolytic enzymes, cytokines,
oxidative products, and free radicals produced by activated immune and glial cells (145).
INOS, one of the principal enzymes involved in synthesis of NO, is upregulated in acute
inflammatory MS lesions (146) by modifying the action of key ion channels, transporters, and
glycolytic enzymes (147). NO and its derivative, peroxinitrite, also inhibit mitochondrial
respiration (148) and limit the axon’s ability to generate ATP.

Glutamate-mediated exitotoxicity is observed in many acute and chronic
neurodegenerative conditions (149). Excitatory glutamatergic mechanisms, mediated by N-
methyl-D aspartate (NMDA) and amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)/kainate receptors could be responsible for damage not only of oligodendrocytes but
also of neurons. These excitotoxic mechanisms have been advocated to be further effectors of
oligodendrocyte death and axonal damage and one of the major causes of neurological
impairment in EAE (150). Several potential sources of glutamate were found in acute MS
lesions and EAE including activated immune cells (151), axons (152), and astrocytes (153).
Magnetic resonance spectroscopic studies of MS brains have detected elevated glutamate
levels in acute MS lesions and in normal appearing white matter (154). A recent study by
Werner et al. (155) confirmed the high level of glutaminase (glutamate-synthesizing enzyme)
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expression in macrophages and microglia in close proximity to dystrophic neurons within
active MS lesions, as seen in EAE. When released in excess, glutamate activates ionotropic

and metabotropic receptors resulting in toxic cytoplasmic Ca2" accumulation and cell death.

A.6. Currently available MS therapies

Therapies developed so far work on several mechanisms such as immune modulations
or inhibition of immune cell migration. Some of these therapies reduce the clinical disease
activity and the progression of lesion load as determined by MRI. But so far no therapy is
available to cure MS or even halt its progression. The search for more effective approches is
therefore warranted.

Glucocorticoids (GCs)

GCs are known for their broad anti-inflammatory properties (156). Short courses of
high dose intravenously administered synthetic GCs (i.e. methylprednisolone) are nowadays
frequently used to reduce the duration and severity of acute MS relapses (157). However, the
chronic use of GCs is unwanted as it usually causes severe side effects. The effects of GCs on
MS relapses may be accounted for by direct effects on macrophage and microglia. GCs
receptor is highly expressed in many macrophage populations, including microglia (158). It
has been described that GCs down regulate TNF produced by activated microglia, prevent
phosphorylation of p38 MAPK and decrease the expression of MHC class 11 molecules (159).
GCs can change the cytokine profile and induce the shift from a Thl into a Th2 response
(160).

IEN-B (Rebif/Avonex/Betaferon®)

IFN-B is a type | interferon, which is used in the treatment of RR-MS and can reduce
the frequency of clinical exacerbations (161). Still, IFN-B does not fully block lesion
development, and can therefore only delay but not halt disease progression. Moreover, a large
proportion of treated patients do not respond to the therapy which may be associated with the
development of Abs against IFN-B (162). In addition, it may mediate a shift from a Thl
towards a Th2 response by reducing pro-inflammatory cytokines and induction of anti-
inflammatory cytokines (163). Furthermore, the adhesion and migration of T cells, but also

monocytes, into the CNS can be diminished because IFN- 3 inhibits the expression of
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adhesion molecules on vascular endothelium as well (164). It was shown recently that IFN-3
induces brain-derived neurotrophic factor (BDNF) in PBMC of MS patients and hypothesizes
a potential indirect neuroprotective effect of IFN-p in RR-MS patients (165).

Glatiramer acetate (GA/Copaxone®)

GA (Copolymer 1 (Cop-1)/Copaxone®), is a synthetic random polymer of 4 amino
acids (glutamate, lysine, alanine and tyrosine) in a ratio similar to that found in MBP (166).
GA is one approved therapy for RR-MS and has shown to decrease the number of CNS
lesions and the frequency of relapses. Initially, two main modes of action were suggested, i) T
cells reacting to GA shift from a Th1l towards a Th2 phenotype (167), ii) GA may compete
with MBP for binding to the CD11b (an integrin expressed on macrophages) as well as to the
MHC class Il of all APCs (168). GA would therefore inhibit the uptake and presentation of
MBP and subsequently prevent the activation of MBP-reactive T cells. However GA appeared
to directly induce type Il anti-inflammatory monocytes in an MHC class Il independent
manner (169). These monocytes secrete high levels of IL-10 and TGF-B but low amounts of
IL-12 and TNF in mice. Recent data further emphasize GA effects on monocytes by showing
that treatment decreases the production of the pro-inflammatory cytokine IL-13 by
chronically activated mouse and human macrophages (170). Simultaneously, the production
of secreted IL-1 receptor antagonist (IL-1Ra), which prevents signalling via IL-1B, is
increased. These recent studies indicate that the beneficial effects of glatiramer acetate exert
some important modes of action via the myeloid compartment as well. Finally iii) GA is
suggested to have neuroprotective actions, as demonstrated by the fact that GA-activated T
cells can produce (BDNF) (171), and also prolonged induction of BDNF by CNS resident

cells in different areas of the mouse brain during EAE (172).

Natalizumab/Tysabri®

Natalizumab is a humanized mAb directed against VLA-4, which is expressed on most
leukocytes, and binds to the vascular cell adhesion molecule (VCAM)-1 on vascular
endothelial cells. Natalizumab reduces relapse rates and disease progression in MS patients
(173). It reduced not only the number of T cells, but also of macrophages and B cells in the
cerebrospinal fluid in treated patients (174). Nevertherless, the utilisation of this treatment is
limited to specific patient due to a risk of the opportunistic infection, the progressive

multifocal leukoencephalopathy (PML).

28



Mitoxantrone (Novantrone®)

Mitoxantrone is an anti-neoplastic agent interfering with DNA synthesis and
consequently cell division, mitoxantrone is used for many years to treat malignancies as
breast and prostate cancer, and leukemia. Its potential usefulness in the treatment of MS was
considered when mitoxantrone appeared to have immune suppressive effects as well. 1t blocks
myelin degradation by macrophages (175). In MS, clinical trials have shown that treatment
with mitoxantrone reduced gadolinium-enhanced lesions on MRI as well as relapse rate and
disability progression (176), it has been shown that mitoxantrone caused a marked reduction
in the proliferation of B cells, as well as a reduced ability of T cells to induce an immune

response and it is expected that mitoxantrone inhibit microglia proliferation.

B. Experimental autoimmune encephalomyelitis (EAE)

EAE was described over 50 years ago as an important model of CNS autoimmune
inflammation (177). The origins of EAE date back to the 1920s, when Koritschoner and
Schweinburg induced spinal cord inflammation in rabbits by inoculation with human spinal
cord extract. In the 1930s, researchers attempted to reproduce the encephalitic complications
associated with rabies vaccination by repetitive immunization of rhesus monkeys with CNS
tissue (178). Since then, several animal models of EAE have been generated in animals such
as rodents and primates, and from these studies it became clear that EAE can produce many of

the clinical, neuropathological and immunological aspects of MS (179).

B.1. Modes of immunization

EAE has been actively induced in susceptible experimental animals via several routes.
Initially, active immunization with CNS homogenates or myelin components suspended in
strong adjuvant was used. Later, especially with the advent of T-cell line technology, EAE
was passively transferred by in vitro-activated autoimmune T-cell lines. More recently,
spontaneous EAE models have been developed with transgenic mice in which a large
proportion of T cells are myelin-specific (Table 2 and 3).
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B.1.1. Actively-induced EAE (aEAE)

aEAE is an inducible model that yields fast and robust results in studies screening the
effects of drugs on autoimmune inflammation or the function of particular genes in
transgenic/knock out mice. These models are important for studying the encephalitogenic
potential of myelin. MOG makes up less than 0.5% of all myelin proteins and is situated on
the surface of myelin sheaths. MOGsgs.s5 peptide is strongly encephalitogenic in C75BL/6
mice, the strain providing the genetic background of most transgenic mice (180). Disease
induction with MOGgs.s5 in C57BL/6 mice requires the use of pertusis toxin (PTX) as part of
the induction regimen. PTX has been hypothesized to facilitate immune cell entry into the
CNS (181). However, PTX has other biological effects that could contribute to its activity in
EAE, such as breaking T cell tolerance and promoting clonal expansion and cytokine
production by T cells (182). In most murine EAE models, after a prodromal interval of 10-20
days, paralysis of tail and hind legs, progressing to the forelimbs and weight loss develop,
reflecting preferential targeting of inflammation to the spinal cord and to some extent the
cerebellum. There are rodent strains particularly susceptible to aEAE, and others which are
more resistant, but in each animal strain, EAE responsiveness depends critically on the nature
of the autoantigen applied. Interestingly, the encephalitogenic potential of CNS proteins
appears to be strain dependent. Lewis rats, for example, are highly responsive to
autoimmunization against myelin basic protein (MBP) (183), but respond poorly to MOG
(184), while reactivity of C57BL/6 mice is the exact opposite (185). Myelin and non-myelin
proteins were studied as potential autoantigens on MS and EAE including myelin antigens
(MBP, PLP, MOG, MOBP, MAG, OSP, NogoA, GNPase), glial antigens (GFAP, S100b, af3-
crystallin), and neuronal antigens (Neurofilament-L, Neurofilament-M, b-synuclein,
Contactin-2, Neurofascin) (131). More recently, C57BL/6 mice have become the animal of
choice, especially for studies involving transgenic mice. Lewis rat and and C57BL/6 mice
develop either self limited monophasic or chronic EAE. In addition to these models, EAE
with interchanging relapses and remissions, reminiscent of early human MS, can be induced
in SJL/J or Biozzi ABH mice. Finally, primate models of EAE have been used as they are
genetically and physiologically closer to humans, and share clinical and pathological
similarities to MS (186).
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B.1.2. Passively transferred EAE (pEAE)

PEAE has also been useful in drug screening and functional gene characterization
(Table 3). EAE can be adoptively transferred to naive mice by injection of in vitro
neuroantigen-activated T cells isolated from primed donors (187). The most common
adoptive transfer models involve MHC class Il-restricted CD4 T helper cells (188), while
only a few reports describe EAE transfer by CD8 T cells (189). Many of the pathogenic CD4
T cells respond to activation by secreting IFN-y and TNF, but not IL-4 or IL-5, qualifying
them as Th1l cells. Recent studies, however, suggest that this population includes a subset of
CD4 T cells that preferentially produce IL-17 (Th17 cells), by modifying T cell effector
functions in vitro before transfer, Langrish et al. confirmed that IL-23-driven IL-17+ T cells
are highly encephalitogenic (190). These data suggest that both Thl and Th17 cells have
pathogenic potential with respect to EAE induction (191). However Becher et al. have shown
that neither the T cell driven overexpression of IL-17A nor its complete loss had a major
impact on the development of EAE, by consequence Th1l7 T cells may only marginally

contribute to the development of autoimmune CNS disease (192).
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Table 2. Active and passive EAE models and their applications. Krishnamourthy et al., 2009.

Known encephalitogenic autoantigen/epitopes

Studies and applications

Species/strains aEAE pEAE
Mice
C57BL/6 MOGg3s 55 (185) NF-Mg 30 (131) Comtmor;_ly used straiTnhi% ;rfgsgenic rgligz
OSP179_207 (193 MOG35_s5 (185 construction;
rNogl;c? 62:7(1(94)) 25-55 (185) T-cell mediated pathogenesis; pre-clinical
| validation of therapeutic compounds,
CD8 T-cell mediated CNS damage
Study of relapse mechanisms; genetic
SILA MOG, MOGg;-_106 (195) MOG (196) control of autoimmune disease; epitope
PLP139_151 (197) PLP39_151 (198) spreadin_g; Abs mediated _demye]ination,
PLP17g_101 (199) PLP17g_101 (200) ge_n(_jer mfluer_lce on autoimmunity, pre-
PLP10s_117 (201) OSP (202) clinical  validation  of  therapeutic
OSPs7_7, (203) MOBP5 35 (204) compounds
MOBP37_6 (205) MBPgg_10; (206)
MOBP;5 35 (204)
MBP (207), MBPgg_101
(208), Nogo.g6 (194)
o Study of relapse mechanisms; antibody
BiozziABH ~ MOG, MOG;.22, MOGy3-57 mediated  demyelination,  pre-clinical
MOG134-148 (195) validation of therapeutic compounds
PLPsg_70 (209)
MBP21_35 (208)
MAGg7-112 (203)
afcrystalling_s6 (210)
NF-L (211), GFAP (212
(211) (212) Study of Treg; molecular mimicry and
B10.PL MBP Acl-11 (213) MBP Acy 1, environmental  triggers, T-cell  self-
adPLU - MOGss.55 (214 MOGas 5 therapeutc compounce.
CD8 T-cell-mediated CNS damage, T-cell
C3HMHe]  PLPyso3 PLP (200)  MBPrgg (129) self tolerance
Rat
Lewis MBP, MBPyg g4, MBP MBP (183, 215) Study of migratory behaviour of
61-82, MBPgo_105 B-Synucleings 111 autoimmune T cells, genetic control of
MBPl;o 106 (183) (216) autoimmunity, pre-clinical validation of
B-Synucleines 111 (216) therapeutic compounds
Antibody-mediated demyelination,
DA, BN MOG (217) MOG74-g0, molecular mimicry, genetic control of
MOGes-107 autoimmunity
(218)
Primates : ;
Environmental triggers of CNS
Rhesus MBP, MOG3; 56 (219) autoimmunity, axonal pathology,
monkey Abs-mediated demyelination,
pre-clinical validation of therapeutic
compounds
Common MOG, MOG4-36 (220) Same as for rhesus monkey
marmoset
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Table 3. Spontaneous EAE mouse models. Krishnamourthy et al., 2009.

Strain Epitope Model Clinical charaterization Applications
C57BL/6 MOG35.55 CD4+TCRtg (221)  Paralytic EAE and optic neuritis\
(4 and 30%)
C57BL/6 MOGss.s5 CD4+ TCR Tg x Paralytic and optic neuritis Study of
and MOG BCR tg (222) (50%) autoimmune
mechanisms
B10.PL MBP Ac, 9  CD4+ TCR tg (223) Paralytic EAE (100% in RAG- developing
deficient background without exogenous
manipulation
B10.PL MBPAC;.11 CD4+TCR tg (224) Paralytic EAE (14-44%) > (spontaneous T-cell
activation, B-cell
SJLA PLP139.151 CD4+ TCR tg (225) Paralytic EAE (45-83%) responses, innate
immune
SJLA PLP139.151 CD4+ TCR tg (196) Paralytic and ataxic EAE mechanisms, pre-
relapsing-remitting clinical validation of
(60-90%) therapeutic
compounds)
C57BL/6 Neo-self ODC-OVAtg x OT-1  Paralytic EAE and locomotor
Antigen (CD8+) TCR tg (226) defects (90% in normal
Backround and 100% in
RAG-deficient backround) )
Humanized hMBPgs.102 Human CD4+ tg Classical EAE (4% in normal "\
Tg (HLA-DR2) (with HLA DR2) background and 100% in Study of human
(227) RAG-deficient backround) immune

Humanized hPLPys.53
Tg (HLA A3)

Humanzed hM BPgs.99
Tg (HLA-DR2)

Human CD8+ TCRtg Motor deficits (4%)
(with HLA A3) (228)

Human CD4+ TCRtg  Progressive EAE (86%) without
(with or without HLA-DR2 and relapsing
HLA-DR2) (229) EAE with HLA-DR2 (54%)

in RAG-deficient bacground )

mechanisms in an
in vivo context
(genetic control,
effector
mechanisms).

B.2. Physiopathology

In the brain, immune privilege has been attributed to two morphological peculiarities

of this organ, the absence of classical lymph vessels and the BBB, a mechanical diffusion

barrier for hydrophilic blood molecules built by specialized tight junctions in brain capillaries

(230). However, antigens turned out to drain from brain to cervical lymph nodes (231) and

leukocyte recruitment takes place in poscapillary venules (232). Immune tolerance is actively

maintained involving various mechanisms such as peripheral depletion and tight control over

the activation state of local APCs (233). The former is achieved by the constitutive expression

of CD95 ligand (FasL) and Apo 1L allowing apoptotic elimination of activated T cells (234).

Experimental model led us to understand the persistence of the immune-surveillance, first of
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all autoreactive cells must escape selection in the thymus and occur naturally, despite the
widespread expression of myelin autoantigens in the thymus gland (235). For example MBP-
reactive T cells were first detected in the repertoire of naive Lewis rats (236). Following
focused on autoreactive MBP-specific T-cell responses from MS patients. Surprisingly, many
similarities between MS patients and healthy controls were observed (237). A crucial control
of autoreactive T cells is exerted by regulatory T cells, which shape and tune the recognition
of the self-antigens (238). Lafaille et al. showed that even if all transgenic T cells bear
myelin-specific TCRs, spontaneous EAE is still prevented by naturally occurring regulatory T
cells, but will start as soon as the physiological mechanisms controlling T-cell homeostasis
are disturbed (223). The paralleled evidence showed that T-cell regulation is disturbed in MS
patients (239). Autoreactive T cells, present in the normal immune repertoire, must be
activated and acquire the capacity to migrate across BBB (240). These activated T cells
express a set of molecules and enzymes, ready to traverse the BBB. These autoreative T cells
adhere to the endothelium via upregulated adhesion molecules as VLA-4/VCAM-1 which
seem to play a dominant role (241). VLA-4 is the only molecule known to mediate both
leukocyte rolling and arresting (242). Data from an EAE demonstrated both a reduced
leukocyte migration into brain parenchyma and the development of EAE following repeated
administration of monoclonal Abs (mAbs) known as Natalizumab (243) reversed towards the
a4 chain of VLA-4 have proven to be very effective for MS treatment (244). For the
transmigration, enzymes such as matrix metalloproteinases are crucial importance, based on
their upregulation during EAE and therapeutic blockade (245). Once the T cells have passed
the BBB they start local interaction with APC in the CNS (246). Clinical disease in EAE
develops only when T cells that have entered the CNS are sufficiently re-activated in the CNS
environment (247). The initial damage introduced by autoantigen specific T cells is a strong
stimulus for further recruitment of macrophages and complement-mediated damage to
oligodendrocytes and other structures in the CNS (248). Activated marcophages and
microglia both produce a large number of deleterious soluble factors, which can induce
functional blockade and/or structural damage in axons in vitro. Among these factors: NO,
possibly in combination with reactive oxygen species (249), matrix metalloproteinases (250)
and other molecules as exitotoxins (251) and proteases (252). The majority of T cells entering
the brain are destroyed by apoptotic cell death, (253). Although the progress in the molecular
techniques for apoptosis detection, the decisive death signals that induce T-cell apoptosis are
only incompletely understood. There is a clear contribution of TNF-signalling (254), but also
naturally occurring steroids may be involved (255). Phagocytosis of these apoptotic T-cell
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fragments by microglia cells, so far characterized in cell culture of rodent and human glial
cells (256). However physiological elimination of monocytic cells from the inflamed brain
seems to occur rather by migration and not by cellular apoptosis. The rare apoptotic
macrophages observed in EAE (257) do not suffice to explain the regression of macrophage

infiltration.

B.2.1. Antigen presenting cells

In order for T lymphocytes to recognize and respond to antigen, an antigenic peptide
has to be processed and presented on the surface of an APC in the context of MHC
complexes. Competent professional APC for CD4 T cells, such as DC and macrophages, can
capture and process antigen as a result of their ability to endocytose pathogens and cellular
debris (258). Upon Ag-capture, DCs subsequently migrate to secondary lymphoid organs
where they present the Ag, in the context of a MHC-II complex, to the CD4 T cells. If the
interaction is strong enough, based on the specificity of the TCR, it can lead to T cell
activation and proliferation (259). Although the selection process in the thymus should in
theory eliminate all auto-aggressive cells, a certain proportion of mature, peripheral T cells
carry a TCR that can recognize self-antigens. Although these self-reactive T cell are prime
candidates for autoimmune disease initiators, the only presence of such auto-reactive T cells
does not automatically lead to autoimmune disease as mechanisms of peripheral tolerance
usually prevent such occurrence. Peripheral T cells require two types of signals from APC for
activation and subsequent effectors function (Figure 5). One is the antigen-specific signal; the
second is an antigen-independent signal provided by co-stimulatory molecules expressed by
APCs. Several molecules have been implicated to have co-stimulatory potential. The most
largely studied co-stimulatory receptor-ligand pair involves the B7-CD28 system. CD28 is
expressed by T cells and its ligands are members of the B7 family (B7.1, CD80; B7.2, CD86)
expressed on the APC (260). Peripheral T cells will be anergic when they encounter an
antigen presented by an APC in the absence of a co-stimulatory signal, unable to proliferate
and to produce cytokines upon challenge with antigen, or even induce apoptosis (261). The
function of these molecules in autoimmunity has been extensively studied. In EAE neural Ag-
directed immune responses and clinical disease are inhibited in an additive or synergistic
manner by monoclonal Abs (mADbs) directed against B7.1 and B7.2 (262). The most effective
APC of the systemic immune compartment are DCs which are currently being heavily

investigated as they appear to conduct major control over the development of immunity.
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Different subtypes of DCs has been identified and their distinct immune functions have been
studied. There are three major sites at which encephalitogenic lymphocytes can encounter
competent APCs: i) the systemic immune compartment with its secondary lymphoid tissues,
i) the CNS parenchyma harboring microglia and astrocytes, iii) the perivascular and
meningeal space with its macrophages and DCs. It has been shown that myelin-specific
lymphocytes transferred into rats first enter secondary lymphoid tissues, where the expression
of activation markers is synchronized before CNS entry (246). An other group showed that
the migration pattern of these encephalitogenic lymphocytes is not essential to ultimately
invade the CNS, because in absence of lymphoid organs encephalitogenic lymphocytes still
find their way into the CNS and initiate tissue destruction (263). Within the CNS, astrocytes
and endothelial cells, in principle, are capable of expressing MHC class Il molecules, but their
capacity to act as competent APCs remains speculative (264), several groups showed that
microglia and macrophages are generally considered the most prominent CNS-resident APCs
and their capacity to present antigen in vitro has been repeatedly (265). In addition, it has also
been shown that lymphocyte-induced activation of microglia in vivo is crucial for immune
infiltration of the CNS and the maintenance of encephalitogenicity during the effector phase
of EAE (266). Greter et al. postulated that a population of DCs associated with the meninges
and CNS blood vessels allows encephalitogenic T cells to recognize their cognate antigen
leading to CNS invasion, inflammation and ultimately neurologic deficit (263), they proposed
that DCs at the interface of the CNS and the immune system are pivotal players in the
development of CNS inflammation and could serve as a novel therapeutic target for the
treatment of patients with MS and other inflammatory diseases of the CNS.

B.2.2. T cells

It is well established that myelin-reactive T cells are crucial for the induction of EAE
(267). Earlier studies showed that myelin-Ag specific T cells with a Thl phenotype transfer
EAE, whereas Th2 cells were found to be incapable of transferring EAE (268). Recently,
another subset of T cells, called Th17 cells, has been identified. Different from Thl and Th2
cells, Th17 cells are generated from naive T cells by TGF-$ and IL-6 (269) and are expanded
and stabilized further by IL-23. Th17 cells are able to transfer EAE. It has been confirmed
that IL-23-dependent IL-17-producing CD4 T cells are highly pathogenic and essential for the
establishment of inflammation associated with CNS autoimmunity (190), another report found
that only Thl cells, but not Th17 cells, induce EAE (192, 270). These differences in the
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observations might be due to differences in the capacity of Thl vs Th17 cells to induce EAE.
However, since each of these studies used a different T cell differentiation protocol and T
cells of different TCR specificity, the conflicting data might be due to variations in the
cytokine profiles of the T cell subsets or to different Ag specificities of the effector T cells. In
addition to Thl, Th2, and Th17 cells, another effector T cell subset, Th9 cells, has recently
been described (271). Driven by the combined effects of TGF-$ and IL-4, Th9 cells produce
large amounts of IL-9 and IL-10. It has been shown that IL-9 together with TGF-f can
contribute to Th17 cell differentiation, and Th17 cells themselves can produce IL-9 (272).
And that not only Th1l cells, but also Th17 and Th9 cells, are capable of inducing EAE upon
adoptive transfer (273).

Requlatory T cells (Treq)

The study of EAE model led us to develop our understanding of how the immune
system can regulate an autoimmune disease. The induction, expansion and maintenance of a
putative suppressor/regulatory population CD4'CD25" expressing the transcription factor
Foxp3™ (the master regulator of Treg function in EAE) has been the subject of intense study
including both autoimmune disease and infection (274). It was shown that polyclonal CD25"
T cells from naive C57BL/6 mice were found to inhibit both IFN-y production and
proliferation of encephalitogenic cells from MOGgs.ss immunized mice in vitro when co-
cultured at high suppressor to responder ratios. Transfer of high numbers of these “naive”
CD25" Tregs could limit the severity of subsequent disease (275). In vitro suppression of
MOG3s.s5-reactive effector cell function by Tregs could be abrogated in part by addition of
soluble IL-10 receptor. Furthermore, the failure of IL-10-deficient Tregs to reproduce this
effect suggested a key role for this cytokine in Treg mediated suppression of EAE (276).
Several studies have shown that Treg depletion prior to immunization for active disease could
increase the severity of disease (277) and could enhance IFN-y, IL-6 and IL-17 production
(278) indicating that Tregs suppress the expansion of autoreactive effectors. This most likely
occurs during priming in the draining lymph node. A recent report using two-photon imaging
suggests that Tregs are able to maintain the thresholds for activation, even under
inflammatory conditions may be through disrupting the capacity of DCs to prime naive
autoreactive T cells in the lymph node (279). Analysis of the movement of MBP-reactive
naive T cells and DCs showed that they formed more meaningful partnerships in the presence

of MBP peptide within the node when Tregs were absent than when they were present.
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Figure 5: Two signals are required to successfully present Ags. CD4 T lymphocytes do not recognize
native Ag and require Ag to be presented by APC in the context of MHC class Il molecules. T cells
that are presented with Ag in the presence of co-stimulatory signals (as B7.1-2) are usually rendered
anergic (clonal tolerance). Delivery of both signals (TCR and CD28) leads to T cell expansion and
activation. T cell-derived TNF and INF-y leads to activation of more APCs that in turn can stimulate
more T cells and induce Th1 differentiation via IL-12 secretion, (Becher et al., 2000).

B.2.3. Cytokines as mediators of inflammation

It was shown that Th1l cells infiltrate the CNS in EAE in large numbers and produce
their cytokines when CNS inflammation occurred. Purified Th1l cells could be transferred into
naive animals and mediate autoimmune disease. Conversely, Th2 cells were shown to exert
beneficial effects in EAE (280). It was surprising at first that in mice none of the Thl and
Thl-inducing cytokines (IFN-y, IL-12, 1L-18, and TNF) could explain the importance of the
Th1 effectors cells in the disease (281-284). It was reported that MOG-induced EAE in IFN-y
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cytokine knockout mice was not different than disease in mice with intact cytokine production
(285). The conclusion was that IFN-y is not crucial to the induction of EAE. An other study
with IFN-y R knockout mice supports this conclusion (281). In the same study they directly
support a down-regulatory role for IFN-y in both induction and effector phase of MOG-
induced EAE. The role of IL-12 in EAE has been addressed based on the differential
susceptibility of p35-/- mice and p40-/- mice to the development of EAE. They showed that
the p35-/- animals develop severe EAE when immunized with MOG peptide, whereas p40-/-
mice are resistant to disease development. Thus, IL-12 p70 cannot be required for the
development of EAE. In contrast, IL-12 p70 was shown to be required for Th1 differentiation.
IL-12 family member IL-23 instead of IL-12 itself is a prerequisite for the development of
EAE (282). The central role of IL-23 in EAE was proven by Sedgewick and colleagues by the
deletion of the p19 subunit of 1L-23 (97). The particular impact connected to this finding was
the description of a novel Th cell effector type, which showed IL-23-dependent expansion and
expression of the pro-inflammatory cytokine IL-17A (190). IL-23- and IL-6-deficient mice
showed impaired Th17 polarization. In consequence, it seems that such loss rendered the mice
resistant to EAE (191). Some data was generated that correlated Th17 cells and IL-17A
expression with the development of autoimmune inflammation in mice and humans (286).
Neutralization of IL-17 in MOG induced EAE in C57BL/6 mice by Hofstetter et al. with IL-
17-receptor-Fc-fusion soluble protein or with mAbs against IL-17A and F resulted in an
attenuated clinical EAE course (287). It has been shown also that the development EAE was

significantly suppressed in IL-17-/- mice (288).

C. Other animal models of demyelination
C.1. TMEV-induced hepatitis virus and Semliki

Semliki Forest virus (SFV) induces a CNS infection and is useful for understanding
the potential viral etiology of MS (289). Intracerebral infection of susceptible strains of mice,
such as SJL, with natural Theiler's murine encephalomyelitis virus (TMEV) leads to either
rapidly fatal encephalomyelitis (high neurovirulence strains) or persistent CNS infection and
immune-mediated demyelination (290) characterized by gait disturbances, spastic hind limb
paralysis, and urinary incontinency start 30-40 days after infection. During the acute phase of
the disease, virus replication is mainly in neurons, whereas during the chronic phase, TMEV
persists predominantly in macrophages and glia (291). TMEV virus is known to cause

demyelination in infected nude mice that cannot generate T lymphocytes (292), also pointing
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to a direct viral effect on myelin damage. Upon TMEV infection, cytokines and chemokines
are induced in primary astrocytes such as TNF, IL-1, IL-6, CCL2, and CCL5 (293).
Inflammatory responses to TMEV infection seem to depend on TLR3 and TLR2 (294), as
well as protein kinase signalling (295). CD8 T cells play an important role in the clearance of
TMEV from CNS (296), however, there is also evidence that MHC-I restricted CD8 T may be

directly cytotoxic to axons and mediate injury (297).

C.2. Cuprizone and lysolecithin, chemical-induced demyelination

Several toxin-based models of demyelination, including cuprizone and lysolecithin,
while not attempting to accurately mimic the pathogenesis of autoimmune CNS inflammation,
have proven very useful in studying the mechanisms of demyelination. In contrast to the
systemically administered cuprizone, the membrane solubilising, glia-toxic lysolecithin has
been used to create focal area of demyelination by direct injection into defined CNS white
matter tracts, which allows for a better control of lesion size and location (298). Feeding of
cuprizone (bis-cyclohexanone oxaldihydrazone) to young adult mice induces a consistent,
synchronous, and anatomically reproducible demyelination. Furthermore, removal of
cuprizone from the diet of mice leads to remyelination (299). Cuprizone is a chelator that
binds copper, an essential component of metalloenzymes, like the mitochondrial cytochrome
oxidase and monoamine oxidase. Cuprizone can induce demyelination in different strains of
mice, among them in 8-10-weeks old C57BL/6 mice, the background most commonly used
for knockout and transgenic mice. If cuprizone is overdosed, (mitochondrial) hepatopathy and
weight loss are serious toxic effects (300). The regional pattern of demyelination includes
white matter tracts, preferentially the corpus callosum, as well as the cerebellar peduncles
(301). Recently, cortical demyelination has been detected (302), and demyelination in the
hyppocampal formation has been associated with seizures in the cuprizone model (303).
Substantial demyelination is present after 3 weeks of cuprizone, and by 4-5 weeks more than
90% of axons are demyelinated. Under continued exposure to cuprizone, about 50% of axons
recover and are remyelinated by 6 weeks. During cuprizone toxicity, there is also
demyelination-associated axonal loss which is more prominent in aged mice (304). During
administration of cuprizone, the expression of the myelin gene in the brain decreases, and
most of the mature oligodendrocytes in the corpus callosum, the site of the particular

profound demyelination, undergo apoptosis (305). In contrast to EAE, the BBB seems to
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remain intact (306) and T cells are almost completely absent, while microglia/macrophages

accumulate and predominate in the demyelinated areas (307).

C.3. Model of lipopolysaccharide-induced demyelination

Some studies have examined the effects of lipopolysaccharide (LPS) injections into
the CNS. It was describe that an inflammatory reaction, and after a delay of 5-7 days, a
demyelinating lesions that occur following the injection of LPS into rat spinal white matter
(308, 309) and persist between 9 and 14 days. Besides activation of resident microglia, CNS
infiltrating phagocytes (neutrophils and monocytes) seem to contribute to the inflammatory
response (310). It has been shown that microglial TLR4 is required for leukocyte recruitment
into the brain in response to LPS (311). The exact mechanism of LPS induced demyelination
is unknown. In primary mixed glial cultures, LPS induces a selective loss of oligodendrocyte
precursors. Activation of microglia, but not astrocytes, was found to be required for LPS
toxicity (312). TLR4 is necessary for LPS-induced oligodendrocyte injury in the CNS,
although mRNA for LPS receptors TLR4/CD14 is either absent or only found at very low
levels in oligodendrocyte precursors (312). Thus, LPS may not be directly toxic to
oligodendrocytes but causes demyelination via factors derived through microglia or
astrocytes. Recent evidence suggests that microglial peroxynitrite, or in the presence of
astrocytes, activation of TNF/TNFR signalling, plays a key role in LPS-induced damage of

developing oligodendrocytes in vitro (313).

D. Role of neuroprotective factors in EAE

Neurotrophic factors (NFs)

NFs comprise the large family of secreted peptides, originally described as target-
derived growth factors crucial for neuronal differentiation and survival (314). The first known
NF was nerve growth factor (NGF) described by Levi-Montalcini in the 50s. Originally, NGF
was known by its anti-apoptotic activity and the role in neuronal development. Other
structurally related proteins of similar function were later described and named
“neurotrophins.” The group includes: NGF, BDNF, neurotrophin 3 (NT3), and neurotrophin
4/5 (NT4/5) (315). Recent data showed that BDNF can be secreted by PBMC from IFN-
treated RR-MS patients (165). Two additional trophic factors families has been described:
neuropoietic cytokines (neurokines) and glial-cell line neurotrophic factor family ligands

(GFLs). Glial derived neurotrophic factor (GDNF) was purified and characterized in 1993 as
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a growth factor promoting the survival of the embryonic dopaminergic neurons of the
midbrain-neurons degenerated in the Parkinson’s disease (316). GFLs are distant member of
TGF-B superfamily and currently consist of GDNF, neurturin, artemin and persephin (317).
The second family of neuropoietic cytokines includes ciliary neurotrophic factors (CNTF),
leukemia inhibitory factor (LIF), and other more pleiotropic cytokines (318). Neurotrophins
have been found to stimulate growth and promote survival of neurons by their interaction with
the tyrosine-related kinase (Trk) receptors. Trophic factors exhibit selective affinity for the
Trk receptors: BDNF and NT4/5 bind to TrkB, NGF to TrkA, and NT3 to TrkC (319). All of
the neurotrophins in their uncleaved state as proneurotrophins and in their mature form have
also ability to bind to pan-neurotrophin receptor p75 (p75NTR). Interaction with this receptor
may result in neuronal cell survival, cell death or myelination and depends on the state of the

neurotrophin and whether p75NTR acts alone or with other receptors (320).

Evidence for the role of NFs in EAE

There is increasing evidence for the role of NFs in neurodegeneration and
neuroprotection during EAE, supporting the hypothesis of a protective NGF role in rat EAE
showed that NGF-deprived rats presented more severe clinical course of the disease which
was associated with a significant reduction of NGF in the brain stem and spinal cord, whereas
BDNF decreased only in the spinal cord (321). In the acute phase of EAE, CNTF inhibited
inflammation in the spinal cord, resulting in ameliorating the clinical course of EAE during
treatment (322). Recently, a novel delivery system for BDNF was developed using
transformed bone marrow stem cells (BMSC) and undertook studies on mice EAE (323).
They noted that mice receiving BMSC producing BDNF had reduced clinical impairment
compared to control mice receiving BMSC without BDNF production. Both pathological
examination and analysis of apoptosis of brain and spinal cord presented reduced

inflammatory cells infiltrates in treated comparing to non-treated mice (323).
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E. Hepatocyte growth factor (HGF)
E.1. Origin and function of HGF

Hepatocyte growth factor (HGF) is a pleiotropic factor able to evoke a wide array of
cellular responses (Figure 6). HGF was discovered independently as fibroblast-derived
effectors of epithelial movement and cell—cell interactions (scatter factor) (324, 325), as a
growth factor for liver (326), and other epithelial cells (327) as an epithelial morphogen (328)
as an inhibitor of tumour growth (329) and as a chemoattractant for motoneurons (330). The
mature HGF molecule is a heterodimer consisting of a 69 kDa a-chain and a 34 kDa B-chain
(331). The generation of mature HGF from the inactive pro-HGF is the result of the post-
translational modification by a unique serine protease which produces enzymatic hydrolysis
of the single chain pro-form to the mature heterodimeric form (326). HGF was the first
member of the plasminogen-related growth factor family, a novel family of high-molecular-
weight polypeptide growth factors whose domain structure and mechanism of activation
resemble those of the blood protease plasminogen (332). Two plasminogen-related growth
factors have been identified so far: HGF and HGF-like/macrophage stimulating protein
(HGFI/MSP) (333, 334). Biologically active HGF is a a—f heterodimer produced by
proteolytic cleavage of a single-chain inactive precursor of 728 amino acids. The larger chain
(residues 1-494) contains a typical signal peptide, cleaved during secretion, followed by five
distinct domains: an N-terminal (N) hairpin loop homologous to the activation peptide of
plasminogen and four kringle (K) domains (335) (Figure 6). The smaller B chain (residues
495-728) resembles a typical serine protease domain. In addition HGF is able to bind to

heparan sulfate proteoglycans (336).

E.2. HGF receptor (c-Met)

The receptor for HGF is the tyrosine kinase encoded by the c-met proto-oncogene
(337). The c-Met receptor is expressed in the normal epithelium of the majority of tissues
where it is primarily located at the intercellular junctions together with cell adhesions
molecules such as E-cadherin (338). c-Met is a disulphide-linked heterodimer originated from
the proteolytic cleavage of a single chain precursor. The heterodimer is formed by a single-
pass transmembrane beta chain (145 kDa) and a completely extracellular alpha chain (50
kDa). c-Met activation leads to auto-phosphorylation of multiple tyrosine residues located in

its cytoplasmic domain, specifically Y1151, Y1345 and Y1356. A binding site for multiple
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substrates is located adjacent to these newly formed phosphotyrosines. Substrates that bind c-
Met are multidomain proteins characterised by the presence of specific domains, including the
Src homology 2 (SH2), the phosphotyrosine binding (PTB) and the Src homology 3 (SH3)
domain. Some of the substrates that directly interact with c-Met include the growth factor
receptor-bound protein (Grb) 2 (339), STAT3 (340), the p85 subunit of phosphatidylinositol
3-kinase (PI13K) (341), Shc (342), phospholipase C-y, c-Src (339), (PLCy ) and Gab1 (343).
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Figure 6: Representation of pro-HGF, HGF and the c-Met receptor. Proteolytic cleavage of pro-HGF
generates the heavy (H) and light (L) chain of the active factor and is accompanied by a major
conformational change. Active HGF binds to c-Met, inducing receptor dimerization and activation.
The multidocking site at the C-terminus of the c-Met B subunit is generated by phosphorylation of
tyrosine residues (Tyr1349 and Tyr1356) upon HGF binding. The multidocking site binds to various
adaptor molecules that transmit the signal.

E.3. HGF/c-Met regulation

Mice lacking either HGF or its receptor die during embryogenesis with defect in
placenta, liver and muscle. HGF plays an important role in liver regeneration since in animals,
plasma levels of HGF and cellular mRNA are elevated after partial hepatectomy or liver
damage induced by hepatotoxins (344). Thus, HGF and c-Met constitute a paracrine
signalling systeme, as shown in embryogenesis studies (345). Several levels of regulation of
HGF and c-Met have been identified that together form a complex and highly controlled
pathway. The first level is transcriptional. In the majority of tissues, expression of the HGF
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gene is restricted to certain cells (typically, fibroblasts or other mesenchymal cells), whereas
expression of the c-met gene is confined to different cells that do not secrete the ligand
including epithelial, skeletal muscle and motoneurons, c-Met is expressed also by various
types of leukocytes including monocytes/macrophages (346), DCs (347). A second level of
regulation is provided by the high-affinity binding of HGF to heparan sulphate proteoglycans
(HSPGSs). This ensures stockage of HGF in the proximity of secreted cells and thus a local
mechanism of action. Studies indicated that HSPGs are not essential for HGF binding to the
c-Met receptor and for signalling (348). It has been shown that HSPGs might be required for
the agonistic activity of truncated forms of HGF, such as NK1 and NK2 (the products of
alternatively spliced forms of the primary HGF transcript), and that they might potentiate the
activity of full-length HGF at least on certain cell types (349). A final level of regulation is
provided by proteolytic processing of the single-chain, precursor form of HGF (pro-HGF).
Pro-HGF itself can bind to c-Met with high affinity but is unable to activate the receptor
(350). Thus, proteolytic cleavage of pro-HGF is essential for activity. It is known that
urokinase plasminogen activator (UPA) and tissue plasminogen activator (tPA) can convert
pro-HGF into two-chain HGF in vitro (351). Certain epithelial cells also secrete two potent
inhibitors of HGF activator (HAI-I1 and HAI-II) in tissue injury, both of which are members of
the Kunitz-type family of serine protease inhibitors (352). These findings do not rule out the
possibility that HGF processing plays an important role in specific moment, for example at

certain stages of development or in the tissue response to injury.

E.4. Role of HGF in inflammation

The modulatory role of HGF in inflammation and in immune-mediated disorders is
now well established. On the one hand HGF promotes adhesion and migration of B cells
(353) and T cells (354) as well as DC migration (355). HGF frequently counteracts TGF-j3, a
potent immunosuppressive cytokine (356). Hence, these results indicate that HGF might be an
immunopotentiator. On the other hand, recent studies clarified an immunosuppressive effect
of HGF. HGF reduced acute and chronic rejection of the allograft with increased expression
of TGF-B and IL-10, indicating that HGF might induce allograft tolerance (357). HGF
attenuates allergic airway inflammation (358) in down-regulating Ag-induced Thl and Th2
type immune responses and also with suppression of the Ag-presenting capacity of DCs in the
lung. It has been reported that HGF is a potent anti-inflammatory cytokine that decreases the

RNA expression of TNF and IFN-y, two inflammatory cytokines, and directly suppresses pro-
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inflammatory membrane co-factor protein 1 (MCP-1) and RANTES expression, probably via
NF-kB in tubular epithelial cells (359). Interestingly, both chemokines are involved in EAE
pathogenesis (360). HGF also offers protection in acute ischemic and inflammatory injuries
by its anti-apoptotic and pro-angiogenic effects (361) by attenuating ischemia-induced cell
death (362) and ischemia-or toxic-induced acute renal failure (363). HGF attenuates acute
colitis by facilitating intestinal wound repair as well as inhibiting inflammation (364). It has
been shown that activated polymorphonuclear leukocytes (PMNLS) in systemic inflammatory
response syndrome patients increased HGF in their granules and demonstrate enhanced
degranulation of HGF. The release of HGF from migrated PMNLSs in the inflammatory tissue
may play an important role in wound healing and organ regeneration under those conditions.
DCs are highly specialized antigen presenting cells that integrate a variety of incoming signals
and orchestrate the immune response (365), DCs play a major role in EAE by inducing CNS
inflammation and clinical disease development (366). HGF has an anti-inflammatory effect

via the suppression of DCs function (358).

E.5. Role of HGF in neuro-protection

Increasing evidence suggests that HGF plays an important role in the CNS
development and neuroprotection. HGF and its receptor are expressed in the adult and
developing nervous system (367). HGF promotes neuron survival and is a chemoattractant for
motor neurons (330). In addition, HGF promotes neurite outgrowth from neocortical explants
(368) and enhances sympathetic neuron survival and axonal growth (369). Exogenous HGF
protects against neuronal death and reduces infarct volume after transient cerebral ischemia
(370). Previous studies have revealed that HGF stimulates the proliferation of Schwann cells
(371) and olfactory ensheathing cells (OECs) (372). OECs are thought to derive from
precursor cells in the olfactory epithelium (373). Several reports demonstrated that
transplanted OECs promote peripheral and CNS axonal regeneration (374), and remyelinate
demyelinated CNS axons (375). HGF stimulates OPCs proliferation, migration and influences
oligodendrocytes cytoskeleton organization (376). It has been shown recently that HGF was
involved in the early remyelination of EAE by inducing migration of OPC cells into lesions
(377). In the same study they showed that IFN-B, the main drug used to treat MS patients,
also leads to HGF production by brain glial cells. In addition to its immunomodulatory role,
IFN-B may have an indirect remyelinating and neuroprotective effect for MS patients and may

contribute to CNS protection. It has been shown that overexpression of HGF in the nervous
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system attenuates motoneuron death and axonal degeneration and prolongs the life span in a
mice model of amyotrophic lateral sclerosis, a neurodegenerative disease of the nervous
system. In this model HGF prevented induction of caspase-1 and inducible nitric oxide
synthase (iNOS) in motoneurons and retained the levels of the glial-specific glutamate
transporter (378). It has been shown that HGF directly protects cortical neurons against
oxygen-glucose deprivation/reperfusion (OGD/R)-induced cell injury in a dose dependent
manner, and HGF has a potent anti-apoptotic action on neurons exposed to OGD/R (379).
HGF concentrations in CSF were significantly higher with diseases of the CNS than control
diseases, especially in CNS demyelinating diseases like Acute Demyelinating
Encephalomyelitis (ADEM) (380). Finally, HGF is implicated in the processor post-ischemic
brain repair (381).

E.6. Role of HGF in inflammatory-mediated disease animal models

The interest of the relationship between HGF and autoimmune disorders is nowadays
increasing. In fact, due to its immune-modulator effects, HGF seems to be involved in several
pathogenic pathways of various autoimmune conditions. HGF has shown promising
protective effects as a therapeutic agent for organ diseases such as renal injury, myocardial

infraction, inflammatory bowel diseases and lung diseases.

a) Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disorder and a systemic chronic
inflammatory disease characterized by persistent synovial cell proliferation with inflammatory
cell infiltration and destruction of joints. RA has been assumed to be Thl (382) and Th17 type
disease (383). The role of HGF in RA has been reported in few cases. HGF and its receptor c-
Met were found in the synovial tissue of patients with RA (384). HGF might suppress the
development of Ag-induced arthritis. Its can diminished the severity and incidence of arthritis

with up-regulation of IL-10 and suppression of IL-17 in experimental arthritis model.

b) Kidney diseases

HGF ameliorates chronic renal injury in a variety of models, including remnant kidney
(385), unilateral ureteral obstruction (386), and diabetic nephropathy (387). Tubular epithelial
cells (TEC) are a major target for HGF in the kidney, and several mechanisms have been

proposed to explain this beneficial action, including antiapoptosis (388), promoting TEC
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proliferation (389), prevention of epithelial-to-mesenchymal transition (390), increased
activity of matrix degradation pathways (385), has an anti inflammatory effect via NF-kappaB
inhibition (359). HGF accelerated glomerular repair through the growth of capillary
endothelial cells and capillary regeneration in experimental progressive glomerulonephritis
(391).

c) Cardiac diseases

Serum and myocardial concentrations of HGF and its receptor c-Met are substantially
increased following acute myocardial infarction. HGF has been shown to be cardioprotective
towards acute cardiac ischemia-reperfusion injury. Gene transfection of HGF into rat heart
attenuats acute ischemia injury. Administration of HGF protein reduces infract size and
increases cardiac performance in a rat model of acute ischemia/reperfusion. In contrast, acute
blockade of endogenous HGF increases infract size and mortality. These beneficial effects of
HGF appear to be related to angiogenic properties, anti-apoptotic mechanisms and to an
induction of a bystander Th2 cytokine deviation (392). HGF is cardioprotective factor by
increasing the tolerance of cardiomyocytes to ischemia, reducing cardiomyocyte apoptosis,
increasing prosurvival Akt protein kinase, which improve function of dilated cardiomyopathy
in mice (393).

d) Inflammatory bowel disease (IBD)

Inflammatory bowel disease (IBD) composed of ulcerative colitis and Crohn’s disease.
In IBD patients, elevated serum HGF and mucosal overexpression of HGF and its receptor c-
Met have been reported (394) suggesting an association with intestinal tissue repair. In cell
culture, HGF stimulates the growth of gastrointestinal epithelial cells (395). HGF improves
colonic damage in rat IBD models. Its therapeutic effects are manifested via reduced
inflammation, including that due to anti-apoptosis, rather than through epithelial cell
proliferation. HGF may have the potential for clinical use in patients with IBD (396).
Transfection with HGF cDNA markedly suppressed intestinal mRNA expression of Thl
cytokines such as IL-12, IL-1B, IFN-y, and TNF. Numbers of total and CD4 T cells,
neutrophils, and myloperoxidase activity in intestinal epithelium were diminished by HGF
gene transfer, which also prevented weight loss, and improved survival. HGF might be useful
for controlling IBD (397).
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e) Lung disease

Pulmonary fibrosis is a common feature of interstitial pulmonary diseases and both
apoptosis and fibrinogenesis play critical roles in its formation and development. HGF is a
mitogenic and anti-apoptotic factor for alveolar and bronchial epithelial cells. It also
stimulates the migration and morphogenesis of those cells (398). Yaekashiwa et al. (399)
demonstrated that continuous systemic injection of recombinant HGF suppressed pulmonary
fibrosis induced by bleomycin in the mice model. HGF had significant effect when it was
administered simultaneously or subsequently to bleomycin treatment. It has been identified
HGF as a key ligand to elicit myofibroblast apoptosis and extracellular matrix degradation in
increasing activities of MMP-2/-9, predominant enzymes for breakdown of fibronectin,
whereas activation of the HGF/c-Met system in fibrotic lungs may be considered a target to
attenuate progression of chronic lung disorders. In addition, HGF attenuates an animal model

of allergic airway inflammation and airway hyperresponsiveness (400).

f) Graft-versus-host disease (GVH)

It has been shown that HGF suppresses acute and chronic rejection in a murine model
of cardiac transplantation by induction of tolerance and prevention of cardiac allograft
vasculopathy (357). In addition, HGF ameliorate GVH disease in a murine model by reducing
the number of splenic B cells, host B cell MHC class 11 expression, and serum levels of 1gG
and anti-DNA Abs. HGF decreases IL-4 mRNA expression in the spleen, liver, and kidneys
(401).

E.7. HGF as therapeutic agent

HGF has shown promising protective effects as a therapeutic agent for diseases such
as RA, myocardial infarction, chronic renal failure, IBD, and pulmonary fibrosis. HGF may
present a novel strategy for the treatment of these diseases. Generally, exogenously
administred HGF proteins vanish from organs within several hours (402). To study the
different effects of HGF in these different animal model diseases, there are two trategies used
to deliver efficiently HGF in the target organs or to maintain a high HGF serum level. The
first strategy is to use a slow-releasing form recombinant HGF protein mounted in
biodegradable gelatin hydrogels (403), as shown for example in allergic airway inflammation

(358) and kidney model disease (404). The second one is to administrate plasmid DNA
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containing HGF gene with a hydrodynamics-based transfection system (405), as shown in
renal failure animal model. In contrast, whith clinical use of HGF, the possibility of
promoting tumor progression should be considered.

All these data suggest that HGF is a candidate of high interest for the development of
new treatments for immune-mediated demyelinating diseases with neurodegeneration such as
MS.
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F. Unresolved questions

EAE is an immune-mediated disease model of MS, characterized by the activation of
APCs and the infiltration of autoreactive lymphocytes within the CNS, it is used to explore
the pathogenesis of inflammation, demyelination and axonal loss. Numerous hypotheses have
been raised to explain the lack of remyelination and the progression of MS disease including
continual loss of oligodendrocyte precursor cells and irreversible axonal damage. But until
now this equation is not yet resolved.

HGF is a pleiotropic factor known for both neuronal and oligodendrocytic protective
properties (330), in addition, HGF shows immunomodulatory properties, affecting both the
innate and the adaptive immunity. HGF plays a protective role via its immunosupressor effect
in animal models of inflammatory-mediated diseases including myocarditis (392),
glomerulonephritis (406), IBD (397), collagen-induced arthritis (407) and pulmonary fibrosis
(408).

In this project, we proposed to study the role of HGF on the development of EAE.
Thus, we hypothetize that HGF delivered in the CNS of mice may protect against EAE
course. To reach this objective we studied the effect of an overexpression of HGF in the CNS
on EAE. We used C57BL/6 mice carrying HGF transgene under the control of a neuron-
specific enolase (NSE) promoter (HGF-Tg mice) leading to selective overexpression of HGF
by neurons in the CNS (378). Thus, we assessed the immunomodulatory effect of HGF a) in
vivo: i) in the periphery and ii) in the CNS compartment, and b) in vitro by using a specific

antigen presentation model.

G. Overview of results

We showed that overexpression of HGF in the CNS of Tg mice decreases the EAE
clinical course. EAE was induced by two differents methods: i) by immunization with
MOGs3s.55 peptide and ii) by adoptive transfer of T cells from 2D2 transgenic mice (which
express a T cell receptor (TCR) specific for MOGss.55). This inhibition of EAE in HGF-Tg
mice appears before peak disease was reached. Histology analysis was performed at two time
points (peak disease and chronic phase); the observations showed a decrease of inflammatory
lesions as well as less level of demyelination and axonal loss in HGF Tg mice if we compared
them with littermate WT mice. At peak disease we showed by immunofluorescence and by
flow cytometry a decrease of inflammatory cells (T lymphocyte and APCSs) infiltrating the
CNS (spinal cord) of HGF Tg mice, the only T cell population which increases is regulatory T
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(Treg) CD4"CD25Foxp3” cells. However, no differences were observed in the systemic
compartment which was expected, the overexpression is in the CNS and not in the periphery.
The reduction of the inflammation in the spinal cord of HGF Tg mice was associated with a
decrease of pro-inflammatory Thl cytokines (TNF, IFN-y and 1L-12p70) whereas we showed
increase of Th2 cytokines especially sharp increase of IL-10 cytokine secretion and mRNA
expression. To confirm these results in vitro, we used a functional assay based on the specific
antigen presentation (ASR). In this assays, we showed that when we treated DCs with
recombinant HGF protein we suppressed DCs function via down regulation of CD40 co-
stimulatory molecule and also a decrease of 1L-12p70 secretion. Interestingly, these DCs co-
cultured whith CD4 T cells induced differentiation of IL-10-producing Treg cells,
accompagnied whith a decrease of IL-17-producing T cells and a downregulation of surface
markers of T cell activation. Collectively, these data indicated that HGF can inhibit the
clinical course of EAE through DC tolerization and induction of Treg cell population. In
addition, our results suggested that HGF is a candidate of high interest for the development of
new treatments for immune-mediated demyelinating diseases associated with
neurodegeneration such as MS by combining potentially neuroprotective and myelin repair

properties as well as immunosuppressive effects.
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1. A)
Immunomodulatory effects of hepatocyte
growth factor in experimental autoimmune
encephalomyelitis
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Section II.A

Hepatocyte growth factor inhibits CNS autoimmunity by inducing

tolerogenic dendritic cells and CD25"Foxp3” regulatory T cells

Mahdia Benkhoucha, Marie-Laure Santiago-Raber , Gregory Schneiter, Michel
Chofflon, Hiroshi Funakoshi , Toshikazu Nakamura and Patrice H. Lalive.

Published in: Proc Natl Acad Sci U S A. (2010), 107(14):6424-9.

OBJECTIVES:

To examine the role of HGF as an immunomodulator and neuroprotective factor, in an
EAE model. We have explored whether overexpression of HGF in the CNS of mice affected

the clinical course of EAE either induced by MOGgs.s5 peptide or by adoptive transfer.
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Immune-mediated diseases of the CNS, such as multiple sclerosis
and its animal model, experimental autoimmune encephalitis (EAE),
are characterized by the activation of antigen-presenting cells and
the infiltration of autoreactive lymphocytes within the CNS, leading
to demyelination, axonal damage, and neurological deficits. Hep-
atocyte growth factor (HGF) is a pleiotropic factor known for both
neuronal and oligodendrocytic protective properties. Here, we
assess the effect of a selective overexpression of HGF by neurons
in the CNS of C57BL/6 mice carrying an HGF transgene (HGF-Tg
mice). EAE induced either by immunization with myelin oligoden-
drocyte glycoprotein peptide or by adoptive transfer of T cells was
inhibited in HGF-Tg mice. Notably, the level of inflammatory cells
infiltrating the CNS decreased, except for CD25*Foxp3* regulatory T
(Treg) cells, which increased. A strong T-helper cell type 2 cytokine
bias was observed: IFN-y and IL-12p70 decreased in the spinal cord
of HGF-Tg mice, whereas IL-4 and IL-10 increased. Antigen-specific
response assays showed that HGF is a potent immunomodulatory
factor that inhibits dendritic cell (DC) function along with differen-
tiation of IL-10-producing T, cells, a decrease in IL-17-producing T
cells, and down-regulation of surface markers of T-cell activation.
These effects were reversed fully when DC were pretreated with
anti-cMet (HGF receptor) antibodies. Our results suggest that, by
combining both potentially neuroprotective and immunomodula-
tory effects, HGF is a promising candidate for the development of
new treatments for immune-mediated demyelinating diseases as-
sociated with neurodegeneration such as multiple sclerosis.

cMet (HGF receptor) | experimental autoimmune encephalitis | immune
tolerance | multiple sclerosis | neuroprotection

H epatocyte growth factor (HGF), also called “scatter factor,” is
a polypeptide growth factor that belongs to the plasminogen
family and consists of a 62-kDa alpha subunit and a 34-kDa beta
subunit that form a disulfide-linked heterodimer (1). The mole-
cule was discovered independently as a growth factor in the liver
(2, 3) and as a fibroblast-derived effector of epithelial movement
and cell-cell interaction (4-6). HGF is a pleiotropic factor that can
trigger motility, proliferation, morphogenesis, and organ regen-
eration in a variety of epithelial cells (7). HGF is able to induce
various responses in development (1) and in pathological sit-
uations, including tumor progression (8) and suppression of fib-
rosis (9). The receptor for HGF, cMet, is a tyrosine kinase encoded
by the cMet proto-oncogene (10, 11). Mice lacking either HGF or
its receptor die during embryogenesis, with defects in placenta,
liver, and muscle development (12-14).

Both HGF and its receptor cMet are expressed during brain
development and persist in the adult (15, 16). cMet is expressed in
neurons but also in other brain-resident cells such as oligoden-
drocytes, astrocytes, and microglia (17-22). HGF promotes axonal
outgrowth and regulates the differentiation of various neuronal
populations, including sensory, sympathetic, and motor neurons (23,
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24). The ability of HGF to promote survival of neurons is as potent as
that of several neuroprotective factors, including brain-derived
neurotrophic factor, ciliary neurotrophic factor, glial cell line-
derived neurotrophic factor, and neurotrophin-3 (23). In addition,
HGEF is able to induce proliferation and migration of oligoden-
drocyte precursor cells (OPC) (17, 18, 22) as well as inhibition of the
proapoptotic caspase-3 pathway in oligodendrocytes (21). There-
fore, HGF could be involved in the processes of neuroprotection,
attenuation of oligodendrocyte degeneration, and/or remyelination.

In animal studies, overexpression of HGF in the CNS delays
disease progression and prolongs life span in a mouse model of
amyotrophic lateral sclerosis (20), a neurodegenerative disease of
the nervous system. In addition, HGF is involved in the process of
postischemic brain repair (25). Increased concentrations of HGF
are detected in the cerebrospinal fluid of patients with inflam-
matory and demyelinating diseases such as acute demyelinating
encephalomyelitis and multiple sclerosis (26).

In addition to its action on the CNS, HGF shows immunomo-
dulatory effects: on the one hand, HGF originally was reported to
promote adhesion of B cells (27) and migration of T cells (28) as
well as recruitment of dendritic cells (DC) (29). Moreover, HGF
was reported to inhibit secretion of TGF-p (30), a potent antiin-
flammatory cytokine known to inhibit the progression of exper-
imental autoimmune encephalomyelitis (EAE) (31). On the other
hand, HGF was identified more recently as having protective ef-
fects in animal models of inflammatory-mediated diseases includ-
ing myocarditis (32, 33), glomerulonephritis (30, 34), inflammatory
bowel disease (35), collagen-induced arthritis (36), and pulmonary
fibrosis (37).

In the present report, we assess the effect of an overexpression
of HGF in the CNS of C57BL/6 mice carrying a HGF transgene
under the control of a neuron-specific enolase (NSE) promoter
(HGF-Tg mice) leading to selective overexpression of HGF by
neurons in the CNS. In contrast, HGF serum levels were similar
to those in WT littermate controls. Introduction of HGF under
the control of the NSE promoter into mice leads to expression of
HGF specifically in postnatal neurons of the CNS and sub-
sequent extracellular secretion of HGF in the CNS, where it can
act both on neurons and on other types of postnatal cells, such as
glial and immune cells. In this experimental setup, the neural as
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well as the glial system have been found to be physiologically
normal during development and in the adult (20, 38, 39).

EAE induced either by immunization with myelin oligoden-
drocyte glycoprotein (MOG) peptide consisting of amino acids
35-55 [MOG(35-55)] or by adoptive transfer of T cells from 2D2
transgenic mice that express a T-cell receptor (TCR) specific for
MOG(35-55), (TCRM9°) was inhibited before peak disease was
reached in HGF-Tg mice. Notably, the level of inflammatory
cells infiltrating the CNS decreased in these mice except for
CD25"Foxp3™ regulatory T (Te,) cells, which increased. In
addition, a strong T-helper cell type 2 (Th2) cytokine bias was
observed: TNF-a, IFN-y, and IL-12p70 were decreased in the
spinal cord of HGF-Tg mice, whereas IL-4 and IL-10 were
increased. Antigen-specific response (ASR) assays showed that
HGF is a potent immunomodulatory factor that inhibits DC
function through down-regulation of their CD40 expression
together with a decrease in IL-12p70 secretion. Furthermore,
DC treated in vitro with recombinant mouse HGF (rHGF)
induced differentiation of IL-10—-producing T, cells, along with
a decrease in IL-17-producing T cells and a down-regulation of
surface markers of T-cell activation.

Collectively, our data strongly suggest that HGF can inhibit
the clinical course of EAE through DC tolerization and induc-
tion of T.g-cell population.

Results

MOG-Induced EAE Is Inhibited in HGF-Tg Mice. The HGF content in
the spinal cord of HGF-Tg mice, as assessed by real-time PCR and
ELISA, was significantly increased (ca. 2.5-fold) compared with
WT littermates. In contrast, serum levels of HGF, determined by
ELISA, did not differ significantly in HGF-Tg and WT littermate
mice (Fig. 14) (20). EAE was induced in HGF-Tg and WT lit-
termate C57BL/6 mice using MOG(35-55) peptide. The clinical
course of EAE was inhibited in HGF-Tg mice before peak disease
was reached [day postimmunization (dpi) 18] until the chronic
phase (dpi 45) (Fig. 1B). Histopathological analysis of spinal cord
performed at peak disease (dpi 25) showed that there was less
inflammatory infiltrate (determined by H&E staining) and
demyelination (determined by luxol fast blue staining) in HGF-Tg
mice, as demonstrated by a decrease in the mean number (+
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standard error of the mean, SEM) of lesions per slide (Fig. 1 C
and D). Fewer inflammatory CD4" T-cell, CD8* T-cell, CD11b,
and CD11c cell subtypes were observed in the spinal cord of HGF-
Tg mice than in the spinal cord of WT mice (Fig. 1E). In addition,
Bielschowsky’s silver staining indicated a trend toward a decrease
in axonal damage in HGF-Tg mice, but the difference did not
reach statistical significance (Fig. 1 C and D).

CNS Overexpression of HGF Does Not Influence Splenocyte Function
During EAE. Splenocytes of HGF-Tg mice and WT littermates were
isolated at peak disease (dpi 25), and cell surface and intracellular
markers were analyzed by flow cytometry. No differences between
the two groups of mice were observed in the frequency of CD4™,
CD8*, or CD4"CD25*Foxp3* T cells, CD11c'CD11b* macro-
phages, or CD11c* DC (Fig. 24). When proliferation assays were
performed to evaluate the possible influence of CNS-specific
overexpression of HGF on peripheral T cells, increased T-cell
proliferation was observed with escalating concentrations of
MOG peptide, but no difference was observed between HGF-Tg
and WT mice (Fig. 2B). Analysis of splenocytes by FACS at EAE
peak disease was performed with distinction of CD4* T cells for
IFN-y (T-helper type 1, Thl), IL-10 (Th2), and IL-17 (T-helper
type 17, Th17) subsets. No distinction was observed in the spleen
for these three CD4* T-cell subsets when WT and HGF-Tg mice
were compared (Fig. 2C). To confirm the absence of specific
splenic HGF increase in HGF-Tg mice, we analyzed the HGF
content from whole spleen in WT and HGF-Tg mice. The results
showed no difference in the splenic HGF content in normal and
EAE peak-disease conditions (Fig. S1 4 and B). To confirm fur-
ther that HGF had no effect on splenocyte proliferation during
EAE, a proliferation assay with increasing doses of HGF was
performed. No proliferation of splenocytes was observed in either
WT or HGF-Tg mice at various HGF concentrations (Fig. S1C).

Increase of CD25"Foxp3™ T,y Cells and Induction of a Th2 Cytokine
Bias in the Spinal Cord of HGF-Tg Mice During EAE. Inflammatory cell
infiltrates from pooled spinal cords of HGF-Tg (n = six mice)
and WT littermates (n = five mice) were isolated at peak disease
(dpi 25) by Percoll gradient, stained for surface markers, and
analyzed by flow cytometry. Compared with WT littermates, a

Fig. 1. MOG(35-55)-induced EAE is inhibited in HGF-Tg mice.
(A) HGF in the spinal cord of HGF-Tg mice versus WT littermates
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(n = 3 per group) as measured (Left) by real-time PCR (relative
HGF mRNA expression) or (Center) by ELISA (ng/g of spinal cord)
(mean + SEM). *, P < 0.05. (Right) HGF measured in the serum by
ELISA (ng/ml; mean + SEM). (B) EAE scores were determined
daily after disease onset in HGF-Tg mice (triangles; n = 17) and
WT littermates (squares; n = 18). Shown are mean EAE score +
SEM. The difference was significant before peak disease was
reached (dpi 18) and persisted until the chronic phase (dpi 45).
*, P < 0.05. (C) Histopathology of paraffin-embedded spinal
cord sections from PBS-perfused WT and HGF-Tg mice at peak
disease (dpi 25). Sections were stained with H&E, luxol fast blue
(LFB), or Bielschowsky’s silver staining (BSS) (magnification
200x). (D) Fifteen sections of spinal cord per mouse (n = 6 per
group) were analyzed, and the mean number of lesions per slide
(+SEM) are presented as histograms. *, P < 0.05; ***, P < 0.001.
(E) Representative sections of spinal cord were analyzed. Shown
are T-lymphocyte (CD4 and CD8) (red), macrophage (CD11b)
(red), and DC (CD11c¢) (green) infiltration (magnification: 100x).
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Fig. 2. Unchanged characteristics of splenocyte populations in HGF-Tg mice
during EAE. (A) Splenocytes were isolated from HGF-Tg mice and WT litter-
mates during EAE and stained for CD4, CD8, CD11b, CD11¢c, and CD25-FoxP3.
Bars show percentages of total splenocytes + SEM (n = 3 per group). (B)
Proliferation assay with MOG(35-55) of splenocytes from HGF-Tg mice and WT
littermates (mean cpm + SEM of triplicate experiments; n=3). **, P<0.01; ns,
not significant. (C) Analysis by intracellular cytokine staining of the pro-
duction of IFN-y (Ty1), IL-10 (Ty2), and IL-17 (T 17) in splenocytes at peak dis-
ease. (Left) Bars show percentages of CD4 subtypes + SEM (n = 6 per group).
(Right) Representative dot blots of IFN-y and IL-17 analyses.

decrease of CD4*% and CD8" T cells, CD11c"CD11b* macro-
phages, and CD11c* DC was observed in HGF-Tg spinal cords
(Fig. 34). In contrast, an increase of CD25"Foxp3™ T, cells
was observed in the spinal cords of HGF mice (Fig. 3B). Intra-
cellular staining for IL-17 production in CD4* T cells was lower
in the spinal cord of HGF-Tg mice than in WT littermates (Fig.
3C). In a subsequent experiment, we analyzed by ELISA the
cytokines detected in the supernatant of spinal cord homogenate
of the two groups of mice. We observed a decrease in TNF-a,
IFN-y, and IL-12p70 in HGF-Tg mice, whereas IL-4 and IL-10
were increased (Fig. 3D). The sharp increase in IL-10 (ca. 8-fold)
was confirmed further by real-time PCR (Fig. 3E).

HGF Inhibits Antigen-Presenting Function of DC in Vitro and Induces a
Th2 Cytokine Bias. To assess the ability of HGF to influence DC
function and T-cell proliferation, we performed a mixed lym-
phocyte reaction with DC obtained from BALB/c splenocytes and
T cells from C57BL/6 spleen cells. In parallel, we confirmed that
the cMet receptor was present on the surface of CD11¢c* DC of
C57BL/6 or BALB/c mice but was not expressed by CD4* T cells
(Fig. S2). After incubation with rHGF at various concentrations,
DC were cocultured with T cells, and a proliferation assay was
performed using *H-thymidine incorporation. T-cell proliferation
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Fig. 3.
and an increase in T4 cells. (A) Inflammatory cells were isolated by Percoll
gradient from pooled spinal cords of HGF-Tg (n = 6) versus WT littermates (n = 5)
at EAE peak disease (dpi 25) and were stained for CD4, CD8, CD11b, and CD11c.
Bars show percentages of total cells. Spinal cord inflammatory cells were stained
further (B) for CD4-CD25 (histogram; percentage of total CD4* T cells) and CD4-
CD25-FoxP3 (dot blots) or (C) for IL-17. (D) Spinal cord supernatants from HGF-Tg
mice and WT littermates (n = 3 per group) from a subsequent EAE were analyzed
by ELISA for cytokines. Shown are the mean + SEM of experiments performed in
triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) The increase of IL-10
detected by ELISA in the spinal cord of HGF-Tg mice at peak disease was con-
firmed by real-time PCR analysis. *, P < 0.05.

was inhibited in a dose-dependant manner when allogeneic DC
were pretreated with tHGF (Fig. S3). We further evaluated the
ability of rHGF to inhibit DC function in an in vitro model closer
to EAE, i.e., an ASR assay performed with MOG(35-55). In this
experiment, DC were purified from C57BL/6 mouse splenocytes
and then were treated with THGF at various concentrations
(1-100 ng/mL) or were left untreated and finally were pulsed with
MOG(35-55) peptide (20 pg/mL). In parallel, TCRMY T cells
were obtained from splenocytes of 2D2 mice. After 48 h of
coculture, T-cell proliferation was measured. A significant
inhibition of T-cell proliferation was observed with increasing
concentrations of tHGF (10-100 ng/mL), with the maximum
effect starting at 30 ng/mL (Fig. 44). To confirm that the inhib-
ition of DC function was indeed mediated through the HGF-
cMet pathway, an anti-HGF receptor (a-cMet) neutralizing
antibody (10 pg/mL) was added to the DC before incubation with
rHGF. Inhibition of T-cell proliferation was abrogated com-
pletely by preincubation of DC with the a-cMet antibody across
the entire range of tested rHGF concentration (Fig. 44). Fur-
thermore, we examined the expression of T-cell activation
markers during ASR assays and found that rHGF-treated DC
pulsed with MOG(35-55) were not capable of activating T cells,
which remained in a low state of activation (CD44'*“CD62L" and
CD44intermediate CDEOL*+), In contrast, when the ASR assays were
performed without rHGF pretreatment, T cells were highly
activated (CD44"€"CD62L" and CD4"€"CD62L") (Fig. 4B). We
then analyzed by ELISA the cytokine secretion profiles in the
ASR assay supernatants after DC had been cocultured
with TCRMOS T cells. We observed a decrease in TNF-a, IFN-y,
and IL-12p70, whereas IL-4, IL-10 and, to a lesser extent, TGF-f
were increased when DC were pretreated with rHGF at 30 ng/mL
(Fig. 54). In a subsequent ASR assay, we analyzed intracellular
IFN-y and IL-17 production in CD4" T cells by flow cytometry
and found that IL-17 production was inhibited when CD4™ T cells
were cocultured with rHGF-treated DC. In contrast, there was
no change in T-cell production of IFN-y (Fig. 5B). Finally, the
expression of costimulatory surface molecules on DC (CDA40,
CD80, CD86, and MHC class II) was measured by flow cytometry
during ASR assays. Unlike CD80, CD86, and MHC class II, a
decrease in CD40 expression was observed under rHGF influence
and was reversed when DC were pretreated with the o-cMet
receptor antibody (Fig. S4).

HGF-Treated DC Induce Expansion of CD25"Foxp3* T4 Cells in Vitro
with Increased IL-10 Production. Because with rHGF pretreatment
we observed a strong increase of IL-10 in both the spinal cord
of HGF-Tg mice and the DC plus T-cell culture supernatant
from ASR assays, we also examined by flow cytometry whether
rHGF-treated DC could promote the induction of CD25 *FoxP3*
T,eg cells, known to be the major IL-10-producing subtype of
T cells. Indeed, a strong increase in CD25*FoxP3* Treg cells was
observed when rHGF-treated DC, pulsed with MOG(35-55), were

Spinal cord inflammation of HGF-Tg mice is characterized by a Th2 bias
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Fig. 4. HGF inhibits in vitro CD11c* DC function and T-cell activation
markers. (A) ASR assay performed with C57BL/6 CD11c* cells stimulated with
MOG(35-55) and coincubated with TCRMOC T cells. T-cell proliferation was
analyzed after CD11c* cells were pretreated with a-cMet-blocking antibody
or were left untreated and then were preincubated with increasing con-
centrations of rHGF. **, P < 0.01; *** P < 0.001. (B) FACS staining for CD44
and CD62L coreceptors of CD4* T cells after CD11c* cells were preincubated
with rHGF (30 ng/mL) or were not preincubated. Results shown are the mean
of three to five independent experiments + SEM. *, P < 0.05; ***, P < 0.001.

cocultured with TCRMOC T cells (Fig. 5C). This effect was abro-
gated when DCwere pretreated with a-cMet antibody. Also, HGF
had no direct influence on CD4* T cells (in contrast to IL-2 plus
TGF-p, which was used as positive control). Intracellular staining
performed during ASR assays showed an increase of IL-10 in
CD4*, CD4"CD25* (Fig. S5), and CD4*CD25*Foxp3™ T cells
(Fig. 5D) when DC were pretreated with rHGF. Again, this effect
was reversed by preincubation of DC with a-cMet antibody. In
addition, most IL-10"CD25* T cells were TCR™°C T cells (TCR
VB11%), demonstrating that MOG autoreactive transgenic T cells
could be skewed toward a less inflammatory profile by rHGF-
treated DC (Fig. 5D).

EAE Induced by Adoptive Transfer of TCRMS T Cells Is Inhibited in
HGF-Tg Mice. To confirm our results further, we performed EAE
experiments with adoptive transfer of TCR™°C T cells from 2D2
transgenic mice. EAE was inhibited significantly in HGF-Tg mice,
compared with WT littermates, before peak disease was reached
(dpi 15) (Fig. 64). At peak disease (dpi 23), analysis of spinal cord-
infiltrating inflammatory cells was performed by flow cytometry to
evaluate CD25" IL10-producing T cells as well as surface markers
of T-cell activation. The results showed a strong increase in the
CD25*IL10* T-cell population in HGF-Tg mice as compared
with WT mice (Fig. 6B). Analysis of T-cell activation markers at
EAE peak disease confirmed our previous in vitro data (ASR; Fig.
4B) by showing that spinal cord CD4* T cells were maintained in a
state of low activation (CD44'°“CD62L") in HGF-Tg mice,
whereas CD4* T cells (CD44"€"CD62L") were activated mostly
in WT mice (Fig. 6C).

Discussion

HGEF is a pleiotropic factor that acts by binding to the HGF
tyrosine kinase receptor, cMet (11). HGF and cMet are
expressed in brain-resident cells including neurons (24), mature
oligodendrocytes (21, 22), OPC (17, 18, 22), and microglia (19).
In addition to its neuroprotective effect, HGF is known to
influence inflammation. However, whether its global immuno-
modulatory effect is pro- or antiinflammatory is still unclear. On
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Fig. 5. HGF-treated DC induce a Th2 cytokine bias and CD25"FoxP3* T,eg-
dependant IL-10 production but decrease IL-17. (A) ELISA analysis of cytokines
from ASR supernatant: TNF-o, IFN-y, and IL12p70 are decreased, whereas
TGF-B, IL-4, and IL-10 are increased. Results shown are mean + SEM of triplicate
experiments; rHGF added at 30 ng/mL. **, P < 0.01; ***, P < 0.001. (B) Intra-
cellular staining of splenocytes from ASR experiments: CD4* T-cell-dependant
production of IL-17 was inhibited by rHGF-treated CD11c* cells. Figures are
representative of four independent experiments. (C) CD4* T cells were stained
for CD25-FoxP3 after CD11c* cells were treated with rHGF (30 ng/mL) or left
untreated. HGF-treated DCinduce a strong increase in T4 cells. The effect of
HGF on CD11c* cells was inhibited by preincubation of CD11c* cells with
a-cMet-blocking antibody. HGF had no direct effect on CD4* T cells, but IL-2/
TGFp-treated CD4" T cells induced the production of CD25*FoxP3™ T,q cells
(positive control). (D) IL-10 production (intracellular staining) was increased in
CD25FoxP3* Teq cells and VB11(TCRMOC) CD25 T cells when T cells were
cocultured with rHGF-treated CD11c* cells. This effect was inhibited when
CD11c* cells were preincubated with a-cMet-blocking antibody. Figures are
representative of four to six independent ASR experiments.

the one hand, HGF is known to increase adhesion and migration
of inflammatory cells of both the adaptive and the innate
immune system (27-29). On the other hand, several antiin-
flammatory effects of HGF have been described, including (i) a
Th2/T-helper cell type 3 (Th3) bystander deviation with increase
of TGF-p and IL-10 (33, 40), (if) inhibition of antigen-presenting
cell (APC) function (40, 41), (iii) down-regulation of monocyte
chemotactic protein-1 (MCP-1) and regulated upon activation,
normal T cell expressed and secreted (RANTES) chemokines
(42), and (iv) blocking of NF-kB function (42). All these effects
could contribute to the protective action of HGF in EAE and/or
multiple sclerosis (43, 44).

Here we show that overexpression of HGF in the CNS of
transgenic mice inhibits the EAE clinical course by using two
different methods of disease induction: MOG immunization and
adoptive transfer of MOG-specific T cells. This finding is con-
firmed by histological observations that show a decrease of
inflammatory lesions as well as a lower level of demyelination
and axonal loss in HGF-Tg mice. Analyses by flow cytometry of
inflammatory cell phenotypes in the spinal cord show that the
total number of T cells and APCs was decreased in HGF-Tg
mice during EAE, with the exception of the T, cell population,
which increased. Of note, HGF was up-regulated exclusively in
the CNS and not in the systemic compartment, as demonstrated
by the absence of a significant influence of the transgene on spleen
cells. The reduction of CNS inflammation in HGF-Tg mice was
associated with a decrease of proinflammatory (Th1l) cytokines
including TNF-a, INF-y, and IL12p70, whereas the antiin-
flammatory (Th2) cytokine IL-10 was strongly increased. In vitro

PNAS | April 6,2010 | vol. 107 | no. 14 | 6427

IMMUNOLOGY


http://www.pnas.org/cgi/data/0912437107/DCSupplemental/Supplemental_PDF#nameddest=sfig05

A By W
2 0.34%
L * 40 ek
'
251 —m-WT
2{ ——HGF £ %0
®
H = coxsape o
815 - = 2
@ A HGF ‘2
R = a8
g a
£ . 27.2% O 10
o 05 -
0
0 WT  HGF
8 10 12 14 16 18 20 22
Days after adoptive transfer A
k! 7 10 107
cozae

CD25
CD44'ow/CD62L*  CD44hsh/CD62L"
30 * 60 *
a 20 40
N
a
10 20
o
WT HGF WT HGF

CD44

Fig. 6. EAE induced by adoptive transfer of TCRMC-specific (2D2) T cells is
inhibited in HGF-Tg mice. Adoptive transfer of TCRM?S T cells in HGF-Tg mice
(n = 10) and WT littermates (n = 12). (A) EAE was inhibited in HGF-Tg mice
before peak disease was reached. Shown is the mean clinical score + SEM at
day 15 after adoptive transfer. *, P < 0.05. (B and C) Inflammatory cells
infiltrating the spinal cord of HGF-Tg mice and WT littermates (n = 5 per
group) at EAE peak disease (day 23 after adoptive transfer) were isolated by
Percoll gradient and stained by flow cytometry. (B) (Left) Representative dot
blots of CD25 and IL-10 analyses. (Right) CD25-dependent IL-10 production
was increased in the spinal cord of HGF-Tg mice (mean + SEM). **, P < 0.01.
(C) Staining for CD44 and CD62L coreceptors showed that CD4* T cells in the
spinal cord of HGF-Tg mice were maintained in a low state of activation.
(Left) Representative dot blots of CD62L CD44 analyses on T cells. (Right)
Mean + SEM, n = 3 per group. *, P < 0.05.

assays (i.e., ASR) mimicking immune response during EAE with
DC stimulated by MOG with or without HGF and coincubated
with TCRMO€ T cells demonstrated (i) inhibition of DC function
(including a decrease in costimulatory CD40 on DC and IL12p70
secretion together with an inhibition of T-cell proliferation), (i) a
cytokine Th2 bias similar to that detected in the spinal cord of
EAE mice, (iii) induction of Foxp3* Ty, cells with a high pro-
portion of IL-10-secreting cells, and (iv) inhibition of surface
markers of T-cell activation. All these effects were driven by
HGF-tolerized DC, and HGF had no direct effect on CD4* T
cells. In addition, the effects of HGF on DC were abrogated when
DCwere pretreated with blocking antibody directed against cMet,
the HGF receptor, thereby indicating that the observed effects
were related specifically to DC activation through the HGF-cMet
pathway. Finally, EAE experiments were repeated using adoptive
transfer of TCRMOC CD4™" T cells, and the results confirmed that
inhibition of EAE in HGF-Tg mice is driven specifically through
an increase of IL-10-producing T, cells and maintenance of T
cells in a low state of activation.

HGF has been shown previously to be protective in various
animal models of immune-mediated diseases such as myocarditis
(32, 33), glomerulonephritis (30, 34), inflammatory bowel disease
(35), collagen-induced arthritis (36), pulmonary fibrosis (37),
allogeneic heart transplantation (45), graft-vs.-host disease (46),
and asthma (47). According to these studies, HGF may amelio-
rate both Thl-type—dominated (33, 36) and Th2-type—dominated
(40, 47) autoimmune responses. Interestingly, a recent report
demonstrated that, in an experimental model of airway allergy,
HGF might repress DC function without up-regulation of IL-10
(40). In contrast, our data along with recent reports on murine
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models of cardiac transplantation (45) and autoimmune myo-
carditis (33) clearly show an HGF-dependant induction of both
Tieg cells and IL-10.

The HGF receptor cMet is not expressed on CD4* and CD8* T
cells but can be detected on APC including CD11b* monocyte-
macrophages and CD11c* DC. Of note, DC are the most efficient
APC and are crucial in the EAE model, because the presence of
DC alone is sufficient to present antigen in vivo to primed myelin-
reactive T cells and to mediate CNS inflammation and develop-
ment of clinical disease (43). Thus, a selective tolerization of DC
as demonstrated in the present report could be sufficient to
explain the inhibition of EAE. However, because cMet also is
expressed on other APC, we cannot exclude completely the pos-
sibility that the protective effect of HGF observed in EAE also
could be mediated by tolerized monocytes/macrophages.

Two plasminogen-related growth factors have been identified
so far: HGF and HGF-like/macrophage-stimulating protein
(HGFI/MSP) (48). The receptor for HGFI/MSP is a tyrosine
receptor kinase, recepteur d’origine nantais (RON) (49), closely
related to cMet, thereby suggesting a coevolution of these growth
factors and their receptors. Of note, mice lacking RON show an
exacerbation of symptoms during EAE, with overall worsened
disease severity, increased demyelination, axonal loss, and neu-
roinflammation (50). Hence, these data suggest that both HGF
and HGFI/MSP are protective in EAE.

In addition to its immunomodulatory effect, the role of HGF in
regulating the survival, the differentiation, and the promotion of
axonal outgrowth of various neuronal populations, including
sensory, sympathetic, and motor neurons, has been firmly estab-
lished (24). HGF is known to be a potent neuroprotective factor
and also is able to induce differentiation of OPC into new myelin-
forming cells (18). We recently demonstrated that HGF can be
produced by microglia under TGF-p stimulation and can act as a
chemotactic factor inducing migration of myelin-forming cells
(i.e., OPC) into demyelinated lesions (17). Given that c-Met is
expressed and phosphorylated in both OPCs and oligodendrocytes
(22) and that activation of caspase-3 in oligodendrocytes can be
attenuated by HGF application in the animal model of spinal cord
injury (21), we cannot exclude the possibility that the beneficial
effects of HGF overexpression in the CNS might be mediated
partially via the prevention of oligodendrocytic cell degeneration.
The importance of these mechanisms in the attenuation of EAE
lesions in HGF-Tg mice remains to be determined.

In conclusion, our data demonstrate that HGF is a strong
immunomodulator that inhibits EAE, a model of CNS auto-
immunity closely resembling multiple sclerosis. HGF is able to
induce tolerization of DC and to inhibit T-cell function at different
levels. Our data are in accordance with recent publications showing
that the immunomodulatory effects of HGF are mediated through
APC tolerization and induction of an antiinflammatory (Th2)
cytokine pattern (33, 40, 41). Along with the previous observations
that HGF is a strong neuroprotector (24) and potentially could
trigger remyelination (17, 18), our results suggest that HGF might
be a promising candidate for the development of treatments for
immune-mediated demyelinating diseases associated with neuro-
degeneration, such as multiple sclerosis.

Methods

Mice, Induction of EAE, and Isolation of CNS-Infiltrating Mononuclear Cells.
NSE-HGF-Tg mice were generously provided by H. Nakamura and T. Funa-
koshi (University of Osaka), and genotyping was performed as described (20).
The transgenic founder mice (C57BL/6J background) were bred with WT
C57BL/6J mice and backcrossed at least 15 times before EAE induction. 2D2
(TCRMOS) transgenic mice were generously provided by V. Kuchroo (Harvard
Medical School). All mice were bred in house under pathogen-free con-
ditions and were used at 8-10 weeks of age. Animal experiments were
approved by the local veterinary office (Geneva, Switzerland) according to
Swiss ethical regulations. For active immunization, female HGF-Tg mice and
WT littermates were immunized with MOG(35-55) as described (51). For
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adoptive transfer, spleen cells from TCRM©€ transgenic mice were stimulated
with MOG(35-55) and IL-12p70 (R&D Systems) for 4 days. At day 5, CD4* T
cells were isolated and injected into recipient mice (7 x 10° cells per mouse).
Animals received pertussis toxin (300 ng per mouse) on days 0 and 2 after T-
cell transfer. Mice were assigned clinical scores daily as described (51). CNS
mononuclear cells were isolated as described (52).

ASR Assays and T-Cell Proliferation Assay. CD4* T cells and CD11c* cells were
selected from spleen cells using MicroBeads (Miltenyi Biotec) according to
the manufacturer’s protocol. DC were incubated with rHGF (eBioscience) (1-
100 ng/mL) for 24 h. As a negative control, DC were preincubated with anti-
cMet antibody (10 pg/mL; eBioscience). To examine the effect of HGF on Ag
presentation, DC were pulsed with MOG(35-55) (20 pg/mL). After washing
with PBS, DC (1 x 10°/mL) were cocultured with CD4* T cells (1 x 10%mL)
obtained from 2D2 (TCRM®€) transgenic mice. Proliferation assays were
performed as described elsewhere (43).

Methodologies are described in S/ Methods.
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RNA Isolation and Real-Time PCR. RNA was extracted from spinal cords of mice.
The spinal cords were flushed with ice-cold PBS, and RNA was isolated using
RNAeasy MiniKits (Qiagen) following the manufacturer’sinstructions. The PCR
was performed as described previously (20). Results were quantified relative to
astandard curve generated with serial dilutions of a reference cDNA froma DC
line and normalized using TATA-biding protein mRNA. Each experiment was
repeated at least three times, and values were expressed as mean + SEM.

Statistical Analysis. Statistical analysis was performed using two-tailed Stu-
dent’s t test. P < 0.05 was considered statistically significant.
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Supplementary Figure 1. HGF in not increase in the spleen and does not induce proliferation of
splenic T cell during EAE. HGF measured by ELISA in spleen cells in WT versus HGF-Tg mice
before (a) and during EAE peak disease (b) (n=3; = SEM, each experiment in triplicate). Proliferation
assay of splenocytes with rHGF (0 to 50 ng/ml) in HGF-Tg mice and WT littermates during EAE peak

disease (C) (dpi 25; mean counts per minute = SEM; n=3; each experiment in triplicate).
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Supplementary Figure 2. The c-Met (HGF) receptor is present on the surface of CD11c" cells but
not on CD4" T cells. (a) c-Met receptor staining on the surface of CD11c” and CD4" T cells from
fresh C57BL/6 splenocytes (figures representative of four independent experiments). (b) Detection of

the c-Met receptor by RT-PCR on CD11c" and CD4" T cells from fresh C57BL/6 splenocytes.
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Benkhoucha et al. Supplementary Figure 3
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Supplementary Figure 3. Influence of HGF on DC function and T cell proliferation assessed by
mixed lymphocyte reaction (MLR). MLR were performed through co-incubation of purified CD11c"
cells (DCs) from BALB/c mice and purified CD4" T cells from C57BL/6 mice. T cell proliferation
was analyzed after CD11c" cells were pre-incubated with increasing concentrations of tHGF (mean

counts per minute = SEM; triplicate wells).
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Supplementary Figure 4. HGF inhibits in vitro expression of CD40 in CD11c¢” DC. ASR staining
for co-receptors of CD11c" cells including CD40, CD80, CD86, MHCII. CD40 expression was
inhibited by rHGF (rHGF at 30 ng/ml; figures representatives of four independent experiments).
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Benkhoucha et al. Supplementary Figure 5
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Supplementary Figure 5. HGF-treated DCs induce IL-10 production in CD4" and CD4"CD25" T
cells. IL-10 intracellular staining for CD4" T cells and for CD4"CD25" T cells from ASR experiments:
IL-10 production was increased in both T cell subtypes when T cells were co-cultured with rHGF-
treated CD11¢” DC. HGF effect on CD11c¢" cells was inhibited by pre-incubation of CD11c¢" cells with

a-c-Met blocking Ab (figures representatives of four independent experiments).
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Repetitive pertussis toxin promotes development of regulatory T cells and

prevents CNS autoimmune disease

Martin S. Weber, Mahdia Benkhoucha, Klaus Lehmann-Horn, Johann Sellner, Michel
Chofflon, Scott S. Zamvil, Patrice H. Lalive

Submitted for publication

INTRODUCTION

Pertussis toxin (PTX) is a protein produced by Bordetella pertussis. PTX is included
in many a cellular Bordetella pertussis vaccines under it chemically or genetically detoxified
form. It is used as an adjuvant for EAE induction. The mechanism by which i.v. PTX
administration facilitates EAE is complex and not entirely understood. Activity of PTX is
mainly attributed to an increased permeabilization of the otherwise cell-restrictive blood-brain
barrier leading to an influx of immune cells into the CNS and induces a CD4 Thl cell-
mediated inflammatory response in the CNS, PTX increases expression of cerebrovascular
adhesion molecules and promotes maturation and functional capacity of APC, increases
production and release of pro-inflammatory cytokines such as IL-12 and decreases secretion
of anti-inflammatory IL-10. It has been shown that PTX reduces number and function of
Treg cells when it’s used as an adjuvant for EAE induction, whereas its promote development
of encephalitogenic Th-17 cells. Regarding all these effects, PTX may use different
mechanisms to promote induction of EAE. Bacteria may also play a role in resistance to
autoimmune diseases.

The work presented in this section describe that mice continuously exposed to PTX
are indeed protected from active EAE induction which is associated with important decrease
of proliferation and pro-inflammatory differentiation of myelin-reactive T cells. Interestingly,
we showed that PTX treatment prior to disease induction elevated serum levels for TGF-3 and
IL-10 and promoted expansion of Treg. In vitro experiment confirmed that these anti-

inflammatory cytokines appeared to be specifically produced by PTX responsive T cells.
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Our data joint other findings which indicate that certain bacteria may protect against the
development of autoimmune diseases. These results also suggest the potential use for still-

unidentified bacterial agents in the manipulation of certain autoimmune diseases.

OBJECTIVES
To investigated whether continuous PTX pre-treatment may exert an

immunomodulatory effect and inhibit EAE course, by blocking T cell responses to Ag.
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Abstract

Background: Pertussis toxin (PTx), the major virulence factor of Bordetella pertussis is
widely wused to enhance incidence and severity of experimental autoimmune
encephalomyelitis (EAE), the animal model of multiple sclerosis (MS). Its adjuvant effect is
mainly attributed to a facilitated migration of activated immune cells across the blood brain
barrier (BBB) into the central nervous system (CNS).

Methods and Findings: We investigated the immunological effects of repetitive PTx
administration using C57Bl/6 wild-type and MOG p35-55 T cell receptor transgenic mice.
While weekly intravenous (i.v.) injections for up to six months did not alter non-specific
immune responses or antigen (Ag)-specific T cell responses to PTx or myelin Ag, mice
exposed repetitively to PTx were largely protected from subsequent EAE induction. EAE
resistance was reflected by a decreased proliferation and pro-inflammatory differentiation of
myelin-reactive T cells. Splenocytes isolated from these mice produced regulatory IL-10
upon re-stimulation with PTx, but not in response to myelin Ag or a non-specific T cell
stimulus. Longitudinal analyses revealed that pre-exposure of mice to PTx had elevated serum
levels for TGF- and IL-10 prior to disease induction. Most strikingly, repetitive PTx
treatment had promoted development of CD4 CD25 FoxP3" regulatory T cells (Treg) as early
as 6 weeks after treatment initiation.

Conclusions: These data suggest that repetitive PTx treatment protects mice from CNS
autoimmune disease through expansion of CD4 CD25'FoxP3" Treg. Besides their
therapeutic implications, our findings indicate that encounter of the immune system with
microbial products may not only be part of CNS autoimmune disease pathogenesis but also of

its regulation.
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Introduction

Pertussis toxin (PTx) is used for over three decades as an adjuvant to induce
experimental autoimmune encephalomyelitis (EAE) in combination with myelin Ag. The
105-kDa protein is produced by Bordetella pertussis and is the cause for whooping cough in
humans. In a chemically or genetically detoxified form, PTx is included in many acellular
Bordetella pertussis vaccines'. Structurally, PTx is composed of five proteins (S1, S2, S3, S4,
and S5) and belongs to the A-B class of exotoxins”. The B subunit contains S2-S5 and binds
to the surface of many eukaryotic cells. The A subunit S1, is subsequently released into the
cytoplasm where it interferes with the inhibitory activity of Gi proteins unleashing
intracellular signaling’.

The mechanism by which i.v. PTx administration facilitates EAE is complex and not
entirely understood. Activity of PTx is mainly attributed to an increased permeabilization of
the otherwise cell-restrictive blood-brain barrier leading to an influx of immune cells into the
CNS*. This assumption may not be conclusive as recent data suggest that PTx increases
expression of cerebrovascular adhesion molecules®’, proposing an alternative mechanism by
which PTx may facilitate leukocyte migration into the brain. PTx further promotes maturation
and functional capacity of antigen presenting cells (APC)®, increases production and release
of pro-inflammatory cytokines such as IL-12° and decreases secretion of anti-inflammatory
IL-10"°. When used as an adjuvant for EAE induction, PTx reduces number and function of

112 while promoting development of encephalitogenic Th-17 cells'>. Taken together,

Treg
PTx may utilize multiple mechanisms to promote development of EAE.

Several primarily pro-inflammatory bacterial agents including PTx apparently also
have protective properties when the immune system encounters them under certain
circumstances. In this regard, pre-exposure of mice to Bordetella pertussis surprisingly
protected from EAE induction'® which could be attributed to the toxin produced, as
genetically altered PTx failed to suppress CNS autoimmune disease'’. Notwithstanding these
initial observations, they left unclear how PTx facilitates EAE in one setting but may hinder
its induction in another setting. In our study, we demonstrate that mice continuously exposed
to PTx are indeed protected from active EAE induction which is associated with a markedly
decreased proliferation and pro-inflammatory differentiation of myelin-reactive T cells. PTx
treatment prior to disease induction elevated serum levels for TGF-f and IL-10 and promoted
expansion of Treg. These anti-inflammatory cytokines appeared to be specifically produced
by PTx responsive T cells, as in vitro re-stimulation with PTx, but not with any other stimulus

could trigger their release.
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Materials and methods

Mice and EAE induction. C57BL/6 female mice, 5-8 weeks of age, were purchased from the
Jackson Laboratory (Bar Harbor, MN). C57BL/6 MOG 35-55-specific T cell receptor
transgenic mice '® were kindly provided by Vijay K. Kuchroo (Harvard University). Mouse
myelin oligodendrocyte glycoprotein (MOG) peptide 35-55
(MEVGWYRSPFSRVVHLYRNGK) was synthesized and purified (>99%) by Auspep
(Parkville, Australia). Age-matched mice were immunized subcutaneously (s.c.) with 25ug
MOG p35-55 in 0.1 ml of PBS emulsified in an equal volume of complete Freund’s adjuvant
(CFA) supplemented with 2 mg/ml of mycobacterium tuberculosis H37RA on day 0 (DIFCO
Laboratories, Detroit, Michigan, USA). After immunization and 48 hrs later mice received an
intravenous (i.v.) injection of 300 ng of bordetella pertussis toxin (PTx) in 0.2 ml of PBS'"'®,
Individual animals were observed daily and clinical scores were assessed in a blinded fashion
as follows: 0 = no clinical disease, 1 = loss of tail tone only, 2 = mild monoparesis or
paraparesis, 3 = severe paraparesis, 4 = paraplegia and/or quadraparesis, and 5 = moribund or

death. At least three independent experiments were conducted with a minimum of 8 mice per

group.

Pertussis toxin treatment. PTx was purchased from List, Biological Laboratories Inc.
(Campbell, USA). Age-matched mice received weekly i.v. injections with 300 ng PTx or
OVA 323-339 (Abgent, Inc., San Diego, USA) in 0.2 ml of PBS or PBS alone starting 10
weeks or 6 months prior to EAE induction, respectively. Mice were examined clinically every

other day.

Proliferation Assays. Proliferative responses were measured using splenocytes. 5 x 10°
spleen cells were cultured with antigen, in 0.2 ml RPMI medium supplemented with 5 x 107
M 2-mercaptoethanol, 2 mM glutamine, 100 pg/ml penicillin, and 100 pg/ml streptomycin.
Anti-mouse CD3/CD28 or phytohemagglutinin (PHA; BD Biosciences, Franklin Lakes,
USA) were used as positive control. After 72 hr, cultures were pulsed with 1 uCi [*H]-
thymidine and harvested 16 hr later. Mean counts per minute (cpm) of [*H] thymidine

incorporation was calculated for triplicate cultures.
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Cytokine analysis. Serum samples were obtained at the time-point indicated for cytokine
analysis. Culture supernatants were collected at various time-points, 72-hr (TNF, IFN-y,
TGF-B), and 120-hr (IL-10). ELISA was performed using paired monoclonal antibodies
specific for corresponding cytokines per manufacturer’s recommendations (Pharmingen, San
Diego, CA). The results for ELISA assays are expressed as an average of triplicate wells +/-
SD. SOFTmax ELISA plate reader and software was used for data analysis (Molecular

Devices Corporation, Sunnyvale, CA).

FACS analysis of CD4"CD25" FoxP3" Treg. Development of CD4 CD25 FoxP3" Treg
was evaluated using a FACS staining kit by eBiosience (San Diego, USA).

Histopathology. Brains and spinal cords of mice were fixed in 10% formalin. Sections were
stained with Luxol fast blue-hematoxylin and eosin. Parenchymal inflammatory lesions were

. 19,20
counted as described .

Statistical analysis. Data are presented as mean + SEM. For clinical scores significance
between groups was examined using the Mann-Whitney U test. A value of p < 0.05 was
considered significant. All other statistical analysis was performed using a one-way multiple-
range analysis of variance test (ANOVA) for multiple comparisons. A value of p < 0.01 was

considered significant.
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Results

Continuous PTx treatment is not immunosuppresive and does not induce tolerization
First, we investigated whether continuous PTx pre-treatment may exert a general specific
immunosuppressive effect or may have tolerized mice for PTx, possibly hindering subsequent
EAE induction using this adjuvant. Representative mice in both the PTx pre-treated group as
well as in the control-treated group were sacrificed before EAE immunization and T cell
responses to PTx, myelin Ag’s and a mitogen were analysed (Fig. 1a-d). Proliferation of
splenocytes in response to stimulation with PTx was not significantly different between PTx
pre-treated and control-treated mice. In both groups, maximal proliferation was obtained at a
PTx concentration of 200 and 400 ng (Fig. 1a). Similarly, no difference in proliferation was
observed upon non-specific stimulation with phytohaemagglutinin (PHA) between PTx pre-
treated and non pre-treated mice (Fig. 1b). Thus, continous PTx pre-treatment had no
apparent tolerizing or immunosuppressive effect.

We next examined whether continuous PTX treatment may have generated myelin-
specific T cell responses due to its presumed ability to increase permeabilization of the blood-
brain-barrier. As shown in figure 1c and d, no peripheral proliferative response to myelin Ag
was observed though, either in the group treated with PTx or in the control group. To further
address the question whether repetitively PTx-facilitated transmigration of myelin-specific T
cells may be sufficient to induce CNS autoimmune disease, MOG p35-55 T cell receptor
transgenic mice'® were injected with PTx weekly over six months (Fig. 1e-f). None of these
mice, which are highly susceptible to EAE, developed clinical signs of EAE (data not shown).
Further, similar to wild-type mice, PTx treatment did not alter T cell responses to PTx (Fig.

1e) or MOG p35-55 (Fig. 1f) in MOG p35-55 transgenic mice.

Repetitive PTx pre-treatment protects mice against clinical and histological EAE

Mice treated weekly with PTx or control-treated mice were immunized with MOG p35-55
and evaluated for clinical signs of EAE. In comparison with the control-treated group, EAE
was ameliorated in mice pre-treated with PTx (mean clinical score +/- SEM: 1.1 +/- 0.48 vs.
4.3 +/- 0.44; p=0.0001). Further, the onset of clinical symptoms was significantly delayed in
the PTx pre-treated group (15 +/- 1 days) when compared to the control group (10 +/- 7 days)
(p=0.011) (Fig. 2a). Representative sections of the spinal cord and brain were compared
between PTx and control-treated mice. The number of inflammatory lesions as well as the

extent of inflammatory infiltration was significantly lower in the PTx pre-treated group than
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in the control group (mean number of inflammatory lesions per slide +/- SEM: 8,7 +/- 1,17 vs.
17 +/- 2,7). (Fig. 2b). Luxol fast blue staining indicated less or no demyelination in PTx pre-
treated group whereas extensive areas of myelin loss were observed in the control group (Fig.

2C).

Repetitive PTx pre-treatment inhibits pro-inflammatory differentiation of myelin-
specific T cells and promotes anti-inflammatory differentiation of PTx responsive cells.
We next investigated T cell responses to myelin Ag after EAE induction comparing PTx- and
control-pretreated mice. T cell proliferation and cytokine release in response to non-specific
stimulation was not different between the PTx-treated and the control-treated group (Fig. 3a-
d). In contrast, in the PTx-treated group, T cell proliferation was markedly reduced in
response to MOG 35-55, the Ag used for EAE induction (Fig. 3e). In addition, IFN-y
production, a Thl cytokine was also only significantly decreased in the PTx pre-treated group
upon re-stimulation with MOG p35-55 (Fig. 3f), but not with antiCD3/CD28 (Fig. 3b) or PTx
(Fig. 3j). Release of TNF, a pro-inflammatory cytokine mainly secreted by activated antigen
presenting cells and to a lesser degree by T cells, was also analyzed. In contrast to IFN-y,
TNF production was not different between both groups neither upon stimulation with
antiCD3/CD28 (Fig. 3c), MOG 35-55 (Fig. 3g), or PTx (Fig. 3k).

As we had observed that PTx pre-treatment protected mice from subsequent EAE
induction, we investigated whether this pre-treatment had promoted development of anti-
inflammatory cytokines with regulative capacity. Splenocytes from PTx-pre-treated mice
released significant amounts of IL-10 specifically after PTx re-stimulation (Fig. 3l), but not

following re-stimulation with antiCD3/CD28 (Fig. 3d) or MOG 35-55 (Fig. 3h).

Repetitive PTx pre-treatment promotes development of CD4"CD25"FoxP3* Treg

Based upon this observation, we investigated next whether PTx treatment may enhance serum
levels of anti-inflammatory cytokines without any further inflammatory stimulus. We thus
injected mice weekly with PTx or the non-self Ag ovalbumin (OVA; 323-339). Serum
cytokine levels were determined every 3 weeks after initiation of treatment. As shown in
figure 4a, weekly injections with PTx elevated serum levels of IL-10 starting from week 9
after treatment initiation. Even more prominently, PTx injections raised serum levels of TGF-
B (Fig. 4b) starting as early as 6 weeks after the first injection with PTx. In contrast, pro-
inflammatory cytokines levels such as TNF (Fig. 4c) or IFN-y (Fig. 4d) were not elevated.
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As TGF—-, but also IL-10 are involved in development and maintenance of Treg, we
analysed whether PTx pre-treatment was also associated with a longitudinally increased
development of CD4 CD25FoxP3" Treg. As shown in figure 4e and f, continuous PTx
treatment strongly increased the frequency of splenic CD4'CD25 FoxP3" Treg, starting as
early as 6 weeks after initiation of PTx treatment. Upon immunization (at week 10), the PTx-
treated mice -as expected- developed significantly less severe EAE compared to the OVA-
treated control group (Fig. 5a). At the peak of disease severity, clinical benefit was
associated with a sustained increase of Treg (Fig. 5b and c¢) and elevated serum levels of IL-

10 (Fig. 5d).
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Discussion

PTx is widely used as an adjuvant to induce EAE. Its co-administration with myelin Ag
enhances incidence and severity of EAE symptoms and even renders otherwise resistant

21,22

strains susceptible to EAE This EAE-facilitating effect is not restricted to PTx, but has

also been demonstrated for other bacterial Ag’s such as the superantigen staphylococcal

enterotoxin B (SEB)>%°

. In our study, we first administered PTx weekly for six months in a
dose used for EAE induction into mice susceptible for MOG-induced EAE. We hypothesized
that through repetitive permeabilization of the BBB peripherally activated immune cells could
infiltrate into the CNS and lead to T cell recognition of myelin Ag. However, none of the
mice continuously exposed to PTx developed myelin-specific T cell responses or showed any
clinical EAE symptoms throughout the course of PTx treatment. Furthermore, in MOG p35-
55 TCR transgenic mice, of which about 30% develop spontaneous optic neuritis'®, repetitive
PTx alone could not generate myelin-specific T cell responses either and none of the mice
treated for up to 6 months developed clinical symptoms of paralysis.

As reported in two independent earlier studies'*"

, mice repetitively pre-treated with PTx
were in contrast largely protected from subsequent EAE induction. Accordingly, mice
continuously exposed to PTx in our study exhibited markedly decreased proliferation and pro-
inflammatory differentiation of myelin-reactive T cells upon immunization. So how could an
agent with strongly pro-inflammatory, EAE-facilitating properties protect from the same
disease when given repetitively prior to myelin Ag immunization? Several possibilities could
account for this intuitively contradictive phenomenon. Most pro-inflammatory properties of
PTx are frequently explained by its impairment of inhibitory G proteins. PTx was shown to
enhance IL-12 and TNF production facilitating development of Th1 responses’. Similarly,
through upregulation of IL-6, PTx used as an adjuvant promotes generation of IL-17-
producing CD4 cells" and suppresses frequency of CD4'CD25'FoxP3" Treg'"'>. One
possible explanation for the opposing effect of repetitive application is that the continuous
activation might lead to increased T cell apoptosis®®. Data indicate that activated T cells are

particularly susceptible to apoptosis®’>*

, which could have decreased the frequency of self-
reactive effector T cells before EAE induction. However, the unimpaired proliferation and
pro-inflammatory differentiation of myelin-reactive T cells in repetitively PTx pre-treated
MOG p35-55 TCR transgenic mice indicates that enhanced apoptosis of effector T cells may
not account for EAE resistance. Alternatively, continuous exposure to PTx could have

induced T cell anergy”, thereby specifically abolishing PTx’s T cell activating property at the
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time of immunization. This assumption is fuelled by the fact that pre-treatment with
Mycobacterium tuberculosis, which is also part of active EAE induction protocols, similarly
confered protection against CNS autoimmune disease, whereas pretreatment with other
bacterial components, such from Escheriachia coli, Shigella or Staphylococcus aureus failed
to do so'*. However, at least in the case of Mycobacterium tuberculosis, it had been
demonstrated that the protective effect could be attributed to a 12-kDa protein which failed to
activate encephalitogenic T lymphocytes®, indicating that the domain conferring protection
and the one facilitating EAE are not identical. The possibility of T cell anergy as the
explanation for EAE resistance conferred by chronic PTX treatment appears further unlikely
in the light of the unaltered T cell response to PTx in both C57Bl/6 wild-type and MOG p35-
55 TCR transgenic mice treated with PTx over several weeks.

Largely excluding these possibilities, PTx-mediated EAE protection thus might be indeed
mediated through the observed expansion of CD4 'CD25FoxP3" Treg. Development of Treg
was associated with elevated serum levels for TGF-B and IL-10, two cytokines centrally

. . . 1,32
involved in development and maintenance of Treg’ .

These regulatory cytokines are
produced by a variety of immune cells, including T cells as well as various APC. Although it
remains to further studies to investigate which cell(s) released IL-10 and TGF-f3 in response
to repetitive PTx exposure, our current study provides a hint. Splenocytes isolated from PTx-
treated mice secreted enhanced amounts of IL-10 specifically upon re-stimulation with PTx,
but not upon Ag non-specific T cell activation. These findings suggest that IL-10 may not
have been produced by T cells. In this regard, it has been demonstrated that various APC
populations produce increased amounts of IL-10 when stimulated with PTx and that APC
producing IL-10 and TGF-b are very potently promoting expansion of CD4'CD25 FoxP3"
Treg”.

In our study, we identified repetitive PTx treatment as a method to increase the frequency
of Treg which was associated with protection from CNS autoimmune disease. Besides its

therapeutic implication, this finding indicates that some microbial products may not only be

involved in the pathogenesis of CNS autoimmune disease but also in its regulation.
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Figure legends

Figure 1. C57Bl1/6 wild-type (a-d) or MOG p35-55 TCR transgenic mice (e, f) received
weekly i.v. injections with 300 ng PTx in 200 ul of PBS or PBS alone for six months.
Splenocytes were cultured in the presence of various concentrations of (@, €) pertussis toxin

(PTx), (b) phytohemagglutinin (PHA), (c, f) MOG p35-55 or (d) MBP Acl-11.

Figure 2. C57B1/6 mice received weekly i.v. injections with 300 ng PTx in 200 ul of PBS or
PBS alone. After six months of PTx injection, mice were immunized with MOG p35-55 in
CFA and injected i.v. with 300 ng PTx in PBS immediately following the immunization and
48h later. (a) Mice were followed for clinical signs of EAE (mean severity as group average
+/- SEM, * indicates p<0.05). (b+c) 50 days after EAE induction, CNS tissue from all mice
was analysed for histological signs of EAE. Spinal cords were isolated and representative
cervical, lumbal and thoracical sections were evaluated for inflammatory lesions. (b)
Indicated is the average number of lesions per slide +/- SEM in each group (* indicates
p<0.05). (c) Shown are representative slides stained with H&E (upper panels) or LFB (lower
panels, magnification X100).

Figure 3. C57Bl/6 mice received weekly i.v. injections with 300 ng PTx in 200 ul of PBS or
PBS alone. After six months, mice were immunized with MOG p35-55 in CFA and injected
1.v. with 300 ng PTx in PBS immediately following the immunization and 48h later. 50 days
after EAE induction, isolated splenocytes were cultured with anti-CD3 (0,5 pg/ml) and anti-
CD28 (1 pg/ml) (a-d), MOG p35-55 (e-f) or PTx (i-1) and evaluated for proliferation (a, €, i),
secretion of IFN-y (b, f, j), TNF (c, g, k) and IL-10 (d, h, I).

Figure 4. C57BIl/6 mice received weekly i.v. injections with 300 ng PTx or OVA 323-339
(control) in PBS. Serum cytokine IL-10 (a), TGF-p (b), TNF (c) and INF-y (d) were
determined at week 0-3-6-9 post PTx treatment. CD4 CD25 FoxP3" T reg were analysed by
flow cytometry at week 3 to 9 (e and f) (*indicates p<0.05).

Figure 5. C57BI/6 mice received weekly i.v. injections with 300 ng PTx or OVA 323-339
(control) in PBS. After 10 weeks, EAE was induced with MOG p35-55. PTx pre-treatment
significantly ameliorated disease severity (a). Clinical benefit was associated with expansion
of FoxP3" Treg cells (b and ¢) and elevated serum levels for IL-10 (d) (*indicates p<0.05, **
indicates p<0.001).
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INTRODUCTION

IL-21 is a key T-cell growth factor (TCGF) involved in both innate and adaptive
immune responses. IL-21 contributes to the proliferation of naive, but not memory T
lymphocytes and play major and distinct parts in T-cell activation, it is may be involved in
hematopoietic cell differentiation, proliferation of B cells or natural killer cells. IL-21 is
produced exclusively by activated CD4 T cells and NK-T cells. However, the full spectrum of
its activity on T cells is not well understood. IL-21 activity is mediated by the IL-21 receptor,
member of type | cytokine receptors IL-21R expression in the lymphoid tissues, i.e. T cells, B
cells and NK. The expression of IL-21R on the surface of myeloid DCs. Several studies of
animal models suggest that IL-21 might play a role in autoimmunity. The progression of the
EAE disease in IL-21 and IL-21R KO mice is greatly reduced owing to a dramatic reduction
in Th17 cells. Resulting in a mutant with the same binding affinity to the IL-21R chain but
that does not activate the transduction system, i.e. an IL-21 antagonist, and the mutated
protein was fused with the constant region of murine 1gG2a. 1L-21 antagonist was generated
with mutation of glutamine residues at the C-terminus of the 4-helix structures of I1L-21, this
mutant has the same binding affinity to the IL-21R chain but that does not activate the
transduction system, and the mutated protein was fused with the constant region of murine
IgG2a. In vivo, the Fc portion of this fusion protein confers longevity and is designed to target
IL-21R-bearing cells such as activated T cells, DCs and synoviocytes. Big evidence
suggesting that activated T cells play an important part in the progression of MS, we
hypothesized that inactivation of IL-21R" cells might have a beneficial effect in the treatment

of this disease.
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OBJECTIVES
Given the implication of IL-21 the acute inflammation, we examined the effect of IL-21

antagonist on the development of EAE.
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Abstract

IL-21 is a key T-cell growth factor (TCGF) involved in both innate and adaptive
immune responses and it contributes to the proliferation of naive, but not memory, T
lymphocytes. However, the full spectrum of its activity on T cells remains unclear, the
development of biological agents targeting the receptor and signaling elements of IL-21
may open a new perspective in the treatment of pathologies such as autoimmune
diseases which could be associated with an increased expression of IL-21.

We have developed a new human IL-21 mutant Fcy2a fusion protein, referred to as IL-
21 antagonist. This IL-21 antagonist blocks specifically the proliferation of human T
lymphocytes induced by IL-21. In further tests targeting IL-21R in vivo, the effects of
human IL-21 antagonist were assessed in terms of prevention and treatment of
experimental autoimmune encephalitis (EAE). Upon immunization with MOG, mice
developed severe inflammation and limb paralysis. Treatment with this IL-21 antagonist
at the time of MOG challenge markedly inhibited the incidence, severity and
progression of clinical symptoms as compared to control animals. We observed
however that IL-21 antagonist had a dual effect in that it enhanced both inflammation
and T-cell response in a murine model of Th1 contact hypersensitivity.

These findings confirm conclusively that IL-21 plays a part in innate and adaptive
immune response. Targeting of IL-21 could become a new means of inhibiting and
preventing autoimmunity, but its mode of action should be carefully evaluated as it may

enhance inflammation like it did in the model of contact hypersensitivity.

Key words: Cytokines; Cytokine antagonist; IL-21; Autoimmunity
Abbreviations: TCGF, T-cell growth factor; rIL-21, recombinant interleukin-21; EAE,

experimental autoimmune encephalitis; DTH, delayed-type hypersensitivity.
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1. Introduction

The primordial goal in designing new therapies for autoimmune diseases or

transplantation is the induction and maintenance of a state of specific immunologic

tolerance. In both situations, CD4 T cells play a crucial part in initiating the immune
response that ultimately leads to effector mechanisms mediating autoimmune disease or
allograft rejection. Of the large number of cytokines released during the onset of the
immune response, TCGFs such as interleukin-2 (IL-2), IL-15 and IL-21 play major and
distinct parts in T-cell activation. Like IL-2, IL-21 is produced exclusively by activated

CD4' T cells [1, 2] and NK-T cells [3]. IL-21 may be involved in hematopoietic cell
differentiation, proliferation of B cells or natural killer cells [4] and co-stimulation of
naive, but not memory, T cells, suggesting that [L-21 may have an autocrine/paracrine
role in regulating the immune response [2, 5]. IL-21 activity is mediated by the IL-21
receptor which consists of a single IL-21R chain which is related to the IL-2Rf} chain,
the IL-4Ro and the common y chain [1]. IL-21R expression was first thought to be
restricted to lymphoid tissues, i.e. T cells, B cells and NK cells, but recent reports
characterized the expression of IL-21R on the surface of myeloid DCs [6], extending its
occurrence to non-lymphoid tissues and other tissues such as epithelium, synovium, or
transformed cells that may become capable of expressing IL-21R [7-9]. In IL-21r" mice
the number of CD4" T cells proved normal in both thymus and peripheral lymphoid
organ [1]. Although differentiation experiments in vitro using WT vs. IL-21R KO CD4"
T cells did not reveal any differences in terms of Thl vs. Th2 polarization [5], the
capacity of IL-21R KO CD4" T cells for differentiation into Th17 cells proved to be
reduced [10, 11]. Several studies of animal models suggest that IL-21 might play a role
in autoimmunity, increased IL-21 levels being found in two mouse models of systemic
lupus erythematosus [12, 13]. In addition, progression of EAE disease in IL-21 and IL-
21R KO mice slowed down considerably owing to a dramatic reduction in Th17 cells
[10, 14]. Finally, King et al. demonstrated that IL-21 may play a major part in the
development of diabetes in NOD mice due to an increase in T-cell proliferation and
turnover coupled with the absence of survival signals [15]. It thus appears that in mice
IL-21 may contribute to the development of unstable, self-destructive T cells implicated
in the pathogenesis of autoimmune disease [15].

A better understanding of the mechanisms underlying the biological activity of T cells

is a fundamental step towards the development of specific molecules with improved
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pharmacological and biological efficacy in treating T-cell-dependent autoimmune
disorders. Based on the sequence homology between IL-21, IL-2 and IL-15, we
achieved mutation of glutamine residues at the C-terminus of the 4-helix structures of
IL-21, resulting in a mutant with the same binding affinity to the IL-21R chain but
without activating the transduction system, i.e. an IL-21 antagonist [16-18], and the
mutated protein was fused with the constant region of murine IgG2a. In vivo, the Fc
portion of this fusion protein confers longevity and is designed to target IL-21R-bearing
cells such as activated T cells, DCs and synoviocytes. This IL-21 antagonist should be
able to bind the IL-21 receptor with high affinity without triggering the downstream
signaling pathways.

In view of the large body of evidence suggesting that activated T cells play an important
part in the progression of multiple sclerosis, we hypothesized that inactivation of IL-
21R" cells might have a beneficial effect in the treatment of this disease. In the present
study, using the murine model of experimental autoimmune encephalitis (EAE), we
examined the effect of this novel IL-21 antagonist on the development of encephalitis.
Because IL-21 has also been implicated in acute inflammation [19] we also determined

the effect the IL-21 antagonist in a model of delayed-type hypersensitivity (DTH).

2. Materials and methods

2.1 Reagents and cytokines

RPMI-1640 medium, fetal calf serum (FCS), phorbol myristate acetate (PMA) and B-
mercaptoethanol (B-ME) were purchased from Sigma Chemicals (St. Louis, MO).
Phosphate-buffered saline (PBS), penicillin/streptomycin, L-glutamine, MEM non-
essential amino-acids, sodium pyruvate and Zeocin were obtained from Gibco,
Invitrogen (San Diego, CA). Human AB serum was provided by the Blood Bank of the
University Hospital (Geneva, Switzerland). Ficoll-Paque™ Plus was from Amersham
Biosciences (Uppsala, Sweden). Serum-free Ultraculture media were purchased from
BioWhittaker, Inc. (Walkerville, MD). Human recombinant IL-2 (rhIL-2) was obtained
from Biogen, Inc. (Cambridge, MA), human recombinant IL-21 (rhIL-21) was a gift
from Dr. D.C. Foster, Zymogenetics (Seattle, WA), murine recombinant IL-21 (rmIL-
21) and murine IL-21R/Fc were obtained from R&D Systems, Inc. (Minneapolis, MN).
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2.2 Genetic construction of an IL-21 antagonist (IL-21dm)

Human IL-21 c¢cDNA was generated from mRNA extracted directly from PMA-
stimulated human T cells. Murine IgG2a cDNA was generated, as previously described
[16], using reverse-transcriptase Superscript II (Invitrogen) and synthetic oligo(dT)
oligonucleotides (Promega). The IL-21 mutant cDNAs were designed to target selected
glutamine residues (Q113 and Q118) within the 4™ o helix of human IL-21 to undergo
mutation to aspartic acid via site-directed and PCR-assisted mutagenesis. For the
construction of mutant plasmids, a 393-bp cDNA fragment encoding mature human IL-
21 with relevant mutations at positions 114 and 119 was amplified by PCR utilizing
synthetic sense: 5’-GTACGAAGCTTGCAAGATCGCCACATGATTAGAATGCGT-
3’ (HindIII site plus bases) and antisense oligonucleotides corresponding to the C-
terminal fragment of human IL-21, followed by a BamHI site (the mutated codons are
underlined and in bold script):
5’GGGATCCGAATCTTCACTTCCGTGTGTTCTAGAGGACAGATGGTCATGAA
TCATCTTGTCGAG-3’. This mutant [L-21 was then genetically linked to the constant
region of murine IgG2a and cloned into the expressing vector pSecTagA (Invitrogen)
[16]. Cos cells (American Type Culture Collection, Manassas, VA) were stably
transfected with the expressing vector that carries the construct encoding the IL-21
mutant fusion protein (or IL-21 antagonist). The transfected cells were cloned and
cultured in serum-free Ultraculture media containing 100 pg/ml Zeocin. IL-21 protein
from the culture supernatant was purified by protein A affinity chromatography
(Pharmacia) and again by dialysis against PBS and 0.22 um-filter sterilization and

stored at —20°C until use.

2.3 Isolation of human CD4 ™ T lymphocytes and cultures

Peripheral blood mononuclear cells (PBMC) were isolated from normal young donors
by density-gradient centrifugation. T cells were separated from PBMC by negative
selection with Dynabeads Panmouse IgG (Dynal Biotech, Oslo, Norway) and a cocktail
of antibodies to CD16, CD19, CD14 and CDS8 for seclection of CD4Jr T cells (Dako,
Copenhagen, Denmark). After negative selection, cells were washed with PBS and T
cells stained with PE-conjugated mAb to CD45RO and FITC-conjugated mAb CD4
(Dako). CD45RA" (naive) and CD45RO" (memory) CD4' T cells were subsequently
isolated on a FACSvantage® sorter (BD PharMingen™ San Diego, CA). The selected
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CD4" cells were cultured for up to 3 weeks in RPMI medium supplemented with 10%
heat-inactivated (HI) FCS, 5% HI serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine, 1% MEM non-essential amino-acids and 0.1 mM sodium pyruvate,
5 mM BME (at 5x10°M) (referred to as medium), autologous feeder cells irradiated at
3500 rad, and rIL-2 (10-50 ng/ml) or rIL-21 (10-50 ng/ml) in 5% CO;-air humidified
atmosphere at 37°C.

2.4 Western blot analysis

Size and specificity of purified IL-21 antagonist were validated by SDS-PAGE gel
under reducing (+fME) and non-reducing (-BME) conditions, followed by Western blot
analysis using polyclonal goat anti-human IL-21 (N-20) (Biotechnology, Inc., Santa
Cruz, CA) and then by donkey anti-goat [gG-PER (Binding Site, Birmingham, UK) and
detected by autoradiography using ECL (Amersham Biosciences).

CD45RA" T lymphocytes were purified as described above and cultured for 7 days with
IL-2 (25 ng/ml). The cells were then starved overnight at 37°C in RPMI medium
supplemented with 1% heat-inactivated FCS. Cells were harvested and resuspended at 4
x 10° cells/ml in RPMI medium supplemented with 1% heat-inactivated FCS, and
500 ul was placed in 2-ml polypropylene tubes (Eppendorf) at 37°C. After 1 h, cells
were stimulated with IL-2 (25 ng/ml), IL-21 (25 ng/ml) and/or IL-21 antagonist. After
the indicated time of incubation, the reaction was stopped by the addition of 800 pul of
ice-cold PBS and centrifugation. Total cell lysate was prepared and subjected to
Western blot analysis [20]. The blots were probed with anti-phospho Tyr'®' STATI,
anti-STAT3, anti-phospho Tyr'” STAT3, and anti-phospho Ser'”’ Akt (Upstate
Biotechnology, Lake Placid, NY). Secondary HRP-conjugated goat anti-rabbit Abs
were from Dako. Ab-bound proteins were detected by Uptilight hrp blot

chemiluminescence substrate (Uptima).

2.5 Cell staining for flow cytometry

The following mouse anti-human mAbs and isotype-matched control mAbs were
purchased from BD PharMingen™: Cy-chrome-conjugated anti-CD4, PE-conjugated
anti-CD45RO, FITC-conjugated anti-CD45RO, FITC-conjugated anti-Annexin V, PE-
conjugated PI and isotype controls. The following mouse anti-human mAbs and

isotype-matched control mAbs were obtained from Dako: FITC-conjugated anti-CD4,
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PE-conjugated anti-CD4, Cy-chrome-conjugated anti-CD45RA and irrelevant, isotype-
matched controls. IL-21R was detected using the IL-21 antagonist (based on the
detection method used for IL-15 mutant/Fcy2a fusion protein or IL-15 antagonist) [16],
followed by staining with FITC-conjugated goat anti-mouse IgG2a. Three-color
immunofluorescence was performed to assess surface marker expression on T cells
activated by IL-2 or IL-21. CD4" T lymphocytes cultured for up to 14 days were
washed twice with PBS (completed with 2% serum AB and 1%, NaN3) and treated
successively with FITC-, Cy-Chrome- and/or PE-conjugated mAbs on ice for 30 min,
and washed with completed PBS. Cell staining was analyzed using FACSCalibur and
Cell Quest software (BD PharMingen).

2.6 CFSE labeling and analysis of T-cell proliferation in vitro

CD3" T cells or CD4" T cells were isolated as above. The selected CD4" cells were
labeled with fluorochrome 5-carboxyfluorescein diacetate succinimidyl ester (CFSE,
Molecular Probe, Inc., Portland, OR), as described previously [21]. After staining, cells

were plated for an in vitro assay as described below.

2.7 T-cell proliferation assay in vitro

CD4 T lymphocytes isolated as above were used for this purpose. Cells were plated at
25x10° cells/well in U-bottom 96-well plates in enriched RPMI 1640 medium (as
above), with autologous feeder cells and various concentrations of rhIL-2, rhIL-21 and
the IL-21 antagonist. Cells were incubated in plates at 37°C for 72 h, followed by the
addition of 1 pCi of (*H) TdR (Perkin Elmer Life Sciences, Inc., Schwerzenbach,
Switzerland) for an additional 12 h. Cells were then harvested, CH) TdR incorporation

per well was measured, and the means assessed for each triplicate.

2.8 Specific T-cell proliferation assay in vitro

CD4 T lymphocytes from untreated mice and those treated with the IL-21 antagonist
were isolated 15 - 20 days post immunization. T cells were plated at 25 x 10° cells/well
in U-bottom 96-well plates in enriched DMEM medium (as above), with various
concentrations of MOG (ranging between 1 and 50 ng/ml).

For specific T-cell proliferation, first feeder cells were isolated from the spleen of

C57Bl/6 mice and incubated in 96-well plates for 24 h with MOG at 10 ng/ml. After 24
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h, feeder cells were irradiated in the plates and CD4 T lymphocytes from 2d2
(C57BL/6 background) mice isolated as above were added at a concentration of 25 x
10° cells/well to the irradiated feeder cells for 72 h with rhIL-2, rhIL-21 and the IL-21
antagonist. In both experiments, cells were incubated at 37°C for 72 h before addition of
1 pCi of (CH) TdR for 12 more hours. Cells were then harvested, (CH) TdR

incorporation per well was measured and the means assessed for each triplicate.

2.9 Contact hypersensitivity (DTH) in mice

C57BL/6 mice were sensitized by injecting hapten (TNBC) into one ear. Five days after
sensitization, mice were treated with PBS (100ul/d), murine IgG2a (5 pg/d),
recombinant murine IL-21 (5 pg/d) or IL-21 antagonist (5 pg/d) for 3 days. The same
day, mice were challenged with TNBC (Sigma Chemicals) and local inflammation was
measured using a thickness gauge (the controlateral ear was used as control). To
challenge T cells of the Th, subset, another hapten was chosen: C57BL/6 mice were
sensitized by injecting fluorescein isothiocyanate isomer I (FITC) (Sigma Chemicals)
into one ear [22]. Three days after sensitization, mice were treated with PBS (100 pl/d),
murine IgG2a (5 pg/d), recombinant murine IL-21 (5 pg/d) or IL-21 antagonist (5 pg/d)
for 5 days. Five days after immunization, mice were challenged with FITC, and local
inflammation was measured using a thickness gauge (the controlateral ear was used as
control). Infiltration by mononuclear cells was determined by histopathology and

immunohistochemistry.

2.10 Histopathology and immunohistology

Both ears were removed from mice 12 - 24 h post challenge and embedded in OCT
compound (Tissue TCK, Miles Scientific, Elkhart, IN). Cryostat sections of the ears
(n = 3/group) were fixed in paraformaldehyde-lysine-periodate for analysis of leukocyte
antigens and stained by 4-layer peroxidase-antiperoxidase (PAP) method involving
overnight incubation with mAb, followed by mouse Ig-absorbed goat anti-rat Ig, rabbit
anti-goat Ig, goat PAP complexes and diaminobenzidine substrate. Rat anti-mouse

monoclonal antibodies (mAbs) and isotype-matched control mAbs, purchased from

Pharmingen (San Francisco, CA), consisted of mAbs to CD4 (H129.19) and CD8 " (53-
6.7) T cells. Sections were counterstained in hematoxylin and mounted. Isotype-

matched mAbs and control Ab were analyzed for endogenous peroxidase activity in

98



each experiment. Samples were assigned a random number and processed and evaluated

under blind conditions; each sample was evaluated at 2 - 3 different levels of sectioning.

2.11 Experimental autoimmune encephalitis

C57BL/6 mice were administered MOG to induce EAE. The mice were supplied by the
animal core facility of our institution (Centre Médical Universitaire, Faculty of
Medicine, Geneva). Wild-type C57BL/6 mice matched by age and gender were used as
controls. Immunization was performed with MOGy,,35.55 peptide. MOG at 100ug/animal
was emulsified in complete Freund's adjuvant (CFA) and immunization was carried out
subcutaneously on the left flank (50 pl/animal) once at day 0. Pertussis toxin (PT) (300
ng) was injected i.v. (tail vein) at days 0 and 2. PT is required for this model to ensure
that the blood-brain barrier is open and T-cell response is activated, prerequisite to EAE
induction. The first examination consisted of a clinical assessment of the symptoms
(occurrence of first symptoms, time after which disease reaches its peak). Mice were
examined every other day to monitor the disease onset and the progression of clinical
symptoms. Clinical symptoms were graded as follows: 0: absence of paralysis; 1: loss
of tail tone; 2: weakness of hind limb; 3: paralysis of hind limb; 4: paralysis of both
hind limbs and fore limbs; 5: moribund or dead. In untreated mice, clinical onset
appears 8 - 15 days after MOG immunization and reach the peak disease (clinical score
3-5) between 20 - 30 days post immunization, after which the chronic phase set in. To
determine the role of the IL-21/IL-21R pathway in EAE, the IL-21 antagonist was
tested in a series of experiments. The preventive effect of the antagonist was assessed
by injecting daily 1.5 - 5 pg i.p. of the IL-21 antagonist at (treatment protocol derived
from previous experiments performed with the IL-15 antagonist, CRB-15, in two
models of transplantation and in a model of collagen-induced arthritis) for 7 days before
the induction of EAE and pursued until day 30 - 40 post induction. All the animal
procedures were approved by the ethical committee of University of Geneva School of

Medicine and the State of Geneva Veterinarian Office.

2.12 Cytokine determination
Samples of conditioned media were subjected to enzyme-linked immunosorbent assay
(ELISA) for the determination of IFN-y and TGF-B (R&D). The sensitivity of the assay

was 10 to 30 pg/ml. To determine other cytokines a mouse cytokine 20-plex antibody
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bead kit (Invitrogen™) was used according to manufacturer’s instructions. Data were

analyzed on a Bio-plex 200 System, Biorad, Luminex xXMAP™ Technology.
2.13 Statistical analysis

Data were analyzed using the ANOVA test, *p <0.05 and **p <0.001 being considered
significant (Statview 5.1, SAS Institute Inc., Cary, NC and GraphPad Prism 3.02).
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3. Results

3.1 The IL-21 antagonist (IL-21dm) competitively blocks IL-21-dependent T-cell
proliferation and does not signal through the IL-21R

Like many other cytokines, IL-21 possesses a very high affinity for its receptor. The
strategy for creating an IL-21 antagonist was adapted from our previous experience with
the IL-15 antagonist [16, 23, 24]. Based on the sequence homology between IL-21, IL-2
and IL-15, we hypothesized that mutation of glutamine residues at the C-terminus of the
4-helix structures of IL-21 might result in an antagonist similar to the IL-15 antagonist
[16]. By PCR-assisted site-directed mutagenesis, we designed primers to target selected
glutamine codons of human IL-21 (Q113 and Q118) for mutation into aspartic acid, as
described previously [16]. This mutated protein was fused with the Fc part of murine
immunoglobulin IgG2a in order to confer prolonged circulating half-life and cytocidal
properties. Proliferation of naive (CD45RA™) human CD4" T lymphocytes induced by
IL-21 (25 ng/ml) was completely blocked by addition of the IL-21 antagonist (Figure
1A). In contrast, the IL-2-dependent proliferation of T cells was not inhibited by the IL-
21 antagonist (Figure 1A). The IL-21 antagonist also acted on murine CD4" T cells by
inhibiting their IL-21-dependent proliferation very similar to the inhibtion induced by a
manufactured antibody against the IL-21 receptor (IL-21R/Fc from R&D Systems) (Fig
1, B).

According to flow-cytometric analysis, the IL-21 antagonist bound to IL-21R expressed
on human T lymphocytes (Fig. 1, C). The specificity of the IL-21 antagonist for the IL-
21 binding sites was established by an experiment in which the binding of the IL-21
antagonist to the target cells was blocked by addition of a molar excess of rhIL-21 (Fig.
1, C left panel), but not by a molar excess of rhIL-15 (Fig. 1, C right panel), as shown
by the shift of the red histogram to the black histogram.

Signaling through IL-21R induces phosphorylation of STAT1 and STAT3 which are
crucial to IL-21 activity on targeted cells. Phosphorylation of STAT1 and STAT3
enables their homodimerization, converting them into an active form. To determine
whether the IL-21 antagonist would specifically antagonize T-cell response to IL-21
through cytokine signaling, we analyzed STAT1 and STAT3 phosphorylation. Human
CD4'CD45RA" T cells, sorted as described in Materials and Methods, were cultured
with IL-2 (25ng/ml) for 2 weeks in order to obtain sufficient amounts of cells. Before

the experiment, cells were washed twice with PBS and cultured overnight in culture
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medium without cytokines. The day after, cells were washed twice with PBS, counted
and plated at 3 x 10° cell/ml in culture medium with 1% FCS at 37°C for 1 h. After that
resting period, stimuli were added for 7 to 15 min and cells were processed for
intracellular protein isolation.

Western blots of cells isolated from control cultures did not reveal any basal STAT1 or
STAT3 phosphorylation (Fig. 1, D), whereas cells isolated from IL-21 cultures showed
high levels of both STAT1 and STAT3 phosphorylation at 7 and 15 min, similar to the
amounts obtained after IL-2 activation. To determine whether the IL-21 antagonist
would activate STAT1 and STAT3 in the same cell culture, we stimulated T cells with
the IL-21 antagonist alone or in the presence of IL-21, and under this condition T cells
did not show undetectable or very low level of STAT phosphorylation. This
demonstrates that the IL-21 antagonist does not induce phosphorylation of STAT in T
cells and is also able to inhibit IL-21 signaling.

3.2 IL-21 antagonist (IL-21dm) exacerbates DTH response in mice

To ascertain whether treatment with IL-21 antagonist block T-cell-dependent response
to antigen in vivo, delayed-type hypersensitivity (DTH) responses were assessed. After
initial immunization with TNBC, mice were treated with either rmlIL-21, IL-21
antagonist (IL21dm) or mIgG2a, referred to as control, and the injections started a few
hours before the challenge with TNBC. As shown in Figure 2A, mice treated with
control mouse IgG developed an inflammation of the challenged ear. Treatment with
rmIL-21 did not attenuate the DTH response and, interestingly, treatment with the IL-21
antagonist exacerbated the inflammatory response to TNBC agent at 24 and 48 hours.
This increase in inflammation of the challenged ear was associated with an influx of
inflammatory cells consisting of mononuclear cells (Fig. 2, B). A significant thickening
of dermis and epidermis was observed in mice treated with the IL-21 antagonist,
accompanied by cell infiltrates (Fig. 2, B). DTH is primarily mediated by alloantigen-
specific CD4" Thl cells. To test the effect of the IL-21 antagonist on a Th2 model of
contact hypersensitivity, we used FITC hapten known to induce a Th2-type response.
After FITC immunization and challenge, ear swelling was observed in mice treated with
control IgG. Once again, treatment with rmIL-21 did not attenuate the DTH response
while treatment with the IL-21 antagonist neither exacerbated nor attenuated the
inflammatory response to FITC (Fig. 2, C). Histopathological analyses of skin

specimens from FITC-challenged mouse ears over a time period of 72 h after challenge
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also revealed a significant infiltration of mononuclear cells in the challenged ears of
mice treated with control IgG, rmIL-21 or IL-21 antagonist (Fig. 2, D). The number of
CDA4" T cells in the infiltrates were similar under all treatment conditions (Fig. 2, D) but
interestingly tissue infiltration by CD8" T cells was decreased in mice treated with IL-

21 antagonist without edema decrease.

3.4 Treatment with IL-21 antagonist (IL-21dm) decreased the incidence and severity of
EAE in mice

After initial immunization and subsequent challenge with MOG peptide, an increased
number (40 %) of C57B1/6 mice treated with IgG2a developed a severe progressive
form of encephalitis (Fig. 3). Those that were affected exhibited decreased mobility of
the limbs, eventually resulting in restricted mobility and paralysis matched by a poor
clinical score (Fig. 3). Treatment with 5 pug of IL-21 antagonist for 29 consecutive days,
starting with the day of challenge with MOG, resulted in a marked decrease in the
incidence of encephalitis, with 69% of the treated mice being free of clinical signs by
the end of the observation period compared to only 45% of control IgG2a-treated mice
being free of clinical signs (p <0.01; Fig. 3). Moreover, the severity of disease was
attenuated in mice treated with IL-21 antagonist in comparison to the controls.
Interestingly, by the end of treatment on day 29 both progression and severity of disease
were significantly less marked in the 12 animals (12 out of 38) that had developed the
disease after treatment with IL-21 antagonist than in the controls (21 out of 38) affected
by the disease (disease severity in IL-21 antagonist-treated animals: 2.45 + 0.37 vs.

IgG2a-treated animals: 4.39 £ 0.49; p<0.01).

3.5 Treatment with IL-21 antagonist (IL-21dm) did not modify the phenotype of Th17
and Treg cells in animals with established disease

The finding that in vivo the addition of IL-21 antagonist reduced the development of
EAE prompted us to address the question as to how targeting IL-21R affected the T-cell
phenotype during EAE disease. To this end we analyzed the effects of treatment with
IL-21 mutant protein on Th17 and T regulatory cells both of which are involved in the
pathogenesis of the disease. Mice immunized and challenged with MOG and treated for
15 days with either IL-21 antagonist (5Spg/day) or control IgG2a (5ug/day) were
sacrificed and CD3" T cells isolated from spleen and lymph nodes. According to FACS
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analysis, there was no significant difference in IL-17 production by CD3" T cells in
spleen and lymph nodes 15 days post-immunization in mice treated with IL-21
antagonist as compared to those treated with IgG2a (Fig. 4, A). In addition, for
regulatory T cells, as assessed by the expression of Foxp3 in CD4" CD25" T cells, IL-
21 antagonist did not lead to a significant expression of Foxp3™ CD4" CD25" T cells of
both spleen and lymph nodes (Fig. 4, B). The absence of modulation of CD4" CD25" T
regulatory cells may be related to the absence of IL-10 expression and any difference in

production of TGF-p (Fig. 4, C and D).

3.6 Effect of IL-21 antagonist on T-cell responses to MOG ex vivo and in vitro

Since IL-21 is a well-known factor in CD4" T-cell activation and survival, the
inhibitory effects of the IL-21 antagonist on T-cell responses to MOG were analyzed
both ex vivo and in vitro. The first set of experiments consisted of isolating peripheral
lymph node cells from C57Bl/6 mice immunized and challenged with MOG and treated
with either IL-21 antagonist (5ug/day) or control IgG2a (5pg/day) for 15 days (peak of
the disease). The purified CD3" T cells were cultured in the presence of increasing
doses of MOG. As shown in Figure 5A, T cells from animals treated with IgG2a
proliferated well in response to MOG, but in contrast, the proliferation of CD3" T cells
from animals treated with IL-21 antagonist was significantly reduced. To further assess
the effect of the IL-21 antagonist on T-cell proliferation, we labeled isolated CD3" T
cells with CFSE and confirmed that treatment with the IL-21 antagonist decreases the
proliferation of CD3" T cells (11% versus 20% as compared to IgG2a) (Fig. 5, B). The
production of IFN-y is markedly lower in mice treated with IL-21 antagonist than with
IgG2a (Fig. 5, C). The production of other cytokines such as IL-17, IL-4, IL-6, TNF-a.,
and IL-2 was also determined, and as shown in Figure 5D, the expression of IL-17,
IFN-y, TNF-a and IL-2 was much higher in T cells of mice treated with IgG2a than in
those that were administered IL-21 antagonist. Of note, CD3" T cells from animals
treated with IgG2a or IL-21 antagonist produced decidedly similar levels of IL-17, IFN-
¥, TNF-a and IL-2 when stimulated with a-CD3 together with a-CD28 beads (data not
shown). The overall reduced severity of disease in the animals treated with IL-21
antagonist (see Figure 3) was accompanied by a reduced overall expression of the
inflammatory cytokines IFN-y, IL-17, TNF-a and IL-2 in T cells from the above

animals.
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In a second set of experiments, MOG-specific T-cell proliferation was also assessed.
Spleen cells from C57B1/6 mice were isolated and cultured for 24 h in 96-well plates
with 10 ng/ml of MOG. After 24 h, spleen cells were irradiated and used as feeder cells.
Spleen and peripheral lymph node cells from 2d2 mice were isolated, and CD4" T cells
were purified and cultured for 72 h in the presence of rIL-21, or IL-21 antagonist.
Proliferation index and cytokine production were analyzed. As seen in Figure 6A,
MOG-specific T cells cultured in the presence of rIL-21 proliferated better in response
to MOG than cells without MOG (control) or cells without rIL-21 (T cells). In contrast,
the proliferation of MOG-specific T cells cultured in the presence of the manufactured
IL-21R/F¢ or IL-21 antagonist (IL-21dm), was significantly reduced. In vitro, however,
inhibition of IL-21 in this blocking experiment, significantly increased the secretion of
IL-17, with a slight extent in the production of IFN-y (Fig. 6, B). As IL-21 inhibits the
production of IFN-y in T cells, it is therefore not surprising that its antagonist will have
the opposite effect. Furthermore, these data demonstrate the same effect on IL-17
production. To assess the effect of the IL-21 antagonist on T-cell proliferation and
survival, we first labeled isolated CD4" T cells from 2d2 mice with CFSE and
confirmed that, in vitro, the IL-21 antagonist alone does not modify the proliferation of
these cells (Fig. 6, C). To determine the effects of IL-21 antagonist on apoptosis, we
analyzed the expression of apoptotic markers on isolated CD4" T cells from 2d2 mice.
After 7 days of culture with IL-21, cell viability was above 80% (Fig. 6, D). In the
presence of IL-21 antagonist at increasing doses, viability was maintained at 80% as

confirmed by the absence of annexin V or PI double staining (Fig. 6, D).

In summary, T-cell response to MOG after treatment of MOG-immunized mice with
IL-21 antagonist was significantly reduced both ex vivo and in vitro. It is therefore
obvious that treatment with IL-21 antagonist inhibits the development and progression

of EAE and blunts specific proliferating T cells.
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4. Discussion

We have developed a novel antagonist to the pro-inflammatory cytokine IL-21, IL-21
antagonist. It inhibited specifically the transducing pathways of IL-21R and reduced the
severity of EAE but had an exacerbating effect in a mouse model of Thl-mediated local
inflammation. The pleiotrophic actions of IL-21, its production by lymphocytes and the
widespread distribution of its receptor on immune and non-immune cells hint at its potential
involvement in numerous pathologies, including allergy, autoimmunity and cancer. IL-21 is
currently undergoing clinical evaluation as an option for treating solid tumors. In the setting
of autoimmune disease, however, a procedure for tempering the effect of IL-21 may pave the
way to an improved clinical outcome, especially in diseases that are driven by amplified
autoantibody responses like systemic lupus erythematosus, scleroderma, rheumatoid arthritis,
or multiple sclerosis. Thus, while administration of IL-21 may be beneficial in one type of
pathology - but where blockade of IL-21 signaling would be extremely harmful - it would
have a reverse effect in another pathology.

In our study, administration of IL-21 before induction of EAE enhanced inflammation in the
CNS as well as severity of EAE. In addition, purified autoreactive T cells from mice treated
with IL-21 induced a more severe form of EAE than did control T cells. When IL-21 was
administered after the induction of EAE no such effects were observed [25]. We therefore
investigated the implications of blocking the IL-21/IL-21R pathway in this model. We found
that treatment with IL-21 antagonist not only prevented the development of encephalitis but
was also remarkably effective in slowing progression of disease in its chronic phase.
Furthermore, we have provided evidence that treatment with IL-21 antagonist decreases the
proliferation of antigen-specific T cells and the secretion of IFN-y, IL-17 and TNF-a proteins
in vivo. Besides, the fraction of regulatory T cells and Th17 cells involved in the pathogenesis
of the disease were not modified by IL-21 antagonist. [FN-y plays a complex role in the
pathology of EAE and MS, as Thl cell infiltrates promote neuro-inflammation in EAE [26].
IL-21 has also been shown to inhibit the production of IFN-y by naive Th cells [27], but our
data demonstrate that by blocking IL-21 the production of IFN-y is decreased, pro-
inflammatory activities being thus prevented. Similarly, IL-17 plays a major
encephalopathogenic role in EAE development since T cells that produce IL-17, i.e. Th17
cells, induce EAE upon adoptive transfer [28] and since in IL-17-deficient mice models EAE
induction is delayed [29]. The production of IL-17 by MOG-specific T cells in the presence of

the IL-21 antagonist is intriguing considering its beneficial effect on both EAE induction and
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clinical score. We believe that in this in vitro system the production of IL-17 is not

representative of actual process in vivo and conflicts with the data shown in figure 5C.

In a delayed-type hypersensitivity mouse model we also examined the extent to which the IL-
21/IL-21R pathway is involved in the development of another T-cell-dependent pathology. In
these experiments, IL-21 did not exacerbate the disease and administration of its antagonist,
the IL-21 antagonist, resulted in a marked clinical aggravation of the disease. Blockade of IL-
21 was associated with an increased swelling of the ear, increased edema and mononuclear
cell infiltration. Thus the IL-21/IL-21R interaction defines a new pathway that contributes to
the inflammatory response in contact hypersensitivity. DTH is driven by pathogenic T-cell
response and this pathogenicity has been associated with the production of inflammatory
cytokines by Thl cells, including IFN-y [27]. As IL-21 maintains Th2 cells [27], we also
tested a DTH model involving a Th2 response triggered by FITC [22]. The IL-21 antagonist
did not reduce the inflammatory process or cell infiltration although the number of CDS" T
cells was reduced. It has been reported that IL-21 alone or in synergy with other potent
cytokines induces CD8" T cell survival and expansion [30-32]. Therefore, administration of
the IL-21 antagonist in vivo, during an inflammatory process, might inhibit CD8" T-cell
proliferation and infiltration in inflamed tissues and on the contrary favor the increase in
CD4" T cells or other inflammatory cells. It has also been shown that IL-21 can down-
regulate IgE production, implying that IL-21 might lessen the severity of allergy and asthma.
Indeed, in a mouse model of allergic rhinitis induced by ovalbumin, administration of IL-21
during the initial antigen challenge significantly reduced allergic symptoms, with diminished
levels of both antigen-specific serum IgE and Th2 cytokines (IL-4, IL-5, and IL-13) [33]. In
analogy to the local effects of IL-21 in this allergic rhinitis model, systemic administration of
IL-21 blocked antigen-induced anaphylaxis in a mouse model of food allergy [34].

In our hands, IL-21 was involved in both cell-mediated and humoral responses and exhibited
specific immunosuppressive properties on T cells in vitro [35]. In vivo, administration of IL-
21 increases the severity of experimental autoimmune encephalomyelitis, it is implicated in
Crohn’s disease and expands T-lymphocyte populations responsible for autoimmune diabetes
[15, 25, 36], suggesting that blockade of the IL-21 pathway might be beneficial in these
pathologies. In, a model of lupus-prone mice and another mouse model of collagen-induced
arthritis the administration of a soluble IL-21R/Fc proved efficient in reducing disease

progression [19, 37]. However, the increased inflammation observed in our experiments
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suggests that to counteract the immunosuppressive properties of IL-21 might be detrimental in
certain pathologies in that administration of IL-21 assists innate and adaptive immunity in
tumor clearance [31, 38, 39]. Consequently, in view of the possible detrimental effect of
suppressing IL-21 signaling, great caution should be exercised in extrapolating beneficial

results from one disease model to another.

Biomedical research pays considerable attention to cytokines and anti-cytokines as they are
part of a new arsenal of treatments for a great number of human diseases that involve a
dysfunction of the immune system. On the one hand, cytokines are key factors in the
dysregulation of pathological processes, but on the other hand they also exhibit therapeutic
properties, like anti-tumoral effects in the case of IL-21. To date, these cytokines or their
antagonists are either marketed drugs or have undergone advanced testing for an impressive
array of indications including cancer, autoimmune diseases, inflammation, allergic asthma
and transplantation. The present new data shed new light on the basic mechanisms of IL-21
activity and may give rise to novel strategies and therapies with a view to modulating TCGF
activities and inducing non-antigen-dependent tolerance in autoimmune diseases and
inflammatory processes. The challenge in the field is to understand how the balance of
cytokines and their inhibition is maintained within the normal immune system as well as to

properly regulate it in the treatment of inflammatory diseases.
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Figure Legends

Figure 1: IL-21 antagonist (IL-21dm) competitively inhibits cell proliferation triggered
by IL-21 and binds specifically to the IL-21R

A. Naive (CD4" CD45RA") human T cells obtained as described in Materials and Methods
were cultured with IL-2 (25 ng/ml) or IL-21 (25 ng/ml) in the presence of purified IL-21
antagonist (IL-21dm), IgG2a protein being used as negative control. Cells were cultured for
72 h in plates coated with autologous irradiated feeder cells and pulsed with *H-thymidine for
the final 12 h. Radioactivity incorporated into proliferating cells was measured with a
Betaplate™, Wallac, Perkin Elmer Life Sciences, Inc. (Boston, MA). Values are mean + SEM
of 3 separate experiments. Statistical analyses were performed to determine the differences
between cells treated by IL-2 versus IL-21 or by the IL-21 antagonist versus IL-21 alone (*p
<0.05). Data were analyzed using the ANOVA test, p <0.05 being considered significant
(Statview 5.1).

B. Naive CD4" murine T cells were cultured with various doses of IL-21 (0 to 100 ng/ml) in
the presence of the manufactured IL-21R/Fc or the purified IL-21 antagonist at various doses.
Cells were cultured for 72 h in plates coated with autologous irradiated feeder cells and pulsed
with *H-thymidine for the final 12 h. Statistical analyses were performed to determine the
differences between cells treated with IL-21 versus those treated with IL-21 plus the IL-
21R/Fc or IL-21 plus the IL-21 antagonist (**p <0.001). Data were analyzed using the
ANOVA test, p <0.001 being considered significant (Statview 5.1).

C. Binding specificity to the IL-21R on human CD4" T cells. T cells obtained as previously
described were activated with PMA for 24h. Then the cells were cultured with a molar excess
of rhIL-21 (2.5 pg/ml) (Figure 1C, left panel) or thIL-15 (2.5 pg/ml) (Figure 1C, right panel)
for 1 h, then washed with PBS and stained with IL-21 antagonist followed by staining with
FITC-conjugated goat anti-mouse IgG2a. The binding of IL-21 antagonist to its specific
receptor (red lane) was blocked by a molar excess of rhIL-21 (black lane, left panel), but not
by a molar excess of thIL-15 (black lane, right panel). FITC-conjugated goat anti-mouse IgG
was used as control (dotted line). Histograms are representative of three separate experiments
performed.

D. IL-21 antagonist does not induce signal transduction in CD4" T cells. Isolated naive (CD4"
CD45RA") T cells (4 x 10° cells/ 500 ul) were stimulated with IL-2 (25 ng/ml), IL-21 (25
ng/ml) or IL-21dm (1pg/ml) for the indicated time. Total cell lysates were analyzed by
Western blot, as described in Materials and Methods, with Abs to Tyr'*'-phosphorylated
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STATI (PY-STAT1), Tyr’®-phosphorylated STAT3 (PY-STAT3), and Ser*”*-phosphorylated
Akt (PY-Akt). Equal loading was ensured by anti-STAT3 mAb. These results are

representative of three individual experiments performed.

Figure 2: Exacerbation of DTH response with IL-21 antagonist (IL-21dm) treatment
IL-21 antagonist increased the inflammatory response in a DTH model using wild-type
C57Bl/6 mice.

A. Mice treated with PBS, control mouse-IgG2a, and rmIL-21 exhibited similar responses to
TNBC challenge, while ear swelling of mice treated with IL-21 antagonist was significantly
increased 48 h after challenge. Values are mean = SEM of 3 separate experiments. Statistical
analyses were performed to determine the differences between mice treated with IL-21
antagonist versus control mouse-IgG or rmIL-21 (*p <0.05. Data were analyzed using the
ANOVA test, p <0.05 being considered significant (Statview 5.1).

B. Histological staining for the presence of mononuclear cells after 72 h of TNBC challenge
in specimens from mice treated with: PBS, control mouse-IgG2a, rmIL-21 and IL-21
antagonist (IL-21dm). (Cryostat sections, hematoxylin counterstain, x 100 magnifications).
These are representative sections from 3 mice from each treatment group.

C. Mice treated with PBS, control mouse-IgG2a, rmIL-21 or treated with IL-21 antagonist
exhibited similar responses to FITC 48 h after challenge. Values are mean = SEM of 3
separate experiments. Statistical analyses were performed to determine the differences
between mice treated with IL-21 antagonist versus control mouse-IgG (ns). Data were
analyzed using the ANOVA test, p <0.05 and p <0.0001 being considered significant
(Statview 5.1).

D. Immunohistological staining for the presence of CD4" and CD8" T cells 72 h after FITC
challenge. The arrows pinpoint CD4" or CD8" T cells in specimens from mice treated with:
PBS, control mouse-IgG2a, rmIL-21 and IL-21 antagonist. (Cryostat sections, x 100

magnifications). These are representative sections from 3 mice from each treatment group.

Figure 3: Treatment of EAE with IL-21 antagonist (IL-21dm) decreases onset of disease
and inflammatory response in an EAE model

Treatment with IL-21 antagonist decreased incidence and severity of EAE. Wild-type
C57Bl1/6 mice were immunized with MOG and challenged after three days by intraperitoneal
re-administration of MOG. On the day of challenge, mice were randomly divided into two

groups and treated with either IL-21 antagonist (5 pg/mouse/day) (m) or with control IgG2a (5
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ug/mouse/day) (o) for a total of 24 days. Severity of disease (maximum score per animal = 5)
was monitored during treatment and for 30 more days after discontinuation of treatment.
Treatment with IL-21 antagonist tempered development and progression of disease
throughout the treatment period (*, p< 0.05). The results shown, that summarize three
separate experiments, were obtained from a total of 38 animals for each of two groups, one of
which treated with IL-21 antagonist and the other with control substance. Mean scores of

disease severity +/- SEM are specified.

Figure 4. Absence of modulation of TH17 and T reg cells with the IL-21 antagonist (dm)

A. C57BIl/6 females were immunized with MOG and treated with IL-21 antagonist or vehicle
(IgG2a). Fifteen days after immunization and treatment, spleen cells and lymph node cells
were isolated and percentages of CD4+-1L-17+ cells were determined by FACS analysis. Bars
represent mean = SEM of 3 mice/group.

B. C57Bl/6 females were immunized with MOG and treated with IL-21 antagonist or vehicle
(IgG2a). At day 15 after immunization and treatment, spleen cells and lymph node cells were
isolated and percentages of CD4+ CD25+ FoxP3+ cells determined by FACS analysis. Bars
represent mean £ SEM of 3 mice/group.

C-D. CD4+ murine T cells isolated from spleen and lymph nodes of C57B1/6 females treated
as above, were cultured for 48 h and the protein production of IL-10 (C) and TGF-B (D) was
determined by multiplex (Multiplex bead-based Luminex®, Invitrogen™) and ELISA,

respectively.

Figure 5: Reduced T-cell activation after blockade of the IL-21 pathway

A. C57Bl1/6 females were immunized with MOG and treated with IL-21 antagonist or vehicle
(IgG2a). After 15 days of immunization and treatment, spleen and lymph nodes of animals
treated with IL-21 antagonist and IgG2a (n=4/group) were removed and processed as
described in Materials and Methods. CD3" T cells were isolated from spleen and lymph nodes
of animals treated with IL-21 antagonist or IgG2a and cultured in DMEM medium, either left
unstimulated or stimulated with MOG (0 to 50 ng/ml) for 72 h. To note that MOG was added
to the feeder cells for 24 h before irradiation of feeder cells and subsequent addition of
isolated CD3" T cells. Cells were pulsed with *H-thymidine for the final 8 h. Radioactivity
incorporated into proliferating cells was then measured. Bars represent mean + SEM of 3

mice/group. Of note, there were no great differences in numbers of total lymphocytes
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recovered in the treated mice, and there was no significant difference in percentage of
CD4/CDS cells between the two groups of treated mice and controls.

B. Isolated CD3" T cells (from the same group of mice as above) were stained with CFSE as
described in Materials and Methods and cultured for 6 days in DMEM medium with MOG
(10 ng/ml) and IgG2a (5 pg/ml) or the IL-21 antagonist (5 pg/ml) in plates coated with
autologous irradiated feeder cells. First panel, a-CD3 plus a-CD28 beads where added as
positive control. CFSE-stained cells were collected and stained with Cy-chrome-conjugated
anti-CD4. Data represent percent of proliferation of CFSE-labeled CD4" T cells. The
frequency of T-cell proliferation was determined as follows: the total number of cells in each
generation of proliferation was calculated and the number of precursors that generated the
daughter cells was determined by using the following formula: y/2" (y = number of cells in
each peak, n = number of cell divisions) [21].

C. Treatment with IL-21 antagonist reduced IFN-y protein production. Supernatant from the
above cultured CD3" T cells (Fig 5A) was collected and analyzed by ELISA for production of
IFN-y. Bars represent mean = SEM of 3 mice/ group.

D. Decreased pro-inflammatory cytokine production by IL-21 antagonist. Isolated CD3" T
cells from spleen and lymph nodes from EAE mice treated with IL-21 antagonist or IgG2a
(n=3/group) for 15 days were left unstimulated or stimulated for 72 h with MOG (10ng/ml).
Supernatants were analyzed by multiplex for cytokine production according to manufacturer’s
instructions (Multiplex bead-based Luminex®, Invitrogen™). Statistical analyses were
performed to determine the differences between IgG2a-treated mice and mice treated with IL-
21 antagonist (**p <0.001). Data were analyzed using the ANOVA test, *p <0.05 and **p
<0.0001 being considered significant (Statview 5.1).

Figure 6: Specific T-cell proliferation inhibited by the IL-21 antagonist (I1L-21dm)

A.CD4 T lymphocytes from 2d2 mice, isolated as described in Materials and Methods, were
used for this purpose. First feeder cells were isolated from the spleen of wild-type C57BL/6
mice and cultured at 25x10° cells/well in U-bottom 96-well plates for 24 h with 10 ng/ml of
MOG. After 24 h, these feeder cells were irradiated in the plate. Second, T cells from 2d2
mice (C57BL/6 background) were isolated as above and added to the feeder cells at a
concentration of 25x10° cells/well. Cells were cultured in enriched DMEM medium (as
above) and various concentrations of rhIL-2, thIL-21 and the IL-21 antagonists. Cells were

incubated at 37°C for 72 h before addition of 1 uCi of H) TdR (for an additional 12 h. Cells
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were then harvested, "H) TdR incorporation per well was measured and the means assessed
for each triplicate. These results are the mean (+ SEM) of three separate experiments.

B. Cytokine production. In the same culture conditions, supernatant was harvested after 72 h
of culture and processed for testing of cytokine production by multiplex analysis. Expression
of the inflammatory cytokine IFN-y and IL-17 was increased in the presence of the IL-21

inhibitors. These results are the mean (= SEM) of three separate experiments.

C. IL-21 antagonist maintains the proliferation and survival of CD4" T cells. CD4 T
lymphocytes from 2d2 mice, isolated as described in Materials and Methods, were stained
with CFSE and cultured as above (Figure 6A) with MOG-feeder cells at a concentration of
25x10° cells/well. Cells were cultured for 6 days in enriched DMEM medium with and
without the IL-21 antagonist (5 pg/ml). CFSE-stained cells were collected and stained with
Cy-chrome-conjugated anti-CD4. The frequency of T-cell proliferation was determined as
shown in figure 5B.

D. To assess apoptotic cell death, purified 2d2 CD4" T cells were cultured for 7 days with IL-
2 (25 ng/ml) and/or IL-21 antagonist (2, 5 or 20 pg/ml). At day 7, cells were harvested and
stained with FITC-conjugated annexin V and PE-conjugated PI in accordance with supplier's
instructions (BD PharMingen™). The percentages of double-negative subpopulations

corresponding to viable cells are indicated in the quadrant.
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Immunomodulatory effects of therapeutic
molecules in MS, EAE and in other
autoimmune disease
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Section I1.C.1

Glatiramer acetate increases IL-1 receptor antagonist but decreases T cell-

induced IL-1beta in human monocytes and multiple sclerosis

Daniel Burger, Nicolas Molnarfi, Martin S. Weber, Karim J. Brandt, Mahdia
Benkhoucha, Lyssia Gruaz, Michel Chofflon, Scott S. Zamvil and Patrice H. Lalive.

Published in: Proc Natl Acad Sci U S A. (2009), 106(11):4355-4359.

INTRODUCTION

Glatiramer acetate (GA) is one approved therapy for RR-MS and has shown to
decrease the number of CNS lesions and the frequency of relapses. Recently it has been
reported that GA exerts immunomodulatory activity on monocytes/macrophages and dendritic
cells. In this study they showed that monocytes from GA treated patients with MS secrete less
IL-12 and TNF in response to LPS stimulation compared with monocytes from healthy
controls and untreated patients with MS. In addition DCs and monocytes isolated from GA-
treated patients produce more anti-inflammatory IL-10 and less pro-inflammatory IL-12. Also
GA promotes the development of anti-inflammatory type Il monocytes in EAE, with Treg
induction and increase of IL-10 and TGF B. IL-1p is a pleiotropic cytokine which is
controlled by it natural secreted IL-1 receptor antagonist (IL-1Ra), IL-1Ra -/- mice are highly
susceptible to EAE. In this section we were interested to study the effect of GA on the IL-1
system. We showed in this study that GA treatment increased slL-1Ra blood levels in MS
patient and also in EAE mice; however IL-1f levels remain undetectable. These results were
confirmed in vitro. This study opens more our eyes on a mechanism that is likely to

participate in the therapeutic effects of GA in MS.

OBJECTIVES

In this project we investigated the effect of GA on IL-1 system in vivo and in vitro.
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Glatiramer acetate increases IL-1 receptor antagonist
but decreases T cell-induced IL-18 in human
monocytes and multiple sclerosis

Danielle Burger?', Nicolas Molnarfi2*, Martin S. Weber®-, Karim J. Brandt?, Mahdia Benkhoucha?, Lyssia Gruaz?,

Michel Chofflon®, Scott S. Zamvil®?, and Patrice H. Lalived-ef

aDivision of Immunology and Allergy, Clinical Immunology Unit (Hans Wilsdorf Laboratory), Department of Internal Medicine, University Hospital and
Faculty of Medicine, University of Geneva, 1211 Geneva, Switzerland; PDepartment of Neurology and Program in Immunology, University of California, San
Francisco, CA 94143; ‘Department of Neurology, Technische Universitdt Minchen, D-80538 Munich, Germany; 9Department of Pathology and Immunology,
Faculty of Medicine, University of Geneva, 1211 Geneva, Switzerland; and ¢Department of Neurosciences, Division of Neurology, Neuroimmunology
Laboratory, and fDepartment of Genetics and Laboratory Medicine, Laboratory Medicine Service, University Hospital of Geneva, 1211 Geneva, Switzerland

Edited by Michael Sela, Weizmann Institute of Science, Rehovot, Israel, and approved January 26, 2009 (received for review December 1, 2008)

Mechanisms of action as well as cellular targets of glatiramer
acetate (GA) in multiple sclerosis (MS) are still not entirely under-
stood. IL-1B is present in CNS-infiltrating macrophages and micro-
glial cells and is an important mediator of inflammation in exper-
imental autoimmune encephalitis (EAE), the MS animal model. A
natural inhibitor of IL-1B8, the secreted form of IL-1 receptor
antagonist (sIL-1Ra) improves EAE disease course. In this study we
examined the effects of GA on the IL-1 system. In vivo, GA
treatment enhanced slIL-1Ra blood levels in both EAE mice and
patients with MS, whereas IL-1p levels remained undetectable. In
vitro, GA per se induced the transcription and production of sIL-1Ra
in isolated human monocytes. Furthermore, in T cell contact-
activated monocytes, a mechanism relevant to chronic inflamma-
tion, GA strongly diminished the expression of IL-18 and enhanced
that of sIL-1Ra. This contrasts with the effect of GA in monocytes
activated upon acute inflammatory conditions. Indeed, in LPS-
activated monocytes, IL-1B and sIL-1Ra production were increased
in the presence of GA. These results demonstrate that, in chronic
inflammatory conditions, GA enhances circulating sIL-1Ra levels
and directly affects monocytes by triggering a bias toward a less
inflammatory profile, increasing sIL-1Ra while diminishing IL-18
production. This study sheds light on a mechanism that is likely to
participate in the therapeutic effects of GA in MS.

experimental autoimmune encephalitis | cellular contact |
inflammation | autoimmune disease

latiramer acetate (GA; copolymer-1; Copaxone) is composed

of a mixture of synthetic peptides of 50 to 90 aa randomly
composed of L-glutamic acid (E), L-lysine (K), L-alanine (A), and
L-tyrosine (Y). Initially developed to mimic the myelin basic
protein, a major component of the myelin sheath, and to induce
experimental autoimmune encephalitis (EAE), GA unexpectedly
inhibited EAE in both rodents and monkeys (1). In subsequent
clinical trials, GA reduced relapse rate and progression of disability
in patients with relapsing-remitting multiple sclerosis (MS; RRMS)
leading to its approval in 1995 (2).

A number of investigations in MS and EAE addressed the
immunological basis of GA clinical effects. However, the mech-
anisms of GA action are still elusive. Initial investigations
attributed most GA activity to a preferential Th2-polarization of
myelin-specific T cells, thus focusing on its effects on the
adaptive immune response (3). However, recent reports indi-
cated that GA treatment also exerts immunomodulatory activity
on cells of the monocytic lineage, i.e., monocytes/macrophages
and dendritic cells (4-9). For instance, monocytes from GA-
treated patients with MS secrete less IL-12 and TNF in response
to LPS stimulation compared with monocytes from healthy
controls and untreated patients with MS (4). Accordingly,
dendritic cells and monocytes isolated from GA-treated patients

www.pnas.org/cgi/doi/10.1073/pnas.0812183106

produce more anti-inflammatory IL-10 and less pro-inflamma-
tory IL-12 (5, 9). Furthermore, GA promotes the development
of anti-inflammatory type II monocytes in EAE, accompanied
by induction of regulatory T cells and increased secretion of both
IL-10 and TGF-B (10).

IL-1p is a pleiotropic pro-inflammatory cytokine whose pro-
duction is tightly controlled at several levels (11). Indeed, as
recently reviewed, there are several roadblocks to the release of
IL-1B beginning with the transcription of the ILI1B gene and
ending with the exit of the active cytokine from the cell. In the
extracellular space, IL-1 activity is mainly ruled by the secreted
IL-1 receptor antagonist (sIL-1Ra), which binds type I IL-1
receptor without triggering signals (12). As it potently inhibits
the various effects of IL-1, sIL-1Ra is considered an important
regulator of the inflammatory and overall immune response
mediated by IL-1 (13). Because of its extreme efficacy as a
pro-inflammatory mediator, if these intracellular and extracel-
lular roadblocks are not enough to limit IL-18 activity, it may
also be reduced by the preferential binding to the cell surface or
soluble form of type II IL-1 receptor, preventing it from trig-
gering the signal-transducing type I receptor (11). Finally, the
facilitation of IL-18 processing by the caspase 1 inflammasome
through ATP activation of the P2X5 receptor can also be viewed
as a potential roadblock to the activity of IL-13 (11).

IL-1B is mainly produced upon activation of cells of the mono-
cytic lineage. In chronic/sterile immuno-inflammatory diseases, the
factors triggering pro-inflammatory cytokine production are still
elusive. T cells may exert a pathological effect through direct
cellular contact with monocytes/macrophages, inducing massive
up-regulation of IL-18 and TNF (14). Besides triggering pro-
inflammatory cytokine production, contact-mediated activation of
monocytes induces the production and/or shedding of cytokine
inhibitors such as sIL-1Ra and soluble receptors of IL-1 and TNF
(15). The importance of T cell contact-mediated activation of
monocytic cells in MS was further demonstrated in vitro in co-
cultures of T cells and microglial cells (16, 17).

In MS, IL-1B is mainly expressed by microglial cells and
infiltrating monocyte/macrophages throughout the white matter
and in acute lesions (18). This assertion was further confirmed
in EAE studies. Indeed, dark agouti rats treated with sIL-1Ra
during the induction of EAE, or after adoptive transfer with
myelin antigen-primed lymph node cells, develop milder signs of
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Fig. 1. slL-1Ralevelsare elevated in sera of EAE mice treated with GA. (A) GA
ameliorates EAE. C57BL/6 mice were injected s.c. daily with GA (150 ng) or
vehicle (PBS solution) 7 d before immunization with 10 ug myelin oligoden-
drocyte glycoprotein 35-55 peptide (dpi, day post-immunization). (B) EAE
mice treated (GA) or not (vehicle) were killed at disease peak and their serum
analyzed for IL-18 and sIL-1Ra content. IL-18 was not detected (not shown).

the disease (19). sIL-1Ra delivered by non-replicative HSV-1
vectors in EAE C57BL/6 mice delays disease onset and decreases
disease severity (20). In addition, IL-1a/B double deficient
(IL-17/7) mice exhibit significant resistance to EAE induction
with reduction in disease severity, whereas IL-1Ra~/~ mice are
highly susceptible to EAE induction in the absence of pertussis
toxin administration (21). These observations demonstrate that
the IL-1/IL-1Ra system is crucial for autoantigen-specific T cell
induction in mice and that sIL-1Ra efficiently blocks IL-1
effects and ameliorates EAE disease course (19-22).

In this study we addressed the question of the effects of GA
on IL-1 system in vivo and in vitro. The results show that
GA-treatment increases the circulating levels of sIL-1Ra in both
EAE mice and patients with MS. This is reflected in vitro by the
direct effect of GA on human blood monocytes. Indeed, GA
induces the production of the cytokine inhibitor sIL-1Ra and
diminishes the production of IL-1B in conditions related to
chronic inflammation, i.e., in monocytes activated by direct
contact with stimulated T cells.

Results

sIL-1Ra Serum Levels Are Elevated in GA-Treated EAE Mice. To assess
whether GA-treatment affected sIL-1Ra levels in the MS animal
model, EAE was induced in mice treated either with GA or PBS
solution (i.e., vehicle). As shown in Fig. 14, EAE severity was
reduced in GA-treated mice, as previously demonstrated (10).
At peak disease, mouse sera were analyzed for levels of sIL-1Ra
and IL-1B. IL-1B was not detectable in any of the sera (not
shown). However, sIL-1Ra was significantly elevated in mice
treated with GA (3,336 = 1,190 pg/mL sIL-1Ra, mean * SD)
compared with animals that received vehicle as a control (1,296 =
657 pg/mLsIL-1Ra; Fig. 1B). This demonstrates that GA-treatment
enhanced sIL-1Ra concentration in EAE mouse serum.

slL-1Ra Levels Are Elevated in Sera of Patients with MS Treated with
GA. sIL-1Ra circulating levels in MS have been shown to vary as
a function of clinical status and treatment, so we examined
whether GA-treatment would affect sIL-1Ra levels in patients
with MS. IL-1B and sIL-1Ra levels were measured in sera of
patients with RRMS treated with GA or untreated, and in
healthy controls (Table 1). IL-18 was not detectable in any of the
sera. As shown in Fig. 2, sIL-1Ra was significantly increased in
serum of patients treated with GA (434 = 265 pg/mL sIL-1Ra)
whereas there was no significant difference between untreated
patients (218 = 60 pg/mL sIL-1Ra) and healthy controls (188 =
65 pg/ml sIL-1Ra). This demonstrates that GA treatment en-
hances sIL-1Ra in the serum of patients with MS.

GA Differentially Regulates IL-18 and sIL-1Ra Production in Human

Monocytes. To assess whether GA per se would affect the IL-1
system in human monocytes, freshly isolated human monocytes

4356 | www.pnas.org/cgi/doi/10.1073/pnas.0812183106

Table 1. Clinical characteristics of patients with MS and healthy
controls

Disease
Clinical duration GA treatment
category Sex Age (y) (y) EDSS duration (mo)
Healthy
controls
1 F 31 — — —
2 F 34 — — —
3 F 36 — — —
4 M 29 — — —
5 M 24 — — —
6 F 24 — — —
7 F 30 — — —
8 F 35 — — —
9 F 44 — — _
10 M 40 — — —
Mean = — 327 *64 — — —_
SD
Untreated
RRMS
1 F 45 17 3.0 —
2 F 31 10 1.5 —
3 M 15 1 1.5 —
4 F 23 1 2.0 —
5 F 41 6 7.0 —
6 F 36 3 2.0 —
7 F 34 5 2.0 —
8 M 27 3 1.5 —
9 F 31 10 1.0 —
10 F 46 6 2.5 —
11 M 41 6 4.0 —
Mean *= — 336*96 6.2*x47 25x17 —
SD
GA-
treated
RRMS
1 M 39 6 2.5 56
2 F 33 7 2.0 18
3 M 26 8 1.5 60
4 F 45 15 1.5 27
5 F 32 11 2.0 13
6 F 27 4 0 44
7 M 23 2 1.0 29
8 M 39 9 2.0 36
9 F 25 5 1.0 19
Mean = — 321*76 74+39 15%+038 33.6 +16.8
SD

EDSS: Expanded Disability Status Score; RRMS: relapsing-remitting multiple
sclerosis; GA: glatiramer acetate. Data expressed at time of sampling.

were activated by increasing doses of GA. The production of
sIL-1Ra was enhanced by GA in a dose-dependent manner,
reaching a plateau at 25 pug/mL (Fig. 34). The latter dose was used
for the in vitro experiments described later. Noticeably, GA did not
induce IL-1B8 production, demonstrating that GA triggers an anti-
inflammatory bias in human monocyte cytokine production.

To confirm that GA affected the IL-1 system, we assessed its
effect on human monocytes activated upon chronic/sterile and
acute/infectious inflammatory conditions as mimicked by direct
cellular contact with stimulated T cells and LPS, respectively.
Studies of cell-cell interactions such as those occurring in T cell
contact activation of human monocytes are usually complicated
by the simultaneous presence of at least 2 viable cell types. To
obviate this problem, and possible interferences caused by the

Burger et al.
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Fig.2. slL-1Ralevelsare elevated insera of patients with MS treated with GA.
The levels of sIL-1Ra and IL-18 were measured in sera of patients with RRMS
treated with GA or not treated, and age-matched healthy controls, as de-
scribed in Table 1. IL-18 was under the detection limit (15 pg/mL) in all
individuals. There was no significant difference between healthy controls and
untreated patients with RRMS. Results are presented as a box plot (GraphPad
Prism 4).

fact that target cells are potentially phagocytic, isolated mem-
branes from stimulated HUT-78 cells were solubilized with
CHAPS and used as a stimulus, referred to as CEggur (23). As
shown in Fig. 3B, GA enhanced the production of sIL-1Ra in
monocytes activated by CEqgur and LPS in a similar manner,
and GA-induced sIL-1Ra production was additive to that trig-
gered by CEggur or LPS. In contrast, the production of IL-13
induced by CEgyyr was inhibited by GA, whereas LPS-induced
production of IL-18 was enhanced in the presence of GA (Fig.
3C). These observations suggest that GA displays opposite
effects on signaling events downstream of LPS and CEgyur.

GA Affects the Expression of Cytokine Transcripts. To assess whether
GA affected the production of cytokines at the transcriptional

— B p=0.028 p=0032
£ 9
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. A o & 6
=3 32 X
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5 2 2 g) w 0_
© -~ _4lC p=0028
id L L = 4 p=0014
2o 02 2 |58
0 25 50 5 |ACGA
GA (pg/ml) -
=
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medium CE_, ; LPS
Fig. 3. GA differentially regulates IL-18 and slL-1Ra production in human

monocytes. (A) Monocytes (5 X 104 cells/200 ul/well; 96-well plates) were
activated with the indicated dose of GA. After 48 h, supernatants were
harvested and the production of IL-13 (open circles) and sIL-1Ra (filled circles)
were measured in triplicate wells and represented as mean =+ SD. Results are
representative of 3 different experiments. (B) Monocytes (5 X 10* cells/200
pnLiwell; 96-well plates) were preincubated for 1 h with or without 25 ug/mL
GA and then cultured for 48 h in the presence or absence of CEguyt (1 ng/mL)
or LPS (100 ng/mL). sIL-1Ra was measured in culture supernatants (mean + SD,
n = 3 different experiments). (C) Monocytes (5 X 10% cells/200 pL/well; 96-well
plates) were preincubated for 1 h with or without 25 ng/mL GA and then cultured
for 48 h in the presence or absence of CEgqyt (6 wg/mL) or LPS (100 ng/mL). IL-18
was measured in culture supernatants (mean = SD, n = 3 different experiments,
i.e., monocytes prepared from 3 different blood donors).
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Fig. 4. GA affects sIL-1Ra and IL-18 mRNA in both CEgyyr-activated and
resting monocytes. (A) Monocytes (2 X 10° cells/well/3 mL) were preincubated
for 1 h with the indicated dose of GA and then cultured for 3 hin the presence
of CEsut (6 ng/mL). Total mRNA was isolated and analyzed by duplex real-time
quantitative PCR (see Materials and Methods) for the presence of IL-13 (open
circles) and sIL-1Ra (filled circles) transcripts. Results are presented as percent-
age of mRNA expression level, 100% being transcript expression measured
after 3 h of monocyte activation by CEsyyr in the absence of GA; mean + SD
of 3 different experiments. (B) Monocytes (2 X 108 cells/well/3 mL) were
activated for 18 h with the indicated dose of GA. Total mRNA was isolated and
analyzed by duplex real-time quantitative PCR (see Materials and Methods)
for the presence of IL-18 (open circles) and sIL-1Ra (filled circles) transcripts.
Results are presented as percentage of mRNA expression level, 100% being
the transcript level at 50 ug/mL GA; mean = SD of 3 different experiments, i.e.,
monocytes prepared from 3 different blood donors.

level, monocytes were incubated for 1 h with increasing doses of
GA and then activated by CEsgyr or not activated. As shown in
Fig. 44, GA, in the absence of other stimuli, induced the
expression of sIL-1Ra transcript in a dose-dependent manner,
whereas that of IL-18 was not induced. When monocytes were
activated by CEsgur, GA diminished IL-18 mRNA expression by
30% whereas it enhanced sIL-1Ra mRNA expression by 25% in
monocytes activated by CEgyur (Fig. 4B), corroborating the
effects of GA on protein production (Fig. 3). Together, these
data suggest that GA displays opposite activity toward IL-1
system members in monocytes/macrophages by directly inducing
sIL-1Ra expression and production and by modulating both
IL-1B and sIL-1Ra expression/production induced by CEgyur.

Discussion

The present study sheds light on mechanisms by which GA might
exert beneficial effects in MS. GA treatment enhances sIL-1Ra
blood levels in patients with MS and in EAE mice. This is likely
to be the consequence of the direct triggering effect of GA on
monocytic production of sIL-1Ra. In addition, GA diminishes
monocytic IL-18 production induced by direct contact with
stimulated T cells. Thus, through different mechanisms, GA
dampens IL-1 activity, which correlates with disease severity.

Recent insights derived from studies on the mechanism of
action of GA show a pivotal role of monocytes in the modulation
of the immune system and highlight the importance of these cells
as a target for pharmacologic intervention in autoimmune
diseases (4-10, 24). These results suggest that GA might be
useful in autoimmune diseases other than MS, as suggested by its
beneficial effect in animal models of autoimmune diseases such
as uveoretinitis (25) and inflammatory bowel disease (26), and
graft rejection (27), whereas its efficacy has not been demon-
strated in animal models of systemic lupus erythematosus (28)
and collagen-induced arthritis (29).

The premise that GA enhances sIL-1Ra levels in treated
patients with MS is reminiscent of observations made with
another immunomodulator used in MS. Indeed, IFNB also
increases circulating serum levels of sIL-1Ra in patients with MS
(30). Interestingly, with both immunomodulators, the circulating
levels of sIL-1Ra are doubled in treated patients compared with
untreated individuals. Together these observations suggest that
the enhancement of sIL-1Ra might be relevant to therapeutic
effects of both GA and IFN. Indeed, sIL-1Ra is transported and
expressed into the CNS, where it could inhibit the pro-

PNAS | March 17,2009 | vol. 106 | no.11 | 4357

IMMUNOLOGY



Lo L

P

1\

BN AS DN AS P

inflammatory activities of IL-18, whose expression is increased
in MS lesions (18, 31). The efficiency of sIL-1Ra treatment was
demonstrated in EAE animals, in which it results in delayed and
milder disease (19, 22). Besides, polymorphisms encoded within
the IL-1 gene cluster were associated with MS (32). In particular,
mild/moderate disease has been correlated to allele 2 of the
IL-1Ra gene (ILIRN) variable number of tandem repeats ge-
notype, which favors the production of sIL-1Ra (12, 33). In
addition, families displaying high innate IL-1B/sIL-1Ra ratio are
at increased risk to have a relative who develops MS (34).
Together, these studies reinforce the potential clinical benefit of
GA to selectively induce sIL-1Ra secretion by monocytes in MS,
as demonstrated in the present study. Of note, direct treatment
with the commercially available form of sIL-1Ra (Anakinra)
may represent an alternative treatment for MS, although its short
lifespan once injected in humans may limit its efficacy (13).
Nevertheless, as demonstrated here, the enhancement of intrin-
sic production of sIL-1Ra might be a mediator of the beneficial
effects of GA in MS.

Most studies have focused on the effects of GA treatment on
the adaptive immune system, in particular on T cells. Recent data
favor the view that primary immune modulation of APC directs
T cell immune modulation as a secondary step. Indeed, in mice
lacking mature B and T cells, the GA treatment effect on
monocytes is unbowed as indicated by an anti-inflammatory
“type II”” cytokine shift (10). This indicates that GA does not
require T cells or T cell products to alter monocytic cytokine
production. Furthermore, adoptive transfer of highly purified,
GA-induced type II monocytes into mice with EAE triggers T
cell immune modulation and ameliorates the disease course of
recipient mice. However, MHC II-deficient type II monocytes
were unable to mediate this effect on T cells or disease severity
(10). Taken together, these observations indicate that in vivo GA
treatment exerts a direct effect on APC, which rules T cell
immune modulation as the effector arm of GA clinical benefit
in CNS autoimmune disease. The present study confirm the
direct effect of GA on cells of the monocytic lineage by
demonstrating that it down-regulates T cell contact-induced
IL-1B production and directly triggers the production of sIL-
1Ra. Thus, GA directly affects both the antigen presentation and
cytokine production of monocytic cells.

Direct cellular contact with stimulated T cells is a major
pathway for the production of IL-18 and TNF in monocytes/
macrophages under sterile conditions (17, 35, 36). Indeed,
contact-mediated activation of monocytes/macrophages by stim-
ulated T lymphocytes is as potent as optimal doses of LPS to
inducing IL-1B and TNF production in monocytes (37, 38). This
model was recently used to assess the potency of kinase inhib-
itors in acute and chronic inflammatory conditions (39). It is thus
likely that this mechanism is highly relevant to the pathogenesis
and persistence of chronic/sterile inflammation in diseases such
as MS. The effect of GA on cytokine production induced by
contact with stimulated T cells in human microglial cells was
previously demonstrated (16). Stimulated T cells that were
pretreated with GA induced lower levels of TNF, IL-18, and IL-6
in human microglial cells and phorbol 12-myristate 13-acetate
(PMA)/IFNy-treated U937 monocytic cells. However, in the
latter study, GA was absent during microglial cell activation,
implying that GA rather inhibited the ability of T cells to activate
cytokine production by cells of the monocytic lineage. The
present study demonstrates that GA influences cytokine pro-
duction by acting directly on human monocytes. Together, these
studies suggest that GA affects the activation stage of both T cells
and monocytes/macrophages to diminish contact-induced pro-
inflammatory cytokine production.

GA displays opposite effects on monocytes activated by LPS
and T cell contact. Indeed, in contrast with CEgyur-activated

4358 | www.pnas.org/cgi/doi/10.1073/pnas.0812183106

monocytes, the production of the pro-inflammatory cytokine
IL-1B was up-regulated when cells were activated by LPS. This
result is in agreement with a previous study showing that GA
enhances the production of IL-18 in the human monocytic cell
line THP-1 when activated by LPS (40). Thus, GA displays
opposite effects on cytokine production by monocytes activated
upon acute/infectious (i.e., LPS) and chronic/sterile (i.e., CE-
sauT) inflammatory conditions. Therefore, the use of LPS as an
in vitro stimulus should be used with caution to mimic inflam-
matory conditions when chronic/sterile inflammatory diseases
are investigated (39).

In conclusion, this study demonstrates that GA directly affects
monocytes/macrophages by triggering the production of the
anti-inflammatory cytokine sIL-1Ra. As sIL-1Ra can be both
transported through the blood-brain barrier and induced within
the CNS, it might exert immunomodulatory effects in both
systemic and CNS compartments. In the latter, GA may also
dampen the production and activity of IL-13. Finally, the present
data strengthen recent demonstrations that, in addition to the
modulation of the adaptive immune system, GA significantly
affects the innate immune system.

Materials and Methods

Patients. Patients and healthy volunteers were recruited at the University
Hospital of Geneva in accordance with institutional guidelines, and ap-
proval of the local ethical committee was obtained. Blood was drawn from
10 healthy controls, 11 untreated patients with RRMS, and 9 GA-treated
patients with RRMS (Table 1). Sex, age, clinical score, and disease duration
were matched between groups. All enrolled patients had definite RRMS
according to revised McDonald criteria (41). At the time of blood sampling,
GA-treated patients received 20 mg of GA s.c. daily for at least 1 year, with
mean treatment duration of 33.6 = 16.8 months (Table 1). None of the
patients were receiving an immunomodulatory or immunosuppressive
drug in addition to GA. Patients from the untreated group did not receive
any immunosuppressive or immunomodulatory drug for at least 6 months
preceding the study.

EAE Induction and GA Treatment. EAE was induced in 6 C57BL/6 mice using 10
1g myelin oligodendrocyte glycoprotein 35-55 peptide in complete Freund
adjuvant. After immunization and 48 h later, mice received ani.v. injection of
200 ng pertussis toxin. Mice were scored as follows: 0, no symptoms; 1,
decreased tail tone; 2, mild monoparesis or paraparesis; 3, severe paraparesis;
4, paraplegia and/or quadriparesis; and 5, moribund condition or death. Mice
received daily s.c. injections of 150 ug GA suspended in PBS solution (n = 3) or
PBS solution alone (n = 3) starting 7 days before EAE induction as described
elsewhere (42). All experiments were carried out in accordance with guide-
lines prescribed by the Institutional Animal Care and Use Committee at the
University of California, San Francisco.

Materials. FCS, streptomycin, penicillin, L-glutamine, RPMI-1640, and PBS
solution free of Ca2* and Mg?* were purchased from Gibco; purified phyto-
hemagglutinin from EY Laboratories; Lymphoprep from Axis-Shield; PMA,
polymyxin B sulfate, and mouse anti-g-tubulin antibody from Sigma; and GA
from Sanofi-Aventis. Other reagents were of analytical grade or better.

Monocytes. Peripheral blood monocytes were isolated from buffy coats of
blood of healthy volunteers as previously described (43). To avoid activation
by endotoxin, polymyxin B sulfate (2 ug/mL) was added in all solutions during
isolation procedure.

T Cell Stimulation and Membrane Isolation. HUT-78, a human T cell line, was
obtained from the American Type Culture Collection. Cells were maintained
in RPMI-1640 medium supplemented with 10% heat-inactivated FCS, 50
pg/mL streptomycin, 50 lU/mL penicillin, and 2 mM L-glutamine in 5% CO;-air
humidified atmosphere at 37 °C. HUT-78 cells (2 X 108 cells/mL) were stimu-
lated for 6 h by phytohemagglutinin (1 pg/mL) and PMA (5 ng/mL). Plasma
membranes of stimulated HUT-78 cells were prepared as previously described
and solubilized in 8 mM CHAPS (23, 44). CHAPS extract of membranes of
stimulated HUT-78 cells was referred as to CEsyyt. Previous studies demon-
strated that fixed, stimulated HUT-78 cells, plasma membranes of the latter
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cells, and CEpyt display similar ability to induce cytokine production in human
monocytes (15). To activate monocytes, CEqut was used at either 1 ug/mL or
6 ng/mL proteins as previously determined (38, 44).

Cytokine Production. Monocytes (5 X 10% cells/well/200 uL) were activated with
the indicated stimulus in RPMI medium 1640 supplemented with 10% heat-
inactivated FCS, 50 ug/mL streptomycin, 50 U/mL penicillin, 2 mM L-glutamine,
and 5 pg/mL polymyxin B sulfate in 96-well plates and cultured for 48 h. The
production of sIL-1Ra and IL-18 was measured in culture supernatants and
patients’ serum by commercially available enzyme immunoassay: IL-13 (Im-
munotech) and sIL-1Ra (Quantikine; R&D Systems). IL-18 and sIL-1Ra concen-
trationsin serum of patients with RRMS and healthy controls were determined
by triplicate measurements of the same sample.
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INTRODUCTION

IFN-B is a type | interferon, which is used in the treatment of RR-MS and can reduce
the frequency of clinical exacerbations via it anti-inflammatory effects given that MS consist
inflammatory mechanisms and neural damages, both effective immunomodulator and
neuroprotective therapies are required. Conflicting results arise from the studies assessing
INF-B induced brain-derived neurotrophic factor (BDNF) a key regulator of neuronal
development that may promote axonal regeneration. Some groups support that INF-f induce
BDNF and others reported no effect on INF-B, in this project we analysed expression of
BDNF in PBMC from RR-MS patients under treatment or not of INF-. We showed higher
levels of BDNF in PBMC of INF-f -treated MS patients but not in the serum compared with
control, and then we proposed that INF-$ has a neuroprotective effect but not directly by
increasing BDNF in the PBMC, these cells treated with INF-B have the capacity to release
BDNF in specific tissue such as CNS of MS patients.

OBJECTIVES
In this project we assessed the level of BDNF within PBMC and in the serum from

INF-p treated RR-MS patients compared to healthy controls.
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Abstract

Interferon-p (IFN-B) achieves its beneficial effect on multiple sclerosis (MS) via anti-inflammatory properties. In this study, we assessed the
expression of the brain-derived neurotrophic factor (BDNF) in peripheral blood mononuclear cells (PBMC) from relapsing—remitting multiple
sclerosis (RRMS) patients treated or not with IFN-(3. Intracellular BDNF was measured by Western blot and ELISA and compared with serum
BDNF. We found higher levels of BDNF in PBMC of IFN-B-treated versus non-treated patients, whereas serum levels of BDNF were similar. We
hypothesize that the increased intracellular BDNF secondary to IFN-p is not released in the periphery. This release is probably not tissue specific
but in MS patients, BDNF could be specifically delivered by PBMC at the site of re-activation, i.e. within the central nervous system.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Multiple sclerosis; Interferon-f3; Neurotrophin; Brain-derived neurotrophic factor; Peripheral blood mononuclear cells; Neuroprotection

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease associated
with inflammation of the central nervous system (CNS) leading
to demyelination and axonal loss (Hafler et al., 2005).

Brain-derived neurotrophic factor (BDNF) is a member of
the neurotrophin family which includes nerve growth factor
(NGF). Neurons are the major source of BDNF (Lewin and
Barde, 1996) but constitutive as well as stimulated-expression
of BDNF was found in human lymphocytes and monocytes
(Kerschensteiner et al., 1999). The presence of BDNF in
blood cells suggests a neuroprotective role for infiltrating
immune cells into the CNS (Gielen et al., 2003; Hohlfeld,
2008; Hohlfeld et al., 2000, 2006; Kerschensteiner et al.,
1999; Weinstock-Guttman et al., 2007). BDNF is generated as
a 32 kDa precursor that is post-translationally processed to
give rise to a mature bioactive BDNF of 14 kDa (Mowla et
al., 2001).
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tory, University Hospital of Geneva, Micheli-du-Crest 24, 1211 Geneva 14,
Switzerland. Tel.: +41 22 372 83 18; fax: +41 22 372 83 82.

E-mail address: patrice.lalive@hcuge.ch (P.H. Lalive).
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Interferon-p (IFN-B) is one of the treatments of choice
with well-established clinical benefits for relapsing-remitting
(RR) MS. The beneficial effect of IFN-p is attributed to its
immunomodulatory effects on inflammatory mediators and T-
cell reactivity (Zafranskaya et al., 2007; Zhang et al., 2002).
Indeed, IFN-B modulates cytokine levels and inhibits
transmigration of autoreactive T cells into the CNS (Theofi-
lopoulos et al., 2005). Given that MS consists of inflamma-
tory mechanisms and neuronal damages, both effective
immunomodulator and neuroprotective therapies are required.
Increasing BDNF levels could be one of the neuroprotective
mechanisms of IFN-pB.

Glatiramer acetate (GA), another immunomodulator used in
MS therapy has been shown to induce BDNF in GA-reactive T
cells (Aharoni et al., 2000; Chen et al., 2003; Ziemssen, 2004;
Ziemssen et al., 2002, 2005). These findings suggest that GA-
reactive T cells provide important source of BDNF and may
participate in neuroprotective mechanisms. Conflicting results
arise from the studies assessing IFN-f3-induced BDNF. Some of
them reported no effect of IFN-3 (Caggiula et al., 2006; Petereit
et al., 2003; Sarchielli et al., 2007), while others demonstrated
IFN-RB-dependent increase in BDNF levels (Hamamcioglu and
Reder, 2007). These studies have examined secreted BDNF
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either in the serum or in the supernatant from stimulated or non-
stimulated immune cells, but not directly within immune cells.

The purpose of this study was to assess the levels of BDNF
within peripheral blood mononuclear cells from IFN-pla-
treated RRMS patients, untreated RRMS patients and healthy
controls (HC) and compare with serum BDNF of the same
groups.

2. Materials and methods
2.1. Patients and healthy donors

Thirty MS patients fulfilling 2005-revised Mc Donald
Criteria (Polman et al., 2005) as well as 15 age- and gender-
matched healthy individuals were recruited at the University
Hospital of Geneva in accordance with institutional guidelines.
All patients were classified as RRMS in remission according to
clinical history. Patients under IFN-p were treated with Rebif®
(IFN-B 1a), 44 png 3x/week s.c. for at least a year. Characteristics
of patients and HC are described in theTable 1. All individuals
had peripheral blood cell counts within the reference range.

2.2. Antibodies and reagents

Polyclonal antibodies against BDNF and GAPDH were from
Santa Cruz (Santa Cruz, CA) and Biomedical Laboratories
(Golden, CO), respectively. Horseradish-conjugated secondary
antibody and ECL detection reagents were obtained from
Amersham (Buckinghamshire, UK). Nitrocellulose membranes
and the DC protein assay were from Bio-Rad (Hercules, CA).
Chemiluminescence Biomax films were obtained from Kodak
(Rochester, NY)). Restore™ Western blot stripping buffer was
purchased from Pierce (Rockford, IL). Protease inhibitor cocktail
tablets were from Roche Diagnostics (Penzberg, Germany).

2.3. Peripheral blood mononuclear cells (PBMCs) isolation

Blood was sampled directly into Ficoll-containing BD
Vacutainer CPT tubes (Becton Dickinson, Franklin Lakes,
NJ). Peripheral mononuclear cells (PBMC) were separated by
centrifugation at 1650 g for 20 min at room temperature.
Further, a washing step was performed according to the
manufacturer’s instruction (method A of BD protocol: cen-
trifugation at 300 g 2x (15 and 10”)). This technique allows
removing possible contamination by platelet. Isolated PBMC
were washed and kept frozen at —80 °C until use.

Table 1

Clinical characteristics of MS patients and healthy controls

Clinical n Sex Age mean EDSS Disease duration
category (F/M) (years+S.D.) (£S.D.) (years+S.D.)
HC 15 10/5 34 (£8) - -

RRMS 15 10/5 35 (+10) 1.9 (£0.8) 3.2 (#3)
RRMS-IFN-p 15 10/5 36 (+8) 1.9 (£0.9) 6.1 (:2.2)

HC: healthy controls; RRMS: relapsing—remitting multiple sclerosis; RRMS-
IFN-R: Interferon-p la-treated RRMS patients; +S.D: standard deviation;
EDSS: Expanded Disability Status Score.

2.4. Preparation of cell extracts

PBMC were resupended in a lysis buffer (10 mM Tris—HCL
(pH 7.4) 1 mM Na-vanadate, 1% SDS) supplemented with a
protease inhibitor cocktail (Roche). Proteins were precipitated
with 6 volumes of cold acetone overnight at —20 °C. The pellet
was then washed twice with cold acetone and resuspended in
the lysis buffer. Total protein content was determined using the
Bio-Rad DC protein assay (Bio-Rad).

2.5. Gel electrophoresis and Western blot analysis

Samples were loaded on a 12% SDS-PAGE (20 pg protein
per lane). Proteins were transferred onto nitrocellulose mem-
brane (Bio-Rad). The membrane was incubated in a blocking
buffer (20 mM Tris, 150 mM NaCl (pH 7.6), 0.1% Tween-
20=TBS-T) and 5% non-fat milk. The membrane was probed
with a polyclonal anti-BDNF (1 pg/ml) (Santa Cruz). After 3
washes with TBS-T buffer, the membrane was incubated with a
donkey anti-rabbit-HRP (Amersham) in the blocking buffer.
The blot was finally washed 3 times, and immunoreactive
BDNF was detected by ECL kit (Amersham). In order to re-
probe the blot, the membrane was stripped and incubated with
another antibody. Band intensities were quantified using NIH
Image J.

2.6. ELISA analysis

BDNF was further determined in serum and cell lysates
using BDNF E_,,x® Immunoassay System according to the
manufacturer’s instructions (Promega, Madison, WI, USA).

2.7. Induction of BDNF in vitro

PBMC from healthy donor were cultured in complete RPMI
medium in the presence or absence of IFN-31a (R&D Systems,
Abingdon, UK) for 24 h. Supernatants were collected and the
cells processed for Western blot as described above.

2.8. Statistical analysis

Statistical analyses were performed using Student’s f-test.
Intergroup differences were considered significant when p<0.05.

3. Results

3.1. BDNF detected by Western blot is increased in PBMC of
IFN-P treated patients

A representative immunoblot of the 14-kDa mature form of
BDNF protein from three non-treated and three IFN-B-treated
RRMS is shown in Fig. 1A. Glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) was used as loading control. BDNF
was analysed in PBMC from 15 patients of each group of RRMS
patients and 15 healthy controls. There were interindividual
differences in BDNF expression, but generally lower levels were
found in untreated patients. When normalized to corresponding
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Fig. 1. (A) Representative Western blot analysis of the bioactive 14 kDa BDNF
isolated from PBMC of 3 untreated RRMS patients and 3 IFN-p-treated RRMS
patients. (B) BDNF to GAPDH ratio. After BDNF immunoblotting, the
membrane was stripped and re-probed with a polyclonal anti-GAPDH antibody.
Band intensities were quantified by NIH Image. HC (n=15) and IFN-p-treated
patients (n=15) expressed significantly higher levels of BDNF compared to
untreated RRMS patients (n=15) (mean+SD; p<0.05).

GAPDH, a decrease of the mature form of BDNF was observed
in non-treated RRMS patients vs healthy controls (BDNF/
GAPDH ratio (mean+SD)=0.7+0.3 vs 1.8+0.8, p=0.002). A
higher level of BDNF was also found in IFN-p-treated RRMS
patients in comparison with untreated patients (BDNF/
GAPDH OD ratio (mean+SD)=1.44+0.7 versus 0.7+0.3,
p=0.04) (Fig. 1B).

3.2. BDNF detected by ELISA was increased in PBMC of IFN-
B treated patients

To confirm the previous observation, we further measured
BDNF in PBMC cell extracts from the same groups of
patients and controls by standard ELISA (Fig. 2). A higher
level of BDNF was found in PBMC lysate of IFN-p-treated
patients in comparison with untreated RRMS ((mean pg/mg
protein+SD)=230.9+51 versus 177.8+41, p=0.004). A
decrease of BDNF in PBMC cell extract was observed in
RRMS vs HC but the difference was not statistically significant
((mean pg/mg protein=SD)=177.8£41 versus 205.9+ 64, p=ns).
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Fig. 2. ELISA analysis of BDNF in PBMC cell lysates. Cell extracts
corresponding to 100 pg protein were analyzed by BDNF immunoassay.
BDNF content is expressed as pg per mg of protein. Difference between
untreated and treated RRMS patients is significant (»<0.05). HC showed higher
levels of BDNF than untreated RRMS patients but statistical difference was not
reached (p=ns).

3.3. No difference of serum levels of BDNF is detected between
patients and controls

BDNF was measured in the serum of HC, IFN-p-treated
and untreated patients (Fig. 3). BDNF levels in the serum were
not different between the 3 groups (19.5+7.2 ng/ml (HC) vs
20.4+6.4 ng/ml (RRMS) vs 16.3+£6.7 ng/ml (RRMS/IFN-pB),

p=ns).
3.4. In vitro induction of BDNF on PBMC by IFN-f

Dose-dependent induction of BDNF by IFN-pla demon-
strated by Western blot (Fig. 4). PBMC were incubated with
progressive concentrations of IFN-Bla for 24 h. GAPDH was
used as loading control. Densitometry analysis of the blots
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Fig. 3. Determination of BDNF in the serum by ELISA. ELISA for BDNF was
performed on sera from the three groups (HC, untreated RRMS and IFN-R3-
treated RRMS patients). BDNF levels in the serum were similar in all groups.
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Fig. 4. In vitro dose-dependent induction of BDNF by IFN-R 1a within PBMC.
PBMC were incubated with progressive concentrations of IFN-Bla for 24 h.
Analysis was performed by western blot and GAPDH used as loading control.
Densitometry analysis of the blots normalized to corresponding GAPDH
showed a 3-fold increase with a maximum effect at 1000 U/ml of IFN- 31a.

normalized to corresponding GAPDH showed a 3-fold increase
with a maximum effect at 1000 U/ml of IFN-R1a.

3.5. Comparison of the sensitivity of the two assays (Western
blot and ELISA)

The Western blot has been done with progressive concentra-
tion of human recombinant BDNF to determine its sensitivity.
With the same protocol (primary/secondary antibodies) as the
one described in the Materials and methods section, we were
able to detect a minimal concentration of 50 pg of human
BDNF. The ELISA used in the manuscript (Promega) has a
detection cut-off of 20 pg to detect BDNF. Thus, the ratio of
sensitivity of the two assays to detect BDNF is 2.5 in favor the
ELISA.

4. Discussion

In this study, we addressed the question whether IFN-p
therapy could induce the synthesis of the neurotrophin BDNF in
immune cells of MS patients. To this purpose, expression of the
bioactive form of BDNF protein (14 kDa) was analyzed within
PBMC from HC, RRMS and IFN-B-treated RRMS patients
(n=15 for each group). We found a decrease of the bioactive
form of BDNF in RRMS patients compared to HC, whereas the
BDNF was found to increase to HC values in the I[FN-p-treated
RRMS group.

The same samples were tested by ELISA which confirmed
the increase of BDNF in PBMC from IFN-B-treated RRMS
patients compared to non-treated patients. A decrease of BDNF
in non-treated patients compared to HC was noted also the
difference didn’t reach significance. Noteworthy, the ELISA
may detect both the 14 kDa bioactive and the 32 kDa precursor
form of BDNF with no distinction between these two forms
whereas the antibody used for the Western blot allowed a
specific detection of the bioactive form. This may explain this

apparent discrepancy between the two assays. Thus, [FN-p may
have a specific effect on the bioactive form rather than the
precursor form of BDNF.

No BDNF difference was found in the serum when each
group was compared. This result is in line with several reports
showing that BDNF detected in the serum or the supernatant of
stimulated PBMC is not modified in IFN-p-treated patients
(Caggiula et al., 2006; Petereit et al., 2003; Sarchielli et al.,
2007). To our knowledge, no studies have assessed the levels of
BDNF ex-vivo within non-stimulated PBMC in IFN-p-treated
RRMS patients. Thus, the increase of BDNF detected within
PBMC of IFN-p-treated RRMS patients can be seen as a
correction of BDNF to HC values. Further, the increase of
BDNF within PBMC treated by IFN-3 was demonstrated in
vitro.

Our study is based on BDNF expression within PBMC and
do not differentiate which PBMC population mainly produces
this neurotrophic factor. BDNF is known to be predominantly
produced by T cells but can also be expressed by B cells. In
addition, leukocytes of the innate immune system, such as
monocytes, could also produce BDNF. Thus, further studies
should assess whether IFN-p may influence BDNF production
through an antigen-specific effect.

It is not possible, based on these data, to demonstrate that
IFN-R has a neuroprotective effect secondary to the increase of
BDNF. Nevertheless, it can be hypothesized that the absence of
release of BDNF in the serum may be associated with the
capacity of PBMC from IFN-pB-treated RRMS patients to
release BDNF directly in specific targets such as the damaged
CNS of patients.
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INTRODUCTION

Glatiramer acetate is one approved therapy for RR-MS. It mechanism of action is
mediated by a Th2 bystander deviation, and a decreased activation of APC. Our data indicate
that GA treatment downregulates an accelerated Thl differentiation of CD4 T cell, and to

affect T-cells differentiation. Thus, GA act also in an antigen-independent manner.

OBJECTIVES
In this section we investigated whether GA treatment may have an effect in Thl

differentiation at different maturation stage. More specifically we analyzed the effect of GA
on IL-2 and TNF secretion by naive, memory and effectors CD4 and CD8 T cells in MS

patients.
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Abstract

We investigated whether glatiramer acetate (GA) treatment may affect Th1 differentiation at various T-cell maturation stages. Specifically,
we analyzed the effect of in vivo GA treatment on intracellular synthesis of IL-2 and TNF-a by naive, memory and effector CD4" and CD8"
T cells by five-colour flow cytometry. Our data indicate that GA treatment downregulates/normalizes an accelerated Thl differentiation of
CD4" T cells in RRMS patients at all stages of T-cell maturation. Most notably, we conclude that, by altering naive, unprimed CD4" T cells,
GA treatment appears to affect T-cell differentiation, at least in part, in an antigen-independent manner.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Multiple sclerosis; Glatiramer acetate; T-cell differentiation; CD4" T cell; CDS" T cell

1. Introduction

Multiple sclerosis (MS) is characterized by the develop-
ment of multifocal demyelinating lesions disseminated in
time and space throughout the central nervous system
(CNS). Relapsing—remitting multiple sclerosis (RRMS) is
the most common MS subtype that includes about 85% of
patients at initial presentation and is characterized by
alternating worsening (relapse) and recovery (remission).
MS is a chronic inflammatory disease thought to be mediated
by CD4" myelin-reactive Th1 cells although other immune
factors may contribute to the pathogenesis (Steinman, 1996;
Hemmer et al., 2002, 2003; O’Connor et al., 2001; Sospedra
and Martin, 2005). Glatiramer acetate (GA) (Copaxone®) is
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one approved therapy for RRMS and has shown to decrease
the number of CNS lesions and the frequency of relapses.
GA is a copolymer of 40—100 residues which is randomly
composed of the four amino acids glutamate, lysine, alanine
and tyrosine in a defined molar ratio. The mechanism of
action of GA is thought to be mediated mainly by GA-
specific Th2 cells, producers of IL-4, which dampen the
activity of autoreactive T cells (Duda et al., 2000; Neuhaus
etal., 2001, 2000; Farina et al., 2005). Further, GA might act
as an altered peptide ligand modifying the T-cell response to
several myelin antigens. Other mechanisms of GA include a
decreased activation of antigen presenting cells secreting an
anti-inflammatory cytokine profile (Karandikar et al., 2002;
Weber et al., 2004; Vieira et al., 2003). In addition, a possible
neuroprotective effect of GA has been suggested by the fact
that GA-activated T cells can produce brain-derived
neurotrophic factor (BDNF), a key regulator of neuronal
development that may promote axonal regeneration (Ahar-
oni et al., 2003; Ziemssen et al., 2002; Azoulay et al., 2005).
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Table 1
Clinical characteristics of MS patients and healthy controls

Clinical category n Sex  Age mean EDSS
(F/M) (years+S.D.) (+S.D.)

Disease duration
(years+S.D.)

HC 13 9/4 34 (+8) - -
RRMS 11 83 34(10)  25(x17) 6(=5)
RRMS-GA 7 43 32 (+8) 1.5 (£0.8) 8 (+4)

HC: healthy controls; RRMS: relapsing—remitting multiple sclerosis;
RRMS-GA: glatiramer acetate-treated RRMS patients; S.D.: standard
deviation; EDSS: Expanded Disability Status Score.

We previously reported that the frequency of CD4" T cells
primed for TNF-a synthesis is increased in all stages of MS,
including RRMS, and normalized to values of HC in GA-
treated patients (Fellay et al., 2001). In addition, a significant
decrease in the frequency of CD4" T cells primed for
secretion of IL-2 and TNF-a was shown in GA-treated
patients, reaching values of HC (Fellay et al., 2001). In the
present study, we investigated the impact of GA on cytokine
responses by naive, memory and effector CD4" T cells. We
analysed CD4" T-cell subsets according to van Lier and
colleagues (Hamann et al., 1997; Baars et al., 1995) who
demonstrated the presence of phenotypically and function-
ally distinct subsets of both CD8" and CD4 " primed T cells
by analyzing the cell surface co-expression of CD27 and
CD45RA molecules.

In this report, we demonstrate that GA treatment decreases
the priming of memory and effector CD4" T cells for pro-

inflammatory cytokine synthesis. Interestingly, GA treatment
was found to inhibit the priming of the naive CD4" T cells for
TNF-a and IL-2 synthesis which suggests that GA may act, at
least in part, in an antigen-independent manner.

2. Materials and methods
2.1. Patients and healthy donors

Eighteen MS patients fulfilling Poser criteria (Poser et al.,
1983) as well as 13 age- and gender-matched healthy
individuals were recruited at the University Hospital of
Geneva in accordance with institutional guidelines. All
patients were classified as RRMS in remission according to
clinical history. Seven patients treated by GA were under
therapy for at least 1 year, whereas the 11 non-treated
patients had not received any immunomodulatory therapy
for at least 1 year. Characteristics of patients and HC are
described in Table 1. All individuals had peripheral blood
counts within the reference range.

2.2. Antibodies and reagents

Labelled monoclonal antibodies and reagents used in
this study were: human CD3 biotinylated (Diaclone,
Besangon, France); CD8-APC-Cy7, CD45RA-APC and
Streptavidin-PE-TR (Caltag, Burlingame, CA, USA);
CD27-FITC, TNFa-PE and IL-2-PE (BD PharMingen,
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Fig. 1. Representative FACS analysis of CD4" T-cell subsets. Mononuclear cells were isolated from healthy control (HC), RRMS patient without treatment (non-
treated) or a RRMS patient receiving GA as immunotherapy (GA-treated). Plotting CD3 vs CD8" allowed to gate on CD4" cells in region R2 as CD3"CD8™ (A,
B). On the basis of expression of CD45RA and CD27 markers, the CD4" T cells were further distributed into the different subsets: R3 = CD45SRA'CD27"
(naive), R4 = CD45RA CD27" (memory) and R5 = CD45RA CD27  (effector). Percentage of each subset is displayed in the corresponding quadrant (C—E).

CD8" T cells were gated in R6 (B).
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San Diego, CA, USA); ionomycin (Alexis Biochemicals,
San Diego, CA, USA); phorbol 12-myristate 13-acetate
(PMA) and brefeldin A (Sigma, St. Louis, MI, USA);
RPMI 1640 medium, L-glutamine and penicillin—strepto-
mycin (Invitrogen, Praisley, Scotland); fetal calf serum
(FCS) (Sera-Tech, Aidenbach).

2.3. Peripheral blood mononuclear cells (PBMCs) isolation
and stimulation

PBMCs were isolated from ethylenediaminetetraacetic
(EDTA)-anticoagulated blood by standard Ficoll-Hypaque
(Amersham Pharmacia Biotech, Uppsala, Sweden) density
gradient centrifugation. After 3 washes with Hanks’
balanced salt solution (HBSS), PBMCs (10° cells/ml)
were resuspended in RPMI medium (Invitrogen Life
Technologies) containing 10% heat-inactivated fetal calf
serum (FCS), 1% penicillin—streptomycin and 2% gluta-
mine (Invitrogen Life Technologies). The cells were
stimulated for 16 h with 20 ng/ml phorbol 12-myristate
13-acetate (PMA) (Sigma) and 1 pg/ml ionomycin (P/I)
(Sigma). The protein transport inhibitor brefeldin A (10 pg/
ml) was added for the last 14 h of incubation (O’Neil-
Andersen and Lawrence 2002).

2.4. Five-colour staining and flow cytometry analysis

PBMCs from HC, non-treated or GA-treated RRMS
patients were analysed by fluorescence-activated cell sorter
(FACS). PBMCs (2.5x10°/well) were first labelled for
surface markers: CD3, CD8, CD45RA and CD27 for 30 min
in phosphate-buffered saline (PBS) containing 1% bovine
serum albumin (BSA) and 0.1% azide (NaNj3) (labelling
buffer). Cells were fixed in 1% paraformaldehyde (PFA) in
the labelling buffer for 15 min at room temperature (RT). The
cells were further permeabilized with 0.05% saponin in the
labelling buffer for 15 min at RT and stained for intracellular
cytokine IL-2 or TNF-a. Five-colour-stained CD4" and
CD8" T cells were gated and analysed in a FACSvantage SE
(BD Biosciences). FACS analysis was performed within 24 h
after blood sampling. For each sample, 5x10* cells were
acquired and results were analysed with WinMDI 2.8
software.

A representative FACS analysis of CD4 " T-cell subsets is
shown in Fig. 1. PBMCs were gated according to forward
scatter/side scatter (FSC/SSC) criteria (R1) and analyzed for
CD3/CD8 co-staining. The stimulation of PBMC with
phorbol 12-myristate 13-acetate (PMA) downregulates the
surface membrane CD4 by internalisation (Moller et al.,
1990; Petersen et al., 1992). Therefore, in accordance with
several previous studies (Picker et al., 1995; Ledru et al.,
1998; Fellay et al., 2001), the percentage of CD4" T cells
was determined as the difference between the percentage of
CD3" T cells and the percentage of CD8" T cells (in R2
region). Co-expression of CD45RA and CD27 markers was
then analyzed on R3-gated cells. The following CD4" T-cell

subsets were identified: CD45RA"CD27" (naive) in R3,
CD45RA CD27" (memory) in R4 and CD45RA CD27"
(effectors) in R5. The percentage of each population is
displayed in the corresponding areas.

2.5. Statistical analyses

Statistical analyses were performed using PRISM soft-
ware (GraphPad, San Diego, CA). The statistical significance
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Fig. 2. Frequencies of naive, effector and memory CD4" T cells from healthy
controls (HC), non-treated RRMS (RRMS) and GA-treated (RRMS-GA)
patients. Data are means+SEM from HC (n=13), RRMS (n=11) and
RRMS-GA (n=7). The number of naive cells was significantly decreased in
RRMS (p=0.013) whereas effector cells were increased (p=0.048) in
RRMS, when compared to HC. No difference was found between RRMS-
GA and HC in the memory T-cell subset (p=ns).
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Fig. 3. Intracellular TNF-a and IL-2 production in naive, memory and effector CD4" T cells. PBMCs derived from HC (n=13), RRMS (n=11) and RRMS-
GA (n=1T) were stimulated with PMA/ionomycin in the presence of brefeldin A and intracellular cytokine was analysed with specific antibody according to
the five-colour technique (see details in the Materials and methods section). Compared to RRMS, RRMS-GA patients showed a significant decrease of
TNF-a in naive (p=0.033) (A) and effector (p=0.006) (C) subsets while IL-2 was lowered by GA in the three subpopulations: naive (p=0.046) (D),
memory (p=0.007) (E) and effector (p=0.05) (F). No cytokine difference was found when HC were compared to RRMS except for IL-2 in the effector

subset (p=0.007) (F).

(p value of <0.05) was determined by the non-parametric
Mann Whitney test.

3. Results

3.1. CD4" T-cell subsets in HC, untreated RRMS and GA-
treated RRMS patients

The percentages of naive, memory and effector CD4" T-
cell subsets were determined in HC, RRMS and RRMS-GA
patients (Fig. 2). A significant decrease of naive CD4" T
cells (36+£3.8% (mean=SEM) vs 48.9+2.5%; p=0.013) as

Table 2

well as an increase of effector CD4" T cell (27.7+3.5% vs
19.7+1.8%; p=0.048) was observed in non-treated RRMS
patients compared to HC (Fig. 2A, C). In contrast, compared
to HC GA-treated RRMS patients showed similar propor-
tions of naive (40.4+5.3% vs 48.9+2.5%; p=ns), memory
(25.8+£3.1% vs 24.8+1.1%; p=ns) and effector (24+3.7%
vs 19.7£1.8%; p=ns) CD4" T cells. Interestingly, GA-
treated RRMS patients showed an increase in naive CD4" T
cells (40.4+5.3% vs 36+3.8%) and a decrease in effector
CD4" T cells (24+3.7% vs 27.7+3.5%) compared to RRMS
patients, although the difference was not statistically
significant (p=ns).

Frequencies of TNF-a and IL-2 expressing cells in naive, memory and effector CD4" T cells

% TNF-a" cells

% IL-2" cells

Naive Memory Effector Naive Memory Effector
HC 8.4+39 45.2+8.2 47.8+16.4 58.5+£16.6 59.5+16.9 29.5+12
RRMS 13.1+£7.3 47.1+£9 55.1+11.1 65.8+10.5 71.6+6.2 38.5+9.1
RRMS-GA 7.2+2.6 37.9+9.9 39.6+13.4 48.9+23 59.5+16.9 27.0+7.6

PBMCs were analyzed by flow cytometry as indicated in Fig. 1, after gating on CD3"CD8" cells. Data are means=S.D. (HC, n=13; RRMS, n=11; RRMS-GA,
n=7). Statistical differences are described in Fig. 3. HC: healthy controls; RRMS: relapsing—remitting multiple sclerosis; RRMS-GA: glatiramer acetate-treated

RRMS patients.
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Table 3

Frequencies of TNF-a and IL-2 expressing cells in naive, memory and effector CD8" T cells

% TNF-o" cells

% IL-2" cells

Naive Memory Effector Naive Memory Effector
HC 4.7+3 36.2+10.2 37.8+14.1 22.3+11.5 345+13 6.3+3.3
RRMS 7.6+6.6 42+14.2 44.5+14.6 27.1+10.5 41.1£11.8 9.9£5.2
RRMS-GA 3+1.5 31.5+17.7 29.6+10.7 18.4+11.9 31.7+12.5 5.5+33

PBMCs were analyzed by flow cytometry as indicated in Fig. 1, after gating on CD8" cells. Data are means+S.D. (HC, n=13; RRMS, n=11; RRMS-GA, n=7).
No statistical difference was reached when comparing the different groups and the T-cell subtypes. HC: healthy controls; RRMS: relapsing—remitting multiple

sclerosis; RRMS-GA: glatiramer acetate-treated RRMS patients.

3.2. GA treatment downregulates the synthesis of pro-
inflammatory cytokines by memory, effector and naive
CD4" T cells

We evaluated the influence of GA treatment on cytokine
synthesis by CD4" T cells at different stages of T-cell
maturation comparing GA-treated with untreated RRMS
patients. As shown in Fig. 3 and in Table 2, the frequency of
TNF-a- and IL-2-producing naive, memory and effector
CD4" T cells was decreased in GA-treated vs untreated
patients. Indeed, compared to the RRMS group, a significant
decrease of naive ((mean=SEM) 13.1+£2.2% vs 7£2.6%;
p=0.033) and effector (55.1£3.6% vs 37.94+3.8%; p=0.0006)
CD4" T cells producing TNF-a was observed in the RRMS-
GA group (Fig. 3A, C). A decrease of memory CD4" T cells
producing TNF-a (47.1£2.8 vs 39.5+5.1) was also found in
GA-treated patients, although the difference was not statisti-
cally significant (Fig. 3B). Furthermore, GA treatment induced
a significant decrease in the frequency of naive (65.8+£3.2% vs
4449.3%; p=0.046), memory (71.6£1.9% vs 55.9+6.8%;
»=0.007) and effector (38.5+2.8% vs 25.2+3.2%; p=0.019)
CD4" T cells primed for IL-2 synthesis when compared to non-
treated RRMS (Fig. 3D-F).

3.3. Selective effect of GA on CD4" T cells

To address whether the inhibitory effect on pro-
inflammatory T-cell differentiation would be restricted to
the CD4" T-cell compartment we next evaluated TNF-a and
IL-2 synthesis in naive, memory and effector CD8" T cells of
the same subjects. Data shown in Table 3 confirm our
previous observation that in RRMS patients, the CD8" T-cell
subset is not significantly altered in its capacity to produce
the pro-inflammatory cytokines TNF-a and IL-2 (Fellay
et al., 2001). Accordingly, we found that the frequency of
TNF-a or IL-2 producing naive, memory and effector CD8"
T cells are comparable between RRMS patients and HC.

Finally, we observed that GA treatment had no significant
effect on the CD8" T-cell subsets when compared to non-
treated RRMS and HC.

4. Discussion

Inflammatory T cells, particularly CD4" T cells, are
found in large numbers in MS lesions (Martino and

Hartung, 1999; Martino et al., 2002). The balance between
pro- and anti-inflammatory T cells and T-cell derived
cytokines is a key factor regulating MS activity. The
imbalance favouring pro-inflammatory cytokine release
may exacerbate MS severity, whereas anti-inflammatory
cytokines may enhance recovery from relapses and reduce
the extent of MS lesions (Hafler, 2004). Observations in
experimental animal models of MS suggest that anti-
inflammatory Th2 cells may inhibit activation of Th1 cells
within the CNS by bystander suppression (Racke et al.,
1994) and it has been shown that activation of CD4" T cells
correlates with MS activity (Khoury et al., 2000). GA is
thought to mainly mediate its clinical effect by the
induction of GA-reactive Th2 cells deviation and inhibition
of proliferation and Thl differentiation of myelin-reactive
T cells (Gran et al., 2000).

In this study, we evaluated whether GA treatment may
affect the production of two pro-inflammatory cytokines,
TNF-a and IL-2, by naive, memory and effector T cells.
First, we observed that GA therapy does not significantly
affect cytokine release by naive, memory and effector CD8"
T cells, confirming our previous report that the CD8" T-cell
compartment appears to be not affected by GA treatment
(Fellay et al., 2001). With regard to the CD4" T-cell subset,
we observed that the percentage of naive CD4" T cells was
significantly decreased in non-treated RRMS patients
compared to age-matched HC. This finding correlates to
previous observations showing an impairment of T-cell
homeostasis associated with MS (Sospedra and Martin,
2005). In addition, this observation is in agreement with the
description of the predominant role of naive T cells in
generating myelin-reactive T cells in MS (Muraro et al.,
2000) and with another study showing that in MS, myelin
basic protein-specific T cells were mostly isolated from the
memory T-cell subset (Burns et al., 1999).

Specifically, alterations in the naive peripheral compart-
ment have been described in RRMS patients on the basis of a
decreased expression of T-cell receptor excision circles
(TRECs), a molecular marker of newly produced T cells
(Hug et al., 2003; Duszczyszyn et al., 2006). Conversely, we
found the frequency of effector CD4" T cells in non-treated
RRMS patients to be increased compared to HC. This
imbalance between naive and effector cells may reflect a
general immune activation leading to an activated, pro-
inflammatory phenotype.
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Pro-inflammatory cytokines produced by activated T cells
have been suggested to be involved in the pathogenesis of
MS (Clerici et al., 2001). In particular, TNF-a has been
associated with enhanced MS activity and demyelination
(Navikas and Link, 1996; Matusevicius et al., 1996; Bitsch
et al.,, 2000; Chofflon and Fellay, 1998), although some
homeostatic role has also been suggested (Martino et al.,
2002; Liu et al., 1998). TNF-« is predominantly released by
T cells but also by macrophages and microglia (Bitsch et al.,
2000; Hartung et al., 2004). In comparison with non-treated
RRMS patients, we found that GA-treated patients revealed a
significant decrease in the frequency of effector and memory
CD4" T cells primed for TNF-a synthesis. Interestingly, this
was also observed for the naive CD4" T-cell subset,
suggesting that the effect of GA on T-cell priming is not
dependent on prior T-cell antigen recognition.

IL-2 is a growth factor required for T-cell activation,
proliferation, and survival. High affinity IL-2 receptor (IL-
2R) was found to be upregulated in MS patients and an
increased frequency of IL-2-responsive T cells specific for
myelin antigens has been reported (Zhang et al., 1994). The
IL-2 receptor is likely to be an important component of
inflammation in MS and has accordingly been targeted in
novel MS therapies (Rose et al., 2004). Correlation of IL-2
and soluble IL-2R with activity of MS has been established
(Sharief and Thompson, 1993). Our study shows that IL-2
was mostly expressed by naive and memory CD4" T cells in
both MS patients and healthy donors. In all three CD4" T-
cell subsets RRMS patients showed a significantly enhanced
synthesis of IL-2 when compared to HC. Strikingly, GA
treatment again decreased the frequency of IL-2-synthesiz-
ing CD4" T cells, whether expressing markers of naive,
memory or effectors. Thus, GA treatment appears to
downregulate the priming of all three CD4" T-cell subsets
for the pro-inflammatory cytokines TNF-a and IL-2.
Furthermore, the comparison to corresponding maturation
stages of CD8" T cells confirms the selective functional
alteration of CD4" T cells in MS and the beneficial
immunomodulatory effects of GA on this subset.

GA treatment is thought to primarily induce GA-reactive
Th2-like regulatory cells (Neuhaus et al., 2001, 2000). Our
study indicates that GA treatment exerts an immunomodu-
latory effect on both activated/differentiated and naive CD4"
T cells independent of their antigen-specificity. Thus, the
beneficial effect of GA is detected not only on GA-specific
T-cell clones but also on polyclonal CD4" T cells at different
levels of maturation and on non-primed T cells, as it has been
suggested by in vitro studies on PBMC of non-treated MS
patients (Wiesemann et al., 2001).

Interestingly, the immunomodulatory effect of GA was
recently shown to influence the innate immune system
(Weber et al., 2004; Vieira et al., 2003). The fact that naive
T cells are influenced by GA treatment could be also seen as
a secondary effect of GA on APC. Indeed, following GA
treatment, APC could directly influence effector and
memory T cells but could also have an effect on the

priming of naive T cells. It thus can be hypothesized that the
inhibitory impact of GA on Thl priming of CD4" T cells
may occur secondary to APC immunomodulation by GA.

In conclusion, our results give new insights on the
mechanism of action of GA in vivo and confirm recent
studies demonstrating that GA has a broad immunological
effect not restricted to an antigen-specific immunomodula-
tion of the acquired immune system. In addition, this report
underscores the therapeutic potential of GA for treatment of
autoimmune diseases other than MS.
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INTRODUCTION

In this section we studied the potential effect of GA in systemic lupus erythematosus
(SLE) animal model. SLE is an autoimmune disorder characterized by the involvement of
multiple organ systems with alternating clinical exacerbations and remissions. Tissues
damage and organ dysfunctions are caused by deposit of immune complexes and auto-Abs
(drived by autoreactive T and B cells. (NZB x BXSB)F1, male mice bearing Y-linked
autoimmune acceleration, is a lupus-prone mouse model which is associated with a
monocyteosis accelerating disease progression. In this study, and after treatment with GA
before disease onset until death, we showed that GA exerted no beneficial effect on the

median survival after up to 7 months of treatment
OBJECTIVES

To study the effect of GA in the progression of SLE disease in the (NZB x BXSB)F1

murine model.
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Abstract

Glatiramer acetate (GA, copolymer-1, Copaxone®), a therapy approved for treatment of multiple
sclerosis (MS), prevents and reverses experimental autoimmune encephalomyelitis, the animal model
of MS. In central nervous system autoimmune disease, GA is thought to act through modulation of
antigen-presenting cells, such as monocytes, mediating an antigen-independent T,2 shift and
development of FoxP3+ regulatory T cells. Recent reports indicate that GA may also be effective in
models of other autoimmune diseases such as uveoretinitis, inflammatory bowel disease and graft
rejection. To date, the potential effect of GA in lupus animal models has not been described. (NZB x
BXSB)F1, male mice bearing Y-linked autoimmune acceleration , is a lupus-prone mouse model which
is associated with a monocytosis accelerating disease progression. These mice were treated with GA
before disease onset until death and both mortality rate and biological parameters were assessed to
investigate whether GA may be beneficial in this spontaneous model of systemic lupus
erythematosus. GA exerted no beneficial effect on the median survival after up to 7 months of
treatment. Humoral and cellular parameters used as markers for lupus progression, such as anti-
chromatin, anti-double-stranded DNA and anti-erythrocytes antibodies, hematocrit and monocytosis,
were similarly unchanged. Our study demonstrates that GA has no significant effect on the
progression of the (NZB x BXSB)F1 lupus-prone animal model. These results reinforce the
hypothesis that GA may exert its beneficial effect in some specific autoimmune diseases only.

Introduction

Glatiramer acetate (GA) (Copaxone®) is a copolymer of
40-100 residues which is randomly composed of the four
amino acids glutamate, lysine, alanine and tyrosine in a de-
fined molar ratio (1). Initially developed to mimic a major
component of the myelin sheath, MBP, and induce experi-
mental autoimmune encephalomyelitis (EAE), GA unexpect-
edly inhibited EAE in both rodents and monkeys (2-5). In
subsequent clinical trials, GA reduced relapse rate and pro-
gression of disability in patients with relapsing—remitting mul-
tiple sclerosis (MS) leading to its approval in 1995.

The mechanism by which GA is beneficial in central ner-
vous system (CNS) autoimmune disease (reviewed in refs 6, 7)
is thought to be mediated through a preferential T,2 devi-

ation of myelin-specific T cells (8-10). Other effect of GA
involves modulation of CD8+ T cells (11) and antigen-
presenting cells (APC) (12). Recently, GA has been shown
to induce monocytes to direct differentiation of regulatory T cells
(Treg) in an antigen-independent manner (13). This obser-
vation favors the hypothesis that this drug may be effective
in autoimmune diseases other than MS.

Systemic lupus erythematosus (SLE) is an autoimmune
disorder characterized by the involvement of multiple organ
systems with alternating clinical exacerbations and remissions.
Circulating immune complexes and auto-antibodies cause
tissue damage and organ dysfunction with manifestations
involving the skin, serosal surfaces, CNS and kidneys (14).
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These manifestations are believed to be the result of interac-
tions between autoreactive lymphocytes that arise from both
hereditary immunoregulatory defects and environmental fac-
tors, including chemicals and UV radiation. Autoreactive
T and B cells drive the production of auto-antibodies and
the formation of immune complexes, which ultimately lead to
tissue damage and organ failure in SLE (15). It is well estab-
lished that in SLE, several genetic factors independently
contribute to the overall susceptibility and progression of
the disease (16-18).

Despite many common characteristics, the mouse models
of lupus exhibit unique histological and serological manifes-
tations as well as unique disease accelerators. Male BXSB
mice carry the Y-chromosome-associated accelerator of au-
toimmunity termed Y-linked autoimmune acceleration (Yaa).
The Yaa mutation has been shown to be responsible for the
acceleration of the lupus-like autoimmune syndrome in BXSB
mice and in their F4 hybrids with NZB or NZW mice (19, 20).
More recently, the Yaa mutation was shown to be a conse-
quence of a translocation from the telomeric end of the
X chromosome onto the Y chromosome (21, 22). Hybrid
(NZB X NZW) F1 Yaa-bearing mice spontaneously develop
a generalized autoimmune disorder resembling human SLE
(23). Monocytosis is a unique cellular abnormality associ-
ated with the Yaa mutation (24). In PBMCs from an 8-month-
old male BXSB mouse, monocytes reach >50% of leuco-
cytes and is thought to be a major trigger of the accelerated
development of lupus disease in this animal model (25, 26).
Thus, in this project, the lupus (NZB X BXSB)F1 model was
chosen for its accelerated disease associated with specific
monocytosis, in regard of the recent demonstration of the
potential antigen-independent effect of GA on monocytes
and T cell function (13).

Methods

Mice

Female NZB and male BXSB mice bearing the Yaa mutation
were obtained from local colonies and the hybrids (NZB X
BXSB)F1 male used in this study were obtained by local
breeding. Mice were bled (from retro-orbital sinus puncture)
at 1 and 2 months post-initiation of GA injection. C57BL/6 mice
were used as negative controls for monocytosis assessment.
The blood was allowed to clot at room temperature, and the
serum was stored at —20°C until use.

GA treatment

GA was injected daily subcutaneous (s.c.) (150 pg in 100 ul
PBS-mannitol) as previously described (13). Randomized
control littermates were injected with vehicle treatment con-
sisting of PBS and mannitol at equal concentration contained
in the GA preparation. GA and vehicle treatment were in-
jected from the age of 3 months until death. At 10 months of
age, mice still alive were sacrificed and kidney histology
was performed.

Serological assays

Serum levels of IgG auto-antibodies against chromatin and
double-stranded DNA (dsDNA) were determined by ELISA
(27, 28). Chromatin prepared from chick erythrocytes was

directly coated to ELISA plates, while dsDNA was coated to
ELISA plates precoated with poly-L-lysine (Sigma-Aldrich,
St Louis, MO, USA). Then, the plates were incubated with
1:100 diluted serum samples, and the assay was developed
with alkaline phosphatase-labeled goat anti-mouse 1gG, 1gG1
and 1gG2a. Results are expressed in U mlI~" in reference to
a standard curve derived from a serum pool of MRL-Fas®"
mice.

Flow cytometric analysis of monocytosis

Flow cytometry was performed using two-color staining of
PBMC and analyzed with a FACSCalibur (Becton Dickinson,
Mountain View, CA, USA). The following mAbs were used:
anti-CD11b (M1/70) and anti-F4/80. Mice displaying percen-
tages of monocyte levels above the mean + 3 SD of controls
(C57BL/6) were considered as positive for monocytosis (25).

Determination of hematocrit

Blood samples were collected into heparinized microhema-
tocrit tubes and centrifuged at 12 000 r.p.m. for 5 min in a
microfuge (Sigma-201 M, Auer Bittmann Soulie AG, Geneva,
Switzerland). Percentage of packed RBC volume was di-
rectly measured after centrifugation.

Detection of Coombs antibodies

A flow cytometric assay was used to detect anti-erythrocyte
antibodies. After washing three times with 1% BSA-PBS, a
similar number of RBC [according to their hematocrit (Hct)]
was incubated with biotinylated rat anti-mouse kappa-chain
mAb (H139.52.1.5), followed by PE-conjugated streptavidin
(eBioscience, San Diego, CA, USA), and analyzed by FACS.
The results are expressed in ng ml~" in reference to a stan-
dard curve obtained with known concentration of 34.3C
IgG2a anti-RBC.

Histopathology

Kidney samples were collected when mice were moribund
or at the end of the experiment (10 months of age). Histolog-
ical sections were stained with periodic acid-Schiff reagent.
The extent of glomerulonephritis (GN) was graded on a 0-4
scale based on the intensity and extent of histopathological
changes as described previously (29). Histopathology was
performed in a blinded way by expert mice lupus patholo-
gist. GN with grade 3 or 4 was considered a significant con-
tributor to clinical disease and/or death.

Statistical analyses

Statistical analyses were performed using PRISM software
(GraphPad, San Diego, CA, USA). The statistical significance
(P < 0.05) was determined by the non-parametric Mann-
Whitney test.

Results

GA treatment does not modify mortality of (NZB X BXSB)F1
lupus mice

Mice received daily s.c. injection of GA or vehicle treatment
from the age of 3 months until death. GN is a pathological
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hallmark feature of murine SLE. To examine the effect of GA
treatment on lupus nephritis and pathology, histological ex-
amination of the kidney was performed. Disease development
started in both groups within the first month of injection.
Classical progression of SLE as well as mortality was pres-
ent in both GA- and vehicle-treated groups with no differ-
ence. In the GA group, median time to death was 6.0 + 2.4
months, while in the placebo group it was 7.0 = 2.6 months
(P=ns). The Fig. 1(A) details the mortality rate of the
GA- (n= 15) and the vehicle-treated (n = 17) groups. To
avoid possible bias like death of mice of other cause than
GN, the mortality curve includes only mice that developed
typical GN with a score of 3+ or more (Fig. 1B).

GA treatment does not influence anti-erythrocytes antibody
production and Hct

Auto-antibodies are essential factors for several clinical man-
ifestations associated with SLE (14). The hybrid mice used in
this study develop auto-antibodies directed against erythro-
cyte (RBC) which induce anemia that can be detected during
the three to four first months of life. The production of
Coombs antibodies was assessed in (NZB X BXSB)F1 male
mice. No significant difference of anti-RBC antibodies was
found at the age of 4 months (i.e. 1 month post-treatment in-
jection) between GA- (n = 18) and vehicle-treated (n = 19)
mice (anti-RBC ng mI~! + SEM; 0.3 + 0.04 versus 0.45 *
0.06; P =ns) (Fig. 2A). The anti-RBC antibodies were in-
creased in the GA- and vehicle-treated groups when com-
pared with 2-month-old (NZB X BXSB)F1 mice (anti-RBC ng
mi~" = SEM; 0.15 + 0.02; P < 0.05). Hct was measured in
parallel to Coombs test. Hct values tested at the age of
4 months (i.e. 1 month post-treatment injection) were not differ-
ent between GA- (n = 18) and vehicle-treated (n = 19) mice
(Het% = SEM; 41.9 = 1.2 versus 39.7 * 1.1) but were sig-
nificantly decreased as compared with those of 2-month-old
mice (P < 0.05) (Fig. 2B). Anti-RBC antibodies and Hct were
also measured at the age of 5 months (i.e. 2 months post-
treatment injection) with no significant differences between
GA- and vehicle-treated groups (data not shown).
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Total IgG and subclasses IgG1 and IgG2a anti-chromatin and
anti-dsDNA production are not altered by GA treatment

NZB mice are genetically predisposed to develop auto-
antibodies that provoke tissue lesions as a result of their deposi-
tion as immune complexes in renal glomeruli and vessels
(30, 31). To investigate whether GA treatment influences the
production of auto-antibodies, total 1gG, 1gG1 and IgG2a
subclasses against chromatin were tested in the serum of
4-month-old mice (i.e. 1 month post-treatment) by ELISA in
GA- (n=19) and vehicle-treated groups (n= 18). Com-
pared with the vehicle-treated group, total IgG anti-chromatin
titers were decreased in the GA group although a significant
difference was not reached (median = SEM; 19.1 = 4.5 ver-
sus 37.0 = 10.9 IgG U ml™") (Fig. 3A). Total 1gG anti-
chromatin from both GA- and vehicle-treated groups was
significantly increased when compared with the control con-
sisting of 2-month-old mice (before disease development)
(P < 0.05). To further analyze IgG subtypes, anti-chromatin
IgG1 and IgG2a were tested. IgG1 anti-chromatin titers did
not show any significant difference when GA was compared
with the vehicle-treated group and when both groups were
compared with controls [GA versus vehicle treated versus
control; 97.1 = 20.0 versus 92.3 = 30.6 versus 53.4 =
6.9 U ml™’ (Fig. 3B)]. IgG2a anti-chromatin was significantly
increased in both the GA and vehicle groups when compared
with the control group (IgG2a from GA versus vehicle versus
control; 12.1 + 3.6 versus 21.2 = 55 versus 2.3 + 0.6 U ml™";
GA or vehicle versus control, P < 0.05; GA versus vehicle,
P =ns) (Fig. 3C). 1gG, IgG1 and IgG2a against chromatin
were also tested in the same groups at the age of 5 months
(i.,e. 2 months post-treatment initiation) with similar results
(data not shown). Similar results were obtained when testing
the anti-dsDNA 1gG, 1gG1 and IgG2a (Fig. 3D-F).

Monocytosis observed in (NZB X BXSB)F1 is not modified by
GA treatment

Monocytosis is a unique cellular abnormality associated with
the Yaa mutation (24). Monocytes reach a frequency of 50%
of PBMC in 6- to 8-month-old BXSB male mice and have
been associated with the rapid progression of SLE in this

A 100 - —s—Vehicle (n=17) B Glomerulonephritis
—— GA(n=15) grading
75 7 |+t

xR

2

5 50 GA-treated 9 6

b (n=15)

§ 25 Vehicle-treated 14 3
(n=17)

0 T T T T 1
0 50 100 150 200 250

dpi

Fig. 1. Mortality rate of GA- or vehicle-treated (NZB X BXSB)F1. Mice were injected at the age of 3 months with GA 150 pg s.c. or vehicle only.
Injections were performed once a day until death (dpi = day post-injection). (A) No difference of mortality is observed when GA-treated group is
compared with vehicle-treated group (P = ns). (B) Only mice that developed GN histology-proven graded 3 or 4 were included in the Kaplan-
Meier survival curve (n = number of mice with GN histological grading 3+ or 4+).
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Fig. 2. Assessment of anti-erythrocyte (anti-RBC) antibodies and Hct
1 month post-treatment onset. (A) Anti-RBC antibodies were tested by
the Coombs method following standard procedure. Negative control
consisted in 2-month-old (NZB X BXSB)F1 mice (i.e. before disease
onset). Anti-erythrocyte antibodies were significantly increased 1
month after treatment initiation in both GA- and vehicle-treated
groups when compared with negative control (P < 0.05). When
comparing GA- to vehicle-treated group, no difference was found
(P = ns). Similar results were observed at month 2 post-injections
(data not shown). (B) Hct was tested in both GA- and vehicle-treated
groups after 1 month of treatment. Mice in both treated groups
presented with Hct under 40% but no significant difference was
observed between the groups.

animal model. The level of monocytosis was analyzed by
FACS in both treated groups at the age of 5 and 6 months
(i.e. 2 and 3 months post-treatment initiation; GA n = 6, vehi-
cle treated n = 7). Controls consisted of 2-month-old mice of
the same strain (i.e. before disease onset). The median
value of monocytes expressed in % of total PBMC for GA-
versus vehicle-treated mice was not different at both the
second (median = SEM; 35.4 = 23.8% versus 35.5 + 17.3%)
and the third month post-treatment initiation (median = SEM,;
35.0 + 10.9% versus 47.2 = 16.8%) (Fig. 4A and B). When
compared with the control group (median monocytes =+
SEM; 9.1 *= 0.8%), both monocytosis of GA- and vehicle-
treated groups were considerably increased at the two time
points (P < 0.05). Monocytosis was defined as described in
a previous report (25) (dotted line, Fig. 4A and B).

Discussion

Over the last three decades, despite intensive investigation
of the disease and its mechanisms, there has been a lack
of major improvements in the treatment of SLE. Genetic pre-
disposition, environmental factors and complicated interac-
tions within the immune system all contribute to the
complexity of this autoimmune disease. With the character-
ization of several animal models, however, investigators were
able to primarily focus on the mechanisms of action underly-
ing the immunological pathophysiology. Results suggest that
the autoimmune process in lupus-prone animals may be initi-
ated by small numbers of B cells that have a low threshold
for activation against self-antigens (15, 25). Therefore, it
should be therapeutically beneficial to block the initial autor-
eactive responses as well as the activation of the down-
stream cascades. A unique cellular abnormality associated
with the Yaa mutation in the lupus-prone mouse strain used
in this study is an impressive monocytosis (24). The frequency
of monocytes can reach over 50% of all leukocytes in 6- to
8-month-old BXSB male mice. Although the real significance
of monocytosis in lupus disease remains to be determined,

the development of a progressive monocytosis in this strain
is associated with the rapidity of SLE development suggest-
ing that T cells, B cells and auto-antibodies are not the
unique trigger of disease progression.

Recent insights derived from studies on the mechanism of
action of GA show a pivotal role of monocytes in the modula-
tion of the immune system and highlight the importance of
these cells as a target for pharmacologic intervention in au-
toimmune diseases (7, 12, 13). These results suggest that
GA might be useful for autoimmune diseases other than MS.
The pathogenesis of SLE is different from MS, although
some similarities can be found. First, both diseases are con-
sidered to be triggered by a deregulation of the immune
system and no definite putative antigen has been found in
either situation. Both SLE and MS pathogenesis are in part
driven by T cells and APC (32-34) and up to 20% of SLE
have CNS involvement. In addition, anti-nuclear antibodies
are characteristic for SLE and can be found in up to 30% of
MS patients. Preliminary data show that rituximab, a mono-
clonal chimeric antibody directed against CD20 and deplet-
ing B cells, can be beneficial in both SLE and MS (35-37).
A major difference between the two diseases it that SLE,
more than MS, is driven by auto-antibodies and immune
complexes that activate the complement pathway as con-
firmed by kidney histopathology. Contrary to MS, specific
auto-antibodies such as anti-dsDNA can be detected in the
serum of SLE patients. In MS, the pathogenesis is mostly di-
rected by autoreactive Tn1 T cells (34), although antibody-
and complement-mediated demyelination are considered as
possible co-pathogenic factors in >50% of all MS patients (38).

The animal model of SLE and MS also differs in regard to
their pathogenesis although both models are driven by a
strong Tn1 autoimmune response. The pathogenesis of lupus-
prone (NZB X BXSB)F1 mice is mainly mediated by auto-
antibodies and an intrinsic B cell defect (39), whereas chronic
EAE induced in C57BL/6 mice is mostly mediated by gener-
ation of encephalitogenic Tp1 and T,17 T cells, with only a mi-
nor role for auto-antibodies associated with demyelination.
NZB mice are genetically predisposed to develop Coombs-
positive hemolytic anemia, splenomegaly and auto-antibodies
(31). To determine the effect of GA on the progression of
lupus mice’s disease, we used the mouse hybrid (NZB X
BXSB)F1 characterized by the strength and rapidity to de-
velop clinical signals of SLE. In these mice, the disease
onset can be present at 3 months, 50% of the population
generally die within the first 5 months (40).

The hypothesis of our study was that GA, through the
modulation of APC, such as monocytes and subsequently
alteration of the T cell phenotype may inhibit the progression
of the disease. Our data demonstrate that GA treatment initi-
ated at disease onset (8 months of age) and continuously
administered until death exerted no effect on mortality as
the primary clinical readout. Further biological examinations,
including standard controls of disease progression such as
rise of anti-erythrocytes antibodies (Coombs test) and Hct,
showed no significant difference either. Additional measure-
ments of humoral and cellular markers of disease progres-
sion were performed. Anti-chromatin and anti-dsDNA 1gG
can provoke tissue lesions due to their deposition as a form
of immune complex in renal glomeruli and vasculitis (14).
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Fig. 3. Anti-chromatin and anti-dsDNA IgG subclasses examination 1 month after treatment onset. (A) Total anti-chromatin IgG is increased in
the GA-treated group although significance is not reached when compared with vehicle-treated group (P = ns). Difference is significant when
both treated groups are compared with control group (P < 0.05). (B) Anti-chromatin IgG1 subclass is similar in both treated and control groups.
(C) Anti-chromatin IgG2a subclass is increased in both GA- and vehicle-treated groups but inter-group comparison is not different. Similar results
were obtained when IgG, IgG1 and IgG2a against dsDNA (D-F) are tested in the serum 1 month after treatment onset. IgG, IgG1 and 1gG2a
against chromatin and dsDNA were also tested in the same groups 2 months post-treatment initiation with similar results (data not shown).

The influence of GA in switching and synthesis of IgG sub-
classes in EAE mice is unknown. In a clinical study on
GA-treated MS patients, IgG1, and to a lesser extent 1gG2,
were found to be increased in the serum. GA is known to
promote development of Tn2 cell. Thus, in our study, a
GA-dependent modulation of anti-chromatin and anti-dsDNA
IgG subclasses from the pathogenic IgG2a (T,1 dependent)
to the less pathogenic I1gG1 (T2 dependent) subclass was
anticipated. Total anti-chromatin and anti-dsDNA IgG, IgG1
and |gG2a subclasses were tested by ELISA 1 and 2 months
post-treatment initiation. Total 1gG and the predominantly
pathogenic 1gG2a auto-antibodies (41) increased over time
in both GA- and vehicle-treated groups, with no difference
between the two groups.

The progressive monocytosis observed over time in (NZB
X BXSB)F1 mice was not modified in GA-treated mice as

shown on Fig. 4. Recent data showed that GA could pro-
mote type || monocytes that induced Treg specific for a vari-
ety of antigens. Adoptive transfer studies demonstrated that
Treg specific for a foreign antigen could ameliorate EAE,
indicating that neither GA specificity nor recognition of self-
antigen was required for their therapeutic effect (13). A spe-
cific Treg population was not analyzed in our study, but our
results show that the frequency of monocytes was not
altered by GA during lupus disease progression and that
a possible effect of GA on monocytes, such as cytokine pro-
duction or T cell modulation, did not modify the clinical
course of the mice.

Many hypotheses can be raised about the absence of effi-
cacy of GA in these lupus-prone mice. First, the animal model
used in this study is one among several spontaneous, trans-
genic or toxic SLE animal models (42-44). Thus, the failure
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Fig. 4. Monocytosis examination in GA- and vehicle-treated mice after treatment initiation. The median value of monocytes in PBMC for GA-
versus vehicle-treated mice is not different for both the second (A) and the third (B) month post-GA treatment (P = ns). Both treated groups
demonstrate the presence of monocytosis when compared with control group consisting of 2-month-old (NZB X BXSB)F1 mice (P < 0.05).
Dotted line = mean value = 3 SD of monocytes in control group (C57BL/6 mice).

of GA treatment in preventing lupus progression in (NZB X
BXSB)F1 mice cannot be taken as a general inefficacy of
GA treatment in lupus animal models. Second, GA is known
to induce Tp2 T cell that may potentially stimulate B cells to
secrete auto-antibodies and favor SLE progression. Third,
GA treatment was injected at an identical concentration as
performed in EAE models and it cannot be excluded that an-
other dose may provide different results. However, GA has
been effective in the treatment of other models of autoimmune
diseases including uveoretinitis (45), inflammatory bowel dis-
ease (46) and graft rejection (47). In addition to autoimmune
diseases, pre-clinical data also suggest that GA may have
a beneficial effect for Alzheimer’'s disease (48, 49). In con-
clusion, this is to the best of our knowledge the first report
assessing the effect of GA in the treatment of a lupus animal
model and results suggest, at least in the (NZB X BXSB)F1
lupus mice model, the absence of efficacy.
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Abbreviations

APC antigen-presenting cell

CNS central nervous system

dsDNA double-stranded DNA

EAE experimental autoimmune encephalomyelitis
GA glatiramer acetate

GN glomerulonephritis

Hct hematocrit

MS multiple sclerosis

s.C. subcutaneous

SLE systemic lupus erythematosus
Treg regulatory T cell

Yaa Y-linked autoimmune acceleration
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111) CONCLUSION AND PERSPECTIVES

Conclusion

The main project of this thesis is represented by the study of the immunomodulatory
effects of HGF in EAE. The first part of the conclusion will describe the collaborative
projects, the second part will address the main project and the third part concerns the

perspectives of the main project based on preliminary data.

Collaborative projects:

Six collaborative projects were addressed during my thesis. All these collaborations
concern immune mechanisms involved in MS, EAE or closely-related animal model of
autoimmunity.

In our first collaboration, we showed that continuous PTX treatment in mice induce
protection from active EAE, via the induction of Treg cells and increase serum level of TGF-
B and IL-10. Besides its therapeutic implication, this finding indicates that some microbial
products may not only be involved in the pathogenesis of CNS autoimmune disease but also
in its regulation. (Martin et al. In submission).

In a subsequent project we assessed the effects of human IL-21 antagonist in terms of
prevention and treatment of EAE. We showed that mice treated with IL-21 antagonist were
protected against EAE. We showed also that IL-21 antagonist had a dual effect in that it
enhanced both inflammation and T-cell response in a murine model of Thl contact
hypersensitivity. These findings confirm conclusively that IL-21 plays a part in innate and
adaptive immune response. Targeting of IL-21 could become a new means of inhibiting and
preventing autoimmunity, but its mode of action should be carefully evaluated as it may
enhance inflammation like it did in the model of contact hypersensitivity. (Djaafar et al. In
submission).

We were also interested to better understand the immunomodulatory effect of two
therapeutic molecules used in MS, GA and IFN-f.

We first examined the effects of GA on the IL-1 system. In vivo and in vitro, GA
treatment enhanced sIL-1Ra and diminished the expression of IL-1B. Indeed, in control
experiments using LPS activated monocytes, IL-1 and sIL-1Ra production were increased in
the presence of GA. These results demonstrate that, in chronic inflammatory conditions, GA

enhances circulating sIL-1Ra levels and directly affects monocytes by triggering a bias
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toward a less inflammatory profile, increasing sIL-1Ra while diminishing IL-13 production.
This study sheds light on a mechanism that is likely to participate in the therapeutic effects of
GA in MS (170).

In another publication, we investigated whether GA treatment may affect Thl
differentiation at various T-cell maturation stages. Specifically, we analyzed the effect of in
vivo GA treatment on intracellular synthesis of IL-2 and TNF by naive, memory and effector
CD4 T cells. Our data indicate that GA treatment downregulates/normalizes an accelerated
Th1 differentiation of CD4 T cells in RR-MS patients at all stages of T cell maturation. Most
notably, we conclude that, by altering naive, unprimed CD4 T cells, GA treatment appears to
affect T cell differentiation, at least in part, in an antigen-independent manner (409).

We were also interested to assess the expression of the BDNF in PBMC from RR-MS
patients treated or not with IFN-B. We showed higher levels of BDNF in PBMC of IFN-f-
treated versus non-treated patients, whereas serum levels of BDNF were similar. We
hypothesize that the increased intracellular BDNF secondary to IFN- is not released in the
periphery. This release is probably not tissue specific but in MS patients, BDNF could be
specifically delivered by PBMC at the site of re-activation, i.e. within the CNS (165).

Finally, we assessed whether GA may be beneficial in (NZB x BXSB)F1 male bearing
Y-linked autoimmune acceleration systemic lupus erythematosus. We showed that GA has no
effect on the progression of this spontaneous model, which is known to be associated with a
monocytosis accelerating disease progression, anti-chromatin, anti-double-stranded DNA,
anti-erythrocytes Abs, and hematocrit. Our study demonstrates that GA has no significant
effect on these parameters. These results reinforce the hypothesis that GA may exert its

beneficial effect in some specific autoimmune diseases only (410).

Main project:

The following discussion will address the main project, i.e. the immunomodulatory
effects of HGF in EAE. Both HGF and its receptor c-Met are expressed during brain
development and persist in the adult (358, 411). c-Met is expressed in neurons but also in
other brain-resident cells like oligodendrocytes, astrocytes and microglia (376-378). The
global immunomodulatory effect of HGF is described to be of anti-inflammatory nature,
although some pro-inflammatory effects have been described. On the one hand, HGF was
initially described to increase adhesion and migration of inflammatory cells of both the

adaptive and the innate immune system (354, 355). On the other hand, more recent reports
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revealed several anti-inflammatory effects of HGF, including: i) a Th2/Th3 bystander
deviation with increase of TGF-f and IL-10 (358, 392), ii) inhibition of APC function (347,
358), iii) down-regulation of MCP-1 and RANTES chemokines (412), iv) blocking of NF-
kappa B function (412). In addition, DCs, the APC type that is known to play a major role in
EAE by priming naive CD4 T cells to induce clinical disease development and CNS
inflammation (263), can be tolerized by HGF (358). The study presented in this thesis
describes the EAE clinical course inhibition effect of an overexpression of HGF in the CNS.
To address this question, we used C57BL/6 mice carrying a HGF transgene under the control
of NSE promoter (HGF-Tg mice) leading to selective overexpression of HGF by neurons in
the CNS. In this model, there is no difference of HGF serum levels to those of WT littermate
controls. Introduction of HGF under the control of the NSE promoter into mice lead to
expression of HGF specifically in postnatal neurons of the CNS and subsequent extracellular
secretion of HGF in the CNS where it can act on glial and immune cells. Using this
experimental setup, the neural as well as the glial system were found to be physiologically
normal during development and in the adult (378).

EAE induced either by immunization with MOGs3s.ss or by adoptive transfer of T cells
from 2D2 transgenic mice (which express a T cell receptor (TCR) specific for MOG3s.ss), was
inhibited in HGF-Tg mice before peak disease was reached. Notably, the level of
inflammatory cells infiltrating the CNS decreased in these mice, with the exception of Treg
cell population, which increases. However, no significant influence of HGF was observed in
the spleen and also in the lymph node, since the overexpression of HGF was in the CNS and
not in the periphery. This inhibition of EAE was confirmed by CNS histology analyses, which
show a decrease of inflammatory and demyelination lesions as well as a trend of decrease of
axonal loss in spinal cord of HGF Tg mice. The reduction of inflammation in the CNS of
HGF Tg mice was associated with a decrease of pro-inflammatory Thl cytokines including
TNF, IFN-y, IL-12p70 and a strong increase of IL-10 anti-inflammatory cytokine and also IL-
4 spinal cord content. In vitro functional assay (ASR) which reproduce immune response
during EAE with DCs stimulated with MOGss.ss peptide treated or not with tHGF and co-
cultured with CD4 T cells from 2D2 mice which express TCR-MOG specific, showed that
HGF was a potent immunomodulatory factor that inhibits DC function through
downregulation of their CD40 co-stimulatory molecule with a decrease of IL-12p70 secretion
and also inhibition of T cell proliferation. Furthermore, DCs treated with recombinant HGF in
vitro induced differentiation of IL-10-producing Treg cells, along with a decrease of IL-17-

producing T cells and a downregulation of surface markers of T cell activation. Collectively,
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these data indicated that HGF can inhibit the clinical course of EAE through DC tolerization
and induction of Treg cell population.

In addition, our results suggested that HGF is a candidate of high interest for the
development of new treatments for immune-mediated demyelinating diseases associated with
neurodegeneration such as MS by combining potentially neuroprotective and myelin repair
properties as well as immunosuppressive effects. Figure 7 illustrates the results of HGF

effects in the CNS during EAE.
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Figure 7: Summary of HGF effects during EAE.

Perspectives

Since not only CNS-resident DCs but also DCs present in secondary lymphoid organs
express the HGF receptor (c-Met), we hypothesize that HGF-treated DCs present in the spleen
or lymph nodes could inhibit the presentation of myelin antigen by DCs to T cells, and

consecutively inhibit EAE severity. To address this question, we propose to use two different
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protocols (HGF-containing microspheres and plasmid encoding HGF) to increase HGF levels
in the systemic compartment and to observe whether EAE clinical course (induced by MOG
immunization or T cell adoptive transfer) can be modified. In a further project we are
exploring the signalling pathway of HGF-treated DCs to understand how these cells are
tolerized by HGF. In addition, we are assessing how HGF-treated DCs modify the function of
CD8 T cells, since only CD4 T cells were examined in our previous project. Finally, we will
assess the function of the HGF/c-Met pathway in plasma cells, since these cells also express

the c-Met receptor.

Study of a systemic increase of HGF in EAE

The main question that will be addressed here is to examine whether an increase of HGF
levels, not in the CNS as previously investigated (413), but in the systemic compartment
(periphery) can attenuate the clinical course of EAE. We believe that this question is of high
interest since a direct (through immediate release of the HGF protein) or an indirect (through
other protein/drugs than HGF) increase in peripheral HGF could be new approaches for MS
treatment, whereas CNS increase in HGF through systemic release remains more difficult to
obtain, mainly due to difficulties for the 82 kDa molecule to cross the blood brain barrier.
Nevertheless, the objective of an artificial increase of peripheral HGF may be hampered by
some specific tissues. For example, the liver is the major organ responsible for HGF clearance
(402). If HGF is injected i.v., the protein is rapidly sequestered in the liver. In addition, HGF
vanishes rapidly from organs; thus, it may be difficult to deliver enough HGF to the target
tissue. In this regard, repetitive i.v. injection of HGF will probably not be sufficient to obtain
a sustained increase of HGF in the systemic compartment. Thus, to ensure an effective and
constant systemic delivery of HGF, we adopted two different protocols described to be
effective in increasing HGF in other animal models of inflammatory diseases. The first
protocol will use a slow-releasing form of recombinant murine HGF mounted into
biodegradable gelatin hydrogel microspheres (403, 404). The second protocol will use
systemic administration of plasmid DNA containing the HGF gene with a hydrodynamics-
based transfection system (414). Both protocols will be evaluated with two different method
of EAE induction, i.e. MOGss.ss-induced EAE and adoptive transfer of 2D2 (TCR-MOG Tg)

splenocytes.
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GILZ/mTBP

Study of signalling pathways in HGF-treated DCs

In this part, we plan to better understand intracellular signalling pathways activated in
HGF-tolerized DCs. NF-«B pathway is known to be influenced by HGF and may explain part
of its immunomodulatory effect (412). This pathway plays an important role in inflammation,
including EAE and MS (1). But it is evident that the tolerating effect of HGF on APCs is
certainly more complex than a restricted effect on NF-kB signalling. In addition, a major
immunomodulatory effect of HGF-treated DCs is the induction of Treg population secreting
the anti-inflammatory IL-10 as shown is this work. Here, we tried to explain the link between
the strong Treg induction and IL-10 production in HGF-treated DCs, by assessing of the
effect of HGF in The “glucocorticoid-induced leucine zipper” protein (GILZ) expression,
witch is known to mediate the immunosuppressive effects of the glucocorticoids. GILZ plays
a crucial role in controlling protein trafficking and signalling. Its overexpression down-
regulates the Thl and up-regulates the Th2 responses in glucocorticoid hormones treatment
(415). GILZ blocks the NF-kB, MAPK, and AP-1 signal transduction pathways in several
types of cells (416-419). Interestingly these pathways are involved also in HGF/c-Met
signalling. The up-regulation of GILZ is associated with IL-10 increase in macrophages
(416). In addition, GILZ modify DC phenotype (420) and induces differentiation of T cells
into Treg population (421). Our preliminary data show that the up-regulation of GILZ was
induced in HGF-treated DCs in a dose-dependent manner (Figure 8). Hence, GILZ may play
an important role in the tolerizing effect of HGF-treated DCs associated with the

differentiation of Treg cells to produce IL-10.
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Figure 8: (a) DCs isolated from C57BL/6 and treated with increasing concentration of HGF (0-30
ng/ml); real-time RT-PCR of GILZ performed at different time points (6 to 24h). (b) Expression of
GILZ assessed by western blotting and by FACS (HGF at 30 ng/ml) showed that GILZ is up-regulated
in HGF-treated DCs. DMX (dexametasone, 10 E-7 Mol) is the control for GILZ induction
(preliminary data).
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In further experiments, we examined the spinal cord content of GILZ in MOG-induced EAE
in HGF-Tg mice versus controls. As preliminary data, we showed elevated mRNA expression
of GILZ from inflammatory cells of spinal cord HGF Tg mice compared with WT at peak
disease (Figure 9). This increase of GILZ correlates with a decrease of EAE severity and a

CNS increase of both Treg cells and IL-10.
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Figure 9: Real-time RT-PCR of GILZ expression from immune cells extracted from the spinal cord of
HGF-Tg vs WT mice at peak disease in MOG-induced EAE. A significant increase of GILZ is
detected in the spinal cord of HGF-Tg mice.

To confirm that the induction of GILZ plays a major role in the tolerization of DCs by HGF
and that GILZ is directly linked to the differentiation of Treg cells and IL-10, we will inhibit
GILZ expression in DCs by transfection with small interfering RNA (siRNA) in vitro in
functional assay (ASR). With these experiments, we will observe whether EAE protection can
be reversed by adoptive transfer of HGF-treated splenocytes pre-treated ex-vivo with GILZ
siRNA.

Role of HGF in the inhibition of CD8 T cell function

We showed in this thesis that an overexpression of HGF in the CNS was associated not
only with a decrease of CD4 but also CD8 T cells. It is known that CD8 T cells play an
important role in MS pathogenesis (422) and can initiate the disease in some EAE models
(189). In addition, neuroectodermal cell, including neurons and oligodendrocytes, express
MHC class I and are therefore potential targets for cytotoxic CD8 T cells in MS (423-425).
Modulation of MHC class I expression is found in areas of inflammatory activity and MHC
class I-mediated immunity plays an important role in MS (426, 427) and EAE pathogenesis
(428, 429).The immunomodulatory effect of HGF on CD8 T cells has not been addressed to
our knowledge. Here, we started to assess whether HGF may specifically modulate the CD8 T
cell response. We performed an in vitro model of peptide presentation via MHC class 1. We
used Pmel-1 TCR Tg mice recognizing the H-2Db-restricted epitope from gp100 (gp10015-33)
(430), a specific peptide of lymphoma cells. In vitro functional assays (ASR) using similar
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protocol as described in result section were performed with CD8 T cells instead of CD4 T
cells. CD8 T cells were purified from Pmel-1 mice and not from 2D2 mice, and DCs were
loaded with gp100 peptide (Figure 10). These preliminary results showed anti-proliferative
effect of HGF on CD8 T cells associated with a decrease of CD8 T cell-activation.
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Figure 10: Proliferation assay of CD8 T cells with [*H] thymidine incorporation. (a) HGF-treated DCs
co-cultured with CD8 T cell induced a decrease of CD8 T cell proliferation. (b) FACS analysis of cell
surface molecules showed a decrease of the level of CD8 T cells activation (decrease of CD44 CD62°
CDS T cell population and increase of CD44'CD62" CD8 T cell population) (preliminary data).

It will then be interesting to explore the immunomodulatory effect of HGF on CD8 T
cells, by assessing whether HGF may modify the cytotoxic capacity of CD8 T cells. By this
way we should increase our chance to demonstrate a possible immunomodulatory effect of
HGF on CD8 T cell. If we will arrive to demonstrate that HGF modulate CD8 T cell
pathogenicity, we will plan in the future further experiments on the role HGF-tolerized CD8 T

cell in CNS autoimmunity.

Study of the effect of HGF in plasma cells function

A role of B cells and antibodies in the pathology of MS is strongly suggested (35). In
case of inflammation, B cells, antibodies, and complement can cross the brain blood barrier
and enter the CNS. Expression of c-Met on plasma-cell is known to play a role in cell
migration and adhesion (431). In preliminary data (not shown in results section), we showed a
different expression level of c-Met receptor on plasmablasts (B220'CD138") and plasma-cells
(B220'CD138") (Figure 11) from mouse bone marrow. c-Met is more expressed in plasma-
cell then in plasmablast, this fluctuation in expression may suggest an important role of HGF

in development, survival or function of plasma-cells.
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Figure 11: c-Met expression by FACS analysis is highly expressed in bone marrow-derived B220
CD138" plasma-cells and slightly expressed in a sub-population of B220°CD138" plasmablast.

Significance of the perspectives

The follow up experiments that already started should first elucidate whether HGF, a
strong neuroprotective factor with potential remyelinating properties and immunomodulatory
functions in CNS autoimmunity, may also prevent EAE when administered in the systemic
compartment. In parallel, we will develop several experiments to elucidate the mechanism of
action of HGF in tolerizing DCs and to explore several other immunomodulatory functions of
HGF in autoimmunity. HGF is, to our knowledge, a unique molecule that could potentially
have a triple beneficial effect in immune-mediated diseases of the CNS, such as MS, based on
neuroprotection, myelin repair properties and immunomodulatory effects. Since there is an
urgent need for a compound that not only block inflammation in MS but also actively induces
neuroprotection and neurorepair, we strongly believe that pursuing our studies on HGF in
CNS autoimmunity is important. Based on the triple beneficial effect of HGF observed in
EAE, we expect that this molecule could be further investigated in MS as a new therapeutic

approach.
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My contribution to the articles included in the thesis as collaborator

1) Repetitive pertussis toxin promotes development of regulatory T cells and prevents

CNS autoimmune disease

I participated in this project by performing EAE studies. I injected the mice with the pertussis toxin every week
and induced EAE with MOG peptide. I followed up the clinical score until the chronic phase of EAE. Then, I
performed experiments including spleen cell proliferation, ELISA of IL-10, and FACS of regulatory T cells.

This project was conducted over 18 months.

2) Opposite effects of IL-21 inhibition by a novel receptor antagonist in two murine
models of autoimmune disease
My contribution in this project is summarized in the Fig. 3 which corresponds to the EAE

part. I immunized mice with MOG peptide and I followed the progression of clinical score.

3) Glatiramer acetate increases IL-1 receptor antagonist but decreases T cell-induced
IL-1B in human monocytes and multiple sclerosis
In this project, I treated mice with glatiramer acetate, induced EAE and followed the mice by

taking clinical score daily.

4) Interferon-beta induces brain-derived neurotrophic factor in peripheral blood
mononuclear cells of multiple sclerosis patients
In this project I performed part of the dosage of BDNF by western blot of PBMC in IFN-f3

treated and non-treated patients.

5) Inhibition of naive Thl CD4+ T cells by glatiramer acetate in multiple sclerosis
In this project, I helped to isolate PBMC from RRMS patients and healthy donors. I also
performed part of the FACS assays to analyse the different sub populations of T cells.

6) Glatiramer acetate treatment does not modify the clinical course of (NZB x BXSB)F1
lupus murine model

In this project, I treated lupus mice (NZB x BXSB)F1 with glatiramer acetate for 10 months, I
helped to bleed the mice during this period, and also participated in Coombs analysis and

ELISA.

170



IV. REFERENCES

10.

11.

12.

13.

14.

15.

Sospedra, M., and R. Martin. 2005. Immunology of multiple sclerosis. Annu Rev Immunol
23:683-747.

Trapp, B. D., and K. A. Nave. 2008. Multiple sclerosis: an immune or neurodegenerative
disorder? Annu Rev Neurosci 31:247-269.

Rosati, G. 2001. The prevalence of multiple sclerosis in the world: an update. Neurol Sci
22:117-139.

Trapp, B. D., J. Peterson, R. M. Ransohoff, R. Rudick, S. Mork, and L. Bo. 1998. Axonal
transection in the lesions of multiple sclerosis. N Engl J Med 338:278-285.

Brex, P. A., O. Ciccarelli, J. I. O'Riordan, M. Sailer, A. J. Thompson, and D. H. Miller. 2002.
A longitudinal study of abnormalities on MRI and disability from multiple sclerosis. N Engl J
Med 346:158-164.

Lucchinetti, C., W. Bruck, J. Parisi, B. Scheithauer, M. Rodriguez, and H. Lassmann. 2000.
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of
demyelination. Ann Neurol 47:707-717.

Hauser, S. L., and J. R. Oksenberg. 2006. The neurobiology of multiple sclerosis: genes,
inflammation, and neurodegeneration. Neuron 52:61-76.

Oksenberg, J. R., L. F. Barcellos, B. A. Cree, S. E. Baranzini, T. L. Bugawan, O. Khan, R. R.
Lincoln, A. Swerdlin, E. Mignot, L. Lin, D. Goodin, H. A. Erlich, S. Schmidt, G. Thomson,
D. E. Reich, M. A. Pericak-Vance, J. L. Haines, and S. L. Hauser. 2004. Mapping multiple
sclerosis susceptibility to the HLA-DR locus in African Americans. Am J Hum Genet 74:160-
167.

Haines, J. L., H. A. Terwedow, K. Burgess, M. A. Pericak-Vance, J. B. Rimmler, E. R.
Martin, J. R. Oksenberg, R. Lincoln, D. Y. Zhang, D. R. Banatao, N. Gatto, D. E. Goodkin,
and S. L. Hauser. 1998. Linkage of the MHC to familial multiple sclerosis suggests genetic
heterogeneity. The Multiple Sclerosis Genetics Group. Hum Mol Genet 7:1229-1234.

Baranzini, S. E., C. Elfstrom, S. Y. Chang, C. Butunoi, R. Murray, R. Higuchi, and J. R.
Oksenberg. 2000. Transcriptional analysis of multiple sclerosis brain lesions reveals a
complex pattern of cytokine expression. J Immunol 165:6576-6582.

Chabas, D., S. E. Baranzini, D. Mitchell, C. C. Bernard, S. R. Rittling, D. T. Denhardt, R. A.
Sobel, C. Lock, M. Karpuj, R. Pedotti, R. Heller, J. R. Oksenberg, and L. Steinman. 2001. The
influence of the proinflammatory cytokine, osteopontin, on autoimmune demyelinating
disease. Science 294:1731-1735.

Lundmark, F., K. Duvefelt, E. Iacobaeus, I. Kockum, E. Wallstrom, M. Khademi, A. Oturai,
L. P. Ryder, J. Saarela, H. F. Harbo, E. G. Celius, H. Salter, T. Olsson, and J. Hillert. 2007.
Variation in interleukin 7 receptor alpha chain (IL7R) influences risk of multiple sclerosis. Nat
Genet 39:1108-1113.

Ascherio, A., K. L. Munger, E. T. Lennette, D. Spiegelman, M. A. Hernan, M. J. Olek, S. E.
Hankinson, and D. J. Hunter. 2001. Epstein-Barr virus antibodies and risk of multiple
sclerosis: a prospective study. JAMA 286:3083-3088.

Cepok, S., D. Zhou, R. Srivastava, S. Nessler, S. Stei, K. Bussow, N. Sommer, and B.
Hemmer. 2005. Identification of Epstein-Barr virus proteins as putative targets of the immune
response in multiple sclerosis. J Clin Invest 115:1352-1360.

Jaquiery, E., S. Jilek, M. Schluep, P. Meylan, A. Lysandropoulos, G. Pantaleo, and R. A. Du
Pasquier. Intrathecal immune responses to EBV in early MS. Eur J Immunol 40:878-887.

171



16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

Brown, S. J. 2006. The role of vitamin D in multiple sclerosis. Ann Pharmacother 40:1158-
1161.

Munger, K. L., L. I. Levin, B. W. Hollis, N. S. Howard, and A. Ascherio. 2006. Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296:2832-2838.

Soilu-Hanninen, M., L. Airas, I. Mononen, A. Heikkila, M. Viljanen, and A. Hanninen. 2005.
25-Hydroxyvitamin D levels in serum at the onset of multiple sclerosis. Mult Scler 11:266-
271.

Muthian, G., H. P. Raikwar, J. Rajasingh, and J. J. Bright. 2006. 1,25 Dihydroxyvitamin-D3
modulates JAK-STAT pathway in IL-12/IFNgamma axis leading to Thl response in
experimental allergic encephalomyelitis. J Neurosci Res 83:1299-1309.

Steinman, L. 1996. Multiple sclerosis: a coordinated immunological attack against myelin in
the central nervous system. Cell 85:299-302.

Bakshi, R., G. J. Hutton, J. R. Miller, and E. W. Radue. 2004. The use of magnetic resonance
imaging in the diagnosis and long-term management of multiple sclerosis. Neurology 63:S3-
11.

Mellman, 1., and R. M. Steinman. 2001. Dendritic cells: specialized and regulated antigen
processing machines. Cell 106:255-258.

Croft, M., L. M. Bradley, and S. L. Swain. 1994. Naive versus memory CD4 T cell response
to antigen. Memory cells are less dependent on accessory cell costimulation and can respond
to many antigen-presenting cell types including resting B cells. J Immunol 152:2675-2685.

Hafler, D. A. 2004. Multiple sclerosis. J Clin Invest 113:788-794.

Das, P., K. M. Drescher, A. Geluk, D. S. Bradley, M. Rodriguez, and C. S. David. 2000.
Complementation between specific HLA-DR and HLA-DQ genes in transgenic mice
determines susceptibility to experimental autoimmune encephalomyelitis. Hum Immunol
61:279-289.

Quandt, J. A., M. Baig, K. Yao, K. Kawamura, J. Huh, S. K. Ludwin, H. J. Bian, M. Bryant,
L. Quigley, Z. A. Nagy, H. F. McFarland, P. A. Muraro, R. Martin, and K. Ito. 2004. Unique
clinical and pathological features in HLA-DRB1*0401-restricted MBP 111-129-specific
humanized TCR transgenic mice. J Exp Med 200:223-234.

Bielekova, B., B. Goodwin, N. Richert, I. Cortese, T. Kondo, G. Afshar, B. Gran, J. Eaton, J.
Antel, J. A. Frank, H. F. McFarland, and R. Martin. 2000. Encephalitogenic potential of the
myelin basic protein peptide (amino acids 83-99) in multiple sclerosis: results of a phase II
clinical trial with an altered peptide ligand. Nat Med 6:1167-1175.

Hamo, L., S. A. Stohlman, M. Otto-Duessel, and C. C. Bergmann. 2007. Distinct regulation of
MHC molecule expression on astrocytes and microglia during viral encephalomyelitis. Glia
55:1169-1177.

Medana, 1. M., A. Gallimore, A. Oxenius, M. M. Martinic, H. Wekerle, and H. Neumann.
2000. MHC class I-restricted killing of neurons by virus-specific CD8+ T lymphocytes is
effected through the Fas/FasL, but not the perforin pathway. Eur J Immunol 30:3623-3633.

Jacobsen, M., S. Cepok, E. Quak, M. Happel, R. Gaber, A. Ziegler, S. Schock, W. H. Oertel,
N. Sommer, and B. Hemmer. 2002. Oligoclonal expansion of memory CD8+ T cells in
cerebrospinal fluid from multiple sclerosis patients. Brain 125:538-550.

Skulina, C., S. Schmidt, K. Dornmair, H. Babbe, A. Roers, K. Rajewsky, H. Wekerle, R.
Hohlfeld, and N. Goebels. 2004. Multiple sclerosis: brain-infiltrating CD8+ T cells persist as
clonal expansions in the cerebrospinal fluid and blood. Proc Natl Acad Sci U S A 101:2428-
2433.

172



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Cabarrocas, J., J. Bauer, E. Piaggio, R. Liblau, and H. Lassmann. 2003. Effective and selective
immune surveillance of the brain by MHC class I-restricted cytotoxic T lymphocytes. Eur J
Immunol 33:1174-1182.

Zang, Y. C., S. Li, V. M. Rivera, J. Hong, R. R. Robinson, W. T. Breitbach, J. Killian, and J.
Z. Zhang. 2004. Increased CD8+ cytotoxic T cell responses to myelin basic protein in multiple
sclerosis. J Immunol 172:5120-5127.

Biddison, W. E., W. W. Cruikshank, D. M. Center, C. M. Pelfrey, D. D. Taub, and R. V.
Turner. 1998. CD8+ myelin peptide-specific T cells can chemoattract CD4+ myelin peptide-
specific T cells: importance of IFN-inducible protein 10. J Immunol 160:444-448.

Kabat, E. A., D. A. Freedman, and et al. 1950. A study of the crystalline albumin, gamma
globulin and total protein in the cerebrospinal fluid of 100 cases of multiple sclerosis and in
other diseases. Am J Med Sci 219:55-64.

Wucherpfennig, K. W., 1. Catz, S. Hausmann, J. L. Strominger, L. Steinman, and K. G.
Warren. 1997. Recognition of the immunodominant myelin basic protein peptide by
autoantibodies and HLA-DR2-restricted T cell clones from multiple sclerosis patients. Identity
of key contact residues in the B-cell and T-cell epitopes. J Clin Invest 100:1114-1122.

Lou, Y. H., K. K. Park, S. Agersborg, P. Alard, and K. S. Tung. 2000. Retargeting T cell-
mediated inflammation: a new perspective on autoantibody action. J Immunol 164:5251-5257.

Holmoy, T., B. Vandvik, and F. Vartdal. 2003. T cells from multiple sclerosis patients
recognize immunoglobulin G from cerebrospinal fluid. Mult Scler 9:228-234.

Genain, C. P., B. Cannella, S. L. Hauser, and C. S. Raine. 1999. Identification of
autoantibodies associated with myelin damage in multiple sclerosis. Nat Med 5:170-175.

van der Laan, L. J., S. R. Ruuls, K. S. Weber, L. J. Lodder, E. A. Dopp, and C. D. Dijkstra.
1996. Macrophage phagocytosis of myelin in vitro determined by flow cytometry:
phagocytosis is mediated by CR3 and induces production of tumor necrosis factor-alpha and
nitric oxide. J Neuroimmunol 70:145-152.

Mead, R. J., S. K. Singhrao, J. W. Neal, H. Lassmann, and B. P. Morgan. 2002. The
membrane attack complex of complement causes severe demyelination associated with acute
axonal injury. J Immunol 168:458-465.

von Budingen, H. C., N. Tanuma, P. Villoslada, J. C. Ouallet, S. L. Hauser, and C. P. Genain.
2001. Immune responses against the myelin/oligodendrocyte glycoprotein in experimental
autoimmune demyelination. J Clin Immunol 21:155-170.

Litzenburger, T., R. Fassler, J. Bauer, H. Lassmann, C. Linington, H. Wekerle, and A.
Iglesias. 1998. B lymphocytes producing demyelinating autoantibodies: development and
function in gene-targeted transgenic mice. J Exp Med 188:169-180.

Berger, T., P. Rubner, F. Schautzer, R. Egg, H. Ulmer, I. Mayringer, E. Dilitz, F.
Deisenhammer, and M. Reindl. 2003. Antimyelin antibodies as a predictor of clinically
definite multiple sclerosis after a first demyelinating event. N Engl J Med 349:139-145.

Kuhle, J., C. Pohl, M. Mehling, G. Edan, M. S. Freedman, H. P. Hartung, C. H. Polman, D. H.
Miller, X. Montalban, F. Barkhof, L. Bauer, S. Dahms, R. Lindberg, L. Kappos, and R.
Sandbrink. 2007. Lack of association between antimyelin antibodies and progression to
multiple sclerosis. N Engl J Med 356:371-378.

Lalive, P. H. 2008. Autoantibodies in inflammatory demyelinating diseases of the central
nervous system. Swiss Med WKkly 138:692-707.

Menge, T., H. C. von Budingen, P. H. Lalive, and C. P. Genain. 2007. Relevant antibody
subsets against MOG recognize conformational epitopes exclusively exposed in solid-phase
ELISA. Eur J Immunol 37:3229-3239.

173



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lalive, P. H., T. Menge, C. Delarasse, B. Della Gaspera, D. Pham-Dinh, P. Villoslada, H. C.
von Budingen, and C. P. Genain. 2006. Antibodies to native myelin oligodendrocyte

glycoprotein are serologic markers of early inflammation in multiple sclerosis. Proc Natl Acad
Sci U S A 103:2280-2285.

Menge, T., P. H. Lalive, H. C. von Budingen, B. Cree, S. L. Hauser, and C. P. Genain. 2005.
Antibody responses against galactocerebroside are potential stage-specific biomarkers in
multiple sclerosis. J Allergy Clin Immunol 116:453-459.

Warren, K. G., I. Catz, E. Johnson, and B. Mielke. 1994. Anti-myelin basic protein and anti-
proteolipid protein specific forms of multiple sclerosis. Ann Neurol 35:280-289.

Baig, S., T. Olsson, J. Yu-Ping, B. Hojeberg, M. Cruz, and H. Link. 1991. Multiple sclerosis:
cells secreting antibodies against myelin-associated glycoprotein are present in cerebrospinal
fluid. Scand J Immunol 33:73-79.

Bronstein, J. M., R. L. Lallone, R. S. Seitz, G. W. Ellison, and L. W. Myers. 1999. A humoral
response to oligodendrocyte-specific protein in MS: a potential molecular mimic. Neurology
53:154-161.

Walsh, M. J., and J. M. Murray. 1998. Dual implication of 2'3'-cyclic nucleotide 3'
phosphodiesterase as major autoantigen and C3 complement-binding protein in the
pathogenesis of multiple sclerosis. J Clin Invest 101:1923-1931.

Niehaus, A., J. Shi, M. Grzenkowski, M. Diers-Fenger, J. Archelos, H. P. Hartung, K. Toyka,
W. Bruck, and J. Trotter. 2000. Patients with active relapsing-remitting multiple sclerosis
synthesize antibodies recognizing oligodendrocyte progenitor cell surface protein:
implications for remyelination. Ann Neurol 48:362-371.

Menon, K. K., S. J. Piddlesden, and C. C. Bernard. 1997. Demyelinating antibodies to myelin
oligodendrocyte glycoprotein and galactocerebroside induce degradation of myelin basic
protein in isolated human myelin. J Neurochem 69:214-222.

Sadatipour, B. T., J. M. Greer, and M. P. Pender. 1998. Increased circulating antiganglioside
antibodies in primary and secondary progressive multiple sclerosis. Ann Neurol 44:980-983.

Villar, L. M., M. C. Sadaba, E. Roldan, J. Masjuan, P. Gonzalez-Porque, N. Villarrubia, M.
Espino, J. A. Garcia-Trujillo, A. Bootello, and J. C. Alvarez-Cermeno. 2005. Intrathecal

synthesis of oligoclonal IgM against myelin lipids predicts an aggressive disease course in
MS. J Clin Invest 115:187-194.

Ehling, R., A. Lutterotti, J. Wanschitz, M. Khalil, C. Gneiss, F. Deisenhammer, M. Reindl,
and T. Berger. 2004. Increased frequencies of serum antibodies to neurofilament light in
patients with primary chronic progressive multiple sclerosis. Mult Scler 10:601-606.

Mayo, L., J. Arribas, P. Villoslada, R. Alvarez DoForno, S. Rodriguez-Vilarino, X. Montalban,
M. R. De Sagarra, and J. G. Castano. 2002. The proteasome is a major autoantigen in multiple
sclerosis. Brain 125:2658-2667.

Cid, C., J. C. Alvarez-Cermeno, M. Salinas, and A. Alcazar. 2005. Anti-heat shock protein
90beta antibodies decrease pre-oligodendrocyte population in perinatal and adult cell cultures.
Implications for remyelination in multiple sclerosis. J Neurochem 95:349-360.

Celet, B., G. Akman-Demir, P. Serdaroglu, S. P. Yentur, B. Tasci, J. M. van Noort, M.
Eraksoy, and G. Saruhan-Direskeneli. 2000. Anti-alpha B-crystallin immunoreactivity in
inflammatory nervous system diseases. J Neurol 247:935-939.

Reindl, M., S. Khantane, R. Ehling, K. Schanda, A. Lutterotti, C. Brinkhoff, T. Oertle, M. E.
Schwab, F. Deisenhammer, T. Berger, and C. E. Bandtlow. 2003. Serum and cerebrospinal
fluid antibodies to Nogo-A in patients with multiple sclerosis and acute neurological
disorders. J Neuroimmunol 145:139-147.

174



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Mi, S., B. Hu, K. Hahm, Y. Luo, E. S. Kam Hui, Q. Yuan, W. M. Wong, L. Wang, H. Su, T.
H. Chu, J. Guo, W. Zhang, K. F. So, B. Pepinsky, Z. Shao, C. Graff, E. Garber, V. Jung, E. X.
Wu, and W. Wu. 2007. LINGO-1 antagonist promotes spinal cord remyelination and axonal
integrity in MOG-induced experimental autoimmune encephalomyelitis. Nat Med 13:1228-
1233.

MacDonald, K. P., D. J. Munster, G. J. Clark, A. Dzionek, J. Schmitz, and D. N. Hart. 2002.
Characterization of human blood dendritic cell subsets. Blood 100:4512-4520.

Lucas, M., W. Schachterle, K. Oberle, P. Aichele, and A. Diefenbach. 2007. Dendritic cells
prime natural killer cells by trans-presenting interleukin 15. Immunity 26:503-517.

Karni, A., M. Abraham, A. Monsonego, G. Cai, G. J. Freeman, D. Hafler, S. J. Khoury, and
H. L. Weiner. 2006. Innate immunity in multiple sclerosis: myeloid dendritic cells in
secondary progressive multiple sclerosis are activated and drive a proinflammatory immune
response. J Immunol 177:4196-4202.

Vaknin-Dembinsky, A., G. Murugaiyan, D. A. Hafler, A. L. Astier, and H. L. Weiner. 2008.
Increased I1L-23 secretion and altered chemokine production by dendritic cells upon CD46
activation in patients with multiple sclerosis. J Neuroimmunol 195:140-145.

Pashenkov, M., Y. M. Huang, V. Kostulas, M. Haglund, M. Soderstrom, and H. Link. 2001.
Two subsets of dendritic cells are present in human cerebrospinal fluid. Brain 124:480-492.

Aravalli, R. N., P. K. Peterson, and J. R. Lokensgard. 2007. Toll-like receptors in defense and
damage of the central nervous system. J Neuroimmune Pharmacol 2:297-312.

Le, Y. Z., W. Zheng, P. C. Rao, L. Zheng, R. E. Anderson, N. Esumi, D. J. Zack, and M. Zhu.
2008. Inducible expression of cre recombinase in the retinal pigmented epithelium. Invest
Ophthalmol Vis Sci 49:1248-1253.

Gray, E., T. L. Thomas, S. Betmouni, N. Scolding, and S. Love. 2008. Elevated activity and
microglial expression of myeloperoxidase in demyelinated cerebral cortex in multiple
sclerosis. Brain Pathol 18:86-95.

Serafini, B., R. Magliozzi, B. Rosicarelli, R. Reynolds, T. S. Zheng, and F. Aloisi. 2008.
Expression of TWEAK and its receptor Fnl4 in the multiple sclerosis brain: implications for
inflammatory tissue injury. J Neuropathol Exp Neurol 67:1137-1148.

Kawanokuchi, J., K. Shimizu, A. Nitta, K. Yamada, T. Mizuno, H. Takeuchi, and A.
Suzumura. 2008. Production and functions of IL-17 in microglia. J Neuroimmunol 194:54-61.

Napoli, I., and H. Neumann. 2009. Microglial clearance function in health and disease.
Neuroscience 158:1030-1038.

Weiner, H. L. 2008. A shift from adaptive to innate immunity: a potential mechanism of
disease progression in multiple sclerosis. J Neurol 255 Suppl 1:3-11.

Moretta, A., E. Marcenaro, S. Parolini, G. Ferlazzo, and L. Moretta. 2008. NK cells at the
interface between innate and adaptive immunity. Cell Death Differ 15:226-233.

Morandi, B., P. Bramanti, I. Bonaccorsi, E. Montalto, D. Oliveri, G. Pezzino, M. Navarra, and
G. Ferlazzo. 2008. Role of natural killer cells in the pathogenesis and progression of multiple
sclerosis. Pharmacol Res 57:1-5.

Lunemann, A., J. D. Lunemann, S. Roberts, B. Messmer, R. Barreira da Silva, C. S. Raine,
and C. Munz. 2008. Human NK cells kill resting but not activated microglia via NKG2D- and
NKp46-mediated recognition. J Immunol 181:6170-6177.

Medic, N., F. Vita, R. Abbate, M. R. Soranzo, S. Pacor, E. Fabbretti, V. Borelli, and G.
Zabucchi. 2008. Mast cell activation by myelin through scavenger receptor. J Neuroimmunol
200:27-40.

175



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kruger, P. G. 2001. Mast cells and multiple sclerosis: a quantitative analysis. Neuropathol
Appl Neurobiol 27:275-280.

Araki, M., T. Kondo, J. E. Gumperz, M. B. Brenner, S. Miyake, and T. Yamamura. 2003. Th2
bias of CD4+ NKT cells derived from multiple sclerosis in remission. Int Immunol 15:279-
288.

Triebel, F., and T. Hercend. 1989. Subpopulations of human peripheral T gamma delta
lymphocytes. Immunol Today 10:186-188.

Freedman, M. S., R. Bitar, and J. P. Antel. 1997. gamma delta T-cell-human glial cell
interactions. II. Relationship between heat shock protein expression and susceptibility to
cytolysis. J Neuroimmunol 74:143-148.

Battistini, L., M. Salvetti, G. Ristori, M. Falcone, C. S. Raine, and C. F. Brosnan. 1995.
Gamma delta T cell receptor analysis supports a role for HSP 70 selection of lymphocytes in
multiple sclerosis lesions. Mol Med 1:554-562.

Constant, P., F. Davodeau, M. A. Peyrat, Y. Poquet, G. Puzo, M. Bonneville, and J. J.
Fournie. 1994. Stimulation of human gamma delta T cells by nonpeptidic mycobacterial
ligands. Science 264:267-270.

Rajan, A. J., Y. L. Gao, C. S. Raine, and C. F. Brosnan. 1996. A pathogenic role for gamma
delta T cells in relapsing-remitting experimental allergic encephalomyelitis in the SJL mouse.
J Immunol 157:941-949.

Bielekova, B., and R. Martin. 2004. Development of biomarkers in multiple sclerosis. Brain
127:1463-1478.

Navikas, V., B. He, J. Link, M. Haglund, M. Soderstrom, S. Fredrikson, A. Ljungdahl, J.
Hojeberg, J. Qiao, T. Olsson, and H. Link. 1996. Augmented expression of tumour necrosis
factor-alpha and lymphotoxin in mononuclear cells in multiple sclerosis and optic neuritis.
Brain 119 (Pt 1):213-223.

Hohnoki, K., A. Inoue, and C. S. Koh. 1998. Elevated serum levels of IFN-gamma, 1L.-4 and
TNF-alpha/unelevated serum levels of IL-10 in patients with demyelinating diseases during
the acute stage. J Neuroimmunol 87:27-32.

Ozenci, V., M. Kouwenhoven, Y. M. Huang, P. Kivisakk, and H. Link. 2000. Multiple
sclerosis is associated with an imbalance between tumour necrosis factor-alpha (TNF-alpha)-
and IL-10-secreting blood cells that is corrected by interferon-beta (IFN-beta) treatment. Clin
Exp Immunol 120:147-153.

1999. TNF neutralization in MS: results of a randomized, placebo-controlled multicenter
study. The Lenercept Multiple Sclerosis Study Group and The University of British Columbia
MS/MRI Analysis Group. Neurology 53:457-465.

Nguyen, L. T., M. Ramanathan, F. Munschauer, C. Brownscheidle, S. Krantz, M. Umhauer,
C. Miller, E. DeNardin, and L. D. Jacobs. 1999. Flow cytometric analysis of in vitro
proinflammatory cytokine secretion in peripheral blood from multiple sclerosis patients. J Clin
Immunol 19:179-185.

Windhagen, A., J. Newcombe, F. Dangond, C. Strand, M. N. Woodroofe, M. L. Cuzner, and
D. A. Hafler. 1995. Expression of costimulatory molecules B7-1 (CD80), B7-2 (CD86), and
interleukin 12 cytokine in multiple sclerosis lesions. J Exp Med 182:1985-1996.

Bitsch, A., T. Kuhlmann, C. Da Costa, S. Bunkowski, T. Polak, and W. Bruck. 2000. Tumour
necrosis factor alpha mRNA expression in early multiple sclerosis lesions: correlation with
demyelinating activity and oligodendrocyte pathology. Glia 29:366-375.

Pouly, S., B. Becher, M. Blain, and J. P. Antel. 2000. Interferon-gamma modulates human
oligodendrocyte susceptibility to Fas-mediated apoptosis. J Neuropathol Exp Neurol 59:280-
286.

176



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Segal, B. M., B. K. Dwyer, and E. M. Shevach. 1998. An interleukin (IL)-10/IL-12
immunoregulatory circuit controls susceptibility to autoimmune disease. J Exp Med 187:537-
546.

Cua, D. J., J. Sherlock, Y. Chen, C. A. Murphy, B. Joyce, B. Seymour, L. Lucian, W. To, S.
Kwan, T. Churakova, S. Zurawski, M. Wiekowski, S. A. Lira, D. Gorman, R. A. Kastelein,
and J. D. Sedgwick. 2003. Interleukin-23 rather than interleukin-12 is the critical cytokine for
autoimmune inflammation of the brain. Nature 421:744-748.

Matusevicius, D., P. Kivisakk, V. Navikas, M. Soderstrom, S. Fredrikson, and H. Link. 1998.
Interleukin-12 and perforin mRNA expression is augmented in blood mononuclear cells in
multiple sclerosis. Scand J Immunol 47:582-590.

Heesen, C., F. Sieverding, B. G. Schoser, B. Hadji, and K. Kunze. 1999. Interleukin-12 is
detectable in sera of patients with multiple sclerosis - association with chronic progressive
disease course? Eur J Neurol 6:591-596.

Lock, C., G. Hermans, R. Pedotti, A. Brendolan, E. Schadt, H. Garren, A. Langer-Gould, S.
Strober, B. Cannella, J. Allard, P. Klonowski, A. Austin, N. Lad, N. Kaminski, S. J. Galli, J.
R. Oksenberg, C. S. Raine, R. Heller, and L. Steinman. 2002. Gene-microarray analysis of
multiple sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. Nat
Med 8:500-508.

Link, J., M. Soderstrom, T. Olsson, B. Hojeberg, A. Ljungdahl, and H. Link. 1994. Increased
transforming growth factor-beta, interleukin-4, and interferon-gamma in multiple sclerosis.
Ann Neurol 36:379-386.

Huang, W. X., P. Huang, H. Link, and J. Hillert. 1999. Cytokine analysis in multiple sclerosis
by competitive RT - PCR: A decreased expression of IL-10 and an increased expression of
TNF-alpha in chronic progression. Mult Scler 5:342-348.

Navikas, V., J. Link, W. Palasik, M. Soderstrom, S. Fredrikson, T. Olsson, and H. Link. 1995.
Increased mRNA expression of IL-10 in mononuclear cells in multiple sclerosis and optic
neuritis. Scand J Immunol 41:171-178.

Nakashima, 1., K. Fujihara, T. Misu, N. Okita, S. Takase, and Y. Itoyama. 2000. Significant
correlation between IL-10 levels and IgG indices in the cerebrospinal fluid of patients with
multiple sclerosis. J Neuroimmunol 111:64-67.

Issazadeh, S., M. Mustafa, A. Ljungdahl, B. Hojeberg, A. Dagerlind, R. Elde, and T. Olsson.
1995. Interferon gamma, interleukin 4 and transforming growth factor beta in experimental
autoimmune encephalomyelitis in Lewis rats: dynamics of cellular mRNA expression in the
central nervous system and lymphoid cells. J Neurosci Res 40:579-590.

Trebst, C., and R. M. Ransohoff. 2001. Investigating chemokines and chemokine receptors in
patients with multiple sclerosis: opportunities and challenges. Arch Neurol 58:1975-1980.

Strunk, T., S. Bubel, B. Mascher, P. Schlenke, H. Kirchner, and K. P. Wandinger. 2000.
Increased numbers of CCR5+ interferon-gamma- and tumor necrosis factor-alpha-secreting T
lymphocytes in multiple sclerosis patients. Ann Neurol 47:269-273.

Balashov, K. E., J. B. Rottman, H. L. Weiner, and W. W. Hancock. 1999. CCR5(+) and
CXCR3(+) T cells are increased in multiple sclerosis and their ligands MIP-1alpha and IP-10
are expressed in demyelinating brain lesions. Proc Natl Acad Sci U S A 96:6873-6878.

Calabresi, P. A., S. H. Yun, R. Allie, and K. A. Whartenby. 2002. Chemokine receptor
expression on MBP-reactive T cells: CXCR6 is a marker of [FNgamma-producing effector
cells. J Neuroimmunol 127:96-105.

Sorensen, T. L., M. Tani, J. Jensen, V. Pierce, C. Lucchinetti, V. A. Folcik, S. Qin, J.
Rottman, F. Sellebjerg, R. M. Strieter, J. L. Frederiksen, and R. M. Ransohoff. 1999.

177



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Expression of specific chemokines and chemokine receptors in the central nervous system of
multiple sclerosis patients. J Clin Invest 103:807-815.

Sorensen, T. L., F. Sellebjerg, C. V. Jensen, R. M. Strieter, and R. M. Ransohoff. 2001.
Chemokines CXCL10 and CCL2: differential involvement in intrathecal inflammation in
multiple sclerosis. Eur J Neurol 8:665-672.

Giunti, D., G. Borsellino, R. Benelli, M. Marchese, E. Capello, M. T. Valle, E. Pedemonte, D.
Noonan, A. Albini, G. Bernardi, G. L. Mancardi, L. Battistini, and A. Uccelli. 2003.
Phenotypic and functional analysis of T cells homing into the CSF of subjects with
inflammatory diseases of the CNS. J Leukoc Biol 73:584-590.

Boven, L. A., L. Montagne, H. S. Nottet, and C. J. De Groot. 2000. Macrophage inflammatory
protein-lalpha (MIP-lalpha), MIP-1beta, and RANTES mRNA semiquantification and
protein expression in active demyelinating multiple sclerosis (MS) lesions. Clin Exp Immunol
122:257-263.

Simpson, J., P. Rezaie, J. Newcombe, M. L. Cuzner, D. Male, and M. N. Woodroofe. 2000.
Expression of the beta-chemokine receptors CCR2, CCR3 and CCRS in multiple sclerosis
central nervous system tissue. J Neuroimmunol 108:192-200.

Trebst, C., T. L. Sorensen, P. Kivisakk, M. K. Cathcart, J. Hesselgesser, R. Horuk, F.
Sellebjerg, H. Lassmann, and R. M. Ransohoff. 2001. CCR1+/CCR5+ mononuclear
phagocytes accumulate in the central nervous system of patients with multiple sclerosis. Am J
Pathol 159:1701-1710.

Cannella, B., and C. S. Raine. 1995. The adhesion molecule and cytokine profile of multiple
sclerosis lesions. Ann Neurol 37:424-435.

Kern, A., R. Briesewitz, 1. Bank, and E. E. Marcantonio. 1994. The role of the I domain in
ligand binding of the human integrin alpha 1 beta 1. J Biol Chem 269:22811-22816.

Liu, J., M. W. Marino, G. Wong, D. Grail, A. Dunn, J. Bettadapura, A. J. Slavin, L. Old, and
C. C. Bernard. 1998. TNF is a potent anti-inflammatory cytokine in autoimmune-mediated
demyelination. Nat Med 4:78-83.

Probert, L., K. Akassoglou, M. Pasparakis, G. Kontogeorgos, and G. Kollias. 1995.
Spontaneous inflammatory demyelinating disease in transgenic mice showing central nervous
system-specific expression of tumor necrosis factor alpha. Proc Natl Acad Sci U S A
92:11294-11298.

Arnett, H. A., J. Mason, M. Marino, K. Suzuki, G. K. Matsushima, and J. P. Ting. 2001. TNF
alpha promotes proliferation of oligodendrocyte progenitors and remyelination. Nat Neurosci
4:1116-1122.

Kornek, B., and H. Lassmann. 1999. Axonal pathology in multiple sclerosis. A historical note.
Brain Pathol 9:651-656.

Bitsch, A., J. Schuchardt, S. Bunkowski, T. Kuhlmann, and W. Bruck. 2000. Acute axonal
injury in multiple sclerosis. Correlation with demyelination and inflammation. Brain 123 ( Pt
6):1174-1183.

Neumann, H. 2003. Molecular mechanisms of axonal damage in inflammatory central nervous
system diseases. Curr Opin Neurol 16:267-273.

Trapp, B. D., and P. K. Stys. 2009. Virtual hypoxia and chronic necrosis of demyelinated
axons in multiple sclerosis. Lancet Neurol 8:280-291.

Rocca, M. A., D. M. Mezzapesa, A. Falini, A. Ghezzi, V. Martinelli, G. Scotti, G. Comi, and
M. Filippi. 2003. Evidence for axonal pathology and adaptive cortical reorganization in
patients at presentation with clinically isolated syndromes suggestive of multiple sclerosis.
Neuroimage 18:847-855.

178



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Trapp, B. D., R. Ransohoff, and R. Rudick. 1999. Axonal pathology in multiple sclerosis:
relationship to neurologic disability. Curr Opin Neurol 12:295-302.

Kornek, B., M. K. Storch, R. Weissert, E. Wallstroem, A. Stefferl, T. Olsson, C. Linington, M.
Schmidbauer, and H. Lassmann. 2000. Multiple sclerosis and chronic autoimmune
encephalomyelitis: a comparative quantitative study of axonal injury in active, inactive, and
remyelinated lesions. Am J Pathol 157:267-276.

Babbe, H., A. Roers, A. Waisman, H. Lassmann, N. Goebels, R. Hohlfeld, M. Friese, R.
Schroder, M. Deckert, S. Schmidt, R. Ravid, and K. Rajewsky. 2000. Clonal expansions of
CD8(+) T cells dominate the T cell infiltrate in active multiple sclerosis lesions as shown by
micromanipulation and single cell polymerase chain reaction. J Exp Med 192:393-404.

Huseby, E. S., D. Liggitt, T. Brabb, B. Schnabel, C. Ohlen, and J. Goverman. 2001. A
pathogenic role for myelin-specific CD8(+) T cells in a model for multiple sclerosis. J Exp
Med 194:669-676.

Medana, 1., M. A. Martinic, H. Wekerle, and H. Neumann. 2001. Transection of major
histocompatibility complex class I-induced neurites by cytotoxic T lymphocytes. Am J Pathol
159:809-815.

Krishnamoorthy, G., A. Saxena, L. T. Mars, H. S. Domingues, R. Mentele, A. Ben-Nun, H.
Lassmann, K. Dornmair, F. C. Kurschus, R. S. Liblau, and H. Wekerle. 2009. Myelin-specific

T cells also recognize neuronal autoantigen in a transgenic mouse model of multiple sclerosis.
Nat Med 15:626-632.

Nitsch, R., E. E. Pohl, A. Smorodchenko, C. Infante-Duarte, O. Aktas, and F. Zipp. 2004.
Direct impact of T cells on neurons revealed by two-photon microscopy in living brain tissue.
J Neurosci 24:2458-2464.

Mathey, E. K., T. Derfuss, M. K. Storch, K. R. Williams, K. Hales, D. R. Woolley, A. Al-
Hayani, S. N. Davies, M. N. Rasband, T. Olsson, A. Moldenhauer, S. Velhin, R. Hohlfeld, E.
Meinl, and C. Linington. 2007. Neurofascin as a novel target for autoantibody-mediated
axonal injury. J Exp Med 204:2363-2372.

Aboul-Enein, F., P. Weiser, R. Hoftberger, H. Lassmann, and M. Bradl. 2006. Transient
axonal injury in the absence of demyelination: a correlate of clinical disease in acute
experimental autoimmune encephalomyelitis. Acta Neuropathol 111:539-547.

Felts, P. A., T. A. Baker, and K. J. Smith. 1997. Conduction in segmentally demyelinated
mammalian central axons. J Neurosci 17:7267-7277.

O'™alley, H. A., A. B. Shreiner, G. H. Chen, G. B. Huffnagle, and L. L. Isom. 2009. Loss of
Na+ channel beta2 subunits is neuroprotective in a mouse model of multiple sclerosis. Mol
Cell Neurosci 40:143-155.

Dutta, R., J. McDonough, X. Yin, J. Peterson, A. Chang, T. Torres, T. Gudz, W. B. Macklin,
D. A. Lewis, R. J. Fox, R. Rudick, K. Mirnics, and B. D. Trapp. 2006. Mitochondrial
dysfunction as a cause of axonal degeneration in multiple sclerosis patients. Ann Neurol
59:478-489.

Mahad, D. J., I. Ziabreva, G. Campbell, N. Lax, K. White, P. S. Hanson, H. Lassmann, and D.
M. Turnbull. 2009. Mitochondrial changes within axons in multiple sclerosis. Brain 132:1161-
1174.

Lindquist, S., N. Bodammer, J. Kaufmann, F. Konig, H. J. Heinze, W. Bruck, and M. Sailer.
2007. Histopathology and serial, multimodal magnetic resonance imaging in a multiple
sclerosis variant. Mult Scler 13:471-482.

Yang, X. O., R. Nurieva, G. J. Martinez, H. S. Kang, Y. Chung, B. P. Pappu, B. Shah, S. H.
Chang, K. S. Schluns, S. S. Watowich, X. H. Feng, A. M. Jetten, and C. Dong. 2008.

179



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Molecular antagonism and plasticity of regulatory and inflammatory T cell programs.
Immunity 29:44-56.

Nikolaeva, M. A., B. Mukherjee, and P. K. Stys. 2005. Na+-dependent sources of intra-axonal
Ca2+ release in rat optic nerve during in vitro chemical ischemia. J Neurosci 25:9960-9967.

Stys, P. K., S. G. Waxman, and B. R. Ransom. 1992. Ionic mechanisms of anoxic injury in
mammalian CNS white matter: role of Na+ channels and Na(+)-Ca2+ exchanger. J Neurosci
12:430-439.

Stys, P. K., and Q. Jiang. 2002. Calpain-dependent neurofilament breakdown in anoxic and
ischemic rat central axons. Neurosci Lett 328:150-154.

Friese, M. A., M. J. Craner, R. Etzensperger, S. Vergo, J. A. Wemmie, M. J. Welsh, A.
Vincent, and L. Fugger. 2007. Acid-sensing ion channel-1 contributes to axonal degeneration
in autoimmune inflammation of the central nervous system. Nat Med 13:1483-1489.

Hohlfeld, R. 1997. Biotechnological agents for the immunotherapy of multiple sclerosis.
Principles, problems and perspectives. Brain 120 ( Pt 5):865-916.

Smith, K. J., and H. Lassmann. 2002. The role of nitric oxide in multiple sclerosis. Lancet
Neurol 1:232-241.

Muriel, P., G. Castaneda, M. Ortega, and F. Noel. 2003. Insights into the mechanism of
erythrocyte Na+/K+-ATPase inhibition by nitric oxide and peroxynitrite anion. J Appl Toxicol
23:275-278.

Brown, G. C., and V. Borutaite. 2002. Nitric oxide inhibition of mitochondrial respiration and
its role in cell death. Free Radic Biol Med 33:1440-1450.

Lipton, S. A., and P. A. Rosenberg. 1994. Excitatory amino acids as a final common pathway
for neurologic disorders. N Engl J Med 330:613-622.

Pitt, D., P. Werner, and C. S. Raine. 2000. Glutamate excitotoxicity in a model of multiple
sclerosis. Nat Med 6:67-70.

Matute, C., E. Alberdi, M. Domercq, F. Perez-Cerda, A. Perez-Samartin, and M. V. Sanchez-
Gomez. 2001. The link between excitotoxic oligodendroglial death and demyelinating
diseases. Trends Neurosci 24:224-230.

Lassmann, H. 2003. Hypoxia-like tissue injury as a component of multiple sclerosis lesions. J
Neurol Sci 206:187-191.

Parpura, V., E. Scemes, and D. C. Spray. 2004. Mechanisms of glutamate release from
astrocytes: gap junction "hemichannels", purinergic receptors and exocytotic release.
Neurochem Int 45:259-264.

Srinivasan, R., N. Sailasuta, R. Hurd, S. Nelson, and D. Pelletier. 2005. Evidence of elevated
glutamate in multiple sclerosis using magnetic resonance spectroscopy at 3 T. Brain
128:1016-1025.

Werner, P., D. Pitt, and C. S. Raine. 2001. Multiple sclerosis: altered glutamate homeostasis in
lesions correlates with oligodendrocyte and axonal damage. Ann Neurol 50:169-180.

Stahn, C., and F. Buttgereit. 2008. Genomic and nongenomic effects of glucocorticoids. Nat
Clin Pract Rheumatol 4:525-533.

Polman, C. H., and B. M. Uitdehaag. 2000. Drug treatment of multiple sclerosis. BMJ
321:490-494.

Valledor, A. F., and M. Ricote. 2004. Nuclear receptor signaling in macrophages. Biochem
Pharmacol 67:201-212.

Sierra, A., A. Gottfried-Blackmore, T. A. Milner, B. S. McEwen, and K. Bulloch. 2008.
Steroid hormone receptor expression and function in microglia. Glia 56:659-674.

180



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004. The
chemokine system in diverse forms of macrophage activation and polarization. Trends
Immunol 25:677-686.

Carmona, O., V. Casado, E. Moral, L. Alonso-Magdalena, A. Martinez-Yelamos, S. Martinez-
Yelamos, G. Martin-Ozaeta, and T. Arbizu. 2008. Interferon-betalb in multiple sclerosis:

effect on progression of disability and clinical markers of treatment response. Eur Neurol
60:279-284.

Deisenhammer, F. 2009. Neutralizing antibodies to interferon-beta and other immunological
treatments for multiple sclerosis: prevalence and impact on outcomes. CNS Drugs 23:379-396.

Martin-Saavedra, F. M., C. Gonzalez-Garcia, B. Bravo, and S. Ballester. 2008. Beta interferon
restricts the inflammatory potential of CD4+ cells through the boost of the Th2 phenotype, the
inhibition of Th17 response and the prevalence of naturally occurring T regulatory cells. Mol
Immunol 45:4008-4019.

Floris, S., S. R. Ruuls, A. Wierinckx, S. M. van der Pol, E. Dopp, P. H. van der Meide, C. D.
Dijkstra, and H. E. De Vries. 2002. Interferon-beta directly influences monocyte infiltration
into the central nervous system. J Neuroimmunol 127:69-79.

Lalive, P. H., S. Kantengwa, M. Benkhoucha, C. Juillard, and M. Chofflon. 2008. Interferon-
beta induces brain-derived neurotrophic factor in peripheral blood mononuclear cells of
multiple sclerosis patients. J Neuroimmunol 197:147-151.

Blanchette, F., and O. Neuhaus. 2008. Glatiramer acetate: evidence for a dual mechanism of
action. J Neurol 255 Suppl 1:26-36.

Neuhaus, O., C. Farina, H. Wekerle, and R. Hohlfeld. 2001. Mechanisms of action of
glatiramer acetate in multiple sclerosis. Neurology 56:702-708.

Stapulionis, R., C. L. Oliveira, M. C. Gjelstrup, J. S. Pedersen, M. E. Hokland, S. V.
Hoffmann, K. Poulsen, C. Jacobsen, and T. Vorup-Jensen. 2008. Structural insight into the
function of myelin basic protein as a ligand for integrin alpha M beta 2. J Immunol 180:3946-
3956.

Weber, M. S., T. Prod'homme, S. Youssef, S. E. Dunn, C. D. Rundle, L. Lee, J. C. Patarroyo,
O. Stuve, R. A. Sobel, L. Steinman, and S. S. Zamvil. 2007. Type II monocytes modulate T
cell-mediated central nervous system autoimmune disease. Nat Med 13:935-943.

Burger, D., N. Molnarfi, M. S. Weber, K. J. Brandt, M. Benkhoucha, L. Gruaz, M. Choftlon,
S. S. Zamvil, and P. H. Lalive. 2009. Glatiramer acetate increases IL-1 receptor antagonist but

decreases T cell-induced IL-1beta in human monocytes and multiple sclerosis. Proc Natl Acad
Sci U S A 106:4355-4359.

Azoulay, D., V. Vachapova, B. Shihman, A. Miler, and A. Karni. 2005. Lower brain-derived
neurotrophic factor in serum of relapsing remitting MS: reversal by glatiramer acetate. J
Neuroimmunol 167:215-218.

Aharoni, R., R. Eilam, H. Domev, G. Labunskay, M. Sela, and R. Arnon. 2005. The
immunomodulator glatiramer acetate augments the expression of neurotrophic factors in
brains of experimental autoimmune encephalomyelitis mice. Proc Natl Acad Sci U S A
102:19045-19050.

Polman, C. H., P. W. O'Connor, E. Havrdova, M. Hutchinson, L. Kappos, D. H. Miller, J. T.
Phillips, F. D. Lublin, G. Giovannoni, A. Wajgt, M. Toal, F. Lynn, M. A. Panzara, and A. W.
Sandrock. 2006. A randomized, placebo-controlled trial of natalizumab for relapsing multiple
sclerosis. N Engl J Med 354:899-910.

Stuve, O., C. M. Marra, K. R. Jerome, L. Cook, P. D. Cravens, S. Cepok, E. M. Frohman, J. T.
Phillips, G. Arendt, B. Hemmer, N. L. Monson, and M. K. Racke. 2006. Immune surveillance
in multiple sclerosis patients treated with natalizumab. Ann Neurol 59:743-747.

181



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Watson, C. M., A. N. Davison, D. Baker, J. K. O'Neill, and J. L. Turk. 1991. Suppression of
demyelination by mitoxantrone. Int J Immunopharmacol 13:923-930.

Hartung, H. P., R. Gonsette, N. Konig, H. Kwiecinski, A. Guseo, S. P. Morrissey, H. Krapf,
and T. Zwingers. 2002. Mitoxantrone in progressive multiple sclerosis: a placebo-controlled,
double-blind, randomised, multicentre trial. Lancet 360:2018-2025.

Olitsky, P. K., and R. H. Yager. 1949. Experimental disseminated encephalomyelitis in white
mice. J Exp Med 90:213-224.

Rivers, T. M., D. H. Sprunt, and G. P. Berry. 1933. Observations on Attempts to Produce
Acute Disseminated Encephalomyelitis in Monkeys. J Exp Med 58:39-53.

Hohlfeld, R., and H. Wekerle. 2001. Immunological update on multiple sclerosis. Curr Opin
Neurol 14:299-304.

Schreiner, B., F. L. Heppner, and B. Becher. 2009. Modeling multiple sclerosis in laboratory
animals. Semin Immunopathol 31:479-495.

Kerfoot, S. M., E. M. Long, M. J. Hickey, G. Andonegui, B. M. Lapointe, R. C. Zanardo, C.
Bonder, W. G. James, S. M. Robbins, and P. Kubes. 2004. TLR4 contributes to disease-
inducing mechanisms resulting in central nervous system autoimmune disease. J Immunol
173:7070-7077.

Shive, C. L., H. Hofstetter, L. Arredondo, C. Shaw, and T. G. Forsthuber. 2000. The enhanced
antigen-specific production of cytokines induced by pertussis toxin is due to clonal expansion
of T cells and not to altered effector functions of long-term memory cells. Eur J Immunol
30:2422-2431.

Wekerle, H., K. Kojima, J. Lannes-Vieira, H. Lassmann, and C. Linington. 1994. Animal
models. Ann Neurol 36 Suppl:S47-53.

Weissert, R., E. Wallstrom, M. K. Storch, A. Stefferl, J. Lorentzen, H. Lassmann, C.
Linington, and T. Olsson. 1998. MHC haplotype-dependent regulation of MOG-induced EAE
in rats. J Clin Invest 102:1265-1273.

Mendel, 1., N. Kerlero de Rosbo, and A. Ben-Nun. 1995. A myelin oligodendrocyte
glycoprotein peptide induces typical chronic experimental autoimmune encephalomyelitis in
H-2b mice: fine specificity and T cell receptor V beta expression of encephalitogenic T cells.
Eur J Immunol 25:1951-1959.

t Hart, B. A., J. Bauer, H. P. Brok, and S. Amor. 2005. Non-human primate models of
experimental autoimmune encephalomyelitis: Variations on a theme. J Neuroimmunol 168:1-
12.

Pettinelli, C. B., and D. E. McFarlin. 1981. Adoptive transfer of experimental allergic
encephalomyelitis in SJL/J mice after in vitro activation of lymph node cells by myelin basic
protein: requirement for Lyt 1+ 2- T lymphocytes. J Immunol 127:1420-1423.

Zamvil, S., P. Nelson, J. Trotter, D. Mitchell, R. Knobler, R. Fritz, and L. Steinman. 1985. T-
cell clones specific for myelin basic protein induce chronic relapsing paralysis and
demyelination. Nature 317:355-358.

Sun, D., J. N. Whitaker, Z. Huang, D. Liu, C. Coleclough, H. Wekerle, and C. S. Raine. 2001.
Myelin antigen-specific CD8+ T cells are encephalitogenic and produce severe disease in
C57BL/6 mice. J Immunol 166:7579-7587.

Langrish, C. L., Y. Chen, W. M. Blumenschein, J. Mattson, B. Basham, J. D. Sedgwick, T.
McClanahan, R. A. Kastelein, and D. J. Cua. 2005. IL-23 drives a pathogenic T cell
population that induces autoimmune inflammation. J Exp Med 201:233-240.

182



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Stromnes, 1. M., L. M. Cerretti, D. Liggitt, R. A. Harris, and J. M. Goverman. 2008.
Differential regulation of central nervous system autoimmunity by T(H)1 and T(H)17 cells.
Nat Med 14:337-342.

Haak, S., A. L. Croxford, K. Kreymborg, F. L. Heppner, S. Pouly, B. Becher, and A.
Waisman. 2009. IL-17A and IL-17F do not contribute vitally to autoimmune neuro-
inflammation in mice. J Clin Invest 119:61-69.

Kaushansky, N., R. Hemo, M. Eisenstein, and A. Ben-Nun. 2007. OSP/claudin-11-induced
EAE in mice is mediated by pathogenic T cells primarily governed by OSP192Y residue of
major encephalitogenic region OSP179-207. Eur J Immunol 37:2018-2031.

Fontoura, P., P. P. Ho, J. DeVoss, B. Zheng, B. J. Lee, B. A. Kidd, H. Garren, R. A. Sobel, W.
H. Robinson, M. Tessier-Lavigne, and L. Steinman. 2004. Immunity to the extracellular
domain of Nogo-A modulates experimental autoimmune encephalomyelitis. J Immunol
173:6981-6992.

Amor, S., N. Groome, C. Linington, M. M. Morris, K. Dornmair, M. V. Gardinier, J. M.
Matthieu, and D. Baker. 1994. Identification of epitopes of myelin oligodendrocyte
glycoprotein for the induction of experimental allergic encephalomyelitis in SJL and Biozzi
AB/H mice. J Immunol 153:4349-4356.

Pollinger, B., G. Krishnamoorthy, K. Berer, H. Lassmann, M. R. Bosl, R. Dunn, H. S.
Domingues, A. Holz, F. C. Kurschus, and H. Wekerle. 2009. Spontaneous relapsing-remitting
EAE in the SJL/J mouse: MOG-reactive transgenic T cells recruit endogenous MOG-specific
B cells. J Exp Med 206:1303-1316.

Tuohy, V. K., R. A. Sobel, Z. Lu, R. A. Laursen, and M. B. Lees. 1992. Myelin proteolipid
protein: minimum sequence requirements for active induction of autoimmune
encephalomyelitis in SWR/J and SJL/J mice. J Neuroimmunol 39:67-74.

Kuchroo, V. K., R. A. Sobel, J. C. Laning, C. A. Martin, E. Greenfield, M. E. Dorf, and M. B.
Lees. 1992. Experimental allergic encephalomyelitis mediated by cloned T cells specific for a
synthetic peptide of myelin proteolipid protein. Fine specificity and T cell receptor V beta
usage. J Immunol 148:3776-3782.

Greer, J. M., V. K. Kuchroo, R. A. Sobel, and M. B. Lees. 1992. Identification and
characterization of a second encephalitogenic determinant of myelin proteolipid protein
(residues 178-191) for SIL mice. J Immunol 149:783-788.

Greer, J. M., C. Klinguer, E. Trifilieff, R. A. Sobel, and M. B. Lees. 1997. Encephalitogenicity
of murine, but not bovine, DM20 in SJL mice is due to a single amino acid difference in the
immunodominant encephalitogenic epitope. Neurochem Res 22:541-547.

Tuohy, V. K., and D. M. Thomas. 1995. Sequence 104-117 of myelin proteolipid protein is a
cryptic encephalitogenic T cell determinant for SJIL/J mice. J Neuroimmunol 56:161-170.

Zhong, M. C., L. Cohen, A. Meshorer, N. Kerlero de Rosbo, and A. Ben-Nun. 2000. T-cells
specific for soluble recombinant oligodendrocyte-specific protein induce severe clinical
experimental autoimmune encephalomyelitis in H-2(b) and H-2(s) mice. J Neuroimmunol
105:39-45.

Morris-Downes, M. M., K. McCormack, D. Baker, D. Sivaprasad, J. Natkunarajah, and S.
Amor. 2002. Encephalitogenic and immunogenic potential of myelin-associated glycoprotein
(MAG), oligodendrocyte-specific glycoprotein (OSP) and 2'3'-cyclic nucleotide 3'-
phosphodiesterase (CNPase) in ABH and SJL mice. J Neuroimmunol 122:20-33.

de Rosbo, N. K., J. F. Kaye, M. Eisenstein, I. Mendel, R. Hoeftberger, H. Lassmann, R. Milo,
and A. Ben-Nun. 2004. The myelin-associated oligodendrocytic basic protein region
MOBP15-36 encompasses the immunodominant major encephalitogenic epitope(s) for SJL/J
mice and predicted epitope(s) for multiple sclerosis-associated HLA-DRB1*1501. J Immunol
173:1426-1435.

183



205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Holz, A., B. Bielekova, R. Martin, and M. B. Oldstone. 2000. Myelin-associated
oligodendrocytic basic protein: identification of an encephalitogenic epitope and association
with multiple sclerosis. J Immunol 164:1103-1109.

Sakai, K., S. S. Zamvil, D. J. Mitchell, M. Lim, J. B. Rothbard, and L. Steinman. 1988.
Characterization of a major encephalitogenic T cell epitope in SJL/J mice with synthetic
oligopeptides of myelin basic protein. J Neuroimmunol 19:21-32.

Pettinelli, C. B., R. B. Fritz, C. H. Chou, and D. E. McFarlin. 1982. Encephalitogenic activity
of guinea pig myelin basic protein in the SJL mouse. J Immunol 129:1209-1211.

Amor, S., J. K. O'Neill, M. M. Morris, R. M. Smith, D. C. Wraith, N. Groome, P. J. Travers,
and D. Baker. 1996. Encephalitogenic epitopes of myelin basic protein, proteolipid protein,
myelin oligodendrocyte glycoprotein for experimental allergic encephalomyelitis induction in
Biozzi ABH (H-2Ag7) mice share an amino acid motif. J Immunol 156:3000-3008.

Amor, S., D. Baker, N. Groome, and J. L. Turk. 1993. Identification of a major
encephalitogenic epitope of proteolipid protein (residues 56-70) for the induction of
experimental allergic encephalomyelitis in Biozzi AB/H and nonobese diabetic mice. J
Immunol 150:5666-5672.

Thoua, N. M., J. M. van Noort, D. Baker, A. Bose, A. C. van Sechel, M. J. van Stipdonk, P. J.
Travers, and S. Amor. 2000. Encephalitogenic and immunogenic potential of the stress protein
alphaB-crystallin in Biozzi ABH (H-2A(g7)) mice. J Neuroimmunol 104:47-57.

Huizinga, R., N. Heijmans, P. Schubert, S. Gschmeissner, B. A. t Hart, H. Herrmann, and S.
Amor. 2007. Immunization with neurofilament light protein induces spastic paresis and axonal
degeneration in Biozzi ABH mice. J Neuropathol Exp Neurol 66:295-304.

Amor, S., P. A. Smith, B. Hart, and D. Baker. 2005. Biozzi mice: of mice and human
neurological diseases. J Neuroimmunol 165:1-10.

Ando, D. G., J. Clayton, D. Kono, J. L. Urban, and E. E. Sercarz. 1989. Encephalitogenic T
cells in the B10.PL model of experimental allergic encephalomyelitis (EAE) are of the Th-1
lymphokine subtype. Cell Immunol 124:132-143.

Kerlero de Rosbo, N., I. Mendel, and A. Ben-Nun. 1995. Chronic relapsing experimental
autoimmune encephalomyelitis with a delayed onset and an atypical clinical course, induced
in PL/J mice by myelin oligodendrocyte glycoprotein (MOG)-derived peptide: preliminary
analysis of MOG T cell epitopes. Eur J Immunol 25:985-993.

Kibler, R. F., R. B. Fritz, F. Chou, C. H. Jen Chou, N. Y. Peacocke, N. M. Brown, and D. E.
McFarlin. 1977. Immune response of Lewis rats to peptide C1 (residues 68-88) of guinea pig
and rat myelin basic proteins. J Exp Med 146:1323-1331.

Mor, F., F. Quintana, A. Mimran, and I. R. Cohen. 2003. Autoimmune encephalomyelitis and
uveitis induced by T cell immunity to self beta-synuclein. J Immunol 170:628-634.

Adelmann, M., J. Wood, 1. Benzel, P. Fiori, H. Lassmann, J. M. Matthieu, M. V. Gardinier, K.
Dornmair, and C. Linington. 1995. The N-terminal domain of the myelin oligodendrocyte
glycoprotein  (MOG) induces acute demyelinating experimental autoimmune
encephalomyelitis in the Lewis rat. J Neuroimmunol 63:17-27.

Stefferl, A., A. Schubart, M. Storch, A. Amini, I. Mather, H. Lassmann, and C. Linington.
2000. Butyrophilin, a milk protein, modulates the encephalitogenic T cell response to myelin
oligodendrocyte glycoprotein in experimental autoimmune encephalomyelitis. J Immunol
165:2859-2865.

t Hart, B. A., M. van Meurs, H. P. Brok, L. Massacesi, J. Bauer, L. Boon, R. E. Bontrop, and
J. D. Laman. 2000. A new primate model for multiple sclerosis in the common marmoset.
Immunol Today 21:290-297.

184



220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Brok, H. P., A. Uccelli, N. Kerlero De Rosbo, R. E. Bontrop, L. Roccatagliata, N. G. de
Groot, E. Capello, J. D. Laman, K. Nicolay, G. L. Mancardi, A. Ben-Nun, and B. A. Hart.
2000. Myelin/oligodendrocyte glycoprotein-induced autoimmune encephalomyelitis in
common marmosets: the encephalitogenic T cell epitope pMOG24-36 is presented by a
monomorphic MHC class II molecule. J Immunol 165:1093-1101.

Bettelli, E., M. Pagany, H. L. Weiner, C. Linington, R. A. Sobel, and V. K. Kuchroo. 2003.
Myelin oligodendrocyte glycoprotein-specific T cell receptor transgenic mice develop
spontaneous autoimmune optic neuritis. J Exp Med 197:1073-1081.

Krishnamoorthy, G., H. Lassmann, H. Wekerle, and A. Holz. 2006. Spontaneous opticospinal
encephalomyelitis in a double-transgenic mouse model of autoimmune T cell/B cell
cooperation. J Clin Invest 116:2385-2392.

Lafaille, J. J., K. Nagashima, M. Katsuki, and S. Tonegawa. 1994. High incidence of
spontaneous autoimmune encephalomyelitis in immunodeficient anti-myelin basic protein T
cell receptor transgenic mice. Cell 78:399-408.

Goverman, J.,, A. Woods, L. Larson, L. P. Weiner, L. Hood, and D. M. Zaller. 1993.
Transgenic mice that express a myelin basic protein-specific T cell receptor develop
spontaneous autoimmunity. Cell 72:551-560.

Waldner, H., M. J. Whitters, R. A. Sobel, M. Collins, and V. K. Kuchroo. 2000. Fulminant
spontaneous autoimmunity of the central nervous system in mice transgenic for the myelin
proteolipid protein-specific T cell receptor. Proc Natl Acad Sci U S A 97:3412-3417.

Na, S. Y., Y. Cao, C. Toben, L. Nitschke, C. Stadelmann, R. Gold, A. Schimpl, and T. Hunig.
2008. Naive CD8 T-cells initiate spontaneous autoimmunity to a sequestered model antigen of
the central nervous system. Brain 131:2353-2365.

Madsen, L. S., E. C. Andersson, L. Jansson, M. krogsgaard, C. B. Andersen, J. Engberg, J. L.
Strominger, A. Svejgaard, J. P. Hjorth, R. Holmdahl, K. W. Wucherpfennig, and L. Fugger.
1999. A humanized model for multiple sclerosis using HLA-DR2 and a human T-cell
receptor. Nat Genet 23:343-347.

Friese, M. A., K. B. Jakobsen, L. Friis, R. Etzensperger, M. J. Craner, R. M. McMahon, L. T.
Jensen, V. Huygelen, E. Y. Jones, J. . Bell, and L. Fugger. 2008. Opposing effects of HLA
class I molecules in tuning autoreactive CD8+ T cells in multiple sclerosis. Nat Med 14:1227-
1235.

Gregersen, J. W., K. R. Kranc, X. Ke, P. Svendsen, L. S. Madsen, A. R. Thomsen, L. R.
Cardon, J. I. Bell, and L. Fugger. 2006. Functional epistasis on a common MHC haplotype
associated with multiple sclerosis. Nature 443:574-577.

Bechmann, I. 2005. Failed central nervous system regeneration: a downside of immune
privilege? Neuromolecular Med 7:217-228.

Cserr, H. F., and P. M. Knopf. 1992. Cervical lymphatics, the blood-brain barrier and the
immunoreactivity of the brain: a new view. Immunol Today 13:507-512.

Hickey, W. F. 2001. Basic principles of immunological surveillance of the normal central
nervous system. Glia 36:118-124.

Kwidzinski, E., L. K. Mutlu, A. D. Kovac, J. Bunse, J. Goldmann, J. Mahlo, O. Aktas, F.
Zipp, T. Kamradt, R. Nitsch, and I. Bechmann. 2003. Self-tolerance in the immune privileged
CNS: lessons from the entorhinal cortex lesion model. J Neural Transm Suppl:29-49.

Bechmann, 1., G. Mor, J. Nilsen, M. Eliza, R. Nitsch, and F. Naftolin. 1999. FasL (CD95L,
ApolL) is expressed in the normal rat and human brain: evidence for the existence of an
immunological brain barrier. Glia 27:62-74.

Kyewski, B., and J. Derbinski. 2004. Self-representation in the thymus: an extended view. Nat
Rev Immunol 4:688-698.

185



236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

Schluesener, H. J., and H. Wekerle. 1985. Autoaggressive T lymphocyte lines recognizing the
encephalitogenic region of myelin basic protein: in vitro selection from unprimed rat T
lymphocyte populations. J Immunol 135:3128-3133.

Pette, M., K. Fujita, D. Wilkinson, D. M. Altmann, J. Trowsdale, G. Giegerich, A. Hinkkanen,
J. T. Epplen, L. Kappos, and H. Wekerle. 1990. Myelin autoreactivity in multiple sclerosis:
recognition of myelin basic protein in the context of HLA-DR2 products by T lymphocytes of
multiple-sclerosis patients and healthy donors. Proc Natl Acad Sci U S A 87:7968-7972.

Kuchroo, V. K., A. C. Anderson, H. Waldner, M. Munder, E. Bettelli, and L. B. Nicholson.
2002. T cell response in experimental autoimmune encephalomyelitis (EAE): role of self and
cross-reactive antigens in shaping, tuning, and regulating the autopathogenic T cell repertoire.
Annu Rev Immunol 20:101-123.

Viglietta, V., C. Baecher-Allan, H. L. Weiner, and D. A. Hafler. 2004. Loss of functional
suppression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis. J Exp Med
199:971-979.

Engelhardt, B., and R. M. Ransohoff. 2005. The ins and outs of T-lymphocyte trafficking to
the CNS: anatomical sites and molecular mechanisms. Trends Immunol 26:485-495.

Butcher, E. C., M. Williams, K. Youngman, L. Rott, and M. Briskin. 1999. Lymphocyte
trafficking and regional immunity. Adv Immunol 72:209-253.

Berlin, C., R. F. Bargatze, J. J. Campbell, U. H. von Andrian, M. C. Szabo, S. R. Hasslen, R.
D. Nelson, E. L. Berg, S. L. Erlandsen, and E. C. Butcher. 1995. alpha 4 integrins mediate
lymphocyte attachment and rolling under physiologic flow. Cell 80:413-422.

Keszthelyi, E., S. Karlik, S. Hyduk, G. P. Rice, G. Gordon, T. Yednock, and H. Horner. 1996.
Evidence for a prolonged role of alpha 4 integrin throughout active experimental allergic
encephalomyelitis. Neurology 47:1053-1059.

Miller, D. H., O. A. Khan, W. A. Sheremata, L. D. Blumhardt, G. P. Rice, M. A. Libonati, A.
J. Willmer-Hulme, C. M. Dalton, K. A. Miszkiel, and P. W. O'Connor. 2003. A controlled
trial of natalizumab for relapsing multiple sclerosis. N Engl J Med 348:15-23.

Kieseier, B. C., R. Kiefer, J. M. Clements, K. Miller, G. M. Wells, T. Schweitzer, A. J.
Gearing, and H. P. Hartung. 1998. Matrix metalloproteinase-9 and -7 are regulated in
experimental autoimmune encephalomyelitis. Brain 121 ( Pt 1):159-166.

Flugel, A., T. Berkowicz, T. Ritter, M. Labeur, D. E. Jenne, Z. Li, J. W. Ellwart, M. Willem,
H. Lassmann, and H. Wekerle. 2001. Migratory activity and functional changes of green
fluorescent effector cells before and during experimental autoimmune encephalomyelitis.
Immunity 14:547-560.

Kawakami, N., S. Lassmann, Z. Li, F. Odoardi, T. Ritter, T. Ziemssen, W. E. Klinkert, J. W.
Ellwart, M. Bradl, K. Krivacic, H. Lassmann, R. M. Ransohoff, H. D. Volk, H. Wekerle, C.
Linington, and A. Flugel. 2004. The activation status of neuroantigen-specific T cells in the
target organ determines the clinical outcome of autoimmune encephalomyelitis. J Exp Med
199:185-197.

Scolding, N. J., B. P. Morgan, W. A. Houston, C. Linington, A. K. Campbell, and D. A.
Compston. 1989. Vesicular removal by oligodendrocytes of membrane attack complexes
formed by activated complement. Nature 339:620-622.

Redford, E. J., K. J. Smith, N. A. Gregson, M. Davies, P. Hughes, A. J. Gearing, K. Miller,
and R. A. Hughes. 1997. A combined inhibitor of matrix metalloproteinase activity and
tumour necrosis factor-alpha processing attenuates experimental autoimmune neuritis. Brain
120 ( Pt 10):1895-1905.

186



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.
261.

262.

263.

264.

265.

Leppert, D., R. L. Lindberg, L. Kappos, and S. L. Leib. 2001. Matrix metalloproteinases:
multifunctional effectors of inflammation in multiple sclerosis and bacterial meningitis. Brain
Res Brain Res Rev 36:249-257.

Smith, K. J., P. A. Felts, and G. R. John. 2000. Effects of 4-aminopyridine on demyelinated
axons, synapses and muscle tension. Brain 123 (Pt 1):171-184.

Anthony, D. C., K. M. Miller, S. Fearn, M. J. Townsend, G. Opdenakker, G. M. Wells, J. M.
Clements, S. Chandler, A. J. Gearing, and V. H. Perry. 1998. Matrix metalloproteinase
expression in an experimentally-induced DTH model of multiple sclerosis in the rat CNS. J
Neuroimmunol 87:62-72.

Schmied, M., H. Breitschopf, R. Gold, H. Zischler, G. Rothe, H. Wekerle, and H. Lassmann.
1993. Apoptosis of T lymphocytes in experimental autoimmune encephalomyelitis. Evidence
for programmed cell death as a mechanism to control inflammation in the brain. Am J Pathol
143:446-452.

Bachmann, R., H. P. Eugster, K. Frei, A. Fontana, and H. Lassmann. 1999. Impairment of
TNF-receptor-1 signaling but not fas signaling diminishes T-cell apoptosis in myelin
oligodendrocyte  glycoprotein  peptide-induced chronic demyelinating autoimmune
encephalomyelitis in mice. Am J Pathol 154:1417-1422.

Gold, R., M. Schmied, U. Tontsch, H. P. Hartung, H. Wekerle, K. V. Toyka, and H.
Lassmann. 1996. Antigen presentation by astrocytes primes rat T lymphocytes for apoptotic
cell death. A model for T-cell apoptosis in vivo. Brain 119 ( Pt 2):651-659.

Chan, A., R. Seguin, T. Magnus, C. Papadimitriou, K. V. Toyka, J. P. Antel, and R. Gold.
2003. Phagocytosis of apoptotic inflammatory cells by microglia and its therapeutic
implications: termination of CNS autoimmune inflammation and modulation by interferon-
beta. Glia 43:231-242.

Nguyen, K. B., P. A. McCombe, and M. P. Pender. 1994. Macrophage apoptosis in the central
nervous system in experimental autoimmune encephalomyelitis. J Autoimmun 7:145-152.

Rudensky, A. Y., M. Maric, S. Eastman, L. Shoemaker, P. C. DeRoos, and J. S. Blum. 1994.
Intracellular assembly and transport of endogenous peptide-MHC class II complexes.
Immunity 1:585-594.

Clevers, H., B. Alarcon, T. Wileman, and C. Terhorst. 1988. The T cell receptor/CD3
complex: a dynamic protein ensemble. Annu Rev Immunol 6:629-662.

Allison, J. P. 1994. CD28-B7 interactions in T-cell activation. Curr Opin Immunol 6:414-419.

Daniel, P. T., A. Kroidl, S. Cayeux, R. Bargou, T. Blankenstein, and B. Dorken. 1997.
Costimulatory signals through B7.1/CD28 prevent T cell apoptosis during target cell lysis. J
Immunol 159:3808-3815.

Hathcock, K. S., G. Laszlo, C. Pucillo, P. Linsley, and R. J. Hodes. 1994. Comparative
analysis of B7-1 and B7-2 costimulatory ligands: expression and function. J Exp Med
180:631-640.

Greter, M., F. L. Heppner, M. P. Lemos, B. M. Odermatt, N. Goebels, T. Laufer, R. J. Noelle,
and B. Becher. 2005. Dendritic cells permit immune invasion of the CNS in an animal model
of multiple sclerosis. Nat Med 11:328-334.

Stuve, O., S. Youssef, A. J. Slavin, C. L. King, J. C. Patarroyo, D. L. Hirschberg, W. J.
Brickey, J. M. Soos, J. F. Piskurich, H. A. Chapman, and S. S. Zamvil. 2002. The role of the
MHC class II transactivator in class II expression and antigen presentation by astrocytes and
in susceptibility to central nervous system autoimmune disease. J Immunol 169:6720-6732.

Juedes, A. E., and N. H. Ruddle. 2001. Resident and infiltrating central nervous system APCs
regulate the emergence and resolution of experimental autoimmune encephalomyelitis. J
Immunol 166:5168-5175.

187



266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Heppner, F. L., M. Greter, D. Marino, J. Falsig, G. Raivich, N. Hovelmeyer, A. Waisman, T.
Rulicke, M. Prinz, J. Priller, B. Becher, and A. Aguzzi. 2005. Experimental autoimmune
encephalomyelitis repressed by microglial paralysis. Nat Med 11:146-152.

Ben-Nun, A., H. Wekerle, and 1. R. Cohen. 1981. The rapid isolation of clonable antigen-
specific T lymphocyte lines capable of mediating autoimmune encephalomyelitis. Eur J
Immunol 11:195-199.

Baron, J. L., J. A. Madri, N. H. Ruddle, G. Hashim, and C. A. Janeway, Jr. 1993. Surface
expression of alpha 4 integrin by CD4 T cells is required for their entry into brain
parenchyma. J Exp Med 177:57-68.

Bettelli, E., Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner, and V. K.
Kuchroo. 2006. Reciprocal developmental pathways for the generation of pathogenic effector
TH17 and regulatory T cells. Nature 441:235-238.

O'Connor, R. A., C. T. Prendergast, C. A. Sabatos, C. W. Lau, M. D. Leech, D. C. Wraith, and
S. M. Anderton. 2008. Cutting edge: Thl cells facilitate the entry of Th17 cells to the central
nervous system during experimental autoimmune encephalomyelitis. J Immunol 181:3750-
3754.

Dardalhon, V., A. Awasthi, H. Kwon, G. Galileos, W. Gao, R. A. Sobel, M. Mitsdoerffer, T.
B. Strom, W. Elyaman, I. C. Ho, S. Khoury, M. Oukka, and V. K. Kuchroo. 2008. 1L-4
inhibits TGF-beta-induced Foxp3+ T cells and, together with TGF-beta, generates 1L-9+ IL-
10+ Foxp3(-) effector T cells. Nat Immunol 9:1347-1355.

Elyaman, W., E. M. Bradshaw, C. Uyttenhove, V. Dardalhon, A. Awasthi, J. Imitola, E.
Bettelli, M. Oukka, J. van Snick, J. C. Renauld, V. K. Kuchroo, and S. J. Khoury. 2009. IL-9

induces differentiation of TH17 cells and enhances function of FoxP3+ natural regulatory T
cells. Proc Natl Acad Sci U S A 106:12885-12890.

Jager, A., V. Dardalhon, R. A. Sobel, E. Bettelli, and V. K. Kuchroo. 2009. Th1, Th17, and
Th9 effector cells induce experimental autoimmune encephalomyelitis with different
pathological phenotypes. J Immunol 183:7169-7177.

Sakaguchi, S. 2005. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in
immunological tolerance to self and non-self. Nat Immunol 6:345-352.

Kohm, A. P, P. A. Carpentier, H. A. Anger, and S. D. Miller. 2002. Cutting edge:
CD4+CD25+ regulatory T cells suppress antigen-specific autoreactive immune responses and
central nervous system inflammation during active experimental autoimmune
encephalomyelitis. J Immunol 169:4712-4716.

Zhang, X., D. N. Koldzic, L. Izikson, J. Reddy, R. F. Nazareno, S. Sakaguchi, V. K. Kuchroo,
and H. L. Weiner. 2004. IL-10 is involved in the suppression of experimental autoimmune
encephalomyelitis by CD25+CD4+ regulatory T cells. Int Immunol 16:249-256.

Reddy, J., Z. Illes, X. Zhang, J. Encinas, J. Pyrdol, L. Nicholson, R. A. Sobel, K. W.
Wucherpfennig, and V. K. Kuchroo. 2004. Myelin proteolipid protein-specific CD4+CD25+
regulatory cells mediate genetic resistance to experimental autoimmune encephalomyelitis.
Proc Natl Acad Sci U S A 101:15434-15439.

Reddy, J., H. Waldner, X. Zhang, Z. Illes, K. W. Wucherpfennig, R. A. Sobel, and V. K.
Kuchroo. 2005. Cutting edge: CD4+CD25+ regulatory T cells contribute to gender differences
in susceptibility to experimental autoimmune encephalomyelitis. J Immunol 175:5591-5595.

Tadokoro, C. E., G. Shakhar, S. Shen, Y. Ding, A. C. Lino, A. Maraver, J. J. Lafaille, and M.
L. Dustin. 2006. Regulatory T cells inhibit stable contacts between CD4+ T cells and dendritic
cells in vivo. J Exp Med 203:505-511.

O'Garra, A., L. Steinman, and K. Gijbels. 1997. CD4+ T-cell subsets in autoimmunity. Curr
Opin Immunol 9:872-883.

188



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

Willenborg, D. O., S. Fordham, C. C. Bernard, W. B. Cowden, and I. A. Ramshaw. 1996.
IFN-gamma plays a critical down-regulatory role in the induction and effector phase of myelin
oligodendrocyte glycoprotein-induced autoimmune encephalomyelitis. J Immunol 157:3223-
3227.

Becher, B., B. G. Durell, and R. J. Noelle. 2002. Experimental autoimmune encephalitis and
inflammation in the absence of interleukin-12. J Clin Invest 110:493-497.

Gutcher, I., E. Urich, K. Wolter, M. Prinz, and B. Becher. 2006. Interleukin 18-independent
engagement of interleukin 18 receptor-alpha is required for autoimmune inflammation. Nat
Immunol 7:946-953.

Frei, K., H. P. Eugster, M. Bopst, C. S. Constantinescu, E. Lavi, and A. Fontana. 1997. Tumor
necrosis factor alpha and lymphotoxin alpha are not required for induction of acute
experimental autoimmune encephalomyelitis. J Exp Med 185:2177-2182.

Ferber, 1. A., S. Brocke, C. Taylor-Edwards, W. Ridgway, C. Dinisco, L. Steinman, D. Dalton,
and C. G. Fathman. 1996. Mice with a disrupted IFN-gamma gene are susceptible to the
induction of experimental autoimmune encephalomyelitis (EAE). J Immunol 156:5-7.

Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Th17 Cells. Annu Rev
Immunol 27:485-517.

Hofstetter, H. H., S. M. Ibrahim, D. Koczan, N. Kruse, A. Weishaupt, K. V. Toyka, and R.
Gold. 2005. Therapeutic efficacy of IL-17 neutralization in murine experimental autoimmune
encephalomyelitis. Cell Immunol 237:123-130.

Komiyama, Y., S. Nakae, T. Matsuki, A. Nambu, H. Ishigame, S. Kakuta, K. Sudo, and Y.
Iwakura. 2006. IL-17 plays an important role in the development of experimental autoimmune
encephalomyelitis. J Immunol 177:566-573.

Ercolini, A. M., and S. D. Miller. 2009. The role of infections in autoimmune disease. Clin
Exp Immunol 155:1-15.

Dal Canto, M. C., and H. L. Lipton. 1982. Ultrastructural immunohistochemical localization
of virus in acute and chronic demyelinating Theiler's virus infection. Am J Pathol 106:20-29.

Zheng, L., M. A. Calenoff, and M. C. Dal Canto. 2001. Astrocytes, not microglia, are the main
cells responsible for viral persistence in Theiler's murine encephalomyelitis virus infection
leading to demyelination. J Neuroimmunol 118:256-267.

Roos, R. P., and R. Wollmann. 1984. DA strain of Theiler's murine encephalomyelitis virus
induces demyelination in nude mice. Ann Neurol 15:494-499.

Kang, M. H., E. Y. So, H. Park, and B. S. Kim. 2008. Replication of Theiler's virus requires
NF-kappa B-activation: higher viral replication and spreading in astrocytes from susceptible
mice. Glia 56:942-953.

So, E. Y., and B. S. Kim. 2009. Theiler's virus infection induces TLR3-dependent
upregulation of TLR2 critical for proinflammatory cytokine production. Glia 57:1216-1226.

Carpentier, P. A., B. R. Williams, and S. D. Miller. 2007. Distinct roles of protein kinase R
and toll-like receptor 3 in the activation of astrocytes by viral stimuli. Glia 55:239-252.

Begolka, W. S., L. M. Haynes, J. K. Olson, J. Padilla, K. L. Neville, M. Dal Canto, J. Palma,
B. S. Kim, and S. D. Miller. 2001. CD8-deficient SJIL mice display enhanced susceptibility to
Theiler's virus infection and increased demyelinating pathology. J Neurovirol 7:409-420.

Howe, C. L., D. Ure, J. D. Adelson, R. LaFrance-Corey, A. Johnson, and M. Rodriguez. 2007.
CDS8+ T cells directed against a viral peptide contribute to loss of motor function by disrupting
axonal transport in a viral model of fulminant demyelination. J Neuroimmunol 188:13-21.

189



298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

312.

313.

314.

Woodruff, R. H., and R. J. Franklin. 1999. Demyelination and remyelination of the caudal
cerebellar peduncle of adult rats following stereotaxic injections of lysolecithin, ethidium
bromide, and complement/anti-galactocerebroside: a comparative study. Glia 25:216-228.

Matsushima, G. K., and P. Morell. 2001. The neurotoxicant, cuprizone, as a model to study
demyelination and remyelination in the central nervous system. Brain Pathol 11:107-116.

Suzuki, K. 1969. Giant hepatic mitochondria: production in mice fed with cuprizone. Science
163:81-82.

Blakemore, W. F. 1973. Remyelination of the superior cerebellar peduncle in the mouse
following demyelination induced by feeding cuprizone. J Neurol Sci 20:73-83.

Skripuletz, T., M. Lindner, A. Kotsiari, N. Garde, J. Fokuhl, F. Linsmeier, C. Trebst, and M.
Stangel. 2008. Cortical demyelination is prominent in the murine cuprizone model and is
strain-dependent. Am J Pathol 172:1053-1061.

Koutsoudaki, P. N., T. Skripuletz, V. Gudi, D. Moharregh-Khiabani, H. Hildebrandt, C.
Trebst, and M. Stangel. 2009. Demyelination of the hippocampus is prominent in the
cuprizone model. Neurosci Lett 451:83-88.

Irvine, K. A., and W. F. Blakemore. 2006. Age increases axon loss associated with primary
demyelination in cuprizone-induced demyelination in C57BL/6 mice. J Neuroimmunol
175:69-76.

Mason, J. L., J. J. Jones, M. Taniike, P. Morell, K. Suzuki, and G. K. Matsushima. 2000.
Mature oligodendrocyte apoptosis precedes IGF-1 production and oligodendrocyte progenitor

accumulation and differentiation during demyelination/remyelination. J Neurosci Res 61:251-
262.

McMahon, E. J., K. Suzuki, and G. K. Matsushima. 2002. Peripheral macrophage recruitment
in cuprizone-induced CNS demyelination despite an intact blood-brain barrier. J
Neuroimmunol 130:32-45.

Remington, L. T., A. A. Babcock, S. P. Zehntner, and T. Owens. 2007. Microglial
recruitment, activation, and proliferation in response to primary demyelination. Am J Pathol
170:1713-1724.

Felts, P. A., A. M. Woolston, H. B. Fernando, S. Asquith, N. A. Gregson, O. J. Mizzi, and K.
J. Smith. 2005. Inflammation and primary demyelination induced by the intraspinal injection
of lipopolysaccharide. Brain 128:1649-1666.

Marik, C., P. A. Felts, J. Bauer, H. Lassmann, and K. J. Smith. 2007. Lesion genesis in a
subset of patients with multiple sclerosis: a role for innate immunity? Brain 130:2800-2815.

Ji, K. A, M. S. Yang, H. K. Jeong, K. J. Min, S. H. Kang, 1. Jou, and E. H. Joe. 2007.
Resident microglia die and infiltrated neutrophils and monocytes become major inflammatory
cells in lipopolysaccharide-injected brain. Glia 55:1577-1588.

Zhou, H., B. M. Lapointe, S. R. Clark, L. Zbytnuik, and P. Kubes. 2006. A requirement for
microglial TLR4 in leukocyte recruitment into brain in response to lipopolysaccharide. J
Immunol 177:8103-8110.

Lehnardt, S., C. Lachance, S. Patrizi, S. Lefebvre, P. L. Follett, F. E. Jensen, P. A. Rosenberg,
J. J. Volpe, and T. Vartanian. 2002. The toll-like receptor TLR4 is necessary for
lipopolysaccharide-induced oligodendrocyte injury in the CNS. J Neurosci 22:2478-2486.

Li, J., E. R. Ramenaden, J. Peng, H. Koito, J. J. Volpe, and P. A. Rosenberg. 2008. Tumor
necrosis factor alpha mediates lipopolysaccharide-induced microglial toxicity to developing
oligodendrocytes when astrocytes are present. J Neurosci 28:5321-5330.

Hu, Y., and S. J. Russek. 2008. BDNF and the diseased nervous system: a delicate balance
between adaptive and pathological processes of gene regulation. J Neurochem 105:1-17.

190



315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

320.

330.

331.

Lewin, G. R., and Y. A. Barde. 1996. Physiology of the neurotrophins. Annu Rev Neurosci
19:289-317.

Lin, L. F., D. H. Doherty, J. D. Lile, S. Bektesh, and F. Collins. 1993. GDNF: a glial cell line-
derived neurotrophic factor for midbrain dopaminergic neurons. Science 260:1130-1132.

Sariola, H., and M. Saarma. 2003. Novel functions and signalling pathways for GDNF. J Cell
Sci 116:3855-3862.

Hohlfeld, R., M. Kerschensteiner, C. Stadelmann, H. Lassmann, and H. Wekerle. 2006. The
neuroprotective effect of inflammation: implications for the therapy of multiple sclerosis.
Neurol Sci 27 Suppl 1:S1-7.

Klein, R., V. Nanduri, S. A. Jing, F. Lamballe, P. Tapley, S. Bryant, C. Cordon-Cardo, K. R.
Jones, L. F. Reichardt, and M. Barbacid. 1991. The trkB tyrosine protein kinase is a receptor
for brain-derived neurotrophic factor and neurotrophin-3. Cell 66:395-403.

Lu, B., P. T. Pang, and N. H. Woo. 2005. The yin and yang of neurotrophin action. Nat Rev
Neurosci 6:603-614.

Micera, A., F. Properzi, V. Triaca, and L. Aloe. 2000. Nerve growth factor antibody
exacerbates neuropathological signs of experimental allergic encephalomyelitis in adult lewis
rats. J Neuroimmunol 104:116-123.

Kuhlmann, T., L. Remington, I. Cognet, L. Bourbonniere, S. Zehntner, F. Guilhot, A. Herman,
A. Guay-Giroux, J. P. Antel, T. Owens, and J. F. Gauchat. 2006. Continued administration of
ciliary neurotrophic factor protects mice from inflammatory pathology in experimental
autoimmune encephalomyelitis. Am J Pathol 169:584-598.

Makar, T. K., D. Trisler, K. T. Sura, S. Sultana, N. Patel, and C. T. Bever. 2008. Brain derived
neurotrophic factor treatment reduces inflammation and apoptosis in experimental allergic
encephalomyelitis. J Neurol Sci 270:70-76.

Stoker, M., E. Gherardi, M. Perryman, and J. Gray. 1987. Scatter factor is a fibroblast-derived
modulator of epithelial cell mobility. Nature 327:239-242.

Weidner, K. M., N. Arakaki, G. Hartmann, J. Vandekerckhove, S. Weingart, H. Rieder, C.
Fonatsch, H. Tsubouchi, T. Hishida, Y. Daikuhara, and et al. 1991. Evidence for the identity
of human scatter factor and human hepatocyte growth factor. Proc Natl Acad Sci U S A
88:7001-7005.

Nakamura, T., T. Nishizawa, M. Hagiya, T. Seki, M. Shimonishi, A. Sugimura, K. Tashiro,
and S. Shimizu. 1989. Molecular cloning and expression of human hepatocyte growth factor.
Nature 342:440-443.

Rubin, J. S., H. Osada, P. W. Finch, W. G. Taylor, S. Rudikoff, and S. A. Aaronson. 1989.
Purification and characterization of a newly identified growth factor specific for epithelial
cells. Proc Natl Acad Sci U S A 86:802-806.

Montesano, R., K. Matsumoto, T. Nakamura, and L. Orci. 1991. Identification of a fibroblast-
derived epithelial morphogen as hepatocyte growth factor. Cell 67:901-908.

Shima, N., Y. Itagaki, M. Nagao, H. Yasuda, T. Morinaga, and K. Higashio. 1991. A
fibroblast-derived tumor cytotoxic factor/F-TCF (hepatocyte growth factor/HGF) has multiple
functions in vitro. Cell Biol Int Rep 15:397-408.

Ebens, A., K. Brose, E. D. Leonardo, M. G. Hanson, Jr., F. Bladt, C. Birchmeier, B. A. Barres,
and M. Tessier-Lavigne. 1996. Hepatocyte growth factor/scatter factor is an axonal
chemoattractant and a neurotrophic factor for spinal motor neurons. Neuron 17:1157-1172.

Nakamura, T. 1991. Structure and function of hepatocyte growth factor. Prog Growth Factor
Res 3:67-85.

191



332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

Donate, L. E., E. Gherardi, N. Srinivasan, R. Sowdhamini, S. Aparicio, and T. L. Blundell.
1994. Molecular evolution and domain structure of plasminogen-related growth factors
(HGF/SF and HGF1/MSP). Protein Sci 3:2378-2394.

Han, S., L. A. Stuart, and S. J. Degen. 1991. Characterization of the DNF15S2 locus on
human chromosome 3: identification of a gene coding for four kringle domains with
homology to hepatocyte growth factor. Biochemistry 30:9768-9780.

Skeel, A., T. Yoshimura, S. D. Showalter, S. Tanaka, E. Appella, and E. J. Leonard. 1991.
Macrophage stimulating protein: purification, partial amino acid sequence, and cellular
activity. J Exp Med 173:1227-1234.

Birchmeier, C., and E. Gherardi. 1998. Developmental roles of HGF/SF and its receptor, the c-
Met tyrosine kinase. Trends Cell Biol 8:404-410.

Bolanos-Garcia, V. M. 2005. MET meet adaptors: functional and structural implications in
downstream signalling mediated by the Met receptor. Mol Cell Biochem 276:149-157.

Bottaro, D. P., J. S. Rubin, D. L. Faletto, A. M. Chan, T. E. Kmiecik, G. F. Vande Woude, and
S. A. Aaronson. 1991. Identification of the hepatocyte growth factor receptor as the c-met
proto-oncogene product. Science 251:802-804.

Chen, P., H. Xie, M. C. Sekar, K. Gupta, and A. Wells. 1994. Epidermal growth factor
receptor-mediated cell motility: phospholipase C activity is required, but mitogen-activated
protein kinase activity is not sufficient for induced cell movement. J Cell Biol 127:847-857.

Ponzetto, C., A. Bardelli, Z. Zhen, F. Maina, P. dalla Zonca, S. Giordano, A. Graziani, G.
Panayotou, and P. M. Comoglio. 1994. A multifunctional docking site mediates signaling and
transformation by the hepatocyte growth factor/scatter factor receptor family. Cell 77:261-
271.

Boccaccio, C., M. Ando, L. Tamagnone, A. Bardelli, P. Michieli, C. Battistini, and P. M.
Comoglio. 1998. Induction of epithelial tubules by growth factor HGF depends on the STAT
pathway. Nature 391:285-288.

Graziani, A., D. Gramaglia, L. C. Cantley, and P. M. Comoglio. 1991. The tyrosine-
phosphorylated hepatocyte growth factor/scatter factor receptor associates with
phosphatidylinositol 3-kinase. J Biol Chem 266:22087-22090.

Pelicci, G., S. Giordano, Z. Zhen, A. E. Salcini, L. Lanfrancone, A. Bardelli, G. Panayotou,
M. D. Waterfield, C. Ponzetto, P. G. Pelicci, and et al. 1995. The motogenic and mitogenic
responses to HGF are amplified by the Shc adaptor protein. Oncogene 10:1631-1638.

Weidner, K. M., J. Behrens, J. Vandekerckhove, and W. Birchmeier. 1990. Scatter factor:
molecular characteristics and effect on the invasiveness of epithelial cells. J Cell Biol
111:2097-2108.

Zarnegar, R., M. C. DeFrances, D. P. Kost, P. Lindroos, and G. K. Michalopoulos. 1991.
Expression of hepatocyte growth factor mRNA in regenerating rat liver after partial
hepatectomy. Biochem Biophys Res Commun 177:559-565.

Sonnenberg, E., D. Meyer, K. M. Weidner, and C. Birchmeier. 1993. Scatter factor/hepatocyte
growth factor and its receptor, the c-met tyrosine kinase, can mediate a signal exchange
between mesenchyme and epithelia during mouse development. J Cell Biol 123:223-235.

Galimi, F., E. Cottone, E. Vigna, N. Arena, C. Boccaccio, S. Giordano, L. Naldini, and P. M.
Comoglio. 2001. Hepatocyte growth factor is a regulator of monocyte-macrophage function. J
Immunol 166:1241-1247.

Rutella, S., G. Bonanno, A. Procoli, A. Mariotti, D. G. de Ritis, A. Curti, S. Danese, G.
Pessina, S. Pandolfi, F. Natoni, A. Di Febo, G. Scambia, R. Manfredini, S. Salati, S. Ferrari,
L. Pierelli, G. Leone, and R. M. Lemoli. 2006. Hepatocyte growth factor favors monocyte

192



348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

differentiation into regulatory interleukin (IL)-10++IL-12low/neg accessory cells with
dendritic-cell features. Blood 108:218-227.

Hartmann, G., T. Prospero, V. Brinkmann, C. Ozcelik, G. Winter, J. Hepple, S. Batley, F.
Bladt, M. Sachs, C. Birchmeier, W. Birchmeier, and E. Gherardi. 1998. Engineered mutants of
HGF/SF with reduced binding to heparan sulphate proteoglycans, decreased clearance and
enhanced activity in vivo. Curr Biol 8:125-134.

Schwall, R. H., L. Y. Chang, P. J. Godowski, D. W. Kahn, K. J. Hillan, K. D. Bauer, and T. F.
Zioncheck. 1996. Heparin induces dimerization and confers proliferative activity onto the
hepatocyte growth factor antagonists NK1 and NK2. J Cell Biol 133:709-718.

Naka, D., T. Ishii, Y. Yoshiyama, K. Miyazawa, H. Hara, T. Hishida, and N. Kidamura. 1992.
Activation of hepatocyte growth factor by proteolytic conversion of a single chain form to a
heterodimer. J Biol Chem 267:20114-20119.

Mars, W. M., R. Zarnegar, and G. K. Michalopoulos. 1993. Activation of hepatocyte growth
factor by the plasminogen activators uPA and tPA. Am J Pathol 143:949-958.

Kawaguchi, T., L. Qin, T. Shimomura, J. Kondo, K. Matsumoto, K. Denda, and N. Kitamura.
1997. Purification and cloning of hepatocyte growth factor activator inhibitor type 2, a Kunitz-
type serine protease inhibitor. J Biol Chem 272:27558-27564.

Weimar, 1. S., D. de Jong, E. J. Muller, T. Nakamura, J. M. van Gorp, G. C. de Gast, and W.
R. Gerritsen. 1997. Hepatocyte growth factor/scatter factor promotes adhesion of lymphoma
cells to extracellular matrix molecules via alpha 4 beta 1 and alpha 5 beta 1 integrins. Blood
89:990-1000.

Adams, D. H., L. Harvath, D. P. Bottaro, R. Interrante, G. Catalano, Y. Tanaka, A. Strain, S.
G. Hubscher, and S. Shaw. 1994. Hepatocyte growth factor and macrophage inflammatory
protein 1 beta: structurally distinct cytokines that induce rapid cytoskeletal changes and
subset-preferential migration in T cells. Proc Natl Acad Sci U S A 91:7144-7148.

Kurz, S. M., S. S. Diebold, T. Hieronymus, T. C. Gust, P. Bartunek, M. Sachs, W. Birchmeier,
and M. Zenke. 2002. The impact of c-met/scatter factor receptor on dendritic cell migration.
Eur J Immunol 32:1832-1838.

Ueki, T., Y. Kaneda, H. Tsutsui, K. Nakanishi, Y. Sawa, R. Morishita, K. Matsumoto, T.
Nakamura, H. Takahashi, E. Okamoto, and J. Fujimoto. 1999. Hepatocyte growth factor gene
therapy of liver cirrhosis in rats. Nat Med 5:226-230.

Yamaura, K., K. Ito, K. Tsukioka, Y. Wada, A. Makiuchi, M. Sakaguchi, T. Akashima, M.
Fujimori, Y. Sawa, R. Morishita, K. Matsumoto, T. Nakamura, J. Suzuki, J. Amano, and M.
Isobe. 2004. Suppression of acute and chronic rejection by hepatocyte growth factor in a
murine model of cardiac transplantation: induction of tolerance and prevention of cardiac
allograft vasculopathy. Circulation 110:1650-1657.

Okunishi, K., M. Dohi, K. Nakagome, R. Tanaka, S. Mizuno, K. Matsumoto, J. Miyazaki, T.
Nakamura, and K. Yamamoto. 2005. A novel role of hepatocyte growth factor as an immune
regulator through suppressing dendritic cell function. J Immunol 175:4745-4753.

Gong, R., A. Rifai, E. M. Tolbert, P. Biswas, J. N. Centracchio, and L. D. Dworkin. 2004.
Hepatocyte growth factor ameliorates renal interstitial inflammation in rat remnant kidney by
modulating tubular expression of macrophage chemoattractant protein-1 and RANTES. J Am
Soc Nephrol 15:2868-2881.

Charo, 1. F., and R. M. Ransohoff. 2006. The many roles of chemokines and chemokine
receptors in inflammation. N Engl J Med 354:610-621.

Jayasankar, V., Y. J. Woo, L. T. Bish, T. J. Pirolli, S. Chatterjee, M. F. Berry, J. Burdick, T. J.
Gardner, and H. L. Sweeney. 2003. Gene transfer of hepatocyte growth factor attenuates
postinfarction heart failure. Circulation 108 Suppl 1:11230-236.

193



362.

363.

364.

365.

366.

367.

368.

3609.

370.

371.

372.

373.

374.

375.

376.

377.

Date, 1., N. Takagi, K. Takagi, T. Kago, K. Matsumoto, T. Nakamura, and S. Takeo. 2004.
Hepatocyte growth factor attenuates cerebral ischemia-induced learning dysfunction. Biochem
Biophys Res Commun 319:1152-1158.

Fiaschi-Taesch, N. M., S. Santos, V. Reddy, S. K. Van Why, W. F. Philbrick, A. Ortega, P.
Esbrit, J. J. Orloff, and A. Garcia-Ocana. 2004. Prevention of acute ischemic renal failure by
targeted delivery of growth factors to the proximal tubule in transgenic mice: the efficacy of
parathyroid hormone-related protein and hepatocyte growth factor. J Am Soc Nephrol 15:112-
125.

Hanawa, T., K. Suzuki, Y. Kawauchi, M. Takamura, H. Yoneyama, G. D. Han, H. Kawachi,
F. Shimizu, H. Asakura, J. Miyazaki, H. Maruyama, and Y. Aoyagi. 2006. Attenuation of
mouse acute colitis by naked hepatocyte growth factor gene transfer into the liver. J Gene Med
8:623-635.

Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of immunity.
Nature 392:245-252.

Kreymborg, K., U. Bohlmann, and B. Becher. 2005. IL-23: changing the verdict on IL-12
function in inflammation and autoimmunity. Expert Opin Ther Targets 9:1123-1136.

Maina, F., and R. Klein. 1999. Hepatocyte growth factor, a versatile signal for developing
neurons. Nat Neurosci 2:213-217.

Hamanoue, M., N. Takemoto, K. Matsumoto, T. Nakamura, K. Nakajima, and S. Kohsaka.
1996. Neurotrophic effect of hepatocyte growth factor on central nervous system neurons in
vitro. J Neurosci Res 43:554-564.

Maina, F., M. C. Hilton, R. Andres, S. Wyatt, R. Klein, and A. M. Davies. 1998. Multiple
roles for hepatocyte growth factor in sympathetic neuron development. Neuron 20:835-846.

Tsuzuki, N., T. Miyazawa, K. Matsumoto, T. Nakamura, and K. Shima. 2001. Hepatocyte

growth factor reduces the infarct volume after transient focal cerebral ischemia in rats. Neurol
Res 23:417-424.

Krasnoselsky, A., M. J. Massay, M. C. DeFrances, G. Michalopoulos, R. Zarnegar, and N.
Ratner. 1994. Hepatocyte growth factor is a mitogen for Schwann cells and is present in
neurofibromas. J Neurosci 14:7284-7290.

Yan, H., X. Nie, and J. D. Kocsis. 2001. Hepatocyte growth factor is a mitogen for olfactory
ensheathing cells. J Neurosci Res 66:698-704.

Mendoza, A. S., W. Breipohl, and F. Miragall. 1982. Cell migration from the chick olfactory
placode: a light and electron microscopic study. J Embryol Exp Morphol 69:47-59.

Ramon-Cueto, A., M. 1. Cordero, F. F. Santos-Benito, and J. Avila. 2000. Functional recovery
of paraplegic rats and motor axon regeneration in their spinal cords by olfactory ensheathing
glia. Neuron 25:425-435.

Barnett, S. C., C. L. Alexander, Y. Iwashita, J. M. Gilson, J. Crowther, L. Clark, L. T. Dunn,
V. Papanastassiou, P. G. Kennedy, and R. J. Franklin. 2000. Identification of a human

olfactory ensheathing cell that can effect transplant-mediated remyelination of demyelinated
CNS axons. Brain 123 ( Pt 8):1581-1588.

Yan, H., and S. A. Rivkees. 2002. Hepatocyte growth factor stimulates the proliferation and
migration of oligodendrocyte precursor cells. J Neurosci Res 69:597-606.

Lalive, P. H., R. Paglinawan, G. Biollaz, E. A. Kappos, D. P. Leone, U. Malipiero, J. B.
Relvas, M. Moransard, T. Suter, and A. Fontana. 2005. TGF-beta-treated microglia induce
oligodendrocyte precursor cell chemotaxis through the HGF-c-Met pathway. Eur J Immunol
35:727-737.

194



378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

3809.

390.

391.

392.

393.

Sun, W., H. Funakoshi, and T. Nakamura. 2002. Overexpression of HGF retards disease
progression and prolongs life span in a transgenic mouse model of ALS. J Neurosci 22:6537-
6548.

He, F., L. X. Wu, F. Y. Liu, L. J. Yang, Y. Zhang, H. F. Zhang, X. Zhou, B. S. Huang, and X.
L. Deng. 2008. [Protection of hepatocyte growth factor on neurons subjected to oxygen-
glucose deprivation/reperfusion.]. Sheng Li Xue Bao 60:235-242.

Tsuboi, Y., K. Kakimoto, H. Akatsu, Y. Daikuhara, and T. Yamada. 2002. Hepatocyte growth
factor in cerebrospinal fluid in neurologic disease. Acta Neurol Scand 106:99-103.

Nagayama, T., M. Nagayama, S. Kohara, H. Kamiguchi, M. Shibuya, Y. Katoh, J. Itoh, and
Y. Shinohara. 2004. Post-ischemic delayed expression of hepatocyte growth factor and c-Met
in mouse brain following focal cerebral ischemia. Brain Res 999:155-166.

Dolhain, R. J., A. N. van der Heiden, N. T. ter Haar, F. C. Breedveld, and A. M. Miltenburg.
1996. Shift toward T lymphocytes with a T helper 1 cytokine-secretion profile in the joints of
patients with rheumatoid arthritis. Arthritis Rheum 39:1961-1969.

Nakae, S., S. Saijo, R. Horai, K. Sudo, S. Mori, and Y. Iwakura. 2003. IL-17 production from
activated T cells is required for the spontaneous development of destructive arthritis in mice
deficient in IL-1 receptor antagonist. Proc Natl Acad Sci U S A 100:5986-5990.

Koch, A. E., M. M. Halloran, S. Hosaka, M. R. Shah, C. J. Haskell, S. K. Baker, R. J. Panos,
G. K. Haines, G. L. Bennett, R. M. Pope, and N. Ferrara. 1996. Hepatocyte growth factor. A
cytokine mediating endothelial migration in inflammatory arthritis. Arthritis Rheum 39:1566-
1575.

Gong, R., A. Rifai, E. M. Tolbert, J. N. Centracchio, and L. D. Dworkin. 2003. Hepatocyte
growth factor modulates matrix metalloproteinases and plasminogen activator/plasmin
proteolytic pathways in progressive renal interstitial fibrosis. J Am Soc Nephrol 14:3047-3060.

Yang, J., and Y. Liu. 2002. Blockage of tubular epithelial to myofibroblast transition by
hepatocyte growth factor prevents renal interstitial fibrosis. J Am Soc Nephrol 13:96-107.

Mizuno, S., and T. Nakamura. 2004. Suppressions of chronic glomerular injuries and TGF-
beta 1 production by HGF in attenuation of murine diabetic nephropathy. Am J Physiol Renal
Physiol 286:F134-143.

Liu, Y. 2002. Hepatocyte growth factor and the kidney. Curr Opin Nephrol Hypertens 11:23-
30.

Mizuno, S., K. Matsumoto, and T. Nakamura. 2001. Hepatocyte growth factor suppresses
interstitial fibrosis in a mouse model of obstructive nephropathy. Kidney Int 59:1304-1314.

Liu, Y. 2004. Epithelial to mesenchymal transition in renal fibrogenesis: pathologic
significance, molecular mechanism, and therapeutic intervention. J Am Soc Nephrol 15:1-12.

Mori, T., A. Shimizu, Y. Masuda, Y. Fukuda, and N. Yamanaka. 2003. Hepatocyte growth
factor-stimulating endothelial cell growth and accelerating glomerular capillary repair in
experimental progressive glomerulonephritis. Nephron Exp Nephrol 94:e44-54.

Futamatsu, H., J. Suzuki, S. Mizuno, N. Koga, S. Adachi, H. Kosuge, Y. Magjima, K. Hirao,
T. Nakamura, and M. Isobe. 2005. Hepatocyte growth factor ameliorates the progression of

experimental autoimmune myocarditis: a potential role for induction of T helper 2 cytokines.
Circ Res 96:823-830.

Tang, Q., D. Shen, Z. Huang, R. Xiong, H. Wu, J. Huang, S. Feng, P. Niu, L. Yang, and Z.
Bian. 2008. Potential role of N-cadherin in hepatocyte growth factor (HGF) mediated
improvement of the cardiac function of dilated cardiomyopathy mice. Int J Cardiol 127:442-
443.

195



394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

Srivastava, M., D. Zurakowski, P. Cheifetz, A. Leichtner, and A. Bousvaros. 2001. Elevated
serum hepatocyte growth factor in children and young adults with inflammatory bowel
disease. J Pediatr Gastroenterol Nutr 33:548-553.

Nishimura, S., M. Takahashi, S. Ota, M. Hirano, and H. Hiraishi. 1998. Hepatocyte growth
factor accelerates restitution of intestinal epithelial cells. J Gastroenterol 33:172-178.

Ohda, Y., K. Hori, T. Tomita, N. Hida, T. Kosaka, Y. Fukuda, H. Miwa, and T. Matsumoto.
2005. Effects of hepatocyte growth factor on rat inflammatory bowel disease models. Dig Dis
Sci 50:914-921.

Oh, K., Y. Ilimuro, M. Takeuchi, Y. Kaneda, T. Iwasaki, N. Terada, T. Matsumoto, K.
Nakanishi, and J. Fujimoto. 2005. Ameliorating effect of hepatocyte growth factor on
inflammatory bowel disease in a murine model. Am J Physiol Gastrointest Liver Physiol
288:GG729-735.

Shiratori, M., G. Michalopoulos, H. Shinozuka, G. Singh, H. Ogasawara, and S. L. Katyal.
1995. Hepatocyte growth factor stimulates DNA synthesis in alveolar epithelial type II cells in
vitro. Am J Respir Cell Mol Biol 12:171-180.

Yaekashiwa, M., S. Nakayama, K. Ohnuma, T. Sakai, T. Abe, K. Satoh, K. Matsumoto, T.
Nakamura, T. Takahashi, and T. Nukiwa. 1997. Simultaneous or delayed administration of
hepatocyte growth factor equally represses the fibrotic changes in murine lung injury induced
by bleomycin. A morphologic study. Am J Respir Crit Care Med 156:1937-1944.

Ito, W., A. Kanehiro, K. Matsumoto, A. Hirano, K. Ono, H. Maruyama, M. Kataoka, T.
Nakamura, E. W. Gelfand, and M. Tanimoto. 2005. Hepatocyte growth factor attenuates
airway hyperresponsiveness, inflammation, and remodeling. Am J Respir Cell Mol Biol
32:268-280.

Kuroiwa, T., T. Iwasaki, T. Imado, M. Sekiguchi, J. Fujimoto, and H. Sano. 2006. Hepatocyte
growth factor prevents lupus nephritis in a murine lupus model of chronic graft-versus-host
disease. Arthritis Res Ther 8:R123.

Michalopoulos, G. K., and R. Appasamy. 1993. Metabolism of HGF-SF and its role in liver
regeneration. EXS 65:275-283.

Oe, S., Y. Fukunaka, T. Hirose, Y. Yamaoka, and Y. Tabata. 2003. A trial on regeneration
therapy of rat liver cirrhosis by controlled release of hepatocyte growth factor. J Control
Release 88:193-200.

Ozeki, M., T. Ishii, Y. Hirano, and Y. Tabata. 2001. Controlled release of hepatocyte growth
factor from gelatin hydrogels based on hydrogel degradation. J Drug Target 9:461-471.

Liu, F., Y. Song, and D. Liu. 1999. Hydrodynamics-based transfection in animals by systemic
administration of plasmid DNA. Gene Ther 6:1258-1266.

Mizuno, S., T. Kurosawa, K. Matsumoto, Y. Mizuno-Horikawa, M. Okamoto, and T.
Nakamura. 1998. Hepatocyte growth factor prevents renal fibrosis and dysfunction in a mouse
model of chronic renal disease. J Clin Invest 101:1827-1834.

Okunishi, K., M. Dohi, K. Fujio, K. Nakagome, Y. Tabata, T. Okasora, M. Seki, M. Shibuya,
M. Imamura, H. Harada, R. Tanaka, and K. Yamamoto. 2007. Hepatocyte growth factor
significantly suppresses collagen-induced arthritis in mice. J Immunol 179:5504-5513.

Mizuno, S., K. Matsumoto, M. Y. Li, and T. Nakamura. 2005. HGF reduces advancing lung
fibrosis in mice: a potential role for MMP-dependent myofibroblast apoptosis. FASEB J
19:580-582.

Kantengwa, S., M. S. Weber, C. Juillard, M. Benkhoucha, B. Fellay, S. S. Zamvil, M. L.
Gougeon, M. Chofflon, and P. H. Lalive. 2007. Inhibition of naive Thl CD4+ T cells by
glatiramer acetate in multiple sclerosis. J Neuroimmunol 185:123-129.

196



410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

Borel, P., M. Benkhoucha, M. S. Weber, S. S. Zamvil, M. L. Santiago-Raber, and P. H.
Lalive. 2008. Glatiramer acetate treatment does not modify the clinical course of (NZB x
BXSB)F1 lupus murine model. Int Immunol 20:1313-1319.

Kadoyama, K., H. Funakoshi, W. Ohya-Shimada, T. Nakamura, K. Matsumoto, and S.
Matsuyama. 2009. Disease-dependent reciprocal phosphorylation of serine and tyrosine
residues of c-Met/HGF receptor contributes disease retardation of a transgenic mouse model
of ALS. Neurosci Res 65:194-200.

Dworkin, L. D., R. Gong, E. Tolbert, J. Centracchio, N. Yano, A. R. Zanabli, A. Esparza, and
A. Rifai. 2004. Hepatocyte growth factor ameliorates progression of interstitial fibrosis in rats
with established renal injury. Kidney Int 65:409-419.

Benkhoucha, M., M. L. Santiago-Raber, G. Schneiter, M. Chofflon, H. Funakoshi, T.
Nakamura, and P. H. Lalive. Hepatocyte growth factor inhibits CNS autoimmunity by
inducing tolerogenic dendritic cells and CD25+Foxp3+ regulatory T cells. Proc Natl Acad Sci
U S A 107:6424-6429.

Liu, Y., J. N. Centracchio, L. Lin, A. M. Sun, and L. D. Dworkin. 1998. Constitutive
expression of HGF modulates renal epithelial cell phenotype and induces c-met and
fibronectin expression. Experimental cell research 242:174-185.

Cannarile, L., F. Fallarino, M. Agostini, S. Cuzzocrea, E. Mazzon, C. Vacca, T. Genovese, G.
Migliorati, E. Ayroldi, and C. Riccardi. 2006. Increased GILZ expression in transgenic mice
up-regulates Th-2 lymphokines. Blood 107:1039-1047.

Berrebi, D., S. Bruscoli, N. Cohen, A. Foussat, G. Migliorati, L. Bouchet-Delbos, M. C.
Maillot, A. Portier, J. Couderc, P. Galanaud, M. Peuchmaur, C. Riccardi, and D. Emilie. 2003.
Synthesis of glucocorticoid-induced leucine zipper (GILZ) by macrophages: an anti-

inflammatory and immunosuppressive mechanism shared by glucocorticoids and IL-10. Blood
101:729-738.

Ayroldi, E., G. Migliorati, S. Bruscoli, C. Marchetti, O. Zollo, L. Cannarile, F. D'Adamio, and
C. Riccardi. 2001. Modulation of T-cell activation by the glucocorticoid-induced leucine
zipper factor via inhibition of nuclear factor kappaB. Blood 98:743-753.

Ayroldi, E., O. Zollo, A. Macchiarulo, B. Di Marco, C. Marchetti, and C. Riccardi. 2002.
Glucocorticoid-induced leucine zipper inhibits the Raf-extracellular signal-regulated kinase
pathway by binding to Raf-1. Mol Cell Biol 22:7929-7941.

Mittelstadt, P. R., and J. D. Ashwell. 2001. Inhibition of AP-1 by the glucocorticoid-inducible
protein GILZ. J Biol Chem 276:29603-29610.

Cohen, N., E. Mouly, H. Hamdi, M. C. Maillot, M. Pallardy, V. Godot, F. Capel, A. Balian, S.
Naveau, P. Galanaud, F. M. Lemoine, and D. Emilie. 2006. GILZ expression in human

dendritic cells redirects their maturation and prevents antigen-specific T lymphocyte response.
Blood 107:2037-2044.

Hamdi, H., V. Godot, M. C. Maillot, M. V. Prejean, N. Cohen, R. Krzysiek, F. M. Lemoine,
W. Zou, and D. Emilie. 2007. Induction of antigen-specific regulatory T lymphocytes by
human dendritic cells expressing the glucocorticoid-induced leucine zipper. Blood 110:211-
219.

Friese, M. A., and L. Fugger. 2005. Autoreactive CD8+ T cells in multiple sclerosis: a new
target for therapy? Brain 128:1747-1763.

Hayashi, T., C. Morimoto, J. S. Burks, C. Kerr, and S. L. Hauser. 1988. Dual-label
immunocytochemistry of the active multiple sclerosis lesion: major histocompatibility
complex and activation antigens. Ann Neurol 24:523-531.

197



424.

425.

426.

427.

428.

429.

430.

431.

Ransohoff, R. M., and M. L. Estes. 1991. Astrocyte expression of major histocompatibility
complex gene products in multiple sclerosis brain tissue obtained by stereotactic biopsy. Arch
Neurol 48:1244-1246.

Gobin, S. J., L. Montagne, M. Van Zutphen, P. Van Der Valk, P. J. Van Den Elsen, and C. J.
De Groot. 2001. Upregulation of transcription factors controlling MHC expression in multiple
sclerosis lesions. Glia 36:68-77.

Kreuwel, H. T., J. A. Biggs, I. M. Pilip, E. G. Pamer, D. Lo, and L. A. Sherman. 2001.
Defective CD8+ T cell peripheral tolerance in nonobese diabetic mice. J Immunol 167:1112-
1117.

Lee, C. H., T. Kakinuma, J. Wang, H. Zhang, D. C. Palmer, N. P. Restifo, and S. T. Hwang.
2006. Sensitization of B16 tumor cells with a CXCR4 antagonist increases the efficacy of
immunotherapy for established lung metastases. Molecular cancer therapeutics 5:2592-2599.

Carbone, F. R., and M. J. Bevan. 1990. Class I-restricted processing and presentation of
exogenous cell-associated antigen in vivo. The Journal of experimental medicine 171:377-
387.

Li, M., G. M. Davey, R. M. Sutherland, C. Kurts, A. M. Lew, C. Hirst, F. R. Carbone, and W.
R. Heath. 2001. Cell-associated ovalbumin is cross-presented much more efficiently than
soluble ovalbumin in vivo. J Immunol 166:6099-6103.

Overwijk, W. W., M. R. Theoret, S. E. Finkelstein, D. R. Surman, L. A. de Jong, F. A. Vyth-
Dreese, T. A. Dellemijn, P. A. Antony, P. J. Spiess, D. C. Palmer, D. M. Heimann, C. A.
Klebanoff, Z. Yu, L. N. Hwang, L. Feigenbaum, A. M. Kruisbeek, S. A. Rosenberg, and N. P.
Restifo. 2003. Tumor regression and autoimmunity after reversal of a functionally tolerant
state of self-reactive CD8+ T cells. The Journal of experimental medicine 198:569-580.

van der Voort, R., T. E. Taher, R. M. Keehnen, L. Smit, M. Groenink, and S. T. Pals. 1997.
Paracrine regulation of germinal center B cell adhesion through the c-met-hepatocyte growth
factor/scatter factor pathway. J Exp Med 185:2121-2131.

198



	partie 1 introduction+imprimature .pdf
	Hepatocyte growth factor inhibits CNS autoimmunity by inducing tolerogenic dendritic cells and CD25+Foxp3+ regulatory T cells

	Partie2 HGF papier
	partie 3 suplementar data
	partie 4 PTX papier
	PTX manuscrit 24.05.pdf
	PTX FIGURE 
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5


	partie 5  IL-21 intro
	partie 6 papier SOUAD
	Papier souad modifié 24.05.10.pdf
	FIGURE IL-21 modifiées22.05
	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7


	partie7 introduction IL1Ra
	Partie 8ILRa papier 
	partie 9 intro INF betta
	Partie 10 INF betta papier 
	Interferon-β induces brain-derived neurotrophic factor in peripheral blood mononuclear cells of.....
	Introduction
	Materials and methods
	Patients and healthy donors
	Antibodies and reagents
	Peripheral blood mononuclear cells (PBMCs) isolation
	Preparation of cell extracts
	Gel electrophoresis and Western blot analysis
	ELISA analysis
	Induction of BDNF in vitro
	Statistical analysis

	Results
	BDNF detected by Western blot is increased in PBMC of IFN-β treated patients
	BDNF detected by ELISA was increased in PBMC of IFN-β treated patients
	No difference of serum levels of BDNF is detected between �patients and controls
	In vitro induction of BDNF on PBMC by IFN-β
	Comparison of the sensitivity of the two assays (Western blot and ELISA)

	Discussion
	Acknowledgements
	References


	partie 11 intro GA th1
	Partie 12 papier GA th1 
	Inhibition of naive Th1 CD4+ T cells by glatiramer acetate in multiple sclerosis
	Introduction
	Materials and methods
	Patients and healthy donors
	Antibodies and reagents
	Peripheral blood mononuclear cells (PBMCs) isolation and stimulation
	Five-colour staining and flow cytometry analysis
	Statistical analyses

	Results
	CD4+ T-cell subsets in HC, untreated RRMS and GA-treated RRMS patients
	GA treatment downregulates the synthesis of pro-inflammatory cytokines by memory, effector and .....
	Selective effect of GA on CD4+ T cells

	Discussion
	Acknowledgements
	Reference


	partie 13 intro GA lupus 
	Partie 14 lupus GA papier 
	partie 15 discussion 26.07.2010

