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A Giovanni,
”Non aspirare alla vita immortale,
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ABSTRACT

AIM: Autologous hematopoietic stem cell transplant (AHSCT) has proven to be an
effective treatment for aggressive multiple sclerosis (MS). It is associated with
significant risks and an increased rate of brain atrophy in the first months after the
procedure has been observed using MRI. Whether this phenomenon is caused by drug-
induced neurotoxicity or pseudoatrophy is unclear. This study aimed to gain a better
understanding of the impact of AHSCT on brain microstructure by analyzing MRI data
in MS patients treated with AHSCT.

METHODS: MRI data were collected from 17 patients with aggressive MS who
underwent AHSCT between 2006 and 2019 at 2 Italian MS Centers. Patients received
an intermediate-intensity conditioning regimen (16 BEAM+ATG, 1 CY+ATG). MRI
protocol included high-resolution fast-spoiled-gradient-echo 3D T1-weighted
sequence, 3D FLAIR, and axial single-shot spin-echo echo-planar diffusion tensor
imaging (DTI). Brain volumes (total brain -TB-, gray matter -GM-, and white matter
-WM-) were derived using CAT-12, part of SPM. Fractional anisotropy (FA) values
were obtained from DTI.

RESULTS: Volumetric analyses included 14 subjects with 3 MRI scans (mean
follow-up: 626 days) and 8 subjects with 6 MRI scans (mean follow-up: 1794 days).
A significant TBV loss was detected in the first 6-12 months after AHSCT, with
decreased WM volumes (p=0.003). At the same timepoints, FA, which reflects WM
integrity, remained unaltered. After the initial accelerated TBV loss, brain atrophy
slowed down and reached levels comparable to normal aging.

CONCLUSION: Significant early TBV loss is common after AHSCT and is mainly
driven by a reduction in WM volume. In these regions, diffusivity maps obtained from
DTI showed no microstructural changes, suggesting that neurotoxicity from
chemotherapy is not the main driver of BVL in these patients. After an initial

accelerated brain atrophy, volume loss slows down to levels comparable to normal

aging.



Introduction

1.1 Multiple Sclerosis

Multiple Sclerosis (MS) is an inflammatory-degenerative autoimmune disease that
primitively affects the central nervous system causing progressive demyelination and
subsequent neuronal suffering

Within the family of demyelinating disorders, it represents the most common entity
and is currently the leading cause of neurological disability in young and middle-aged
people. Most recent estimates indicate a worldwide prevalence of 2,8 million people
affected®, of which there are currently 133,000 cases in Italy with an incidence of about
3,600 new diagnoses each year®. Previously it was believed that the incidence of
Multiple Sclerosis was higher in countries with high latitudes, but more recent studies
have discarded this hypothesis®. In line with this, Italy today is considered a high-risk
country for developing MS*. It is important to note that many aspects contribute to the
wide variation of the prevalence of this disease in different countries, of which the
main ones recognized are the genetics of the population, the subject's interaction with
the environment, and the presence of medical facilities capable of establishing a
diagnosis, although survival is an essential factor that can be taken into consideration
for developed countries.

The disease’s etiology is unknown; however, subject-related risk factors such as sex,
age, and genetic predisposition play a significant role and are related to environmental
interaction. It is known that the disease tends to appear more frequently in female
individuals with an F:M ratio ranging from 2:1 to 3:1°. This phenomenon, although
also found in other autoimmune diseases, still has no explanation, but it is believed to
be due to the influence of sex-linked genetic factors and hormonal factors. The disease
strikes, on average, around the age of 30 years®. The strongest genetic influence in
MS is mediated by the HLA class Il genes, especially HLA-DR2b; regarding other
genetic factors, the presence of the HLA-DBR1*15:01 haplotype has been recognized
as a predisposing condition: individuals carrying this variant are three times more

likely to develop the disease.



Several environmental factors are associated with the development of MS, the most
important ones being obesity, vitamin D deficiency, cigarette smoking, and Epstein-

Barr virus (EBV) infection, especially in adulthood’.

Multiple Sclerosis's pathogenesis derives from the immune system's uncontrolled
activation against antigens expressed exclusively in the central nervous system. The
immune response is directed against myelin components (especially MBP, myelin
basic protein) and other neuronal elements. Some hypotheses suggest that a
mechanism of molecular mimicry with antigens of viral origin may be the underlying
cause of the genesis of the inflammatory process®. Adaptive immunity is thought to
play a crucial role in activating and maintaining the inflammatory process: CD4+ T
lymphocytes, once activated by antigen presentation, invade the CNS, trespassing the
blood-brain barrier and triggering an immune cascade involving CD8+ T cells and NK
cells. Mainly Type 1 T helper cells (Th1) are involved in the immune response, but
studies show the involvement of the Th17 cells®. Although it was once believed that B
lymphocytes were not relevant in pathogenesis, it is now known that they contribute
to the pathogenetic process by acting as antigen-presenting cells (APCs) along with
macrophages and dendritic cells.

Immunologic activation results in the appearance of focal white matter lesions (WML),
the prominent pathogenetic expression of the disease. These lesions typically occur in
the periventricular white matter, brainstem, optic nerve, and spinal cord (Figure 1).
Demyelination also affects gray matter, characterizing cortical and subcortical lesions
(GML) that are now known to occur not only in advanced stages but already in the

early stages of the disease™®.



Figure 1: Topography of Multiple Sclerosis Lesions. Shown is a schematic of lesion location, calling out
imaging and pathological examples in the periventricular white matter (inset A), subpial cortex (B),
leptomeninges (C), thalamus and pons (D), spinal cord (E), optic nerve (F), and retina (G)!. Reproduced with
permission from Multiple Sclerosis. Daniel S. Reich, M.D., Ph.D., Claudia F. Lucchinetti, M.D., and Peter A.
Calabresi, M.D. Copyright Massachusetts Medical Society. Figure 2-3: Shown are some

From a clinical perspective, Multiple Sclerosis can take on heterogeneous features in
clinical presentation and progression over time.

The first manifestation may be sudden or insidious. If recognized clinically, it is
classified as clinically isolated syndrome (CIS), a form associated with a high risk of
developing the disease, or radiologically isolated syndrome (RIS) if evidenced
incidentally on imaging examinations. Relapsing-remitting Multiple Sclerosis
(RRMS) is the most common and occurs in 85-90% of cases, in which case there is an
acute neurological manifestation with complete remission of symptoms between
episodes. In 15-30% of cases, the relapsing-remitting form tends to evolve within 20-
25 years into a secondary progressive Multiple Sclerosis (SPMS), where permanent
neurological deficits accumulate between disease flare-ups'?. In 10% of cases, the
disease may manifest as primary progressive Multiple Sclerosis (PPMS), with
symptoms gradually worsening from the onset without relapses or remissions. The



current consensus®® characterizes progressive MS based on disease progression and
activity, defining the phenotypes that are shown in Figure 2.
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Figure 2: The 2013 multiple sclerosis phenotype descriptions for relapsing and progressive diseasel3.

Typical disease onset includes optic neuritis, double vision, facial sensory loss,
cerebellar ataxia and nystagmus, partial myelopathy, paresthesia or anesthesia,
asymmetric limb weakness, urge incontinence, and Lhermitte sign (an electric shock-
like sensation that radiates down the back into the legs typically induced by flexion or
other movements of the neck)®. Despite this, multiple sclerosis may begin by
manifesting atypically with other neurologic symptoms. Because cortical and
subcortical gray matter lesions can occur early, cognitive symptoms, once considered

more typical of advanced forms, can also appear in the initial stages*.

Symptoms Percentage of cases Symptoms Percentage of cases
Loss of sensibility 37 Lhermitte sign 3
Optic neuritis 36 Pain 3
Weakness 35 Dementia 2
Paresthesia 24 Vision loss 2
Diplopia 15 Facial paralysis 1
Ataxia 11 Impotence 1
Vertigo 6 Myokymia 1
Paroxysmal symptoms 4 Epilepsy 1
Bladder symptoms 4 Falls 1

Table 1: Initial symptoms of MS15.



The diagnosis of Multiple Sclerosis derives from the integration of clinical, laboratory
and imaging data. To reach diagnostic confirmation, it is necessary to demonstrate the
presence of two fundamental factors: dissemination in space and dissemination in time
(development of new lesions spaced out over time). Dissemination in space can be
demonstrated by the presence of 2 or more lesions at different sites in brain MRI,
whereas dissemination over time, the development of new lesions spaced out over
time, required at least two acute clinical episodes before the use of gadolinium to
highlight active lesions. Gadolinium contrast agent allows the identification of active
lesions in loci in the central nervous system where acute inflammation generates a
disruption of the blood-brain barrier'®. The simultaneous presence of an active lesion
and a lesion that does not impregnate with gadolinium confirms dissemination over
time in McDonald and MAGNIMS criteria, allowing the establishment of a diagnosis
even in a typical CISY’. The use of clinical criteria and documentation of oligoclonal

bands on CSF examination are supportive elements that contribute to the diagnosis.

DIT and DIS in CIS: Clinical Scenarios Further Clinical, MRI or CSF criteria required to meet DIT and DIS
Scenario 1: DIT met, but DIS NOT met DIS should be shown by 1 of the following criteria:
Two or more attacks (DIT met); and clinical evidence of 1 lesion (DIS not met) * Additional clinical attack involving lesion in different CNS site

* MRI evidence of >1 T2 lesion(s) in >2 of the 4 typical CNS sites (periventricular, corti-
calfjuxtacortical, infratentorial and spinal cord)
Scenario 2: DIT NOT met; DIS met DIT should be shown by 1 of the following criteria:
One attack (DIT not met); and clinical evidence of >2 lesions (DIS met) « Additional clinical attack
e MRI showing simultaneous gadolinium enhancing and nonenhancing typical MS
lesions; or
* Follow up MRI showing new T2 lesion or gadolinium enhancing typical MRI lesion in
comparison with baseline scan (timing of baseline scan is disregarded)
» (SF oligoclonal bands

Scenario 3: DIT and DIS both NOT met e DIT should be shown by 1 of the criteria in scenario 2
One attack (DIT not met); and clinical evidence of 1 lesion (DIS not met) * DIS should be shown by 1 of the criteria in scenario 1
Scenario 4: DIT and DIS both met

A] Two or more attacks (DIT met); and clinical evidence of =2 lesions (DIS met) No further criteria needed

B] Two or more attacks (DIT met); and clinical evidence of 1 lesion along with
clear-cut historical evidence of prior attack involving lesion in different CNS site
(DIS met)

CIS, clinically isolated syndrome; DIT, dissemination in time; DIS, dissemination in space.

Table 2A: 2017 McDonald criteria for MS diagnosis. The criteria require demonstration of the CNS lesions

being disseminated in time and space; and other more likely alternative diagnoses should be eliminated?8.
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Dissemination in Space (DIS) Revised MAGNIMS consensus guidelines Any change in 2017 McDonald criteria compared to 2010 McDonald

incorporated or not in 2017 McDonald criteria criteria in concordance with 2016 MAGNIMS consensus guidelines
DIS can be demonstrated by the involvement of No No change from 4 areas in 2010 McDonald criteria- Newly proposed
at least 2 out of 5 areas of the CNS as follows: Optic nerve was not incorporated in 2017 McDonald criteria
1) =3 periventricular lesions No No change from1 periventricular lesion of 2010 McDonald criteria
2) =1 infratentorial lesion (Symptomatic or Yes No change in number of lesion(s) in 2010 McDonald criteria, but
asymptomatic) symptomatic lesions excluded in 2010 are now included in 2017
McDonald criteria
3) =1 spinal cord lesion (Symptomatic or asymp-  Yes No change in number of lesion(s) in 2010 McDonald criteria, but
tomatic) symptomatic lesions excluded in 2010 are now included in 2017
McDonald criteria
4) =1 optic nerve lesion No No change from 2010 McDonald criteria
5) =1 corticalfjuxtacortical lesion (involvement of ~ Yes Cortical lesion was added in addition to the juxtacortical lesion of
white matter next to cortex and/or cortex, 2010 McDonald criteria as a combined ‘cortical[juxtacortical’ lesion
thereby expanding the term “juxtacortical” in 2017 McDonald criteria
lesion)
Dissemination in Time (DIT) Revised MAGNIMS consensus guidelines incorpo- Any change in 2017 McDonald criteria compared to 2010 McDonald cri-
rated or not in 2017 McDonald criteria teria in concordance with 2016 MAGNIMS consensus guidelines
Both symptomatic and asymptomatic lesions can ~ Yes Symptomatic lesions excluded in 2010 are now included in 2017
be used to demonstrate (DIS or) DIT McDonald criteria

Table 2B: Revised 2016 MAGNIMS consensus guidelines compared to revised 2017 McDonald criteria and
the older 2010 McDonald criteria. Revised 2016 MAGNIMS consensus guidelines and its incorporation in
2017 McDonald criteria’s.

Once the diagnosis has been established, patients should be followed up over time to
check for the absence of new clinical relapses, confirmed disability progression (CDP,
defined as an increase in EDSS score of 1. 5 points from a baseline score of 0, of 1.0
point from a baseline score of 1.0 or more or of 0.5 points from a baseline score of
greater than 5.0°), new T2W or Gd+ lesions, and the development of brain atrophy,
defined as mean AR-BVL of more than 0.4%%°. These objectives are defined as
NEDA, “No Evidence of Disease Activity”.

1.2 Aggressive Multiple Sclerosis

Aggressive Multiple Sclerosis is a disease subgroup characterized by more frequent
and violent clinical relapses, an increased rate of disability, and a decreased response
to conventional therapies?!. Although no commonly accepted definition of aggressive
MS exists, multiple attempts have been made, and several criteria have been used.

Despite the absence of well-defined criteria, it is estimated that the proportion of
patients with aggressive MS is 4-14%22, meaning that between 5.200-18.600 people in
Italy present with this form. The first attempt to characterize 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”?3. This definition was too unspecific and did

not contribute to a correct evaluation of the patients, so other authors classified “ever
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malignant multiple sclerosis” patients who reached an Expanded-Disability-Status-
Scale (EDS) score of 6 within 5 years from disease onset?*. These patients had
significantly more relapses, more motor symptoms, and a higher frequency of
progressive onset. Other authors?® describe aggressive MS as: (a) patients who reached
an EDSS of 6 within 5 years from disease onset; or (b) patients who reached an EDSS
score of 6 before they are 40 years old; or (c) patients converted to a secondary
progressive MS phenotype within 3 years from disease onset.

However, the proposed definitions limited the ability to make early recognition of the
condition and the application of rapid and effective treatment choices because they
required a retrospective assessment of the disease course or a prolonged prospective
evaluation until the fulfillment of the criteria.

More recent definitions described 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?®. Other definitions of aggressive MS have
been proposed when considering treatment options. Saccardi et al.?’, 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 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?.

Although there is still no universal definition of aggressive multiple sclerosis, several
studies have identified poor prognostic factors that can lead to the development of

more aggressive forms of the disease, facilitating early recognition and diagnosis.
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e Clinical features

- Demographics: Male sex; Older age (>40 years) at onset; African American; African—Latin
American.

- Relapse severity: >1-point change on EDSS, >2-point change on any individual functional
system, or >1-point change on any two functional systems; Steroid requirement;
Hospitalization.

- Type of attack: Multifocal; Partial or incomplete recovery; Attack affects motor, cerebellar,
sphincteric or cognitive functions.

- Relapse frequency: Frequent relapses in the first 2-5 years; Short interattack interval.

- Disease course: Rapid accrual of disability, e.g. EDSS score of 3.0 within 5 years, with
superimposed relapses.

e MRI features

- Atonset: High T2 lesion burden; More than two gadolinium-enhancing lesions; Presence of

T1 lesions (‘black holes’); Early discernable atrophy; Infratentorial lesions

- At follow-up: Presence of new T2 lesions; One or more new gadolinium-enhancing lesions

Factors that might suggest aggressive MS26

In addition to the problematic recognition of patients with aggressive MS, to date, there
are still no evidence-based criteria for the proper management of these patients.
Furthermore, the treatment of this condition is neither addressed in the guidelines of
the American Academy of Neurology?®, nor the European Academy of
Neurology/European Committee on Treatment and Research in MS¥®. 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®".
The lack of data on aggressive MS raises severe problems regarding treatment and

prognosis for this subpopulation: more information is needed regarding the efficacy of

Immunosuppressive therapies and long-term outcomes.
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Figure 2-3: Shown are some examples of MRI scans of two patients with aggressive MS. These patients often
present with a high lesion load, expression of the severity of the disease. Figure 3 on the right shows an

extensive infratentorial involvement with multiple brainstem lesions, often associated with disability.

1.3 High efficacy treatment in Multiple Sclerosis

Treatment of multiple sclerosis is based on shutting down the immune system through
immunosuppressive drugs. Treatment goals are to extinguish clinical relapses, treat
specific symptoms, and maintain a state of remission. Thus, a distinction is made
between acute phase treatment and chronic treatment, which is based on medications
called “disease-modifying drugs”.

Relapse Treatments

The aim of relapse treatment is to accelerate clinical recovery, as no effect on the long-
term prognosis of multiple sclerosis is expected!. Symptomatic treatments are aimed
at maintaining function and improving quality of life. It is common practice to treat
acute relapses of MS with a short course (typically 3 to 5 days) of a corticosteroid that
has a rapid onset of action and produces few adverse drug effects, such as intravenous
(IV) methylprednisolone or dexamethasone®. In cases of steroid-resistant multiple
sclerosis relapses, after a second course of high-dose intravenous methylprednisolone,
the most common intervention is plasma exchange (PLEX)®* which leads to a positive

response in 72% of patients®.
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Disease-modifying Therapies

Disease-modifying therapies (DMT) are used to keep the disease in a quiescent state,
prevent the development of new relapses and slow down the evolution of MS. To date,
there are many drugs belonging to this category, and their number is constantly
increasing. Dividing them according to function, it can be possible to identify drugs
with predominantly immunosuppressive function (such as cladribine, alemtuzumab
and ocrelizumab) or with immunomodulatory function (such as interferon beta and
glatiramer acetate)*®. A table of DMTs approved by the FDA and EMA is shown below
(Table 3).

Drug name Brand name Mechanism of action Route of Approved US indication US approval year EU
administra- approval
tion year

Infusion/monoclonal therapies

Ofatumumab Kesimpta® Anti-CD20 mAb N RMSP 2020 2021
Ocrelizumab Ocrevus® Anti-CD20 mAb v RMS or PPMS 2017 2018
Alemtuzumab Lemtrada® CD52-directed cytolytic mAb IV RMS" 2014 2013
Natalizumab Tysabri® Integrin receptor antagonist v RMS; CD 2004 2006
Mitoxantrone® Novantrone® Synthetic antineoplastic v RMS® 2000 1998
anthracenedione
Oral medications
Ponesimod Ponvory® S1P receptor modulator Oral RMS® 2021 2021
Ozanimod Zeposia® S1P receptor modulator Oral RMS® 2020 2020
Siponimod Mayzent® S1P receptor modulator Oral RMS"® 2019 2020
Cladribine Mavenclad® Purine antimetabolite Oral RMS! 2019 2017
Dimethyl fumarate Tecfidera® Unknown Oral RMS 2013 2014
Generics 2020 2022
Monomethyl fumarate Bafiertam® (US) Unknown Oral RMS" 2013 =
Diroximel fumarate Vumerity® Unknown Oral RMS" 2013 2021
Teriflunomide Aubagio® Pyrimidine synthesis inhibitor Oral RMS 2012 2013
Fingolimod Gilenya® S1P receptor modulator Oral RMS 2010 2011
Injectable therapies
Glatiramer acetate Generic Unknown SC RMS® 2017 2016
Glatopa® (US) RMS 2015 s
Copaxone® RMS® 1996 2004
Pegylated IFNB-1a Plegridy® Unknown ™M RMS® 2021 2020
SC 2014 2014
IFNB-1b Betaseron® (US) Unknown SC RMS 1993 1995
Betaferon® (EU)
Extavia® Unknown RMS® 2009 2008
IFNB-1a Rebif® Unknown SC RMS 1998 1998
Avonex® Unknown ™M 1996 1997

CD Crohn's disease, EU European Union, /FN interferon, /M intramuscular injection, /V intravenous, mAb monoclonal antibody, PPMS primary
progressive multiple sclerosis, RMS relapsing forms of multiple sclerosis, S/P sphingosine 1-phosphate, SC subcutaneous injection, US United
States

“Historically, mitoxantrone was used as an induction agent, but its use as a multiple sclerosis treatment has decreased in recent years due to its
toxicity and the introduction of newer, better-tolerated therapies

bClinically isolated syndrome, relapsing—remitting disease, and active secondary progressive disease
“Secondary progressive, progressive relapsing, or worsening relapsing-remitting disease
dRelapsing-remitting disease and active secondary progressive disease

Table 3: Disease-modifying therapies approved by the US Food and Drug Administration and the European

Medicines Agency for multiple sclerosis treatment37.
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Historically, an escalation approach to disease-modifying therapies was used for newly
diagnosed patients with relapsing-remitting multiple sclerosis. However, the evolution
of treatment and the discovery that clinical relapses are only a small part of MS has
prompted the developing concept of No Evidence of Disease Activity (NEDA). In
clinical practice, the application of NEDA and the evidence for clinical benefits of
early treatment with high-efficacy therapies (HETS) has led to the use of these drugs
earlier in the disease course. The current line of thinking is that early treatment with
high-efficacy therapies may enhance long-term clinical outcomes by minimizing the
accumulation of neurological damage that occurs in the early stages of disease.

It is important to note that there is currently a lack of consensus on the classification
of some DMTs as ‘high-efficacy’ versus ‘moderate’ or ‘low-efficacy;’ as such, DMT
classifications vary between studies (this is especially true for siponimod, fingolimod,
and cladribine, which are considered HETs in some studies but not in others®®%),
Currently, the best medications that have shown better disease control in randomized
phase 111 controlled trials compared with either active comparators of lower efficacy
or placebo and are classifiable as HETs are ofatumumab, ocrelizumab, natalizumab,
alemtuzumab, and cladribine®’. Ofatumumab and ocrelizumab target the CD20 antigen
present on B lymphocytes; natalizumab is an integrin receptor antagonist that blocks
inflammatory cells from trespassing the BEE; alemtuzumab binds to the CD52 antigen
present on mature lymphocytes; cladribine is a purine nucleoside analog that inhibits

DNA synthesis limiting immune system cells expansion.

Although treatment with high-efficacy therapies with an early intensive approach has
been found to be very effective and seems to result in better long-term clinical
outcomes?®, these drugs are associated with a higher rate of development of side effects
like hematological abnormalities, more risk of infections and malignancy.

HETs and DMTs in general, through their immunosuppressive mechanism, can lead
to immune cell depletion in some patients, especially B lymphocytes for anti-CD20
antibodies leading to hypogammaglobulinemia (depletion of antibodies, which are
produced by B cells); hypogammaglobulinemia is associated with a higher risk of

infection, especially from encapsulated bacteria. B cells seem to repopulate the spleen
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and bone marrow after the suspension of anti-CD20 therapy, so this effect is probably
temporary®®. There are other infections that could develop through the use of high-
efficacy therapies, such as progressive multifocal leukoencephalopathy (PML), which
derives from the reactivation of the John Cunningham virus and can lead to severe
disability and death. Among the DMTs, natalizumab is by far the drug most frequently
associated with JCV-associated complications; a curious fact is that the concept of
“pharmacovigilance” in multiple sclerosis was born because of the registration of
numerous cases of PML after the approval of natalizumab in 2000: this led to the
discontinuation of its distribution in 2005 and the reapproval in 2006. PML must be
diagnosed in an asymptomatic stage, so patients that assume DMTs, especially those
undergoing natalizumab therapy, must be followed up over time with multiple MRI

scans to achieve early recognition of the disease.

The introduction of newer, more efficacious therapies has changed the natural history
of the disease, delaying the accumulation of severe neurological disabilities in most
patients. Nevertheless, there are still several unsolved problems regarding treatment.
Long-term studies have demonstrated that over 10 years, more than half of RRMS
patients treated still experience significant disability progression, regardless of their
NEDA-3 status and the presence of overt inflammatory disease activity*'. This
progression, referred to as progression independent of relapse activity (PIRA), can
occur even in patients who are free of relapse and MRI activity and is becoming
recognized as a key contributor to disability progression at all stages of the disease*?“3,
Furthermore, there is currently no medication that has convincingly shown the ability
to promote remyelination or neuronal plasticity and reverse neurological dysfunction.
Although some disease-modifying therapies (DMTs) have been associated with short-
term neurological improvements, their clinical significance remains to be determined.

These considerations are particularly important for individuals with aggressive MS.
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1.4 Hematopoietic Stem Cell Transplant

Taking this background into consideration, intense immunosuppression followed by
hematopoietic stem cell transplantation (HSCT) has emerged as a valid treatment
option for aggressive MS. This approach was first investigated in animal models for
severe autoimmune diseases. Reports of remarkable clinical response to HSCT
performed for other conventional indications in humans provided further support for
its potential benefits. In 1997, the first autologous HSCT (AHSCT) procedures for MS
were carried out, and to date, over 2000 MS patients worldwide have received this
treatment.

Autologous hematopoietic stem cell transplantation (AHSCT) in MS aims to eliminate
self-reactive cell clones and induce self-tolerance by completely renewing the immune
system. Several biological mechanisms are believed to be responsible for the resetting
of the overactive immune response in MS. These include normalizing the restricted T-
cell repertoire in the peripheral blood and cerebrospinal fluid, selectively reducing the
encephalitogenic effector response, increasing the immunoregulatory cell subsets, and
reducing pathogenic memory cells in the bone marrow niche that is believed to drive

chronic inflammation®*.

AHSCT procedure

There is more than one way to obtain hematopoietic stem cells (HSCs). Firstly, the
donor can be the same subject who receives the transplantation (autologous transplant)
or another individual (allogeneic transplant), typically a familiar or an HLA-matched
unrelated donor (MUD). The use of allogeneic hematopoietic stem cell transplantation
(HSCT) for immune-mediated neurological disorders is infrequent, mainly due to the
potential for severe and life-threatening adverse events. Secondly, hematopoietic stem
cells can be extracted from bone marrow or peripheral blood. Peripheral blood
collection is the most used method for obtaining HSCs in multiple sclerosis. Because
in normal conditions there are too few HSCs in blood, this collection method requires
an additional process called mobilization.

The stages necessary to perform an autologous hematopoietic stem cell transplant are:

- Pretransplant optimization
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- Stem cell mobilization and collection

- Conditioning chemotherapy

- Stem cell reinfusion

- Post-transplant supportive care
AHSCT should be provided only in highly experienced centers as it is considered a
high-risk  procedure: conditioning regimens result in more significant
immunosuppression than those used for haemato-oncological indications, and
consequently, the incidence of acute reactions, viral reactivations, and infections is
higher. Prior to transplantation, an extensive evaluation of the patient’s fitness for
transplantation is necessary, including echocardiography, pulmonary function testing,

spleen ultrasonography, chest X-rays, and blood testing that screens for infections.

Mobilization and collection of peripheral blood hematopoietic stem cells (PBSCs) are
achieved through the use of 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). G-CSF acts by increasing the
number of neutrophil precursors: these cells are present in bone marrow and release
Iytic enzymes (such as chymotrypsin) that break the CXCR4-CXCL12 bond.
Disruption of this bond causes stem cells to be released into the circulatory stream.
Although C-CSF could be used alone for mobilization, combination therapy is
necessary to prevent clinical relapses or new MRI activity, as the isolated use of G-
CSF in an autoimmune disease would lead to increased inflammatory flares*.
Cyclophosphamide is also useful for decreasing the pool of autoreactive lymphocytes
in peripheral blood, thereby reducing the likelihood that they will end up within the
graft*®. This procedure can be performed as an outpatient regimen. Peripheral
hematopoietic stem cell collection is obtained through processing of the patient’s
blood. The patient has two venous accesses: the first allows blood collection, then
leukapheresis is applied ex vivo to isolate CD34+ cells, in fact the CD34+ antigen is
specific to HSC. The second access allows to reinfuse the blood from which the
CD34+ cells were taken. The procedure takes a few hours, and at least 10 liters of
blood are processed. This procedure can be repeated multiple times to collect a
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sufficient number of cells, in MS a minimum of 4-5x10° CD34+ PBSC/kg body
weight is recommended.

The conditioning phase usually occurs after 30-60 days, the patient is treated with a
regimen that 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. The EBMT*" classifies
condition regimens in high, intermediate and low intensity; intermediate regimens can

be further divided into lympho-myeloablative or purely myeloablative (Table 4).

Intensity Examples of conditioning regimens
Total body irradiation (TBI), cyclophosphamide
High and ATG, Busulfan, cyclophosphamide and
ATG (BUCyATG)

Carmustine (BiCNU) 300 mg/m?, etoposide
800 mg/m?, cytarabine arabinoside
Intermediate (myeloablative) 800 mg/m? and melphalan 140 mg/m? (BEAM,
with total doses of chemotherapy provided) and

ATG (‘BEAM-ATG’)
Intermediate (lymphoablative/non- Cyclophosphamide 200 mg/Kg and rabbit ATG

myeloablative) (Cy-ATG)

Chemotherapy only regimens e.g. single agent
cyclophosphamide 100 mg/kg for mobilization
Low and repeated 100mg/kg for conditioning

(without rituximab)

Table 4: Categorization of conditioning regimens used for autologous HSCT, with examples used in MS*.

Following the conditioning regimen, the cryopreserved graft is thawed and the cells
are infused via a central venous catheter. Administering ATG within 2-4 days after
PBCS infusion can be complicated by severe allergic reactions, including fever, and
premedication with corticosteroids is typically given. It's worth noting that any type of
fever can potentially compromise neurological function temporarily (known as the
Uhthoff phenomenon), so patients should be informed in advance about the possibility
of transient neurological deterioration during AHSCT. Recovery of cell counts usually
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takes 7-15 days, during which patients require supportive care such as transfusions and
antibiotics. Oral prophylaxis is generally recommended for 3 months to cover fungal
infections (with an azole) and for a minimum of 6 months for herpes virus (with
acyclovir) and pneumocystis infection, with some units extending prophylaxis to 12
months. Monitoring for viral reactivation is crucial, and PCR-based monitoring for

Epstein-Barr-Virus (EBV)/Cytomegalovirus (CMV) is recommended during the first
100 days*®.

RECOVERY
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No other @
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modifying
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Figure 4: aHSCT procedure steps are shown in the picture.

AHSCT efficacy in MS

Numerous studies on AHSCT and MS have been done over the years, although most
of these are nonrandomized, uncontrolled clinical trials, generating low levels of
evidence and reporting data from heterogeneous transplant regimens and patient
populations. These studies have provided insight over the years into the efficacy of

AHSCT, what its risks are, and how to make a correct patient selection.
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Early studies, focusing on the feasibility and safety of the procedure, included patients
with advanced progressive MS. These studies showed that AHSCT was able to
completely abolish inflammatory MR activity and clinical relapse, but was unable to
completely prevent disease progression in long-standing inactive progressive MS*.
According to a meta-analysis conducted by Nabizadeh et al. in 2022°°, which included
all clinical studies on AHSCT in MS up until 2021, it was found that 81% of patients
globally remained relapse-free 5 years after AHSCT. Additionally, only 8% of patients
had new MRI lesions, resulting in an overall event-free survival of 63%.

Only two randomized controlled trials address AHSCT efficacy against DMTs. The
first trial, called ASTIMS, involved 21 patients with SPMS who underwent either
transplant with an intermediate myeloablative conditioning protocol or mitoxantrone.
After a follow-up of 4 years, patients who received AHSCT had fewer MRI lesions
and a reduced annualized relapse rate compared to the mitoxantrone group, but no
difference in disability progression. The second trial, called MIST, included 110
RRMS patients who were randomized 1:1 to AHSCT with an intermediate intensity
lymphoablative regimen or to the best available platform DMT. After 2 years, the
EDSS in the AHSCT group was stable or improved in 94.5% of patients, and the
NEDA at 5 years was 78.5% in the AHSCT group compared to 2.97% in the DMT
group. The study suggests that patients with RRMS may have better long-term
outcomes with intermediate-intensity lymphoablative AHSCT compared to platform
DMTs.

To fully understand the long-term effectiveness of MS treatments, studies must
observe patients for many years. Some studies have followed transplanted MS patients
for over a decade and found that a significant percentage of patients were free of
disability progression. For example, one study found that after 15 years, 44% of
patients were disease progression-free®. Another study found that after 10 years,
65.5% of patients were free of disability worsening, with even higher rates for patients
with relapsing-remitting MS®2. These findings are supported by other extensive studies
and suggest that the benefits of transplant may last for many years without the need
for additional therapy.

The best intensity of the conditioning regimen for AHSCT in MS is still unknown.
Intermediate intensity conditioning using CY+ATG and BEAM+ATG appears to be
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the most commonly used and has shown promising results*’. High-intensity busulfan-
or total body irradiation-based conditioning protocols are rarely used due to the
increased risk of death without added benefits. Low-intensity conditioning regimens
are used in some countries but may not require stem cell reinfusion. The safety and
efficacy of different conditioning regimens for AHSCT allow for individualized
treatment based on a patient's disease course and risk profile, which is an advantage
over available DMTs. No study has shown that one conditioning protocol is better than
others in preventing disability progression.

Studies have found that patients with RRMS who undergo AHSCT experience
sustained reductions in their EDSS disability score®*®3, This could be due to the
gradual recovery from relapses, but some studies suggest that AHSCT has a strong
effect on improving neurological status beyond the first year after treatment. The
chemotherapy used during AHSCT may target the chronically inflamed
microenvironment that impairs remyelination and neuronal plasticity. Prevalence of
improvement, or the proportion of patients who are improved at each time point, is a
better indicator of meaningful changes in neurological disability than the incidence of
confirmed improvement. It has been demonstrated that 50% of treated patients
maintained a disability improvement 5 years after AHSCT>,

AHSCT and MRI measurement of brain damage

According to several studies, serial MRI scans after AHSCT uniformly demonstrate a
nearly complete suppression of new and gadolinium-enhancing MRI lesions,
indicating a profound anti-inflammatory effect of AHSCT#85255 However, despite the
anti-inflammatory effect, studies have also shown accelerated whole-brain volume
loss in the first months after treatment>®>". The reason behind this loss of brain volume,
sometimes referred to as “pseudoatrophy”, is not fully understood yet, as it will be
discussed in chapter 1.5 “Quantitative Volumetric Analysis”. Still, potential reasons
may include the cytotoxic effect of high-dose chemotherapy used for AHSCT®8° and
pathological processes such as Wallerian degeneration following acute inflammation.
Another hypothesis is that the early accelerated brain volume loss could be due to the
"pseudoatrophy phenomenon”, where rapid resolution of inflammatory edema causes

shrinkage of MS lesions and changes in white matter and cortical microstructure®°.
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The extent of gadolinium-enhancing lesions at baseline may also contribute to brain
volume loss.

Different AHSCT regimens may also be associated with different levels of
chemotherapy-related brain volume loss, with BEAM-based AHSCT showing

relatively fewer volume changes during early follow-up than other regimens®’.

AHSCT and safety

Potential side effects of hematopoietic stem cell transplant (AHSCT) include febrile
neutropenia, mucositis, electrolyte disturbances, anemia, neutropenia, low platelet
count, and viral reactivation (including CMV and EBV). Fever is a common symptom
during AHSCT, although it is highly unspecific and can manifest because of drug
reactions, transfusion reactions, mucositis, and engraftment syndrome. Patients
undergoing AHSCT are also at risk for malnutrition, which is associated with a higher

risk of infections, delayed neutrophil engraftment, and prolonged hospital stay.

Despite these potential risks, the treatment-associated mortality rate of AHSCT has
greatly improved in recent years due to better patient selection and the use of
intermediate-intensity treatment regimens. The transplant mortality rate was 7.3%
between 1995 and 2000, 1.3% between 2001 and 2007, 0.2% between 2012 and 2017,
and thereafter®?. It is important to note that while AHSCT has potential risks, it is a
one-off treatment with no cumulative toxicity or treatment burden, unlike some high-
efficacy disease-modifying therapies®?.

Overall, the use of AHSCT in MS was previously limited due to concerns about its
toxicity, as MS is usually not a life-threatening condition. However, with more
experience in transplant centers and a careful selection of patients, AHSCT can now

be performed safely with a low risk of mortality from treatment.

Patient selection

Data shows that patient characteristics that are associated with better outcomes are
younger age, shorter disease duration, and lower baseline disability. AHSCT should

be considered early in the MS treatment algorithm, especially for patients who show
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signs of aggressive MS and have a smaller therapeutic window. AHSCT may also be
considered before failing a full course of DMT if aggressive characteristics of MS are
present®*

The use of AHSCT in progressive MS is still unclear, though studies have shown that
AHSCT can reduce CSF markers of axonal damage and neurofilament light chain
levels, slow down cognitive decline, and normalize long-term rates of cerebral gray
matter and white matter atrophy, which are the main pathological features of
progressive MS®:®, It is thought that AHSCT could target compartmentalized
inflammation and pathogenic memory cells within the bone marrow niche, which are
considered to drive chronic inflammation in this form of disease. However, older

patients with progressive MS have an increased transplant mortality rate®.

In conclusion, AHSCT is a highly effective treatment for MS, as it can prevent disease
progression, reduce relapses, and decrease inflammation and associated CNS lesions.
Although AHSCT is usually used for patients who are refractory to other DMTs and
have a more aggressive disease course, studies comparing AHSCT with other DMTs
have shown positive results. AHSCT has become safer with increasing knowledge and
expertise in stem-cell therapy. Therefore, it is recommended to consider AHSCT as a
viable treatment option for MS, while ensuring proper patient selection and transplant

methods.

1.5 Chemotherapy's toxic effects on the central nervous system

As previously stated, AHSCT procedure includes several chemotherapy agents in the
conditioning regimen. In recent years, the increased survival rates of cancer patients
have brought attention to the potential neurotoxic effects of chemotherapy drugs,
including the new targeted or immunotherapeutic agents, which are now being studied
with a focus on their central nervous system (CNS) manifestations®’. It's crucial to
understand that the CNS symptoms caused by this drug may take a long time to
develop, and once they do, they may not be reversible. The drug’s ability to cross the
blood-brain barrier is associated with the risk of developing CNS side effects.
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Additionally, there are other factors that could contribute to side effect development,

such as genetic predisposition.

The current hypothesis suggests that the administration of substances such as cisplatin,

cytarabine, cyclophosphamide, methotrexate, fluorouracil, vinblastine, and others

could lead to CNS damage through excitatory mechanisms and apoptotic cell death®,

Table 5 contains a list of drugs that are known to cause toxicity to the central nervous

system.

Agent
Cisplatin
Busulfan (high dose)

L-asparaginase

Methotrexate (mostly high dose)

Nitrosoureas

Vincristine

Cytarabine (high dose)

Cyclosporine
Cyclophosphamide
Gemcitabine

Paclitaxel

Ifosfamide (mostly high dose)

Interferon (high dose)

Bortezomib
Thalidomide

CNS effect
Encephalopathy/Seizures/PRES
Seizures
Encephalopathy/Seizures
Aseptic meningitis/Acute
& Subacute Encephalopathy/
Seizures/Leukoencephalopathy/PRES
Encephalopathy/Seizures
Seizures/Coma/Cranial nerve
mononeuropathies
Encephalopathy/Aseptic
meningitis/Cerebellar toxicity/
Seizures/PRES
PRES
PRES
PRES
PRES
Encephalopathy/Seizures
Encephalopathy/Cerebellar
dysfunction
PRES
Acute encephalopathy

Table 5: List of chemotherapy agents that are known to cause CNS toxicity and their side effects®°.

Highlighted are medications used in AHSCT conditioning protocols.



Chemotherapy-related cognitive impairment

Although the majority of chemotherapy-induced effects on the central nervous system
are temporary and only result in complications for a small portion of patients, there is
a possibility of a long-lasting impact on cognition for some individuals. This
manifestation has been defined as ‘“chemotherapy-related cognitive impairment”
(CRClI, initially introduced by Silberfarb in 1983°), also known as “chemobrain” or
“chemofog”, and it usually manifests as permanent neurological damage and
decreased cognition that manifests both clinically and through MRI changes. As this
condition has a severe impact on the quality of life of cancer patients, it has been
studied intensively in numerous studies’*"2 and its presence has been demonstrated as
a toxic effect of many cancer treatments, such as leukemia, lymphoma, lung cancer,
colorectal cancer, ovarian cancer, prostate cancer, testicular cancer. The occurrence of
CRCI ranges from 17% to 70% and has even been observed to reach up to 75% in
breast cancer cases’. Cognitive impairment may manifest during or shortly after
chemotherapy or develop during the later stages of the disease. The effects of CRCI
may persist for an extended period, although certain studies suggest that cognitive
disorders may exhibit a tendency to improve over time™. Multiple pathogenetic
mechanisms are thought to be implicated in the genesis of CRCI: direct toxic effects,
cytokine disorders, oxidative stress, and other indirect factors all play a role in defining
the condition.

Longgin et al.”® suggested that CRCI diagnosis should be reached through self-
reported cognitive impairment tools, neuropsychological tests and neuroimaging
exams, especially magnetic resonance imaging (MRI) and positron emission
tomography (PET). After undergoing chemotherapy, patients showed changes in brain
structures as seen through MRI studies. These changes were observed in the insula,
bilateral hippocampal gyrus, and left anterior cingulate cortex’. Overall, there was a
decrease in overall gray matter volume and damage to white matter integrity. Diffusion
tensor imaging (DTI) studies’®’” have shown that breast cancer patients who receive
adjuvant chemotherapy can develop impaired white matter integrity; additionally, this
finding is associated with decreased cognitive functions such as attention and verbal

memory.
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To summarize, although chemotherapy-induced effects on the central nervous system
typically don't last long and only impact a small number of patients, it's crucial to
acknowledge that some individuals may experience long-term impacts on their
cognitive function. Advances in research and treatment can help mitigate the risk of
chemotherapy-related cognitive impairment and improve the quality of life for those
affected.

1.6 MRI role in Multiple Sclerosis, Quantitative Brain MRI and

advanced MRI sequences

Magnetic resonance imaging (MRI) is a non-invasive diagnostic tool used to visualize
the CNS. It is considered the most sensitive and specific imaging technique for the
detection of MS. MR is used to identify and characterize the lesions that are typically
seen in patients with MS, including both acute Gd+ and chronic lesions.

Magnetic Resonance has become an essential exam and fulfills multiple roles in MS:
it is crucial to establish a diagnosis with MAGNIMS or McDonald criteria, but it is
also useful in differential diagnosis, treatment, and prognosis. As the number of
available disease-modifying therapies for MS continues to grow, MRI has become a
critical tool for evaluating and tracking treatment effectiveness. Furthermore, the role
of MRI in patients with MS has broadened to include safety monitoring, such as
detecting CNS-related adverse events, both infectious and non-infectious. As a final
point, magnetic resonance imaging in multiple sclerosis is crucial in research to
establish the efficacy, safety, and adverse effects of new therapeutic approaches such
as AHSCT.

The most common techniques used in MRI for MS include T1-weighted, T2-weighted,
and gadolinium-enhanced imaging. Standard MRI protocols allow for the visualization
of different aspects of MS pathology, including the presence of lesions, the degree of
inflammation, and the extent of gross demyelination. In clinical practice, these
sequences help establish a diagnosis and manage the disease but carry some
limitations. For example, there are widespread white matter abnormalities that appear

normal on T2- and T1-weighted images; additionally, gray matter lesions and brain
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atrophy are usually not studied with traditional MRI imaging. To overcome these
limitations, quantitative MRI and advanced imaging techniques have been developed,
which provide a more sensitive and specific assessment of MS tissue injury and can
provide insight into pathological mechanisms giving a better understanding of MS

pathophysiology.

Quantitative MRI

When performing imaging studies, the term "quantitative" is frequently used to
describe the measurement of numerical values of signal intensities in addition to the
conventional "qualitative" visual inspection of the images.

Conventional MRI can only reveal gross morphological abnormalities or focal
abnormalities resulting in regional differences in signal intensities. It relies on
differences in contrast between areas presumed to be affected and areas deemed
normal. As a result, conventional “qualitative” MRI is inherently insensitive to subtle
global changes in the brain, such as brain atrophy.

Quantitative MRI techniques, including relaxometry, myelin imaging, magnetization
transfer, diffusion MRI, quantitative susceptibility mapping, and perfusion MRI,
provide valuable information about disease mechanisms in patients with multiple
sclerosis. These techniques complement conventional MRI methods to enhance our
understanding of the disease.

Quantitative MRI provides information about normal-appearing tissue pathology,
multiple sclerosis lesion heterogeneity, remyelination, and blood-brain barrier

disruption’®,

The concept of brain atrophy in MS

The term "atrophy" describes a volumetric decrease of the brain or some of its regions.
In multiple sclerosis, this process is believed to derive from the resolution of
inflammation and neuro-axonal loss. Brain atrophy, measured in MRI as BLV (brain
volume loss), is a phenomenon that was thought to be typical of late-stage MS, but can
also appear as early as CIS, progresses faster than it does in healthy adults, and is the

best predictor of future disability, physical and cognitive’. Furthermore, increased
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brain volume loss (BVL) has been correlated with disability progression, independent
of the number of previous relapses or the T2 lesion load in RRMS®,

Whole brain atrophy in multiple sclerosis occurs at rates of 0,5-1,5% per year, and
faster rates could be seen in the progressive phases of the disease and in the deep grey
matter structures®?.

Multiple substrates can be responsible for brain volume loss in MS, including®°:

- Loss of volume within white matter (WM) lesions due to the loss of myelin,
oligodendrocytes and axons and the contraction of astrocyte volume occurring
during lesion maturation

- Neuronal and glial loss in cortical grey matter (GM) lesions

- Volume loss in normal-appearing brain tissue

The importance of brain atrophy in MS has grown over the years. It is now considered
an important biomarker and endpoint in studies to measure treatment efficacy and
toxicity. In clinical practice, volumetric MRI-based measurements are used to evaluate
the efficacy of disease-modifying treatments and high-efficacy therapies.

As previously said, AHSCT has been associated with faster rates of BVL in the first
months after the procedure, although the nature of this phenomenon has not yet been
characterized. Different hypotheses have been made, including chemo-toxicity derived
from the conditioning regimen, other pathological processes like Wallerian
degeneration, and “pseudoatrophy”.

Pseudoatrophy is defined as a loss of brain volume derived from the resolution of
neuroinflammation and it is not correlated with irreversible tissue loss. The
pathophysiological mechanism underlying pseudoatrophy is still unknown, although
it is thought to derive from the resolution of brain edema and fluid shifts. It is believed
to be the most important cause of brain volume loss, especially in the early months
after therapy initiation®2. In this context, significant treatment effects were seen in
some trials®28 only after the initial year of treatment, when it is assumed that the
pseudo-atrophy effect has either subsided or become less prominent. Contrary to what
was previously thought, studies have demonstrated that pseudoatrophy occurs
primarily in gray matter compartments and affects white matter to a lesser extent®,
Previous studies have demonstrated that patients with more Gd+ active lesions tend to

have a higher brain volume loss in comparison to those without gadolinium-enhancing
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lesions after anti-inflammatory treatment initiation®8, This phenomenon has also
been observed in patients treated with AHSCT®!,

Pseudoatrophy is known to be involved in the early stages of MS treatment, but little
is known about its long-term presence. The existence of pseudoatrophy poses a
problem in characterizing BVL in MS, and advanced MRI techniques are needed to
distinguish it from "true™ atrophy. Another problem is that no specific brain regions in

which to study pseudoatrophy have yet been identified.

Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging (DTI) is an advanced MRI technique that measures the
movement of water molecules in the brain. In MS, DTI can be used to assess the
damage to myelin and axons in the brain's white matter tracts. By analyzing the
diffusion of water molecules, DTI can detect changes in the structural integrity of the
white matter tracts, which are untraceable with standard MRI protocols (normal
appearing white matter, or NAWM). In fact, DTI-based measurements, such as
fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial
diffusivity (AD), appear to offer greater specificity in detecting demyelination and
axonal damage than conventional MRI techniques®. DTI has proven to be a sensitive
tool in monitoring diffuse abnormalities responsible for disability accumulation in
MS®’.
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Aim of the study

It’s already been established (Chapter 1.2) that some patients can develop aggressive
forms of multiple sclerosis. Although there is no consensus on the definition of this
condition, this group tends to develop relapses, MRI lesions or disability progression
despite the use of disease-modifying treatments (DMT).

Autologous hematopoietic stem cell transplantation (AHSCT) has proven to be an
effective treatment for aggressive multiple sclerosis as it has been shown to reduce the
rate of disease progression in this population*®>2, This procedure has been extensively
studied for its clinical impact, but there is limited knowledge about its effects on MRI
biomarkers in the medium and long term. While few studies have indicated that
atrophy rates decrease after long-term transplantation, there is evidence of accelerated
atrophy in the early stages post-transplantation®°"89 Some argue that this
accelerated atrophy could be due to a direct neurotoxic effect of chemotherapy®®.
Indeed, chemotherapy is known to be associated with direct toxic effects on the central
nervous system, and advances in the field of oncology have provided a better
understanding of its mechanism. As discussed previously, the phenomenon of
"chemotherapy-related cognitive impairment”, or “chemofog”, has been correlated
with the development of an increased rate of brain atrophy’®, similar to what happens
after the AHSCT procedure.

On the other hand, others argue that the pathological substrate underlying brain
atrophy after transplantation could be pseudoatrophy related to the resolution of
inflammation and edema. In fact, pseudoatrophy is often implicated as one of the main
mechanisms of brain volume loss in the early stages after the initiation of high-efficacy
treatments. It is possible that both phenomena coexist in the context of transplantation,
as new data suggest that a key role could be played by the conditioning regimen
utilized. In fact, the HALT MS study, in which a BEAM regimen was used, saw less
accelerated atrophy in comparison to patients who underwent a busulfan-based
conditioning regimen®?,

One way to address this problem is by analyzing volumetrics and diffusion data

simultaneously, which could provide new valuable insights. Diffusion MRI is
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particularly useful for examining the microstructural integrity of normal-appearing
tissue and detecting extracellular water content, making it a useful metric to consider.
The impact of IA/HSCT treatment on both gray matter (GM) and white matter (WM)
and how they contribute to brain shrinkage is not fully understood. By understanding
their roles, we can gain a better understanding of the cause of treatment-related brain
shrinkage. If GM volume loss is accelerated, it may indicate that the treatment has
primarily a neurotoxic effect, causing irreparable damage to GM tissues. On the other
hand, if WM volume loss is accelerated, it may suggest degeneration of WM
components like axons or myelin due to the treatment, as well as irreparable damage
to WM tissues.

Against this background, the aims of my thesis were:

- To assess the rates of global, white matter and gray matter atrophy in the short
and long term in a cohort of patients with aggressive MS undergoing
intermediate-intensity transplantation

- To assess the integrity of normal-appearing white matter at those same
timepoints to investigate changes in extracellular water content and

microstructural integrity

Materials and methods

3.1 Participants

This study was an observational, prospective study aimed at the definition of AHSCT
procedure effects on the brain, collecting data from consecutive patients transplanted
from the MS center of Genoa and Turin, from 2006 to 2019.

All patients were diagnosed with multiple sclerosis according to the 2005 and 2010
McDonald Criteria. All patients presented manifestations of disease compatible with
the definition of aggressive MS.

Written informed consent was obtained from all patients. All participants provided
consent to use their medical history for publication. This retrospective study was

approved by the ethical standards committee of the coordinating center.
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3.2 Conditioning regimen and transplant care

In July of 1998, five Italian neurologic teams initiated a phase I/11 trial on the use of
AHSCT in MS, in conjunction with the Italian Cooperative Group for Bone Marrow
and Blood Transplantation (GITMO). Following this, other Italian MS centers
established similar transplant programs for MS patients, modeled after those
developed by the leading haemato-neurological centers in Florence and Genoa.
Although there are no formal guidelines for patient selection for AHSCT, all treated
patients had aggressive MS characterized by severe relapses, MRI inflammatory
activity, or accelerated neurological disability despite active treatment. Treatment
followed the European Group for Blood and Marrow Transplantation (EBMT)
guidelines, and patients were selected at the treating physician's discretion and with
approval from the local Ethics Committee.

Peripheral hematopoietic stem cells mobilization was obtained with
cyclophosphamide (CY) (4 or 2g/m2 iv) and filgrastim (5-10 g/kg/day sc). To collect
PBSCs, a leuko-apheresis procedure was utilized. The resulting graft, containing 3-
8x10° CD34+ cells/kg, was cryopreserved in its unmanipulated state.

Different conditioning protocols were used to obtain deep immunosuppression,
according to the center's experience and preference. 17 patients received a BEAM +
ATG regimen, consisting of BCNU (carmustine, 300 mg/m? at day -6), cytosine-
arabinoside (200 mg/m?) and etoposide (200 mg/m?) from day -5 to day -2 and
melphalan (140 mg/m?) at day -1, followed by rabbit anti-thymocyte globulin (ATG)
(3.75-5 mg/kg/day) at days +1 and +2;

1 patient received cyclophosphamide (CY) + ATG regimen containing CY (60 mg/kg
at day -3 and-2) followed by rabbit ATG (3.75 mg/kg/d at day +1 and +2). The center's
protocols involved using Acyclovir and Sulfamethoxazole-Trimethoprim to prevent
herpes and pneumocystis jirovecii infections. Patients who underwent AHSCT did not
receive immune-based treatments unless they showed signs of clinical relapse, new

lesions on MRI or EDSS progression, as decided by the treating neurologist.
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3.2 MRI acquisition

All patients underwent MRI scan with a 1.5 MRI magnet. The MRI protocol consisted
of: (a) high-resolution fast-spoiled-gradient-echo (FSPGR) 3D T1-weighted sequence;
(b) 3D Fluid attenuated inversion recovery (FLAIR) sequence.

Axial single-shot spin-echo echo-planar diffusion tensor imaging (DTI) sequences

were obtained for 10 patients.

3.3 MRI analysis

For every MRI scan, FLAIR lesion masks were obtained using Sinlab (Sienalmaging,
Italy) and checked by a trained neurologist and manually corrected if necessary. To
correct for non-uniformity or variations in the magnetic field generated by the
machine, NU correction was performed for all scans. The T1 lesion mask was used to
inpaint corresponding 3D T1 images, using FSL. Subsequently, longitudinal brain
volumes were obtained using CAT12 of the SPM12 software. An example of CAT-12

segmentation is shown in Figure 5.

BV/HD BV/HD

BG .- = BG

Figure 5: CAT-12 segmentation was used to calculate total parenchymal volumes, WM and GM volumes.

DTI data processing was obtained using FMRIB’s Diffusion Toolbox, part of FSL.
The images were initially corrected for any eddy current distortions and were then
processed through principal component analysis denoising. After that, the standard

DTI maps of fractional anisotropy (FA) were obtained. To investigate WM
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microstructure integrity after AHSCT, we focused on brain regions rich in myelin.
Since corpus callosum (CC) has been recently proposed as a biomarker for clinical
trials looking at myelin integrity, we extracted FA values from CC using an atlas-based
approach (JHU-DTI-based-Atlas) in each timepoint. Figure 6 shows an example of

creation of a CC atlas-based mask used for obtaining FA values.

Figure 6: Corpus callosum (CC) masks (shown in white) were created in order to obtain FA values.

3.4 Statistical analysis

Statistical analyses for all clinical and MRI data were performed using SPSS 23
software (IBM; version 23.0). Descriptive results have been reported as mean with
standard deviation (SD) or median with range. Shapiro-Wilk test and visual inspection
of the histograms have been performed to evaluate variable distribution. Repeated
measures analysis of variance (RM-ANOVA) was performed in order to analyze the
evolution of brain volumes and FA metrics over time. Two-sided p-values<0.05 were

be considered significant.
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Results

Twenty-one subjects were initially included in the study. For 3 patients, 3D-T1
sequences were obtained after gadolinium (Gd) contrast injection and were not suited
for high-quality tissue segmentation. One further subject had to be removed for
excessive head motion which would have impaired correct estimation of brain
volumes. The final cohort of patients consisted of 17 subjects. Table 6 reports main

demographic and clinical characteristics.

Number of subjects = 17, transplanted between 06/2010 and 04/2019 with at least 12 months of
Quantitative MRI follow-up. 15 patients were followed in Genoa, 2 patients in Turin. 16 patients
received BEAM+ATG as conditioning regimen, 1 patient received CY+ATG.

Mean age at mobilization [range] 25-46; SD 6.3

Sex, Female:Male 12:5

EDSS [Median] 5(1.5-8)

Number of prior therapies [median] 3 (1-6)

Number of relapses in the previous 12 months[mean] 3.1;SD 25

Presence of at least 1 Gadolinium+ lesion 13/17 subjects

Number of Gadolinium+ lesions [mean] 3.0;SD 5.5

Baseline T2 lesion volume [mean] 26.4 ml; SD 28.5

Baseline MRI acquisition [mean] 60 days before AHSCT;
SD 83

Table 6: Baseline demographic table.

37



4.1 Brain tissues segmentation

For brain tissues volumetric analyses, fourteen subjects had 3 MRI scans available, for
a mean total follow-up of 626 days (SD 445; median 466, range 336-2093). For 8
subjects, 6 MRI scans were available, resulting in a mean follow-up of 1794 days (SD
617; median 1586, range 1274-3392).

Figure 7 shows a plot chart of parenchymal values for the first 3 timepoints and for the
longer follow-up of 6 timepoints. Table 7 reports parenchymal values for these

timeframes.
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Figure 7(a): Plot chart of parenchymal volume values in 3 timepoints.
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Figure 7(b): Plot chart of parenchymal volume values in 6 timepoints.
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Early Parenchymal Volumes

Mean Std. Deviation N

Parenchymal base 995.3571 155.38221 14
Parenchymal 1 970.4286 154.35111 14
Parenchymal 2 962.5000 154.03084 14

Table 7(a): Shown are the parenchymal volume values for 3 timepoints.

Long-term Parenchymal Volumes

Mean Std. Deviation N
1008.5000 200.68810 8
960.8750 193.08950 8
956.5000 187.70874 8
967.8750 176.86511 8
965.1250 173.41975 8
969.2500 175.84551 8

Table 7(b): Shown are the parenchymal volume values for 6 timepoints.

Gray matter (GM) and white matter (WM) volumes were obtained through
segmentation and were measured in parallel with total parenchymal volumes. The
early reduction in WM volumes was significant (p=0.003), while GM results were
non-significant. Figure 8 and 9 show a plot chart of the volume trend change for WM
and GM, table 8 and 9 report volume values for these markers.
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Figure 8(a): Plot chart of WM volume values in 3 timepoints.

Estimated Marginal Means of WM

Timepoint
Error bars: 95% Cl

Figure 8(b): Plot chart of WM volume values in 6 timepoints.

Early WM Volumes

Mean Std. Deviation N
WM baseline 440.71 65.872 14
WM 1 420.14 76.948 14
WM 2 415.93 73.600 14

Table 8(a): WM volume values for 3 timepoints.

Long-term WM Volumes

Mean

Std. Deviation

445.37
413.13
410.13
421.75
419.25
427.88

83.991
94.225
87.728
98.536
91.380
93.087

00 00 00 00 00 00 |2

Table 8(b): WM volume values for 6 timepoints.
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Figure 9(a): Plot chart of GM volume values in 3 timepoints.
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Figure 9(b): Plot chart of GM volume values in 6 timepoints.

Early GM Volumes
Mean Std. Deviation N
GM baseline 554.64 92.536 14
GM 1 550.29 79.425 14
GM 2 546.57 81.943 14

Table 9(a): GM volume values for 3 timepoints.

Long-term GM Volumes

Mean Std. Deviation N
_ 563.13 120.545 8
_ 547.75 101.336 8
_ 546.38 101.554 8
_ 546.13 81.260 8
_ 545.88 88.599 8
_ 541.38 89.478 8

Table 9(b): GM volume values for 6 timepoints.
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4.2 Diffusion Tensor Imaging

To investigate the impact of AHSCT on WM microstructure, we analyzed fractional
anisotropy (FA) in the corpus callosum. For 3 subjects DWI images were not available,
while for 4 subjects they were of insufficient quality (n=2 number of DTI directions
<30, n=2 excessive head motion) for the analysis. We analyzed 10 subjects with 3 MRI
timepoints (626 days, SD 445), while only 5 subjects had 6 timepoints (1794 days, SD
617). Figure 10 shows FA plot charts that were obtained for 3 timepoints and 6
timepoints, table 10 reports FA diffusivity values.
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Figure 10(a): Plot chart of FA diffusivity values for 3 timepoints.
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Figure 10(b): Plot chart of FA diffusivity values for 6 timepoints
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Early FA Values

Mean Std. Deviation N
_ .5438765 .0762611 10
_ .5308613 .0854964 10
DACCRe Y 5300572 0887437 10

Table 10(a): FA diffusivity values for 3 timepoints.

Long-Term FA Values

Mean Std. Deviation N
_ .5423482 .0497939 5
e 0525735 5
Y 0581109 5
e 0640450 5
_ .5598994 .0870084 5
_ .5660294 .0771524 5

Table 10(b): FA diffusivity values for 6 timepoints.

Discussion

Our study assessed structural and diffusion brain metrics of 17 patients who underwent
autologous hematopoietic stem cell transplantation as treatment for aggressive MS.
The aim was to investigate the impact of AHSCT on brain volume and to explore the

microstructural changes caused by the procedure.

5.1 Early structural changes

We found a significant reduction of total brain volume (TBV) in the early stages after
transplantation (6-12 months), which was mainly driven by a significant reduction in
WM volumes. On the contrary, GM volumes did not reduce significantly and appeared
to be stable throughout follow-up. These results expand previous works, showing that
AHSCT is associated with rapid brain atrophy which interests mostly the WM
compartment. Of interest, in the same timepoints where significant reduction of TBV
is seen, fractional anisotropy shows only minor changes. This is the first study
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assessing diffusion-derived parameters of WM after AHSCT in MS, thus providing
clues on tissues microstructural integrity.

The main debate on the pathological substrate of BVL after AHSCT sees as possible
explanations (i) neurotoxicity from the chemotherapy used in the conditioning regimen
and (ii) pseudoatrophy, a rapid reduction in edema and inflammation of the brain
following immunotherapy.

In the former case, one would expect to observe a total reduction in parenchyma
associated with a concomitant reduction primarily in gray matter, with a worsening of
DTI measures in the total WM. Indeed, previous studies conducted in an attempt to
understand the effect of neurotoxicity, found that chemotherapy results in a profound
alteration in diffusion signaling’®’’. Vice versa, if the pseudoatrophy hypothesis were
true, the reduction in total volume would result primarily from a loss of volume in the
white matter, with stable or ameliorated DTI metrics in the WM.

Globally, the results of our study strongly support the hypothesis that the main driver
of accelerated brain atrophy observed in transplanted patients is due to pseudoatrophy
mechanisms. Indeed, WM compartment seems to be the main site of volume reduction,
without signs of ongoing tissue damage at diffusion imaging. Our results are in line
with some, but not all, studies assessing brain volumes changes after AHSCT. An
important factor that could explain these contradictory results is the conditioning
regimen used during AHSCT. Our patients underwent intermediate-intensity condition
regimens (17 patients with BEAN+ATG, 1 patient with cyclophosphamide + ATG),
which are known to be associated with fewer CNS adverse events compared to high-
intensity conditioning regimens containing busulfan. This could explain why our
results are in line with data from the HALT-MS study®® which used the same
intermediate-intensity conditioning regimen, but are in contrast with the Canadian trial
which used a busulfan-based conditioning regimen®8,

Although it is true that neurotoxicity and pseudoatrophy could co-exist, and it is true
that some degree of neurotoxicity may be present in the aftermath of transplantation,
it is possible that this effect is clinically relevant only when high-dose regimens are
used, whereas the main cause of BVL in patients going on AHSCT with intermediate

intensity regimens appears to be decreased edema and brain inflammation.
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5.2 Long-term effects of AHSCT

As second aim of the study, we wanted to analyze MRI data after several years after
AHSCT, to assess if the effects of the procedure last over time. Indeed, AHSCT is a
one-shot therapy with an early profound immunosuppressive effect, but its long-lasting
effects on MRI are not well characterized. We had the opportunity to analyzed brain
volume changes and diffusion data up to 5 years from AHSCT, and we found that brain
atrophy, after the initial acceleration discussed above, tends to slow down until it
reaches a level that is comparable to normal aging. Similarly, FA remained stable over
time, suggesting preserved brain tissue integrity up to 5 years from AHSCT. These
results are quite impressive, considering that patients who underwent AHSCT were
affected by particularly aggressive MS and in whom accelerated brain atrophy is

expected.

To conclude, while we confirmed that AHSCT causes an acceleration of brain atrophy,
and we suggested that this phenomenon should be primarily attributed to a resolution
of edema and inflammation, this study also demonstrated again the long-lasting,
profound anti-inflammatory effect of AHSCT as a treatment for aggressive MS by

showing the relative normalization of total brain volume loss trends for these patients.

5.3 Limitations

This study is not without limitations. First, 2 patients underwent brain MRI using a
different MRI scanner and this could have partly biased our results. However, for
volumetric analyses, all 3D-T1 were of high quality isotropic 1x1x1 mm?3 resolution.
Second, it is important to note that the diffusion data derives from a small cohort of
patients (n=10), therefore our statistical analysis must be considered as descriptive.
Moreover, recent data showed that pseudoatrophy mechanisms could involve GM in
an extensive way, thus limiting the utility of regional volumetric analysis in
distinguishing between neurotoxicity and pseudoatrophy. Lastly, the effect of AHSCT
on individual MS lesions could be add important information on the anti-inflammatory

effect of AHSCT and needs to be evaluated in a specific study.
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