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1. INTRODUCTION

1.1 Multiple sclerosis: treatment goals and unmet needs

Multiple sclerosis (MS) is the most prevalent chronic autoimmune-driven neurodegenerative
disorder of the central nervous system (CNS), affecting more than 2 million people worldwide. The
disease remains a major public health issue as the leading cause of non-traumatic neurological
disability among young adults. The ultimate cause of MS is unknown, but several genetic and
environmental risk factors have been proposed (Human-Leukocyte-Antigen DRB1*1501 haplotype,
geographic latitude, Epstein-Barr-Virus infection, vitamin D deficiency, tobacco exposure and
intestinal microbiome composition) (Reich et al., 2018; Thompson et al., 2018b). The key
neuropathological hallmarks of MS include demyelination, inflammation, astrocytic gliosis, and
neurodegeneration, which is considered the main pathological substrate of clinical progression.
Clinically, MS is a very heterogeneous disorder and main symptoms include unilateral optic neuritis,
partial myelitis, sensory disturbances, brainstem syndromes and cognitive impairment. Based on
the 2017 revised McDonald criteria (Thompson et al., 2018a), a diagnosis of MS can be reached on
clinical assessment alone or with the combined use of magnetic resonance imaging (MRI) and
cerebrospinal fluid assessment, demonstrating the dissemination in time and space of the
inflammatory process. Traditionally, multiple sclerosis has been categorized as relapsing-remitting
multiple sclerosis (RRMS), secondary progressive multiple sclerosis (SPMS), and primary progressive
multiple sclerosis (PPMS) (Lublin et al., 2020, 2014). However, recent evidence suggests that the
clinical course of multiple sclerosis is better considered as a continuum, with boundaries between
the different phenotypes being somewhat indistinct. The evolution to a progressive course is
thought to reflect a shift from localized acute injury to widespread inflammation and
neurodegeneration, along with the concomitant failure of compensatory mechanisms, such as
neuroplasticity and remyelination (Kuhlmann et al., 2023).

With one of the most impressive series of new disease modifying therapies (DMTs) approved over
the past decades, MS represents a great story of bench-to-bedside success. Today more than a
dozen DMTs are available, with different mechanisms of actions and efficacy/safety profiles
(McGinley et al., 2021). The introduction of newer, more efficacious, therapies have changed the
natural history of the disease, delaying the accumulation of severe neurological disability in most

patients (He et al., 2020).



Nevertheless, there are still several unsolved problems in MS treatment.

First, MS remains very challenging to prognosticate. Although several clinics, demographic,
immunologic and radiologic risk factors of worse outcomes have been identified, the disease course
is highly heterogeneous and it is difficult to early identify patients who will develop an aggressive
form of MS (Malpas et al., 2020). Second, long-term complete MS remission remains elusive in real
life and the question of whether treatment can fully prevent long-term clinical progression is
controversial (Rotstein et al., 2015). No-evidence-of-disease-activity, consisting in the absence of
inflammatory MRI activity, clinical relapses, and disability progression (NEDA-3 status), has been
proposed as a reasonable, although ambitious, goal in MS patients treated with active DMTs (Parks
et al., 2017). However, in real-world studies, most MS patients do not maintain NEDA-3 status for
longer than 2 years, despite the use of new high efficacy DMTs (Sormani et al., 2017a). Studies with
longer follow-up have shown that more than half of treated RRMS patients accumulate relevant
disability over 10 years, mostly independent of 2-years NEDA-3 status (Cree et al., 2019, 2016),
guestioning the utility of these metrics as outcome measures in clinical trials. The subtle progression
which occurs in relapse- and MRI activity-free patients has been described as progression
independent of relapse activity (PIRA), and it is emerging as one of the main drivers of disability
progression in all phases of the disease (Giovannoni et al., 2022; Kappos et al., 2020). A shift away
from simply targeting relapses and focal MRI activity is needed, with the focus of attention
redirected to halting the putative processes responsible for smoldering MS.

Finally, to date, no medication has been convincingly demonstrated to promote remyelination or
neuronal plasticity (directly or indirectly), thus reversing impaired neurologic functions. Although
some DMTs have been associated with transient neurological improvement, the clinical relevance

of these findings is little and needs to be further evaluated.



1.2 Aggressive multiple sclerosis

Aggressive multiple sclerosis is characterized by severe relapses, accelerated accrual of disability
and poor response to treatment (lacobaeus et al., 2020). There is no universally accepted definition
of aggressive MS and several different criteria have been used. According to the different
definitions, it is estimated that aggressive multiple sclerosis develops in 4-14 % of patients, meaning
about 6.100-14.600 people in Italy. An early attempt to define this group of patients was “malignant
multiple sclerosis”, which was defined as “disease with a rapid progressive course, leading to
significant disability in multiple neurologic systems or death in a relatively short time after disease
onset” (Lublin and Reingold, 1996). To overcome the limits of this definition, which appeared
somewhat vague, other authors proposed to classify as “ever malignant multiple sclerosis”, patients
who reached an Expanded-Disability-Status-Scale (EDSS) score of 6 within 5 years from disease
onset (Gholipour et al., 2011). These patients had significantly more relapses, more motor
symptoms, and a higher frequency of a progressive onset. According to Menon et al. (Menon et al.,
2017), aggressive MS could be defined when: (i) patients who reached an EDSS of 6 within 5 years
from disease onset; or (ii) patients reached an EDSS score of 6 before they are 40 years old; or (iii)

patients converted to a secondary progressive MS phenotype within 3 years from disease onset.

These definitions of aggressive MS are however hampered by the need for either a retrospective
assessment of the disease course or a prolonged prospective evaluation until fulfilling the proposed
criteria and thus hinder the ability to make rapid and efficient treatment decisions.

Rush et al. defined aggressive MS as relapsing MS with one or more of the following features: (a)
EDSS score of 4.0 within 5 years of onset; (b) Multiple (>2) relapses with incomplete resolution in
the past year; (c) >2 MRI scans showing new or enlarging T2 lesions or Gd+ lesions despite
treatment; (d) No response to therapy with one or more DMTs for up to 1 year (Rush et al., 2015).
Other definitions of aggressive MS have been proposed when considering treatment options. Edan
et al. (Edan et al., 2011), organizing a clinical trial on the inductive effect of mitoxantrone, defined
“aggressive MS” as >2 relapses or an EDSS increase >2 points in the 12 preceding months, >1 Gd-
enhancing lesion and baseline EDSS between 2.5 and 5.0. Saccardi et al. (Saccardi et al., 2012),
aiming at identifying patients eligible for hematopoietic stem cell transplantation, defined “highly
active MS” as “failure of at least one and up to three active DMT evidenced by ongoing or increased

clinical and MRI activity”. A recent registry-based study identified early and clinically accessible



makers that, if observed in the first year since symptom onset, convey increased risk of the patient
meeting criteria for aggressive disease (EDSS of 6 within 10 years from disease onset)(Malpas et al.,
2020). Specifically, (i) older age at symptom onset, (ii) greater disability in the first year, and (iii) the

presence of pyramidal signs, are associated with aggressive multiple sclerosis.

Some studies tried to identify baseline MRI characteristic predictive of a later aggressive MS course.
Tintoré et al. used a Barcelona-based inception cohort and defined aggressive MS as reaching an
EDSS >6.0 within 10 years of disease onset (Tintore et al., 2020). Early radiological biomarkers
associated with this outcome were the presence of >20 lesions on T2-weighted images or >2
gadolinium enhancing (Gd+) lesions. In another study, the presence of >2 Gd+ lesions and >1 spinal
cord lesions at baseline and 1 year and >1 new spinal cord lesions at 3 years of disease evolution
were associated with conversion to SPMS at 15 years (Brownlee et al., 2019a). A study in CIS patients
showed that a percentage brain volume change (PBVC) decrease below -0.817% in the first year of
disease evolution was an independent predictor of a shorter time to a second attack (Pérez-Miralles

etal., 2013).

No evidence-based criteria exist to guide the choice on the best treatment approach in these
patients. The recently updated/published guidelines from the American Academy of Neurology
(Rae-Grant et al., 2018) and the European Academy of Neurology/European Committee on
Treatment and Research in MS (Montalban et al., 2018) do not address the management of patients
with aggressive MS. For some available DMTs, regulatory approval and insurance coverage mandate
that patients must be considered not responsive or intolerant to platform, low efficacy therapies
before receiving access to more effective treatments. This strategy is debatable in patients with a
more aggressive form of disease, in which the successful therapeutic window of opportunity may
be narrower than for those with less aggressive disease. Patients with aggressive MS are
underrepresented in typical randomized clinical trials, due to the strict inclusion/exclusion criteria
of sponsored clinical trials and the ethical dilemma of blind randomization of a patient with such an
aggressive disease. It is therefore necessary to collect data on the best treatment strategy in
patients with aggressive MS, in terms of onset of action, intensity of the immunosuppressive effect

and the long-term outcomes.



1.3 Hematopoietic stem cell transplantation

Intense immunosuppression followed by hematopoietic stem cell transplantation (HSCT) has been
increasingly explored as a treatment strategy for aggressive MS. The concept of HSCT in severe
autoimmune diseases initially evolved in animal models, with the potential benefits in humans
supported by reports of profound clinical response to HSCT performed for other conventional
indications. Starting from 1997, the first autologous HSCT (AHSCT) procedures specifically for MS
were performed, and more than 1800 MS patients have now been treated worldwide. The rationale
of AHSCT in MS is to eliminate self-reacting cell clones and to induce self-tolerance through a
profound renewal of the immune system. Numerous biological mechanisms are thought to be
responsible for the resetting of the aberrantly overactive immune response in MS, including the
normalization of the restricted T-cell repertoire in peripheral blood and in the CSF, the selective
reduction of the encephalitogenic effector response, the increase of the immunoregulatory cell
subsets and the reduction of the pathogenic memory cells within the bone marrow niche, which are
thought to drive chronic inflammation (Cencioni et al., 2022). Haematopoietic stem cells can be
obtained either from the affected patient (autologous) or from a closely matched donor (allogeneic).
Allogeneic HSCT is rarely used in the treatment of immune-mediated neurological disorders, due to

the risk of severe, life-threatening adverse events.

The procedure

Briefly, the AHSCT procedure involves several stages: pretransplant optimization, stem cell
mobilization and collection, conditioning chemotherapy, stem cell reinfusion, and post-transplant
supportive care. An extensive pre-transplant evaluation of fitness for transplantation including
echocardiography, pulmonary function testing, spleen ultrasonography, chest X-rays and blood
testing including an infection screen, must occur. In addition to this, counseling of patients regarding
the risks of transplantation is required, particularly death, serious adverse events, infection,
autoimmune disease, and infertility. Indeed, since three quarters of people with MS are women and
MS age of onset is usually between 20 and 40 years old, women of childbearing age are
overrepresented in the population of potential candidates for AHSCT. The potential for fertility loss
and premature menopause associated with AHSCT are therefore significant issues for patients with
MS. Although preliminary data suggest higher menstruation resumption rates in autoimmune

patients treated with AHSCT compared to the onco-hematological setting and some pregnancies



after AHSCT for MS have been reported (Chatterton et al., 2021; Massarotti et al., 2021; Snarski et

al., 2015), the available evidence does not address a proper risk evaluation.
In MS patients, peripheral blood hematopoietic stem cells (PBSC) are usually mobilized with
cyclophosphamide (CY) at a variable dosage of 1.5-4 g/m:, associated with uromixetan and
hyperhydration, followed by daily granulocyte colony-stimulating factor (G-CSF, 5-12 ug/kg/day).
Since urinary bladder dysfunction is common in MS, residual volumes of urine represent a risk factor
for infection and for hemorrhagic cystitis due to CY metabolites. PBSC could be theoretically
mobilized with G-CSF or granulocyte-macrophage colony-stimulating factor (GM-CSF) alone, but
treatment with CY is preferred in patients with autoimmune disorders, because colony stimulating
factors can induce inflammatory flares (MS relapses and/or MRI activity), especially in people with
highly active disease (Openshaw et al., 2000). Moreover, CY (at dosages between 1.5-4 g/m:)
depletes circulating autoreactive lymphocytes, which could otherwise be collected in the
graft(Dubinsky et al., 2010). The procedure can usually be carried out as an outpatient regimen, but
in disabled patients, hospital admission is preferred. Mobilization is almost always successful in MS
patients (Kyrcz-Krzemien et al., 2016), although some concerns have been raised for MS patients
previously treated with mitoxantrone. The surface antigen CD34 allows collection of PBC from the
peripheral blood using leukapheresis. To ensure a good transplant with adequate recovery of bone
marrow functions, a minimum of 4-5x10- CD34+ PBSC/kg body weight is recommended. Doses
higher than 8 x 10s/kg are unlikely to improve the rate of engraftment and have a theoretical risk of
increased T cell contamination of the graft. The graft can be manipulated to further purify CD34+
cells, but the ex vivo graft selection increases the risk of infections and raises the costs of AHSCT and
it is not recommended by the EBMT. After 30—-60 days, the patient is treated with a conditioning
regimen which has the aim of eliminating the autoreactive clones in the immune system. Different
conditioning protocols have been proposed and classified according to the intensity of the haemato-

lymphopoietic system ablation.
According to the EBMT (Sharrack et al., 2020), conditioning regimens are divided into the following:
1. High-intensity regimens, as busulfan + CY + rabbit anti-thymocyte globulin or total body
irradiation + CY + ATG

2. Intermediate intensity regimens, which can be further classified as:
1. Lympho-myeloablative such as BEAM+ATG, consisting of BCNU 300 mg/m:, cytosine-
arabinoside 200 mg/m:, etoposide 200 mg/m: and melphalan 140 mg/m: + ATG 5-7.5

mg/kg



2. Purely lymphoablative such as CY 200 mg/kg + ATG 5-7.5 mg/kg
3. Low-intensity regimens such as CY 100 mg/kg alone (without ATG nor rituximab)

The optimal intensity of the conditioning regimen for AHSCT in MS remains unknown. Intermediate
intensity conditioning using CY+ATG (purely lymphoablative) and BEAM+ATG (myeloablative)
appear to be the most widely used, with both demonstrating promising efficacy and both suggested
as the most evidenced options by the EBMT (Sharrack et al., 2020). High-intensity busulfan- or total
body irradiation-based conditioning protocols are associated with an increased occurrence of death
without clear benefit to efficacy and are now rarely used. Low-intensity conditioning regimens are
used in some countries, even though the term AHSCT in these cases seems inappropriate because
the very low dose of chemotherapy of these protocols does not necessarily require stem cells
reinfusion.

After the conditioning regimen, the cryopreserved graft is thawed, and cells infused through a
central venous catheter. ATG is administered during the 2-4 days following PBCS infusion and its use
is complicated by several serious allergic reactions, including fever (premedication with
corticosteroids is usually performed). Recovery of cell counts occurs usually in 7-15 days, during
which patients need supportive care (usually transfusions and antibiotics). Generally oral
prophylaxis should cover fungal infections, herpes virus and pneumocystis infection for a minimum
of 6 months post-AHSCT, with many units extending to 12 months. Viral reactivation is important so
PCR-based Epstein-Barr-Virus (EBV)/Cytomegalovirus (CMV) monitoring is recommended during the
first 100 days.

After AHSCT, patients do not usually receive any DMT and are monitored clinically and with
MRI. Unfortunately, no immunological biomarkers of tolerance induction have been found yet
which could help clinicians in monitoring patients after AHSCT and prompt maintenance therapy
introduction in high-risk individuals. Analyses from the HALT-MS trial (Nash et al., 2017) failed to
show differences in lymphocytes repopulation dynamics and T-cell receptor repertoire between
patients with complete disease remission and those with disease reactivation (Harris et al., 2020,
2018). In many patients, MS reactivation after AHSCT can be easily controlled with low-efficacy
platform DMTs (Boffa et al., 2021). To date, no PML cases are reported after AHSCT. However, PML
is a concern when natalizumab is considered as a DMT in case of MS reactivation after AHSCT (Frau

et al., 2018).

Evidence of efficacy

10



Most of the available studies on AHSCT in MS are non-randomized, uncontrolled clinical trials,
generating low levels of evidence, reporting data from different heterogeneous transplantation
regimens and patient populations (Willison et al., 2022). The first studies mainly focused on the
feasibility and the safety of the procedure and enrolled patients with advanced progressive MS. 78%
of 281 patients with MS who underwent AHSCT between 1996 and 2005 had progressive MS with a
median EDSS score before the procedure of 6.5 (Muraro et al., 2017). These first pioneering studies
demonstrated that AHSCT was able to completely abolish MRI inflammatory activity (Mancardi et
al., 2001) and clinical relapses, but was not able to fully prevent disease progression in long-lasting
inactive progressive MS(Burt et al., 2003). In line with these observations, subsequent AHSCT trials
have included predominantly patients with treatment resistant RRMS and ongoing CNS
inflammation. Burman et al. reported a 5-year disease free survival of 68% in 34 RRMS and 7 SPMS
patients treated with BEAM+ATG or CY+ATG AHSCT (Burman et al., 2014). These results were
confirmed and extended by Burt et al. who reported, in a cohort of 123 RRMS and 28 SPMS patients,
a four-year relapse-free survival of 80% and a progression-free survival of 87% after CY+ATG AHSCT
(Burt et al., 2015). In 2016, Atkins et al. reported efficacy and safety outcomes of 24 patients (12
with RRMS and 12 with SPMS) treated with a high-intensity regimen made of busulfan+CY+ATG
(Atkins et al., 2016). MS activity free survival at 3 years after transplantation was almost 70% and
MS inflammatory activity (new/active brain lesions and/or clinical relapses) was completely
abolished up to 13 years in all patients (Atkins et al., 2016). The 2017 HALT-MS trial (Nash et al.,
2017), which included RRMS patients treated with a BEAM+ATG based AHSCT, showed a 5-year
progression free-survival of 91.3%, with 62% of patients experiencing EDSS improvement at last
follow-up. In the last few years, several uncontrolled studies have been published from all over the
world, confirming these results in independent cohorts of patients with RRMS and progressive
MS(Chen et al., 2012; Kvistad et al., 2019; Moore et al., 2019). A meta-analysis considering all clinical
studies on AHSCT in MS until 2021 (Nabizadeh et al., 2022), showed that globally 81% of patients
remained relapse-free 5 years after AHSCT, while new MRI lesions appeared in only 8% of patients,
with an overall event-free survival of 63%.

To date, only two randomized, controlled trials have been published. The ASTIMS study (Mancardi
et al., 2015) was a randomized controlled phase Il trial comparing transplant with an intermediate
myeloablative conditioning protocol (BEAM+ATG) versus mitoxantrone, and included a total of 21
patients, of whom 9 underwent bone marrow transplant. Most patients had SPMS and, after a mean

follow-up of 4 years, 57% of patients experienced worsened disability. Patients who received AHSCT
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did have significantly fewer MRI lesions compared to mitoxantrone and a reduced annualized
relapse rate, with no difference in disability progression between groups. The 2019 phase Ill MIST
study(Burt et al., 2019a) included 110 RRMS patients and randomized them 1:1 to AHSCT with an
intermediate intensity lymphoablative regimen (cyclophosphamide+ATG) or to the best available
platform DMT. Progression occurred in 3 of the AHSCT patients and 34 of the DMT control group,
with the EDSS in the AHSCT group at 2 years stable orimproved in 94.5%. NEDA at 5 years was 78.5%
in the AHSCT group compared to 2.97% in the DMT group. It is important to mention here that the
control DMT group included a high proportion of patients treated with glatiramer acetate or the
IFN-B drugs and few with highly effective therapies such as natalizumab or fingolimod. No patients
in the control group were treated with B-cells depleting agents nor alemtuzumab. Three
independent retrospective real-world studies investigated the effect of AHSCT (both CY+ATG and
BEAM+ATG conditioning) versus that of alemtuzumab(Boffa et al., 2020; H&auRler et al., 2021;
Zhukovsky et al., 2021). The results of the three studies are largely concordant and found that AHSCT
significantly reduced the risk of relapses and MRI activity, allowing NEDA-3 status in a higher
proportion of aggressive MS patients compared with alemtuzumab. Interestingly, in all studies, 28-
46% of the patients treated with alemtuzumab had an autoimmune adverse event, compared with
12-20% in the AHSCT group.

Since MS-related disability might take many years or decades to develop, very long follow-up
periods are required to understand the exact role of any treatment for MS. Some studies have
reported the long-term follow-up (often more than a decade) of transplanted MS patients. Fassas
et al. report the long-term follow-up of their pioneering study, showing that disease progression-
free survival at 15 years is 44% for patients with active MS (Fassas et al., 2011). Similar results were
confirmed by Boffa et al. (Boffa et al., 2021), who reported the long-term follow-up of 210 MS
patients treated with several intermediate conditioning regimens and observed that 65.5% of
patients were free of disability worsening 10 years after transplantation, with a disability
worsening—free survival >70% in patients with RRMS. Muraro et al. (Muraro et al., 2017) analyzed
data of 281 patients from the EBMT/Center for International Blood and Marrow Transplant
Research (CIBMT) registries and showed that 73% of RRMS patients are free of disability progression
5 years after AHSCT. In the Moscow study(Shevchenko et al., 2015), cumulative incidence of disease
progression was 16.7 % at 8 years after a reduced intensity BEAM like AHSCT. Estimated event-free
survival at median follow-up of 48.9 months was 80% (83.3 % in relapsing-remitting MS). The

experience from Prague (Krasulova et al., 2010) shows that 70.8% and 29.2% of patients were free
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of progression at 3 and 6 years after AHSCT. Although heterogeneous, these large cohorts are largely
concordant, mirroring the results of more recent prospective trials, suggesting that the effect of
AHSCT is long-lasting and persists for over a decade in more than half of aggressive MS patients,
without the need of maintenance therapy.

Several independent groups have observed sustained EDSS score reduction after AHSCT in patients
with RRMS (Boffa et al., 2021; Burt et al., 2019b; Nash et al., 2017). It is important to note here that
most transplanted patients experienced MS attacks right before AHSCT, and the reduction in
disability could represent the expected gradual recovery from relapses. However, in some studies
EDSS scores continued to ameliorate beyond the first year after AHSCT, when recovery from
relapses no longer occurs, suggesting a robust effect of AHSCT in improving neurologic status.
Although the mechanisms underlying CNS repair are not completely understood, one of the biggest
challenges for recovery seems to be the presence of a chronic inflamed microenvironment impairing
remyelination and neuronal plasticity, which could be potentially targeted by the CNS-penetrant

chemotherapy used during AHSCT.

Safety

AHSCT is a procedure complicated by serious expected side effects. These include mainly febrile
neutropenia, mucositis, electrolyte disturbances, anemia, neutropenia, low platelet count and viral
reactivation. Fever during neutropenia is almost universal during AHSCT. In the absence of
neutrophils which are responsible for most clinical signs or symptoms during an infection, fever is
frequently the only symptom present. On the other hand, fever is a highly unspecific sign, and it can
be caused by drug reactions (mainly ATG), transfusion reactions, mucositis, and engraftment
syndrome. Clinically significant endogenous viral infections, including EBV and CMV, following
AHSCT are increasingly recognized. The incidence of viral reactivation seems to be closely related to
the dosage of ATG used in the conditioning regimen(Nash et al., 2003). In the London cohort (Mehra
etal., 2019), where 7.5 mg/kg ATG was used, cytomegalovirus reactivation was detected in 26 cases,
and preemptive treatment with valganciclovir or ganciclovir was required in 12 of 26 cases, with no
CMV disease observed. In a subset of 85 participants with serial EBV DNA copy numbers in blood
measurement from the same cohort, EBV reactivation was demonstrated in 80% of participants
after AHSCT (20 of whom were treated with rituximab). When ATG was used at a total dose of 5

mg/kg, EBV and CMV reactivation were not reported. Finally, patients undergoing AHSCT are at risk
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for malnutrition which is associated with higher risk of infections, delayed neutrophil engraftment
and prolonged hospital stay and should be carefully screened for weight loss.

The treatment-associated mortality of AHSCT (defined as mortality within 100 days from AHSCT)
has greatly improved in recent years. Mancardi et al. described data from meta-analysis and
registry-based studies indicating that the transplant mortality rate was 7.3% between 1995 and
2000, 1.3% between 2001 and 2007 and 0.2% between 2012 and 2017 and thereafter (Mancardi et
al., 2018). This reduction has been attributed to better patient selection and the use of intermediate
intensity (lympho- and myeloablative) treatment regimens. As noted by Brittain et al. (Brittain et al.,
2022), the 0.2% transplant mortality rate of AHSCT in MS compares favorably with the longer-term
mortality risks related to use of some high efficacy DMTs such as natalizumab (0.13%) and
alemtuzumab (0.18%). While periprocedural burden and potential risks must be considered
carefully, AHSCT, unlike most DMTs, is a one-off treatment with no cumulative toxicity or treatment
burden. Willison et al. recently reviewed the cause of death of all patients treated with different
types of AHSCT conditioning (Willison et al., 2022). Globally, data seem to suggest that intermediate
intensity, lymphoablative CY+ATG protocols might offer a better safety profile, even though it is
important to note that several factors not directly related to the intensity of the conditioning
regimen contribute to the safety of AHSCT, like the monitoring protocol for viral reactivation, the
use of prophylactic antibiotics and the fluid management.

No definite data exist on the risk of malignancies after AHSCT. In the Burt et al. cohort of 507 patients
who received CY(Burt et al.,, 2021a), the authors report no incidence of bladder cancer,
myelodysplastic syndrome, or leukemia, but describe one case of death secondary to T cell
lymphoma 10 years following AHSCT, as well as one death due to colon cancer 3 years following
AHSCT. Other authors reported two cases of breast cancer, one case of cervical intraepithelial
neoplasia, two cases of myelodysplastic syndrome, an EBV-related post-transplantation
lymphoproliferative disorder and one prostate cancer, (Casanova et al., 2017)(Mariottini et al.,
2021)(Samijn, 2006)(Fassas et al., 2011). Bigger cohort studies are needed to assess the risk of
secondary malignancies after AHSCT for MS.

Development of a new, secondary, autoimmune disease (2ndAD) in patients with a preexisting
(primary) autoimmune condition such as MS, has been reported after treatment with AHSCT at rates
ranging from 2% to 14%(Burt et al., 2021b; Daikeler et al., 2011). The most common 2ndAD are B-
cells mediated autoimmune conditions such as thyroiditis, immune thrombocytopenia,

autoimmune hemolytic anemia, and antiphospholipid syndrome. It seems that an imbalance
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between B and T lineage regeneration early after AHSCT may underlie the pathogenesis of
secondary autoimmunity. The incidence of secondary autoimmune disorders seems to be higher

following lymphoablative compared to myeloablative conditioning regimens (Burt et al., 2021b).

Patient selection and recommendations

The trials discussed in this chapter provide critical guidance regarding patient selection. Existing data
demonstrate that younger age, shorter duration of disease, relapsing—remitting disease course and
lower baseline EDSS are associated with better outcomes after AHSCT. Moreover, disability
worsening—free survival seems to be higher in patients with lower treatment exposure, suggesting
that AHSCT should be considered early in the MS treatment algorithm. The EBMT-Autoimmune
Disease Working Party (ADWP) advises that AHSCT may be considered as a “standard of care”
treatment for patients with RRMS with high clinical and MRI inflammatory disease activity (>=2
clinical relapses, or one clinical relapse with gadolinium enhancing or new T2 MRI lesions at a
separate timepoint, in the previous 12 months) despite the use of one or more lines of approved
DMTs (Sharrack et al., 2020). The EBMT-ADWP noted that “evidence best supports treatment in
patients who are able to ambulate independently (EDSS 5.5 or less), who are younger than 45 years
and have disease duration less than 10 years”. Similarly, the American Society for Blood and Bone
Marrow Transplantation has recently endorsed AHSCT as a “standard of care [...] for patients with
relapsing forms of MS (RRMS or progressive MS with superimposed activity) who have prognostic
factors that indicate a high risk of future disability, including ongoing clinical relapse or MRI lesion
activity despite treatment with available DMTs, especially if disease activity continues despite
treatment with high-efficacy DMTs and/or worsening disability”(Cohen et al., 2019). It is noteworthy
that, given the excellent and long-lasting results of AHSCT in treatment-naive MS patients (Das et
al.,, 2021), AHSCT is indicated as a “clinical option” also before failing a full course of DMT, if
aggressive characteristics of MS, as early accrual of severe disability and tumultuous CNS
inflammation are present (Das et al., 2021). Finally, these recommendations also highlight that only
specialist centers should provide AHSCT to people with MS and, whenever possible, these patients
should be enrolled in clinical trials.

Although controversies exist, non-randomized studies suggest that AHSCT can slow down
neurological deterioration also in active progressive MS (Boffa et al., 2021; Burt et al., 2003;
Mariottini et al., 2022, 2021; Muraro et al., 2017). It has been demonstrated that AHSCT is able to

reduce CSF markers of axonal damage and neurofilament light chain levels, slow down cognitive
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decline and normalize long-term rates of cerebral gray matter and white matter atrophy, which are
core pathological features of progressive MS(Lee et al., 2021; Thebault et al., 2019). However, since
patients with progressive MS have an increased transplant-mortality-rate compared to younger
patients affected by relapsing-remitting MS (Sormani et al., 2017b), caution should be used in

referring these patients to AHSCT.

AHSCT and MRI measures of brain damage

AHSCT has a dramatic impact on MRI signs of MS inflammatory activity. Studies reporting serial MRI
scans after AHSCT uniformly demonstrate an almost complete suppression of new and gadolinium-
enhancing MRI lesions (Atkins et al., 2016; Boffa et al., 2021; Mancardi et al., 2001; Nicholas et al.,
2021). Despite the profound anti-inflammatory effect of AHSCT, multiple cohorts of MS patients
treated with AHSCT have consistently shown accelerated whole-brain volume loss in the first
months after treatment (Chen et al., 2006; Lee et al., 2017; Rocca et al., 2007; Roccatagliata et al.,
2007). Some studies have suggested that the cytotoxic effect of high-dose chemotherapy used for
AHSCT may be one reason for the accelerated brain atrophy (Lee et al., 2018, 2016; Thebault et al.,
2020), while pathological processes such as Wallerian degeneration following acute inflammation
may contribute as well. Another hypothesis is that early accelerated brain volume loss could be
secondary to the so-called pseudoatrophy phenomenon. Pseudo-atrophy has been described
following different DMTs in active MS and is thought to be related to the rapid resolution of
inflammatory edema, causing shrinkage of MS lesions and changes in white-matter and cortical
microstructure (de Stefano and Arnold, 2015). In line with this hypothesis, in some studies the brain
volume loss was associated with the extent of gadolinium-enhancing lesions at baseline (Lee et al.,
2021; Rocca et al., 2007). However, in the Canadian study, authors did not find evidence for a change
in brain water content (Lee et al., 2017b) and found that brain volume loss was associated with the
dosage of busulfan, which is known to be highly neurotoxic (Lee et al.,, 2017a). An important
consideration is whether different regimens can be associated with different levels of
chemotherapy-related brain volume loss. In BEAM-based AHSCT the rates of brain volume changes
were of -1.10/-1.87 %, while studies that used high intensity regimen showed an average brain
volume loss of -2.1/-2.3 % following TBI+CY and -3.2% following Busulfan+CY(Lee et al., 2021). While
direct comparison of these results is limited because of the different patient populations, MRI
protocols and analysis methods, it appears that patients who received BEAM+ATG had relatively

less volume changes during early follow-up, as compared to those treated with TBI+CY or
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Busulfan+CY. Few studies have investigated the impact of AHSCT on MRI metrics of demyelination
and remyelination using quantitative MRI (Brown et al., 2013; Chen et al., 2008). Data from the
Canadian cohort show that after AHSCT, most of MS lesions exhibit an improvement in
magnetization transfer ratio (MTR), reflecting remyelination, with subjects who experienced clinical

improvement showing the most important recovery of MTR values.
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1.4 Acute and chronic neuroinflammation

Following the acute inflammatory demyelinating phase at lesion onset, each MS lesion may undergo
several fates over time, including inflammation resolution, persistence of microglia-induced
neuroinflammation, irreversible demyelination or efficient myelin repair. A recent classification of
MS lesions, based on the presence/absence and distribution of macrophages/microglia
(inflammatory activity) and the presence/absence of ongoing demyelination (demyelinating
activity), has been proposed, differentiating between active, mixed active/inactive, and inactive
lesions with or without ongoing demyelination (Kuhlmann et al., 2017). Active lesions are
characterized by macrophages/microglia throughout the lesion area, whereas mixed active/inactive
lesions have a hypocellular lesion center with macrophages/microglia limited to the lesion border.
Inactive lesions are almost completely lacking macrophages/microglia. Active and mixed
active/inactive lesions can be further subdivided into lesions with ongoing myelin destruction
(demyelinating lesions) and lesions in which the destruction of myelin has ceased, but macrophages
are still present (post-demyelinating lesions).

In mixed active/inactive lesions, that have been referred to as “chronic active lesions” or “slowly
expanding/smoldering lesions”, the persistence of activated microglia can be extensive throughout
the lesion or remains confined at the lesion border, with the center of the plaque being hypocellular
(Frischer et al., 2015). Most microglia and macrophages found at the rim of chronic active multiple
sclerosis lesions contain iron (Hametner et al., 2013), and conversely iron-enriched microglia and
macrophages are not found at the rim of remyelinated or inactive plaques (Popescu et al., 2017).
The biological reasons underlying persisting innate immune cell activation in MS lesions remains
unknown. In their pro-regenerative phenotype, microglia cells could play a beneficial role at the
acute/subacute stage lesions, by clearing potentially toxic debris and promoting repair (Lloyd and
Miron, 2019). However, as lesions and disease progress, cellular homeostasis is disrupted, and
microglia mostly adopt a chronic proinflammatory, degeneration-associated fate.

Disease duration, clinical course, age, and gender contribute to the dynamic nature of white matter
MS pathology. Active MS plaques predominate in acute and early RRMS and are the likely substrate
of clinical attacks. Progressive MS transitions to an accumulation of smoldering plaques
characterized by microglial activation and slow expansion of pre-existing plaques (Frischer et al.,

2015).
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While gadolinium enhancement serves as a reliable marker of acute, active, lesions, detection in
vivo of mixed active/inactive lesions confined behind an intact blood-brain-barrier remains
challenging. MRI with a gradient echo sequence is sensitive to iron and has been explored by many
investigators to detect an iron rim in mixed active/inactive lesions as a paramagnetic rim lesion (PRL)
(Absinta et al., 2016, 2013; Bagnato et al., 2011; Dal-Bianco et al., 2021, 2017; Hammond et al.,
2008; Maggi et al., 2020). PRLs are detected in about half of MS patients, with a median of 1 PRL
per subject, representing 4-6% of total MS lesions. In several independent cohorts, a higher number
of PRLs was associated with ongoing degeneration and with a more aggressive disease course
(Absinta et al., 2019; Blindenbacher et al., 2020; Hemond et al., 2022; Maggi et al., 2021).

It should be noted that gradient echo, as well as phase contrast sequences, reflect more than just
the presence of iron, but rather is affected by a combination of local tissue susceptibility properties
that can include loss of diamagnetic myelin, changes in paramagnetic deoxyhemoglobin, and
presence of free radicals. Quantitative susceptibility mapping (QSM) provides an effective means to
directly map the distribution of susceptibility sources overcoming problems encountered with other
gradient echo approaches, like the field-to-source inversion problem and occurrence of blooming
artefacts. Thus, QSM has been established as a more sensitive and quantitative technique for
measuring brain iron as compared to T2*, R2 and R2* (Deistung et al., 2013). It has been well
established that iron and myelin are the main contributors of magnetic susceptibility in white
matter. While iron is a paramagnetic material with positive susceptibility with respect to water,
myelin is diamagnetic and has negative susceptibility. Accordingly, the susceptibility of a fully
demyelinated lesion without any iron accumulation should be at most zero (when the reference
susceptibility is CSF), and lesion susceptibility above zero on QSM provides a more specific indication
of iron.

A recent combined MRI-histopathological study assessed the specificity of QSM in phenotyping MS
lesions according to their degree of inflammation and demyelination (Rahmanzadeh et al., 2022).
71% of QSM homogenously hyperintense lesions in vivo were chronic inactive lesions at post-
mortem histopathology, while 21% chronic active. About 95% of PRLs appeared as mixed
active/inactive lesions at histology, with iron-laden macrophages-microglia at lesion border. Further
7% chronic active lesions appeared homogenously hyperintense at QSM. Conversely, iso- and hypo-

intense lesions exhibited 100% specificity to histopathologically-defined remyelinated lesions.
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2. THESIS PROJECT

2.1 Background and overarching aims

Despite the use of new high efficacy therapies, complete disease remission is elusive in most MS
patient. This is particularly relevant for patients affected by aggressive MS, who deal with frequent
relapses and accelerated accrual of irreversible disability. No evidence-based criteria exist to guide
the choice on the best treatment approach in these patients and recent international guidelines do
not address this problem.

It is therefore urgent to collect data on available therapies for aggressive MS, analyzing their onset
of action, the intensity of their immunosuppressive effects and their long-term clinical outcomes.
Moreover, given that chronic, smoldering inflammation behind an intact blood-brain barrier has
been identified as one of the most important drivers of disability progression, it is of fundamental
importance to evaluate the impact of therapies on chronic, smoldering neuroinflammation. This is
particularly true for newer treatments, including hematopoietic stem cell transplantation (AHSCT),
which are currently under investigation as a treatment strategy for aggressive MS. Quantitative
susceptibility mapping (QSM) is a promising advanced MRI technique which allows identification of
chronic inflammation within MS lesions. Using QSM it is indeed possible to disentangle MS lesions
heterogeneity and to identify paramagnetic rim lesions (PRLs), which have been proposed as a
biomarker for mixed active/inactive lesions and are known to correlate with a more aggressive

disease course.

Against this background, the overarching aims of this thesis project were to:

1) Assess the long-term outcomes of patients with aggressive MS treated with different highly
active immunotherapies
2) Investigate in vivo the impact of different highly active immunotherapies on chronic

inflammation within MS lesions

For the first aim of this project, we performed three different separate studies evaluating the impact
of (i) AHSCT, (ii) alemtuzumab and (iii) ocrelizumab on clinical and MRI outcomes in patients

presenting an aggressive form of MS.
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For the second aim, we first performed a longitudinal prospective quantitative MRI study evaluating
the impact of AHSCT and other highly active therapies on acute and chronic inflammation in
aggressive MS patients. Then, aiming at comprehensively detect the smoldering inflammatory
component in MS lesions other than PRLs, we performed a combined quantitative MRI study
investigating the relationship between axonal integrity, myelin content and iron deposition in the

entire spectrum of MS lesions.
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2.2 Long-term clinical outcomes of autologous hematopoietic stem cell

transplantation in aggressive multiple sclerosis

Abstract

Objective: To determine whether autologous hematopoietic stem cell transplantation (AHSCT) can
induce durable disease remission in people with aggressive multiple sclerosis (MS), we analyzed the
long-term outcomes after transplant in a large Italian cohort of MS patients.

Methods: To be included, a minimum data set (consisting of age, MS phenotype, EDSS at baseline,
information on transplant technology and at least 1 follow-up visit after transplant) was required.
Results: 210 patients were included [relapsing-remitting (RR)MS=122(58%)]. Median baseline EDSS
was 6(1-9), mean follow-up was 6.2(+5.0) years. Among RRMS patients, disability worsening-free
survival (95%Cl) was 85.5% (76.9-94.1%) at 5 years and 71.3% (57.8-84.8%) at 10 years. In patients
with progressive MS, disability worsening-free survival was 71.0% (59.4-82.6%) and 57.2% (41.8-
72.7%) at 5 and 10 years, respectively. In RRMS patients, EDSS significantly reduced after AHSCT
[p=0.001; mean EDSS change per year -0.09 (95%Cl=-0.15 to -0.04%)].

Conclusions: AHSCT prevents disability worsening in most patients and induces durable
improvement in disability in patients with RRMS. The BEAM+ATG conditioning protocol is associated
with a more pronounced suppression of clinical relapses and MRI inflammatory activity.
Classification of Evidence: This study provides Class IV evidence that for people with MS, AHSCT

induces durable disease remission in most patients.

Study design

This study was an observational, retrospective, multicenter cohort study on AHSCT for the
treatment of MS, collecting data from MS patients transplanted in Italy from 1997 to 20109.

In July 1998, five Italian neurologic teams, together with the Italian Cooperative Group for Bone
Marrow and Blood Transplantation (GITMO), initiated a phase /Il trial on the use of AHSCT in MS18.
Thereafter, other Italian MS centers developed local transplant programs for MS patients, (mostly
identical to those developed by the two leading haemato-neurological centers in Italy -Florence and
Genoa-). Although no formal guidelines on patients’ selection for AHSCT exist, all treated patients

had aggressive MS, characterized by the occurrence of severe relapses or MRl inflammatory activity,
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or accelerated accrual of neurological disability despite active treatment. Patients were treated with
AHSCT according to the European Group for Blood and Marrow Transplantation (EBMT) guidelines
(Sharrack et al., 2020), following the decision of the treating physician and approval of the local
Ethics Committee. Peripheral blood stem cells were mobilized using cyclophosphamide 4 g/sqm in
a single dose followed by filgrastim 10 mcg/Kg/day from day +5 until the completion of stem cells
collection. Apheresis begins according to the CD34+ count and continues until a minimum of 8 x 106
CD34+ cells/kg body weight is obtained. Conditioning regimen included carmustine (300 mg/sgm),
cytosine-arabinoside (200 mg/sqm), etoposide (200 mg/sgm) and melphalan (140 mg/sqm). The
frozen graft containing 3-8 x 106 CD 34+ cells/kg body weight was then thawed and infused iv. Rabbit
Anti-T globulin (ATG) was administered at day +1 and +2 at a total dosage of 5 mg/Kg. Anti-viral
(valaciclovir 1000 mg po qd or acyclovir 800 mg po bid) prophylaxis was administered during
neutropenia and for a minimum of 12 months after discharge and until lymphocytes CD4+
>200/mm3. Antibiotic prophylaxis (trimetoprim-sulphametaxol 500 mg po three times a week or
pentamidin 300 mg inhalation every 28 days) was administered starting from neutrophils

engrafment for a minimum of 12 months after discharge and until lymphocytes CD4+ > 200/mm3.

To be included in the present retrospective study, a minimum data set [consisting of age, MS
phenotype, expanded-disability-status-scale (EDSS) at baseline, information on the transplant
technology and at least 1 follow-up visit after transplant] was required. For the analysis of MRI

disease activity, only patients with yearly brain MRI records were considered.

Study endpoints

The primary endpoint was to analyze the long-term 6 months-confirmed disability worsening as
measured by EDSS. Secondary objectives were the evaluation of (i) the evolution of the EDSS scores
after transplant, (ii) the occurrence of relapses, (iii) the occurrence of MRI inflammatory activity, (iv)
the proportion of patients achieving “no-evidence-of-disease-activity (NEDA) status”, a composite
endpoint which includes the absence of clinical relapses, EDSS worsening and MRI inflammatory
activity. The analysis of the primary and the secondary endpoints generate class IV evidence of the
long-term effects of transplant in people with aggressive MS. Disability worsening was defined as
an increase of 1 point in the EDSS score (0.5 points if the baseline EDSS score was >5.5) confirmed

after 6 months. Baseline was defined as the last neurological assessment before the administration
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of mobilizing therapy. All relapses were clinically assessed by treating neurologists. Follow-up for
any component of NEDA score was not censored by earlier events so that each has an independent
interpretation. MRI activity was defined as the presence of new/enlarging T2 lesions or T1
gadolinium-enhancing lesions detected by radiologists on routine follow up MRI. The baseline brain
MRI (acquired within 3 months before the AHSCT procedure) was the pre-treatment reference scan

for assessment of treatment failure and no re-baseline was performed.

Statistical analyses

The probability of disability worsening-free survival, relapse-free survival, MRI-activity free-survival
and NEDA-3 status was calculated with the Kaplan-Meier estimator. Univariate and multivariate
analyses assessing the association of disease- and treatment-related characteristics with survival
endpoints were performed using Cox proportional hazards regression analysis models. Variables
significantly associated with each outcome event on univariate analysis were included as covariates
in the multivariate model. A linear mixed model with random intercept and random slope was
carried out to detect changes in the EDSS scores before vs after transplant. A two-sided p<0.05 was
used for statistical significance. All analyses were performed using SPSS 23 (IBM; version 23.0) and

R software.

Patients’ demographics and procedures

Patients from 20 Italian MS centers who underwent transplant from 1997 to 2019 were identified
(n=210). Demographic, clinical, and hematological characteristics of the study cohort are
summarized in Table 1. Out of 210 patients, n=196 (93.3%) were eligible for the analysis of the
primary endpoint. As for relapse occurrence, data were available for 198 (94.3%) patients. Serial
brain MRI radiology records were available for 167 (79.5%) patients. At the time of transplant, 122
patients (58%) had a relapsing-remitting (RR) phenotype of MS (RRMS), 86 patients (41%) had

secondary progressive (SP) MS and 2 patients (1%) had primary-progressive MS.

Table 1. Demographic, disease-related and treatment-related characteristics

Study Relapsing-remitting MS (n=122) Progressive MS (n=88)
Cohort
(n=210)
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BEAM+ATG Other conditioning BEAM+ATG Other conditioning
(n=90) protocols (n=32) (n=67) protocols (n=21)

Age, mean (SD), y 34.8 (8.6) 34.0 (8.7) 28.3(5.7) 38.0(7.3) 37.8(9.6)
Females, n (%) 148 (70.5) 64 (71.1) 24 (75.0) 48 (71.6) 12 (57.1)
Disease duration, mean (SD), y 11.0(6.7) 10.3 (6.7) 7.1(3.5) 13.2 (6.7) 13.2(7.2)
EDSS, median (IQR) 6.0 (4.5-6.5) 5.0 (3.0-6.0) 6 (3.0-6.0) 6.5 (6.0-7.0) 6.5 (5.5-7.0)
EDSS one year before AHSCT

Median (IQR) 5.0 (3.0-6.0) 4 (2.5-5.5) 3.5(2.0-5.0) 6 (5.0-6.5) 5.0 (3.5-6.0)

Missing, n (%) 19(9.0) 11(12.2) 0(0) 4(6.0) 2(9.5)
Delta EDSS in the year before
AHSCT

Mean (SD) 0.8 (1.7) 0.9 (2.0) 1.0(2.1) 0.6 (0.7) 0.9 (1.2)

Missing, n (%) 17 (9.0) 11(12.2) 0(0) 4(6.0) 2(9.5)
Number of relapses in the year
before AHSCT

Mean (SD) 1.8 (1.6) 2.2 (1.6) 2.5(1.8) 1.1(1.1) 1.5(1.7)

Missing, n (%) 19(8.1) 9(10.0) 2(6.2) 7(10.4) 1(4.8)
Number of patients with active
MRI scan at baseline
Number (%) 112 (73.2) 37 (75.5) 19 (73.1) 30(85.7) 11 (57.9)
Missing, n (%) 57(27.1) 41 (45.6) 6(18.8) 32 (47.8) 2(9.5)
Number of DMTs before AHSCT

Median (IQR) 3(2-4) 3 (2-4) 3 (2-4) 2 (1-3) 3 (2-4)

Missing, n (%) 8(3.8) 3(3.3) 0(0) 4(6.0) 1(4.8)
Follow-up, mean (SD), y 6.2 (5.0) 5.1(4.4) 7.2 (4.6) 7.6 (5.7) 5.1(3.6)
Follow-up, median (IQR), y 4.2 (2.1- 3.5(2.1-6.9) 6.6 (3.0-12.0) 6.9 (2.3-11.8) 4.9 (1.6-5.1)

10.7)

Conditioning regimes, n (%)
BEAM+ATG 157 (74.8) 90 (100) / 67 (100) /
BEAM 10 (4.8) / 6 (18.8) / 4 (19.0)
FEAM 4(1.9) / 4(12.5) / 0(0)
CY+ATG 27 (12.9) / 15 (46.9) / 12 (57.1)
Thiothepa+CY 10 (4.8) / 6 (18.8) / 4 (19.0)
Others 2(1.0) / 1(3.3) / 1(4.8)

n=number, SD=standard deviation; MS=multiple sclerosis; EDSS=expanded-disability-status-scale;

IQR=interquartile range; AHSCT= autologous hematopoietic stem cell transplantation;
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MRI=magnetic resonance imaging; DMTs: disease modifying therapies; BEAM=conditioning
regimen composed of carmustine, etoposide, cytarabine, melphalan; ATG= rabbit anti-thymocyte
globulin; FEAM=conditioning regimen composed of fotemustine, etoposide, cytarabine,
melphalan; CY=cyclophosphamide

Disability worsening-free survival and the evolution of neurological disability

The probabilities of disability-worsening free survival for the entire study cohort and according to
disease phenotype are reported in Figure 1A and 1B, respectively. In the entire study cohort,
disability worsening-free survival was 79.5% (72.0-86.6%) and 65.5% (55.3%-75.7%) at 5 and 10
years. The RRMS phenotype was associated with a reduced risk of disability worsening [HR (95%Cl)=
0.46 (0.24-0.86), p=0.015], with disability worsening-free survival rates of 85.5% (76.9%-94.1%) at 5
years and 71.3% (57.8%-84.8%) at 10 years. In RRMS, a higher treatment exposure before AHSCT
was associated with a higher risk of disability worsening [HR=1.57 (1.12-2.20), p=0.009]. Among
patients with progressive MS, disability worsening-free survival was 71.0% (59.4%-82.6%) and 57.2%

(41.8%-72.7%) at 5 and 10 years, respectively.

Figure 1. Disability worsening-free survival and the evolution of the neurological disability.

Panel A shows the probabilities of disability worsening-free survival after AHSCT for the entire study
cohort. Panel B shows disability worsening-free survival curves according to the MS phenotype.
Panel C shows the evolution of the neurological disability in patients with RRMS and with

progressive MS.
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EDSS= expanded disability status scale; MS= multiple sclerosis; RRMS= relapsing-remitting multiple

sclerosis.

A higher number of relapses in the year before AHSCT was associated with a lower risk of disability
worsening [HR=0.56 (0.34-0.92), p=0.022]. The use of the BEAM+ATG conditioning protocol did not
influence the probabilities of disability worsening free survivals. Progression-free survival in RRMS
patients who were transplanted with the BEAM+ATG protocol was 81.9% (70.1%-93.7%) at 5 and
10 years. Figure 1C shows the evolution of EDSS scores recorded after AHSCT in patients with RRMS
and progressive MS. Among patients with RRMS, median EDSS scores significantly reduced after
transplant over 10 years [p=0.001, mean EDSS change per year -0.09 (95%Cl=-0.15 to -0.04)]. EDSS
stabilized in patients with progressive MS, with no significant increase over time [p=0.42, mean EDSS

change per year=0.02 (95%Cl=-0.03 to 0.07)].

Secondary endpoints

The probabilities of relapse-free survival, MRI inflammatory activity-free survival and NEDA-3 status
are reported in Figure 2 (RRMS) and Figure 3 (progressive MS), according to the conditioning
regimen used in the transplant technology. For RRMS patients, relapse-free survival was 78.1%
(68.5%-87.7%) and 63.5% (49.4%-77.6%) at 5 and 10 years after AHSCT. In RRMS patients treated
with the BEAM+ATG protocol, relapse-free survival was 86.4% (75.8%-97.0%) and 77.0% (61.5%-
92.5%) at 5 and 10 years. The use of the BEAM+ATG conditioning protocol [HR= 0.21 (0.09-0.49),
p<0.0001] and an older age at transplant [HR=0.94 (0.88-0.99), p=0.034] were independently
associated with a reduced risk of relapses. Among patients with progressive MS, relapse-free
survival was 88.3% (80.7%-96.0%) and 78.9% (63.4%-91.4%) at 5 and 10 years, respectively. The use
of the BEAM+ATG conditioning protocol [HR=0.25 (0.71-0.86), p=0.029] was associated with a
reduced risk of a relapse. In the entire study cohort, relapse-free survival was 82.9% (76.6%-89.2%)

and 71.2% (61.8%-80.6%) 5 and 10 years after AHSCT, respectively.
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Figure 2. Relapse-free survival, MRI inflammatory activity-free survival and No Evidence of Disease

Activity (NEDA-3) status in patients with RRMS.

Panels 2A, 2C and 2E show the probabilities of relapse-free survival, MRI inflammatory activity-free

survival and NEDA-3 percentages for patients with relapsing-remitting MS. Panel 2B, 2D and 2F show

the survival curves according to the conditioning regimen used within the transplant technology.
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Figure 3. Relapse-free survival, MRI inflammatory activity-free survival and No Evidence of Disease
Activity (NEDA-3) status in patients with progressive MS.

Panels 3A, 3C and 3E show the probabilities of relapse-free survival, MRI inflammatory activity-free
survival and NEDA-3 percentages for patients with progressive MS. Panel 3B, 3D and 3F show the

survival curves according to the conditioning regimen used within the transplant technology.
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Probabilities for MRI inflammatory activity-free survival for patients with RRMS were 74.6% (63.2%-
85.6%) at 5 years and 52.7% (35.6%-69.7%) after 10 years. When the BEAM+ATG was used, the MRI
inflammatory activity-free survival was 82.0% (68.5%-95.5%) and 65.5% (45.3%-85.7%) at 5 and 10
years, respectively. The use of the BEAM+ATG conditioning regimen [HR=0.24 (0.11-0.54), p=0.001]
and an older age [HR=0.93 (0.88-1.00), p=0.041] were independently associated with a reduced risk
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of MRl inflammatory activity after AHSCT. In the subgroup of patients with progressive MS, the MRI
inflammatory activity-free survival was at 84.0% (74.2%-93.8%) and 78.7% (65.2%-92.2%) at 5 and
10 years, respectively. The use of the BEAM+ATG protocol was found to be associated with a higher
probability of suppression of MRI inflammatory activity [HR=0.28 (0.08-1.00), p=0.048]. In the entire
study cohort, the percentages of patients free of MRI inflammatory activity were 78.7% (71.1%-
86.3%) at 5 years and 64.3% (52.7%-75.9%) at 10 years.

For patients with RRMS, probabilities of achieving NEDA-3 status were 62.2% (50.6%-73.8%) at 5
years and 40.5% (30.0%-55.0%) at 10 years. In the subgroup of RRMS patients who underwent
AHSCT with the BEAM+ATG conditioning protocol, NEDA-3 status was achieved in 67.7% (53.2%-
82.2%) and 54.9% (37.3%-72.5%) of patients at 5 and 10 years, respectively. In RRMS patients, the
use of the BEAM+ATG protocol [HR=0.27 (0.14-0.50), p<0.001] was associated with a higher
probability of maintaining NEDA-3 status. In patients with progressive MS, NEDA-3 status estimates
were 50.8% (37.3%-64.3%) and 37.3% (22.8%-52.6%) at 5 and 10 years respectively, and no baseline
characteristics were found to be associated with the probability of NEDA-3 status. In the entire study
cohort, NEDA-3 status was achieved in 57.9% of patients (49.1%-66.7%) at 5 years and in 39.8% of
patients (29.2%-50.4%) 10 years after AHSCT.

When comparing the BEAM+ATG conditioning regimen with the cyclophosphamide-based protocols
alone, we confirmed that, in patients with RRMS, the use of the BEAM+ATG was associated with a
lower risk of relapse [HR=0.12 (0.05-0.32), p<0.001], MRI inflammatory activity [HR=0.18 (0.07-
0.48), p=0.001] and with a higher probability of maintaining NEDA-3 status [HR=0.18 (0.09-0.38),
p<0.001] over the entire follow-up. In patients with progressive MS, we did not find any difference

between BEAM+ATG and cyclophosphamide-based regimens on treatment response.

Discussion

Multiple sclerosis-related disability might take many years or decades to develop, and very long
follow-up periods are required to understand the role of treatments for MS.

We herein report the long-term outcomes in a large cohort of aggressive MS patients who
underwent AHSCT in Italy in the last two decades, showing that 65.5% of patients were free of
disability worsening 10 years after transplant, with a disability worsening-free survival greater than

70% in patients with RRMS. In line with previous observations (Muraro et al., 2017), disability
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worsening-free survival in our cohort was higher in RRMS patients with lower treatment exposure,
confirming the notion that AHSCT should be performed early in the course of the disease.

In this study, we had the opportunity to analyze serial MRI records from 167 patients. Available long-
term longitudinal MRI data after AHSCT are scarce and limited by small sample sizes. In our cohort
of patients with RRMS treated with BEAM + ATG, 65.5% of patients were free of MRI inflammatory
activity at 10 years. These results are impressive, considering that MRI activity is seen in 50% to 60%
of patients treated with alemtuzumab and ocrelizumab in a typical 2-year follow-up (Sormani et al.,
2017a). Similarly, the percentages of NEDA-3 status at 5 and 10 years in the subgroup of patients
with RRMS treated with BEAM + ATG (67.7% and 54.9%, respectively) are higher than those reported
in randomized clinical trials for available therapies (Sormani et al., 2017a). However, these data
should be interpreted with caution because patient populations and the follow-up schedules, as
well as the use of a re-baseline MRI scan for MRI activity assessment, differ greatly between clinical

studies.

The optimal intensity of the conditioning regimen for the treatment of MS remains an open
guestion. This is the first study suggesting that the use of the BEAM+ATG conditioning regimen is
independently associated with a reduced probability of relapses, MRI activity and NEDA-3 failure in
patients with RRMS. Our results are in line with the evidence that a high-intensity, busulfan-based
(Atkins et al., 2016), but not a low-intensity cyclophosphamide-based (Curro et al., 2015),
conditioning regimen was able to completely abrogate MRI activity and clinical relapses. These
results are also in line with the evidence that the bone marrow is the major site of memory helper
T cellsand memory plasma cells which are resistant to treatment with cyclophosphamide and that
could be responsible for the maintenance of the autoimmune process over time(Mumtaz et al.,
2012). However, our results should be interpreted with caution because of the relatively small
number of patients transplanted with cyclophosphamide-based regimens. Moreover, the
cyclophosphamide protocols analyzed in this study are slightly different to the one used by Burt and

colleagues(Burt et al., 2019a), preventing direct comparisons.

Limitations

Our work suffers from several methodological limitations. First, the EDSS raters were not blinded to

treatment, and this could have introduced some bias. However, the long-term design of this study
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has partially mitigated this measurement bias. Second, we had no information about the time
between last clinical relapse and transplant start and we could not correct for this confounder when
analyzing EDSS improvement over time, that can be thus overestimated. Third, clinical and MRI
assessments were not systematically performed throughout the study. To overcome this bias, only
patients with 6-months confirmed EDSS assessment and yearly MRI records were included in the

analysis of treatment effects.
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2.3 Aggressive multiple sclerosis: treatment experience with autologous

hematopoietic stem cell transplantation and alemtuzumab

Abstract

Background and purpose: The best therapeutic approach for aggressive relapsing—remitting
multiple sclerosis remains unknown. The objective was to compare the efficacy and safety of
autologous hematopoietic stem cell transplantation (AHSCT) and alemtuzumab in aggressive
relapsing—remitting multiple sclerosis.

Methods: The time to first relapse, time to confirmed disability worsening, time to first evidence of
magnetic resonance imaging (MRI) activity and time to first evidence of disease activity were
compared between the two treatment groups. Secondary outcomes included the 12-, 24- and 36-
month annualized relapse rate (ARR) and the 6-month confirmed Expanded Disability Status Scale
(EDSS) changes at months 12 and 24.

Results: Fifty-seven patients treated with AHSCT (n = 25) or alemtuzumab (n = 32) were included. At
baseline, AHSCT patients had a higher EDSS (median score 6 vs. 3; P <0.001), higher ARR (mean ARR
3.2 vs. 1.7; P = 0.001) and a higher number of baseline T1 gadolinium-enhancing lesions on MRI
(mean number 15.5 vs. 1.6; P < 0.001). NEDA-3 (no evidence of disease activity) status was more
frequently achieved in AHSCT-treated patients than in alemtuzumab-treated patients [75% vs. 56%
of patients at the end of the observation period; hazard ratio (HR) 0.27, 95% confidence interval (Cl)
0.08-0.84; P = 0.023]. AHSCT significantly reduced the risk of relapse (relapse-free survival 84% vs.
69%; HR 0.13, 95% Cl 0.02—-0.63; P = 0.012) and MRI activity (MRI-activity-free survival 85% vs. 59%;
HR 0.13, 95% Cl 0.03-0.59; P = 0.009). The ARR at 36 months was significantly lower in the AHSCT
group (0.05 vs. 0.35, P = 0.02). A significant effect of AHSCT in promoting EDSS improvement
compared with alemtuzumab was noted (P = 0.035).

Conclusions: Alemtuzumab and AHSCT are effective treatment choices for aggressive multiple
sclerosis. AHSCT seems to be superior to alemtuzumab in inducing complete disease control and in

promoting short-term disability improvement.
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Study design

According to Rush et al. (Rush et al., 2015), patients were defined as having aggressive RRMS if one
or more of the following were present: (i) multiple (22) relapses with incomplete resolution in the
past year; (ii) >2 magnetic resonance imaging (MRI) scans showing new or enlarging T2 lesions or
gadolinium-enhancing lesions despite active treatment; (iii) Expanded Disability Status Scale (EDSS)
score 2 4 within 5 years of onset; and (iv) no response to therapy with one or more active disease-
modifying treatments (DMTs) for up to 1 year. All consecutive aggressive RRMS patients treated
with alemtuzumab or with a myeloablative AHSCT protocol were eligible for this study. Patients
were further screened for the presence of an early secondary progressive (SP) phase of MS,
according to the criteria proposed by Lorscheider et al. (Lorscheider et al., 2016)[which consists of
disability progression by one EDSS step (0.5 in patients with EDSS > 6) in the absence of a relapse
and a minimum EDSS score of 4 and pyramidal functional score of 2 with confirmed progression
over 23 months, including confirmation within the leading functional score]. Patients meeting
Lorscheider criteria for SPMS were excluded from the study. All patients provided informed consent

to use their medical history for publication. This study was approved by the local ethical committee.

Study endpoints

The primary objectives were to determine and compare time to first relapse, time to confirmed
disability worsening, time to first evidence of MRI activity and time to first evidence of disease
activity (according to the NEDA-3 definition) in patients treated with AHSCT and in those treated
with alemtuzumab. The secondary objectives were to assess:
e the annualized relapse rate (ARR) at 12, 24 and 36 months

e the 6-month confirmed EDSS changes at 12 and 24 months

Intervention

AHSCT was performed as described in the previous chapter. Alemtuzumab treatment was
administered as scheduled, with the first course consisting of 12 mg/day on 5 consecutive days and
the second of 12 mg/day on 3 consecutive days, 12 months apart. Premedication treatment

included paracetamol, methylprednisolone (1 g iv) and chlorpheniramine hydrochloride. From the
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first day of treatment, all patients started prophylaxis with valacyclovir (500 mg/day for 1 month)
and sulfamethoxazole/trimethoprim (800 + 160 mg 3 times/week, associated with folic acid). In two
patients, where allergy to sulfonamides was reported, antibacterial prophylaxis was not performed.
As for AHSCT patients, antibacterial prophylaxis was discontinued when the T CD4+ lymphocyte
count reached values > 200/mm3. Diet recommendations for listeria prevention were given to all

patients in both treatment groups.

Statistical analysis

The probability of disability-progression-free survival, relapse-free survival, MRI-activity-free
survival and NEDA-3 status was calculated with the Kaplan—Meier estimator. Cox proportional
hazard models were used to compare time to event differences between the two treatment groups.
Confirmed disability progression was defined as an increase of 1 point in the EDSS score (0.5 points
if the baseline EDSS score was > 5.5) confirmed after 6 months. The baseline brain MRI was the pre-
treatment reference scan for assessment of treatment failure. Patients were defined as presenting
NEDA over a given period of time if they did not experience any clinical relapse, disability
progression or any MRI activity over that period. Follow-up for any component was not censored by
earlier events so that each has an interpretation independent of the other components. Five AHSCT-
treated patients did not have regular serial brain MRI scan and were therefore excluded from the
MRI activity and the NEDA-3 probability analyses. The baseline brain MRI (acquired within 3 months
before AHSCT mobilization or alemtuzumab start) was the pre-treatment reference scan for
assessment of treatment failure and no re-baseline was performed. ARRs were compared over 12,
24 and 36 months between the two treatment groups using multivariate analysis, accounting for
the effects of age, sex, baseline ARR and baseline EDSS. Repeated measures ANCOVA, accounting
for age and sex, was carried out in order to detect the interaction treatment 9 time on EDSS changes
over 24 months. Baseline differences between the two groups were assessed using Fisher’s exact
test, the independent samples t test or the Mann—-Whitney U test as appropriate. A two-sided p<
0.05 was considered statistically significant. Statistical analyses were performed using SPSS 23 (IBM;

version 23.0; Armonk, NY).

Study population
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Eighty-five consecutive patients treated either with AHSCT (n = 52) or alemtuzumab (n = 33) at our
institution were screened. Twenty-seven AHSCT patients and one alemtuzumab patient were
excluded from the study because of the presence of the secondary progressive phase of MS,
according to Lublin criteria(Lublin et al., 2014) and Lorscheider criteria for SPMS. All patients with
RRMS met the criteria for aggressive MS according to Rush et al. The final study cohort included 25
AHSCT- and 32 alemtuzumab-treated RRMS patients. Demographic and clinical characteristics are
reported

in Table 1. At baseline, AHSCT patients had higher EDSS (median EDSS of 6 vs. 3; p< 0.001), higher
ARR (3.2 vs. 1.7; p= 0.001) and had more frequently an active baseline MRI scan (88% vs. 43.8%;
p< 0.0001) with a higher number of baseline T1 gadolinium-enhancing lesions (mean number 15.5
vs. 1.6; P < 0.001). Mean follow-up was 50.9 (48.2) months for AHSCT-treated patients and 29.3

( 11.3) months for alemtuzumab-treated patients (p= 0.039).

Table 1. Baseline demographics and clinical features

AHSCT (25) | Alemtuzumab (32)
Females, n (%) 19 (76) 24 (75)
Mean (+SD) age, y 32.1(9.9) 35.1(8)
Median (IQR) EDSS 6 (4.5-7) 3 (1-4)
Median (IQR) EDSS -1 year 4 (3-6) 2 (1-3)
Median (IQR) number of previous DMTs 3(2-4) 2 (1-3)
Mean (+SD) disease duration, y 9.5 (5.4) 7.2 (5.9)
Mean (+SD) ARR 3.2 (1.7) 1.7 (1.6)
MRI activity at baseline, n (%) 22 (88) 14 (44)
Mean (xSD) number of Gd+ lesions 15.5 (28.9) 1.6 (2.7)
Mean (£SD) follow-up, m 50.9 (48.2) 29.3 (11.3)
Previous treatment exposure, n (%)
Naive Patients 0(0) 4(12)
Interferon 17 (68) 21 (66)
Glatiramer Acetate 5(20) 5(16)
Fingolimod 11 (44) 20 (62)
Natalizumab 15 (60) 12 (37)
Dimethyl-fumarate 1(4) 7 (22)
Mitoxantrone 4 (16) 0(0.0)
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Cyclophosphamide 8(32) 4(12)
Azatioprine 4 (16) 1(3)

Time to first relapse, time to disability worsening, time to first evidence of MRI and overall disease

activity

The analysis of the primary end-point (Fig. 1) showed that NEDA-3 status was more frequently
achieved in AHSCT-treated patients than in alemtuzumab-treated patients [75% vs. 56% at the end
of the observation period; hazard ratio (HR) 0.27, 95% confidence interval (Cl) 0.08-0.84; p= 0.023].
AHSCT significantly reduced the risk of relapse (relapse-free survival 84% vs. 69%; HR 0.13, 95% ClI
0.02-0.63; p=0.012) and MRI activity (MRI-activity-free survival 85% vs. 59%; HR 0.13, 95% Cl 0.03—
0.59; p= 0.009). No differences were noted in the proportion of patients with confirmed disability
progression between the two groups (88% vs. 94%; HR 0.25, 95% Cl 0.02-2.86; p= 0.263). A 12-
month MRI re-baseline was performed, in order to assess the effect of a complete cycle of
alemtuzumab on MRI activity. The risk of MRI inflammatory activity remained significantly higher
for alemtuzumab-treated patients compared to transplanted ones (MRI-activity free survival 75%
vs. 85%; HR 0.15, 95% Cl 0.03—0.79; p= 0.025; data not shown). Amongst AHSCT patients who lost
NEDA-3 status, three patients had MRI activity and two patients experienced neurological
worsening. In the alemtuzumab group, reasons for NEDA-3 failure were MRI activity in four patients
and relapses together with MRI activity in 10 patients. Six AHSCT-treated patients started a new
DMT (n = 3 dimethyl fumarate, n = 2 ocrelizumab and n = 1 glatiramer acetate) a mean time of 42.5
(14.8) months after transplant. Nine alemtuzumab-treated patients started ocrelizumab a mean
time of 22.5 (13.1) months after the second course of alemtuzumab. No patient received more than
two alemtuzumab courses. Time to re-treatment was significantly prolonged in the AHSCT group (P

= 0.026).
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Figure 1 Time to first relapse, time to disability worsening, time to first evidence of MRI activity and

NEDA-3 probability.
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Relapses

On multivariate analysis accounting for the effects of sex, age, baseline ARR and baseline EDSS, the
ARR at 12 and 36 months was significantly lower in AHSCT-treated patients (0.0 vs. 0.17, p= 0.03,
and 0.05 vs. 0.35, p=0.02, respectively). The 24-month ARR did not differ between the two
treatment groups (0.1 vs. 0.09). Six out of 15 relapses within the alemtuzumab group occurred
between the first and the second treatment course, whilst nine developed after the second course.
Amongst the eight patients who experienced relapses after the second alemtuzumab course, four
had already experienced relapses between the first and the second treatment course and two had

developed asymptomatic MRI evidence of disease activity.

Disability

Both AHSCT-treated patients and alemtuzumab-treated patients experienced significant EDSS
improvement during the first year after transplant (P < 0.001 and P = 0.001 respectively) (Fig. 2).
The interaction treatment 9 time in repeated measures ANCOVA, accounting for the effects of age
and sex, showed a significant effect of AHSCT in promoting EDSS improvement compared with

alemtuzumab (P = 0.035).

Figure 2. The evolution of neurological disability after treatment start
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Discussion

No evidence-based criteria exist to guide the choice on the correct treatment for aggressive MS. To
the best of our knowledge, this is the first real-world study to assess the efficacy of AHSCT and
alemtuzumab in a cohort of aggressive RRMS patients treated in a single MS center. Although the
patients allocated in the AHSCT group had significantly higher baseline EDSS scores, higher ARRs and
more pronounced MRI activity, AHSCT significantly reduced the risk of relapses and MRI activity,
allowing NEDA-3 status in a higher proportion of patients compared with alemtuzumab. No
differences were noted in time to EDSS progression between the two treatment groups: this finding
could be partly due to the shorter follow-up and to the relative milder disease in alemtuzumab-
treated patients. Interestingly, previous studies(Burt et al., 2015; Nash et al., 2017) were confirmed
showing that transplanted patients experienced sustained EDSS improvement after treatment,
which was more pronounced compared with that seen in alemtuzumab-treated patients.
Accordingly, a few patients started a new DMT after transplant and complete disease control was
achieved in all cases, even when low-efficacy DMTs were used. Whether this is due to a stronger
treatment response following immune resetting after transplant needs to be addressed in further
studies. On the other hand, about one-third of alemtuzumab patients were switched to ocrelizumab
at a mean time of 1.8 years after the second alemtuzumab course. Although additional
alemtuzumab courses seem to improve outcomes (Havrdova et al., 2015), it was decided to switch
our alemtuzumab-refractory patients to ocrelizumab because of the presence of B cell-mediated
secondary autoimmune disorders, the occurrence of concomitant subtle disability progression
and/or the occurrence of inflammatory disease activity after both alemtuzumab courses. Although
data from clinical trials suggest that patients with early relapses after the first alemtuzumab course
still benefit from re-treatment (van Wijmeersch et al., 2020), no such beneficial effect was observed
in our alemtuzumab-treated patients. Accordingly, the risk of MRI inflammatory activity remained
significantly higher for alemtuzumab-treated patients compared to transplanted ones even after a

12-month MRI re-baseline.

Limitations

This study has several limitations. First, this was a retrospective study and the two study populations

were quite unbalanced in terms of age, EDSS score, ARR and MRI activity at the baseline evaluation.
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This is not surprising, considering that AHSCT is an off-label treatment in Italy, and it has been
reserved to the most aggressive MS patients. Despite the significantly higher disease severity, the
MS group treated with AHSCT had a more favorable short-term outcome. Secondly, the clinical
assessment was not blinded, and this might have introduced some bias. However, the use of the 6-
month confirmed EDSS score as a marker of disability worsening and the use of MRl in the case of
suspected relapse has mitigated this bias. In addition, the single-centre design of the study has

minimized the inter-rater variability in evaluating efficacy and safety issues.
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2.4 Predictors of Ocrelizumab Effectiveness in Patients with Multiple Sclerosis

Abstract

Background and aims: Data regarding effectiveness and safety of ocrelizumab in the post-marking
setting are lacking. The aim of our study was to provide effectiveness and safety data of ocrelizumab
treatment in patients with relapsing—remitting (RR-) and progressive multiple sclerosis (PMS) and
to evaluate clinical and immunological predictors of early treatment response, with a special focus
on patients with aggressive MS.

Methods: In this single center prospective observational study, we investigated effectiveness
outcomes (time-to-confirmed disability worsening, time-to-first relapse, time-to-first evidence of
MRI activity and time-to-first evidence of disease activity), clinical and immunological predictors of
early treatment response, and incidence of adverse events (AEs).

Results: One hundred and fifty-three subjects were included (93 RRMS; 84 females). Median follow-
up was 1.9 (1.3-2.7). At 2-year follow-up (FU), disability worsening free survival were 90.5%, 64.7%,
and 68.8% for RRMS, primary-progressive MS (PPMS), and secondary-progressive MS (SPMS)
patients, respectively. At 2-year FU, 67.1%, 72.7%, and 81.3% of patients with RRMS, PPMS, and
SPMS were free of MRl activity, with NEDA-3 percentages of 62.1%, 54.6%, and 55.1%, respectively.
Lower baseline EDSS was independently associated with a reduced risk of disability worsening (HR
(95%Cl) = 1.45 (1.05-2.00), p = 0.024) and previous treatment exposure was independently
associated with increased probability of radiological activity (HR = 2.53(1.05-6.10), p = 0.039).
Patients with highly active MS had a higher risk of persistent MRI inflammatory activity (MRI-free
survival 58.3% vs 75.5%, HR = 0.35 (0.15-0.82), p = 0.015) and tended to have lower NEDA-3 rates
(NEDA-3 percentage of 38.9% vs 60.1, HR = 0.48 (0.22-1.02), p = 0.056) compared to patients
without the same baseline characteristics.

Conclusions: Our findings suggest that ocrelizumab is an effective treatment in real-world patients
with RRMS and PMS, with a manageable safety profile. Better outcomes were observed in treatment
naive patients and in patients with a low baseline disability level, while patients failing a previous
therapies had worse outcomes. Depletion of CD8 + cells could underlie early therapeutic effects of

ocrelizumab.

Study design
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This is an observational prospective single-center cohort study conducted at the MS Center of the
University of Genoa, Policlinico San Martino, evaluating effectiveness and safety of ocrelizumab
therapy for the treatment of RRMS and PMS. All participants provided consent to use their medical
history for publication. Ocrelizumab was prescribed and administered by the treating physician to
relapsing forms of MS and early PPMS according to regulatory policies. From March to June 2020,
due to coronavirus disease 2019 (COVID19) pandemic, ocrelizumab was administered following a
tailored approach evaluating the profile risk of each patient (Zecca et al., 2019), according to
international indications (Brownlee et al., 2020). All patients were clinically evaluated every 3
months for assessment of effectiveness and safety. One-hundred forty-five patients (95%)
underwent baseline and follow-up MRI scans at our institution with a standardized 3-T MRI protocol
(Siemens PRISMA). A subset of patients (n = 73) underwent serial blood samples at our institution
every 6 months, before ocrelizumab infusion, for lymphocyte profiling and immunoglobulin

concentration.

Study endpoints

The primary objective of our study was to determine time-to-first relapse, time-to-confirmed
disability worsening, time-to-first evidence of MRI activity, and time-to-first evidence of disease
activity (according to the NEDA-3 definition) in real-life patients treated with ocrelizumab.
Secondary outcomes were to (i) assess efficacy outcomes in patients with recent high disease
activity and those with a relatively high disability at ocrelizumab commencement, (ii) assess clinical
and immunological predictors of early inflammatory activity based on flow-cytometry immune
subsets characterization during ocrelizumab therapy, and (iii) assess safety of treatment. Baseline
brain MRI (acquired within 3 months before ocrelizumab start) was the pre-treatment reference
scan for assessment of treatment failure. As exploratory analyses, re-baseline of MRI activity was
performed 100 and 180 days after ocrelizumab start. Recent highly active MS was defined, based
on the criteria proposed by Rush et al. (Rush et al., 2015), as the presence of MRI activity and at
least one relapse in the year before ocrelizumab start in patients with accelerated accrual of
disability (EDSS = 4.0). Early inflammatory activity was defined as the occurrence of MRI

inflammatory activity or a relapse within the first 12 months of treatment. All the analyses were
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performed on the global cohort of patients and, as sensitivity analyses, in the cohort of patients

with RRMS and progressive MS separately.

Statistical analyses

Descriptive results were reported as mean with standard deviation (SD) or median with interquartile
range (IQR). The probability of disability worsening-free survival, relapse-free-survival, MRI activity-
free survival, and NEDA-3 status was calculated with the Kaplan—Meier estimator. Univariate and
multivariate analyses assessing the association of demographic- and disease-related characteristics
with survival endpoints were performed using Cox proportional hazards regression analysis models.
Variables significantly associated with each outcome event on univariate analysis were included as
covariates in the multivariate model. Differences in lymphocyte subpopulations at different
timepoints were assessed with analysis of covariance, adjusting for age, sex, MS phenotype, and last
DMT before ocrelizumab initiation. Correction was made for multiple comparisons (Bonferroni-p =
0.0028). Univariate and multivariate binary logistic regression analyses were used to explore the
predictive role of clinical and immunological variables in terms of early inflammatory activity. A
time*early treatment response group interaction was included into a linear mixed model with
random intercept and random slope to test differences on lymphocyte subset values time trend
between patients with and without early inflammatory activity. A two-sided p < 0.05 was used for
statistical significance. SPSS 23 (IBM; version 23.0) and R software (version 4.0.3) were used for

computation.

Study population

One hundred and fifty-three consecutive MS patients (93 RRMS, 43 PPMS and 17 relapsing,
secondary-progressive (SP) MS) initiated treatment with ocrelizumab at the MS Center of the
University of Genoa, Policlinico IRCCS San Martino, from July 2017 to July 2020. Demographic- and

disease-related characteristics at ocrelizumab start are reported in Table 1.

Table 1. Demographic and clinical characteristics

Total Cohort RRMS Progressive-MS
(n=153) (n=93)
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Females, n (%)
Age, mean (SD), y

Disease duration, mean (SD), y
EDSS, median (IQR)

Number of relapses in previous 12
months, mean (SD)

MRI activity at ocrelizumab start, n (%)
Number of previous treatment, median
(IQR)

Naive patients, n (%)

Previous exposure to high efficacy DMT,
n (%)

Last DMT, n (%)

Interferon

Glatiramer acetate

Fingolimod

Dimethyl fumarate

Teriflunomide

Natalizumab

Alemtuzumab

Cladribine

Other

Time from DMT discontinuation to
ocrelizumab start, median (IQR), d
Aggressive MS, n (%)

Advanced MS, n (%)

Follow-up, median (IQR) y

Outcomes

84 (54.9)
41.9 (11.4)

10.3 (9.9)
3.5(2-5.5)
0.5(0.7)

91 (59.5%)
1(0-2)

46 (30.1)
58 (54.2)

12 (7.8)

10 (6.5)

26 (17)

13 (8.5)
4(2.6)

9 (5.9)
11(7.2)

2 (1.3)

20 (13.1)
68 (30-501)

17 (11.1)
66 (43.1)

1.9 (1.3-2.7)

60 (64.5)
36.9
(10.2)
9.3(9.2)

2 (2-3.5)
0.8 (0.7)

75 (81.5)
1(0-3)

25 (26.9)
44 (64.7)

7(7.5)

4 (4.3)
24 (25.8)
6 (6.5)

4 (4.3)

6 (6.5)
10 (10.8)
2(2.2)

5 (5.4)
60 (25-
112)

14 (15.1)
22 (23.7)

1.6 (1.11-

2.03)

PPMS
(n=43)
20 (46.5)
49.2
(8.6)

8.4 (6.5)

5.5 (3.5-
6.5)

9 (21.4)
1(0-1)

18 (41.9)
7 (28.0)

4(9.3)
3(7.0)
1(2.3)
5(11.6)
0(0)
0(0)
0(0)
0(0)

12 (27.9)
335 (81-
1157)

30 (69.8)
2.5 (2.0-
3.0)

SPMS
(n=17)

4 (23.5)
50.6 (8.2)

20.8
(14.7)
6 (5-6.5)

0.2 (0.4)

7(41.2)
1(1-3)

3(17.6)
7 (50.0)

1(5.9)
3(17.6)
1(5.9)

2 (11.8)
0(0)
3(17.6)
1(5.9)
0(0)
3(17.6)
859 (132-
2158)

3 (17.6)
14 (82.4)
2.0 (1.2-
2.7)

Total PMS
(n=60)

24 (40.0)
49.6 (8.4)

11.9 (11.0)
6 (3.5-6.5)
0.1(0.2)

16 (27.1)
1(0-2)

21 (35.0)
14 (35.9)

5(8.3)
6 (10.0)
2(3.3)
7 (11.7)
0(0)

3(5.0)
1(1.7)
0(0)

15 (25)

452 (99-1228)

3(5.0)
44 (73.3)

2.3 (1.8-2.99)

Figure 1 (panel A-F) reports the results of the primary outcome. At 2-year FU, 90.5% of patients

with RRMS, 64.7% of patients with PPMS, and 68.8% of patients with SPMS were free of disability

worsening. Two out of five patients with RRMS who experienced disability worsening had highly

active MS and 5/5 experienced progression independent of relapse activity. A total of 95.1% patients

with RRMS were free of relapses at 2-year FU. Four patients had a single relapse at + 27, + 72, + 103,

and + 520 days, respectively. In the RRMS cohort, pre-treatment annualized relapse rate (ARR) was
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0.78 (0.70), 1-year FU ARR was 0.04 (0.18), and 2-year FU ARR was 0.04 (0.21). At 2-year FU, 67.1%
RRMS patients, 81.3% PPMS patients, and 72.7% SPMS patients were free of MRI evidence of
disease activity. After a 100-day re-baseline of MRI activity, percentages of patients without MRI
activity increased to 82.1%, 83.8%, and 72.7% for RRMS, PPMS, and SPMS patients respectively.
After a 180-day re-baseline, percentages increased to 92.1%, 88.4%, and 83.1%. Male sex, RRMS
phenotype, previous exposure to DMT, and baseline active MRI were associated with an increased
risk of MRI activity during ocrelizumab therapy. At multivariate analysis, patients previously treated
with a DMT had an increased risk of MRI activity (HR (95%Cl) = 2.53 (1.05-6.10), p = 0.039). Among
21 patients who experienced MRI inflammatory activity within 180 days, only 1 patient had further
MRI activity at + 520 days. At 2-year FU, NEDA-3 percentages were 62.1%, 54.6%, and 55.1% for
RRMS, PPMS, and SPMS respectively. After a 100-day re-baseline of MRI activity, NEDA-3
percentages increased to 71.9%, 71.4%, and 57.9% respectively. NEDA-3 rates after a 180-day re-
baseline were 77.1%, 71.9%, and 67.3% for RRMS, PPMS, and SPMS respectively. Naive patients had
a higher probability of achieving NEDA-3 status (HR 0.48 (0.25-0.94), p = 0.032) (Fig. 1, panel H).
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Figure 1. NEDA-3 status and individual components during ocrelizumab therapy in relapsing-

remitting and progressive MS
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Ocrelizumab in patients with Highly Active MS

Patients with highly active MS had a higher risk of persistent MRI inflammatory activity (MRI-free

survival 58.3% vs 75.5%, HR = 0.35 (0.15-0.82), p = 0.015) and tended to have lower NEDA-3 rates

(NEDA-3 percentage of 38.9% vs 60.1, HR = 0.48 (0.22-1.02), p = 0.056) compared to patients

without the same baseline characteristics.

Predictors of Early Inflammatory Activity

Out of 145 patients, 30 (20.7%) had early inflammatory activity in the first year of treatment. The

RRMS phenotype (OR 3.19 (1.21-8.39), p = 0.019) and MRI activity at baseline (OR 0.21 (0.07—-0.59),

p = 0.003) were associated with an increased risk of early inflammatory activity. Leukocyte, total

lymphocyte, CD4+, CD8+, and CD19+ cell counts during the first year of ocrelizumab therapy are

reported in Table 2.

Table 2. Lymphocyte subsets during the first year of treatment.

Baseline
Available, n
Leucocytes,
N/mm?3
Lymphocyte,
N/mm?3
CD3+, N/mm?3

CD4+, N/mm?3
CD8+, N/mm?3
CD19+, N/mm?3
6 months
Available, n
Leucocytes,
N/mm?3
Lymphocyte,
N/mm?3

Total
Cohort

73

6273
(2262)
1793
(771)
1259
(602)
807 (446)
439 (214)
291 (257)

73
5712
(1666)
1388
(547)

Treated

55
6064
(2208)
1680
(801)
1158
(624)
742 (463)
411 (224)
289 (244)

55
5681
(1737)
1306
(554)

Treatment-
Naive

18
6913
(2368)
2139 (557)

1568 (404)

1006 (323)
526 (153)
299 (303)

18
5806
(1469)
1639 (451)

Treated
vs Naive
p value®

0.254
0.050
0.022*
0.047*

0.088
0.960

0.870

0.036*

With early
inflammatory
activity

17
6501 (3232)

2030 (1188)
1452 (879)
922 (641)
515 (263)

334 (366)

17
5991 (1386)

1564 (666)

Without
early

inflammatory

activity

56

6205 (1908)
1721 (587)
1201 (484)
772 (367)
416 (193)

279 (217)

56
5627 (1745)

1335 (501)

With vs
without early
inflammatory
activity

p value®
0.522

0.088

0.085

0.172

0.064
0.407

0.209

0.049*
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CD3+, N/mm3 1122 1042 1367 (419) 0.027* 1327 (617) 1060 (454) 0.014*
(505) (508)

CD4+, N/mm3 714 (367) 652 (366) 903 (309) 0.016* 824 (446) 680 (338) 0.046*

CD8+, N/mm3 369 (192) 352 (196) 421 (176) 0.305 484 (214) 334 (173) 0.001**

CD19+, N/mm?3 19 (32) 23 (36) 7 (11) 0.084 29 (46) 17 (27) 0.495

12 months

Available, n 61 45 16 11 50

Leucocytes, 6306 6296 6334 0.912 5432 (1499) 6532 (2926) 0.482

N/mm3 (2704) (3055) (1314)

Lymphocyte, 1488 1359 1868 (476) 0.022* 1513 (561) 1528 (661) 0.584

N/mm3 (655) (669)

CD3+, N/mm3 1204 1091 1525 (476) 0.012* 1233 (493) 1211 (533) 0.469
(524) (496)

CD4+, N/mm3 780 (356) 695 (328) 1020(330) 0.003* 760 (320) 794 (365) 0.759

CD8+, N/mm3 397 (224) 370(228) 471(199) 0.251 456 (314) 387 (201) 0.199

CD19+, N/mm?3 25 (70) 32 (81) 5(7) 0.267 11 (14) 28 (78) 0.314

While no significant differences in cell count were present at baseline, at 6-month FU, patients with
early inflammatory activity had higher total lymphocytes, CD3+, CD4+, and CD8+ cell counts
compared with stable patients. Only difference in CD8+ cell count survived Bonferroni correction
for multiple comparisons. Using linear mixed model, CD8+ cell decrease at 6-month FU was less
pronounced in patients with early inflammatory activity (p = 0.022), while no significant differences
were noted in the dynamics of CD4 + and CD19 + counts. When including CD4+, CD8+, and CD19 +
cell counts to MS phenotype and MRI baseline activity in a logistic regression model predicting early
inflammatory activity, CD8+ count was the only independent variable associated with outcome (OR

1.005 (1.001-1.009), p = 0.019).

Discussion

We herein provide single-center effectiveness and safety data about ocrelizumab treatment in
relapsing—remitting and progressive MS patients, prospectively followed in a real-world setting for
a median follow-up of almost 2 years. Our cohort consisted of a heterogeneous group of patients
with a large variety in terms of age, disease activity, phenotype, treatment history, and
comorbidities, and included a relatively high number of patients with recent high disease activity.

In the RRMS population we observed that, at 2-year FU, 95.1% patients were free of relapses, 90.5%
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patients free of disability worsening, and 67.1% patients free of MRI activity, with an overall
percentage of patients reaching NEDA-3 of 62.1%. The ARR decreased from 0.78 to 0.04 (at 1- and
2-year FU), which is in line with the relapse rate at 2-year FU reported in the OPERA | and Il studies
(0.16)(Hauser et al.,, 2020). Despite such encouraging results, we observed some evidence of
persistent MRI activity in the first year of treatment, both in RRMS and PMS patients (MRI activity-
free survival at 2 years of 67.1%, 81.3%, and 72.7% for RRMS, PPMS, and SPMS patients,
respectively). The post hoc analysis pooling results of phase Il and Il trials suggested that
ocrelizumab efficacy in terms of MRI outcome is evident as early as 4 weeks, and nearly complete
by week 8(Barkhof et al., 2019). We performed a re-baseline of MRI activity at 100 and 180 days
after ocrelizumab start and observed that percentages of MRI activity free patients increased to 73—
82% and to 83-92%, respectively. Accordingly, NEDA-3 percentages after 180 days of treatment
increased to 77.1%, 71.9%, and 67.3% for RRMS, PPMS, and SPMS respectively. These results are in
line with the post hoc analysis of the OPERA trial, in which the proportion of patients reaching NEDA-
3 status was 72.2% after a 24-week re-baseline. In RRMS patients, the presence of inflammatory
activity at baseline MRl and a previous DMT exposure were associated with an increased risk of MRI
activity during ocrelizumab treatment, with previous DMT exposure being the only independent
variable associated with worse outcome at the multivariate analysis. These results are in line with
those from an independent cohort of patients treated with ocrelizumab, in which lower baseline
EDSS and higher previous relapse rate were associated with an increased risk of early inflammatory
activity during ocrelizumab treatment (Signoriello et al., 2022).

We also observed significantly lower rates of MRI activity free survival (58.3%) in the subgroup of
patients with highly active MS, compared to the total cohort of patients. Since a rapid effect in
controlling MRI activity is critical to minimize brain damage and prevent accumulation of disability
in aggressive MS, these results suggest that in patients in whom immediate and complete disease
control is warranted, DMTs with more rapid immune-ablative action should be considered.

It is generally believed that the impairment of the antigen presenting capacity of B cells is one of
the major mechanisms underlying the therapeutic efficacy of ocrelizumab. However, a subset of T
cells, mainly CD8+, also expresses CD20 and represents a highly activated cell population CD20+ T
cells have been found to be increased in MS patients, representing almost 20% of all CD20+
expressing cells (Gingele et al., 2018). It has been recently showed that ocrelizumab reduces CD20+
T cells after 6 months of treatment, in line with similar findings found during treatment with

rituximab (Fernandez-Velasco et al., 2021).
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We showed that patients with persistent early inflammatory activity during the first year of
treatment had higher levels of CD8 + cells at 6-month FU as compared with stable patients. Although
our evidence is limited, we cautiously speculate that the decrease in CD8 + cells is driven, at least
partially, by the reduction of CD20 + T cells induced by ocrelizumab. Indeed, a transient reduction
in CD8 + cells has been reported in phase Ill trials and in real-life patients (Capasso et al., 2021), but
to date no evidence exists on the possible therapeutic effect of this cellular subset reduction. Since
these findings are based on immunophenotyping data collected in clinical practice, we could not
validate them with double staining analyses and thus provide a mechanistic explanation for our
observations. Larger studies exploring the effect of ocrelizumab treatment on CD20 + CD8 + cells

and its possible association with clinical outcomes are needed to confirm our findings.

Limitations

Our study has several limitations, including the lack of spine MRI, patients’ BMI, and a relatively
short follow-up. In addition, flow cytometry immune subset characterization was available only for
a subgroup of patients. Finally, pre-treatment brain MRI were acquired within 3 months of
ocrelizumab start and not just before treatment commencement; thus, we cannot rule out whether
part of the persistent MRI activity we observed during the first months of treatment occurred before

treatment start.
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2.5 Impact of highly active immunotherapy on acute and chronic

neuroinflammation in aggressive multiple sclerosis

Background and aims

Aggressive multiple sclerosis, which affect 4-14% of MS patients, is characterized by severe relapses,
accelerated accrual of disability and poor response to treatment (lacobaeus et al., 2020). To date,
no evidence-based criteria exist to guide the choice on the best treatment approach in these
patients. As a result, the recently updated/published guidelines from the American Academy of
Neurology (Rae-Grant et al., 2018) and the European Academy of Neurology/European Committee
on Treatment and Research in MS (Montalban et al., 2018) do not address the management of
patients with aggressive MS. Several disease modifying therapies (DMTs) are used in clinical practice
in patients with highly active MS, such as alemtuzumab, natalizumab, ocrelizumab and cladribine.
Moreover, in the last 10 years, intense immunosuppression followed by autologous hematopoietic
stem cell transplantation (AHSCT) has been increasingly explored as a treatment strategy for
aggressive MS. The rationale of AHSCT in MS is to eliminate self-reacting cell clones and to induce
long-term self-tolerance through a profound renewal of the immune system (Mancardi et al., 2018).
To date, only two controlled studies have compared AHSCT with highly active DMTs in patients with
aggressive MS (Burt et al., 2019b; Mancardi et al., 2015), suggesting that AHSCT allows more
complete disease control compared to standard DMTs.

However, these studies lack robust MRI analyses aimed at investigating the effect of treatments on
advanced metrics of acute and chronic neuroinflammation, limiting our comprehension of the real
extent of the immunosuppressive effects of the different treatments. In particular, the impact of
available highly active DMTs and AHSCT on chronic smoldering inflammation, which is now
recognized as a main driver of disability progression in MS, is still unknown. Recent advanced MRI
techniques hold promise to visualize in vivo compartmentalized chronic neuroinflammation.
Susceptibility MRI allows identification of paramagnetic rim lesions (PRLs), reflecting MS lesions with
a peripheral rim of activated macrophages/microglial cells loaded with iron. Susceptibility MRI is
thus a potential candidate to monitor treatment response, as recently reported during treatment
with dimethyl-fumarate (Eisele et al., 2022; Zinger et al., 2022). Of interest, to date no study has
specifically addressed PRLs evolution after AHSCT. Two pathological studies of MS lesions in patients

who underwent AHSCT demonstrated an almost complete suppression of brain lymphocytes and
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macrophages/microglial cells (Metz et al., 2007; Wundes et al., 2017) in the short and long-term

follow-up.

Finally, in addition to the assessment of new/active and smoldering lesions, MRI can be used to
monitor the impact of immunotherapies in MS by tracking quantitatively changes in the normal
appearing structures of the brain. For example, diffusion imaging can be used to measure changes
in the integrity of white matter, providing information on the impact of immunotherapies on diffuse
myelin and axonal damage.

We organized this prospective observational study including consecutive patients affected by
aggressive MS and treated with highly active DMTs, including AHSCT. Patients were scanned with a
standardized quantitative MRI protocol at disease breakthrough (before treatment start) and at 6,
12 and 24 months.

The main aim of this study was to assess and compare the impact of different highly active
immunotherapies, in reducing acute and chronic neuroinflammation. Main objectives were to
analyze the occurrence and the evolution of paramagnetic rim lesions and the degree of

microstructural damage in the normal-appearing white matter.

Methods

Consecutive MS patients affected by aggressive MS and treated with highly active DMTs from the
MS Center of the University of Genoa were included in this ongoing study.

All patients had recent (<30 days) MS relapse with EDSS increase of at least 1 point while on standard
DMT for at least 6 months and the occurrence of at least one gadolinium enhancing lesion at
brain/spine MRI. We also included treatment naive patients in presence of negative prognostic
factors indicating the necessity to start a highly active DMT (spinal cord lesions, multiple early
relapses and/or accelerated disability progression).

Subjects have been scanned with a 3T Siemens Prisma Scanner equipped with a 64 channels head
coil at disease breakthrough and at 6, 12 and 24 months. MRI protocol included:

-Fluid attenuation inversion recovery (repetition time -TR-/inversion time-Tl/echo time -TE-:
5000/1800/393 ms; resolution 0.4x0.4x1 mm)

-3D sagittal T1 MPRAGE (TR/TE: 2300 ms/919 ms/2.96 ms; resolution 1 x 1 x 1 mm 3)
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-Sagittal segmented echo-planar imaging (EPI) providing T2* magnitude and phase contrasts (TR/TE:
64/35 ms; resolution 0.65x0.65%0.65 mm3)

-Twice-refocused spin echo echo-planar imaging sequence for multi-shell diffusion-weighted images
(TR/TE:4500/75 ms; 107 diffusion directions distributed in 5 shells with b-value up to 3000s/mm?2
plus 7 non weighted images acquired with both anterior-posterior and posterior-anterior phase
encoding directions; resolution 1.8x1.8x1.8 mm3)

-T1 space post gadolinium injection (TR/TE: 700/12 ms; resolution 1x1x1 mm3)

MRI preprocessing

The presence of gadolinium enhancing/new MS lesions was inspected by one experienced
neuroradiologists. FLAIR lesions were manually segmented using Jim (Xinapse System).

After MS lesion filling of the high-resolution T1, total brain, grey matter and white matter volumes
were obtained with SPM12. Brain volume changes were assessed using SIENA, part of FSL. Magnetic
susceptibility maps were obtained from 3D-EPI using a custom Matlab code (The MathWorks
Inc.,Natick,USA) with STlsuite routines for phase unwrapping, background phase removal and dipole
deconvolution. A neurologist with experience in neuroimaging (> 5 years) identified paramagnetic
rim lesions in all scans (after alignment of all MRI scans to a half-way-space using ANTSs), excluding
gadolinium-enhancing lesions. Some examples of PRLs in this population are shown in Figure 1.
dMRIs were pre-processed using a combination of FSL and MRtrix3 following these steps: denoising,
movement artifacts and susceptibility induced distortions removal, Bl-bias correction. We
subsequently extracted the intra-axonal signal fraction (SMT-intra), and the mean and transversal
diffusivities (SMT-extramd and SMT-extratrans) of multicompartment spherical mean technique

(SMT) using Kaden’s official toolbox.

Figure 1. Examples of paramagnetic rim lesions in patients with aggressive multiple sclerosis.
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Study population

Table 1 reports the baseline characteristics of the study population. We included 8 people with
aggressive MS who underwent AHSCT, and 11 patients treated with highly active DMTs
(ocrelizumab, natalizumab and cladribine). All transplanted patients experienced a breakthrough
disease activity while on DMT, while 5 patients in the “other DMTs” group were treated naive. Mean
number of gadolinium enhancing lesions was 8 in the AHSCT group and 3 in the “other DMTs” group.
For 4/8 transplanted patients, longitudinal assessment of PRLs was not possible (n=2 bad baseline

image quality, n=2 T2* magnitude and phase contrasts not acquired in the MRI protocol).

Table 1. Baseline demographic, clinical and MRI characteristics
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AHSCT Highly active disease

(n=8) modifying therapies
(n=11)

Age, y, mean (SD) 37 (7) 38 (11) ns
Female, n (%) 7 (87) 8 (73) ns
EDSS, mean (SD) 5.1 (1.0) 3.2(1.5) 0.02
Disease duration, y, mean (SD) 12.8 (8.0) 8.1 (7.5) ns
Active Progressive MS, number (%) 2 (25) 1(9) ns
Disease breakthrough on DMT, n 8 (100) 6 (55) 0.02
(%)
Therapy, name (number) * Ocrelizumab (5)

- » Natalizumab (3)
* Cladribine (3)

FLAIR lesion volume, mL, mean 30.0 (25.0) 17.4 (13.1) ns
(SD)
Gadolinium enhancing lesion, mean 8 (11) 3(2) ns
(SD)
Normalized brain volume, mL, mean 1293 (121) 1368 (153) ns
(SD)

At baseline, 12 patients (80%) exhibited at least one PRL, with a median number of PRL per patient

of 2 (IQR=1-3). In each subject, PRLs represented in mean the 5% (IQR=1.5-10%) of total MS lesions.

Over 2 years, none of AHSCT patients had new/gadolinium-enhancing MS lesions, compared to 4

patients (36%) in the “other DMTs” group. Most of the PRLs persisted unchanged over time in both

treatment groups. In 3 patients (2 AHSCT treated patients, 1 treated with cyclophosphamide

followed by ocrelizumab) a reduction in rim intensity or a change in the QSM hyperintensity pattern

change was observed. Figure 2A shows a PRL remaining stable over 2 years in a transplanted patient,

figure 2B and 2B show two PRLs exhibiting a reduction in rim intensity/change in hyperintensity

pattern.
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Figure 2. Dynamics of paramagnetic rim lesions under highly active treatments. Figure 2A shows a
PRL remaining stable over 2 years in a transplanted patient, figure 2B and 2B show two PRLs
exhibiting a reduction in rim intensity/change in hyperintensity pattern in transplanted patients and

a patient treated with ocrelizumab, respectively.
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Over 2 years, none (0/4) of AHSCT patients developed a new PRL, while they appeared in 2/11
patients in the highly active DMT group (Figure 3).

Figure 3. A new lesion with paramagnetic rim occurring during treatment with natalizumab.

Finally, we analyzed the dynamics of the diffusion-derived metrics in the normal-appearing white
matter in the two treatment groups. Figure 4 reports the boxplot of intra-axonal signal fraction
(SMT-intra), and the transversal diffusivities (SMT-extra trans) derived from multicompartment
spherical mean technique. NAWM of patients treated with other DMTs showed increased extra-
trans values over 1 year, while slightly decreased/stabilized in the transplanted patients (repeated
measures GLM, interaction time*treatment group p=0.006). No significant differences were noted

in the SMT-intra values.

Figure 4. Intra and extra-axonal diffusion fractions after treatment start.
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Conclusions

Results from this study confirm that in people with aggressive MS, highly active DMTs are associated
with a significant reduction of acute CNS inflammation, with AHSCT being associated with the
strongest effect on both focal and diffuse neuroinflammation. No active MS lesions appeared after
AHSCT, which was also associated with the most profound impact on diffuse inflammation in the
normal appearing white matter. Diffusion derived metrics of axonal and myelin integrity
ameliorated in AHSCT group starting from the first months after the procedure. Since a rapid effect
in controlling MRI activity is critical to minimize brain damage and to prevent accumulation of
disability in aggressive MS, these results support the idea that in patients in whom immediate and
complete disease control is warranted, rapid immune-ablative action achieved by AHSCT could be a

valuable option.

Interestingly, we confirm that PRLs are frequent in patients with an aggressive disease course, being
detectable in 80% of our cohort. Such rates are higher the ~50% reported in other studies analyzing
mixed cohort of patients (Absinta et al., 2016, 2013; Bagnato et al., 2011; Dal-Bianco et al., 2021,
2017; Hammond et al., 2008; Maggi et al., 2020). While it is known that PRLs do occur from the
beginning until the late phases of multiple sclerosis, some authors found that PRLs are more
frequent in RRMS (Dal-Bianco et al., 2021), while others found higher rates of PRLs in progressive
MS (Absinta et al., 2019). According to our results, it is likely that these discrepancies are due to the

proportion of patients with an aggressive disease course included in the different studies. Moreover,
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this finding highlights the potential role of PRLs, which are known to be associated with an increased
risk of disability worsening (Absinta et al., 2019; Maggi et al., 2021), in selecting candidate patients
for AHSCT.

Our results show that PRLs tend to persist over time, despite the use of highly active
immunosuppression, including AHSCT. These results are in line with several studies, showing that
PRLs tend to remain stable despite active treatment. In a long-term follow-up study of PRLs (Dal-
Bianco et al., 2021), most patients were treated with a first-line or a second-line DMT (75%) and no
effect of treatment was noted in PRLs evolution/disappearance. Similarly, TSPO-PET studies
evaluating the impact of highly active therapies (Sucksdorff et al., 2019, 2017), including rituximab
(Lehto et al., 2022), on rim lesions, showed a slight reduction of the PET signal within the rim, rather
than a complete suppression of PRLs. Similarly, we found that some PRLs exhibit changes in the
intensity and the distribution of QSM signal over time, which could be related, at least in part, to
highly active CNS penetrant drugs treatment used in these patients (BEAM+ATG transplant in 2
patients and cyclophosphamide + ocrelizumab in one patient). Quantitative analysis of QSM signal,
rather than simple qualitative assessment, might be more sensible to detect changes in chronic
infiltrates within PRLs and should be performed in future studies. It should be finally remembered
here that iron accumulation after inflammatory demyelination may contribute to lesion repair
rather than inflammatory demyelination per se, as a consequence of an increased perivascular iron

deposition and increase uptake by oligodendrocytes during remyelination.

It is noteworthy that no PRLs evolved during follow-up in patients treated with AHSCT or
ocrelizumab, while one lesion became PRL under natalizumab treatment. If confirmed, these results
could in part explain the long-term effects of these treatment on disability evolution. However,

bigger sample sizes and longer follow-ups are needed to confirm these preliminary findings.
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2.6 Deep multiple sclerosis lesion phenotyping using multimodal quantitative MRI

Abstract

Quantitative MRI has the potential to disentangle the heterogeneity of multiple sclerosis (MS)
lesions in vivo, which can be decisive for treatment and monitoring. In this study, we distinguished
different types of MS lesions based on quantitative susceptibility mapping (QSM) and characterized
them using T1 relaxometry, diffusion imaging and myelin mapping. We identified four types of
lesions (hypo-isointense, homogeneous hyperintense, inhomogeneous hyperintense and
paramagnetic rim), which were characterized by increasing degrees of axonal and myelin disruption.
Paramagnetic rim lesions were closer to the periventricular CSF, corroborating the presence of a

noxious activity of CSF in MS pathology.

Background and aims

Neuropathological studies have shown that multiple sclerosis (MS) lesions are heterogeneous in
terms of axonal and myelin damage as well as immune cells infiltrates (Kuhlmann et al., 2017). In
QSM, MS lesions may appear hyper-, iso-, or hypointense, compared to the surrounding tissue.
Particularly, QSM hypo- and isointense lesions have been recently described as a potential
biomarker for remyelinating lesions (Rahmanzadeh et al., 2022). Conversely, QSM hyperintense
lesions seem to correspond to more destructive lesions. Of note, the hyperintense QSM signal may
be confined to the borders of the lesion (paramagnetic rim lesions) or distributed within the lesion
itself. Lesion localization has been proposed as one of the possible responsible for lesion
heterogeneity, as lesions closer to the ventricular CSF seem to be more destructive and less likely
to undergo remyelination, while remyelinated lesions are more likely in the deep white matter

(Tonietto et al., 2022).

For a more comprehensive classification and a better understanding of lesion heterogeneity in MS,

in this study we aimed to:
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i. Identify different MS lesion types using QSM and to characterize them using relaxometry, myelin

mapping, and diffusion MRI.

ii. Characterize the spatial distribution of different lesion types with respect to the ventricular CSF.

Methods

Fifty-two people with MS (34 females, age=44, interquartile range -IQR- 32-52, 40 relapsing-

remitting -RR- and 12 secondary progressive -SPMS-) and 24 healthy controls (-HC-,16 females,

age=38, IQR 27-52) were scanned at 3T (MAGNETOM Prisma, Siemens Healthcare) using the

following sequences:

3D-FLAIR (TR/TE/TI=5000/393/1800ms, resolution=0.4x0.4x1mm3, TA=6'37"); 4.6x
accelerated compressed sensing MP2RAGE research application
(TR/TE/TI1/T12=5000/2.9/700/2500ms, resolution=1mm isotropic,TA=3"40")
segmented 3D-EPI for QSM9 (TR/TE=64/35ms, resolution=0.65mm isotropic)
McGRASE10 research application (TR=1000ms,32 TE in [10.36, 331.52] ms,
resolution=1.8mm isotropic, CAIPIRINHA11 3x2, TA=9"39")

multi-shell dMRI with 107 directions and b-value up to 3000s/mm2
(TR/TE=4600/75ms, resolution=1.8mm isotropic, TA=8'58") and 12 measurements of

b-value 0s/mm?2 with reversed phase encoding.

Figurel illustrates the native and derived images.

Figure 1. Selected axial slices of the protocol MRI sequences and the relative quantitative maps
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FLAIR lesions were automatically segmented using SinLab (Sienalmaging,ltaly), while WM masks
were obtained using FreeSurfer and removal of subcortical nuclei segmented through FIRST. From
the gMRI, we derived the following: averaged T1 from MP2RAGE; magnetic susceptibility maps from
3D-EPI using a custom Matlab code (The MathWorks Inc.,Natick,USA) with STIsuite routines for
phase unwrapping, background phase removal and dipole deconvolution; average T2 of intra- and
extra-axonal space, myelin, intra- and extra-axonal and free water fractions (MWF, IEWF and FWF)
from mcGRASE. dMRIs were pre-processed using a combination of FSL and MRtrix3 following these
steps: denoising, movement artifacts and susceptibility induced distortions removal, Bl-bias
correction. We subsequently extracted the intra-axonal signal fraction (SMT-intra), and the mean
and transversal diffusivities (SMT-extramd and SMT-extratrans) of multicompartment spherical

mean technique (SMT) using Kaden’s official toolbox.

Lesions classification

We identified MS lesions based on T2-FLAIR hyperintensities and then, after affine co-registration
between FLAIR and QSM, we used the corresponding QSM signal to classify lesions as hypo-
isointense versus hyperintense. The latters were further classified according to the spatial pattern
of QSM hyperintensity. We thus obtained 4 classes of lesions:

1.Hypo-isointense lesions
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2.Homogeneous hyperintense lesions, characterized by a homogeneous distribution of
hyperintensity along the whole lesion

3.Inhomogeneous hyperintense lesions, characterized by the presence of a scattered hyperintensity
without a homogeneous pattern

4. Paramagnetic rim lesions (PRLs), defined by the presence of a hyperintense rim with a relative
hypointense center

Figure 2 shows examples of the 4 classes of lesions.

Figure 2. Lesions classification based on QSM signal intensity and pattern
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After non-linear registration of each map and lesion mask onto the MNI152 space, average
microstructural metrics within the different maps were extracted inside each lesion. For QSM

values, we created an atlas using the HCs maps and we computed values inside each region as:

QSMlesion = meanielesion(QSMpatient(Voxeli) - QS