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    The book series Frontiers in Clinical Drug Research – CNS and Neurological Disorders contains the most noteworthy recent developments for the treatment of several neurological disorders. The volume 4 of this book series is a collection of well written cutting edge reviews contributed by some of the most prominent researchers in the field.




    Multiple sclerosis (MS) is a potentially disabling disease of the central nervous system in which the immune system attacks the myelin and causes communication complications between the brain and the body. It affects some two million persons across the world. In chapter 1, Rigolio et al. present an excellent overview of the old and new cellular and molecular therapeutic approaches to fight MS neurodegenerative progression.




    Alzheimer’s disease (AD) is the most common age-related multifactorial neurodegenerative disease which is described as the failure of cognitive performance and behavioral capabilities and there is a desperate need for the treatment to prevent, stop or reverse this devastating disorder. The magnitude of the problem can be judged from the fact that of the 46.8 million people suffering from dementia worldwide, the majority belong to those suffering from AD and this number is expected to triple over the next 30 years. In chapter 2 Villegas et al. discuss several biomarkers for early detection, clinical trials under way on new drugs, and preclinical research involving different approaches to tackle Alzheimer’s disease.




    In chapter 3 Cavanagh & Krantic discuss two aspects of AD, hyperexcitability and neuroinflammation, which can be used for future therapeutic intervention. They also summarize the studies, which are related to hyperexcitability and neuroinflammation in the early phases of the disease.




    Diabetic neuropathy (DN) is characterized by neurodegeneration associated with diabetes mellitus which belongs to the earliest and most frequent chronic diabetic complications. It may occur in clinical form or in subclinical form. High blood sugar affects nerve fibers throughout the body, but diabetic neuropathy most often damages nerves in the legs and feet. Vojtková et al. in chapter 4 present a comprehensive review about current possibilities and future perspectives in the management and treatment of diabetic neuropathy.




    Migraine is a primary headache disorder characterized by moderate to severe recurrent headaches. Erdener & Dalkara in chapter 5 focus on the current and future therapeutic agents for acute and prophylactic migraine treatment and their mechanisms of action. In chapter 6, the Arsava and Dalkara present a review on developments in the treatment of acute ischemic stroke. They also discuss the recent advancements in the secondary prophylaxis of ischemic stroke.




    The 4th volume of the book series represents the results of a significant amount of work by eminent researchers in the field. I am grateful to the authors for these valuable contributions. I also wish to thank the excellent team of Bentham Science Publishers, especially Mr. Shehzad Naqvi (Senior Manager Publications), led by Mr. Mahmood Alam (Director Publications), who deserve our appreciation.




    

      Atta-ur-Rahman, FRS


      Kings College


      University of Cambridge


      Cambridge


      UK
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      Abstract




      Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) affecting over 2.000.000 individuals around the world. Although MS etiopathogenesis is still not completely defined environmental factor exposure and genetic background are relevant in disease development. Moreover, MS shows heterogeneous onset and course so that different disease forms can be described which are all characterized by motor and/or sensory and even cognitive impairment.




      Two steps in the disease progression can be described. First MS lesions are originated by the activated immune system which recognizes CNS myelin as a foreign element thus leading to the formation of demyelinated plaques that evolve into axonal damage and subsequent neurodegeneration over the time.




      Since the beginning MS therapy has been focused on counteracting immune system action. Nevertheless, besides the immunosuppressive/immunomodulating drugs such as Glatiramer acetate, Beta-interferons and steroids, the advance in the comprehension of the immune-mediated mechanisms has sustained the development and use of molecular




      and cellular-focused approaches, e.g. monoclonal antibodies and stem cells.




      At the same time very few weapons are specifically available for fighting MS neurodegenerative progression.




      We report an overview on MS and both old and new therapeutic approaches to the disease.
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      MULTIPLE SCLEROSIS




      Over the past 100 years the advances in immunology and neurobiology have led us to the current definition of Multiple Sclerosis (MS) as a chronic inflammatory disease of the central nervous system (CNS) primarily triggered by the activation of immune system elements against myelin sheath components, which is subsequently followed by irreversible damage to axons and neurons leading to permanent disability. Until now, no single etiopathogenetic factor has been identified and MS is generally considered to be a complex multifactorial autoimmune disease depending on genetic predisposition and environmental factors.




      MS is characterized by a dissemination of CNS lesions in time and space with heterogeneous signs and symptoms that usually indicate more than one lesion and that can be due to injury to any part of the neuraxis. Moreover MS clinical presentation and course are highly variable. Several disease types can be recognized: relapsing-remitting MS (RRMS), primary-progressive (PPMS), secondary-progressive (SPMS).




      Although our current pathogenetic concepts might be too simple to define such a multifaceted disease, our current knowledge of the MS-related immunological mechanisms has made possible the clinical viability of various effective immunomodulating/immunosuppressive strategies. These are mainly aimed at limiting/modifying the inflammation-related component of the disease so that the main part of the research activity and treatments has been focused on the RRMS form, while the MS symptoms are mainly managed by means of non-specific symptomatic therapies.




      

        Epidemiology, Environmental Agents and Genetics




        MS is the most frequently diagnosed neurological disease leading to non-traumatic disability among young adults, affecting more than 2 million individuals worldwide [1]. As with many other autoimmune diseases, the prevalence of MS is 2-3 times as high in women as in men and this ratio seems to have increased slightly over time, mainly in the polar latitude countries [2]. The incidence of MS has increased in various countries due both to the improvement in diagnostic tools and to the lengthening of patients’ lives together with the improvement in hygiene conditions over the last century [3].




        MS can affect individuals at any age with the first clinical signs occurring most frequently between 20 and 40 years of age although the disease can occur even in individuals over 50 years of age; pediatric MS has also been recognized and diagnostic criteria have recently been redefined [4, 5]. The prevalence of the disease has been shown to increase from the equator to the pole with important exceptions such as the Sardinian and the Inuit populations in the Mediterranean and Canada respectively. Moreover, the migration studies which have shown changes in the risk of MS susceptibility in individuals moving to different MS-risk areas before pubescence [6] and the fluctuations in the rates of MS patients in some areas such as the North Atlantic islands have suggested a strong interaction between genetically-based and environmental factors, i.e. viruses, vitamin D deficiency and other factors [1, 7].




        Thanks to these epidemiological studies, a hygiene hypothesis has been put forward suggesting that the higher incidence of MS in industrialized countries is due to certain infections or inappropriate responses to certain substances [8]. This notion is supported by analogies of the geographical distribution of certain infections [9], and by the fact that, in developed countries, certain typical childhood diseases, such as measles or mononucleosis, are contracted at later ages, and also by a recent study that noted an amelioration of the clinical course of MS in the presence of parasitic infestations [10].




        Some scientists have associated MS with the seasons and, consequently, with seasonal infections, such as arbovirus and epidemic influenza, or with zoonoses, such as visna from sheep and the canine distemper virus from dogs. MS and infectious agents, particularly viruses, and more recently the human microbiome have been widely studied in order to investigate the manner in which they interact with each other and with the human genome to influence the risk of MS; however, until now there has been an absence of conclusive data [11].




        Furthermore, the different pathological lesions described and classified in MS probably derive from multiple mechanisms of pathogenesis, and this accounts for the fact that there could be multiple causes and mechanisms involved in its etiology.




        In particular, viruses have been widely detected in MS patients due to their ability to induce demyelination and axonal loss through many different mechanisms, directly and indirectly [12].




        Recent reports have focused on herpesviruses, i.e. HHV6 [13], and Chlamydia pneuomoniae [14], all ubiquitous and essentially asymptomatic infections occurring especially in childhood, while Epstein-Barr virus (EBV) antigens such as EBNA-1 and VCA are more frequently present in MS patients [15]. In fact, the presence of EBV latency-associated genes has been demonstrated in inflamed tissue and lesions of MS brains [16], although EBV detection in CSF (cerebrospinal fluid) and CSF-associated cells has shown no variation in results between MS and other neurologically affected patients [17]. The discovery of human endogenous retroviruses (HERVs) has raised other questions regarding their relationship with autoimmune diseases: in particular, MSRV (MS-associated retroviral virus) has been correlated with progression of the disease [18]. At the moment there is no definitive virus identified that triggers MS.




        The landmark discovery of a group of surface molecules has increased understanding regarding the way in which the host rapidly responds to invading pathogens. This group includes named pattern-recognition receptors (PRRs) such as CD14, β2-integrins, CR1/CD35, CR2/CD21, all receptors of conserved structures of bacteria, and also includes Toll-like receptors (TLRs) [19]. Proof that infections might play a role in triggering MS comes from a recent post-infectious model of Experimental Autoimmune Encephalomyelitis (EAE) [20].




        Not only pathogenic but also commensal bacteria may be involved in the induction and modulation of CNS autoimmunity. The gut microbiota, for example, influence T-helper cells (Th) polarization and the development of EAE [21] by direct activation of T-cells, influencing the local system of the antigen presenting cells (APC) and releasing immunoactive metabolites, thereby contributing to the generation of a proinflammatory context and the breakdown of tolerance. Accordingly, autoimmune cells seem to be primed in the peripheral tissues before invading the CNS [22]. The encounter of pathogenic and non-pathogenic microbes profoundly modifies the immune system with effects that can range from protection to the induction of autoimmunity [23]. Both types of microbial agents and the individual genetic background modulate the balance between these possible outcomes. Infectious agents may promote autoimmunity of the CNS through distinct mechanisms. On the one hand, they may directly infect the CNS and either alter the blood brain barrier (BBB) or induce the release of sequestered autoantigens. On the other hand, they may prime self-reactive T-cells in the periphery by antigenic cross-reactivity (molecular mimicry), and these may migrate into the CNS and contribute to its damage. Finally, the occurrence and/or severity of MS may be the result of an encounter with several infectious agents, each contributing in different ways to the full-blown disease.




        The active form of vitamin D, the 1,25-dihydroxyvitamin D3, plays a central role in the modulation of the immune response [24] and its receptor (vitamin D receptor, VDR) levels and kinetics are crucial for T-cell proliferation [25]. A growing body of evidence has connected vitamin D and autoimmune diseases. With regard to the geographical distribution of MS, the sunlight exposure necessary for the production of the active form of vitamin D has been correlated with MS susceptibility [26]. Recent studies have investigated the VDR gene polymorphisms and their relationship with MS [27], illustrating why different patients respond differently to vitamin D administration [28].




        Although MS cannot be strictly included in the category of Mendelian genetic hereditary diseases, both the increased MS risk in monozygotic twins and its prevalence in dizygotic twins (14%-25% and 2-5% respectively) [29] taken together with the family clustering of the disease and the geometrical fall of MS occurrence beyond first-degree relatives, suggest that MS is a polygenetic disease. While the Human Leukocyte Antigen (HLA) DRB1*1501 gene and haplotype association to MS have been clearly recognized, several other genes and genetic traits have been associated with a susceptibility factor for MS as well as affecting the course of the disease [30]. Besides the mere association between MS and genetic traits, the role of the epigenome in MS is gradually gaining ground based on epidemiological studies and increased knowledge of the mechanisms responsible for gene expression control exerted by several environmental factors, i.e. UV light exposure and vitamin D synthesis [31].




        While the etiology of the disease has not yet been clarified, on the clinical side, several attempts have been made to define clear criteria both to diagnose MS and to associate different clinical manifestations with particular forms of MS.


      




      

        Pathogenesis




        Under normal conditions the immune system has the task of defending the body from external agents, mainly viruses and bacteria and exerts this control through lymphocytes, macrophages and other cells that circulate in the blood and that, in case of necessity, attack and destroy the foreign microorganisms, both directly and through the release of antibodies and other chemicals.




        In MS, the immune system attacks parts of the CNS mistaking them for extraneous agents. This mechanism of damage is defined as “autoimmune” or, more generally, “dysimmune”.




        One of the main targets of an impaired immune response to myelin is the “myelin basic protein” (MBP), which is one of the constituents of myelin itself.




        The cells of the immune system overcome the BBB and penetrate the CNS causing inflammation and loss of myelin. The causes of this alteration in the functioning of the immune system are many and are the subject of countless research studies.




        The presence of inflammatory cells in brain lesions reported by several studies, both in MS patients and animal models, contributed to consider MS as a disease mediated by anti-myelin antigen pathogenic CD4+ T-cells with the consequence of a T-cell-monocyte infiltration into the CNS and a wider neurodegenerative process [32, 33]. The auto-reactive T-cells migrate across the BBB and are involved in the damage to neurons, myelin sheaths and axons.




        Over the past few decades, it has been thought that in the pathogenesis of MS one of the crucial points of the involvement of auto-reactive T-cells is the immune privilege of the CNS: like other “immunological sanctuaries”, e.g. the testes, reinforcing the dogma that any inflammation seen in the CNS must be mitigated by the systemic inhibition of immune cells. The CNS presents a physiological reduction in resident immune cells, except for microglia, but we now know that the immunological processes are complex and that, like any other peripheral organ, the CNS needs circulating immune cells for its repair and control [34]. The balance between immune activity and the risk of an overwhelming response is the key to the relationship between the immune system and the CNS, and the main mechanisms capable of protecting the CNS from immune reactions are the central tolerance, the suppression of the immunological axis and the high BBB controlled cell trafficking. The BBB is a specialized structure with a fence function responsible for protecting the CNS from immune cells and pathogens [35]. It consists of a three layer barrier: endothelial cells, interconnected with each other by tight junctions (tighter than peripheral microvessels), the surrounding lamina propria formed by pericytes, and externally astrocytes associated with perivascular macrophages and mast cells [36].




        In MS patients myelin auto-reactive T-cells are not negatively selected in the thymus [37] and the increased avidity and potency of the peripheral myelin-specific T-cells have been demonstrated [38]. Auto-reactive T-cells are activated through the cross-reaction of alloantigens (from microbes, for example) and myelin because of a similar sequence (molecular mimicry hypothesis) [39], or due to a non-specific event (bystander effect hypothesis) such as cytokines, chemokines, superantigens and TLRs [40]. Furthermore, for their activation T-cells need a two-step process composed of antigen recognition and costimulation: physiologically in the CNS, the absence of APC such as dendritic cells (DC), and the low expression of MHC molecules protects neurons from T-cell-mediated damage. In addition, it has been demonstrated that the CNS, in its healthy state, is not a good environment for T-cells due to the expression of many pro-apoptotic and immune regulator molecules such as Fas-ligand, B7-H1, TGFβ [41], somatostatin and VIP [42]. During neuroimmune disorders such as MS and EAE, the immune privilege of the CNS is compromised due to an unknown inciting event (discussed above) and auto-reactive effector CD4+ T-cells are ready to access their targets. To delimit the BBB the endothelial adhesion molecules, such as ICAM-1 (intercellular adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule-1) are upregulated by cytokine production (IFNγ and TNFα in particular) [43] and interact with LFA-1 (Lymphocyte function-associated antigen-1) and VLA-4 (very late activation antigen-4) expressed by CD4+ T-cells. An important molecule involved in the VLA-4 binding is osteopontin, particularly expressed during relapse phases [44] and able to exacerbate EAE when administered to mice [45]. The ability to transmigrate via the transcellular and/or paracellular routes [46] is associated with the tight junction modulation through the metalloproteinases (MMPs) [47].




        The perivascular phagocytes are able to reactivate CD4+ T-cells provoking their expansion, the invasion of CNS parenchyma and the consequent damage that may be direct (granzyme B-mediated) or through other cells such as CD8+ T-cells, B-cells, macrophages and microglia. The pathological role of these immune cells and each CD4+ T-cell subset is discussed below.




        The typical morphological aspect of MS is the primary demyelination of nerve axons able to reduce or even to block the signal conduction at the site of damage and the simultaneous involvement of a significant number of fibers results in neurological symptoms [48]. The recovery of the CNS inflammation and oedema and the glial ensheathment and remyelination are thought to coincide with restoration of CNS conduction and consequent clinical remission. In contrast in chronic MS the persistence of neurological dysfunction is related to irreversible axonal loss.


      




      

        Animal Models




        The most commonly used animal model for MS is EAE that, sharing clinical and pathological aspects with MS, provide an appropriate tool in the study of the inflammatory processes throughout the course of the disease and for the development of new treatments, although there are differences in the outcomes between MS and EAE.




        The induction of EAE in susceptible animals is obtained through the immunization with an emulsion of myelin antigens (one or a number of) or homogenated CNS with mineral oil adjuvant, able to stimulate the immune response directed against CNS antigens [49].




        In 1930s Rivers et al. induced EAE for the first time in primates using homogenates of normal rabbit brain tissue. EAE as an autoimmune T-cell-mediated disease was hypothesized in 1947 by Kabat et al. with a model developed in monkeys, using myelin antigens dissolved in the “newly developed” Jules Freund oil and which was initially named Experimental “Allergic” Encephalomyelitis. Then in mice EAE was induced for the first time in 1949 with spinal cord homogenates [50]. Subsequently, the protocols for induction have been refined over the years, not only for the advent of Freund’s adjuvant, but also for the use of the pertussis toxin, specific mice strains and the identification of encephalitogenic myelin antigens such as myelin basic protein (MBP) and proteolipid protein (PLP), and, subsequently, myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein (MOG).




        Moreover, Paterson in 1960 showed that the disease could be transferred from an immunized rat to a naïve syngeneic one through the “lymph node cells”, this constituting the first “passive” or “transfer” model [51]. It was successively refined by Ben Nun in 1981 [52] who showed the possibility to induce the disease by adoptive transfer of in vitro activated myelin-specific CD4+ T-cells from EAE rats into naïve recipient ones [53]; thus the term “allergic” evolved into “autoimmune”.




        Both protocols of active and passive inductions are based on the same principle: activation of the circulating myelin-specific CD4+ T-cells that infiltrate the CNS crossing the BBB [54, 55]. APC (both resident and infiltrating CNS district) reactivate encephalitogenic T-cells, presenting myelin peptides complexed with major histocompatibility complex (MHC) class II and causing a subsequent cascade of events and inflammatory processes, including chemokines secretion involved in the recruitment of macrophages to the sites of T-cell activation.




        
[image: ]


Fig. (1))


        CNS infiltrating leucocytes and demyelinated area in EAE. Infiltrating leucocytes can be detected by Hematoxylin and Eosin staining and they are placed around the white matter blood vessels (B and C, white arrows) or even disseminated in the CNS parenchyma (B) compared to the healthy animals (A). Moreover demyelinated areas can be detected by using Luxol Fast blue staining and they appear as pale blue regions (E and F, white arrows) compared to the more colorful stained sections in the healthy animals (D).



        Similarly to the pathology of MS, the neuro-inflammation results in cellular infiltrates composed by different leukocyte populations and focally demyelinated plaques in the CNS (Fig. 1).




        The development of numerous EAE models allowed the study of various clinical and pathological features of MS.




        In the SJL (H-2s) mouse strain, EAE can be actively induced with CNS homogenate, PLP, MOG or epitopes such as PLP139-151, PLP178-191, MOG92-106 or MBP84-104, and that develops a typical relapsing-remitting course of paralysis while other commonly used mouse strains are C57BL/6 (H-2b) mice in which EAE can be induced with MOG35-55 leading to a chronic progressive disease course, B10.PL and PL/J (H-2u) mice with acute disease and more recently NOD mice immunized with MOG35-55 that present a chronic progressive stage after initial relapsing-remitting stages [56].




        Although less commonly used, the EAE rat models have been principally developed using the Lewis rat strain and obtained after immunization with MBP or MBP peptide in complete Freund’s adjuvant generally leading to an acute and transient paralysis that is reversed after a few days, characterized by poor demyelination and mononuclear cell infiltration into the spinal cord. Both acute and chronic disease can be obtained instead in the Dark Agouti (DA) strain using MOG epitopes or homogenated spinal cord in CFA or IFA, while in the Brown-Norway strain EAE can be induced with MOG in CFA.




        EAE can also be induced in rabbits [57] and guinea-pigs [58] which show inflammation in the spinal cord and brain at the same time, similarly to that which happens in humans with MS, while the marmosets, a non-human primate, are good models for studying the role of demyelinating antibodies in EAE [59, 60]. The limitations of the outbred species, such as the variability in disease induction and the low availability of purchasable reagents, have meant that the most commonly studied EAE models are rats and mice. The analysis of the pathogenic mechanisms in EAE is facilitated by the abundance of genetically engineered rodent models, useful in dissecting the genetic and environmental factors involved in the susceptibility to EAE [61].




        Besides EAE, natural animal models of acute and chronic viral demyelinating diseases are good models for MS. They include the previously-mentioned Theiler’s and neurotropic hepatitis viruses in mice, the Visna virus in sheep, the caprine arthritis-encephalitis virus in goat, the SV40 in macaque monkeys and the canine distemper virus in dogs. Other MS models have been obtained in order to mirror the demyelinating processes in vivo, i.e. isoleucine and cuprizone [62], and to investigate anti-demyelinating approaches.


      




      

        Different Immune System Players on the MS Stage




        

          T-cells




          The classic textbook perspective regarding MS inflammation considers that peripheral and activated T-cells specific for myelin are able to cross the BBB by means of chemotactic [63] and adhesion molecules [64]. When they reach the CNS, they recognize specific target structures able to restimulate them through local APC [65], causing consequent damage to myelin sheaths and the successive recruitment and transmigration of other immune cells [66], such as B-cells and plasma cells [67], with the final result of demyelination. B-cells play a central role in the pathogenesis of MS, although there have been recent modifications to this classic model of MS as a T-mediated disease. In fact, not only as previously described the main genetic risk factor for MS is HLA-DR2, but also both CD4+ and CD8+ subpopulations have been identified in MS lesions [68]; particularly CD4+ T-cells myelin-specific circulate in periphery and can be revealed in the CSF of MS patients [69]. The relevance of T-cells in the pathogenesis of MS is confirmed by the successful therapies targeting T-cells, such as drugs involved in the block of leukocyte trafficking into the CNS or of the lymphocytes egress from lymph nodes [70].




          

            CD4 - Th1




            In 1986 the identification by Mosmann and Coffman of two subpopulations of activated effector CD4+ T-cells, then named Th1 and Th2 cells, because of their distinct pattern of cytokine production and their different involvement in immunity against pathogens and in autoimmunity and allergy. Th1 cells play an important role in the pathogenesis of MS, although in the recent years it has been widely debated. It has been suggested the BBB, initially crossed by only Th1 cells, facilitates a subsequent recruitment of other immune cells [55].


          




          

            CD4- Th17




            IL-17-expressing T-cells were proposed as a new Th lineage. Since their discovery, Th17 cells have been associated with autoimmune diseases and, in particular formally Th1 autoimmune responses like EAE have been attributed to the expansion of Th17 cells in the periphery, their CNS infiltration and demyelination [71]. IL-17A, initially cloned as CTLA-8, is the signature cytokine of this subset of T-cells. The reduction of the severity of the EAE treating mice with IL-17 blocking antibodies, confirms the central role of Th17 cells in the development and pathogenesis of EAE, while the block of IFN-γ production exacerbates the disease [72], suggesting that selective elimination of Th17 subset may protect against MS. Clinical trials studying the role of antibodies against IL-17, IL-12p40 and IL-23 are currently in progress for a different autoimmune diseases [73-75].




            Recently other cytokines have been suggested to be involved in EAE and MS. IL-22 in particular, initially considered part of the Th17 signature, has now been shown to occur in a unique subset of CD4+ T-cells, termed Th22 cells whose number grows up in the peripheral blood (PB) and the CSF mainly in the active disease phase of remitting relapsing (RRMS) patients [76]. Th17 cells are highly sensitive to the inhibitory effect of IFNbeta because of their high expression of IFNaR1 [77], which may be involved in the IFNbeta effect in MS. By contrast, Th22 cells express low IFNaR1 levels [76] and are more resistant to the inhibitory effect of IFNbeta treatment.


          




          

            Th1/Th17




            It has been observed that T-cells producing both IL-17 and IFNγ and expressing transcription factors such as T-bet (T-box expressed in T-cells) and ROR-γ-t (retinoid-related orphan receptors), infiltrate CNS during EAE. Therefore Th17 cells when transferred are able to switch to IFNγ production; these findings suggest a plasticity within these subsets [78, 79]. In particular T-bet expression seems to be involved in the encephalogenicity of T-cells, more than their cytokine profile [80]: in fact inhibiting this transcription factor EAE ameliorates decreasing both Th1 and Th17 cells population [81, 82]. Similar correlations have been found in brain lesions and with disease activity in MS patients through microarray analyses [83]. Interestingly, the enrichment of T-cells producing both IL-17 and IFNγ in active MS brain tissue suggests that both Th17 and Th1 subsets may be involved in MS [84].


          




          

            CD8




            Immunohistology of MS lesions shows a prevalence of CD8+ T-cells that display signs of clonality in inflamed plaques, CSF and blood, thereby suggesting an antigen-specific recruitment [85]. This represents a marked difference between MS and the experimental model EAE, where it is widely believed that the pathogenesis is due to a CD4-mediated response. In addition, data derived from the experimental models and from human subjects also indicate that the immune response spreads to other epitopes of the same antigen and to other self-molecules during the course of the disease.




            Recent literature indicates that CD8+ T-cells are critical in MS pathogenesis: killing of neurons and axonal injury have been correlated with cytotoxic granzyme B mediator and a number of CD8+ T-cells in MS patients [86]; CD4+ T-cell subset target therapies could be ineffective in some patients in clinical trials; the protective role of HLA-A2 (MHC I class gene) against the disease and the association of HLA-A3 and MS both imply an important role for CD8+ T-cells in the etiology of MS. In fact, it has been demonstrated that CD8+ T-cells secrete IL-17 providing evidence of their role in pathogenesis of MS [87].


          




          

            Treg




            A growing body of evidence suggests that the overshooting autoimmune reactions are controlled by a subpopulation of T-lymphocytes named regulatory T-cells (Treg) that include both natural (nTreg) and adaptive (also termed inducible) Treg cells (iTreg) [88]. The transcription factor forkhead box P3 (FoxP3) expressed by CD25+/CD127lo+ T-cells (nTreg) is essential for preventing autoimmunity and for maintaining homeostasis [89, 90].




            T regulatory-1 (Tr1), Th3 and CD8+ Treg cells usually have an immuno- suppressive role through different cytokines such as IL-10, TGF-β or retinoic acid, and are known as adaptive Treg (iTreg) because of their ability to respond to foreign antigens. The discrepancy regarding the number and functions of these recently-discovered T-cell subsets is due to the fact that Treg markers are inducible also on effector cells and may confound the phenotypes. Their involvement in MS has been studied with reference to a possible imbalance in the regulation of the normally circulating and potentially auto-reactive T-cells specific for myelin antigens: Tr1 and IL-10 are reduced in MS patients [91] and nTreg have been found in the CSF of MS patients [92] in spite of their similar frequency in the peripheral blood; moreover, a subset of nTreg (CD39+) from RRMS patients had an impaired ability to suppress IL-17 [93]. Therefore, in the animal models of MS, it has been demonstrated that Treg can control the development and severity of the disease [94] by IL-10 [95] and/or TGFβ production [96] and that nTreg cell-based therapies in the mouse model are able to prevent EAE [97].


          


        




        

          B-cells




          Since the 1950s, the presence of oligoclonal bands (OCB) has been considered as pathognomonic of MS and intrathecal IgG production can be detected in early, as well as in chronic, disease. Many efforts have been made to determine their specificities. CSF-derived plasma cells produce autoantibodies specific to myelin [98] and the MOG has been the prime candidate target antigen because of its localization on the outer surface of the myelin sheath. Nevertheless during demyelination MOG-specific autoantibodies can be detected in only a few MS patients [99] and the presence of OCB (mainly immunoglobulins) in the CSF is still unexplained. The role of B-cells in MS is controversial and not limited to autoantibody production. They may promote neuronal protection [100] although it has been clearly observed that their enrichment in the CSF is associated with a more severe course of the disease [67]. Moreover, their proliferation and clonal expansion within the CNS is due to a local environment capable of promoting their transmigration through CCL12 and CXCL13 chemokines [101] and their physiological organization in a pathological area, such as “pseudo-follicular” structures in the meninges of chronic MS patients [89, 102]. The efficacy of the monoclonal anti-CD20 antibody therapy (Rituximab, see below) with a reduction of the lesions without significant alterations of the immunoglobulin levels, suggested other functions of B-cells in MS; their roles in antigen presentation to Th-cells and antigen transport to cervical lymph nodes has been demonstrated in EAE [103] and MS [104]. B-cells are important also for cytokine production; in particular the IL-10 secreting B regulatory (Breg) subpopulation or at least the IL-10 levels seem to be reduced in MS patients [105]. A recent study identified deficiency in peripheral B-cell tolerance in patients with MS [106].


        




        

          Other Immune System Cells and the Innate Immune Response




          In acute lesions, macrophages and activated microglia are the most important components of the inflammation process, at least in numerical terms. Those cells are responsible for the effector mechanisms of the damage: the release of proteolytic enzymes, such as MMPs, the production of nitric oxide and reactive oxygen species (ROS) and cytotoxicity via the secretion of pro-apoptotic cytokines and antibody and/or complement-dependent [107].




          Mast cells were first described in post-mortem brains of MS patient plaques in 1890 [108] and later within demyelinated lesions together with infiltrating leukocytes, and also in the CNS parenchyma [109, 110]; they were claimed to play a potential role in MS pathogenesis and currently their role is under investigation in in vivo EAE studies [111].




          The neutrophils are terminally differentiated immune cells generally considered as being the first line of defense against pathogens despite the fact that they have shown their ability in shaping the acquired immune system response [112]. Recent literature has also shown that MS can affect their phenotype and function in patients while their role in EAE development has been more extensively studied in mice rather than in humans [113-116].




          The immunomodulatory properties of infectious agents are mainly due to their ability to engage a group of highly conserved PRRs that recognize conserved molecular motifs on bacteria and viruses. TLRs comprise a set of these PRRs and are involved in the maintenance of tolerance to commensal microbiota, as well as in the induction of inflammation against pathogens. Triggering TLRs induces distinct signaling pathways, resulting in cytokines and chemokines production and the transcription of genes involved in the control of infections [117]. TLR activation is the hallmark of the innate immune response, but there is also evidence that TLRs are important for adaptive immune cell functions such as the regulation of B-lymphocyte development [118] and T- lymphocyte activities such as Treg signaling [119]. It has been demonstrated that TLR2 and TLR4 mRNA are constitutively expressed on T-cells [120]. TLR ligands may represent an additional signal that influences the development of Th-cell responses, supporting T-cell development through innate immune activation, and directly regulating the functions of certain Th-cell subsets. TLRs have been identified in CD4+ T-cells at the mRNA level but their protein expression capability is still being debated [121]. It has been demonstrated that TLRs play a role in EAE [122]. Environmental agents (mainly viruses and bacteria) can influence MS in terms of lesion distribution and of severity of the disease along a pathway that, through the engagement of TLRs, involves innate and adaptive immune cell functions.




          The damaged BBB is the pathogenic mechanism that allows cells infiltrate and it is evident with Gadolinium (Gd) enhancement at Magnetic Resonance Imaging (MRI). The migration of leukocytes through the wall of cerebral vessels requires three components: the expression of adhesion molecules, chemokines and proteases, all enhanced by the inflammatory process that causes the disorganization of endothelial junction molecules [123, 124]. For example VLA4, expressed on the leukocyte surface and interacting with VCAM1 expressed by microglia and endothelial cells, is an effective target for treatment in MS [125]. Similarly other studies have analyzed the role of other adhesion molecules such as ninjurin-1 [126] and melanoma cell adhesion molecules [127]. Many chemokines and their selective receptors, through which leukocytes are directly attracted on the basis of the concentration gradients, have been found to be linked with MS lesions [128] such as CCR7 that is expressed in central memory T-cells and DC and is important for Fingolimod treatment [129]. Proteolytic enzymes are very important for the cleavage of auto-antigens of the CNS and they are also involved in the induction and propagation of demyelination and axonal damage [130]; it has been observed in EAE that their inhibition can ameliorate the clinical course of the disease [131] and is considered to be one of the mechanisms of action of interferon in the treatment of MS [132]. The BBB dysfunction is the result of acute inflammation with all its components of leukocyte migration, cytokine and chemokine production, and is much more evident during active lesions than inactive; chronic inflammation may be responsible for the BBB disturbance even if it has not been possible to find any correlation between inflammation and BBB damage during chronic disease [133].


        


      




      

        Histopathology




        MS can be consider as the prototype of the inflammatory demyelinating diseases of the CNS and, from a pathological point of view, consists of the progressive accumulation of areas of demyelination, particularly in the periventricular white matter.




        The plaques show different degrees of myelin loss, reactive gliosis and inflammatory infiltrates of mononuclear cells: lymphocytes, macrophages and plasma cells. Demyelination may involve also cortical [134] and grey matter structures [135], even if they are not damaged by a degenerative process related to the subcortical pathology: the severity of axonal loss and the extent of cortical and subpial damage is disproportionate to the number of lesions of the white matter [136]. Axonal injury is generated by the release of free radicals and immune mediators such as cytokines and proteases cytotoxic T-cells [137], activated macrophages and microglia [138], able to cause increased oxidative stress, mitochondrial damage, and energy deficiency [139, 140]. These alterations are associated with disease progression, increasing global neuronal loss and brain atrophy, and it is an open question as to whether these evolutions are part of the degenerative process or a secondary effect after axonal destruction. The axonal damage occurs early in the process of plaque formation following or sometimes preceding demyelination [141]. For this reason it may be both mechanisms that lead to axonal injury: on the one hand the inflammatory reaction and mediators actively damage axons; on the other hand a slowly progression of axonal loss occurs also in inactive lesions.




        The plaques are well-demarcated brown-grey faded areas, usually in periventricular and subcortical white matter and consist of focal lesions of demyelination that may occur in the form of a large subpial-cortical band [142] or strips encircling the cerebral ventricles. The demyelinated nerve fibers traverse the plaques, from the node of Ranvier, as denuded axons and this process is called “segmental” demyelination. The active lesions can be distinguished from the firm and grey inactive lesions by their pink color and soft-tissue texture at gross inspection.




        During the different phases of the disease, several plaque types and levels of demyelinating activity are evident, and various mechanisms and triggering factors may contribute to the loss of myelin: infiltrates of mononuclear cells, high levels of antibodies, the presence of elevated complement fragments and/or the absence of inflammation, but always accompanied by a massive loss of oligodendrocytes. Further phases could be divided into early and late active plaques; in both a degradation of myelin proteins is evident in macrophages. In early lesions there is partial degradation in particular of minor myelin proteins, persisting for a few days, and showing synchronous myelin destruction with poor or absent remyelination. Late plaques present an inactive center with macrophage vacuoles containing remnants of major myelin proteins and also neutral lipid degradation products, such as cholesterol and triglycerides that may persist for months.




        Many exceptions depend on the course of the disease and individual peculiarities and, for this reason, post-mortem examinations and brain biopsies from MS patients show a wide variety of pathologies and their lesions show considerable pathological heterogeneity. The complex role of oligodendrocytes in MS lesions was controversial for many years and the presence of mature cells or progenitors could be effective in some lesions or fail in others. The formation of plaques is due to several basic processes: inflammation, myelin breakdown, astrogliosis, axonal loss, oligodendrocyte damage and neuro-degeneration.




        All the above-described mechanisms are present in PPMS patients, defined as being those with a slow and uninterrupted disease progression [143], even if the inflammation in focal white matter lesions is less severe compared to that in patients with SPMS. The main characteristic of RRMS is the presence of new focal white matter plaques. The nature of inflammatory processes is another difference between RRMS and progressive diseases: new plaques are associated with leukocyte trafficking and profound BBB damage while, in PPMS and SPMS, inflammatory cells are usually trapped within the CNS for the often-repaired BBB [133]. This compartmentalization of the inflammation in progressive MS causes an auto-amplification of the activation of microglia, mitochondrial defects and age-dependent iron accumulation in the CNS and could explain the failure of the immunosuppressive treatment that is more effective in RRMS.




        

          Active Lesions




          Inflammation, demyelination and vasogenic oedema are responsible of the acute active lesions, typically of RRMS patients, where demyelinated plaques are massively infiltrated by macrophages and debris from degraded and destroyed myelin sheaths is contained inside phagocytes [144]. Early active demyelination presents the degradation of smaller myelin proteins, while the larger such as PLP and MBP are more slowly digested and may persist in lesions indicating a late active lesion.




          Inflammatory infiltrates usually accumulate in the connective spaces of the brain and spinal cord, i.e. the meninges and the perivascular Virchow-Robin spaces, and are composed of macrophages/microglia and lymphocytes mainly cytotoxic T-cells [145], and their key role in induction and maintenance is recently confirmed by genome-wide association studies [146]. Few B- cells can be find in early active plaques, but they are the dominant cell type in “lymphatic B-cell follicles”, meningeal aggregates of inflammatory cells important for antigen presentation, cytokine and immunoglobulin production (IgG, IgM and IgA) [147]. Usually abundant macrophages and activated microglia in early MS lesions are engaged in the removal and degradation of tissue debris and in antigen presentation, while some very aggressive and fulminant MS may present granulocytes a massive deposition of complement, perhaps driven by an autoantibody reaction against channel acquaporin-4,


        




        

          Chronic Plaques




          In chronic plaques demyelination is evident in well-defined areas; several myelin-laden macrophages and a slowly expanding rim of activated microglia characterize the borders of the lesions that centrally contain only few cells. Other typical characteristics of chronic lesions are the loss of oligodendrocytes and axons, astrogliosis and minor infiltrations by lymphocytes and macrophages/ microglia. In chronic plaque an intact BBB often occurs with perivascular infiltrates, organized in lymphoid follicular structures full of plasma cells [148].




          The inflammation in MS usually depends on the duration of the disease and the age of the patients; chronic inactive lesions show a decrease in oedema and macrophages/microglia, the appearance of astrocytic fibrillary gliosis, axonal loss, neurodegeneration and brownish discolouration and retraction of the brain. Several mechanisms are involved in chronic neurodegeneration and axonal damage in MS: (1) demyelination of previously remyelinated lesions; (2) lacking trophic support from oligodendrocytes and myelin; (3) oxidative burst and chronic mitochondrial failure; (4) alterations in axonal ion channels; (5) Wallerian degeneration [149, 150].


        




        

          Remyelinated Plaques




          Remyelination is the process through which myelin sheaths are newly formed by oligodendrocytes. Remyelinated lesions are frequently found during early MS where the recruitment of oligodendrocyte precursor cells may provide the new formation, usually resulting in thinly myelinated axons with short internodal distances, detectable with the osmic acid impregnation technique [151]. In the later phases of remyelination this reduced myelin density is evident and, for this reason, these lesions are called “shadow plaques”; they are extensive in progressive [152] and relapsing MS patients [153] and more susceptible to a second bout of inflammation/demyelination, possibly because the newly formed myelin in MS lesions is unstable as long as the inflammation is active. Remyelination occurs equally among patients with different clinical courses of the disease, but sometimes this process may fail to take place depending on many variables: genetics, age, disease duration, trophic support of microglia, oligodendrocyte loss, inappropriate interactions between axons and oligodendrocytes, or a barrier constituted by a dense glial scar that may prevent the migration of oligodendrocyte precursor cells into lesions. Unfortunately, no biomarkers are currently available to identify these different groups of patients.




          That being so, MS is not simply a focal demyelinating disease as Charcot postulated in 1880; we now know that MS is a disease of the whole CNS in which inflammation and degeneration involve myelin, axons and neurons; there is no MS lesion in which axons are completely preserved [154].


        


      




      

        Clinical Features and Diagnostic Criteria




        MS is characterized by a dissemination of lesions in time and space. Exacerbations and remissions occur frequently. In addition, signs and symptoms usually indicate more than one lesion. Clinical manifestations may be transient and some may seem bizarre. The patient may experience unusual sensations that are difficult to describe and impossible to objectively verify.




        Since any part of the neuraxis can be injured the symptoms and signs are diverse. The most frequent initial complaints are focal sudden loss or blurring of vision in one eye, diplopia, weakness, numbness, tingling, or unsteadiness in a limb, disequilibrium or a bladder-function disturbance. The symptoms generally appear over a period of hours or days, at times being so trifling that they are ignored and, less often, coming on so acutely and prominently as to bring the patient urgently to the doctor. Several syndromes can be considered as being an initial manifestation of MS: (a) optic neuritis, (b) transverse myelitis, (c) cerebellar ataxia, and (d) various brainstem syndromes (vertigo, facial pain or numbness, dysarthria, diplopia) and they may pose diagnostic questions, since they also certainly occur with numerous diseases other than MS as well also occurring during the course of MS.




        The clinical tool currently used to evaluate the neurologic impairment, the disease progression and the effectiveness of the therapy is the Expanded Disability Status Scale (EDSS). This is a numerical scale with rankings from 0 (normal neurological examination) to 10 (death due to MS), and its main concern is walking ability, focusing on whether it is possible for the patient to walk without assistance, with monolateral or bilateral assistance or whether deambulation is impossible [155].




        EDSS evaluates 8 “functional systems” (piramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral and other), giving each of them a different score on the basis of patient's disability in that functional system. EDSS is easily reproducible and it's used as an outcome measure in most of the clinical trials, even though it tends to focus mostly on the walking ability, not estimating properly, for example, cognitive issues in MS patients.




        Although the clinical presentation and course of the disease are highly variable, several disease types can be recognized, including relapsing-remitting MS (RRMS), primary-progressive (PPMS), secondary-progressive (SPMS) and progressive-relapsing (PRMS):




        

          	RRMS is the most common form of MS. A relapse is characterized by recurrent attacks in which neurologic deficits are caused by a lesion in different parts of the nervous system that may last weeks, months, or even longer and it can resolve completely or almost completely, whether treated or not. The incomplete recovery from repeated individual relapses has been usually considered to be responsible for the cumulative deficit which characterizes the general clinical deterioration although increasing evidence indicates that an ongoing neurologic deterioration can be independent of relapses. Approximately 50% of patients with RRMS convert to a SPMS within 10-15 years after disease onset [156].




          	SPMS starts when RRMS patients begin to experience a worsening of their symptoms and disability, generally without developing new relapses and without modifications of the global burden of disease as seen in MRI. In some cases, individuals with SPMS continue to experience relapses, and it has been shown that about two thirds of patients with RRMS go on to develop SPMS [157]. Since this phase of the disease is probably driven mostly by neurodegeneration, and no more by inflammation, drugs used for RRMS aren't effective and unfortunately no specific markers have been found to identify the phase of transition from RRMS to SPMS [158].




          	PPMS accounts for approximately 10% of MS cases and is defined as progression without previous relapses. Occasionally relapses are superimposed on progressive disease in the progressive-relapsing MS form (PRMS), which represents 5% of patients with MS [159].


        




        Other two clinical conditions have recently been described and related to the risk of developing MS. These conditions, called “Radiologically Isolated Syndrome (RIS)” and “Clinically Isolated Syndrome (CIS)”, don't satisfy diagnostic criteria for MS, but can be highly suggestive of the risk of developing MS. The main goal is to identify clinical and paraclinical markers that can predict the risk of conversion from CIS/RIS to MS.




        

          	RIS is defined as the “incidental finding of MRI anomalies highly suggestive of demyelinating pathology, not better accounted for by another disease process” [160]. Several studies have recently been carried out to estimate the risk of developing MS in these patients, but larger prospective studies are still needed. However, it seems that Gd enhancement is associated with a greater risk of developing new lesions in a subsequent MRI, and that spinal cord lesions tend to be related to a progression to MS [160, 161]. No specific treatment is nowadays recommended for these patients.




          	CIS is the term used to describe a first episode of neurological symptoms that lasts at least 24 hours and is caused by inflammation and demyelination affecting the optic nerves, brainstem or spinal cord. CIS can be either monofocal or multifocal [162]. To our knowledge, patients tend to spontaneously recover, although a consistent percentage of them will develop MS later, so CIS can be considered as the first manifestation of MS. Recent studies have tried to point out clinical and paraclinical factors that can predict conversion from CIS to MS: particularly, it seems that age of onset of the disease, radiological burden of disease and presence of oligoclonal bands are associated with a consistent risk of conversion from CIS to MS, while the role of vitamin D remains still unclear, and no laboratory markers are still defined [163].


        




        Moreover, it seems that grey matter atrophy relates with the risk of developing MS too [164].




        As far as we know, 30-70% of patients diagnosed with CIS will subsequently develop MS [165].




        The diagnosis of MS is primarily clinical and relies on the demonstration of symptoms and signs attributable to white matter lesions that are disseminated in time and space, together with the exclusion of other conditions that may mimic MS.




        Single clinical feature or diagnostic test is not adequate to diagnose MS by itself. Therefore, diagnostic criteria have included a combination of both clinical and paraclinical data such as the detection of intrathecal OCB in the CSF; this is a diagnostically useful laboratory criterion since the OCB response is found in 90-95% of MS patients, although it is not an exclusive MS marker [166]. Moreover, other instrumental tests are routinely performed to support the MS diagnosis, at least in its early diagnostic phase, such as the evoked potential tests which measure the electrical activity of certain brain areas in response to the stimulation of specific sensory nerve pathways. In fact demyelination reduces, alters or arrests nerve impulses thus producing the MS symptoms. While Visual Evoked Potentials (VEP), Brainstem Auditory Evoked Potentials (BAEP), Sensory Evoked Potentials (SEP) have been used in the past to support MS diagnosis nowadays only VEP findings are considered in MS diagnosis [167].




        As previously stated, the diagnosis of MS requires the demonstration that lesions are disseminated in time and space. MRI helps in demonstrating this dissemination, and is the most sensitive imaging technique in MS diagnosis. In the 2010 revision of the McDonald diagnostic criteria for MS, dissemination in space (DIS) is defined as the presence of at least one T2 lesion in at least two out of four SNC specific areas (periventricular, juxtacortical, infratentorial and spinal cord), according to the MAGNIM DIS criteria [168] (Fig. 2).
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Fig. (2))


        MRI of CNS lesions in MS patients. MS lesion can be located in multiple different regions of the neuraxis. They result in hyperintense foci in FLAIR MRI (A and B, white arrows) while the active lesions are characterized by Gd-enhancement in T1-weighted MRI (C and D, white arrows).



        On the other hand, dissemination in time (DIT) is defined, according to the MAGNIM DIT criteria, as the contemporary presence of Gd-enhancing and non-enhancing lesions in a single MRI or as the presence of a new T2 lesion, enhancing or not, on a follow-up MRI in comparison with baseline MRI [169]. The following table summarizes the revised 2010 McDonald criteria for the diagnosis of MS (Table 1).




        

          Table 1 MS diagnosis criteria. MS diagnosis is actually made on the basis of McDonald criteria revised in 2010.




          

            

              	RRMS



              	

            




            

              	Dissemination in space (DIS)



              	at least one T2 lesion, as seen on MRI, in at least two of these areas: periventricular, juxtacortical, infratentorial and spinal cord. Gd enhancement is not required to demonstrate DIS. Symptomatic lesions are excluded from the lesion count.

            




            

              	Dissemination in time (DIT)



              	if a baseline MRI is available, DIT can be demonstrated as the presence of new or enlarging lesion(s), or as the presence of Gd-enhancing lesion(s).


              More simply, DIT can be demonstrated as the contemporary presence of enhancing and non-enhancing lesions on the same MRI

            




            

              	CSF findings



              	the finding of oligoclonal bands in CSF is not mandatory for MS diagnosis, but it supports the hypothesis of inflammatory pathology of the CNS

            


          




        




        

          

            

              	PPMS

            




            

              	Clinical determination of at least one year of disease progression

            




            

              	At least 2 out of 3 of the following criteria:


              - evidence of DIS as previously described


              - evidence of DIT as previously described


              - CSF findings consistent with the hypothesis of inflammatory pathology (elevated IgG index or oligoclonal bands)

            


          




        




        

          

            

              	SUMMARY



              	

            




            

              	Clinical history



              	Other required data

            




            

              	at least 2 clinical attacks with objective evidence of both



              	none

            




            

              	at least 2 clinical attacks with objective evidence of one of them



              	DIT demonstration, or, if possible, to wait for another attack with objective clinical evidence of it

            




            

              	1 clinical attack with evidence of at least 2 lesions



              	DIT demonstration

            




            

              	CIS



              	DIS demonstration

            


          




        




        On the basis of their location, the cortical demyelinating lesions can be divided into three types: intracortical lesions (small, perivascular and confined within the cortex), subpial lesions (from the pial surface to cortical layer or to the entire width of the cortex) and leukocortical lesions (involving both grey and white matter). The cortical-subcortical lesions are present at all stages of the disease. In some patients extensive cortical demyelination is present in the near absence of focal white matter plaques and particular areas are mainly involved such as the cerebellum and/or insular, cingulated, frontobasal and temporobasal cortex [170]. High-field MRI has improved the sensitivity for in vivo detection of most cortical lesions and this is important, mainly because the cortical involvement is negatively associated with disease progression and disability such as cognitive impairment and epilepsy in RRMS. In MRI widespread cortical atrophy has been observed, even in the absence of demyelinated areas [171]. The explanation for this could be the loss of neurons for anterograde or retrograde degeneration, in particular in the cortical areas anatomically connected to the damaged areas in the white matter or in the deep grey matter [172]. Few pathological studies are available regarding the involvement of deep grey matter in the brain and in the spinal cord: lesions can occur at any site and at any stage of the disease but, in particular, in the hypothalamus and lateral columns of the cervical cord [173] and in early disease [174].




        Irreversible disability, progression and cognitive deficits are prominent and extensive in chronic MS patients, at least partly correlating with cortical atrophy, especially when the cortical demyelinating lesions are detected in the frontal, temporal, insular and cerebellar cortices in addition to the cingulate gyrus and hippocampus.


      


    




    

      DISEASE-MODIFYING DRUGS




      According to the MS patient post-mortem CNS analysis, genetic and in vivo studies on animal models, MS is a bona fide, defined, inflammatory autoimmune disease affecting the CNS. The disease compromises the myelination status of the axon which can be almost completely recovered or be hindered either by repeated inflammatory attacks or by inadequate remyelination processes determining an irreversible axonopathy, neuronal loss and thus permanent neurological decline.




      The first MS specific modifying drugs were first developed over 20 years ago in the 1990’s with the FDA approval of IFNbeta for RRMS treatment.




      Thanks to the improved knowledge of the disease’s pathophysiology, more focused therapeutic approaches are now available or under consideration. The landscape of MS treatment has dramatically changed over the past decade and now includes injectable therapies, newer oral options, and targeted monoclonal antibody agents. Efficacy is demonstrated by reducing the number of clinical relapses and the appearance of new lesions on imaging.




      Although currently available therapeutic approaches are mainly focused on the immune system compartment to slow down the disease’s progression and the neurodegeneration, some encouraging experimental attempts are present in the literature to sustain and improve the myelin regeneration.




      

        Steroids




        The treatment of MS relapses is important as it may help to shorten and lessen the disability associated with their course [175]; historically, it was the first, and for a period of time the only, approach to MS treatment. In 1970, Rose randomized 197 MS patients to 40 units of adrenocorticotropic hormone (ACTH) gel that was given as intramuscular (i.m.) injections, assessing its effect versus similarly administered placebo gel thereby demonstrating the beneficial effects of ACTH so that ACTH had broad regulatory approval by the FDA [176].




        Several studies were then performed comparing intravenous (i.v) methyl-prednisolone to ACTH, which was considered the “gold standard” for MS exacerbation treatment [177, 178], and to placebo [179, 180]. A typical regimen of methylprednisolone is 500-1,000mg once daily for 3-5 days [181].




        Steroids in MS treatment are safe when they are used up to 7 days. Bone problems are rare and exceedingly unlikely. When steroids are continually used for a long term, they can cause serious side effects including weight gain, fluid retention, increased risk of infection, risk of stomach ulcers, muscle weakness, behavioural changes (e.g. depression or psychosis), cataracts and osteoporosis [182]. Long-term use is not a good option unless there is no therapeutic alternative [183].


      




      

        Injectable Drugs




        

          Beta-Interferons




          Interferon-beta (IFNbeta) precise mechanism of action in MS is still unclear, but it's thought that it can modulate immune responsiveness in an anti-inflammatory way [184].




          INFbeta-1b was the first disease-modifying approved drug for MS in 1993. It has to be taken every day by subcutaneous (s.c.) injection and its efficacy was proved in a double-blind placebo-controlled trial which lasted 5 years [185] and demonstrated a dose-dependent reduction in the annualized relapse rate (ARR) together with better disease progression. This IFNbeta-1b formulation proved its effectiveness even in comparison with i.m. IFNbeta-1a (see below) in the INCOMIN study, a 2-year prospective randomized clinical trial, with more marked differences during the second year of treatment [186].




          Another i.m. injectable IFNbeta formulation was evaluated. Its effectiveness was proved in a double-blinded, placebo-controlled multicentre phase III trial which reported a lower ARR, a significant delay in time to sustained disability progression and an even lower number of new T2 Gd-enhancing lesions in IFNbeta-1b treated patients. In addition to the i.m. route, IFNbeta-1a is also available for s.c. administration at a dosage of 22mcg or 44mcg three times a week.




          Its effectiveness was first proved in the PRISMS trial (NCT01034644) which consisted of a first phase, lasting 2 years, in which the patients were assigned either to 22mcg INFbeta-1a three times a week, 44mcg three times a week or placebo. This study showed that both dosages were able to decrease the relapse rate and the disability progression in a statistically significant manner, prolonging the time to first relapse and the relapse-free period [187]. The trial was extended for a further 2 years proving that the beneficial effects of the drug persist even in a longer follow-up period [188]. A long term follow-up study confirmed the results already obtained, highlighting the fact that the sooner the treatment was started the better were the results.




          The higher dose seemed to be the most effective [189] with the evidence for the efficacy of INFbeta-1a in delaying the onset of clinically definite MS in individuals with CIS. The i.m. IFNbeta-1a, showing a higher proportion of relapse-free patients in the former group and less active MRI lesions [190] A subsequent extension of this study, involving patients shifted from i.m. to s.c. INFbeta-1a demonstrated an improvement in clinical and radiological disease features after the therapeutic shift [191].




          Pegilated IFNbeta-1a (PEG-interferon) is a modified formulation of IFNbeta-1a which was obtained by attaching a polyethylene-glycol group, thus modifying the pharmacokinetic and pharmacodynamics properties of the drug [192]. PEG-interferon seemed to have the same efficacy as IFNbeta-1a, but a more tolerable regimen, being administered twice a month.




          Patients with poor or no response to INFbeta treatment should be tested for IFNbeta-neutralizing antibodies which are known to determine a reduction of treatment effectiveness [193].




          No significant difference in efficacy or safety has been described between different INFbeta formulations, even though clinical trial outcomes are disomogeneous and phase IV studies lack in duration, aren't blinded and can include selection bias [194].




          IFNbeta is currently approved for the treatment of RRMS while it has been showed to improve disease progression and neurological outcome in CIS patients [195]. Moreover, IFNbeta has been investigated for its potential beneficial effects in progressive MS: as underlined in a recent review, the therapeutic action of this drug is limited to the relapsing phase of the disease, where the damage is driven by an inflammatory activity [196].




          The most common side effects reported during IFNbeta treatment are flu-like symptoms, cutaneous reactions at the injection site, thyroid dysfunction and asymptomatic liver dysfunction commonly detected by blood exams, while leukopenia, anemia and polyneuropathy have also been reported.


        




        

          Glatiramer Acetate




          Glatiramer acetate (GA) (Copolymer-1) is a pool of synthetic peptides randomly composed of L-tyrosine (Y), L-glutamic acid (E), L-alanine (A), and L-lysine (K) ranging from 40 to 100 residues to mimic the encephalitogenic properties of MBP, one suspected auto-antigen in MS. The mechanism of action of GA in the treatment of MS is not still clear, although it is reported to induce the development of Th2-polarized GA-reactive CD4+ T-cells and to restore the deficiency in T-cells and Treg cells. Furthermore, GA modulates immunomodulatory activity on APC [197].




          The first preclinical studies demonstrated the effectiveness of GA in protecting mice from subsequent attempts to induce EAE instead of inducing the disease itself [198]. GA was first approved for the immunomodulatory treatment of relapsing-type MS in 1996 [199]. The BECOME study (NCT00176592) demonstrated that patients with relapsing MS randomized for IFNbeta-1b or GA showed similar MRI and clinical activity [200].




          A dose-comparison study has recently been performed: 40mg GA was administered 3 times/week and compared with placebo; the results were a 34.0% reduction in the risk of confirmed relapses compared with placebo, and a highly significant reduction in the cumulative number of Gd-enhancing T1 (44.8%) and new or newly enlarged T2 lesions (34.7%) at months 6 and 12 (GALA, NCT01067521) [201].




          FDA approves GA for use in reducing the relapse frequency in RRMS patients, including those who have had a first clinical episode and have MRI features consistent with MS (CIS). GA is for daily s.c. injection only at a dose of 20mg.




          GA stands out as having excellent long-term safety data [202]. Lipoatrophy is the main side effect in GA treatment and it occurs in approximately 2% of 20mg/mL daily treated patients.


        


      




      

        Oral Drugs




        

          Teriflunomide




          Teriflunomide is the principal active metabolite of lefluoniomide, a pyrimidine synthesis inhibitor. It selectively and reversibly inhibits dihydroorotate dehydrogenase, a mitochondrial enzyme for de-novo pyrimidine synthesis, required by rapidly dividing B and T-cells [203].




          A global, phase III, randomized trial involving over 1,000 patients (TEMSO- NCT00134563) demonstrated that compared with placebo, Teriflunomide significantly reduces relapse rates, disability progression and MRI evidence of disease activity. These results have been replicated by another multicentre, double-blind, parallel-group, placebo-controlled study (TENERE- NCT00883337) with an open-label extension which randomized a total of 1,169 patients to treatment with 7 or 14mg of Teriflunomide or placebo in order to establish the ARR, the number of confirmed relapses per patient-year and the sustained accumulation of disability at 12 weeks. Two other phase III trials are still ongoing: TOPIC (NCT00622700), including early MS or CIS individuals, and TERACLES (NCT01252355), investigating Teriflunomide as an adjunct to therapy with IFNbeta.




          Teriflunomide is an approved drug for rheumatoid arthritis and an oral, once-daily, disease-modifying approved therapy for the treatment of RRMS in several countries including the USA (September 2012) and the European Union (August 2013).




          Animal studies have shown reproductive toxicity, embryo lethality and teratogenicity. To date, controlled data in human pregnancy are still missing. In the TEMSO study the most frequent side effects were diarrhoea, nausea, hair thinning and elevated alanine aminotransferase levels. Serious infections were reported in 1.6%, 2.5%, and 2.2% of patients in the three groups, respectively [204]. Teriflunomide has been detected in human semen [205]. Liver failure is another FDA Black Box Warning for treatment with Teriflunomide. If a drug-liver injury is suspected, cholestyramine can be used in order to accelerate drug elimination [206].


        




        

          Dimethyl Fumarate (DMF, BG-12)




          Dimethyl fumarate (DMF), also known as BG-12, is the methyl ester of fumaric acid. Although its exact mechanism of action is not known, DMF is thought to exert both an anti-inflammatory and a neuroprotective action by activating the nuclear factor E2-related factor 2 pathway [207] and by inhibiting the nuclear binding of NF-kappaB1, a key player in inflammation pathways [208].




          The efficacy and safety of DMF were evaluated in two large, global phase III clinical studies: DEFINE (NCT00420212) and CONFIRM (NCT00451451). Results from both studies demonstrated that DMF provides clinical and radiological efficacy over 2 years across a range of outcomes: 240mg DMF twice and three times per day reduced ARR by 44% and 51% and the risk of relapse by 49% and 50% respectively compared with placebo.




          DMF has been introduced in the late 1950’s for the treatment of psoriasis by the German biochemist Schweckendiek who was himself afflicted by the disease [209]. In March 2013, 240mg BG-12 twice a day received FDA approval as an oral treatment for RRMS.




          DMF can cause flushing and gastrointestinal discomfort (e.g. nausea, vomiting, diarrhoea, abdominal pain, and dyspepsia) within the first month of treatment. An increased incidence of the hepatic transaminase elevations was seen, these being primarily reported during the first six months of treatment. The long-term efficacy and tolerability is currently under investigation in the ENDORSE trial (NCT00835770).




          DMF for psoriasis have been reported [210] and more recently the FDA warned about a patient with MS who developed progressive multifocal leukoencephalopathy (PML) after DMF administration and later died. Since this patient had an extremely low count of lymphocytes before developing PML, it is currently under debate if PML has emerged by chance or as a direct consequence of DMF action; it is also questioned whether considering low lymphocyte count as a risk factor for PML development in DMF-treated patients [211].


        




        

          Fingolimod (FTY720)




          The mechanism of action of Fingolimod is not fully understood, although it is well known that Fingolimod is metabolized into its active form, Fingolimod-phosphate, which resembles the naturally occurring sphingosine-1-phosphate (S1P) [212]. At least 5 receptors have been listed for S1P (S1P receptors 1-5) which are expressed on different cell types in various organs. The S1P1 receptor regulates lymphocyte trafficking in lymphoid organs. Fingolimod-phosphate binds to and activates the S1P1 receptor, initially acting as an agonist. However, subsequently, this interaction induces internalization of the receptor, thus functionally assuming the characteristic of a S1P1 antagonist. Physiologically, the interaction between S1P and S1P1 receptors leads to the egress of lymphocytes from the lymph node. Therefore, Fingolimod, through its active metabolites, leads to a reduction in the number of auto-aggressive circulating lymphocytes (i.e. Th17) that can reach the CNS [213]. Moreover, Fingolimod may exert a direct effect on the CNS because it crosses the BBB due to its lipophilic nature, and it can interact with S1P receptor family members present on several CNS resident cells [214].




          Fingolimod has been shown to reduce the disease's severity in chronic MS models reversing the already present clinical features, while its prophylactic administration leads to a complete prevention of the disease features [215]. In RRMS patients it has proved its effectiveness in two large clinical trials named FREEDOMS (NCT00289978) and TRANSFORMS (NCT00340834). The FREEDOMS was a double-blind, randomized trial which lasted 24 months and involved over 1,000 RRMS patients who received either two different (0.5 or 1.25mg) Fingolimod dosages or placebo [216]. In this trial, Fingolimod proved its efficacy in reducing the relapse rate in both naïve patients and those previously treated with other drugs. Moreover, the times to the first relapse and the total relapse-free period were longer in treated patients and there was a reduction in the disability progression and time to disability progression irrespective of the dosage. Moreover, the effectiveness of the Fingolimod treatment was also assessed by MRI with a reduction in the number of Gd-enhancing lesions and the global burden of disease estimated as new or enlarged T2 lesions.




          On the other hand, the double-blind, randomized TRANSFORMS trial compared the efficacy and safety of Fingolimod to intramuscular (i.m.) IFNbeta-1a. It was a study involving more than a thousand patients with active RRMS randomly assigned to two different dosages of Fingolimod 0.5mg and 1.25 mg/day, or to i.m. 30mcg IFNbeta-1a weekly. Fingolimod proved to be more effective than IFNbeta-1a in reducing the relapse rate, prolonging the time to the first relapse and the relapse-free period [217]. Fingolimod proved its major effectiveness in comparison to IFNbeta-1a even on MRI outcomes, while no differences between the groups were observed regarding the disability outcomes. A phase IV study (EPOC; NCT01216072) had been conducted in order to determine the impact of Fingolimod versus active comparators on health-related quality of life. It demonstrated that switching from GA or IFNbeta to Fingolimod therapy may significantly improve several aspects of quality of life [218].




          Fingolimod was the first oral treatment approved for MS by the FDA in 2010. Fingolimod 0.5mg/day is approved as first-line medication in the USA and in Australia, while in Europe it is a second-line treatment for patients with high disease activity despite treatment with a first-line modifying therapy [219]; however it can be used even in patients with rapidly evolving severe RRMS without prior treatment.




          Although the treatment does not seem to carry a significant increase in infectious disease rates, two cases of lethal viral infections and a case of PML have been recently reported [220] inducing FDA to require detailed phase IV studies to explore lower dose and to precisely define the risk for opportunistic infections. Rates of Varicella Zoster Virus (VZV) infections resulted higher in patients treated with Fingolimod although serious or complicated cases of herpes zoster were uncommon; VZV immune status should be established before initiating Fingolimod therapy and immunization for patients susceptible to primary VZV infection should be performed.




          The most frequently reported side effects are macular oedema, lowering of the heart rate up to atrio-ventricular block and elevation in liver enzymes. Fingolimod cannot be used in patients with a recent history of cardiac disease or severe bradyarrhytmias due to the risk of bradycardia (up to atrio-ventricular block) which usually arises within 6 hours of the first dose although it may occur as late as 20 hours after the first dose in some patients. Moreover electrocardiogram prior to dosing and at the end of the observation period and hourly pulse and blood pressure for at least 6 hours after the first dose should be performed.




          Particular attention must be paid to monitor diabetes, macular oedema, liver enzyme levels, blood cell count and infectious diseases. No clear association between treatment with Fingolimod and the risk of developing neoplasms has been established yet. Fingolimod therapy is also contraindicated in pregnancy since it may exert harmful effects on the foetus.


        


      




      

        Conventional Immunosuppressants




        

          Cyclophosphamide




          Cyclophosphamide (Cy) is an alkylating agent which interferes with cellular DNA synthesis and the growth of rapidly proliferating cells thus leading to cell death. When the immune system is activated the normally resting state immune cells, such as T-cells, start proliferating and this provide a rationale for the use of Cy in the treatment of autoimmune diseases.




          Open-label studies dating back to 1966 support the use of Cy in MS [221]. The efficacy results of the studies are often conflicting because of the type of selected patients and the therapeutic protocols [222]. Despite this limitation the studies have also shown that the greatest benefits can be seen in younger patients with an aggressive course that is refractory to treatment [223].




          The most widely used therapeutic schedule is monthly pulses of 700-800mg/m2 for 1 year, followed by bimonthly pulses in treatment responders [224]. Even though the main regulatory agencies have not approved Cy in MS it should only be considered when approved first-line and second-line drugs fail or when Fingolimod, Natalizumab, or Methotrexate are contraindicated [225].




          The most frequent adverse events include alopecia, nausea/vomiting, transient myelosuppression, amenorrhea, oligo/azoospermia and haemorrhagic cystitis. Increasing risk of bladder cancer occurrence has been reported up to 17 years in Cy-treated patients and it is favoured by toxic cystitis, chronic urinary tract infections related to bladder dysfunction, and permanent catheterization. Moreover Cy has been demonstrated to be teratogenic in animals, therefore its administration so should be interrupted before conception [226].


        




        

          Azathioprine




          Azathioprine is a purine analogue, that is rapidly metabolized to the cytotoxic and immunosuppressant derivatives 6-mercaptopurine and thioinosine acid [227]. Though its precise mechanism of action in MS is still unclear, a Cochrane meta-analysis stated the effectiveness of azathioprine in reducing relapses and the progression of disability over 3 year follow-up period [227].




          A randomized controlled study in 94 patients with RRMS suggested that Azathioprine may be as effective as IFNbeta in reducing relapses and decreasing disability progression as measured by EDSS [228] while more recent multicenter, randomized, controlled, single blinded trial demonstrated that its efficacy was not inferior to that of IFNbeta when ARR and MRI annualized T2 lesion rate were considered (EUDRACT number 2006-004937-13) [229]. Azathioprine is the most widely used immunosuppressant in MS and, although it has not been approved for use in MS by the main regulatory agencies, it has been approved in Germany. It is generally used at a dose of 2.5-3mg/kg/day or lower in the event of haematological (white blood cell count <3,000, lymphocyte count <1,000/mm2, or mean cell volume >100) or liver toxicity [230].




          Common adverse events are gastrointestinal disturbances, bone marrow suppression, and hepatic toxicity. Myelosuppression may be correlated to thiopurine S-methyltransferase deficiency, which results in the accumulation of thioguanine nucleotides in haematopoietic tissues. Nevertheless the major safety problem related to the chronic Azathioprine treatment is the increased risk of non-Hodgkin lymphoma or other malignancies during long-term use (i.e. after approximately 5-10 years) [231] and this risk may be dose-related and significant with cumulative doses >600g [227]. For all these reasons Azathioprine is reserved for those with an inadequate response to first-line therapy.


        




        

          Mitoxantrone




          Mitoxantrone (MTX) is a synthetic antracenedione derivative which inhibits a specific enzyme involved in DNA repair [232] and which is especially used in the treatment of leukemia and breast cancer. Besides possessing antineoplastic properties, MTX exerts its action also on the immune system, reducing the number of circulating lymphocytes and macrophages with a long-lasting effect [233] and this is the reason why it's used in MS.




          In preclinical studies, MTX treatment was effective in suppressing the development of acute EAE and suppressing the onset of relapsing EAE [234, 235]; it improved the disability in SPMS and RRMS patients, reducing the number of relapses for at least 12 months after discontinuation of the treatment [236]. MTX is used in PPMS and SPMS and was approved by the FDA in 2000. It is meaningful to underline that nowadays MTX is the only drug approved by the main regulatory agencies for the treatment of progressive MS (both PPMS and SPMS).




          MTX has serious side effects, including cardiotoxicity (systolic dysfunction) and the risk of developing acute leukemia even a long time after treatment discontinuation. For this reason, MTX is currently indicated only for patients with active MS not responding to other safer drugs, or in patients with progressive MS.




          Even if it's not approved for MS treatment and doesn't seem to have strong immunomodulatory activity, MTX seems to exert a neuroprotective action that makes it worth to be quoted.


        




        

          Laquinimod




          Laquinimod is a synthetic derivative of Roquinimex, an oral immunomodulatory compound exerting beneficial effects on both clinical and radiological outcomes in MS patients during clinical trials, despite its toxicity [237]. The effectiveness of Laquinimod was first demonstrated in preclinical studies [238].




          In the double-blind, placebo-controlled, multicentre ALLEGRO clinical trial (NCT00509145), versus placebo, lasting 24 months; Laquinimod proved its efficacy in minimally reducing ARR, disease progression and the number of Gd-enhancing or new or enlarged T2 lesions as seen on MRI [239], but in the multicentre, double-blind BRAVO clinical trial (NCT00605215), which compared Laquinimod’s effectiveness with IFNbeta-1a, after 24 months Laquinimod showed only a statistically significant reduction in brain atrophy as measured by MRI, with no effect on ARR and disability progression [240]. The CONCERTO clinical trial (NCT01707992), whose primary outcome is to measure the impact of Laquinimod on disability progression in RRMS patients, is still ongoing and the ARPEGGIO (A Randomized Placebo-controlled trial Evaluating Laquinimod in PPMS, Gauging Gradations In MRI and Clinical Outcomes) study, which aims to establish the effectiveness and safety of Laquinimod in PPMS patients, is about to start with completion estimated to be in 2017.




          Laquinimod is not currently approved for MS treatment.




          Laquinimod is generally well tolerated despite an elevation in liver enzymes, headache, arthralgia, diarrhoea, an elevated risk of urinary tract infections and sinusitis compared to placebo which disappear with drug discontinuation [239].


        




        

          Methotrexate




          Methotrexate (MTX) is a strong immunosuppressive oral drug, traditionally used in the treatment of psoriasis and rheumatoid arthritis. Its mechanism of action is interference with DNA synthesis [241]. Despite its marked immunosuppressive action, few benefits have been demonstrated in MS patients’ treatment.




          In 1995, a randomized, double-blind, placebo-controlled clinical trial showed that low dose MTX (7.5mg/week) in a small cohort of progressive MS patients was able to reduce disability progression, evaluated by specific tests [242]. This result was not confirmed by other trials, nor when MTX was used as combination therapy with IFNbeta [243].




          Due to its significant side effects and poor clinical results, MTX is considered an off-label therapy for MS patients.


        


      




      

        Biologics (Monoclonal Antibodies)




        Antibodies are glycoproteins physiologically produced by B-cells with a basic structural unit composed of two identical heavy and two identical light chains. The antibodies are classified according to their heavy chain C-regions into different classes termed isotypes. The variable regions of each heavy and light chain combine together to constitute the antigen-binding site, which shows high specificity for the target epitope. On the other hand, the constant part of the heavy chains interacts with other immune system elements such as complement proteins and Fc receptors, determining the immune system reaction.




        The modern era of therapeutic antibodies dates back to the invention of mouse hybridoma technology by Kolher and Milstein 1975 [244] while various strategies have evolved to improve their therapeutical effectiveness, i.e. increasing the antibody life span and reducing immunogenicity [245].




        Based on their structure the antibodies are defined by the suffix:




        

          	omab: murine-generated antibodies;




          	ximab: chimeric mouse-human antibodies with the entire antigen specific variable domain of murine origin coupled to human constant domains;




          	zumab: humanized antibodies with a murine hypervariable region grafted onto a human framework.




          	umab: completely human monoclonal antibodies.


        




        The clinically used antibodies exert their effect by a) depleting the target cells by an antibody dependent cellular toxicity (ADCC); b) depleting the target cells by a complement dependent cytoxicity (CDC); c) directly inducing intracellular pathways leading the targeted cells to cell death; d) blocking of soluble and membrane-associated cytokines and growth factors; e) blocking of the ligand-receptor interactions not only targeting the receptor but also downregulating the cell surface expression of the targeted receptors [245].




        The use of monoclonal antibodies in clinical practice has the advantage of targeting pathogenic cells or molecules with high specificity, hopefully limiting undesired off-target effects, although not eliminating them completely. Several monoclonal antibodies are currently available in clinical practice as a therapeutical approach in various medical disciplines such as rheumatology and oncology.




        Together with increasing knowledge regarding the players on the MS stage, several therapeutic antibody strategies have been developed. While some of them have already reached the bedside others are still being validated.




        As previously reported, T-cells have been considered as being the main players in sustained CNS lesions. Therefore, limiting their egress into the CNS and the circulation of the auto-aggressive clone was the first goal in anti T-cell antibody development.




        

          Natalizumab




          Natalizumab is a humanized immunoglobulin IgG4 antibody targeting the α4-chain present in the α4β1 integrin heterodimer, also termed the VLA-4. VLA-4 is expressed on the surface of T-cells and its interaction with the VCAM-1 enables the leukocytes to firmly adhere to the blood vessel wall and to subsequently migrate through the BBB into the CNS [246].




          Natalizumab, therefore, is the first antagonist in the class of selective adhesion molecule inhibitors blocking the immune cell adhesion to the endothelium of the BBB. As demonstrated in animal models, an additional mechanism of Natalizumab action is the modulation of leukocytes trafficking with a reduced migration into the brain's parenchyma.




          Two large phase III double-blind trials, AFFIRM (Natalizumab versus placebo) and SENTINEL (Natalizumab plus IFNbeta-1a versus placebo plus IFNbeta-1a), assessed Natalizumab’s safety and efficacy over a 2-year period.




          In the AFFIRM trial (NCT00027300), over 900 patients with relapsing MS were randomly assigned to receive either monotherapy with 300 mg Natalizumab or placebo by intravenous (i.v.) infusion every four weeks for two years. A 68% relative reduction in ARR in the Natalizumab group and a 42% reduction in the risk of sustained progression of disability at 2 years. New or enlarging T2 MRI lesions and the mean number of Gd-enhancing lesions were reduced by 83% and 92% respectively [125].




          The SENTINEL trial (NCT00030966) evaluated the effect of the addition of Natalizumab treatment in over 1,100 participants who were receiving IFNbeta-1a. This combination therapy resulted in a 24% reduction in the relative risk of sustained progression of disability at 2 years while the ARR was 0.34 compared to 0.75 on IFNbeta-1a alone and new or enlarging T2 MRI lesions were reduced by 83% [235]. Two patients subsequently developed PML and died; consequently, in February 2005 Natalizumab marketing and clinical trials were suspended. In June 2006, Natalizumab was reapproved only for monotherapy [247]. By January 2010, 31 cases of PML were ascribed to Natalizumab. However, the FDA did not withdraw the drug from the market because its clinical benefits overbalanced the risks.




          Natalizumab has been the most effective therapy against MS since its approval in 2004. It is used to prevent episodes of symptoms and to slow down the worsening of disability in individuals who have relapsing forms of MS while it is also recommended for patients who have had an inadequate response to, or are unable to tolerate, an alternative MS therapy [248]. It is administered by monthly i.v. infusion.




          The increased risk of PML, an opportunistic viral infection of the brain caused by the JC virus (JCV), is the most serious side effect.




          JCV is a common virus that is generally harmless in healthy individuals but it can cause PML in immune-compromised patients due to human immunodeficiency virus (HIV) infection, blood dyscrasias such as leukaemia or lymphoma, or medications such as Natalizumab.




          PML primarily affects oligodendrocytes in the brain causing a progressive demyelinating damage with a mortality rate ranging between 30 and 50% in the first months while surviving people can develop varying degrees of neurological disabilities. PML symptoms depend on location and the degree of damage. The most commonly involved areas are the parietal and occipital lobes, but it is now recognised that all cerebral, cerebellar and brainstem regions can be affected. The most common symptoms at onset are clumsiness, progressive weakness, visual field impairment, cognitive disorders and personality changes [249].




          The risk of PML is lowest among the MS patients (a) who had been treated with Natalizumab for the shortest periods, (b) who had used few if any immunosuppressant drugs, and (c) who had no anti-JC virus antibodies. Combining these three factors predicts the pre-treatment risk of developing PML as a complication of Natalizumab treatment. Hence, testing for anti-JC virus antibodies through an analytically and clinically validated immunoassay is mandatory in order to assess the risk of subsequent developing PML before starting a treatment with Natalizumab. Patients initially testing negative for anti-JCV antibodies are not completely PML risk free because of the potential risk of new JCV infection and, on the other hand, the risk of a false negative test result. Periodic re-testing of previously anti-JCV antibody negative determined patients should be considered.




          Common Natalizumab adverse effects are fatigue, allergic reactions (with a low risk of anaphylaxis) and elevated blood levels of liver enzymes


        




        

          Alemtuzumab (Campath-1H)




          CD52-antigen is mainly present on the surface of mature lymphocytes and to a lesser extent on monocytes, DC and granulocytes as well as being produced by the epithelial cells in the epididymis [250-254]. CD52 is a small glycoprotein that is linked to the cell membrane by a phosphatidylinositol linker [255, 256] and whose function remains uncertain. It is thought, however, that it may serve to promote cell-cell adhesion or may be involved in T-cell migration and costimulation [257-259].




          Alemtuzumab is a humanized IgG1 antibody which specifically recognizes CD52. It was originally developed as a rat monoclonal antibody (Campath-1G (IgG2b)) by researchers of the Department of Pathology at the University of Cambridge (Cam(bridge)path(ology): Campath) and then humanized (Campath-1H) through genetic engineering to limit the anti-globulin response [260]. Alemtuzumab induces both ADCC, CDC and apoptosis; however, the complement-mediated and antibody direct cellular cytotoxicity is presumed to be important in vivo [261].




          It should be noted that Alemtuzumab differentially affects circulating T and B-cell depletion and their restoration time, with the B-cell recovery that tends to precede T-cell one while other immune system compartments do not seem to be affected [262]. Moreover alterations in proportions and properties of lymphocyte subsets have been observed such as an increase in Treg cell percentage [263, 264].




          The efficacy of Alembtuzumab in MS patients has been proved in several clinical studies that demonstrated its greater effectiveness compared to s.c. IFNbeta administration. Nevertheless, the same studies also showed an increased risk of potentially serious side effects in patients treated with Alemtuzumab [262]. In the phase II CAMMS223 clinical trial (NCT00050778), over 300 randomized RRMS patients received either 12mg Alemtuzumab ev/day or 24mg Alemtuzumab ev/day or s.c. IFNbeta 44mcg three times a week. In this study Alemtuzumab was demonstrated to be more effective in reducing ARR, disability progression and brain atrophy as seen on MRI, although it had serious side effects, including immune thrombocytopenic purpura, with a patient dying due to this side effect [265]. A five-year follow-up of this study confirmed the results already obtained [266]. Two other studies, the CARE MS I (NCT00530348) and the CARE MS II (NCT00548405), confirmed that previously reported in the CAMMS223 trial, also in patients previously treated with first-line disease modifying drugs; however, there was no comparison with placebo and with Natalizumab.




          Given the evidence of its immunomodulatory effect, Alemtuzumab has been proposed as a therapy for RRMS. It was approved in Europe in September 2013, while it has not been approved in the US yet. Alemtuzumab has to be intravenously administered at a dosage of 12mg/day for 5 consecutive days and then at the same dosage for 3 days, one year after the first course of treatment.




          The main concern regarding the use of Alemtuzumab is related to its side effects, mainly the autoimmune ones, especially on the thyroid gland, the anti-glomerular basement antibody disease (Goodpasture syndrome) and the immune thrombocytopenic purpura [267].
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