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MULTIPLE SCLEROSIS

1.1 Introduction

Multiple sclerosis (MS) is a chronic predominantly immune-mediated disease of the central nervous system
(CNS) with inflammatory aetiology, although genetic and environmental factors cannot be discounted, and it
is one of the most common causes of neurological disability in young adults globally [1]. MS has a complex
aetiology involving a dysregulated immune system with bouts of peripherally mediated inflammation, as
well as ongoing CNS compartmentalized inflammation leading to loss of neural tissue and worsening
disability due to persistence of immune cells and their activation both around perivascular lesions and in the
meninges [2].

The typical MS lesions are multiple perivascular white matter demyelinating plaques associated with various
degrees of inflammatory cells [3]. Additionally diffuse neurodegeneration and plaque-like demyelination
have also been described in the deep and cortical grey matter [4,5].

MS is clinically characterized by episodes of relapses with worsening of symptoms and subsequently return
to a well-being condition that can last also for a long time. Recent research into the complex
pathophysiology of MS has yielded several key observations that underscore the need for improved
diagnosis leading to early treatment. Disease progression has been shown to occur in the absence of clinical
relapses, and even early relapses that appear relatively benign may have permanent neurological
consequences. Key opinion leaders have concluded that MS is a neurodegenerative disease associated with a
deregulated inflammatory cascade of life-changing symptomatology and cognitive dysfunction resulting in
an economic burden that affects patients, providers, and society as a whole. Aggressive and early treatment
with disease-modifying therapies (DMTs), as recommended by the National MS Society, has begun to
demonstrate positive long-term outcomes, a potential for reduced future disease activity, and improved

patient quality of life.



1.2 Epidemiology

The World Health Organization (WHO) estimated that over 2.5 million people globally suffer from MS and
with the present global population growing it is estimated to reach 8.5 billion by 2030; the incidence and
onset of MS in young adults are expected to rise exponentially. It is estimated that over 400,000 people have
MS in the United States, with 700,000 Europeans and 23,000 Australians being also affected with >200 new
cases being diagnosed each week in the United States alone [6]. The distribution of MS varies according to
geographic location. For example, the further north or south from the equator the higher the prevalence of
MS; countries that lie on the equator have extremely low prevalence compared to Scotland, Norway, and
Canada [7]. Italy is classified as a high-risk area for MS [8], with the highest rates in the island of Sardinia in
which population is characterized by an elevated risk to autoimmune diseases, such as MS, due to an
homogeneous genetic background coming from past isolation from other population [9,10].

MS is commonly diagnosed between 20 years and 40 years of age although it can affect younger and older
individuals [11]. Females have greater susceptibly to MS, while males have worse disease progression and
these two characteristics of the disease are influenced by the immune system and the nervous system,
respectively [12]. The female-to-male ratio in MS varies somewhat by geographic region from 2:1 to 3:1,
and has increased in the past decades, with a few notable exceptions [13]. Several studies have also showed
that being male was associated with shorter time to reaching a moderate/high level of disability progression

[14-16].

1.3 Etiopathogenesis

Although the triggers of MS remain unknown, its pathogenesis is best explained by a multifactorial model
that incorporates interactions between genetic, epigenetic, and infectious, nutritional, climatic, or other
environmental influences including Epstein Barr virus (EBV) infection, sun light exposure and smoking [17].
This array of factors results in the loss of immune homeostasis and self-tolerance manifested in brain and
spinal cord infiltration by activated peripheral mononuclear cells, and the development of unregulated
pathologic inflammatory responses against structural components of the CNS. Myelin loss, gliosis, and the

resulting axonal pathology culminate in progressive, often severe neurological dysfunction [18].



Genetic factors. Epidemiological studies have shown that genetic factors are primarily responsible for SM
predisposition [19], and linkage studies in multiplex families have confirmed that variation within the
Human Leukocyte Antigen (HLA) region exerts the greatest individual effect on MS risk [20,21]. The
strongest consistent linkage and association with MS is with extended haplotypes of the MHC, particularly
those containing HLA-DRB1*1501 [22]. The recent use of genome wide association studies provided new
tools for a better understanding of MS aetiology. Genome-wide association studies (GWAS) using single
nucleotide polymorphisms (SNPs) from the HapMap project allowed the use of an unbiased approach in
scanning the whole genome identifying many genes implicated in MS immune regulation [23] and in
particular SNPs associated with disease [24,25]. To date, GWASs have defined 194 genetic variants that are
associated with MS, with that number likely to rise to over 400 [21].

The effects of genetic sharing, parent of origin, intergenerational versus collinear differences, and gender on
the ages of onset were evaluated by Sadovnik et all [26] in heterogeneous relative pairs from a Canadian
population base of 30,000 MS index cases: monozygotic or dizygotic twins, siblings, first cousins and
parent/child. Results showed that a subject affected by MS had about 15% of probability of having a relative
affected by the same disease and that the percentage of concordance in monozygotic twins was significant
(20.1%) with a higher incidence in female (34%) that in male twins (6.5%), while in dizygotic twins pairs it

is similar to that between non-twin siblings.

Environmental factors. Although genetic susceptibility explains the clustering of MS within families and
the sharp decline in risk with increasing genetic distance, it cannot fully explain the geographical variations
in MS frequency and the changes in risk that occur with migration, which support the action of strong
environmental factors. Among these, vitamin D status, sun exposure, diet, obesity in early life, cigarette
smoking and infection with the Epstein-Barr virus are the most consistent environmental predictors of MS
risk. The role of vitamin D in MS, its biology, actions, biochemistry and epidemiology studies were
demonstrated in several studies in the last years [27-29]. A recent study has investigated whether the
influence of low sun exposure on MS risk was mediated by low vitamin D levels and whether low sun
exposure or vitamin D deficiency acted synergistically with presence or absence of genetic factors (HLA-
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DRB1*15:01 and HLA-A*02:01, respectively) [30]. Result demonstrated that a strong and consistent inverse
association of vitamin D with MS risk and clinical score existed and that low sun exposure and vitamin D
deficiency were different risk factors that could act synergistically to increase MS risk. Furthermore,
Kampman et al. [31] demonstrated that summer outdoor activities in childhood and adolescence were
associated with a reduced risk of MS, even in the North of the Arctic Circle where there was a poor sun
exposure due to the latitude gradient. A possible explanation could be the particular fatty fish diet of that
population, extremely rich in vitamin D, suggesting that supplemental cod-liver oil may be protective when
sun exposure is less, so indicating that both climate and diet may interact to influence MS risk at a
population level. Dietary habits and lifestyle may influence the course of disease. A hypercaloric and high in
saturated fat and sugar diet, refined carbohydrates, fried or processed food (Western-style diet) [32] may
have proinflammatory effects, then exerting consequences directly on our metabolism or indirectly through
their action on gut microbiota. Changes in our metabolism and in microbiota population due to our dietary
habits can worsen our health [33]. Proinflammatory dietary habits change the composition of gut microbiota:
there is an increase of Western-style diet bacteria, which prevail over saccharolitic bacteria, and a reduced
bacterial diversity in the gut. This change leads to an increase in lipopolysaccharide and in the Th17/Treg
ratio, expression of proinflammatory cytokines, such as IL-6, IL-1pB and tumor necrosis factor-a, and onset of
intestinal inflammation and increase of intestinal barrier permeability. Indeed, the gut microbiota has a
strong influence on gut barrier integrity and the first consequence of dysbiosis is the increase of gut barrier
permeability. An altered permeability of the intestinal barrier has been recently reported in relapsing-
remitting MS [34]. Excess body weight during childhood and adolescence has been associated with an
increased risk of MS, particularly in the female group of patients [35]. The possible link between MS and
obesity has become more interesting in recent years since the discovery of the remarkable properties of
adipose tissue, focusing on the role of several adipokines that are able to participate in the mediation of the
immune response in MS. Once MS is initiated, obesity can contribute to increased disease severity by
negatively influencing disease progress and treatment response, but, also, obesity in early life is highly
relevant as a susceptibility factor and causally related risk for late MS development [36]. Cigarette smoking
seems to be both an additional risk factor and a powerful aggravating agent for the onset and progression of
MS [37]. In fact, smokers have a higher risk than non smokers of developing MS and experiencing related
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adverse symptoms and complications. Although the underlying mechanism is not fully understood,
researchers suggest that substances in tobacco, such as nicotine, affect the function of the brain and spinal
cord through diverse mechanisms, such as immunomodulatory and inflammatory effects and the loss of
blood—brain barrier integrity [38].

From the first descriptions of MS, it was suspected that viral infectious factors could be at the origin of the
inflammatory process of the disease [39]. In the past, several infectious agents were considered as possible
candidates in MS pathogenesis, but not conclusive data about their role were obtained [40]. Microbes
considered were Herpes Simplex Virus type 1 (HSV1) and type 2 (HSV2) [40], Herpes Virus (HHV) and
HHV6 in particular [41], Clamydia Pneumoniae [42], Human T-lymphotropic Virus type-1 (HTLV1) [43].
To date, Epstein Barr Virus (EBV) is the strongest established risk factor associated with MS [44]. EBV
infects more than 90% of all humans, most of whom remain healthy. In contrast, 99% of MS patients have
evidence of prior infection with EBV. EBV infects resting B lymphocytes, immortalizing them into long-
lived memory B cells that survive largely undetected by the immune system in the peripheral circulation. MS
patients show elevated titers to EBV years before developing any neurologic symptoms. Post-mortem
pathologic analysis of brains of patients with MS has revealed diffuse EBV-associated B-cell dysregulation
in all forms of MS [45]. The “hygiene hypothesis” associated with MS could explain the linkage between
MS and EBYV infection. Yazdanbakhsh and colleagues [46] summarize the hygiene hypotheses as follows:
..... it has been proposed that the lack of intense infections in industrialized countries owing to improved
hygiene, vaccination, and use of antibiotics may alter the human immune system such that it responds
inappropriately to innocuous substances (leading to allergy or autoimmunity)....”. The hygiene hypothesis
merely holds that a lack of “evolutionary normal” infectious exposures may be a critical factor that
contributes to overt disease in an individual who is at risk because of genetic or other predispositions [47].
The three main hypothetical mechanisms linking EBV and MS through B cells involve either the reactivation
of EBV within memory B cells in the CNS [48], cross-reactivity of anti-EBV antibodies to human proteins in
the CNS (molecular mimicry) [49], or the facilitation of “forbidden” memory B cells recognizing an antigen
in the CNS [50]. Confirming this [51], 1) subject with a seropositivity for anti-EBV antibodies have a higher
risk for MS, 2) there is at least a 20-fold increase in risk among individuals with a history of mononucleosis
compared with those who are EBV-negative, 3) MS patients have a higher titer of anti-EBV antibodies, in
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particular antibodies against the EB nuclear antigen (EBNA) expressed in latently infected cells [52], 4)
CD4+ T cells specific to EBNA are present at significantly greater frequency and have a broader specificity

in MS patients than in control subjects.

1.4 Immunopathogenesis

The pathogenesis of MS involves immune attack against CNS antigens mediated through activated CD4"
myelin-reactive T cells with a possible contribution by B cells. Much of our understanding of
immunopathogenesis of MS is derived from the study of experimental autoimmune encephalomyelitis
(EAE), an animal model of CNS inflammatory demyelination that can be induced by peripheral
immunization with myelin protein components. EAE shares many of the histological features of MS
including active demyelination, oligodendrocyte and axonal loss, all of which are presumably mediated by
myelin specific T cells [53].

The immunopathogenesis of MS is thought to involve a breach of self-tolerance toward myelin and other
CNS antigens resulting in persistent peripheral activation of autoreactive T cells [54]. In a genetically
susceptible individual condition, this loss of self-tolerance may be triggered by an environmental antigen,
presumably an infectious agent such as a virus. The infection could cause bystander activation of T cells or
result in release of autoantigens due to cellular damage, which can then lead to activation of T cells by cross
reactivity between an endogenous protein (e.g., myelin basic protein) and the pathogenic exogenous protein
(viral or bacterial antigen), a process known as molecular mimicry [55].

Once activated in the periphery, myelin-reactive T cells are able to migrate into the CNS by binding to
specific endothelial adhesion molecules. The transmigration process involves interaction between very late
antigen-4 (VLA-4) present on T lymphocytes and the vascular cell adhesion molecule-1 (VCAM-1)
expressed on capillary endothelial cells; this process is facilitated by expression and upregulation of various
adhesion molecules, chemokines, and matrix metalloproteinases (MMPs). Chemoattraction via chemokines
and elaboration of matrix metalloproteinases, which may enhance migration by degrading extracellular-
matrix proteins, results in invasion of activated autoreactive T cells across the blood—brain barrier (BBB).
Inside the CNS, reactivation of T cells by local or infiltrating antigen presenting cells (APCs) results in

release of proinflammatory and cytotoxic mediators, recruitment of additional inflammatory cells including
9



T cells, monocytes and B cells, and persistent activation of microglia and macrophages resulting in myelin
damage. The protective myelin sheath may be injured via several mechanisms: cytokine-mediated injury,
digestion of surface myelin antigens by macrophages, which may include the binding of antibodies,
complement-mediated injury and direct injury by CD4" and CD8" T cells [56].

The myelin damage is represented by “plaques”, that are focal areas of demyelination associated with
variable inflammation and axonal loss that predominantly affect the white matter of the brain, spinal cord,
and optic nerves but can also involve the cerebral cortex including subpial regions [57].

The inflammatory infiltrates associated with plaques consist of activated T cells (predominantly CD8" with
variable presence of CD4" cells), activated macrophages/microglia, plasma cells, and B cells. The evidence
based on animal studies suggests that CD4" T-helper 1 (Ty1) cells which release proinflammatory cytokines
such as interferon-gamma, interleukin-2 (IL-2), and tumor necrosis factor-o (TNF-a) are the key players in
mediating inflammation in MS with some role for the novel CD4" T-helper-17 (Ty17) cell subset which
secretes IL-17 [54]. The CD4" T-helper 2 (Ty2) cells, which secret interleukins 4, 5, and 10 are believed to
have a counter regulatory role limiting the Tyl1-cell-mediated injury [58]. The Tyl/Tx2 paradigm is more
apparent in EAE; in MS, indirect evidence exists for a predominant role of Thl cells based on the success of
therapies that shift the cytokine profile away from Th1 toward Th2. CD8+ T cells are believed to be involved
as well and can induce axonal pathology by direct injury to MHC I/antigen expressing cells such as neurons
and oligodendrocytes [59].

Although T cells have been considered the major contributors to inflammatory activity in MS, growing
evidences shed light on B cell role [60]. Indeed, it has been demonstrated that B cells are present in MS
lesions, meninges and cerebrospinal fluid (CSF) [61,62] and can contribute to disease progression through
antibody-dependent (i.e. secreting intrathecal IgG) [63] and antibody-independent mechanisms [64]. B cells
can also stimulate T cells activity through antigen presentation [65] and switching to memory cells which
lead to self-proliferation of CD4+ T-cells [66].

The contribution of B cells to MS pathogenesis is supported by observed pathologic heterogeneity of MS
lesions, the presence of meningeal inflammation and B-cell follicle-like structures adjacent to subpial

cortical lesions, and the success of B-cell-based immunotherapies [67].

10



MS plaques can be classified histologically as active, chronic and remyelinated. Active lesions are common
in RR MS and are characterized by myelin degradation (with relative axonal preservation), macrophage
infiltration, reactive astrocytes, and perivascular and parenchymal inflammation [68]. Chronic or inactive
plaques are more often seen in patients with progressive disease and are associated with more extensive
demyelination, marked axonal depletion, loss of oligodendrocytes, plasma cell infiltrates and relative
absence of active inflammation [57]. Remyelinated plaques are seen within or more often at the margins of
active plaques and contain thinly myelinated axons and often increased numbers of oligodendrocyte
precursor cells [57].

The presence of cortical demyelination and axonal loss has been increasingly recognized in MS, even in
early phases of disease. Lucchinetti and colleagues have described four distinct immunopathological patterns
of demyelination in active MS lesions [69].

They were defined on the basis of myelin protein loss, the geography and extension of plaques, the patterns
of oligodendrocyte destruction and the immunopathological evidence of complement activation. Two
patterns (I and IT) showed close similarities to T-cell-mediated or T-cell plus antibody-mediated autoimmune
encephalomyelitis, respectively. The other patterns (III and IV) were highly suggestive of a primary
oligodendrocyte dystrophy, reminiscent of virus- or toxin-induced demyelination rather than autoimmunity.
The several patterns of demyelination suggested that there be pathological heterogeneity among MS patients.
Popescu and Lucchinetti [70] have also identify subpial, intracortical and leukocortical lesions as the three
main cortical lesion types described in the cerebral and cerebellar cortices of patients with MS. Cortical
demyelination may be the pathological substrate of progression, and an important pathologic correlate of
irreversible disability, epilepsy and cognitive impairment. Cortical lesions of chronic progressive MS
patients are characterized by a dominant effector cell population of microglia, by the absence of macrophagic
and leukocytic inflammatory infiltrates, and may be driven in part by organized meningeal inflammatory
infiltrates. Cortical demyelination is also present and common in early MS, is topographically associated
with prominent meningeal inflammation and may even precede the appearance of classic white matter
plaques in some MS patients. However, the pathology of early cortical lesions is different than that of
chronic MS in the sense that early cortical lesions are highly inflammatory, suggesting that
neurodegeneration in MS occurs on an inflammatory background.
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1.5 Clinical symptoms and signs of MS

The clinical symptoms and signs of MS are variable and may result from involvement of sensory, motor,
visual, and brainstem pathways. Clinically, MS is characterized by discrete episodes (“attacks” or “relapses”)
of neurologic dysfunction. The symptoms produced by these episodes vary considerably between patients
and depend upon the site of neurologic involvement. Commonly patients may experience numbness,
tingling, weakness, vision loss, gait impairment, incoordination, imbalance, and bladder dysfunction [71]. In
between these attacks, at least during the relapsing-remitting (RR) phase of the illness, patients are
neurologically stable [72]. However, residual symptoms may persist and many patients experience fatigue or
heat sensitivity in the interval between attacks. Over several years to decades, many patients who begin with
RRMS evolve to the SP phase of the illness, in which they experience an insidious worsening of function and

the accumulation of neurologic disability unrelated to any acute attacks that may or may not occur.

Optic neuritis. Acute demyelinating optic neuritis is the presenting symptom in about 20% of MS patients
and affects about half of MS patients at some point in the disease course [73].

Optic neuritis is an inflammatory optic neuropathy affecting one or both optic nerves. It is usually unilateral
and typically affects young Caucasian women who present with vision loss, dyschromatopsia and painful eye
movements. In two-thirds of the cases, the optic disc appears normal on funduscopic examination
(retrobulbar optic neuritis or NORB). During the acute phase of optic neuritis, in the other third of cases, the
optic nerve appears swollen (papillitis). A relative afferent papillary defect (a Marcus Gunn pupil) is usually
present [74]. Visual acuity and visual field usually recover within a few months. In acute optic neuritis, MRI
usually demonstrates a hyperintensity on T2-weighted images (i.e., a T2 lesion) of the affected optic nerve as
well as contrast enhancement within the nerve, best appreciated on fat-saturated sequences of the orbit [75].
After 15 years, 72% of patients with at least 1 brain lesion on their initial MRI were diagnosed with MS,
while only 25% of patients with no brain lesions on initial MRI developed MS [76]. Other well-established
methods to elucidate the complex interplay of demyelination, inflammation, axonal loss and
neurodegeneration in MS are becoming increasingly available in clinical practice: optical coherence
tomography (OCT) and visual evoked potentials (VEPs). OCT is a technique that uses near-infrared light to

create images of the retina. It is non-invasive, quick and relatively cheap and easy to use. Furthermore, the
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images produced via OCT are of very high resolution and highly reproducible. OCT allows the measurement
of the thickness of macular ganglion cell layer (mGCL) and retinal nerve fiber layer (RNFL) [77]. In MS
patients both with and without prior optic neuritis is showed a reduction in RNFL and mGCL thickness due
to the loss of axons secondary to retrograde degeneration [78] and the distribution of RNFL loss tends to
involve the temporal quadrant [79]. Many studies have found correlations between OCT parameters and
clinical and paraclinical aspects in MS, suggesting that OCT could be a useful tool for monitoring MS both
in clinic and in treatment trials [80]. For example, some studies have found statistically significant reductions
in the GCL thickness in eyes of MS patients also without prior optic neuritis, which may reflect subclinical
structural damage and help to identify patients with optic neuritis who are at risk of developing MS. OCT
could potentially help differentiate between MS subtypes. One multicentre study [81] with 571 MS patients
without prior optic neuritis observed a statistically significant lower RNFL thickness in patients with SPMS
compared to RRMS (p =0.007), even if these differences disappeared when corrected for expanded disability
status scale (EDSS) score. Similarly, Costello et al. [82] found significantly lower RNFL thicknesses in eyes
unaffected by prior optic neuritis in patients with SPMS than with RRMS, and with RRMS than with CIS.

VEPs have a role in assessing the extent of demyelination along the optic nerve. Moreover, VEPs testing can
be used to predict the extent of recovery after optic neuritis and capture disabling effects of clinical and
subclinical demyelination events in the afferent visual pathway [83]. The presence of increased latency with
preserved waveform morphology is considered a sign of a demyelinating injury. Early studies showed a
prevalence of increased VEP latency in up to 50%—70% of patients with MS without visual complaints and

even in about 20%—-50% of MS patients without a history of optic neuritis [84].

Myelitis. Transverse myelitis is defined as impairment of motor, sensory and bowel or bladder tracts in the
spinal cord secondary to inflammatory-mediated injury. The occurrence of a band-like tightening sensation
around the chest or abdomen (the so-called MS “hug”) is a typical symptom of myelitis and suggests
involvement of the posterior columns of the spinal cord. It is often accompanied by a horizontal sensory
level. The myelitis that occurs in MS is typically partial and usually presents subacutely [85,86], may be the
first clinical symptom of MS or may remain a monophasic event. The presence of multifocal and posterior
spinal cord lesions is significantly associated with the diagnosis of MS [87].
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Brainstem syndromes. The brainstem is commonly affected in MS. The clinical syndromes produced by
brainstem involvement in MS include: double vision (cranial nerves II, IV, VI), internuclear
ophthalmoplegia (medial longitudinal fasciculus), facial weakness or myokymia (cranial nerve VII), vertigo
(cranial nerve VIII), or bulbar (medullary) symptoms such as dysphagia, dysarthria, and tongue weakness
(cranial nerves IX, X, XII).

An internuclear ophthalmoplegia (INO) is an eye movement disorder in MS in which the adducting eye
movement is slowed down compared to the abducting eye movement. The cause of an INO is demyelination
in the medial longitudinal fasciculus (MLF). The MLF connects the abducens nucleus of one side of the
brainstem with the oculomotor nucleus of the other side. Conjugacy of horizontal saccades therefore depends
on conduction through the MLF [88].

Facial numbness is a relatively common symptom of MS, usually seen during the course of a relapse in
patients with RRMS or as a first manifestation in patients with CIS suggestive of MS [89]. Frequencies
reported for facial sensory disturbance in MS (excluding trigeminal neuralgia) range from 2.9 to 13.6% [90].
As an initial symptom in patients with CIS it has been reported with a frequency of 3.4% [91]. Facial sensory
impairment (cranial nerve V) may arise from multiple localizations, including the brainstem, cervical cord
(due to the fact that afferent trigeminal pathways descend from their entry at the pontomedullary junction to
the level of the upper cervical spine), subcortical and cortical sensory pathways [71]. Cranial neuralgias,
including trigeminal, glossopharyngeal neuralgias, as well as occipital neuralgia, are typical expression of
neuropathic pain involving cranial nerves in MS. Neuralgias are characterised by paroxysmal painful attacks
of electric shock-like sensation, occurring spontaneously or evoked by innocuous stimuli in specific trigger
areas [92].

Involvement of cerebellar networks that connect with the brainstem can lead to unilateral ataxia, dysmetria,
or dysdiadochokinesia. Cerebellar manifestations in MS can be present at any time of the clinical course.
Early cerebellar findings are a predictor of disability and disease progression. Most patients have cerebellar
manifestations once they enter the progressive stages of the disease. Of the cerebellar findings, tremor is by

far the most common [93].
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Motor symptoms. Weakness affects up to 89% of MS patients at some point in the disease course. Focal
weakness in the limbs in MS is usually due to involvement of the corticospinal tract [94] and, thus, it is often
accompanied by other signs of the upper motor neuron syndrome, such as hyperreflexia, spasticity, and an
extensor plantar response on Babinski or Chaddock testing. Spasticity, a velocity-dependent increase in
resistance to passive muscle stretch, is associated with stiffness, spasms, cramping, and gait impairment and

can occur also in the absence of weakness. Muscle spasms are often associated with spasticity.

Sensory impairment. Numbness and paresthesias are common symptoms experienced by MS patients.
When these symptoms are transient, lasting only seconds to minutes, they are unlikely to be due to an acute
relapse in MS. Conversely, when they last many hours to days they may well reflect an acute inflammatory-
demyelinating injury. Sensory complaints affect 87% of MS patients at some point in the disease course and
in particular abnormalities in sensibility to temperature and pain are the most prominent sensory disturbances
[95]. Chronic pain is a common symptom in MS [96]. Nociceptive pain, that occurs when nociceptors are
activated in response to tissue damage, in MS patients can be provoked by abnormalities in the
musculoskeletal system, for example, spasms. Pain in MS usually has neuropathic features such as burning,
electrical or sharp sensations. Lhermitte’s symptom — an electrical-shock-like sensation running down the
spine upon neck flexion — occurs in up to one-third of MS patients at some point in the disease (Kanchandani
and Howe, 1982). The neuroanatomic localization of Lhermitte’s symptom is the posterior column in the
cervical or upper thoracic spinal cord. Neuropathic pain may include both central and peripheral neuropathic
pain and can be caused by lesions in the brain or spinal cord [95]. As demonstrated in patients with spinal
cord injury for other disease different from MS, both impaired spinothalamic tract and via the dorsal column
medial lemniscal pathway mediated functions are necessary for the development of neuropathic pain in MS

[97].

Imbalance. MS patients often describe the sensation of being off-balance, unsteady or uncoordinated. The
overwhelming majority have abnormalities of postural control and gait even early in the disease course. In
all, 50-80% have balance and gait dysfunction and over 50% fall at least once each year. Balance
dysfunction in MS is conceptualized as three interrelated problems: decreased ability to maintain position,
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limited and slowed movement towards limits of stability, and delayed responses to postural displacements
and perturbations [98]. In addition, functional balance performance may be affected by impaired dual-task
integration. Walking changes in MS include reduced gait speed, impaired walking balance, and reduced
walking-related physical activity. Imbalance appears to be related to the disconnection between the spinal
cord, cerebellum and cerebral cortex, which in turn produces atrophy of the sensory motor cerebellar regions

that are functionally connected with specific cortical areas [99].

Cognitive impairment. Though often neglected, cognitive impairment is a common feature of MS that
affects 43-70% of patients [100]. MS can lead to frank dementia, but this is rare and usually occurs in the
context of extensive and progressive disease [101]. The most common domains affected in MS are slowed
information processing, executive dysfunction and impairment of long-term verbal and visual memory [102].
Cognitive impairment in MS is associated with brain atrophy, white-matter involvement (especially
periventricular lesions) and cortical demyelinating plaques detectable at MRI with double inversion recovery
(DIR) sequences [103,103]. Recommendations for cognitive screening and management in MS care
endorsed by the Consortium of Multiple Sclerosis Centres and the International Multiple Sclerosis Cognition
Society are: 1) to increase professional and patient awareness/education about the prevalence, impact and
appropriate management of cognitive symptoms; 2) in MS patients with clinical or MRI evidence of
neurologic damage consistent, to perform early baseline screening with the Symbol Digit Modalities Test
(SDMT) or similarly validated test, and to repeat annual re-assessment in order to determinate treatment
effects (e.g. starting/changing a disease-modifying therapy) or relapse recovery or progression/new-onset of

cognitive impairment [104].

Depression. Major depression affects about 30—45% of MS patients depending on the screening
methodology used [105,106]. Aetiology of depression is unclear. Several medical and psychiatric
comorbidities, as pain, fatigue, anxiety or cognitive impairment, may contribute to the strong association
between depression and MS [107]. Studies on MRI scan in MS patients affected by major depression showed
a possible association with to injury of fronto-temporal networks. Confirming this, in a study by Zorzon et al.
[108], brain atrophy was significantly more conspicuous in the left frontal lobe (P=0.039), in both frontal
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lobes (P=0.046) and showed a trend towards a difference in the right frontal lobe (P=0.056), in the right
temporal lobe (P=0.057) and in both temporal lobes (P=0.072) of depressed patients. Interestingly, elevated
levels of proinflammatory cytokines, which are known to correlate with depression severity [109], have been
reported in both the CNS and peripheral circulation in patients with MS. Increased concentrations of
proinflammatory cytokines are thought to induce depressive symptoms by reducing the release of serotonin
at synapses [110,111] and, consequently, might also lead to the malfunctioning of noradrenergic and

serotonergic circuits that represent the pathways targeted by several antidepressant drugs [107].

Fatigue. Fatigue is one of the most debilitating symptoms in MS and was reported as a current symptom in
83% of patients in a large survey (Minden et al., 2006). Patients often describe the fatigue of MS as a general
sense of low energy, ‘a feeling arising from difficulty in initiation of or sustaining voluntary effort’ or ‘an
overwhelming sense of tiredness that is out of proportion (in relation to the performed activity)’ [112].

In an attempt towards standardisation, a recent taxonomy distinguishes two major dimensions of fatigue:
perception of fatigue and performance fatigability [113]. The latter refers to objectively measurable aspects
of fatigue, for example, the observable decrease in performance during a cognitive or motor task. By
contrast, the perceptual dimension is inherently subjective and cannot be assessed directly by an external
observer. From a physiopathological perspective, these two dimensions are distinct: explanations of
fatigability can, in principle, be derived from physiological and biochemical principles. By contrast,
understanding the subjective perception of fatigue requires a cognitive perspective, in particular, concepts of
introspection and metacognition [114]. It is important to distinguish complaints of fatigue from complaints of
motor weakness. Fatigue can persist between clinical relapses, but often worsens in association with disease
activity, and can be exacerbated by other disease, such as depression, hypothyroidism, adrenal insufficiency,

anaemia and sleep disorders.

Bladder and bowel dysfunction. Lower urinary tract (LUT) dysfunction is common in patients with MS
and is a major negative influence on the quality of life of these patients. About 20-25% of MS patients with
bladder symptoms exhibit findings of bladder under-activity from low contractility on urodynamic testing,
which leads to the symptoms of urinary frequency and incomplete emptying. The most frequent reported
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urodynamic abnormality is that of detrusor hyperreflexia — “overactive bladder” [115]. In healthy subject, the
detrusor reflex involves the coordinated contraction of the detrusor muscle with a simultaneous relaxation of
the urethral sphincter. The detrusor reflex is inhibited voluntarily through pathways originating in the cortex
and travelling in the spinal cord and is controlled by muscarinic cholinergic innervation. Loss of this
inhibition leads to over-activation of the reflex at small bladder volumes and automatic emptying, resulting
in symptoms of urinary urgency, frequency, and incontinence. [116].

The management of these patients requires a multidisciplinary approach [115]. Intermittent self-
catheterization is the preferred option for management of incomplete bladder emptying and urinary retention.
Antimuscarinics are the first-line treatment for urinary symptoms B in neurological patients due to their
favourable cost-benefit ratio [117]. They reduce symptoms by blocking muscarinic receptors distributed
throughout the detrusor and suburothelium, thus blocking parasympathetic-mediated activation of the
detrusor [118]. Even if the M3 muscarinic receptor is of greatest significance functionally, most of the
antimuscarinics non-selectively bind with muscarinic receptors of different sub-types across several organs.
This is responsible for the side effect profile of these medications including dry mouth, blurred vision, and
constipation [119], which influence adherence to these medications. If antimuscarinics are ineffective, or
poorly tolerated, a range of other approaches are available, with varying levels of evidence. Intradetrusor
botulinum toxin A injections are a highly effective and minimally invasive treatment for patients with
treatment-refractory neurogenic detrusor overactivity owing to MS or spinal cord injury [120]. In addition to
inhibiting the release of vesicular neurotransmitters from parasympathetic nerve terminals of the detrusor
smooth muscle, this toxin is also likely to inhibit the release of transmitters involved in afferent signalling
pathways in the bladder mucosa [121]. Stimulation of the tibial nerve or sacral nerve root S3 has proven to
be successful in managing overactive bladder symptoms. The exact mechanisms of action of this approach
remain uncertain but are thought to be a result of modulation of spinal pelvic reflexes through activation of
inhibitory interneurons [122]. Surgical options include augmentation cystoplasty, cutaneous continent
diversion and ileal conduit surgery, and should be performed only after careful selection of patients. Stress
urinary incontinence owing to sphincter deficiency remains a therapeutic challenge, and is only managed

surgically if conservative measures have failed [123].
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The most difficult urinary condition to manage in MS is that of detrusor-sphincter dyssynergia [124], that
arises from the loss of coordination between the detrusor and sphincter muscles, and leads to urinary
hesitancy, interruptions of the urinary stream, and incomplete emptying. It usually requires clean intermittent
catheterization.

Acute urinary retention can be a presenting symptom of acute myelitis. A postvoid residual, or straight
catheterization, is an important measure of neurogenic bladder function in this context [125].

Bowel dysfunction in MS is less common than bladder involvement, and constipation is the most frequent
complaint. Bowel incontinence from MS usually occurs in the context of severe spinal cord injury [126].
Sexual dysfunction is reported to affect up to one third of patients, up to 80% of men and 50-70% of women
[127]. The most common pathologies identified are erectile dysfunction in men and loss of libido and/or

fatigue in women [128].

Other clinical presentations. There are several other less common clinical syndromes that may be
consistent with a first presentation of MS [129]. Cerebral hemisphere lesions, particularly large tumefactive
brain lesions, can present as a hemispheric syndrome with symptoms that include aphasia, encephalopathy,
and manifestations of increased intracranial pressure, in addition to motor and sensory symptoms.
Paroxysmal symptoms (with recurrence over at least 24 h) are transient, recurrent, stereotyped symptoms
such as vibrating or shock-like sensation with neck flexion (Lhermitte phenomenon), tonic spasms,
trigeminal neuralgia, or paroxysmal dysarthria.. Other less common symptoms include seizures and

symptoms related to disorders of thermoregulation or sleep.

Psuedo-relapse. Transient worsening or recrudescence of MS symptoms can occur in the context of

infection or other stressors [130]. A common culprit is a urinary tract infection, which may otherwise be

asymptomatic, particularly in women [131].
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1.6 Measurements of clinical assessment in MS

The Expanded Disability Status Scale (EDSS). It is the most popular and widely used instrument is MS
clinical evaluation [132]. The EDSS is a clinician-administered assessment scale evaluating the functional
systems of the central nervous system (Figure 1). The EDSS is used to describe disease progression in
patients with MS and to assess the effectiveness of therapeutic interventions in clinical trials. It consists of
ordinal rating system ranging from 0 (normal neurological status) to 10 (death due to MS) in 0.5 increments
interval (when reaching EDSS 1). The lower scale values of the EDSS measure impairments based on the
neurological examination, while the upper range of the scale (> EDSS 6) measures handicaps of patients with
MS. The determination of EDSS 4 — 6 is heavily dependent on aspects of walking ability. The literature
reveals that the EDSS is the most widely used and best-known instrument to assess disease progression in
MS [133] (Figure 2). The great advantage of the EDSS is its international acceptance (including the EMA) as
a primary endpoint in clinical trials. Because it is so commonly used, studies that use the EDSS can easily
compare results to other findings. However, the mean limit is represented by the weakness in reliability and
sensitivity to change of disease status, and a clear recommendation on interpreting changes in EDSS value
does not yet exist. EDSS changes by 1.0 points from a baseline EDSS less than or equal to 5.5 and 0.5 points
over a baseline 5.5 are commonly recognized as a clinically increase in disability. However, it is now
understood that it is more accurate to define disability change as a sustained change for 12 weeks or, even

more reliably, for 24 weeks.

20



Figure 1. Summary table of EDSS values

0.0 Mormal neurologic examination

1.0 No disability, minimal signs in one FS

1.5 Mo disability, minimal signs in more than one FS

20 Minimal disability in one FS

25 Mild disability in one FS or minimal disability in two FS

30 Moderate disability in one FS, or mild disability in three or four FS. Fully ambulatory

35 Fully ambulatory but with moderate disability in one FS, and more than minimal disability in several others

4.0 Fully ambulatory without aid, self-sufficient, up and about some 12 hiday despite relatively severe disability; abls to walk
without aid or rest for about 500 m

4.5 Fully ambulatory without aid; up and about much of the day; able to work a full day; may otherwise have some limitation of
2;1" mamm:;du or require minimal assistance; characterized by relatively severe disability; able to walk without aid or rest for

o m

5.0 Ambulatory without aid or rest for about 200 m; disability severe enough to impair full daily activities (e.g., work a full day
without special provisions)

55 Ambulatory without aid or rest for about 100 m; disability severe enough to precluds full daily activities

6.0 Intermittent or unilateral constant assistance (cane, crutch, brace) required to walk about 100 m with or without resting

6.5 Constant bilateral assistance (canes, crutches, braces) required to walk about 20 m without resting

7.0 Unable to walk beyond approximately 5 m even with aid; essentially restricted to wheelchair; wheels self in standard
wheelchair and transfers alone; up and about in wheelchair some 12 hiday

75 Unable to take more than a few steps; restricted to wheelchair; may need aid in transfer; wheels self but cannot carry on in
standard wheelchair a full day; may require motorized wheelchair

8.0 Essentially restricted to bed or chair or perambulated in wheelchair, but may be out of bed itself much of the day; retains
marny self-care functions; generally has effective use of arms

85 Essentially restricted to bed much of day; has some effective use of arms and retains some self-care functions

9.0 Confined to bed; can still communicate and eat

95 Totally helpless bed patient; unable to communicate effectively or sat/swallow

10 Death due to MS

FS: functional syscem; m: mesers, Source: Reference 21.

Source: US Pharm @ 2009 Jobson Publishing

Figure 2. Disability progression according to EDSS score.
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The Multiple Sclerosis Functional Composite (MSFC). It is another important instrument in MS disease
clinical assessment [134], developed as an additional clinical measure of MS disability progression in order
to improve the standard measure of MS disability for clinical trials and to develop a multidimensional metric
of overall MS clinical status [134]. The MSFC is a three-part performance scale for evaluating the degree of
impairment in MS patients. It includes the assessment of leg function by moving a short walking distance
(“Timed 25-Foot Walk”, T25FT), the assessment of arm function using breadboard test (“9-Hole Peg Test”,
9HPT) and an attention/concentration test to assess cognitive functions (‘“Paced Auditory Serial Addition
test”, PASAT). An integrated MSFC score is calculated using z-scores. In recent years, the MSFC is
increasingly used in clinical trials and its use as clinical trial endpoints is recommended to provide
information on dimensions no covered in the EDSS, such as upper limb function or cognitive skills [133].
Although the MSFC was developed rigorously, its weaknesses include interpreting the z-scores, the learning

effects of the PASAT, low acceptance by patients and lack of a visual dimension [133].

The multiple sclerosis severity scale (MSSS). It is a powerful method for predicting disease progression
over time. The scale was created by Roxburgh et al. in 2005 [135] in order to assign a severity score to the
patient’s type of MS base on the degree of disability accumulated over a given number of years (disease
progression rate) [136].

The score is obtained calculating the EDSS score and the number of years of disease: higher EDSS score and
fewer number of years will determinate a higher score of MMSS, so revealing a more severe course of MS

with more disability progression (Figure 3).
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Figure 3. Global Multiple Sclerosis Severity Scores (MSSS). The MSSS for an individual patient is
ascertained by finding the column corresponding to the patient’s EDSS and the row corresponding to the

number of years since the onset of MS.
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A number of other instruments are available to assess MS: the Ambulation Index (AI) [137], the Scripps
Neurological Rating Scale (SNRS) [138] and the Illness Severity Scale (ISS) [139]. Specific instruments for
measuring health-related quality of life in MS patients are the Multiple Sclerosis Quality of Life-54
(MSQOL-54) and the Multiple Sclerosis Quality of Life Inventory (MSQLI) [140]. Only a few of these
instruments meet the requirements of methodological standards (e.g. validity, reliability, responsiveness),
particularly for use in clinical trials. None of these instruments is recognized to use in clinical trials without

any restrictions.
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1.7 Clinical phenotypes

MS has been categorized into four distinct clinical phenotypes: relapsing— remitting (RRMS), secondary-
progressive (SPMS), primary progressive (PPMS), and progressive relapsing (PRMS) [141] (Figure 4). The
increasing use of MRI has led to renewed interest in the concept of “preclinical” MS — the incidental
identification of imaging abnormalities indicative of MS in patients who have never had a clinical attack.
This clinical scenario has been called the “radiologically isolated syndrome” (RIS) [142]. Moreover, about
85% of patients have onset of MS with a relapse consisting of a single episode of neurological disturbance
known as a clinically isolated syndrome (CIS) [143]. The term CIS is typically applied in a young adult
(aged 2045 years) with an episode of acute or sub-acute onset, which reaches a peak quite rapidly (within
2-3 weeks). To be termed CIS, the episode should last for at least 24 h and occur in the absence of fever or
infection, with no clinical features of encephalopathy. Furthermore, by definition, CIS is always isolated in
time (i.e., monophasic) and in space (i.e., monofocal). The first clinical event in these patients can be optic
neuritis (the most common presentation in many reported CIS studies), incomplete myelitis, or brainstem or
cerebellum syndrome [144].

Although useful from a theoretical standpoint, in clinical practice, this categorization is often unable to
adequately capture the complexity of disease phenotypes as there is often overlap between clinical
phenotypes, the transition between RR and SP multiple sclerosis is unclear, and classification is often based
on a patient’s recollection and description of historical events. Further, all MS disease phenotypes share
common characteristics, and although there can be relative differences in a number of imaging and
laboratory markers between specific MS subtypes (CSF and serum neurofilament levels, rate of new lesion
formation, rate of brain and spinal cord atrophy [1,145—148]; none of these markers can definitively permit
an accurate differentiation. As a result, MS disease subtype classification is still largely based on clinical

characteristics.
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Figure 4. MS classification and clinical types.
CIS, clinically isolated syndrome; RRMS, relapsing remitting MS; PPMS, primary progressive MS; SPMS,

secondary progressive MS.
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Relapsing remitting MS. RRMS is the commonest form of MS, and about 80-90% of all MS patients will
fall into this category at some point in their disease course. Relapses (“attacks” or “flares”) are discrete
episodes of neurologic dysfunction that typically evolve over hours to days and then persist for days to

weeks before remitting.

Secondary progressive MS. Most, but not all, patients with RRMS will go on to develop insidious
neurologic worsening and accumulation of disability — “secondary progression” — that is not directly related
to discrete attacks. This phenotype is called SPMS. The median time to development of secondary
progression varies between 10 and 20 years, depending on “aggressive” disease course [149,150]. Time to
development of secondary progression is shorter when the age at clinical onset is greater [151]. Progression,
and not relapse activity, accounts for most of the long-term disability burden in MS [152]. The transition
from RRMS to SPMS is often a continuum, with insidious progression sometimes occurring in the

background of clinical relapses and inflammatory disease activity on MRI.

Primary progressive MS. About 10-20% of patients with MS never experience a discrete relapse, but

instead present with insidious neurologic worsening and disability accumulation — “progression” [150]. This
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phenotype is called PPMS. The age at which clinical progression begins in patients with PPMS and SPMS is
nearly identical in most large MS epidemiologic cohorts [153]. PPMS can be diagnosed when a patient has
experienced at least 1 year of clinical progression plus two out of the following three criteria: (1) evidence
for dissemination in space on MRI based on > or equal to 1 T2 hyperintense lesion in at least one area
characteristic for MS (periventricular, juxtacortical, or infratentorial), 2) > or equal to 1 T2 lesion in the
spinal cord and 3) positive oligoclonal bands and/or elevated immunoglobulin G (IgG) index in the CSF as

evidence of intrathecal inflammation [154].

Progressive relapsing MS. About 5% of MS patients present with a hybrid course characterized by
prominent progression at onset (what appears to be primary progressive disease initially), but then develop a

few superimposed relapses [155].

1.8 Diagnosis

The diagnosis of MS is based on demonstrating evidence of inflammatory-demyelinating injury within the
central nervous system that is disseminated in both time and space. Diagnosis is made through a combination
of the clinical history, neurologic examination, magnetic resonance imaging and the exclusion of other
diagnostic possibilities. Other so-called "paraclinical" tests, including the examination of the cerebrospinal
fluid, the recording of evoked potentials, urodynamic studies of bladder function, and ocular coherence
tomography, may be helpful in establishing the diagnosis for individual patients, but are often unnecessary
[71].

Diagnostic criteria for MS have evolved over the past several decades, with each revision impacting the
apparent prevalence and prognosis of the disorder. The result has been to encourage earlier diagnosis without
compromising accuracy. In the pre-MRI era, the diagnosis of MS was only based on clinical history and
examination and required demonstration of at least two clinical attacks disseminated in time and space. In
1983 a working group chaired by Poser allowed to use “paraclinical” evidence, specifically neuroimaging or
electrophysiological abnormalities, as evidence of dissemination in space for diagnosis of “clinically
definite” MS. In 2001, an international panel chaired by McDonald (McDonald criteria), allowed MRI

evidence of disease activity to serve as evidence of dissemination in time (DIT) and space (DIT) [156]. MRI
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criteria for DIS required satisfying three of the following four features: 1) > or equal to 1 gadolinium
enhancing lesion or > or equal to 9 T2 hyperintense lesions, 2) > or equal to 1 infratentorial lesion, 3) > or
equal to 1 juxtacortical lesion and 4) > or equal to 3 periventricular lesions. The panel also allowed for two
T2 hyperintense lesions in a patient with oligoclonal bands on CSF examination to satisfy the criteria for
dissemination in space. In a revision by Polman et al. in 2005 [157], the use of a new subclinical T2
hyperintense lesion occurring at least 1 month after a reference scan obtained >1 month after the onset of the
first clinical episode as new diagnostic criteria allowed to alternatively satisfy the requirement for DIT.
These new diagnostic criteria were also useful to better clarify the role of spinal cord lesions and to simplify
diagnosis of PPMS. In 2011 [154] MRI criteria for DIS were simplified in the identification of > or equal to
1 T2 hyperintense lesion in two of four of the following regions: 1) periventricular white matter, 2)
juxtacortical white matter, 3) infratentorial white matter and 4) spinal cord.

The International Panel on Diagnosis of MS reviewed the 2010 McDonald criteria and recommended
revisions to simplify and improve their diagnostic utility [158]. The 2017 McDonald criteria continue to
apply primarily to patients experiencing a typical CIS, define what is needed to fulfil DIT and DIS of lesions
in the CNS, and stress the need for no better explanation for the presentation. The main changes are: 1) in
patients with a typical CIS and clinical or MRI demonstration of DIT, the presence of CSF-specific
oligoclonal bands allows a diagnosis of MS even in absence of DIT, 2) both symptomatic or asymptomatic
lesions can be considered for showing DIT and DIS and 3) cortical lesions can be used to demonstrate DIS.
Regarding PPMS, the diagnostic criteria remain largely unchanged, the only exception being that the
distinction between symptomatic and asymptomatic lesions are no longer needed.

Other paraclinical test used to confirm MS diagnosis, especially in those cases of suspected disease ( for
example, CIS) are: 1) evoked potentials; 2) cerebrospinal fluid (CFS) studies; 3) research or specific
biomarkers.

Visual-evoked potentials (VEPs) are abnormal in 30% of patients with CIS, regardless of clinical symptoms
and in >50% of patients with MS who have no history or clinical evidence of optic nerve dysfunction.
Somatosensory-evoked potentials (SSEPs) and brain stem auditory-evoked potentials (BAEPs) may also be

used as evidence of demyelination that is non-detectable clinically or on MRI. Pelayo et al. [159] showed
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that if all 3 evoked potentials (VEP, SSEP, and BAEP) are abnormal at the time of CIS, there is an increased
risk of developing moderate disability from MS that is independent of MRI findings.

About 60-70% of patients with CIS and up to 90% of those with MS have 2 or more immunoglobulin G
(IgG) OCBs uniquely to the CSF [160]. Some 70-90% of MS patients will have an elevated IgG index [161]
and this may be in conjunction with or independent of the presence of OCB in the CSF. On one hand, the
presence of 2 OCBs in the CSF has a positive predictive value of 97%, a negative predictive value of 84%, a
sensitivity of 91%, and a specificity of 94% for developing relapsing remitting MS (RRMS) after a CIS
[162]. Tintore et al. [163] showed that the presence of OCBs within 3 months of CIS nearly doubled the risk
of a second clinical attack over 50 months. On the other hand, CSF with >50 white blood cells (WBCs)/mm3
or >100 mg/dl protein is rarely observed in MS, and this should raise the possibility of an alternative
diagnosis [164].

Biomarkers in conjunction with other prognostic criteria, such as MRI, may help in the early identification of
MS and stratify CIS patients according to their risk for progression to CDMS. Antibodies targeting myelin
antigens are, naturally, one of the most extensively studied serum biomarkers in MS. The presence of IgM
against the extracellular domain of myelin oligodentrocyte protein (MOG), together with antibodies specific
for myelin basic protein (MBP) in CIS patients was shown to be highly predictive for CDMS [165].
However, other studies revealed controversial results ranging from highly significant to totally non
significant, so their use is controversial.

Biomarkers of axonal degeneration have also the potential to improve our capacity to predict and monitor
neurological outcome in MS patients. Neurofilament proteins, one of the major proteins expressed within
neurons and axons, have been detected in cerebrospinal fluid and blood samples from MS patients and are
now being actively investigated for their utility as prognostic indicators of disease progression in MS [166].
Neurofilament light chains (NfL) are unique to neuronal cells, are shed to the CSF and are detectable at low
concentrations in peripheral blood. Several study results support their value as a sensitive and clinically
meaningful blood biomarker to monitor tissue damage and the effects of therapies in MS [167].

Additional novel biomarkers for MS include osteopontin, TNFa, various cytokines and chemokines and ab-

crystalin, but their value is debated.
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1.9 Differential diagnosis

Diagnosis of MS requires exclusion of diseases that could mimic or better explain the clinical and
paraclinical findings, so an International Panel of MS experts developed consensus perspectives on MS
differential diagnosis [168].

Atypical MS related demyelinating syndromes are: 1) tumefactive MS, characterized by presence at least of
one large (>2 cm) acute demyelinating lesion, with accompanying edema, mass effect and ring enhancement;
2) Schilder's disease, Marburg type and Balo concentric sclerosis, considered as variants of tumefactive MS
with a more severe and rapidly negative evolving course.

The most common disease that can be considered as MS mimics are the neuromyelitis optica (NMO) and
NMO spectrum disorders (NMOSD), and the Acute Disseminated Encephalomyelitis (ADEM).

NMO is an inflammatory CNS syndrome distinct from MS characterized by optic nerve and spinal cord
involvement, usually in monophasic not relapsing course, and associated with serum aquaporin-4
immunoglobulinG antibodies (AQP4-IgG). The new nomenclature [169] defines the unifying term NMO
spectrum disorders (NMOSD), which is stratified further by serologic testing (NMOSD with or without
AQP4-IgG). The core clinical characteristics required for patients with NMOSD with AQP4-IgG include
clinical syndromes or MRI findings related to optic nerve, spinal cord, area postrema, other brainstem,
diencephalic, or cerebral presentations. More stringent clinical criteria, with additional neuroimaging
findings, are required for diagnosis of NMOSD without AQP4-IgG.

ADEM has been historically recognized as distinct from MS based on its monophasic course and presence of
encephalopathy (manifest either as altered level of consciousness, behavioural change, or altered cognitive
function) in combination with multifocal symptoms (e.g., cerebellar signs, cerebral motor or sensory
features, optic neuritis or myelitis) often following an infectious illness [170]. MRI typically shows usually
symmetrical multifocal or diffuse brain lesions [171]. However, an initial diagnosis of ADEM is often
revised to prototypic MS after evidence emerges for continuing clinical activity consistent with MS [172].
Other more rarely disease need to be considered as MS mimics are Cerebral Autosomal Dominant
Arteriopathy with Subcortical infarcts and Leukoencephalopathy (CADASIL), Susac syndrome, Vasculities

as Systemic Lupus Erythematosus (LES) and Sjogren syndrome, sarcoidosis.
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1.10 Therapies
The gold standard strategies in the management of MS are focused on (1) treating acute attacks, (2)

ameliorating symptoms and (3) reducing biologic activity through disease-modifying therapies [173].

Treatment of acute relapses. Glucocorticoids are used as first-line treatment for attacks as they provide
short-term clinical benefit by reducing the severity and shortening the duration of attacks. Typically
intravenous (IV) methylprednisolone 1 g/day for 3— 5 days is given, often followed by an oral course of
prednisone beginning at a dose of 60—80 mg/day and then tapered over 2 weeks [174]. Second-line treatment
for patients resistant or refractory to glucocorticoid treatment includes plasmapheresis, IV immunoglobulin
(IVIG), and adrenocorticotropic hormone (ACTH) [174]. The use of plasmapheresis (plasma exchange) is
reserved for cases of severe symptoms refractory to glucocorticoids and generally involves five to seven
exchanges (40—-60 ml/kg per exchange) every other day for 14 days. IVIG is not approved in this indication
but is sometimes used off-label in steroid-unresponsive patients as second- or third-line treatment; notably,
this is the preferred treatment for postpartum patients. ACTH is another FDA-approved option but is rarely
used because of high cost and uncertain advantages over glucocorticoids. In individuals who are unable to
tolerate oral corticosteroids, ACTH is given intramuscularly at 80-120 units for two to three weeks and can

be tapered.

Symptomatic treatment. The specific treatment of symptoms is an essential component of the overall
management of MS. Symptomatic treatment is aimed at the elimination or reduction of symptoms impairing
the functional abilities and quality of life of the affected patients. Moreover, with symptomatic treatment the
development of a secondary physical impairment due to an existing one may be avoided.

The most common MS symptoms need to be treated are disorders of motor function and coordination, of
cranial nerve function, of autonomic, cognitive, and psychological functions as well as MS-related pain
syndromes and epileptic seizures. A consensus paper containing proposals for their treatment has been
processed [175].

Spasticity is one of the most important symptoms complained by MS. Even if physiotherapy is generally

accepted as a basic treatment option, spasticity requires to be also treated with oral medications comprising
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centrally acting agents, such as baclofen, clonidine and tizanidine, as well as anticonvulsants such as
benzodiazepines and gabapentin [176]. The efficacy and safety of 9-delta-tetrahydrocannabinol:cannabidiol
(THC:CBD) oromucosal spray for treatment of MS spasticity has been demonstrated in several trials
[177,178]. Observational studies and registry data subsequently confirmed the effectiveness and tolerability
of THC:CBD oromucosal spray under everyday practice conditions. Among patients who respond to
treatment, THC:CBD oromucosal spray has been shown to produce positive improvements in gait
parameters and to normalize muscle fibers. Interventional procedures include focal injections of botulinum
toxin, phenol or alcohol, and an intrathecal baclofen pump [179]. For the other symptomatic conditions, the
more frequent treatment used are amantadine for fatigue, oxybutinin for urinary incontinence,

antidepressants such as selective serotonin reuptake inhibitors (SSRIs) for depression.

Disease-Modifying Therapies (DMTs).

There is still no curative treatment for MS, but during the last 20 years different therapies have become
available including interferon beta (IFN), glatiramer acetate (GA), teriflunomide (TFN), dimethylfumarate
(DMF), natalizumab (NTZ), fingolimod (FTY), alemtuzumab (ALM), mitoxantrone (MTX) and cladribrine
(CLD) and several new compounds are in development. All the approved medications have mainly anti-
inflammatory effects by modifying the course of MS through suppression or modulation of immune function,
and increasing evidence indicates that all of them are more effective in the early phases of disease
development.

With the availability of highly efficacious therapies, the goal of treatment has changed dramatically in the
last decades, from simply reducing relapse rates and slowing of disability progression to preventing all
evidence of new disease activity and reducing progressive disability. Particularly in relapsing disease, a
novel treatment strategy has emerged, where the aim is to achieve no evidence of disease activity (NEDA).
The concept of NEDA, based on a stabilization of the condition on therapy such that there are no clinical
(relapse or progression of disability) or radiological evidence (new T2 or contrast-enhancing lesions) of
activity over a period of observation, has come to the forefront. In broad terms, once a diagnosis of MS is
made, an assessment of disease (expected risk and frequency of relapse, clinical worsening or radiological

progression activity) must be formulate for a given patient. To make this, it could be necessary the
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determination of the long-term risk of progression, including incomplete recovery from first clinical relapse,
more than one relapse in the first year of diagnosis, multifocal presentation and higher EDSS score prior to
treatment, as well as imaging features at diagnosis. This prognostication then leads to a simpler therapeutic
approach, choosing from a small handful of appropriate treatments rather than considering all agents, since
many of the more efficacious therapies for aggressive disease are balanced against more onerous side-effect
profiles.

It is possible to distinguish two therapeutic lines, based on the severity of the disease and on numerous side-
effects that may occur.

Therapies as Interferon-beta, Glatiramer Acetate, Teriflunomide and Dimethylfumarate belong to the list of
first-line drugs in MS.

Interferon-beta (IFNf) is a naturally polypeptide predominantly produced by fibroblasts. Its anti-
inflammatory effects are largely believed to result from the inhibition of T-lymphocyte proliferation, a shift
of cytokine response from an inflammatory response to an anti-inflammatory profile, and a reduced
migration of inflammatory cells across the BBB [180]. IFNf is available for MS treatment in recombinant
forms, as interferon beta-la (Rebif®, Avonex®) or peginterferon beta-la (Plegridy®) or interferon beta-1b
(Extavia®, Betaferon®). All the IFNJ preparations have shown beneficial effects in reducing the annualized
relapse rate (ARR), the progression of disability in RRMS as well as the magnetic resonance imaging (MRI)
disease activity [181,182]. Besides these advantages, most patients (50%—75%) experience flu-like
symptoms, including muscle aches, fever, chills, headache and back pain, that usually appear 2—8 h after an
injection and resolve within 24 h [183]. Isolated cases of severe injection-site reactions involving infection or
necrosis as well as severe cases of acute liver failure and pancreatitis [184] have demonstrated that periodic
surveillance of liver function and blood counts before starting therapy and every 6 months thereafter is
recommended. IFNp treatment may induce formation of specific neutralizing antibodies (NABs). The NABs
usually appear within 6—18 months of treatment, so reducing the efficacy of treatment. Accordingly, it is
recommended to test all patients for the presence of NABs every 6 months during the first 2 years of therapy,
and treatment should be switched in patients who are confirmed to be NAB positive [185].

Glatiramer acetate (GA) (Copaxone®) is a pool of synthetic peptides, resembling sequences of myelin basic
protein, with an average length of 40—100 residues. Its mechanism of beneficial effect in MS remains

32



incompletely understood, but it is thought to augment TH2-cell function and inhibit myelin basic protein-
specific T-cell activity, and to promote neuronal repair through the stimulation of neurotrophin secretion
[186]. In RRMS patients GA determinates a significant reduction in ARR and in gadolinium-enhanced MRI
activity [187], besides to significantly prolong time to a second relapse and to reduce the risk of new MRI
lesions in patients with a possible MS [188]. GA is usually well tolerated, but most patients (65%)
experience injection-site reactions (pain, erythema, swelling and pruritus). About 15% report a transient self-
limited systemic reaction (immediately after injection) of facial flushing and chest tightness, accompanied at
times by palpitation, anxiety and dyspnea. Rare and severe reported side effects are lobular panniculitis and
skin necrosis [189].

Teriflunomide (TFN) (Aubagio®) is an immunomodulatory agent that selectively and reversibly inhibits the
mitochondrial enzyme dihydro-orotate dehydrogenase, a key mitochondrial enzyme in the de novo
pyrimidine synthesis pathway, leading to a reduction in proliferation of activated T and B lymphocytes.
[190]. The therapeutic effect in MS is not fully understood but it is probably mediated by a reduced number
of circulating lymphocytes. In the TEMSO and TOWER studies, TFN 14 mg was associated with a lower
ARR and less disability accumulation compared with placebo [191]. TFN was also investigated as add-on
therapy to IFN-b in patients with relapsing forms of MS and first clinical episode suggestive for MS,
showing similar effects on reduction of ARR, time to a new/second relapse, presence of new MRI lesions
[192,193]. Common adverse events include upper respiratory tract infection, urinary tract infection,
paresthesia, diarrhea, nausea, hair thinning, liver enzymes increase and hypertension. TFN is associated with
increased liver enzyme levels and ttreatment should be stopped if liver enzyme levels increase three times
above upper normal levels [194]. TNF is also contraindicated in pregnant patients because of a potential risk
of teratogenicity.

Dimethylfumarate (DMF) (Tecfidera®) is an oral first-line therapy for RRMS patients with strong efficacy
and neuroprotective and immunomodulatory effects, and a favourable benefit-risk profile. It is believed that
the mode of action of DMF involves both nuclear factor erythroid-derived 2-related factor (Nrf2)-dependent
and independent pathways, leading to a downregulation of inflammatory cytokines and an overall shift from
a proinflammatory Th1/Th17 response to an anti-inflammatory/regulatory Th2 response [195]. In the pivotal,
placebo-controlled phase IIIl DEFINE and CONFIRM trials in adults with RRMS, twice-daily DMT reduced

33



clinical relapse and MRI measures of disease activity and improved some aspects of health-related quality of
life [196,197]. Both trials have been extended in the ENDORSE study, which was conducted for more than 5
years, confirming data about efficacy and safety highlighted in the previous trials [198]. DMT had an
acceptable tolerability profile. The most common adverse events are flushing and gastrointestinal events,
usually of mild or moderate severity and largely manageable [199]. Because DMT reduce absolute
lymphocyte counts, the monitoring of DMF treated patients is an important consideration regarding the risk
to develop opportunistic infections such as PML. Generally, an absolute lymphocyte counts less than 500
mm3 that persisted for > 6 months in DMT treated patients should warn clinicians about the possibility of
stopped treatment.

Fingolimod, Natalizumab and Alemtuzumab are newer drugs that are currently considered as second-line
therapies, administered in adult patients with RRMS when the initial treatment has proven to be inadequate.
There is uncertainty in clinical practice regarding how and when to switch from the first-line to a second-line
therapy, so the ECTRIMS/EAN guideline development group produced a set of recommendations regarding
switching from IFN or GA to a second-line therapy in patients with RRMS [200]. The guideline strongly
recommends that patients that are currently treated with IFN or GA who show evidence of disease activity
should be offered a more efficacious drug. The authors did not specify which drugs were more efficacious in
the recommendation section but reported that all analyzed studies in the guideline consistently showed a
benefit in switching to NTZ, FTY or ALM compared with IFN or GA.

Fingolimod (FTY) (Gylenia®) is an oral sphingosine 1-phosphate receptor (SIPR) modulator that subsequent
to its phosphorylation binds with high affinity to S1PR, leading to internalization and degradation of S1PR,
mainly on T lymphocytes, but also microglia, astrocytes, and endothelial cells [201]. FTY also increases the
production of brain-derived neurotrophic factor and improves neurodegenerative processes [202]. Its
therapeutic activity could be due to regulation of the migration of selected lymphocyte subsets into the
central nervous system leading to reduction of reactive activation of glia (which may favour naturally
occurring remyelination) [203]. It has been the first orally active immunomodulatory drug used in MS, that
has opened up new approaches to the treatment of the disease. In the phase III TRANSFORMS and
FREEDOMS trials, FTY was more effective than IFNB-1a [204] and placebo [205] in reducing both clinical
and MRI outcome measures, including brain volume loss. FTY seems to have also a significant beneficial
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impact on ameliorating cognitive impairment [206]. Common adverse events include upper respiratory tract
infection, headache, cough, diarrhea and back pain [207]. FTY may also cause a transient bradycardia and
atrioventricular block. It is therefore recommended to monitor patients continuously with an
electrocardiogram for 6 h after the first dose, and to extend the monitoring of patients who develop specific
clinically relevant signs of heart arrhythmia. Generally, FTY should not be used by patients with known
cardiac arrhythmias or patients using other medications known to induce bradycardia. Rare adverse events of
elevated liver enzymes and macular -edema may occur.

Other sphingosine-1-receptor modulators such as Siponimod are under development. Encouraging results on
efficacy of Siponimod in reducing disease progression and MRI activity in relapsing MS [208] have also led
to the initiation of the EXPAND study in SPMS, which is expected to be completed on 30 June, 2023 [209].
Natalizumab (NTZ) (Tysabri®) is a humanized anti—04 integrin monoclonal antibody; it binds the a4 subunit
of 04B1 and 047 integrins, blocking the binding to their endothelial receptors, thereby attenuating the CNS
inflammation [210]. In addition, NTZ acts also by inhibiting the interaction between a4-positive leukocytes,
fibronectin, and osteopontin. NTZ was initially approved by the US Food and Drug Administration (FDA) in
2004 for RRMS, upon the interim results of two phase-III trials, the AFFIRM and the SENTINEL [211,212],
but in 2005 it was taken off the market after the occurrence of three cases of Progressive Multifocal
Leukoencephalopathy (PML), until that moment considered only as a secondary complication in patients
affected by human immunodeficiency virus (HIV) infection or other rare forms of immunodeficiency: two
cases in MS patients and one in a Crohn’s disease (CD) patient [213,214].

In consideration of NTZ great efficacy, it was released on the market in the European Union in 2006 in
association to a Global Risk Management Plan. The “TOUCH®” program (TYSABRI Outreach: Unified
Commitment to Health Prescribing Program) [215] has been developed in order to facilitate its appropriate
use and to focused on its safety.

Final results of the two longitudinal clinical trials after two years have showed the efficacy and safety of
NTZ in monotherapy versus placebo (AFFIRM) or in combination with IFN B-la versus IFN alone
(SENTINEL). Primary endpoints of the two studies were (Table 1) annualised relapse rate (ARR) and risk of
cumulative EDSS progression for at least 12 weeks [216,217]. Secondary endpoints were: rate of relapse-
free patients, number of new T2 lesion on MRI, presence of new gadolinium-enhancing (Gd+) lesions, ARR,
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disability progression measured by the Multiple Sclerosis Functional Composite (MSFC), number of new T1
lesion and volume lesions in T2. Tertiary endpoints concerned about NTZ efficacy on reduction of atrophy,

impact on quality of life and visual functions.

Table 1. Mean endpoints of AFFIRM and SENTINEL trials.

ENDPOINT AFFIRM SENTINEL
(NTZ vs placebo) (NTZ + IFN vs IFN)
| risk of EDSS progression >12 weeks at 2 years 42% 24%
| ARR at 1 years 68% 54%
| ARR at 2 years 68% 55%
% of relapse-free patients at 2 years 39% 40%
| n°of new T2 lesion at 2 years 83% 83%
| n° of new gadolinium-enhancing (Gd-+) lesions at 2 years | 92% 89%
1 n°of new T2 lesion at 2 years 76% 44%
| volume lesions in T2 at 2 years 18% 20%

The safety and tolerability of NTZ when added to GA in patients with RRMS were evaluated in a phase 2,
randomized, double-blind, placebo-controlled study on 110 RRMS patients (GLANCE) [218]. The primary
outcome assessed whether this combination would increase the rate of development of new active lesions on
cranial MRI scans versus GA alone. Results showed that the mean rate of development of new active lesions
was 0.03 with combination therapy versus 0.11 with GA alone (p = 0.031). Combination therapy resulted in
lower mean numbers of new gadolinium-enhancing lesions (0.6 versus 2.3 for GA alone, p = 0.020) and
new/newly enlarging T2-hyperintense lesions (0.5 versus 1.3, p=0.029).

The efficacy and tolerability of NTZ have also been confirmed in several post-marketing studies [219-221]
and in a prespecified subgroup analysis of AFFIRM and SENTINEL trials [222], demonstrating that NTZ is
effective in reducing disability progression and relapses in patients with relapsing MS, particularly in
patients with highly active disease.

To date, NTZ is recommended as monotherapy in adult relapsing-remitting MS patients with highly active
disease despite an adequate and complete cycle with one of the DMTs or in RRMS patients with a severe
disease course defined by at least two or more disabling relapse in 1 year or one or more Gd+ lesions on MRI

scan or an increase of number of T2 lesions compared to a previous MRI scan [223].
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Alemtuzumab (ALM) (Lemtrada®) is a humanized monoclonal antibody against CD52 (cluster of
differentiation 52) and is approved as escalation therapy for relapsing MS. The application of ALM leads to
a rapid but long-lasting depletion predominantly of CD52-bearing B and T cells with reprogramming effects
on immune cell composition resulting in the restoration of tolerogenic networks [224]. Compared with the
IFN-bla treated group, in CARE-MS I and II trial [225,226] ALM demonstrated efficacy in treatment-naive
patients with active RRMS and those relapsing on prior DMTs, with a consistent and manageable safety and
tolerability profile, with maintenance of efficacy over years from the start of treatment [227,228].

After depletion of circulating T and B lymphocytes, with the lowest observed values occurring within days,
lymphocytes repopulated over time, with B cell recovery usually complete within 6 months, while T
lymphocytes recovered more slowly and generally did not return to baseline by 12 months post-treatment
[229]. For this reason, routine monthly monitoring is required for up to 48 months after the last infusion to
promptly identify potentially serious autoimmune adverse events. In fact, despite its effectiveness ALM
treated patients can experiment frequent and significant adverse events. Besides to infusion-associated
reactions, approximately 30%—40% of patients develop mild to moderate infections and secondary
autoimmune diseases, predominantly affecting thyroid, kidney and thrombocytic function [230]. In
summary, although a highly effective medication, long-term side effects of ALM can be severe and might
limit the therapeutic spectrum. To date, within the European Union ALM is indicated for the treatment of
adult patients with RRMS with active disease defined by clinical or imaging features; therefore, ALM may
be an appropriate treatment choice across a broad range of patients with RRMS, including treatment-naive
patients with active disease, patients with highly active disease or for patients relapsing on prior DMTs.
Generally, ALM is administered in a unique dosing regimen via intravenous infusion on 5 consecutive days
at baseline and on 3 consecutive days 12 months later, and as-needed retreatment (3 consecutive days at least
12 months after the last course) in cases of disease recurrence [231].

With the emerging interest in determination of B-cells role as active player in MS pathogenesis, several B
cell-targeted therapies have been developed.

Rituximab (RTX) (®) is a chimeric monoclonal B-cell-depleting anti-CD20 antibody that causes rapid and
complete depletion of B cells both in blood and with a lesser degree in CSF [67]. RTX is approved as
therapy for lymphoma and in combination with methotrexate for the treatment of rheumatoid arthritis.
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Although not approved as therapy for MS, the medication is widely used in MS centers in Europe and has
been further developed to the humanized follow-up medication ocrelizumab, discussed below.

The exact mechanism of RTX by which depletion of B and T cells contrasts inflammatory activity in MS
patients is not fully understood. It has been speculated that it could be linked to indirect effects depending by
B cells, such as cytokine or modulators of T cell activity production [232]. RTX also induces apoptosis in
small subgroups of proinflammatory CD3+ T cells expressing CD20 [233]. Efficacy of RTX was evaluated
both in RRMS and PPMS patients (HERMES study [234] and OLYMPUS study [235], respectively),
demonstrating a significant reduction in the ARR and number of new Gd-enhancing lesions on cranial MRI.
Although OLYMPUS trial failed to show any significant beneficial impact on disease progression in patients
with PPMS, subgroup analyses suggested a possible benefit in younger patients (<51 years of age) with
active inflammatory lesion components [235]. As known for IFNs, RTX therapy is also associated with the
risk of developing infusion-related antibodies, which correlate with incomplete B-cell depletion and possible
failure of the treatment [236].

Ocrelizumab (OCRE) (Ocrevus®) is a monoclonal antibody directed against CD20. The antibody binds to
the large extracellular loop of CD20, which leads to the depletion of CD20-expressing B cells. Importantly,
plasma cells and antigen-specific antibody titers are not influenced as plasma cells do not carry CD20 [237].
OCRE has been investigated in pivotal trials both in relapsing MS and PPMS. The OPERA 1 and II trials
compared OCRE against IFNbla (44 1g) [238], showing a reduction in the ARR, the percentage of patients
with disability progression was and the number of new gadolinium-enhancing lesions. Although n the
ORATORIO trial, OCRE has a role in reducing disability progression, the effect seems be limited to younger
patients with high disease activity [239]. The main side effects of OCRE include mild infusion-related
reactions, such as pruritus, rash, throat irritation, and flushing. Low immunogenicity has been observed in
OCRE treated patients as the incidence of antidrug antibodies in the peripheral blood is not relevant [237].
Cladribine (CLD) (Mavenclad®) is a purine nucleoside and is phosphorylated in cells with a high amount of
deoxycytidine kinase, which leads to nuclear accumulation and cell death. CLD reduces the proliferation of
microglia and selectively depletes lymphocytes, with a predilection for B lymphocytes and especially
memory B lymphocytes [240]. Instead, CLD induced only modest depletion of T cells, which may not be
consistent with a marked influence on MS, based on previous CD4 " T-cell depletion studies. The therapeutic
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drug-response relationship with CLD is more consistent with lasting B-cell depletion and, coupled with the
success seen with monoclonal CD20" depletion, suggests that B-cell suppression could be the major direct
mechanism of action [241]. The approval process for CLD was interrupted in 2011 was due to reports about
a possible increase in the risk of malignancies. However, a recent meta-analysis of 11 phase III trials
comparing the malignancy risk of several DMTs seems to not confirm this increased risk, claiming that the
cancer rate in the CLD group (0.34%) was the same as with the other therapies [242]. The CLARITY study
is the most important pivotal trial on efficacy and safety of CLD [243], in which both relapse rate and the
risk of disability progression associated with the brain lesion count and atrophy were significantly reduced.
In the ORACLE MS study, CLD has also proven to be able to potentially prevent the conversion to clinically
definite MS in CIS patients with a first demyelinating event regarding the potential to prevent [244]. The
most common side effect included lymphopenia, explained by the mechanism of action, and in 2.3% of
treated patients typical herpes zoster infections could be documented [243].

Other potential therapies for MS management has been evaluated in the recent years, although results on
their efficacy and safety are still not promising.

Daclizumab (DAC) is a monoclonal antibody directed against the CD25 subunit of the interleukin-2 receptor.
Its high-yield process activates immunoregulatory CD56-bright natural killer cells, which inhibit the survival
of CD4 and CD8 T cells [245]. DAC has shown efficacy in slowing the inflammatory process of MS, but the
appearance of potentially serious side effects (including fulminant hepatopathy and encephalitis) has not
allowed its use to significantly impact current clinical practice [246].

Laquinimod (LAQ) is a quinoline carboxamide showing structural similarities with kynurenic acid, whose
immunomodulatory properties have been deciphered from studies in the animal model of MS, experimental
autoimmune encephalomyelitis (EAE). Data indicates that LAQ exerts beneficial activities both on the
peripheral immune system and within the CNS, modulating the function of various myeloid antigen
presenting cell populations, which then down-regulate proinflammatory T cell responses. Further, data also
indicate that LAQ acts directly on resident cells within the CNS to reduce demyelination and axonal damage
[247]. However, this drug did not reach the primary endpoint of reduction in brain volume in a phase 2 trial
and in disability progression in a phase 3 trial of patients with RRMS, respectively; as a consequence the
development of this drug will probably not be continued in MS [248].
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Table 2. Summary of all MS available drugs and mode and frequency of administration.

DRUG MODE AND FREQUENCY OF ADMINISTRATION

IFNB la im injection, 1 time a week (Avonex) or 3 times a week (22 mcg or 44 mcg)
IFNB 1b sc injection, every other day

peglFNB 1a sc injection, 1 time every 14 days

GA sc injection, 1 time a day

TFN Oral, tablet, 14 mg 1 time a day

DMF Oral, capsule, 240 mg 2 times a day

FTY Oral, capsule, 0.5 mg 1 time a day

NTZ ivinfusion, 1 time every 4 weeks

ALM iv infusion, first year 5 infusions in 5 days (at 12 mg), second year 3 infusions
RTX ivinfusion, 500 or 1000 mg, 1 time every 6 months

OCRE iv infusion, first dose two 300 mg infusions, 2 weeks apart, second dose after 6 months
CLD Oral, tablet, 3.5 mg/kg bodyweight for 2 years, 2 treatment week/ year

IFNf-1a Interferonp-1a, IFNf-1b Interferonf-1b, pegIFNf la Peginterferone  1a, GA Glatiramer Acetate,
TFN Teriflunomide, DMT Dimethylfumarate, F7TY Fingolimod, N7Z Natalizumab, ALM Alemtuzumab, RTX
Rituximab, OCRE Ocrelizumab, CLD Cladribine, sc subcutaneous, gd once daily, bid twice daily, IV

intravenous.
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JOHN CUNNINGHAM VIRUS (JCV) AND RISK OF PML ASSOCIATED WITH

MS TREATMENTS

The reduced immune surveillance of the tissues with the use of monoclonal antibodies is responsible for an
increase in the incidence of infections, especially viral or intracellular parasites, both in the CNS and in other
districts.

Despite the large number of individuals with MS treated with a wide variety of broadly immunosuppressive
regimens, including high dose corticosteroids, AZA, and cyclophosphamide, prior to the era of DMTs in
1993, no cases of PML in MS had been observed until 2005 when two individuals who had received both
NTZ and interferon-fla in a pivotal trial of NTZ were described [249,250]. Subsequently, it was recognized
that NTZ alone was sufficient to cause PML.

Progressive Multifocal Leukoencephalopathy (PML) is an opportunistic infection caused by John
Cunningham virus (JCV) reactivation [251,252], which has a severe impact on patients’ disability course,
functional outcome, and quality of life [253].

The JCV is a DNA virus of the human polyomavirus family [254]. Serum antibodies to JCV are found in
50% to 70% of the healthy general population, indicating that JCV is ubiquitous in humans [255]. The
passage of the JCV through the body can be stratified into several steps including primary viremia, latency,
and reactivation. Two portals of entry for JCV into the body have been suggested: the tonsils and the
gastrointestinal tract [256]. Primary infection with JCV typically occurs in early life and it is frequently
asymptomatic; after primary infection, JCV presumably remains latent in various tissues, such as the
kidneys, bone marrow, and lymphoid tissue [257,258]. Most of the studies observed a prevalence of around
60—70% of detectable antibodies against JCV in the general population, with seroprevalence increasing with
the age [257]. Polyomavirus-induced disease typically occurs as a result of resurgence of the persistent
infection when immune control is compromised. PML probably occurs as the interaction between JCV
seropositivity and patient’s features: the disease typically affects heavily immunosuppressed patients [258]
or patients previously treated with immunosuppressant drugs or other monoclonal antibodies [259,260]. By
reactivation of latent JCV, the virus spreads into the CNS crossing through the BBB and causes infection of

oligodendrocytes, resulting in demyelination [261,262]. The lack of myelin leads to axonal dysfunction and
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ultimately can result in the permanent loss of neurons. PML lesions in the brain affect the white matter, and
are often multifocal, suggesting that the virus spreads to the brain by a haematogenous route [263].

The first cases of PML were reported in 1958 in three patients with chronic lymphocytic leukemia (CLL) and
Hodgkin’s lymphoma [264]. Up until the early 1980s, only about 200 cases were reported and they were all
associated with lymphoproliferative disorders.

With the advent of the Acquired Immunologic Deficiency Syndrome (AIDS), PML became more prevalent.
Neurological signs of PML was first described by Igor Koralnik et al. [265] in a patients with Human
immunodeficiency Virus (HIV) infection in which JCV infected granule cell neurons of the cerebellum
leading to severe atrophy. Subsequently, in the years between 1970s and 1990s about 85% of cases occurred
in patients with HIV infection. The introduction of Highly Active Antiretroviral Therapy (HAART) helped
increase the life expectancy of individuals diagnosed with PML [266], but the mortality rate in AIDS-
associated PML cases is still approximately 50% [267].

From an immunopathogenetic point of view, the decrease in CD4+ T cells is thought to be the major
determinant for developing PML because they are required for maintenance of CD8+ T cells, the most
important player in the overall immune control of JCV infection [268].

From a symptomatic point of view, PML can be supposed on the basis of the clinical presentation. Berger et
al. [269] found that hemiparesis, visual impairment, and altered mentation were the 3 most common initial
manifestations. Symptoms referable to the posterior fossa as ataxia, dysmetria, and dysarthria, are usually
indicative of involvement of the cerebellum and brain stem [270]. Other signs and symptoms associated with
PML include headache, vertigo, seizures, sensory deficits, parkinsonism, aphasia, and neglect syndromes
[271].

More recently PML has been diagnosed in groups of individuals taking monoclonal antibody (mAb) based
drugs to treat lymphoproliferative disorders or autoimmune diseases as MS.

No PML cases have been reported in MS patients before the introduction of NTZ [272]. The mechanism by
which NTZ treatment increases the risk of developing PML is not yet known but it has been hypothesized
that the combination of low immune-surveillance of the CNS and the increased presence of B cells and

CD34" progenitor cells can favor viral replication, ultimately leading to PML.
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In addition, PML has been observed also in few MS patients treated with other drugs, such as DMT [273]
and FTY [253]. In the case of DMT treatment, persistent lymphopenia seems likely to identify a higher-risk
group of patients. In fact, prolonged lymphopenia with absolute lymphocyte counts of less than 750
lymphocytes per mL accounts was observed in most cases of PML associated with DMT, due to the loss of
CD8+ cells that are crucial to control of JCV [274].

To the best of our knowledge, no cases of PML attributable to OCRE have been described so far in MS
patients, while PML has been reported in one patient treated with TFN [275] and in one treated with ALM
[276], but in both cases patients have developed PML after switching from NTZ to the new drug and PML
was finally attributed to NTZ. An increase in the risk of PML development has been recorded in patients
treated with RTX and PML is listed as a potential side effect of the treatment [277]. PML has not yet been
associated with CLD treatment in MS, but has been documented in patients treated for hematological
disorders, including follicular lymphoma [278] and systemic mastocytosis [279].

In NTZ-treated MS patients, brain MRI can detect signs of PML at very early stages [280]. In comparison to
classical HIV-associated cases of PML, NTZ-PML displays a higher frequency of MRI signs suggestive of
inflammation at the time of diagnosis, including contrast enhancement and punctuate lesions with a
perivascular distribution pattern, reported in approximately 30% of the patients [281-283].

Suspected diagnosis should be confirmed by the detection of the virus in the CSF through the Polymerase
Chain Reaction (PCR) test; however, definitive diagnosis of PML requires neuropathologic demonstration of
the typical histopathologic triad (demyelination, bizarre astrocytes, and enlarged oligodendroglial nuclei)
[284,285].

PML risk is associated with duration of exposure to NTZ treatment, prior immunosuppresant (IS) use and
presence of high titer of anti-JCV antibody (JCV index) [286-288]. Therefore, determination of antibodies
against JCV is an important tool for risk stratification in NTZ treated patients with RR—-MS. According to
these data, European Medicines Agency (EMA) has updated the estimate risk for PML in seropositive JCV
antibody patients treated with NTZ and a risk stratification algorithm has been created with the aim to
evaluated the PML risk for each patient [287].

On September 2019, the global overall incidence of PML in NTZ treated patients was 4.08 per 1000 patients
(95% CI 3.80-4.36 per 1000 patients). There have been 825 confirmed PML cases, 822 of which in patients
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with MS (224 cases in US, 515 in European Economic Area, 86 in rest of world, respectively) and in the
76% of patients a moderate level of disability remained [Global Natalizumab (TYSABRI) Post-marketing
PML Update. September 2019]. The mortality rate among NTZ-treated MS patients is around 30% [289].
When a diagnosis of PML is made, the treatment is suspended in order to restore immune surveillance of the
CNS. As a consequence, IRIS can occur and can be fatal [290].

The first use of serum antibodies to JC virus for PML risk stratification able to provide qualitative
information (positive/negative status) was introduced in 2010 [291]. Since 2013, a second-generation test
that delivers a JC antibody index value in addition to positive or negative serostatus has been validated and
used [292].

The PML risk estimate for patients with an index value less than 0.9 has been reported to be significantly
lower than the PML risk for patients with an index greater than 1.5 [288]. Prolonged use of NTZ is known to
be associated with higher risk of PML [252,286] because patients on therapy undergo to a JC virus
seroconversion more frequently than control patients not on NTZ [293].

For these reasons, in patients who are negative or low positive for anti-JCV antibodies, at least six-monthly
follow-up tests are recommended by consensus [294].

Following EMA recommendations , patients with high levels of JCV index treated for over 2 years should be
informed about the risk of PML related to NTZ and the need to be vigilant for up to six months after its
discontinuation.

At the 24th NTZ dose, patients should evaluate again with the neurologist the opportunity to continue
treatment or to switch to any other first or second line MS therapies.

Generally, patients with high levels of JCV index treated for over 2 years tend to discontinue NTZ treatment,
despite the risk of disease reactivation peaking during a “high risk period” between the second and the eighth
month since stopping the drug [295]. In fact, several studies showed that after NTZ discontinuation disease
activity got worse than pre-NTZ status [295-297], indicating a rebound effect. The hypothesis of a “drug
holiday after NTZ Withdrawal” cannot be recommended, since this choice could lead the patient to
experience severe disease reactivation and even a rebound condition, dangerous in terms of disability

accumulation and also life-threatening and cognitive functions [298].
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A possible strategy may consists in a Pulsed Corticosteroid Treatment after NTZ discontinuation.
Evangelopoulos et coll. [299] analyzed effects of corticosteroid treatment on 20 MS patients during a six-
month washout period after NTZ discontinuation. Patients received monthly intravenous methylprednisolone
(1000 mg/infusion) and received regular clinical and radiological assessment. During the six-month washout
period, only one patient out of 10 had a mild sensory relapse associated with MRI activity in the group
treated with methylprednisolone. In the control group of untreated 10 patients, one developed several active
lesions in brain MRI and another one had a severe relapse. These data suggest that monthly
methylprednisolone treatment in the washout period could determine a clinically stable disease phase,
allowing a more safe transition to another therapy .

Another alternative strategy could be the administration of NTZ with extended interval dosing (EID) [276].
A single study [300] tried to evaluate the best way to interrupt treatment, showing a higher rate of relapses in
the group with sudden NTZ discontinuation compared to the one who tapered it down slowly. These
interesting data suggests a way to reduce the return to high activity after NTZ withdrawal, but more data on
larger cohorts are needed. However, in absence of unanimous consensus, the suspension of treatment and the

shifting to a safer therapy represents the most common strategy to limit the risk of PML.
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AIM OF THE STUDY

PML diagnosis and management in MS patients treated with various DMTs represent one of the most
difficult challenges and several efforts are being made to determinate PML risk stratification for each patient
related to specific MS treatment and to prevent PML infection and its consequences on disease course.

Some studies focused on the impact of DMTs on the longitudinal evolution of anti-JCV antibody index
[301], but no studies have considered the interference of NTZ discontinuation on JCV status modification
over an extended time, in order to refine treatment strategies. Moreover, although the risk of PML is also
present in MS patients treated with other drugs, few studies have evaluated the JCV index profile during
treatment with DMTs different from NTZ.

This project consists of two different studies. The aim of the first study was to investigate the anti-JCV
antibody status pre, during and post NTZ treatment and describe the trend of JCV index after a long period
of NTZ discontinuation in order to identify possible alternative therapeutic strategies.

The aim of the second study was to evaluate JCV status modification during treatment with currently used
DMTs different from NTZ in order to possibly define the best possible therapeutic approach, especially in
those patients with high JCV index at the beginning of the new treatment or with a higher risk of PML, and

to explore if there exists further exit strategies in patients treated with NTZ and high JCV index score.

46



MATERIALS AND METHODS

4.1 Study population.

This retrospective-prospective observational study enrolled patients with diagnosis of RR—-MS treated with
several DMTs and followed at the MS Centre of Catania University Hospital between January 2010 and
December 2018. Data about patients was obtained retrospectively from the database iMED, a computerized
medical record in which at each clinical follow-up physician of the MS centre collect demographic, clinical
and laboratory information. This study protocol was approved by the local Ethical Committee of the
University of Catania (Catania 1). Each patient participating to the study signed an Informed Consent
specifically designed for the study.

Two different datasets with demographic and clinical data were created. For the first study, inclusion criteria
were: (1) diagnosis of RR—-MS according to the Mc Donald criteria 2010 [154], (2) at least six NTZ
administrations, (3) at least two determinations of JCV Index during the follow-up period, (4) NTZ
discontinuation period for more than 6 months. Patients eligible prospectively underwent to the anti-JCV
antibody determination after a period of NTZ discontinuation.

For the second study, inclusion criteria were: (1) diagnosis of RR—MS according to the Mc Donald criteria
2010 [154], (2) treatment for at least six months with rituximab-ocrelizumab (RTX-OCR), fingolimod
(FTY), interferons-glatiramer acetate (IFN-GA), teriflunomide (TFN), dimethylfumarate (DMF),
alemtuzumab (ALM) or cladribine (CLD), (3) at least two determinations of JCV Index during the follow-up

period. Main outcomes were the JCV index changes and the rate of seroconversion.

4.2 Sampling.

In the first group of NTZ treated patients, JCV status was evaluated at baseline (TO0), at the time of the NTZ
discontinuation (T1) and at the last follow-up (T2).

In the second group of patients treated with other DMTs, JCV status was evaluated at baseline before starting
treatment (TO) and during treatment (T1). Evaluation of JCV index score at further timepoints (T2) has been

already planned but data were not enough to be included in this study.
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At each timepoint, patients were divided into two subgroups based on their JCV status: negative JCV index
and positive JCV index, with a JCV value between 0.9 and 1.5 (low positive JCV index) or > 1.5 (high
positive JCV index) respectively. Blood samples were collected by peripheral venous puncture. JCV index
was determined only through a qualitative result (positive or negative) for patients screened before 2011
(STRATIFY JCV Dx Select, [288]) and by a two-step enzyme-linked immunosorbent assay (STRATIFY II)
for patients screened after 2011. Analysis was centrally performed at Unilabs in Copenhagen, Denmark.
Qualitative (negative/positive) and, for anti-JCV antibody positive patients, semi quantitative results were
obtained. An index value of less than 0.9 was considered as negative and equal to or greater than 0.9 as

positive. Seroconversion was defined as changing status of serum JCV antibody.

4.3 Statistical analysis.

Statistical analysis was performed using STATA 16.1 software packages (StataCorp. 2011; Stata Statistical
Software: Release 12; College Station, TX: StataCorp LP). The numerical data sets were tested for normal
distribution with the Shapiro-Wilk test. Student’s t tests will be applied for parametric variables, while for
non parametric variables, differences between subgroups are analyzed with a 2 test. Nominal data were
analyzed by Pearson’s Chi Square or Fisher’s exact test, where applicable. Differences in terms of JCV index
value in the first analysis at each time point were calculated by Kruskall-Wallis test and one-way ANOVA,
where applicable. The correlation between clinical and laboratory variables was carried out using a bivariate
correlation (Pearson’s or Spearman’s correlation). Univariate analyses were carried out in order to correct for
age, sex, disease duration, previous use of immunosuppressant drugs or NTZ and mean interval time
between starting DMTs and determination JCV index. We considered a two-sided p-value of < 0.05 as

statistically significant.
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RESULTS

In the first study, out of 332 patients screened referring to the MS centre who had a history of NTZ treatment
during their disease course, 285 patients met inclusion criteria (mean age 41 years; female 201 [70.5%]). In
Fig. 5, the flow-chart shows how patients have been screened at different timepoints based on their JCV
status. Demographic and clinical characteristics of the whole cohort at baseline are summarized in Table 3.
Out of 285 patients, at TO 208 (73%) were JCV negative, and 67 patients (23.5%) were positive [33 (11.6%)
in the low positive JCV index group and 34 (11.9%) in the high positive JCV index group, respectively].
Data were not available for the remaining 10 (3.5%) patients (female 7 and male 3, respectively). Out of JICV
positive patients at baseline, 3 (9.1% of 33) in low positive JCV index group and 9 (26.5% of 34) in high
positive JCV index group were naive, while 55 (82.1% of 67) had already been treated with a DMT; in the
group of JCV negative patients, 60 (28.8% of 208) were naive and 148 (71.2% of 208) had already been
treated with a DMT. There were not statistically significant differences between groups in term of age and
sex, years of disease, number of previous DMTs and previous use of immunosuppressant drugs. Out of 285
patients, 170 patients who remained with a negative JCV serology continued treatment, while after a mean of
NTZ treatment of 31.1+14.6 months (average of number of NTZ administrations: 26), 115 patients stopped
NTZ because of high level of JCV index and progressive risk of PML, some of them shifting to a safer
DMTs. Discontinuers stopped treatment for the following reasons: adverse events (2 patients, 1.7%),
inefficacy as appearance of clinical or radiological relapse (4 patients, 3.5%), growing PML risk (89 patients,
77.4%), progression of disease (9 patients, 7.8%) or lost to follow-up (11 patients, 9.6%). After a mean time
of follow-up of 110.6£115.1 days from NTZ discontinuation, most of the patients shifted to another DMTs,
and in particular 34 (29.6% of 115) switched to a first-line therapy [16 (13.9%) to Interferon/Glatiramer
Acetate (IFN/GA), 12 (10.4%) to Dimethilfumarate (DMF) and 6 (5.2%) to Terifunomide (TFN),
respectively] and 60 (52.2%) switched to a second-line therapy [44 (38.3%) to Fingolimod (FTY), 9 (7.8%)
to Alemtuzumab (ALM), 2 (1.7%) to Azathioprine (AZA), 2 (1.7%) to Daclizumab (DAC), 2 (1.7%) to
Ocrelizumab (OCRE) and 1 (0.9%) to Rituximab (RTX), respectively]. For the remaining 21 (18.3%)
patients, neurologists decided to stop every therapy due to progression course of the disease. At T1 JCV
index data were available for 107 patients (93% of 115). Out of 115 subjects, 69 (60% of 115) were JCV-

positive and 38 (33.0% of 115) were JCV negative. In the subgroup of JCV positive, 48 (69.6% of 69) were
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already positive at baseline and remained positive (18 patients in low positive JCV index group switched in
the high positive JCV index group), 19 (27.5%) seroconverted from a negative to a positive status during the
treatment period and no patients seroconverted from a positive to a negative status. In the subgroup of JCV
negative, 27 (71.1% of 38) were already negative at baseline, 7 (18.4%) seroconverted from a positive to a
negative status during the treatment period and no patients seroconverted from a negative to a positive status.
For 6 patients (2 in JCV positive group and 4 in JCV negative group, respectively) it was not possible to
match JCV data between TO and T1 due to not available index values in one of the timepoints. After a mean
time of NTZ suspension of 35.8423.6 months (T2), 80 (69.6%) of 115 patients underwent to a new JCV
index determination (remaining 35 patients were already followed in other centres). Out of 80, 63 (78.8%)
patients were discontinuers due to high JCV index, while 17 patients (21.3%) interrupted treatment for other
reasons (disease progression, adverse events). From T1 to T2, 72 (90% of 80) patients did not change their
respective JC status, while 5 (6.3% of 80) secoconverted [2 patients (2.5% of 80) to a positive status and 3
patients (3.8% of 80) to a negative status, respectively]. For the remaining 3 patients matching data were not
available. Table 4 also shows the variations of JCV status during the follow-up in all NTZ patients divided
into subgroups (negative JCV index, low positive JCV index and high positive JCV index). Table 5 shows
JCV index changes among different timepoints. In the whole cohort of NTZ treated patients, there was a
statistically significant difference in JCV index values between TO and T2 (0.60+0.98 vs 0.88+1.39,
p=0.007). Dividing into subgroups, there was not a statistically significant increment of JCV index value in
the group of continuers (0.14+0.39 vs 0.1940.52, p=0.1), while the increase of JCV index score was
statistically significant in the group of patients who stopped treatment (1.29+£1.20 vs 2.35+1.51, p=0.008).
Moreover, evaluating the JCV index changes at each timepoint, in the subgroup of discontinuers the JCV
index increase was greater during NTZ treatment period (TO vs T1, p<=0.0009) and kept on increasing also
during the period of discontinuation (T1 vs T2, p=0.04). As showed in Fig. 6, the analysis of variance
(ANOVA) confirmed that the JCV index increase was statistically significant between TO and T1 and TO and
T2 (p=0.004 and p < 0.001, respectively) while the variation of JCV index between T1 and T2 was not
statistically significant (p=0.09).

Considering the rate of seroconversion of JCV index during the follow-up period, the percentage of patients
who seroconverted to a positive status during NTZ treatment was greater than those seroconverted after NTZ
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discontinuation and it was statistically significant (p=0.008) (Table 6). There was no difference in the
percentage of patients who seroconverted to a negative status during the follow-up. There were no
correlations between seroconversion to a positive status and years of disease, duration of NTZ treatment,
previous immunosuppressant drugs or number of previous DMTs.

Considering the type of exit strategy used after NTZ discontinuation, patients who did not shift to an another
drug remained with stable high level of JCV index, in line with our results previously reported, while
patients already JCV positive who switched to another DMTs had a progressive increase of JCV index. This
increase was statistically significant in the group who shifted to FTY, with a gain of 0.5 point of index in 11
patients (p < 0.05) and of 1 point of index in 5 patients (p < 0.05) compared with other DMTs (Fig. 7).

In the second study, out of 443 patients screened, 190 met inclusion criteria and were finally enrolled. The
mean age was 43.2 £11.3 years and 122 (64.2%) were females. 16 (8.4%) patients were treated with
IFN/GA, 34 (17.9%) with RTX/OCRE, 32 (16.8%) with DMF, 18 (9.5%) with TFN, 14 (7.4%) with ALM,
68 (35.8%) with FTY and 8 (4.2%) with CLD. Demographic and clinical characteristics of the whole cohort
are summarized in Table 7. There were not statistically significant differences between groups in term of
age, sex, disease duration, previous use of immunosuppressant drugs or NTZ and JCV index at TO. FTY
group had a longer DMT duration compared with CLD group (p< 0.002). Mean interval time between start
of DMTs and determination of JCV index was 25.9+18.4 months.

Comparing JCV value between TO and T1 (Figure 8), FTY group showed a statistically significant increase
in JCV index during the follow-up (2.11+1.28 vs 2.57+1.40, p=0.0001), while patients treated with ALM had
a significant reduction of their JCV index (2.93%£1.02 vs 2.33+1.32, p=0.005). A reduction, even if not
statistically significant, was also found in RTX/OCRE (1.90£1.58 vs 1.82+1.63, p=0.54) and in CLD
(2.04£1.44 vs 1.90+1.33, p=0.44) groups. In other treatment groups no differences were found in terms of
JCV index. Applying a multivariate analysis corrected for disease duration, the use of previous
immunosuppressant drugs or NTZ treatment did not modify our results.

During the follow-up, 16 (8.4% of 190) patients seroconverted to a positive JCV status, while 7 (3.7% of
190) patients seroconverted to a negative status. Stratifying the analysis for each treatment, there were not

statistically significant differences in rate of seroconversion.
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Figure 5. Flow chart of NTZ treated patients screened and relative JCV index.

JCV index — John Cunningham (JC) virus index negative (titer of anti-JCV antibody below 0.9), JCV index
+ John Cunningham (JC) virus index positive (titer of anti-JCV antibody above 0.9), 70 before NTZ

treatment initiation, 77 at the time of the NTZ discontinuation, 72 last follow-up, n.a. not available, Tot.
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Figure 6. Percentage of NTZ treated patients correlated with changes in JCV index score (JCV index >1.5,

between 0.9 and 1.5 or <0.9) among the three timepoints.

JCV index John Cunningham (JC) virus index, 70 before NTZ treatment initiation, 77 at the time of the NTZ

discontinuation, 72 last follow-up, n.a. not available data.
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Figure 7. Percentage of patients with A variations of JCV index equal or greater than 0.5 and 1.0 in NTZ
discontinuers according to the different exit strategies.

JCV index John Cunningham (JC) virus index, [FN/GA Interferon/Glatiramer Acetate, DMF
Dimethylfumarate, 7FN Terifunomide, F7Y Fingolimod, ALM Alemtuzumab, AZA Azathioprine, DAC
Daclizumab, OCRE Ocrelizumab, RTX Rituximab, , DMTs disease modifying treatments.
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Figure 8. Statistically significant variations in JCV index status during the follow-up in FTY (p<0.0001) and
ALM (p<0.005) patient’s groups compared with other DMTs.

FTY Fingolimod, ALM Alemtuzumab, RTX/OCRE Rituximab/Ocrelizumab, CLD Claddribine, DMF
Dimethylfumarate, 7FN Terifunomide, [FN/GA Interferon/Glatiramer Acetate, JCV index at TO John
Cunningham (JC) virus index at baseline before starting treatment, , JCV index at T1 John Cunningham (JC)

virus index during treatment.
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Table 3. Demographical and clinical characteristics of the NTZ population at baseline.

JCV index - Low + JCV index High + JCV index
N=208 (73%) (0.9<JCV<1.5) >1.5)
N=33 (11.6%) N=34 (11.9%)
Age (mean+SD) 40.3+£10.8 452484 41.4+11.5
Female n=152 (73.1%) n=19 (57.6%) n=23 (67.6%)
Disease duration years (mean+SD) 12.4£8.1 18.44£8.2 13.4+6.8
No. naive patients (%) n=60 (28.8%) n=3 (9.1%) n=9 (26.5%)
No. previous DMTs 1.2+1.1 1.8+1.1 1.3+1.1
r)zjo. patients with previous use of IM 41(19.7) n=13 (39.4%) n=11 (32.3%)
)70

JCV index — John Cunningham (JC) virus index negative (titer of anti-JCV antibody below 0.9), Low+JCV
index John Cunningham (JC) virus index positive (titer of anti-JCV antibody between 0.9 and 1.5),
High+JCV index John Cunningham (JC) virus index positive (titer of anti-JCV antibody above 1.5), DMT

disease modifying treatment, /M immunosuppressant drugs, SD standard deviation.

Table 4. The variations of JCV status during the follow-up in NTZ group of patients.

TOT JCVindex - | Low+ JCVindex | High+ JCV index N.A.
(0.9<JCV<1.5) >1.5)

No. patients at TO n=285 n=208 (73%) n=33 (11.6%) n=34 (11.9%) n=10 (3.5%)
JCVindexatT0 1 661099 | 0.1120.24 142410 2.81+1.04

(mean+SD)

No. patientsat TI |  n=115 (3;‘:130/80) n=7 (6.1%) =62 (53.9%) | n=8 (6.9%)
ACVindexat Tl | 951145 | 0212146 1294145 2.96+1.45
{(mean+SD)

. N n=19 _ 0 _ 0 —

No. patients at T2 n=80 (23.7%) n=9 (11.3%) n=52 (65%) n=0
JJCVindexatT2 | ) 350151 | 0284152 123+1.52 331+151
(mean+SD)

T0 before NTZ treatment initiation, 77/ at the time of the NTZ discontinuation, 72 last follow-up, JCV index
— John Cunningham (JC) virus index negative (titer of anti-JCV antibody below 0.9), Low+JCV index John
Cunningham (JC) virus index positive (titer of anti-JCV antibody between 0.9 and 1.5), High+JCV index
John Cunningham (JC) virus index positive (titer of anti-JCV antibody above 1.5), N.4 not available, SD

standard deviation.
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Table 5. JCV index changes in the whole cohort of NTZ treated patients among different timepoints.

JCV index JCYV index JCYV index
at TO at T1 at T2 p-value
(meanSD) (mean+SD) (mean+SD)
Whole cohort | €0 08 n.a. 0.88+1.39 0.007
285
Continuers 0.14£0.39 na 0.19£0.52 0.1
170 (59.6%) ' ' e ' ’ ’
Discontinuers
115 (40.4%) 1.29+1.20 1.90+£1.45 2.35+1.51
Pati 0 Pati 1 Pati - TO vs T1 : 0.0009
atients at atients at atients at T1 vs T2: 0.04
JCV>15 n=56 n= 62 n=52 TO vs T2: 0.008
0.9<JCV<1.5 n=10 n=7 n=9
JCV <0.9 n=43 n=36 n=19
n.a. patients n=6 n=10 n=35

JCV index — John Cunningham (JC) virus index, 70 before NTZ treatment initiation, 7/ at the time of the

NTZ discontinuation, 72 last follow-up, SD standard deviation, »n.a. not available.

Table 6. Rates of seroconversion in NTZ treated patients at different timepoints.

From TO to T1

From T1 to T2

p-value

Patients seroconverted to a positive status

16.5% (19 of 115)

2.5% (2 of 80)

0.008

Patients seroconverted to a negative status

6.1 % (7 of 115)

3.8% (3 of 80)

0.1

T0 before NTZ treatment initiation, 77 at the time of the NTZ discontinuation, 72 last follow-up.
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Table 7. Demographic and clinical characteristics of the whole cohort of patients treated with DMTs

different from NTZ.
Drug IFN/GA | RTX/OCRE DMF TFN ALM FTY CLD p
(n= patients) n=16 n=34 n=32 n=18 n=14 n=68 n=8 value
Age 386111 | 449+13.1 | 45.6+11.6 | 45.6+10.3 | 37.6£10.9 | 43.89.7 | 34.149.8 | ns
(meantsd)
F=13 F=19 F=21 F=12 F=7 F=43 F=7
Sex (81.3%) (55.9%) (65.6%) | (66.7%) (50%) (63.2%) | (87.5%) ns
(%) M=3 M=15 M=11 M=6 M=7 M=25 M=1
(18.7%) (44.1%) (34.4%) | (33.3%) (50%) (36.8%) | (12.5%)
Disease
duration* 8.1+6.9 9.7£7.4 11.6£8.6 | 13.1£7.8 | 15.1£59 | 17.0£7.8 | 6.0+£3.9 ns
(meanzsd)
patients with 1
previous 0 5014.7%) | 5(15.6%) | 5 (27.8%) | 5 (35.7%) (30.9%) 0 ns
use of IM (%) ’
patients with
previous 0 12 7 2 13 41 1 ns
use of NTZ (35.3%) (21.9%) | (11.1%) | (92.3%) | (60.3%) | (12.5%)
(%)

DMT FTY
duration** | 24.8+10.1 | 22.5+13.6 | 36.9£19.1 | 23.8+£10.4 | 35.1+£14.3 | 46.9£22.9 | 18.0£7.0 C\I:sD
(meanzsd) 0.002

JCYV index at
TO 1.51+£1.33 | 1.90+1.58 | 1.58+1.36 | 1.83+1.60 | 2.93+1.02 | 2.11£1.28 | 2.04+1.44 | ns
(meanzsd)
*years
**months

IFN/GA Interferon/Glatiramer Acetate, RTX/OCRE Rituximab/Ocrelizumab, DMF Dimethylfumarate, TFN
Terifunomide, ALM Alemtuzumab, FTY Fingolimod, CLD Cladribine, JCV index at T0 John Cunningham

(JC) virus index determination at baseline, DMT disease modifying treatment, sd standard deviation, 7s not

significant.
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DISCUSSION

We retrospectively investigated anti-JCV antibody status changes in patients with MS during NTZ treatment
and the JCV index longitudinal modification after NTZ discontinuation. Moreover, our project also evaluated
JCV index variations in patients treated with other DMTs.

According to our results, during NTZ treatment patients showed a statistically significant increase in their
JCV index (1.20 vs 1.90, p=0.0009) and NTZ treatment was associated with a significant percentage of
patients (16.5%) seroconverted to a positive status. Similar results have been reported from other studies in
literature in which the annualized seroconversion rate has been described as 6—7% in the first year of NTZ
therapy, progressing to 10-25% after 4 years of continuous treatment with this drug [302-306].

The median worldwide prevalence of JCV [307] and the seropositivity rates [308] among adults with MS has
been found to be of 58% and between 50% and 90%, respectively. Seropositivity for JCV may be subject to
a variety of influences and the values reported by different authors may therefore be somewhat skewed. For
example, some large studies did not find any association between JCV positivity and the previous use of
NTZ or other immunosuppressive drugs [302]. Conversely, other authors reported that seroconversion rates
increased by more than 8% per year of use of NTZ [309]. A recent meta-analysis of JCV seroconversion
during treatment with NTZ established that the rate of change of serological status was 10.8% per year [310].
In our study cohort, patients with a negative JCV serology at baseline (170 of 209, 81.3%) remained negative
during the follow-up, confirming data in other studies showing that JCV negative patients or patients with
antibody levels below or equal to 0.9 both have a low risk of seroconversion [311]. During NTZ treatment, in
our cohort of patients 7 subjects seroconverted to a negative status. Analyzing the data in detail, for 3
patients the presence of JCV antibody was tested before 2011 when Stratify II Test was not available and
only qualitative test (negative/positive) was performed, so it could be speculated that these patients had a
JCV value slightly higher than 0.9 before starting NTZ (and for this reason they had been screened as
positive) and their seroconversion to a negative status could be considered as a false positive value. The
remaining 4 patients had a JCV positive value only in the first determination of index and subsequent values
were negative, however it not possible to define if a laboratory error may be considered or not. In those
patients who were already JCV index positive before starting NTZ, JCV index values progressively

increased during treatment (doubling in about 40% of patients after a mean time of NTZ treatment of 32+14
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months and an average of 26 NTZ administrations), so much to be the main reason of discontinuation. It
could seem that this group of patients would be more willing to stop therapy than patients who seroconverted
to positive status during treatment. Possible explanation is that they had a longer time of NTZ exposure and a
greater number of NTZ infusions, so clinicians recommend the shift to a safer DMT based on recently
approved guidelines, on their professional experience and on patients’ clinical features and concerns [200].
The JCV index score increase or the seroconversion rate to a positive status remained consistently high also
after NTZ discontinuation in about 80% of patients, therefore reducing the possibility of restarting
treatment.. Our results suggest that NTZ could act as an indelible signature on the therapeutic history of
patients, influencing not only the disease course of MS due to improvement of the clinical condition, but also
the longitudinal JCV antibody serology.

In patients with MS treated with NTZ for more than 24 months who have anti-JCV antibody positivity, at
least six-monthly follow-up tests are recommended by consensus in order to detect seroconverters and to
discuss treatment continuation in patients with increased risk of PML [253,294,312]. Usually clinicians
prefer to stop therapy and to shift to a safer DMT [200]. Since NTZ is considered one of the most effective
DMTs in MS, during the post-NTZ follow-up period it is believed that testing JCV index at frequent
intervals could be a good strategy to identify possible JCV index reduction, to better stratify patient’s risk
and to adopt different therapeutic strategies (alternative therapies or more frequent MRI scanner to detect
early PML development). Results obtained in this study seem to demonstrate that PML risk imprinting
related to NTZ cannot be mitigated with treatment discontinuation. However, further studies are needed to
uphold our data.

Furthermore, analyzing in detail the group of JCV index patients after NTZ suspension and correlating the
variations of their JCV values with the type of DMTs chosen as exit strategy post NTZ treatment, our results
demonstrated that there was a statistically significant progressive increase of JCV index in the group of
patients who shifted to FTY. This result is in line with another study published in 2018 by Aoyama e coll.
[313] in which an association between increased JCV index and therapy with FTY is reported, especially
related to duration of treatment. In the last years, FTY has become a common exit strategy choice in patients
previously treated with NTZ, particularly those who have been on treatment for more than 24 months and
JCV antibody positivity, due to the easy handling of the drug and the few side effects related.
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FTY acts as a functional antagonist of sphingosine 1-phosphate (S1P), regulating lymphocyte egress from
secondary lymphoid organs to the circulation. As result, FTY reduces the amount of circulating lymphocytes
and thereby the transmigration of pathogenic immune cells into the CNS [203]. FTY has also a role on
modification of B cell subsets, reducing circulating memory B cells, while increasing the proportions of
transitional B cells and B regulatory cells (B-regs) [314]. Despite severe lymphopenia, this is the reason
because FTY treated patients have only a mild elevated risk of infectious complications and maintain their
immunocompetence. Based on this immune profile, in our study the increase of JCV index in patients who
stopped NTZ and shifted to FTY could be explained by the presence of new circulating transitional B cells
and B-regs induced by FTY. These series of cells, created afier NTZ discontinuation, has not yet come into
contact with JCV, so it would react to virus as a new infectious agent, thereby expanding B cell population
and promoting the role of antibody-producing B cells. It could be the reason because the titer of JCV
antibody is increased with the use of FTY. However, from our analysis NTZ treatment does not seem to have
the main role in determining JCV changes in a long time period.

Results of the second part of the study seemed to confirm these data, because FTY treated patients showed a
significant increase in the JCV index (2.11+£1.28 vs 2.57+1.40, p=0.0001), independently from previous
treatment with NTZ, so suggesting that other mechanisms involving B and T cells regulation during FTY
treatment may play a role and should be investigated in further studies.

Concerning JCV index changes in patients treated with the most frequently used DMTs in MS, we
demonstrated that drugs with a B and T depleting mechanism of action, as ALM, induced a statistically
significant reduction of anti-JCV antibodies titer (2.93+1.02 vs 2.33+1.32, p=0.005). Even if not significant,
there was a similar trend also in patients treated with CLD and specific B cell profile drugs, as RTX and
OCRE.

It is well known that B cell can directly contribute to the development and progression of MS, both being the
source of antibody-producing plasma cells and acting as potent Antigen-Presenting Cells (APC). In fact, in
peripheral blood as well as in CNS, B cells show signs of chronic inflammation along with a shift towards
antigen-experienced memory B cells [315], indicative of an antigen-mediated activation of B cells. In MS
patients, B cells express higher level of co-stimulatory molecules with the potential to promote pro-
inflammatory differentiation of responding T cells [316].
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For these reasons, in the last years, several drugs targeting B cells are developed [173,317]. AML is directed
against CD52, a molecule highly expressed on B and T surface, resulting in a rapid and profound depletion
of T and B cells. RTX and OCRE are monoclonal antibodies directed against CD20, a molecule expressed on
B cells from the late pro-B cell through the memory cell stages. They induce cell apoptosis through via
complement-dependent cytotoxicity (CDC) or via antibody-dependent cellular cytotoxicity (ADCC),
respectively. Finally, the most striking action of CLD is selective, long-lasting, depletion of B lymphocytes
with a particular predilection for memory B cells.

According to our results, reduction of JCV index in those patients treated with ALM, RTX/OCRE and CLD
could be explained by the rapid depletion in B circulating cells, consequently responsible for the decrease in
CDA4+ T cells. It has been demonstrated that CD4+ T cells have a major role in the developing of PML
because they are required for maintenance of CD8+ T cells, the most important player in the immune control
of JCV infection [268]. Therefore, our results could suggest that in those patients treated with drugs with a B
profile, the rapid depletion in B circulating cells and the associated reduction of JCV index could lead to a
lower risk of PML. In line with this hypothesis, in literature a single case of a patient with clinical symptoms
and features suggestive of PML has been reported during ALM therapy [276] after switching from NTZ,
while no cases of PML attributable to OCRE or CLD have been described in MS patients. The maintenance
of pathogen clearance in ALM treated patients could seem to be related to a less profound depletion of
lymphocytes in lymphoid organs rather than in periphery. The functional preservation in the residual B and T
cells might explain the relatively low incidence of infections and the apparent normal response to
vaccinations in ALM treated patients [318]. Therefore, it could be speculated that the use of treatment acting
selectively on B cells could be considered a valid therapeutic strategy in those patients with a high anti-JCV
antibodies titer before starting treatment and/or with previous exposure to therapies with a high risk of PML,
in order to minimize the potential risk.

If our results were confirmed by other studies, future therapeutic scenarios might foresee the possibility to
discontinue NTZ in those patients with high anti-JCV antibodies titer and to switch to another B cell profile
drug. Once obtained a reduction of JCV index below 1.5 or a seroconversion to a negative status, NTZ

treatment could be restarted.
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In patients treated with ALM, lymphocytes repopulated over time, with B cell recovery usually complete
within 6 months, while T lymphocytes recovered more slowly and generally did not return to baseline by 12-
18 months post-treatment [229]. In our study, the mean interval time between the first course of therapy (TO0)
and the last JCV determination (T1) in the group of ALM treated patients was 20.3+11.3 months (range 12-
26). The reduction of JCV after more the one year of treatment in our group of patients could be explained
by the fact that the rapid B lymphocyte recovery consists mainly of restored immature B cells, preferentially
confined in the lymphoid organs and potentially reacting to a new JCV presentation with a low immunogenic
profile. However, further studies on JCV index changes after a longer time period from the beginning of
ALM therapy are needed.

According to its mechanism of action, CLD’s selective depletion on memory B cells might explain because
CLD would reduce JCV index and consequently the risk of PML without predisposing to
immunosuppression-related complications. However, the small number of CLD patients enrolled in the study
may have prevented to demonstrate such reduction. Hence, further studies should take into account a larger
sample size.

About the mechanism of action of RTX and OCRE treatments, in several studies it was demonstrated that
CD20 + B cells were markedly depleted, while the CD4 and CD8 T cells populations were partially depleted
by about 10-25% in the peripheral blood [319]. Thus, the functional preservation of residual T cells could
explain because in our study in RTX/OCRE group we did not find statistically significant reduction of JCV
index status but only a trend.

The main limitation for this study was the retrospective design. Firstly, in our study the cut-off of 0.9 instead
of 0.4 was used as the threshold for positive JCV index status. However, this choice has been justified by the
fact that patients in treatment with NTZ were stratified for PML risk based on the previous study [288] in
which it was demonstrated that JCV index value equal or higher of 0.9 was associated with a higher risk of
PML. Recently, it was suggested that the risk-stratification algorithm used by clinicians in their clinical
practice could be inadequate, because according to recent estimates PML seems occur more frequently than
expected [320]. For this reason, there is a growing interest regarding new measures to potentially improve
the PML risk stratification, in particular the L-selectin blood-test [321] and lipid-specific Immunoglobulin M
(IgM) bands in cerebrospinal fluid (CSF) [322]. Furthermore, a better management of NTZ treatment
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through the extension of the time interval between infusions [323] or customizing the dosage based on the
patient’s weight [324] could further reduce the PML incidence. Further prospective studies should apply a
cut-off of 0.4 in order to improve the knowledge about JCV index variations during MS treatments.

As a further consequence of the retrospective design of the study, for some patients data about JCV index
were available only as a qualitative result (negative/positive) because they collected before 2011 when
Stratify II Test was not used. For this reason, the seroconversion to a negative status observed during NTZ
treatment for a very small number of patients could be considered as a false positive data.

Moreover, a more frequent rate of NTZ discontinuation in JCV positive than in JCV negative patients was
found. This is in line with the current literature and confirmed by common clinical practice that suggest to
consider NTZ discontinuation in JCV positive patients after 24 NTZ doses, as the growing risk of PML is
related to high number of NTZ administrations. However, we cannot exclude that the high frequency of JCV
positive found in NTZ discontinuers group could have biased our results, influencing treatment duration and
size of discontinuers subgroup.

Finally, secondary to the retrospective profile of our study, the blood samples were collected at different
times during the therapy courses. For those treatments involving a single administration every 6/12 months
as RTX/OCRE and CLD, or 5 days of infusion the first year and 3 days of infusion 12 months apart as ALM,
the different rates of B and T cells repopulation should be carefully considered. However, future studies with

longitudinal profile may address these issues.
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CONCLUSION

Our results demonstrated that treatment with DM Ts may influence JCV status in MS patients.

In particular, an high percentage of patients shift to or remain in a positive JCV status during NTZ treatment,
while no patients seroconvert to a negative status after suspension. NTZ discontinuers patients who stopped
treatment because of high level of JCV index tend to remain in the same JCV status during the follow-up
period, independently from the time interval between discontinuation and start of new DMTs. NTZ
discontinuation seems not to be able to interfere on JCV status modification on long time period. It makes
non-sense to repeat a JCV determination every six months to expect a seroconversion to a negative value in
order to restart treatment.

The finding of an increase of JCV index in those patients subsequently treated with FTY may rise the
question if the use of this kind of treatment as exit strategy after NTZ discontinuation would represent the
safest choice. Moreover, the reduction of anti-JCV antibodies titer in those patients treated with drugs with a
B depleting profile, as ALM or RTX/OCRE or CLD, could suggest a different approach in the treatment
decision making process. Notably, since an increase of JCV index would expose patients to a higher risk of
PML, our data may suggest that the use of treatments acting selectively on B cells could represent a valid
therapeutic approach in those patients who stopped NTZ or in those with an high JCV index before starting a
new therapy. It is known that NTZ is one of the most efficacious drug for treating MS, and the decision of
suspending NTZ is mainly driven by the PML risk stratification; thus, according to our results, several
treatments sequencing scenarios in which switching to different highly-effective DMTs could maximize

disease control and minimize PML risk based on the mechanism of action.
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