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MuItiple Sclerosis PS) is an dlammatoq dernyhring disease of the central nemous system 

(CNS) with no cute. MS is characterized by the infiltration of lymphocytes and rnonocytes into 

the CNS leading to an undesirable lnflammatoxy response. Atresnug idammatory cells horn 

mfiltrating the CNS could lead to the amelioration of MS. Manix rnetalloprotdnases ( M M P s )  are 

eutrcellukt m a m ~  (ECM) degradmg proteinases thought to hcilitate the m q  of leukocytes into 

the CNS in MS. This thesis tested the hypothesis that targeting MMPs could constitute an 

experimental approach to ameliorate C N S  inflammation. Minocycline, a tetracycline that inhibits 

MhfP activity, decreased adhesion and migration of T c& in vitro. Mechammu of action 

included MMP enzyme inhibitory activity and inhibition of MMP-9 production. Minocydine 

delayed the onset of MOG EAE (experimental allergic encephalomyelitis) compared to non- 

treated or interfkxon-P (IFNP) treated animals and inaeased the average h e  for animals to 

become paralyzed Minocydine may improve the prognosis of patients with MS. 
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t .I Multiple Sclerosis 

1.1.1 WHAT IS MULTIPLE SCEROSIS? 
- 

~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:l). 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-Gutman and Cohen, 1996). Patients with IMS manifest several distinct 

clinical paaems. 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 

kom the onset of the &ease in 15% of patients (primary progressive MS) (Paty and 

McFadand, 1998; Weinstock-Guttrnan and Cohen, 1996). 

Even though the etiology and pathogenesis of bE remain an enigma, lLlS is considered to be 

an immune-mediated disease of the CNS. Multifocal perbas& mononudeat cell infiltrates 

in brain white matter and demyelination constitute hallmarks of MS. ,4cute lesions are 

characterized by lymphocyte and macrophage infdtrates, by macrophages filled with myekn 

deblis, ohgodendrocyte loss and breakdown of associated myelin sheaths, and astrocyte 

proliferation (Fhench-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 -tory 



activity; the mvclin shcaths 2nd ~~Ligoclcnclrocytcs Jrc abscnt inJ clcmycllnaccd Jsons ire 

sepw~rcd  by a Jcnsc ncnvork o i  ;lstrocvtcs pn)cusscs. Sircs o f  mycLn loss. knoivn -1s pl~lqucs. 

:Ire sc:~ttcrcd throughout thc ivhirc mmcr  o f  the optic ncmc. ct lrtcr. p~ t i r~n r t i c~ l l :~ r  rcL$ )ns. 

briln stcm. ;lnJ spinal cr~rcl. I'l~qucs in c~i t icd locutions Llcrurminc the n p c  o f  clis~biliv 

nc l / o r  syrnptom~tolo~y. 'L'hus. vision mily bc cornpn~miscd if thcrc is pl y u c  in rhc (~prlc 

n c n c  :mcl spasticin. r n l y  occur if thcrc . ~ r c  pl:lqucs in thc clcsccncling pvr:lrnlJ:~l rr:lcts. .\l.lnv 

cortic:~l pl;q ucr :Ire clinic~llv silcnr. ( :ommon c:~rl!. manifcsr:ltions in .\IS Lrc (~pr ic  ncu titis. 

parcsrhcst;ls. mild scnson- ()r  motor symptoms ~n a limb i )r ccrcbcl1:lr ino )ord~n:~tk)n. while 

thc c n J  s t q u  is ~ h ~ l r . l c r c & ~ ~ c l  bv r~nsrcadinuss of gut. incontincncc. .inJ p;~rl\.sis (.\rn;lson. 

1000; I*'frcnch-( :t )nrtmt, 1004: K u m ~ r  ct il. 1'102). 

Fig. 1.1.1 Crucial steps in multiple sclerosis pathogenesis 

Prc-csisting autorcacti~-c -1' cells arc ;~ctiv~tcci outsicic chc CSS. l h c  .~cti\-stcd -1' cclls 
rnvcrsc thc BBB and ~ r c  locally rcacn~atcd ~vhcn they rcco~mizc "their" magcn on thc 
surface of local antigen-prsntin cclls. I h c  nctivntcd -r ccUs sccrc tc 9-tckncs th:lt 
sdmulntc microglia cells 2nd :~strocytcs, rccruit additional in8arnrn3tory cclls, and inducc 
production by plasma cclls. .Inti-myelin mdbodies and mi\-ated mncroph:yc: microglil 
ccUs -arc thought to coopcmtc in dcmvclination (zd~ptcd from t Iohlfcld, 199'). 



-- - - 

While almost impossible to arrange chronologically in a disease with as protracted and varied 

course as M!3, the immunopathologic data gathered thus far points to the CNS damage and 

myelin breakdown as being immune mediated w e ,  1994). Specifically, MS is perceived as 

an autoimmune disease, where activated autoreactive CD4+ T cells are recruited to the CNS 

(Fig. 1 .I .I), and, upon CNS s p d c  anngen recognition they respond by releasing a cascade 

of cytokines ultimately leading to M e r  mononudear cell accumulation, i n ~ a t i o n  and 

&sue damage (Hartung and Rieckmann, 1997). 

It is known that myelin reactive T cells are present in normal blood being pan of the nomal 

T cell receptor (KR) repertoire (Ben-Nun et al, 1981; Schluesener and Wekerle, 1985), but 

in ordex to traverse through the blood brain barrier (BBB) and penemte into the CNS 

patenchyrna, these T cells have to be ativated. 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 spedfic 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 periphery. 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 reactivation 

during relapses, it is likely that this activation occurs outside the CNS. Magnetic resonance 

imaging (MRl) findings in MS demonstrate that brain and spinal cord lesions often occur 

concutrently (I'horpe et al, 1996) which strongly implicates a systemic trigger for disease 

activiq. 

Activated T cells have the ability to penetute the CNS; however, nonspedcally activated T 

cells soon exit the CNS, and T cells that r e c o p e  CNS antigens remain. It has been 

suggested that myelin specific T cells remain in the pezivascukr location and serve to recruit 

non-antigen specific activated T c d s  into the CNS via cytokine production and adhesion 



molecule expression (Lou et al, 1997) and thereby orchestrate h8ammatory events w e ,  

1994). 

The T cells found in MS lesions are activated and express interleukin &)-2 receptors 

(Hob et 4 1986). By cytokine sectetion 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 demyelhtion in MS is accompanied by an 

in-tory infiltrate in which CD4+ T cells and class I1 MHC+ maaophages 

predominate. Therefore, it is believed that T-cell receptors respond to andgen(s) presented 

by MHC dass II molecules on macrophages/microglia and astrocytes. This interaction 

results in stimulation of heiper T cells, and subsequent cytokine secretion, T cell 

proliferation, and B cell and macrophage activation (Ffiench-Constant, 1994; Wekerle et 4 
1987). 

There is an extensive literature describing the presence of pro-inflammatory cytokines in MS. 

Cytokines such as Interferon (IFN)y and tumor necrosis factor p F ) a  are elevated in the 

cerebrospinal fluid (CSF) and serwn 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. TNFcx has been localized to astrocytes at the edge of lesions and microglia 

within the lesions, as well as in endothelid cells. TNFP has been found in rniaoglial cells at 

the margin of lesions. IFNy has been described on rniaogha, astrocytes and endotbelial cells. 

Regulatory or anti-inflammatory cytokmes including LL-10 and transforming growth factor 

(TGF)P have also been localized in MS lesions, and they usually correlate with periods of 

remission in h.iS (reviewed in Raine, 1994). 

Evidence for B cell actmation comes from the presence of irnmunoglobulios synthesized within 

the CNS, resulting in the charaaeristic hdmg  of o ~ o d  CSF bands. There is a aitical 

antibody response directed to myelin and evidence of the complement cascade actmated with 

membrane attack complexes appearing in the spinal h id  @inman, 1996). 

Dernyelination occurs in a k h l y  edematous CNS parenchyma in which CNS elements are 

suspended in a greatly increased emacellulat space and dissociated myelin debris. 



Macrophages appear to phagocytose large pieces of myelin sheath. It is not dear though, if 

macrophages attack the myelin or they are just scavengers of cellular debris of MS lesions. 

Nonetheless, ongoing demyelination seems to be dependent upon the presence of Ia+ 

macrophages in MS (hugot t  et al, 1983) which suggests a pathogenic role for 

monocyte/macrophages in MS. 

In summary (Fig. 1.1.1), it k the concerted attack where T cells promote an i . t o r y  

response in the CNS parenchyma, with the consequent production of cytokines, mononudear cell 

recruitment and actmation, that leads to areas of demyelination irnpamng saltatory conduction 

along the axon and produang the pathophysiologic defects. 

1.1.3 EVIDENCE FOR AUTOIMMUNE T CJ3.U IN THE PATHOGENESIS OF MS 
- - - -  - 

There are numerous lines of immunological widence that suggests that T cells are c e n d  to the 

pathogenesis of MS. F i i ~  in the acute MS lesion, active demyehation is accompamed by an 

innlmmltorg infiltrate in which @ CD4+ T cells predominate. Lesion progression has been 

associated with the presence of CD4+ p4+) c& (I'mugott et al, 1983). Besides, chronic silent 

lesions contain few T cells, and in non-infkmmatory, non-MS conditions, are only d y  

encountered an4 when present, may be due to normal immunosurv&ce mechamam or ante- 

mortem infection rather than being a disease related feature @lame, 1991). Second, specific T cells 

for different myelin antigens are present in the CSF of MS patients in hlgher quantity than in 

blood, suggesting a prolifetatme response of specific activated dones in the CNS (BeIkmy et al, 

1985). 

Even though these observations indicate a role for T cells in MS, they remaia drcumstandal and a 

causative role for T cells in the pathogenesis of M!3, however suggested, has been dif6cult to 

establish. It was not until the development of a T cell mediated n e u ~ o ~ t o ~  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 idammatory demyehating disease atiFecting 

the CNS after sensitization of monkeys with C N S  tissue In 1949 Olitslq and Yager were able to 



induce demydinsting disease or experimental allergic encephalomyelitis w) in mice using 

homogenates of the CNS ia adjuvants. Hallmarks of the disease were T cell i d m t i o n  and focal 

demyelination, very much alike to that seen in MS. The hct that EAE could not be transfined to 

naive recipients by humoral anti-myelin antibodies, but by activaLed myelin specific CD4+ T 

lymphocytes (Paterson, 1960), showed cl+ a pathogenic central role for T cells in EAE and 

therefore very likely in MS. 

1 .I .4 EAE: AN ANIMAL MODEL OF 

EAJ2 is an animal model for autoimmune diseases of the CNS and is induced by generacing 

T cell mediated immunity to various CNS antigens. The dinical s g n s  and lesions dosely 

parallel those obsecved in MS and, as a result, EAE has become a widely used model for MS 

(Goverman and Brabb, 1996). Signs of EAE are generally d e s t e d  in an ascending 

manner, starting with loss of rail tonus and progressing to hind and forehmb paralysis 

(Goverrnan 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 4 1997). 

MS and EAE resemble each other closely in theL pathological changes (reviewed in Wekerle, 

1993). First and foremost are mononudear inhltmtes, mainly concenmted around postcapillary 

microvessels of the CNS white matter. The cells contained w i t h  these d t r a t e s  are 

predombmdy lymphocytes (4 CD4+, some CD8+ cells, and few B cells) and 

monocyte/macrophages. Second, there is a matked disturbance of the BBB, with edema 

formadon and deposition of fibrin and other plasma proteins. Third, the lesions exhibit typical 

actmation of local gLa Many astrocgm are activated and manifest signs of increased content of 

cytoskeletal g l d  5rilkrp acidic protein (GFAP). In addition, the local microglla cells are actmated 

With theit strong expression of MHC I and 11 antigens they may be difEcuIt to distinph h r n  

infiltrating blood borne maaophages. 



Probably the greatest difference betareen 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 magens emulsified in adjuvant is responsible for disease induction, the 

antigen for MS remains unknown. In 1962, using the mouse E M  as a model, 

Einstein et a1 identified myelin basic protein (MBP), which comprises 30% of CNS myelin, 

as an encephalitogenic magen in C N S  tissue. 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 

ohgodendrocyte glycoprotein (MOG) have been p d e d  and the EAE model has been 

dissected and lYghly studied in a search for insights into pathogenic mechanisms as well as 

therapeutic approaches that could be applied to MS. It is now dear that the course of the 

disease and histological features of EAE vary depending on the anagen used for the 

immuaization and the strain of mouse or rat used (Bagger et 4 1997). For example, MBP 1- 

11 EAE in H-2" mice or MBP 68-84 in Lewis rats can produce an acute W, 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-zb is a chronic EAE, where animals get progressively worse and never recover 

(reviewed in Schmidt, 1999; Kuchroo and Weher, 1998). 

Which is the best representative animal model for MS has been debated over the past 

decades (Wekerle, 1994). It is dear 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 M!5. 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 i s  (are) not known, there is a predominant T cell response to MOG in 

patients with MS. Moreover, anti-MOG antibodies with dernyelinadng activity are present in 

the CSF of such patients (Kerlao de Rosbo et al, 1993; Sun et al, 1991; Genain et al, 1999). 

There are also some important f-es in MOG EAE that better mimic those in M!S. 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 myelm, 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 opdc nerve can be observed after MOG EAE, 

which is very similar to the optic n e u i h  associated with MS. MOG EAE was the MS animal 

model of choice for this thesis. 

1.2 heatments for MS 

1.2.1 PROVEN USEFUL TREATMENTS 

While there is no cure for US, the disease does respond in modest ways to treatment with anti- 

inhmmatory and immune modula~ng drugs. Again, the fact that improvement is observed in 

some treated individuals indicates that intlnmrmtion in the CNS of persons with MS conhibuts 

to the disease process. 

CorricostMids are the most commonly used ~ t m e n t  for the relapses of MS. Their precise 

rnechanb of action in MS is unlmowq but they have numerous anti-idammatory and anti- 

edema effects that could be benefid to MS patieno. Methylpreednisolone has been reported to 

reduce intmthecal immunoglobulin synthesis and to decrease specifically the levels of anti-MBP 

antibodies, as well as the number of T c&, in the CSF (Troiano et al, 1985; 1987). Both 

cordcotrophin and costicosteroids decrease the duration of clinical rehpses in MS, accelerattng 

recovery &om MS exacerbations (Barnes et 4 1985). 

Corticosteroids do not prevent new attacks and do not influence the overall disease progression. 

Conversely, intderons, spd,,Y, IMP, and copolymer 1 are now used in the treatment of MS 

to alter disease c o m e  On the basis of results obtained b m  large multicenter dinical tdals, the 

two forms of recombinant IFNP, I F N P - ~ ~  ( A v o n d  and Rebm) and IMP-lb (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-Gunman and Cohen, 1996). 



IMP-la and -1b administered subcutaneody lead to a reduction by about 1 /3 of the number of 

exacehatiom, the total lesion load on MRI and the number of new lesions were smder, and 

there was a qpficant e f f i  in the progression of disability (Weinstock-Gum and Cohen, 

1996). Both f o n  of IFNP are being tested in chronic progressive MIS. The p r e w  results 

show encouraging effects (Polman et id, 1995). 

Copolymer 1 is a mixhue of random synthetic polypeptides composed of 4 amino acids: L- 

a h h e ,  L-glutamic aud, Llysine and L-yrosiue. Copolymer 1 &o reduces the number of 

exacerbations by about 30% (Amason, 1999). 

- -- 

Although much progress has been made dunng the last years, it is dear that the therapy of hdS 

needs to be improved A s&es of diffkent approaches are being studied and under active 

research indudmg T cell vaccination with irradiated autologous MBP reactive T cells; monodonal 

anti-CD4+ depletion; monoclonal anti-TNFQ inhibition of type IV p hosp hodiesterase; 

promotion of remyelination by growth Eactors and cr;msplanmtion of myelin produang 

ohpdendrocytes (reviewed in Hohlfeld, 1997; Noseworthy, 1999). 

1.2.3 T CELL MIGRATION INTO THE CNS: THEXAPE~C APPROACH 
- 

Since MS is an inflammatory disease, all the regulatory steps involved in leukocyte transmigration 

and & c k q  are of interest in the development of new &-pies. Accepting the premise that 

lymphocytes and monocgas are pathogenic in MS, it is hypothesized that m d a g  leukocyte 

e d a n g  into the C N S  will ameliorate MS. 

As stated before, T cells seem to be central to the pathogenesis of MS. An important pathologic 

feature is the mmmigmtion of lymphocytes aaoss the BBB into the CNS. This k a mdtistep 

process dependent on tethezing, robng, cell adhesion., chemotaxis and degradation of the 

e ~ t ~ C e n u I a r  ma& protdns that constitute the basal lamina of the BBB (repiewed by 



Sprioger, 1994). Numerous attempts at idibidng T cells horn entering the CNS have been made, 

by targeting each of the regdated steps for leukocyte infilmtion and migration. 

The hrst requirement for lymphocytes to enter the C N S  is their interaction with the vascular 

endothelid cells that cover the BBB. These interactions involve cell adhesion molecules. Members 

of the selecdn M y ,  such as P-, E-, and L-selectin, are responsible for the low affinity 

interactions OC- during the tethering and rohg  phase of leukocyte recruitment. P2 integnns 

(CDll/CD18) are involved in the adhesion step, by mediating htgh affinity bin* to theL 

receptors intmdular cell adhesion molecule (ICAM)-l and ICAM-2, members of the 

immunoglobulin f h d y  (Springer, 1990). A monoclonal antiiody -st ICAM-I suppresses 

MBP induced EAE in Lewis rats but has only a minor effixt in EAE; mediated by adoptive T c d  

msfe r  (Archelos et al, 1993). Treatment with monoclonal antibodies against the counter- 

receptors of ICAM-I, the P2 int+ leukocyte h d o n  antigen &FA)-1 and the MAC-I 

adhesion molecules, delayed onset, and diminished the severity, of T cell transfer EAE in mice 

(Gordon et al, 1995). In a diffetent study, however, EAE was augmented by another and-LFA 

monodonal anaiody (Welsh et d, 1993), iuustraung the ha that the outcome of a therapeutic 

approach is by no means obvious. 

An alternative pathway for lymphocyte recruitment is constituted by a 4 - i n t e s ,  which can 

mediate r o h g  tethering, and adhesion (Alon et 4 1995; Johnston et 4 1996). a4p1, and a4P7 

can bind to vascular cell adhesion molecule (VCAM)-1 in the endothelial cells, as w d  as to ECM 

componmts including firone& In 1992, Yednock et a1 (1992) reported the prevention of T 

cell transfer EAE in Lewis nits by a sngle inmperitond injection of a monodonal anaiody 

directed against a4pl in-. In guinea pigs, actively induced EAE can also be prevented and 

revaed with a monoclonal mtibody against a4 integrin (Kent et al, 1995). In an MS clinical mal, 

the anti44 antibody, Antegren@, shows a sigdicant reduction in the number of new ache 

lesions on MRI in the k t  12 weeks of treatment Nonetheless, after 24 weeks of treatment, there 

was no @cant improvement (I'ubridp et al, 1999). 

It is probable that a unicpe and single thapy for MS d not be sufficient Indeed, due to the 

extreme variety and distinct fictors that govern the process of MS, its treatment wiU more likely 

be a combination or cocktail of drugs with different mechanisms of action b t h g  T cell 



mamigration to the CNS seems to be a necessary and hmdamental approach as preventive and 

rn- therapy for MS. 

Once the activated lymph- have mvasated,  theg sdl must pass through a baaier of ECM 

proteins that constitute the basal kmina of the BBB. Ma& metalloprotebases (MMPs) play a key 

role in the penemtion of this baaier, allowing the actmated lymphocytes to gain access into the 

C N S  parenchyma. MMPs have been detected in US lesions and are considered to conmiute 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 WS? 
- - 

MMPs are a family of zinc-containing endoproteinases that %est specific components of 

the ECM, thus contributing to ma& equilibrium and structural integrity. There are at leasr 

20 mammalian speaes known (Fig. 1.3.1). MMPs appear indispensable for ECM 

degradation; however, their finely tuned regulation is of critical importance. Any increase in 

enzymatic activity will likely result in &sue destruction or ceil invasion. Thus, MMPs are not 

only involved in important physiologic conditions but are thought to conmbute to the 

pathogenesis of some diseases Fable 1.3.1) (Yong, 1999)). For instance, degradation of the 

ECM by metalloproteinases is a critical phenomenon in cancer invasion and metastasis 

('Westennarck et 4 1999; Masumon et al, 1994); in rheumatoid a t i s  the presence of 

MMPs is associated with the destruction of the collagen in the cartilage (reviewed in Harris, 

1990). In adult periodontitis MMPs inhibitors reduce bone-type collagen degradation 

bgments in the gingival crevi& fluid, preventing the destruction of the periodonturn 

(GoIub et al, 1997). 

MMP a&q k strictly regulated at three different levels: gene transcription, proenzyme 

activation, and inhibition by tissue inhibitors of metanoproteioases (IIMPs). At the traoscdptional 

level, cytokines such as TNFa and ILl, as well as chemokines indudmg macrophage 

inflammatoq protein (MIP)-l& MIP-I P, Rantes, induce the production of proMMP-9 in CD4+ 



cells (Johnatty et al, 1997). MMPs are secreted as inactive zymogens that require activation by 

proteolyac cleavage (Fg. 1.3.2). MMPs themselve and other proteinases, such as plasmin, are 

known to modulate this process. The activated foam are subject to inhibition by 'Z IMPs,  which 

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

with the endoproteinases (Keseier et al, 1999). 

Fig U.1. Members and structure of the MMP tamily (adapted h m  Yong (1999) 
with permission) 
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Table l.3.l. Physiology of MMPs (Yong, 1999) 

N o d  processes Pathologic processes 
Ovulation Cancer metastasis 
Bhtocyst implantation Rheumatoid h h i t i s  

Embryogenesis 
Bone p w t h  and remod* 

Periodontal disease 
Alzheimer's disease 

Aqogenesis Gaseric ulcer and liver cirrhosis 

Neuronal migration and neurite extension Atherosclerosis 

Womd heahg Fibrotic lung disease 

Fig l.32 Means by which the activity of MMPs are tegukted (reviewed and adapted 
b n  Yong (1999) with permission) 
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1.3.2 MMPs: POSSIBLE P A ~ O G E N I C  ~LECHANISMS IN MS 

MMPs, spedticaIly MMP-9, are found in the cerebrospinal fluid of MS patients (Cuznet et al, 

1978; GijbeIs et al, 1992; Rosenberg et al, 1996; Leppert et al, 1998). Evidence suggests that 

MMPs are involved in BBB breakdown in MS. Raised CSF levels of MMP-9 are associated with a 

disturbed BBB, as demonstrated by gadoh-enhanced MRI. In MS patients, MMP-9 levels 

were selectively elevated duting clinical relapses in the CSF -pert et 4 1998) and in the s a u m  

(Lee et al, 1999). In addidon treatment with lugh dose methylprednisolone, a drug known to 

downregdate the transcription of MMPs, reduced both gadolinium enhanced MRI activity and 

CSF lev& for MMP-9. This conelatme studies with MS patients suggests that the enhancement 

of proteolytic activity would more likely disrupt the basal lamina around capihies and thereby 

pave the way for dammatory cells into the CNS. 

Potential pathogenic roles of MMPs have been evaluated in animals. hIh.Ps are assodated with 

BBB opening (Rosenberg et al, 1998), since the injection of MMPs into the rat brain increases 

upilEuy permeability which can be prwented by TIMP-2 (Rosenberg et al, 1992). Intxacerebral 

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 X m t i o n  and myelin loss can all be reduced by treatment with BB-1101, an 

&'bitor of MMPs (Matyszak and Peny, 1996). 

MMPs have been postulated to be the major group of protdnases that could be involved in the 

degradation of the ECM (reviewed in Yong et 4 1998b). The expression of W s ,  particularly 

MMP-7, -9 and -12, by pexhscukr leukocytes in MS and EAE, L thought to conmbute to thek 

infiltration into the CNS, since leukocytes are shown to depend on MMPs to penetrate k e n  in 

vino (Xa et al, 1996; Leppert et 41995). Moreover, using an elegant in virro model of the BBB, 

lymphoqtes oeawl with inhibitors of MMPs were found to be able to adhere to and diapedise 

between endotheld cells but were thm unable to penetrate the next banier consisring of an 

artificial basement membrane matrix (Grasser et al, 1998). Therefore, rnlgration and penetration 

of lymphocytes and monocgtes into the C N S  parenchyma seems to be mediated by MMPs. 

It has been reported that the brains of patients with MS c o n h  cells that are up-regulated for 

various MMl?s, and that these are mainly lymphocytes and macrophages (Maeda and Sobel, 1996; 



Cuma et al, 1996). Cossias et al(1997) and Ozenci et a1 (1999) reported the expression of MMP- 

9 by infiltrating leukocytes and MMP-7 by maaophages in the CNS parenchyma while Anthony 

et d (1997) showed the up-regulation of MMP-7 also in T celh as well as in macrophages 

localized in p&asascukr cuffs. 

Since the d c k m g  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 amehorate EAE. Indeed, it has been 

demonstrated that sp&c chemical inhibitors of MMPs can prevent or ameliorate E M  Pedtke 

et al, 1998; Kieseier et al, 1999). Gijbels et a1 (1994) reported for the £kt  h e  that an MMP 

inhiiitor, the hydroxamate GM6001, when adrmnrstered daily to rats with WE either &om the 

time of disease induction or &om the onset of clinical symptoms, suppressed the development or 

reversed clinical EAE. In 1995, Hewson et a1 showed that another hydroxarnate MMP inhibitor, 

Ro31-9790, reduced the c h c a l  sevezity of adoptively transferred EAE, and prevented h e  onset 

in 90% of animals. BB-1101, a broad spectrum MMP inhi'bitor, also reduced weight loss and 

severity of W. Moreover, inhibition of MMPs by oral trearment with d-penidlkmine 

suppressed m d e  EAE (Norga et al, 1995). 

MMPs are not only implicated in the degradation of the ECM componem but they can also 

degrade myelin proteins which can contriiute to the dtmption of the myelin sheath. Moreover, it 

has been shown that MMPs can degrade myelin basic protein into hagmats that are 

encephalitogrc, conmbuting to the pathogenesis of EAE or MS (Chandler et al, 1997; 

O p d d e r  et a4 1994). Therefore, secreted MMPs by infiltrating leukocytes could not only 

degrade the ECM and facilitate the &dung and penetration into the CNS, but MMPs may also 

d i r e  damage the myelin that surrounds axons thereby impairing nervous conduction and 

derkmg the neurological d&cits that characterize MS and W. 

S e v d  ma& rnetalloproteinase enzymes can cleave pro-TNFa (26 kDa membrane-anchored 

protein) to the mature biologically active form (17 kDa soluble protein). In addition to being pro- 

idhnmatory, TNFo: can damage oLgodendmqtes and myelin both in vioo and in vivo, and has 

been implicated in the pathology of MS and EAE (reviewed m Yong et a!, 1998b; 1999). Smilady, 

there are a number of cell surface molefules whose shedding is hcilitated by metalloprotehases, 



iadudmg other cytokines such as TGFg cytokine receptors such as TNFRI, TNFR2 and I U R a  

adhesion molecules includmg GseIecdn, and others such as Fas &and (reviewed in Chandler et al, 

1997). Therefore another possible mechanism by which MMPs could be pathogemc is by 

removal/aCtmation of cell surface cytokine/receptors conttibudng W e r  to the innlmmltorg 

milieu 

in summary, LWS could be involved in several different deleterious processes in the 

pathogenesis of inflarnmatoig danyelination in MS: (1) opening of the BBB by disruption of 

ECM components of the basement membrane; (2) rmgmtion of the idlammatory cells across the 

BBB into the parenchyma; (3) direct degradation of the myelin sheath; (4) enhancement of the 

release of active TNFa and/or other pathogenic hgands (Fig. 1.3.3). Therefore, inhibiting MMPs 

production and/or enzymatic activity could be a good therapeutic approach for MS. Indeed, one 

of the methantsms of action atmiuted to IFNP is the inhibition of bIMP expression in 

lymphocytes (Stuve et al, 1996). As stated before, MMPs inhiiitors such as hydroxamates and d- 

penicikmhe have shown encouraging beneficial e f f a  on EAE. However, the only clinical 

study in MS patients with a combination of d - p e a i m e  and metacydine showed toxiaty 

(Dubois et al, 1998). Nonetheless, using nontoxic MMPs inhi'bitors could be fdvonble to MS 

patients, and such a drug could be minocycline, a tetracycline that inhibits MMP enzymatic 

activity. Because of its antibiotic effect rninocycline is a matment for infectious diseases such as 

acne; indeed minocydine has been in long term dinid use of acne with minimal toxiam. In 

consequmce, it can be hypothesized that the use of minocycline as an inhiitor of MMP activity 

could ameliorate MS. 

1.3.3 M.INOCY(ILINE AS AN INHIBITOR OF MMP ENZYMATIC ACIMTY 

Minocydine k a semi-synthetic analog of tetracycline ehat has been shown to have anti- 

inflammatory properties. In patients with rheumatoid arthritis, minocydine has been shown 

to have beneficial effects (Kloppmburg et al, 1995a). The anti-inflammatory properties of 

minocydiae in taro rat models of rheumatoid arthritis have also been ucamioed by Sewell et 

al(1996). Administration of o d  minocydine agm6candy decreased (P < 0.01) the incidence 

of d t i s  in both adjuvant and collagen rat arthritis. The use of minocydine and other 



Fig. 1.3.3 MMPs in the pathogenesis of MS 
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tetracydines have also been considered in cancer. Minocydine suppresses the invasion and 

metastatic potential of MRAC-PM2 cells in vitro. Intrapedtoneal administration of 500 pg 

per mouse minocydine reduced the number of memstatic nodules in the lung when L W C -  

PM2 cells were injected intravenously (Masumori et al, 1994). Finally, other diseases where 

minocydine and other tetracyclines have shown promising results are non-infectious forms 

of dermatitis and in periodontitis (reviewed in Vanheusden et al, 1998; Kloppenburg et al, 

1995a; 1996b). The beneficial properties of minoqdioe and other tetracycline-derivatives 

have been associated with their ability to suppress in vivo and in vitro mlmmlliln MbiP 

activity (Golub et al, 1984; Zucker et 4 1985). 

The effect of minocydine on leukocyte rmgration has been studied in polymorphonudear 

cells. Minocydine can reduce polpmorphonudea~ chernocaxis s@cantly at a concentration 

as low as 1 pg /d  (Ueyama et al, 1994). The fitst 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. 

biinocydine has also been shown to have immunomodulating actmity. Minocydine dubits  

human neu~ophi l  functions such as red blood cell lysis, neutrophil-associated collagenolysis, 

superoxide anion synthesis, degranulation and migration (Sygta et al, 1995; Gabler et 4 

1991; Glette et al, 1984). Both minocydine and tetracydine suppress mudne thymoqe co- 

mitogenesis induced by L-1  at -2 and 4 p.g/rnl respectively (Ingham, 1990). Studies done on 

human T cell clones derived from the synovium of a rheumatoid arduius patient showed 

that when T cells were acdvated via the T cell receptor/CD3 complex, they were suppressed 

functionally by minocydine, resulting in a dose-dependent inhibition of T cell proliferation 

and reduction in production of IL-2, IFNy, and TNFcL Besides an inhibition of LL-2 

production, minocydine exerted its effect on T cell prolifaation by induction of a decreased 

IL-2 responsiveness (Kloppmburg et aI, 1995b). Thus rninocydine, in addition to 

suppressing MMP activity, seems to have immunosuppressor activity, at least for 

lymphocytes and neutrophils. Collectively, these adxities could be beneficial in the 

treatment in MS. 



1.3.4 IFb@ AS AN INHIBITOR OF MMP PRODUCTION 

As mentioned before, I F N ~  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 I F N ~  ameliorate MS remain debated, the drug has 

irnmunomoduktory activity. It has been shown to suppress T cell proliferation and IFN-Y 

production (Noronha et al, 1993; Rudidc et al, 1993) and to interfere with the antigen 

presentation process. Dhanami et al (1990) have shown that I F N ~  can decrease the 

production of TNFa and T G F ~ .  It was recently discovered in out kboratorg that IFNP 

decreased the transrmgration of lymphocytes across an artificial BBB. This inhibition was 

conelated with a downregulation of the lymphocyte production of MMP-9 (Stuve et al, 

1996; 1997). Our laboratory has postulated that a mechanism of acrion of IFNP is the 

inhibition of the production of MMPs leading to the reduction in transrmgation of 

lymphocytes across an ECM barrier (reviewed in Yong et al, 1998a). Clinically, patients 

treated with I F N ~  have decreased serum levels of MMP-9 (Trojano et al, 1999). Because 

I F N ~  is heady used as a treatment for MS, a combination of minocydine as an dubitor of 

MMP activity, with IFNB as an inhibitor of the production of M h P ,  may become a more 

effective treatment for MS (Fig. 1.3.4) 



Fig. U.4 Strategy to improve the efficacy of LFNP in MS: by 
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1.4 Hypothesis and spectfic Aims 

The central hypothesis that was tested in this thesis was that minocydine would inhibit T 

lymphocyte migration through mechanisms that involved MMPs. Furthermore I tested the 

hypothesis that attenuaang T cell infiltration into the CNS parenchyma by minocydine 

would ameliorate EAE and that a combination of I F N ~  and rninocydine, with different 

mechanisms of action on MMPs, would derive a better thetapeutic response in M E .  

To test this hypothesis, 3 specific aims were formulated. him 1 sought to demonstxate that 

minocycline would inhibit T cell migration in m no. Specific Aim 2 was designed to 

determine mechanisms of the inhibitory action of minocydine on T cell migration. Finally, 

Spedfic Aim 3 tested the combined efficacy of IFNP and minocyche in vitro on T cell 

migration and as a treatment for MOG EAE. 



Human mononudear c d s  were isolated from blood of healthy donors by the method of 

Ficoll-Hypaque (Stuve et al, 1996) and washed 3 dmes with PBS. In brief, fiesh blood was 

diluted 1:2 and centduged 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 og/rnl 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 F 5.1 %), CD56/16+ Natural Killer PIC) cells (14.5 2 7.4 O/o) and 

CD19+ B cells (2.5 + 1.6 Yo) (Mean + SD, n=4 Merent  mononudear cell preparation 

assayed by flow cytomety). Other mononudear cell preparations were not treated with 

OKT3 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 pl of 

primary antibody conjugated to fluorescein isothiocyanate (FITC) or phycoerythnn (PE) for 

20 minutes at 4' C in the dark. Two washes with PBS wexe performed and cells were M y  

resuspended in 500 pl  of PBS for flow cytometric analysis by the fluorocytometer faality. 

Antibodies (Becton Dickinson, CA) utilized were: Anti-human Leu4 (CD3) FITC for T 

lymphocytes, Sknultestn' CD3/CD4 (Leunf4/3a) for CD4+ cells, simultestnL CD3/CD8 



(Leun'-4/2a) for CD8+ cells, ~ ~ n u l t e s t ~ '  CD3/CD16+CD56 (LEU"[-4/3a) for NK cells, 

~ i m u l t e s t ~ ~  L~ucoGATE~'~' CD45/CD14 [Anti-He-1 /L.eu""-~31) for 

monocyte/maaophages, CD19 (SJ25C1) PE for B cells, CD25 (Anti-IL-2R) PE for 

activated T cells and, Simultestnf control y,/y, (IgG1 /IgG2a) as isotype control 

2.1.3 MIGUTION ASSAY SYSTEMS 

2.1.3.7 Byden Chambers. Three prn pore size fibronectin (EW) coated chambers 

(Collaborative Biomedical Products, Bedford, MA) were used. The bottom chamber 

contained 500 p.l of AIM-V medium with 10% fetal calf serum (FCS). Cells were 

resuspended at 1 x lo6 cells/ ml in AIM-V with 2.5% FCS and 500 were added to the 

upper chamber. A k  6 or 24 hours of incubation (specified in Results) cells in the bottom 

chamber were counted using a Coulter counter (2,) and expressed as a O/O of the iniual cell 

seeding density or as number of transmigrated T cells. 

2.1.3.2 Trmnveii pobcarbonate aJsq. Three pn pore polycarbonate membrane (Fisher 

Saentific, Corning, NY), without any ECM coating or with 25 &/ml fibronecdn coac were 

also used to assess lymphocyte rmgration. The bottom chamber contained AM-V plus 10% 

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

FCS. 

Sixteen-well chambers (Gibco) were coated with fibronectin (25 pg/ml; 100 pl/welI). One x 

10' T cells were added per well and incubated for one hour at 37' C. Cells were washed and 

h e d  in 4% paraformaldehyde ('FA) and stained for F-actin with PE-phalloidin. Following 

staining, cell numbers were counted in six fields at 400X using an immunoflurescence 



Gelatin-substrate gel electrophoresis has been used to determine the level of MMP-2 and -9 

(Uhm et a4 1998; Stuve et 4 1996). In brief, serum kre  AIM-V medium was collected horn 

T cells after a defined culture period and mixed with 4X gel loadrag buffer (200mM Tris pH 

6.8, 4% SDS, 0.1% bromophenol blue, 40% glyceroI). The samples were electlophoresed on 

a 10% SDS-gel containing 1 mg/ml gelatin. The gel was washed and incubated overmght on 

a shaker at room temperature with dnse buff- containing 2.5% Triton X-100, 50 rmM Tris 

pH7.5 and 5 mM CaCJ to wash off the SDS and to allow the gelatinases to renature. 

Subsequently, the gel was incubated in reaction buffer (50 mM Tris pH7.5 and 5mM CaClJ 

for 18 hours at 37' C, in order for proteinases to degrade the gelatin. Each gel was then 

stained with Coomasie blue for 4 horn  and destained (1:3:6 of acetic add: methano1:water) 

in order to reveal the expression of dear 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 WESTEW BLOT ANALYSIS FOR W - 9  

When required, media were concenmted using Cmmcon concentrators # 10 (Amicon, 

Beverly, MA) according to the manufacturer's instructions. The t o d  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 pg of total protein/sample 

were resolved on a 10Yo polyacyIamide gel, and tnnsfened overnight to Irnmobilon-P 

(MLipore) in transfer buffer p s  25mM, glydne 192 mM, methanol 20%) at 4' C and 30 

volts. The blots were incubated in bloddng buffer {5% skim milk (Carnation), 0.05% 

Tween-20 in TI& Base Saline P S ) )  for one hour at room temperature. Membranes were 

then incubated with 2 pg/d of mouse anti 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 hone-radish puoxidase (KIV) conjugated goat anti mouse (IgG + 
IglM) (Jackson Lab), was used at a dilution 1:5000 in bloclong buffer and incubated for one 

how a t  room temperature, followed by 4 x 5 minutes washes with TBS-T. B l o ~  were 



developed by the ECL method according to manufacturer instructions (hersham- 

Phaxmacia Biotech). 

Twenty four well plates were incubated with 10 pg/d of rabbit anti-mouse antibody in 500 @ 

RPMI over night a t  4'C and washed 2 times before the activation assay. Cells were isolated horn 

healthy human controls (as described in section 21.1) and some samples were incubated for 30 

minutes with minocydine 250 WmL Ten fl of mouse anti-pl miio+ ascitic (Gibco/BRL) was 

added per 1.2 x lo6 cells/rnl RPMI and cells were transferred to rabbit anti-mouse plated w& for 

5 minutes activation. Cells were rapidly collected, cenmfuged and lysed in lysis buffu (1% Triton 

X 100, 150 mM NaC1, 10 mM TI& pH 7.5,t mM EDTA, PEVLSF, NA$ioO,, Na,VO,, NaF, 1 

pg/rnl Aprotinin, Leupeptin, 1 @I Pepstatin). 

2.1.8 WESTERN BLOT ANALYSIS FOR TYROSINE PHOSPHORYLhTED PROTEINS 
- - . . . . - . . . . - -- -- - - 

Lysates were resolved on a 10°/o polyacrylamide gel, and transfened overnight to 

Imruobilon-P (Mdhpore) in transfer buffer Frk 25mM, glydne 192 mM, methanol 20°/0) 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 buffa TBS-T-NP (0.01% Tween-20, 0.05% Nonidet P-40 in TBS). The secondaq 

antibody, an HRP conjugated goat anti 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-NP. Blots were developed by the ECL method 

(Amasham-Pharmacia Biotech). 



2.1.9 MULTI-PROBE RNAsE PROTECIION ASSAY (RPA) 
- ~~~~~ 

This assay permited the simultaneous analysis of 9 diffaent MMPs in the same sample. The 

assay conditions had been previously standardized by Pagenstecher et a1 (1 998). Briefly, total 

RNA was isolated fiom cells by the method of Trizol@ (Gibco). Ten pg per sample were 

heated to 95' C and hybridized with [a- "PIUTP labeled andsense probe set at 56' C for 16 

hours. Aftex 1.5 hours dtgestion at 30' C with RNAse A (80 pg/ml) and RNAse TI (250 

U/W) mix (Peharmingen), the protected h p e n t s  wexe treated with proteinase K (10 

mg/mI), 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 h a l l y  dissolved in 80% formamide. After denaturation for 3 minutes at 

95' C, the samples were resolved on a 6% polyacrylamide sequencing gel. Died gels were 

analyzed by a phosphodmager (Molecular Dynamics). 

2.2 In vhn, mqmrfments 

2.2.1 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 ~ l g  of MOG35-55 peptide 

(provided by Dr Claude Bemard, Sydney) emulsiiied in 100 pl of complete Freund's 

adjuvant (CFA) (Difco Laboratories, Detloiq IvQ containing an additional 4 m g / d  of 

Mycobactmirm t~bmhsrj (H37Ra) (Difco Laboratories, Detroit, MI). Mice were injected 

intrapedtondy with 300 ng of reconstituted lyophilized Petussis toxin @st Biological 

Laboratories, Campbell, CA) in 200 @ of PBS. The Pertussis toxin injection was repeated 

aftex 48 hours. All animals were used in accordance with the guidelines of the Canadian 

Council on Laboratory Animal Cue. 



2.2.2 T R E A m  

Animals were treated inmaperitoneally beginning on the day of induction on a dady basis in 

200 p.l of PBS. Ten a d s  per group were used. Treatments were as follows: 

Group 1 Control non-treated animals (PBS ip. once dady); 

Group 2 Minocycline (50 mg/kg ip. twice a day for the first two days; once M y  
for the next h e  days; and 25 mg/kg for the subsequent days); 

Group 3 

Group 4 

I F N ~  (375000 U/kg ip. once My); 

Combination of minoycline and IFNP (as desmbed per individual 

PUP). 

It should be noticed that the dose of lFNP used is in concordance with that reported in the 

literature (Yu et 4 1996). The dose of minocydine was adapted from reports chat 50 mg/kg 

decreased hfkct size in expbental  ischemia in rats (Yrjanheikki et al, 1998; 1999). 

Mice are w q h e d  on a daily basis. Severity of EAE was graded according to Bernard et a1 

(1997). Briefly, 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, moribund. 

Anesthetized mice were pufused with 40 ml of cold PBS and the CNS was dissected. The 

saaal part of the spinal cord was immersed in 4% PFA o v a  night and embedded in p a r a f i  

wax, cross sectioned at 6 to 8 miaons and stained with haematoxylin-eosin and Luxol fast 

blue for evidence of inflammation and demyhtion,  respectively. Optic nemes were taken 



and incubated in 2.5 % g luddehyde  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 variance (ANOVA) with Bonferconi post-hoc was used. When two groups were 

analyzed, the unpaired Student's t-test was employed. Statistical s g d c a n c e  was set at p< 

0.05. 



3.1 Aim 1: 

Does minocycline arrest T cell migration in vitro? 



- 

1:ibn)nuctin coatcd 3 pm purc size HovJcn ch;imbcrs acre  used to asscss the tr~nsmig-lt ion 

of Ivmph~cvtcs. Over 3 14 hour period. 22.8 2 1.2" 1, o f  OKl'3 ncu\*in. .L' cclls t r . ~nsn i~~ . l t cd  

;moss thc tibroncctin barncr. lvhilc 14.7 2 1.3" 1, o f  -1' cclls tr;lnsfniL~lltcd if thcv \vcrc 11( )t  

~ctiv~itccf. .\ single :dminisrr:~tion o f  minocyclnc (23  r pg/ ml) inhibitccl the tnnsmiLv:iti( )n ()i 
. , 
1 cclls \v hc thcr thcsc wcrc ( )K'f i ictiv;ltcJ or non-~cti \-~rud (1:;s. 3.1.1). 'l'hc rcspt msc r( 

minoc~clinc \v:ls cfosc dcpcndcnt with 01-cr 3 1'' 1, inhbition i t  2 3  1 ind 51 1 pg/ml (Ilis- 3.1.2). 

.\ timu c( jursc sndv  (Iiig. 1.1.3) InJlc~~tcd th.1~ thu inhibiti( )n of '1' cell tr.insmigr.lti( )n by 

minocrclinc IS m c ~ r l ~  pnjccss \i*hlch occurs by 13 minuter. 

\Yehilc .L c( )rrcl.lti( )n between p l [ .lnJ tr.lnsmigr:ltl(?n ( )i '1' cclls h ~ s  bccn rcpl xtcd i'l'.~ub ct .lI. 

1005;. tctr;lcrclinc dsd not ;~ifcct the P I  I of the culturc mcJium ( ~ s  rnc:ls~lrccl b!. pl 1 inJic.lt( )r 

p~lpcri. '['I, .ldJrcs.i the inhibi~it In \\-.lz JUC to .L tosic ct't'cct t )  i minc ~c~cl inc .  n+c mc:lsurcd 

cull vi~lbilit~- - .  bv thc murhocl rn-pin blue cscluslon. .\tier 1 hour of rrc:lrmcnt u . ~ t h  250 

pg/ml ~ ) f  rn~nocvclinc thcrc u-vrc no t n p n  blue-positi\-c cclls. 11-hilc .li[cr 14 hours. 5.3 + 
I 1.0 " ( 1  jmc:~n 2 Sl)) cells \\.crc tn-p:ln bluc positive in thc rninocvclinc gx-( )lip: h( )\vc~-cr. 

this vjluc .lt 24 hours uxs nt )c cfi tkrcnt  from cc mtrols (4.0 2 11.7 " I I ~  Since inhibitlc )n I )t' 

rn iL~~t ion  t jccurs ~1rc:ldy b!- i 5 mlnutcs I )t trc:itrncnt. the icta )n ()i mtn( ~cyclinc 1 Jn cell 

migrlti( )n J( )us n( )r  .Lppc:ir t o  bc ~ L I C  tr 1 non-spcciilc cytr)tosicity. 

Hcc:lrlsc rhc populi~tion of lrrnphocytcs gcncr~llv iso1iltct.i from humm Jonors \\-.is 

compt,scd o f  14.5 + 7.4 " o f  (:l156/ 16 + niirur.11 hlicr cclls, it u-2s p( )sslblc t h ; ~  mtn( jcyclinc 

could inhbit thc t r .~nsmi~~.~ t ion  of  itlst that population. -1.0 stud\- if thc inhibitor). .~ction t)f 

mlnoc!-clinc \vns specific t o  .I subset o f  lcukoa-tcs. char~c t~r izcd  the CCIIS i.1' cells (both 

( : L ) - I i  3rd (:l>H+). S K  cclls ((XI lG+j6) or ictii-~tcd cclls thnt csprcsscJ the 11 .-2 rcccptor 

((:1)15+)] thnt tr:~nsmigr~~tud. Spccitic'~ll!-. 24 hours liter culls wcrc ~clJcLi t o  the top 

compartment o f  the Bovdcn chambcr. with or \vithout minocrclinc. cclls in thc lo\rcr 

chambcr \vcrc malt-zed bv tlo\v cvtomctn- h r  thc Aiicrcnt subpopul;~uons present. 

(:ompansons o f  thc subscts bcnvccn rmnocvclinc ~ n c l  control ,goups ('L'ablc 3.1.1) rcvcalcd 

that no spucitic populations wcrc prufurcntidlr inhbitcd b r  rninoqclinc. sincc no  spccitic 

subsct a . 2 ~  drasticdly rcduccci in amounts in thc lowcr ch;lmbcr in thc minocvclinc g o u p  



comp:~rcJ to controls. -1'hc rcsul ts suggcs t t h ~ t  thc ~nhibltion o f  t r ~ n s r n l ~ ~ . ~ t i (  )n b!- 

minocyclinc occurrcd ti)r 211 ccllul~r subscts. 

In summan.. I cst.iblishcd 1n thk Aim the tinding t h ~ t  m~nocycllnc inhblts 'I'  ccll r n ~ ~ ~ : l t ~ o n  

In vitro. anJ  that t h s  is not Jur. to m y  nun-spccific ntotosicin. 

Fig. 3.1.1. Minocycline attenuates the transmigration of T ivmp hoates. 

30 l Conool H M ~nocycl~ne 250 ~ g / t n l  
a 

Non-acnvated f Lymphocytes 0 KT3 Acnva ted T Lymphocytes 

I:ivc hundred thl )us;mJ cclls. un:lctiv~ltcrl or  rrc:ltcrl u.it11 I ng/ml ( lL'1.3 for 72 

hours. \i-crc plilcccl in thc top chambcr. .mJ thc numbcr o f  cclls in rhc lo\vcr 

chilrnbcr u s  countcd using J (:oultcr counter ~ f t u r  14 hours. (:ells u-crc 

incubatcli ivith minocyclinc 15 minutcs bcforc thc m i h ~ ~ t i o n  Jssav md thcn 

r ranskrrcJ &rcctly co the t ~ p  compartment o f  the Hovdcn c h ~ m b c r .  .\ 3 pm 

porc sizc BovJcn c h ~ m b c r  c o ~ t c d  ~vi th  tibnmcctin was nscd. \'Juts i rc mcan 

+ SD of triplicate samplcs. Stuciunt's t-rest comp;lrcd to control ' I.( 11. - 



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

Control 10 50 100 

Minocycline pg/ml 

\ Lig:lti( )n .ISS;IV In Ht ) r J c ~ .  ch:~rnbcr liter 24 ht ,urs o f  incub;iti( )n. \lint )cyclinc 

s.;ls ~ncub;itcd 15 mlnutcs bcfi~rc thc .lss;lv. \';~lucs .lrc mc;m i SL) 1 )i c.tiplic.ltc 

a;lmplus. One-w:iv .\SO\*.\ [cat u.ith Honfcrroni l'ost I loc .ig.Gnst control 

' 'p<( 1.4 11. ' "p<U.O( 11. l'lcllsc notc thx thc cstcnt o f  tr.insrnlg.lnon iv.1~ 

t~bu1;ltcJ ;ls the number o f  tr:lnsmih~:~tcd cclls (i.c. numbcr o f  cclla in thc Io\t.cr 

ch;lmbcr) i t '  .ln iJcntic~i1 .lliquot o c  inlti:~l ccll popul~tion \r-.ls .iJdcJ r o  ch:~mbcrs 

Ir. ~ l l  cspcrirncnt.d goups  s in i 3 . 1 . ) .  I Ion-cvcr. when compinng 

trLlnsmiq.itlon butlvccn 2 diifcrcnt silmplcs (c.g. tie. 3.1.1) whcrc thc initiill 

scccling o f  cclls might bc slightlv 1-aricd. thcn thc numbcr cclls 1n the top .lnJ 

bottom comp;lrtrncnts oi clch Hoydcn chumbcr \v:ls countcd. .md thv nurnbcr 

o f  t r ~ n s m i ~ ~ ~ t c d  cclls then csprcsscJ 2s " 1, of thc initial sccciing Jcnsity. 



Fig. 3.1.3. Time course of inhibition of T cell transmigration by 

minocycline. 

Son-~cc i~-~tcc l  or OKI73 ~ctii-atcd 'L' cells wcrc incubated with minocyclinc ( 2 3  1 

m i )  1 3 minu tcs bc fore t hc Bovclcn chambcr misv3.acion ~ss~ iy .  .\linoc).cltnc 

inhbltion of rransmigration icnlss thc tibroncctin b3uricr is n u x l y  proccss (bv 

15 minutes). which is mintuncd for thc 21 hours of cnpcrimcnt~rion. i - ~ l u c s  

arc mcan 2 SD of tnplic~tc samples. Student's t-tcst comparcd to thc 

corresponding control samplc 'pcO.05. "p<O.O 1, *."p<O.[ )U 1. 



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

T cell subset. 

Ex~eriment 1 Ex~eriment 2 

Control Minoqcline Control Minocycline 

( ) l i *L ' .?  .~ctti-.ltcd -1' C C I ~ S  n-crc 1ncub:itcd n-tth mln( ~cyclinc ( 2 3  1 pp/rnl) 15 rninutcs 

bcir~rc the .~Llct~tion tf thc upper comp.lrtmc.nt o f  .I Hovrlcn ch.lmbcr rnrptlon . L S S J ~ .  

.\ ftcr 24 h( ~ u r s  cclls In thc bottom ch~mbcrs  ivcrc. cc )llcctcd, immunc )l.ibclcJ f( )r t hcir 

r~spcctivc ccII-[ypc S P C C I ~ ~ C  rnilrkcrs. .lnJ ~n.~ivzcJ  bv tlotv cvtomctn. \'IILICS 1rc 

pcrccntlgc o f  posi tivc culls in thc pt ~pulruon. 



3.2 Aim 2: 

What are the mechanisms by which minocycline inhibits 

T cell migration in vitro? 



.\s st~tcL1 in mv firsr ~ i m .  minocrclinc inhibits 'I' cell migr;~tion through .I ilbroncccln b~lrriur. 

Oncc ~ J h c r u J  t o  thc tibroncctin substmtc. ~ n d .  in ordur t o  through rhc 3 pm porc 

(Hoyden ch:lmbcr svsrcm). 'L' culls hlvc r o  bc able to L]C~T.LJC rhc ilbn~ncctin b:~rncr. 'lhis 1s 1 

process Jcpcndcnt on \l.\llls (1.cppcrr ct dl. 1000: Si:l ct .11. 1096). .lnJ ' l q I \ I 1 ' -  1. 1 specific 

inhibit( ,r ott 11.\11's. . l r ~ c t  I (  I (  I plI phcn~nthrolinc. .I nt ~n-spcclfic rnut.~llopn )rcln~sc inhibit( lr. 

rcclucc -1' cell rniq;lri( )n ( C'hm cr .I/. 1000). InJccJ. I corn )b( brlrcd thC findin&% 4 )t t  I'.lcrncn ct 

.LI ( 1000) t h ~ r  mint )cvclin~ 1s :in 1nhibitt )r  ( )f  g~1:lrin;lsc .~c~lvtry [;is. .5.2.1] ( 1111 1%. 

Fig 3.2.1 Minocycline inhibits MMP enzymatic activity. 

IFN P ~ I I C o n t r o l l l  10 50 250 
Minocycline (pglml) ?J 

- - 

.\ m;stclrc t)f hI\[ll-2 .lnJ -0. obt.l~ncJ from the Cr )nJitit )ncJ rncJ~urn oc HI I li 

I b:tbv hamstcr LriJncr) cclls trL~nskctccl lvith hum:ln 1[511'-1 . ~ n  J -0 

(ct ,mplimcnts I )i Lli-lan I *:J\~-:~rds. L'nircrsitr I )i I i s t  .\ngli~~. C'K) \ r .~s  rcr( )I\-cJ 

b y  11 1" SDS-I).\<; I: irnprcgnatcd \vith gcI:ltin. ( ;CIS wcrc thcn incub:ltccl \\.irh 

Jittfcrcnt conccntmtions ( lf minoc\-clinc. IiSP ( 14 11 I( 1 L'iml) I )r \~-ith( )ilt J n ~ p  

control). cl~lnng thc Jci-cloprncnt i ) f  thc zrmt )kv.lm. .\ Jircct ct'icct i In 

inhibitinp the .~ctiritv o f  hL1II'-2 o r  -0 is indic.~tccf b r  thc clccrc~suJ 

gclatinol\-uc bl~ncls comp:~rcJ t o  control. 



Hcsidcs its b;~rricr function. fibroncctin acts as an adhcrcncc substr:~tc. .\n initi~il stcp for 'I' 

cclls c o  mlL~G~ltc is t o  adhcrc t o  tibroncctin. [ndccd. in thc HovJcn chxnbcr systcrn. 

tibn~nccun i~cil i t~rcs '1' ccll t r ~ n s r n i ~ ~ : ~ t i o n  comp;~rud t o  a b:lrncr th:lt is nor co:rtccl (1:;s. 

1.2.2). .\Jhciion of  -1' cclls on tibn ~ncctin is mcdi:ltccl by intcgtins. spccitic.illy P I intcpins 

(Iiig. 3.2.3). I t  \v:~s possible t h ~ t  m ~ n (  )cvclinc c:lilscd inh~bic~on O i  rniL.p-.lti( )n by intcrkring 

\~.ith intcp-in .~ctivit!.. 'l'hcrcforc. 1 pcrti ) m c J  L n  ;lJhciion ;is?;.lv t In ilbrl ~ncctln. .\s sccn in 

I:ig 3.1.4 the .~dJition of minoc~clinc ( 2 3  1 pg/ml) 15 minutcs bcfi )rc tllc -1ss.l~ ~nhibitccl '1' 

ccll iJhcruncc i l;lg. 3.2.4). 

Fig. 3.2.2 Fibronectin fiacilitntes T cell transmigration. 

Migration Assay 

Fibronectin No coat 

IligLitii)n .lss;lv pcrformcd in 3 pm porc stzc tr~ns\vcll ch.lrnbcr liter 24 h( )ufi 

o f  inn~b;ition. (:h:lrnbcrs wcrc o ~ t c J  u-ith 25 p g / d  tibrc~ncctin or u-crc 

unco~tcd.  \'~lur.s x u  mem 2 SL) ()i tripliciltc samples. Student's t-test 

cornparcd to tibn)ncctin coated s ~ m p l c  ' ' 'p<l).l 11. 



Fig. 3.2.3 Adhesion of T cells on fibronectin is mediated by $1 integrins. 

Adhesion Assay 

Control IgG 1 anti anti anti 

- P I  4 2  -131 + -132 

11-it11 10 pg/ml o f  [g(;l isotypc control. o r  1:lOO dil~~tion of.1~1 .~sci t~c .~nc~-p l  

m t l b ~ J v  c /  clonc I .  or 10 pgirnl o f  - 2  .lntlboJv 

([rnmnnf )tech. clt )nc 71-14) 31 1 minurcs bcfi~rc the .idhcalon .lss.l!-. ( )nc \- 1 1  1' 

cclls ucru .~dJcd pcr n-cll .ind 1ncub:ltcJ for onc ht~ur  .it 37 ( 1. (:ells \vcrc 

\i-.ishcd ~ n d  fiscd in -!"I, 1'1*'.\ and st.~incci t;)r 1:-.ict~n \i.ith I'l-ph.llloidin. 

I:( ,llowing sr.Gning, ccll numbcrs ivcrc countcci in sis ticlJs .It 4 IS from 2 

ch;imbcrs. \ '~lucs i r c  mclm SLI o f  triplic~tcs. Onc-\v;ir .\SO\-.\ tcst with 

Hc ~ n k r r o n i  I'ost I I( ~ c .  \-;llucs cornp:lrcJ ag~insr control ' ' 'pel I.! 11. 



Fig. 3.2.4 Minoqcline inhibits adhesion on fibronectin. 

Adhesion Assay 

Control Minocycline 

Onc hour .~dhcs~on .lss.ly on tibroncctln. '1' cclls lvcrc 1nc~lb.ltc.d u-lth 

mln( )c!.clinc ( 2 3  1 pg:'mlj 15 minutes bci( )rc the . ~ J h c s ~ (  )n .lss.iy. \'.~lucs .Lrc 

mc;m + SL) I )i rnpltc.ltcs. S t ~ ~ J c n t ' s  t-ti-st comp:~rccl r ( )  cf )ntrol ' * *p<lj.l I(  11. 

'l'hu proycr f ~ ~ n c r ~ (  )n O i  lntchmns is dcpcndcnt ( )n thc presence ()i  c.ltit Ins such .is l l n -  -+ . ~ n d  

l Lg+ + (( ;;ihrnbcrs u t  .II. 1008). Hcc:lusc mint ~cyclinc ls .I chcl;~t( )r ( )i hc;l\-!- mc t.ils ( I':lCrncn 

ct . ~ l .  IOOO: Hcrthon ct .11. 1OXi ) .  .I possiblc mcch;mism bv u.hich minocvclinc iv.1~ inhibiting 

~ J h c s h  )n \\.;is bv scuucstcring hlg+ + or .\In+ +. '1; 1 test this possibilir!-. J c( )mpct~til )n .lis.l!- 

\v.ls perf, ~t-mvcl. llinocvclinc inhibit( )n. ciicct on .rclhcsion o )uld be ()vcrcomc. by i n c r c ~ s ~ n g  

the c( )nccntrLltit)n oi hlg++ (Iiig. 3.2.5). 'l'hc ~dd i t ion  o f  ( :;L+ + clccrc:lsccl tilrthcr '1' ccll 

~dhcsion (Ilig. 3.Z.Oj .lnJ rhc cffcct o f  \In++ could not be ~sscssccl sincc it .~ppc:lrcci t o  bc 

tosi t o  thc cclls  bout 85" 1 1  o f  untisccl cclls took up pn)p~dium iodide). 



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

hIg+ +. 

8 2% 

- - 
= loo 
L 

s 1" S so o - h i i  I 
( Inc f70~1r .lJhcsL ~n .lss.lv on fibrf lncct~n. Son-. tct lv.~t~J '1' culls \i-crc 

incub;ltccl uith mint rcyclinc ( 3 3  I pg/ml) .lnd \Id :I, 15 rn1nurc.s bch )rc thc 

.~dhcsion .LSS,L~. \'.llucs .lrc mc:m 2 SI) t)i t+lic:ltc s.lrnplcs. Onc-\i..l\- 

. \ tcst ivith H, 1nfcrn)ni I)( )st I [oc. \'.llucs c( )mp:lrccl .~g.~.unsr 

m,nocvclinc 251 p g / d  [( I ml[  \Is+-+) rrp<l  1.1 1 1 .  ' ' 'p<[ 1.1 11 J 1- 



Fig. 3.2.6 The inhibitory action of minocycline cannot be overcome by 

Ca++. 

. . 
( Inc h, )ur .ldhcei, )n J S S . ~ ~  t )n tibn ~ncct~n.  Son-.~cti\-.ltcd 1 ccll?; wcrc 

~ncub;ttccl \\.lrh mln, lcyclinu ( 2 3  I pg,'ml) .inJ Jig( :11 I )r ( :.l( :II l 3 mlnutcs 

bcd~rc  thc .idhcsl( )n .~ss.~y. \'.llucs .lrc rnc:ln 2 S1) o f  tnplic-itc s.lmplcs. ( )nc- 

u..lv \ \ (  I\ ' .\  rest with Ht jnicrrr )nt I)( 1st I l t  JC. \'.ll~ics c( mp:ircd .lg.llnst 

mlnocyclinc 2 3  1 pg/ml (I I m l l  c.ltlr Ins: 1.c. n() t i~rtl~cr .ddit1( )n c.lm Ins r( ) 

thc . \ I  .\I\ '  b.ls.11 C L I ~ ~ U ~ C  rncdi~lrn) 'p<ll.llj. ).I )I 11. 

'fo .lsscss if rhc .\I#++ chcl.lting pnlpcrn o f  minoc~clinc \VLS 1 mcch~nisrn bv u-hich 
- .  

minc)cycIinc \r.:ls inhibiting L ccll tr.lnsmisr~tion. \\-c pcrfim-ncd .L rnigrnt~on isa+ to 

Jcrcrmlnc whsrhcr thc cffcct o i  minocsclinc could be cornpccsd bv .\I#++-. .\s shown in Fig. 

3-27 incrcusing 1 [#+ + conccntr~tions could orcrc( )mc rhc inhibitoq- c ffccr o f  rnlnoq-clinc. 



Fig 3.2.7 The inhibitory action of minocycline on T cell transmigration 

can be overcome with Mg++. 

Migration Assay 

r; 
Y Control OmM 4mM 8rnM 12mM 18mM 24mM 

Mg++ Mg++ Mg++ Mg++ Mg++ Mg++ 

\Liq~.itl( rn .lzs.lv peril brmcd In 3 pm p( )rc slzc H( )\.den ch:lmbcr c( ).ltcJ \i.lrh 

tibrc ,ncctln. S( )n-~ct~v.i tcd '1' cclls \\.crc incub;ltcci \i.ith mint jcvclinc* ! 2 3  1 

pg/rnl) .lnd \lgt :l. 13 mlnutcs bcti )rc thc rnt&g-.itl( )n .~ss.i!-. \'.~luus .lrc mc.m 

SI) , ,f ttipliclrc s.1mplc.a. ( )nc-u-.~\- .\S( I \ - . \  tcst wlrh H( lnicrrf In1 1'1 )st I I {  )c 

.igL~nst ~OntrOl ).(jj. ' 'p<(  I.( j i .  

tn order t o  ctctcrminc if minocyclinc could inilcui-~tc thc p l  intqmn cl~iin into .l 

conil)rm:ition th:~t uoulci not bc ~ b i c  to sihm:il. .l cn~mlinking cspcnmvnt .ind .in.llvsia o f  

SLinoo.clinc did not inhibit P 1 sism;lling. suygcs ting that minocyclinc dl ,cs not cl  ~rnpctc t; )r 



In sumrnimn I h ~ v c  ct)nfirmcd in this .\im that rnin{)c)-clinc inhibit:: thc gcl~1tin;msc. ~cti\.ity o f  

Slhll's. .\linoc~clinc ilso inrcricrcs ivlth the dhcsion o f  cells on tibn)nccrin. .mlrhough 1t 

Jocs n~ )t inhibit clircctlr the ;~bility o f  the P 1 intcgin c h i n  r( ) sism;~l. I'hc inhibit( )n ~ i f ~ c r  )i 

minocvclinc on ;lJhcsir)n incl '1' cell tr~namt~~:lt i t  )n \ v ~ s  compcrcd our b\+ incrcilslng chc 

conccntr.~rion o f  .\la+ +. suggesting rhllt i n  imp( ~ r t m r  rncch:lni?;m t )i mint )cyclinc is b!- 

chchrion llg++ rcqutrccl ftlr the proper tinctic)ning o f  intcL+ns. In . \ ~ m  3. 1 rcvc:ll 

h~rthur .icti\-itics t )i minocvclinc. including inhlbiring rhv pn rcluctia )n )i \[.\Il's. 

Fig 3.2.8. Minoqcline does not interfere with pl  signaling. 

Minocycline 

Control anti-01 .+ anti-pl 

'I ' culls ivcrc untrc:ltcd (contrt A) or wcrc cross-linkccl \vith .~nri-P 1 .lntib( d!+. In 

thc mint ~cvclinc + m ti-p 1 group. *L' cclis ivcrc incubkltcd \vit h minocvclnc 

( 2 3  1 pglrnl) h ,r -3 1 minutcs bc h)rc thc mti-P I inubody ( 1 I Ippirnl) w ~ s  .tdJcd. 

.\ctii--:lltion time \vith the mti-Dl mtibr)Jr \V:IS 3 mnutcs. (:ell 11-s~~tcs [vcrc 

imrnunob1c)trr.d with ~mnti-phc~spk)n.ros~nc mtiboclv (Xi 11 1) .1s JcscribcJ in 

mc th, )cis 



3.3 Aim 3: 

Will the combination of IFNP and minocycline 

decrease T cell migration in vitro? 

Are the mechanims of action of 

I F N ~  and minocycline different? 

Will the drugs (separate and together) prevent MOG EAE? 



pp -- - - - - - - - - -  - - ppp - - - - 

Il;SP dccrc~scs the tr~nsmigprion O i  '1' cclls .it'tcr 72 hours o f  trcJtrncnr through 

mcch.inisms dependent ( In .\ 1111'-9 prt )cluctir )n ( S r u ~ c  ct .I[. 1000. I O O ~ .  Sincc mint )cvcIinc 

inhibited rhc cnzvm~~tic i c t i i - i ~  o f  lL.\ll's (1:;s. 3.7.l) 1r \\xs hypothcsizcd th:it the 

cl )mbin:lrit )n o f  I I:\ P :lnJ minc )c~clinc u-c ~u ld  dccrc:lsc titrthcr -1' cell ~r.lnarni~~.irit In. 

'l'( 1 .lJJrcss 11-hcthcr I I:\ P . ~nd  minoc~cl;nc u.0~1~1 .let in c( )mbln:lcit rr. In rhc rvJucri( Jn ( ~i '1' 

lymph( ~cvtc rnlL~.itil )n. mig.iri( )n cspcrimcnts \vcrc pcril ~rrncd in thc prcscncc I )i bt )rh Jni~s 

roguthcr t )r sup.lrntcly. in thcsc scrics o f  cspcrimcnts '1' cells \vc.rc incub:itcd in I I;\P I (  11 11 1 

C/rnl) for 7 2  hours. \\-hllc minocyclinc ( 2 3  I pg/ml) \\..is .iJduct 15 mtnutcs bcforc the cclls 

n-crc pl;lccd in tibn mcctin-c( u r c  H( )\.den ch.1rnbc.r~. . \s s \I( )u.n in l:ig. 3.3. l m11w )cyclinc 

tncrc:lscll the ct'tic.lcv I jt' I l:K P in chc inhlbirit ,n i ,f '1' cell rr:unrmig.iri( 111. 

Fig. 3.3.1. hlinoqcline increases the efficnq of IFNP in thc inhibition 

of T cell trinsmigration. 

Control IFN P Minocycline IFNP loo0 C/ml 
1000 U/ml 250 pglml Minocycline .t 

250 ugiml 

llis~,ttion .ws;n- pcrti~rmccl in 3 pm porc sizc HoyJcn ch~imbcr coatcci wlch 

fibr(.)ncctin. (:c11s wcrc counrccl ~ f t c r  6 hours o f  t r ~ n s m i ~ ~ ~ i t i o n .  \-:llucs irc 

m c m  i SD ttiplicatc i;lmplcs. Onc-wv .\SO\*.\ tcst \vith Honfcnr)ni 

Post I Ioc. \ '~lucs comp~rcd  ~ginsr I I:Sp 'pel I . (  15. ' =pel I . (  11. 



'l'hc usu o i  zymog-Jms has prcv~ously rcrwluJ that minoc~clinc icrc J through 1 Ji ffcrcnt 

mcch;inism than 11:s P. sincc. i s  s ho\vn in fig. 3.2.1. min( )cvclinc inhibited .\[)I 1) .icti\-itv. 

whlc [I;SP JiCI not sho\v m y  ~ i k c t .  [n  tlus 1:~bor.ltoq. Stuvu ct 1 1  ( 1007) h . i ~ - ~  shcnvn rh.ir 

[ 13 P \r:is iblc t o  inhibit '1' ccll tr:lnsmisv:luon likely chn ugh the rcclucri( ~n 1 )i \[.\II)-0 

csprcssion. Since I pc )srul:itcd that min{,cyclinc ~ctccl Jiiicrcntly t h m  I I:\ P i t  \\..is imp( )rr.lnt 

t o  in\-cstlg1rc thc effect t ) i  minocvclil~c on \1.\II1 prt )Juctlon. . \ I t  )re( r\-cr. min( )cyclinc's I t  ~TIS 

term cffccts i In '1' cclls ii.oulJ bc irnp)rt.int in .1n in rI\-o sim:~tion. .\s .I first .lppr( ~ l c h .  I 

cmplt )ycJ .In Kil.\ t( r Jctcrminc thc lcvcls )i tr.lnscnp ts cncc ding sc\.cr:il \ 1 1  ll's. I t \\..IS 

n( ~rccl rh;lr )i scl-cr.11 p( )tcnti;ll .\I.\[l) mcmbcrs. -1' ccils csprcss prcih )mtn~ntl!- \ [  11 I)-') 

( n s c  . I -  14 ( ' 1  - I 1 )  n 1 -  1 (ct )ll~gcn.isc- 1).  I;iLyrc .5.-3.2 5/31 )i\-s .HI 

mhibtti( In ()i spcclfic:~Ily . \ I l l  I)-[) (gcl:itin:lsc H) tr.~nscnpr lc\-cls by mtnocyclinc i 2 3  1 pg/ ml; 

c, ,mp.irccl t( 1 cc )I. in conrr:lst. I I:SP ( l (  i ' iml)  Jccrc:lscJ in gcncr:il rhc ic\-cls I )i .dl 

thc 11 1 1  1's csprcsscL1 by 'I' culls. 

I tcsrcci ft )r the prcsvncc ()i prc ~rcin in thc supcrn:lt.lnt ( )i culturud cclls. spccitic;ill~ I ri 1 1  \ I  I1- 

0. br \vestem blc )t. .\linoc\.clinc clccrc:lscd thu lcf-el ( )i 1l.\ll)-0 prr ~tcln ( 1:;s. 3.i.i'i. \ I (  rrc( )\-cr. 

.lt thc c(mccntr:lttc )ns used its citic~lcy \\.:IS grcitcr than I l i \P.  

.?It( )gcthur. the Jiikrcnccs bctu-ccn thc t \ i .cr  cln1~3 <'l'.lblc 3 . j .  1 ) ~nJic.itcd th;lt mint )c!.clinc In 

cf )rnbin;ition ivith 1la.S \;P silt )IIIJ cnh;tncc thcir incli\*icl~~.ll citic:~cy in .lrrusrlng 'I' cells 

rr.~nsrni~~.itl( )n in vivo. l+'urthcrmorc. I t  ii..is prcdicrcd t h ~ t  mln( )cvcl~nc w( )ulJ h.lrc ,kvc.lrcr 

cific:lcv on I , : . \ I a ;  comp:ircd to II+'SP. 

Table 3.3.1. Effects of minoqcline and I F N ~  on T cells 

Dccrc-~scs h11[1'-9 rnK\I,\ Dccrcascs lllLI' mRS.1 lcvcls in gcncrll 

I n h b ~ t s  1IlLP cnzym~tic activiy N o  ~it;.ct o n  .\I.\IP cnzyrn~tlc ~ c t i v i ~  

Rccfuccs iidhcsion on tibconcctin No cffcct on adhcsion to tibroncctin 



Fig. 3.3.2. Minoqcline decreases MMP-9 RNA level. 
6 

- Stromel sin- I 
1 racmjLgr glastase 

trom lys~n-, 

- MTI-MMP 
incomplete probe 

'1' cclls wcrc incub~tcci 1~1 th  .\Linc)qcLnc (251 1 pg/ml) or I l:SP ( 1( M I( 1 C /ml) 

for 24 huurs ~nc i  thcn collcctccl into m RS-\ cs t r~c t i r~n  solutirln. 'l'ryzol~il, 

((;ibco). *i'otd R\.\ \v;is cs t r~ctcd ~~~~~~~~ing thc munuf~cturcr's cicralcct 

instructions. -1'c.n pg of RS.\ pcr Imc n-crc subicctcd to m RN.\sc pn~tcccion 

~ s s a y  mtnJ products wcrc rcsolvcd usins a scqucncing ~ c l .  



Fig. 3.3.3 Minocycline decreases MMP-9 protein level. 

I 24 hours --48 hours 1 

51 )n-.lcti\-.lrcd -1' cclls a.crc 1ncub;lrcd in rhc prcscncc i +) I )r .lbscncc ( 1  1) i )i 

2jl J pg/ml mln( ~cr.clinc ( , r  l (  rc  )Ct/ml I I : s ~  t )r thc CI )mbtn.itil In fi )r 24 .mcl -IS 

h, mrs. 'l'hc supcm.lt.mt \v.ls rest )lvc.d bv l (  1'' $ 1  SLIS-I1-\C ; 1,: gel .lnJ 

irnrnunl )bll )ttccl .LgLlnst thc zvmogcn form I )f \I.\II'-O .is JcscnbcJ in 

mcthc d s .  



.\s sr.ltcd in thc intn)duction, mint ~mclnc,  bv its ihbi t i t  )n ( )i collqcn( )lt.uc .md gcl~tint ~lvtic 

~ctirirv. a th( )light t( ) bc bcncicid in rhcum;l t( )id :~rrhricis mcl pen( )dc ~ntiris. \ [in( )c~clinc h.ls 

multiple ~mrniinomc )Jul:tting :lcti\-i tics (see Inuocluction) .md physit )I( )@c:lll!. h:a bccn c( )ns~dcrcd 

:is .m mti-int1arnm;~to~ .igcnt. Hcc~usc I ( . \ I (  is .i -1' ccll rncJi;ltcd cliscisc. .lnJ bcc.iusc [ h.11-c 

durn( )nstr.ltcd r h s  mind )a-cline dccrc:lscs 'L' cell tr.~nsrnig-.~ti( In in I-irr( ). I rusrcd rl~c h i p  ~thcsis 

th:ir min4)c~clinc \i-ould .lt'icct '1' cell tr.u~srni~~.ltion into rhc ( :\S p:ucnchym;l .md .imclb )r.lrc 

I .:.\I .:. 
hi( ; I . . \ I .  n*.ls inJuccd in 12 u-cck ( )id ( :57H1.,1'0 I;.m:~lc mlcc .ls JcscrfbcJ In mcchl JJS .rtd 

.inim.~ls it-crc rn( mitt )red 4 n-cr .i petit )d 1 )i 18 JAYS. In (jrdcr rt)  prcvct~t I ,:.I1 -:. trc.itrnct~rs 

('l'.tblc 3.3.2) ivcrc .dmin~stcrcJ tntr.lpctitl )nc:lllv b c ~ n n l n ~  (In thc J.1) ( )i 1nJucr11 )n ( )n .I 

J.ulv b:lr;~s in 3 t (  1 PI ( )i I'M. l'cn .ln~rn:lls per gr( )up ivcrc 11i;cJ. 

Table 3.3.2. Treatments applied to MOG EAE 

Control nt ~n-rrc:ltccl .~nlrn:~lb 1'HS 1.p. ( )tlcc J:d!,: 

Groli? 4 Combination ( )i minc )c\.clinc :lnd I I :N P (-1s JcscnbcJ per inlli\-icfii:~I 
,qTC '11~). 

. \n~mds \vcrc cs,~mmccf c1inic:dlv tn ,L Jlulv bits~s; some .mim:lls \\Acre s.lcnticcd . ~ t  JL1v 21 6 )r 

hlstolob6c.~l &tnl~1ys~~. .\s sccn In 1:ig. 3.3.4 c( ~ntrol micc s~lbicctccl t( I I( I(; Inn( rculum Jci-el( )pcJ 

SI~J-IS ( )i [ . \ I  by 12 Javs inducu~n. mJ rhc scl-cnh- 1 )f d l s ~ ~ s c  p r o ~ ~ c s s ~ v ~ i \ .  mcrCiscJ. Hi- 1 X- 

3 1 Jays pl )st-mduction control .\ [( I(; .inimitls ivcrc pu~lvzcd ( ~ . L J c  4). .\linl )~\.clinc Jcl.~vcJ the 

~nsct of I -:.\I t; ~r X d ~ v s  cornpmxi t o  non-uclccJ .mirds .  11.3 P prci-cntccf ihc ( ~nscr i ,i dacssc 

for .i d:l~s. but iricr 3 1 JAYS post-hductlon . d s  i\-crc JS sick JS non-trc~tclf controls. .\ Jrop m 

ivcight g c n c d v  ~cca)mp;mics thc onsct of [<. \ [a:  JS shutvn in plmccl B (l:ip. 3.3.4). ( )nc  . t d  

from ~ - ~ l c h  minoqchc  cre~tcd goup  d ~ c d  fix unlino\r.n resons, prcsumilbl!. Juc u) drug toxicity. 



In order to dctcrminc if rninoc).ciinc i v s  delaying l:.\II by Lrrcsong intil~r~ltion into the ( 3 s  
pilrcnchyml hstolo~ic:~l ~.n:~lvsis u-crc pcrfirrncd ~t d ~ y  21. 1:;s 3.3.5 sho\vs r~r)rcs~nt.~tivc cr( )ss 

sectit )ns O i  rhc s:~cr~l sspin;d ct )rd stinccl ti)r 1 .us01 I Gst Hluc c )t- \ I (  )(; I - . \ I  .mimll .mrl hc~lthy 

control. . i s  obscn-ccl ~n I . . \ I .  ~ftllctcd .m;rnals. there is Icukoc\.rc. intiltr.itic )n. \ [ I  )re( I\-cr. thc loss in 

blue st.uninp rchccts some clcmvuLnation. 

\Lincm-cline trc~tcll mim;~is j Jonc  I )r in o )mbin:~tit )n) shl ,ad n( ) m( )nc muclc:~r infilcr.lti( in in[{ I 

thu (:SS p;~rcnchrm;l .it ctiv 21. [n  conrcIst. [I:s\;P or non-trcitcJ I-: . \ I  9: .m!m:~ls shl )ired .in 

cstcnsivc int;ltr.lt;on ~Tlc~ikoc-tvs into the (:SS p:~rcnch!.rnl (I.';# i.i.6). 'lhli; histo11 rgcd fincling 

o )rrchtcs with the clinic11 rm~niFcst:~ti~ )ns. \lint )crcltnc c( )t~lcl prc1-cnr ;nt;lrr.~ci( In 4 l t '  Icuh Icyrcx 

into thc (:\is . ~ n ~ l  prvsum;lblv clcl:lvcd rhcrct; )re the c1inic.d (jnsct of I+:.\Iu:. 

( )nc. I )i rhc .iJi-:lnr;lgcs of the 1[( I(; 11.\1 1 moclci is rhc proclncu( )n ( )t' JcrnvcIin;~i~{ )n in the 1 )pt~c 

ncnc \vluch is .m c:vlv symptom in m:mv c:~scs of 11s. (:n)si; scctions oi the (~y t ic  ncn-c ivcrc - .  

t.lkcn .lt J:iy 21 .lnd cs.lmincJ fi )r dcrnyclin:ltion. Iiig 3.3.7 sh( 1u.s s i q s  r )t'dcrn~.c.lin;~u( )TI .is \i.vll -1:: 

rc:~co\-c Sli;ll cclls in rhc p : ~ r v n c h v ~ ~  ~ I I  \ l (  )(; I , : . \ I s ' ,  .tn~m:~ls. Scctlt )ns I )bscn-c.d fr{ )rn mlnl ~cycllnc 

crc.itcd .~n~m:lls sl1( )ii.ccl .l hc:ilth\. p:~rcnchvm:i ( Itig 3.3. H) \\. hcrc thc .LM bns cs.unlnccl rcrnluncd 

myclln:itcJ .~nd th~brc ivcrc. n()  siLvs OF rc~ctlvc gIi:11 cclls. 

I n  sLimm.ln, min( lcyclinc Jul:ivcJ the (msct )i I :.\I : f( )r X JAYS c( 1rnp:ircd t( 1 nl )n-trc.ltcJ 

mim:ils. 111 )rc( I\-cr. thc . ~ ~ c r : ~ p  time t'( ~r minoc~clinc. trc:~tccl ~n~m:ils r(  b c c ~  )mc p:~r.tl!.zcd 

\v:lx X J:l\-s longcr th.m non-trc:~tcJ or Il:SP rrc:~tcJ I : . \ I -  .inlm;~Is. 'I'hc C I ~ I I I C . ~ ~  s l p ~ s  

ct )rrcl:ltcd ivith thc hlsrc )lc)gic;il s ~ g ~ s .  s~~xqcs  tlng rh:lt mint )cvclinc c( )uM prcl-cnr lcuhl )c! tc  

intiltt.~tlon into the (INS p;lrcnchvm:l. 0vcr:lll minocyclinv sho\i-cJ .i grciltur cfic.~cy in 

prc~cnting I*:.\I*: th;m IICSP. 



Fig. 3.3.4. Minocycline delays the onset of MOG EAE. 

A. EAE GRADE 

0 .  WEIGHT 

2 4 6 9 10 1 1  12 13 14 15 16 17 I8 1 9 2 0  

Days P ost4njection of MOG 

Panel A shows severity of EAE graded accordtng to Bernard et  ai (1997) (see 

methods). Brictly, 0, no &scasc; 1, loss of weight md limp t d ;  1, p-artid 

p-udysis of one or  cwo h d  limbs; 3, complete paralysis of h l l  limbs; 4, h d  

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

a d  weights. \.dues are mean + SD of about 6-10 mice. One-way .L\iOIr.\ 

test with Bonferroni Post Hoc. iralues compared against control "pc0.01, 

"'pCO.001. 



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

.\Lice ivcrc pcrf~scci u-ith I'HS ;md thc s : ic~~l  p:~rt o f  the spm:il cord n-:~?; dis?;cctccl. tixcd in 

-+",I 131;.\ ovcr night lncl  umbcciclcd in p:uxfh  \L-.L\. (Iross sections (0-8 rnicnlns) \vcrc 
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Fig 3.3.6 Minoycline prevents leukocyte infitration into the CNS pnrench>ma 
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Fig 3.3.7 MOG EAE mice have demyeiination and gliosis 
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Fig 3.3.8 Minoqcfine retards the appearance of demyehation 
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Multiple Sclerosis is an in-tory disease characterized by the infiltration of large 

numbers of lymphocytes and monocytes into the CNS. It is believed that this infilttation 

leads to elevated levels of pro-intlammatory cytokines and an undeskable inflammatory 

response within the CNS. Therefore, arresting inflammatory cells born inatrating the CNS 

could lead to the amelioration of MS. The e n q  of leukocytes into the CNS is dependent on 

several factors including the expression of W s  that degrade the extracellular matrix 

proteins of the basal lamina in the BBB. Several lines of evidence implicate hLh,Ps as being 

pathogenic factors in MS (reviewed in Yong et al, 1998b; Yong, 1999). Fkst, MMPs are 

elevated in the CSF and brain of patients with MS. Second, serum MMP-9 levels are 

sqpficantly elevated in MS patients compared to healthy controls; w i t h  the MS 

population, serum MMP-9 levels are lugher d w k g  dinical relapse relative to periods of 

stability. In addition senun MMP-9 levels are conelated with the number of gadolinium 

enhanced lesions detected by MRI (Lee et 4 1999; Waubant et 4 1999). Third, inhibitors of 

MMP activity have efficacy in EAE. Fourth, young mice genetically defiaent for MMP-9 are 

reladvely resistant to EAE compared to age-matched controls (Dubois et al, 1999). Finally, 

one of the mechanisms by which IFNP may act in the amelioration of MS is by inhibiting 

the production of MMP-9 since IFNP treated MS patients show reduced suum MMP-9 

levels projano et al, 1999). This thesis tested the hypothesis that targeting MMPs could 

constitute an qeeimental approach to ameliorate CNS mflammation. 

Our laboratory had previously demonstrated that the transmigration of T cells across a 

fibronectin barrier could be conelated with the expression of MMP-9, and that T cell traffic 

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



et 4 1996; 1997). While MMP-9 production by T cells was inhibited by IFNP, MMP-9 

e v e  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 trafficlung and that this combination could lead to a better therapeutic outcome in 

MS that either drug individually. 

In considering inhibitors of MMP enzyme acdvity we chose rnioocydine because besides its 

MMP inhi'bitory capacity (Paemen et al, 1996) the drug was already in dinical use for other 

indications. Therefore, given that minocydine had already been approved by the FDA for 

human use, in potential employment as MS therapy would have been facilitated. 

Firstly we have confirmed that minocydine has MMP inhibitory ability, and fuahermore, 

that minocydine is able to deaease rmgtation of T cells across a fibronecdn barrier. The 

inhibitory effect on T cell transmigration k rapid (15 minutes) upon addition of minoqdioe 

and it is dose dependent Moreover, it is not s p e d c  to any of the individd populations of 

lymphocytes tested (CD4+ T cells, CD8+ T cells, CD16+56 NK cells or CD25+ cells). 

We have found that minocydine not only inhibited T cell transmigration, but that it also 

inhibited T cell adhesion onto fibronectin. The inhibitory action of rninocydine could be 

overcome by the addition of increasing concentrations of Mg++, suggesting that the effect 

is reiated to Mg++. Other effects of minocydine on T cells are the inhibition of MMP-9 

production at the level of both mRNA (demonstrated by P A )  and protein (demonstrated 

by wcstem blot) (Fig 4.1.1). 

These collective hdiags suggested minocydine to be a promising therapeutic approach for 

the treament of MS. Moreover, because minocydine inhibited W s  at both production 

and activity of MMPs,  it was predicted that minocydine would offa  better benefits than 

IFNP as a therapy for EAE and possibly MS. Therefore we tested the efficacy of 

minocycline against FNP. 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 h e  for minocydine treated animals to become paralyzed (grade 4) 

was 8 days longer than non-treated or IFNP treated EAE a d s .  Overall minocydine 

showed a greater effia cy in preventing EAE than IMP. 
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Fig 1.1.1 Minoqcline inhibits T cell transmigration. 
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4.2 Mlnocycline and Its dkds on T cells in vitro 

4.2.1 MINoCY~LINE INHIBITS T CELL MIGRATION IN VITRO 

To determine the infitratme capaaty of lymphocytes aaoss a proteinaceous bamer, the in 

vino Boyden chamber assay was used. The Boyden chamber method evaluates the number 

of lymphocytes which, in accordance with the concentration gradient of migation factors, 

pass through a 3 pm millipore Nter and migrate to the lower chamber. Because lymphocytes 

are floating cells (they do not adhere on pkstic in vitro), they can be collected and easily 

counted by the use of a Coulter counter (Albini et 4 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 lamiua of the BBB. In early MS and EhE 

lesions there is deposition of fibronecdn and fibrinogen @ s k i  and Mords, 1991). This 

deposition on endothelial cells is thought to enhance leukocyte adhesion (Langumo et al, 

1993). Similarly and as shown by my results, fibronecdo coated chambers facilitate T cell 

transmigradon in the Boyden system tested. Therefore, even though simplistic, f i b r o n e c ~  

coated Boyden chambers seem to be a good model to study T cell ~ s m i g r a u o n ,  

spe&cally when mechanisms associated with the basal lamina component of the BBB are of 

interest 

As shown by my results, rninocydine attenuated adhesion and T cell transrmgration through 

fibronectin. The inhibitory action of minocydine was overcome by the addition of Mg++. 

The family of tetracydines has the ability to bind divalent ions with variable capaaty. For 

example, calcium forms 2:l metal-ion to tetracycline complex, while the magnesium complex 

can be formed at a 1:l 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) 

(Newxnan and Frank, 1976). Therefore, it is possible that minocydine could inhibit T cell 

adhesion and aansrnigration by chehdng M e + .  The inhibitory action on granulocyte 

chemotaxis has also been related to the chelation property of minocydine, but ia this case, 

specifically, of Ca++ ions (Sugita et al, 1995). 



Fig. 4.2.1 Tetracyclines can bind to ions. 

Year of 
Chemical name Genetic name Trade name discovery Structure 

Ttmcydinc tctracyciinc Achrom ytin 1953 &Fm- 

Qcc 0 anm0 

7dimethyiamino-6 rninocyctine Minocin 
demethy l-6-deoxy- 
tetracycline 

Calcium can interact wich 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 &om Chopra et 4 1992). 

The role of Mg++ in T cell transmigration is presumably at the level of adhesion; 

spedficdy, M e +  is a required cofactor for pl  integrin activation. Firstly, f ibronec~ 

facilitates T cell migration. Secondly, the interaction of T cells with fibronedn is mediated 

by members of the p l  integdn family. This is specifically achieved in CD4+ T cells by a4- 

or cr5- p l  heterodimer combinations. Third, Mg++ is required for T cell adhesion mediated 

by these integrjns. Mg++ binds to the p l  chain as well as to the a4 and a5 chains inducing 

an activated conformational state that dows the receptor to bind Bronectin ~akamatsu et 

4 1998; Masumoto, 1993). 

MMPs have been implicated in the ttansmigration of T cells. TIMP-I inhi'bits specifically the 

transmigration of T cells through the 3 micxon aronectin coated Boyden tilter, which 



suggests an MMP dependency (Uhm et al, 1999). Therefore minocydine could be also 

inhibiting the enzymatic acdvity of MMPs. 

In 1983, Golub et al suggested that the inhibitory effect of minocydine on collagenolpc 

activity was probably due to its chelation of Ca++, since the inhibitory effect was diminished 

by the addition of CaC1,. As t h i  name implies it, MMPs are metalloproteinases, that is, they 

depend on Zn++ and Ca++. Both mechanisms are essential for the activity of MMPs. 

Zn++ acts as an intdnsic metal cation, being at the center of the catalpc 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 minocydine to p l  integnn or MMPs cannot be 

discarded and these could also be involved in the dubition 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 4 1985). Greenwald et al (1987) have speculated 

that binding of minocydine to MMPs directly results in a loss of enzymatic activity and that 

h e  slow deaance of rninocydine &om such a complex provides the prolonged effect in 

vivo. In similar way, pl integdns could have such a bin- site for minocydine. 

In an  attempt to test the possibility that minocydine would bind to the pl chain and change 

its configuration into a non-ache state, uoss linking experiments were performed where 

rninocydine would be a possible competitor. Minocydine did not have any effect on the p l  

signaling outcome suggesting that (1) the drug does not compete for the epitope r e c o p e d  

by the anti-pl antibody utilized or (2) minocydine does not change the p l  chain into an 

inactive non-signaling state. 

4.2.2 MINoCYCLBE HAS LONG 'TERM MECHANIMS O F  ACTION O N  T CELLS 

The decrease of MMP-9 levels by minocydine 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 MTI-MMP or --I. Similar specificity has 

been observed in the inhiitory action of minoy&e on T c d  cytokine production. In 



human peripheral T cells, minocydine selectively suppressed TNFa and IFNy production, 

but not IL-6, and it did so at the mRNA level ("Moppenburg et al, 1996a). 

It has been described that mioocydine penetrates leukocytes obtained &om human 

peripheral blood. Agranulocytes absorb tetracyclines more actively than granulocytes 

(rclvman, 1984; Samin et 4 1988). Once inside the cell minocydine could interfere with 

signal  transduction cascades with the result of MMP-9 inhibition. For example, Pruzanski et 

al (1992) have shown that minocydine can inhibit phospholipase A2 enzymatic activity. 

Minocydine ingestion s w c a n t l y  enhances the lise in Ca++ influx by splenocytes horn 

collagen immunized rats, when shulated by Con A. Rising intrace1lula.r Ca++ is a vital 

second messenger for T cell activation. Sewd  et al (1996) have postulated that by amplifying 

intracdular Ca++ during collagen I1 immunization and altering the normal s i g n a l  

transduction relationships between htncel lukr Ca++ and costLnulatory events, minocydine 

may provide a tolerogenic state. This could explain the effect of rninocydine on inducing 

nonresponsiveness or anergy in T lymphocytes, as determined by prohferation and IL-2 

producrion to CD3 andgenic stimulation (Kloppenburg et al, 1995b). 

4,3 Minocyr=line and Its dkts in vhro 

4.3.1 EFFICACY OF MINOCYCLINE IN MOG EAE 
-- - -- -- - - - -- - - 

Minocydine 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 minocydine did not prevent completely the disease? It is possible that the explanation is 

related to the dose used and the severity of EAE induced. Minocydine was admhstered 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 

dinical outcome. Also it is noted that the majoritg of drug trials in EAE have involved the 

use of animals in grade 2 EAE; in this thesis, grade 4 EAE was the result 



Minocydine 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 concentration of 10000 

to 5000 U/animd (Yu et 4 1996). We showed that at a concentration of 7500 U/& 

I F N ~  could prevent the onset of disease for 3 days. However, IFNP did not alter the course 

of MOG EAE, since animals became paralyzed (grade 4) around the same t h e  as non- 

treated EAE controls. At a concentration of 50 mg/kg administered for the h t  7 days, 

rninocydine had a better effect in preventing the onset of disease. Therefore, rniaocydine 

could be perceived as a better therapeutic approach for MOG EAE. Nonetheless, it cannot 

be concluded that minocydine has greater efficacy than IFNP, because a &her dose of 

IFNP could have shown better results. The effect of hyher doses of IFNP on prevention of 

MOG EAE remains to be explored. 

4.3.2 MJNoCYCLJNE AND ITS M E C W S M S  OF ACTION IN VIVO 

The exact mechanisms by which rninocydine might be acting in vivo are not kaoam. Various 

levels of action are possible: periphery versus CNS; ~nhibition of immune response to 

induction versus T cell traffic into the CNS; Inhibition of T cell activation versus inhibition 

of integdns versus M M P s  versus hhbition of pro-inflammatory cytokines. 

As shown in the in vitro experiments minocydine inhibits T cell aansmigration at a 

concentration of 250 pg /d  However, physiologically, levels of mino cydioe in the sera of 

patients treated with 100-200 mg of minocydine orally would not be expected to exceed 10 

pg/ml. The peak serum concentration of rninocydine is approximately 6 pg/d when 200 

mg of it is intravenously ghm to healthy adult male subjects (reviewed in Masumori et 4 
1994). Thus, it m a y  be conduded that the concentrations of minocpdine used in chis thesis 

for the in viw experiments are beyond the physiologically relevant range. Whether studies 

of the effects of minocydine concentrations lugher &an those achievable in vivo in routine 

clinical practice are useful is a matter for discussion. It must be realized that an in vko  

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 htgh concenaations of 

rninocydine in vitro provides an o p p o k t y  to help define the in vivo modulatory adon of 



a drug. Furthermore, minocydioe has a hgh degree of lipid solubility that results in 

concentrations in tissue that exceed concentrations in senun. Consequently, lipid-soluble 

temcydines have been reported to accumulate in leukocytes (Saivin et aI, 1988), which 

makes d iK~dt  to evaluate the efficacy of minocydine on the basis of concentrations in 

culture medium and serum. 

Minocydine was shown to inhibit T cell adhesion and transmigration through mechanisms 

related to M e + .  In ocher words, Mg++ could be perceived as an inhibitor of minocydine 

on T cell rmgration in vitro. Therefore, it is valid to ask the question if minocydine, by its 

chelating property, would arrest T cell infiltration in vivo. Tetracydines can be dismbuted in 

different complex speaes, proton and metal bound hctions. In combination with the 

protein bound fraction of the tetracyclines, the metal bound &action represents more than 

99% of these drugs in plasma, the extent of their fiee fraction commonly being less than 1%. 

The &action of antibiotic not bound to proteins h o s t  exclusively occurs as calaum and 

magnesium complexes (Beahon et al, 1983). 

If the mechanlsm by which minocydiae inhibits T cell adhesion and transrmgration is by 

chelating magnesium and, if minocydine in plasma is mainly in the metallic form, then it 

would be logical to condude that rninocydine would not inhibit T cell transmigration into 

the CNS in MOG EAE. However, as shown in the histological sections, miaocydine 

prevented MOG EAE onset by inhibiting mononudear inatrates into the CNS. 

D-penidllamine, a protease inhibitor that prevents acute and abrogated chronic relapsing 

EAE, is also a chelator. The authors implied that this property could be the r n e c h s m  by 

which D-penidllamine directly inhibited MMPs conmbudog to the therapeutic effects 

shown by the drug in vivo (Norga et al, 1995). Moreover, the benefid effects shown by 

mino cydine in pa dents with rheumatoid arthritis (RA) have been associated with its ability to 

inhibit MMPs. MMPs are thought to contribute to the pathogenesis of RA by facilitating the 

idammatory infilmtes into the joint and degrading the collagen in the cadage (reviewed in 

Harris, 1990). In conclusion, it is possible that minocycline, by inhiiiting pl  integin and 

MMP activity in vivo, could prevent T cell a t r a t i o n  and consequently MOG EAE. 



Simirar to the in vitro situation shown in this thesis, another additional mechanism of 

minoycline could be by inhibidng 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. Interes~gly, it has been reported 

that doxycydiae (50 pM) completely inhibits the phorbol-12-myristate-13-acetate (Ph4.A)- 

mediated induction of MMP-8 and MMP-9 (Hanemaaijer et al, 1998) which could be an 

additional mechanism by which rninocydine could preserve BBB integrity. 

In animals, tetracydines have been shown to suppress the DTH response, the rejection of 

transplants and levels of serum immunoglobulin. Furthermore, in vitro tetracyclines 

inhibited the proliferative response of human peripheral blood mononudear cells to 

mitogens (Porn et d, 1983). 

Minocydine has been described as an immunosuppressor. Both minocydine and tetracycline 

suppress murine thymocyte co-mitogenesis induced by L - I  (Ingham, 1990). In humans, T 

cells can be suppressed funcuondy by mino cydine, resulring in a dose-dependent lnhibition 

of T cell proliferation, decreased IL-2 responsiveness and reduction in production of IL-2, 

IFNy, and TNFa (Kloppenburg et al, 1995b). Because a direct immunization model was 

used in this thesis, it is possible that minocydine acted as an immunosuppressor on the 

induction phase of the immune response. In order to measure che extent of the inhibitory 

action of rninocycline on the transendothelial rugration of T cells into the CNS, and on the 

c o m e  of chronic EAE, the use of an adoptive T cell transfer model is necessary. This 

exp&ent is contemplated as future directions of h s  project 

A reduction on IFNy or 'MFa levels is @cant in MS. IFNy and TNFa are pro- 

inflammatory cytokine with multiple hctions, including the activation of cells of the 

monocyte lineage and the up-regulation of adhesion molecules on endothelial cells that 

regdate the entry of T cells into the CNS (reviewed in Hohlfeld, 1997; Yong et al, 1998a). In 

humans, IFN'y worsens the symptoms of MS. IFNy is a potent promoter of MHC I1 

expression on monocytes, microglia, endothelial cells and astrocytes; moreovet, it promotes 

the differendation of b e  CD4+ cells into Thl cells, propagating inflammation. Cells 

isolated horn the CSF during active disease espressed a Thl pattern of cytokine production. 



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 

mononudear cells and were accompanied by increased IFNy secreting cells in blood. PLP 

specific T cell clones generated from MS patients dunng dinical relapse seaeted primary 

IFNy and TNFa (reviewed in Hohlfeld, 1997; Yong et al, 1998a). 

Minocydine have shown benef id  effects in patients with RA. It suppresses the laboratory 

parameters of disease activity, e s p e d y  the acute-phase reactants (reviewed in Kloppenburg 

et 4 1995a). For example, in a study designed to analyze the anti-inflammatory effect of 

minocydine in theumatoid arthritis, serum samples of 65 Rr\ patients who completed a 26- 

week randomized double-blind td of minocydine (100 mg twice a day) versus placebo were 

studied. Serum levels of IL-6 and rheumatoid factor (RF) decreased in the minocydine- 

treated group only. Minocydine sqpiicantly decreased serum IgM-RF, IgA-RF, total IgM 

and total IgA levels. In addition the ratio of IgM-RF/total IgM decreased in the 

minocydine-heated group (Kloppenburg et al, 1996b). Therefore, minocydine could act as 

immunosuppressor and as such be beneficial for MS. 

-- 

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

greatet lipid solubility, minocydine and doxycydine are better dismbuted than other 

tetracyclines, to areas of the body such as eye, brain, cerebrospinal fluid, aad prostate glands. 

This has made these drugs the choice of treatment in cases where these areas are infected. 

For example cerebral mahia is u s d y  treated by intravenous administration of doxycydine 

or rninocydine (Atonson et 4 1980). 

Since it can enter the CNS, minocydine could act as an inhibitor of MMP-9 production on 

those T cells akeady in the CNS parenchyma as well as an inhibitor of MA@ actmity within 

the CNS. By inhibiting MMP activity, minocydine 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 

minocydine affects MMP-9 also has consequences on the production of the 

ohgodendtocyte-toxic cytokine, TNFa The effect could be the prevention of conversion of 

pro-TNFa into its actme form, which could be benefid for EAE and MS (reviewed in 



Yong; 1999). Minocydine might thus antagonize effects of cytoldnes which transcriptionally 

activate the MMP-9 gene (Johnany et aI, 1997). Because TNFa seems to be a disease 

promoting cytokine in MS and EAE, inhibition of this cytokine would be benef id  in MS 

(Selmaj, 1995; Raine, 1995). 

Yrjanheikki et a1 (1998, 1999) have shown that doxycydine and minocydine inhibited 

inflammation and were neuroprotective against ischemic stroke, even when administered 

aft= the insult. Minocydine showed better efficacy than doxycydine. It inaeased the 

sumival of CAI pyramidal neurons; prevented completely the ischemia-induced activadon of 

microglia; reduced mRNA induction of interleukin-lbea-conv&g enzyme in microglia; 

and, attenuated the expression of induable nitric oxide synthase rnRNA. 

The &bition of miaoglia actmation 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 TNFq T N F ~  and I N 7  m e ,  1994). Microglia are also 

responsible with monocyte/macrophages for the ingestion of myelin, probably conmbuting 

to demyelination. If minocydine acts by inhibiting rniaoglial activation, the drug could have 

therapeutic efficacy not only for MS and ischemic saoke but for many CNS pathologies 

such as AIDS dementia, traumatic brain injury, Alzheimer's disease, experimental globoid 

cell dystrophy, and brain abscesses. 

4.5 Mlnocycline as therapy for MS 

The immunomodulatory and the anti-MMPs properties as well as the in vivo benef id  

results shown in Lhis thesis suggest minocydine as a potendill therapy for MS. Because a 

progressive EAE was used for this study and since minocydine could delay the heal 

manifestations, it is valid to rationalize that minoycline could ameliorate the course of the 

progtessive form of MS. 



In view of the fact that the relapses in MS are unpredictable, a condnuous aeament with 

rninocydine would have to be used to prevent relapses. The long term efficacy and safety of 

tetracyclines as disease mo* anti-infbmtory drugs is a concern in MS. For example, 

in a s m d  aial of minocydine for RA, seven of ten patients treated with minocydine 

(maximal daily dose 400 mg) reported vestibular side effects and g a ~ t c ~ - h t e S ~ d  intolerance 

(reviewed in Kloppenburg et al, 1995a). Moreover, among acne treated patients with high 

doses (100-200 mg daily) and long exposure (6 months to 2 years) minocydine was shown to 

induce serum sickness, autoimmune induced hepatitis and systemic lupus eryrhematosus-like 

syndrome, and vasculitis, specially in women. In relation to the number of prescriptions, tbe 

number of serious adverse events of rninocycline described is s m a l l  and there is clinicai and 

biochemical resolution a f t u  withdrawal of the drug (Gough et al, 1996; Bhat et al,1998; 

Akin et 4 1998; Elkayam et al, 1999). The fact that mioocydine could induce autoimmune 

manifestations among women reflects the potential imrnunomoduktory effects of 

minocydine in humans. 

In the MOG EAE trials shown in this thesis, two minocydine treated animals (of 20 animals 

in total) died before onset of EAE symptoms, suggestiog a drug related death. The toxicity 

of minocydine could be related to the dose used and to the form of adrrrrmstration. In pigs 

and rabbits, the parental adrmnistration of tetracycline and oxytetracycline were rapidly 

adsorbed by lymphocytes and consumed by the epithelium of the lndney and cells of the 

h e r  parenchyma (Karpuq 1976). It is possible that metabolites of tetracydine could be toxic 

for the h e r  and the kidney. Nonetheless, among the tetracydioes, minocydine and 

doxycgdine can be given in fb.U dosage with minimal risk to patients with renal impairment 

(Baaa et al, 1977). Another means to udlize minocydine 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 4 1999). 

The anribiotic capaaty of &ocycline could also be a disadvantage in its use for non- 

infectious diseases. Nonetheless, minocydine might be a lead compound for the 

development of more potent non-toxic MMP h'bitors. Indeed, the MMF inhibitory action 

of tetxacyclines has become of such interest that tetracycline derivatives that have lost their 

antimiaobial proputies altogether, but retain their anti-MMP activities, are being developed 

(Golub et 4 1992; Rifldn et 4 1994). 



4.6 Conclusions 

This thesis has been able to demonstrate that minocydine is able to decrease adhesion and 

migration through fibronectin of T cells in vitro. In vivo, minocydine delayed the onset of 

MOG EAE in C57/BL6 mice for 8 days compared to non-treated animals. Moreover, the 

average time for minocydine treated animals to become paralyzed was 8 days longer than 

non-treated or I F N ~  treated EAE animals. Overall and at the concentrations used, 

minocydine showed a greater efficacy in prevendng EAE than IFNP. Mechanisms of action 

of minocydine involve MMP enzyme inhibitory activity as well as inhibition of MMP-9 

production at the level of both mRNA and protein in T cells. 

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

and humoral components of the immune system, we expect that minocydine wiU improve 

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

4,7 Future directions 

Future research can be expanded in various fields. Firstly, the mechanism of action of 

minocydine should be studied huther. This can be achieved at two levels, celIular/moIecular 

and physiological levels. At cellular/molecukr levels it would be useful to know which 

cell& component minocydine affects. It is known that minocydine can enter leukocytes. 

Studies with doxycydine show that it distributes mainly to the mitochondria and not the 

nucleus. Sirmlar studies could be done with minocydine in T cells in an attempt to 

investigate the effects on the internal cellukr machinery. It is possible that minocydine could 

inhibit MMP-9 mRNA levels by interacting with ugnal lransduction molecules or directly 

with the transtiption or degradation of mRNA. There is spe&city of action of minocycline 

on MMP-9 that should be hutha investigated. Since minocydine could have many beneficial 

effects as therapy for MS and other diseases, its activity on T c d s  as wd as in monocytes 

should be pursued fuaher. At the physiological lewd, it would be informative to analyze the 



cytokines as well as MMPs expressed in the CNS and plasma of ELAE animals in treatment 

with mino cydine relative to non-treated controls. 

MS padents after thek dqposis  have already suffered &om brain inflammation and have 

initiated a series of permanent autoimmune reactions which gradually or episodically damage 

their nemous system. Therefore chronic animal model systems and effective txeament 

regimens starting only afier 3 k t  episode of brain inflammation are crucial to develop 

effective MS treaments. 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 ttials. Our data show encouraging results and 

there is a hope in obtaining similar beneficial effects in the RR-EM model for the cure of 

the relapses. 

Moreover, hials with minocydiae in long term studies of animals would be useful to 

detemJae possible side effects. Also animal trials comparing the efficacy of minocydine 

against, or in combination with Copaxone or IFNP, are worth investfgating. 

Finally, since minocydine is currently in use for the treatment of diseases other than MS, it 

may be worthwhile initiadng clinical edals of minocydine in MS. In contrast to the drugs 

now available for MS, minocydine is an established, inexpensive and orally effective d m g  in 

humans. 
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