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ABSTRACT

Multiple Sclerosis (MS) is an inflimmatory demyelinating disease of the central nervous system
(CNS) with no cure. MS is characterized by the infiltration of lymphocytes and monocytes into
the CNS leading to an undesirable inflammatory response. Arresting inflimmatory cells from
mnfiltrating the CNS could lead to the amelioration of MS. Matrix metalloproteinases (MMPs) are
extracellular matrix (ECM) degrading proteinases thought to facilitate the entry of leukocytes into
the CNS in MS. This thesis tested the hypothesis that targeting MMPs could constitute an
expenimental approach to ameliorate CNS inflammation. Minocycline, a tetracycline that inhibits
MMP activity, decreased adhesion and migration of T cells in vitro. Mechanisms of action
included MMP enzyme inhibitory activity and inhibition of MMP-9 production. Minocycline
delayed the onset of MOG EAE (experimental allergic encephalomyelitis) compated to non-
treated or interferon-B (IFNP) treated animals and increased the average time for animals to
become paralyzed. Minocycline may improve the prognosis of patients with MS.
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CHAPTER 1

INTRODUCTION

4.1 Muitiple Sclerosis

1.1.1 WHAT 1S MULTIPLE SCLEROSIS?

Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the central nervous
system (CNS). The age of onset occurs typically between 20 to 50 years of age, and it targets
more women than men (2:1). MS affects nearly one million people worldwide (Steinman,
2000) and it is the most common cause of non-traumatic disability in young adults in North
America (Weinstock-Guttman and Cohen, 1996). Patents with MS manifest several distinct
clinical patterns. The pattern of exacerbations followed by recovery is referred to as relapsing
remitting MS (RR-MS), and is the most common form of the disease. Gradually progressive
deterioration, without acute attacks or recovery, is seen in about 40% of patients and is
referred to as chronic progressive MS. Chronic progression may occur later in the disease
following an initial relapsing-remitting course (secondary progressive MS), or may occur
from the onset of the disease in 15% of patients (primary progressive MS) (Paty and
McFarland, 1998; Weinstock-Guttman and Cohen, 1996).

Even though the etiology and pathogenesis of MS remain an enigma, MS is considered to be
an immune-mediated disease of the CNS. Multifocal petivascular mononuclear cell infiltrates
in brain white matter and demyelination constitute hallmarks of MS. Acute lesions are
characterized by lymphocyte and macrophage infiltrates, by macrophages filled with myelin
debms, oligodendrocyte loss and breakdown of associated myelin sheaths, and astrocyte
proliferation (Ffrench-Constant, 1994). Early in the course of the disease there may be
considerable remyelination (ie. repair) but as oligodendrocytes are lost remyelination
becomes impossible. While demyelination is the principal feature of MS, there may be axonal
interruption of varying extent and substantial astrogliosis at those sites where myelin is lost
(Amason, 1999; Lucchinetti et al, 1996). In chronic lesions there is little inflammatory
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acuvity; the myeln sheaths and oligodendrocevres are absent and demyelinated axons are
separated by a dense nerwork of astrocvees processes. Sites of myehn loss, known as plagues,
are scattered throughout the white matter of the optc nerve, cortex, penventncular regrons,
briun stem, and spinal cord. Plaques in cnincal locatons determune the tpe ot disabihiey
and/or symptomatology. Thus, vision may be compromused 1t there 1s a plague in the opuc
nerve and spasticity may occur if there are plaques in the descending pyrarmudal traces. Many
cortical plagues are clinically silent. Common carly manifestations in MS are opuc neunus,
paresthesias, mild sensory or motor symptoms in & lmb or cerebellar incoordinaon, while
the end stage s charactenzed by unsteadiness of gt mconnnence, and paralysis (\rnason,

1999; I'french-Constant, 1994 Kumar ct al, 1992).

Fig. 1.1.1 Crucial steps in multiple sclerosis pathogenesis

R Hoklfeld
Bain(1997), <

Pre-exisung autoreactve T cells are activated outside the CNS. The activated T cells
traverse the BBB and are locally reacuvated when they recognize “their” anogen on the
surface of local anngen-presentng cells. The acuvated T cells seerete evtokines that
sumulate microglia cells and astrocytes, recruit additonal inflammatory cells, and induce
production by plasma cells. \nt-myclin annbodies and acuvated macrophage. microglia
cells are thought to cooperate in demyelinaton (adapted from Fohlfeld, 1997).



1.1.2 IMMUNOPATHOGENESIS OF MS

While almost impossible to arrange chronologically in a disease with as protracted and varied
course as MS, the immunopathologic data gathered thus far points to the CNS damage and
myelin breakdown as being immune mediated (Raine, 1994). Specifically, MS is perceived as
an autoimmune disease, where activated autoreactive CD4+ T cells are recruited to the CNS
(Fig. 1.1.1), and, upon CNS specific antigen recognition they respond by releasing a cascade
of cytokines ultimately leading to further mononuclear cell accumulation, inflammation and
tssue damage (Hartung and Rieckmann, 1997).

It is known that myelin reactive T cells are present in normal blood being part of the normal
T cell receptor (TCR) repertoire (Ben-Nun et al, 1981; Schluesener and Wekerle, 1985), but
in order to traverse through the blood brain barrier (BBB) and penetrate into the CNS
parenchyma, these T cells have to be activated. Indeed, any activated T cells are capable of
entering the CNS irrespective of antigen specificity (Hickey, 1991; Wekerle et al, 1991). So,

how do these autoreactive CNS specific T cell clones become activated in MS?

Despite much effort devoted to the search of the cause of MS, its etiology remains
unknown. One of the first hypothetical events in MS pathogenesis is the activation of T cells
in the pedphery. How this initial activation occurs in MS patients is not known. Molecular
mimicry, dual T cell receptor expression and activation by superantigens during bacterial or
viral infection have been suggested and are reviewed by Hohlfeld (1997). Whatever the exact
mechanism of the initial activation of autoreactive T cells and their subsequent reactivaton
during relapses, it is likely that this activation occurs outside the CNS. Magnetic resonance
imaging (MRI) findings in MS demonstrate that brain and spinal cord lesions often occur
concurrently (Thorpe et al, 1996) which strongly implicates a systemic trigger for disease

activity.

Activated T cells have the ability to penetrate the CNS; however, nonspecifically activated T
cells soon exit the CNS, and T cells that recognize CNS antigens remain. It has been
suggested that myelin specific T cells remain in the perivascular locaton and serve to recruit
non-antigen specific activated T cells into the CNS via cytokine production and adhesion



molecule expression (Lou et al, 1997) and thereby orchestrate inflammatory events (Raine,
1994).

The T cells found in MS lesions are activated and express interleukin (IL)-2 receptors
(Hofman et al, 1986). By cytokine secretion within the CNS parenchyma, these T cell blasts
may induce local glial cells to express major histocompatibility complex (MHC) products and
to act as antigen presenting cells. Indeed, active demyelination in MS is accompanied by an
inflammatory infiltrate in which CD4+ T cells and class II MHC+ macrophages
predominate. Therefore, it is believed that T-cell receptors respond to antigen(s) presented
by MHC class II molecules on macrophages/microglia and astrocytes. This interaction
results in stimulation of helper T cells, and subsequent cytokine secretion, T cell
proliferation, and B cell and macrophage activation (Ffrench-Constant, 1994; Wekerle et al,
1987).

There is 2n extensive literature describing the presence of pro-inflammatory cytokines in MS.
Cytokines such as Interferon (IFN)Y and tumor necrosis factor (INF)X are elevated in the
cerebrospinal fluid (CSF) and serum of MS patients (Perella et al, 1993). [L-2 and IL-2
receptor are expressed within MS plaques. IL-1 is commonly found in astrocytes and
microglial cells. TNF. has been localized to astrocytes at the edge of lesions and microglia
within the lesions, as well as in endothelial cells. TNF[ has been found in microglial cells at
the margin of lesions. IFNY has been described on microglia, astrocytes and endothelial cells.
Regulatory or anti-inflammatory cytokines including IL.-10 and transforming growth factor

(TGF)B have also been localized in MS lesions, and they usually correlate with periods of
remission in MS (reviewed in Raine, 1994).

Evidence for B cell activation comes from the presence of immunoglobulins synthesized within
the CNS, resulting in the characteristic finding of oligoclonal CSF bands. There is a critical
antibody response directed to myelin and evidence of the complement cascade activated with

membrane attack complexes appearing in the spinal fhuid (Steinman, 1996).

Demyelination occurs in a highly edematous CNS patenchyma in which CNS elements are
suspended in a greatly increased extracellular space and dissociated myelin debs.



Macrophages appear to phagocytose large pieces of myelin sheath. It is not clear though, if
macrophages attack the myelin or they are just scavengers of cellular debns of MS lesions.
Nonetheless, ongoing demyelination seems to be dependent upon the presence of la+
macrophages in MS  (Traugott et al, 1983) which suggests a pathogenic role for

monocyte/macrophages in MS.

In summary (Fig. 1.1.1), it is the concerted attack where T cells promote an inflammatory
response in the CNS parenchyma, with the consequent production of cytokines, mononuclear cell
recruitment and activation, that leads to areas of demyelination impairing saltatory conduction

along the axon and producing the pathophysiologic defects.

1.1.3 EVIDENCE FOR AUTOIMMUNE T CELLS IN THE PATHOGENESIS OF MS

There are numerous lines of immunological evidence that suggests that T cells are central to the
pathogenesis of MS. First, in the acute MS lesion, active demyelination is accompanied by an
inflammatory infiltrate in which off CD4+ T cells predominate. Lesion progression has been
associated with the presence of CD4+ (T4+) cells (Traugott et al, 1983). Besides, chronic silent
lesions contain few T cells, and in non-inflammatory, non-MS conditions, are only rarely
encountered and, when present, may be due to normal immunosurveillance mechanisms or ante-
mortem infection rather than being a disease related feature (Raine, 1991). Second, specific T cells
for different myelin antigens are present in the CSF of MS patients in higher quantity than in
blood, suggesting a proliferative response of specific activated clones in the CNS (Bellamy et al,
1985).

Even though these observations indicate a role for T cells in MS, they remain circumstantial and a
causative role for T cells in the pathogenesis of MS, however suggested, has been difficult to
establish. It was not until the development of a T cell mediated neuroinflammatory animal model
that the concept of autoimmunity was used to explain some of the pathogenic mechanisms in
MS.

In 1933, Rivers et al described the induction of an inflammatory demyelinating disease affecting
the CINS after sensitization of monkeys with CNS tissue. In 1949 Olitsky and Yager were able to



induce demyelinating disease or experimental allergic encephalomyelitis (EAE) in mice using
homogenates of the CNS in adjuvants. Hallmarks of the disease were T cell infiltration and focal
demyelination, very much alike to that seen in MS. The fact that EAE could not be transferred to
naive recipients by humoral anti-myelin antibodies, but by activated myelin specific CD4+ T
lymphocytes (Paterson, 1960), showed clearly a pathogenic central role for T cells in EAE and
therefore very likely in MS.

1.1.4 EAE: AN ANIMAL MODEL OF MS

EAE is an animal model for autoimmune diseases of the CNS and is induced by generating
T cell mediated immunity to various CNS antigens. The clinical signs and lesions closely
parallel those observed in MS and, as a result, EAE has become a widely used model for MS
(Goverman and Brabb, 1996). Signs of EAE are generally manifested in an ascending
manner, starting with loss of tail tonus and progressing to hind and forelimb paralysis
(Goverman and Brabb, 1996; Glabinski et al, 1997). Following exposure to select CNS
antigens, the onset of attack in EAE typically occurs between 14 and 24 days
postimmunization and is associated with a 10% loss in body weight within one day of
development (Glabinski et al, 1997).

MS and EAE resemble each other closely in their pathological changes (reviewed in Weketle,
1993). First and foremost are mononuclear infiltrates, mainly concentrated around postcapillary
microvessels of the CNS white matter. The cells contained within these infiltrates are
predominantly lymphocytes (mainly CD4+, some CD8+ cells, and few B cells) and
monocyte/macrophages. Second, there is a marked disturbance of the BBB, with edema
formation and deposition of fibrin and other plasma proteins. Third, the lesions exhibit typical
activation of local glia. Many astrocytes are activated and manifest signs of increased content of
cytoskeletal glial fibrillary acidic protein (GFAP). In addition, the local microglia cells are activated.
With their strong expression of MHC I and II antigens they may be difficult to distinguish from
infiltrating blood borne macrophages.



Probably the greatest difference between EAE and MS lies in our understanding of the
events responsible for disease induction. While in EAE it is known that immunization with
any of several myelin antigens emulsified in adjuvant is responsible for disease induction, the
triggering antigen for MS remains unknown. In 1962, using the mouse EAE as a model,
Einstein et al identified myelin basic protein (MBP), which comprises 30% of CNS myelin,
as an encephalitogenic antigen in CNS dssue. In 1951, proteolipid protein (PLP) which
comprises 50% of CNS myelin, was identified (Folch and Lees, 1951). Since then, other
CNS specific antigens such as myelin associated glycoprotein (MAG) and myelin
oligodendrocyte glycoprotein (MOG) have been purified and the EAE model has been
dissected and highly studied in a search for insights into pathogenic mechanisms as well as
therapeutic approaches that could be applied to MS. It is now clear that the course of the
disease and histological features of EAE vary depending on the antigen used for the
immunization and the strain of mouse or rat used (Berger et al, 1997). For example, MBP 1-
11 EAE in H-2" mice or MBP 68-84 in Lewis rats can produce an acute EAE, where animals
exhibit a single episode of paralytic disease from which they recover. PLP 139-151 EAE in
H-2' mice is a relapsing remitting form of EAE, where animals experience a moderate to
severe initial episode of disease followed by remission and one or more relapses. MOG 33-
55 EAE in H-2" is a chronic EAE, where animals get progressively worse and never recover
(reviewed in Schmidt, 1999; Kuchroo and Weiner, 1998).

Which is the best representative animal model for MS has been debated over the past
decades (Wekerle, 1994). It is clear that no one EAE model represents all aspects of human
MS. Nonetheless, different EAE systems have been of invaluable help for studying diverse
defined aspects of the pathogenesis of MS. Particularly, MOG EAE has been considered to
be a good model for MS. Even though the antigen(s) responsible for the autoimmune
response in MS is (are) not known, there is a predominant T cell response to MOG in
patients with MS. Moreover, anti-MOG antibodies with demyelinating activity are present in
the CSF of such patients (Kerlero de Rosbo et al, 1993; Sun et al, 1991; Genain et al, 1999).
There are also some important features in MOG EAE that better mimic those in MS. In
contrast with MBP, PLP or MAG EAE models, demyelination is notorious in MOG EAE.
This is thought to be due to the presence of anti-MOG antibodies (reviewed in Bernard et al,
1997). MOG is a specific antigen of the CNS myelin, while MBP, PLP and MAG are also



located in other tissues such as peripheral myelin (MBP and MAG) and the thymus (MBP
and PLP). Moreover demyelination of the optic nerve can be observed after MOG EAE,
which is very similar to the optic neuritis associated with MS. MOG EAE was the MS animal
model of choice for this thesis.

1.2 Treatments for MS

1.2.1 PROVEN USEFUL TREATMENTS

While there is no cure for MS, the disease does respond in modest ways to treatment with ant-
inflammatory and immune modulating drugs. Again, the fact that improvement is observed in
some treated individuals indicates that inflammation in the CNS of persons with MS contributes

to the disease process.

Corticosteroids are the most commonly used treatment for the relapses of MS. Their precise
mechanism of action in MS is unknown, but they have numerous anti-inflammatory and ant-
edema effects that could be beneficial to MS patients. Methylprednisolone has been reported to
reduce intrathecal immunoglobulin synthesis and to decrease specifically the levels of anti-MBP
antibodies, as well as the number of T cells, in the CSF (Troiano et al, 1985; 1987). Both
corticotrophin and costicosteroids decrease the duration of clinical relapses in MS, accelerating

recovery from MS exacerbations (Bames et al, 1985).

Corticosteroids do not prevent new attacks and do not influence the overall disease progtession.
Conversely, interferons, specifically IFNf, and copolymer 1 are now used in the treatment of MS
to alter disease course. On the basis of results obtained from large multicenter clinical trials, the
two forms of recombinant IFNf, IFNf-1a (Avonex® and Rebif®) and IFN[-1b (Betaseron®),

and copolymer 1 (Copaxone) were approved by the US Food and Drug Administration (FDA)
for the treatment of RR-MS (reviewed in Amason, 1999; Weinstock-Guttman and Cohen, 1996).



IFN[-1a and —1b administered subcutaneously lead to a reduction by about 1/3 of the number of
exacerbations, the total lesion load on MRI and the number of new lesions were smaller, and
there was a significant effect in the progression of disability (Weinstock-Guttman and Cohen,
1996). Both forms of IFNP are being tested in chronic progressive MS. The preliminary results
show encouraging effects (Polman et al, 1995).

Copolymer 1 is a2 mixture of random synthetic polypeptides composed of 4 amino adds: L-
alanine, L-glutamic acid, L-lysine and L-tyrosine. Copolymer 1 also reduces the number of
exacerbations by about 30% (Amason, 1999).

1.2.2 EXPERIMENTAL THERAPIES

Although much progress has been made during the last years, it is clear that the therapy of MS
needs to be improved. A seres of different approaches are being studied and under active
research including, T cell vaccination with irradiated autologous MBP reactive T cells; monoclonal
anti-CD4+ depletion; monoclonal ant-TNF; inhibition of type [V phosphodiesterase;
promotion of remyelination by growth factors and transplantation of myelin producing
oligodendrocytes (reviewed in Hohlfeld, 1997; Noseworthy, 1999).

1.2.3 T CELL MIGRATION INTO THE CNS: THERAPEUTIC APPROACH

Since MS is an inflammatory disease, all the regulatory steps involved in leukocyte transmigration
and trafficking are of interest in the development of new therapies. Accepting the premise that
lymphocytes and monocytes are pathogenic in MS, it is hypothesized that arresting leukocyte
trafficking into the CNS will ameliorate MS.

As stated before, T cells seem to be central to the pathogenesis of MS. An important pathologic
feature is the transmigration of lymphocytes across the BBB into the CNS. This is a multistep
process dependent on tethering, rolling, cell adhesion, chemotaxis and degradation of the
extracellular matrix (ECM) proteins that constitute the basal lamina of the BBB (reviewed by
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Springer, 1994). Numerous attempts at inhibiting T cells from entering the CNS have been made,
by targeting each of the regulated steps for leukocyte infiltration and migration.

The first requirement for lymphocytes to enter the CNS is their interaction with the vascular
endothelial cells that cover the BBB. These interactions involve cell adhesion molecules. Members
of the selectin family, such as P-, E-, and L-selectin, are responsible for the low affinity
interactions occuring during the tethering and rolling phase of leukocyte recruitment. B2 integrins
(CD11/CD18) are involved in the adhesion step, by mediating high affinity binding to their
receptors intercellular cell adhesion molecule (ICAM)-1 and ICAM-2, members of the
immunoglobulin family (Springer, 1990). A monoclonal antibody against ICAM-1 suppresses
MBP induced EAE in Lewis rats but has only a minor effect in EAE mediated by adoptive T cell
transfer (Archelos et al, 1993). Treatment with monoclonal antubodies against the counter-
receptors of ICAM-1, the B2 integrins leukocyte function antigen (LFA)-1 and the MAC-1
adhesion molecules, delayed onset, and diminished the seventy, of T cell transfer EAE in mice
(Gordon et al, 1995). In a different study, however, EAE was augmented by another anti-LFA
monoclonal antibody (Welsh et al, 1993), illustrating the fact that the outcome of a therapeutic

approach is by no means obvious.

An alternative pathway for lymphocyte recruitment is constituted by O4-integrins, which can
mediate rolling, tethering, and adhesion (Alon et al, 1995; Johaston et al, 1996). 0431, and 0:4p7
can bind to vascular cell adhesion molecule (VCAM)-1 in the endothelial cells, as well as to ECM
components including fibronectin. In 1992, Yednock et al (1992) reported the prevention of T
cell transfer EAE in Lewis rats by a single intraperitoneal injection of a monoclonal antibody
directed against 041 integrin. In guinea pigs, actively induced EAE can also be prevented and
reversed with a monoclonal antibody against 04 integrin (Kent et al, 1995). In an MS clinical tral,
the anti-0t4 antibody, Antegren®, shows a significant reduction in the number of new active
lesions on MRI in the first 12 weeks of treatment. Nonetheless, after 24 weeks of treatment, there
was no significant improvement (Tubddy et al, 1999).

It is probable that a unique and single therapy for MS will not be sufficient. Indeed, due to the
extreme variety and distinct factors that govern the process of MS, its treatment will more likely
be a combination or cocktail of drugs with different mechanisms of action. Arresting T cell
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transmigration to the CNS seems to be a necessary and fundamental approach as preventive and
modifying therapy for MS.

Once the activated lymphocytes have extravasated, they still must pass through a barrier of ECM
proteins that constitute the basal lamina of the BBB. Matrix metalloproteinases (MMPs) play a key
role in the penetration of this barrier, allowing the activated lymphocytes to gain access into the
CNS parenchyma. MMPs have been detected in MS lesions and are considered to contnbute in
many ways to the pathogenesis of MS, constituting a good target for therapy in MS.

1.3 MMPs in the pathogenesis of MS

1.3.1 WHAT ARE MMPs?

MMPs are a family of zinc-containing endoproteinases that digest specific components of
the ECM, thus contributing to matrix equilibdum and structural integrity. There are at least
20 mammalian species known (Fig. 1.3.1). MMPs appear indispensable for ECM
degradation; however, their finely tuned regulation is of crtical importance. Any increase in
enzymatic activity will likely result in tissue destruction or cell invasion. Thus, MMPs are not
only involved in important physiologic conditions but are thought to contribute to the
pathogenesis of some diseases (Table 1.3.1) (Yong, 1999). For instance, degradation of the
ECM by metalloproteinases is a critical phenomenon in cancer invasion and metastasis
(Westermarck et al, 1999; Masumor et al, 1994); in rheumatoid arthritis the presence of
MMPs is associated with the destruction of the collagen in the cartilage (reviewed in Harris,
1990). In adult periodontiis MMPs inhibitors reduce bone-type collagen degradation
fragments in the gingival crevicular fluid, preventing the destruction of the perodontum
(Golub et al, 1997).

MMP activity is strictly regulated at three different levels: gene transcrption, proenzyme
activation, and inhibition by tissue inhibitors of metalloproteinases (TIMPs). At the transcriptional
level, cytokines such as TNFo and IL-1, as well as chemokines including macrophage
infliammatory protein (MIP)-1ct, MIP-1(3, Rantes, induce the production of proMMP-9 in CD4+
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cells (Johnatty et al, 1997). MMPs are secreted as inactive zymogens that require activation by

proteolytic cleavage (Fig. 1.3.2). MMPs themselves and other proteinases, such as plasmin, are
known to modulate this process. The activated forms are subject to inhibition by TIMPs, which

are expressed ubiquitously in the extracellular milieu and form a complex of 1:1 stoichiometry

with the endoproteinases (Kieseier et al, 1999).

Fig 1.3.1. Members and structure of the MMP family (adapted from Yong (1999)

with permission)
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Table 1.3.1. Physiology of MMPs (Yong, 1999)

Normal processes Pathologic processes
Ovulation Cancer metastasis

Blastocyst implantation Rheumatoid Arthritis
Embryogenesis Periodontal disease

Bone growth and remodelling Alzheimer’s disease
Angiogenesis Gastrc ulcer and liver cirrhosis
Neuronal migration and neurite extension  Atherosclerosis

Wound healing Fibrotic lung disease

Fig 1.3.2 Means by which the activity of MMPs are regulated (reviewed and adapted
from Yong (1999) with permission)
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1.3.2 MMPS: POSSIBLE PATHOGENIC MECHANISMS IN MS

MMPs, specifically MMP-9, are found in the cerebrospinal fluid of MS patients (Cuzner et al,
1978; Gijbels et al, 1992; Rosenberg et al, 1996; Leppert et al, 1998). Evidence suggests that
MMPs ate involved in BBB breakdown in MS. Raised CSF levels of MMP-9 are associated with a
disturbed BBB, as demonstrated by gadolinium-enhanced MRI. In MS patients, MMP-9 levels
wete selectively elevated during clinical relapses in the CSF (Leppert et al, 1998) and in the serum
(Lee et al, 1999). In addition treatment with high dose methylprednisolone, a drug known to
downregulate the transcription of MMPs, reduced both gadolinium enhanced MRI activity and
CSF levels for MMP-9. This correlative studies with MS patients suggests that the enhancement
of proteolytic activity would more likely disrupt the basal lamina around capillaties and thereby
pave the way for inflammatory cells into the CNS.

Potential pathogenic roles of MMPs have been evaluated in animals. MMPs are associated with
BBB opening (Rosenberg et al, 1998), since the injection of MMPs into the rat brain increases
capillary permeability which can be prevented by TIMP-2 (Rosenberg et al, 1992). Intracerebral
stereotaxic injection of MMP-7, -8 or -9 in rats provokes recruitment of leukocytes and BBB
breakdown. In addition, MMP-7 and -9 induce loss of myelin staining (Anthony et al, 1998). BBB
leakage, T cell infiltration and myelin loss can all be reduced by treatment with BB-1101, an
inhibitor of MMPs (Matyszak and Perry, 1996).

MMPs have been postulated to be the major group of proteinases that could be involved in the
degradation of the ECM (reviewed in Yong et al, 1998b). The expression of MMPs, particularly
MMP-7, -9 and -12, by penivascular leukocytes in MS and EAE, is thought to contribute to their
infiltration into the CNS, since leukocytes are shown to depend on MMPs to penetrate barriers in
vitro (Xia et al, 1996; Leppert et al,1995). Moreover, using an elegant in vitro model of the BBB,
lymphocytes treated with inhibitors of MMPs were found to be able to adhere to and diapedise
between endothelial cells but were then unable to penetrate the next barrier consisting of an
artificial basement membrane matrix (Grasser et al, 1998). Therefore, migration and penetration
of lymphocytes and monocytes into the CNS parenchyma seems to be mediated by MMPs.

It has been reported that the brains of patients with MS contain cells that are up-regulated for
various MMPs, and that these are mainly lymphocytes and macrophages (Maeda and Sobel, 1996;
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Cuzner et al, 1996). Cossins et al (1997) and Ozend et al (1999) reported the expression of MMP-
9 by infiltrating leukocytes and MMP-7 by macrophages in the CNS parenchyma while Anthony
et al (1997) showed the up-regulation of MMP-7 also in T cells as well as in macrophages
localized in perivascular cuffs.

Since the trafficking of lymphocytes and monocytes into the CNS parenchyma seems to be
mediated by MMPs, it can be hypothesized that the application of an inhibitor of MMPs would
reduce leukocyte infiltration into the CNS and thus ameliorate EAE. Indeed, it has been
demonstrated that specific chemical inhibitors of MMPs can prevent or ameliorate EAE (Liedtke
et al, 1998; Kieseier et al, 1999). Gijbels et al (1994) reported for the first ime that an MMP
inhibitor, the hydroxamate GM6001, when administered daily to rats with EAE either from the
time of disease induction or from the onset of clinical symptoms, suppressed the development or
reversed clinical EAE. In 1995, Hewson et al showed that another hydroxamate MMP inhibitor,
R031-9790, reduced the clinical severity of adoptively transferred EAE, and prevented the onset
in 90% of animals. BB-1101, a broad spectrum MMP inhibitor, also reduced weight loss and
severity of EAE. Moreover, inhibiion of MMPs by oral treatment with d-penicllamine
suppressed murine EAE (Norga et al, 1995).

MMPs are not only implicated in the degradation of the ECM components but they can also
degrade myelin proteins which can contribute to the disruption of the myelin sheath. Moreover, it
has been shown that MMPs can degrade myelin basic protein into fragments that are
encephalitogenic, contdbuting to the pathogenesis of EAE or MS (Chandler et al, 1997;
Opdenakker et al, 1994). Therefore, secreted MMPs by infiltrating leukocytes could not only
degrade the ECM and facilitate the trafficking and penetration into the CNS, but MMPs may also
directly damage the myelin that surrounds axons thereby impairing nervous conduction and
deriving the neurological deficits that characterize MS and EAE.

Several matrix metalloproteinase enzymes can cleave pro-ITNFo (26 kDa membrane-anchored
protein) to the mature biologically active form (17 kDa soluble protein). In addition to being pro-
inflammatory, TNF0. can damage oligodendrocytes and myelin both in vitro and in vivo, and has
been implicated in the pathology of MS and EAE (reviewed in Yong et al, 1998b; 1999). Similarly,
there are a aumber of cell surface molecules whose shedding is facilitated by metalloproteinases,
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including other cytokines such as TGF, cytokine receptors such as TNFR1, TNFR2 and IL6Ra,
adhesion molecules including L-selectin, and others such as Fas ligand (reviewed in Chandler et al,
1997). Therefore another possible mechanism by which MMPs could be pathogenic is by
removal/activation of cell surface cytokine/receptors contributing further to the inflammatory
milieu.

In summary, MMPs could be involved in several different deleterious processes in the
pathogenesis of inflammatory demyelination in MS: (1) opening of the BBB by disruption of
ECM components of the basement membrane; (2) migration of the inflammatory cells across the
BBB into the parenchyma; (3) direct degradation of the myelin sheath; (4) enhancement of the
release of active TNF and/or other pathogenic ligands (Fig. 1.3.3). Therefore, inhibiting MMPs
production and/or enzymatic activity could be a good therapeutic approach for MS. Indeed, one
of the mechanisms of action attributed to IFNf is the inhibition of MMP expression in
lymphocytes (Stuve et al, 1996). As stated before, MMPs inhibitors such as hydroxamates and d-
penicillamine have shown encouraging beneficial effects on EAE. However, the only clinical
study in MS patients with a combination of d-penicillamine and metacycline showed toxicity
(Dubois et al, 1998). Nonetheless, using nontoxic MMPs inhibitors could be favorable to MS
patents, and such a drug could be minocycline, a tetracycline that inhibits MMP enzymatic
activity. Because of its antibiotic effect minocycline is a treatment for infectious diseases such as
acne; indeed minocycline has been in long term clinical use of acne with minimal toxicity. In
consequence, it can be hypothesized that the use of minocycline as an inhibitor of MMP activity
could ameliorate MS.

1.3.3 MINOCYCLINE AS AN INHIBITOR OF MMP ENZYMATIC ACTIVITY

Minocycline is a semi-synthetic analog of tetracycline that has been shown to have and-
inflammatory properties. In patients with rheumatoid arthritis, minocycline has been shown
to have beneficial effects (Kloppenburg et al, 1995a). The ant-inflimmatory properties of
minocycline in two rat models of rtheumatoid arthritis have also been examined by Sewell et
al (1996). Administration of oral minocycline significantly decreased (P < 0.01) the incidence
of arthritis in both adjuvant and collagen rat arthritis. The use of minocycline and other
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tetracyclines have also been considered in cancer. Minocycline suppresses the invasion and

metastatic potential of MRAC-PM2 cells in vitro. Intraperitoneal administraton of 500 ug
per mouse minocycline reduced the number of metastatic nodules in the lung when MRAC-
PM2 cells were injected intravenously (Masumor et al, 1994). Finally, other diseases where
minocycline and other tetracyclines have shown promising results are non-infectious forms
of dermatitis and in periodontitis (reviewed in Vanheusden et al, 1998; Kloppenburg er al,
1995a; 1996b). The beneficial properties of minocycline and other tetracycline-derivatives
have been associated with their ability to suppress in vivo and in vitro mammalian MMP
acavity (Golub et al, 1984; Zucker et al, 1985).

The effect of minocycline on leukocyte migraton has been studied in polymorphonuclear
cells. Minocycline can reduce polymorphonuclear chemotaxis significantly at a concentration
as low as 1 ug/ml (Ueyama et al, 1994). The first aim of this thesis was to address
whether lymphocyte chemotaxis could be affected by minocycline in vitro, while the

second aim dealt with the mechanisms by which minocycline achieved this effect.

Minocycline has also been shown to have immunomodulating activity. Minocycline inhibits
human neutrophil functions such as red blood cell lysis, neutrophil-associated collagenolysis,
superoxide anion synthesis, degranulation and migraton (Sugita et al, 1995; Gabler et al,
1991; Glette et al, 1984). Both minocycline and tetracycline suppress murine thymocyte co-
mitogenesis induced by IL-1 at -2 and 4 pg/ml respectively (Ingham, 1990). Studies done on
human T cell clones derived from the synovium of a rheumatoid arthritis patient showed
that when T cells were activated via the T cell receptor/CD3 complex, they were suppressed
functionally by minocycline, resulting in a dose-dependent inhibition of T cell proliferaton
and reduction in production of IL-2, IFNY, and TNFo. Besides an inhibition of IL-2
production, minocycline exerted its effect on T cell proliferation by induction of a decreased
IL-2 responsiveness (Kloppenburg et al, 1995b). Thus minocycline, in addition to
suppressing MMP activity, seems to have immunosuppressor activity, at least for
lymphocytes and neutrophils. Collectively, these activities could be beneficial in the

treatment in MS.
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1.3.4 IFN[J AS AN INHIBITOR OF MMP PRODUCTION

As mentioned before, IFNP is a drug currently used to treat MS. It has been shown to
reduce the number of relapses in relapsing-remitting MS, as well as the frequency of lesion
formation detected by magnetic-resonance imaging (Paty et al, 1993). Even though the
mechanisms by which IFNP ameliorate MS remain debated, the drug has
immunomodulatory activity. It has been shown to suppress T cell proliferation and IFN-y
productdon (Noronha et al, 1993; Rudick et al, 1993) and to interfere with the antigen
presentation process. Dhanami et al (1990) have shown that IFNP can decrease the
production of TNFot and TGF. It was recently discovered in our laboratory that IFNf
decreased the transmigration of lymphocytes across an artificial BBB. This inhibition was
correlated with a downregulation of the lymphocyte production of MMP-9 (Stuve et al,
1996; 1997). Our laboratory has postulated that a mechanism of acton of IFNP is the
inhibition of the production of MMPs leading to the reduction in transmigradon of
lymphocytes across an ECM barrier (reviewed in Yong et al, 1998a). Clinically, patents
treated with IFNJ have decreased serum levels of MMP-9 (Trojano et al, 1999). Because
IFN( is already used as a treatment for MS, a combination of minocycline as an inhibitor of

MMP activity, with IFNJ as an inhibitor of the production of MMP, may become a more
effective treatment for MS (Fig. 1.3.4)



Fig. 1.3.4 Strategy to improve the efficacy of IFNf in MS: by
combining an inhibitor of MMP production with inhibitors of
MMP enzyme activity
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1.4 Hypothesis and specific Aims

The central hypothesis that was tested in this thesis was that minocycline would inhibit T
lymphocyte migration through mechanisms that involved MMPs. Furthermore I tested the
hypothesis that attenuating T cell infiltration into the CNS parenchyma by minocycline
would ameliorate EAE and that a combination of IFNf and minocycline, with different

mechanisms of action on MMPs, would denive a better therapeutic response in EAE.

To test this hypothesis, 3 specific aims were formulated. Aim 1 sought to demonstrate that
minocycline would inhibit T cell migration in vitro. Specific Aim 2 was designed to
determine mechanisms of the inhibitory action of minocycline on T cell migraton. Finally,
Specific Aim 3 tested the combined efficacy of IFNP and minocycline in viro on T cell

migraton and as a treatment for MOG EAE.
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CHAPTER 2

METHODS

2.1 In vitro experiments

2.1.1 T CELL ISOLATION

Human mononuclear cells were isolated from blood of healthy donors by the method of
Ficoll-Hypaque (Stuve et al, 1996) and washed 3 times with PBS. In bref, fresh blood was
diluted 1:2 and centrifuged on Ficoll-Hypaque at 1800 rpm for 30 minutes. The interphase
was extracted and washed 3 x 10 minutes at 1200 rpm with PBS. Monocytes were adhered to
plastic for 3 hours in AIM-V (Gibco/BRL) serum free culture medium and floating T cells
were collected. During this process of differential adhesion T cells were activated by the
addition of 1 ng/ml OKT3, an ascitic antibody against CD3 (provided by Dr Jack Antel,
Montreal). This method of purification provided a lymphocyte populadon composed of
CD3+ T cells (83.3 + 5.1 %), CD56/16+ Natural Killer (NK) cells (14.5 + 7.4 %) and
CD19+ B cells (25 £ 1.6 %) (Mean + SD, n=4 different mononuclear cell preparaton
assayed by flow cytometry). Other mononuclear cell preparations were not treated with

OKT?3 and are referred to as non-activated T lymphocytes.

2.1.2 DIRECT CELL FLUOROCYTOMETRY

Five hundred thousand cells were resuspended in 100 pl AIM-V and incubated with 20 i of
primary antibody conjugated to fluorescein isothiocyanate (FITC) or phycoerythrin (PE) for
20 minutes at 4° C in the dark. Two washes with PBS were performed and cells were finally
resuspended in 500 pl of PBS for flow cytometric analysis by the fluorocytometer facility.
Antibodies (Becton Dickinson, CA) utilized were: Anti-human Leu-4 (CD3) FITC for T
lymphocytes, Simultest™ CD3/CD4 (I.eum—4/ 3a) for CD4+ cells, Simultest™ CD3/CD8
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(Leu™-4/2a) for CD8+ cells, Simultest™ CD3/CD16+CD56 (Leu''-4/3a) for NK cells,
Simultest™ LeucoGATE™ CD45/CD14 [Ant-Hle-1/Leu™-M3)) for
monocyte/macrophages, CD19 (§J25C1) PE for B cells, CD25 (Ant-IL-2R) PE for
activated T cells and, Simultest™ control ,/¥., IgG1/IgG2a) as isotype control.

2.1.3 MIGRATION ASSAY SYSTEMS

2.1.3.1 Boydem Chambers. Three [Um pore size fibronecin (FN) coated chambers
(Collaborative Biomedical Products, Bedford, MA) were used. The bottom chamber
contained 500 yl of AIM-V medium with 10% fetal calf serum (FCS). Cells were
resuspended at 1 x 10° cells/ ml in AIM-V with 2.5% FCS and 500 pl were added to the
upper chamber. After 6 or 24 hours of incubation (specified in Results) cells in the bottom
chamber were counted using a Coulter counter (Z,) and expressed as a % of the initial cell

seeding density or as number of transmigrated T cells.

2.1.3.2 Transwell polycarbonate assay. Three Um pore polycarbonate membrane (Fisher
Scientfic, Corning, NY), without any ECM coating or with 25 lg/ml fibronectin coat, were
also used to assess lymphocyte migration. The bottom chamber contained AIM-V plus 10%

FCS while the upper chamber had 500000 cells suspended in 200 pl of AIM-V plus 2.5%
FCS.

2.1.4 ADHESION ASSAY

Sixteen-well chambers (Gibco) were coated with fibronectin (25 pg/ml; 100 pl/well). One x
10° T cells were added per well and incubated for one hour at 37° C. Cells were washed and
fixed in 4% paraformaldehyde (PFA) and stained for F-actin with PE-phalloidin. Following
staining, cell numbers were counted in six fields at 400X using an immunoflurescence

microscope.
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2.1.5 ZYMOGRAPHY

Gelatin-substrate gel electrophoresis has been used to determine the level of MMP-2 and -9
(Uhm et al, 1998; Stuve et al, 1996). In bref, serum free AIM-V medium was collected from
T cells after a defined culture period and mixed with 4X gel loading buffer (200mM Tris pH
6.8, 4% SDS, 0.1% bromophenol blue, 40% glycerol). The samples were electrophoresed on
a 10% SDS-gel containing 1 mg/ml gelatin. The gel was washed and incubated overnight on
a shaker at room temperature with rnse buffer containing 2.5% Trton X-100, 50 mM Tris
pH7.5 and 5 mM CaCl, to wash off the SDS and to allow the gelatinases to renature.
Subsequently, the gel was incubated in reaction buffer (50 mM Tds pH7.5 and 5SmM CaCl,)
for 18 hours at 37° C, in order for proteinases to degrade the gelatin. Each gel was then
stained with Coomasie blue for 4 hours and destained (1:3:6 of acetic acid: methanol:water)
in order to reveal the expression of clear bands (zone of gelatin degradation) against a dark
background. The molecular weight identified the MMPs species and this has been previously
confirmed by western blot and immuno-depletion experiments (Uhm et al, 1998).

2.1.6 WESTERN BLOT ANALYSIS FOR MMP-9

When required, media were concentrated using Centricon concentrators # 10 (Amicon,
Beverly, MA) according to the manufacturer's instructions. The total protein concentration
of the samples was determined by the Bradford Coomasie Brilliant blue method (Bio-Rad,
Hercules, CA), using bovine serum albumin as a standard. Ten [ig of total protein/sample
were resolved on a 10% polyacrylamide gel, and transferred ovemnight to Immobilon-P
(Millipore) in transfer buffer (Tris 25mM, glycine 192 mM, methanol 20%) at 4° C and 30
volts. The blots were incubated in blocking buffer {5% skim milk (Carnation), 0.05%
Tween-20 in Tris Base Saline (ITBS)} for one hour at room temperature. Membranes were
then incubated with 2 [g/ml of mouse and MMP-9 (Ab-2) antibody (Calbiochem,
Oncogene Research Products, MA) in blocking buffer for 1 hour at room temperature,
followed by 3 x 5 minutes washes in washing buffer TBS-T (0.05% Tween-20 in TBS). The
secondary antibody, a horse-radish peroxidase (HRP) conjugated goat ant mouse (IgG +
IgM) (Jackson Lab), was used at a dilution 1:5000 in blocking buffer and incubated for one

hour at room temperature, followed by 4 x 5 minutes washes with TBS-T. Blots were
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developed by the ECL method according to manufacturer instructions (Amersham-
Pharmacia Biotech).

2.1.7 CROSS LINKING ANTI-1 EXPERIMENT

Twenty four well plates were incubated with 10 pig/ml of rabbit anti-mouse antibody in 500 Ll
RPMI over night at 4°C and washed 2 times before the activation assay. Cells were isolated from
healthy human controls (as described in section 2.1.1) and some samples were incubated for 30
minutes with minocycline 250 ig/ml. Ten il of mouse anti-B1 antibody ascitic (Gibco/BRL) was
added per 1.2 x 10° cells/ml RPMI and cells were transferred to rabbit anti-mouse plated wells for
5 minutes activation. Cells were rapidly collected, centrifuged and lysed in lysis buffer (1% Trton
X 100, 150 mM NaCl, 10 mM Tds pH 7.5, 1 mM EDTA, PMSF, NA,MoQO,, Na,VO,, NaF, 1

ug/ml Aprotinin, Leupeptin, 1 UM Pepstatin).

2.1.8 WESTERN BLOT ANALYSIS FOR TYROSINE PHOSPHORYLATED PROTEINS

Lysates were resolved on a 10% polyacrylamide gel, and transferred overnight to
Immobilon-P (Millipore) in transfer buffer (Tris 25mM, glycine 192 mM, methanol 20%) at
4° C and 30 volts. The blots were incubated in blocking buffer (5% BSA, 0.01% Tween-20,
0.05% Nonidet P-40 in TBS) for one hour at room temperature. Membranes were then
incubated with 1:1000 of mouse anti phospho-tyrosine (4G10) antibody (UBI, CA) in
blocking buffer for 1 hour at room temperature, followed by 3 x 5 minutes washes in
washing buffer TBS-T-NP (0.01% Tween-20, 0.05% Nonidet P-40 in TBS). The secondary
antibody, an HRP conjugated goat anti mouse (IgG + IgM) (Jackson Lab), was used at a
diluton 1:5000 in blocking buffer and incubated for one hour at room temperature, followed
by 4 x 5 minutes washes with TBS-T-NP. Blots were developed by the ECL method
(Amersham-Pharmacia Biotech).
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2.1.9 MULTI-PROBE RINASE PROTECTION AssAY (RPA)

This assay permited the simultaneous analysis of 9 different MMPs in the same sample. The
assay conditions had been previously standardized by Pagenstecher et al (1998). Brefly, total

RNA was isolated from cells by the method of Trizol® (Gibco). Ten [g per sample were
heated to 95° C and hybridized with [0- P]UTP labeled antisense probe set at 56° C for 16
hours. After 1.5 hours digestion at 30° C with RNAse A (80 Ug/ml) and RNAse T1 (250

U/ul) mix (Pharmingen), the protected fragments were treated with proteinase K (10
mg/ml), SDS (4%) and yeast tRNA (2 mg/ml) for further 30 minutes at 37° C. The
protected RNA duplexes were extracted (phenol-chloroform), precipitated (ammonium
acetate-ethanol) and finally dissolved in 80% formamide. After denaturation for 3 minutes at
95° C, the samples were resolved on a 6% polyacrylamide sequencing gel. Dred gels were
analyzed by a phosphorimager (Molecular Dynamics).

2.2 In vivo experiments

221 MOG EAE

Twelve weeks old C57BL/6 female mice (Jackson Lab, MA) were injected subcutaneously at
the back of the tail and 7 days later in the flanks with 300 g of MOG35-55 peptide
(provided by Dr Claude Bernard, Sydney) emulsified in 100 [l of complete Freund's
adjuvant (CFA) (Difco Laboratordes, Detroit, MI) containing an additional 4 mg/mi of
Mycobacterium tuberculosis (H37Ra) (Difco Laboratodes, Detroit, MI). Mice were injected
intraperitoneally with 300 ng of reconstituted lyophilized Petussis toxin (List Biological
Laboratories, Campbell, CA) in 200 pl of PBS. The Pertussis toxin injection was repeated
after 48 hours. All animals were used in accordance with the guidelines of the Canadian
Council on Laboratory Animal Care.
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2.2.2 TREATMENTS

Animals were treated intraperitoneally beginning on the day of induction on a daily basis in
200 W of PBS. Ten animals per group were used. Treatments were as follows:

Group 1 > Control non-treated animals (PBS ip. once daily);
Group 2 > Minocycline (50 mg/kg i.p. twice a day for the first two days; once daily
for the next five days; and 25 mg/kg for the subsequent days);
rou > IFNB (375000 U/kg ip. once daily);
Group 4 2> Combination of minocycline and IFN (as described per individual
group).

It should be noticed that the dose of IFNf used is in concordance with that reported in the
literature (Yu et al, 1996). The dose of minocycline was adapted from reports that 50 mg/kg
decreased infarct size in experimental ischemia in rats (Yrjanheikki et al, 1998; 1999).

2.2.3 CLINICAL EVALUATION

Mice are weighed on a daily basis. Severity of EAE was graded according to Bernard et al
(1997). Baefly, 0, no disease; 1, loss of weight and limp tail; 2, partial paralysis of one or two
hind limbs; 3, complete paralysis of hind limbs; 4, hind limb paralysis and fore limb

paraparesis; 5, morbund.

2.2.4 HISTOLOGICAL EXAMINATION

Anesthetized mice were perfused with 40 ml of cold PBS and the CNS was dissected. The
sacral part of the spinal cord was immersed in 4% PFA over night and embedded in paraffin
wag, cross sectioned at 6 to 8 microns and stained with haematoxylin-eosin and Luxol fast

blue for evidence of inflammation and demyelination, respectively. Optic nerves wete taken
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and incubated in 2.5 % glutaraldehyde to be embedded in epon, sectioned at 2 microns, and

stained with toluidine blue.

2.3 Statistical Methods

When multiple groups were analyzed simultaneously, the group comparison of one way
analysis of vanance (ANOVA) with Bonferroni post-hoc was used. When two groups were
analyzed, the unpaired Student's t-test was employed. Statistical significance was set at p<
0.05.



RESULTS

3.1 Aim 1:

Does minocycline arrest T cell migration in vitro?
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3.0 1 MINOCYCLINE NITENUNTES T CELL MIGRYTION IN VITRO

I'ibronectin coated 3 pm pore size Bovden chambers were used to assess the transmigranon
of lymphocytes. Over a 24 hour peniod, 22.8 + 2.2%0 of OK'T3 acuviey T eells rransmugraced
across the fibronecun barrer, while 147 £ 1.5% of T cells transmugrated 1f they were not
actvated. |\ single administration of minocveline (230 pg/ml) mhibited the transmigranon ot
T cells whether these were OK'T3 acuvated or non-activated (g, 3.1.1). The response to
munocychine was dose dependent with over 3004 inhibinon at 250 and 300 fg/mi (g, 3.1.2).
A ome course study (g 3.1.3) indicated that the mhibinon of 1 cell transmugranon by
minocvehne s an carly process which occurs by 15 munutes.

While a correlanion between plland transmugranen ot I cells has been reported Claub cr al,
1995, tetracyeline did notatteet the pl ot the culture medium (as measured by plindicator
paper). To address if the inhibion was due to 1 toxie ettect of minocyehine, we measured
cell viability by the method ot trvpan blue exclusion. After 1 hour of trearment with 250
He/ml of muinocveline there were no trvpan blue-posiave cells, while atter 24 hours, 5.3 £
0.6 "o (mean £ SD) of cells were trvpan blue postive i the munocychne group: however,

this value ar 24 hours was not different trom controls (4.9 = 0.7 "), Since inhibimon ot
migration occurs already by 15 munutes of treatment, the action ot mmocyehne on el
mugration does not appear to be due to non-speaific eytotoxiaty.

-

3.1.2 MINOCYCLINE INHIBITORY EFFECT IS NOTSPECIFIC TO A SUBSET OF CELLS

Because the population of lvmphocytes generally wsolated  from human donors ws
composed of 145 +£ 7.4 %0 of C1356/ 16+ natural killer cells, 1t was possible that mmocycline
could mhibit the transmigration of just that populatton. T'o study 1f the mhibitory action ot
munocychne was specitic to 1 subset ot leukoevtes, [ charactenzed the ellls 1 cells (both
CD4+ and CD8+), NK cells (CID16+56) or activated cells that expressed the [1.-2 recepror
(CD25+)} that transmigrated. Speatically, 24 hours atter cells were added to the top
compartment of the Bovden chamber, with or without munocyveline, cells in the lower
chamber were analyzed by tlow cvtometry tor the different subpopulavons  present.
Compansons of the subscts between minocveline and control groups (Table 3.1.1) revealed
that no speatic populations were preferentally inhibited by munocyeline, since no specitic

subset was drasucally reduced in amounts in the lower chamber in the minocycline group
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compared to controls. The results suggest that the mhibinon of transmigranon by

munocychne occurred tor all cellular subsets.

[n summary, [ established in this “\im the finding that minocychine mhubaes ‘1 cell mugratton

n vitro, and that chus 15 not due to any non-specitic evtotosicity.

Fig. 3.1.1. Minocycline attenuates the transmigration of T lymphocytes.
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Five hundred thousand cells, unactvated or ereated with | ng/ml OKT3 tor 72
hours, were placed i the top chamber, and the number ot cells in the lower
chamber was counted using a Coulter counter atter 24 hours. Cells were
incubated with munocyeline 15 munutes before the mugraton assay and then
transterred directly to the top compartment of the Boyden chamber. A 3 pm
pore size Bovden chamber coated with fibronecun was used. Values are mean

+ 8D of tnplicate samples. Student’s t-test compared to control “*p<t.ol.



Fig. 3.1.2. Dose response of inhibition of T cell transmigration by

minocycline.
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Migranon assay in Bovden chamber atter 24 hours ot incubanon. Minocveline
was incubated 15 munutes betore the assay. Values are mean £ SD ot iiphcate
samples. One-way ANOVA test with Bonterroni Post THoe agunst control
p<.01, rrp<.00L. Please note that the extent of transmugracon was
tabulated as the number ot transmugraced cdlls (e, number of cells in the lower
chamber) it an wdentical aliquot of imoal cell population was added to chambers
i all expenmental groups (as in g 3.1.2).0 [However, when companng
transmmugratton between 2 ditferent samples (e fige 3.1.1) where the mnal
sceding ot cells mught be shghtly vaned, then the number of cells m the top and
bottom compartments ot cach Bovden chamber was counted, and the number

of transmugrated cells then expressed as a "o of the munal seeding densiey.
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Fig. 3.1.3. Time course of inhibition of T cell transmigration by

minocycline.
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Non-actuvated or OK'T3 acuvated 1 cells were incubated with minocychine (250
Hg/mi) 15 munutes before the Bovden chamber mugranon assay. Minoeveline
inhibition of transmigranon across the fibronecun barner 15 an carly process (by
5 munutes), which 1s mantaned for the 24 hours of experimentanion. Values
are mean + SD ot tplicate samples. Student’s t-test compared to the

corresponding control sample “p<0.03, **p<0.01, “**p<0.001.



Table 3.1.1. The inhibition of T cell transmigration is not selective to a specific

T cell subset.

Experiment 1 Experiment 2

Control Minocycline Control Minocycline
CD3+ 76.7 74.5 77.9 744
CD4+ 0013 611 39.6 62.6
CD8+ 41.4 36.6 36.9 35.2
CDi6+56  13.0 19.5 15.6 15.8
CD25+ 27.3 19.1 16.9 213

OK'T3 acuvared T cells were incubated with munocyehne (250 pg/ml) 15 munutes
betore the addition to the upper compartment of a Bovden chamber mugranon assav.
After 24 hours cells in the bottom chumbers were collected, immunolabeled for thar
respective cell-type speatic murkers, and analvzed by tlow eveometry. Values arc

prrcentage of positve cells in the populion.
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3.2 Aim 2:
What are the mechanisms by which minocycline inhibits

T cell migration in vitro?
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3.2.1 MINOCYCLINE INHIBULS MDP ENZYMATIC ACTIVITY

As stated in my first wm, minocvcline mnhibits T cell migravon through a fibronccun barrer.

Once adhered to the fibronecun substrate, and, i order to go through the 3 pm pore
(Bovden chamber svstem), ‘1 cells have to be able to degrade the fibronecun barner. This s a
process dependent on MMPs (Leppert et al, 1996: X et al, 1996), and TIMP-1, 1 speaitic
mhibitor of MMPs, and 100 pM phenanthroline, 1 non-specitic metalloprotemnase mhibitor,
reduce 1 cell migration (Uhm cral, 1999). Indeed, [ corroborated the findings of Pacmen ot

al (1996) that mmnocycline 1 an inhibitor of gelannase acuviey (I 3.2.15 of MMPs.

Fig 3.2.1 Minocycline inhibits MMP enzymatic activity.
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A muxture of MMP-2and -9, obtaned tfrom the condinoned medium ot BI K
{baby hamster kidneyv) cclls transtected  with human MMP-2 and -9
(compliments of Dyvlan Fidwards, University of Fast Angla, UK) was resolved
by 1070 SDS-PAGE impregnated with gelann. Gels were then incubated wath
different concentrations of minoeveline, [FNB (1ooo U/mi) or without drugs
(control), dunng the development ot the zyvmogram. .\ direet cffect on
inhibiing the acuvity of MMP-2 or -9 15 indicated by the decreased

gelatnolvie bands compared to control.
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3.2.2 MINOCYCLINE INHIBIIS T CELL ADHESION ON FIBRONECTIN

Besides 1ts barner function, fibronectin acts as an adherence substrate. An niaal step for T

cells to mugrate s to adhere to tibronecun. Indeed, in the Bovden chamber svstem,
tibronccun tacthtaces I cell transmugranon compared to a barner that s not coated (g,
3.2.2). Adhesion of 1 cells on fibronectin is mediated by incegrins, specifically Bl integrins
(I 3.2.3). [t was possible that minocvehine caused mhibinon of mugranon by interfenng
with integnn acovity. Theretore, T performed an adhesion assay on tibronecun. s scen in
g 3.2.4 the addinon of munoceyehine (250 gg/ml) 15 munutes betore the assav inhibieed 1

cell adherence (g, 3.2.4).

Fig. 3.2.2 Fibronectin facilitates T cell transmigration.

Migration Assay
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Migranon assay pertormed in 3 gm pore size transwell chamber atter 24 hours
of mncubation. Chambers were coated with 25 Hg/ml fibronectn or were
uncoated. Vaiues are mean £ SD of triplicate samples. Student’s t-test

compared to fibronectn coated sample **"p<0.001.



Fig. 3.2.3 Adhesion of T cells on fibronectin is mediated by 1 integrins.
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One hour adhesion assav on tibronecnn, Sixteen-well chambers (Gibeo/ BRI,
were coated with tibronecun (25 pg/mls 100 pl/well). 1 eells were incubated
with 10 pg/ml of [gG 1 sotvpe control, or 1100 dilution of an asatuc anu-B1
antbody (Gibeo/BRIL clone P4CI0Y or 10 pg/ml of ano-B2 anubody
(Immunotech, clone 7E4) 30 munutes betore the adhesion assay. One x 1
cells were added per well and incubated tor one hour at 37 0 Cells were
washed and tixed m 40 PEEA and stuned for Peacun wath Pli-phallowdin,
FFollowing stuning, cell numbers were counted in six tields ar 400X from 2
chambers. Values are mean £ 5D ot enplicates. One-way ANOVN\ test with

Bonterront Post [oc. Values compared against control ~* p<t.b0 (.
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Fig. 3.2.4 Minocycline inhibits adhesion on fibronectin.
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Onc hour adhesion assav on Obronceun. T cells were incubated wath
mmocvchne (230 gg/mlb) 15 munutes betore the adhesion assav. Values are

mean £ N0 of inphcates. Student’s t-test compuared to control ©* p<tLi0].

3.2.3 Mg++ CAN OVERCOME THIE INFIBITORY EFFECT OF MINOCYCLINE ON'T

CELL ADEIESTON

The proper tuncton of integnns s dependent on the presence ot canions such as Mn++ and
Mg++ (Gahmberg et al, 1998). Because minoeyveline 15 a chelator of heavy metals (Pacmen
et al, 1996: Berthon et all 1983), a possible mechanism by which minoeyeline was inhibiing
adhesion was by sequestening Mg++ or Mn++. 'T'o test this possibility, 2 compeniion assay
was pertormed. Minocychine inhibitory etteet on adhesion could be overcome by increasing
the concentranion ot Mg++ (g, 3.2.5). The addinon of Ca++ decreased turther 1 ccll
adheston (Fig. 3.2.6) and the eftect of Mn++ could not be assessed since 1t appeared to be

toxic to the cells (about 85”0 of untixed cells took up propidium wodide).



Fig. 3.2.5 The inhibitory action of minocycline can be overcome with

Mg++.
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One hour adhesion assay on - fibronecon. Non-acuvated T cells were
incubated with minocyveline (250 pg/ml) and MgCl, 15 munutes betore the
adhesion assav. Values are mean £ SD ot phcate samples. One-way
ANOVA test with Bonterrom Post Toco Values  compared  aguinse

muinocveline 230 gg/mil (0 mM Mg++) ~p<t.0l, " "p<0.0nl.
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Fig. 3.2.6 The inhibitory action of minocycline cannot be overcome by

Ca++.
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One hour adhesion assay on fibronecnn. Non-acuvated 1 cells were
incubated with munocvchne (250 gg/ml) and MgCl, or CaCl, 15 minutes
betore the adhesion assay. Values are mean £ 8D ot inpheate samples. One-
way ANOVA est with Bonterroru Post Toc, Values compared agunst
munocvchne 250 Pg/ml (0 mM canons: e no turther addinon of canons to

the AIMV basal culture medium) “p<0.05, "= p<0.001.

3.2.4 Mg+ CAN OVERCOME THIE INHIBITORY EFFECT OF MINOCYCLINE ON T

CELL MIGRNXTION

To assess af the Mg++ chelanng property of minoceyeline was 1 mechanism by which
minocycline was inhibiting T cell transmugravon, we pertormed @ mugranon assay to
determine whether the eftect of mmocyeline could be competed by Mg++. \s shown in Fig,

3.2.7 increasing Mg+ + concentrations could overcome the inhibitory eftect of mmocyelme.



Fig 3.2.7 The inhibitory action of minocycline on T cell transmigration

can be overcome with Mg++.
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Migranon assay pertormed in 3 Hm pore size Bovden chamber coared with
fibronccun. Non-activated 1 cells were incubated with minocveline (250
Hg/ml) and Mgl 15 minutes betore the mugranion assav. Values are mean =
S of wmplicate samples. One-way ANOVN test with Bonterrom Post Hoc

agunst control *p<O.05, " p<tLOl.

3.2.5 MINOCYCLINE DOES NOT INTERFERE DIRECTLY WTTH B 1 SIGNALING

[n order to determine if minocveline could macovate the Pl omntegnn chain o 4
conformation that would not be abic to signal, a crosslinking experiment and analvsis of
ovrosine phosphorvlated protemns (as 4 marker of signal transduction) was performed.
Minocycline did not inhibit B1 signaling, suggesting that mmocycline does not compete tor
the epitope recognized by this mouse anti-human Bl integnn chain antibody from Gibeo

(Fig. 3.2.8).
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[n summary [ have contirmed in this \im that minocychne inhubits the gelannase acoviey of
MMPs. Minocychne also interferes with the adhesion of cells on fibroneeun, although 1t
does not inhibit directly the abiliey of the Bl integnn chain to signal. The inhibitory effect of
munocychne on adhesion and T cell ransmugranon was competed out by increasmy, the
concentration ot My++, suggesung that an important mechanism ot minocyvelne s by
chelanon of Mg++ required tor the proper tuncnoning of meegrns. In \im 3, [ reveal

turther activities of mmocycline, including inhibiting the production of MMDs,

Fig 3.2.8. Minocycline does not interfere with Bl signaling.
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T cells were untreated (control) or were cross-linked with ano-f 1 antibody. In
the minoeveline + anu-B1 group, 1 cells were incubated with minoeyeline
(250 pg/ml) for 30 muinutes betore the and-B 1 anubody (10Hg/mil) was added.
Activation time with the anu-Bl antibody was 5 munutes. Cell Ivsates were
immunoblotred with anu-phosphotyrosine anubody (4G EH0) as desenbed

methods
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3.3 Aim 3:

Will the combination of IFNP and minocycline
decrease T cell migration in vitro?
Are the mechanims of action of
IFNP and minocycline different?

Will the drugs (separate and together) prevent MOG EAE?
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3.3.1 MINOCYCLINE INCREASES THE EFFICACY OF IENB IN T INTIBITION OF T

CELL TRANSMIGRNTTION

I'NB decreases the transmugration of 'L cells after 72 hours of trearment  through
mechanisms dependent on MMP-9 producton (Stuve et al, 1996, 1997, Since munocveline
nhubited  the cnzyvmance acuviey of MMPs (g 3.2.0 1t was hypothesized  that the
combinanion of LI'NP and minocveline would decrease further 1 eell transmigranon.

T'o address whether IFNB and minocveline would act in combinanon in the reducrion of '
[vmphocyte mugration, mugratnon expenments were pertormed m the presence of both drugs
together or separately. In these senes of expenments T cclls were incubated in [IFNB (1000
L'/ml) tor 72 hours, while minocveline (250 pg/ml) was added 15 munutes betore the cells
were pliced in fibronectun-coated Boyden chambers. s shown m g, 3.3.1 minocveline

ncreased the efficacy of TN in the inhibiion of I cedl transmigranon.

Fig. 3.3.1. Minocycline increases the efficacy of [FNJ in the inhibition

of T cell transmigration.
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Migration assay pertormed in 3 gm pore size Bovden chamber coated with
fibronecun. Cells were counted atter 6 hours of transmugranon. Values are
mean = SD of tphcate samples. One-way ANOV.A test with Bonterrom

Post Hoc. Values compared against [FFNB <p<0.03, <<p<t.01.
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3.3.2 MINOCYCLINE DECREASES MMMP-9 EXPRIESSION

The wse of zymograms has previously revealed that munocvehine acted through a ditferent

mecharusm than [N, since, as shown in fig. 3.2.1, minocycline inhibited MMP activity,
while IFNB did not show any eftect. In this laboratory, Swuve et al (1997} have shown that
[ENB was able to inhibit ‘I cell transmugraton likely through the reducton of MMDP-9
expression. Since | postulated that minocyeline acted ditferendy than THFNP i was important
to nvestigate the ettect of minocveline on MMP production. Morcover, minocyvehne’s long

term eftects on I cells would be important in an in vivo situanon. \s 1 first approach. [

noted that of several potental MMP members, | cells express predomunanty MMDP-9
(gelainnase B), MNP-14 (MTE-MMDP) and MMP-1 (collagenase-1). Figure 3.3.2 shows an
mhibtiion ot speatically, MMP-Y (gelaunase B) transenpt levels by minocycline (230 Hy/ml)
compared to control. In contrast, [FNB (1000 U/ml) decreased i general the levels of all
the MMPs expressed by 1 eells.

[ tested tor the presence of protemn in the supernatant of cultured cclls, speatically of MMD-
9, by western blot. Minoeyeline deereased the level of MMP-9 protem (I, 3.3.31. Morcover,
at the concentrations used its etticacy was greater than IFNJ.

AMrogether, the ditferences berween the two drugs (Table 3.3.1) mdicated that mmocvehne in
combination with [FNB should enhance their individual efficaey m o arresung 1 cclls
rransmugration mn vivo. Furthermore, it was predicted that minocvchne would have greater

efticacy on LA compared to [FNB.

Table 3.3.1. Effects of minocycline and IFNP on T cells

Minocychine IENB
Decreases MMP-9 mRN A\ Decreases MMP mRN.A levels in general
Inhibits MMP enzyvmatic acuvity No cttect on MMP enzymanc acuviey

Reduces adhesion on fibronectin No cttect on adheston to tibronecun
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Fig. 3.3.2. Minocycline decreases MMP-9 RNA level. ‘
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1 cells were incubated with Minocyeline (250 pg/mi) or [FNP (1000 U/mi)
tor 24 hours and then collected nto an RN\ extracuion solution, Trvzol R
(Gibeo). Total RN was extracted tollowing the manutacturer’s detaled
nstructions. ‘Ten dg of RN\ per lane were subjected to an RN Ase protecuon

assay and products were resolved using a sequencing gel.
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Fig. 3.3.3 Minocycline decreases MMP-9 protein level.
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Non-actvated T cells were incubated i the presence (4] or absence (1) of
250 dg/ml munocveline or 1O0OL /ml TN or the combination tor 24 and 48
hours. The supernatant was  resolved by 1070 SDS-PAGHE gel and
immunoblotted  agunst the zvmogen torm ot MMP-9 as desenbed 1in

methods.
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3.3.3 MINOCYCLINE DELAYS THE ONSET OF MOG EAE

As stated in the introducuon, minocveline, by s inhubion ot collagenolvoe and gelaunolvuc

actviey, 15 thought to be beneticial in cheunatowd arthnos and penodonnns. Minoeveline has
muluple mmunomodulatng acoviues (see Introducton) and physiologically has been considered
a5 an ano-ntlammatory agent. Because AR s a1 cell mediared disease, and because T have
Jdemonstrated that mmocvelne deercases 1 cell transmugranon in viero, [ ested the hypothests
that mmnocycline would attect 1 eell transmugranon into the CNS parenchyma and amchorate
AL

MOG AL was induced in 12 week old C37BLL/6 temale muce as desenbed i methods and
ammals were momtored over a4 pertod ot 28 days. [n order to prevent AL reatments
(Table 3.3.2) were admimistered intrapentonceally: begmming on the day of induction on 1

dinly busis m 200 gl of PBS. Ten ammals per group were used.

Table 3.3.2. Treatments applied to MOG EAE

Group 1 -2 Control non-treated ammuals (PBS 1p. onee dailv:
Group 2 > Minocycline (50 mg/ kg 1.p. twice 1 day tor the tisst two davs: onee dudy

toe the next five dayss and 25 mg/ky tor the subsequent daysi:

Group 3 > IFNB (375000 U/kg 1p. once dailv);
Group 4 > Combination ot minocvclne and [l‘"_\'|3 (as desenbed per mdividual
Lgroup).

Anmmals were examined chimcally moa daly basts: some ammals were sacaticed at day 21 tor
histologrcal analysis. s seen in Fig. 3.3.4 control muce subjected to MOG mnoculum developed
stms ot [LALL by 12 days of inducuon, and the seventy of discase progressively increased. By 18-
20 days post-induction control MOG ammals were paralyzed (grade 4). Minocyeline delived the
onset of 12\ for 8 days compared to non-treated animals. [FNP prevented the onset of discase
tor 3 davs, but atter 20 days post-induction ammals were as sick as non-treated controls. A dropin
weight generally accompanies the onset of FXAL as shown in panel B (g, 3.3.4). One animal

trom cach munocychne treated group died tor unknown reasons, presumably due to drug toxacity.
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[n order to determune 1f muinocvehne was delaving 1A by arresung intiltranon into the CNS
parenchyma histological analvsis were performed ac day 210 g, 3.3.5 shows representatve cross
secuons of the sacral spinal cord staned for Luxol Fast Blue of MOG EAT ammal and healthy
control. .\s observed in AL afthered arumals, there s leukocevee mhbltranon. Moreover, the lossin
blue stunmg retlects some demyelinanon.

Minocyehine treated ammals (alone or i combmanion) showed no mononuclear mbltranon into
the NS parenchyma at day 21 [n contrast, [FNB or non-treated AL ammuals showed an
extensive mtiltraoon of leukoevees nto the CNS parenchyma (Fig 3.3.6). This lustological inding
corrchites with the chinical manitestanons. Minoeveline could prevent mfiliranon ot leukoevees
nto the CNS and presumably delaved theretore the climeal onser ot AL

One of the advantages ot the MOG FAE model s the producton of demyvelimanon in the opuc
nerve which 15 an carly symprom in many cases of MY, Cross sections ot the optic nenve were
taken at day 21 and examuned tor demyclinaon. g 3.3.7 shows signs of demyehnanon as well as
reacnive ghat cells in the parenchyma m MOG AR ammals. Secnons observed trom minocevelne
treated ammals showed a healthy parenchyma (g 3.3.8) where the axons examined remaned

mychnated and there were no sigms of reacuve ghal eells.

In summury, minocvcline delaved the onset of AL tor 8 days compared to non-treated
ammals. Morcover, the average ume for minocvehine treated ammals to become paralyzed
was 8 davs longer than non-treated or IFNB treated EALL amimals. The climeal signs
correlated with the histological sigms. suggesung that munocvehne could prevent leukocyte
nfiltravon into the NS parenchyma. Overall minocyehne showed a0 greater ethicacy in

preventng 1AL than TFNB.



Fig. 3.3.4. Minocycline delays the onset of MOG EAE.
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Panel A shows seventy of EAE graded according to Bernard et al (1997) (see

methods). Briefly, 0, no disease; 1, loss of weight and hmp rail; 2, parual
paralysis of one or two hind imbs; 3, complete paralysis of hind imbs; 4, hind

limb paralysis and fore imb paraparesis; 5, monbund. Panel B shows the

animal weights. Values are mean + SD ot about 6-10 mice. One-way ANOVA

test with Bonferron Post Hoc. Values compared aganst control **p<0.01,

*xxp<0.001.



Fig 3.3.5 Histological section of MOG EAE compared to a healthy animal

Mice were pertused with PBS and the sacral part of the spinal cord was disseeted, fixed in
40 PIEA over mght and embedded in parattin wax. Cross secuons (6-8 microns) were
staned with hacrmatoxylin-cosin and Luxol tast blue tor evidence of inflammaton and
demyelination, respectivedy. A view ot the spinal cord of a MOG AL mouse is shown so

that the presence of leukocytes can be better appreciated.

~



53

Fig 3.3.6 Minocycline prevents leukocyte infiltration into the CNS parenchyma

Mice were pertused with PBS and the
sacral part of the spinal cord was
dissected, fixed in 40 PEN over might
and embedded i parattin wax. Cross
sections (6-8 mucrons) were staned with

hacmatoxviin-cosin and Luxol tast bluc.
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Fig 3.3.7 MOG EAE mice have demyelination and gliosis

Mice were pertused at day 21 with PBS and the opuc nerves were disseeted and fixed
n 25" glutaraldehyde over might, embedded in epon, secooned at 2 mucrons and
staned with toludine blue. MOG EAL secuons show demyelinanon and ghosis. AX:
axon: M: myelin sheath: black arrow: demyehnated axon: green arrow: abnormal

mvelin sheath, evidence of demyelnanon.
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Fig 3.3.8 Minocycline retards the appearance of demyelination

Mice were perfused with PBS and the
opuc nerves disseeted, tixed in 2.5
glutaraldehyde, embedded in epon,
sectioned at 2 microns and stuncd with

toludine blue.
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CHAPTER4

DISCUSSION

4.1 Overview

Multiple Sclerosis is an inflammatory disease characterized by the infiltration of large
numbers of lymphocytes and monocytes into the CNS. It is believed that this infiltration
leads to elevated levels of pro-inflimmatory cytokines and an undesirable inflammatory
response within the CNS. Therefore, arresting inflammatory cells from infiltrating the CNS
could lead to the amelioration of MS. The entry of leukocytes into the CNS is dependent on
several factors including the expression of MMPs that degrade the extracellular matrix
proteins of the basal lamina in the BBB. Several lines of evidence implicate MMPs as being
pathogenic factors in MS (reviewed in Yong et al, 1998b; Yong, 1999). First, MMPs are
elevated in the CSF and brain of patients with MS. Second, serum MMP-9 levels are
significantly elevated in MS patients compared to healthy controls; within the MS
population, serum MMP-9 levels are higher during clinical relapse relative to periods of
stability. In additon serum MMP-9 levels are correlated with the number of gadolinium
enhanced lesions detected by MRI (Lee et al, 1999; Waubant et al, 1999). Third, inhibitors of
MMP activity have efficacy in EAE. Fourth, young mice genetically deficient for MMP-9 are
relatively resistant to EAE compared to age-matched controls (Dubois et al, 1999). Finally,
one of the mechanisms by which IFNB may act in the amelioration of MS is by inhibiting

the production of MMP-9 since IFNf} treated MS patients show reduced serum MMP-9
levels (Trojano et al, 1999). This thesis tested the hypothesis that targeting MMPs could
constitute an experimental approach to ameliorate CNS inflammation.

Our laboratory had previously demonstrated that the transmigratdon of T cells across a
fibronectin barrer could be correlated with the expression of MMP-9, and that T cell traffic

was inhibited by IFNP in correspondence with the inhibition of MMP-9 production (Stuve



57

et al, 1996; 1997). While MMP-9 production by T cells was inhibited by IFNf3, MMP-9
enzyme activity was unaffected. Consequently, we hypothesized that the combination of
IFNP with a direct inhibitor of MMP-9 enzyme activity would be more effective in arresting

leukocyte trafficking and that this combination could lead to a better therapeutic outcome in
MS that either drug individually.

In considering inhibitors of MMP enzyme activity we chose minocycline because besides its
MMP inhibitory capacity (Paemen et al, 1996) the drug was already in clinical use for other
indications. Therefore, given that minocycline had already been approved by the FDA for
human use, its potential employment as MS therapy would have been facilitated.

Firstly we have confirmed that minocycline has MMP inhibitory ability, and furthermore,
that minocycline is able to decrease migration of T cells across a fibronectin barrier. The
inhibitory effect on T cell transmigration is rapid (15 minutes) upon addition of minocycline
and it is dose dependent. Moreover, it is not specific to any of the individual populations of
lymphocytes tested (CD4+ T cells, CD8+ T cells, CD16+56 NK cells or CD25+ cells).

We have found that minocycline not only inhibited T cell transmigration, but that it also
inhibited T cell adhesion onto fibronectin. The inhibitory action of minocycline could be
overcome by the addition of increasing concentrations of Mg+ +, suggesting that the effect
is related to Mg++. Other effects of minocycline on T cells are the inhibition of MMP-9
production at the level of both mRNA (demonstrated by RPA) and protein (demonstrated
by western blot) (Fig 4.1.1).

These collective findings suggested minocycline to be a promising therapeutic approach for
the treatment of MS. Moreover, because minocycline inhibited MMPs at both production
and activity of MMPs, it was predicted that minocycline would offer better benefits than
IFNB as a therapy for EAE and possibly MS. Therefore we tested the efficacy of
minocycline against IFNB. MOG-EAE in C57BL/6 mice was used as a model for MS.
Minocycline delayed the onset of EAE for 8 days compared to non-treated animals.
Moreover, the average time for minocycline treated animals to become paralyzed (grade 4)
was 8 days longer than non-treated or IFNP treated EAE animals. Overall minocycline

showed a greater efficacy in preventing EAE than IFNP.
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The tollowing sections discuss in greater detals my findings and therr implicauons.

Fig 4.1.1 Minocycline inhibits T cell transmigration.

MINOCYCLINE

Bep < ahad Mmp  MMP- ;
FNENFNENENFNFNFNENENENENENERENENFNENENENENENFN fintn  m tfeFNInfrin

Minocveline has an inhibttory etfect on (1) adhesion of 1 cefls on tibronecun
(N, tn), on (2) MMP-9 expression and (3) MMP gelatinase acuvity with the

resulung (4) nhibiton of 1 cell transmugranion.
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4.2 Minocycline and its effects on T cells in vitro

4.2.1 MINOCYCLINE INHIBITS T CELL MIGRATION IN VITRO
To determine the infiltrative capacity of lymphocytes across a proteinaceous barrier, the in

vitro Boyden chamber assay was used. The Boyden chamber method evaluates the number
of lymphocytes which, in accordance with the concentration gradient of migration factors,

pass through a 3 m millipore filter and migrate to the lower chamber. Because lymphocytes
are floating cells (they do not adhere on plastic in vitro), they can be collected and easily
counted by the use of a Coulter counter (Albini et al, 1987). It is noted that the method
measures both chemotaxis and chemokinesis. As a model of the ECM barrier we used
fibronectin since it is a component of the basal lamina of the BBB. In early MS and EAE
lesions there is deposition of fibronectin and fibrinogen (Esiti and Morris, 1991). This
deposition on endothelial cells is thought to enhance leukocyte adhesion (Languino et al,
1993). Similarly and as shown by my results, fibronectin coated chambers facilitate T cell
transmigration in the Boyden system tested. Therefore, even though simplistic, fibronectin
coated Boyden chambers seem to be a good model to study T cell transmigration,
specifically when mechanisms associated with the basal lamina component of the BBB are of

interest.

As shown by my results, minocycline attenuated adhesion and T cell transmigration through
fibronectin. The inhibitory action of minocycline was overcome by the additon of Mg++.
The family of tetracyclines has the ability to bind divalent ions with variable capacity. For
example, calcium forms 2:1 metal-ion to tetracycline complex, while the magnesium complex
can be formed at a 1:1 ratio. Formation of the calcium complex involves addition of one
metal ion to the C-10, C-11 site with subsequent addition of a second metal ion at the C-12,
C-1 site. The magnesium chelate occurs at the C-11, C-12 beta-diketone site (Fig 4.2.1)
(Newman and Frank, 1976). Therefore, it is possible that minocycline could inhibit T cell
adhesion and transmigration by chelating Mg++. The inhibitory action on granulocyte
chemotaxis has also been related to the chelation property of minocycline, but in this case,
specifically, of Ca++ ions (Sugita et al, 1995).
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Fig. 4.2.1 Tetracyclines can bind to ions.

Year of
Chemical name Generic name Trade name discovery Structure
7-chlorotetracycline  chlortetracycline Aureomycin 1948 °| ) i"
Tetracycline tetracycline Achromycin 1953 4 o

OM

7-dimethylamino-6- minocycline Minocin 1972 A coe,
demethyl-6-deoxy- o 0 oo
tetracycline

Calcium can interact with C-10, C-11 site with subsequent addition of a second
metal ion at the C-12, C-1 site. Magnesium interacts at the C-11, C-12 beta-
diketone site (modified from Chopra et al, 1992).

The role of Mg++ in T cell transmigration is presumably at the level of adhesion;
specifically, Mg++ is a required cofactor for 1 integrin activation. Firstly, fibronectin
facilitates T cell migration. Secondly, the interaction of T cells with fibronectin is mediated
by members of the 1 integrin family. This is specifically achieved in CD4+ T cells by a4-
or 0t5- B1 heterodimer combinations. Third, Mg++ is required for T cell adhesion mediated
by these integrins. Mg++ binds to the 1 chain as well as to the a4 and 05 chains inducing

an activated conformational state that allows the receptor to bind fibronectin (Takamatsu et
al, 1998; Masumoto, 1993).

MMPs have been implicated in the transmigration of T cells. TIMP-1 inhibits specifically the
transmigration of T cells through the 3 micron fibronectin coated Boyden filter, which
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suggests an MMP dependency (Uhm et al, 1999). Therefore minocycline could be also
inhibiting the enzymatic activity of MMPs.

In 1983, Golub et al suggested that the inhibitory effect of minocycline on collagenolytic
activity was probably due to its chelation of Ca++, since the inhibitory effect was diminished
by the addition of CaCl,. As their name implies it, MMPs are metalloproteinases, that is, they
depend on Zn++ and Ca++. Both mechanisms are essential for the acuvity of MMPs.
Zn++ acts as an intrinsic metal cation, being at the center of the catalytic site and required
for the activation of MMPs, and Ca++ acts as an extrinsic one, needed as a cofactor to

stabilize the tertiary structure of MMPs (Seltzer et al, 1977).

Other actions such as direct binding of minocycline to 1 integrin or MMPs cannot be
discarded and these could also be involved in the inhibition of T cell transmigration.
Minocycline has been shown to suppress collagenase activity in vivo for more than 19 weeks
after the drug was discontinued (Golub et al, 1985). Greenwald et al (1987) have speculated
that binding of minocycline to MMPs directly results in a loss of enzymatic activity and that

the slow clearance of minocycline from such a complex provides the prolonged effect in

vivo. In similar way, 31 integrins could have such a binding site for minocycline.

In an attempt to test the possibility that minocycline would bind to the 1 chain and change
its configuration into a non-active state, cross linking experiments were performed where
minocycline would be a possible competitor. Minocycline did not have any effect on the B1
signaling outcome suggesting that (1) the drug does not compete for the epitope recognized
by the anti-B1 antibody utilized or (2) minocycline does not change the 1 chain into an

inactive non-signaling state.

4.2.2 MINOCYCLINE HAS LONG TERM MECHANIMS OF ACTION ON T CELLS
The decrease of MMP-9 levels by minocycline may be explained by an effect on MMP-9

gene transcription and/or mRNA turnover. It should be noted that minocycline specifically
affected mRNA levels of MMP-9, but not MT1-MMP or MMP-1. Similar specificity has
been observed in the inhibitory action of minocycline on T cell cytokine production. In
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human peripheral T cells, minocycline selectively suppressed TNFa and IFNY production,
but not IL-6, and it did so at the mRNA level (Kloppenburg et al, 1996a).

It has been described that minocycline penetrates leukocytes obtained from human
perpheral blood. Agranulocytes absorb tetracyclines more actively than granulocytes
(Kivman, 1984; Saivin et al, 1988). Once inside the cell minocycline could interfere with
signal transduction cascades with the result of MMP-9 inhibition. For example, Pruzanski et
al (1992) have shown that minocycline can inhibit phospholipase A2 enzymatic activity.
Minocycline ingestion significantly enhances the dse in Ca++ influx by splenocytes from
collagen immunized rats, when stimulated by Con A. Rising intracellular Ca++ is a vital
second messenger for T cell activation. Sewell et al (1996) have postulated that by amplifying
intracellular Ca++ during collagen II immunization and altering the normal signal
transduction relationships between intracellular Ca-++ and costimulatory events, minocycline
may provide a tolerogenic state. This could explain the effect of minocycline on inducing
nonresponsiveness or anergy in T lymphocytes, as determined by proliferation and IL-2

production to CD?3 antigenic stimulation (Kloppenburg et al, 1995b).

4.3 Minocycline and its effects In vivo

4.3.1 EFFICACY OF MINOCYCLINE N MOG EAE
Minocycline could delay the onset of MOG EAE for 8 days, nonetheless, after the onset of

disease the progression was similar to that shown by non-treated EAE animals. Why is it

that minocycline did not prevent completely the disease? It is possible that the explanation is
related to the dose used and the severity of EAE induced. Minocycline was administered at
50 mg/kg for the first 7 days and subsequently, the dose was reduced to 25 mg/kg. It is
possible that the reduction of the dose to half diminished the beneficial effects and thus the
clinical outcome. Also it is noted that the majority of drug trials in EAE have involved the
use of animals in grade 2 EAE; in this thesis, grade 4 EAE was the result.
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Minocycline showed a greater efficacy than IFNP in preventing MOG EAE. IFNP has been
shown to prevent or reverse the disease in various EAE models at a concentraton of 10000
to 5000 U/animal (Yu et al, 1996). We showed that at a concentration of 7500 U/animal,
IFN could prevent the onset of disease for 3 days. However, IFNB did not alter the course
of MOG EAE, since animals became paralyzed (grade 4) around the same time as non-
treated EAE controls. At a concentration of 50 mg/kg administered for the first 7 days,
minocycline had a better effect in preventing the onset of disease. Therefore, minocycline
could be perceived as a better therapeutic approach for MOG EAE. Nonetheless, it cannot
be concluded that minocycline has greater efficacy than IFN, because a higher dose of
IFNP could have shown better results. The effect of higher doses of IFNB on prevention of
MOG EAE remains to be explored.

4.3.2 MINOCYCLINE AND ITS MECHANISMS OF ACTION IN VIVO
The exact mechanisms by which minocycline might be acting in vivo are not known. Varous

levels of action are possible: periphery versus CNS; inhibition of immune response to
induction versus T cell traffic into the CNS; inhibition of T cell activation versus inhibiton

of integrins versus MMPs versus inhibition of pro-inflammatory cytokines.

4.3.2.1 Minocycline as inbibitor of T cell transmigration in vivo
As shown in the in vitro experiments minocycline inhibits T cell transmigration at a

concentration of 250 pg/ml. However, physiologically, levels of minocycline in the sera of
patients treated with 100-200 mg of minocycline orally would not be expected to exceed 10

Hg/ml The peak serum concentration of minocycline is approximately 6 lg/ml when 200
mg of it is intravenously given to healthy adult male subjects (teviewed in Masumori et al,
1994). Thus, it may be concluded that the concentrations of minocycline used in this thesis
for the in vitro experiments are beyond the physiologically relevant range. Whether studies
of the effects of minocycline concentrations higher than those achievable in vivo in routine
clinical practice are useful is a matter for discussion. It must be realized that an in vivo
system, such as in a patient, is far more complex than an in vitro system, which is a
controlled model. This implies that evaluation of the effects of high concentrations of

minocycline in vitro provides an opportunity to help define the in vivo modulatory action of
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a drug. Furthermore, minocycline has a high degree of lipid solubility that results in
concentrations in tissue that exceed concentrations in serum. Consequently, lipid-soluble
tetracyclines have been reported to accumulate in leukocytes (Saivin et al, 1988), which
makes difficult to evaluate the efficacy of minocycline on the basis of concentrations in

culture medium and serum.

Minocycline was shown to inhibit T cell adhesion and transmigration through mechanisms
related to Mg++. In other words, Mg++ could be perceived as an inhibitor of minocycline
on T cell migration in vitro. Therefore, it is valid to ask the question if minocycline, by its
chelating property, would arrest T cell infiltration in vivo. Tetracyclines can be distributed in
different complex species, proton and metal bound fractions. In combination with the
protein bound fraction of the tetracyclines, the metal bound fraction represents more than
99% of these drugs in plasma, the extent of their free fraction commonly being less than 1%.
The fraction of antibiotic not bound to proteins almost exclusively occurs as calcium and

magnesium complexes (Berthon et al, 1983).

If the mechanism by which minocycline inhibits T cell adhesion and transmigration is by
chelating magnesium and, if minocycline in plasma is mainly in the metallic form, then it
would be logical to conclude that minocycline would not inhibit T cell transmigration into
the CNS in MOG EAE. However, as shown in the histological sections, minocycline
prevented MOG EAE onset by inhibiting mononuclear infiltrates into the CNS.

D-penicillamine, a protease inhibitor that prevents acute and abrogated chronic relapsing
EAE, is also a chelator. The authors implied that this property could be the mechanism by
which D-penicillamine directly inhibited MMPs contributing to the therapeutic effects
shown by the drug in vivo (Norga et al, 1995). Moreover, the beneficial effects shown by
minocycline in patients with rtheumatoid arthritis (RA) have been associated with its ability to
inhibit MMPs. MMPs are thought to contribute to the pathogenesis of RA by facilitating the
inflammatory infiltrates into the joint and degrading the collagen in the cartilage (teviewed in
Harris, 1990). In conclusion, it is possible that minocycline, by inhibiting 1 integrin and
MMP activity in vivo, could prevent T cell infiltration and consequently MOG EAE.
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Similar to the in vitro situation shown in this thesis, another additional mechanism of
minocycline could be by inhibiting the expression of MMP-9 in T lymphocytes and
consequently arrest T cell transmigration across the BBB. Moreover, a reduction in MMP-9
levels would be beneficial to the preservation of the BBB. Interestingly, it has been reported
that doxycycline (50 (WM) completely inhibits the phorbol-12-myristate-13-acetate (PMA)-
mediated induction of MMP-8 and MMP-9 (Hanemaaijer et al, 1998) which could be an
additional mechanism by which minocycline could preserve BBB integrity.

4.3.2.2 Minocycline as immunomodulator
In animals, tetracyclines have been shown to suppress the DTH respoase, the rejection of

transplants and levels of serum immunoglobulin. Furthermore, in vitro tetracyclines
inhibited the proliferative response of human peripheral blood mononuclear cells to

mitogens (Potts et al, 1983).

Minocycline has been described as an immunosuppressor. Both minocycline and tetracycline
suppress murne thymocyte co-mitogenesis induced by IL-1 (Ingham, 1990). In humans, T
cells can be suppressed functonally by minocycline, resulting in a dose-dependent inhibiton
of T cell proliferation, decreased IL-2 responsiveness and reduction in producton of IL-2,
IFNY, and TNFa (Kloppenburg et al, 1995b). Because a direct immunization model was
used in this thesis, it is possible that minocycline acted as an immunosuppressor on the
induction phase of the immune response. In order to measure the extent of the inhibitory
action of minocycline on the transendothelial migration of T calls into the CNS, and on the
course of chronic EAE, the use of an adoptive T cell transfer model is necessary. This

experiment is contemplated as future directions of this project.

A reduction on IFNY or TNFQ levels is significant in MS. IFNY and TNFa are pro-
inflammatory cytokine with multiple functions, including the activation of cells of the
monocyte lineage and the up-regulation of adhesion molecules on endothelial cells that
regulate the entry of T cells into the CNS (reviewed in Hohlfeld, 1997; Yong et al, 1998a). In
humans, IFNY worsens the symptoms of MS. IFNY is a potent promoter of MHC II
expression on monacytes, microglia, endothelial cells and astrocytes; moreover, it promotes
the differentiation of naive CD4+ cells into Th1 cells, propagating inflammation. Cells
isolated from the CSF during active disease expressed a Th1 pattern of cytokine production.
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TNFa levels in CSF can be detected only during active disease and not inactive MS. MS
relapses were preceded by increased IFNy and TNFP secretion by Con A stimulated

mononuclear cells and were accompanied by increased IFNY secteting cells in blood. PLP
specific T cell clones generated from MS patients during clinical relapse secreted primary
IFNY and TNFa (reviewed in Hohlfeld, 1997; Yong et al, 1998a).

Minocycline have shown beneficial effects in patients with RA. It suppresses the laboratory
parameters of disease activity, especially the acute-phase reactants (reviewed in Kloppenburg
et al, 19952). For example, in a study designed to analyze the ant-inflammatory effect of
minocycline in rheumatoid arthrits, serum samples of 65 RA patients who completed a 26-
week randomized double-blind trial of minocycline (100 mg twice a day) versus placebo were
studied. Serum levels of IL-6 and rheumatoid factor (RF) decreased in the minocycline-
treated group only. Minocycline significantly decreased serum IgM-RF, IgA-RF, total IgM
and total IgA levels. In addition the ratio of IgM-RF/total IgM decreased in the
minocycline-treated group (Kloppenburg et al, 1996b). Therefore, minocycline could act as

immunosuppressor and as such be beneficial for MS.

4.3.2.3 Minocycline in the CNS
Minocycline (MW: 493.9 g/mol) has the ability to traverse the BBB. Indeed, because of their

greater lipid solubility, minocycline and doxycycline are better distributed than other

tetracyclines, to areas of the body such as eye, brain, cerebrospinal fluid, and prostate glands.
This has made these drugs the choice of treatment in cases where these areas are infected.
For example cerebral malaria is usually treated by intravenous administration of doxycycline
or minocycline (Aronson et al, 1980).

Since it can enter the CNS, minocycline could act as an inhibitor of MMP-9 production on
those T cells already in the CNS parenchyma as well as an inhibitor of MMP activity within
the CNS. By inhibiting MMP activity, minocycline could contribute to the preservation of
the myelin sheath, since MMPs are proteases able to degrade myelin into encephalitogenic
components (Chandler et al, 1997; Opdenakker et al, 1994). The observation that
minocycline affects MMP-9 also has consequences on the production of the
oligodendrocyte-toxic cytokine, TNFO. The effect could be the prevention of conversion of

pro-TNFa into its active form, which could be beneficial for EAE and MS (reviewed in
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Yong, 1999). Minocycline might thus antagonize effects of cytokines which transcriptionally
activate the MMP-9 gene (Johnatty et al, 1997). Because TNFO seems to be a disease

promoting cytokine in MS and EAE, inhibition of this cytokine would be beneficial in MS
(Selmaj, 1995; Raine, 1995).

Yrjanheiklkd et al (1998, 1999) have shown that doxycycline and minocycline inhibited
inflammation and were neuroprotective against ischemic stroke, even when administered
after the insult. Minocycline showed better efficacy than doxycycline. It increased the
survival of CA1 pyramidal neurons; prevented completely the ischemia-induced activation of
microglia; reduced mRNA induction of interleukin-1beta-converting enzyme in microglia;

and, attenuated the expression of inducible nitric oxide synthase mRNA.

The inhibition of microglia activation could be of benefit in EAE and MS. Microglia have
been considered as potential myelin antigen presenting cells being implicated in the initial
phase of the pathogenic immune response in MS and EAE. Moreover, they release pro-
inflammatory cytokines such as TNFa, TNFf3 and IFNY (Raine, 1994). Microglia are also
responsible with monocyte/macrophages for the ingestion of myelin, probably contributing
to demyelination. If minocycline acts by inhibiting microglial activation, the drug could have
therapeutic efficacy not only for MS and ischemic stroke but for many CNS pathologies
such as AIDS dementia, traumatic brain injury, Alzheimer’s disease, experimental globoid

cell dystrophy, and brain abscesses.

4.5 Minocycline as therapy for MS

The immunomodulatory and the ant-MMPs properties as well as the in vivo beneficial
results shown in this thesis suggest minocycline as a potential therapy for MS. Because a
progressive EAE was used for this study and since minocycline could delay the clinical
manifestations, it is valid to rationalize that minocycline could ameliorate the course of the

progressive form of MS.



68

In view of the fact that the relapses in MS are unpredictable, a continuous treatment with
minocycline would have to be used to prevent relapses. The long term efficacy and safety of
tetracyclines as disease modifying anti-inflammatory drugs is a concern in MS. For example,
in a small tral of minocycline for RA, seven of ten patients treated with minocycline
(maximal daily dose 400 mg) reported vestibular side effects and gastro-intestinal intolerance
(reviewed in Kloppenburg et al, 19952). Moteover, among acne treated patients with high
doses (100-200 mg daily) and long exposure (6 months to 2 years) minocycline was shown to
induce serum sickness, autoimmune induced hepatitis and systemic lupus erythematosus-like
syndrome, and vasculitis, specially in women. In relation to the number of prescriptions, the
number of serious adverse events of minocycline described is small and there is clinicai and
biochemical resolution after withdrawal of the drug (Gough et al, 1996; Bhat et al,1998;
Akin et al, 1998; Elkayam et al, 1999). The fact that minocycline could induce autoimmune
manifestations among women reflects the potential immunomodulatory effects of

minocycline in humans.

In the MOG EAE trials shown in this thesis, two minocycline treated animals (of 20 animals
in total) died before onset of EAE symptoms, suggesting a drug related death. The toxicity
of minocycline could be related to the dose used and to the form of administration. In pigs
and rabbits, the parental administration of tetracycline and oxytetracycline were rapidly
adsorbed by lymphocytes and consumed by the epithelium of the kidney and cells of the
liver parenchyma (Karput, 1976). It is possible that metabolites of tetracycline could be toxic
for the liver and the kidney. Nonetheless, among the tetracyclines, minocycline and
doxycycline can be given in full dosage with minimal risk to patients with renal impairment
(Barza et al, 1977). Another means to utilize minocycline could be to administer the drug for
short periods in MS subjects in combination with a drug already approved for MS use, such
as IFNP or copaxone (O'Dell et al, 1999).

The antibiotic capacity of minocycline could also be a disadvantage in its use for non-
infectious diseases. Nonetheless, minocycline might be a lead compound for the
development of more potent non-toxic MMP inhibitors. Indeed, the MMP inhibitory action
of tetracyclines has become of such interest that tetracycline derivatives that have lost their
antimicrobial properties altogether, but retain their anti-MMP activities, are being developed
(Golub et al, 1992; Rifkin et al, 1994).
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4.6 Conclusions

This thesis has been able to demonstrate that minocycline is able to decrease adhesion and
migration through fibronectin of T cells in vitro. In vivo, minocycline delayed the onset of
MOG EAE in C57/BL6 mice for 8 days compared to non-treated animals. Moreover, the
average time for minocycline treated animals to become paralyzed was 8 days longer than
non-treated or IFNf treated EAE animals. Overall and at the concentrations used,

minocycline showed a greater efficacy in preventing EAE than IFNf. Mechanisms of action
of minocycline involve MMP enzyme inhibitory activity as well as inhibiion of MMP-9
production at the level of both mRNA and protein in T cells.

Because of these effects and because of additonal immunomodulatory actions on the cell

and humoral components of the immune system, we expect that minocycline will improve

the prognosis of patients with MS by itself or in combination with IFNJ or copaxone.

4.7 Future directions

Future research can be expanded in varous fields. Firstly, the mechanism of action of
minocycline should be studied further. This can be achieved at two levels, cellular/molecular
and physiological levels. At cellular/molecular levels it would be useful to know which
cellular component minocycline affects. It is known that minocycline can enter leukocytes.
Studies with doxycycline show that it distrbutes mainly to the mitochondria and not the
nucleus. Similar studies could be done with minocycline in T cells in an attempt to
investigate the effects on the internal cellular machinery. It is possible that minocycline could
inhibit MMP-9 mRNA levels by interacting with signal transduction molecules or directly
with the transcription or degradation of mRNA. There is specificity of action of minocycline
on MMP-9 that should be further investigated. Since minocycline could have many beneficial
effects as therapy for MS and other diseases, its activity on T cells as well as in monocytes
should be pursued further. At the physiological level, it would be informative to analyze the
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cytokines as well as MMPs expressed in the CNS and plasma of EAE animals in treatment

with minocycline relative to non-treated controls.

MS patients after their diagnosis have already suffered from brain inflimmation and have
initiated a series of permanent autoimmune reactions which gradually or episodically damage
their nervous system. Therefore chronic animal model systems and effective treatment
regimens starting only after 1 first episode of brain inflimmation are crucial to develop
effecive MS treatments. This requires the use of a relapsing model of EAE. There are
various models used, for example PLP EAE in H-2' mice or MOG EAE in H-2¥ mice or
Lewis rats could be potential tools for future trials. Our data show encouraging results and
there is a hope in obtaining similar beneficial effects in the RR-EAE model for the cure of
the relapses.

Moreover, trials with minocycline in long term studies of animals would be useful to
determine possible side effects. Also animal trials comparing the efficacy of minocycline

against, or in combination with Copaxone or IFN, are worth investigating.

Finally, since minocycline is currently in use for the treatment of diseases other than MS, it
may be worthwhile initiating clinical trials of minocycline in MS. In contrast to the drugs
now available for MS, minocycline is an established, inexpensive and orally effective drug in

humans.
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