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Therapeutic armamentarium in Multiple Sclerosis (MS) has radically changed in the last 

few decades due to the development of disease modifying treatments (DMTs) with highly 

selective mechanisms of action. 

Areas covered  

In this review, the authors will focus on the current role of immunosuppressive DMTs in the 

management of the relapsing remitting form of MS (RRMS), moving from the rationale of 

its use and looking at the possibility to design an idealistic scenario of a personalized 

approach for each single patient.  

 

Expert opinion 

Questions remain open about whether initial high-efficacy immunosuppressive DMTs 

improve long-term outcomes, whether prolonged exposure to these agents increases 

adverse events and what the strongest early surrogate markers are for predicting long-

term treatment responses to high-efficacy drugs. In this way, the immunosuppressive 

DMTs, are used to hit the immune system early and hard with the idealistic goal of striking 

the autoimmune activities before the neurological damage becomes irreversible.  

 

Keywords: immunosuppression, personalized therapy, multiple sclerosis, induction, 

therapeutic approach 

Article highlights: 

• A challenge encountered by Multiple Sclerosis specialists is represented by the 

therapeutic management of patients with aggressive forms of Multiple Sclerosis or 

of patients who are intolerant, non-responsive to approved disease modifying 

treatments. 
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• Inflammation is the unique target of our available immune therapy and any realistic 

therapeutic strategy should be based on impacting the neuroinflammation with a 

range of possibilities. 

• Questions remain open about whether initial high-efficacy disease modifying 

treatments improve long-term outcomes, whether prolonged exposure to these 

agents increases adverse events and what the strongest early surrogate markers 

are for predicting long-term treatment responses to high-efficacy drugs. 

1. Introduction 

 

Multiple Sclerosis (MS) is an immune-mediated neurodegenerative disease with a complex 

etiopathogenesis in which both genetic and environmental factors interact (1). MS affects 

an estimated 2.5 million people worldwide, with a higher prevalence and incidence in the 

northern hemisphere (2, 3). The clinical course of MS is unpredictable, and its 

management may require life-long pharmacological and non-pharmacological 

interventions, and the choice of the disease modifying treatments (DMTs) represents a 

crucial moment in MS management (1).  

The most used therapeutic approach is represented by maintaining the patient on the 

same DMT until it no longer shows efficacy, tolerability and safety, or until it is deemed no 

longer necessary to continue (4). If any of these goals is not reached, it can be considered 

a therapeutic switch (4, 5). Advances in understanding of the disease mechanisms and the 

dynamic nature of the disease have brought around 12 DMTs to market in many countries. 

A challenge encountered by MS specialists is represented by the therapeutic management 

of patients with aggressive forms of MS or of those who are intolerant, non-responsive, or 

refuse to receive the current Food and Drug Administration (FDA) and European 

Medicines Agency-approved (EMA) DMTs (6). Growing evidence suggests that starting 
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DMT as soon the diagnosis is reached should modify the disease course, introducing the 

concept of “therapeutic window” (4, 7).  

 

In the current clinical practice, the most important therapeutic decisions, which are 

represented by the start and the change of DMTs, are based almost exclusively on the 

data of MS disease activity: a) frequency, severity, and rate recovery from relapses, b) the 

degree of neurological impairment assessed by several scales, c) the “lesion burden” and 

in particular the presence of active enhancing lesions at brain and spinal cord magnetic 

resonance imaging (MRI) (8). In the last years, great attention has been posed on the 

presence of concomitant medical illnesses, the use of other medications, the different 

adverse events profiles of DMTs, and the patient’s preference, with the idealist goal to 

reach a 100% of therapeutic adherence (9, 10). Some patients do not receive DMTs for 

years after diagnosis and medication can no longer help as their disability is worsening. 

Patients with MS now have a longer life expectancy, in part because of earlier treatment. 

Furthermore, taking into account age-related vascular comorbidities will become 

increasingly important in patient management (2, 11, 12).  

In MS therapeutic reality we have so far limited possibility to predict the DMT efficacy for 

each patient, because we lack DMT-specific biomarker(s) of efficacy or failure, and the 

challenge is represented by when to start, when to change, when to stop any of licensed 

DMT (13-16). 

The most used therapeutic approaches for MS are escalation and induction (17-19).  

Escalation therapy is an early start with the so defined first-line DMTs (beta interferon, 

glatiramer acetate, teriflunomide (TRF), dimethyl fumarate (DMF) and fingolimod (FYG) (in 

many countries out from Europe) and if such DMTs are ineffective or partially effective, 

switching to more aggressive treatments, defined as second line DMTs (mitoxantrone, 

natalizumab (NTZ), alemtuzumab (ALEM), ocrelizumab (OCR), cladribine (CLAD), and 
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FYG (in Europe) (6). The induction strategy immediately pursues higher efficacy, since 

drugs with a higher risk profile are used from the outset (20).  

In this way, the immunosuppressive DMTs, are used to hit the immune system early and 

hard with the idealistic goal of striking the autoimmune activities before the neurological 

damage becomes irreversible.  

In this review, we will focus on the current role of immunosuppression in the management 

of the relapsing remitting form of MS (RRMS), moving from the rationale of its use and 

looking at the futuristic possibility to design an idealistic scenario of a personalized 

approach for each single patient.  

 

 

2. Methodology section 

 

The search strategy used follows PRISMA search guidelines (21). The flow diagram of 

study selection is presented in Figure 1. 

Research is updated at the index date of May 30th, 2019 and we investigated the following 

databases: PubMed, Web of Science and Scopus. 

A comprehensive literature search was carried out by two of the authors (AZ and ED) to 

find articles that investigated personalized therapy and immunosuppression in MS. The 

reviewers were blinded to each other’s and were under the supervision of another reviewer 

(FP). 

The key search terms were the following: immunosuppression, Multiple Sclerosis, 

personalized, treatment. AND’ ‘OR’ Boolean operators joined the search terms within 

groups. 

Research was restricted to English language and people with MS. All the studies were 

classified according to American Academy of Neurology (22). A total of 2,017 non-
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duplicate citations articles were screened from database searches, with 126 finally 

included (see Figure 1). 

 

3. Principles and consideration for RRMS therapeutic strategies  

The majority of MS pathogenesis studies have been conducted on T cells so far, 

specifically focused on CD4+ T cells, but more recently, much effort have been exerted to 

study the role of other immunological cells as CD8+ T cells, and B cells; as well as NK 

cells and neutrophils (23). 

Overall, it seems that any dysregulation in one or more of these cells’ subset may occur 

singularly or in combination, and that could explain some possible variation in therapeutic 

efficacy.  

MS consists of an overlap of inflammation and neurodegeneration, with the inflammatory 

component more active early (at least in white matter plaques), and the degenerative 

persistent from the outset, but more prominent as aging is superimposed on the MS-

affected nervous system and inflammation changes in the central nervous system (24). 

Based on this evidence, the rationale of DMTs use is to influence the initial inflammatory 

phases, so to delay as far as possible the subsequent chronic phase.  

Inflammation is the unique target of our available immune therapy and any realistic 

therapeutic strategy should be based on impacting the neuroinflammation with a range of 

possibilities, which move from a non-selective immunosuppression to highly specific 

immune modulation (25-29). 

Change of treatment paradigms in MS is linked to growing therapeutic armamentarium 

with a range of highly active immunotherapeutic drugs, commencing with the first 

monoclonal antibody NTZ in 2006. Although there is still no cure available and no clearly 
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accepted disease pathogenesis, the chronic and long-lasting nature of MS, the idea to 

understand and label the disease at the onset could be particularly challenging for the 

long-term prognosis of patients with relapsing forms of the disease. The improved 

treatment options and, in particular, the availability of highly effective therapies, great effort 

has been posed to define those clinical and paraclinical features which should allow to 

define a patient as highly active or not, and in recognizing early signs of suboptimal 

response to DMTs (Figures 2-3) (30). 

Therefore, the definition of what is a treatment success has been redefined. Different 

combined scores to measure disease activity are currently employed; one of them is ‘no 

evidence of disease activity’ composed of absence of relapses, MRI activity and disease 

progression. Long-term data from clinical trials underscore the importance of early immune 

therapy on disease progression and long-term outcomes. Therefore, MS should be treated 

as early as possible, and treatment efficacy should be monitored continuously. 

However, the emergence of DMTs with high efficacy is accompanied by an extensive 

management of increasing array of adverse events; so, a deep knowledge of each DMT 

immunological target and safety profile is essential. 

The degree of selectivity for MS treatment is limited and classically the existing therapeutic 

approaches modulate the immunological response with general or selective 

immunosuppressive strategies, specific regional strategies or altering immune cells 

regulation (31, 32).  

4. Immunosuppressant therapies in RRMS  

The ideal MS therapy would selectively restore failed immune tolerance without impeding 

other parts of the immune system. Most immune therapies for MS are associated with 

immunosuppression, which is typically defined as an inhibition of the adaptive immune 
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system. This definition refers to both short-term/intermittent (pulsed, induction) and long-

term persistent immunosuppression (chronic, maintenance)(33). A practical way for a drug 

to be considered an immunosuppressant is whether the observed effects include one or 

more of: 1) direct cytotoxic activity or suppression of haematopoiesis 2) lymphocytes’ 

trafficking and the immune surveillance.  

Immunosurveillance is the constant process whereby immune cells are trafficking around 

the body and looking for target antigens, for foreign invaders such as bacteria, viruses, 

fungi, and other foreign substances to attack. The clinical experience with DMTs use in MS 

reality gave the possibility of a broader definition of immunosuppression, and it has been 

proposed that any DMTs which is able to increase the susceptibility to opportunistic 

infections or neoplasms, could be considered immunosuppressant (34-36). 

 

4.1 Old immunosuppressant  

In this category we could include DMTs such as azathioprine, cyclophosphamide, 

mitoxantrone (which is FDA approved for MS), and methotrexate, which has been used for 

some time to potentially slow the progression of MS in a low-dose weekly form, but as an 

off-label use.  

Azathioprine is an immunosuppressive DMT which antagonizes purine metabolism and 

may inhibit synthesis of DNA, RNA, and proteins. It may also interfere with cellular 

metabolism and inhibit mitosis, causing chain termination and cytotoxicity. It has been 

used for RRMS until the first half of the 1990s principally as an adjunctive form of therapy, 

and in some instances, as a first choice treatment for those unwilling to use interferon beta 

or glatiramer acetate, despite somewhat conflicting data from several studies regarding its 

ability to reduce relapses and the uncertainty of its effect on disability progression (37-40). 
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Cyclophosphamide is an alkylating agent related to nitrogen mustard that binds to DNA 

and disrupts cell replication. It has been studied as a treatment for MS for the past 40 

years and many reports suggest that it is efficacious in cases of worsening RRMS. The 

most widely used regimen is monthly pulsed therapy with 800 mg/m2 administered 

monthly for 1 year, followed by bimonthly treatments in those who are responders, 

although numerous other regimens have been proposed (30). The safety profile for 

cyclophosphamide is well-established. Aside from the anticipated side effects of nausea, 

vomiting, alopecia, transient immunosuppression, and amenorrhea that are commonly 

observed in this therapeutic class, the most common general causes for concern are 

haemorrhagic cystitis, gonadal toxicity (in both men and women), bladder cancer. The risk 

of bladder carcinoma appears to be associated with cumulative exposures of >100 g and 

possibly related to duration of exposure (2.7 years) (41).  

Mitoxantrone is synthetic anthracenedione – a cytotoxic agent that inhibits DNA repair via 

inhibition of topoisomerase II leading to a suppressed proliferation of T cells, B cells, and 

macrophages, decreased pro-inflammatory cytokine secretion, enhanced suppressor T 

cell function, and suppressed macrophage-mediated myelin degradation (42). It is 

approved for use in several European countries in patients with worsening RRMS, 

secondary progressive MS and relapsing-progressive MS in doses of 12 mg/m2 of body 

surface area every 3 months (43).  Concerns have been raised about secondary acute 

leukemias, which have been reported to occur in approximately 0.8% of mitoxantrone-

treated patients in randomized, controlled trials (44), however, this may be an 

underestimate based on the potentially long latency period of secondary leukemia and the 

relatively short duration of the trials (44).  

Methotrexate is an anti-neoplastic anthracenedione derivative that is related to the class 

of anthracyclines. Oral Methotrexate was used in treatment of RR and progressive MS 
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without significant side effects (45). In some studies, Methotrexate was prescribed as 

second line treatment of MS or as combination therapy, but the overall effects of drug in 

striking MS activity is questionable (45, 46).  

  

4.2 New immunosuppressant DMTs 

Alemtuzumab (ALEM) is a humanized monoclonal antibody approved in more than 50 

countries in Europe; ALEM is indicated for the treatment of adult patients RRMS with 

active disease (clinical or neuroradiological); in the USA, it is reserved for the treatment of 

RRMS patients with inadequate response to two or more DMTs (47-49). In clinical trials, 

ALEM demonstrated efficacy in patients with high disease activity both naïve and no-

responders to previous DMTs (50).  

It is administered intravenously with a typical scheme: 12 mg per day for five days the first 

year, with a re-treatment one year later (the same dose) for three days, and as-needed 

retreatment (3 consecutive days at least 12 months after the last course). A monthly 

monitoring is required up to 48 months from the last infusion for an adequate safety 

management (51). 

It is a humanized monoclonal antibody against CD52 epitope on the surface of CD4+ and 

CD8+ T lymphocytes, B-cells, and monocytes. ALEM rapidly and effectively eliminates 

circulating CD52 cells via antibody and complement-mediated depletion. After 

administration, circulating lymphocytes are depleted. The kinetic of reconstitution of 

immune system differ according to cell lineages: monocytes and B-cells are the first to 

repopulate in the peripheral blood, approximately 3–6 months after treatment. Whilst, T-

cell and particularly CD4+ cells reconstitute more slowly, had normal levels after 2–3 years 

(47). 
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Efficacy and safety have been studied in phase II and III clinical trials in treatment-naïve 

patients:  

CAMMS223, in patients with high disease activity compared to subcutaneous Interferon 

beta 1 a,-CARE-MS I, II and in extension (NCT00930553) and long-term follow-up studies 

(NCT02255656) that include patients from the phase II, III, and IV trials.  

Patients treated with ALEM in the two-year studies, 77% (n = 290/376) of the CARE-MS I 

study and 69% (n = 300/435) of the CARE-MS II study completed follow-up long term up 

to the eight year. After receiving the first two cycles of ALEM, at the time of the study and 

12 months later, 56% (n = 197) CARE-MS I and 44% (n = 172) CARE-MS II of patients 

treated with ALEM entered the extension, they did not receive further treatments up to the 

eighth year of follow up (52). The annualized relapse rate observed in patients treated with 

ALEM in CARE-MS I (0.18) and CARE-MS II (0.26) for 2 years (both p <0.0001 compared 

to treatment with sc Interferon beta 1a ), remained low during the extension (0.14 and 0.18 

at the eighth year, respectively). At the eighth grade, 71% (n = 252) and 64% (n = 260) of 

patients treated with ALEM in CARE-MS I and CARE-MS II, respectively, did not show a 

worsening of disability; 41% (n = 84) and 47% (n = 135), respectively, had instead a 

confirmed improvement in disability. 

In the eighth year, patients who had received ALEM in CARE-MS I, had a reduction in 

brain volume loss was observed. In the years from the third to the eighth, the annual loss 

of brain volume was -0.22% or less, and -0.19% or less, respectively, lower than that 

observed in patients treated with ALEM (CARE- MS I: -0.59% in the first year, -0.25% in 

second year, CARE-MS II: -0.48% in the first year, -0.22% in the second year). From the 

second to the eighth year, most patients had no evidence of disease activity on MRI 4 (66-

77% in CARE-MS I and 66-76% in CARE-MS II).  
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The global safety profile is good, nevertheless, several adverse events of interest have 

been reported. The most frequently reported were infusion-associated reactions, 

experienced by >90% of patients (53). The incidence of infections was greatest during the 

first month following infusion in all three trials; the most common autoimmune event was 

thyroid disease. Immune thrombocytopenic purpura incidence across all clinical trials was 

2% in patients receiving ALEM 12 or 24 mg (1.6% in patients receiving ALEM 12 mg) (54). 

Then, were introduced a Risk Management Program and a Risk Evaluation and Mitigation 

Strategy (55) to ensure early detection of potential adverse events. 

Progressive Multifocal Leukoencephalopathy (PML) has been reported in one patient 

treated with TRF (56) and in one treated with ALEM (47) but in both cases, patients have 

developed PML after switching from NTZ to the new drug, and PML was finally attributed 

to NTZ. 

Recently was described the first case of ALEM related PML occurring in a MS patient, with 

detailed analysis of immune characterization of the patient (57).  

On April 2019, EMA Pharmacovigilance Risk Assessment Committee has advised that use 

of ALEM be restricted as a temporary measure; it should only be started in adults with 

relapsing-remitting multiple sclerosis that is highly active despite treatment with at least 

two DMTs or where other DMTs cannot be used (58).  An investigation is underway 

following new reports of immune mediated conditions and problems with heart and blood 

vessels with this medicine, including fatal cases(58). Since the initiation of the ALEM 

clinical development programme, 39 stroke cases had been reported as of July 2018. Of 

these, nine cases occurred within 48 h of the infusion (58, 59). Ten heart attacks and six 

arterial dissections were also reflected in the EMA’s safety Committee recommendation 

(58-60). EMA will consider any additional measures necessary to protect patients and 
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whether there should be changes in the authorized use (58). Patients who develop signs 

of pathological immune activation should be evaluated immediately, and a diagnosis of 

hemophagocytic lymphohistiocytosis considered (58, 59).  

 

Cladribine (CLAD) is a deoxyadenosine analogue prodrug that preferentially depletes 

lymphocytes, key cells underlying MS pathogenesis. CLAD tablets represent the first 

short-course oral DMT for use in MS. The tablets are administered in two short courses 

one year apart; It is indicated for the treatment of adults with highly active relapsing MS on 

the basis of data from pivotal clinical trials (61-64).  

In the CLARITY trial, tablets dose of 3.5 mg/kg versus placebo over 96 weeks in adults 

RRMS demonstrated to reduce clinical relapse, disability progression and MRI-assessed 

disease activity and also improved quality of life (HR-QOL)(65). Moreover, in the 96-week 

extension no additional clinical benefit was gained from continuing versus discontinuing 

CLAD tablets after the first two annual courses of therapy. The post hoc analyses of 

CLARITY revealed greater benefits in patients with high disease activity RRMS (63, 66, 

67). 

In the trial ORACLE (ORAlCLadribine in Early MS, a 96-week, randomized, double-blind, 

placebo-controlled, international trial) were involved more than 616 clinically isolated 

syndrome patients. CLAD, compared with placebo, significantly delayed the time to 

conversion to clinically definite MS; the authors reported a 62% risk reduction for 

5.25 mg/kg dose (HR 0.38; 95% CI 0.25–0.58; p�<�0.0001), and a 67% risk reduction for 

3.5 mg/kg dose (HR 0.33; 95% CI 0.21–0.51; p�<�0.0001)(64).  
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CLAD has shown a good tolerability profile; despite the lymphopenia, overall, the 

incidence of infections did not differ among treatment groups. However, the risk of cancer 

(0.34%) was higher than in the placebo groups(66).  

Then, to define the long term safety profile, all patients previously enrolled in any clinical 

trial with CLAD are invited to join the PREMIERE (Prospective Observational Long-term 

Safety Registry of Multiple Sclerosis Patients Who Have Participated in CLAD Clinical 

Studies) study(66), with over 10,000 patient years of exposure, in total, with follow-up in 

some patients exceeding eight years at completion (clinicatrial.gov: NCT01013350)(62). 

Data revealed that during a study period of 194 weeks (mean), lymphopenia was reported 

more frequently in CLAD treated patients than in placebo group. Consequently herpes 

zoster was reported more frequently in patients experiencing Grade 3 or 4 lymphopenia; 

no clustering of types of malignancy, and no malignancies commonly associated with 

immunosuppression were observed during the follow-up period (62)  

In July 2016, the EMA accepted for review the marketing authorization application for 

CLAD tablets as a treatment for RRMS and its positive decision was stated in August 

2017. Currently, the trial CLARIFY, a Phase IV study of CLAD Tablets and quality of life is 

recruiting patients with highly active disease activity (68). An open-label, single-arm, 

exploratory Phase IV study in centres in Europe and Australia will assess Multiple 

Sclerosis Quality of Life-54 [MSQoL-54]) and other patient-reported outcomes (Fatigue 

Severity Scale; Hospital Anxiety and Depression Scale; Treatment Satisfaction 

Questionnaire for Medication v1.4) will be assessed at baseline, and at 6, 12, 24 months in 

RRMS patients receiving CT 3.5�mg/kg (68). The study aims to recruit 356 adults with 

RRMS by 2019. Final data are anticipated in 2022 (68). 
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Regarding its safety profile, CLAD should not be applied in patients suffering from severe 

active or chronic infections (tuberculosis, HIV, VZV, HBV and HCV), severe liver or kidney 

damage or active cancer (33). Blood lymphocyte counts need to be assessed prior to each 

individual treatment cycle and after treatment onset and if lymphopenia is below 500/μl an 

active follow up is needed until recovery (33, 69). Patients should be also monitored for 

infections, especially herpes virus infections, with oral prophylaxis for herpes virus if 

lymphopenia is below 200/μl (33, 69).  

CLAD is contraindicated during pregnancy and contraception must last-up 6 months after 

cladribine intake. CLAD has also a potential gametotoxic effects, so male patients also 

need to apply effective contraception until 6 months after CLAD intake. 

4.3 Autologous hematopoietic stem cell transplantation 

Patients experiencing rapidly worsening MS despite treatments have been candidate to 

intense immunosuppression followed by autologous hematopoietic stem cell 

transplantation (aHSCT). The main goal of aHSCT is the total reset of the hemato-

lymphopoietic system followed by the infusion of autologous hematopoietic stem cells (70, 

71). AHSCT procedure can be divided in five steps: (1) CD34+ hematopoietic stem cells 

(HSCs) are mobilized, (2) HSC are collected and preserved, (3) immunoablative 

conditioning, (4) HSC are infused, and (5) post-transplant care-phase.  

Approximately 800 patients with MS have been treated with aHSCT worldwide, always in 

clinical trial settings. In a first phase, studies of aHSCT were reserved to patients with 

progressive MS but over time, its use has been extended to a broader range of patients. 

Consensus expert opinion led to the publication of guidelines in 2012 (72), defining ideal 

patients for the procedure: a)malignant MS, including Marburg-variant MS 2) highly active 

relapsing MS with frequent relapses and developing focal inflammatory lesions on MRI 

despite treatment with one or more lines of conventional treatment; or 3) progressive MS 
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with ongoing and sustained increase in their disability load only if there are concurrent 

relapses or focal inflammatory lesions on MRI (72-74).Currently,  the use of aHSCT in MS 

reality could be extended to patients with RRMS young (<45 years old), able to ambulate 

independently, with disease duration <10 years, and at least two clinical relapses in the 

last year despite the use of DMTs with MRI evidence of concurrent disease activity. 

Different transplant procedures are in use, but comparative studies are lacking(75, 76). 

The high dose immunoablation and autologous haematopoietic stem cell transplantation 

versus mitoxantrone therapy in severe multiple sclerosis (ASTIMS) trial was a multicenter, 

phase II, randomized trial including 21 patients with progressive or RRMS, compared the 

impact of aHSCT vs methotrexate on disease activity measured by MRI(75, 77). aHSCT 

reduced by 79% the number of new T2 lesions as compared to methotrexate (rate ratio 

0.21, p =�0.00016) and T1 Gadolineum�+�lesions (rate ratio�=�0.19, 95% CI 0.09–

0.41, p <�0.0001) as well as the annualized relapse rate. No treatment group difference 

was detected in the progression of disability. Early adverse events were considered as 

expected and occurred at least in 80% of treated cases. Severe adverse events occurred 

in the aHSCT arm only and resolved without sequelae (77). The most important element is 

to reduce regimen-related morbidity remains another concern as virtually all patients 

develop grade 3 or 4 non hematologic toxicities predominantly in the first 30 days after 

administration of the conditioning regimen(71, 72, 78). Counselling that includes a 

thorough explanation of the short- and long-term toxicities and their impact is an important 

component of care. Reducing the intensity of the conditioning regimen results in lower 

mortality with several large cohort studies reporting no deaths attributable to aHSCT (71, 

72, 78). The most reported toxicities are alopecia, neutropenic fevers, sepsis, urinary tract 

infections, mucositis, and other gastrointestinal toxicities (79). Rarely can occur thyroid 

disease or immune thrombocytopenic purpura (79). Infertility is common in both males and 

females, and patients should be offered the opportunity for gamete preservation prior to 
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starting chemotherapy treatment. Ovarian failure leading to premature menopause is 

common (77, 79).  

5. Immune-targets era and re-definition of immunosuppressive DMTs in the immune-

targets era 

As descripted before, DMTs increasing the susceptibility to opportunistic infections or 

neoplasms (basing on their potential for adverse events traditionally associated with 

immunosuppression), could be considered broadly immunosuppressant.  

Continued immunosuppression then inhibits effective viral clearance could culminate in 

opportunist infection, as PML, associated with reactivation of JC virus (JCV) in patients 

treated with NTZ, a monoclonal antibody binds to the apha4-subunit of integrins expressed 

on the surface of all leukocytes except neutrophils (32, 80-82). NTZ efficacy was 

demonstrated in primary and secondary endpoints in both AFFIRM and SENTINEL trials 

(83, 84). Here NTZ was associated with an 83 percent reduction in the number of new or 

enlarging hyperintense lesions on T2-weighted MRI. However, there are no randomized 

trials comparing NTZ monotherapy directly with other DMTs. Nevertheless, indirect 

comparisons suggest (but do not prove) that NTZ is as or more effective than other DMTs 

(85-87). 

The most important adverse event in the treatment with NTZ is the occurrence of PML. 

Whereas the event is comparatively rare it is fatal in up to 20% of cases and results in 

permanent neurological residua (82). There is currently no established treatment available 

other than drug withdrawal, frequently combined with plasma exchange. In keeping with 

the mechanism of action, the most accepted theory is that CD4+ T-cell lymphocytopenia 

coupled with increases in IL-10-producing regulatory subsets specifically within the central 

nervous system may concur to JCV reactivation. It is also unclear whether having latent 
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JCV within the brain prior to immunosuppression confers greater risk than having it in the 

periphery, as well as how the mutant form of the virus develops (88). New biomarkers of 

reactivation may help provide for better monitoring strategies to reduce the future 

incidence of PML. Risk factors for NTZ associated PML include prior immunosuppression, 

prolonged treatment duration with NTZ (particularly >24 months), and presence of anti-

JCV antibodies (which are >98% sensitive in predicting development of PML but very 

nonspecific) (81, 88). Although the overall incidence is higher in NTZ, also FYG and DMF 

demonstrated a low risk (89). PML has been reported in one patient treated with TRF, in 

one treated with ALEM (see before) and in one after the first infusion of OCR (anti-CD20 

DMT), but in all these cases, patients have developed PML after switching from NTZ to the 

new drug, and PML was finally attributed to NTZ (56, 57, 88, 89). 

ALEM and anti-CD20 monoclonal antibodies have been associated with PML in non-MS 

patients, mostly those with hematologic malignancies (90). 

Lymphocytopenia associated with these drugs has been inconsistently reported as a risk 

factor for PML, and monitoring the absolute lymphocyte count has emerged as standard 

(87, 88, 90). 

Lymphocytopenia usually occurs with other DMTs, commonly DMF, and FTY, two oral 

drugs approved for the treatment of RRMS. 

According to Common Terminology Criteria for AEs, lymphocyte counts higher than 

0.9×109/L were considered non-lymphocytopenic (grade 0), ≤0.9 × 109/L were scored as 

grade 1, ≤0.8 × 109/L as grade 2, ≤0.5 × 109/L were scored as grade 3, and ≤0.2 were 

scored as grade 4. 

DMF is the methyl ester of fumaric acid is associated with significant lymphopenia (grade 

3; absolute lymphocyte count <500)  in approximately 5% of patients in the phase III trials, 
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particularly among older patients and for those taking the drug for more than a year(90-

94). Several cases of PML have occurred in patients taking DMF and related fumarate 

compounds (90-94) all of whom were lymphocytopenic during treatment (95, 96). 

Lymphocytopenia is a well-known adverse event that affects continuous drug 

administration because the absolute lymphocyte count is confirmed to be <200/µl, 

treatment should be interrupted until recovery (97). 

FTY, is sphingosine-1-phosphate receptor (S1PR) modulator, reduces the recirculation of 

auto aggressive lymphocytes (98, 99). After ligation, the sphingosine1P1 receptor is 

internalized and degraded,which leads to lymphocyte homing in peripheral lymphatic 

tissues and prevents the invasion of auto aggressive T-cells into the central nervous 

system without suppression of systemic immune(98, 99). The lymphocytopenia with FTY 

reverses rapidly and it is closely related to its mechanism of action. (100) Recently, a 

multicolor flow cytometry and multiplex assays were used to identify up to 50 lymphocyte 

subpopulations and to examine the expression of multiple cytokines in selected patients 

treated with FTY or DMF. It was revealed that different treatments can target different 

lymphocyte compartments and suggests that lymphopenia can induce compensatory 

mechanisms to maintain immune homeostasis (100). 

TRF is the active metabolite of the parent drug, leflunomide, which is converted almost 

entirely into TRF following oral ingestion and thus TRF has become the focus of 

development for use in patients with MS, and it is approved as first line oral therapy. TRF 

inhibits the dihydroorotate dehydrogenase and: inhibits protein tyrosine kinase, 

cyclooxygenase-2 and downregulates inducible nitric oxide synthase. Although induced 

lymphopenia is small, it only partially accounts for global effects of TRF (101). Moreover, 

the effects of TRF on lymphocyte migration, cytokine production, and surface molecule 

expression persist despite exogenous pyrimidine administration (102, 103). Based on in 
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vitro data, it has been suggested that the inhibition of protein tyrosine kinase activity might 

be another mechanism which mediates the immune effects of TRF, although doubts were 

raised about the very high concentrations required in vivo in mice for this activity to take 

place (102, 103). However, taking into account differences between human and rodent cell 

lines, the immune effects of TRF via tyrosine kinase inhibition might be clinically relevant 

at therapeutic concentrations in humans (102-104).  

Among emerging DMTs, the anti-CD20 monoclonal antibody OCR has been approved by 

FDA and by EMA for the treatment of RRMS and primary progressive MS (105) (106). The 

infusion-related reactions, upper respiratory tract infections, and oral herpes simplex 

infections were more frequent with OCR and neoplasms occurred in 2.3% of the patients 

who received OCR vs 0.8% of patients who received placebo. Overall, with the exception 

of an increased risk of tumors, there was no clinically significant between-group difference 

in the rates of AEs and serious infections (4, 105-108). 

 

6. Understanding the genetic influence in drug response 

Over the last decade, considerable effort has been made to identify pharmacogenetic 

markers in the field of MS. To date, efforts have been focused on the identification of 

markers that determine drug response, and there are no published data relating to 

pharmacogenetic markers to predict adverse drug reactions. A biomarker must be reliable, 

costs-effective and easy to translate in clinical practice; however, multiple validations steps 

are needed to commute theory in real-world application. Progress has been made in 

determining the effects of particular single nucleotide polymorphism, (SNPs) and genes in 

MS pathogenesis and DMTs’ response. All studies had outlined a number of candidate 

genes and converge on the need of identification of pharmacogenetic markers to accurate 

phenotyping of the patients and of its adverse events ‘risk profile (109).  
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This is useful for the choice of a therapy efficacy must be associated with tolerability and 

low risk of adverse events. It is well established that some of the variability in drug 

response, and the risk of developing a serious adverse event, is due to genetic variations 

(110), especially some SNPs at the HLA locus (110); in detail MHC class II HLA-DRB1 

gene, HLA-DRB1*15:01, which increases risk about threefold whom over 200 SNPs has 

been described. (111, 112).  

Furthermore, treatment efficacy with NTZ was found related with the polymorphisms 

in NQO1 and GSTP1 gene. In detail, patients who carried the wild-type genotype or only 

one non-wild polymorphism for either gene have possibly a better clinical outcome after 

receiving the NTZ therapy (113). 

This activity of proteins regulating the pharmacodynamic and pharmacokinetic properties 

of drugs are key contributors to the variability in response to drugs between patients and in 

the same patients in the course of life. The major enzymes involved in DMTs metabolism 

are cytochrome P450 (CYP) and polymorphisms in these enzymes can result in either 

ultrafast or poor metabolism of therapeutic drugs, with increasing risk of lack of efficacy 

and toxicity, respectively.  

This has been applied for the Siponimod (BAF312), a selective modulator of the 

sphingosine-1-phosphate (S1P) receptor subtypes 1 and 5 (S1P1,5) approved from FDA 

for the treatment of RRMS in adults, including secondary progressive MS in the active 

phase, and clinically isolated syndrome. Siponimod is primarily (approximately 80%) 

metabolized by the polymorphic cytochrome P450 (CYP) 2C9 enzyme for which three 

functionally distinct phenotypes have been reported: 1) extensive metabolizer (EM) 

(CYP2C9*1/*1 genotype) – 2) intermediate metabolizer (IM) (CYP2C9*1/*2; *1/*3; *2/*2 

genotype) and 3) poor metabolizer (PM) (CYP2C9*2/*3 or *3/*3 genotype)(114, 115). FDA 

recommended different  maintenance doses according to genotypes, in detail:  2 mg daily 
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in patients with CYP2C9*1/*1, *1/*2 and *2/*2 genotypes and 1 mg daily in patients with 

*1/*3 and *2/*3 genotypes, whilst has placed the contraindication for patients with the 

CYP2C9*3/*3 genotype. These results are based on the estimated net effect on 

Siponimod exposure in the presence of CYP2C9/CYP3A4 inhibitors or inducers after 

multiple administrations (116).  

In the clinical practice, the genotype will be tested during the screening of patients, with a 

saliva test charged to manufacturer (115). 

Therefore, the choice of DMTs would consider also the identification of genetic difference 

in drug response and long term follow up, studying disease course are needed for their 

validation, and it is auspicial in the foreseeable future. 

 

7. Conclusions 

Several immunosuppressive DMTs are now available for RRMS patients, with an overall 

good risk–benefit profiles which could impact significantly quality of life for patients with 

MS which requires lifelong treatment. Each DMT has a specific immune- targets and 

immune reconstitution timing. The sequencing of DMTs must consider the disease history 

and trajectories of each single patients, to optimize treatment response and to reduce 

safety concerns. Still, methodical approaches can yield rational estimates of risks and 

guide preventive management strategies to recognize suboptimal response or negative 

prognostic factors when a new DMT is chosen (Figure 4).  

 

8. Expert opinion 
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The possibility to design a patient-oriented therapy in MS received a boost in the last 

years, but such possibility was counteracted by new and severe safety alerts.  

Several studies converge on the hypothesis that start early and with high efficacy DMTs is 

associated with better long-term outcomes. The key-point is represented by the accurate 

selection of patients defining those with high risk of disability progression for the presence 

of negative prognostic factors at onset. 

There are still open questions about the long-term outcomes of initial high-efficacy DMTs 

both in terms of efficacy and safety, and about the identification of markers to predict long-

term treatment responses to high-efficacy DMTs. 

It is evident that in the modern era, DMTs have radically changed the long-term impact on 

time to secondary progressive MS and hard disability outcomes, time to needing a walking 

stick, and death. It is also been demonstrated that high efficacy DMTs are superior to 

interferon beta and glatiramer acetate (32, 117, 118). 

Based on these observations, starting therapy with the most effective DMTs early is likely 

to improve disability outcomes further (119). Nowadays, the question is whether we are 

undertreating the disease. Indeed, an important challenge is the definition of benign MS 

with great lack of consensus. Expanded Disability Status Scale (EDSS) is biased towards 

ambulation and cognitive function is relatively ignored. Portaccio et al. performed 

systematic studies of cognition and neuropsychological function in benign cases (defined 

as EDSS 3.0 or better 15 years or more from onset) (120). Here, cognitive impairment, in 

apparently benign form of the disease was associated with worst long-term course. (121). 

Furthermore, also patients with normal cognitive function may have compromised brain 

functioning with early structural damage and the progressive accumulation during disease 

leads to an inevitable decrease in all networks efficiency (intended as recruitment of brain 
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areas and/or altered connectivity between regions) (122, 123). The impact of highly 

effective DMTs may decrease as the disease unfolds in line with the natural history of MS, 

where we can see that the impact of relapses on disability progression is higher in the 

earlier stages of the disease (124).  

The ideal time to consider risk mitigation for MS immunotherapies starts right from the 

moment of diagnosis, in the very early stages of choosing therapies, considering also 

planned fertility weighting maternal and fetal risks.  

We are attempting to design a specific safety profile for every single patient, basing on 

strict monitoring programs, which are usually based on the classic haematological 

parameters. 

We are trying to insert in the clinical practice the study of haematological subpopulations, 

as for B and T lymphocytes, to better define the patients at more risk of infections or 

haematological complications. Moreover, we should keep in mind that the suppression on 

immune system may last for an indefinite time in every single patient and no markers of 

prediction exist for such topic. For instance, we have witnessed to different profiles of the 

reconstitution of immune system after CLAD and ALEM use. After CLAD, B cells slowly 

repopulated, remaining significantly below their baseline level until the second treatment 

cycle reduced this subset yet again. By contrast, B-cell numbers after ALEM repopulated 

back to baseline within less than 6 months and then hyper-repopulated above baseline by 

9 and 12 months (125). And the registrative phase III trials only reported that B cells reach 

normal levels 6 months after drug administration. Is that related to the recent reports of 

new and previously unknown cases of autoimmune disease (thyroiditis, autoimmune 

purpura, diabetes etc...) reported after ALEM use? We need clarification.  
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The ideal therapeutic strategy should promote immune reconstitution very early without 

impairing natural defense mechanisms or endogenous control of incipient autoimmunity to 

maximize benefits and reduce risks. 

Regarding HSCT, emerging studies are showing impressive results on the ability to control 

an aggressive MS course, but so far, patients who are candidate to such aggressive 

treatment are selected basing exclusively on the disease activity and not on their immune 

system profile. Why in some MS patients knocking out the immune system might work 

better than drugs are still unknown.  

Furthermore, patients with MS over 55 years are increasing and the risks of high-efficacy 

DMTs must focus on age-related efficacy and risks, including opportunistic infections, 

malignancies, and autoimmune reactions. It is hypothesized that age-related and therapy-

induced alterations to the immune system may have (super)additive effects, resulting in an 

acceleration of physiological immunosenescence and inflamm-aging (126). The 

regenerative potential of the brain is limited and becomes less effective with age (116).   

All these suggest that swift action to prevent or slow damage to the brain is crucial. 

Clinicians must act before the disease causes. 

We pose great expectations on the pharmacogenetic studies which could help in 

discovering the individual genetic background that underlies the heterogeneity of treatment 

response, and so help in finding biomarkers for identification of patients who will benefit 

the maximum from the therapy administered, and could help in foreseeing adverse event, 

in particular the hematological complications. 

MS could represent an ideal disease for a personalized treatment approach for the wide 

range of clinical presentation and therapeutic responses, and we hope that in the next 
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future we could build different models of treatments to optimize the benefits of DMT for 

individuals, while minimizing the risk of adverse events.  

We have moved away from one size-fits-all therapy to treatment algorithms with greater 

emphasis on individual attributes, but only when we answer these remaining questions will 

we fully enter the era of personalized medicine in MS. 

Funding 

This paper was not funded. 

Declaration of interest 

The authors have no relevant affiliations or financial involvement with any organization or 

entity with a financial interest in or financial conflict with the subject matter or materials 

discussed in the manuscript. This includes employment, consultancies, honoraria, stock 

ownership or options, expert testimony, grants or patents received or pending, or royalties. 

 

Reviewer disclosures 

Peer reviewers on this manuscript have no relevant financial or other relationships to 

disclose 

References 

Papers of special note have been highlighted as either of interest (*) or of considerable 
interest (**) to readers. 
 
1. Reich DS, Lucchinetti CF, Calabresi PA. Multiple Sclerosis. New England Journal of 
Medicine. 2018;378(2):169-80. 
2. Solaro C, Ponzio M, Moran E, Tanganelli P, Pizio R, Ribizzi G, et al. The changing 
face of multiple sclerosis: Prevalence and incidence in an aging population. Multiple 
sclerosis (Houndmills, Basingstoke, England). 2015;21(10):1244-50. 
3. Wingerchuk DM, Weinshenker BG. Disease modifying therapies for relapsing 
multiple sclerosis. BMJ (Clinical research ed). 2016;354:i3518. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

4. Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, et al. 
Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. The New England 
journal of medicine. 2017;376(3):209-20. 
5. Ziemssen T, Kern R, Thomas K. Multiple sclerosis: clinical profiling and data 
collection as prerequisite for personalized medicine approach. BMC neurology. 
2016;16:124-. 
**It provided useful information for the field of personalized therapy in MS.  
6. Vargas DL, Tyor WR. Update on disease-modifying therapies for multiple sclerosis. 
Journal of investigative medicine : the official publication of the American Federation for 
Clinical Research. 2017;65(5):883-91. 
7. Ziemssen T, Thomas K. Treatment optimization in multiple sclerosis: how do we 
apply emerging evidence? Expert Review of Clinical Immunology. 2017;13(6):509-11. 
8. Rotstein D, Montalban X. Reaching an evidence-based prognosis for personalized 
treatment of multiple sclerosis. Nature reviews Neurology. 2019. 
9. Solaro C, Trabucco E, Signori A, Martinelli V, Radaelli M, Centonze D, et al. 
Depressive Symptoms Correlate with Disability and Disease Course in Multiple Sclerosis 
Patients: An Italian Multi-Center Study Using the Beck Depression Inventory. PloS one. 
2016;11(9):e0160261. 
10. Moss BP, Rensel MR, Hersh CM. Wellness and the Role of Comorbidities in 
Multiple Sclerosis. Neurotherapeutics : the journal of the American Society for 
Experimental NeuroTherapeutics. 2017;14(4):999-1017. 
11. Cerqueira JJ, Compston DAS, Geraldes R, Rosa MM, Schmierer K, Thompson A, 
et al. Time matters in multiple sclerosis: can early treatment and long-term follow-up 
ensure everyone benefits from the latest advances in multiple sclerosis? Journal of 
neurology, neurosurgery, and psychiatry. 2018;89(8):844-50. 
12. Lunde HMB, Assmus J, Myhr KM, Bo L, Grytten N. Survival and cause of death in 
multiple sclerosis: a 60-year longitudinal population study. Journal of neurology, 
neurosurgery, and psychiatry. 2017;88(8):621-5. 
13. Tortorella C, Ruggieri M, Di Monte E, Ceci E, Iaffaldano P, Direnzo V, et al. Serum 
and CSF N-acetyl aspartate levels differ in multiple sclerosis and neuromyelitis optica. 
Journal of neurology, neurosurgery, and psychiatry. 2011;82(12):1355-9. 
14. Paul A, Comabella M, Gandhi R. Biomarkers in Multiple Sclerosis. Cold Spring 
Harbor perspectives in medicine. 2019;9(3). 
15. Housley WJ, Pitt D, Hafler DA. Biomarkers in multiple sclerosis. Clinical 
immunology (Orlando, Fla). 2015;161(1):51-8. 
16. Harris VK, Sadiq SA. Biomarkers of therapeutic response in multiple sclerosis: 
current status. Molecular diagnosis & therapy. 2014;18(6):605-17. 
*It provides useful information on therapeutic response. 
17. Comi G. Induction vs. escalating therapy in multiple sclerosis: practical implications. 
Neurological sciences : official journal of the Italian Neurological Society and of the Italian 
Society of Clinical Neurophysiology. 2008;29 Suppl 2:S253-5. 
18. Edan G, Le Page E. Induction therapy for patients with multiple sclerosis: why? 
When? How? CNS drugs. 2013;27(6):403-9. 
19. Rieckmann P. Concepts of induction and escalation therapy in multiple sclerosis. 
Journal of the neurological sciences. 2009;277 Suppl 1:S42-5. 
20. D'Amico E, Ziemssen T, Cottone S. Induction therapy for the management of early 
relapsing forms of multiple sclerosis. A critical opinion. Expert opinion on 
pharmacotherapy. 2017;18(15):1553-6. 
21. http://www.prisma-statement.org/. 
22. https://www.neurology.org/.../level_of_evidence_classification. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

23. Parnell GP, Booth DR. The Multiple Sclerosis (MS) Genetic Risk Factors Indicate 
both Acquired and Innate Immune Cell Subsets Contribute to MS Pathogenesis and 
Identify Novel Therapeutic Opportunities. 2017;8(425). 
24. Leray E, Yaouanq J, Le Page E, Coustans M, Laplaud D, Oger J, et al. Evidence for 
a two-stage disability progression in multiple sclerosis. Brain : a journal of neurology. 
2010;133(Pt 7):1900-13. 
25. . !!! INVALID CITATION !!! (25-27). 
26. Brain reserve and cognitive reserve in multiple sclerosis: What you’ve got and how 
you use it. Neurology. 2013;81(6):604-. 
**It provides useful information about the role of cognitive reserve in MS. 
27. Pui CH, Evans WE. Treatment of acute lymphoblastic leukemia. The New England 
journal of medicine. 2006;354(2):166-78. 
28. van den Broek M, Lems WF, Allaart CF. BeSt practice: the success of early-
targeted treatment in rheumatoid arthritis. Clinical and experimental rheumatology. 
2012;30(4 Suppl 73):S35-8. 
29. Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. Nature 
reviews Immunology. 2015;15(9):545-58. 
30. Weiner HL, Cohen JA. Treatment of multiple sclerosis with cyclophosphamide: 
critical review of clinical and immunologic effects. Multiple sclerosis (Houndmills, 
Basingstoke, England). 2002;8(2):142-54. 
31. D'Amico E, Leone C, Zanghi A, Fermo SL, Patti F. Lateral and escalation therapy in 
relapsing-remitting multiple sclerosis: a comparative study. Journal of neurology. 
2016;263(9):1802-9. 
32. Kalincik T, Manouchehrinia A, Sobisek L, Jokubaitis V, Spelman T, Horakova D, et 
al. Towards personalized therapy for multiple sclerosis: prediction of individual treatment 
response. Brain : a journal of neurology. 2017;140(9):2426-43. 
33. Klotz L, Havla J, Schwab N, Hohlfeld R, Barnett M, Reddel S, et al. Risks and risk 
management in modern multiple sclerosis immunotherapeutic treatment. Ther Adv Neurol 
Disord. 2019;12:1756286419836571-. 
*It provides useful information about risk management in immunotherapeutics 
treatment.  
34. Menon S, Shirani A, Zhao Y, Oger J, Traboulsee A, Freedman MS, et al. 
Characterising aggressive multiple sclerosis. Journal of neurology, neurosurgery, and 
psychiatry. 2013;84(11):1192-8. 
35. Rush CA, MacLean HJ, Freedman MS. Aggressive multiple sclerosis: proposed 
definition and treatment algorithm. Nature reviews Neurology. 2015;11(7):379-89. 
36. Scalfari A, Neuhaus A, Degenhardt A, Rice GP, Muraro PA, Daumer M, et al. The 
natural history of multiple sclerosis: a geographically based study 10: relapses and long-
term disability. Brain : a journal of neurology. 2010;133(Pt 7):1914-29. 
37. Casetta I, Iuliano G, Filippini G. Azathioprine for multiple sclerosis. Journal of 
Neurology, Neurosurgery &amp;amp; Psychiatry. 2009;80(2):131. 
38. Goodin DS, Frohman EM, Garmany GP, Jr., Halper J, Likosky WH, Lublin FD, et al. 
Disease modifying therapies in multiple sclerosis: report of the Therapeutics and 
Technology Assessment Subcommittee of the American Academy of Neurology and the 
MS Council for Clinical Practice Guidelines. Neurology. 2002;58(2):169-78. 
39. Markovic-Plese S, Bielekova B, Kadom N, Leist TP, Martin R, Frank JA, et al. 
Longitudinal MRI study: the effects of azathioprine in MS patients refractory to interferon 
beta-1b. Neurology. 2003;60(11):1849-51. 
40. Patti F, Nicoletti A, Pappalardo A, Castiglione A, Lo Fermo S, Messina S, et al. 
Frequency and severity of headache is worsened by Interferon-beta therapy in patients 
with multiple sclerosis. Acta neurologica Scandinavica. 2012;125(2):91-5. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

41. Talar-Williams C, Hijazi YM, Walther MM, Linehan WM, Hallahan CW, Lubensky I, 
et al. Cyclophosphamide-induced cystitis and bladder cancer in patients with Wegener 
granulomatosis. Annals of internal medicine. 1996;124(5):477-84. 
42. Auricchio F, Scavone C, Cimmaruta D, Di Mauro G, Capuano A, Sportiello L, et al. 
Drugs approved for the treatment of multiple sclerosis: review of their safety profile. Expert 
opinion on drug safety. 2017;16(12):1359-71. 
43. https://www.emdserono.com/us-en?global_redirect=1. 
44. Martinelli Boneschi F, Vacchi L, Rovaris M, Capra R, Comi G. Mitoxantrone for 
multiple sclerosis. The Cochrane database of systematic reviews. 2013(5):Cd002127. 
45. Goodkin DE, Rudick RA, VanderBrug Medendorp S, Daughtry MM, Schwetz KM, 
Fischer J, et al. Low-dose (7.5 mg) oral methotrexate reduces the rate of progression in 
chronic progressive multiple sclerosis. Annals of neurology. 1995;37(1):30-40. 
46. Gray O, McDonnell GV, Forbes RB. Methotrexate for multiple sclerosis. Cochrane 
Database of Systematic Reviews. 2004(2). 
47. Berger T, Elovaara I, Fredrikson S, McGuigan C, Moiola L, Myhr KM, et al. 
Alemtuzumab Use in Clinical Practice: Recommendations from European Multiple 
Sclerosis Experts. CNS drugs. 2017;31(1):33-50. 
48. Baker D HS, Alvarez-Gonzalez C, Zalewski L, Albor C, Schmierer K. Both cladribine 
and alemtuzumab may effect MS via B-cell depletion. Neurology(R) neuroimmunology & 
neuroinflammation. 2017;4(4):e360-e. 
49. Coles AJ, Compston DA, Selmaj KW, Lake SL, Moran S, Margolin DH, et al. 
Alemtuzumab vs. interferon beta-1a in early multiple sclerosis. The New England journal of 
medicine. 2008;359(17):1786-801. 
50. Hartung HP, Aktas O, Boyko AN. Alemtuzumab: a new therapy for active relapsing-
remitting multiple sclerosis. Multiple sclerosis (Houndmills, Basingstoke, England). 
2015;21(1):22-34. 
51. Havrdova E, Horakova D, Kovarova I. Alemtuzumab in the treatment of multiple 
sclerosis: key clinical trial results and considerations for use. Therapeutic advances in 
neurological disorders. 2015;8(1):31-45. 
52. Alemtuzumab improves clinical and MRI disease activity outcomes isobvl, in RRMS 
patients over 8 years: CARE-MS II follow-up (TOPAZ study), Author(s): B.A. Singer  RA, 
S. Broadley , S. Eichau , H.-P. Hartung , E.K. Havrdova , H.-J. Kim , C. Navas , C. Pozzilli 
, A. Rovira , P. Vermersch , S. Wray , L. Chung , N. Daizadeh , S. Afsar , K. Nakamura , 
K.W. Selmaj , on behalf of the CARE-MS II, CAMMS03409, and TOPAZ Investigators 
ECTRIMS Online Library. Singer B. Oct 11, 2018; 228756. 
53. Caon C, Namey M, Meyer C, Mayer L, Oyuela P, Margolin DH, et al. Prevention 
and Management of Infusion-Associated Reactions in the Comparison of Alemtuzumab 
and Rebif((R)) Efficacy in Multiple Sclerosis (CARE-MS) Program. International journal of 
MS care. 2015;17(4):191-8. 
54. Cuker A, Coles AJ, Sullivan H, Fox E, Goldberg M, Oyuela P, et al. A distinctive 
form of immune thrombocytopenia in a phase 2 study of alemtuzumab for the treatment of 
relapsing-remitting multiple sclerosis. Blood. 2011;118(24):6299. 
55. 2019 UFLareamsRhwfgAM. 
56. Lorefice L, Fenu G, Gerevini S, Frau J, Coghe G, Barracciu MA, et al. PML in a 
person with multiple sclerosis: Is teriflunomide the felon? Neurology. 2018;90(2):83-5. 
57. Gerevini S, Capra R, Bertoli D, Sottini A, Imberti L. Immune profiling of a patient 
with alemtuzumab-associated progressive multifocal leukoencephalopathy. Multiple 
sclerosis (Houndmills, Basingstoke, England). 2019:1352458519832259. 
58. https://www.ema.europa.eu/en/news/use-multiple-sclerosis-medicine-lemtrada-
restricted-while-ema-review-ongoing. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

59. McCall B. Alemtuzumab to be restricted pending review, says EMA. The Lancet. 
2019;393(10182):1683. 
60. Azevedo CJ, Kutz C, Dix A, Boster A, Sanossian N, Kaplan J. Intracerebral 
haemorrhage during alemtuzumab administration. The Lancet Neurology. 2019;18(4):329-
31. 
61. Giovannoni G, Cook S, Rammohan K, Rieckmann P, Sorensen PS, Vermersch P, 
et al. Sustained disease-activity-free status in patients with relapsing-remitting multiple 
sclerosis treated with cladribine tablets in the CLARITY study: a post-hoc and subgroup 
analysis. The Lancet Neurology. 2011;10(4):329-37. 
62. Giovannoni G, Soelberg Sorensen P, Cook S, Rammohan K, Rieckmann P, Comi 
G, et al. Safety and efficacy of cladribine tablets in patients with relapsing-remitting 
multiple sclerosis: Results from the randomized extension trial of the CLARITY study. 
Multiple sclerosis (Houndmills, Basingstoke, England). 2018;24(12):1594-604. 
63. Giovannoni G, Soelberg Sorensen P, Cook S, Rammohan KW, Rieckmann P, Comi 
G, et al. Efficacy of Cladribine Tablets in high disease activity subgroups of patients with 
relapsing multiple sclerosis: A post hoc analysis of the CLARITY study. Multiple sclerosis 
(Houndmills, Basingstoke, England). 2019;25(6):819-27. 
64. Leist TP, Comi G, Cree BA, Coyle PK, Freedman MS, Hartung HP, et al. Effect of 
oral cladribine on time to conversion to clinically definite multiple sclerosis in patients with 
a first demyelinating event (ORACLE MS): a phase 3 randomised trial. The Lancet 
Neurology. 2014;13(3):257-67. 
65. https://ichgcp.net/clinical-trials-registry/NCT00641537. 
66. Schreiner TL, Miravalle A. Current and emerging therapies for the treatment of 
multiple sclerosis: focus on cladribine. Journal of central nervous system disease. 
2012;4:1-14. 
67. Giovannoni G, Comi G, Cook S, Rammohan K, Rieckmann P, Sørensen PS, et al. 
A Placebo-Controlled Trial of Oral Cladribine for Relapsing Multiple Sclerosis. New 
England Journal of Medicine. 2010;362(5):416-26. 
68. http://dx.doi.org/10.1136/jnnp-2018-ABN.79. 
69. https://www.ema.europa.eu/en/documents/product-information/mavenclad-epar-
product-information_it.pdf. 
70. Cohen JA, Baldassari LE, Atkins HL, Bowen JD, Bredeson C, Carpenter PA, et al. 
Autologous Hematopoietic Cell Transplantation for Treatment-Refractory Relapsing 
Multiple Sclerosis: Position Statement from the American Society for Blood and Marrow 
Transplantation. Biology of blood and marrow transplantation : journal of the American 
Society for Blood and Marrow Transplantation. 2019;25(5):845-54. 
71. Burt RK, Balabanov R, Han X, Sharrack B, Morgan A, Quigley K, et al. Association 
of nonmyeloablative hematopoietic stem cell transplantation with neurological disability in 
patients with relapsing-remitting multiple sclerosis. Jama. 2015;313(3):275-84. 
72. Reston JT, Uhl S, Treadwell JR, Nash RA, Schoelles K. Autologous hematopoietic 
cell transplantation for multiple sclerosis: a systematic review. Multiple sclerosis 
(Houndmills, Basingstoke, England). 2011;17(2):204-13. 
73. D’Amico E, Cottone S. Could autologous hematopoietic stem cell transplantation be 
considered a second-line treatment option in relapsing-remitting multiple sclerosis? A 
critical editorial. Expert Review of Precision Medicine and Drug Development. 
2017;2(2):69-71. 
74. D'Amico E, Patti F, Zanghì A, Zappia M. A Personalized Approach in Progressive 
Multiple Sclerosis: The Current Status of Disease Modifying Therapies (DMTs) and Future 
Perspectives. Int J Mol Sci. 2016;17(10):1725. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

75. Mancardi GL, Sormani MP, Gualandi F, Saiz A, Carreras E, Merelli E, et al. 
Autologous hematopoietic stem cell transplantation in multiple sclerosis: a phase II trial. 
Neurology. 2015;84(10):981-8. 
76. Atkins HL, Bowman M, Allan D, Anstee G, Arnold DL, Bar-Or A, et al. 
Immunoablation and autologous haemopoietic stem-cell transplantation for aggressive 
multiple sclerosis: a multicentre single-group phase 2 trial. Lancet (London, England). 
2016;388(10044):576-85. 
77. Muraro PA, Pasquini M, Atkins HL, Bowen JD, Farge D, Fassas A, et al. Long-term 
Outcomes After Autologous Hematopoietic Stem Cell Transplantation for Multiple 
Sclerosis. JAMA neurology. 2017;74(4):459-69. 
78. Sola-Valls N, Sepulveda M, Blanco Y, Saiz A. Current role of chemotherapy and 
bone marrow transplantation in multiple sclerosis. Current treatment options in neurology. 
2015;17(1):324. 
*It provides useful information about  the role of bone marrow transplantion in MS. 
79. Rice CM, Mallam EA, Whone AL, Walsh P, Brooks DJ, Kane N, et al. Safety and 
feasibility of autologous bone marrow cellular therapy in relapsing-progressive multiple 
sclerosis. Clinical pharmacology and therapeutics. 2010;87(6):679-85. 
80. Brew BJ, Davies NW, Cinque P, Clifford DB, Nath A. Progressive multifocal 
leukoencephalopathy and other forms of JC virus disease. Nature reviews Neurology. 
2010;6(12):667-79. 
81. Ho PR, Koendgen H, Campbell N, Haddock B, Richman S, Chang I. Risk of 
natalizumab-associated progressive multifocal leukoencephalopathy in patients with 
multiple sclerosis: a retrospective analysis of data from four clinical studies. The Lancet 
Neurology. 2017;16(11):925-33. 
82. D'Amico E, Zanghi A, Leone C, Tumani H, Patti F. Treatment-Related Progressive 
Multifocal Leukoencephalopathy in Multiple Sclerosis: A Comprehensive Review of 
Current Evidence and Future Needs. Drug safety. 2016;39(12):1163-74. 
83. Polman CH 
, O'Connor PW, Havrdova E, Hutchinson M, Kappos L, Miller DH, et al. A randomized, 
placebo-controlled trial of natalizumab for relapsing multiple sclerosis. The New England 
journal of medicine. 2006;354(9):899-910. 
84. Rudick RA, Stuart WH, Calabresi PA, Confavreux C, Galetta SL, Radue EW, et al. 
Natalizumab plus interferon beta-1a for relapsing multiple sclerosis. The New England 
journal of medicine. 2006;354(9):911-23. 
85. Barbin L, Rousseau C, Jousset N, Casey R, Debouverie M, Vukusic S, et al. 
Comparative efficacy of fingolimod vs natalizumab: A French multicenter observational 
study. Neurology. 2016;86(8):771-8. 
86. Bargiela D, Bianchi MT, Westover MB, Chibnik LB, Healy BC, De Jager PL, et al. 
Selection of first-line therapy in multiple sclerosis using risk-benefit decision analysis. 
Neurology. 2017;88(7):677-84. 
87. Tramacere I, Del Giovane C, Salanti G, D'Amico R, Filippini G. Immunomodulators 
and immunosuppressants for relapsing-remitting multiple sclerosis: a network meta-
analysis. The Cochrane database of systematic reviews. 2015(9):Cd011381. 
88. Mills EA, Mao-Draayer Y. Understanding Progressive Multifocal 
Leukoencephalopathy Risk in Multiple Sclerosis Patients Treated with Immunomodulatory 
Therapies: A Bird's Eye View. Frontiers in immunology. 2018;9:138-. 
**It provides useful information about PML in MS patients. 
89. Mills EA, Mao-Draayer Y. Aging and lymphocyte changes by immunomodulatory 
therapies impact PML risk in multiple sclerosis patients. Multiple sclerosis (Houndmills, 
Basingstoke, England). 2018;24(8):1014-22. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

90. Berger JR. Classifying PML risk with disease modifying therapies. Multiple sclerosis 
and related disorders. 2017;12:59-63. 
91. Longbrake EE, Cross AH. Dimethyl fumarate associated lymphopenia in clinical 
practice. Multiple sclerosis (Houndmills, Basingstoke, England). 2015;21(6):796-7. 
92. Nieuwkamp DJ, Murk JL, van Oosten BW, Cremers CH, Killestein J, Viveen MC, et 
al. PML in a patient without severe lymphocytopenia receiving dimethyl fumarate. The New 
England journal of medicine. 2015;372(15):1474-6. 
93. Rosenkranz T, Novas M, Terborg C. PML in a patient with lymphocytopenia treated 
with dimethyl fumarate. The New England journal of medicine. 2015;372(15):1476-8. 
94. van Oosten BW, Killestein J, Barkhof F, Polman CH, Wattjes MP. PML in a patient 
treated with dimethyl fumarate from a compounding pharmacy. The New England journal 
of medicine. 2013;368(17):1658-9. 
95. Bellizzi A, Nardis C, Anzivino E, Rodio D, Fioriti D, Mischitelli M, et al. Human 
polyomavirus JC reactivation and pathogenetic mechanisms of progressive multifocal 
leukoencephalopathy and cancer in the era of monoclonal antibody therapies. Journal of 
neurovirology. 2012;18(1):1-11. 
96. Delgado-Alvarado M, Sedano MJ, Gonzalez-Quintanilla V, de Lucas EM, Polo JM, 
Berciano J. Progressive multifocal leukoencephalopathy and idiopathic CD4 
lymphocytopenia. Journal of the neurological sciences. 2013;327(1-2):75-9. 
97. www.hrc.govt.nz/sites/default/files/CTCAE%20manual%20-%20DMCC.pdf. 
98. Kappos L, Antel J, Comi G, Montalban X, O'Connor P, Polman CH, et al. Oral 
Fingolimod (FTY720) for Relapsing Multiple Sclerosis. New England Journal of Medicine. 
2006;355(11):1124-40. 
99. Kappos L, Radue EW, O'Connor P, Polman C, Hohlfeld R, Calabresi P, et al. A 
placebo-controlled trial of oral fingolimod in relapsing multiple sclerosis. The New England 
journal of medicine. 2010;362(5):387-401. 
100. Nakhaei-Nejad M, Barilla D, Lee C-H, Blevins G, Giuliani F. Characterization of 
lymphopenia in patients with MS treated with dimethyl fumarate and fingolimod. Neurology 
- Neuroimmunology Neuroinflammation. 2018;5(2):e432. 
101. Kapral M, Wawszczyk J, Sosnicki S, Weglarz L. DOWN-REGULATION OF 
INDUCIBLE NITRIC OXIDE SYNTHASE EXPRESSION BY INOSITOL 
HEXAPHOSPHATE IN HUMAN COLON CANCER CELLS. Acta poloniae pharmaceutica. 
2015;72(4):705-11. 
102. Korn T, Magnus T, Toyka K, Jung S. Modulation of effector cell functions in 
experimental autoimmune encephalomyelitis by leflunomide--mechanisms independent of 
pyrimidine depletion. Journal of leukocyte biology. 2004;76(5):950-60. 
103. Korn T, Toyka K, Hartung HP, Jung S. Suppression of experimental autoimmune 
neuritis by leflunomide. Brain : a journal of neurology. 2001;124(Pt 9):1791-802. 
104. D'Amico E, Leone C, Caserta C, Patti F. Oral drugs in multiple sclerosis therapy: an 
overview and a critical appraisal. Expert Rev Neurother. 2015;15(7):803-24. 
105. D'Amico E, Zanghì A, Gastaldi M, Patti F, Zappia M, Franciotta D. Placing CD20-
targeted B cell depletion in multiple sclerosis therapeutic scenario: Present and future 
perspectives. Autoimmunity Reviews. 2019;18(7):665-72. 
106. Mulero P, Midaglia L, Montalban X. Ocrelizumab: a new milestone in multiple 
sclerosis therapy. Therapeutic advances in neurological disorders. 
2018;11:1756286418773025. 
107. Hauser SL, Bar-Or A, Comi G, Giovannoni G, Hartung H-P, Hemmer B, et al. 
Ocrelizumab versus Interferon Beta-1a in Relapsing Multiple Sclerosis. New England 
Journal of Medicine. 2016;376(3):221-34. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

108. D'Amico E, Zanghi A, Chisari CG, Fermo SL, Toscano S, Arena S, et al. 
Effectiveness and safety of Rituximab in demyelinating diseases spectrum: An Italian 
experience. Multiple sclerosis and related disorders. 2019;27:324-6. 
109. Kowalec K, Kingwell E, Carruthers R, Marrie RA, Bernatsky S, Traboulsee A, et al. 
Application of pharmacogenomics to investigate adverse drug reactions to the disease-
modifying treatments for multiple sclerosis: a case-control study protocol for dimethyl 
fumarate-induced lymphopenia. BMJ open. 2017;7(5):e016276-e. 
110. Pistono C, Osera C, Boiocchi C, Mallucci G, Cuccia M, Bergamaschi R, et al. 
What’s new about oral treatments in Multiple Sclerosis? Immunogenetics still under 
question. Pharmacological Research. 2017;120:279-93. 
111. Cotte S, von Ahsen N, Kruse N, Huber B, Winkelmann A, Zettl UK, et al. ABC-
transporter gene-polymorphisms are potential pharmacogenetic markers for mitoxantrone 
response in multiple sclerosis. Brain : a journal of neurology. 2009;132(Pt 9):2517-30. 
112. Grey S, Salmen A, von Ahsen N, Starck M, Winkelmann A, Zettl UK, et al. Lack of 
efficacy of mitoxantrone in primary progressive Multiple Sclerosis irrespective of 
pharmacogenetic factors: A multi-center, retrospective analysis. Journal of 
Neuroimmunology. 2015;278:277-9. 
113. Alexoudi A, Zachaki S, Stavropoulou C, Gavrili S, Spiliopoulou C, Papadodima S, et 
al. Possible Implication of GSTP1 and NQO1 Polymorphisms on Natalizumab Response in 
Multiple Sclerosis. Annals of clinical and laboratory science. 2016;46(6):586-91. 
114. Samer CF, Lorenzini KI, Rollason V, Daali Y, Desmeules JA. Applications of 
CYP450 testing in the clinical setting. Molecular diagnosis & therapy. 2013;17(3):165-84. 
115.
 https://www.accessdata.fda.gov/drugsatfda_docs/nda/2019/209884Orig1s000TOC.
cfm. 
116. Recommendations PotIoCCGotDDIPoSwPMACAfDL CPTIPD--D, Felix Huth AG, 
Ken‐Ichi Umehara, Handan He. 
117. Harding K, Williams O, Willis M, Hrastelj J, Rimmer A, Joseph F, et al. Clinical 
Outcomes of Escalation vs Early Intensive Disease-Modifying Therapy in Patients With 
Multiple Sclerosis. JAMA neurology. 2019. 
118. He A, Spelman T, Jokubaitis V, Havrdova E, Horakova D, Trojano M, et al. 
Comparison of switch to fingolimod or interferon beta/glatiramer acetate in active multiple 
sclerosis. JAMA neurology. 2015;72(4):405-13. 
119. Giovannoni G. Personalized medicine in multiple sclerosis. Neurodegenerative 
disease management. 2017;7(6s):13-7. 
**It provides useful information about personalized medicine. 
120. Amato MP, Portaccio E, Goretti B, Zipoli V, Hakiki B, Giannini M, et al. Cognitive 
impairment in early stages of multiple sclerosis. Neurological Sciences. 2010;31(2):211-4. 
121. Hawkins S. Truly benign multiple sclerosis is rare: let’s stop fooling ourselves – No. 
Multiple Sclerosis Journal. 2011;18(1):11-2. 
122. Bonnet MC, Allard M, Dilharreguy B, Deloire M, Petry KG, Brochet B. Cognitive 
compensation failure in multiple sclerosis. Neurology. 2010;75(14):1241-8. 
123. Schoonheim MM, Meijer KA, Geurts JJ. Network collapse and cognitive impairment 
in multiple sclerosis. Frontiers in neurology. 2015;6:82. 
124. Tremlett H, Zhao Y, Rieckmann P, Hutchinson M. New perspectives in the natural 
history of multiple sclerosis. Neurology. 2010;74(24):2004-15. 
125. Baker D, Herrod SS, Alvarez-Gonzalez C, Zalewski L, Albor C, Schmierer K. Both 
cladribine and alemtuzumab may effect MS via B-cell depletion. Neurology(R) 
neuroimmunology & neuroinflammation. 2017;4(4):e360-e. 



Acc
ep

ted
 M

an
us

cri
pt

 

 
 

 

126. Schweitzer F, Laurent S, Fink GR, Barnett MH, Reddel S, Hartung HP, et al. Age 
and the risks of high-efficacy disease modifying drugs in multiple sclerosis. Current opinion 
in neurology. 2019;32(3):305-12. 

**It provides useful information about age and DMTs' use in MS patients. 

 

Figure legends 

Figure 1. PRISMA flow diagram 

 

Figure 2. Negative prognostic factors at MS onset 

EDSS, Expanded Disability Status Scale; MRI, magnetic resonance imaging; MS, Multiple 
Sclerosis 
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Figure 3. Considerations for failure or loss of efficacy of DMTs in RRMS 

CSF, cerebrospinal fluid; DMT, disease modifying treatment; EDSS, Expanded Disability 
Status Scale; MRI, magnetic resonance imaging; MS, Multiple Sclerosis; RR, relapsing 
remitting.  

 

Figure 4. From immunosuppression to personalized therapy in RRMS 

aHSCT, autologous hematopoietic stem cell transplantation; DMT, disease modifying 

treatment; MS, Multiple Sclerosis; RR, relapsing remitting 
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