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English Summary

In the recent decade, there has been a significant increase in the number of articles dedicated
to research on long non-coding RNAs (IncRNAs), which were once regarded as transcriptional
‘noise’. These transcripts have garnered attention due to their complex and multifaceted roles
in regulating diverse biological processes and numerous pathologies on DNA, RNA, and protein
level. Furthermore, IncRNAs exhibit intriguing therapeutic potential attributed to their cell and
context-specific characteristics. Consequently, they are now recognized as pivotal players in
neurodegenerative and neuroinflammatory disorders, including Alzheimer's and Parkinson's
disease. However, our understanding of the involvement of IncRNAs in the pathophysiology
of Multiple Sclerosis (MS), the most prevalent neuroinflammatory condition afflicting young
adults, remains significantly limited. Our study aimed to identify and characterize a group of
IncRNAs involved in neuroinflammation during experimental autoimmune encephalomyelitis
(EAE), an MS mouse model, in order to decrease the gap of knowledge. As a start, we
investigated the behaviour of IncRNAs during LPS-induced neuroinflammation, identifying and
correlating 10 IncRNAs with elevated levels of neuroinflammation. Furthermore, using
unbiased RNA-seq profiling, we identified the presence of 51 inflammation-related IncRNAs
that are significantly altered in the spinal cord of EAE mice. From these analyses, Malat1,
Neatl, Miat, and Zfasl exhibit interesting characteristics, which led us to undertake
comprehensive characterization studies in both in vivo and in vitro settings to better
comprehend and validate their roles in EAE and neuroinflammation. First, we revealed similar
expression patterns of these IncRNAs in Pggt1b®P4XO EAE mice, which are resistant to EAE and
neuroinflammation, compared to unchallenged wild-type mice, further indicating a
correlation between the IncRNAs and neuroinflammation. Furthermore we analysed their
expression in A2031-K0gnd OTULIN®3-KO mice, which are both ‘hypersensitive’ to EAE and
display hyperactivated microglia. Interestingly, while we revealed the downregulation of
Malat1, Miat, and Neat1 in unchallenged A20931KO mjce as well as in EAE mice compared to
non-immunized wild-type mice, they show upregulation in unchallenged OTULIN®3¢1-KO mijce.
These observations support the notion that these IncRNAs, namely Malat1, Miat, and Neatl,
function as "brakes" to balance and counteract the inflammatory response. However, the
ability of these IncRNAs to restrain inflammation appears to be compromised under conditions
of prominent neuroinflammation, as observed in EAE. Finally, we conducted expression
characterization of the identified IncRNAs in vitro using bone marrow-derived macrophages
(BMDMs) under conditions of NF-kB, NLRP3, and STAT6 activation to elucidate the in vivo
results. Additionally, we employed antisense oligonucleotides targeting Miat to gain insights
into the role of this particular IncRNA. Although our results demonstrated trends of
differential expression during all stages of stimulation, we encountered technical difficulties,
and no conclusive findings are obtained. In summary, this M.Sc. thesis study provides valuable
insights into the involvement of specific IncRNAs in neuroinflammation during EAE, shedding
light on potential regulatory mechanisms and emphasizing their significance in modulating the
immune response. However, further 'multi-omics' approaches, including single-cell cross-
linking immune precipitation (CLIP) and total RNA-sequencing within our experimental
framework, are required to validate our hypothesis and gain deeper knowledge of their
precise regulatory mechanisms during EAE pathology, particularly in the context of
neuroinflammation.
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Part 1: Introduction

Part 1: Introduction

Long non-coding RNAs (IncRNAs) play a critical role in biology and are key regulators in many
cellular processes as well as in various pathologies, including neuroinflammatory ones. While
numerous studies have demonstrated their complex involvement in Alzheimer's (AD) and
Parkinson's diseases (PD), there is still a lack of knowledge on their role in other conditions,
such as in Multiple Sclerosis (MS). MS is a highly complex neuroinflammatory disease, with
myeloid cells driving both the chronical phase of inflammation as well as its resolution.
Exploring the significance of IncRNAs in the regulation of these cellular responses could lead
to the development of more effective and broad-ranging therapies.

1.1 LncRNAs

For many years, research in molecular biology focused solely on the involvement of protein-
coding genes. However, more recently, a class of molecules known as non-coding RNAs
(ncRNAs) has emerged as critical regulators of all aspects of cellular activity (Mattick et al.,
2023; Statello et al., 2021). It became clear that around 95 % of the genome is not translated
into proteins. Initially, these transcripts were considered to be non-functional and seen as
"junk-transcripts". Nevertheless, more and more evidence, points to an important and highly
complex role for different types of ncRNAs, including microRNAs (miRNAs), Piwi-interacting
RNAs (piRNAs), ribosomal RNAs (rRNAs), and IncRNAs, in cellular regulation (Carninci et al.,
2005; Cheetham et al., 2020). In particular, IncRNAs have garnered significant attention in the
fields of cancer and neurodegenerative diseases. Despite the increasing number of
publications on these RNAs, there is still much to uncover about their function and potential
therapeutic applications.

1.1.1 LncRNAs: Definition and Appearance

Although the name ‘long non-coding RNA’ defines what they are, a precise definition of
IncRNAs is currently lacking. Originally, IncRNAs have been defined as non-coding transcripts
longer than 200 base pairs (bp), a convenient cut-off that distinguishes them from smaller
non-coding RNAs, such as miRNAs and small interfering RNAs (siRNAs). However, given the
functional similarity of many RNAs in the 200-500 bp range, it is proposed that IncRNAs should
be categorized as transcripts longer than 500 bp (Deng et al., 2006; Mercer et al., 2009).

LncRNAs are transcribed by all three RNA polymerases (Pol I, II, and lll), and can be
polyadenylated, spliced and 5’-capped such as mRNAs (Figure 1) (Cheng et al., 2005; H. Wu et
al., 2016; Yin et al., 2012). They can be classified as intergenic, antisense, or intronic, based on
their genomic localization relative to protein-coding genes (Cheetham et al., 2020). While the
human genome contains approximately 20.000 protein-coding genes, it is estimated that
there are around 100.000 IncRNAs (Uszczynska-Ratajczak et al.,, 2018). The remarkable
abundance of IncRNAs can be attributed to the fact that the non-coding genome constitutes
approximately 95 % of the genetic material, as previously mentioned. Furthermore, with the
rapid evolution of sequencing technologies, there is a strong likelihood of identifying an even
greater number of IncRNAs (Cabili et al., 2015; Seifuddin et al., 2020). Despite their great
abundance in many species, IncRNAs are less conserved compared to mRNAs (Pang et al.,
2006), probably due to their non-strict structure-function relationship (Pheasant & Mattick,
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2007). Still, there are IncRNAs that are highly conserved throughout evolution and have been
shown to play indispensable roles in cellular processes (Tavares et al., 2019).

LncRNAs not only play a critical role in the general organization and regulation of organisms
but also exhibit limited and cell-specific expression, contributing to the evolutionary
complexity of organisms (Gloss & Dinger, 2016). They are involved in crucial processes such as
stemness, differentiation, and cell state, with particular significance during organismal
development (Flynn & Chang, 2014). The observed low expression of IncRNAs may be essential
for their functional role, as low amounts of transcripts increase the likelihood of on-target
binding and reduce off-target effects. Fascinating, IncRNAs can even harbour different
epitranscriptomic marks, namely pseudouridine (W), N6 -methyladenosine (m6A) and 5-
methylcytosine (m5C). These modifications have been shown to affect their fate, functions
and efficacy, thereby expanding the diversity of the transcriptome(lacob et al., 2017).
However, our comprehension of their biological function, particularly in relation to IncRNAs,
is still at an early stage. Moreover, environmental factors, including stress responses in
animals and drug resistance in cancer, can influence their expression, the modifications and
signalling functions. Consequently, the regulatory mechanisms governing IncRNAs are
intricate and multifaceted, mirroring the diverse functions they fulfil within the cellular
context (Kopp & Mendell, 2018).

1.1.2 LncRNAs: Regulatory Mechanisms

The diverse regulatory functions of IncRNAs are mediated by their capacity to engage in a wide
range of interactions, encompassing RNA-protein, RNA-RNA, and RNA-DNA interactions
(Ramilowski et al., 2020). The repeated sequence elements present in IncRNAs, such as small
interspersed nuclear elements, provide multiple binding sites that allow IncRNAs to regulate
various cellular processes, including chromatin architecture, transcription, splicing as well as
translation, and localization of proteins (Cao et al., 2021; Hacisuleyman et al., 2016; Morrissy
et al., 2011; Pisignano & Ladomery, 2021; Zhao et al., 2008; Zucchelli et al., 2015).

The importance of chromatin structure in the regulation of differentiation and development
is well documented, with modifications such as methylation, acetylation and ubiquitination
on histones altering the chromatin structure and thereby regulating gene expression
(Schuettengruber et al., 2007). Fascinatingly, the intricate regulation of polycomb repression
complexes 1 and 2 (PRC1/2), which employ histone-modifying enzymes, involves diverse and
complex interactions with IncRNAs. (Trotman et al., 2021). PRC1/2 catalyses the
monoubiquitylation of aminoacids on histones as well as dimethylation and trimethylation,
but do not contain sequence-specific DNA binding domains in mammals (Laprell et al., 2017).
Therefore, the recruitment of PRC1/2 to specific genes is achieved through the interaction of
the complexes with controlling RNAs, such as IncRNAs (Figure 1). Moreover, recent studies
have shown that a significant proportion of IncRNAs (~20%) interacts with PRC2, and silencing
of several of these IncRNAs has been found to restrict the expression of genes that are
normally silenced by PRC2 (Davidovich & Cech, 2015).

The second class of IncRNA regulatory mechanisms involves interactions between these
transcripts and other RNA molecules. LncRNAs can act as decoys for specific RNAs, thereby
preventing their translation or binding to their targets, as is the case for miRNAs (Figure
1)(Tauber et al., 2019). Furthermore, some IncRNAs directly target mRNAs for degradation, a
process mediated by the protein Staufen 1 (STAU1). This protein recognizes a particular motif
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in the 3' untranslated region (UTR) of mRNAs and facilitates their degradation through
nonsense-mediated mRNA decay. Specifically, STAU1 binds to double-stranded RNA motifs in
the 3'UTR of mRNAs. The IncRNAs appear to contain a single-stranded complementary
sequence that binds to mRNAs, creating that double-stranded motif which is subsequently
recognized by STAU1 (Gong & Maquat, 2011). Another example of RNA-RNA interaction
involves the function of IncRNAs in the splicing of mRNAs and even other IncRNAs. They
regulate this process through interaction with splicing protein factors, generating RNA-RNA
duplexes, or with chromatin modifiers, which consequently have an effect on how transcripts
are spliced (Romero-Barrios et al., 2018).

Next, IncRNAs have emerged as key regulators of transcription by binding to DNA. For most
genes, transcription involves the interaction between a proximal promoter and distant
enhancer elements, which are often located far from the transcription start site. Active
enhancers are bound by RNA Pol Il, suggesting that they interact with the promoter (Ray-Jones
& Spivakov, 2021). Intriguingly, IncRNAs appear to direct RNA Pol Il and transcription factors
to specific enhancer elements and promoters of target genes (Figure 1). This spatiotemporal
regulation allows IncRNAs to modulate cellular specific processes which are highly important
during development (W. Li et al., 2016).

Structure IncRNA

AAA

Protein binding RNA binding DNA binding

5

IncRNA

InNcRNA

/
DNA and
nucleseomes o ) 3w .
Chromatin remodelling mRNA stability/activity Transcriptional regulation

Figure 1. Structure and function of long non-coding (Inc)RNAs. LncRNAs can be transcribed by all three RNA
polymerases (Pol I,Il & llI). In case of Pol Il, IncRNAs can be 5’- capped and polyadenylated at the 3’ of the
transcript. LncRNAs are characterized by complex secundairy and tertiary structures, hence they can interact
with proteins, RNA and DNA. As scaffolds, IncRNAs will bind and gather different protein complexes to
optimize their functions or guide them to other protein complexes such as DNA nucleosomes. Split ends
homologue (SPEN) and Polycomb repressive complex 2 (PRC2) are guided to nucleosomes of DNA to remodel
chromatin and consequently influence hetero -and euchromatin (left). Next, IncRNAs can bind other RNAs
such as messenger -and microRNAs to alter their activity and stability. More specifically, IncRNAs can act as
decoys for these RNAs and inhibit translation or the binding of microRNAs to their targets (middle). Last, Pol
Il and transcription factors can be guided by IncRNAs to specific DNA sequences to regulate transcription

(right). Figure created with BioRender.
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The array of mechanisms by which IncRNAs operate is indeed remarkable. Given their
significant impact on cellular functionality, their role in various pathologies is becoming
increasingly notable. While much of the research on IncRNAs has focused on their role in
cancer, there is significant evidence supporting their pivotal involvement in other pathological
conditions, including diabetes, cardiovascular diseases, autoimmune diseases, and
neurodegenerative and neuroinflammatory pathologies such as AD and PD (Huarte, 2015;
Sparber et al., 2019; Wan et al., 2017). Neuroinflammation involves strict regulation through
complex signalling pathways, in which IncRNAs notably play an unmissable role.

1.2 Neuroinflammation and The Regulation by LncRNAs

The central nervous system (CNS) is a highly complex system with many different cell types,
including immune cells, that work together to ensure the proper functioning and integrity of
the CNS. In a healthy brain, these immune cells tightly regulate neuroinflammation, ensuring
a balanced immune response within the CNS. However, pathological disruptions, including
viral or bacterial infections, exposure to neurotoxins, accumulation of aggregated proteins,
ischemia, degenerative conditions, autoimmune reactions, or traumatic events, have been
identified as factors that can disturb the immune response within the CNS. Consequently,
these disturbances can lead to neurotoxicity and potentially result in neuronal degeneration
(Lyman et al., 2014). Although this field has been extensively studied, the precise mechanisms
regulating neuroinflammation are not fully understood (Shabab et al., 2017a). However,
recent studies suggest that IncRNAs exert important roles in modulating neuroinflammation
and can possibly serve as interesting targets for therapy (Y. Liu et al., 2022a; Wan et al., 2017).

1.2.1 Myeloid Cells in the CNS

Myeloid cells are a diverse group of immune cells and, if not the most prominent, important
drivers of neuroinflammation and immune responses in the CNS. They include monocytes,
macrophages, dendritic cells (DCs), neutrophils, eosinophils, basophils, and microglia (Herz et
al., 2017). While the majority of myeloid cells originate from hematopoietic stem cells in the
bone marrow, microglia arise from the yolk-sac and are known as supportive glial cells in the
CNS (Epelman et al., 2014; Kierdorf et al., 2013). Microglia constitute approximately 5 to 12 %
of the total brain cells and fulfil various functions. These cells are strategically positioned
within the parenchyma of the CNS, allowing them to be in close proximity to neurons
(Nimmerjahn et al., 2005). In contrast, CNS-associated macrophages (CAMs), also known as
border-associated macrophages, are a small population of specialised macrophages localised
at the border areas of the CNS in the choroid plexus, meningeal and perivascular spaces (Prinz
et al., 2017; Prinz & Priller, 2014). Both microglia and CAMs have relative longevity and high
motility, and can suppress or drive immune responses during CNS development, health, and
disease (Ousman & Kubes, 2012; Prinz et al., 2017). During disease, microglia and CAMs are
accompanied by infiltrating monocytes. One subtype of the murine monocytes, the
CX3CR1'°%/CCR2*/Ly6CMe"/PD-L1- monocytes, have the ability to cross through a compromised
blood-brain barrier (BBB) and become activated in both inflamed and non-inflamed areas
(Lund et al., 2018; Mildner et al., 2007). Because these cells originate from monocytes out of
the bone marrow, we refer to this myeloid population as bone-marrow derived macrophages
(BMDMs). They express cellular markers, such as CD11b, Iba-1, and CX3CR1, which are also
seen on microglia (Lund et al.,, 2018). However, specific cell surface markers such as
transmembrane protein 119 (TMEM119) and purinergic receptor P2Y12 can distinguish
microglia from BMDMs or other myeloid cell types under pathological conditions (M. L.



Part 1: Introduction

Bennett et al., 2016). One study has shown that over time, graft-derived macrophages acquire
characteristics similar to microglia, including ramified morphology, longevity, radio-resistance,
and clonal expansion. However, even after prolonged residence in the CNS, the
transcriptomes and chromatin accessibility landscapes of engrafted bone marrow-derived
macrophages remain distinct from those of host microglia. Moreover, engrafted bone
marrow-derived cells exhibit distinct responses to peripheral endotoxin challenge compared
to the host microglia (Shemer et al., 2018). Indeed, although both cell populations exhibit
similar characteristics, BMDMs and microglia serve notably different functions in disease and
homeostasis (J. Lyu et al., 2021).

1.2.2 Immune Functions of Myeloid Cells in the CNS

Microglia play a prominent role in the development and maintenance of the CNS. One of their
key functions is mediating synapse pruning, which is essential for organizing neuronal circuits
during both development and adulthood. Disruptions in microglial number or activation have
been associated with functional and structural deficits in cortical circuits (Ueno et al., 2013).
Intriguingly, microglia secrete mediators of the complement cascade, including C1q, C4, C3,
and CR3, which are critical for synaptic connectivity and neuroinflammation (Gyorffy et al.,
2018). Deficiencies in these mediators have been shown to result in synaptic connectivity
defects in mice (Shi et al., 2015). Additionally, microglia, along with other myeloid cell types,
participate in the removal of apoptotic and healthy cells in the developing and adult brain, a
process crucial for preventing inflammation and autoimmunity (Damisah et al., 2020). Yet,
despite their vital roles in CNS development and homeostasis, microglia and the other myeloid
cells, primarily function to drive neuroinflammation in response to pathogens, toxins, or
damage within the CNS (Hanisch, 2002).

In an inflammatory environment, activated microglia undergo a morphological change,
adopting an amoeboid shape with larger, rounder cell bodies and shorter, thicker branches
(Jinno et al., 2007). This morphological transformation is accompanied by increased secretion
of cytokines, chemokines as well as by the production of matrix metalloproteases (Merson et
al., 2010a). These metalloproteases are crucial in inducing BBB leakage and the infiltration of
monocytes and other immune cells into the CNS (Brkic et al., 2015; Z. Jiang et al., 2014).
Furthermore, the activated microglia and residential macrophages secrete chemokines such
as chemokine (C-C motif) ligand (CCL)-2, CCL5, CCL12, and CCL22, which not only recruit
monocytes and macrophages but also stimulate the proliferation and migration of additional
microglia in the CNS, thereby creating positive feedback loops that amplify inflammation (Z.
Jiang et al., 2014). Tumor necrosis factor (TNF), interleukin (IL)-6, IL1-B, and IL-12 are well-
known inflammatory mediators that induce expression of inflammatory genes via different
signalling pathways, including nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB), Janus kinase/signal transducer and activator of transcription (JAK/STAT), c-jun
N-terminal kinase (JNK), mitogen- activated protein kinases/ extracellular signal-regulated
kinases (MAPK/ERK1/2), as well as nitric oxide synthase (iNOS) (Kaltschmidt & Kaltschmidt,
2009). The latter pathway leads to the production of reactive nitrogen species (RNS) such as
NO, which, together with reactive oxygen species (ROS), triggers cytosolic stress pathways,
DNA damage, and upregulation of pathways involved in inflammation. These effects can result
in the degeneration of neurons and glial cells (Figure 2) (Metodiewa & Koska, 2000; Ransohoff,
2016b). Interesting, the myeloid secreted cytokines have both neuroprotective and neurotoxic
actions based on complex signals within their microenvironment. However, TNF, IL6, and IL1B
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are primarily associated with neurotoxicity due to their ability to inhibit neurogenesis, and
induce cellular stress and apoptosis (Merson et al., 2010b).

The pro-inflammatory response is further characterized by antigen presentation. Although
originally thought to be an exclusive characteristic of DCs, microglia and macrophages can also
present antigens, activate and guide the adaptive immune response in the CNS (Jordao et al.
2019; Roche and Cresswell 2016). Microglia play an essential role in antigen presentation by
expressing low levels of major histocompatibility complex (MHC) molecules at steady-state,
but rapidly induce MHC expression when activated in disease conditions, which is crucial in
promoting and reactivating T-cell responses. For example, antigen presentation by myeloid
cells in the CNS promotes T-cell responses and phagocytosis of myelin in MS, increasing
disease severity (Riedhammer & Weissert, 2015). On the contrary, in AD, activated microglia
process and present self-antigen such as amyloid-B (AB) and modified Tau proteins, two
hallmarks of AD, to the infiltrated T lymphocytes in order to temper neuroinflammation (Das
& Chinnathambi, 2019).
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Figure 2. Myeloid cells in a healthy central nervous system (CNS) and during neuroinflammation. In a healthy
CNS, macrophages and monocytes are circulating in blood vessels and are not able to cross the intact blood
brain barrier (BBB). Microglia are in a steady state and play a role in the maintenance and homeostasis of the
CNS to support healthy neurons. During neuroinflammation, monocytes and macrophages are able to cross
the leaky BBB, become activated, and adopt a pro-inflammatory state together with microglia. These myeloid
cells will secrete pro-inflammatory cytokines to activate and more myeloid cells, consequently amplifying the
inflammatory response. In addition, myeloid cells will secrete reactive oxygen species (ROS) which create a
cytotoxic environment for neurons and other supportive cells leading to neuron degeneration. The debris of
the degenerating neurons will be removed through phagocytosis by the myeloid cells. CNS myeloid cells will
also secrete anti-inflammatory cytokines to counteract the neuroinflammation and induce repair and
homeostasis. In most of the cases, anti -and pro-inflammatory responses will exist in parallel which prevents
full recovery from damage and induce the formation of scar tissue. Figure created with BioRender.
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Another important function of myeloid cells during neuroinflammation is the phagocytosis of
cellular debris, apoptotic cells, and other macromolecules, in order to dampen inflammation
and promote homeostasis and repair (Figure 2)(Sierra et al. 2013).

Indeed, besides displaying a pro-inflammatory signature, myeloid cells have been found to
also secrete anti-inflammatory molecules such as IL-4, IL-10, IL-13, and transforming growth
factor (TGF)-B (Figure 2) (Gordon, 2003). These molecules work together to promote the
development of a protective type 2 T helper (Th2) and regulatory T (Treg) cells response in
various neuroinflammatory conditions to induce the resolution of inflammation. However,
these latter cells are also one of the most important sources of the anti-inflammatory
cytokines which in their turn temper the pro-inflammatory response of myeloid cells (Liston
et al., 2022). Furthermore, myeloid cells have important roles in CNS repair following damage.
Macrophages and microglia adopt a wound healing phenotype characterized by the
production of growth factors such as platelet derived growth factor (PDGF), TGF-B1, insulin
growth factor (IGF-1), and vascular endothelial growth factor (VEGF)-a, which promote
cellular proliferation and blood vessel development (Berse et al., 1992). They also produce
soluble mediators that stimulate tissue fibroblasts to differentiate into myofibroblasts,
facilitating wound contraction and closure, as well as the synthesis of extracellular matrix
components. In summary, myeloid cells have diverse and important functions in the CNS,
ranging from immune surveillance and inflammation to tissue repair and homeostasis (Quarta
et al., 2021; Sierra et al., 2013).

1.2.3 Myeloid Subpopulations in the CNS

High-dimensional single-cell sequencing has revealed that different subpopulations of
myeloid cells, with their different activated phenotypes, coexist in both healthy and diseased
CNS (Mrdjen et al., 2018). The existence of different microglia and macrophage
subpopulations in the CNS, known as myeloid cell heterogeneity, is characterized by
morphological and transcriptional differences depending on the CNS region (Grabert et al.,
2016; Lavin et al., 2014). The cells' response depends on the local microenvironment, which
they sense through unique clusters of surface and intracellular proteins, known as the
"sensome” (Hickman et al., 2013). By using these sensors, the cells can detect endogenous
ligands and microorganisms, and adjust their transcriptome to produce a cell specific response
(Gertig & Hanisch, 2014). In pathological conditions, microglia and other CNS macrophages
can lose their homeostatic gene signature and undergo changes in both morphology and
transcriptional identity, a process known as polarization (Ajami et al., 2018).

Originally, polarization was explained by the M1-M2 dichotomy: classical (M1)-activated
macrophages and microglia were thought to be harmful due to the release of destructive pro-
inflammatory mediators, while alternative (M2)-activated cells were believed to be involved
in resolving inflammation and phagocytosis. However, this classification is outdated and no
longer explains the different responses of myeloid cells to different challenges (Ransohoff,
2016a). These innate immune cells exhibit a more dynamic and varied spectrum of activation
states between the two extreme M1 and M2 states, with some even overlapping (Ajami et al.,
2018; Mathys et al.,, 2017). Interestingly, a disease/damage-associated microglia (DAM)
phenotype develops in neuroinflammatory conditions, and has been documented in diseases
such as AD disease and MS (Keren-Shaul et al., 2017; Krasemann et al., 2017), but have also
been observed in other neurodegenerative diseases. DAM microglia, for example, lose
homeostatic markers such as Cx3crl and purinergic receptors P2ry12/P2ry13, and gain
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inflammation, as well as phagocytic and lipid metabolism genes such as ApoE, Lpl, Cst7, and
CD9. However, it remains unclear whether DAMs are beneficial or rather detrimental, or even
both, as research is hindered by difficulties in distinguishing the different myeloid
subpopulations. Identifying their specific roles may contribute to a better understanding of
the importance of these myeloid cells in homeostasis, development, and disease. Moreover,
the molecular regulation underlying these myeloid states and phenotypes during
neuroinflammation is crucial to find new therapeutic strategies to intervene and treat patients
suffering from neurodegenerative diseases.

1.2.4 Molecular Regulation of Neuroinflammation

As mentioned earlier, the secretion of pro-inflammatory cytokines including TNF, IL-6, and IL-
1B by myeloid cells and other immune cells, mediates an inflammatory response, and
subsequently a repair process in myeloid cells (Sierra et al., 2013). The NF-kB family of
transcription factors crucially controls inflammation by regulating the expression of many
genes involved in inflammation, cell survival, death, proliferation, and differentiation (Q.
Zhang et al., 2017). Activation of NF-kB occurs by stimulation of specific receptors such as Toll-
like receptors (TLRs), TNF receptor (TNFR), IL-1 receptor, and many others (Hayden & Ghosh,
2008). In the CNS, NF-kB can play a dual role contributing to either neuroprotection or
neurodegeneration, depending on the specific cell type and subunits involved (Dresselhaus &
Meffert, 2019). Indeed, while NF-kB signalling in reactive microglia and astrocytes has been
reported to contribute to AD pathology by increasing accumulation of AR plaques, tau protein
hyperphosphorylation, and neuroinflammation, it has also been shown to promote synapse
growth and enhance synaptic activity under normal physiological conditions (De Strooper &
Karran, 2016; Kassed et al., 2002). The tight regulation of NF-kB signalling involves many
mediators, such as A20, OTULIN, and CYLD, which negatively regulate NF-kB activation and
suppress inflammation through their deubiquitinating activity (Q. Zhang et al.,, 2017).
Knockout of A20 in mice, for instance, induces a spontaneous neuroinflammatory phenotype,
making mice more sensitive to neurodegenerative diseases, by affecting microglial regulation
of neuronal synaptic function (Voet et al., 2018).

In addition to the NF-kB pathway, other important components of the inflammatory response
are inflammasomes, which are cytosolic multiprotein complexes. Inflammasomes activate the
pro-inflammatory protease caspase-1, responsible for maturation and secretion of cytokines
IL-1B and IL-18, as well as for the cleavage of gasdermin-D (GSDMD) to induce pyroptosis, a
form of pro-inflammatory cell death (Rathinam and Fitzgerald 2016). Among the
inflammasomes, nod-like receptor protein (NIrp)-3 is the most widely studied one and
responds to a diverse range of activating stimuli, including bacterial, fungal, and viral
pathogen-associated molecular patterns (PAMPs), as well as damage-associated molecular
patterns (DAMPs) such as ATP and uric acid crystals (Lamkanfi & Dixit, 2012). In the CNS, IL-1
and IL-18 play crucial roles in initiating inflammatory signalling cascades that may contribute
to neuronal injury and cell death. Consequently, increased levels of IL-1b and IL-18 are often
observed in CNS infection, brain injury, and neurodegenerative diseases (Heneka et al., 2018).
On the contrary, IL-1B and IL-18 also have important physiological functions in the CNS and
participate in cognitive processes, learning, and memory (Tsai, 2017). Although inflammasome
signalling in the CNS is mainly attributed to microglia, other cell types of the CNS, including
neurons, astrocytes and endothelial cells, have been reported to involve inflammasome
activation (Walsh et al., 2014).
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In addition, MAPKs play a pivotal role in modulating myeloid responses and are known to
contribute to the initiation of pro-inflammatory reactions after activation due to PAMPS and
DAMPS. Studies have demonstrated that the phosphorylation of MAPK proteins leads to the
activation of the transcription factor NF-kB and other transcription mediators, ultimately
inducing a pro-inflammatory response (Gottschalk et al., 2016). Additionally, the JAK/STAT
signalling pathway plays a significant role in the regulation of inflammation, cell proliferation,
and cell death, much like NF-kB. Intriguingly, while STAT1 and STAT3 mediate the polarization
of pro-inflammatory microglia , the activation of STAT6 by IL-4 promotes the anti-
inflammatory polarization of microglia (Z. Yan et al., 2018).

The signalling pathways discussed in this context play crucial roles in regulating inflammation
in myeloid cells. It is important to note that certain mediators can exhibit dual functions,
having both detrimental pro-inflammatory effects and neuroprotective roles, making their
regulation highly complex. Hence, activation of multiple signalling pathways drives myeloid
cells towards either a pro-inflammatory or anti-inflammatory response, which has significant
implications for CNS homeostasis and disease progression (Butovsky & Weiner, 2018; Z. Jiang
et al.,, 2014). Repression of NF-kB, for instance, is necessary for prevention of
neuroinflammation, and upstream regulators such as A20 are involved in this regulation (Zhan
et al.,, 2016). The current hypothesis suggests that NF-kB upregulation due to receptor
activation is gradually decreased over time through a negative feedback loop, leading to
inflammation resolution. However, this negative feedback loop appears to be impaired in
neurodegenerative and neuroinflammatory diseases (Shabab et al., 2017b). Recent studies
have shown that inhibiting M1 microglia alone is not sufficient to achieve therapeutic benefits
in neurodegenerative diseases, highlighting the importance of understanding the shift to a
neuroprotective role for the development of effective therapies (Tian et al., 2022).

Although a significant amount of knowledge exists about the pathways involved in driving and
regulating neuroinflammation, most of the focus has been on protein coding genes,
overlooking other important factors that could contribute to myeloid polarization. Epigenetics
has emerged as a promising field that connects the genomic code with the environment.
Specifically, chromatin remodelling plays a critical role in regulating neuroinflammation, and
IncRNAs have been identified as key regulators in this process. Despite progress in this field,
our understanding of the role of IncRNAs in the context of neuroinflammation remains limited.

1.2.5 LncRNAs in the Regulation of Neuroinflammation

As mentioned earlier, IncRNAs exhibit a diverse array of mechanisms through which they
regulate cellular activities (Mercer et al.,, 2009). Increasing evidence suggests that these
transcripts play a significant role in the regulation of neuroinflammation. While certain
IncRNAs may be specific to particular diseases, others exert cumulative effects in conjunction
with other IncRNAs, influencing broader neuroinflammation pathways (Tripathi et al., 2021a).
Furthermore, dysregulation of neuroinflammation-related ncRNAs can disrupt specific
signalling pathways (Y. Liu et al., 2022b). The following examples illustrate the aforementioned
mechanisms within the context of neuroinflammation.

A significant number of identified IncRNAs involved in neuroinflammation exert their functions
through interaction with miRNAs, thereby modulating their activity (Y. Liu et al., 2022b). One
well-known IncRNA, Metastasis Associated Lung Adenocarcinoma Transcript 1 (Malat1), was
initially recognized as a critical regulator of the metastasis phenotype in lung cancer cells (Ji et
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al., 2003). In the context of the brain, downregulation of Malatl has been observed in AD,
leading to neuronal apoptosis, inhibition of neurite outgrowth, and increased levels of the pro-
inflammatory cytokines IL-6 and TNF, accompanied by decreased levels of the anti-
inflammatory cytokine IL-10. This downregulation of Malat1 results in the degradation of anti-
inflammatory regulators of inflammation, mediated by miR-125b, consequently inducing
inflammation in AD. Remarkably, the overexpression of Malat1 reverses these events (Ma et
al., 2019). In contrast, in PD, Malat1 levels are increased in the 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced PD mouse model and in LPS/ATP-treated microglial cells
in vitro. In this context, the upregulation of Malatl promotes apoptosis and enhances the
expression of IL-1B, IL-6, and TNF-a. Malatl achieves these effects through binding and
sequestering miR-212 (Cai et al., 2020). These two studies highlight the context-specific and
opposite roles that IncRNAs can play, depending on the binding to different miRNAs. Many
other studies have also elucidated the relationship between IncRNAs and miRNAs during
neuroinflammation (Y. Liu et al., 2022b; Tripathi et al., 2021a).

Apart from their role as miRNA sponges, IncRNAs are also involved in protein interactions, as
demonstrated by studies on another well-known IncRNA, nuclear paraspeckle assembly
transcript 1 (Neatl). While Neatl is primarily recognized for its involvement in nuclear
organization, it has also been implicated in regulating inflammation and autophagy responses
(Clemson et al., 2009; Tripathi et al., 2021a). Specifically, Neatl has been linked to the
progression of PD through its interactions with PTEN-induced putative kinase 1 (PINK1), an
autophagy regulator, and several microRNAs. /n vivo experiments have shown that silencing
Neat1 can suppress autophagy induced by MPTP, leading to reduced dopaminergic neuronal
injury and mitigated neuroinflammation (W. Yan et al., 2018). In the context of AD, Neat1 was
found to be upregulated in animal models, while PINK1 was downregulated, indicating distinct
effects of Neat1 within the same autophagy pathway in different diseases (Huang et al., 2020).
These findings highlight again the diverse and context-dependent roles of IncRNAs in
modulating neuroinflammation and autophagy.

Epigenetic modifications and chromatin architecture play a crucial role in the regulation of
gene expression, including during neuroinflammation (Saldi et al., 2019). One IncRNA that has
been implicated in this process is HOXA-AS2. In PD patients, HOXA-AS2 was found to be
upregulated in peripheral blood mononuclear cells (PBMCs) and negatively correlated with
the expression of peroxisome proliferator-activated receptor gamma coactivator-1a (PGC-1a),
a key regulator of mitochondrial biogenesis and inflammation. Interestingly, knockdown of
HOXA-AS2 was shown to significantly inhibit the microglia pro-inflammatory phenotype and
promote the anti-inflammatory phenotype by modulating PGC-1a expression. Mechanistic
studies revealed that HOXA-AS2 directly interacts with PRC2 and regulates the histone
methylation status of the PGC-1a promoter, thereby influencing its expression. These findings
highlight the role of HOXA-AS2 in epigenetic regulation of neuroinflammation and microglial
polarization through its interaction with PRC2 and modulation of histone methylation (X. Yang
et al.,, 2021).

The studies on molecular regulation of neuroinflammation have not only expanded our
understanding of the underlying mechanisms but have also highlighted the therapeutic
potential of targeting IncRNAs. One such example is the IncRNA Growth arrest-specific 5
(Gas5), which has been shown to induce microglia polarization towards a pro-inflammatory
state and regulate inflammasome activation in PD (Xu et al., 2020). Targeting Gas5 using a
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small molecule called NPC86 has demonstrated promising results in aged mice, where
intranasal administration of NPC86 improved cellular functions, reduced neuroinflammation,
and increased neuronal survival (Patel et al., 2023). This highlights the therapeutic potential
of targeting IncRNAs as a strategy to modulate neuroinflammation.

Furthermore, oligonucleotides have emerged as a promising approach for targeting IncRNAs
due to their precise complementarity to their target RNA sequences (Wurster & Ludolph,
2018). They offer advantages over traditional therapies, such as small molecules and
antibodies, including the ability to target inaccessible RNAs and reduced potential for side
effects (Wurster & Ludolph, 2018; T. Zhou et al., 2016). CRISPR-Cas9, a gene editing tool, has
also shown efficacy in modifying gene expression and has been used in the treatment of
certain autoimmune diseases (C. Liu et al., 2017). Still, the main challenge in treating CNS
pathology is delivering ncRNA-based therapies across the BBB (Min et al., 2020). Several
strategies are being explored, including non-viral delivery pathways and lipid or polymer
nanoparticle delivery systems (Cullis & Hope, 2017). Focused ultrasound has also shown
promise in temporarily disrupting the BBB, enabling targeted therapy delivery to brain tissue.
Adeno-associated virus (AAV) vectors are already being used to target ncRNAs in the CNS (Di
lanni et al., 2019; Kimura et al., 2019). In conclusion, IncRNAs exhibit context-specific and
often cell-specific functions, providing an opportunity to design therapies with minimal side
effects. Targeting IncRNAs holds great potential for developing novel therapeutic strategies
for neuroinflammatory diseases.

Furthermore, many other studies have revealed the intriguing involvement of IncRNAs in
promoting neuroinflammation not only in AD and PD, but also in a range of other
neuroinflammatory conditions. These conditions encompass stroke, spinal cord and brain
injury, as well as amyotrophic lateral sclerosis (ALS), where the role of IncRNAs has been
elucidated. (Tripathi et al., 2021a). However, little is known of the involvement of IncRNAs in
driving neuroinflammation in MS, a complex autoimmune inflammatory disease.
Investigating the potential role of inflammatory IncRNAs in MS has the potential to advance
our understanding of this disease, and could eventually lead to the development of new
effective therapies to treat MS.

1.3 Multiple Sclerosis

MS is an acquired paralyzing neurological disease that usually manifests in young adults, and
affect approximately 2.5 million people worldwide. It is the most common non-traumatic
disabling disease in young people. Moreover, this condition is an autoimmune disease that
causes demyelination of neurons in the CNS, which impairs optimal impulse transmission and
leads to disability of the patient (Reich et al., 2018; Walton et al., 2020). However, research is
in debate whether MS is really an autoimmune disease or rather a degenerative one (Stys et
al., 2012). Still, it is widely accepted that neuroinflammation plays a prominent role in this
disease.

1.3.1 MS Symptoms and Types

MS is a complex and unpredictable disease that affects various motor, sensory, visual, and
autonomic systems over time (Matveeva et al.,, 2018). Common symptoms include optic
neuritis, brainstem and spinal cord syndromes, and other less common manifestations such
as cortical symptoms (Reich et al., 2018). Prior to the manifestation of symptoms, patients
may be in an asymptomatic, prodromal phase, which will develop into a phase where one
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(monosymptomatic) or several (polysymptomatic) symptoms become noticeable. These
symptoms may persist for hours to days and stabilize for several weeks before diminishing in
severity. However, complete recovery only occurs during the early stages of MS or, in some
patients, it may never occur. Notably, the pathological manifestations of MS encompass a
diverse array of symptoms and behaviours that evolve over time, leading to the classification
of distinct MS subtypes (Frischer et al., 2015; Lublin, 2014).

The most common type of MS is relapsing-remitting MS (RRMS), which is common in 85%—
90% of MS patients between the ages of 20 and 40. After each exacerbation, little damage to
neurons remains but eventually, neuronal reserve is lost, and recovery after a relapse is no
longer possible, leading to secondary progressive MS (SPMS) (Eriksson et al., 2003). A small
proportion of patients develop primary progressive MS (PPMS) from the disease onset, which
is more severe and lacks partial recovery after each exacerbation (Lassmann et al., 2012).

To diagnose and categorize MS, patients undergo clinical examination, magnetic resonance
imaging (MRI) scans, or tests for oligoclonal bands in the cerebrospinal fluid, which are
indicative of CNS inflammation (Eshaghi et al., 2021; Kolb et al., 2021). MRI scans can clearly
visualize the lesions, although the spatiotemporal explanation for their formation is still
lacking (Kolb et al., 2021). Advances in positron emission tomography imaging have enabled
the examination of microglial and astrocyte responses linked to MS progression, which helped
to unravel their contribution to the disease mechanism (Bodini et al., 2021).

1.3.2 MS Pathophysiology

Although the etiology of MS is not well understood, its pathophysiology has been extensively
studied. This involves the breakdown of the blood-brain barrier, multifocal brain
inflammation, loss of oligodendrocytes, reactive gliosis, and axonal demyelination and
degeneration in both active and inactive lesions, affecting both grey and white matter (Trapp
& Nave, 2008). These features are driven by various immune cells and their associated
immune and/or inflammatory response. The onset of the disease involves the activation of
autoreactive peripheral T-cells, specifically CD4+ Th1 and Th17 cells as stated by the ‘outside-
in hypothesis’. These cells cross the BBB and begin to secrete pro-inflammatory cytokines,
such as IL-17 and interferon (IFN)-y, upon reactivation by antigen-presenting cells in the CNS.
(Figure 3) (Malpass, 2012; Traugott et al., 1983). Active lesions initiate the activation of these
cytokines, which in turn stimulate various innate immune cells such as astrocytes and
microglia. Consequently, this activation sets off a cascade of events, including an intensified
inflammatory response and increased infiltration of immune cells, ultimately creating a
cytotoxic environment (Figure 3)(Lucchinetti et al., 2011). Furthermore, the axonal
demyelination results from both the antigen-specific CD8+ T cell response as well as the
inflammatory conditions characterized by ROS and RNS secretion (Figure 3) (Martin et al.,
2000; Traugott et al., 1983). Remarkably, autoreactive T cells can be found in the peripheral
blood of both healthy individuals and those with MS. However, in MS patients, these T cells
are observed to be in an active state, indicating their involvement in the disease pathogenesis
(Martin et al., 2000). Additionally, B cells also play a role in the autoimmune response, and
research has shown that alterations in their activity and abundance correlate with disease
activity and treatment response (Figure 3)(R. Li et al., 2018). B-cells derived from MS patients
secrete more granulocyte-macrophage colony-stimulating factor (GM-CSF) and reduced
secretion of IL-10 compared to B-cells of healthy individuals. Specially, the elevated GM-CSF
levels from B cells promote the secretion of myeloid cytokines IL-12 and IL-6, which play a role
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in directing the development of the T-cell response and contribution to a cytotoxic
environment (Lisak et al., 2017). Consequently, a study demonstrated that anti-CD20
treatment results in a long-term benefit that appears to correlate with the absence of memory
B-cells and with reduced B-cell secretion of pro-inflammatory cytokines (Florou et al., 2020).
Notably, the regulation of these immune cells can be mediated by specific regulatory immune
cells, including CD4+ Th2 cells, Tregs, and regulatory B cells (Bregs) (Figure 3). These regulatory
immune cells play a crucial role by secreting anti-inflammatory cytokines such as IL-10 and IL-
4, which effectively attenuate the inflammatory immune response and initiate the repair
process. Consequently, regulatory immune cells play a significant role in RRMS, although their
prominence is comparatively diminished in SPMS and PPMS (Ruiz et al., 2019).

The experimental autoimmune encephalomyelitis (EAE) model is widely used to investigate
the pathophysiology of MS in rodents due to its similarities in immune mechanisms with the
human disease. EAE can be induced in mice by immunization with myelin-specific antigens in
an adjuvant or by the adoptive transfer of activated myelin-specific T cells, causing T cell and
monocyte infiltration in the brain, CNS inflammation and axon demyelination, comparable to
what is seen in human MS. Moreover, the counter-regulatory mechanisms of resolution of
inflammation and remyelination also occur in EAE, which, therefore can also serve as a model
for these processes (Constantinescu et al., 2011). Still, the model needs to be appointed to
the scientific question being asked due to also the clear differences between this model and
humane MS.
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Figure 3. Multiple Sclerosis pathophysiology. Peripheral autoreactive T cells (CD4+ Th1 and Th17) cross the
blood-brain barrier (BBB) and enter into the central nervous system (CNS), where they secrete cytokines such
as IFNy and IL-17 to activate innate immune cells. Microglia and astrocytes start producing inflammatory
cytokines and reactive oxygen and nitrogen species (ROS and RNS). The myelin targeting of the CD8+ T cells and
the cytotoxic inflammatory environment cause neuron demyelination and neurodegeneration. T and B
regulatory cells, including Treg, Th2 and Bregs, can suppress the inflammation and induce repair, primarily
through the secretion of IL-4 and IL-10. Figure created with BioRender.

1.3.3 MS Prevalence, Incidence and Risk Factors

The incidence of MS is increasing worldwide, along with its socioeconomic consequences.
Since 2013, the prevalence of MS has risen by 30% (Walton et al., 2020). While improved
reporting and diagnosis may have contributed to this increase, much of its underlying factors
remain unknown. MS exhibits a higher prevalence in North America and Europe, while being
less prevalent in sub-Saharan Africa and East Asia. This geographical distribution strongly
suggests that genetic susceptibility and environmental factors contribute significantly to the
etiology of MS (Matveeva et al., 2018; Walton et al., 2020).

Evidence pointing towards the influence of environmental factors on MS was initially observed
in a study investigating the impact of latitude and migration (Sabel et al., 2021). This study
revealed a distinct latitudinal gradient in MS, whereby the prevalence of the disease increases
as one moves farther away from the equator. Moreover, migration studies have demonstrated
that individuals who relocate from a high-risk country to a low-risk country before reaching
adolescence have a reduced risk of developing MS. Conversely, those who migrate from a low-
risk country to a high-risk country exhibit a heightened risk of the disease. These findings
strongly suggest that environmental factors play a significant role in the development and
incidence of MS (Ostkamp & Schwab, 2022). Indeed, these results led to the hypothesis of a
protective effect of sun exposure and ultraviolet (UV) radiation (Vitkova et al., 2022).
Consequently, they showed that elevated vitamin D levels, especially before the age of 20, are
associated with a reduced risk of MS later in life. In addition, UV radiation also protects against
MS, probably through its effects on vitamin D and through independent effects on the immune
system (Scazzone et al., 2021) Vitamin D has broad effects on the immune system, including
suppression of proliferation of both B and T-cells, down-regulation of inflammatory T cell
responses, and promotion of Treg responses and of tolerogenic monocyte and dendritic cell
phenotypes, mechanisms all in favour of supressing the auto-inflammatory reaction of MS
(Lemke et al. 2021).

Next, cigarette smoking is a known risk factor for MS (Wingerchuk, 2012), while oral tobacco
use, cytomegalovirus infection, alcohol and coffee consumption are associated with reduced
risk. Smoking appears to exert its effect by stimulating Th17-type responses in the lung,
increasing inflammatory responses (Olsson et al., 2017).

Numerous studies have established a significant association between infectious agents,
particularly the Epstein-Barr virus (EBV), and MS. The higher prevalence of EBV infection
among individuals with MS compared to control groups supports this link. However, the
precise mechanism by which EBV may contribute to the development of MS remains unclear,
although several hypotheses have been proposed (Bjornevik et al.,, 2022). One potential
explanation involves that EBV could have a specific effect via a mechanism of molecular
mimicry. Moreover, a general immune effect of EBV on B cells or other immune regulatory
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elements has been proposed. This was based on its effects seen in other autoimmune diseases
such as systemic lupus erythematosus (Harley & James, 2006).

Finally, as in many other studies, also a role for the microbiome in MS pathology has been
proposed. Recent studies have shown that the gut microbiome participates in
immunoregulatory pathways that can both contribute to and protect against disease.
Remarkably, in a spontaneous relapsing-remitting EAE model in mice, animals raised under
germ-free conditions were shown to be resistant to the disease, while those exposed to
commensal bacteria developed EAE (Berer et al., 2017; Cekanaviciute et al., 2017). Moreover,
studies examining the gut microbiome of MS patients found that the bacterial species
Methanobrevibacter and Akkermansia were increased, and the bacterium Butyricimonas were
decreased, in MS patients compared to control subjects (Cekanaviciute et al., 2017).

However, all of these environmental influences also depend on genetic and epigenetic
backgrounds (Olsson et al.,, 2017). For example, the human leukocyte antigen (HLA)-
DRB1*15:01 allele in the class Il major histocompatibility complex (MHC) most prominent risk
factor identified for MS (Baranzini & Oksenberg, 2017). In addition, also the interleukin-2
receptor alpha and the interleukin-7 receptor alpha genes were identified as heritable risk
factors. These genes are major immune mediators and consequently specific single nucleotide
polymorphisms (SNPs) in these genes could make people more prone to develop an
(auto)immune response (International Multiple Sclerosis Genetics Consortium, 2019).

1.3.4 Current Treatments for MS

MS is a complex disease with various subtypes and stages that involve multiple genetic,
environmental, and immunological factors (Olsson et al., 2017). Although current therapies
have demonstrated some success in treating specific types of MS, they frequently carry
notable side effects and do not work for all patients. Additionally, progressive MS continues
to present a significant challenge, emphasizing the necessity for improved comprehension of
the molecular mechanisms involved in this subtype. Such understanding will aid in the
development of more effective treatments (Dangond et al., 2021).

Treatments for MS usually consist of immunosuppressive drugs that target the inflammatory
and relapsing stages of MS. Specifically, they target reactions to reduce Th1/Th17 cell
reactivity, induce T-reg cells and affect cell transport to the nervous system (Tramacere et al.,
2015). The first line of treatment was represented by type 1 IFNs, which are natural antiviral
molecules produced with immunoregulatory properties (Comi, 2009). Now, natalizumab
serves as an excellent example of an effective treatment for MS. It is an anti-a4 integrin
monoclonal antibody that effectively reduces inflammation in the CNS by blocking lymphocyte
migration via the BBB (Polman et al., 2006). Yet, the use of this medicine has to be weighed
against side-effects such as fatal progressive multifocal leukoencephalopathy. Another
notable drug for MS treatment is ocrelizumab, which specifically targets B cells. Interestingly,
this monoclonal antibody therapy has also demonstrated efficacy in patients with progressive
forms of MS (Hauser et al., 2017). Unfortunately, there have also been immunomodulatory
treatments that turned out to exacerbate MS, such as anti-TNF therapy, which was shown to
be effective for the treatment of RA (Caminero et al., 2011). Slightly further at the horizon are
the future cellular therapies. The only such treatment that has entered clinical practice, albeit
not in large controlled studies, is haematopoietic stem cell transplantation. This therapy
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thought to represent a drastic form of immunosuppression, which may reset an autoimmune-
prone immune system, and has theoretical potential for neurorepair (Muraro & Uccelli, 2010).

Emerging research has emphasized the significance of targeting innate immune cells, including
microglia and CNS macrophages, which play a pivotal role in driving chronic inflammation in
progressive MS. An intriguing therapeutic approach involves the nasal administration of anti-
CD3, which has demonstrated the ability to stimulate the generation of IL-10-secreting Tregs.
These Tregs can migrate to the CNS and effectively mitigate the inflammatory responses of
microglia and astrocytes, potentially leading to a slowdown in disease progression (Mayo et
al., 2016). This line of investigation suggests the importance of identifying novel molecular
targets that can be leveraged to develop more effective therapies for progressive MS. Ongoing
research in this targeting the innate immune cells such as myeloid cells, holds promise for
uncovering new strategies and therapeutic avenues to better manage the disease.

1.3.5 Myeloid Cells in MS

Indeed, studies of MS and EAE reveal highly dynamic communication between CNS-resident
cells including microglia, astrocytes, oligodendrocytes, and neurons, as well as CNS-recruited
peripheral immune cells, such as T cells and macrophages/monocytes. While myeloid cells are
considered the primary drivers of inflammation and immune reactions during MS and EAE,
studies have also suggested their involvement in initiating the repair process through
mechanisms such as phagocytosis of myelin debris and induction of remyelination (Bogie et
al., 2014). It is unclear, however, which response prevails at any particular time in MS, but
myeloid cells may possess both properties at the same time, with a greater tendency towards
pro-inflammatory responses (Ransohoff, 2016a). The balance and interplay between these
responses are complex and may contribute to the diverse clinical manifestations and disease
course observed in MS.

Microglia exhibit interesting aspects over time and space during MS and EAE. Focal lesions of
active demyelination and neurodegeneration are characterized by inflammation and
microgliosis. However, microglial activation is not restricted to these lesion areas only (Zrzavy
et al.,, 2017). The normal-appearing white matter of MS patients also shows pronounced
microglial activation compared to healthy individuals. In addition, clusters of activated
microglia, called 'microglial nodules,' can be observed in the white matter of MS patients near
plagues, and are associated with degenerating axons, stressed oligodendrocytes, or deposits
of activated complement pathway products (Ramaglia et al., 2012; Singh et al., 2013). These
nodules are considered 'pre-active lesions' and are characterized by a lack of macrophage
infiltration and demyelination. Over time, these sites may develop into active demyelinating
MS lesions (Singh et al., 2013). A particular microglia population, TMEM119-positive microglia,
governs the edge of active lesions and acquires a phagocytic phenotype, suggesting that
microglia play an important role in the initial and early stages of tissue damage in MS patients.
However, as lesions mature, the proportion of TMEM119-negative macrophages recruited
from the periphery increases (Zrzavy et al., 2017).

Both these microglia and recruited macrophages predominantly display a pro-inflammatory
phenotype in these early active lesions, expressing molecules involved in inflammation,
phagocytosis, oxidative injury, antigen presentation, T cell stimulation, and iron metabolism.
Indeed, pro-inflammatory cytokines such as TNF, IFNy, IL-1B, IL-6, and ROS, which are
produced by infiltrating T-cells and various cell types, have the capability to activate microglia
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cells. This activation triggers an amplified release of pro-inflammatory cytokines, exacerbating
the symptoms of EAE (Merson et al., 2010a). Additionally, myeloid cells and DCs participate in
antigen-spreading and presentation, which contributes to MS progression and chronic
inflammation (Neumann et al., 2009). However, myeloid cells also play a critical role in
removing myelin debris, which is essential for inflammation resolution and tissue repair.
Alternatively activated microglia have been found to drive oligodendrocyte differentiation
through the TGFB-dependent signalling pathway, promoting remyelination (Butovsky et al.,
2014). Additionally, IFNB, secreted by microglia, plays also a significant role in myelin
phagocytosis. As a result, exogenous IFNB administration has shown protective effects in EAE
by modulating microglia and is used as a treatment for MS (Pennell & Fish, 2017).

While microglia play a crucial role in the pathogenesis of EAE and MS, it has been observed
that the early immune response is predominantly driven by infiltrated monocytes and
macrophages. However, microglia are responsible for the recruitment of these myeloid cells
(Brosnan, Bornstein, and Bloom, 1981). The inflammatory phenotype of these myeloid cells
primarily manifests during the active stage of the disease, while later on in the chronic
progressive phase of the disease the microglial activity will prevail. Interestingly, the pro-
inflammatory polarization of the infiltrating myeloid cells is only induced after CNS entry,
while very few microglia adopt this phenotype at this stage (Vainchtein et al., 2014). During
later disease stages, these myeloid cells return to an expression profile more similar to
circulating macrophages and monocytes. Overall, CNS-infiltrating monocyte-derived cells do
not acquire the typical microglia-specific transcriptional signature and reveil a different
activation course (Ajami et al., 2011; Yamasaki et al., 2014).

Interesting, studies have also shown that infiltrating monocytes and macrophages are the
principal mediators for remyelination and neuroprotection. In a neurotropic JHM coronavirus-
induced demyelination mouse model, these cells exhibited a mixed phenotype with both pro-
and anti-inflammatory characteristics, similar to the microglia DAM phenotype as mentioned
earlier and consequently were important in the resolution of inflammation (Savarin et al.,
2018). In addition, another study showed that lenalidomide, an anti-cancer molecule, could
promote macrophage M2 polarization and suppress pro-inflammatory Thl and Th17 cells to
prevent the progression of EAE. However, lenalidomide showed no effect in macrophage-
depleted EAE mice, suggesting that these macrophages are one of the most important
mediators in inducing a repair response (Weng et al., 2018).

In conclusion, the myeloid cells have a complex but interesting role in the initiation and
duration of MS. Better understanding of this cell population and their molecular regulation is
crucial to understand all the aspects of the disease.

1.3.6 Regulation of Neuroinflammation in MS and EAE

Understanding the intricate molecular regulation of neuroinflammation is of utmost
importance in the quest to develop effective therapies for treating MS and other
neuroinflammatory diseases. Remarkable progress has already been made through extensive
research on MS and its widely utilized mouse model, EAE, leading to valuable insights into the
underlying mechanisms that drive and govern neuroinflammation. These significant
discoveries hold great promise for the advancement of therapeutic interventions and
strategies aimed at tackling these debilitating conditions.
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Activation of NF-kB in peripheral immune cells is crucial for inducing EAE pathology. Moreover,
its inhibition in the CNS can be protective in EAE by preventing the expression of pro-
inflammatory mediators (Hilliard et al., 1999). Additionally, inhibiting upstream mediators of
NF-kB activation has also been shown to provide protection in EAE (van Loo et al., 2006).
Studies have also shown the importance of inflammasome activation in MS and EAE. Elevated
levels of caspase-1, IL-18, and IL-1f3 are seen in PBMCs and CSF of MS patients and EAE mice
due to hyperactivation of NLRP3, leading to increased IL-1B secretion and CNS inflammation
(Inoue & Shinohara, 2013). Furthermore, the anti-inflammatory protein A20 negatively
regulates NF-kB activation, and its deletion in microglia and CNS macrophages exacerbates
EAE in mice due to NLRP3 hyperactivation (Voet et al., 2018). CNS-intrinsic inflammasome
activation in MS and EAE has been reported in a study showing caspase-1- and GSDMD-
mediated pyroptosis in microglia and myelin-forming oligodendrocytes in the CNS of MS
patients and in EAE mice. While TNF has both pro-inflammatory and protective functions,
microglial TNF is dispensable for EAE (Wolf et al., 2017). However, a recent study has identified
TNFR2 signalling in microglia as an important neuroprotective signal in EAE, as ablation of
microglial TNFR2 leads to earlier disease onset, increased demyelination, and leukocyte
infiltration (Gao et al., 2017).

Interference in inflammation signalling as described here, proves potential in developing
therapies. However this interference on protein levels causes a range of side effects as most
of the mediators have multiple functions. On the other hand, IncRNAs have cell and context
specific regulation mechanisms, which holds potential in the development of better therapy
strategies by reducing side effects.

1.3.7 Inflammatory IncRNAs in MS and EAE

Regrettably, our understanding of the role of IncRNAs in MS and EAE neuroinflammation is
limited. While there has been a surge in articles exploring IncRNAs in MS over the past two
years, most of these studies have primarily focused on their potential as biomarkers (Akbari
et al., 2022; Nociti & Santoro, 2021). Furthermore, the mechanisms of the identified IncRNAs
primarily relate to the initiation of T-cell responses, as the scientific community has primarily
been interested in the disease onset (Sabaie et al., 2021). Consequently, few studies have
delved into the role of IncRNAs in mediating chronic inflammation.

So far, only three studies have highlighted the significance of IncRNAs in myeloid
neuroinflammation during EAE. One study demonstrated decreased expression of Malat1 in
the spinal cords of EAE mice, as well as in stimulated splenocytes and primary macrophages.
Interestingly, downregulation of Malat1 using specific siRNAs enhanced the polarization of
macrophages toward the pro-inflammatory phenotype (Masoumi et al., 2019). Next, Linc-
Cox2, located 51 kb upstream of the protein-coding gene Cox2, was shown to be implicated in
EAE-associated inflammation. Linc-Cox2 can bind NF-kB subunit p65 and promote its nuclear
translocation and transcriptional activity, modulating the expression of the inflammasome
sensor NLRP3 and the inflammasome adaptor protein ASC. Knockdown of linc-Cox2 was
shown to inhibit inflammasome activation and prevent the linc-Cox2-triggered caspase-1
activation, leading to decreased IL-1B secretion. Interestingly, linc-Cox2 regulates microglia
quiescence in the CNS and during EAE as well asin BMDMs. Hence, linc-Cox2 knockdown using
AAV containing targeting siRNAs, significantly improved the clinical outcome of EAE
development by targeting macrophages and microglia (Xue et al., 2019). Another study
highlighted the importance of the IncRNAs Gas5 in myeloid neuroinflammation in EAE, which
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is additionally upregulated in microglia of MS patients. Furthermore, Gas5 was shown to have
transcriptional repressive activity on IRF4, peroxisome proliferator-activated receptor y (PPAR
v) , and STAT6 through binding and recruitment of the PRC2 to their promoter. Interference
with Gas5 in transplanted microglia reduces EAE progression and promotes remyelination in
a lysolecithin-induced demyelination model (Sun et al., 2017).

Even though the above studies have shown a potential role for these IncRNAs in EAE and MS
it is just the tip of the iceberg as there are more than 100.000 IncRNAs. More studies are
needed to understand the role and mechanisms of other IncRNAs in MS and EAE. As targeting
of IncRNAs behold potential to reduce neuroinflammation. Investigation in this direction could
lead to the development of effective therapies for all types of MS.
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LncRNAs have emerged as key regulators of cellular processes, yet their role in
neuroinflammation, specifically in Multiple Sclerosis (MS), remains relatively understudied
compared to other neuroinflammatory pathologies such as Alzheimer’s and Parkinson’s
disease. In order to fill this knowledge gap, further investigation into the involvement of
IncRNAs in MS is needed.

Consequently, the main objective of this M.Sc. thesis was to identify and characterize specific
IncRNAs that regulate inflammation in the mouse model of MS, experimental autoimmune
encephalomyelitis (EAE). By comprehensively examining the landscape of IncRNAs involved in
neuroinflammation and their functional significance in the context of MS, this research aimed
to shed light on the molecular mechanisms underlying the disease and aid in the development
of innovative therapeutic approaches.

2.1 Unbiased Bioinformatics Screening for LncRNAs That Regulate
Neuroinflammation and EAE

We started the investigation by conducting an in silico bioinformatic analysis on a previously
generated dataset in the host lab to gain early insights into the IncRNAs involved in the
regulation of general neuroinflammation. We analysed bulk RNA sequencing dataset of
microglia isolated from A2093“1KO gnd control littermate mice non-stimulated or LPS
stimulated. Our aim was here to ‘mine’ for IncRNAs that have previously been identified in
literature for their role in (neuro)inflammation.

Next we aimed to investigate IncRNAs in regulating neuroinflammation in the context of EAE.
To address this, we have, in collaboration with the OncoRNALab of Prof. Pieter Mestdagh
(UGent), performed an unbiased screening for expression of IncRNAs in the spinal cord of non-
immunized control mice and EAE mice though total RNA-sequencing. Using the same
bioinformatic analyses as before, we aimed to identify IncRNAs that regulate key mediators of
inflammation signalling.

These analyses provide us with a preliminary understanding of the IncRNAs that potentially
regulate neuroinflammation, particularly in microglia, as well as their roles in the context of
EAE. LncRNAs identified through these analyses were selected for further characterization in
both in vivo studies using EAE-associated neuroinflammation models and in vitro experiments
using myeloid cells subjected to inflammatory stimuli.

2.2 Characterization of Selected LncRNAs in vivo

We further investigated the role of the selected IncRNAs in neuroinflammation and EAE
pathology using mice with different genetic backgrounds and immune responses. Our
approach involved analysing the expression levels with RT-gPCR of these IncRNAs in specific
knockout mouse models which are ‘hypersensitive’ to EAE: microglia-specific A20 and OTULIN
knockout mice (A2093¢1-K0 gnd OTULIN®3e1KO  respectively) and control littermate mice.
Secondly, we examined the selected IncRNAs in mice that are deficient in Protein Geranyl
geranyl transferase Type | Subunit Beta (PGGTB1) specifically in T-cells (Pggtb1¢P4X0), which
are highly resistant to EAE (unpublished data van Loo group). By conducting comparative
analyses of the expression levels of specific IncRNAs in non-immunized and immunized
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knockout and wild-type mice, our objective was to gain further insights into the involvement
of these IncRNAs in EAE-associated neuroinflammation.

2.3 Characterization of Selected LncRNAs in vitro

Lastly, we aimed to better understand the expression profiles of selected IncRNAs in various
aspects of myeloid cell inflammation. By this, we wanted to gain insights in the influence of
inflammation signalling pathways on the expression profiles of the IncRNAs and compare
these with the observed results from the in vivo experiments.

We isolated bone marrow-derived macrophages (BMDMs) from wild-type and myeloid-
specific A20 knockout (A20MyeK0) mice. The latter group shows increased inflammation and
proves to be a good model to correlate inflammation with the expression of the IncRNAs
(Vande Walle et al., 2014). We aimed to study IncRNA expression in the context of NF-kB
signalling and inflammasome activation to monitor their role in an acute inflammatory
context. In addition, we wanted to examine their expression after IL-4 stimulation of BMDMs
to monitor their role in the context of inflammation resolution and repair. These experiments
may demonstrate how different IncRNAs are regulated under different inflammatory
conditions.

Finally, in order to know the significance of IncRNAs in mediating inflammation in BMDMs, we
aimed to silence specific INcRNAs through the use of antisense oligonucleotides, and assess
the impact of such ‘knockdown’ on the inflammatory cell response after stimulation with the
above mentioned stimuli.
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Figure 4. Experimental set-up and aims of the master thesis project. We first aimed to identify long non-coding
(Inc)RNAs during general neuroinflammation by analysis of an RNA sequencing dataset of isolated microglia from
A2093¢1-K0 and wild-type (WT) mice either or not stimulated with LPS. Next we wanted to identify IncRNAs that
are differentially expressed in the spinal cord of mice subjected to experimental autoimmune encephalomyelitis
(EAE) at two timepoints (day 9 and 20) post-immunisation, through total RNA sequencing. To further validate
their contribution to EAE neuroinflammation we wanted next to characterize a selected number of IncRNAs in
vivo utilizing EAE-sensitive mice (A2093¢1K0 gnd OTULIN®3¢1K0) 35 well as EAE-protected (Pggt1b®30) mice.
Finally, we aimed to investigate their expression in inflammatory conditions in vitro in bone marrow-derived
macrophages (BMDMs).
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3.1 Identification of IncRNAs During Neuroinflammation and EAE
Pathology

Numerous studies have highlighted the importance of IncRNAs in regulating
neuroinflammation, particularly in neurodegenerative conditions such as in Alzheimer's
disease and Parkinson's disease (Wan et al., 2017). However, the role of IncRNAs has been
poorly studied in Multiple Sclerosis (MS), the most prevalent neuroinflammatory disease.
Therefore, our study aimed to first identify IncRNAs in both general neuroinflammation and
in an mouse model of MS, EAE.

3.1.1 Insilico Analysis of Microglia from Untreated and LPS-Treated Wild-
type and A20°3K0 mice

The investigation into the underlying mechanisms of neuroinflammation offers valuable
insights into the pathophysiology of both neuroinflammatory and neurodegenerative
diseases. Although the involvement of IncRNAs has been explored to some extent in microglial
neuroinflammation induced by lipopolysaccharide (LPS), a comprehensive understanding of
their expression patterns during heightened systemic LPS-induced neuroinflammation is
missing (Baek et al., 2022; Tripathi et al., 2021a). We analysed the RNA-sequencing expression
profiles of sorted CD45™CD11b* microglia from a previous study conducted by the host
laboratory (Voet et al., 2018). The microglia were isolated from the brains of CNS myeloid-
specific A20 knockout (A2093¢-K0 A20 KO) mice and wild-type control littermates (WT),
either or not injected intraperitoneally with a sublethal dose of LPS (3.5 mg/kg body weight).
The earlier study demonstrated that A20 KO microglia display a hyperinflammatory
phenotype, suggesting a crucial role for A20 in the control of microglia activation under
steady-state conditions. Moreover, microglia from LPS-stimulated A20 KO mice exhibit a more
pronounced inflammatory signature compared to those from LPS-stimulated control mice
(Voet et al., 2018). Thus, exposure to LPS is an appropriate model for investigating general
neuroinflammation and identifying IncRNAs involved in this process. Moreover, the
hyperactivated microglia phenotype from unchallenged and LPS-stimulated A20 KO mice
provides an excellent model for correlating and validating the identified IncRNAs in a context
of exacerbated neuroinflammation.

As the prior RNA-sequencing expression analysis, as presented previously, did not yield
annotations for IncRNAs, we adopted a manual approach to identify them in the sequencing
data. We employed the Integrative Genome Viewer (IGV) tool to obtain expression counts of
the target genes by detecting sequenced fragments at their specific genomic locations.
Subsequently, we conducted differential expression analysis on these manually retrieved
counts utilizing appropriate bioinformatic techniques

First, we validated the previous findings of the study by reanalysing the expression of specific
inflammatory mediators in microglia from unchallenged and LPS-challenged WT control and
A20 KO mice. To do so, we selected a group of well-established inflammation markers and
used the above manual approach to analyse these (Figure 5). Our results confirmed an
upregulation of cytokines Tnf, 116, Il 1[5, 1112b, Il1 and chemokine Cxcl10 as well as the NF-«kB
subunit Relb in the LPS-stimulated groups, with notably higher expression levels in A20 KO
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mice (Figure 5). From this, we concluded that neuroinflammation is induced upon LPS
stimulation, and is more pronounced in microglia of A20 KO mice, as previously demonstrated
(Voet et al., 2018).
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Figure 5. Relative gene expression levels of inflammatory markers in FACS-sorted microglia isolated from
wild-type (WT) and A2093¢"+-K0 (A20 KO) mice, with or without exposure to LPS. Each row presents normalized
expression counts of inflammation markers retrieved from bulk RNA sequencing of CD45™CD11b* isolated
microglia from WT and A20 KO mice either or not intraperitoneally injected with a sublethal dose of
lipopolysaccharide (LPS). Each column represents expression levels in microglia from one individual mouse, n
=4 per group. Color code presents linear scale.

To investigate the expression of specific IncRNAs in this dataset, we first curated a list of 115
IncRNAs that were previously reported to be involved in inflammatory signalling, out of which
62 were relevant to mice. Employing the same methodology as mentioned above, we
identified 11 sequenced IncRNAs from this list in our dataset, namely Hoxal1-as, Oser-asl1,
Mirt2, Zfas1l, Gm28309, Cdkn2b-as1, Miat, Snhg5, Snhg4, Neat1, and Malat1. We performed
a differential expression analysis on these and subsequently generated a heatmap to present
the normalized expression patterns of these IncRNAs across the various experimental groups
in individual mice, providing a general overview of their expression profiles (Figure 6). Due to
the context-specific expression profiles of these IncRNAs, we had no prior expectations. We
noted the downregulation of Miat, Snhg5, Snhg4, Neat1, and Malat1 in both LPS-stimulated
groups, with a more pronounced decrease observed in the A20 KO group (Figure 6).
Furthermore, Zfas1, Gm28309, and Cdkn2b-as1 exhibit a similar pattern of downregulation in
the LPS-stimulated A20 KO group (Figure 6). In contrast, Hoxall-as, Oser-as1, and Mirt2 did
not display major differences in expression across the different experimental groups (Figure
6).
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Figure 6. Relative gene expression levels of inflammation-related IncRNAs in FACS-sorted microglia from
wild-type (WT) and A2093<K0 (A20 KO) mice, with or without exposure to LPS. Each row presents
normalized expression counts of identified inflammation-related long non-coding (Inc)RNAs retrieved from
bulk RNA sequencing of CD45™CD11b* isolated microglia from WT and A20 KO mice either or not
intraperitoneally injected with a sublethal dose of lipopolysaccharide (LPS). Each column represents microglia
from one individual mouse, n = 4 per group. Color code presents linear scale.

To obtain a more accurate and statistically robust assessment of the expression of these
IncRNAs, we conducted a one-way ANOVA test with Tukey correction for multiple comparison
test for each IncRNA as the data are not normally distributed and do not have equal variance
(Figure 7). In agreement with the heatmap shown above, we observed significant
downregulation of Malatl, Neatl, Miat, Snhg4, Snhg5, and Oser-as1, in both LPS-stimulated
groups compared to the non-stimulated groups (Figure 7a-f). Interesting, these IncRNAs
showed a slight trend of further downregulation in the LPS-stimulated A20 KO group together
with Cdkn2b-as1 and Zfasl, which had significant results. Furthermore, we observed
significant downregulation of Malat1, Neatl, Snhg5 and Snhg4 in the unstimulated A20 KO
group compared to the WT group (Figure 7a-d). We observed similar expression profiles for
Mirt2, Gm28309 and Cdkn2b-asl, but not for Zfasl that only showed significant
downregulation in the LPS-stimulated A20 KO group (Figure 7g-j). Finally, no significant
differences were observed in the expression of Hoxal1-as between the different experimental
groups (Figure 7k).
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Figure 7. Relative gene expression levels of inflammation-related IncRNAs in FACS sorted microglia from wild-

type (WT) or A20°3¢2-K0 (A20 KO) mice, with or without exposure to LPS. The y-axis represents the normalized

expression counts of identified inflammation-related long non-coding (Inc)RNAs from bulk RNA sequencing of

CD45MCD11b* isolated microglia from WT and A20 KO mice either or not intraperitoneally injected with a

sublethal dose of lipopolysaccharide (LPS), n = 4 per group. Statistical significance was determined using a one-

way ANOVA test with Tukey correction for multiple comparison( *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001). Results are displayed as mean + SEM.

In conclusion, this in silico analysis, of a previously published dataset, confirmed the presence
of hyperactivated microglia in A2093¢-K0 mice compared to microglia from control littermate
mice. We identified several IncRNAs (Malat1, Neat1, Miat, Snhg5, Snhg4, Zfas1, Gm28309 and
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Cdkn2b-as1) which showed differential expression in this dataset. Furthermore we observed
significant downregulation of Malat1, Neat1, Miat, Snhg5 and Snhg4 in microglia from LPS-
stimulated mice, and more pronounced decreases in the A20 KO condition. These
observations suggest a correlation with increased inflammation.

3.1.2 Identification of LncRNAs in the Regulation of EAE Neuroinflammation

Since little is known of IncRNAs involved in EAE neuroinflammation, we conducted an
unbiased RNA sequencing analysis to comprehensively identify IncRNAs involved in the
regulation of neuroinflammation within the context of MS and EAE pathology. Our analysis
focused on the dynamic expression of IncRNAs in the spinal cord of both control mice and EAE
mice, as inflammatory lesions are highly present there. By examining the entire transcriptome,
our aim was to uncover IncRNAs that exhibit significant changes in expression during EAE and
might play a role in regulating neuroinflammation. Furthermore, we sought to compare these
identified IncRNAs with the results of our previous in silico analysis.

We immunized eight male wild-type C57BL/6J mice with myelin oligodendrocyte glycoprotein
(MOGs3s.55) peptide and disease progression was monitored by assessing clinical disease
symptoms and body weight. Allimmunized mice developed EAE, whereas the non-immunized
control group remained free from clinical pathology (Figure 8). We collected spinal cord tissue
from four mice on day 9, when mice had an average clinical score of one, and from four mice
on day 20, when mice had an average clinical score of 4 (Figure 8a). These two timepoints
reflect an early and a peak disease response, respectively. We also isolated spinal cord tissue
from the four non-immunized control mice on day 20. RNA was isolated from all spinal cord
samples and both the polyadenylated and non-polyadenylated RNAs were subjected to
guantitative total RNA sequencing, performed by the UGent Next Generation Sequencing
(NXTGNT) core facility with the help of the lab of prof. Pieter Mestdagh.
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Figure 8. Experimental autoimmune encephalomyelitis (EAE) disease progression. EAE was induced by active
immunization of C57BL/6J mice (EAE, n = 8) with myelin oligodendrocyte glycoprotein (MOGss.ss) peptide, and
clinical score (a) and body weight (b) was followed over time. Non-immunized C57BL/6J control mice (Control,
n = 4) were included in the study. Changes in clinical score and relative body weight differ significantly between
groups across the time span, analysed with F-test on repeated measurements (**p < 0.01, ****p < 0.0001).Each
data point represents the mean + SEM as estimated by the REML analysis.

After processing the RNA sequencing data, we found minor changes in gene expression
between the EAE group on day 9 and the control group, with 199 genes significantly
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upregulated and only 1 gene significantly downregulated. However, on day 20, a significant
increase in gene expression could be observed between the EAE group and the control group,
with 5837 genes significantly upregulated and 5045 genes significantly downregulated in the
EAE mice. These findings were supported by principal component analysis (PCA), which
showed low variance between EAE day 9 mice and the control group, but high variance on PC1
in EAE day 20 mice compared to the control group, accounting for 97 % of the variance. One
EAE day 20 sample exhibited little variance on PC2 compared to the other samples at day 20,
possibly reflecting biological variance between the samples (Figure 9).
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Figure 9. Principal component analysis (PCA) on gene expression data from experimental autoimmune
encephalomyelitis (EAE) mice 9 and 20 days post-immunisation, as well as non-immunized control mice.
RNA isolated from spinal cord tissue of non-immunised control (n = 4) mice and myelin oligodendrocyte
glycoprotein (MOGss.ss) immunised EAE mice at day 9 (n = 4) and day 20 (n = 4) post-immunisation, was
subjected to total RNA sequencing and processed for PCA analysis. The PCA plot shows the distribution of
samples based on the first two principal components, which together account for 98 % of the total variance
from the processed RNA sequencing expression data. Each point represents a sample from one of three
experimental groups: Control (purple), EAE day 9 (yellow), and EAE day 20 (green). Samples within each group
are represented by ellipses, with the ellipse area proportional to the variance of the group.

Next, we used gene ontology enrichment (GOE) analysis to identify the top biological
processes enriched among the differentially expressed genes. By employing this approach, we
were able to gain further insights into additional pathways that have potentially influenced
the observed expression profiles of the IncRNAs. At EAE day 9, the top ten enriched biological
processes were mainly involved in immune response initiation, such as ‘leukocyte migration’,
‘regulation of immune effector process’, ‘myeloid leukocyte activation’, and ‘cell activation
involved in immune response’, among others (Figure 10a). In contrast, at day 20, we observed
a range of different biological processes, including ‘synapse organization’, ‘positive regulation
of cell adhesion’, ‘mononuclear cell differentiation’, and ‘regulation of cell-cell adhesion’,
which could indicate the process of tissue repair initiation (Figure 10b).
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Because of our prior interest in neuroinflammation, we also examined and highlighted the
biological pathways related to inflammation, such as ‘NF-kB signalling’, ‘cytokine production’,
‘interferon signalling’, ‘macrophage activation’, ‘microglia activation’, and ‘inflammasome
complex’, which were highly present and significant at EAE day 20 and to a lesser extent at
day 9 (Figure 11). Notably, at day 9, we observed no ‘macrophage activation’, ‘microglia
activation’, or ‘inflammasome complex signalling’ pathways, and the significant gene counts
for the enriched biological pathways were lower at day 9, together with higher adjusted p-
values (Figurella). Furthermore, the limited number of significant genes associated with the
pathways did not entirely confirm the presence of neuroinflammation. These transcripts may
provide less informative insights compared to other genes that are more robustly associated
with neuroinflammatory processes. Consequently, we suggested that neuroinflammation is
less or not prominent at this time point.
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In order to more comprehensively compare inflammation signalling between control samples,
EAE day 9, and day 20 samples, we generated a heatmap to visualize expression of prominent
transcripts identified through gene ontology pathway analysis (Figure 12). In addition we also
evaluated expression of ‘M2’ markers (Tgfb1, ll4ra, Stat6, Igfl, Argl, lI113ral, Cd163, Cd200r1)
representative for the presence of anti-inflammatory responses (Figure 12). Despite the
significant presence for ‘NF-kB signalling’, ‘interferon signalling’, and ‘cytokine production’ at
day 9 of EAE of the gene ontology analysis, we did not observe any differences in the
inflammation transcripts compared to control (Figure 12), which confirmed our above
mentioned statements. Additionally, we found no enrichment of inflammasome signalling,
chemokine production, or the presence of M1 or M2 markers (Figure 12). The heatmap did
perfectly visualize the significant presence of neuroinflammation of EAE at day 20 (Figure 12).
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Figure 12. Relative gene expression levels of inflammation markers in spinal cord tissue of non-immunized
control and experimental autoimmune encephalomyelitis (EAE) mice at day 9 and 20 post-immunization.
RNA isolated from spinal cord tissue of non-immunised control (n = 4) mice and myelin oligodendrocyte
glycoprotein (MOGss.ss) immunised EAE mice at day 9 (n = 4) and day 20 (n = 4) post-immunisation, was
subjected to total RNA sequencing. Each row presents normalized expression counts of inflammation markers
belonging to ‘NF-kB signalling, 'Chemokines’, ‘Interferon signalling’, ‘Inflammasome signalling’, ‘M1 markers’,
‘M2 markers’, and ‘Cytokines’ pathways retrieved from the RNA-sequencing dataset. Each column represents

data from one individual mouse, n = 4 per group. Color code presents linear scale.

We next aimed to identify differential expression of IncRNAs during this process. Our dataset
revealed a difference in the number of expressed IncRNAs between EAE day 9 and day 20
compared to the control group, with only two IncRNAs significantly expressed at day 9 and
557 at day 20. However, due to the lack of pathway annotations for most IncRNAs, GOE
analysis only provided limited information on the biological pathways involving IncRNAs, such

30



Part 3: Results

as ‘DNA methylation’, ‘regulation of DNA methylation’, ‘DNA alkylation’, ‘chromatin
remodelling” and ‘gene silencing by RNA’ (Supplementary figure 1). In addition, the GOE
analysis yielded non-significant results with adjusted p-values greater than 0,3 and low gene
counts of IncRNAs enriched in those pathways (Supplementary figure 1).

Since we could not automatically retrieve differentially expressed IncRNAs using gene
enrichment analysis, we employed a manual analysis approach based on the scientific
literature and available databases to look at the involvement of specific IncRNA in our
neuroinflammation model. This resulted in the identification of 50 significantly differentially
expressed IncRNAs that have been implicated in inflammation (Figure 13). Additionally, we
included Malat1 in our analysis, since Malat1 has previously been associated with MS and EAE
(Eftekharian et al., 2019; Masoumi et al., 2019), thus increasing the total number to 51
IncRNAs. Our analysis identified both upregulated and downregulated IncRNAs (Figure 13).
Furthermore, in order to compare differential expression of IncRNAs between the three
different groups (control, EAE day 9 and EAE day 20), we conducted a clustering analysis within
the heatmap (Figure 13). The results of the clustering analysis showed that the four samples
from EAE day 20 were grouped together, whereas the EAE day 9 group together with the
control samples (Figure 13).
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To enhance our analysis, we conducted a coding-noncoding coexpression network analysis to
investigate the relationship between NF-kB signaling mediators and cytokines (TNF, IL-6, and
IL-1B) with the expression of IncRNAs in the dataset. This analysis enabled us to identify
regulatory relationships of IncRNAs during neuroinflammation and potentially validate our
previous findings. Furthermore, it serves as a starting point for discovering novel IncRNAs. We
visualised the network of transcripts with a Pearson correlation coefficient r >0.55 and a direct
association with inflammation markers (Figure 14). Our findings revealed the presence of
characterized IncRNAs such as Neatl, Zeb2os, Dleu2, Dubr, Peg13, and Morrbid which we
previously identified, alongside unidentified IncRNAs (Figure 14). Notably, Nfkb2 and Stat3
exhibited the highest number of connections in the network (Figure 14).
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Figure 14. Coding non-coding coexpression network analysis of spinal cord tissue from experimental
autoimmune encephalomyelitis (EAE). RNA isolated from spinal cord tissue of non-immunised control (n =
4) mice and myelin oligodendrocyte glycoprotein (MOGss.ss) peptide immunised EAE mice at day 9 (n=4) and
day 20 (n = 4) post-immunisation, was subjected to total RNA sequencing. The 2208 annotated long non-
coding (Inc)RNAs with inflammation related transcripts were subjected to a Pearson correlation analysis.
Corelations of IncRNAs (dark green) r > 0.55 and a direct link (grey) with the inflammation transcripts (light
green) were visualised using the Cytoscape tool. Previously identified inflammation-related IncRNAs were
highlighted (blue).
Taken together, both bioinformatic analyses allowed us to select IncRNAs that showed
significant changes in expression in conditions of neuroinflammation. The IncRNAs Malat1,
Neatl, Miat, Snhg5, Snhg4, Zfas1 and Cdk2nb-as1 demonstrated downregulation after LPS
exposure and correlated with increased expression of inflammatory markers. Malatl and
Miat also showed downregulation during EAE. While Malatl has been studied in EAE
neuroinflammation (Masoumi et al., 2019), the role of Miat in this context has not been
investigated. Moreover, we observed upregulation of IncRNAs Snhhg5, Neat1 and Zfas1, but
no significant changes in expression of Snhg4 and Cdk2nb-as1 in the EAE dataset. Because
Neatl showed interesting results in our analyses and published studies investigating
neuroinflammation, we also included this IncRNA for further analysis (Tripathi et al., 2021b).
Similarly, Zfas1 was previously shown to exhibit context-specific responses, requiring further
characterization (Zhu et al., 2022). Hence, qPCR primers were designed for these four IncRNAs
allowing to assess their expression in both in vivo and in vitro experiments.
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3.2 Characterization of Selected LncRNAs in vivo

To enhance our understanding of the involvement of the above selected IncRNAs Malat1,
Neatl, Miat and Zfas1 in EAE neuroinflammation, we made use of different transgenic mouse
lines exhibiting differential immune responses in EAE. This approach enabled us to determine
the extent to which the identified IncRNAs positively or negatively impact EAE pathology and
neuroinflammation.

3.2.1 Investigating LncRNAs in EAE ‘hypersensitive’ Mice: A20°3*%° and
OTULI NCx3cr1 -kKo

The host lab previously demonstrated that A2093¢1K0 (A20 KO) mice, which lack A20
expression in CNS myeloid cells, display hyperactive microglia and exhibit worsened EAE
disease. This effect is attributed to the hyperactivation of the NIrp3 inflammasome in
microglia, resulting in increased secretion of IL-1f. (Voet et al., 2018). Therefore, because of
their increased susceptibility to neuroinflammation and EAE, we aimed to examine the
expression pattern of our selected IncRNAs in these mice.

We immunized eight A20 KO mice and eight wild-type littermate (WT) mice with MOGszs-s5
peptide to induce EAE. Consistent with previous findings from the host lab (Voet et al., 2018),
A20 KO mice exhibited a more severe disease course as compared to WT mice (Figure 15).
Once a clear difference in clinical scores became apparent between the two mouse groups,
we collected spinal cord tissue for RNA isolation and performed RT-gPCR to analyse gene
expression. We also isolated spinal cord tissue from four non-immunized A20 KO and WT mice
as controls.
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Figure 15. Experimental autoimmune encephalomyelitis (EAE) disease progression in A2093<1K0 (A20 KO)
mice. EAE was induced by active immunization of wild-type (WT, n = 8) and A20 KO (n = 8), mice with myelin
oligodendrocyte glycoprotein (MOGss.ss) peptide and clinical score (a) and body weight (b) was followed over
time. Changes in clinical score and body weight differ significantly between genotype groups across the time
span, analysed with F-test on repeated measurements (*p < 0.05, **p < 0.01). Each data point represents the
mean + SEM as estimated by the REML analysis.

In order to establish a role for the selected IncRNAs in neuroinflammation, we examined the
expression levels of the pro-inflammatory cytokines TNF, IL-1, and IL-6 in the spinal cord of
these mice (Figure 16). Our analysis revealed spinal cord neuroinflammation in both groups of
EAE mice, shown by a significant upregulation of Tnf, 1/11-6, and /6 (Figure 16a-c). Moreover,
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the non-immunized A20 KO group exhibits higher expression levels of /18 (Figure 16c),
although not statistically significant, which is consistent with previous findings from the host
lab, showing enhanced interleukin-1 secretion by A20 deficient microglia (Voet et al., 2018).
We also plotted the expression levels of these cytokines against the clinical score, disregarding
the genetic background, and observed a significant increase in expression with an increase in
clinical score, reaching maximum expression at score 3 or 4 (Figure 16d-f).
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Figure 16. Relative gene expression levels of inflammatory cytokines in the spinal cord of wild-type (WT) and
A20©3¢r1-K0 (A20 KO) mice during experimental autoimmune encephalomyelitis (EAE) pathology. RT-qPCR was
performed on RNA from spinal cord tissue of myelin oligodendrocyte glycoprotein (MOGss.s5) immunized WT
(WT EAE, n = 8) and A20 KO (A20 KO EAE, n = 8), and non-immunised WT (n = 4) and A20 KO (n = 4) mice 15
days post-immunisation. The y-axis represents the relative gene expression of Tnf, //18 and //6, while the x-axis
represents the different experimental groups (a-c) or the clinical score at end stage (d-e). All groups were
normalised to the expression of the housekeeping genes Gapdh and Hprt. Statistical significance was
determined using one-way ANOVA test with Tukey correction for multiple comparison (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001). Results are displayed as mean + SEM.
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Having confirmed enhanced neuroinflammation in A20 KO and EAE mice, we next explored
the expression profiles of our selected IncRNAs - Malat1, Neatl, Zfas1, and Miat - using qPCR
(Figure 17). Our results revealed significant downregulation of Malat1, Miat and Neat1 in in
the non-immunised A20 KO group, when compared to the non-immunised WT control group
(Figure 17a-c). Also Zfas1 showed reduced expression, although not significant, in the non-
immunised A20 KO mice compared to WT mice (Figure 17d). In the inflammatory EAE
condition, however, Malatl, Miat and Neatl showed lower expression in both WT and A20
KO mice compared to non-immunized WT mice, while Zfas1 was significantly upregulated
compared to the non-immunized condition, and even higher in the A20 KO EAE group
compared to the WT EAE group (Figure 17d). Additionally we plotted the IncRNAs to the
clinical score of EAE mice and observed a trend of downregulation with higher clinical score
for Malat1, Neatl and Miat as well as upregulation of Zfas1 (Supplementary figure 2). The
results correlated with the trend of pro-inflammatory cytokine expression (Supplementary
figure 2).
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Next to A20, OTULIN also acts as a brake on inflammation, and has also been shown to
regulate microglia activation. Indeed, the host lab recently demonstrated that OTULIN®3¢r1-KO
(OTU KO) mice display a hyperactivated state of microglia, comparable to what is seen in
A20931KO mice (unpublished data van Loo group). Moreover, OTU KO mice were also shown
to be hypersensitive to EAE (unpublished data by van Loo group). Therefore, we also aimed to
validate our findings in the OTU KO mouse model to observe possible similarities or
differences in the expression of the IncRNAs in this EAE hypersensitive model compared to the
previous findings.

We immunized four OTU KO mice and four wild-type littermate (WT) mice with MOG3ss-ss5
peptide to induce EAE. Consistent with previous findings from the host lab (unpublished data
van Loo group), we observed an exacerbated EAE disease course with higher clinical scores in
OTU KO mice relative to WT mice (Figure 18). Once a clear difference in clinical scores became
apparent between the two mouse groups, at day 16 post-immunization, we collected spinal
cord tissue for RNA isolation and performed RT-qPCR to analyse gene expression. We also
isolated spinal cord samples from four non-immunized OTU KO and WT mice as controls.
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Figure 18. Experimental autoimmune encephalomyelitis (EAE) disease progression in OTULIN®3¢1-K0(OTU KO)
mice. EAE was induced by immunization of wild-type (WT, n = 4) and OTU KO (n = 4), mice with myelin
oligodendrocyte glycoprotein (MOGss.ss) peptide and clinical score (a) and body weight (b) was followed over
time. Changes in clinical score significantly between genotype groups across the time span, analysed with F-
test on repeated measurements (**p < 0.01, ***p <0.001). Each data point represents the mean £ SEM as
estimated by the REML analysis.

We next examined the expression levels of the pro-inflammatory cytokines TNF, IL-1, and IL-
6 in the spinal cord using gPCR. Our results revealed a significant upregulation of Tnf, and a
clear trend towards higher expression of //1and I/6 in both EAE groups, which validated the
presence of neuroinflammation in these EAE mice (Figure 19).
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Figure 19. Relative gene expression levels of inflammatory cytokines in spinal cord tissue of wild-type (WT)
and OTULIN®3<1-¥0 (OTU KO) mice during experimental autoimmune encephalomyelitis (EAE) pathology. RT-
PCR was performed on RNA from spinal cord tissue of myelin oligodendrocyte glycoprotein (MOGss-ss) peptide
immunised WT (WT EAE, n = 4) and OTU KO (OTU KO EAE, n = 4) mice, and non-immunised WT (n = 4) and OTU
KO (n = 4) mice 16 days post-immunisation. The y-axis represents the relative gene expression of Tnf (a), /6 (b)
and /16 (c), while the x-axis represents the different experimental groups. All groups were normalised to the
expression of the housekeeping genes Gapdh and Hprt. Statistical significance was determined using one-way
ANOVA test with Tukey correction for multiple comparison (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).

Results are displayed as mean £ SEM.

We next analysed the expression profile of our selected IncRNAs using qPCR (Figure 20). Given
that OTULIN and A20 have similar effects on the inflammation signalling pathway by
destabilizing the signalling pathway to NF-kB, we hypothesized that the expression profiles of
the IncRNAs in OTU KO would be similar to the findings described above (unpublished data by
van Loo group). Malatl, Neatl, and Miat showed downregulated expression in conditions of
EAE, in contrast to Zfas1 that was upregulated after EAE mice, compared to their expression
in non-immunised mice (Figure 20). However, these were mostly trends since statistical
analysis could not confirm statistical significance for most of the differences (Figure 20).
Interestingly, in non-immunized mice, we observed an upregulation in expression of Malat1,
Neatl (non-significant), and Miat (significant) in OTU KO mice compared to WT (Figure 20a-
c), which is the opposite of what was observed in non-immunized A20 mice (Figure 17).
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3.2.2 Investigating LncRNAs in EAE Protected Mice: Pggt1b°4*°

Now that we have characterized the expression profiles of our selected IncRNAs in mice with
a hyperactivated microglia state and EAE ‘hypersensitivity’, we aimed to investigate their
expression in a model where mice are protected from EAE. Pggt1b®P4X0 (Pggt KO) mice lack
the B subunit of protein geranylgeranyl transferase-l (GGTase-l) and have been shown to be
fully protected from EAE and inflammation (unpublished data van Loo group). GGTase-l is
essential for the lipidation of RHO family proteins, which are involved in many intracellular
signalling pathways, including inflammation (Khan et al., 2013) (Akula et al., 2016, 2019). We
aimed to uncover the neuroprotective role of IncRNAs in this model and expected to observe
a reverse expression profile compared to what is seen in A20 and OTU KO EAE ‘hypersensitive’
mice. In this way, we intended to correlate the expression of the IncRNAs with the process of
neuroinflammation, independent of the immunization process.

We immunized four Pggt KO mice and four wild-type littermate (WT) mice with MOGs3s_s5
peptide to induce EAE. Consistent with previous findings from the host lab, no clinical disease
could be observed in Pggt KO mice, in contrast to WT mice that all develop severe clinical
pathology with time (Figure 21). We collected spinal cord tissue 20 days post-immunization,
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and isolated RNA for RT-qPCR gene expression analysis. We did not include non-immunised
mice in this study due to a shortage in mice.
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Figure 21. Experimental autoimmune encephalomyelitis (EAE) disease progression in Pggt1b®**° (Pggt KO)
mice. EAE was induced by active immunization of wild-type (WT, n = 4) and GGTase-| KO (Pggt KO, n = 4) mice
with myelin oligodendrocyte glycoprotein (MOGss.ss ) peptide, and clinical score (a) and body weight (b) was
followed over time. Changes in clinical score significantly between genotype groups across the time span,
analysed with F-test on repeated measurements (***p < 0.005, ****p < 0.0001). Each data point represents
the mean + SEM as estimated by the REML analysis.

The presence of neuroinflammation is prominent following MOGss.ss immunisation of mice as
demonstrated above (Figure 16 & 19). However, since Pggtb KO mice did not display EAE
symptoms, we investigated whether there was still an upregulation of pro-inflammatory
cytokines. The gene expression analysis revealed significant downregulation of Tnf and //15in
Pggt KO EAE mice compared to the WT EAE mice, and a trend in downregulated expression of
116 (Figure 21). These findings agreed with the observation that Pggtb KO mice are protected
in EAE.
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Figure 22. Relative gene expression levels of inflammatory cytokines in spinal cord tissue of wild-type (WT)
and Pggt1b®+*C (Pggt KO) mice during experimental autoimmune encephalomyelitis (EAE) pathology. RT-
gPCR was performed on RNA isolated from spinal cord of myelin oligodendrocyte glycoprotein (MOGss.ss)
peptide immunised WT EAE (n = 4) and Pggt KO EAE (n = 4) mice, 20 days post-immunisation. The y-axis
represents the relative gene expression of the proinflammatory cytokines 7Tnf (a), //16 (b) and /6 (c). Values
were normalised to the expression of the housekeeping genes Gapdh and Hprt. Statistical significance was
determined using unpaired t-test with Welsh-correction (*p < 0.05, **p < 0.01, ***p <0.001, ****p <0.0001).
Results are displayed as mean + SEM.

Next, we examined the expression profiles of the selected IncRNAs in both immunized mice
groups to investigate any differences between them (Figure 23). Since there was no
neuroinflammation in Pggtb KO EAE mice, we could partially anticipate that any observed
difference in the expression of the IncRNAs in the previous experiments could be attributed
to neuroinflammation rather than the immunization process. The analysis did not reveal
statistically significant results for Malatl, Neatl, and Miat (Figure 23a-c), although we
observed a clear upregulation of these IncRNAs in Pggt KO EAE mice, as expected (Figure 23a-
c). Zfas1 on the other hand showed significant downregulation in Pggt KO EAE mice (Figure
23d). Together, and based on our previous findings in the EAE ‘hypersensitive’ mice, these
results suggested a correlation between the expression of these IncRNAs and the presence of
neuroinflammation.

Figure 23. Relative gene expression
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In conclusion, the in vivo studies in mice subjected to EAE suggested that the downregulated
expression of Malat1, Neat1, and Miat is associated with the induction of neuroinflammation.
Indeed, these IncRNAs are downregulated during EAE in WT, A20 KO and OTU KO mice, but
also in non-immunised mice A20 KO. In contrast, Zfas1 was shown to be upregulated in these
conditions, yet revealed downregulation in non-immunised A20 KO. Moreover, in Pggt KO
mice that are protected to EAE, an opposite trend in expression was observed, suggesting a
correlation between the expression of these specific IncRNAs and the process of
neuroinflammation.

3.3 Characterization of Selected LncRNA in vitro

Our previous in vivo results provided insights into a possible role of Malat1, Neatl, Miat, and
Zfas1 in neuroinflammation during EAE pathology. To further validate their role in the
regulation of inflammation, and exclude the complexity of in vivo signalling, we performed in
vitro experiments to correlate the expression profiles of the four IncRNAs to specific molecular
responses. To do this, we used bone marrow-derived macrophages (BMDMs) in order to
further characterize the role of IncRNAs specifically in myeloid cells in conditions of
inflammation.

3.3.1 Activation of the NF-kB Signalling Pathway

NF-kB is a central regulator of inflammation as it controls the activation of hundreds of pro-
inflammatory mediators (Dresselhaus & Meffert, 2019; Q. Zhang et al., 2017). We previously
observed the upregulation of several NF-kB marker genes in neuroinflammation and EAE,
prompting us to investigate the involvement of the IncRNAs Malat1, Neatl, Miat, and Zfas1
in NF-kB signalling after stimulation of BMDMs with LPS. While previous studies have
described the involvement of these IncRNAs in NF-kB signalling (Cui et al., 2019; Y. Jiang &
Zhang, 2021; Wang et al., 2021; P. Zhang et al.,, 2019), they have been conducted using
different cell lines and conditions. Therefore, we aimed to re-examine their role. We
performed our study in BMDMs from wild-type littermate (WT) mice but additionally also in
BMDM:s isolated from A20MveHXO (A20 KO) mice. These latter have been shown to produce
increased levels of inflammatory mediators such as TNF and IL-6 due to NF-kB hyperactivation
(Matmati et al., Nat. Genet., 2011; Vande Walle et al., 2014). Consequently, we were able to
correlate the expression of the IncRNAs with this increased inflammatory signature.

After isolating and culturing BMDMSs from A20 KO and WT mice, we stimulated them with LPS
for two, four and six hours, after which we analysed the expression of the pro-inflammatory
cytokines TNF, IL-6 and IL-1 through a multiplex immunoassay (Figure 23a-c) as well as their
transcripts using gPCR (Figure 24d-f). We observed a gradual increase in time of all 3 cytokines
in BMDMs after stimulation with LPS, which is more pronounced in the A20 deficient condition
(Figure 24a-c), as expected since A20 acts as a negative regulator of NF-kB activation (Martens
and van Loo, 2019). The increased cytokine production was also confirmed on transcript level
(Figure 24d-f). These results, indicate the successful induction of NF-kB activation in BMDMs.

41



Part 3: Results

Q
(@)
@

TNF IL-1p L6
200000 - * %k k 150 - & % kk _
- = _ 4000 ¥ o A20KO
E £ g‘ - WT
S 150000 g 100 B 3000+
§ — 5 sodl =
£ 100000 S 154 ok 2 2000
£ g 5
c | = -
10 c
8 50000- 8 & 1000+
Q * Q 5- s
o o 4!/,4 Q
0 T T 0-¢ 1 0 - ¥ T 1
0 2 4 [} 0 2 4 [ 0 2 4 6
Hours LPS stimulation Hours LPS stimulation Hours LPS stimulation
Tnf mg f e
8+ *kk 25 *kk 80 o AZOKO
c *k - *% c o™ WT
o o 20 2
7] 6 ',7, [7:] 60—
@ 4 o kK
5 5 15+ é
X 44 X % 40
g 211 £
P k| B 20-
& & 97 4
0- T T T 0 T T 1 05 T 1
0 2 4 6 0 2 4 6 0 2 4 6
Hours LPS stimulation Hours LPS stimulation Hours LPS stimulation

Figure 24. Protein and RNA expression of proinflammatory cytokines in bone marrow derived macrophages
(BMDMs) from wild-type (WT) and A20™¥e-€C (A20 KO) mice, after LPS stimulation. BMDMs were isolated
from WT (n = 3) and A20 KO (n = 3) mice, cultured at 1 x 10° cells per replicate and stimulated with
lipopolysaccharide (LPS) for 2, 4 and 6 hours. Concentration (pg/mL) of cytokines TNF, IL-1B and IL-6 in the
supernatant was determined using a multiplex immunoassay (a-c), and relative expression levels of these
cytokines were determined by RT-qPCR (d-f). All groups were normalised to the expression of the housekeeping
genes Gapdh and Hprt. The two genotypes were statistically compared with each other at every time point

using a Wilcoxon-sum rank test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Results are displayed as
mean + SEM.

We next analysed the expression levels of our four selected IncRNAs in WT and A20 KO
BMDMs using qPCR (Figure 25). Unfortunately, no significant differences were observed
between the different genotypes and conditions (Figure 25). Although, we revealed a slight
trend of downregulation for the IncRNA Malat1 with significance between six hours LPS and
control in WT BMDMs (Figure 25a). Yet, the only clear trend that could be observed was the
upregulation of Zfas1 in both WT and A20 KO BMDMs overtime (Figure 25d).

42



Part 3: Results

Figure 25. Relative gene expression
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3.3.2 Activation of the Nirp3 Inflammasome Signalling Pathway

Inflammasomes are multiprotein complexes that play a crucial role in establishing immune
responses by inducing the secretion of the cytokines IL-1B and IL-18, as well as by inducing
pyroptosis through release of gasdermin-D (GSDMD) (Lamkanfi & Dixit, 2012). In light of the
observed upregulation of //168 in our bioinformatics and EAE analysis, we aimed to investigate
the expression behaviour of our IncRNAs in the process of inflammasome activation.
Interestingly, our previous findings indicate that these IncRNAs are downregulated in spinal
cord tissue of non-immunised A2093¢1-K0 mjce, which were previously shown to produce high
levels of IL-1B due to hyperactivation of the NLRP3 inflammasome (Voet el at., 2018).
Consequently, these results suggest a possible role for these IncRNAs in NLRP3 inflammasome
activation. In addition, BMDMs from A20MveKO (A20 KO) mice produce high levels of IL-1B due
to increased NF-kB activity and hyperactivation of the NLRP3 inflammasome (Matmati et al.,
2011; Vande Walle et al., 2014). To further explore the role of IncRNAs in the regulation of
NLRP3 activation and correlate their expression with increased inflammasome activation, we
made use of BMDMs from and wild-type littermate (WT) controls as well as A20 KO mice.
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BMDMs from A20 KO and wild-type (WT) littermate mice, were cultured and stimulated with
LPS for four hours, followed by treatment with ATP for 45 minutes to activate the NLRP3
inflammasome. Supernatant was collected and IL-1f levels were measured using a multiplex
immunoassay (Figure 25). Additionally, we investigated cell death after ATP treatment during
1 hour by staining of cells with sytox green (that stains dying cells) and Drag5 (that stains all
cells). The percentage of cell death was calculated by dividing the number of sytox-stained
cells by the total number of Drag5-stained cells (Figure 25). Our analysis confirmed the
activation of the NLRP3 inflammasome in both groups of cells. We observed a significant
increase in the level of IL-1B in A20 KO BMDMs in response to LPS alone, and higher levels of
IL-1PB in response to LPS + ATP, as previously shown (Vande Walle et al., 2014). Additionally,
we observed a logarithmic increase in cell death over a one hour time period after LPS + ATP
stimulation, reaching 65% in WT BMDMs and 77% in A20 KO BMDM:s.
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Figure 26. IL-1P levels and cell death percentage after NLRP3 inflammasome activation in bone marrow
derived marcophages (BMDMs) from wild-type (WT) and A20™¢-° (A20 KO) mice. BMDM s were isolated from
WT (n=3)and A20 KO (n = 3) mice, cultured at 1 x 10° cells per replicate and stimulated with lipopolysaccharide
(LPS) 4 hours and/or ATP to activate the NLRP3 inflammasome. IL-1B concentration (pg/mL) was measured with
multiplex immunoassay (a). Statistical significance was determined using multiple non-parametric t-tests,*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.Cell death was assessed as the ratio of the number of sytox
green stained cells (dying cells) and Drag5 stained cells (all cells) (b). For the cell-death data, an F-test on fixed-
effects data was performed (*p < 0.05, ***p < 0,001). Results are displayed as mean + SEM.

We next characterized the expression of Malat1, Neatl, Miat, and Zfas1 under conditions of
NLRP3 inflammasome activation using qPCR (Figure 27). The expression analysis revealed no
significant results or trends for Malatl, Neatl and Miat (Figure 27a&b). We observed an
upregulated trend of Zfas1 under LPS stimulation and under NLRP3 activation. Furthermore,
significant differences between the different genotypes and stimulations were observed for
Miat (Figure 26d), no further conclusions were drawn from these results.
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Figure 27. Relative gene expression
levels of IncRNAs in bone marrow
derived macrophages (BMDMs)
from wild-type (WT) and A20Mve-ko
(A20 KO) mice, after NLRP3
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3.3.3 STAT6 Signalling Pathway

An important aspect of resolving inflammation and inducing homeostasis is the promotion of
an anti-inflammatory and alternative state of myeloid cells. Cytokines such as IL-4 and IL-10
play crucial roles in regulating this process. The binding of IL-4 to its cognate receptor on T-
cells leads to the differentiation to Th2 cells, which are important in reducing
neuroinflammation in EAE (Moulder et al., 2010). In macrophages, activation of the STAT6
pathway via the IL-4 receptor induces an alternative activated state that suppresses their pro-
inflammatory profile (Yu et al., 2019). Therefore, we aimed to investigate the behaviour of the
selected IncRNAs under STAT6 activation for their possible contribution to the resolution of
inflammation.

After isolating and culturing BMDMs from A20Mvelke (A20 KO) and wild-type littermate (WT)
mice, we stimulated them for four, eight and 24 hours with IL-4 or LPS. First, we examined the
expression of Arginase-1 (Argl), a well-known marker for the alternative activated
macrophage state after IL-4 stimulation (Figure 28). The Argl expression revealed a strong
upregulation at four and eight hours of IL-4 stimulation, which declined at 24 hours in WT
cells. A20 KO cells, however showed highest expression at 24 hours of IL-4 stimulation. Arg1
expression was much lower in cells stimulated with LPS compared to the IL-4 stimulated cells.
However they did show a trend of upregulation after 24 hours of LPS with higher levels of
expression in the A20 KO BMDMs. These findings support the state of alternative macrophage
activation after stimulation with IL-4.
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Figure 28. Relative gene expression levels of arginase-1 (Arg1) in bone marrow derived macrophages
(BMDMs) from wild-type (WT) and A20™¥¢¥° (A20 KO) mice, after stimulation with either IL-4 or LPS.
BMDMs were isolated from WT (n = 3) and A20 KO (n = 3) mice, cultured at 1 x 10° cells and stimulated with
lipopolysaccharide (LPS) or interleukin (IL)-4 for 4, 8 and 24 hours. Here, the y-axis represents the relative
expression of Argl,, while the x-axis presents the hours of IL4 (a) or LPS (b) stimulation. All groups were
normalised to the expression of the housekeeping genes Gapdh and Hprt. The values were statistically
analysed using a two-way ANOVA analysis with Sidaks multiple comparison (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001). Results are displayed as mean + SEM.
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Next, we analysed the supernatant to measure the levels of TNF, IL-1pB, IL-6, and IL-10 using a
multiplex immunoassay assay (Figure 29). Our analysis confirmed the elevated expression of
TNF, IL-1B and IL-6 levels under conditions of LPS stimulation, with higher levels of these pro-
inflammatory cytokines in A20 KO cells (Figure 29a-c), as previously shown, but also showed
upregulated expression of the anti-inflammatory cytokine IL-10 (Figure 29d). In contrast, IL-4-
stimulated cells showed no detectable cytokine levels, except for IL-6, which increased after

stimulation in the A20 KO group (Figure 29e-g). A20 KO cells also showed elevated expression
of IL-10 after IL-4 stimulation (Figure 29h).
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Figure 29. Cytokine levels in bone marrow derived macrophages (BMDM:s) from wildtype (WT) and A20Mve"
KO (A20 KO) mice, after stimulation with either IL-4 or LPS. BMDMs were isolated from WT (n = 3) and A20
KO (n = 3) mice, cultured at 1 x 10° cells and stimulated with lipopolysaccharide (LPS) or interleukin (IL)-4 for
4, 8 and 24 hours. Concentration(pg/mL) of cytokines TNF (a&e), IL1B (b&f), IL-6 (c&g) and IL-10 (d&h) in
the supernatant was determined with a multiplex immunoassay The two genotypes were compared with
each other at every time point using a Wilcoxon rank-sum test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001). Results are displayed as mean + SEM.

Subsequently, we examined the expression profiles of the four IncRNAs using qPCR (Figure
30). However, the analysis did not yield statistically significant results (Figure 30). Yet, we did
observe a slight trend of downregulation for the IncRNAs Malat1 and Neat1 at four and eight
hours of IL-4 stimulation (Figure 30e-f). Furthermore the previous trends were confirmed in

conditions of LPS stimulation (Figure a-d). Moreover, Zfas1 showed increased expression at
24 hours of LPS stimulation.
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Figure 30. Relative gene expression levels of IncRNAs in bone marrow derived macrophages (BMDMs) from
wild-type (WT) and A20M¥¢-0 (A20 KO) mice, after stimulation with either IL-4 or LPS. BMDMs were isolated
from WT (n =3) and A20 KO (n = 3) mice, cultured at 1 x 10° cells and stimulated with lipopolysaccharide (LPS)
or interleukin (IL)-4 for 4, 8 and 24 hours. Furthermore RT-qPCR was performed on isolated RNA of the
BMDMs. The y-axis represents the relative expression of long non-coding (Inc)RNAs Malatl (a&e), Neatl
(b&f), Miat (c&g) and Zfas1 (d&h), while the x-axis presents the hours of IL-4 (e-h) or LPS (a-d) stimulation.
All groups were normalised to the expression of the housekeeping genes Gapdh and Hprt. Statistical
significance was determined using two-way ANOVA with multiple comparisons test, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Results are displayed as mean + SEM.

3.3.4 Knockdown of Miat by Gapmers

Given Miat's putative role in regulating inflammatory signalling and neuroinflammation,
based on our in silico analyses and our in vivo and in vitro characterization, we aimed to
confirm its importance by neutralization studies using LNA-gapmers to suppress Miat
expression and evaluate the consequential inflammatory response in BMDMs.

Gapmers are a type of antisense oligonucleotides (ASOs) that can target and degrade
complementary RNA molecules through RNAse-H mediated degradation (Ward et al., 2014).
ASOs are typically composed of 15 to 22 nucleotides (nt) and have RNA wings on both ends,
with a central DNA sequence. To improve their efficacy, the RNA wings are mostly chemically
modified, with common modifications including locked-nucleic acids (LNA), 2’-O-
methoxyethyl, and phosphorodiamidate morpholino oligomer, and a phosphorothioate
backbone (Kurreck et al., 2002). ASOs are a powerful tool for gene knockdown in both the
cytosol and nucleus of cells, and have been extensively used in research because of their
potential to be used as therapeutics (C. F. Bennett & Swayze, 2010).
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To achieve knockdown of Miat in BMDMs without the need for transfection reagents, we
opted to design gapmers with LNA wings and a phosphorothioate backbone. This approach is
expected to increase the likelihood of successful knockdown of Miat while minimizing off-
target effects.

Figure 31. A possible secondary structure of the long non-coding RNA Miat, generated by the program
mFOLD.

To design the gapmer, we first searched for open single-stranded sequences in the target
transcript using the mFOLD online bioinformatic tool. The tool mFOLD is an integrated
collection of programs that simulate nucleic acid folding and hybridization, based on the
thermodynamic properties of intra-molecular connections, and presents all possible folding
possibilities of a given transcript (Zuker, 2003). Miat is a transcript of 8716 nt that showed a
lot of secondary structures (Figure 31). Since mFOLD is only able to process transcript of 2400
nt, we used a step-wise approach by taking intervals of 1000, 1500, and 2000 nt and looking
for sequences of at least 15 nt in which every nucleotide was unbound, approximately 70% of
the time out of all possible folding structures. We repeated this process to ensure the selected
sequences were open in all possible secondary structures. Using this method, we identified
eight potential sequences (number 1-8), which we converted to the complementary ASO
sequences (Table 1).

Table 1. Candidate antisense oligonucleotides (ASOs) sequences for Miat knockdown. Potential target
nucleotide (nt) sequences in Miat were obtained by looking for non-bound regions using the mFOLD
bioinformatic tool. This analysis revealed 8 potential sequences of which we took the complementary
sequence for antisense oligonucleotide (ASO) design. The green marked sequences exhibited optimal
thermodynamic properties.

Number Location (nt) Sequence ASO (5’-3’)

1 145-159 CCAUGAAAUUUUAAU

2 515 534 AUGAGAACAGACGGAA

3 2140-2156 AAAAAGAAAGAAAGAA

4 2323-2339 UCUUUCCAAGGUUCCUU

5 4588-4606 UGCUGCGGGGUUAGAAG
6 6925-6940 AGAAGACUUGAAGGUA

7 7358-7377 AUUGUUGGUGAAAUGUG
8 7353-7368 GGUGAAAUGUGGAAG
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In the next step we analysed the thermodynamic properties of our sequences to fulfil to the
following properties of a good gapmer: the free energy should be higher than -4kcal/mol for
the ASO itself and higher than -16kcal/mol for ASO/ASO homodimers. In addition, the total
binding energy, calculated by subtracting the free energy of the target sequence by that of
the target/ASO duplex, should ideally range between 21-28 kcal/mol. The GC-content is
optimal between 40-60%, preferably less than 50%, and melting temperature should be above
48°C. These different properties were evaluated using the online OligoAnalyzer™ Tool from
Integrated DNA technologies (IDT) (Owczarzy et al., 2008).

First, the ASO numbers 1 and 3 did not have an optimal GC content, and ASO numbers 6 and
8 have their melting temperature too low. However, ASO numbers 2, 4, 5 and 7 did all have
good thermodynamic properties including good free energy of itself and as homodimer. For
all these ASOs we observed a slightly larger binding energy of around 31 to 33 kcal/mol,
however the online analyzer tool only takes into account the folding of the specific
complementary target sequence, neglecting the folding and energy of the complete
transcripts. We went further to analyse these ASOs for off-target effects performing a cBlast
search (Altschul et al., 1990)showing that ASO numbers 2 and 4 showed off-targets. ASO
sequences 5 and 7, however, did not show any off-target effects and were chosen for further
analysis. The ASO sequences 5 and 7 were modified with LNAs on the first and last 3
nucleotides of the gapmer. In addition we modified the backbone with phosphorothioate
modications every 2 nucleotides to not affect the melting temperature, but still provide
protection from breakdown by RNases.

Our experiment involved treating bone marrow-derived macrophages (BMDMs) obtained
from A20 knockout (A20 KO) mice and wild-type (WT) littermate control mice with antisense
oligonucleotides (ASOs) for a duration of four hours. Following this, the BMDMs were either
stimulated with lipopolysaccharide (LPS) for an additional four hours or left unstimulated. RNA
was isolated from the BMDMs, and we analyzed the expression levels of Miat (Figure 31).
Based on our findings, we observed no significant decrease in Miat expression after the
addition of the two ASOs compared to the control group. Similarly, there was no notable
difference in expression levels when the scrambled ASO was added (Figure 31a). Furthermore,
during the LPS-stimulated condition, we did not observe any significant difference in Miat
expression (Figure 31b). Consequently, we concluded that the ASOs did not effectively
modulate the expression of Miat as expected.

a b
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51 4- B A20 KO
° = WT

Relative expression
Relative expression
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Figure 31. Relative expression of Miat in bone marrow derived macrophages (BMDMs) stimulated with
antisense oligonucleotides (ASO) and LPS. BMDMs were isolated from WT (n = 3) and A20 KO (n = 3) mice,
cultured at 1 x 10° cells and stimulated with ASO1 and ASO2 which target Miat , as well as a scrambled ASO3
which serves as a negative control. RT-gPCR was performed on RNA isolated from these in either condition of
no stimulation (a) or lipopolysaccharide (LPS) stimulation (b). The y-axis presents the relative expression levels
of Miat. Values were normalised to the expression of the housekeeping genes Gapdh and Hprt. Statistical

significance was determined using two-way ANOVA with Sidak’s multiple comparisons test.
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Over the past decade, the significance of long non-coding RNAs (IncRNAs) has greatly
increased due to emerging evidence showcasing their regulatory role in various cellular
responses through diverse mechanisms on DNA, RNA and protein level (Statello et al., 2021).
While their presumed central and complex role in neuroinflammatory diseases is widely
recognized, our understanding of their precise functions remains limited (Tripathi et al.,
2021b). Therefore, our study aimed to shed further light on the involvement of IncRNAs in
neuroinflammation, with a specific focus on their contribution to neuroinflammatory
processes in the experimental autoimmune encephalomyelitis (EAE) mouse model of Multiple
Sclerosis (MS).

4.1 Identification of LncRNAs Involved in Neuroinflammation and
EAE Pathology

Our in silico analyses have revealed the involvement of inflammation-related IncRNAs in both
LPS-induced neuroinflammation and EAE neuroinflammation. This discovery highlights the
previously overlooked and potentially significant roles of specific IncRNAs within these
contexts. By elucidating their potential contributions to the molecular regulation of
neuroinflammation, our findings enhance the understanding of these intricate processes and
offer valuable insights for further research avenues in neuroinflammatory pathologies.

To gain insights into the general role of IncRNAs in neuroinflammation, we initiated our
investigation by analysing the expression patterns of identified IncRNAs in LPS-induced
neuroinflammation. Microglia-specific A20 knockout mice have hyperactivated microglia,
exacerbating LPS-induced neuroinflammation, as previously demonstrated by the host
laboratory (Voet et al., 2018) and further confirmed in our own investigation. In our study
using an existing bulk RNAseq dataset of isolated microglia, we have unveiled distinct
expression patterns of 10 IncRNAs strongly correlated with elevated levels of LPS-induced
neuroinflammation. Notably, the IncRNAs Malat1, Neatl, Miat, Snhg4, Snhg5, Cdkn2b-asl,
Gm28309, Mirt2, and Oser-as1 exhibit downregulated expression, which correlates with
increased inflammation markers. While a few of these IncRNAs have been studied in the
context of microglia and LPS stimulation (Cui et al., 2019; Y. Jiang & Zhang, 2021; Z.-S. Jiang &
Zhang, 2018; J. Li et al., 2022a; S.-X. Li et al., 2021; Y. Lyu et al., 2015; J. Wu et al., 2020), their
specific expression profiles in microglia in the context of exacerbated neuroinflammation have
not been previously established. Furthermore, only a limited number of IncRNAs have been
associated with the regulation of A20 (Qi et al., 2020; H.-J. Zhou et al., 2022), thus presenting
interesting research opportunities.

Indeed, our findings suggest that the identified IncRNAs play a significant role in the regulation
of inflammation by microglia. Considering that A20 serves as an upstream regulator of
inflammatory signalling, we propose that these IncRNAs function downstream of A20, as
supported by their distinct downregulated expression in microglia obtained from
unchallenged and LPS-stimulated A2093¢-KO mice compared to control mice. However, the
precise mechanism by which these IncRNAs are influenced remains unclear, as determining
the exact downstream mediators based on our results is challenging.
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Previous studies have characterized the expression of these IncRNAs in response to various
modulators associated with inflammation, such as NF-kB, STATs, MAPKs, inflammasome
complexes and transcriptional repressors, processes that have previously been shown to be
negatively regulated by A20 (Gupta et al., 2020; Tripathi et al., 2021b; Walther & Schulte,
2021). Building upon observations made by the host laboratory (Voet et al., 2018), we support
our statement and hypothesize that any or all of these factors may contribute to the
downregulation of the IncRNAs. Furthermore, based on their downregulation, we speculate
that these identified IncRNAs may exert a negative regulatory role on the inflammatory
response, as observed during neuroinflammation in conditions such as in Alzheimer’s disease
(AD) (Y. Liu et al., 2022b; X. Zhou & Xu, 2015). To gain further insight into the effect of A20
deficiency on the expression of IncRNAs, we would perform chromatin immunoprecipitation
(ChIP)-sequencing of the aforementioned inflammation modulators and associated
transcription repressors in our experimental settings. This approach will facilitate the
identification of interactions between these factors and the promoters of the IncRNAs.

However, we must exercise caution when interpreting our results due to the limitations of our
manual method for retrieving expression counts, as it may not align with the standard and
accurate methodologies employed in the field. Our approach of mapping sequence data to
the mouse genome and manually inspecting genome loci to retrieve expression counts of the
IncRNAs introduces potential issues. These include the possibility of retrieving counts from
untargeted genes, incorrect numerical count extraction for each gene, and potential
normalization biases. Furthermore, while our study successfully revealed the downregulation
of specific INcRNAs in microglia from LPS-stimulated A203¢-K0 mjce, which correlated with
increased expression of inflammation markers, it is important to note that further statistical
validation should have been conducted to draw accurate conclusions. Regrettably, our manual
method had certain limitations that prevented us from including an adequate number of
genes for a comprehensive analysis. The constraints and potential biases inherent in our
current manual approach for retrieving expression counts necessitate conducting a
comprehensive total RNA sequencing analysis. We highly recommend performing a screening
analysis using total RNA sequencing to overcome these limitations and obtain more accurate
and comprehensive results.

Our analysis of IncRNA expression in LPS-induced neuroinflammation has provided valuable
insights into their expression patterns and potential roles within this inflammatory context.
These findings serve as a reference point for comparing results obtained from
neuroinflammatory conditions such as MS, enhancing our understanding of the broader
regulation of inflammation. Consequently, we can identify potential therapeutic targets that
may have relevance in various inflammatory diseases.

Recognizing the crucial role of neuroinflammation in MS, our objective was to expand our
understanding of IncRNA involvement in this specific context. To achieve this, we investigated
inflammation-related IncRNAs in the EAE model. Previous studies have explored the
regulatory role of specific IncRNAs such as Gas5, Malat1, and linc-cox2 in EAE but without a
comprehensive understanding of the broader significance of IncRNAs in regulating
neuroinflammation in the EAE model (Masoumi et al., 2019; Sun et al., 2017; Xue et al., 2019).
Additionally, a microarray study examined IncRNAs in EAE mice and activated astrocytes but
primarily focused on the brain rather than the spinal cord (X. Liu et al., 2018). To bridge this
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research gap, we aimed to identify specific IncRNAs associated with inflammation and
exhibiting significant expression in the spinal cord tissue of EAE mice.

In our study, we conducted unbiased total RNA sequencing analysis on spinal cord tissue
samples obtained from mice with EAE at two time points: day 9 and day 20 post-immunization.
At day 9 of EAE, we observed minimal differential expression, primarily involving genes
associated with the initiation of immune responses. Among the differentially expressed genes,
we identified only two significant expressed IncRNAs, namely B230208H11Rik and
1110038B12Rik. Furthermore, we noted that the level of neuroinflammation was also limited
at this particular time point, which poses a challenge in establishing a direct connection
between these IncRNAs and inflammation. Notably, these two annotated IncRNAs have not
been previously associated with inflammation or immune responses in the literature.
However, by uncovering these understudied IncRNAs, our findings shed light on their potential
novelty in contributing to neuroinflammation during the early stages of EAE. Further
exploration of their interactions with established inflammatory pathways and immune cells
could provide valuable insights into their regulatory mechanisms and their potential as
therapeutic targets or biomarkers in the future.

In contrast to the minimal differential expression observed at day 9, we observed a notable
increase in neuroinflammation and significant expression of 557 IncRNAs at day 20 post-
immunization. As a result, our primary focus was directed towards this specific time point in
order to identify IncRNAs that are already known to regulate inflammation. Through this
approach, we successfully identified 51 IncRNAs that have been documented in the literature
as regulators of inflammation. Moreover, we validated a few of these IncRNAs in a coding non-
coding coexpression analysis as well as unknown IncRNAs. It is important to note that while
coexpression analysis offers insights into potential regulatory relationships, it should be
interpreted cautiously, and additional functional analysis is necessary to fully elucidate their
roles. Yet, our contribution is significant as it expands our knowledge of IncRNAs associated
with EAE that have not yet been characterized in this specific context.

Interestingly, several IncRNAs identified in our study, such as Malat1, Neat1, Snhgl, Sox2ot,
H19, Norad, and Meg3, have already been implicated in human patients with MS in previous
studies (Akbari et al., 2022; Ghafouri-Fard et al., 2023; Nociti & Santoro, 2021; Torkamandi et
al., 2021). It is worth noting that while some of these IncRNAs exhibit expression profiles that
align with our observations, others show discrepancies. These differences can be attributed
to their identification in specific cell populations or tissues investigated in these previous
studies, whereas our focus is solely on the complete spinal cord tissue. To validate our findings
in the EAE model against MS patients, we recommend performing single-cell total RNA
sequencing on the brain, spinal cord tissue, and eventually blood samples. This approach will
enable the analysis of the expression of the identified IncRNAs in specific cell types, providing
a more comprehensive characterization of their role in the context of inflammation. By
comparing our results with data from MS patients, we will gain further insights into the
relevance and potential translational implications of these IncRNAs in human disease.

Finally, it is important to acknowledge the limitations and differences between the EAE mouse
model and human MS in terms of disease progression and pathogenesis. The monophasic
chronic disease course observed in MOGss.ss immunized EAE mice contrasts with the
relapsing-remitting disease course typically seen in the majority of MS patients (Kipp et al.,
2017). This disparity suggests that the identified IncRNAs in both EAE samples and MS patients
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may have distinct roles and mechanisms due to the differential symptoms observed in these
two contexts. Moreover, while some IncRNAs may exhibit similarities between mice and
humans, not all IncRNAs are well conserved, and they may have different functions in mice
compared to humans (Pheasant & Mattick, 2007). Therefore, caution should be exercised
when extrapolating findings from mouse models to human disease. Additionally, it is worth
noting that certain IncRNAs mentioned earlier have already been associated with
inflammation in MS patients, while others may not have been extensively studied in this
context. The observed expression patterns of these latter IncRNAs could potentially be
influenced by other biological pathways, as evidenced by the significant findings in our gene
ontology enrichment analysis. Therefore, it is crucial to consider the broader biological context
and the potential involvement of additional pathways when interpreting the expression of
these IncRNAs in relation to inflammation.

4.2 Characterization of selected IncRNAs in vivo

To enhance our comprehension of the role of IncRNAs in inflammation during EAE, we
performed additional in vivo and in vitro characterization experiments. The primary objective
of these experiments was to investigate the functional roles of the identified IncRNAs. As a
result, we obtained valuable insights into the specific roles and regulatory mechanisms of
these IncRNAs in the context of inflammation, not only in EAE but also potentially in human
MS.

4.2.1 Selection of LncRNAEs for Further Investigation

Due to limitation in time and high-throughput technology, it is impractical to characterize all
51 IncRNAs. As a result, we adopted a strategic approach and selected four IncRNAs for in-
depth analysis. These IncRNAs were chosen based on their expression patterns observed in
our preliminary experiments and their relevance to neuroinflammation and EAE as indicated
by existing literature. This targeted selection aimed to uncover valuable insights into the
potential functions and roles of these IncRNAs in the context of EAE.

Our study has identified a correlation between the downregulation of Malatl and general
neuroinflammation. However, in the RNA-sequencing analysis of EAE mice at day 20, the
expression of Malat1 did not reach statistical significance. Nevertheless, it isimportant to note
that our analysis revealed a downward trend in the expression of Malatl, although the
statistical significance was not achieved. Furthermore, one study already demonstrated
decreased expression of Malatl in the spinal cord of EAE mice, as well as in stimulated
splenocytes and primary macrophages. Considering the substantial evidence from previous
studies, we found it necessary to include Malat1 in our investigation to explore its behaviour
in our specific EAE models and further elucidate its contribution to neuroinflammation.

We also included the other well characterized IncRNA Neatl. This IncRNAs exhibits a
correlated downregulation during general neuroinflammation. However, in the context of EAE
pathology at day 20, we have observed an upregulation of Neatl. Interestingly, existing
literature supports the upregulation of Neatl in MS patients (Nociti & Santoro, 2021). It is
worth noting that the behaviour of Neatl can vary depending on the specific cellular context
and the nature of the immune response. For instance, in vitro experiments using MG63 cells
stimulated with LPS have demonstrated a decrease in Neatl expression (Dai et al., 2021).
These findings suggest that the in vivo autoimmune response in EAE may have a different
effect on Neatl compared to LPS stimulation. This highlights the complex and context-
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dependent regulation of Neatl in the context of neuroinflammation and indicates the need
for further investigation to fully understand the role of Neatl in EAE pathology and its
potential implications in MS.

Furthermore, we observed a role for Zfas1 and Miat in both LPS-induced neuroinflammation
as well as in the spinal cord of EAE mice. The IncRNA Zfas1 has primarily been studied in the
context of neuronal injury, stroke and Parkinson’s disease mouse models models (H. Yang &
Chen, 2022; Y. Zhang & Zhang, 2020; Zhu et al., 2022) . Interestingly, while Miat has not been
specifically investigated in the context of MS and EAE, studies have explored its role in
microglial inflammation (J. Li et al., 2022b). ). Considering the limited knowledge regarding the
involvement of Zfasl and Miat in neuroinflammation and immune responses, we found it
important to include these relatively understudied IncRNAs in our further analysis.

4.2.2 Malat1, Neatl, Miat and Zfas1 Regulate Neuroinflammation in EAE
Mice

In our study, we utilized Pggt1b®**O mice, which lack the B subunit of protein geranylgeranyl
transferase-l (GGTase-l), and we observed complete protection from EAE and inflammation,
as previously shown by the host lab (unpublished data van Loo group). GGTase-l is responsible
for the lipidation of RHO family proteins, which play crucial roles in intracellular signalling
pathways, including those involved in inflammation (Akula et al., 2016, 2019). Although this
thesis did not aim to explain the mechanisms behind the observed protection from EAE in
Pggt1bP4*O mice, we speculate that the differential regulation of RHO proteins in the T-cells
leads to increased apoptosis and inhibition of cell migration. As a result, the ability of T-cells
to be activated and infiltrate the CNS is impaired. In our study, we confirmed the absence of
neuroinflammation in the spinal cord of immunized Pggt1b®4X0 mice. This finding has
significant implications as it allowed us to investigate the correlation between
neuroinflammation and the expression of the selected IncRNAs, while excluding any potential
confounding effects of the immunization process. Importantly, we found that the expression
patterns of the selected IncRNAs in the knockout mice closely resemble those observed in
unchallenged control mice in the sequencing analysis. Specifically, Malat, and Miat show an
upward trend in expression in Pggt1b®®4X0 EAE mice compared to control EAE mice, while
Zfas1 exhibited the expected downregulation. The IncRNA Neatl does not show the expected
downregulation as expected from our previous findings. We suggest the possible off-targeting
of the Neatl primers or a different role in these specific EAE transgenic mice.

We further characterized the role of the IncRNAs in EAE ‘hypersensitive’ mice models in order
to understand their contribution to neuroinflammation in these, possibly revealing how these
IncRNAs contribute to their sensitivity.

Our initial focus was on examining the expression profiles of the identified INcRNAs in A20®3¢rt-
KO (A20 KO) mice. These mice have been previously demonstrated to develop early onset and
more severe EAE disease compared to the control mice (Voet et al., 2018), which we could
confirm. We observed the presence of neuroinflammation in both groups of EAE mice, with
no significant difference observed between the control and A20 KO mice. This finding
contrasts with previous results from the host lab, which showed a significant increase in //16
expression in the A20 KO EAE mice compared to the EAE control group (Voet et al., 2018). We
suggest that the observed variation in our study could potentially be attributed to the timing
of spinal cord isolation for analysis of /118 expression, which was performed at a later time
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point compared to the initial study. However, we could confirm high //18 expression in non-
immunized A20 KO mice, as previously shown (Voet et al., 2018).

In EAE mice, we observed downregulation of the IncRNAs Malatl, Neatl, Miat, with no
significant difference between the knockout and control groups. Interestingly, similar
downregulation was also observed in unchallenged A2093¢-*0 mice, which aligns with our in
silico analysis of these mice. We attribute this observation to the presence of //18 expression
in the knockout mice, which is a consequence of NIrp3 hyperactivation within the CNS of A20
KO mice (Voet et al., 2018). Notably, our identified IncRNAs have previously been associated
with NlIrp3 activation in other studies (Dai et al., 2021; Wang et al., 2021; Y. Zhang & Zhang,
2020). However, these results indicate context-specific regulation, likely involving interactions
with various miRNAs and proteins. Consequently, we propose a potential context-specific role
for these IncRNAs during Nlrp3 activation in the context of EAE. Additionally, our analyses,
which include both RNA-seq and gPCR experiments, revealed the downregulation of the
IncRNA Zfas1 in unchallenged A20 knockout mice, followed by its upregulation during EAE.
This contrasting expression pattern suggests a different role for Zfasl during general
neuroinflammation characterized by Nlrp3 activation, such as in the autoimmune reaction
during EAE.

In our investigation using OTULIN®3¢1-K0 (OTU KO) mice, which exhibit similar characteristics
to A20 KO mice and display ‘hypersensitivity’ to EAE (unpublished data van Loo group), we
have discovered intriguing findings regarding the selected IncRNAs. Firstly, we observed
comparable regulatory trends to our previous EAE analysis, indicating consistent
downregulation of the IncRNAs Malat1, Neatl, and Miat in the context of EAE. However, in
unchallenged OTULIN knockout mice, we noted a contrasting trend of upregulation for the
IncRNAs Malatl, Neatl, and Miat, as opposed to the unchallenged control mice and EAE mice.
These results diverge from our observations in unchallenged A2093¢1K0 mice, where
downregulation of these IncRNAs was observed. The contrasting expression patterns in
unchallenged OTULIN knockout mice suggest that the absence of OTULIN may have distinct
effects on the regulation of these IncRNAs compared to A20 deficiency. To fully comprehend
the underlying mechanisms and functional roles of these IncRNAs, further investigations are
necessary, including detailed characterization of the OTULIN knockout mice and exploring
potential interactions with other molecules and signalling pathways.

Based on our findings, we propose a model that provides a plausible explanation for the
observed patterns of IncRNA expression and their potential role in neuroinflammation.
According to this model, the IncRNAs initially function as a "brakes" to regulate and suppress
neuroinflammatory responses. However, their ability to maintain this regulatory effect is
compromised when significant neuroinflammation is present. Our proposition is supported by
the observation of IncRNA upregulation in non-immunized OTU KO mice, which exhibit
hyperactivated microglia, despite the absence of upregulated neuroinflammation markers. In
this condition, we postulate that the deletion of OTULIN results in the upregulation of NF-kB,
which initiates a negative feedback loop involving the IncRNAs to deactivate NF-kB and serve
as a compensatory mechanism to suppress neuroinflammation. However, when
neuroinflammation becomes more pronounced, as evidenced by increased expression of //16
and hyperactivated microglia in non-immunized A20 KO mice, we observe the downregulation
of the IncRNAs. We propose that this downregulation may be attributed to downstream
mediators of IL-1B receptors or an amplified effect of NF-kB partners.
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Figure 32. Regulation effect of IncRNAs on inflammation response in the central nervous system (CNS). In
this proposed model, we depict the possible regulatory effect of long non-coding (Inc)RNAs on the
inflammation response in the CNS. The IncRNAs act as a "safety mechanism" to initially regulate and suppress
neuroinflammatory responses. However, their ability to maintain this regulatory effect diminishes in the
presence of prominent neuroinflammation. Under "CNS stress" conditions, we postulate that the deletion of
OTULIN in microglia (OTULIN®31K0 ) Jeads to the upregulation of NF-kB, initiating a negative feedback loop
involving the IncRNAs, which inactivate NF-kB and help to suppress neuroinflammation. However, when
neuroinflammation becomes more pronounced, the IncRNAs are downregulated. This downregulation may
be influenced by downstream mediators of IL-1B receptors or an amplified effect of NF-kB partners, which
override the regulatory function of the IncRNAs.

Previous studies have reported the involvement of the IncRNA Malat1 in feedback loops with
NF-kB signaling (Gupta et al., 2020), suggesting a direct connection. However, for the IncRNAs
Neatl and Miat, while they have not been specifically associated with direct NF-kB signalling
loops, they have been implicated in indirect interactions with NF-kB signalling pathways (Dai
et al., 2021; J. Li et al., 2022a). Regarding the effect of OTULIN KO on NF-kB, it is interesting to
note that increased NF-kB activation was not observed in LPS-stimulated primary microglia
(unpublished data van Loo group). In our proposed model, we suggest an indirect effect in
which the hyperactivation of microglia in OTULIN KO mice leads to an impact on NF-kB
signalling in the complete spinal cord. Furthermore, downstream effects of these IncRNAs
have been reported in literature, including interactions with signalling pathways involving
STATs, MAPKs, and inflammasomes, as mentioned above (Tripathi et al., 2021a). Considering
the A20 knockout in microglia, which is known to induce Nlrp3, we propose that Nlrp3 may
serve as the main mediator for the observed downregulation of IncRNAs in EAE and in
A20°3 KO mice. NIrp3 activation could potentially influence the expression and function of
these IncRNAs, leading to their downregulation in the context of neuroinflammation. To
further investigate and validate these hypotheses, we suggest performing single-cell CHIP and
total RNA-sequencing experiments in these transgenic mice. These techniques will provide
valuable insights into the specific cellular interactions of the IncRNAs with inflammation and
help elucidate the intricate mechanisms underlying their regulation in neuroinflammatory
processes. Moreover by executing Chromatin Isolation by RNA purification (ChiRP)-
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sequencing, we will be able to know which IncRNAs bind to specific DNA sequences with
chromatin-remodelers and transcription factors and consequently regulate the expression of
inflammation mediators such as NF-kB and many others.

In conclusion, our in vivo experiments have shed light on the correlation between
neuroinflammation in EAE and the expression profiles of the selected IncRNAs. Through our
findings, we have proposed a plausible model for the regulation of these IncRNAs in the
context of EAE neuroinflammation, providing insights into their potential mechanisms of
action in influencing the inflammatory response and contributing to EAE pathogenesis.
Furthermore, our study highlights the utility of the chosen mouse models in understanding
the role of IncRNAs in neuroinflammation. These models have allowed us to uncover valuable
information about the expression patterns of these IncRNAs in different contexts and their
potential implications in neuroinflammation.

4.3 Characterization of Selected LnhcRNAs in vitro

The use of the studied mouse models has provided valuable evidence for the involvement of
IncRNAs in neuroinflammation during EAE. Additionally, by investigating the expression of
these IncRNAs in stimulated bone marrow-derived macrophages (BMDMs), we have gained
direct insights into the influence of specific inflammation signalling pathways on the
regulation of these IncRNAs. This approach has allowed us to deepen our understanding of
the regulatory roles of IncRNAs in macrophages and their functional impact on the
inflammatory response.

Our in vitro experiments have provided us with valuable regulatory trends, but we
acknowledge the challenges posed by substantial variation among biological replicates,
preventing us from drawing statistically significant conclusions. We hypothesize that the
observed variability could be attributed to differences in the number of cells used in each
replicate. Since certain IncRNAs are expressed at relatively low levels, even minor variations
in cell numbers could contribute to noticeable differences between replicates. It is worth
noting that such significant variance was not observed for other transcripts, including Tnf, /16,
1118, and the housekeeping genes. To address this issue in future experiments, it is crucial to
take steps to minimize discrepancies in cell numbers during the plating process. Additionally,
maintaining a consistent and adequate cell density, and using more than 1 x 10° cells per well,
can reduce the impact of cell number variations and improve the statistical significance of the
results. In addition, employing targeted RNA-sequencing with a biased approach, such as using
pre-designed panels targeting specific IncRNAs of interest, may offer a more sensitive and
robust alternative to RT-qPCR. By implementing these measures, we can enhance the
reliability and reproducibility of in vitro experiments investigating the regulatory roles of
IncRNAs in the context of inflammation and further improve our understanding of their
functional impact on the immune response.

Although we were unable to achieve statistically significant results in our in vitro experiments
due to substantial variation between biological replicates, the observed trends in IncRNA
expression suggest a potential relationship between signalling pathways and the regulation of
these IncRNAs. While we cannot draw definitive conclusions based on these trends alone, they
provide valuable insights that could help explain the results observed in our in vivo
investigations. Additionally, they indicate the need for further investigation.
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Based on our preliminary experiments, we consistently observed a significant presence of the
central inflammatory mediator NF-kB. This suggests that NF-kB may play a crucial role as one
of the main mediators influencing the expression levels of the studied IncRNAs. The trend of
downregulation of the IncRNAs Malatl and Miat in BMDMs upon NF-kB activation by LPS
aligns with our in vivo results and in silico analyses. However, it is important to note that a
previous study has reported conflicting findings regarding the regulation of Malat1 upon LPS
stimulation in BMDMs(Cui et al., 2019). Regarding Miat, a previous study demonstrated its
upregulation after LPS stimulation in human macrophages (Wang et al., 2021). As IncRNAs can
exhibit varying behaviours in different cell types and may differ between mouse and human
systems (Pheasant & Mattick, 2007), the differences observed could be due to cell type-
specific responses or species-specific variations.

Our study highlights the significant role of the NIrp3 inflammasome, in addition to NF-kB. The
observed upregulation of the IncRNA Zfas1 in both control and A20 knockout BMDMs under
Nirp3 and NF-kB activation aligns with the results obtained from in vivo experiments
conducted in the EAE model. Interestingly, in unchallenged A2093¢1-*O mijce, both the RT-gPCR
experiments and in silico analysis demonstrate downregulation of Zfas1. This downregulation
indicates the involvement of another mediator that is active specifically in A2093¢1K0 mjce
and contributes to the decrease in Zfas1 expression. To better understand this discrepancy,
we propose to use the above stated ‘multi-omics’ approaches to know the transcription
modulators of this IncRNA during neuroinflammation and EAE.

Furthermore, understanding the regulatory mechanisms underlying the resolution of
inflammation and the induction of an alternative activated state in myeloid cells, such as
microglia, is crucial for developing effective therapies to modulate neuroinflammation in the
context of MS pathology (Ponomarev et al., 2007). Our study examined IL-4-stimulated
BMDMs to investigate these mechanisms. While the results were inconclusive due to variation
between biological replicates, we did observe a slight trend of downregulation of Malat1 and
Neatl at certain time points, which aligns with the observed expression patterns during EAE
pathology (Figure 29). Also in EAE, the presence of such markers indicative of an alternative
activated state could be observed. These findings suggest a potential pleiotropic effect of the
IncRNAs, where they may contribute to the regulation of other molecular markers involved in
the induction of activated states, both anti-inflammatory and proinflammatory. Further
investigations are needed to fully elucidate the specific roles and mechanisms by which these
IncRNAs exert their regulatory effects in myeloid cells during different inflammatory states.

Last due to the significant role of Miat in our results we tried to further characterize this
IncRNA in the context of myeloid inflammation. However, based on the expression of Miat,
we concluded that the gapmers did not work. The lack of significant changes in the expression
of Miat could have several explanations. One possibility is that the gapmers were not
efficiently entering the BMDMSs. While lipofectamine is commonly used to facilitate the
introduction of molecules into cells, it is known that phosphorothioate modified ASOs can
enter cells without the assistance of lipofectamine at appropriate concentrations (Rego et al.,
2011). Moreover, previous experimental setups have shown successful uptake of naked
modified ASOs into cells via endocytosis (Geary et al., 2015). However, it is also important to
consider other factors that could contributed to the lack of observed effects. The efficacy of
knockdown may vary depending on the specific sequence and characteristics of the target
RNA. Additionally, the gapmers could be susceptible to degradation or sequestration within
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the cells, reducing their effectiveness (Geary et al., 2015). Optimization of gapmer
concentration and delivery methods, such as exploring different transfection reagents or
delivery systems, could also improve their efficiency in entering the cells and reaching the
target RNA.

4.4 Conclusions and Future Perspectives

In our study, we identified 51 IncRNAs that are significantly expressed in the spinal cord during
the peak of EAE. While some of these IncRNAs have been previously associated with in MS
patients, employing ‘multi-omics’ approaches like single-cell RNA sequencing and CLIP-
sequencing would provide deeper insights into their role in regulating inflammation in EAE
and MS. Furthermore, a large part of the 557 significant expressed IncRNAs are not yet
characterized. While, we used a coding non-coding coexpression network analysis and
revealed the potential of some unknown IncRNAs, functional experimentation is needed to
know their exact role. However, we opened a road for further research on investigating these
IncRNAs in the context of neuroinflammation and MS. Furthermore, to elucidate the
contributions of some specific IncRNAs to EAE, we performed comprehensive
characterizations of four IncRNAs: Malat1, Neatl, Miat, and Zfas1. We ultilized A20%3¢r1-KO
and OTULIN®Se-KO mijce, which exhibit heightened sensitivity to EAE and display
hyperactivated microglia even in unchallenged conditions. During all EAE conditions, we
observed downregulation of Malatl, Neatl and Miat, while Zfasl showed upregulation.
Notably, in the spinal cord of non-immunised A2093-K0 mice, Malat1, Neat1 and Miat were
downregulated, whereas non-immunised OTULIN®3¢1KO mice showed upregulation of these
IncRNAs. Furthermore, in Pggt1b®4*0 EAE mice we observed the expected findings as in
unchallenged wild-type mice. All these findings support the notion that Malat1, Miat, and
Neatl act as "brakes" to balance and counteract the inflammatory response. However,
conditions of prominent neuroinflammation, such as in EAE, seems to compromise the ability
of IncRNAs to restrain inflammation. To validate this hypothesis, we propose conducting the
aforementioned ‘multi-omics’ approach in these transgenic mice. to enhance our
understanding of their role in MS pathogenesis. Next, we aimed to investigate the impact of
inflammatory pathway activation on the expression of the identified IncRNAs specifically. To
achieve this, we examined their expression in BMDMs, which provided insights into their
potential role in regulating inflammation in these cells. However, due to significant variation
between biological replicates, we were unable to draw definitive conclusions regarding the
effect of NF-kB, Nlrp3 inflammasome and STAT6 activation on the IncRNAs. Nonetheless,
certain trends aligned with the expression patterns observed in vivo, suggesting pleiotropic
roles for these IncRNAs in regulating activation of myeloid cells in both pro-inflammatory and
anti-inflammatory states. Future studies should focus on optimizing technical details to
investigate IncRNA expression in BMDMs, aiming to gain a better understanding of their
integration into myeloid inflammation signalling.

Furthermore, in our efforts to gain insights into the role of Miat during inflammation, we
employed silencing techniques. Although the specific experiments using antisense
oligonucleotides (ASOs) did not yield the desired results, it is important to acknowledge that
ASOs have shown promise in treating neurological diseases and targeting IncRNAs in previous
studies (Wurster & Ludolph, 2018). For example, a study demonstrated the effective delivery
of DNA/RNA heteroduplex oligonucleotides (HDOs) conjugated to cholesterol or a-tocopherol
to the CNS following subcutaneous or intravenous administration in mice and rats (Nagata et
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al.,, 2021). These HDOs were efficiently distributed throughout the brain, spinal cord, and
peripheral tissues, leading to significant suppression (up to 90%) of four target genes in the
CNS. Targeting specific INcRNAs through such mechanisms has also shown promise (Hsiao et
al., 2016), although further optimization is required to develop effective therapies.
Undoubtedly, IncRNAs have emerged as intriguing potential targets for the treatment of
neuroinflammatory conditions. Not only because of their significant contributions to
pathologies, but also due to their cell and context-specific roles, consequently reducing
possible side effects. Our research has significantly contributed to the identification of
potential targets in the context of MS and general neuroinflammation. However, there is still
much to be discovered in order to fully unravel the therapeutic potential of IncRNAs in these
conditions.
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Animals. Conditional A20 knockout mice harboring two loxP sequences flanking exons 4 and
5 (A20FYFl) were generated as previously described . A20FY/F. mice were crossed with
Cx3Cr1Ert2-Cre transgenic mice to generate A2093¢K0 or to Lysm-Cre transgenic mice to
generate A20MY*Omijce (Catrysse et al., 2014). Mice with conditional loxP-flanked Otulin
alleles (Verboom et al.,, 2020) were crossed with Cx3CrlErt2-Cre mice to generate
OTULIN®3¢r1-KO mijce. Mice with conditional loxP-flanked Pggt1b alleles were a kind gift of Prof.
Martin Bergo, Karolinska Institute, Stockholm, Sweden. Pggt1bFY/Ft were crossed in house with
CD4-Cre transgenic mice to generate Pggt1b®4*0 mice.

All alleles were maintained on a C57BL/6 genetic background. Mice were housed in
individually-ventilated cages at the VIB Center for Inflammation Research, in a specific
pathogen-free animal facility. All experiments on mice were conducted according to
institutional, national, and European animal regulations. Animal protocols were approved by
the ethics committee of Ghent University

Induction and assessment of EAE. Eight- to 26-week-old littermate mice were immunized
subcutaneously with an emulsion of 200 pug MOGss-s55 (MEVGWYRSPFSRVVHLYRNGK) peptide
in 100 pl sterile PBS and an equal volume of complete Freud’s adjuvant (CFA, Sigma-Aldrich)
supplemented with 10 mg/ml Mycobacterium tuberculosis H37RA (Becton Dickinson
Bioscience). In addition, mice also received 50 ng of pertussis toxin (Sigma-Aldrich) in 200 pl
sterile PBS at the time of immunization and 48 h later. Before MOG injection, mice were
anaesthetized with 10 ng xylazine and 10 ng ketamine in 200 pl PBS, per 25 gram body weight.
Clinical signs of disease were scored on a scale of 0-5, with 0.5 points for immediate clinical
findings as follows: 0, normal; 1, weakness of tail; 2, complete loss of tail tonicity; 3, partial
hind limb paralysis; 4, complete hind limb paralysis; 5, forelimb paralysis or moribund. To
eliminate any diagnostic bias, mice were scored blindly. In addition, body weight during
disease progression was registered.

RNA extraction. Spinal cord tissue of EAE and non-immunized mice was collected and
homogenized using 700 pL of lysis buffer (Qiagen miRNeasy isolation kit), followed by
mechanical homogenization with beads. The tissue was lysed in a tissue lyser (two times 5 min
with a frequency of 20/s), and RNA was extracted according to the manufacturer's instructions
(Qiagen, attachments). In addition, RNA was extracted from BMDMs according to the
manufacturer’s instructions (Biorad, attachments). RNA concentration and purity were
determined spectrophotometrically using the Nanodrop (ND-100, Isogen Life Science)
Technology.

Total RNA sequencing. Generation of cDNA and library preparation (SMARTer Stranded Total
RNA-seq Kit v3 -Pico input mammalian) were performed according to manufacturer’s
protocols (attachments). The sequencing libraries were sequenced on an lllumina NextSeq™
550 sequencer. Basecalling and Fastq file generation was performed using standard lllumina
software (RTA, Casava). Fastq files were analyzed for data quality using FastQC v0.11.553
(FastQC: a quality control tool for high-throughput sequence data. Available online at:
http://www.bioinformatics.babraham.ac.uk/ projects/fastqc.) Sequences were aligned to the
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mouse genome assembly GRCm39 as provided by the GENCODE project54 using the Star
aligner v2.5.2b55. Aligned reads were counted using featureCounts v1.5.156.

Bioinformatic analysis for RNA sequencing data. The DESeq?2 tool in R was used to normalize
and statistically analyse differential expression of the transcripts. The GSEA databank was
used to perform gene ontology enrichment analysis. The weightened correlation network
analysis (WGNA) package was used to identify network hubs and calculate the Pearson’s
correlation coefficient. In this analysis all annotated long non-coding (Inc)RNAs were included
as well as transcripts of NF-kB signalling mediators. Direct connections with the inflammation
transcripts with a Pearson’s correlation coefficient r > 0,55 were mapped using the Cytoscape
tool.

Primary bone marrow derived cell cultures. Bone marrow cells were isolated from tibia and
femurs from A20M¢"0 and control wild-type littermate mice by flushing the bones with RPMI
medium 1640 (Thermo Fisher Scientific) through a syringe and a G26 needle on a 100 uM cell
strainer. Next, the cells were spun down for 5 min at 1000 rpm and resuspended in RPMI
medium 1640 supplemented with 100 ng/ml macrophage colony stimulating factor (MCSF,
made inhouse), 10% fetal bovine serum (Thermo Fisher Scientific), 25 units/mL penicillin, 25
ug/mL streptomycin (Thermo Fisher Scientific) and L-glutamine (Lonza), and plated in 9 cm
bacterial plates in quadruplicate. Every 48 hours, the medium was refreshed and on day 6
bone marrow derived macrophages (BMDMs) were seeded for further experiments. To
determine the precise cell concentration for each biological sample, the cells were harvested
and resuspended in RPMI medium supplemented with MCSF. First, after removal of the
supernatant, cells were scraped with 10 uL cold PBS and collected in a 50 mL Falcon tube. The
cells were pelleted by centrifugation at 1000 rpm for 5 minutes and then resuspended in RPMI
medium with MCSF. The cell concentration was determined using an automated cell counter,
Luna Il TM, by mixing 10 uL of the cell suspension with 10 puL of trypan blue. The cell suspension
was further diluted to a concentration of 1 x 10° cells/mL for seeding.

BMDM stimulation. BMDMs, obtained from three A20M¥eK0 mijce and three control wild-type
littermate mice, were plated at a density of 1 x 10° cells per well in 6-well plates. The cells
were stimulated (or not) with 20 ng/mL lipopolysaccharide (LPS, LPS Ultrapure, E. coli 0111:B4
from Invivogen) for 2, 4, 6, and 24 hours. To activate the NLRP3 inflammasome, BMDMs were
primed with 20 ng/mL LPS for 4 hours, followed by stimulation with 20 mM ATP for 45
minutes. Alternatively, cells were treated with 10 ng/mL IL-4 (prepared in-house) for 4, 8, and
24 hours. After the time of stimulation, cells were washed twice with ice-cold Dulbecco’s
phosphate buffered saline (D-PBS, Invitrogen) and scraped in 500 uL Trizol (Invitrogen) for
RNA isolation. In addition, 200 pL supernatant was isolated for further analysis of cytokine
levels.

Antisense Oligonucleotides. Antisense oligonucleotides (ASOs) were designed as described in
the result section. The secondary structure of Miat was analysed using the bioinformatic tool
mFOLD to detect open single stranded RNA sequences of at least 15 nt. Potential ASO
sequences were further investigated for their thermodynamic properties. The free energy
should be higher than -4kcal/mol for the ASO itself and higher than -16kcal/mol for ASO/ASO
homodimers. In addition, the total binding energy, calculated by subtracting the free energy
of the target sequence by that of the target/ASO duplex, should ideally range between 21-28
kcal/mol. The GC-content is optimal between 40-60%, preferably less than 50%, and melting
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temperature should be above 48°C. These different properties were evaluated using the
online OligoAnalyzer™ Tool from Integrated DNA technologies (IDT). The following ASOs were
ordered at Eurogentech: {A*T*T*IG*T*TG*GT*GA*AA*TG*TG*G*{A*A*G},
{T*G*C*IT*G*CG*GGG*TT*A*{G*A*A}, {A*G*G*|T*A*GT*AG*GT*TG*AT*AT*A*{G*T*G}. {}
= Locked nucleic acids, * = phosphorothiate. ASOs were dissolved in TE buffer (Biorad) to a
concentration of 1000 uM. The ASOs were administered to the BMDMs for 4 or 24 hours (10
uM) after which they were stimulated with LPS for 4h. RNA was isolated and qPCR was
performed, as mentioned above.

Cell death assay. To allow for cell attachment and recovery, 40,000 cells per well were seeded
in RPMI medium supplemented with 100 ng/mL macrophage colony-stimulating factor (MCSF,
prepared in-house), 10% fetal bovine serum (Thermo Fisher Scientific), 25 units/mL penicillin,
25 pg/mL streptomycin (Thermo Fisher Scientific), and L-glutamine (Lonza). The cells were
incubated at 37°C, 5% CO2 overnight. After the incubation, the cells were stimulated with 20
ng/mL LPS, and Sytox green (Invitrogen) and Drag5 (Thermo Fisher Scientific) were added to
the medium. After 4 hours, the cells were further stimulated with 20 mM ATP in Sytox green
(Invitrogen) and Draq5 (Thermo Fisher Scientific), and cell death was monitored every 10
minutes for 1 hour in the Sartorius Incucyte Live-cell analysis system. The percentage of cell
death was calculated as the number of Sytox green-stained cells divided by the total number
of cells stained with Draqg5 using the Incucyte Base analysis software.

Quantitive real time PCR on BMDMs and spinal cord tissue. After RNA isolation and
qguantification, cDNA was synthesised from 1000 ng RNA by using the SensiFAST cDNA
Synthesis Kit according to the manufacturer’s instructions (supplementary). A total of 10 ng
cDNA was used for real time quantitative PCR in a total volume of 10 ul with 5 pl LightCycler
480 SYBR Green | Master Mix (Roche) and 1L of (5 uM) specific primers (Table 1), on a
LightCycler 480 (Roche). Real-time PCR reactions were performed in triplicates.

Table 2. Sequences of forward and reverse primers for real-time quantitative PCR analysis on the
LightCycler 480.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)

Malat1 GCAGTGTGCCAATGTTTCGT AGTCTGCTGTTTCCTGCTCC

Neat1 GGCACAAGTTTCACAGGCCTACATGGG GCCAGAGCTGTCCGCCCAGCGAAG
Miat GGGAGGTGTATAAAGTGAGAAGCT GTATCCCAAGGAATGAAGTCTGTCT
Zfas1 TCCCGATATGTCTCGTCCCT TCACGCTCCATTCAAAGCCC

Tnf TGTCTTTGAGATCCATGCCGT TCAAAATTCGAGTGACAAGCCTG
6 CCGGAGAGGAGACTTCACAG TTCTGCAAGTGCATCATCGT

1118 AGCTCATATGGGTCCGACAG GACCTTCCAGGATGAGGACA
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Gapdh TGAAGCAGGCATCTGAGGG CGAAGGTGGAAGAGTGGGAG
Rpl13 CCTGCTGCTCTCAAGGTT TGGTTGTCACTGCCTGGTACTT
Hprt AGTGTTGGATACAGGCCAGAC CGTGATTCAAATCCCTGAAGT
Argl AAAGCTGGTCTGTGGAAAA ACAGACCGTGGGTTCTTCAC
1110 GCCTTATCGGAAATGATCCA TTTTCACAGGGGAGAAATCG
laf CTGGTGGATGCTCTTCAGTTC TGCAGCTTCGTTTTCTTGTTT
Tgf8 TATCACCTGTGTGCTGATCCA CAAGCAGTCCTTCCCTTCAG

Bioplex. TNF, IL-6, IL-1B, and IL-10 protein levels in culture supernatant were determined by
magnetic bead-based multiplex assay using Luminex technology (Bio-Rad Bio-Plex 200),
according to the manufacturers’ instructions (supplementary).

Statistics. Results were displayed as mean + SEM (standard error of the mean). EAE clinical
score are analysed using an F-test on repeated measurements. RT-gPCR results of the in vivo
experiments were analysed using a one-way ANOVA with Tukey correction for multiple
comparison in case of the 4 treatments group. For the Pggt1b®®**C mice an unpaired T-test
with Welsh-correction was performed. The in vitro BMDM experiments were analysed using
a two-way ANOVA with Sirlak’s correction. Levels of cytokines and expression in BMDM
timelapse experiments were analysed using Wilcoxon-sum rank test between the genotypes
at every time-point.
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Supplementary figure 1. Top 10 biological pathways based on gene ontology enrichment (GOE) analysis of
differentially expressed IncRNAs in spinal cord tissue of experimental autoimmune encephalomyelitis (EAE)
mice at 20 post-immunization. RNA isolated from spinal cord tissue of non-immunised control (n = 4) mice and
myelin oligodendrocyte glycoprotein (MOGss.ss) immunised EAE mice at day 20 (n = 4) post-immunisation, was
subjected to total RNA sequencing and downstream processing. Long non-coding (Lnc)RNAs with an adjusted p-
value < 0.05 compared to the control, were subjected to GOE. The x-axis displays the number of differentially
expressed genes belonging to each biological pathway, while the color gradient indicates the corresponding
adjusted p-value (p.adjust). The lower the p-value the more significant the pathway is enriched (more identified
differential expressed genes on the total amount of genes belonging to the pathway). The top 10 biological
pathways are visualized for both EAE day 9 (a) and EAE day 20 (b).
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Supplementary Figure 2. Relative gene expression levels of IncRNAs in the spinal cord of experimental
autoimmune encephalomyelitis (EAE) pathology at different clinical scores. RT-qPCR was performed on RNA
from spinal cord tissue of myelin oligodendrocyte glycoprotein (MOGss.ss) peptide immunised WT (WT EAE, n =
8) and A20 KO (A20 KO EAE, n = 8) mice, and non-immunised WT (n = 4) and A20 KO (n = 4) mice 15 days post-
immunisation. The y-axis represents the relative gene expression of Malat1 (a), Neatl (b), Miat (c) and Zfas1 (d),
while the x-axis represents the different clinical scores neglecting the genetic background. All groups were
normalised to the expression of the housekeeping genes Gapdh and Hprt. Statistical significance was determined
using one-way ANOVA with Tukey’s correction for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001,
**%*%p < 0.0001. Results are displayed as mean + SEM .
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cDNA prep. SMARTer Stranded Total RNA-seq Kit v3
SMARTer® Stranded Total RNA-Seq Kit v3 - Pico Input Mammalian User Manual

In order to generate library inserts of an appropriate size for compatibility with [llumina sequencing, RNA
molecules obtained from high-quality or partially degraded samples must be fragmented prior to cDNA synthesis.

For highly degraded, low-guality starting material, the BNA fragmentation step should be skipped. Please refer to
Option 2 for Section V_A for guidance on how to proceed if you are skipping the fragmentation step.

Total RNA

{High-guality or degraded)

1. First-strand cDMNA synthesis
(Section V.A)

2. Addition of lllumina adapters and barcodes 30 min

3 hr,
45 min

{Section V B)

W

purification with NucleoMag 30 min

(Section V.C)

4, Depletion of ribosomal cDNA 1hr,

(Section V.D) 45 min
30 min
(Section V.E)

6. Library purification with NucleoMag beads .
30 min

{Section V_F)

Figure 1. SMARTer Stranded Total RN A-Seq Kit v3 - Pico Input Mammalian protocol everview. This kit features an casy workflow
that generates Mumina-compatible RMA-seq libraries in approximately 7 he 30 min. Actueal processing time may vary depending on the
nuember of samples and eyeling conditions (e.g2-, Protocol E takes more than 30 min if using 16 cyeles of PCR or if using a thermal cycler
with a slow ramping time). First, total RNA is converted to ¢cDMA (Protocol A), and then adapters for HHlumina sequencing {(with specific
barcodes) are added through PCR using a limited number of cyeles (Protocol B). The PCR products are purified (Protocol C), and then
ribosemal cDMNA is depleted (Protocol D). The ¢cDMA fragments from Protocol D are further amplified (Protocol E) with prioeers universal
o all libraries. Lastly, the PCR products are purified onee more to yield the final cDNA library (Protocol F). As outlined in Section WV, the
kit workflow includes three safe stopping points following the completion of Protocols A, B, and E, respectively.
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Option 1 (With Fragmentation): Starting from High-Quality or Partially Degraded RNA

1. To start with RNA samples, mix the following components on ice:

-8 ul RNA
1 pl SMART Pico Oligos Mix v3
4 pl  5X First-Strand Buffer

0-7 ul  Nuclease-free water

13 pl  Total volume per reaction

Incubate the tubes at 94°C in a preheated, hot-lid thermal cycler for the amount of time recommended
in Table 1 or for an experimentally determined, optimal amount of time, then immediately place the
samples on an ice-cold PCR chiller rack for 2 min.

2. To start with cells:
a. Prepare RNase Inhibitor Water (R1 Water) by combining 199 pl of Nuclease-free water with 1 pl
of RMase Inhibitor (scale up as needed). Mix by vortexing and keep on ice until needed.
b. Prepare a stock solution of 10X Lysis Mix by combining 19 ul of 10X Lysis Buffer and 1 pl of
BMase Inhibitor {scale up as needed). Mix by vortexing and keep on ice until needed.
€. Make sure your cells are in a total volume of 7 pl, in 0.2-ml PCR tubes or strip tubes. If input
volume is less than 7 pl, complete with Rl Water. Keep sample on ice.

d. Prepare enough Shearing Master Mix for all reactions, plus 10%, by combining following:

1 ul 10X Lysis Mix
1 ul SMART Pico Oligos Mix v3
4 pl  5X First-Strand Buffer
6 ul  Total volume per reaction
e. Add 6 pl of the Shearing Master Mix to each of vour 7 pl cell suspension prepared in Step 2¢, and
mix by tapping gently, then spin down.
f.  Incubate the tube at 85°C in a preheated, hot-lid thermal cyeler for 6 min then immediately place
the samples on an ice-cold PCR chiller rack for 2 min.




3. Prepare enough First-Strand Master Mix for all reactions, plus 10%, by combining the following
reagents on ice, in the order shown:

45ul SMART UMI-TSO Mix v3

035 pl RNase Inhibitor
2ul SMARTSeribe Il Reverse Transcriptase
Tul  Total volume per reaction

4. Add 7 pl of the First-Streand Master Mix to each reaction ube from Step 1 (RNA sample) or Step 2
(cells). Mix the contents of the tubes by vortexing for -2 sec, then spin the tubes briefly to collect the
contents at the bottom.

5. Incubate the tubes in a preheated hot-lid thermal cycler with the following program:

42+C 180 min
T 10 min
44C forever

6. Leave the samples in the thermal cycler at 4°C until the next step.

Option 2 (Without Fragmentation): Starting from Highly Degraded RNA
1. Mix the following components on ice:

I-8ul RNA
1 pl SMART Pico Oligos Mix v3
0-7 ul Nuclease-free water
9 pl  Total volume per reaction
2. Incubate the tubes at T2%C in a preheated, hot-lid thermal cycler for exactly 3 min, then immediately
place the samples on an ice-cold PCR chiller rack for 2 min.
3. Prepare enough First-Strand Master Mix for all reactions, plus 10%, by combining the following
reagents on ice, in the order shown.

4 pl 5X First-Strand Buffer
45pul SMART UMI-TSO Mix v3
0.5 pl RMNase Inhibitor
2 pl SMARTSeribe 11 Reverse Transcriptase
11 pl Total volume per reaction

86



4. Add 11 plof the First-Strand Master Mix to each reaction tube from Step 2. Mix the contents of the
tubes by vortexing for 2 sec, then spin the tubes briefly to collect the contents at the bottom.

5. Incubate the tubes in a preheated hot-lid thermal cycler with the following program:

425C 180 min
T05C 10 min
44C forever

6. Leave the samples in the thermal eycler at 4°C until the next step.



Protocol of RNA isolation using the Qiagen miRNeasy kit

Protocol: Purification of Total RNA, Including
Small RNAs, from Animal Tissues

Important points before starting

IF vsing the miRMeasy Mini Kit for the first time, read “Important Motes” [page 14).

It is important not to overload the RMeasy Mini spin column, as overloading will
significantly reduce RMA yield and quality. Read “Determining the amount of starting
material” [poge 14).

IF wiorking with RMA for the first time, read Appendix E [page 52).

For optimal resulis, siabilize harvested fissues immediately in RMAprotect Tissue Reagent
or Allpratect Stabilization Reagent. Tissues can be siored in the reagent for up o 1 day
at 37°C, 7 days at 15=257C, or 4 weeks at 2-8°C, or archived at =30°C to =15°C or =
PO°C to =65°C.

Fresh, frozen or RMAproteckor AllProtect-stabilized tisswves con be used. Tissues can be
stored for several months at =20°C to =65°C. Do not allow tissues fo thaw during
weighing or handling prior to disruption in QlAzol Lysis Reagent. Homogenized fissue
lysates [in QlAzol Lysis Reagent, step 3) can also be stored ot =20°C to =65°C for
several months. To process frozen homogenized lysates, incubate at 37°C in a waler
bath until completely thawed and salis are dissclved. Avoid prolonged incubation, which
may compromise RNA infegrity. Continue with step 4.

Generally, DMase digestion is not required since the combination of QlAzol and RMeasy
technologies efficiently removes most of the DNA without DMNase treatment. In addition,
miRCURY LMA miRMA PCR Assay and most other assays for mature miRMNA are not
affected by the presence of small amounts of genomic DMA. However, further DINA,
removal may be necessary for certain RMA applications that are sensitive fo very small
amounts of DMA. In these cases, small residual amounts of DMA can be removed by on-
column DiMase digestion [see Appendix B, page 44) or by DMNase digestion after RMA
purification [please contact QIAGEM Technical Service for a protocol).

miRMeasy Mini Hondbook 11,/2020 29
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o Buffer RWT may form a precipitate upon siorage. If necessary, redissolve by warming
and then place at room temperature [15-25°C).

® QlAzol Lysis Reagent and Buffer RWT contain a guanidine salt and are therefore not
compatible with disinfecting reagents containing bleach. See page 5 for safety
information.

® Except for phase separation (step 7), all prolocol and centrifugation steps should be

performed at room temperature. During the procedure, work quickly.

Things to do before starting

o Buffers RWT and RPE are supplied as concenirates. Before using for the first time, add
the required amounts of ethanol [96-100%), as indicated on the botfle, to obtain o
working solufion.

¢ [f parforming optional on-column DMase digestion, prepare DMase | stock solution as
described in Appendix B [page 44).

Procedure

1. Excise the tissue sample from the animal or remove it from storage. Determine the amount
of tissue. Do not use more than 50 mg fashfrozen tissue, 25 mg liver, thymus, spleen or

RMNAprotectstabilized tissue, or 100 mg adipose tissue.

Unless you are working with RMAprotect Tissue- or AllProtecisiabilized tissve, do not
allow the fissue to thaw before placing in QlAzol Lysis Reagent.

2. If the entire piece of tissue can be used for RNA puritication, place it directly into 700 pl
QlAzol Lysis Reagent in a suvitably sized vessel for disruption and homogenization.

If only a portion of the fissue is o be used, determine the weight of the piece o be vsed
and place it into 700 pl QlAzol Lysis Reagent in a suvitably sized vessel for disruption

and homogenization.
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RMA in fissues is not protected after harvesting uniil the sample is stabilized in
RMAprotect Tissue Reagent or AllProtect Reagent, Hash-frozen or disrupted and
homogenized in step 3. Frozen animal tissue should not be allowed to thaw during

handling.

Note: Use a suvitably sized vessel with sufficient headspace to accommodate foaming,

which may occur during homogenization.

. Homogenize immediately using the Tissuelyser I, Tissuelyser LT, TissueRuptor Il or

another method until the sample is uniformly homogeneous (usually 20-40 s).

See “Disrupting and homogenizing starting material”, page 19, for a more detailed

description of disruption and homogenization methods.

Mote: Homogenization with the TissueRuptor Il or the Tissuelyser Il/Tissuelyser LT [see
Appendix C, page 48, or the appropriate Tissvelyser Handbook) generally resulis in
higher total RMA vields than with other homogenization methods.

Foaming may occur during homogenization, especially of brain fissue. IF this occurs, let
the homogenate stand at room temperature [15-25°C) for 2-3 min unfil the foam
subsides before continving with the protocol.

Mote: Homogenized tissue lysates can be stored ot =90°C o =65°C for several months.
. Place the tube containing the homogenate on the benchiop at room lemperature for 5 min.
This step promotes dissociation of nucleoprotein complexes.

. Add 140 pl chlorotorm to the tube containing the homogenate and cap it securely.
Shake the tube vigorously for 15 s.

Thorough mixing is important for subsequent phase separation.

. Place the tube containing the homogenate on the benchtop at room temperature for
2=3 min.
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7.

Centrifuge for 15 min at 12,000 x g at 4°C_ Alter centrifugation, heat the centrifuge up
to room temperature if the same centrifuge will be used for the next centrifugation steps.

Ahter centrifugation, the sample separates info 3 phases: an upper, colorless, agueous

phase containing RMNA; a white interphase; and a lower, red, organic phase. For tissues
with an especially high fat content, an additional, clear phase may be visible below the
red, organic phase. The volume of the aqueous phase should be approximately 350 pl.

Note: If you want to purify a separate miRMNA-enriched fraction, follow the steps in
Appendix A [page 40) after performing this step.

. Transfer the upper aqueous phase to a new collection tube [supplied). Add 1.5 volumes

|usually 525 pl) of 100% ethanol and mix theroughly by pipetting up and down several
times. Do not cenfrifuge. Continue without delay with step 9.

A precipitate may form after addition of ethanol, but this will not affect the RNeasy
procedure.

. Pipet up to 700 pl of the sample, including any precipitate that may have formed, info an

RMeasy Mini spin column in a 2 ml collection tube [supplied). Close the lid gently and
centrifuge ot 28000 x g (210,000 rpm) for 15 s at room temperature. Discard the How-
through.*

Reuse the collection tube in step 10.

10. Repeat step 9 using the remainder of the sample. Discard the How-through.*

Reuse the collection tube in step 11.

Optional: If performing optional oncolumn DMase digestion [see “Important points
before starting”), follow the steps in Appendix B [page 44) alter performing this step. 11.

* Flow-through contains QlAzol Lysis Reogent and is therefore not compatible with bleach. See poge 5 for safety
infarmation.
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11.Add 700 pl Buffer RWT to the RMNeasy Mini spin column. Close the lid gently and
cenfrifuge for 15 s at 2B000 x g (210,000 rpm) to wash the column. Discard the How-
through.*
Skip this step if performing the optional on-column DMase digestion [page 44).
Reuse the collection tube in step 12.

12 Pipet 500 pl Buffer RPE into the RMeasy Mini spin column. Close the lid gently and

cenfrifuge for 15 s at 2B000 x g (210,000 rpm) to wazh the column. Discard the How-
through.

Reuse the collection tube in step 13.

13.Add another 500 pl Buffer RPE to the RMeasy Mini spin column. Close the lid gently and
centrifuge for 2 min at 28000 x g (210,000 rpm) to dry the RMeasy Mini spin column

membrane.

The long centrifugation dries the spin column membrane, ensuring that no ethanol is
carried over during RMA elution. Residual ethancl may interfere with downstream
raachions.

Note: Following centrifugation, remove the RMeasy Mini spin column from the collection
tube carefully so the column does not contact the flow-through. Otherwise, carryover of

ethancl will occur.

14 Optional: Place the RNeasy Mini spin column into a new 2 ml eollection tube [not
supplied), and discard the old collection tube with the Aow-through. Centrifuge in o
microcentrifuge at full speed for 1 min.

Perform this step to eliminate any possible carryover of Bufter RPE or if residual.
flow-through remains on the outside of the RMeasy Mini spin column after step 13.
15. Transfer the RMeasy Mini spin column to a new 1.5 ml collection tube [supplied). Pipet

30-50 pl RMase-free water directly onto the RMNeasy Mini spin column membrane. Close
the lid gently and centrifuge for 1 min at =B000 x g (210,000 rpm)

to elute the RINA.
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Aurum Total RNA Mini Kit

Bacterial cells

700 pi

Protocol of RNA isolation using the Biorad Aurorum Total RNA mini kit
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Protocol of Biorad Bio-Plex Multiplex Inmunoassay preparation

8. Run Assay

Considerations

= Bring all assay components and samples to room temperature (RT) before use

Use calibrated pipets and pipet carefully, avoiding bubbles

= Pay close attention o vortexing, shaking, and incubation instructions; deviating from the protocol may
result in assay variability

= Assay incubations are carried out on a shaker at 850 + 50 rpm at RT. Cover the plate with sealing tape

= After each assay step, select the appropriate Bio-Plex Pro Wash Station program or perform the
appropriate manual wash step noted in Table 9

Table 0. Summary of wash options and protocols.

Bio-Plex Pre Wash Station Handheld Magnet
Asgay Step Magmetic Program Manual Wash Steps
Add beads to plate MAG x2 2 % 100 pl
Sample incubation MAG x3 3w 100 pl

Detaction antibody incubetion
5A-PE incubation

Adding Coupled Beads, Samples, Standards, Blank, and Controls
1. Cover the unused wells of the assay plate with sealing tape.

2. Vortex the diluted (1x) beads for 30 sec at medium speed. Pour into a reagent reservoir and transfer
50 pl to each well of the assay plate.

Tip: A multichanne! pipet is highly recommended for ease of use and efficiency.
3. Wash the plate two times with 100 pl Bio-Plex Wash Buffer per well using the wash method of choice.

4. Vortex the diluted samples, standards, blank, and controls at medium speed for 5 sec. Transfer 50 pl of
each to the appropriate well of the assay plate, changing the pipet tip after every volurme transfer.

5. Cover the plate with a new sheet of sealing tape. Incubate on shaker at 850 = 50 rpm for 30 min at AT
MNote: Be consistent with this incubation time and shaker setting for optimal assay performance and

reproducibility.

Preparing and Adding Detection Antibodies

1. While the samples are incubating, use Tables 10 and 11 to calculate the volume of detection antibodies
and detection antibody diluent HE needed to prepare a 1x stock. Detection antibodies should be
prepared 10 min before use.

2. Add the required volume of detection antibody diluent HB to a & mil polypropylene tube.

3. Vortex the 10x or 20x stock detection antibodies for 5 sec at medium speed, then perform a 30 sec
spin to collect the entire volume at the bottom of the tube.

4. Dilute detection antibodies to 1x by pipetting the reguired volume into the 5 mi tube. Vortex the tube.
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Table 10. Premiced panel
Number of Wells 10u Detection Arbiodies, pl Detection Antibody Diuent HB, pl  Total Volume, pl
o6 300 2,700 3,000

Table 11. Mizing singleplex assays.

Singleplex #1 Singleplex #2

20k Detection 20x Detection Daotaction Antibody
Mok of el Antibodies, pi Antibodies, pi Diuent HE, i Tokal Volwue, i
96 150 150 2,700 2,000

Ajfter incubating the beads, samples, standards, blank, and controls, slowly remowve and discard the
sealing tape.

Wash the plate three times with 100 pyl wash buffer per well.

Vortex the diluted (1x) detection antibodies at medium speed for 5 sec. Transfer into a reagent resenvoir
and dispense 25 yl to each well of the assay plate using a multichannel pipet.

Cover the plate with a new sheet of sealing tape. Incubate on shaker at 850 + 50 rpm for 30 min at HT.

Preparing and Adding Streptavidin-PE (SA-PE)

1.

10.

.

12

While detection antibodies are incubating, use Tabla 12 to calculate the volume of 5A-PE and assay
buffer needed to prepare a 1x stock. SA4-PE should be prepared 10 min before use.

Add the required volume of assay buffer to a 15 mil polypropylene tube.

Wortex the 100x stock SA-PE for 5 sec at medium speed. Perform a 30 sec spin to collect the entine
wolume at the bottom of the tube.

Dilute SA-PE to 1x by pipetting the required volume into the 13 ml tulbe. Vortex and protect from light
until ready to use.

Table 12. Preparation of 1x SA-PE from 100x stook.
Number of Wells 100x SA-PE, pl Assay Buffer, i Total Volume, pl

5] G0 5,840 6,000

After detection antibody incubation, slowly remove and discard the sealing tape.
‘Wash the plate three times with 100 pl of wash buffer per well

Vortex the diluted (1x) 5A-PE at medium speed for 5 sec. Pour into a reagent reservoir and transfer 50 pl
to each well using a multichannel pipat.

Cover the plate with a new sheet of sealing tape. Incubate on shaker at 830 + 50 rpm for 10 min at RT.
Ajter the streptavidin-PE incubation step, slowly remove and discard the sealing tape.
‘Wash the plate three times with 100 pl of wash buffer per well.

To resuspend beads for plate reading. add 125 pl assay buffer to each well. Cover the plate with a
new sheet of sealing tape. Shake at room temperature at 850 + 50 rpm for 30 sec. Slowly remove and
discard the sealing tape before placing the plate on the reader.

Refer to Table 13 for instrument settings.
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