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Abstract
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This thesis investigated the efficacy and safety of autologous hematopoietic stem cell
transplantation (AHSCT) as a treatment of multiple sclerosis.

This thesis demonstrates that when compared to one of the most powerful disease-modifying
drugs (DMDs), specifically alemtuzumab (ALZ), AHSCT is able to hold its ground. Patients
that were treated with AHSCT were more likely to maintain NEDA-3 or freedom from disease
in three parameters (no confirmed disability worsening, clinical relapses or MRI events)
versus those treated with ALZ. The three year post-treatment Kaplan-Meier (KM) estimates of
NEDA-3 were 88 % for AHSCT and 37 % for ALZ treated patients. With AHSCT, adverse
events were more common in the first three months, as is expected with an intense one-time
treatment. ALZ, though powerful and with little early adverse effects, has more late adverse
effects instead, namely thyroid disease. At 3 years post-treatment, the KM-estimates of thyroid
disease were 21 % for AHSCT and 46 % for ALZ. We then sought to address potential concerns
inusing AHSCT on patients previously treated with potent DMDs like alemtuzumab, cladribine
or rituximab. The concern lay in the fact that these powerful DMDs have long-lasting effects on
the immune system. We found that the rates of treatment-related and long-term complications
were the same for all patients regardless of previous use of DMDs. This finding therefore allays
those concerns: previous treatment with a powerful DMDs need no longer be a possible deterrent
to giving a patient AHSCT.

Using a series of CSF biomarker studies, we gauged treatment efficacy. We showed that
CNS inflammation is measurably affected by treatment, especially when it comes to AHSCT.
Post-AHSCT treatment, many of the proteins we studied decreased towards the direction of
healthy individuals, as early as the first year after treatment and remained so during subsequent
follow-ups. Additionally we saw that tissue-injuring disease processes, for example represented
by biomarkers like NFL and MBP, normalized for the majority of patients. These promising
results suggest that tissue-injury could possibly be stopped in its tracks with AHSCT. Finally,
we observed that biomarkers of B- and T-cell activation also became normalized, showing that
AHSCT treatment also shuts down acute inflammation. All of these factors together explain why
patients treated with AHSCT are able to maintain NEDA-3 so effectively even when compared
to one of the most potent drugs available. These results compellingly illustrate that AHSCT
treatment yields quantifiably long-lasting and beneficial effects that are not commonly seen with
other available treatments for MS. Therefore, use of AHSCT should be advocated, promoted
and utilized more for the benefit of patients and society as a whole.
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Chapter 1: Introduction

What is multiple sclerosis (MS) and why is it
important?

Epidemiology of MS: Sufferers in the world and in Sweden

Multiple sclerosis (MS) is a demyelinating and neurodegenerative autoim-
mune disease of the central nervous system (CNS). MS is the most common
inflammatory neurological disease of young adults with a mean diagnosis age
of 30.! The highest age-standardized MS prevalence estimates per 100 000
people were in high-income North America, western Europe and Australasia
while the lowest were observed in eastern and central sub-Saharan Africa as
well as Oceania.' Previous studies have shown that prevalence of MS in-
creases with higher latitudes in both hemispheres, though some discrepancies
do appear.>* In Sweden, the overall prevalence was 190/100 000 with 113 in
men and 260 in women.* This in itself is one of the highest nationwide esti-
mates when comparing with the rest of the world.* Sweden has seen an in-
crease of cases from 96 (1988) to 189 (2008) per 100 000, though this can be
partly explained by better case assessment, awareness and improved health
service.’ As the disease, generally, appears at the commencement of an adult’s
life and affects them indefinitely, it is imperative to be able to not only provide
the right treatment, but to also assess the effectiveness of said treatment.

Types of MS

There are three basic types of MS. Relapsing-remitting multiple sclerosis
(RRMYS) is characterized by relapses and remissions. The attacks or relapses
are generally unpredictable and the deficits from them may or may not be per-
manent. Between relapses, patients experience periods of remission. Primary
progressive multiple sclerosis (PPMS) is progressive in nature, which means
that they have a steady decline and no periods of remission. Secondary pro-
gressive multiple sclerosis (SPMS) is the combination of the RRMS and
PPMS where the initial RRMS form progresses into a steady decline with no
remissions, fig 1.° Additionally, the progressive MS (PMS) is used to collec-
tively represent SPMS and PPMS patients.
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Fig 1: RRMS = relapsing-remitting multiple sclerosis; PPMS = primary progressive
multiple sclerosis; SPMS = secondary progressive multiple sclerosis *in some older
articles, progressive-relapsing is also presented as a type of MS.
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Pathology

CNS

Multiple sclerosis is restricted to the CNS, which makes it difficult to both
treat and diagnose. The disease is predominantly represented by two patho-
logical manifestations: 1. gliosis and neurodegeneration and 2. inflammation
and demyelination. Two major measurable outcomes of MS used to describe
the clinical course as well prognosis have been qualitative (disability, progres-
sion) and quantitative (lesions, relapses).

Immunology

The pathology of MS is multifactorial and some of the risks and factors in-
clude genetic’ and environmental,® such as obesity, smoking, vitamin D lev-
els*” and Epstein-Barr infection.*'° When looking at immunopathogenesis,
which is likewise multifactorial and yet to be fully understood, it is believed
that inflammation leading to destruction of myelin is due, at least in part, to
infiltration of T- and B-cells.'""'> It should be noted that regulatory B-cells,
which are immature transitional B-cells, that protect from autoimmunity via
IL-10 production are depleted in MS patients.'*'*

There are two main cells of the adaptive immune system, the T- and B-cells.
Both develop from common progenitors in the bone marrow but with different
functions. The main roles of the B-lymphocytes are antigen presentation to T-
lymphocytes and production of antibodies. Since B-cells are important antigen
presenting cells and can produce an array of cytokines, their role as well as
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interaction with T-cells has been more scrutinized lately. The heterogeneity
of B-cells’ role though has made them more difficult to categorize. Nonethe-
less, B-cell depleting therapy in MS and other autoantibody CNS diseases,
has highlighted the importance of B-cells in these diseases.'>'® Additionally it
has been noted that B cells can be detected in CNS lesions from patients with
early to late stages of MS and more abundantly in active lesions from RRMS
in comparison to non-active lesions and lesions from patients with PMS over-
all.'” However, B-cell depletion with CD20 antibodies can cause disease ex-
acerbation, which is associated with an increased production of pro- inflam-
matory TNF since regulatory B-cells control other inflammatory cells and pro-

CESSES. 18

T helper cells (CD4" T-cells) play a major role through the release of cytokine
and immune mediators. In order to be activated, they require an interaction
with major histocompatibility complex class II expressing cells, such as in
macrophages, dendritic cells or B-cells. Cytokine and mediator release also
leads to an influx of macrophages to the CNS and additional proinflammatory
cytokine release. Cytotoxic T cells (CD8" T-cells) are prominent in the in-
flammatory infiltrate in MS lesions and involved in the process by directly
interacting with major histocompatibility complex I in antigen expressing
cells like neurons and oligodendrocytes.''!” The constant release of proin-
flammatory cytokines and the addition of cellular damage leads to monocyte
and macrophage recruitment as well as microglia activation, leading to further
inflammation.

Active lesions contain a large number of inflammatory cells, mainly macro-
phages and T-lymphocytes, as well as to a lesser extent B- and plasma cells
(Fig 2). Their activation and migration across the blood-brain barrier (BBB)
is what leads to the characteristic demyelination seen in MS.
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Fig 2: MS plaques are distinguished by inflammation, myelin loss, axonal damage
and gliosis, with the lesions varying in size from less than a millimeter to several
centimeters.

In general, the immune response to a pathogen can be described as follows. A
macrophage first engulfs a pathogen, digests it and presents antigens. T-helper
cells bind to the macrophage and activates. These activated T-helper cells bind
to B-cells and in turn activates them. Activated B-cells either turn into plasma
cells and are released in blood or they become memory B-cells. The former
then secrete antibodies, which bind to antigens to fight the invading pathogen.
This binding is to physically stop the function of the pathogen and attract mac-
rophages, for example, to attack and phagocytose.

In MS the identified pathogen is in fact no foreign pathogen at all but rather
integral components of the CNS that make it functional. During the disease,
macrophages show signs of myelin phagocytosis while T cells express cyto-
kines and recruit other inflammatory cells. Oligodendrocytes are responsible
for myelin production in the CNS and produce the insulating sheath of axons.
Therefore, the targeting of oligodendrocytes, and the myelin sheath they pro-
duce, leads to demyelization, decreased axon density and eventually neuronal
death. Some of the post-demyelination components that can be found in CSF
include myelin basic proteins (MBPs) and oligodendrocyte glycoproteins.

Clinical Presentation and Definitions

One of the most common definitions of a relapse is a period of acute worsen-
ing of neurological function, which lasts > 24 hrs. *° In order to substantiate
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and confirm relapses, often magnetic resonance imaging (MRI) is used as an
evaluation tool. If gadolinium enhanced lesions are present, then they are usu-
ally considered to be an affirmation of an ongoing relapse. Since MS affects
the brain, neurological impairment is another characteristic clinical presenta-
tion of the disease. The Expanded Disability Status Scale (EDSS) is used to
evaluate disability and focuses on frequent symptoms of multiple sclerosis.
Seven functional systems are tested: visual, brainstem, pyramidal, cerebellar,
sensory, bowel-bladder and cerebral functions.?'** This allows for a somewhat
clearer parameters while tracking disease progression as well as treatment ef-
ficacy in the long run.

Diagnosis

The principles of dissemination in time and space are used to determine
whether or not an individual is suffering from multiple sclerosis rather than
clinically isolated syndrome (CIS) or other neurological diagnoses. Dissemi-
nation in time means that neurological damage is occurring at more than one
time point, while dissemination in space means that multiple parts of the CNS
have neurological damage.® The most up-to-date protocol for diagnosing MS
is grounded in both the 2017 revised McDonald criteria, as well as clinical,
radiological (specifically MRI), and cerebral spinal fluid (CSF) findings.***

A contrast agent containing gadolinium can be used during an MRI to better
distinguish between active and inactive lesions. Gadolinium-enhancing le-
sions represent areas of active inflammation. T1-weighted MRI sequences can
reveal breakdown in the BBB through intravenous gadolinium leakage as well
as lesions. The T2-weighted MRI sequences with FLAIR will demonstrate MS
lesions. Analysis of the CSF can reveal oligoclonal IgG bands and increased
levels of IgG (IgG index) in more than 90 % of patients.*2>-%

Therapies — Disease-Modifying Drugs

Since there is currently no definitive cure for MS, disease-modifying drugs
(DMDs), alternatively refered to at disease-modifying treatments (DMTs), are
most commonly used to modify the disease course through moderation of im-
mune function.?”?® With administration, there is a reduction in the relapse rate
and accumulation of MRI lesions.* In some cases there are stabilization, delay
of disability and modest improvement in disability as well.*

Overall, DMDs cover varying stages of the immune response in an effort to
stop the chain of events that lead to CNS inflammation. Table 1, is a summary
of DMDs from first to second-line treatment and mechanisms of action (if
known).
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Any first-generation or second-generation DMD exposure is associated with
a lower hazard of mortality, by 26 % — 33 % respectively, when compared to
no exposure. Although, DMD exposure does not reduce physician visits sig-

nificantly, it does lower hospitalization.

29,30

Table 1: Combined table based off Garg, Hauser, Rafiece and Williams et al.!?23:3132

First-line treatment

Mechanism

Teriflunomide

Dihydroorotate dehydrogenase inhibitor

Glatiramer acetate

Downregulation of autoreactive T-cells,

IFN-b-1a (Rebif)

Inhibition of CD4+ T-cells

IFN-b-1a (Avonex)

Inhibition of CD4+ T-cells

PeglFN-b-1a (Plegridy)

Inhibition of CD4+ T-cells

IFN-b-1b (Betaseron)

Inhibition of CD4+ T-cells

Dimethyl fumarate and
diroximel fumarate

Nuclear factor (erythroidderived 2)-like 2 path-
way inhibitor

Second-line treatment

Mechanism

Fingolimod Sphingosine-1-phosphate inhibitor
Siponimod Sphingosine 1-phosphate receptor modulator
Ozanimod Sphingosine 1-phosphate receptor modulator
Cladribine Apoptosis of immune cells

Ocrelizumab

B cell depletion

Ofatumumab B cell depletion
Rituximab B cell depletion
Natalizumab Inhibits extravasation of immune cells

Alemtuzumab

Depletion of T- and B-cells

Mitoxantrone

Inhibits B-, T-cell and macrophage proliferation

18




Chapter 2: Aims

The aim of this doctoral thesis is to describe the efficacy and safety of hema-
topoietic stem cell transplantation (HSCT) as a treatment of multiple sclerosis.

The projects can be divided into two parts: clinical and biomarker studies.

The clinical studies (I — II) aimed to show how HSCT compares to DMDs in
terms of efficacy and adverse events.

The biomarker studies (III — VI) aimed to show how HSCT for MS impacts
the levels of novel and established biomarkers of MS over time.
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Chapter 3: The Nitty-Gritty

Hematopoietic Stem Cells (HSCs)
What are HSCs?

Hematopoietic stem cells (HSCs) are located in the bone marrow and give rise
to other blood cells through the process of haematopoiesis.*®> There are two
main cell lines: myeloid and lymphoid. The myeloid cells include macro-
phages, neutrophils, basophils and erythrocytes. Lymphoid cells include T-
and B-cells and NK-cells, fig 3. Cell exposure to cytokines at different stages
determines the type of cell that will be eventually created. Some of the cyto-
kines are IL-1 to -8, IL-12 and stem cell factor (SCF), which enhances cyto-
kine stimulated proliferation.’*

hemampoleluc stem cell

/\

mmaon lymphoid Ursor
common myeloid precursor ¢ @ & & g s

magak:ryocyler Aym \

erythroid macrophage

progenitor progenitor \
/ O precursor

O ﬁ neultoph i eosmoph:l basophll

erythrocyte  platelet masl:alt macrophage dendritic cell  effector T-cell plasma cell NK-cell

Fig 3: Illustrates why HSCs are so significant. These cells are the undifferentiated
progenitors of a multitude of cell including that of the immunity as well as blood. This
diagram shows the advanced web leading from HSC to the final and mature forms.
Different cytokines at different stages act as important growth factors and ultimately
determine the final cellular products of the HSCs.

AHSCT — Why it is important?

Hematopoietic stem cell transplantation can be divided into two types: autol-
ogous and allogenic. In autologous HSCT (AHSCT), patients receive their
own hematopoietic stem cells, while in allogenic HSCT the patient receives a
stem cell graft from a healthy donor.*® The vast majority of MS patients have
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been treated with AHSCT. Originally, stem cell transplantation was per-
formed in order to treat patients in the chronic phase of leukemia and later
other cancers.*® *" The first non-cancer related successful human-to-human
bone-marrow transplant was performed in 1968 to a 5-month-old child suffer-
ing from sex-linked lymphopenic immunological deficiency.*®

For over two decades, AHSCT has been used as a therapeutic intervention for
MS, based on data from uncontrolled clinical trials and case series.*® The first
randomized controlled trial was conducted in 2015: the phase II trial
(ASTIMS) of AHSCT vs mitoxantrone concluded that AHSCT treatment led
to a lower number of MRI lesions.*” A Phase III study (MIST) from 2019
showed that AHSCT both increased the likelihood of disability improvement
and prolonged the time to disease progression in RRMS*'. In 2016, the Swe-
dish Board of Health and Welfare approved AHSCT as a therapeutic option
for RRMS.*

Performing AHSCT and MS

The AHSCT procedure is comprised of the following steps: mobilization,
hematopoietic stem cell collection, conditioning and stem cell reinfusion.
Treatment of MS with AHSCT started in 1995 in cases where DMDs were
ineffective i.e. in progressive cases. Although AHSCT in patients with pro-
gressive disease and high pre-transplantation disability scores was not effec-
tive®®, an early observation was that the few patients with RRMS who were
treated, displayed long-term remission.***¢

The Swedish implementation of and experience with AHSCT? started in 2004
at Uppsala University Hospital and, after its subsequent success, led to an in-
crease in use. Ten years later in 2014, in a summary of 48 patients (of which
38 were RRMS), 68 % had no evidence of disease activity using the outcome
measure of NEDA-3 (no confirmed disability worsening, clinical relapses or
MRI events).*’

AHSCT causes the profound destruction, followed by reconstitution, of the

immune system through hematopoietic stem cells, not merely just long-lasting
suppression.*®
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The four main steps of AHSCT are pictured below in fig. 4 and include:
1. HSC Mobilization

a. Includes granulocyte colony-stimulating factor (G-CSF)
administration with cytotoxic chemotherapy, e.g.
cyclophosphamide.

2. HSC Harvesting and Cryopreservation

a. Harvesting is usually performed with peripheral blood
(rather than bone marrow) and thereafter cryopreserved until
transplantation.

3. Conditioning

a. Ablation of the immune system is achieved through
conditioning with high-dose chemotherapy. (In Sweden,
from 2013*'*% a low-intensity cyclophospamide-based
conditioning regimen is used instead of BEAM*".)

4. Transplantation
a. Infusion with HSCs facilitates recovery by assisting in
marrow repopulation and immune system reconstitution.*®

HSC transplantation

| Cryopreservation of AHSCT graft | ﬁ

[ranspiariaton 5
Maobilization |Leukc-apharesis |-h Conditioning

. .PDsttranspIantation
O inphosraEm Cyclophosphamide recovery and discharge
G-CSF G-CSF ;

2 2 (weeks]

[y

Fig 4: A visual depiction of hematopoietic stem cell transplantation divided into 4
distinct stages: mobilization, HSC harvesting and cryopreservation, conditioning and
transplantation. The time line represented in the picture is in weeks.
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Biomarkers

What are biomarkers?

There are four types of biomarkers or biological markers: molecular, histolog-
ical, radiographic and physiological.* Various molecules can serve as bi-
omarkers since they all indicate something about the health status and past or
ongoing processes in the body. Biomarkers are therefore a valuable source of
information pre- and post-treatment to help determine if, and to what extent,
one or another treatment has been effective over time.

Choosing Biomarkers

Choosing which biomarkers to examine is rooted in drawing a link between
the biomarker and a specific disease condition or pathogenic process. Effec-
tive biomarker identification occurs as a product of comprehensive literature
reviews and as well as data analysis and assay validation. To the utmost max-
imum, these combined processes should eliminate any obvious confounders.*’
Broad biomarker panels compiled using these insights then facilitate a broad-
band perspective on where study participants stand vis-a-vis themselves as
well as each. The types of measurements that can be taken are direct and indi-
rect measurements. A direct measurement would involve biological matter
like blood and CSF. An indirect measurement would be something like an
fMRI scan where changes in function and composition can be observed with-
out need for tissue sampling.

Biomarkers of Interest

Biomarkers are an indication of an ongoing or past biological process and can
reflect the disease spectrum from beginning to terminal stages.*” Some bi-
omarkers have long been established and their relationship with a disease well
characterized, as in the case with MS and NFL.’!? Since MS is an autoim-
mune disease, biomarkers highlighter the effects of the disease, such as in-
flammation and cellular injury, make for excellent targets.

Blood Biomarkers of Inflammation

uP A 111

Urokinase-type plasminogen activator (urokinase, uPA) is involved in vascu-
lar disease and cancer progression as well as several inflammation-related dis-
eases such as rheumatoid arthritis and allergic asthma. uPA cleaves plasmin-
ogen and eventually activates the extracellular proteolytic enzymes matrix
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metalloproteases (MMPs). MMPs are thought to be an essential step for acti-
vated T-cell migration into the CNS. MMP-8 and MMP-9 levels are increased
in serum of MS patients, but after 6 months of IFN-B-treatment are corrected
to normal levels.>

cx3c ™

CX3CLI (or fractalkine) is a chemokine and a mediator of several aspects of
the immune response. It can both function as a proinflammatory chemoat-
tractant and anti-inflammatory neuroprotective agent.** It is reported that
CX3CLI is increased in serum from MS patients.”

CSF Biomarkers of Inflammation

ccL3vW

CCL3 or chemokine ligand 3 is involved in the acute inflammatory state as
well in the recruitment of leukocytes and leukemia stem cell population
maintenance.’® This macrophage inflammatory protein is has also become a
prognostic biomarker in hematological malignancies.’

IL-12B"Y

IL-12B or subunit beta of interleukin-12 (IL-12p40) is associated with over-
expression in patients with MS.>® As a cytokine, it acts on T- and NK-cells, is
expressed in macrophages along as well as dendritic cells and affects memory
Th1 cells.”® When faced with a pathogen, dendritic cells and phagocytes pro-
duce IL-12.%

cxXcrio®

CXCL10 is a chemokine which is secreted by multiples sources like endothe-
lial cells, fibroblasts etc. It is involved in the attraction of monocytes/macro-
phages, NK-, T- and dendritic cells.®’ This makes CXCL10 a marker of host
immune response and integral in the creation of a feedback loop, which further
perpetuates the autoimmune process.*

IL-8"

IL-8 is an inflammatory chemokine that is produced by macrophages, endo-
thelial cells and other cells.®*** Any cells involved in the innate immune re-
sponse with toll-like receptors (TLRs) can secrete IL-8 but macrophages tend
to be the first and use it for the recruitment of other cells.®> This chemokine is
an important parameter of localized inflammation as well. IL-8 concentrations
have been found to be elevated in MS patients when compared with individu-
als not suffering from a neuroinflammatory condition.®® Additionally it has
been observed that, in MS patients, higher levels of IL-8 are associated with
clinical disability, disease reactivation and treatment switch.®’
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CXCL13

CXCL13 or chemokine ligand 13 regulates B-cell migration in lymphoid tis-
sue and can be found in active MS lesions.*® This is of course important since
some treatments like rituximab (RTX) are B cell — depleting monoclonal an-
tibody medications. CXCL13 also correlates with immune activation markers,
and with disease activity, in RRMS patients.®

sCD27 V!

Soluble form of CD27 (sCD27)is a transmembrane glycoprotein found spe-
cifically on T- and B-cells. It belongs to a recently identified receptor family,
whose members are involved in cell differentiation and survival. When T-cells
are activated, sCD27 is released into the supernatant and can therefore be de-
tected in fluids such as serum and urine.” Since the 1990’s, sCD27 has been
investigated as a potential biomarker and increased levels of sCD27 are in fact
indicative of an inflammatory neurological condition.”"

CSF Biomarkers of Tissue Injury

NFL ¥

Neurofilament light (NFL) is part of the cytoskeletal structure of myelinated
axons. When axon destruction occurs, it leads to measurable increases in CSF
concentration of NFL.>! Elevated levels of NFL in CSF were reported in am-
yotrophic lateral sclerosis as well as Alzheimer’s and multiple sclerosis more
than two decades ago.”” Since NFL is a main structural protein of axons it
follows that NFL can be used to monitor neurodegeneration in general and
furthermore be potentially used as an evaluation tool for treatment.”

MBP Vv

Myelin basic protein (MBP) is located on the intracellular surface of myelin
membranes and is involved with myelin structural integrity. MBP has also
been shown to be associated with relapses and gadolinium-enhancing lesions
as can be seen using an MRI.>! As demyelization occurs, vMBP is released
into CSF. Therefore, it may be possible to use levels of MBP in order to mon-
itor disease progress pre- and post-treatment.”

GFAp"Y

Glial fibrillary acidic protein (GFAP) is a major intermediate cytoskeletal pro-
tein and is an integral part of astrocyte motility and structural stability. Astro-
cytes are star shaped glial cells in the brain and spinal cord. They control en-
dothelial cell in the blood brain barrier (BBB,) provide nutrients to the nervous
tissue, maintain ion balance, regulate cerebral blood flow and repair/scar the
brain following trauma.” In the spinal cord, activated astrocytes have the abil-
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ity to respond to almost all neurotransmitters and release neuroactive mole-
cules.”® Since GFAP synthesis occurs as an astrocyte response following tis-
sue damage, monitoring it could lend insight into disease activity and status.”’
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Chapter 4: Studies I — VI

Clinical Findings

Even a decade ago, efficacy and safety of AHSCT for MS was under question.
With the therapy given to progressive and only sporadically to RRMS patients,
the verdict was not initially crystal clear. Once the therapy became more ac-
cepted, still additional concerns were raised.

v How does AHSCT compare to the leading DMDs available?'

v' Is the rate of treatment-related and long-term complications for pa-
tients previously treated with DMTs that are immunologically long-
lasting (anti-CD20, ALZ, cladribine) different than for those that are
not? "

Clinical Parameters

When it comes to clinical studies, it is important to determine parameters by
which assessments of efficacy can be made.
v' EDSS

o Tests seven functional systems: visual, brainstem, pyramidal,
cerebellar, sensory, bowel-bladder and cerebral functions.
Scoring ranges from 0 (no disability) to 10 (death)

v Clinical Relapse

o Period of acute worsening of neurological function lasting

>24 hours that is not due to an external cause
v" Annualised Relapse Rate (ARR)

o Number of relapses occurring during a time period divided by

the number of years in that time period
v Confirmed Disability Improvement (CDI)

o Decrease in EDSS score by at least one point from baseline
sustained between two follow- up no less than 6 months apart
(0.5 points if the baseline EDSS >6)

v Confirmed Disability Worsening (CDW)

o Increase in EDSS score by at least one point from baseline
sustained between two follow- up visits no less than 6 months
apart (1.5 point if EDSS at baseline was 0, 0.5 points if the
baseline EDSS >5.5)
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v" MRI Event
o Appearance, in the brain or spinal cord, of any T2 lesion >3
mm or gadolinium enhancing lesion not present on the base-
line scan
v" No Evidence of Disease Activity (NEDA-3)
o Absence of clinical relapses, CDW and MRI events.

Study 1. Different Treatments Compared

One of the most powerful drug treatments of late for RRMS has been
alemtuzumab (ALZ). It was found to reduce clinical relapse, disability
progession, lesion activity and brain volume loss. ’® This therapeutic drug also
has long-lasting effects on immunity " and is therefore an excellent point of
comparison for AHSCT when it comes to sustained effect and adverse events.
In our 2020 observational cohort study, a total of 144 RRMS patients were
included: 69 received AHSCT while 75 received ALZ as treatments. Yearly
follow-up visits with assessment of EDSS, adverse events and MR investiga-
tions were conducted. The patients did not significantly differ in male to fe-
male proportions, number of previous treatments or disease duration. They
did differ in a few parameters. ALZ patients had a lower baseline age related
multiple sclerosis severity score (ARMSSS), baseline EDSS and annualized
relapse rate (ARR) 1 year prior to treatment. These patients were as well a
little bit older: ALZ 35 (IQR 30 —41) vs AHSCT 30 (IQR 26 — 37).

When it came to efficacy, a Kaplan-Meier (KM) estimate of NEDA-3 at 3
years was 88 % (95 % CI 80 % — 97 %) for AHSCT and 37 % (95 % CI 26 %
— 52 %) for ALZ, p < 0.0001 (Fig. 5). This indicates that RRMS patients
treated with AHSCT are more likely to achieve NEDA-3 than patients treated
with ALZ.
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Fig 5: NEDA-3 for AHSCT and ALZ up to 3 years. Those treated with AHSCT were
more likely to achieve NEDA-3.

While looking at adverse effects, AHSCT is more invasive at administration
and so in comparison to ALZ, more adverse events are expected during the
first 100 days. These events through proved to be manageable and did not
result in any recorded long-term morbidity. Neither group showed any trend
of late adverse events that were grade 3 or higher. Grade 4 events are those,
which are life threatening and require urgent intervention, while death is clas-
sified as a grade 5 event. When it came to autoimmune adverse events, 20%
of AHSCT patients, compared with 47% of ALZ patients, experienced an
event, with thyroid disease being the most common (fig 6).! This means that
ALZ patients are more likely to develop thyroid disease than those treated
with AHSCT.
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Fig 6: Thyroid disease for AHSCT and ALZ. ALZ treated patients were much more
likely to develop thyroid disease than those treated with AHSCT.

Based on this evidence, AHSCT appears to be more effective at maintaining
RRMS patients in a state of NEDA and with less adverse events after 100 days
post treatment initiation than ALZ.

Study II. Powerful DMDs before AHSCT, yay or nay?

Now that we have established that AHSCT is a highly effective treatment,
another concern needs to be addressed. Since some DMDs like ALZ, rituxi-
mab (RTX) and cladribine (CLD) have long-lasting effects, should patients
who have taken them be included or excluded from having AHSCT as a treat-
ment? For example, when it comes to ALZ, some centers chose to exclude
AHSCT as a treatment.*' A 2020 article by Boffa et al with a three person case
shed light on safety and efficacy of AHSCT following ALZ treatment.”

Our study investigated the effects of AHSCT on 104 RRMS patients who were
treatment naive, had previously received a standard disease modifying treat-
ment (DMT), or had previously received a DMT with long-lasting effect like
ALZ, CLD or RTX."
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This retrospective study showed that patients treated with ALZ, CLD or RTX
had the same frequency of both early and late adverse event when compared
to those treated with other DMTs. Additionally all patients who had previously
received long-term effect DMTs attained NEDA-3, fig 7.
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Fig 7: All patient who had received long-term effect DMTs were able to achieve
NEDA-3.

Clinical Conclusions

The two clinical studies I and II presented evidence that AHSCT is a powerful
treatment that is not inferior to the best DMD currently available' and the prior
use of long-term effect DMDs should not exclude patients from receiving
AHSCT as a treatment for RRMS".

Biomarker Findings

Biomarkers allow for a different picture to be painted. Since they are indica-
tors of the internal ongoing processes in the body, they are a valuable source
of information before and after treatments.
v/ Serum proteins pre-post interferon-p-1a treatment?™!
v CSF PEA inflammatory panel looking at RRMS (AHSCT) and PMS
(RTX) — are there differences/patterns? "
v' CSF NFL, MBP and GFAp — how does the tissue-injuring disease
process look after AHSCT? "
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v" CSF CXCL13 and sCD27— how do the biomarkers of B- and T-cell
activation fare after AHSCT? V!

Study III. Pre—Post Treatment: Proteins Modulated with
Interferon-B-1a Treatment

An effective way of finding biomarkers of inflammation that are modulated
pre- and post-treatment is through the use of a 92 protein inflammation panel,
for example.

In study III, 29 RRMS patients and 15 healthy control (HC) subjects were
investigated. For 13 of the RRMS patients, measurements were available at 1-
and 3-months post treatment initiation. Biomarkers CCL2 and TRAIL were
confirmed to be modulated with the treatment, showing that our findings cor-
related with established findings. Novel findings in this study though were
that uPA and CX3CL1 were differentially expressed in MS, fig 8. Both uPA
and CX3CL1 levels were significantly lower in MS patients than in controls
and increased after IFN-B-1a treatment.

CX3CL1
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Fig 8: Levels of uPA, CX3CL1 in HC, untreated MS patients and IFN- B-1a treated
MS patients. # (p < 0.05). 0 M (before treatment), 1 M (1 month post-treatment) and
3 M (3 months post-treatment)); * (q < 0.05), ** (q <0.01), *** (q<0.001), N.S. (not
significant)
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Study IV. Pre—Post Treatment: Proteins Modulated with AHSCT
and Intrathecal RTX

Now, using a 92 cytokine and other inflammation related protein panel one
can go on to analyze in multiple directions:
v’ Differences between individuals with MS and healthy controls (HC)
v’ Effects of treatment with AHSCT in RRMS patients or intrathecal
RTX in PMS patients

This study comprised of 158 MS patients and with 53 HCs. Of the 158 MS
patients: 64 RRMS patients and 27 PMS patients underwent a single occasion
of lumbar puncture for CSF sample retrieval, 45 RRMS patients underwent
AHSCT and follow-up lumbar punctures; 22 PMS patients underwent in-
trathecal RTX treatment and follow-up lumbar punctures. Upon analysis, 16
cytokines (proteins) were found to be altered after AHSCT, of which 11 pro-
teins were decreased post-treatment. Of those cytokines that were affected,
this study suggests that the inflammatory milieu of the CSF in multiple scle-
rosis is profoundly affected by AHSCT. As for intrathecal RTX, none of the
studied cytokines were affected by treatment.

Since some proteins were highly associated with other, a cluster analysis
ranked them. Between MS patients and controls, the highest ranked discrimi-
nating proteins were: CCL3, IL-12B, CXCL10 and IL-8. When it came to dis-
criminating between patients with RRMS and PMS, only IL-12B differed, Fig
9. Impact of previous treatment is no less important to assess. In Fig 10, one
can see a trend that concentrations of CCL3, IL-12B, and CXCL10 were ele-
vated in patients with 1*-line treatment. After AHSCT, CSF concentrations of
CCL3, IL-12B and CXCL10 were decreased, while those of IL-8 appeared to
be unaffected by this therapy, Fig 11. Finally, high concentrations of IL-8
were associated with worse outcome in both treatment groups, Fig 11. Overall,
the results suggest a profound effect of AHSCT on the inflammatory milieu
of the CSF in RRMS.
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35



p=42e-09 .. . EDA

— — * k% NS NEDA-3
X 5 X 5 *k%k *
5 % ) NS
2 4 % 4 . T .
8 < S
2 2
Baseline 1 year 2 years 5 years
p =3.2e-09 "k . EDA
.8 Y *kk Ns  NEDA-3
X X O
a o _ kkk NS
Z 6 Z 6 NS
S Q4
1 I ¢
- 2 - 2 * v
- - oA r) )]
dh}%&- SR - o
0 : 0
HC Baseline 1 year 2 years 5 years
p= 0.061 . EDA
10 10 NEDA-3
9 9
X X
L s L g
E on E -k L "
2 e Ll Dl O
© . L. ® . P Z[ Z
= Wyt
6 . 6
HC Baseline 1 year 2 years 5 years
p =0.017 * . EDA
14 14 . * NS NEDA-3
o = NS
& 12 ARP NS
Z Z |
210 S 10| 40 5 :
S SR gd g 9o
@) O N
< 8 < 8
) o

Baseline 1 year 2 years 5 years
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treated RRMS patients.

IL-12B rapidly decreased to around HC level. Though CCL3 and CXCL10
also decreased, they did so gradually and were not able to reach the levels of
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HC. IL-8 was not affected by AHSCT did not affect levels of. Evidence of
disease activity (EDA) was associated with higher post-treatment levels of
CCL3, IL-8 and CXCL10. NS = not significant, *p < 0.05, **p < 0.01, ***p
<0.001

Study V. Biomarkers of Demyelination and Axonal Damage
After AHSCT

This study took a closer look at whether the tissue-injuring process of RRMS
is halted by AHSCT. Three commonly used biomarkers of tissue damage
were chosen for the analysis: neurofilament light (NFL), myelin basic protein
(MBP) and glial acidic fibrillary protein (GFAp). Forty-three RRMS patients
with at least 1 follow-up after transplantation and 31 HC participated in the
study. When examining the proportion of RRMS patients with values above
the upper limit of normal at baseline vs 5-year follow up, the difference is
astounding, Table 1. Baseline vs 5-year follow-up: 67 % vs 12 % for NFL, 63
% for MBP vs 12 % and 16 % vs 25 % for GFAp. The mean concentration of
NFL and MBP decreased from baseline to 5-year follow-up, while GFAp re-
mained unchanged, tables 2 — 3. NEDA-3 over the follow-up period was found
in those patients that had lower baseline median CSF MBP concentrations,
table 2.
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Higher baseline levels of NFL and MBP were observed in patients with con-
firmed disability worsening (CDW) as well as patients with confirmed disa-
bility improvement (CDI), p-value = 0.04, in comparison with patients who
were EDSS stable post AHSCT, table 4.

Table 4: Biomarker levels at baseline based on whether EDSS status showed im-
provement, stability or worsening.

Baseline NFL (pg/mL) Baseline MBP (pg/mL) Baseline GFAp (ng/mL)
Median (IQR) Median (IQR) Median (IQR)
CDW (n =3) 2100 (660 — 8300) 2400 (2400 —9200) 30 (23-41)
Stable (n = 15) 450 (320 — 1400) 760 (480 — 1900) 18 (16 —23)
CDI(n=23) 1500 (540 — 4600) 1800 (810 — 4200) 25(19-33)

NFL, neurofilament light; MBP, myelin basic protein; GFAp, glial fibrillary
acidic protein; EDSS, expanded disability status scale; CDW, confirmed dis-
ability worsening, CDI, confirmed disability improvement.

Finally, in a majority of patients, biomarkers of axonal damage (NFL), fig 12,
and demyelination (MBP), fig 13, reached normal values within five years
after AHSCT.
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Fig 12: NFL levels before (baseline) and 1, 2, and 5 years after AHSCT.

NFL decreased after treatment with every year, approaching 88 % normal val-
ues at five years. Patients with EDA had numerically higher NFL levels at
baseline (2100 pg/mL) than those with NEDA-3 (720 pg/ mL) - the difference
statistically insignificant (p=0.13). *** p-value < 0.0001
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Fig 13: MBP levels before (baseline) and 1, 2, and 5 years after AHSCT.

MBP decreased after AHSCT with every year, approaching 88 % normal at
five years. Patients with EDA had higher MBP at baseline than those with
NEDA-3 (2400 pg/mL vs 1200 pg/mL, p = 0.03). * p-value < 0.01, *** p-
value < 0.0001

Study VI. Biomarkers of Immune Activation After AHSCT

This study with RRMS patients further delves into the aftereffects of AHSCT,
specifically focusing on the biomarkers of B- and T-cell activation. This study
had 32 HC and 45 RRMS patients that underwent AHSCT. Within one year
of treatment, CXCL13 concentrations were normalized; within two years,
sCD27 concentrations were normalized, Fig 14. When looking at CSF con-
centrations of CXCL13 and sCD27 and disease activity status, another picture
emerges. Higher CXCL13 concentrations were found in patients with an ac-
tive disease (relapse or MRI lesion) but for sCD27, disease activity did not
give rise to a significant concentration difference, Fig 15. Ultimately, treat-
ment with AHSCT for RRMS is associated with a definitive decrease in CSF
concentrations of CXCL13 and sCD27.
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Fig 14: Overview of CXCLI3 and sCD27 concentrations in CSF.
Overview of CXCL13 and sCD27 concentrations in HC and RRMS patients that un-
derwent AHSCT. Horizontal lines = median values. Active disease (relapse or MRI
lesion) at sampling = red coloring of data points. Two patients with clinical relapse at
follow-up = triangles.

Fig. 15: Cerebrospinal fluid CXCL13 and sCD27 concentrations by disease activity
status
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CSF concentrations of CXCL13 and sCD27 in HC compared with baseline
samples from RRMS patients. Patients with an active disease (relapse or MRI
lesion) had higher CXCL13 concentrations. For sCD27, disease activity did
not give rise to a significant concentration difference. Horizontal lines denote
median values. ns = not significant * p < (0.05 **** p <(.0001

Biomarker Conclusions

The four biomarker studies III to VI presented evidence that biomarkers are
an effective tool to measure the impact of, and possibly provide outcome pre-
diction of treatment. The first of the four biomarker studies™, acted as a proof-
of-concept: the method was able to confirm known changes in biomarkers and
provide novel findings. The second study'" revealed that a number of proteins
are modulated with AHSCT, but not with intrathecal RTX. Previous treatment
was not less important and allowed for a glimpse into how prior treatment can
potentially affect future ones. Finally, one biomarker, IL-8, appeared to be a
good candidate to monitor outcome in both treatment groups. The third study",
delved deeper into the biomarkers of tissue-damage and revealed that AHSCT
in fact halts some of the degenerative processes, even at follow-up at 5 years.
The final study"”, delved deeper into the possible immunological aftereffects
of AHSCT by looking at biomarkers of B- and T-cell activation. Like some of
the findings in the previous studies, AHSCT was able to not only decrease,
but to also normalize CSF concentrations of these biomarkers. CSF inflam-
mation is measurably affected by treatment and, as such, biomarkers are an
excellent tool for viewing AHSCT outcome and efficacy.
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Chapter 5: Short Summaries of all Studies

Clinical Findings
Study 1

In this study, we wanted to compare the outcomes after treatment with autol-
ogous hematopoietic stem cell transplantation (AHSCT) and the disease-mod-
ifying drug alemtuzumab (ALZ) in patients with relapsing-remitting multiple
sclerosis (RRMS).

Key results

Our most important finding was that the estimates of the primary outcome ‘no
evidence of disease activity’ in three parameters (NEDA-3) at 3 years post
treatment was 88 % for AHSCT and 37 % for ALZ with a p<0.0001. Other
significant findings included the annualized relapse rate: 0.04 for AHSCT and
0.1 for ALZ, p=0.03. At last follow-up with a p=0.06: for AHSCT, 57 % of
patients improved / 41 % of patents were stable / 1 % of patients worsened,
for ALZ, 45 % of patients improved / 43 % of patents were stable / 12 % of
patients worsened. In the first 100 days after treatment, grade three or higher
adverse events were present in 48 out of 69 patients treated with AHSCT and
0 out of 75 patients treated with ALZ. With regard to long-term effects, ac-
cording to Kaplan-Meier estimates at 3 years, rates of thyroid disease were 21
% for patients receiving AHSCT and 46 % for those receiving ALZ with
p=0.005.

Limitations

This study was limited by the fact that intervention was non-randomized. It
would be best to confirm these studies in a randomized controlled trial. At
least one is underway (ClinicalTrials. gov Id: NCT03477500) and has an esti-
mated primary completion date of December 2025. With that said, in a true
clinical setting, the choice of which treatment should be administered should
be decided on an individual basis based on what side effects long- or short-
term are acceptable for the patient.

Conclusions

This observational cohort study showed that higher likelihood of maintaining
NEDA-3 was associated with AHSCT treatment. During the first 100 days
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after treatment, adverse events were more frequent with AHSCT, after that
period, adverse events were more common with ALZ.

Study II

In this study, we wanted to evaluate the impact of previouslu administered
long-lasting disease-modifying treatments (DMTs) for safety and efficacy on
patients treated with AHSCT.

Key results

Our most important finding was that for patients who had previously received
alemtuzumab (ALZ), cladribine (CLD), or rituximab (RTX) did not have dif-
ferent rates of treatment-related or long-term complications; overall 81 % of
patients achieved NEDA-3 status, including 100 % of the patients who had
previously received RTX, ALZ or CLD. Other significant findings were that
66 % of patients had neutropenic fever, which was the most common AHSCT-
related complication. Autoimmunity occurred in 19 % of patients during the
follow-up period. Neither neutropenic fever, secondary autoimmunity or
length of hospitalization differed based on DMT used prior to AHSCT.

Limitations

This study was limited by the amounts of patients in each pre-AHSCT treat-
ment group. Therefore, conclusions stemming from pre-AHSCT DMTs and
NEDA-3 should be treated with caution.

Conclusions

This study provides evidence that treatment with ALZ, RTX, or CLD prior to
AHSCT is safe since it did not lead to increased rates of short or long-term
complications vs other DMTs. Additionally, all of these patients treated with
ALZ, RTX or CLD initially attained NEDA-3 status after AHSCT.

Biomarker Findings

Study 111

In this study, looking at MS patients who were treated with interferon-p-1a
(IFN-B-1a), we wanted to determine which serum proteins were associated
with the disease and affected by the treatment.

Key results

Our most important finding was that uPA and CX3CL1 were differentially
expressed and increased after IFN-B-1a treatment in MS patients. Other sig-
nificant findings were that CCL2 and TRAIL were modulated, as confirmed
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by other studies. Overall, 10 proteins were differentially expressed, five of
which were due to IFN-§-1a treatment.

Limitations

This study was limited by the combination of low number of study subjects
and high quantity of proteins examined. Ideally, these results should be con-
firmed with an additional independent cohort study.

Conclusions

This study showed that uPA and CX3CL1, two novel proteins, were differen-
tially expressed in baseline samples from MS patients when comparing to HCs
and increased after IFN-B-1a treatment. As validation of our method, CCL2
and TRAIL were shown to be modulated by IFN-B-1a, consistent with avail-
able literature. IL-18 though provided a conflicting result as there is no current
consensus in literature. From this exploration, it can be concluded that the
study supports and provides evidence that IFN-B-1a treatment affects several
aspects of the immune system.

Study IV

In this study, we used a 92 protein PEA inflammatory panel to determine
which proteins were altered in RRMS or PMS patients, whether treatment
would have an effect and patient disease activity post treatment.

Key results

Our most important finding was that AHSCT had a profound effect on the
inflammatory environment. Of the cytokines measured, 16 were found to be
altered in MS and 11 of which decreased post-AHSCT in RRMS patients. In-
trathecal RTX treatment in PMS patients was not reflected in the studied cy-
tokines. There were 4 cytokines, CCL3, IL-12B, CXCL10 and IL-8, that dis-
criminated between MS patients and HCs. After AHSCT treatment, CSF con-
centrations of CCL3, IL-12B and CXCL10 decreased. Among MS patients,
IL-12B distinguished between RRMS and PMS.

Limitations

This study was limited by a factor, which was both an advantage and a disad-
vantage. The fact that PEA panels have a fixed set of proteins in an area of
interest, in this case inflammatory processes, allows for a large overview of
the inflammation status of all the samples. At the same time, if a panel is fixed
and validated, then there will be other markers that are not included though
they could be a point of interest. Another limitation of PEA is that it is not
able to yield absolute concentration values of the proteins that are measured,
instead providing log, scaled normalized protein expression (NPX) values.
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Conclusions

In this study, the use of an inflammation panel of 92 proteins allowed us to
determine four cytokines of limited association to each other that could dis-
tinguish between MS and HC: CCL3, IL-12B, CXCL10 and IL-8. When look-
ing at effect of therapeutic intervention with AHSCT in RRMS or intrathecal
RTX in PMS - CCL3, IL-12B, and CXCL10 all decreased in AHSCT, while
IL-8, an important parameter of localized inflammation, was unaffected. In
intrathecal RTX patients, none of the cytokines appeared to be altered. For
AHSCT patients increased levels of IL-8 at baseline were associated with
EDA while for intrathecal RTX patients, higher levels of IL-8 were associated
with EDSS progression.

Study V

In this study, we wanted to examine whether AHSCT has altered the tissue-
injuring disease process in RRMS patients by studying three commonly used
CSF biomarkers: NFL, MBP, GFAp.

Key results

Our most important finding was that within five years after AHSCT, in the
majority of patients, the biomarkers of demyelination and axonal damage
reached normal values. At baseline versus at 5 years, values above the upper
limit of normal were 67 % vs 12 % for NLF, 63 % vs 12 % for MBP, and 16
% vs 25 % for GFAp. Other significant findings included the observation that
93 % of patients with normal baseline NFL values remained in NEDA-3. Sim-
ilarly, 94 % of patients with normal baseline MBP values remained in NEDA-
3. For GFAp, 81 % of patients with normal baseline values remained in
NEDA-3. When it came to CDW, CDI and stability post-AHSCT, higher base-
line levels were observed in patients with CDW and CDI as compared to
EDSS-stable patients in both NFL (CDW p-value = 0.049, CDI p-value =
0.04) and MBP (CDW p-value = 0.03, CDI p-value = 0.01). For GFAp, base-
line levels were numerically higher in CDW and CDI vs EDSS stable patients
at follow-up but not statistically significant.

Limitations

This study was limited by the fact that lumbar punctures are not available for
all patients treated with AHSCT since approximately 1/3 decline to undergo
it. A minority of patients had a five year follow-up, therefore the long-term
effects of AHSCT should be interpreted cautiously. Controls were ever so
slightly mismatched for age and sex to the patients.
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Conclusions

Within five years after AHSCT, for the majority of patients, the biomarkers
of demyelination and axonal damage had normalized. This consequential find-
ing shows that some of the tissue-injuring process has been altered through
treatment with AHSCT.

Study VI

In this study, we wanted to investigate CSF concentrations of CXCL13 and
sCD27, biomarkers of B- and T-cell activation, in RRMS patients pre- and
post-AHSCT.

Key results

Our most important finding was that at baseline concentrations of CXCL13
and sCD27 were higher than in HCs. After a year post-AHSCT, CXCL13 con-
centrations were normalized, whereas sCD27 concentrations took two years
to completely lower. Other important results included that patients with active
disease were found to have higher CXCL13 concentrations than patients with-
out active disease while no such contrast could be found with sCD27. Also,
for patients that were treated with second-line DMDs, their levels of CXCL13
were significantly lower at baseline when compared to treatment-naive or
first-line DMD treated patients. The relationship between CXXCL13 and
sCD27 concentrations and EDA could not be confirmed.

Limitations

This study was limited by the low number of included patients and that not all
patients were able to provide CSF samples at all time-points, though each had
at least a baseline and follow-up sample. Additionally, controls were not per-
fectly matched to patients in age and sex.

Conclusions

This study showed that after AHSCT, RRMS patient CSF concentrations of
CXCL13 displayed a precipitous decrease and essentially normalized within
just a year. For sCD27, the decrease was more gradual but concentrations nev-
ertheless also decreased and stably remained so after two years. This study
provided evidence that AHSCT treatment arrests acute inflammation.

48



Chapter 6: Concluding Remarks

«Her HU 0HOTO CKOJILKO-THOO0 OOIIEro 3aKOHa MPUPOJIbI, KOTOPBIN ObI OC-
HOBAJICS Cpa3y; BCeTa ero yTBEP KICHUIO MPEAIIECTBYEeT MHOTO TIPEadyB-
CTBUH, a IpU3HAHNE 3aKOHA HACTYIAeT He TOT/Ia, KOTa 3apoIniIach nepBas
0 HEM MBICJIb, JJaKe He TOTJa, KOTla OH BIIOJTHE CO3HAH BO BCEM €ro 3Haue-
HUY, a JINIIb 110 YTBEPXKJCHHUH €0 CICACTBHUI - OIIBITAMH, KOTOPBIC €CTe-
CTBOMCIIBITATEIIN JOJDKHBI TPU3HABATD BHICIICH MHCTAHIMEH CBOMX CO00pa-
YKEHUM 1 MHEHUU.»

Memnoenees /]. U. — « Bemmucku u3 8-ro m3ganust OCHOB XHMUI»

“No law of nature, however general, has been established all at once. Its
recognition has always been preceded by many premonitions and the recog-
nition of the law does not come when the first thought about it was born, not
even when it is consciously and in all meaning explained. Rather it is after
the approval of its consequences — by experiments that [scientists] must rec-
ognize as the highest authority of their considerations and opinions.”

Mendeleev D.I. (creator of the Mendeleev Periodic Table of Elements) —
«Extracts from the 8st edition of the Fundamentals of Chemistry»

Multiple sclerosis is a ruthless disease that destroys people in the prime of
their lives, slowly piece by piece making them not only live through it but
their families too. This leaves long lasting impacts on family, society and even
the healthcare system. Although there is no magic therapy, which can cure all
MS patients who have all types of MS in all stages of their disease, there is
hope in this journey. Better yet, there is proof that some therapies work better
in some cases than others.

Over the decades, science and medicine have inched closer to being able to
diagnose better and sooner, allowing patients to receive treatment without los-
ing as much precious time as before. Now, have we more possibilities to ana-
lyze treatment response, and provide a one-time treatment rather than sub-
scribe patients to a life-long pill prescription.
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Our work here is not yet done! But this is a big step in the right direction —
giving patients the possibility of long-lasting effects not commonly seen with
other treatments as well as the choice of what therapy to pursue.
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Chapter 7: Abstract

This thesis investigated the efficacy and safety of autologous hematopoietic
stem cell transplantation (AHSCT) as a treatment of multiple sclerosis.

This thesis demonstrates that when compared to one of the most powerful dis-
ease-modifying drugs (DMDs), specifically alemtuzumab (ALZ), AHSCT is
able to hold its ground. Patients that were treated with AHSCT were more
likely to maintain NEDA-3 or freedom from disease in three parameters (no
confirmed disability worsening, clinical relapses or MRI events) versus those
treated with ALZ. The three year post-treatment Kaplan-Meier (KM) esti-
mates of NEDA-3 were 88 % for AHSCT and 37 % for ALZ treated patients.
With AHSCT, adverse events were more common in the first three months, as
is expected with an intense one-time treatment. ALZ, though powerful and
with little early adverse effects, has more late adverse effects instead, namely
thyroid disease. At 3 years post-treatment, the KM-estimates of thyroid dis-
ease were 21 % for AHSCT and 46 % for ALZ. We then sought to address
potential concerns in using AHSCT on patients previously treated with potent
DMDs like alemtuzumab, cladribine or rituximab. The concern lay in the fact
that these powerful DMDs have long-lasting effects on the immune system.
We found that the rates of treatment-related and long-term complications were
the same for all patients regardless of previous use of DMDs. This finding
therefore allays those concerns: previous treatment with a powerful DMDs
need no longer be a possible deterrent to giving a patient AHSCT.

Using a series of CSF biomarker studies, we gauged treatment efficacy. We
showed that CNS inflammation is measurably affected by treatment, espe-
cially when it comes to AHSCT. Post-AHSCT treatment, many of the proteins
we studied decreased towards the direction of healthy individuals, as early as
the first year after treatment and remained so during subsequent follow-ups.
Additionally we saw that tissue-injuring disease processes, for example rep-
resented by biomarkers like NFL and MBP, normalized for the majority of
patients. These promising results suggest that tissue-injury could possibly be
stopped in its tracks with AHSCT. Finally, we observed that biomarkers of
B- and T-cell activation also became normalized, showing that AHSCT treat-
ment also shuts down acute inflammation. All of these factors together explain
why patients treated with AHSCT are able to maintain NEDA-3 so effectively
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even when compared to one of the most potent drugs available. These results
compellingly illustrate that AHSCT treatment yields quantifiably long-lasting
and beneficial effects that are not commonly seen with other available treat-
ments for MS. Therefore, use of AHSCT should be advocated, promoted and
utilized more for the benefit of patients and society as a whole.
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Chapter 8: Sammandrag

Denna avhandling undersokte effekten och siakerheten vid autolog hematopo-
etisk stamcellstransplantation (AHSCT) som behandling av multipel skleros.

Denna avhandling visar att AHSCT kan hélla sin mark jaimfort med ett av de
kraftfullaste sjukdomsmodifierande likemedel (SML), ddrav alemtuzumab
(ALZ). Patienter som behandlades med AHSCT var mer benédgna att bibehalla
sjukdomsfrihet i 3 parametrar (ingen bekraftad forsamring av funktionshinder,
kliniska &terfall/skov eller nya lesioner, funna med magnetkameraundersok-
ningar — vidare: NEDA-3) jamfort med behandling med ALZ. Efter pafoljande
3 &r var Kaplan-Meier-uppskattningar av NEDA-3 88 % for AHSCT och 37
% for ALZ-behandlade patienter. Rérande tillbud kan ndmnas att biverkning-
arna dr vanligare under de forsta 3 manaderna. Detta forvintas dock, ty
AHSCT &r en mer intensiv engangsbehandling. ALZ, som é&r kraftfull och med
fa tidiga biverkningar, har fler sena biverkningar istéllet, dirav skoldkortel-
sjukdomar. Vid 3 ars efter behandling var KM-uppskattningarna av skoldkor-
telsjukdomar 21 % for AHSCT och 46 % for ALZ. Dessutom var det mojligt
att ta itu med oron Over anviandningen av AHSCT hos patienter som tidigare
har behandlats med starka SML, sdsom kladribin eller rituximab och ritux-
imab — utdver alemtuzumab. Farhagorna grundade sig pa att dessa kraftfulla
SML har langvariga effekter pa immunsystemet. Det var mdjligt att se att fre-
kvensen av behandlingsrelaterade och langsiktiga komplikationer var des-
amma for alla patienter oavsett tidigare SML. Detta innebér att foregédende
behandling med en kraftfull andra-linjens SML inte ldngre behdver vara av-
skriackande faktor for att ge patienterna AHSCT.

Serie av CSF-biomarkorstudier har visat att CNS-inflammationen paverkas
klart métbart av behandlingen. Efter AHSCT har méngden hos flera av de un-
dersokta proteinerna minskat och rort sig i riktningen mot méangden hos friska
individer. Detta skedde sa tidigt som under det forsta aret efter behandlingens
start och forblev sd under uppfoljningar. Dessutom kunde de védvnadsska-
dande sjukdomsprocesserna (dédrav representerade av biomarkdrer som NFL
och MBP) ses normaliseras for majoriteten av patienterna. Dessa lovande re-
sultat tyder pa att utvecklingen hos vdvnadsskador kan stanna av tack vare
AHSCT. Slutligen kunde biomarkdrer av B- och T-cellaktiveringar ocksa ses
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normalisera sig, nidgot som visade att behandlingen stinger ner akut in-
flammation. Alla dessa faktorer forklarar varfor patienter som behandlas med
AHSCT kan bibehalla NEDA-3 sa pass effektivt — dven i jimforelse med en
av de frimsta likemedlen som forekommer. Dessa resultat illustrerar att
AHSCT ger kvantifierbara langvariga positiva effekter som vanligtvis inte ses
med andra tillgidngliga behandlingar for multipel skleros. Darfor bor anvénd-
ning av autolog hematopoetisk stamcellstransplantation foresprakas, fraimjas
och anvindas mer till formén for patienter och samhéllet som helhet.
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Chapter 9: AnHoTaIus

B aroii auccepranuu uccaenoBaitack 3PPEKTUBHOCTE U 0€30IIACHOCTH ayTO-
JIOTHYHOW TPaHCILIAHTAITUH TEMOIIOATHIECKIX CTBOJIOBBIX KiIeTOK (ATI'CK)
KaK METOJI JICUCHHUS PACCETHHOTO CKIIEpOo3a.

Huccepranus AEMOHCTPUPYET, YTO 1O CPABHEHUIO C OJHUM U3 CAMBIX MOIII-
HbIX npenapaToB m3mensomux teuenne PC (IIUTPC) — B gacTHOCTH anem-
tyzymadbom (AJI3), ATT'CK criocoOHa ycTosITh. YIIydllleHHe KapTHHBI 3a00-
JIeBaHUS MO TPEM IMapaMeTrpaM, a UMEHHO OTCYTCTBHE MOITBEPKIAEHHOTO
YXYALICHHUS] UHBAIMIHOCTH, KIIMHUYECKUX PEIUIUBOB JINOO BBISBICHUS HO-
BBIX OYaroB MPHU MOMOINM MarHUTHO-PE30HAHCHOTO ToMmorpada (manee: co-
CTOSIHHIC «HET JJAHHBIX 00 aKTUBHOCTH 3a00JIeBaHUS — 3%») B OOJIbIIIEH CTEIICHU
3aMEUEeHO y TeX NanreHToB, kotopsie nosydanu ATI'CK no cpaBHeHuIO ¢ 1o-
myqapmmmu AJI3. Kamran-Metieprasie coctosaus oneHkn HJIA3-3 gepes 3
roja nocie Havaia geueHus coctaBuian 88 % mist ATI'CK u 37 % ning manu-
enroB, nonyyaBmnx AJI3. C ATI'CK 3amedyeHbl HEKOTOpbIE OCOOCHHOCTH.
Hampumep, moOoYHBIC SBJICHHS 4Yalle BCTPEYAIOTCS Y MAIMEHTOB MOCHC
TpPaHCIUIAHTAIIUU B TEPBBIC TPH MECAIA, BBUIY WHTEHCUBHOTO €IMHOPA30-
Boro nedeHus. AJI3, Oymydun MoIIHee, a Takke ¢ HeOOJIBITUMH PaHHUMH T10-
00uHBIMH 3PP eKTaMu, HAITPOTHUB BBI3BIBAET OOJIBITIEC TIO3THUX TTOOOTHBIX (-
(hekToB, TakUX Kak 3aboyieBaHUE NIUTOBUAHON *kelne3bl. Yepes 3 roga mocie
Hauvana JieueHus, KM-orieHku 3a00J1eBaHUs IUTOBUTHOM JKEJI€3bI COCTABUIIH
21 % nst ATT'CK u 46 % nns AJI3. Kpome Toro, yiaioch yCTpaHUTh Omace-
Hus 1o noBoxy ucrnonbszoBaHus ATI'CK y manneHToB, paHee JIEUMBIINXCS
cunpHOAeHcTBYIomUMH [TUTPC, Takumu kak KiIaapuOWMH W PUTYKCHMal —
nmomuMo ajeMmrtysymaba. [Ipobmema 3aximodanack B TOM, YTO 3TH MOIIHEIE
IMUTPC oka3bIBaIOT JUIMTEIBHOE BO3JEMICTBHE HA NMMYHHYIO CUCTEMY. bbIITO
MIOKa3aHO, YTO YaCTOTAa CBSI3aHHBIX C JICUEHUEM TMOCICAYIONUX OCIOKHEHUM
SIBJISIETCSI OJJMHAKOBOM Y BCEX MAIIMEHTOB, HE3aBUCUMO OT MPEAIICCTBYIOMIUX
I[TUTPC. D10 o3Ha"aeT, 9TO MPEABIAYIICE JICUCHNE MOIIHBIMY TIperapaTaMu
Bropoit imann [IUTPC GombIie He TODKHO OBITH CACPKUBAIOIINM (PaKTOPOM
nst poBenienus ATTCK.

B cepun uccnenoBanuit OnoMapkepoB JIHKBOPa MOKA3aHO, YTO JICYEHUE OKa-

3bIBACT 3aMCTHOC BJIMSIHHUEC HA BOCIIAJICHUC B HeHTpaJ'H)HOI\/'I HepBHOﬁ CUCTEME,
ocobenno korna peusb uneT 06 ATI'CK. [Tpu n3ydyennu GenkoB
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BocnaneHus B iukBope 10 u nocie yedenust ATI'CK, mHorue 6enku cHU3M-
JIUCh B CTOPOHY YPOBHEN 3I0POBBIX JIFOJIEH — B YACTHOCTH B TEUEHHUE IIEPBOTO
rofia mocje JICYEHUs,, 1 OCTaBaJIUCh TAaKUMH IPH IOCIEAYIOIINX HabI0ae-
Husx. KpoMe Toro, yganocs nokasars, 4TO NaTOJIOTMUECKUE

MIpOLECCH, TOBPEXKJAIOIINE TKaHU (HampuMep, MpeCTaBIeHHbIE YPOBHIMHU
TOHKOTO TOJIMIENITHIHOTO HeHpoQHiIaMeHTa U OCHOBHOTO Oellka MHEJIHHA)
HOPMAaJIM30BAJIHCh Y OONBIIMHCTBA MAIIMEHTOB. TakuM 00pa3oM Iporiecc mo-
BpEXACHUS TKaHEeH MOKeT ObITh mpuocToHOBIeH npum momomm ATICK.
Hakonen, 6uomapkeps! aktuBaiyu b- 1 T-KIIeTOK Takke HOPMaIH30BaJIHICh
u nmokazanu, uto ATI'CK ocranaBnuBaet octpoe Bocnaienue. Bee atu ¢ak-
TOPBI OOBSCHSIOT, MoueMy nauueHTsl, nonyyaromue ATI'CK, cnocoGHBI Tak
a¢dextuBHO oaaepxkuBath cocrosiuue HIA3-3 naxe B CpaBHEHUH C OJHUM
3 HanOosee MomauX [IMTPC. DTH pe3ynpTaThl yBEepeHHO YKa3bIBAIOT HA CY-
IECTBOBAHUE UTHTEIHHBIX 1 T0JIe3HBIX 3¢ dekToB ATI'CK, KOTOphIe 0OBITHO
He HaONIOMAIOTCS MPU JIPYTHX JOCTYIMHBIX METOJAX JICUSHHs PAcCEeSTHHOTO
CKJIepo3a. ATUTUPOBAHUE B IOJIb3Y MIPUMEHEHUS ayTOJIOTHYHON TPaHCIIIaH-
TallMd TeMOIIO3THYECKUX CTBOJIOBBIX KJIETOK JOJDKHO OBITH YCHIICHO, a HC-
TOJIB30BAaHUIO METOIMKH CIIEAYET PACHIMPATHCS Ha OJ1aro maueHToB 1 o01e-
CTBa B IIEJIOM.
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