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Abstract

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system,
characterized by complex interactions between immune and glial cells. Despite advancements in
understanding MS pathology, the molecular mechanisms that drive lesion formation, progression
and resolution remain unknown. In my thesis, | want to explore the disease progression and tissue
changes happening in control of subcortical white matter compared to subcortical MS lesions.
Specifically, | focused on inflamed chronic active (CA) and non-inflamed chronic inactive (Cl)
lesions with an emphasis on the lesion rim. My aim is to characterize the molecular and cellular
drivers underlying progression of these MS lesions using advanced transcriptomic techniques
and properly validating them through several methods, such as single-molecule fluorescence in

situ hybridization or immunofluorescence.

To achieve this, | opted for a combined approach, creating a paired single-nucleus RNA
sequencing (snRNA-seq) and spatial transcriptomics (ST) dataset to generate a high-resolution
transcriptomic atlas. This approach provides a high cellular resolution based on gene expression,
which allowed the identification of cell communities, as well as the study of cell type-specific
drivers of inflammation and cell-cell communication in lesion and non-lesion areas. Among these
findings, | discovered a previously unidentified astrocyte subtype localized at the lesion core,

characterized by the presence of enlarged, motile-like cilia.

These findings provide new insight into the cellular drivers and mechanisms involved in MS lesion
progression and cell-cell communication at the lesion rim, which could help identify potential
therapeutic targets for halting the disease. Additionally, the methodological approaches that |
have used, offer a valuable accessible framework for other scientists to apply to their own data,

potentially uncovering therapeutic targets beyond MS.






Zusammenfassung

Multiple Sklerose (MS) ist eine chronisch entziindliche Erkrankung des zentralen Nervensystems,
die durch komplexe Interaktionen zwischen Immunzellen und Gliazellen gekennzeichnet ist. Trotz
Fortschritten im Verstédndnis der MS-Pathologie sind die molekularen Mechanismen, die die
Entstehung und Entwicklung von Lasionen steuern, nach wie vor unbekannt. In meiner
Dissertation untersuche ich den Krankheitsverlauf und die Gewebeveranderungen in der
subkortikalen wei3en Substanz mittels Kontrollgewebe und Gewebe mit MS-L&sionen. Dabei
vergleiche ich insbesondere die ,entziindeten® chronisch aktiven (CA) und die ,nicht entziindeten®
chronisch inaktiven (Cl) Lasionen, wobei der Schwerpunkt auf dem Lasionsrand liegt. Mein Ziel
ist es, die molekularen und zelluldren Stimuli dieser MS-Lasionen mit Hilfe fortschrittlicher
Transkriptomtechniken zu charakterisieren und sie durch verschiedene Methoden, wie

Einzelmolekul-Fluoreszenz-in-situ-Hybridisierung oder Immunfluoreszenz, zu validieren.

Um dies zu erreichen, verwende ich einen kombinierten Ansatz und erstelle einen gepaarten
Datensatz aus Einzelzellkernsequenzierung und raumlicher Transkriptomik, um einen
hochauflésenden Transkriptom-Atlas zu erstellen. Diese hdhere Aufldésung ermdglicht es mir,
Zellpopulationen zu identifizieren, sowie zelltypspezifische Faktoren von Entziindungen und Zell-
Zell-Kkommunikation innerhalb und auferhalb der L&sionen zu untersuchen. Unter anderem
entdeckte ich einen bisher nicht identifizierten Astrozyten-Subtyp, der hauptsachlich im Zentrum
der Lasion vorkommt und durch die Bildung von auRergewdhnlich langen Zilien charakterisiert

sind, welche beweglichen Zilien ahneln.

Diese Ergebnisse bieten neue Einblicke in die zellularen Abldufe und Mechanismen, die am
Voranschreiten von MS-Lasionen und an der Zell-Zell-Kommunikation am Lasionsrand beteiligt
sind. Dies kann zur ldentifizierung potenzieller therapeutischer Ziele fur die Behandlung der
Krankheit beitragen. Daruber hinaus bieten die von mir verwendeten methodischen Ansatze
anderen Wissenschaftlern einen wertvollen Ansatz, den sie auf ihre eigenen Daten anwenden

kénnen, um mdglicherweise therapeutische Ziele jenseits von MS zu entdecken.
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Guidelines for reading the thesis

Use of /I and we are thought through in this work. / has been used whenever an
experiment or an interpretation of it is solely done by myself. We has been used when
other people participated, for example, in the characterization of the MS lesions (Christian
Riedl, Annika Hofmann) or in the creation of the pipeline used (Pau Badia i Mompel).
Materials and Methods. All methods were performed by me unless otherwise specified
at the beginning of the section in bold. When a methodology was carried out in
collaboration, the collaborator's contributions are clearly indicated with their name at the
start of the section, while my contributions are marked with 'l' in bold. Additionally, sections
describing methods performed by collaborators are written in passive voice, while sections
on my own work use the first person.

Solutions mixtures. Some solutions names might have a superscript letter (e.g LFB?).
This indicates that the details of these solution mixtures have been provided as a footnote.
Numbering. The European style has been used for writing numbers (e.g., 1.000 for whole
numbers and 6,5 for decimals). However, in the bioinformatics sections, all tool versions
and numerical values have been written in the American format (e.g., version 2.0.1 or

value of 0.2).
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1. Introduction

Multiple sclerosis (MS) is the most prevalent chronic inflammatory disease of the central nervous
system (CNS). It is characterized by inflammation and demyelination of the white matter of the
brain and spinal cord, which can lead to varying levels of axonal loss and astrogliosis'. MS is
generally considered an autoimmune disorder, more common in females, marked by the
infiltration of peripheral immune cells into the CNS, as well as activation of the innate immune
system involving brain-resident microglial cells:. A recent study has identified the first prospective
autoantigen-specific biomarkers during the preclinical phase of MS, which continue to be present
throughout the disease courses. This finding is promising, as it could pave the way for the
discovery of a disease-specific autoantibody, similar to those found in conditions like
neuromyelitis optica spectrum disorder (NMOSD) and myelin oligodendrocyte glycoprotein
antibody-associated disease (MOGAD).. However, the classification of MS as an autoimmune

disease remains disputed due to the absence of a definitive autoantigen:

In the later stages of MS, the disease is characterized by compartmentalized inflammation that
contributes to ongoing degenerative changes in the CNSs+. This progressive neurodegeneration
can result in a wide array of symptoms, and many affected individuals eventually experience

impaired mobility and cognitione.

Currently, there is no cure for MS, nor is there medication available to prevent or reverse its
progressive neurological deterioration. Existing treatments are disease-modifying medications
that aim to reduce the frequency of relapses and limit the accumulation of lesions seen on

magnetic resonance imaging (MRI):.

1.1 Epidemiology

MS is a complex disease with an unknown etiology. Many studies have tried to identify a single
mechanism responsible for MS, hoping to develop therapeutic strategies that would be suitable
for all patients. However, MS is multifactorial, involving a complex interplay of genetic and
environmental factorss=~. It remains unclear which phenomena are causative and which are

associated effects, complicating both clinical and pathological classifications:.

In order to understand MS, it is important to recognize that the disease typically develops in
genetically susceptible individuals who are exposed to additional environmental risk factors.

Although the prevalence of MS in the general population is relatively low, around 0.1%, a genetic
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predisposition increases the likelihood of developing the disease, especially in individuals with a
family history, where the risk rises to 2-4%:. Genome wide association studies (GWAS) have
identified over 200 gene variants associated with an increased risk to develop MS. These variants
primarily affect immune-pathway genes, with the most significant being the HLA DRB1*1501
haplotype. However, there has not been a genetic risk factor validated so far that influences the

clinical course of the disease:.

Environmental factors also play a significant role in MS, but their impact can vary. Vitamin D is an
important factor, where higher levels are advantageous both before the disease develops and
throughout its progression. Increased sunlight exposure, which boosts vitamin D levels and is
considered beneficial due to the immunomodulatory effects of vitamin D on both the innate and
adaptive immune systems=. Conversely, certain risk factors, which can be present years before
disease onset, are associated with an increased predisposition to MS. These risk factors include
childhood obesity*, cigarette smoking+= and infection with Epstein-Barr virus (EBV), which can lead
to mononucleosis in the adolescent and young adults:=. It has been suggested that EBV may
cause MS in genetically susceptible individuals by infecting autoreactive B cells~, potentially

causing MS or MS-related diseases, although this has not been definitively proven.

1.2 Anatomical distribution of lesions

Initially, MS pathology was believed to be Corebrum
limited to the brain's white matter, where
usually demyelinated plaques are observed.
However, advances in modern techniques, Optic nerve
such as immunohistochemical staining and

MRI, have revealed that lesions also occur in

Midbrain
the gray matter. In fact, gray and white matter Brainstem[ Pons
lesions can be found in various parts of the omiﬂ;!?a
CNS, including the optic nerve, spinal cord, _ Cerebellum
Spinal cord
brainstem, cerebellum, and cerebrum (Fig' 1)' Figure 1. Schematic drawing of the central nervous system

core structures.
1.2.1 Optic nerve

The optic nerve is a common target in MS, often presenting without any prior history of
demyelinating events=. Structural and functional abnormalities in the visual system typically

manifest as optic neuritis (ON) in the earliest stages of MS=. ON is an acute inflammatory
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demyelinating disorder of the optic nerve, characterized by unilateral, subacute and painful visual
loss, usually without systemic or other neurological symptoms and predominantly affects young
females=. Its etiology remains unknown but the emergence and progression of ON into MS
involves various pathophysiological mechanisms, including inflammation, demyelination, and
axonal degeneration=». ON can appear as a clinically isolated syndrome (CIS), representing the
initial attack of MS in approximately 15-20% of patients== and occurring in about 50% of patients
as part of the disease course». ON can also be associated with other CNS demyelinating

disorders like neuromyelitis optica (NMO)-.

1.2.2 Spinal cord

The spinal cord lies within the spinal column and extends from the brainstem to the lower back-=.
Unlike the brain, the white matter in the spinal cord surrounds the gray matter, which interfaces
with the central canal. This arrangement, similar to how the brain white matter interfaces with the
ventricular system, suggests a potential link between cerebrospinal fluid (CSF) interfaces and
lesion localization=. Additionally, the blood-spinal cord barrier (BSCB) is more permeable than the
blood-brain barrier (BBB), especially concerning cytokines, which may have implications in
various neurological conditions=. The increased permeability, along with its anatomical interface,
might contribute to the highly inflammatory perivascular and circumferential demyelination seen
in MS=. This inflammation affects both gray and white matter, accounting for approximately 80%
of MS lesions detectable by MRI=», and leading to spinal cord atrophy and

neuroaxonal degeneration:.

Lesions allocated in the spinal cord are more symptomatic than those in the brain, frequently
leading to significant impairments such as difficulties with walking, coordination and incontinence,
causing significant clinical disability. Importantly, it has become clear that brain and spinal cord
lesions correlate poorly, suggesting that the disease progresses independently in these CNS

regionszsza,

1.2.3 Brainstem

The brainstem is a critical part of the CNS that connects the cerebrum to the spinal cord and
cerebellum. It consists of three main parts: the midbrain, pons and medulla oblongata. MS
patients frequently experience lesions in the brainstem along the disease course, with the pons
being the most commonly affected area, accounting for approximately 46% of such lesions,

followed by the midbrain and medulla oblongata=.
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The pons is responsible for regulating unconscious processes such as breathing and sleep
cycles. Due to its significant role and high susceptibility to MS lesions, symptoms arising from
the brainstem can be diverse and severe. The brainstem also houses the cranial nerves, which
may contribute to the patients experiencing symptoms like difficulties in controlling eye
movements, leading to blurred or double vision, facial sensory disturbances and weakness,

coordination problems and vertigo=.

1.2.4 Cerebellum

The cerebellum is a brain region essential for coordinating tasks and fine movements as part of
the sensory-motor network, and it also plays a vital role in cognitive-behavioral systems. As a
common site for MS lesionsv, damage to the cerebellum in MS patients results in a range of
severely debilitating motor and cognitive impairments that significantly affect quality of life and

often indicate a poor prognosiss.

The primary cerebellar symptoms include, but are not restricted to, tremor, nystagmus (repetitive,
uncontrolled eye movements), and scanning speech (an abnormal speech where each syllable is

pronounced slowly, with pauses between them)-=.

1.2.5 Cerebrum

Within the cerebrum, lesions are categorized into two main types: cortical or gray matter lesions,

and subcortical or white matter lesions where the primary emphasis of this work will focus on.

1.2.5.1 Gray matter lesions

Demyelination can occur in both white and gray matter as both contain myelin=+, but cortical
lesions are less inflammatory that those present in white matter=. Additionally, cortical
demyelination can occur independently of white matter pathology, suggesting it could be an early
or initial target in the progression of MS««. Approximately half of the cortical lesions are
perivascular, however, they exhibit substantially less permeability in the BBB compared to white

matter lesions-.

Subpial cortical lesions account for 60% of cortical lesions= and originate from the pial surface of
the brain due to meningeal inflammation«. These lesions affect all six cortical layers with only
marginal involvement of the white matter and are unique to multiple sclerosis, not observed in
other inflammatory brain diseases««. While this is the most widely accepted definition«, although

different descriptions exist=#, highlighting the still incomplete understanding of their origin and
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evolution. Some meningeal infiltrates resemble lymphoid follicular structures=«= and show
immunoreactivity for Epstein-Barr virus componentss. These inflammatory aggregates are
believed to contribute to both cortical demyelination, MS disease progression, and increased

vascular permeability, though the latter effect appears to be more chronic«s.

This type of inflammation is prominent not only in chronic MS but also in early MS. In the early
stages, both diffuse meningeal and focal perivascular inflammation resulting from the BBB
leakage are significantly associated with cortical lesions+, and are linked with particularly severe
demyelination of the upper cortical layers=. It has been speculated that early inflammation in the
meninges, together with the production of inflammatory cytokines in the subarachnoid space, may
initiate cortical demyelination though subpial lesions and set the stage for subsequent subcortical

white matter inflammation and demyelination««.

1.3 White matter lesions

White matter (WM) lesions are the most common type of lesion in MS and are a key diagnostic
feature of the disease. Focal WM demyelination is usually paired with the destruction and loss of
oligodendrocytes, while axons remain relatively intact. This pathology arises from the complex
and dynamic interplay between the immune system and glial cells, including myelinating
oligodendrocytes and their precursors, microglia and astrocytese. The resulting lesions show
significant variability, suggesting a pathogenic heterogeneity in demyelination and axonal

destruction, both among different MS patients and between lesions within the same patient:.

A crucial step in the development of WM lesions is the disturbance of the BBB. In early MS lesions
located in the WM, increased permeability at the lesion sites leads to perivenous demyelination,
allowing lymphocyte and plasma cell infiltrates to diffuse and trigger an inflammatory reaction
around the postcapillary venules and veins. Over time, these lesions can fuse into confluent
demyelinated plaques'. This perivenous demyelination, together with oligodendrocyte loss,
distinguishes MS from other diseases with focal white and gray matter lesions':. As the disease
progresses, signs of oligodendrocytes dystrophy are observed, reflected by impaired myelin
protein expression and changes in their distal processes». At the same time, astrocytes are
activated during tissue injury, contributing to the formation of gliotic scars. Astrocytes, however,
can play a dual role: they can enhance inflammation by releasing effector molecules, but also limit

damage by providing metabolic support to axons and maintaining the BBB=.
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This broader inflammatory process drives demyelination and neurodegeneration through various
mechanisms involving reactive oxygen and nitrogen species=s, activated complement
componentse, cytotoxic and antiinflammatory cytokiness, as well as chemokines and their
receptors= that through adhesion molecules facilitate the recruitment of different lymphocyte
subsets and monocytes =<. These factors, originating from both the innate and adaptive immune
systems, can trigger inflammatory demyelination through a cascade where myeloid cell activation

and adaptive immunity reinforce each others.

1.3.1 Innate immunity

Innate immune cells, particularly blood-borne monocytes, macrophages and tissue-resident
microglia (collectively known as myeloid cells), play a crucial role in the pathogenesis of MS. Once

activated, these cells are pathologically indistinctives.

Microglia, the primary endogenous phagocytes of the CNS, are present from the onset of lesion
formation and are essential in driving the chronic progression of MS lesions. They are key to the
compartmentalization of lesions, often marked by the formation of the lesion rim. Their activation,
often triggered by factors such as fibrin precipitation or other local stimuli, can lead to the
production of toxic molecules reported to contribute to oligodendrocyte loss in MS». However,
their precise role remains complex, as microglia can mediate inflammation as well as promote

tissue repair by clearing myelin debriss.

Monocytes, on the other hand, are recruited in response to chemokines and cytokines released
by glial cells and adaptive immune cells, such as T cells, in MS lesions=. Upon activation, they
differentiate into macrophages that exhibit an innate scavenger phenotype, enabling the rapid
removal of damaged myelin from the tissue=. During this process, myeloid cells can shift to a
proinflammatory state, acquiring antigen-presenting capacitiess. This shift promotes the
expression of MHC-II and co-stimulatory molecules, along with secretion of proinflammatory

cytokines and neurotoxic moleculess.

These inflammatory actions lead to the reactivation of CNS-infiltrating T cells, resulting in
neuroinflammation and demyelination. Furthermore, their proinflammatory state of myeloid cells
suppresses Treg cell expansion, thereby inhibiting antiinflammatory processes=. Despite this,
myeloid cells also contribute to the CNS repair by secreting anti-inflammatory cytokines and

neurotrophic factors. This suppresses disease promoting activity of astrocytes and autoreactive
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T cells, while phagocytosing myelin debris to promote tissue repair and support efficient

remyelinations.

1.3.2 Adaptive immunity

The etiology of tissue damage in MS remains controversial, as it remains debated whether the
inflammatory process is the primary driving force or if lesions are initiated by a neurodegenerative
process that is modified or amplified by inflammation». Nonetheless, it is widely accepted that
adaptive immunity plays a critical role. Both helper (CD4+) and cytotoxic (CD8+) T cells take part,
although CD8+ T cells outnumber T helper cells in histopathological studies=". Additionally, T
cells reactive to myelin antigens are found in similar numbers in both individuals with MS and
those without the disease. This suggests that the key issue in MS may not be the presence of
these autoreactive T cells but rather a dysfunction in the regulatory mechanisms that normally
keep these cells in check. In line with this, treatments that limit T cell access to the CNS have
shown promise in reducing or eliminating new MS lesions:, highlighting the importance of

hindering these cells from transmigration over the blood-brain barrier into the brain.

For many years, it has been observed that the CSF of most MS patients contains unique
antibodies known as oligoclonal bands, which are produced within the CNS~. Evidence suggests
that the antibody-producing function of B-lineage cells plays a crucial role in MS lesions. Recent
studies have identified granulocyte-macrophage colony-stimulating factor (GM-CSF)-producing B
cells increased in MS patients and might further enhance the pro-inflammatory response of
myeloid cells during MS~. B-cell depleting therapies using antibodies like anti-CD20 reduced their
number and modulated both their cytokine profile and interaction with other immune cells=. These
studies and therapies have demonstrated significant success in reduction of clinical relapses and

suppressing inflammation underscoring the importance of B cells in MS pathologys.

1.3.3 Lesion staging

The formation of WM lesions in the MS brain is a dynamic process (Fig. 2). To assess lesion
staging, myelin destruction and the presence of myeloid cells are the most reliable temporal
indicators:. As myeloid cells degrade myelin in their lysosomes, the resulting degradation products
provide insights into the time interval between active destruction and pathological analysis.
Additionally, the gradual removal of myeloid cells from lesions means that their presence,

absence, or distribution can indicate the age of a given lesions.
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Figure 2. Schematic drawing of possible lesion progression pathways. Red indicates areas of inflammation, while white
centers represent the resulting demyelinated cores.

1.3.3.1 Acute Lesions

Acute lesions appear at the earliest stages of WM demyelination and are characterized by focal
inflammation and glial reaction. These lesions exhibit hypercellularity, marked by high levels of
inflammatory cells and initial myelin breakdowns. At the same time, there is a diffuse and dense
infiltration of myeloid cells, some presenting a foamy morphology. The presence of foamy
macrophages/microglia within a lesion indicates its recent formation, typically days or weeks
before the pathological analysis, although it does not confirm an ongoing destruction of the myelin
sheath:. Additionally, myelin sheaths appear swollen due to intramyelinic edema and begin to
undergo partial demyelination, while oligodendrocytes show signs of acute irreversible damages.
Plaques forming within these lesions present astrocyte activation, characterized by increased
GFAP expression, along with microglia activation and occasional caspase-independent

oligodendrocyte apoptosisr.

Several groups have attempted to subclassify this lesion stage based on certain patterns, in order
to achieve a more precise characterizations=. However, the controversy regarding whether these
patterns represent different etiologies or just reflect temporal stages of MS lesion development
still remains. Following this lesion state, the inflammation may resolve becoming inactive or

remain active over time, eventually becoming chronic.

1.3.3.2 Chronic Active Lesions

Once lesions become chronic, they develop a distinctive hypocellular and demyelinated core,
almost completely depleted of myeloid cells and populated with hypertrophied astrocytesss.
Surrounding this core there is an inflamed rim which varies in thickness, and contains a high
density of activated microglia and macrophages featuring myelin degradation products in their

cytoplasm, also called foamy macrophages. This area appears highly inflamed, given that there
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is a high presence of T cells and foamy macrophages, which are associated with active
demyelination and tissue injury'=. Outside this area, in the periplaque WM and even reaching into
the normal appearing WM, there is some presence of microglia activation partly surrounding

degenerating axons.

Lesions containing myeloid cells with myelin degradation products in their cytoplasm are often
referred to as smoldering or slowly expanding lesions, likely reflecting their ongoing demyelinating
activity=». In some cases, sustained demyelination activity leads to iron accumulation at the rims,
which can be visualized through MRI:, although the source of the iron remains uncertain, with
some hypotheses suggesting it might come from phagocytosed oligodendrocytes==. It remains
unclear whether this demyelinating activity contributes to the slow expansion of the lesion,
represents a new wave of inflammation and demyelination, or is the last remnant of an earlier
demyelinating lesions. Importantly, the presence of a rim of myeloid cells does not necessarily
indicate that active myelin destruction is occurring at the time of analysis, but rather that these

cells may persist after the initial demyelinating process.

1.3.3.2.1 Remyelination events

Understanding the factors that influence lesion behavior, such as resolution of inflammation,
persistence of smoldering lesions, or initiation of remyelination, represents a challenge to the field.
Remyelination is the process of forming new myelin sheaths or repairing damaged ones around
axons. It can occur at various stages of lesion formation, from early onset to chronic disease
stages», and is therefore not typically classified as a separate lesion category:. Despite its

frequency, the factors determining its likelihood to happen are not well understood.

Remyelination events in MS are influenced by a combination of systemic factors such as disease
chronicity, sex and age, as well as local variables=. Lesion location significantly impacts
remyelination, with subcortical lesions often exhibiting extensive remyelination compared to
periventricular or cerebellar lesions==. However, its extent may even differ between lesions in the
same patients. Locally, myelin repair is affected by the persistence of a baseline level of
inflammation, influenced by the composition of the inflammatory infiltrates, which impacts the
repair capability within the lesion==. Additionally, the presence of oligodendrocyte progenitor cells
(OPC) is crucial, as they play a central role in remyelination. Often found arrested at the plaque
edge=, OPCs have the potential to differentiate into myelinating oligodendrocytes upon exposure
to demyelinating stimuli=. However, these myelinating oligodendrocytes may exhibit abnormal

phenotypes such an increased size and the absence of their usual perinuclear halo=. While they
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can initiate normal remyelination, the resulting myelin sheath may be thinner than usual or exhibit
aberrant wrapping around the axons:. Moreover, dysfunctional oligodendrocytes may contribute
to tissue damage by failing to provide trophic support to axons, although their precise role in repair
remains uncertains=. In rare cases of lesion with pronounced astrocyte damage, remyelination

may also be facilitated by Schwann cells==.

This process is frequently impaired in most chronic MS lesions, with only about 20% displaying
extensive remyelination, often referred to as shadow plaques=+. These shadow plaques can form
through the entire lesion or cover only focal areas within the plaque, particularly at the lesion
borders=. Yet, it remains unclear whether remyelinated areas have an increased susceptibility to
new waves of demyelination due to the potential instability of the newly formed myelins:.
Additionally, it is challenging to determine when new myelin sheaths are formed or if ongoing

remyelination is occurringe.

1.3.3.3 Chronic Inactive Lesions

Over time, lesions progress into a chronic inactive stage, which is the most abundant type of
lesion in MS:. They exhibit a clearly demarcated lesion core that stands out from the surrounding
normal-appearing WMs. Despite some partial axonal preservation, the core displays a marked
loss of axons= and scattered axonal swelling, suggesting ongoing axonal damage, potentially of

non-inflammatory nature-.

In chronic inactive lesions, rim-associated inflammation is nearly absent, with a reduced density
of macrophages and activated microglia altogether; their levels have been described as even
lower than the levels found in the normal-appearing WM. Within the demyelinated hypocellular
core, mature oligodendrocytes are nearly depleted and replaced by an abundance of astrocytes
that are forming the astroglial scar=. The development of the astrocytic scar within the lesion
distorts normal tissue architecture and creates an environment that inhibits axon regeneration
and tissue repair=. In contrast, at the lesion rim where glial scar formation is incomplete, the tissue

architecture is less disturbeds.,

1.4 Transcriptomics

The transcriptome was initially defined as ‘the complete complement of mRNA molecules
generated by a cell or population of cells’ ». While hundreds of cell types in the human body
essentially share the same DNA, transcriptomics, along with other omics techniques, aims to

assess cellular diversity and specific functions at various levels. These techniques include
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genomics, proteomics, and metabolomics, each providing complementary insights into cellular

processes .

The first efforts to profile mammalian transcriptomes began in 1991+, with methods like serial
analysis of gene expression (SAGE)« and microarrays dominating the field for a decade. Next-
generation sequencing (NGS) then revolutionized the field, surpassing microarray analysis with
the first RNA-seq papers published in 2006+. Yet, RNA-seq required high-throughput to compete
against microarrays, and that was achieved in 2008 with short-read technologyw. This
advancement allowed for unique mapping of fragmented cDNA reads to the genome, improving
the identification of spliced reads and enabling de novo transcriptome assembly with a reference
genomer. By 2009, the entire repertoire of mMRNA from a single cell, known as the single-cell

transcriptome, was described.

In contemporary multidisciplinary projects, global transcription profiling is often the first omics
technology used, providing insight into gene expression levels and helping to generate
hypotheses. This approach is particularly relevant in the study of MS, where transcriptional
studies have been conducted to decipher the disease's complex pathology. Previous studies had
set out to generate human MS atlases in order to provide the community with new insights as
well as high-quality data. This enables researchers to conduct their own studies, test hypotheses,
and advance our understanding of the disease. However, it often requires trade-offs to overcome
its limitations. Therefore, this initial step is followed by additional omics technologies for targeted,
hypothesis-driven work, ultimately characterizing specific genes and proteins within tissues of

interest .

1.4.1 Single-cell RNA-sequencing overview

Recent technological advancements have led to the development of single-cell RNA-seq (scRNA-
seq)'s, a technique that has transformed molecular biology. By enabling transcriptome profiling at
an unprecedented scale and resolution, scRNA-seq allows for the study of dynamic changes and

heterogeneity in eukaryotic cellss.

Typically, this method requires the release of intact and viable single cells from tissues, to be then
individually labeled using microfluidic, droplet-based, or limiting dilution methods in order to profile
the mRNA molecules per cell. A notable exception is single-nucleus RNA-seq (snRNA-seq), in
which nucleus from tissues are mechanically recovered and processed . Various protocols exist

in this field, differing in amplification technology, transcript coverage, and liquid handling
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automation in plates=. These protocols, along with advances in nanodroplets, picowell
technologies, and in situ barcoding, have enabled parallel sequencing of tens of thousands of
cells'=. For instance, the Chromium Controller, a widely used device from 10x Genomics, isolates
single cells or nucleus in droplets within an oil-based emulsion for mRNA capture, reverse
transcription, and molecular and cellular barcoding=. Regardless of the method or protocol used,
this technology has permitted unbiased, genome-scale assessments of cellular identity,

heterogeneity, and dynamic change for thousands to hundreds of thousands of cells.

Scaling up technologies to profile large numbers of cells in parallel has been crucial for advancing
single-cell transcriptomics. This exponential increase in cell numbers analyzed had to come
alongside rapidly evolved computational methods for data processing, quality control, and
interpretation. The obtained mMRNA sequence reads are mapped to genes and cells of origin
using either cellular barcodes or unique molecular identifiers (UMIs) and a reference genome,
thereby producing a count matrix of cells by genes. After quality controls, different cellular
populations can be identified using literature-based marker genes, and then biologically relevant

questions can be investigateds.

Single-cell transcriptomic was initially applied to model organisms, such as mice, zebrafish,
worms etc., but has recently advanced toward creating a comprehensive human body atlas,
enabling the assessment of changes in aging, disease, and response to therapeutic treatmentse.
However, scRNA-seq captures only one layer of the regulatory machinery governing cellular
function and signaling. To complement it, there have been efforts to measure other modalities at
single-cell resolution, such as chromatin accessibility=, surface proteins=, T/B cell receptor
repertoires=, and spatial location=, providing a more comprehensive understanding of cellular

biology.

Single-cell omics technologies have revolutionized biomedical research by providing insights into
cellular heterogeneity and function==. However, most high-throughput techniques rely on
isolating intact and viable cells from tissue, compromising the spatial context necessary for
understanding cellular interactions within structured microenvironments«<. In response to this
challenge, spatial omics emerged, integrating histological imaging and spatial profiling

measurements:e.
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1.4.2 Spatial transcriptomics overview

Deciphering cellular organization within tissues is crucial, as the spatial arrangement of cells is
closely related to their biological functions and provides insights into tissue biology and
pathology=. Initially, studies characterizing healthy and abnormal spatial organization within
tissues often used in situ hybridization (ISH) and immunohistochemistry (IHC). These techniques
allow the visualization of biological processes by mapping a selected number of DNA, RNA and
protein within tissues=. Recently, numerous spatially resolved, next-generation sequencing
technologies== for gene transcription in intact tissue, commonly referred to as spatial
transcriptomics (ST), have been developed. However, currently available techniques offer a trade-
off between the number of genes profiled, which can range from tens to thousands or the whole
genome, and the queried tissue area that can vary from a whole tissue domain to a single cell or
even finer. As the resolution and sensitivity of spatial transcriptomic technologies improve, the
integration with other data modalities will provide an opportunity for better tissue

characterization,

ST technologies offer an unbiased view of the position of each cell relative to its neighbors and
non-cellular structures, providing a valuable resource for observing cell type composition, patterns
of gene expression, and the co-localization of different cell states. This high-dimensional dataset
can serve as a tissue reference atlas, facilitating hypothesis testing. These findings can then be

independently validated using ISH or IHC=.

The most extensive application of ST technologies to date is to elucidate the cell-type composition
of a tissue using datasets typically obtained from a single-cell or single-nucleus RNA-seq
reference atlas. These atlases are computationally projected onto the ST dataset, enabling the
exploration of tissue architecture and providing information on the spatial distribution of both
healthy and diseased tissue==. By preserving the spatial context of cells, disease-promoting
tissue patterning niches can be explored by characterizing their altered transcriptional response
to disease==. In addition, the captured gene expression allows for the identification of cell-cell
communication events by defining ligand-receptor pairs among cell typesw, thereby

contextualizing some of the cellular function in disease.

Currently, ST methods can be broadly categorized into imaging-based approaches and
sequencing-based approaches. However this classification is not always clear-cut, as many

methods incorporate elements from both categories=.
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1.4.2.1 Imaging-based spatial transcriptomics

Imaging-based spatial transcriptomics (iST) preserves spatial information within intact cells and
tissues by imaging a small number of specific mMRNA in situ via microscopy=. iST comprises two
main modalities: in situ sequencing (ISS) and in situ hybridization (ISH). Both of these techniques
face a tradeoff between capture efficiency and the number of genes profiled, along with
challenges like extended imaging times spanning from hours to days and the generation of
massive datasets. These obstacles impact scalability and sample stability across multiple imaging

roundse,

In the case of ISS, one needs to first design a customized library of padlock probes (PLPs), which
are long uniquely barcoded oligonucleotides designed to target specific transcripts. Each PLP has
ends complementary to adjacent sequences on the target cDNA, so when the probe hybridizes,
its ends are brought together. This configuration allows for direct amplification of the target cDNA
by rolling circle amplification (RCA), generating rolling circle products (RCPs) that remain in the
tissue and can be visualized through staining and imaging== (Fig. 3). ISS can sometimes be
combined with cDNA extraction to enable complementary NGS+« for deeper transcriptomic

analysis, blurring the traditional lines between spatial transcriptomics categories.

@ mMRNA @ Ligation + RCA Cycle 1 Cycle 2 Cyclen
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Figure 3. Workflow of in situ sequencing (ISS). Adapted from Gyllborg et. al. 2020=. (1) mRNA is extracted from
the sample and (2) reverse-transcribed into (3) cDNA. Next, (4) padlock probes (PLPs) hybridize to their complementary
sequences and (5) undergo rolling circle amplification (RCA), generating rolling circle products (RCPs). Different probes
then bind to these RCPs and proceed through multiple cycles of staining and imaging. Finally, (6) a decoding algorithm

is applied to reconstruct the image based on the acquired information.
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On the other hand, ISH involves hybridizing tissue mMRNAs or cDNA with complementary labeled,
gene-specific probes==. |ISH methods are commonly used, in particular one of its subsets,
fluorescent in situ hybridization (FISH)=. FISH has been used for over two decades, allowing the
simultaneous visualization of up to ten distinct fluorescent molecules, depending on the
microscope. The most common approach is the single-molecule RNA FISH (smFISH), where
each labeled transcript appears as a single spot under microscopy . While useful, it requires
scalability to increase the number of genes that could be imaged. Recent advancements have
enhanced multiplexing capabilities through sequential fluorescence ISH (seqFISH), where unique
sets of mMRNA are labeled and imaged sequentially, with fluorescent probes being removed after
each imaging round=. Another option is combinatorial multiplexing, such as multiplexed error-
robust fluorescent ISH (MERFISH). In MERFISH, successive rounds of hybridizations are imaged
to detect the presence or absence of fluorescently labeled probes, and the serial images are

decoded using the error-robust barcode associated with each transcript identity« (Fig. 4).

Probes Hybridization Cycle 1 Cycle2 .. Decoding Reconstructed Image

of probes
W . ? ?? . ? ? O000@--- Gene 1

mRNAs 99 ? B 00200 Cene?

Image and signal removal

Figure 4. Scheme of MERFISH workflow. Predesigned probes hybridize to complementary mRNA, and unique
combinations of fluorescent signals are sequentially imaged and removed in each cycle. These combinations serve as

barcodes, enabling the decoding of gene-specific information to reconstruct the image.

Both ISH and ISS methods have advanced significantly in recent years, now capable of detecting
around 10,000 genes at subcellular resolution=. These improvements have, in turn, driven
advancements in three fields: oligonucleotide synthesis, fluorescence microscopy, and single-cell
transcriptomics. Firstly, enhanced oligonucleotide synthesis allows for the creation of barcoded
hybridization probes. Secondly, the development of sensitive detectors and organic fluorophores
enables high-throughput RNA detection«. Lastly, comprehensive single-cell atlases assist in
selecting informative RNA subsets for labeling. Together, these advancements have greatly

expanded the capabilities of these methods .
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1.4.2.2 Sequencing-based spatial transcriptomics

Sequencing-based spatial transcriptomics (sST) consists of extracting mRNAs from a tissue,
while preserving spatial information, and then profile it via NGS«. The spatial resolution ranges
from broad tissue regions to subcellular localization, yet there is a trade-off between sequenced
tissue volume and spatial resolution, with sST having lower spatial resolution and recovery rates
compared to iST=. These overall differences in technical performance make each approach

suitable for addressing distinct biological questions.

The sST technology relies on an fixed array to profile the entire transcriptome in an untargeted
manner for any organism using polyadenylated mRNA=. However, transcripts from different cells
can be captured at the same spot, requiring a subsequent analysis to identify the cell types
present in each spot. Therefore, incorporating an auxiliary tissue stain can verify whether
histology and the capture area correspond to the chosen region of interest for analysis. When
selecting the area, it is essential to consider variations in RNase content, cell density, extracellular
matrix composition, and other features, as they have a direct impact on the capture sensitivity

and the amount of RNA captured, two key quality parameters:=.

1.4.2.2.1 Available spatial technologies

Currently, several technologies are available for performing sST, each relying on different
methods to generate spatially indexed pixels. One of the most used strategies is array-based
mRNA capture, the pioneering method in spatial NGS=, used in platforms such as Visium (Fig.
5).
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Figure 5. Overview of array-based spatial transcriptomics. A tissue section is placed on a barcoded array, and after
permeabilization, it releases mRNA that hybridizes to specific oligonucleotide primers. The primers are then detached
from the array, libraries are prepared and sequenced, and the data are analyzed to map gene expression across the

tissue.
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Interestingly, Visium is one of the few techniques that allows for H&E or immunofluorescence
auxiliary tissue staining to guide users®. In this approach, a microarrayer spotting robot is used
to assign a unique barcode to a fixed, predetermined location on the surface of the slide. These
55um diameter spots, sensitive enough to capture over 10.000 mRNA transcripts, are placed
within a 6,5 by 6,5mm capture area and spaced 100um center to center to prevent liquid mixing
during handling=. Because of that, Visium recommends an optimization step that aims to
determine the ideal duration of tissue permeabilization for mRNA release by converting mRNA to
fluorescently labeled cDNA. This is then imaged at different permeabilization times to assess the

optimal time that releases the most cDNA with the least lateral diffusion.

Another strategy is the one used by the Slide-seq technology, which uses solid microparticles
for spatial barcoding. Here, 10um diameter beads, each capable of capturing 500 transcripts, act
as the solid support for oligonucleotide synthesis. These beads are randomly barcoded through
split-pool cycles and arranged into a tightly packed monolayer on a slide+. Their positions are
determined by in situ indexing prior to tissue mounting, allowing RNA locations to be inferred by
sequencing. An improved version, Slide-seqV2, features enhanced barcoding and enzymatic
library preparation, recovering approximately 30 to 50% of the transcriptomic information per
capture bead compared to droplet-based single-cell transcriptomics from 10x Genomics«=+. This
allows for the detection of hundreds of thousands of genes per bead. A similar technique, High-
definition spatial transcriptomics (HDST)=, confines beads to tiny wells created on the surface of
a slide, rather than on a simple glass slide, achieving a spatial resolution of 2um.This arrangement
ensures that the beads are held in place in a precise pattern, enhancing the spatial resolution and

accuracy of RNA location data«=.

Moreover, alternative strategies, such as the following methods, are revolutionizing the field with
innovative barcode application and enhanced spatial resolution. Deterministic barcoding in tissue
for spatial omics sequencing (DBiT-seq)= uses microfluidics to apply poly-T barcodes directly to
tissue sections, allowing primers to diffuse into the tissue. Spatio-temporal enhanced resolution
omics sequencing (Stereo-seq)«= achieves nanoscale resolution by depositing randomly barcoded
DNA nanoballs in an array pattern. Seq-scope offers subcellular resolution by using spatial
barcoding to identify the cytoplasm, nucleus, and mitochondria transcripts within cells.
Additionally, polony (or DNA cluster)-indexed library sequencing (PIXEL-seq)= has significantly

increased resolution, achieving up to a 200-fold improvement compared to existing methods.
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In all NGS-based methods, after completing surface barcoding and collecting spatially barcoded
RNAs, the downstream workflows converge. They proceed with reverse transcription, cDNA
amplification, and short-read sequencing to generate reads containing cDNA fragments. These
fragments are then mapped to the genome to identify their transcript of origin, resulting in a gene-

expression matrix that spatially localizes each detected transcript to its respective pixel=.

1.4.2.2.2 Omics integration

Studying some genes or rare cell types with sST can be challenging as transcripts from a
particular cell may mix with those of neighboring cells rather than being profiled individually.
Since many sST techniques lack single-cell resolution, integrating them with scRNA-seq datasets
from the same tissue can help address the limitations of both methods. This integration
compensates for the lack of spatial information in scRNA-seq and the lack of single-cell resolution
in sST=. This can be achieved by algorithms that infer the cell type proportion of each spot using
single-cell data as a reference==, a process named deconvolution. This process allows for the
characterization and interpretation of spots, facilitating the study of spatial features, cell
organization, tissue composition, and how the spatial localization of individual cells may impact
on tissue microenvironments and their functional dependencies. Additionally, incorporating non-
molecular features from histological images can enhance cell identification, molecular resolution,

and the detection of spatial patterns of variatione.
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2. Research objectives

In recent years, the MS research field has experienced substantial progress, driven by cutting-
edge technologies introduced by the transcriptomic era. These methodologies not only provide
enhanced resolution but also generate vast amounts of data, opening up numerous possibilities
for analysis. This is particularly true for single-nucleus RNA sequencing, which, having been
available for longer, has led the research community to establish widely recognized guidelines
and quality standards. There is now a wealth of studies and tools that serve as valuable resources,
offering guidance and inspiration for conducting similar analyses. In contrast, spatial
transcriptomics is still emerging as a relatively new technology, with fewer established protocols
and a lack of consensus on how best to analyze and fully leverage the data it produces. While
some analytical methods and applications for spatial transcriptomics are currently being
developed, they remain limited in comparison. Therefore, paired atlases that integrate both single-
nucleus and spatial transcriptomics are particularly rare, as many studies tend to repurpose
existing datasets that may not precisely match their specific disease conditions. This limits the
ability to address certain research questions that require the matching of conditions only possible

with paired data.

In this context, the aim of my thesis was to leverage a paired transcriptomic atlas to better
understand the progression of subcortical WM lesions in humans. By taking advantage of this
advanced resolution, | first sought to identify the specific cell types involved in the disease and
examine their subtypes to gain insight into how they evolve throughout the progression of the

disease.

Additionally, with the spatial transcriptomics data, | aimed to map these cells within the tissue and
characterize the formation of disease-specific niches along with their biological properties. This
spatial information also would enable the study of cell-cell communication events between
neighboring cells within these niches, offering the potential to uncover interactions that could be

explored further and shed light on the various processes occurring during disease progression.
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3. Materials and methods

3.1 Postmortem human tissue samples

| examined a total of 29 postmortem snap-frozen human brain blocks (21 MS and 8 Control),
obtained from autopsies conducted on 16 MS patients and 8 control patients. | categorized
samples lacking pathological abnormalities controls, while those from previously diagnosed MS
patients underwent further characterization to determine disease stage. All samples were
provided by the UK Multiple Sclerosis Tissue Bank at Imperial College London and received
ethical approval from the National Research Ethics Committee in the UK (08/MRE09/31). Further

details about the donors can be found in Supplementary Table 1.

3.2 Immunohistochemistry

| cut snap-frozen tissue blocks into 16-um-thick cryosections using a Leica Microsystems
CMS3050S cryostat, and then | collected them on SuperFrost plus slides (VWR), which were then
stored at -80°C. Immunohistochemical (IHC) techniques used for later histology characterization

will be displayed in their own subsection below.

3.2.1 DAB staining
| fixed the sections at RT in -80°C pure MeOH for 5 min, followed by a 5 min wash in 0,1M PBS.

Next, | flicked the excess fluid off and the sections and | delineated them with a delimiting Pap
pen (Agilent) before blocking them with 10% goat serum (Thermo Fisher) diluted in PBS-T* for
1h at RT. Afterwards, | incubated the sections with primary antibodies overnight at 4°C (Table 1).
The following day, | washed the sections twice for 5 min in 0,1M PBS before | incubated them
with biotinylated secondary IgG antibodies for 2h at RT (Table 2). After another two 5 min washes
in 0,1M PBS, the | incubated the sections for 1h at RT in Avidin-Biotin-Complex (ABC) solution
(Vector, 1:500 dilution with PBST), which contains horseradish peroxidase (HRP) conjugated to

avidin.

Next, | treated the sections with DAB (3,3'-diaminobenzidine) (DAKO), a chromogen provided as
part of a commercial kit, along with a diluent containing hydrogen peroxide (H,O). In the presence
of HRP from the ABC complex, DAB is oxidized, producing a brown precipitate that visualizes

the antigen-antibody complexes. | applied the DAB solution until | observed a color development

A PBS-T was prepared by mixing 0,1M of PBS and 0,1% of Triton X-100.
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under the microscope, with the duration varying between 30 seconds and 1 minute depending on
the primary antibody. This way | ensured homogeneous staining comparable across samples. |
then stopped the reaction by submerging the sections in 0,1M PBS, followed by counterstaining
with 50% hematoxylin for 15 sec. | rinsed the sections rinsed under running tap water, until the
running water had no trace of hematoxylin. Finally, | dehydrated the sections. | started with a 5
min incubation in increasing EtOH dilutions (50%—70%—96%—100%) and followed it by two 10

min incubations in 100% Xylene before | mounted them in Eukitt (Orsatec).

3.2.2 DAB-enhanced Turnbull Blue staining

The Turnbull Blue (TBB) staining was performed by the Hametner Lab. Initially, sections
were left to dry and then fixed with acetone at 4°C for 10 min. Following this, they were immersed
in a 10% ammonium sulfide solution for 1,5h at RT and then dipped 3 to 5 times in dH.O. Next,
sections were incubated for 15 min in a solution comprised of two parts: part one consisting of
20% potassium ferricyanide and part two being 1% HCI (1:1, diluted in dH.O). Once the incubation
was finished, they were dipped additionally 3 to 5 times in dH.O before being incubated for 1h in
a solution containing MeOH (100ml), 0,01M sodium azide (0,065g) and H.O.(1ml). Afterwards,
sections were washed in 0,1M Sorensen phosphate buffer and led to a color development
reaction with DAB (DAKO) for 20 min. To stop the reaction, sections were immersed in dH.O and
then counterstained for 15 to 30 sec in hematoxylin. Then, they were rinsed under running tap
water for 5 min, followed by a differentiation step involving immersion in HCI-EtOH solution® . This
resulted in sections having a pink color, and by incubating them for 5 min in warm tap water they
acquired a blue color, hence termed "bluing". Finally, sections underwent dehydration, starting
with a 5-min incubation in an increasing EtOH solution(70%—96%—96%—96%), followed by two
10 min incubations in n-butyl acetate (ester) before being mounted with Epredia Consul-Mount
(Thermo Fisher).

3.2.3 Luxol Fast Blue

All the washes | performed in this protocol are carried out by moving the slides 3 to 6 times up
and down in the given solution, unless otherwise specified. First, | left sections to dry out for 30
min at RT and then fixed them with 4% PFA for 10 min at RT. After fixation, | washed them twice
in dH.0 and were incubated them with 0,1% Luxol Fast Blue (LFB)® at 56°C ON. The following

B The HCI-EtOH solution was prepared by mixing 70% EtOH (0,45 mL) with 37% HCI for a final volume of 100mL.
C The LFB solution was prepared by mixing 0,1g of Luxol Fast Blue MSB, 100mL of 95%EtOH and 0,5mL glacial acetic
acid.
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day, | rehydrated the sections with a series comprising three washing steps in 96% EtOH and
three in dH.O. Next, | immersed them in 0,1% aqueous lithium-carbonate (Morphisto) for 5 min
and differentiated them in 70% EtOH until the color reaction developed. This reaction results in

an intense blue color in areas with myelin sheaths.

Following this step, | counterstained the sections with the periodic acid-Schiff (PAS) reaction. This
consists of incubating the sections for 10 min in 10% Periodic acid, followed by three washes in
dH.O and a 20 min incubation in Schiff reagent (Sigma Aldrich). Next, | washed the sections three
times in 2 min washes in a sulfite wash solution® and then | rinsed them under running tap water
for an additional 10 min. Afterwards, | counterstained the sections with hematoxylin for 1 min and
| washed them in dH.O three times before | differentiated them in HCI-EtOH. Finally, | dehydrated
the sections, starting with a 5-min incubation in an increasing EtOH
solution(70%—96%—96%—96%), followed by two 10 min incubations in n-butyl acetate (ester)

before | mounted them with Eukit (Orsatec).

3.2.4 Immunofluorescence staining

For immunofluorescence (IF) stainings, | started by fixing the sections for 10 min in 4%PFA, ice
cold MeOH or acetone depending on the sensitivity of the primary antibody | would use. Next, |
flicked the excess fluid off and | delineated the sections with a delimiting Pap pen (Agilent) before
| blocked them with 10% goat serum (Thermo Fisher) that was diluted in PBS-T for 30 min at RT.
I next diluted the primary antibodies in PBS-T or Intercept-TBS (ITBS) (LI-COR) (Table 1), applied
them on the sections and incubated them overnight at 4°C. Of note, the antibodies were labeled
using cross-adsorbed secondary goat IgG antibodies (H+L) against different host species. The
following day, | washed the sections twice for 5 min in 0,1M PBS, and incubated them with
secondary antibodies diluted in PBS-T for 2h at RT (Table 2). Finally, | washed sections twice for
5 min in 0,1 PBS and mounted them with Fluoromount-G with DAPI.

Table 1. Overview of primary antibodies used for IF and DAB stainings

Target Species Fixation Dilution Manufacturer Catalogue  Clone Staini:g
use

Acetone  1:2500
AQP4 Rabbit MeOH Sigma Aldrich HPA014784 - IF

aopra  (PBST)

C The sulfite wash solution was prepared by mixing 20mL of 10% potassium metabisulfite, 500mL of dH,O and 5mL
of 37%HCI.
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CD3 Rat
CD11b Rabbit
CD19 Mouse
CD68 Mouse
CD163 Mouse

GFAP Rat
MOG Mouse
SMI32 Mouse
SPAG17  Rabbit

Acetone

Acetone
MeOH

Acetone

Acetone
MeOH

MeOH

MeOH
4%PFA
MeOH
4%PFA
Acetone
MeOH

Acetone

1:200

Bio-Rad MCA1477
(ITBS)
1:500
(ITBS) Abcam ab133357
1:50
Biolegend 302202
(ITBS)
1:200
Biolegend 333802
(PBST)
1:100 NCL-L-
Novocastra
(PBST) CD163
1:200 Thermo
13-0300
(PBST) Fisher
1:1000 Merck
MAB5680
(PBST) Millipore
1:2500 )
Biolegend 801701
(PBST)
1:100 Thermo
PA5-55912
(ITBS) Fisher

CD3-12

EPR1344

HIB19

8-18C5

Table 2. Overview of secondary antibodies used for IF and DAB stainings

Target

Cross-Adsorbed
Biotinylated Ab

Goat anti-'Host' IgG
(H+L) Highly Cross-
Adsorbed -- Alexa
Fluor 488

Goat anti-'Host' IgG
(H+L) Highly Cross-
Adsorbed -- Alexa
Fluor 555

Goat anti-'Host' IgG
(H+L) Highly Cross-
Adsorbed -- Alexa
Fluor 555
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Host

Mouse

Mouse

Rabbit

Rat

Mouse

Rabbit

Rat

Mouse

Rabbit

Rat

Dilution

1:500 (PBST)

1:500 (PBST)

1:500 (PBST)

1:500 (PBST)

Manufacturer

Thermo Fisher

Thermo Fisher

Thermo Fisher

Thermo Fisher

Catalogue

62-6540

A-11029

A-11034

A48262

A-21424

A32732

A48263

A-21236

A-21245

A48265

IF

IF

IF

DAB

DAB

Staining
used

DAB



3.3 Image acquisition

| used a Leica DM6 B brightfield microscope equipped with a K3C camera at a 20x magnification
to image DAB, TBB and LFB stainings. | preprocessed the images using Leica Application Suite
X (LAS X, v.3.8.1.26810) software and exported them as TIFF files for later post-processing via
Imaged (v.2-2.14.0) software. Additionally, some brightfield images were also acquired by the
Hametner Lab in Vienna using a Hamamatsu NanoZoomer 2.0HT at a 40x magnification and
exported as NPD files. | performed the post-processing of these images using NDP.view2 from

Hamamatsu NanoZoomer 2.0HT.

| acquired the fluorescent images using a Leica DM6 B fluorescent microscope equipped with a
K5 camera. | preprocessed the images using the LAS X software with the thunder imaging system.
| set the focus points at 20x magnification for overview purposes and at 40x magnification for
closeups. | performed Z- stacks that consisted in 10 to 20 layers with a step size of 0,7um across

all used channels.

3.4 Lesion type characterization

For the characterization of subcortical white matter lesions, | used a combination of IHC
techniques previously described in Section 3.2. | began lesion identification with visualizing myelin
loss using LFB) and anti-MOG stainings, as well as assessing myeloid cell activation with anti-
CD68 and anti-CD163 stainings. Acute and chronic active lesions both contain high numbers of
activated myeloid cells, but they differ in that acute lesions have not yet experienced significant

myelin loss due to the recent onset of damage.

In chronic lesions, myelin loss becomes a key feature. | Distinguished lesion types by evaluating
myeloid cell activation and detecting iron deposition at the lesion rims, identified by TBB staining.
Chronic active lesions present as hypocellular, demyelinated core with distinctly inflamed rims
densely populated by myeloid cells and iron deposits. In contrast, chronic inactive lesions exhibit
a fully demyelinated core with minimal myeloid cell presence at the rim. Characterization was

supervised by a trained neuropathologist, Simon Hametner, specialized in MS pathology.

3.5 Sample selection for transcriptomics

| used the RNA Integration Number (RIN) as a criteria for sample selection, with only samples
with a RIN value of 25,9 being included for both transcriptomic analysis. | cut tissue sections to a

thickness of 50um using a Leica Microsystems CM3050S cryostat, until | collected a final amount
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of 10 mg, from which | would extract RNA. | performed the extraction process using the protocols
provided by the manufacturer of the RNeasy Mini Kit (QIAGEN), where also TRIzol (Thermo

Fisher) and chloroform (Sigma Aldrich) were necessary.

| started by homogenizing the samples using a 22G cannula with 1mL of TRIzol and incubated
them for 5 min at RT. Next, | added 200uL of chloroform and vortexed the samples, before |
incubated them for another 2 min at RT. | then centrifuged the samples at 10.000g for 20 min at
4°C. After centrifugation, the samples separated into two distinct phases: a clear aqueous phase
on top and a denser and opaque phase below. | pipetted approximately 300uL of the aqueous
phase into an RNase-free Eppendorf tube and added an equal volume of 300uL of 70% RNase-
free EtOH, mixing thoroughly by pipetting up and down. | transferred the contents into a filtered
QIAGEN spin tube and centrifuged them at 8.000g for 30 sec, discarding the fluid. Next, |
performed a series of cleanup steps as stated by the QIAGEN protocol. For the final step, | added
30uL of RNase-free water directly on top of the filter membrane, followed by centrifugation at

8,000g for 1 min. | repeated this step to ensure optimal purity.

For the last part, | measured RNA integrity using an Agilent 2100 Bioanalyzer with the High
Sensitivity RNA assay (Agilent), in accordance with the guidelines provided by the manufacturer.
| stored the remaining RNA at -80°C.

3.6 Fluorescence multiplex in situ RNA hybridization

For single-molecule fluorescence in situ hybridization (smFISH) validation, | used samples that
had a RIN value of 25,9. | first sectioned the samples from the selected tissue blocks into 16-um-
thick cryosections using a Leica Microsystems CMS3050S cryostat, and then | collected them on

SuperFrost plus slides (VWR), which were then stored at -80°C.

| fixed the sections with 4%PFA in two incubation steps: the first for 15 min at 4°C and then the
second for 2h at RT. After fixation, | washed the sections twice for 2 min in 0,1M PBS and
incubated them for 10 min with H.O.at RT. Next, | washed them again twice for 2 min in dH.O and
boiled them at 200°C in Target Retrieval solution (ACD) for 5 min. Following this, | immersed the
sections twice in dH.O and dehydrated them in 100% EtOH for 3 min before | air dried them. |
delineated the tissue areas that | wanted to study later using a hydrophobic ImmEdge pen. Next,
| covered the sections with protease (Protease IV, ACD) and incubated them for 30 min at
RT. After the protease treatment, | immersed them twice in 0,1M PBS and then incubated them
for 2h at 40°C with the mixed target probes (C1:C2:C3; 50:1:1) (Table 3) in an RNAscope
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hybridization oven (ACD). For the signal amplification and probe channel detection | followed the
guidelines provided by the manufacturer. The fluorophores | used for probe labeling were TSA
plus Fluorescein, Cyanine3 and Cyanine 5 (Akoya biosciences) with dilutions varying from 1:300
to 1:750. Finally, | mounted the sections using ProLong Gold antifade (Thermo Fisher) and

imaged them as outlined in the fluorescent imaging section 3.3.

Table 3. Overview of probes used for in situ RNA hybridization

Probe smFISH Catalogue Channel Probe smFISH Catalogue Channel
Hs-ADCY2 1241091 C3 Hs-ITGB1 516931 C2
Hs-CD14 418801 C1 Hs-TLR2 403111 C2
Hs-CD163 417061 C2 Hs-SPAG17 834721 C1
Hs-HMGB1 434631 C1 Hs-VWF 560461 C3

3.7 snRNA-seq experimental workflow

3.7.1 Sample preparation

A day prior to the nucleus isolation, | cut the tissue sections to a thickness of 80um using a Leica
Microsystems CM3050S cryostat, collecting a final tissue quantity of 20mg, which | then stored at
-80°C.

3.7.2 Materials and buffer preparation

All materials | used for this protocol were RNA free; therefore, before starting the protocol |
cleaned with RNaseZap (Thermo Fisher) all benches and utensils that | would use. In addition, |

autoclaved the douncers for tissue homogenization one day before nucleus isolation.

The first step of the protocol consists of the preparation of two buffers, which need to be cooled
to approximately 4°C and then kept on ice until they are used. The first buffer is the lysis buffer,
which | prepared by mixing 5,47g of Sucrose, 250uL of 1M CaCl., 150uL of 1M Mg(Ac)., 10uL of
0,5M EDTA, 500uL of 1M Tris-HCI, 17uL of 3M DTT, 50uL of 100% Triton X100, then adjusting
the to 50mL with DEPC-treated water.

The second buffer is the sucrose solution, which | prepared by combining 30,78g of sucrose,
150uL of 1M Mg(Ac)., 17uL of 3M DTT, 500uL of 1M Tris-HCI, then adjusting the volume to 50mL
with DEPC-treated water.
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3.7.3 Nucleus isolation

Until specified, | conducted all next steps on ice. | started by pipetting 1mL of lysis buffer into the
eppendorf tube containing the tissue to ease the initial breakdown. After a couple of times
pipetting up and down, | transferred the solution to a pre-chilled glass dounce. | repeated this
process for a second time, resulting in a final volume of 2mL. Following this, | homogenized the
samples using the douncers, with gentle up-and-down movements to minimize air bubbles and
avoid twisting the douncer, which could damage the cells.I limited the strokes to a maximum of
10 per sample before transferring the homogenate to a pre-chilled ultracentrifuge tube, carefully
pipetting along the wall of the tube. Next, | slowly and meticulously pipetted 3,7mL of sucrose
solution onto the bottom of the tube containing the homogenized tissue, making sure that no

bubbles were introduced.

In the next step, | calibrated all the samples to ensure they had the same weight before loading
them into the centrifuge. | added lysis buffer as needed to achieve this uniformity. | then loaded
them on a SW28 rotor equipped with a swing bucket that could fit up to 6 samples, and
centrifuged them for 2,5h at 24.400 RPM at 4°C.

Following centrifugation, | transferred the samples to ice and removed the supernatant via
vacuum aspiration using a glass pasteur pipette. Then | carefully popetted 200uL of 0,1M DEPC
water-based PBS (Thermo Fisher) onto the bottom of the tube and incubated them on ice for 20
min. Afterwards, | gently resuspended the samples, filtered them twice through 30um filters
(Miltenyi Biotec), and | manually counted the nucleus suspension. My goal was to achieve a final
concentration of 1.000 nucleus/puL, so | diluted the samples with 0,1M DEPC water-based PBS to

reach this concentration.

3.7.4 Nucleus emulsion and library preparation

Immediately after isolating the nuclei, | loaded them into the 10x Genomics Chromium controller,
following the provided guidelines to achieve a recovery rate of 8,000 nuclei per sample. Next, |
prepared the libraries following the Chromium Next GEM Single Cell 3' (CG000204 Rev D)

protocol from 10x.

During the protocol, | conducted two quality controls to ensure the libraries met the sequencing
requirements using TapeStation 4200 analyzer (Agilent) with High Sensitivity D5000 and D1000
ScreenTapes (Agilent) respectively. With the first one, | analyzed the representative cDNA traces

to determine the appropriate unique sample index PCR cycles, and for the second one | evaluated
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the post-library construction and sample traces to prevent sequencing impurities. If this happened,
| performed an additional clean-up step. | sent the finalized libraries to a sequencing facility in
Kiel, where they loaded the libraries at a concentration of 300 pM and sequenced them using the

NovaSeq 6000 system (lllumina) at a depth of 250 to 300 million reads per sample.

3.8 snRNA-seq computational analyses

3.8.1 Expression count matrix generation

Using the FASTQ files | obtained from sequencing, | generated the expression count matrices
using Cell Ranger Count software (v.6.0.2), aligning the data to the GRCh38-2020-A reference
transcriptome. | then corrected these count matrices for ambient mMRNA using CellBender
(v.0.2.0), which | set with the following parameters: model = full; expected_cells = 8.000;

total_droplets_included = 50.000; fpr = 0,01; epochs = 150; posterior_batch _size = 5;

cells_posterior_reg_calc = 50.

3.8.2 snRNA-seq data processing

For the downstream analyses and data processing for the snRNA-seq datasets, | used Python
(v.3.10.0) and the Scanpy toolkit (v.1.9.6) with scripts available at

https://github.com/saezlab/VisiumMS and custom made scripts to interpret the data.

3.8.3 snRNA-seq data quality control

| performed independent filtration for each sample to address possible batch effects. | set three
parameters for single nucleus filtration steps: one based on genes (> 200 genes), another for
mitochondrial gene presence (mitochondrial gene percentage < 5%) and for gene counts (counts
< 99th percentile of counts). | kept the genes that were expressed across multiple nucleus
(expression in > 3 nucleus) for analyses. Then, | filtered the samples based on the doublet score
that | computed with scrublet (doublet score < 0,1). Finally, | normalized raw expression values

for each nucleus using the median of total counts (target_sum = None) and log-transformed

(log1p).

3.8.4 Data integration and cell annotation

| generated an AnnData object by concatenating (join="outer") all preprocessed nucleus from all
samples. Next, | conducted feature selection by computing highly variable genes per sample,

followed by the selection of the top 4.096 genes that were identified as variable across the
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maximum number of samples. Then, | scaled the genes across the nucleus, and performed a
PCA on the selected features. | then used Harmony-py (v.0.09) to integrate the resulting PCs,
removing batch effects across samples. Following that, | generated the Nearest neighbors for
nucleus by estimating similarities in the PC space (n_pcs = 50). | used the resultant connections
to construct a UMAP. Lastly, | used the Leiden graph-clustering method (resolution = 0.25) to

cluster the nucleus and then manually annotated them using brain and immune gene markers.

3.8.5 Comparison with other datasets

The first dataset | used in order to validate cell type annotations. For that | compared the
generated atlas with another reference human snRNA-seq atlas at the molecular level. |
obtained the count matrix and annotation metadata from

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180759.

| constructed the pseudo-bulk transcriptomic profiles for both atlases at the cell type level using
decoupler-py (v.1.5.1). | filtered the genes based on the following hyperparameters: min_count =
10, min_total_count = 15, min_prop = 0.2, min_smpls = 2. To ensure comparability, | filtered the
profiles by identifying the intersection of genes between the two atlases and then performed log
normalization using Scanpy (target_sum = None). Finally, | computed the Pearson correlation
between the different profiles and adjusted the p-values using the Benjamini-Hochberg correction
(BH adjusted P < 0,05, r > 0,75).

The second dataset | used was a curated list of 125 genes from a recent publication', that | used
to detect senescent signals. This list is available in Supplementary Data 1 of the publication. Using
this gene set, | performed an enrichment analysis on both my atlas and the reference atlas,

applying the ULM method from decoupler (adjusted P < 0.05).

3.8.6 Identification and characterization of cell subtypes

| isolated the major cell lineages from the main snRNA-seq atlas to identify specific cell types
within them. | retained the genes that were expressed across enough cell types (number of
expressed nucleus > 3), while | excluded samples with not enough cells for a specific cell type
(number of cells =2 5). | next conducted a PCA on the scaled log-transformed expression values
of the most variable genes across as many samples as possible. The number of variable genes |
used varied depending on the available cell count: 4.096 genes (number of cells > 1e), 2.048
genes (number of cells > 1es) and 1.024 genes (number of cells < 1e:). | did the integration of the

PC using Harmony-py, and computed the nearest neighbors per nucleus by identifying similarities
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in the corrected PC space (n_pcs = 50). | employed the resulting connections to construct a UMAP

manifold and perform clustering with the Leiden algorithm (resolution = 1.0).

| characterized the clusters by using the rank_genes_groups function from Scanpy with the log-
transformed counts (adjusted P < 0,05; absolute (log2FC) > 0,5). This function helped identify
suitable marker genes that later were used to manually annotate the clusters. The ones lacking

clear molecular profiles were excluded (designated as “NA”).

3.9 Spatial transcriptomics experimental workflow

| used the 10x Genomics Visium Spatial Gene Expression platform for all spatial transcriptomics

experiments.

3.9.1 Tissue scoring

After carefully assessing histology and RIN integrity measurements, | selected the final regions
of interest (ROIs) for the study. Before sectioning the tissue, | designed a custom 3D-printed
rectangular prism with sharp edges to delineate the ROls on the fresh frozen blocks. This ensured
that when | made cuts with the cryostat, the tissue sections would already reflect the defined
areas of the ROls. The squared base of the prism measured 6,5 x 6,5mm, to ensure that the ROI
would fit inside the capture area of the slides and enabling consistent sectioning of the exact same

area for snRNA-seq analysis.

Upon scoring the tissue, | sectioned it into 10um slices using a Leica CM3050 S cryostat and
transferred onto Spatial Gene Expression Slides (PN-1000185) that had been pre-cooled to -22°C
inside the cryostat. After | had placed all the tissues on the slide, without foldings, incorrect
placements or tissue tearing, | stored the slide in a sealed container at -80°C until further
processing. This storage method allowed preservation for up to four weeks while maintaining the

sample integrity. No spatial slide reset was necessary (CG000332 Rev B).

3.9.2 Tissue fixation, staining and imaging

The first step of the protocol consisted in fixing the sections. | incubated the slide for 1 minute at
37°C in a PCR machine with a special adapter provided by 10x Genomics, allowing me to perform
the incubation without closing the lid. Once the time was up, | immersed the slide in a container
of -20°C MeOH for 30 minutes and then continued with H&E staining according to the 10x protocol

(CG000160 Rev B). No coverslipping of the sample was necessary before imaging.

45



Next, | imaged the slides using a 10x magnification lens attached to a Leica DMi8 microscope
and pre-processed them using the Leica Application Suite X (LAS X, v.4.13) for general
morphological analysis and future spatial alignment. Of note, | placed focus on the fiducial frame
rather than the tissue itself. | optimized this imaging process as suggested per imaging guidelines
(CG000241 Rev D).

3.9.3 Tissue optimization

This optimization process is essential for quantifying the total mRNA in intact tissue sections
before starting the library preparation. It is a one-time requirement for each tissue type of interest.
After | scored and sectioned the tissue, | placed it in the capture areas of the Visium Spatial Tissue
Optimization Slide. Notably these slides differ from the Gene Expression Slides as they feature 8
capture areas instead of 4, facilitating the assessment of diverse permeabilization times. Once |
filled all capture areas, except for one that will be the positive control, | fixed and stained the slide
as | previously described, for later permeabilize it for varying times as described in the protocol
(CG000238 Rev D).

During this step, mRNA is released and gets reversed transcribed to cDNA that will be
fluorescently labeled. Following enzymatic removal of the tissue from the slide, fluorescently
labeled cDNA remains, allowing assessment of the optimal permeabilization time via fluorescent
microscopy. Based on protocol guidelines, | assessed that the best permeabilization time for

subcortical white matter was 18 min.

3.9.4 Slide processing and library preparation

For the library preparation, | placed the tissue samples on the Gene Expression Slides. Following
the completion of scoring, sectioning, fixation, staining, imaging and correct assessment of
permeabilization time, | generated the libraries according to the established protocols from 10x
genomics (CG000239 Rev D). Two essential intermediate steps where | assessed the data quality
measurements were done in between this protocol. In the first one | assessed the correct
amplification of cDNA using QuantStudio 3 Real-Time PCR (Thermo Fisher) and QuantStudio
Design Analysis software(v.1.3). For the second one | determined the appropriate unique sample
index PCR cycles by analyzing representative full-length cDNA traces using TapeStation 4200
analyzer (Agilent) with High Sensitivity D5000 ScreenTapes (Agilent).

After library construction, | performed a final quality control to ensure that the samples compiled

with sequencing requirements by analyzing their traces to prevent sequencing impurities. For that
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| used the TapeStation 4200 analyzer (Agilent) with High Sensitivity D1000 ScreenTapes
(Agilent). If this was to happen, | performed an additional clean-up step. Lastly, | sent the libraries
to the sequencing facilities in Kiel. Then, they loaded the libraries at a concentration of 300 pM
and sequenced on a NovaSeq 6000 system (lllumina) with a sequencing depth of 250 million

reads per sample.

3.10 Spatial transcriptomics computational analyses

3.10.1 Demultiplexing and spatial gene count matrix generation

| performed the data demultiplexing using Space Ranger software (v.2.0.0). First, | generated
FASTQ files with spaceranger mkfastq, then used these files as input for the spaceranger count
pipeline, aligning them with the human reference genome GRCh38-2020-A. Inside the
spaceranger count pipeline | was able to integrate the information from previously acquired
images, allowing the final spatial gene count matrix to contain data on tissue position per slide.
Additionally, this last step generated a Loupe file, compatible with the Loupe Browser (v.7.0.0)
from 10X Genomics, enabling initial visualization and exploration of the data without requiring

prior quality control steps.

3.10.2 Spatial transcriptomics data processing

For the downstream analyses and data processing for the snRNA-seq datasets, | used Python
(v.3.10.0) and the Scanpy toolkit (v.1.9.6) with  scripts available at

https://github.com/saezlab/VisiumMS and custom made scripts to interpret the data.

3.10.3 Spatial transcriptomics data quality control

| conducted quality control analyses for each slide using Scanpy, filtering genes (< 200 genes per
slide) and retaining genes expressed across multiple spots (= 3 expressed spots). Next, |
normalized raw expression values for each spot by the median of total counts (target_sum =

None) and log-transformed.

3.10.4 Cell type deconvolution

| used the cell2location (v.0.1.3) package to compute cell type abundances for each spot.
Leveraging the annotated snRNA-seq atlas, | inferred the reference expression signatures of
major cell types through regularized negative binomial regressions. | used Hierarchical Bayesian

models with hyperparameters N_cells_per_location=5 and detection_alpha=20 to deconvolute
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each slide. Post-deconvolution, | computed cell type proportions per spot by dividing the
abundance of a specific cell type by the total sum of spot abundances. To assess the efficacy of
the deconvolution process, | estimated cell type proportions from each slide and compared them
to the actual proportions in corresponding snRNA-seq data using Pearson correlation, both at the
sample and cell type levels. Additionally, | determined spatial activity scores using the enrichment
method ULM from decoupler with REACTOME pathway gene sets (bandwidth=150).

3.10.5 Manual annotations of distinct tissue areas

Based on the output Loupe file from SpaceRanger software, myself and Christian Riedl under
the supervision of Simon Hametner, a trained neuropathologist, annotated different areas of
the tissue that would later be used for the study. The areas were divided in lesion core, that
covered the demyelinated area and had a high amount of astrocyte genes (GFAP, AQP4); the
lesion rim, that created a distinct border between the demyelinated lesion center and the
surrounding myelinated white matter matter, and had a high myeloid cell presence (CD68,
CD163); the periplaque white matter that had still a high presence of myelin (MOG, MBP, PLP1).
Each slide was annotated individually based on the same parameters and using Loupe Browser

(v.6.3.0) from 10x Genomics.

3.10.6 Generation, characterization and validation of niches

Niche annotation was done in an unsupervised manner across spots for each slide independently.
This first part was performed by Pau Badia i Mompel, and involved the integration of gene
expression and cell type compositions into a multi-view factor model using MOFA+ (v.0.7.0). The
transformation of cell type proportions to centered log-ratios was performed using the clr function
from the composition-stats python package (v.2.0.0), while gene expression data was
summarized into 50 principal components via PCA on the scaled top 4.096 variable genes. These
distinct data matrices were used as individual views within the MOFA+ model, from which 15
latent factors were derived. This process used the following specifications: scale_views = False,
center_groups = False, spikeslab_weights = False, ard_weights = False, ard_factors = False.
Spot-wise nearest neighbors were determined based on similarities computed in the latent factor
space. Then, these connections were leveraged to construct a UMAP manifold and perform spot

clustering using the Leiden algorithm (resolution=1.0).

Next, | performed manual annotation of clusters into niches based on the presence of specific

cell types and pathway activities derived from hallmark gene sets, using the ULM enrichment

48



method from decoupler. | identified niche-specific marker genes, by concatenating the slides
into a single AnnData object and the function of Scanpy rank_genes_groups (method = t-
test_oversampled_var). Besides characterizing the main cell types per niche, | calculated the
average cell type proportions per slide and statistically compared them against the rest using

the Wilcoxon rank-sum test (adjusted P < 0,05).

Pau Badia i Mompel evaluated the level of overlap between computationally annotated niches
and those annotated by a neuropathologist, using the Jaccard index and the adjusted Rand index
for each slide, disregarding categories not shared between annotations. Furthermore, similarities
between intra- and interniche spots were evaluated through Pearson correlation applied to

pseudo-bulked gene expression and mean clr-transformed cell type proportions.

3.10.7 Spatial trajectory analysis across niches

| concatenated the slides and generated pseudo-bulk profiles for each combination of niche and
slide using decoupler. | included genes based on the following hyperparameters: group = None,
min_count > 10, min_total_count > 15. With the resulting gene profiles, | performed log
transformation and normalization (target_sum = 1e:). Next, | computed the spearman correlation
for each gene, following the niche order: WM, PPWM, LR, LC, VI. Then, | used these gene
correlation statistics to infer pathway activities that exhibit differential changes along the trajectory,

leveraging the PROGENYy resource via the ULM method.

Also, | determined significant pathways (P < 0,05) for the pseudo-bulked gene expression profiles.
Lastly, | assessed the correlated genes, categorized as positive and negative, or enrichment of
gene sets from REACTOME using the ORA method from decoupler. | excluded the gene sets
containing terms such as FETAL, INFECTION, or SARS before enrichment computation.

3.11 Characterization of ciliated astrocytes

| excluded the samples and slides containing ependyma, MS549H and MS549T, from the analysis
due to the similarity of ependymal cells to ciliated AS. | generated a gene set specific to ciliated
AS by filtering marker genes obtained from the filtered atlas using Scanpy (method = t-

test_oversampled_var, adjusted P < 1e+, log2FC > 1).

| performed an analysis that predicted that spots with a proportion of AS greater than 0,25
contained ciliated AS by computing enrichment scores using the derived gene set with the ULM

method from Decoupler (weight = None, P < 0,05, score > 0).
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To account for variations in spot counts per slide, | determined the niches where cilia AS were
found by performing a bootstrap strategy. The total number of spots predicted to contain ciliated
AS was estimated for each niche, followed by 1.000 random permutations to assess if the
sampled ciliated AS counts exceeded the original estimate, yielding empirical p-values per niche
(adjusted P < 0,05).

| then performed an enrichment analysis, using the ciliated AS gene set against the REACTOME
collection using the ORA method from decoupler (adjusted P < 0,05). | excluded the gene sets
containing terms such as FETAL, INFECTION, or SARS prior to enrichment computation. |
assessed the transcription factor activity at both the nucleus and spot levels using the CollecTRI

resource with the ULM method from decoupler.

3.12 Multidimensional scaling of samples

The following analyses were designed by Pau Badia i Mompel and Ricardo Ramirez, while

the biological interpretation of the resulting data was performed by myself.

Multidimensional scaling (MDS) from sklearn (v.1.4.0) python package was used to capture and
visualize sample differences across various dimensions, including cell type proportions, cell
subtype proportions, deconvoluted cell type proportions, cell type gene expression, and tissue
niche gene expression. To facilitate analysis, cell type, cell subtype, and deconvoluted cell type
proportions underwent logarithmic transformation using the clr function from the composition-stats

Python package.

For gene expression analysis, latent factors capturing shared gene programs between cell types
or niches were inferred using the MOFAcellulaR package for snRNA-seq and ST samples,

respectively.

In the case of snRNA-seq data, four multicellular factors were inferred using multicellular factor
analysis with MOFA+ on the pseudobulk expression profiles of each cell type and sample.
Pseudobulk profiles were constructed by aggregating gene counts from all cells within a given
cell type and sample, with profiles containing fewer than 10 cells excluded from the analysis.
Moreover, genes expressed in at least 25% of the samples within each cell type were retained,
with a gene considered expressed if it had at least 100 counts. Samples within a cell type
exhibiting a gene coverage of less than 90% or containing fewer than 10 samples or more than

50 genes were also excluded from analysis.
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For ST data, three factors were inferred using multicellular factor analysis on the pseudobulk
expression profiles of each niche and disease sample. Pseudobulk profiles underwent similar
filtering as described above, with niches containing fewer than nine samples excluded from

analysis.

Distances between samples at each level were computed using the formula: distance = 1 - corr(x,
y), where corr represents the Pearson correlation coefficient between the vector values of sample
x and sample y, generating a distance matrix. Each distance matrix was then used to generate a
level-specific MDS plot. Then, distances were summed into a single matrix, retaining only samples
with paired snRNA-seq and ST data to address missing values. This cumulative distance matrix
was further used to perform joint MDS, summarizing differences across levels. Finally, silhouette
coefficient, implemented in sklearn, was computed from each distance matrix at the sample level

to quantify the clustering of lesion types.

3.13 Characterization of differences between lesion types

3.13.1 Differential expression analysis between lesion types

For snRNA-seq data, | performed pseudobulking per cell type and sample using the function
get_pseudobulk from decoupler (min_cells > 10 and min_counts > 1000). Next, | filtered out lowly
expressed genes for each cell type using the function filter_by expr from decoupler (group =
Lesion type, min_count > 10, and min_total_count > 15). | conducted differential expression
analysis using PyDESeq2 (v.0.3.5), with lesion type and biological sex serving as design factors.
| performed the Contrasts between different pairwise lesion types MS-CA vs CTRL, MS-CI vs
CTRL, and MS-CA vs MS-CI (cooks_filter = False and independent_filter = False). | only
performed the contrasts when a sufficient number of replicates were available for a particular cell

type (min samples > 2).

For ST data,l performed pseudobulking per niche and slide for MS-CA and MS-CI typed MS
slides. Similarly, | filtered lowly expressed genes, and conducted differential expression analysis

per niche between the two lesion types using the same approach as described above.

3.13.2 Enrichment analysis of differential expressed genes

For snRNA-seq data, | filtered the genes based on significance criteria (adjusted P < 0,05,
absolute (log2FC) > 1) and categorized them into lesion types according to the sign of the gene-

level statistic. As genes could potentially be assigned to multiple lesion types due to the various
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contrasts generated in the preceding section, | took measures to ensure uniqueness, resulting in
a distinct list for each lesion type. Then, | conducted enrichment analysis for each cell type and
contrast using the REACTOME gene set collection with the ORA method from decoupler. |
excluded gene sets containing the terms FETAL, INFECTION, or SARS prior to enrichment

analysis.

For ST data, | used all available gene-level contrast statistics between MS-CA and MS-CI per
niche as input for the ULM method from decoupler to compute differential activity scores across

niches using the same REACTOME gene set collection.

3.13.3 Compositional data analysis

Pau Badia i Mompel performed this subsection. Cell type compositions in snRNA-seq data
were computed per sample by adding the number of cells per cell type, dividing by the total
number of cells, and logarithmically transforming the obtained proportions using the clr function
of the composition-stats python package. In this calculation, stromal cells and B cells were
excluded to enhance comparability, as they were absent in most CTRL samples. Neurons were
also excluded due to their presence being attributed to the nature of the tissue sampled rather
than the lesion type. Cell subtype compositions in shnRNA-seq data were computed per sample

and cell type in the same manner.

Niche compositions in ST data were computed per sample by adding the number of spots per
niche, dividing by the total number of spots in the slide, and logarithmically transforming the
obtained proportions. In this calculation, gray matter and ependyma were removed due to tissue
sampling reasons as described previously. Cell type compositions per niche and slide were
computed by adding the deconvoluted cell type abundances per cell type across spots of each
niche, dividing by the total sum of abundances for the niche, and logarithmically transforming the
obtained proportions. Cell type compositions per slide were computed by adding all deconvoluted
cell type abundances per cell type, dividing by the total sum of abundances across the entire
slide, and logarithmically transforming the obtained proportions. For the latter two calculations,

neurons were excluded as previously described.

Kruskal-Wallis tests were used to examine differences in each compositional type (adjusted P <
0,05). For significant elements, the Wilcoxon rank-sum test was employed to assess pairwise

differences between lesion types (adjusted P < 0,10)
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3.14 Differential cell-cell communication inference

The computational pipeline was designed by Pau Badia i Mompel, and | evaluated the
biological results when discussing the design. Cell-cell communication inference involved
combining results from both snRNA-seq and ST data to minimize false positive inferred
interactions. Differential ligand-receptor interactions between the three lesion type contrasts
across cell type pairs were inferred using the consensus ligand-receptor database from LIANA+
(v1.0.1). For each contrast, LIANA+ was utilized to compute a differential interaction score
between a ligand of cell type A and a receptor of cell type B as the mean value between their
differential gene statistics, generating lesion type-specific cell.-cell.-ligand-receptor interaction
tetramers. Interactions with conflicting signs between ligand-receptor or with both genes not being

significant (BH adjusted P < 0,15) were disregarded.

Due to the limited number of replicates for B cells, T cells, and Stroma cells for differential
expression analysis, a separate strategy was employed to infer their communication events. For
each contrast, snRNA-seq data was filtered for the lesion type being tested, retaining only genes
that were expressed in at least 5% of cells, and the rank aggregate method from LIANA+ was
utilized to infer cell-cell communication scores. Interactions involving any of the three cell types

and deemed significant were retained (BH adjusted P < 0,15).

For the remaining significant interactions, spatially informed local scores were inferred across
slides using a custom multivariate version of the normalized product method from LIANA+. In this
approach, cell type proportions and gene expression were binarized for each slide (proportion >
(1/N° of cell types); log-normalized expression > 0), and feature values per spot were spatially
weighted by averaging neighboring spots using an L1-norm Gaussian kernel (bandwidth = 150).
To ensure comparability, features were normalized by their maximum value, bounding their values

between 0 and 1.

The local score for a given cell.-cell.-ligand-receptor interaction was computed for each spot using
the formula:

score=C.*C. *L*R,
where C, and C. are the normalized spatially weighted cell type proportions of cell type A and B,
and L and R are the normalized spatially weighted gene expression values of the ligand and

receptor genes.
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Differences in interaction scores between lesion types were evaluated using the Wilcoxon rank-
sum test. Significant interactions with no conflicting sign with the scores obtained in snRNA-seq
were selected (BH adjusted P < 0,15). Candidate interactions were further filtered based on the
results of cell subtype compositional changes and cell subtype marker genes described in the
previous sections. Interactions were retained only if the ligand or the receptor was a marker gene

for at least one cell subtype that significantly changed its abundance in the corresponding lesion

type.

3.16 lllustrations

All illustrations present in the thesis were done by myself using the Affinity Designer (v1.10.8)

vector persona.

3.17 Text editing

The text written in this thesis is my original work, and | used ChatGPT to improve its flow and

readability.
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4. Results

The results presented in the following four chapters refer to my original work, recently
published=. | expand directly on these findings, providing additional context and deeper insights

into specific areas.

4.1 Introduction to transcriptomics data
4.1.1 Selection and preparation of the MS cohort

My aim in the first part of the study was to select a cohort of subcortical white matter MS lesions
to perform transcriptomic studies, gaining insight into key events driving lesion progression.
Therefore, | began by histologically characterizing 21 fresh-frozen brain human tissue blocks, with
the support of Annika Hoffman and Christian Riedl, and under the supervision of Simon Hametner

and Lucas Schirmer.

To perform the histological analysis, | focused on three key spatial patterns of inflammation and
tissue damages~= identified from the IHC stainings | had previously performed (Fig. 6a-b,
Methods). First, | assessed inflammation by detecting activated myeloid cells using anti-CD68
and anti-CD163 staining. This allowed me to identify acute (MS-A) and chronic active lesions
(MS-CA), as chronic inactive (MS-CI) typically exhibit lower levels of myeloid cell activation.
Secondly, | examined the presence of a demyelinated core using LFB and MOG stainings. The
characteristic demyelinated hypocellular core, where the astroglial scar would form, allowed me
to distinguish MS-CA and MS-CI lesions. Finally, in cases of MS-CA lesions, | also assessed the
TBB staining to detect iron accumulation at the rim of lesions. Considering these characteristics
and the possibility of multiple lesions within a single tissue block, | could characterize a total of 7
MS-A, 20 MS-CA and 12 MS-Cl lesions (Supplementary Table 1).

To ensure that the samples were suitable for transcriptomic analysis, | measured the RNA
integrity number (RIN) of all tissue blocks. The RIN is a measure of RNA quality, with higher
values indicating better integrity. For this study, | selected only tissue blocks with a RIN value of
6 or higher (Methods). Many blocks did not meet the criteria and could not be included in
sequencing or RNA-related analyses. Additionally, tissue availability was a challenge, as a
substantial amount of tissue was required for both transcriptomic analysis and their subsequent

validations. As a result, MS-A samples had to be excluded from the analysis.

55


https://paperpile.com/c/s8qAQo/OrvS
https://paperpile.com/c/s8qAQo/gFmNW+HlYIR+MQjgE

After characterizing the lesions and addressing the challenges related to sample quality and
availability, | selected the specific areas for transcriptomic analysis. It was crucial to ensure that
the selected tissue areas closely matched the previous histological characterization to minimize
the impact of lesion progression on the results. Because of that, | focused on choosing the areas
that better represented different stages of lesion progression and made sure that the lesion rim
was centered on the slides used for spatial transcriptomics (ST). Once | had obtained the tissue
for ST, | continued to cut adjacent sections for single-nucleus RNA sequencing (snRNA-seq). This
paired approach resulted in a final cohort comprising 6 CTRL, 8 MS-CA and 4 MS-CI lesions for
ST (n=18), and 6 CTRL, 6 MS-CA and 4 MS-Cl| for snRNA-seq (n=16) (Fig. 6c-d,
Methods, Supplementary Table 2).
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Figure 6. Lesion characterization and experimental design. Repurposed from Lerma-Martin et al. 2024. a,
Schematic drawing of tissue preparation for lesion characterization. b, Histological assessment of MS lesions with IHC
stainings for CD163 and CD68 (myeloid cells), iron or TBB (iron rim) and LFB (myelin). Overview scale bar 500um.
Zoom-in scale bar 100pm. ¢, Scheme of tissue collection for transcriptomics approach. d, Study design showing
different data modalities and associated metadata. Links between samples indicate that they come from the same
tissue block. B, Batch; NA, not available.
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4.1.2 Cellular diversity in MS lesions

After selecting and obtaining the tissue from the samples, | isolated their nucleus, prepared the
sequencing libraries and conducted quality control checks to ensure they met the necessary
sequence requirements (Methods). | then sent the libraries for sequencing to obtain the FASTQ
files. Following this, | developed scripts to process these files and generate the count matrices for

data analyses (Methods).

| then performed the computational analysis, starting with the implementation of a strict quality
control and the removal of low-quality profiles and potential doublets (Methods). Then, |
generated an atlas that contained a total of 103.794 nucleus (n=16, average=6.487, mean genes
per nucleus = 2.125). | proceeded to annotate this atlas using classical cell markers, and identified
nine major cell types: oligodendrocytes (OL), oligodendrocyte progenitor cells (OPC), astrocytes
(AS), myeloid cells (MC), endothelial cells (EC), T cells (TC), B cells (BC) and stromal cells (SC)
(Fig. 7a-b). While my focus was on white matter MS lesions, when cutting the sections | also
captured some surrounding gray matter (e.g., deep cortical layers), resulting in the presence of a

neuron cluster (NEU).
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Figure 7. Annotation of the MS snRNA-seq atlas. Repurposed from Lerma-Martin et al. 2024 a, UMAP of integrated
snRNA-seq data (n=103.794). b, Dotplot of averaged z-transformed gene expression of marker genes for each main
cell type. ¢, Pearson correlation matrix of transcriptomic profiles between the snRNA-seq atlas of this study and Absinta

et al. (BH adjusted P < 0,05, r > 0,75). d, Barplot with the number of cell subtypes per main cell type.
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To validate the annotation of these main cell types, | compared the atlas with another study
focused on subcortical MS lesions, confirming the presence of all main cell types (Fig. 7c,
Methods). Following this validation, | further enhanced the resolution of the dataset by sub-
clustering all major cell types and annotating their cell subtypes based on existing literature. |
identified 7 subtypes for OL, 8 for OPC, 10 for AS, 7 for MC, 10 for EC, 8 for TC, 6 for BC, 9 for
SC and 14 for NEU, making a total of 79 unique cell subtypes (Fig. 7d, Extended data Fig. 1a-
h, Methods).

4.1.3 Spatial mapping of MS lesions

Next, | performed ST to explore the spatial context of the lesions more deeply. | introduced this
kind of technology into my laboratory using the 10x Genomics platform, Visium. As
aforementioned, my goal when working with MS samples was to capture the lesion rim at the
center of each capture area, allowing the investigation of spatial changes in between the peri-
plaque white matter and the lesion core. To ensure precise and consistent tissue capture, |
developed a novel scoring method using a 3D-printed rectangular prism with sharp edges (Fig.
8a), which allowed me to consistently capture the same tissue area for both transcriptomic

techniques (Methods).

Since this was my first experience with spatial transcriptomics in human subcortical white matter,
determining the optimal permeabilization time was essential (Methods). In this step, cells need
to release an appropriate amount of mMRNA for reverse transcription into cDNA. If too little mRNA
is released, it may not yield enough for sequencing, while excessive release can lead to mMRNA
diffusion or cross-contamination between spots, resulting in false positives. Due to the unique
characteristics of each tissue, permeabilization times vary; therefore, | tested durations from 5 to
30 minutes and found that 18 minutes was optimal for this tissue. With this information, |
proceeded to perform the libraries and then sent the samples for sequencing to obtain their BCL
files. | developed scripts to process these files, generating FASTQ files and count matrices for

subsequent data analyses (Methods).

Next, | performed the data quality control, and obtained a total of 67.851 spots (n=18, mean spots
per sample=3.769, mean of genes per spot=1.373) (Methods). Since ST slides can capture
multiple cells per spot and lack single-cell resolution, | addressed this limitation by deconvoluting
the slides. This approach involved inferring cell type composition across spots using the paired

snRNA-seq atlas as a reference (Fig. 8b-c, Methods).
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Figure 8. Spatial characterization and deconvolution of MS lesions. Repurposed from Lerma-Martin et al. 2024.
a, Picture of the rectangular prism measurements and how its squared area fits within a Visium slide ROI. b, Scheme
of deconvolution using (1) the cell type gene reference and (2) the spatial location of the lesion on the Visium slide,
resulting in (3) distinct cell compositions within individual spatial spots. ¢, Spatial panel displaying hematoxylin and
eosin (H&E) staining (left) and, feature plots of cell type deconvolution results for OL, AS and MC. d, Inferred pathway
activities between CTRL and MS lesion types. Min, minimum; Max, maximum.

| confirmed that the mapped cell types aligned with the tissue architecture across CTRL and MS
lesion types, thereby validating my approach. In CTRL samples, slides were predominantly
composed by OL in the white matter, occasionally including gray matter. In MS lesions, OL were
primarily located in the peri-plaque white matter, while AS were more prevalent in the lesion core,
a characteristic sign of the astroglial scar. MC cells were most abundant at the lesion rims and
cores of MS-CA, with their presence diminishing and becoming scattered in MS-CI, with even

lower presence observed in CTRL (Fig. 8c, Methods).

To characterize the slides and explore biological functions in lesion and non-lesion areas, |
performed pathway enrichment analysis (Methods).| selected the top significant pathway for each
condition and ensured these aligned with known biological functions specific to each condition. In

CTRL and MS non-lesion areas, which have a high proportion of OLs, myelination activity was

59


https://paperpile.com/c/s8qAQo/pIRKg

enriched« (R-HSA-9619665). In MS-CA, pathways such as IFN-y signaling (R-HSA-877300) were
enriched. This pathway, when active in AS cells within the demyelinated core, has been reported
to help mitigate inflammation, whereas in MC present at the inflamed lesion rims, might promote
a shift towards a neurotoxic phenotyper. In MS-CI, pathways involved in tissue remodeling, such
as assembly of collagen fibrils and other multimeric structures (R-HSA-2022090), were strongly

mapped to demyelinated lesion areas characterized by a high presence of AS«.

Collectively, the integration of snRNA-seq and ST allowed me to generate a comprehensive
dataset. Using deconvolution prediction models, | was able to map the main cell types in both

lesion and non-lesion tissue areas and linked them to different biologically relevant pathways.

4.1.4 Spatial characterization of MS niches

A significant challenge in the MS field lies in understanding how the cells transition from a
stochastically distribution in the brain to assuming highly compartmentalized position during lesion
formation=. To address this, | aimed to characterize the different cell communities present in both
lesion and non-lesion areas. For that, | devised a robust approach that combines manual "biased"
annotation with computational unsupervised methodology, enabling a comprehensive
investigation of cell organization in subcortical MS tissue. The manual component of this approach
involved a detailed histological and immunohistochemical assessment, complemented by the
analysis of Loupe files generated from the Space Ranger counts pipeline (Methods). These files
provided in-depth gene expression profiles of the spots from the ST slides. With these different
kinds of data, Christian Riedl and myself curated a manual annotation of what we named areas,
which included: gray matter (GM), white matter (WM), peri-plaque white matter (PPWM), lesion
rim (LR), lesion core (LC), ependyma (EP) and claustrum (Fig. 9a).

While we tried to be precise, it is important to acknowledge that human-driven manual annotations
are inherently biased and may introduce errors. To address this, Pau Badia i Mompel and |,
designed an unsupervised approach using factor analysis=. This approach enabled the
integration of gene expression data with deconvoluted cell type proportions, resulting in tissue
region equivalents called niches (Fig. 9b-c, Methods). To evaluate the robustness of the niche
annotations, we compared them to the manually annotated areas, revealing a high level of overlap
between the two (Fig. 9d, Methods). Additionally, we found that niches exhibited greater intra-
niche similarity compared to inter-niche similarity in both gene expression and cell type

proportions across slides (Fig. 9e, Methods).
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Figure 9. Comparison of histopathological and computationally annotated spatial niches. Repurposed from
Lerma-Martin et al. 2024. a, Comparison of histopathological areas with b, the computationally annotated niches
between lesion types. Two different MS-CA lesions are presented: one to showcase the sample containing the
claustrum and the other as the representative MS-CA sample for the study. ¢, Pipeline design using MOFA+ to generate
a spatial clustering from the integration of gene expression (GEX) and deconvoluted cell type proportions. d, Jaccard
index between manually annotated areas and computationally annotated niches per shared category (top). ST spots
belonging to annotation-specific categories were ignored in the calculation. Adjusted Rand index between
histopathologically annotated areas and niches annotated in an unsupervised way per ST sample (bottom), values
above 0 indicate agreement between annotations. e, Intra-niche and inter-niche Pearson correlations of normalized
pseudobulked gene expression (up) and mean centered log-ratio transformed cell type proportion (bottom). Asterisks

indicate significance (Wilcoxon-rank sum test, BH adjusted P < 0,05).

With this approach, we were able to predict the same areas that we previously annotated while
also increasing the resolution of our analysis. This became evident in the precise mapping of the
cell types within each niche, which showed high granularity across all tissue regions. | then
characterized the distinct cell populations within the niches using markers that | had previously
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used to characterize the main cell types (Methods). For instance, the main populations
characterizing GM were NEU (STY7), while WM and PPWM were primarily composed of OL
(MBP, SOX10). In inflamed LR, MC were prevalent (CSF1R), whereas scarred areas in the LC
exhibited a higher concentration of AS (GJAT) (Fig. 10a-b).

LR PPWM WM GM

LC

VI

Figure 10. Cell composition of the spatial niches. Repurposed from Lerma-Martin et al. 2024. a, Dotplot of averaged
z-transformed gene expression of marker genes for each niche. b, Heatmap of z-transformed cell type proportions for
each niche. Asterisks indicate significance (adjusted P < 0,05). ¢, IF staining of blood vessels and perivascular spaces
in MS-CA lesions with antibodies against CD3 (TC), CD11B (MC) and CD19 (BC). Scale bar 20pm.

Of note, | identified a previously unnoticed tissue niche, which | named vascular infiltrating (VI).
This niche was characterized by perivascular spaces enriched with TC, SC and EC (CLDNS5), and
to a lesser extent, BC and MC (Fig. 10a-b). To validate the presence of this niche, | performed
an IF staining on perivascular spaces in the lesion core and rim of MS lesions, which confirmed
the infiltration of immune cells such as TC, MC and BC (Fig. 10c, Methods). Lastly, in reviewing
the previously annotated areas, | decided to reclassify the claustrum as part of the GM, given that
it is a thin, neuronal structure. Although | identified the EP, | opted not to include it in further
analyses, as it did not contribute to my current focus. Overall, the niche annotation provided

valuable insights into the spatial organization of cell communities within subcortical MS tissue.

4.1.4.1 Transcriptional changes in MS niches

To gain a deeper understanding of the different cell communities and their role in lesion
progression, | examined the gene expression changes across different lesion stages : starting
with the VI, then the LC, followed by the LR and finally PPWM and WM in control samples
(Methods).
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In the VI niche, genes such as LAMAS and SOX18, which are associated with EC, play crucial
roles in maintaining endothelial integrity and control of angiogenic responses under inflammatory
conditions=w. In contrast, genes like TUBB6, AMOTL1, and EMP2, linked to pro-angiogenic
tendencies, can potentially influence the tight junctions of the blood-brain barrier and facilitate
vascular infiltration=-~, Additionally, genes such as NECTIN2 and CRIP1, also enriched in the VI,
suggest involvement in transendothelial migration of leukocytes™ and activation of microglia and
infiltrating macrophages™, respectively, contributing to the inflammatory milieu (Fig. 11a).
Moreover, | explored enriched pathways in the VI niche, identifying TGF-$3 as pivotal in tissue
remodeling and the JAK-STAT pathway linked to tissue inflammation, in line with the genes that

| previously described (Fig. 11b, Methods).
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Figure 11. Spatial trajectories and pathway activity in niche progression. Repurposed from Lerma-Martin et al.
2024. a, Heatmap of z-scaled expression of top 10 genes (positive and negative scores) per niche based on Spearman
correlation corresponding to a spatial trajectory from MS lesion to CTRL white matter (VI-LC-LR-PPWM-WM). b, Mean

pathway activity across ST samples grouped by niche.

As the lesion and inflammation progress through MS-associated niches, they eventually reach
the PPWM niche, located at the periphery. While this niche histologically resembles control WM,
it exhibits enrichment of inflammatory signaling pathways, such as TNFa, and expresses genes
like ASPHD1, previously linked with MS risk=. However, due to its high OL population, the PPWM
also shares characteristics with control WM, expressing genes associated with myelin
maintenance, its structural integrity, and the regulation of homeostatic OL function. For instance,
HDAC11 encodes for a protein that modulates myelin function, ERMIN determines myelin
cytoskeletal organization and structurew, and LGI3, along with ANKS1B, contribute to the
modulation of synaptic plasticity in myelinated axons=. These findings suggest that the
unsupervised characterization of the tissue niches mirrors the organization within subcortical MS

lesion and non-lesion areas.
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4.2 Novel identification of astrocyte cell subtype

4.2 .1 Identification of ciliated astrocytes

In this chapter, | aimed to characterize the molecular diversity of astrocytes (AS) within subcortical
MS lesions, as this major cell type can play a critical role in either propagating inflammation or
fostering tissue homeostasis™=. From the main atlas, | subclustered the AS population and
characterized a total of 10 distinct subtypes based on existing literature: gray matter AS (GM),
homeostatic white matter AS (Homeo), stressed AS (Stress), transitioning ciliated AS (TransC),
ciliated AS (Cilia), reactive AS (React), phagocytic AS (Phago) and three different disease
associated AS (Dis1, Dis2, Dis3) (Fig. 12a-b, Methods).

Next, | validated my annotations by conducting a comparative analysis with a previously published
snRNA-seq atlas™, which confirmed the presence of most subtypes based on their gene
expression patterns (Fig. 12c, Methods). Interestingly, the largest number of shared genes was
found between the Cilia AS population and the Cluster 12 from the other study, which they had
labeled as senescent. Cellular senescence is an ubiquitous process that involves cell-cycle arrest
and release of inflammatory cytokines. While this process is normally regulated within

physiological and homeostatic processes, it can also occur in disease.

In reviewing the literature on ciliated AS | found no publications that specifically described their
presence in white matter. While some atlases did include ciliated ASw==, they were not
characterized and were typically grouped within the general AS population rather than reported
as a distinct subtype. Therefore, | aimed to determine whether it was indeed a novel cell subtype

or if it had already been identified and classified as senescent.

| began by assessing the composition of each sample at the cell subtype level (Methods). | noted
that the Cilia AS had an overrepresentation of two samples that contained the EP niche (Fig. 13a-
b). Given that both astrocytes and ependymal cells stem from radial glia, they share a similar
molecular profile=. To prevent a potential characterization bias, | excluded these samples from

the analysis.
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Figure 12. AS subtype characterization and identification of ciliated AS. Repurposed from Lerma-Martin et al.
2024. a, UMAP of AS subtypes based on snRNA-seq. Color indicates assigned AS subtypes. b, Dotplot of averaged
z-transformed gene expression of marker genes for each AS subtype. ¢, Heatmap of Jaccard indexes between the top
100 marker genes ranked by corrected p-values (Benjamini-Hochberg) of the cell subtypes in this study compared to

the subclusters described in the study by Absinta et al.,«. Cl, Cluster.

Then, | aimed to identify the unique gene expression patterns of this cell subtype and evaluated
their possible functional roles based on the reported gene functions (Fig. 13c, Methods). The top
expressed genes included DNAH11 and DNAHG6, two dynein family members crucial for the
function and structure of the motile cilia axoneme, as well as CFAP54 and CFAP299, which
encode proteins associated with cilia and flagella=. Additionally, SPAG17, an important
microtubule-stabilizing protein of the axoneme=, was also present. These genes were also found
to be upregulated in the analogous senescent AS cluster+(Methods). Therefore, | tested for
SPAG17 and CFAP299 in both datasets and observed that there was a significance difference in
expression within the Cilia AS population, as expected. In contrast, analysis of classic senescent
markers CDKNZ2A and CDKN1A revealed no significant differences in either atlas (Fig. 13d).
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To further characterize this population, | conducted an enrichment analysis using a curated
senescence gene set from a recent publication=as well as a dataset derived from the top 100
genes defining the ciliated population (Methods). Consistently, | observed significant differences
when analyzing the cilia score across both datasets, whereas my analysis revealed no significant
differences in senescence scores between the ciliated population and the remaining AS
population in either dataset (Fig. 13e). Finally, | examined the proportion of senescent cells,
finding that the overall AS population exhibited a higher percentage of senescent cells compared
to the Ciliated AS (Fig. 13f). These findings support that the characterized population is indeed
ciliated AS.
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Figure 13. Comparison of ciliated and senescent AS populations. Repurposed from Lerma-Martin et al. 2024. a,
Bar plot shows number of Cilia AS cells per sample. Color indicates condition. b, ST feature and violin plots for SPAG17
for the two samples containing EP niches: MS549H and MS549T. ¢, Violin plots of representative Cilia AS marker
genes compared with other AS subtypes. d, Violin plots of representative Cilia AS marker genes and senescent genes
genes in AS population (rest) vs ciliated AS for both atlases. e, Violin plots of enrichment scores for senescent genes
in AS population (rest) vs ciliated AS for both atlases. f, Barplot with the proportion of senescent cells in AS population

(rest) vs Cilia AS for both atlases. Asterisks indicate significance (t-test, BH adjusted P < 0,05).
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4.2.2 Spatial validation of ciliated astrocytes

After the initial characterization, | sought to gain insight into the spatial distribution of this AS cell
subtype within the MS lesions. To achieve this, | predicted the localization of their expression
profiles on the ST slides, observing a strong localization within the demyelinated core, particularly
within the LC niche (Fig. 14a). To validate this prediction, | used single molecule fluorescence in
situ hybridization (smFISH) as it directly targets individual mMRNA molecules, providing a precise
confirmation of the transcriptomic data (Methods).

a Number of Cilia AS ONoAS ®AS @CiliaAS b DAPI SPAG17

LC ® _* £ i e .
WM @
PPWM @
LR @ g
PPWM smFISH
,‘C"
..\5:.,':.;-‘. - ‘
;\‘-‘\3‘;‘.'. 2t = \

EPsmFISH _

SPAG17
LC of MS-CA

~ Ependyma IF

Figure 14. Extended legend in next page
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Figure 14. Spatial localization and initial validation of ciliated astrocytes. Repurposed from Lerma-Martin et al.
2024. a, Predicted number of Cilia AS per niche. Asterisk indicates significance (empirical P < 0.05) (top left). Spatial

feature plots showing the niches (bottom left) and spots predicted to contain Cilia AS (right). Color indicates absence
of AS (white), presence of AS (green) and presence of ciliated AS (red). b, smFISH for SPAG17 and ADCY2. ¢, IF
staining of cilia (SPAG17) in ependymal cells adjacent to the lateral ventricle. d, IF staining of damaged axons (SMI32)

and cilia (SPAG17) in the lesion core (LC) of MS-CA lesions. Length of cilia given in um. Scale bars: 20 uym.

| used probes ADCY?2 to identify AS e DAELSSE SEAST DAR1SPAG17

and SPAG17 to confirm the presence
of cilia. Indeed, | observed an
increased number of ADCY2-
SPAG17 co-expressing cells within
the LC of MS-CA, with smFISH
signals comparable to those found in
ependymal cells (Fig. 14b). To
confrm that the mRNAs were
translated into protein, | performed IF
stainings using anti-SPAG17
antibodies (Fig. 14c-d, Methods).
Before starting, | wanted to verify that
the antibody was specific for cilia, so |

tested it on ependymal cells. |

examined samples that contained

ventricles and observed ciliated
Figure 15. Variability of ciliated AS lengths at the LC of chronic

MS lesions. Repurposed from Lerma-Martin et al. 2024. Two IF

structures in their inner lining, with an
average length of 2,5um, proving that examples showcasing the length of AS cilia in ym in the LC of MS-
it effectively stained cilia (Fig. 14c). CA lesions. Scale bars: 20 pm.

Since the predicted location of Cilia AS was within the lesion core, | wanted to ensure that the
observed signal that | would get originated from cilia rather than from damaged axonal fibers. To
do this, | assessed the overlap between SPAG17 and the neurofilament-specific SMI32 signal,
an indicator of axonal damage, within the demyelinated core, and | could confirm the absence of
overlap between the structures (Fig. 14d). With the preliminary validations completed, | was
confident in the specificity of the signal and | could identify numerous cilia at the core of MS-CA
lesions (Fig. 15). They varied in length, with some reaching to 82um, a striking contrast with the

length observed in ependymal cells.
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4.2.3 Molecular characterization of ciliated astrocytes

After confirming the presence of ciliated astrocytes, | proceeded to investigate their molecular
function by conducting an enrichment analysis of associated marker genes. This analysis
primarily highlighted pathways closely linked to cilia biogenesis, suggesting a specialized role in
the generation of these structures (Fig. 16a, Methods). Additionally, | conducted an analysis to
detect enrichment of activated transcription factors within this population. This revealed a
significant increase in activity of three transcription factors that were enriched in the Cilia AS
subtype when compared to the rest: FOXJ1, REST, and TBX1 (Fig. 16b, Methods).
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Figure 16. Characterization of enriched pathways and transcription factors in Cilia AS. Repurposed from Lerma-
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Martin et al. 2024. a, Dotplot of top ranked enriched pathways. Color indicates overrepresentation significance by Fisher
exact test, and size indicates odds ratio between Cilia AS marker genes and each gene set. b, Violin plots of predicted
transcription factor activity from snRNA-seq. Asterisks indicate significance (two-tailed t-test, BH adjusted P < 0,05). c,
Transcription factor FOXJ1 (square) and its target genes (circles). d, Spatial feature plots showing FOXJ1 predicted
transcription factor activity (blue/red) and gene expression of some of its target genes (purple/green).
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FOXJ1, in particular, is a transcription factor crucial for the formation of motile cilia. To investigate
its role in this subpopulation, | examined the target genes it regulates. This analysis revealed that
FOXJ1 also regulated the expression of other essential genes that encode for ciliary components,
such as EZR and CETNZ2 = (Fig. 16c). These genes, along with FOXJ1 activity, were enriched in
the same spots where ciliated AS cells were predicted to be localized, further supporting their

functional significance within this population (Fig. 16d).

In summary, by integrating transcriptomics with various validation techniques, | confirmed the
existence of a specialized AS subtype within the glial scar of MS lesions, characterized by a high

degree of specialization towards generating large ciliated structures.

4.3 Dissecting MS lesion type differences

In this chapter | aim to gain insight into lesion progression, a task that has its own set of
challenges. Lesion characterization typically relies on histological assessment, which, while
informative, does not fully capture the underlying transcriptomic differences among the lesions.
To address this, | collaborated with Pau Badia i Mompel to apply a multidimensional scaling
(MDS), a technique useful for visualizing and interpreting the molecular and compositional
variability in a 2D low-dimensional space within our pair transcriptomic dataset across samples
(Methods). This analysis revealed that samples clustered based on their lesion type, a pattern
that suggests greater differences between patient groups rather than variations within groups
(Fig. 17a).
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Figure 17. Molecular and compositional differences across control and MS lesion types. Repurposed from
Lerma-Martin et al. 2024. a, Multidimensional scaling (MDS) plot based on the aggregation of molecular and
compositional differences across paired samples. Color indicates MS lesion type. Shape indicates biological sex. b,
Cumulative number of differentially expressed genes (DEGs) per cell type across conditions. Color indicates conditions.

¢, Venn diagram visualizing overlap of aggregated DEGs between CTRL and MS lesion types.
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Having identified unique transcriptomic patterns for each lesion, | next sought to determine
whether specific genes were associated with each condition. Using the snRNA-seq atlasidentified
differentially expressed genes (DEGs) by comparing control samples to both types of MS lesions
(Fig. 17b, Methods). The majority of dysregulated genes were specific to MS, with each lesion
displaying its own distinct signature, consistent with my earlier findings. Additionally, a core set of
genes was shared between MS-CA and MS-CI, suggesting potential similarities between both
lesions. In contrast, CTRL tissue exhibited a unique signature, with a small overlap of genes
shared with both MS-CA and MS-CI (Fig. 17c). These results suggest a clear transcriptomic

signature and unique gene expression profile for MS lesions.

4.3.1 Cellular adaptations in MS progression

| continued my analysis by focusing on the differentially expressed genes within the main cell
types that showed the most significant changes between CTRL and MS lesion types: OL, MC,
AS, OPC, and EC (Fig. 17b, Methods). From these cell types, together with Pau Badia i
Mompel, | then explored whether their respective cell subtypes experienced any changes in
abundance across disease conditions, which could potentially help explain the different
transcriptomic patterns. Interestingly, only OL, MC and AS cell subtypes showed significant
changes in abundance, with OPC cell subtypes also exhibiting alterations, but to a lesser extent
(Methods). Therefore, | proceeded to conduct a more in-depth characterization of these three
main cell types to better understand their adaptation from a healthy to a pathological

microenvironment.

4.3.1.1 Oligodendrocytes

In oligodendrocytes (OL), distinct gene expression patterns emerge between CTRL and MS,
reflecting the different cellular function and response to disease. These changes can be directly
correlated to the variations in abundance of some of its cell subtypes (Fig. 18a, Extended Data
Fig. 1a). Genes enriched in CTRL mostly came from Homeo1 and Homeo3, with a lesser
contribution from Homeo2. These genes are linked to classical OL functions, such as myelin
production, maintenance and stability (ADAMTS4, EPHB, ELOVL6) as well as differentiation
(ERBB2, NDE1, CDK18) (Fig. 18a).

However, OL phenotype in both MS lesions was influenced by the cell subtypes Dis1 and Dis2.
In MS-CA lesions, enriched genes are related to inflammation (E/IF5, NFKB2, IRF), general cell
and ER stress responses (ATF4, HSPB1, HSP90B1) and antigen presentation (CD274), aligning

with the findings from the pathway enrichment analysis (Fig. 18a, d).
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Figure 18. Extended legend in next page



Figure 18. Changes in OL, AS and MC across MS lesions. Repurposed from Lerma-Martin et al. a, OL DEGs (left)
and subtype composition (right) associated with DEGs. b, AS DEGs (left) and subtype composition (right) associated
with DEGs. ¢, MC DEGs (left) and subtype composition (right) associated with DEGs. d, Dotplot of enriched pathways
for DEGs of OL, AS and MC, grouped by condition.

In MS-CI lesions, there are genes associated with cell death (DCC) and severe stress (OSMR,
SLC22A17, BRCA?2), indicating a basal inflammation that is supported by the pathway analysis
results (Fig. 18a, d). In addition, there is also presence of genes related to counteracting
inflammation and tissue remodeling activity (TGFBRZ2), lipid and myelin regulation (LGALSS3,
MYRIP, MPZ, NGFR) and cell differentiation (SOX4, GMFB) (Fig. 18a).

4.3.1.2 Astrocytes

Astrocytes (AS) exhibit a diverse range of phenotypes in MS (Fig. 12a-b), indicating distinct gene
expression patterns between CTRL and MS lesions. In CTRL, AS phenotype was associated with
the Homeo cell subtype. This condition is characterized by the enrichment of genes involved in
maintenance of homeostasis (TANGO2, ALDH1L1, NNT) and differentiation (PDK1) (Fig. 18b).

Interestingly, the gene expression profile in MS lesions correlates with the increased abundance
of React and Dis1 and Dis2 AS cell subtypes. In MS-CA lesions, genes are implicated in various
functions such as inflammation (HMGB1, HLA-F, SERPINA3, C3, TNFRSF1A, OSMR),
demyelination (PRKG2), cell survival by inhibition of apoptosis (RNF7) and modulation of cell flow
in blood vessels (SMADG6). Conversely, the presence of genes associated with anti-oxidative
mechanisms (NFE2L2) and debris degradation (APP, LRP1, EEAT) suggests a complex interplay
of responses within the MS-CA microenvironment. Of note, there is a transitional area with
overlapping signals between lesions, characterized by genes involved in inflammation (ANXAT,
CLU, ITGB1), cell stress (HSPBP1), axon guidance (SLITRK2) and cilia motility functions (FOXJ1,
CFAP97) (Fig. 18b).

For MS-CI lesions, | observed a distinct set of genes related to proliferation (CPNES3), anti-
inflammation (TAGLN, AKT3) and clearance of debris (CTSD). Interestingly, upregulation of
antiviral genes (ARL5B, IFITM3, IFITM2) related to preventing their entry and propagation,
suggests a potential role of AS in combating viral infections. Moreover, the presence of genes
involved in scar formation (/ITGA2, COL6A1) and the pathways associated with blood-brain barrier
integrity and vessel remodeling, points to a broader involvement of AS in tissue repair and

vascular dynamics in MS pathology (Fig. 18b, d).
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4.3.1.3 Myeloid cells
Myeloid cells (MC) play key roles in MS, exhibiting distinct patterns between CTRL and MS

lesions, contributing to the wide phenotypic range observed in disease (Extended Data Fig. 1c).
In CTRL, two of its cell subtypes undergo changes in abundance, with only Homeo contributing
to the enrichment of genes associated with this condition. The primary function of these genes is
to maintain tissue homeostasis and regulate physiological MC functions (P2RY12, CX3CR1,
FRMDA4A). Of note, other genes present (ARHGAP12) encode for proteins involved in synaptic

maintenance, which is consistent with pathway enrichment analysis results (Fig. 18c, d).

In disease, CA and Dis cell subtypes were associated with the evolving phenotype of MC through
disease. In MS-CA lesions, genes related to MC activation (TRAF3, PARPY9) and inflammation
(SPP1, APP, FTL, GPNMB) are enriched, alongside an increase in complement activation (C1QB,
C1QC). Interestingly, a simultaneous enrichment of anti-inflammatory genes (MS4A6A, APP,
PPARG) suggest a dynamic response to the inflammatory milieu. In addition, there is an active
cytoskeleton remodeling observed both at the gene level (PARVG, IQGAPT) and active pathways,

reflecting an adaptability to the environmental cues and the plasticity of MC cells (Fig. 18c, d).

The transition from MS-CA to MS-Cl lesions presents a complex microenvironment, characterized
by the shared inflammatory (APOE, CD68) and anti-inflammatory (CD163) gene expression
patterns. In MS-CI lesions, MC exhibit genes related to pattern recognition, cell motility and cell-
cell signaling, that under this milieu are also indicators of late ongoing inflammation (ANXAZ2,
LRRK2, CLEC12A, CLECTYA, ITGB1), also reflected in several enriched pathways. However,
there are also genes involved in restoration of the homeostasis (TGFB1, AGPS) and proliferation

(PIK3CG), indicating a shift towards normalcy after an acute inflammation (Fig. 18c).

Collectively, these results offer a comprehensive understanding through gene expression

alteration of three main cell types that are key for lesion progression in MS.

4.3.2 Niches adaptations in MS progression

In these previous sections, | have characterized the progression of the lesions from a broad
perspective to individual cell types. However, what truly drives the disease is the relationship that
these cells have with their neighbors and surroundings. Therefore, for this next analysis, | aimed
to delve deeper into the differential gene expression between tissue niches within the MS lesion
types (Methods).
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To investigate the most affected conditions and niches, | first focused on identifying those with

the highest levels of gene dysregulation. This analysis revealed that MS-CA lesions exhibited the

highest number of gene changes, particularly within the LR and LC niches (Fig. 19a).

Building on this, | examined pathway activity changes within the lesions to determine if they were

associated with specific niches (Methods). In MS-CA lesions, immune system pathways were

active across all niches, while MS-CI lesions showed pathways related to stress, like cell

starvation, and remyelination (Fig. 19b). Surprisingly, the TGFB pathway signaling, which is

crucial for maintaining the homeostasis, was enriched in all niches except VI (Fig. 19b).
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Figure 19. Niche characterization and pathway analysis in MS lesions. Repurposed from Lerma-Martin et al.
2024. a, Cumulative number of DEGs per niche between MS lesion types. Color indicates MS lesion type. b, Heatmap
of pathway enrichment activities between niches. Color indicates association to a MS lesion type. ¢, Volcano plot of
DEGs for PPWM, LR, LC and VI niches. Color indicates association to a MS lesion type. d, AS and MC compositional
changes per individual niches between MS lesion types. Asterisks indicate significance (two-tailed Wilcoxon rank-sum
test, BH adjusted P < 0,10).

Notably, the niches enriched for TGFf signaling also showed a loss of SMAD2/SMAD3 function,
the direct transcription factors of this pathway, suggesting a potential signaling cascade
dysfunction, particularly in the LC and LR niches (Fig. 19b). These pathway activity findings

provide insight into how different cell communities are responding to disease conditions.

Next, | proceeded to then examine gene changes within these niches, as they could enhance the
understanding of specific functions occurring in MS-CA versus MS-CI lesions. In the previous
analysis, | observed that the LR and LC niches in MS-CA exhibited the most significant gene
changes. Within the LC niche, there was presence of genes that have been identified to contribute
to activation of MC cells into a neuroprotective phenotype (MAFB, VISG4), as well as genes that
promote tissue homeostasis and repair (MERTK, PHGDH). In contrast, the LR niche, while also
containing genes associated with anti-inflammatory functions (TGFBRZ2), shared several genes
with the VI niche. These shared genes, involved in cell migration and invasion (FSCN1, LAP3),
proliferation (PAG1, S100A9), and inflammation (SPP1, C1QA, HSPH1), underscoring the
interrelated functions of LR and VI niches. Additionally, the VI niche exhibited a unique gene
expression profile, including genes associated with cell differentiation (e.g., MOB1A) and
epithelial-to-mesenchymal transition (e.g., CCT5). These distinct functions of these genes further

highlight the VI niche as an important target for deeper investigation (Fig. 19c).

In the PPWM, | observed gene expression patterns related to inflammation (e.g., ST00A8) and
lipid regulation (e.g., UGCG). However, these patterns shift in MS-ClI lesions, where the PPWM
is characterized by genes associated with cytoskeleton remodeling and functions such as cell
motility, inhibition of proliferation, and cell survival (e.g., ITGA7, AHNAK, FAT1, ST5, CDC42EP4,
PLEC) (Fig. 19c).

As the final analysis of this section, with the collaboration of Pau Badia i Mompel, we quantified
the changes in abundance of niches and associated cell types in space (Methods). While the
overall abundance of specific cells in niches did not significantly change between MS lesion types,
AS were notably enriched in MS-CI relative to MS-CA lesions, suggesting the build-up for the

astroglial scar in the demyelinated core. Moreover, MC cells demonstrated enrichment in the LR
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of MS-CA, suggesting a sustained inflammation at the rim (Fig.19d). Taken together, these
findings provide a detailed characterization of the distinct niches present in both lesion types,

offering an overview of lesion progression at a high spatial resolution.

4.4 Mapping of cell-cell interactions in MS

4.4.1 Computational pipeline analysis for cell-cell interactions

In this final chapter, | aim to delve into the complex network of interactions occurring within the
inflammatory milieu of MS lesions. This environment is shaped by the interplay of various cell
types, and understanding them is key to comprehending the dynamics of lesion progression. To
achieve this objective, | will use all insights that gained through this study, and together with Pau
Badia i Mompel, we will devise a novel approach to explore cell-cell communication (CCC) events

in the form of ligand-receptor interactions.

Our initial focus was addressing the high number of false positive results coming from CCC
inference solely based on single cell data=. To overcome this issue, we devised a computational
approach that would infer CCC events based on our paired snRNA-seq atlas and ST data. Spatial
information has been shown to significantly improve results by increasing the likelihood of
possible CCC through colocalization events, where the physical proximity of cells enhances the

probability of true interactions and acts as a filter of possible false positives.
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Figure 20. Extended legend in next page
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Figure 20. Summary of cell-cell communication pipeline workflow. Repurposed from Lerma-Martin et al. 2024. a,
Pipeline design for the inference and filtering of cell-cell communication (CCC) events. In the first step (1), differential
expression analysis results obtained from snRNA-seq were used to obtain significant cell type pair ligand-receptor
interactions (BH adjusted P < 0,15). In the second step (2), spatially weighted interaction local scores are computed for
the selected interactions and tested for significance across lesion types (BH adjusted P < 0,15). In the third step (3),
interactions are only kept if their ligand or receptor was a marker gene for a MS lesion type and specific cell subtype.
Note at each step, conflicting interactions were dropped off to ensure robustness. b, Number of cell-cell interactions

obtained at each step of the pipeline.

The approach consisted of a three-step process, where we progressively tightened our filtering
criteria. First, leveraging the differentially expressed genes identified in Chapter 3, we calculated
significant ligand-receptor interactions among all different cell types pairs within each MS lesion.
Next, we computed a spatially weighted local score per spot in the ST data based on these
interactions, selecting only those that remained significant across conditions. Finally, we kept the
interactions only if either the ligand, the receptor or both were specific to a cell subtype
significantly abundant in the same lesion type (Fig. 20a, Methods). Through the execution of this
pipeline, we successfully predicted 190 differential CCC interactions from the original pool of
2.724 (Fig. 20b, Supplemental Table 3-5).

4.4.2 Interaction patterns and spatial context

Among these 190 interactions, | examined how many were unique to each condition and the
specific cell types they were enriched in. Notably, there was no overlap between CTRL and MS
lesions, indicating distinct interaction trends (Methods). Overlap between MS-CA and MS-CI

lesions was low, indicating that the CCC events were condition specific (Fig. 21a).

Upon closer examination at the cell types with the highest number of differential interactions, OL,
AS and MC were again ranked at the top three (Fig. 21b). However, the nature of their cell type-
specific crosstalk varied between CTRL and MS (Fig. 21). In CTRL samples, interactions were
predominantly associated with OL, though the network also included OPC, AS, MC, and EC,
reflecting a heterogeneous pattern (Fig. 21d). In contrast, in MS lesions AS and MC were central
to the interactions, with a network predominantly driven by immune cell types interacting with AS,
SC, and EC (Fig. 21e-f, Methods).

With a preliminary understanding of how the cell types were interacting, | next sought to identify
the specific interactions taking place. Many interactions were not straightforward, involving
multiple scenarios where, for example, a cell expressed the same ligand that interacted with

different cells having the same receptor.

78



75

4
o
1

D

MS-CI

n° interactions
N
&
1

MS-CA CTRL 0

AS
MCH
OL
OPC

© @ U@ ® @

CTRL MS-CA MS-CI

Figure 21. Overview of interactions between conditions and cells. Repurposed from Lerma-Martin et al. 2024. a,
Venn diagram of overlapping interactions between MS lesion types and CTRL. b, Cumulative number of differential
interactions grouped by cell type across conditions. Color indicates condition. ¢, Cell-cell network structure. Edge size
indicates number of interactions. Green indicates CTRL and purple both MS conditions. d, e, f, Individual cell-cell

network structures. Edge size indicates number of interactions. Color indicates condition.

Visualizing these complex networks can be challenging due to the numerous factors involved. To
simplify this, Pau Badia i Mompel and | designed a heatmap that summarized these interactions
numerically and indicated the specific conditions in which they occurred (Fig. 22a). For example,
the interaction between PSEN1 and NOTCH1 is represented as PSEN1 ligand expressed by OL
interacting with three different receptor cells expressing NOTCH1: AS, MC, and OL. This is

indicated by the numbers 3 - 1:1:1, indicating one interaction with each of the three cell types.

To further understand the spatial context of these interactions, we mapped them to their
respective niches within the tissue. By incorporating spatially restricted local scores, we were able
to predict where these interactions were most likely to occur. In MS-CA, the majority were mapped
to the LR niche, while in MS-ClI, interactions were associated with both the VI and LR niches (Fig.
22b). To ensure the accuracy of these predictions at both the gene and spatial levels, | validated
five interactions predicted to take place at the inflamed rim of MS lesions, a critical niche in

disease.
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Figure 22. Visual summary of multicellular interactions. Repurposed from Lerma-Martin ef al. 2024. a, Heatmap

showing multicellular ligand-receptor interactions. Numbers indicate the number of cell type pairs. Color indicates

association to MS lesion type. b, Top 30 significant interactions per MS lesion types and CTRL across niches. Text

color indicates sender (left) and receiver (right) cell types. Column on the right represents condition.

4.4.3 Spatial mapping of HMGB1 interactions with CD163 and TLR2

High mobility group box 1 (HMGB1) is a nuclear protein that, upon infection or injury, can be

secreted into the extracellular space, acting as a prototypical damage-associated molecular

pattern (DAMP) molecule. It plays a crucial role in regulating diverse inflammation and immune

responses, depending on the receptor that it interacts with=. Studies have shown that when

HMGB1 interacts with the MC-specific receptor CD7163, it elicits an anti-inflammatory
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responsew=. However, interactions with members of the toll-like receptor (TLR) family, such as

TLR2, may activate an proinflammatory response by stimulating the innate immune systemr.

In the data, the HMGB1 ligand was predicted to participate in CCC events across several cell
types, including AS, NEU, EC, and OL. Its corresponding receptors, CD163 and TLR2, were
expressed in MC cells. Computational analysis revealed a significant upregulation of HMGB1-
CD163/TLR2 interaction between AS and MC in the LR of MS-CA samples (Fig. 23a-c, 24a-c).
With the enhanced resolution provided by our pipeline, we predicted these interactions to occur
between the AS subtype Dis1 and the three MC subtypes CA, Dis and Rim. To validate these
findings, | performed smFISH, using probes targeting ADCY?2 to identify AS, CD163 or TLR2 to
identify MC, and HMGB1 to identify the ligand (Methods). | was able to observe double positive
ADCY2/HMGB1-expressing AS cells in close spatial proximity to CD163- or TLR2- expressing
MC cells (Fig. 16¢, f). Notably, these events were highly specific for LR areas of MS-CA lesions,

thus strengthening the validity of our predictions.
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Figure 23. Validation of predicted HMGB1-CD163 interaction at the LR of MS-CA lesions. Repurposed from
Lerma-Martin et al. 2024. a, Boxplot of HMGB1 (ligand) and CD163 (receptor) in AS and MC, respectively, between
conditions. b, Boxplot showing cell-cell interactions scores between ligand-receptor together with predicted ST mapping
of the interaction. ¢, smFISH for ADCY2 (AS), CD163 (MC) and HMGB1 (ligand). d-f, Same plot distribution for HMGB1
(ligand) and CD163 (receptor). Asterisks indicate significance (Wald test, BH adjusted P < 0,05). Scale bars: 20um.
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Figure 24. Validation of predicted HMGB1-TLR2 interaction at the LR of MS-CA lesions. Repurposed from Lerma-
Martin et al. 2024. a, Boxplot of HMGB1 (ligand) and TLR2 (receptor) in AS and MC, respectively, between conditions.
b, Boxplot showing cell-cell interactions scores between ligand-receptor together with predicted ST mapping of the
interaction. ¢, smFISH for ADCY2 (AS), TLR2 (MC) and HMGB1 (ligand). d-f, Same plot distribution for HMGB1 (ligand)
and TLR2 (receptor). Asterisks indicate significance (Wald test, BH adjusted P < 0,05). Scale bars: 20pum.

4.4 .4 Spatial mapping of CD14 and ITGB1 interaction

CD14 is a gene that encodes for a receptor specifically expressed by MC cells. Its main function
is to mediate the innate immune response upon binding to a bacterial-derived lipopolysaccharides
(LPS). Additionally, CD14 can also act as a surface ligand, although its functions in this capacity
have been less extensively documented=. ITGB1, also known as CD29, encodes for an integrin
that acts as a cell surface receptor. Depending on the ligand it interacts with, ITGB1 has been
associated with different biological functions like development, cell homeostasis or even innate
immune responses. However, little is known about the function associated with its binding to
CD14,

Our pipeline predicted a CD14-ITGB1 CCC event between MC, AS and EC, which was spatially

mapped to the LR niche of MS-CA samples. As before, we could trace the interaction down to the
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distinct cell subtypes predicted to be responsible for them. CD14 was expressed as a ligand in
MC Dis and Rim, while ITGB1 was expressed as a receptor in MC Dis, AS Dis1, AS React and
EC Prolif. To validate these interactions, | performed smFISH, using probes targeting CD14 to
identify MC, ADCY?2 to identify AS, VWF to identify EC and ITGB1 to identify the receptor
(Methods). Of note, | observed MC, AS and EC cells expressing ITGB1 in close proximity to MC
cells expressing CD14, validating a possible interaction between a surface ligand and its receptor

(Fig. 25a-c, 26, 27). In agreement with the prediction, | did not observe those interactions in CTRL

samples based on smFISH validation.
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Figure 25. Spatial mapping of predicted CD14-ITGB1 interaction. Repurposed from Lerma-Martin et al. 2024. a,
Boxplot of CD14 (ligand) from MC and ITGB (receptor) from EC (top row), MC (middle row) and AS (low row) between
conditions. Cell-cell interactions scores between ligand-receptor together with predicted ST mapping of the interaction
(right in all panels).
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Figure 26. Validation of predicted CD14-ITGB1 interaction in EC and MC cells at the LC of MS-CA lesions.
Repurposed from Lerma-Martin et al. 2024. smFISH for CD14 (MC), ITGB1 (EC/MC) and VWF (EC).
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Figure 27. Validation of predicted CD14-ITGB1 interaction in AS and MC cells at the LC of MS-CA lesions.
Repurposed from Lerma-Martin et al. 2024. smFISH for CD14 (MC), ITGB1 (AS/MC) and ADCY2 (AS). Scale bars:
20um.

In summary, in this chapter | introduced an unsupervised approach for predicting potential cell-
cell communication events associated with restricted niches in multiple sclerosis lesions, that |
subsequently validated. This approach could potentially be used as a tool for investigating new

MS stage-specific biomarkers or potential therapeutic targets.
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5. Discussion

Multiple sclerosis (MS) remains a complex, multifaceted disease with many unresolved questions,
ranging from its etiology to how lesions progress. Until recently, MS pathology research primarily
relied on conventional histopathological techniques, which, though valuable for answering specific
questions, were limited in scopes. These methods require numerous antibodies to distinguish
cell types, which limits their flexibility to explore broader aspects of the disease. More recently,
imaging-based spatial transcriptomics, such as in situ hybridization, introduced new layers of
resolution= but still rely on a set number of probes, making it challenging to fully capture the

complexity of the resulting lesions.

Technological advancements over the past decade have revolutionized our ability to explore MS
in greater detail. The introduction of single-cell and nucleus RNA sequencing has provided
unprecedented resolution, allowing for a deeper understanding of cell-type-specific gene
expression and its alterations== By integrating this cutting-edge technique with spatial
transcriptomics, we can now examine gene expression in specific cell types alongside their spatial
contexts. This approach can be further supported by traditional in situ imaging, which helps
validate the results and provides a complete view of tissue structure. In this study, | used this
integrated approach to create a high-resolution transcriptomic dataset of brain white matter in
both control and MS samples=. This dataset allowed me to decipher intricate tissue niches and
cell-cell interactions at specific locations within the tissue. Such comprehensive analyses provide
a deeper understanding of MS pathology and the cellular mechanisms driving disease

progression.

My initial focus was on creating a comprehensive atlas, as it would serve as the main building
block for my subsequent analyses. Due to its critical role, the atlas was highly curated and
annotated, and | ultimately identified 9 main cell types and a total of 79 unique cell subtypes, each
with its distinct phenotype. This in-depth characterization is one of the first main results of this
study, as one of my main goals is for this data to be used by the community. Existing atlases often
suffer from insufficient annotation, only highlighting the cell types relevant for their specific studies,

resulting in many interesting cell types remaining unexplored.

Furthermore, | performed spatial transcriptomics on 18 samples, of which 15 were paired with the
samples used in the snRNA-seq atlas. | chose to use the Visium platform, which does not provide

single-cell resolution, so we inferred cell type composition per spot using the atlas as reference.
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This combined approach allowed me to map all main cell types and their subtypes across different
slides, providing detailed insights into tissue architecture in MS lesions. Of note, the observed
patterns aligned with the biological expectations, validating our findings and complementing

recent probe-based in sifu sequencing studies.

Currently, there is a paucity in publicly available datasets from cross-condition setupst-,
resulting in many unexplored methods for analyzing these extensive datasets. | aimed to develop
a novel approach for analyzing paired data by the community while also enhancing our
understanding of lesion progression in multiple sclerosis. As MS lesions become chronic, cells
assume different key roles in response to various activation stimuli, forming distinct cell
communities and leading to compartmentalized= inflammation and tissue damage. Detecting
these communities and understanding their cellular composition and spatial relationships can

provide valuable insights previously unattainable.

In this project, | collaborated closely with neuropathologists to obtain annotations of the different
tissue areas based on existing knowledge. | used these annotations to validate the unsupervised
factor analysis that Pau Badia i Mompel and | developed for characterizing distinct niches. This
method integrates multiple data views to identify unique variability and create factors for
characterizing distinct cell communities or niches in both control and disease states. | identified
four niches unique to disease and present in both lesion types: vascular infiltrating (VI), lesion

core (LC), lesion rim (LR), and periplaque white matter (PPWM).

This unsupervised approach identified a biologically significant niche, the VI niche, which was not
detected by the manual annotation. It primarily consisted of T-cells (TC), stromal cells (SC), and
endothelial cells (EC), with minor contributions from B-cells (BC) and myeloid cells (MC). This
niche is of particular interest as it can help understand one of the potential mechanisms behind
the formation of white matter lesions. ECs, a key component of the VI niche, are crucial for
maintaining the integrity of the blood-brain barrier (BBB). These cells are tightly connected by
interendothelial junctions, regulating molecular and cellular trafficking between the blood and the
central nervous system (CNS). Damage or stress on these cell-cell contacts leads to BBB
dysfunction, resulting in hyperpermeability and the infiltration of immune cells into the perivascular

spaces of the brainz,

In addition to ECs, stromal cells (SC) contribute to the structural and functional support of the

BBB and regulate immune responses within the CNS='. In the context of multiple sclerosis (MS),
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when autoreactive lymphocytes primed against CNS-reactive antigens in the periphery enter the
CNS, they become reactivated in these perivascular spaces=:. At these sites, SC cells produce
chemokines that attract and retain leukocytes, leading to their accumulation==«. These cells not
only support the proliferation of immune cells but also enhance the production of both pro- and
anti-inflammatory molecules=:. Additionally, stromal cells elaborate a fibroblastic reticular network
that interacts with the infiltrating lymphocytes at white matter lesions=, further contributing to the

infammatory environment.

The spatial mapping of the VI niche suggests that smoldering tissue inflammation may result from
BBB leakage, a conclusion supported by the gene enrichment analysis of MS-CA lesions, which
shows gene functions related to cell migration, invasion, proliferation, and inflammation. This
analysis not only supports previously suspected biological mechanisms but also provides valuable
insights into the cellular components, phenotypes, and pathway activations within this critical

tissue niche in MS pathology.

The VI niche was predominantly located within the lesion core (LC) niche, which is enriched with
astrocytes, essential for the formation of the astroglial scar in MS lesions. The gene functions
enriched within the LC niche, which are predominantly related to anti-inflammation, tissue
regulatory functions, and remyelination support, provide further evidence of active scarring

processes.

During the characterization of the LC niche, | identified a previously unreported astrocyte subtype,
the white matter motile-like ciliated astrocytes. Although astrocytes with primary or non-motile cilia
have been identified in most CNS regions containing gray matter in animal models, their length
and abundance varies=~». The main function of these cilia is to transduce molecular signals from
the environment-+2s2¢, and they are believed to regulate numerous neuronal functions, although

their precise role is still unknownz:.

Additionally, | found the ciliated astrocytes mapping to the lesion core of subcortical MS lesions,
expressing genes characteristic of motile cilia (FOXJ1, DNAH11, SPAG17, CFAP54) 25 and
with cilia lengths ten times longer than previously reported. Although | have not yet performed any
functional characterization beyond pathway enrichment, | hypothesize that this cell subtype, which
lacks proinflammatory profile, may contribute to astroglial scar formation. Interestingly, primary
cilia have been reported in wound repair and scar formation in various tissues»+¢, but not the

motile type. Given the densely packed structure of the brain, it is unlikely that these cilia are
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functionally motile. This raises the possibility that genes traditionally associated with motile cilia
might also play a role in non-motile structures under certain microenvironmental disruptions. One
could hypothesize that, as seen in other studies=, these motile cilia genes might help regulate the
cilia waveform by contributing in the formation of a structure that enables the cilia to extend to
lengths previously out of reach by non-motile cilia. Once they cover enough area, these cilia could
act as hubs for propagating microenvironmental cues and function as signaling modules. If this is
the case, this structure would be crucial for astrocytes to communicate with the other cell types
under stress conditions and build the glial scar. This opens up a line of study in the MS research
field and other diseases or injuries that lead to scar formation in CNS tissues, such as strokes,

where recent evidence suggests the presence of this cell subtype.=

Undeniably, tissue niches play a pivotal role in shaping the pathophysiology of MS lesions,
influencing cellular responses and adaptations, helping us understand better the immune cell
infiltration events, and ultimately shedding a light disease progression. For tracking lesion
evolution, it has been suggested that the presence of a lesion rim (LR) in MS-CA lesions serves
as a key indicator due to its high inflammatory activity==. By characterizing the LR niche, mainly
enriched with myeloid cells (MC), | observed that enriched gene functions were related to cell
migration and invasion, proliferation, inflammation, antiviral responses and tissue
remodeling. Interestingly, this LR niche was also identified in MS-CI lesion, although it was not
annotated by the neuropathologists. MS-CI lesions are characterized by a lower number of
activated MC, indicating reduced inflammatory activity, and a halt in ongoing tissue damage:. This
observation aligns with my results, which show that the enriched pathways are related to tissue
remodeling and repair. By examining the gene expression patterns within these niches and the
cells that constitute them, both myself and other researchers that use this data can gain valuable

insights into the molecular mechanisms underlying lesion development and progression.

The study of temporal dynamics of lesions with human tissue poses a challenge as | could only
capture a snapshot of the disease at a single point in time, limiting my ability to track how lesions
evolve. To address this, | correlated the gene expression changes to specific cell subtypes to
understand how lesions evolve. All cells exhibited high plasticity, adapting to both physiological
and pathological conditions. This adaptability was detected through our approach, revealing that
some cells displayed traits typically associated with earlier, less differentiated forms, suggesting
a potential reversal to a stem cell-like state. An interesting example would be the ECs, which in
diseased tissue express embryonic-like genes, such as those involved in endothelial-to-

hematopoietic transition (MEIS2)y» and endothelial-to-mesenchymal transition (CCT5)>,
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processes crucial in development and wound healing=. Similarly, astrocytes (AS) displayed this
regressing phenotype with ciliated astrocytes, which have been observed during early gestational
weeks in human fetal spinal cords but later disappeared during development=. In addition, some
studies have characterized a phenotype in AS after brain injury that resembles the Reactive AS
in my data. These AS express a crucial gene (LGALS3BP), which is associated with acquiring
neural stem cell-like properties following injury and when exposed to blood=, which could be
consistent with the BBB leakage scenario. This suggests that certain stressors in the inflammatory
environment may induce phenotypic plasticity, allowing some cells to revert to earlier
developmental stages, while others adapt without fully regressing. Exploring the specific triggers
that cause this reversion and understanding why other cells may not transition into a stem-like

state, or if they could under different conditions, could provide valuable insights.

To further elucidate the mechanisms underlying lesion progression, | explored the cell-cell
interactions occurring within the different niches in both CTRL and disease conditions, as these
are crucial for interpreting phenotypic behaviors and adaptations observed in various cell
subtypes. To achieve this, Pau Badia i Mompel and | developed a computational method that
integrated both data modalities, focusing on the ligand-receptor interactions that were significant
in snRNA-seq and spatially proximal in the ST data. Due to our stringent filtering criteria, we
predicted a small number of interactions, which we were also able to map back to their respective
niches. About half of these interactions were present in control conditions but absent in disease,
or specific to MS-CA lesions. | validated some interactions that had been previously characterized
in the context of inflammation, along with others that had not been reported in the brain before,

demonstrating the novelty and robustness of the findings.

As a well-documented inflammatory event, | focused on HMGB1, a central inflammatory mediator
produced by AS, OL, NEU and EC in the dataset. | validated interactions between AS-derived
HMGB1 and two receptors on MC cells. The first receptor, CD163, is a haptoglobin scavenger
known for its anti-inflammatory roles=, selectively upregulated in MC cells at the rims of MS-CA
lesions, where it serves as a key mediator for iron uptake=. Additionally, CD163 has been
identified in other studies as an anti-inflammatory receptor for HMGB1-haptoglobin complexes,
reinforcing its role as a moderator of inflammation in MS-CA lesions. This finding highlights the
role of CD163-positive MC cells as regulatory MC, as they not only facilitate iron uptake but also
mitigate inflammation by neutralizing damage-associated molecules. In contrast, the second
receptor that | validated, TLR2, has been suggested as a key initiator of neuroinflammation upon

interaction with HMGB1=. Recent studies suggest that this interaction may impair OPC
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proliferation following injury, preventing their maturation into OLs and affecting axonal
remyelination, thereby presenting a challenge to the repair process=. These interactions shed
light on the complex dynamics within MS lesions, revealing how different receptors from the same

cell when interacting with the same ligand can either moderate or exacerbate inflammation.

Another interaction, previously reported only in colorectal cancer and associated with chemotaxis,
involves the MC-expressed CD14 ligand and ITGB1 receptor=. This interaction is not well
characterized in neuroinflammation, nor has the interaction between MC-expressed CD714 and
AS- or EC-expressed ITGB1 been thoroughly described. As a result, the implications of these
interactions for disease remain speculative. Previous studies suggest that AS progenitor cells use
ITGB1 as support for blood-vessel-guidance migration=', potentially enabling AS cells to move
closer to inflamed areas in MS lesions establishing the glial scar. This function aligns with their
observed regressing phenotype and conversion to stem-cell-like properties under tissue injury,
reflecting their adaptability during disease progression. Moreover, ITGB1 in EC cells is linked to
both the stabilization=: and disruption of blood vessel integrity,= depending on the context, making
it a promising target for understanding immune cell infiltration. Although the exact role of these
interactions is still uncertain, it introduces a new dimension to the understanding of lesion

dynamics.

In addition to these validated interactions, other predicted interactions could offer insights,
especially regarding immune-vascular interactions between EC and infiltrating lymphocytes and
immune cells. Several of these involve EC-expressed ligands that may bind to integrins related
to cell adhesion and migration, and receptors in lymphocytes essential for immune surveillance
and migration to inflammation sites. One such interaction is between TGM2= and VWF=s from EC
with ITGA4 from BCx= and TCx=» cells. Another relevant example involves EC-derived HLA-E
interacting with the T-cell receptor CD8A. The ability of HLA-E to modulate CD8 T cells in a
context-dependent manner, either enhancing or limiting their cytotoxic activity=:, adds complexity
to the understanding of cell infiltration. These findings, along with other validated examples and
predicted cell-cell communication events, demonstrate the utility of these computational methods
in identifying biologically relevant interactions. They also highlight how these interactions can be

linked to specific cell subtypes and tissue niches in MS.
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6. Future prospects and conclusions

In this study, | aimed for a well-balanced cohort in terms of sex, age, and batch. However, the
limited availability of high-quality tissue restricted my sample size for transcriptomic analyses or
techniques like in situ hybridization. While new techniques are emerging, they currently lack the
resolution of other established methods. Future advancements that enable high-quality analyses

from lower-quality RNA samples would greatly benefit the research community.

The scarcity of suitable tissue limited my ability to study acute lesions and compare multiple
lesions within individual patients. These research areas could offer valuable insight into lesion
development and identify factors which are patient-specific or inherent to the disease itself. The
acquisition of high-quality tissue samples in the future will enable us to pursue these promising

research lines further.

Overall, in this study, | have generated a substantial amount of data that is now available for
further exploration by the research community'=. While snRNA-seq has established standards
and workflows for quality control and analysis, ST remains an emerging field with less consensus
on advanced analytical methods beyond deconvolution. By sharing the approach and insights
that Pau Badia i Mompel and | have developed, | aim to advance the field and encourage further

exploration and utilization not only of ST data but also of integrated paired atlases.

This approach, which integrates computational prediction models with in situ validation at the RNA
and protein levels, provides a robust framework for studying MS pathology. However, functional
validation and further investigation will be crucial to fully understand and expand upon these
findings, such as the several newly identified cell-cell communication events in the brain and the
discovery of ciliated astrocytes. Characterizing these cells and performing functional studies will
help reveal their role in disease and the triggers for cilia development, paving the way for new

research avenues

In summary, | have successfully generated and computationally analyzed a paired single-nucleus
and spatial transcriptomics dataset, enabling us to better understand the intricate tissue
microenvironment involved in MS lesion progression. Through this approach, | identified
biologically relevant tissue niches, novel cell subtypes, and unique cell-cell interactions occurring
within specific regions of the lesions. With this work, | aim to contribute to a deeper understanding

of this complex disease and pave the way for the discovery of potential therapeutic targets.
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8. Appendix

Extended Data Figures

Qligodendrocytes (OL)

Oligodendrocyte Precursor Cells
(OPC)

,”Ug
297,

Homeo: Homeostatic OPC
Dis: Disease OPC
COP: Commited OPC

Myeloid cells (MC)

Homeo: Homeostatic EC

MF: Myofibroblasts

EL: Embryo like EC

Prolif. Proliferating EC

IMEC: Immunomodulatory EC

Homeo! 1 @@ O@@®C - - @@@0O - - - - 0@OO0O
Homeo2 - (] oo - o @OO00
Homeo3- ° O - @O000
Dis1- « o - 0 @OOOO
Dis2 e o c 0QOO0O
Dis3+ - 900000000
Remyel- @ - °° O....
BAL Y thidhodAcrdridsdade
TSR IS S 2 LR A
§5°8"8 830 3zR2%23 53 P S P TP
g g 2 €7 %O © ST TS
par 2 I &
100
Homeo @ o @c ©co0Q0O0-000 - 99DO®C O oo 80
preorc o - @@®c - c OO@ODD¢e o -0 -0 -@-0o0 60
cop{o - -00  GOB0000C) 0000 @°@® @ [ 40
stess1 © + < 00 - © 0 OO0 - OOO@S © - 0o | 20
Dist1@ - @00 - 00000 - 9OPeOOO®C - O - 0 o© e
Dis2{@ - e Q0 COQ00- @@V - 000®O -O -0 - | 10 |
Mawre{ o < - Qo O@@@DO "00c - 000000 | 5
PreoL1 @ ¢ @O@ - O0000 000 @ eloe | | JEEY ‘
Ao i hEAE s AT hoA L ib A rdda 3
S280555 2000000053 2882:838
=3FE z F(Dg';"'_xzb—%lrog"m—‘mﬁﬁﬂ. OC?O é"’\ Ol
g~ = 255:5% £ 0”76 (9-&‘5’0 @x"
= g
Homeol{ @ o @ o o o o Q 0O o = O Qo
Hme2| @ @@ @ OO0 ¢ - OO0 e - -@OC
s 0 QOO@O@O®O - OO0OCO - - OO0
A 00000000000 - QOO
D1 @00 - 000 - 0000 - @O0 [
Rmie @0 00000000000
Phaged = = O e O@c - O000 - - O0®
e e e N
5 a8 E S oo o w L < &
5]
100
Homeo| * & & - = « o + - LNeYo)] 75
Pericyte - Q@00 -0 - -Q
MF| 000 50
Arteriole{ © = © QO = © = 25
Venule{ © = e © » o O - - : 0
Capillaries{ © = = = + e Qo = 0] 100
IMEC1{@@C c 0@®@Qe o000 20
IMEC2{0Q e e - 0e(@Q=- Qe 60
EL{@@@-0ccC o - @ 40
Prolif {@OQ = 0 0 Qe 20
DehdaUOO - T P RS 0
CSPEILP8vorx ns0ns=o Y
OFELzOREGI0E Y THOESE 0 180 80 38 g o Sy &
065G Ha0n=zc0 peufET = Fo\0 0 D
£0802<tg=32 oW RGeS
Cluster representation legend Cluster representation legend
Framonolg:lls Mean expression O cTRL W cos7 @cor4 [@Msar7l [0 ms4e7l
":aw:".( ) ':9:2 mMs-cl  [[cos Wcoss [MS377N [ MS497T
WZodoab 00 05 10 O mMs-cA W cos41 @ ms197D I Ms377T [0 MS549H

Extended Data Figure 1 continues in next page

[l coss [Oms229 [ Ms4n

[J mss49T

97



Stromal cells (SC)

MSCs: Mesenchymal cells

FC: Fibrocyles

FB: Fibroblasts

FM: Fibroblast to myofibroblast
FB_Inf: Inflammatory FB
PVFB: Perivascular F&

T cells (TC)

Treg: Regulatory TC
NKT: Natural Killer TC
Tex: Exhausted TC

Trme: Tissue resident memory
cytotoxic TC

B Cells (BC)

Xy

4\'

Rest: Resting BC

Mem: Memary BC
MZB: Marginal Zone BC
Activ: Activated BC

Neurens (NEU)

;,‘9:
’,

EX: Excitatory NEU
IT: Interneurons

IN: Inhibitory NEU

L: Layer

Hippo: Hippocampus

100
Mscs| @ ® ce:-2c00@cce-0c¢c: -@O0Cee-
Fe{(O()o@e@ecocoo@oo-@0c o@@PO-0- ©
FB1H @O 0@ ¢ oc@coc-00c0@ -
@0 - 00® :°: eo: QOO
e @@ o - 0000c0@@c00-°0° - @ODc @ a
M1 O@ e ce000:-0-000 - -@O0@ee®- 100
M (OO o cooceoooo@o e ol@PP@OCoe -
FBInH@Q -+ o:--0000-00c000 - e o - 50
Pvre{ @@ @ s e@0c0000-0@-0coPBc e@®
IR PRI LY
e R P b R
SREEE pagip F%z" 02<7Z Tu(
E4
Tregq @ o o e - c@9@o o
Trme{ - - = o @ - o e Co@eoe
Tm_P ° * 0 ° ® e o -
Tex @00 - o0 @e
Teff c@e®c oo Ce® o
DNT_Cytq e o - 9@e Oc@- o
NK_Cytq ° O ®Qo = c:0o000 - 9O@ - o
NKTH . - o0 ° e o o o o e co@ee
Teff: Effector short lived TC PR T RSP "R e o s e T
. CTNWESND D~ X g K5O > @ - o
NK_Cyt: Natural Killer cytotoxic czgildranxoonzpIso8ixL L
DNT_Cyt: Double negative eytotoxic TC éfggg:‘ggﬂg§gggﬁdggggEg§§5 e?’.\é\ Rugh <& G %g@”@
Tm_P: Memory Proliferating TC N4 = -2 ok Q Su. ar <<Ve+/
2 T N
ResH » 8 e OQO0O@Qo 0 -0 - @o@O@0 e e
Mem2
Mem1 - 900000 o -@eQ@®e 0o o
Mem1 Hasma Mem2y o - 000 Q@@OO e0o@®@@®cOo -
MB{ - ¢ c Q0 @00 @ @0@c )@ O o o
Pasmay + @ e OO O0Q0@ o0 C-900@®cCce
MZB' Activ Aciv] « ¢ = O o o@@e O AR Y ¥ N NN}
PR R R E R T A T
Rest Eﬁ,@gggggﬁ:g%omonoﬁ IS
0] = o oy z E
ClgpEodag;8gF"O0EBEE
= ©
[ <
EX4 « o < 8 8+ s 8 .« s 8 e o s+ 8 s« « 8 © °
L5/6. L2/3.1T1 o] Qe e 0o - . -0 oo
L5/6.2 EX L4.ITlin{ @ ° Q:-0-0Q¢c - 8 0o
b L4IT-r{ @ © o - O - o . - . - ;
3 L6IT  La6IT @0 - O o . 00 Co -0 .
IN?ST % 15/6.14 P .'cuc . « e 0 - .
L5f5,2- - © o ) -0 . °
' INP{ALB. 6174 ...,9 ‘.g 2 O -
e H\ppocm- N )] @ o= . . . °
™ Q- o0 -0 ooono‘o-.-u. 0 e
4|Tl|l'l|Np\,tALB_ﬂ @ 000 - - 20 + o - o oo 0 .
L4/6 1
IN.LAMP5S. IN.LAMP5{ - o c 0 8 + s s o ° .8 . N .
N . INSST{ o @ ) .. oo o@Qo -
2/3.1T )
'r Striatum{ () -+ © s 00e - ol c e . o0
Higpo.CA1 —_—————————————— —_— =
;\Stnalum éus,g%ﬁx§;§§§3§3ﬁ0%25535518
RS w39 SEREER2EgE 38704834
§OE3TES30EEE5C a3 53
z Z oz © @
- - < < -
Cluster representation legend Cluster representation legend

Fraction of cells M CTRL

ra gfgﬂ. ° (%]s ealrll_'eg):pa:.le;slon = W cosr @ cors [Emsarr [0 mMs4971
cen® fheang @ ms-ci Eco40 Wcoss [Jmsarrn [0 Ms497T
1bdododo 00 05 1.0 dMs-cA [ cod41 [ MS197D [ MS377T [I] MS549H

Wcods [IMs229 [JMsatt [0 MS549T

Extended Data Figure 1. Cell subtype annotation across all main cell types. Repurposed from Lerma-Martin et
al. 2024. a, Oligodendrocytes (OL), b, Oligodendrocyte precursor cells (OPC), ¢, Myeloid cells (MC), d, Endothelial
cells (EC), e, Stromal cells (SC), f, T cells (TC), g, B cells (BC), h, Neurons (NEU). For each cell type: original UMAP
colored by the given cell type and cell subtype name abbreviations (left); UMAP colored by cell subtypes (center left);

dot plot of averaged z-transformed gene expression of marker genes for each cell subtype (center right); proportion of

nuclei per condition and snRNA-seq sample grouped by cell subtype (right).
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Supplementary tables

Supplementary table 1. Overview of all donor blocks characterized for the study.

Brain
Bank ID

MS94
MS197
MS229
MS371
MS371
MS377
MS377
MS411
MS426
MS466
MS497
MS513
MS528
MS530
MS530
MS535
MS535
MS549
MS549
MS584
MS586

PDCO23
PDCO40

COo37

CO41

CO45

CO85

CO74

CO9%6

Tissue
Block

A1D9
P2D3
P2C2
A3D3
A3D6
A2D2
A2D4
A2A2
P2B6
A1D6
A3C2
BSB4
BSA5
A1C4
P2E5
A3A3
P2B2
A1B2
P2D5
P2C4
A1B2
P2C4
A1B2
P5B3
A1C4
A1D4
A3C2
A1A2
A3C3

Condition

MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
Control
Control
Control
Control
Control
Control
Control
Control

Lesion
Type
CA
CA
CA
A
A
CA
CA
CA
CA
Cl
Cl
A/CA/CI
A/CA
CA
CA
Cl
CA
CA
Cl

>

NA
NA
NA
NA
NA
NA
NA
NA

Lesions
in block

1

O O O O O O O O =~ a2 N = A A a a N OO N =2 2 N WO W 2 A~ a DN

(7
(L)
b

M T m < < 211 mmmtm < 1T m < 2 M mmm < mmm < < < Mmoo

Age

42
52
53
40
40
50
50
61
48
65
60
51
45
42
42
65
65
50
50
42
57
78
61
87
56
77
81
84
68

PMI (hrs)

11
10
13
27
27
22
22
24
21
25
26
17
17
15
15
12
12
8
8
36
27
23
15
5
20
22
22
22
NA

Duration
(years)

6
NA
16
16
16
23
23
29
29
36
29
18
25
21
21
40
40
29
29
12
20
NA
NA
NA
NA
NA
NA
NA
NA
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Supplementary table 2. Overview samples used for transcriptomics.

Original ID GivenID Lesion

MS94 A1D9 MS94
MS197 P2D3  MS197U
MS197 P2D3  MS197D
MS229 P2C2 MS229
MS377 A2D2  MS377N
MS377 A2D4 MS3771
MS377 A2D4 MS377T
MS411 A2A2 MS411
MS497 A3C2 MS4971
MS497 A3C2 MS497T
MS549 P2D5  MS549H
MS549 P2D5 MS549T
CO37 P5B3 CO37
PDCO40 A1B2 CO40

CO41 A1C4 CO41
CO45 A1D4 CO45
CO74 A1A2 CO74
CO85 A3C2 CO85
CO0O96 A3C3 CO9%6

CA
CA
CA
CA
CA
CA
CA
CA
Cl
Cl
Cl
Cl
Ctrl
Ctrl
Ctrl
Ctrl
Ctrl
Ctrl
Ctrl

Sex

T M < 2 1< Z2 Z mMmm < mm < moTmoT

RIN

8.7

7
8.9
6.5
6.5
5.9
6.1
6.1

8
6.1
7.8
7.2
6.4

7
5.9
7.7

s“;':lA Batch ST Batch
No - Yes 1
Yes 4 Yes 1
No 4 Yes 1
Yes 4 Yes 1
Yes 4 Yes 1
Yes 1 Yes 1
Yes 1 Yes 1
Yes 1 Yes 1
Yes 3 Yes 1
Yes 2 Yes 1
Yes 2 Yes 1
Yes 3 Yes 1
Yes 4 Yes 3
Yes 1 Yes 1
Yes 4 Yes 3
Yes 4 No -
Yes 2 Yes 2
Yes 3 Yes 1
No - Yes 1

Supplementary table 3. Predicted cell-cell communication events in CTRL

Interaction

OPC (NLGN3) - OL (NRXN3)
OL (NLGN3) - OL (NRXN3)
OL (NRXN3) - OPC (NLGN3)
OL (NRXN3) - OL (NLGN3)
OPC (NLGN3) - OL (NRXN2)

OL (NLGN3) - OL (NRXN2)

100

Source_cs

OL_Homeo1, OL_Homeo3

OL_Homeo1, OL_Homeo3

Target_cs

OL_Homeo1, OL_Homeo3

OL_Homeo1, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3



OL (NRXN2) - OPC (NLGN3)
OL (NRXN2) - OL (NLGN3)
OPC (TGFA) - OL (ERBB3)
OL (TGFA) - OL (ERBB3)
OPC (LTBP1) - OL (ITGB5)
OL (LTBP1) - OL (ITGB5)
OPC (NCAM1) - OL (FGFR2)
OPC (NCAM1) - OPC (FGFR1)
OPC (NCAM1) - AS (GFRA1)
OPC (VEGFA) - OL (TYRO3)
OPC (NTN1) - OL (UNC5B)
OPC (LPL) - EC (GPIHBP1)
OPC (VEGFA) - MC (FLT1)
OPC (VEGFA) - MC (ITGAV)
OPC (VEGFA) - MC (EPHB2)
AS (VEGFA) - MC (EPHB2)
EC (VEGFA) - MC (EPHB2)
OPC (VEGFA) - OL (EPHB2)
AS (VEGFA) - OL (EPHB2)
EC (VEGFA) - OL (EPHB2)
OPC (VEGFA) - OL (SIRPA)

EC (VEGFA) - OL (SIRPA)

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OPC_Homeo

OL_Homeo3

OL_Homeo1

OPC_Homeo

OPC_Homeo
OPC_Homeo
OPC_Homeo
OPC_Homeo

AS_Homeo

OPC_Homeo

AS_Homeo

OPC_Homeo

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo3
OPC_Homeo

AS_Homeo

OL_Homeo2, OL_Homeo3

MC_Homeo2
MC_Homeo2

MC_Homeo2

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo3

OL_Homeo3
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OPC (VEGFA) - MC (SIRPA)
OPC (RIMS2) - OL (ABCA1)
OPC (NTN1) - OL (MCAM)

OL (APP) - OL (VLDLR)

OL (APP) - EC (TSPAN15)

OL (APP) - OL (TSPAN15)

OL (APP) - OL (LRPS)

OL (SEMA3B) - OPC (NRP2)
OL (SEMABA) - OPC (PLXNA2)
AS (SEMAGA) - OPC (PLXNA2)
OL (FARP2) - OPC (PLXNA2)
OL (FARP2) - OPC (PLXNA4)
OL (SEMA3B) - OPC (NRP1)
OL (SEMA4D) - MC (PLXNB2)
OL (SEMABA) - OPC (PLXNA4)
AS (SEMAGA) - OPC (PLXNA4)
OL (FGF1) - OL (FGFR2)

OL (FGF1) - OPC (FGFR3)

OL (FGF1) - OPC (FGFR1)

OL (FGF1) - EC (FGFR1)

OL (PSEN1) - OL (NOTCH1)

OL (PSEN1) - MC (NOTCH1)
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OPC_Homeo

OPC_Homeo

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1, OL_Homeo?2,
OL_Homeo3

OL_Homeo2, OL_Homeo3
OL_Homeo3

AS_Homeo

OL_Homeo3

OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo3

AS_Homeo

OL_Homeo3

OL_Homeo3

OL_Homeo3

OL_Homeo3
OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1

OL_Homeo2, OL_Homeo3

OL_Homeo1

OL_Homeo3
OPC_Homeo

OPC_Homeo



OL (PSEN1) - AS (NOTCH1)
OL (PSEN1) - EC (NCSTN)
OL (BMP8A) - OPC (ACVR1)
OL (BMP8A) - AS (ACVR1)
OL (BMP8A) - MC (TGFBR1)
OL (CGN) - MC (TGFBR1)
OL (HLA-DMA) - MC (CD4)
OL (TGFB3) - OL (ITGB5)

OL (LRRC4B) - OL (PTPRS)
OL (CDH1) - OL (ERBB3)

OL (CDH1) - OPC (PTPRM)
OL (CDH1) - AS (PTPRM)
MC (ST6GAL1) - OL (CD22)
MC (TGFB1) - OL (ITGBS5)
MC (COL18A1) - OL (ITGB5)
MC (COL18A1) - OL (PTPRS)
MC (ADAM17) - MC (RHBDF2)
MC (SPP1) - MC (ITGAV)

AS (BMP7) - OPC (ACVR1)
AS (ANGPTL4) - OL (CDH11)
AS (NTRK3) - OL (PTPRS)

AS (NID1) - MC (ITGAV)

OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

OL_Homeo1, OL_Homeo2,
OL_Homeo3

MC_Homeo2

MC_Homeo2

MC_Homeo2

MC_Homeo2
AS_Homeo
AS_Homeo
AS_Homeo

AS_Homeo

AS_Homeo

OL_Homeo2, OL_Homeo3

OL_Homeo3

OL_Homeo2, OL_Homeo3

OL_Homeo2, OL_Homeo3

MC_Homeo2

OL_Homeo2, OL_Homeo3
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AS (SPON1) - MC (LRP8)
AS (SPON1) - OPC (LRP8)
AS (AFDN) - OL (EPHB2)
EC (AFDN) - OL (EPHB2)
AS (AFDN) - MC (EPHB2)
EC (AFDN) - MC (EPHB2)

EC (BSG) - OL (SLC16A1)

EC (NECTIN2) - OL (CD226)

MC (NECTIN2) - OL (CD226)

EC (LGALS9) - MC (MRC2)

AS_Homeo

AS_Homeo

MC_Homeo2
OPC_Homeo
OL_Homeo2, OL_Homeo3
OL_Homeo2, OL_Homeo3
MC_Homeo2
MC_Homeo2
OL_Homeo1, OL_Homeo3
OL_Homeo3
OL _Homeo3

MC_Homeo2

Supplementary table 4. Predicted cell-cell communication events in MS-CA lesions

Interaction

AS (HMGB1) - MC (CD163)
EC (HMGB1) - MC (CD163)
OL (HMGB1) - MC (CD163)
AS (HMGB1) - TC (CXCR4)
AS (HMGB1) - BC (CXCRA4)
AS (HMGB1) - MC (TLR2)
TC (HMGB1) - MC (TLR2)
EC (HMGB1) - MC (TLR2)
AS (HMGB1) - BC (SDC1)
AS (LAMC1) - AS (ITGA3)

AS (VEGFD) - MC (FLT1)
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Source_cs
AS Dis1
EC_prolif
AS Dis1
AS Dis1
AS Dis1
EC_Prolif
AS Dis1
AS Dis1

AS_Dis1

Target_cs
MC_CA, MC_Dis, MC_Rim
MC_CA, MC_Dis, MC_Rim

MC_CA, MC_Dis, MC_Rim

MC_Trans, MC_Rim
MC_Trans, MC_Rim
MC_Trans, MC_Rim
AS_Dis1

MC_CA, MC_Trans



AS (VEGFD) MC (ITGA4) AS_Dis1 MC_Dis, MC_Rim

OPC (ADAM23) TC (ITGA4) - TC_Effector

AS (VCAN) - TC (ITGA4) AS_R TC_Effector

OPC (VCAN) - TC (ITGA4) - TC_Effector

AS (VCAN) - TC (CD44) AS_R -

AS (LAMA2) - TC (CD44) AS_Dis1 -

AS (FARP2) MC (PLXNA1) - MC_CA

OL (FARP2) MC (PLXNA1) OL_Dis2 MC_CA

AS (SEMA6D) - AS (PLXNA1) - AS_Dis1

AS (SEMA5B) - MC (PLXNA1) - MC_CA

AS (SEMA5B) - AS (PLXNA1) - AS_Dis1

OPC (SEMAS5B) - MC (PLXNA1) - MC_CA

OPC (SEMASB) - AS (PLXNA1) - AS_Dis1

AS (PAM) - AS (FAP) AS_Dis1, AS_Dis2 AS_Dis1, AS_Dis2, AS_R
AS (BGN) - MC (TLR2) AS_Dis1, AS_R MC_Trans, MC_Rim
AS (ANXA1) - MC (FPR1) AS_Dis1, AS_Dis2, AS_ R MC_Dis, MC_Trans
AS (CSF1) - MC (SIRPA) AS_R MC_CA, MC_Trans
OL (CSF1) - MC (SIRPA) OL_Dis1 MC_CA, MC_Trans
AS (COL8A1) - MC (ITGA1) AS_Dis1, AS_Dis2 MC_Trans

AS (COL8AT1) - AS (ITGA10) AS_Dis1, AS_Dis2 -

AS (COL8A1) - EC (ITGA10) AS_Dis1, AS_Dis2 -

AS (COL8A1) - MC (ITGA11)  AS_Dis1, AS_Dis2 -

AS (COL24A1) - MC (ITGA1)  AS_Dis1 MC_Trans

AS (COL24A1) AS (ITGA10) AS_Dis1 -

AS (COL24A1) OPC (ITGA10)  AS_Dis1 -
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AS (COL24A1) EC (ITGA10) AS_Dis1 -
AS (COL24A1) - MC (ITGA11)  AS_Dis1 -
AS (COL24A1) - OPC (ITGA11) AS_Dis1 -
AS (COL27A1) - MC (ITGA1)  AS_Dis1, AS_Dis2 MC_Trans

AS (COL27A1) - MC (ITGA11)  AS_Dis1, AS_Dis2 -

AS (ANGPT1) - MC (ITGB1) AS_Dis1 MC_Dis
AS (CADM3) - MC (CADM1) AS Dis2, AS_R MC_CA, MC_Dis, MC_Rim
AS (C3) - MC (CD81) AS Dis1, AS_Dis2, AS R MC_Dis

AS (EGF) - AS (TNFRSF11B)  AS _Dis1, AS_Dis2, AS R AS_Dis1, AS_ R

AS (SORBS1) - BC (INSR) AS_Disf i

AS (HSP90B1)- MC (TLR1)  AS_Dis1, AS_R MC._Trans

MC (SERPING1)- AS (LRP1)  MC_Dis, MC_Trans AS_Dis1, AS_Dis2, AS_R
MC (C1QB) - AS (LRP1) MC_Dis AS_Dis1, AS_Dis2, AS_R
MC (APOC2) - AS (LRP1) MC_Dis, MC_Trans AS_Dis1, AS_Dis2, AS_R
MC (ANXA2) - MC (TLR2) e, W L MC_Trans, MC_Rim

AS (ANXA2) - MC (TLR2) AS_Dis1, AS_Dis2, AS_R  MC._Trans, MC_Rim

MC (LGALS9) - TC (PTPRC)  ppo-Trans: MC_Dis i

%ﬁ%"éﬁi}‘q’) -AS MC_Dis, MC_Rim AS_Dis1, AS_Dis2, AS_R
Mﬁg‘éﬁf;’) A MC_Dis, MC_Rim AS_Dis1, AS_R

MC_Trans, MC_Dis,

MC (C5) - AS (C5AR1) MG CA MC Bim

MC (RPS19) - AS (C5AR1) MC_Dis -

EC (RPS19) - AS (C5AR1) EC_Prolif

MC (FGL1) - OPC (EGFR) MC_Trans -

MC (CALR) - AS (ITGA3) MC_Dis AS_Dis1
MC (DSCAM) - BC (DCC) MC_Trans -
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MC (APOE) - TC (SORL1)
MC (B2M) - TC (CD247)
EC (B2M) - TC (CD247)
MC (SPP1) - TC (CD44)
MC (SPP1) - BC (CD44)
MC (SPP1) - TC (ITGA4)
MC (ADAM28) - TC (ITGA4)
MC (CD14) - MC (ITGA4)
MC (CD14) - MC (ITGB1)
MC (CD14) - AS (ITGB1)
MC (CD14) - EC (ITGB1)
MC (CD14) - OL (RIPK1)
MC (CD14) - MC (TLR1)
EC (VIM) - TC (CD44)

TC (VIM) - AS (CD44)

EC (HLA-E) - TC (KLRK1)
EC (HLA-E) - TC (CD8A)
EC (CD59) - TC (CD2)

EC (TGFB3) - MC (ENG)
EC (TGM2) - BC (ITGA4)
EC (TGM2) - TC (ITGA4)
EC (VWF) - BC (ITGA4)
EC (VWF) - TC (ITGA4)
EC (SORBS1) - TC (ITGA1)

SC (SORBS1) - TC (ITGA1)

MC_Dis, MC_Rim
MC_Dis, MC_Rim
EC_Prolif
MC_Trans
MC_Trans
MC_Trans
MC_Dis, MC_Rim
MC_Dis, MC_Rim
MC_Dis, MC_Rim
MC_Dis, MC_Rim
MC_Dis, MC_Rim
MC_Dis, MC_Rim
EC_prolif
EC_prolif
EC_prolif
EC_prolif
EC_prolif
EC_prolif
EC_prolif

EC_prolif

TC_Effector
TC_Effector
MC_Dis, MC_Rim
MC_Dis

AS_Dis1, AS_R
EC_Prolif
OL_Dis2
MC_Trans
AS_Dis1, AS_Dis2
TC_Effector
TC_Effector
TC_Effector, TC_Trm
MC_Trans

TC_Effector
TC_Effector
TC Trm

TC_Trm
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SC (LAMA2) - TC (ITGA1)
EC (B2M) - BC (LILRB1)

EC (B2M) - TC (KLRD1)

EC (TFPI) - AS (LRP1)

TC (MAML2) - MC (NOTCH2)
TC (CCL5) - OPC (GRM7)
BC (CD38) - EC (PECAM1)
BC (GAS6) - EC (MERTK)
AS (GASB) - MC (MERTK)

BC (HSP90AA1) - AS (EGFR)

EC (HSP90AA1) - OPC (EGFR)

BC (HSP90B1) - MC (TLR2)
EC (HSP90B1) - MC (TLR2)
AS (HSP90B1) - MC (TLR2)
BC (HSP90B1) - MC (TLR1)
BC (HSP90B1) - AS (LRP1)
BC (HSP90B1) - MC (LRP1)
MC (HSP90B1) - AS (LRP1)

BC (CALM1) - AS (KCNQ5)

BC (CALM1) - AS (CACNA1C)

BC (COL4A4) - AS (CD44)
BC (ADAM10) - AS (CD44)
BC (ADAM10) - AS (NRCAM)

BC (ST6GAL1) - AS (EGFR)
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EC_prolif

EC_prolif

TC_Effector

AS Dis2, AS_R

EC_Prolif

EC_Prolif
AS Dis, AS R

MC_Dis, MC_Trans

TC_Trm

AS_Dis1, AS_Dis2, AS_R
MC_CA, MC_Dis, MC_Rim
EC_Prolif

MC_Trans, MC_CA
MC_Trans, MC_CA
AS_Dis2

MC_Trans, MC_Rim
MC_Trans, MC_Rim
MC_Trans, MC_Rim
MC_Trans

AS_Dis1, AS_Dis2, AS_R
MC_CA, MC_Dis, MC_Trans
AS_Dis1, AS_Dis2, AS_R
AS_Dis2

AS_Dis1

AS_Dis1, AS_Dis2
AS_Dis1, AS_Dis2
AS_Dis1, AS_Dis2

AS_Dis2



Supplementary table table 5. Predicted cell-cell communication events in MS-Cl lesions

Interaction Source_cs Target_cs
AS (EGF) - AS (TNFRSF11B) AS R AS R
AS (VCAN) - BC (CD44) AS R -
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