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Abstract: Multiple sclerosis (MS) is an immune-mediated, chronic inflammatory, demyelinating, and
neurodegenerative disease of the central nervous system (CNS). Immune cell infiltration can lead to
permanent activation of macrophages and microglia in the parenchyma, resulting in demyelination
and neurodegeneration. Thus, neurodegeneration that begins with acute lymphocytic inflammation
may progress to chronic inflammation. This chronic inflammation is thought to underlie the develop-
ment of so-called smouldering lesions. These lesions evolve from acute inflammatory lesions and
are associated with continuous low-grade demyelination and neurodegeneration over many years.
Their presence is associated with poor disease prognosis and promotes the transition to progressive
MS, which may later manifest clinically as progressive MS when neurodegeneration exceeds the
upper limit of functional compensation. In smouldering lesions, in the presence of only moderate
inflammatory activity, a toxic environment is clearly identifiable and contributes to the progressive
degeneration of neurons, axons, and oligodendrocytes and, thus, to clinical disease progression.
In addition to the cells of the immune system, the development of oxidative stress in MS lesions,
mitochondrial damage, and hypoxia caused by the resulting energy deficit and iron accumulation
are thought to play a role in this process. In addition to classical immune mediators, this chronic
toxic environment contains high concentrations of oxidants and iron ions, as well as the excitatory
neurotransmitter glutamate. In this review, we will discuss how these pathobiochemical markers and
mechanisms, alone or in combination, lead to neuronal, axonal, and glial cell death and ultimately to
the process of neuroinflammation and neurodegeneration, and then discuss the concepts and conclu-
sions that emerge from these findings. Understanding the role of these pathobiochemical markers
would be important to gain a better insight into the relationship between the clinical classification
and the pathomechanism of MS.

Keywords: glutamate excitotoxicity; lymphocyte; microglia; mitochondrial dysfunction;
multiple sclerosis; neuroinflammation; neurodegeneration; oxidative stress; slowly expanding lesion;
smouldering lesion

1. Introduction

Multiple sclerosis (MS) is a chronic disease characterised by inflammation, extensive
primary demyelination and progressive neurodegenerative processes [1]. Although a
wealth of interesting information on the pathogenesis of MS has been accumulated over
the past decades, the exact cause of this disease remains to be elucidated. In addition
to environmental and genetic factors, much interest has focused on the role of various
infectious agents. In particular, the role of the herpes virus family, Epstein-Barr virus (EBV)
and human herpesvirus 6 (HHV-6A) has been the subject of much research interest. A
recently published study suggests that age-dependent EBV infection may contribute to the
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development of MS, while based on the presence of HHV-6A antibodies suggests that the
development of MS is independent of age [2].

In everyday medical practice, MS has two main clinical presentations: relapsing-
remitting MS (RRMS) and progressive form (PMS). The first clinical presentation of MS
is a clinically isolated syndrome (CIS), which falls within the spectrum of RRMS. The
progressive form includes primary progressive multiple sclerosis (PPMS) and secondary
progressive multiple sclerosis (SPMS) [3]. A better understanding of the pathomecha-
nisms of RRMS and SPMS and, just as important, a better understanding of the molecular
mechanism of the transition from RRMS to SPMS are some of the major challenges in MS
research. Recently published results have confirmed that long-term disability in MS is
largely independent of relapses (progression independent of relapse activity, PIRA) and
correlates well with brain atrophy detected on MRI images. Particularly relevant in this
regard is the study by Cree et al., which included 138 patients. In this group, 92 patients
diagnosed with RRMS had evidence of silent progression, which could certainly be related
to the neurodegenerative process in RRMS [4]. This silent progression is likely to be present
in many patients diagnosed with RRMS. The same factors are likely to be responsible for
the clinical symptoms of SPMS when clinical worsening is clearly evident. Therefore, the
pathophysiological events in SPMS likely occur much earlier than is currently thought.
A better understanding of this process also has important implications for therapeutic
decision-making.

Significant progress has been made in recent years in understanding the pathome-
chanism of MS. However, little is known about the underlying cellular and molecular
mechanisms that influence lesion formation and progression in individual patients. Under-
standing the role of these pathobiochemical markers would be important, as they may, in
many cases, have a major impact on correct therapeutic decisions and gain a better insight
into the relationship between the clinical classification and the pathomechanism of MS. In
this review, we will discuss how these pathobiochemical markers and mechanisms, alone or
in combination, lead to neuronal, axonal and glial cell death and, ultimately, to the process
of neuroinflammation and neurodegeneration. We will also discuss what concepts and
conclusions can be drawn from these findings.

2. MS Lesion Pathology

The pathological hallmarks of MS lesions are inflammation, demyelination, axonal
damage and gliosis. The pathological process involves the formation of lesions in the cen-
tral nervous system (CNS) consisting of lymphocytes, macrophages and glial cells, leading
to demyelination and axonal loss. MS plaques form in the brain and spinal cord, mainly,
but not exclusively, in the white matter around the ventricles, the optic nerves and tracts,
the corpus callosum, the cerebellar peduncles, the long tracts, and the spinal cord and
brainstem. They are present in all forms of MS, although their quantities and composition
vary between the different forms of MS and as the disease progresses. Different types of
lesions (see Figure 1) can be distinguished at different stages of MS based on their degree
of microglial activation, inflammatory and demyelinating activity [5]. According to neu-
ropathological data, pre-active lesions are characterised by clusters of activated microglia
in areas of otherwise normal-appearing myelin [6]. Active MS lesions show infiltration of
lymphocytes around a central vein, accompanied by microglial activation and the presence
of macrophages attracted to the lesion, which produce pro-inflammatory cytokines and in-
flammatory mediators. Therefore, are thought to be involved in the development of chronic
axonal loss. B-cells and plasma cells remain mainly in the perivascular space, while CD8+
T-cells diffusely infiltrate the lesion parenchyma [7,8]. Macrophages and microglia contain
myelin degradation products, indicating that they facilitate the degradation of myelin
proteins [9,10]. These lesions are most common in early MS (acute and RRMS) but become
rare during progressive MS [11], and there is marked inflammation, significant damage to
the blood-brain barrier (BBB) and concomitant diffuse active demyelination in the lesion
associated with massive microglial infiltration [1]. However, with the impenetrable BBB
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in the CNS, compartmentalised inflammation may persist as chronic inflammation. Most
acute inflammatory lesions in MS subsequently become inactive (chronic inactive lesions)
and shrink due to gliosis. This chronic inflammation is thought to underlie the development
of so-called chronic active lesions (also commonly referred to as “mixed active-inactive” or
“smouldering” lesions) [7,11,12]. Smouldering lesions show a low-grade chronic inflamma-
tion characterised by chronic axonal damage and concurrent demyelination and are further
characterised by a gradual increase in size towards the normal-appearing white matter
(NAWM) [11,13]. Based on autopsies, 20—40% of white matter lesions are such lesions, with
CD8+ T- and CD20+ B lymphocytes in the centre with a small number of plasma cells,
surrounded by a loose network of iron-loaded activated microglia cells and macrophages
and proliferating oligodendrocyte cells at the periphery [8,14].

Pre-active lesion Active lesion

+ Microglia/macrophage { Myelin*

Microglia migrate and form Open BBB

a cluster

Active demyelination

Smouldering lesion Chronicinactive lesion

¢+ lron*
’ " microglia/macrophage
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No/Slow demyelination No demyelination
Compartmentalised inflammation No inflammatory cells

Figure 1. Transformation of typical lesion patterns in the course of multiple sclerosis.

These lesions have previously only been properly studied in histological specimens
obtained from autopsies but can now be detected by MRI (7-Tesla, 3 T and 1.5 T) [15-17].
Slowly expanding lesions (SELs) represent a subgroup of chronic white matter lesions in MS
that show gradual expansion over time and have emerged as a potential in vivo marker of
smouldering lesions detectable on longitudinal T1-weighted and T2-weighted MRI [18,19].
In chronic lesions, iron-laden microglia and/or macrophages form a paramagnetic rim
(paramagnetic rim lesions, PRLs), which can be visualised by susceptibility-weighted
imaging (SWI) MRI and are characterised by more severe tissue damage [16,20,21]. Re-
cent evidence suggests that SELs only partially align with PRLs, suggesting that SELs,
whether with or without phase rims, and PRLs, with or without slow expansion, may
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represent different aspects or stages of MS pathology within smouldering lesions (see
Figure 2) [22]. A longitudinal clinical study evaluating more than ten years of MRI reports
found a strong association between the number of rim-positive chronic lesions (RPCL, a
hypointense rim on phase images and internal isointensity to extralesional white matter)
and cognitive impairment and the risk of clinical progressive MS, but further studies are
needed to assess the negative prognostic significance of chronic lesions [12]. PRLs have
been observed in patients with relapsing and progressive disease and may have prognostic
value for long-term disability. It has been suggested that PRLs may be a biomarker for
smouldering lesions and compartmental inflammation in MS [12,17,23]. During the course
of the disease, the proportion of smouldering lesions increases over time and is higher in
progressive than in relapsing-remitting disease and is rare in RRMS [11]. In addition, these
lesions have also been shown to correlate with disability and predict progression in both
relapsing-remitting and secondary progressive MS [19,24]. This suggests that the presence
of smouldering lesions increases the risk of transition to progressive MS and may also be an
anatomopathological feature of PIRA or silent progression, i.e., progression in the absence
of clinical and radiological signs of inflammatory activity, which is a characteristic feature
of progressive MS and can be detected in the early course of the disease [4].

Smouldering lesions

SELs E e PRLs

Figure 2. Representation of smouldering lesions in MS. Iron~ —iron negative; SEL—slowly expanding
lesion; PRL—paramagnetic rim lesion.

In summary, smouldering lesions evolve from acute inflammatory lesions and are
associated with continuous, low-grade demyelination and neurodegeneration over many
years. Their presence is associated with a poor disease prognosis and promotes the transi-
tion to the progressive stage, which may later manifest clinically as progressive MS when
neurodegeneration exceeds the upper limit of functional compensation.

3. Immunopathology of MS

Multiple sclerosis is a chronic immune-mediated inflammatory and neurodegenerative
disease of the central nervous system. The pathogenesis of MS is not fully understood
despite decades of intensive research. The widely accepted concept of its pathogenesis is
that T-cell-mediated inflammation in the brain and spinal cord initiates tissue damage. Then,
demyelination and neurodegenerative lesions are driven by heterogeneous mechanisms
involving both adaptive and innate immune systems [1,25].

3.1. T-Cells in the Immunopathology of MS

Initially, the inflammatory response observed in MS was thought to be mediated by
MHC class II antigen-restricted CD4+ T lymphocytes, and this was supported by a large
body of experimental and clinical data. However, recent neuropathological data and expe-
rience from clinical trials do not support a dominant role for these cells in the progression
of established multiple sclerosis. This finding is supported by the predominance of CD8+
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T-cells over CD4+ T-cells among T-cells infiltrating acute and chronic MS lesions and by
the fact that drugs that specifically block CD4+ T-cells have been shown to be ineffective.
Therefore, CD4+ T-cells are thought to contribute to the immune response initiation in MS
patients but less in the effector stage of inflammation, immune-mediated demyelination
and neurodegeneration [8,26]. These developments have focused attention on the possible
role of other immune cells in the pathophysiology of MS. Research published in recent years
has shown that CD8+ cytotoxic T-cells, B-cells and antigen-presenting cells (APCs) may be
more important in the presentation and spreading stages of brain and spinal cord lesions.

In cortical lesions of MS patients, CD8+ T-cells with a phenotype corresponding
to tissue-resident memory cells associated with disease progression, meningeal inflam-
mation and neurodegeneration [27,28] have been found to proliferate in the brain in a
focal manner (detected in high numbers and early in MS plaques) and show signs of
activation [8,29] or clonal expansion [30]. They may have a dual role: first, they recognise
antigens presented by MHC I molecules on the surface of axons and myelin-producing
glial cells and, through their cytotoxic function, can damage these cells and the BBB, thus
acting as effector cells for demyelination and axonal destruction, thereby promoting disease
development; secondly, they are also able to inactivate CD4+ T-cells and inhibit their prolif-
eration [31,32]. These data suggest that CD8+ T-cells either promote disease development
or play a regulatory role.

The recognition of Th17 and Treg cells is a major discovery in immunological research.
When naive cells, i.e., cells that have not yet encountered antigen, are exposed to various
cytokine effects, they can differentiate into Th1, Th2 or Th17 lineages. Th17 cells produce
IL-17 (hence their name) and the cytokine IL-22, which enhance neutrophil migration and
endothelial permeability via the IL-17 receptors (see review [33]). IL-17 is also involved
in the activation of microglia, macrophages and astrocytes. In MS patients, interferon-{3
treatment inhibits Th17 generation resulting in decreased IL-17 levels [34,35]. While Th17
is an important cell lineage that propagates autoimmunity, CD4+CD25+FoxP3+ Treg cells
inhibit pathological autoimmunity. Treg cells, like other T-cells, mature in the thymus and
are thought to arise from T-cells that are highly reactive to their own antigens expressed
in the thymus and have an important function in inhibiting the activation of autoimmune
T-cells (see review [36]). Treg cells are potential therapeutic targets in autoimmune diseases;
several other molecules already in clinical trials affect their function [37—40]. Exciting
results on mRNA therapy for experimental encephalomyelitis (EAE) have recently been
published [41]. After administration of the specific mRNA, the number of T effector
cells was reduced, and the treatment also had a beneficial effect on the regulatory T-cell
population. The regulatory T-cells had a significant immunosuppressive effect. These data
suggest a novel nRNA-based gene therapy approach for the treatment of MS.

3.2. B-Cells in the Immunopathology of MS

The success of B-cells-based therapies has shed new light on our current concept of
the pathomechanism of multiple sclerosis. As early as the 1940s, research showed that
immunoglobulin concentrations were increased in the cerebrospinal fluid (CSF) of MS
patients, and the role of B-cells in the pathomechanism of MS became an area of great
interest in neuroimmunology. Detection of oligoclonal IgG bands (OCB) has been demon-
strated in a large proportion of patients. Mature plasma cells derived from B-cells produce
antibodies and induce OCB, which are present in at least 90-95% of MS patients [42].
Antigen-specific memory B-cells are also present in the CNS of patients and can be de-
tected in MS lesions [43]. This, together with the presence of antibody and complement
deposition in MS lesions and evidence of antigen-induced clonal expansion of B-cells in
the CNS [44], suggests that B-cells may contribute to MS pathology by producing autoanti-
bodies specific to CNS antigens [42]. However, independent of their antibody-producing
activity, B-cells can also be involved in temporary or permanent damage to nerve tissue.
Indeed, they are able to present antigens to T-cells and release pro-inflammatory (IL-6,
IL-12, IL-15, TNF-alfa, IFN-gamma, granulocyte-macrophage colony-stimulating factor
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[GM-CSF]) and anti-inflammatory cytokines that regulate immune processes [45]. An ab-
normal B-cell cytokine balance between inflammatory and pro-inflammatory cytokines and
antigen-presenting capacity has been observed in the peripheral blood of MS patients [42].
This aberrant cytokine profile is thought to contribute to the abnormal T-cell response
in MS and may underlie the therapeutic effect of B-cell depletion [46]. In addition, the
presence of follicle-like structures (FLS) described in B-cell-rich meninges suggests that
they may play an important role in the progressive phase of the disease. In MS, B-cell-rich
FLS were detected in the meninges (more frequently in SPMS) based on subpial cortical
damage [47-49]. The presence of such FLS is associated with an earlier onset and a more
progressive course of the disease. The extent of cortical neuronal loss also suggests that
soluble factors released from these structures play a pathogenic role in the progressive
phase of MS [47]. An in vitro study by Lisak et al. has shown that B-cells exert a cytotoxic
effect on in vitro oligodendroglial cultures, which may be a factor in demyelination [50].
However, it should be noted that B-cell-derived immunoglobulins do not necessarily react
with the myelin protein in brain tissue [42,51]. Therefore, the pathogenicity of immunoglob-
ulins produced in the CNS of MS patients remains uncertain. Thus, B-cells may contribute
to the pathogenesis of MS and neuronal tissue damage through multiple mechanisms,
including (1) antibody production, (2) antigen presentation, (3) modulation of the T-cell
response, (4) activation and proliferation of auto-proliferative CD4+ T-cells in the CNS,
(5) pro-inflammatory cytokine and chemokine production, and (6) compartmentalisation
of pathological processes. It can be concluded that B-cells play an important role in the
development and progression of multiple sclerosis through various antibody-dependent
and -independent effects.

Research studies published in recent years have demonstrated that B lymphocytes play
a crucial role in the pathogenesis of MS. Therefore B-cell depletion therapies are becoming
increasingly crucial in reducing disease progression. Another potential target for inhibiting
B-cell function is the B-cell maturation cytokine BAFF (B-cell Activating Factor) and A
Proliferation-Inducing Ligand (APRIL) [52].

3.3. Microglia in the Immunopathology of MS

Microglia cells are the primary immune cells of the central nervous system that origi-
nate from yolk sac progenitor cells early in embryogenesis and continue to exist throughout
life [53-55]. They have a remarkable ability to adapt and differentiate based on the in-
flammatory conditions present during various stages of diseases, including CNS injuries,
neurodegeneration, and infections. They maintain homeostasis in the CNS and can stimu-
late neuroprotective processes or activate neurotoxic pathways depending on their specific
phenotype [56]. These phenotypes are characterised by the presence of specific cell surface
molecules and the production of specific cytokines and chemokines. M1 microglia can
trigger neurotoxic pathways, promote inflammation, damage oligodendrocytes, and pro-
duce pro-inflammatory mediators such as NO (nitric oxide), ROS (reactive oxygen species),
IL-13, and TNF-« leading to progressive neurodegeneration. On the other hand, the
M2 phenotype, classified into M2a, M2b, and M2c subtypes, is associated with reparative
and immunoregulatory functions, promoting phagocytosis and producing various factors
like Argl (arginase 1), CD206, IGF-2 (insulin-like growth factor), and anti-inflammatory
cytokines such as IL-10 [57-60].

3.3.1. Neurotoxic Microglia

In the context of multiple sclerosis, neuropathological studies have highlighted the
role of chronically activated microglia in disease progression. Patients with progressive MS
showed either chronic active (smouldering or expanding) lesions with microglial activation
at the edge of the burned plaque or inactive lesions without microglial activity [11]. In
patients with progressive MS, single-cell mass cytometry analysis has shown that highly
phagocytic and activated microglia downregulate the expression of homeostatic markers
(such as P2Y12 and GPR56) and upregulate the expression of proteins involved in mi-
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croglial activation and phagocytic activity including CD68, CCR2, CDé64, CD32, CD95, and
CCLA4 [61]. Microglia can produce a range of pro-inflammatory cytokines (IL-6, IL-1f3, Clq
and TNF-«) and chemokines (CCL2, CCL3, CCL4 and CCL5) during CNS inflammation in
both MS and its animal model, EAE. They may induce deleterious effects (such as tissue
damage, demyelination, and cell death) on neighbouring neurons and glial cells. [62]. Mi-
croglial TNF-a and Clq have been implicated in the induction of a neurotoxic Al astrocyte
phenotype, causing rapid death of oligodendrocytes and neurons [63,64]. Unlike typical
astrocytes, which support neuronal survival, synapses and the integrity of the BBB, these
reactive astrocytes reduce their supportive role and begin to produce neurotoxic factors,
complement components such as C3 and chemokines (such as CXCL10). These may help to
attract immune cells across the BBB into the CNS [65]. New research shows that an interac-
tion between immune cells and glial cells in the brain, mediated by the complement system
protein Clq, appears to drive chronic inflammation in MS [66]. These findings suggest
that pharmacological inhibition of C1q may be a potential new therapeutic approach to
address chronic inflammation in MS. Microglia also play a role in mitochondrial damage
associated with axonal damage, enhancing mitochondrial injury by producing reactive
oxygen and nitrogen species [67,68]. They also take up and release iron from damaged
oligodendrocytes, potentially contributing to oxidative stress and further neuronal and
axonal destruction [69]. It has been hypothesised that activated microglia in smouldering
lesions play a role in inhibiting remyelination and that the released inflammatory mediators
further promote the development of axonal damage through oxidative stress. A phase III
clinical trial is currently investigating the therapeutic efficacy of Bruton’s tyrosine kinase
(BTK) inhibitors in MS; these molecules inhibit microglial activation and are thought to
promote a switch in microglial phenotype from a pro-inflammatory to a pro-myelinating
type [14]. One potential criticism of the short follow-up period used in this study may be
in connection with the effect of BTK inhibitors on chronic inflammatory phenotypes (e.g.,
smouldering lesions).

In the early phase of the disease, microglial activation promotes the recruitment of
naive T-cells, which are then activated by dendritic cells assuming the role of antigen-
presenting cells. In several studies, microglia-expressing markers associated with T-cell
co-stimulation have been detected in actively demyelinating lesions. Microglia also act as
antigen-presenting cells, leading to the re-stimulation of autoreactive memory T-cells
entering the CNS through the BBB, which is likely to be a key event in the mainte-
nance of chronic CNS inflammation [70,71]. Activated microglia and astrocytes may
contribute to the persistence of B-cells within the CNS by secreting molecules, such as
BAFF and interleukin (IL)-6, which are known to support B-cell survival [72]. Active
white matter lesions show a widespread intensive infiltration of activated microglia and
macrophages. In contrast, smouldering lesions are surrounded by a dense rim of concen-
trated pro-inflammatory markers (such as CD68 and p22phox) expressed by microglia and
macrophages [9,14,73]. Microglial activation is not restricted to lesions but is also diffusely
present in non-lesional white and grey matter with concomitant axonal degeneration and
meningeal inflammation [74].

3.3.2. Available Biomarkers of Microglia

TSPO (translocator protein) is a mitochondrial molecule upregulated during microglial
activation. TSPO PET scans have shown significant diffuse microglial activity in progres-
sive MS, independent of focal lesions, which may be related to the neurodegeneration
process itself. In normal-appearing white matter, microglial activity is very active around
focal lesions, and high microglial activity is also observed around so-called burned-out
plaques. However, for a more nuanced assessment, it is important to note that TSPO is not
a specific microglial marker, as it is expressed on vascular endothelium as well as on acti-
vated astrocytes and does not distinguish between pro- and anti-inflammatory microglia.
Recently, several other microglial markers have been developed for PET scans, including
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markers for iNOS (inducible nitric oxide synthase), IDO-1 (indoleamine 2,3-dioxygenase-1),
KMO (kynurenine-3-monooxygenase) and CB2 (cannabinoid receptor 2) detection [75].

3.3.3. Neuroprotective Microglia

Microglia can also have a neuroprotective function. There are several key mechanisms
by which microglia contribute to neural repair and remyelination, including the clearance of
myelin debris via phagocytosis and the secretion of anti-inflammatory cytokines such as IL-
4,1L-10, and IL-13 [76,77]. Several receptors, including toll-like receptor (TLR), TREM2, CRs,
FC, and PSR, have been implicated in the phagocytic function of microglia. For instance,
TREM2-deficient microglia show an impaired upregulation of genes associated with phago-
cytosis and lipid metabolism [78,79]. In addition to clearing debris, microglia contribute to
remyelination by promoting the recruitment of oligodendrocyte precursor cells (OPCs) to
the lesion site and fostering their proliferation and differentiation. This is achieved in part
by switching from a pro-inflammatory (M1) to a neuroprotective (M2) microglial phenotype,
as observed in models of lysophosphatidylcholine (LPC)-mediated demyelination [80-82].
Alternative activated microglia (M2a) are induced by anti-inflammatory cytokines (such
as IL-4 and IL-13), and play a role in repair and regeneration processes. They are also
involved in collagen formation and tissue repair. Transitional activated microglia (M2b) are
associated with immune regulation. These cells are generated when stimulated by immune
complexes in the presence of a TLR ligand. They express high levels of anti-inflammatory
IL-10 and low levels of IL-2 and also upregulate MHC-II and CD86. They may also facilitate
the recruitment of regulatory T-cells. Acquired deactivating phenotype (M2c) is associated
with tissue repair and immunoregulatory functions. These cells are potently induced by
IL-10, TGF-B, or glucocorticoids and predominantly produce high levels of IL-10 and
CD163 but low levels of Thl cytokines [57,83-85]. Despite the neuroprotective potential of
microglia, failure of remyelination and progressive demyelination are considered central to
disease progression in MS. Reduced numbers of OPCs within lesions have been observed in
patients with progressive disease [80,81], suggesting a potential failure of OPC recruitment.
The exact mechanism underlying the transition from pro-inflammatory to pro-regenerative
microglia remains elusive, but microglia cell death by necroptosis has been proposed as a
possible mechanism [86].

The role of activated microglia in MS and other neuroinflammatory and neurodegen-
erative diseases remains unclear. While some suggest that these cells help to maintain the
damaged CNS, for example, by phagocytosing debris and limiting inflammation, others
suggest that overactive microglia interacting with injured neurons could perpetuate a
self-perpetuating cycle of prolonged inflammation, thereby driving chronic disease pro-
gression [87]. However, it is well established that activated microglia are present in the
MS-affected brain, regardless of whether they are causing or merely observing the disease
process. Accordingly, chronic microglial activation has been associated with neurodegener-
ation in the progressive phase of MS [48,74,88]. PET scans can also be used to differentiate
between chronic active and inactive lesions. It has been mentioned earlier that smouldering
lesions are a major contributor to MS progression. Nowadays, it is possible to detect these
lesions in patients and thus study the kinetics of plaque evolution. These data could con-
tribute significantly to a more accurate assessment of disease progression. It may become
possible to perform longitudinal in vivo follow-up of the pathobiological events underlying
progressive MS. Overall, these findings underscore the intricate role of microglia in MS
and highlight the need for further studies to fully understand their complex functions and
potential as therapeutic targets.

4. Pathogenetic Implications in MS

Despite the traditional view of MS as a two-stage disease with a transition from an
inflammatory to a neurodegenerative stage, recent pathological studies have shown that
active inflammation and demyelination persist in the CNS even in the late stages of MS [14].
Whether the inflammatory process in MS is the primary driver of tissue damage or whether
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lesion formation is triggered by a neurodegenerative process that is enhanced or modified
by the inflammatory response in MS remains controversial. Genetic studies and experience
in animal models suggest that inflammation precedes neurodegeneration [89]. However,
from a biological point of view, this is a process between relapsing and progressive MS,
with mainly quantitative rather than qualitative differences in pathology.

4.1. Neuroinflammation in MS

The underlying pathological picture of MS is highly complex. There is increasing
evidence that two different types of inflammation occur in parallel in MS, which are partly
independent of each other (see Figure 3). These processes are essential for the development
of MS lesions, such as active lesions and smouldering lesions. Acute inflammation is
dominated by the peripheral immune response. Auto-reactive T-cells are generated in
the peripheral lymphoid tissues and produce pro-inflammatory cytokines that damage
the BBB, allowing pathogenic lymphocytes to cross it and enter the CNS. In addition
to T-cells, pro-inflammatory cytokines secreted by activated B-cells promote the recruit-
ment and further activation of inflammatory cells. The predominant inflammatory cells are
CD8+ T-cells, which proliferate and activate in the early stages of classic active
lesions [1,8,26]. The exact mechanism leading to the activation of CD8+ T-cells is still
unclear. However, an imbalance between pro- and anti-inflammatory Treg cell phenotypes
in the periphery and impaired function of antigen-presenting cells are hypothesised [90].
Within the CNS, T-cells secrete additional pro-inflammatory cytokines and, by recruiting ad-
ditional immune cells, initiate an inflammatory cascade that mainly involves the formation
of new focal lesions in the white matter and also promotes damage to myelin and oligo-
dendrocytes, ultimately leading to focal inflammation, neuroaxonal damage and gliosis [7].
These classic active focal white matter lesions are most common in relapsing-remitting MS
and become rare in patients who have entered the progressive stage [11]. Focal inflamma-
tion leads to axonal transection, demyelination and microglial activation, and macrophages
appear in the area of the inflammatory lesions. Axonal transection can lead to neuronal
death through secondary axonal degeneration; demyelinated axons become less conductive
and more susceptible to the damaging effects of the pro-inflammatory microenvironment
of MS lesions, which can also lead to axonal death [7]. Activation of lymphocytes leads to
the activation of microglia and macrophages [48,91]. As mentioned earlier, these cells can
adopt an anti-inflammatory phenotype to promote remyelination or become effector cells
for myelin destruction and clearance through their pro-inflammatory function. Microglial
activation may ultimately lead to the development of focal primary demyelinated areas of
the acute inflammatory process with varying degrees of axonal injury [92].

Inflammatory infiltrates formed in the CNS parenchyma and perivascular spaces
during the acute phase can have markedly different outcomes: (1) they are cleared by the
tissues without resulting in reactive axonal damage or reactive gliosis, allowing recovery
and remyelination of the affected area or (2) they can form chronic aggregates that may
resemble tertiary lymphoid organs composed of CD4+ and CD8+ T-cells, B-cells and plasma
cells, leading to compartmentalised inflammation [47,49].

In the progressive phase of the disease, inflammation (so-called chronic or smouldering
inflammation) is present within the CNS behind the intact BBB, and this compartmentalised
inflammation drives the neurodegenerative processes responsible for the progressive de-
terioration of the patient’s condition. This compartmentalised inflammatory response
is diffusely present in the meningeal [93] and perivascular Virchow—-Robin spaces [94]
but may form focal aggregates or structures resembling tertiary lymphoid organs with
clearly distinct T-cell, B-cell and plasma cell areas. These follicle-like structures are found
in approximately 40% of people with SPMS but are rare in PPMS [93]. Meningeal and
perivascular infiltrates are associated with the slow spread of previous focal white matter
lesions, diffuse damage to normal-appearing white and grey matter, and subpial cortical
demyelination that typically occurs in the brain and spinal cord in the progressive stage
of the disease, accompanied by active demyelination and neurodegeneration [48,95-98].
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The perivascular and meningeal inflammatory aggregates associated with lesion activity
contain numerous CD20+ B-cells at all stages of the disease (they are most abundant in
active lesions), but these appear to transform into plasma blasts and plasma cells as the
lesion matures in chronic lesions [8,9,99]. Neuropathological studies have shown that in
MS patients, demyelination with microglial activation and axonal damage is observed in
the slowly expanding white matter lesions and the cortical and deep grey matter, whereas
lymphocytes are located in the meninges [96]. The topographical relationship with the
meninges suggests that inflammation may begin in the subarachnoid space surrounded
by the meninges, and this may initiate demyelination in all adjacent tissues, both in the
cortex and in the white matter of the spinal cord, and then continue to spread deeper
into the surrounding tissues [27]. The above data suggest that demyelination and neu-
rodegeneration occur at a distance from T and B lymphocytes and involve the presence
of activated microglia and macrophages. Therefore, microglial activation is likely to be
mediated by T or B-cell-derived soluble factors. To date, neither the molecular characteris-
tics of the soluble factor nor the antigenic specificity of the infiltrating T- and B-cells have
been identified. These data suggest that, on the one hand, the soluble factor(s) produced by
inflammatory cells may directly or indirectly cause tissue damage by activating microglia
or macrophages and, on the other hand, depending on the stage of the lesion, lymphocytes
may play a role in inducing tissue damage or may also play a regulatory role. Microglial
activation and production of reactive oxygen and nitrogen species are key mechanisms
for the progression of chronic inflammation, demyelination and neuroaxonal degenera-
tion, especially in the progressive stage of the disease [100]. It is important to note that
these activated microglia or macrophages are not exclusively confined to active MS lesions.
They are also found diffusely distributed within the normal-appearing white and grey
matter of the MS brain, particularly in progressive multiple sclerosis [74,101]. Significant
accumulations of activated microglia/macrophages associated with amyloid precursor
protein (APP)-positive degenerating neurons can be observed in the periphery of lesion
areas [102,103]. This finding strongly suggests a role for these cells in PMS and neurode-
generation. Therefore, in addition to classical immune system mediators, it appears that
tissue injury may be mediated, at least in part, by a cascade of microglial and macrophage
activation leading to oxidative injury and mitochondrial damage, which will be discussed
in the following chapters.

Taken together, these data suggest that demyelination and neurodegeneration in
MS are driven by the inflammatory process at all stages of the disease, regardless of the
clinical phenotype. Several mechanisms of tissue injury have been proposed in relation
to MS lesions, such as the role of cytotoxic T-cells, B-cells or microglia and macrophage
activation. It is likely that each contributes to some extent to tissue damage in different
lesions and lesion stages. Inflammation in the brain and spinal cord is always present
in active disease, in the form of classic active lesions in the early stages, smouldering
lesions and neurodegeneration in the progressive stages of the disease (see Figure 3).
Understanding these mechanisms has influenced our approach to MS and continues to
modify it as new scientific advances are made.

4.2. Oxidative Stress

The inflammatory response is characterised by the release of a number of inflammatory
mediators that can cause tissue damage. Some of these mediators include ROS/RNS,
which have been found to play a direct effect in damaging the CNS during MS. ROS
are small oxygen-derived molecules that are oxidising agents or can be converted to
oxygen radicals [104]. ROS exist in many different forms, with superoxide (O,—) and
its derivatives hydroxyl radical (OHe) and hydrogen peroxide (H>O,) being the most
abundant. The reaction between superoxide and NO can give rise to peroxynitrite (ONOO-),
which is highly reactive and toxic to cells [105]. NO is a reactive molecule that gives
rise to several other RNS, including nitroxyl ion (NO-), nitrous acid (HNO,), nitrogen
dioxide (NOy), peroxynitrite (ONOO-), and peroxynitrous acid (ONOOH) [106]. Both
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activated microglia and infiltrated macrophages are able to generate vast amounts of pro-
inflammatory mediators and oxidising radicals, such as superoxide, hydrogen peroxide,
hydroxyl radicals and NO [107]. ROS can either damage mitochondrial constituents
directly, oxidising mitochondrial DNA and lipids, or form peroxynitrite by reacting with
NO, ultimately causing cell death via apoptosis or necrosis [108]. NO and peroxynitrite
damage cellular components, inhibit the mitochondrial respiratory chain and cause DNA
damage through the overactivation of poly(ADP-ribose) polymerase (PARP) enzymes,
causing free radical accumulation, which in turn ultimately leads to cell death through
NAD+ depletion [109]. In addition, peroxynitrite can also induce mitochondrial Ca?* efflux
by oxidising the thiols of mitochondrial membrane proteins, which can finally lead to
the mitochondrial permeability transition. Mitochondrial depolarisation and induction
of the permeability transition lead to the release of increased amounts of Ca?* into the
cytosol. Increased cytosolic calcium levels caused by mitochondrial damage can lead
to cell death by both apoptotic and necrotic pathways. [110]. In addition, ROS/RNS
are involved in the maintenance of chronic neuroinflammation, damaging the BBB and
thereby promoting the migration of immune cells into the CNS and the secretion of pro-
inflammatory cytokines [111].

CENTRAL NERVOUS SYSTEM White matter /Vl/

Oligendendroglia cells
Cortex

Proinflammatory cytokines

Myelin debris

%
B cells SMOULDERING LESION ?;9
[
®

Tcells
Activated microglia

Plasma cells .

Follicle-like
. Tcab structures

Free radicals,

Neuron ROS, RNS
CHRONIC INFLAMMATION/NEURODEGENERATION

Figure 3. Pathogenetic implications in MS. Impaired autoreactive T-cell function is a consequence
of Foxp3 T-cell dysregulation leading to T-cell maturation and proliferation induced by unidentified
extrinsic or intrinsic antigens. The resulting activated T lymphocytes engage antigen-presenting
B lymphocytes and induce B-cell maturation and differentiation into antibody-secreting plasma
cells. Both B and T lymphocytes cross the blood-brain barrier (BBB) and enter the CNS. This results
in damage to myelin, oligodendrocytes and prephagocytic neurons and the release of highly pro-
inflammatory molecules. These, in turn, facilitate the migration of other monocytes and macrophages
from the periphery to initiate phagocytosis. In the brain, meningeal B lymphocytes enhance inflam-
mation through antigen presentation and antibody production, leading to cortical demyelination.
Macrophages and microglia, which play a fundamental role in innate immunity, are also essential
for disease progression by multiple mechanisms. Over the course of the disease, active lesions
can evolve into smouldering lesions characterised by compartmentalised inflammation. These le-
sions consist of a thin rim of activated microglia interspersed with iron and myelin debris, with
macrophages/microglia almost completely absent from their centres. In addition, meningeal follicles
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rich in B-cells are responsible for the subpial cortical demyelination and neuronal degeneration
observed in both early and progressive forms of MS. Furthermore, progressive disease and increased
neuronal transaction are associated with widespread and even overrepresented activated microglia
or microglial nodules, which are already present in early non-lesional MS. Finally, the immune
cells involved in these processes release a variety of neurotoxic substances, including antibodies,
cytokines, free radicals and proteases. Activated macrophages and microglia release reactive oxygen
species (ROS) and reactive nitrogen species (RNS), leading to mitochondrial damage, hypoxia with
oligodendroglia (OG) and neuronal cell death.

The production of ROS/RNS is balanced by the scavenging antioxidant system [105].
Important markers of this process are antioxidant molecules that can be measured in the
blood (glutathione, alpha-tocopherol, retinol, plasma sulfhydryl groups), as well as uric
acid. Studies have confirmed that in MS, blood levels of reducing components change
significantly during relapses, in line with increased free radical concentrations [112,113].
Excessive free radical formation and/or a reduction in antioxidant capacity can upset the
balance between pro- and antioxidants, leading to oxidative stress [105].

The role of oxidative stress in MS has been demonstrated in recent years in EAE, where
increased levels of carbonyl derivatives have been found in various parts of the CNS [114].
In addition, significant levels of nitrotyrosine, a known marker of peroxynitrite-induced
degeneration, were detected [115]. Interestingly, even in chronic lesions with fewer immune
cells, there is significant evidence of oxidative damage, suggesting an oxidative ampli-
fication mechanism within the nervous system. Three major ROS-generating enzymes
have been identified in activated microglia and macrophages in MS: myeloperoxidase,
xanthine oxidase, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.
This suggests that initial oxidative damage is driven by the inflammation-induced oxidative
burst in activated microglia and macrophages [67]. Microglial activation, production of
reactive oxygen and nitrogen radicals, and oxidative damage are key mechanisms for the
progression of chronic inflammation, demyelination and neuroaxonal degeneration, espe-
cially in the progressive stage of the disease. Oxidative damage can trigger mitochondrial
dysfunction and consequent energy deficits, a process known as histotoxic or “virtual”
hypoxia. This process is amplified by true hypoxia resulting from increased energy expen-
diture around inflamed blood vessels. This may explain the accumulation of lesions in
so-called watershed areas in the MS brain [116]. Oxidative processes and available reducing
buffer capacity may be important components of disease progression and biomarkers of
clinical events.

4.3. Chronic Toxic Environment in MS Lesions

In smouldering lesions, despite the moderate inflammatory activity, there are clear
signs of a toxic milieu that contributes to the progressive degeneration of neurons, axons
and oligodendrocytes and, thus, to the clinical progression of MS. In addition to immune
cells, the inflammatory process described above is thought to involve oxidative stress in
MS lesions, the development of mitochondrial damage and consequent energy-deficient
hypoxia, and iron accumulation. In addition to classical immune system mediators, this
chronic toxic environment contains high concentrations of oxidants and iron ions, as well
as glutamate, an excitatory neurotransmitter. These mechanisms appear early and play
a major role in the development of disease progression, persistent neurological deficits
and disability. In this chapter, we will discuss how these events, alone or in combination,
lead to the destruction of neurons, axons and glial cells, ultimately leading to the process
of neurodegeneration.

4.3.1. Glutamate Excitotoxicity

Excitotoxicity is a pathological process in which over-activation of excitatory amino
acid receptors leads to neuronal damage and death. The main mechanisms mediated by
acute inflammation are excitotoxicity induced by the neurotransmitter glutamate. It causes
cell death mainly by direct cytotoxicity or by increasing the intracellular calcium (Ca?*)
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concentration. In addition to molecular biological studies, pathophysiological studies, CSF
analysis and in vivo studies (MR spectroscopy) have all shown that glutamate homeostasis
in the brain is disturbed in MS. Particularly active lesions and even normal-appearing
white matter show elevated glutamate concentrations, which may predict the extent of
neuroaxonal damage [117,118]. In patients with progressive MS, lower levels of gamma-
aminobutyric acid (GABA, the product of glutamate) in the sensory and motor cortex
were associated with reduced motor performance, suggesting that this metabolite may also
play a role in degenerative processes [119]. The main sources of extracellular glutamate
are activated microglia/macrophage cells and leukocytes [120], but the exact source and
distribution of glutamate are not clear. Inflammation is triggered by the release of large
amounts of glutamate by activated microglia cells (which are activated in all subtypes of
MS) [121], ultimately leading to neuronal excitotoxicity and death [120,122]. The N-methyl-
D-aspartate (NMDA) receptor is central to glutamate excitotoxicity [123]. In the CNS,
these receptors are found on the surface of neurons, astrocytes, oligodendrocytes and mi-
croglia [124]. QUIN (quinolinic acid) is known to be a selective agonist of NMDA receptors
and is also an endogenous excitotoxin [125] and a neurotoxic metabolite of kynurenine [113].
QUIN increases synaptic glutamate release, inhibits reuptake and reduces the conversion of
glutamate to glutamine. These effects increase synaptic glutamate concentrations and lead
to excitotoxicity via overstimulation of NMDA receptors [126-128], resulting in elevated
intracellular calcium levels. The consequence of elevated intracellular Ca?* levels is an in-
crease in the activation of several enzymes, which induces lipid peroxidation [129] through
the formation of free radicals and mitochondrial dysfunction, leading to the production
of ROS, oxidative stress and ultimately, apoptotic cell death [130,131]. This induced cell
death has been observed under in vitro conditions at pathological concentrations of QUIN
in human neurons, astrocytes, motor neurons and rat oligodendrocytes [132-135].

4.3.2. Kynurenines

Kynurenine metabolism is the defining process of tryptophan metabolism
(see Figure 4). Pro-inflammatory cytokines can influence the activation of indoleamine 2,3-
dioxygenase (IDO-1) and thus significantly modify this process. The molecules pro-
duced during metabolism have neurotoxic (quinolinic acid, QUIN) and neuroprotective
(kynurenic acid, KYNA) effects in addition to their immune inhibitory function (see re-
views [113,136]). Studies by Lim et al. have demonstrated a significant shift in kynurenine
metabolism in the blood of MS patients, particularly in the concentration of the latter two
molecules. They suggest that changes in kynurenine metabolism may be an important
biomarker in the transition from early mild to progressive forms of the disease [137]. Our
recent studies have shown a correlation between changes in QUIN and neurofilament light
chain (NfL) concentrations [138]. A potential criticism may be that biomarkers measured
in the blood do not necessarily correspond to changes in the CNS. However, data from
Lim et al. showed a very good correlation between changes in serum and CSF metabolite
concentrations. The results to date suggest that during acute neuroinflammation, the pro-
duction of neuroprotective kynurenine metabolites (KYNA) is predominant, most likely
counteracting the effects of neurotoxic metabolites. As the disease progresses, the profile of
the kynurenine pathway (KP) changes, and the chronic activation of the enzymes involved
in the pathway increases the production of neurotoxic metabolites. It thus contributes to
the development of multiple sclerosis [113]. In our recently published research, we found
that MS patients with lower serum levels of 3-hydroxykynurenine (3HK) have higher levels
of microglial activation. This finding is surprising because 3HK is known to promote
neuronal apoptosis and increase oxidative stress under experimental conditions. We sug-
gest that the correlation may be due to the variability in the levels of KP enzymes and
metabolites in different body compartments [139]. Recently we found that the patented
kynurenic acid analogue SZR104 induces cytomorphological changes associated with the
anti-inflammatory phenotype in cultured microglia [140,141]. It is no coincidence that, as
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mentioned above, PET studies are underway to monitor the activity of IDO-1 and KMO in
order to map kynurenine metabolism.
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Figure 4. Scheme of the kynurenine pathway. As an essential amino acid, tryptophan is mainly
catabolised via the kynurenine pathway, leading to the production of neurotoxic and neuroprotec-
tive metabolites. 3-HHAO—3-hydroxyanthranilate oxidase; ACMSD—a-amino-3-carboxymuconate-
semialdehyde-decarboxylase; IDO—indoleamine 2,3-dioxygenase; KAT—kynurenine amino-
transferase; KMO—Xkynurenine 3-monooxygenase; NAD+—nicotinamide adenine dinucleotide;
QPRT—quinolinate phosphoribosyltransferase; TDO—tryptophan 2,3-dioxygenase.
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4.3.3. Mitochondrial Dysfunction

It is becoming increasingly clear that the inflammatory process in MS leads to ax-
onal/neuronal degeneration due to neuronal mitochondrial dysfunction, energy depletion
and altered ion balance. Ion channels, through which Ca%* and Na* ions continuously flow
into axons/neurons, are mainly involved in this process. The proteomic data showed a
significant reduction, particularly in components associated with mitochondrial energy
metabolism, in neurons affected by both acute and chronic lesions [142]. Studies in MS
patients suggest that mitochondrial energy production in axons is reduced. In addition,
energy demand is increased due to the increased expression of Na* channels along the
entire length of the demyelinated axolemma. The disturbance in ion balance leads to an
increase in intracellular Ca?* levels, and the resulting mitochondrial gene expression and
functional changes trigger degenerative mechanisms [143,144]. In acute inflammatory
lesions, the process of mitochondrial damage is initiated by soluble mediators produced
by immune cells [145]. In the chronic stage of the disease, an accumulation of deletions
in the mitochondrial genome has been demonstrated, which leads to mitochondrial dys-
function and may contribute to progressive neurodegeneration [146]. This mitochondrial
damage not only occurs in neurons but also affects oligodendrocytes and their progenitors,
impairing the ability of progenitors to differentiate into myelinating oligodendrocytes and
thus may contribute to the failure of remyelination [147]. Using proton MR spectroscopy
(H-MRS), reduced levels of NAA (N-acetylaspartic acid) and choline and increased levels
of myo-inositol have been observed in intact brain tissue from MS patients, suggesting
axonal damage, glial cell activity and increased cell membrane metabolism. The level of
NAA is an indicator of neuronal number and viability. Although its biochemical function
is not fully understood, it is likely to have a bioenergetic role in mitochondria and thus
may well characterise the structural and energetic integrity of neurons. Acute lesions show
reduced NAA concentrations and elevated choline and lactate levels. Elevated choline
indicates membrane phospholipids released as a result of damage to the myelin sheath,
and lactate indicates increased metabolism of cells involved in the inflammatory process.
Increased levels of NAA in lesions are associated with clinical improvement, which in MS
may support the theory that increased mitochondrial function is required for remyelination.
In chronic lesions, reduced NAA levels indicate irreversible axonal damage. Furthermore,
reduced NAA levels have also been found in patients with radiologically isolated syn-
drome (RIS), suggesting that axonal damage may be evident at a very early stage of the
disease [148]. The persistence of a relatively low energy state eventually leads to chronic
degeneration of axons in the brains of MS patients. Axonal degeneration only progresses in
the presence of other toxic products produced during acute inflammation. One such toxic
factor is oxidative stress.

4.3.4. Essential Metal Homeostasis Disruption in MS

Improper handling or increased accumulation of essential metals such as manganese,
iron and copper have been reported to exert neurotoxic effects in several neurological
disorders [149]. A prominent example is chronic exposure to manganese, which can lead to
a Parkinson-like syndrome called “manganism” [150]. Overexposure to this metal can cause
several neurotoxic effects, including disruption of mitochondrial function, neurotransmitter
metabolism, alteration of iron homeostasis and induction of oxidative stress [151]. In
addition to manganese, other metal ions such as zinc, iron and copper have been implicated
in the aggregation of Af-amyloid, a-synuclein or prion protein, thereby acting as triggers
for neurodegeneration [152]. Iron and copper are of particular interest because they can
catalyse the production of toxic ROS through Fenton chemistry [153]. In these reactions,
reduced forms of iron and copper contribute to the generation of hydroxyl radicals, which
cause oxidative damage to proteins, DNA and lipids.

Copper plays a central role in the cuprizone animal model of MS. In this model,
the application of a copper chelator induces neurotoxic effects, specifically leading to
the death of oligodendrocytes and subsequent demyelination, reflecting key features of
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MS pathology [154]. Recent evidence suggests that copper levels may play a role in
modulating the switch between anti-inflammatory and pro-inflammatory phenotypes in
microglia. This regulatory process is thought to occur via the modulation of NO levels and
disruption of S-nitrosothiol signalling, both of which may have significant implications for
the inflammatory aspects of MS [155].

The process of oxidative injury is further enhanced during the inflammatory process
by the accumulation of iron in the ageing human brain, particularly in oligodendrocytes,
macrophages and microglia cells [156]. The toxic effect of iron ions is largely inhibited
when they are bound to the intracellular protein ferritin. However, the destruction of
oligodendrocytes and microglia results in the release of free Fe>* ions into the extracellular
space [95]. Due to the Fenton reaction (during which Fe?* is transformed into Fe3* ions)
(see Figure 5), iron ions can actively promote the formation of highly active hydroxyl
radicals, leading to further damage [157]. As mentioned above, smouldering lesions are
predominantly composed of a loose network of iron-loaded activated microglia cells and
macrophages. The fact that the increase in the volume of smouldering lesions is not
observed in similar lesions without an iron ring suggests that iron deposition and release
contribute to the maintenance of the chronic inflammatory response in the brain of MS
patients. Metals can also bind to the sulthydryl group (-SH) in enzymes, coenzymes, and
proteins, inducing dysfunctions in the immune system [158]. Therefore, understanding and
exploring the role of metal dysregulation may provide promising avenues for therapeutic
intervention in MS.

Lower toxicity Higher toxicity

Fe* + H,0, - Fe3* + «OH + OH-

Figure 5. Fe?* (free iron) reacts through the Fenton reaction with hydrogen peroxide (H,O;), leading
to the generation of highly reactive and damaging hydroxyl radicals (OHe). Highly reactive free
hydroxyl radicals interact with molecules leading to the production of other free radicals, which then
lead to oxidative stress-induced mitochondrial dysfunction, lipid peroxidation, DNA damage and,
ultimately, cell dysfunction, and death.

5. PIRA and Future Perspectives of MS Research

MS is a complex disease at the interface of immunology and neurobiology. Simultane-
ous focal and diffuse tissue damage can be demonstrated as a consequence of inflammation
and neurodegeneration. Initially, the effects of focal inflammation may be functionally
compensated for in the patient, depending on the extent of pre-existing CNS damage, the
reserve capacity of the brain, and the ability of the brain to restore function or compensate
for the damage caused. This explains why most of the focal inflammatory lesions detected
by MRI in the early stages of the disease are undetected by the patient, who recovers
from relapses corresponding to clinical manifestations of inflammatory activity without
residual symptoms. However, the latently progressive neurodegenerative process causes
irreversible damage to the CNS and leads to the development of progressive neurological
dysfunction. The latest terminology refers to this process as PIRA. The neuroinflammatory-
neurodegenerative process, which causes progression independent of relapse activity, is
reflected in the development of smouldering lesions and the accelerated brain and spinal
cord atrophy seen on MRI images, which can be detected in the early phase of the disease
and correlates closely with long-term prognosis [14]. Several different mechanisms may
contribute to the development of PIRA. Some of these are undoubtedly the result of focal
inflammatory lesions, while others are thought to be independent.

The early progression of the disease, independent of relapses, draws attention to
the partial discrepancy between anti-inflammatory therapy and disease progression. Im-
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munomodulatory or immunosuppressive therapies remain at the forefront of the ther-
apeutic armamentarium. In the future, neuroprotective therapies (see Table 1) will be
increasingly in demand. In addition, as the disease progresses, the inflammatory response
appears to retreat behind the BBB and is no longer accessible to immunosuppressive
agents. In the future, the treatment of MS will probably require a combination of therapies
that simultaneously target peripheral immune cell function and inflammation within the
CNS at an early stage and that also have a neuroprotective or remyelination-promoting
neuroregenerative mechanism of action.

Table 1. Potential neuroprotective therapies in MS.

Product Name Pharmacological Actions and Mechanisms References
Simvastatin Pleiotropic effects,'lnclufilpg modulation [159]
of excitotoxicity
N-acetyl cysteine Glutathlqne .(GSH) precursor with [160]
antioxidant properties
Ketamine Glutamate antagonists [161]
Clemastine fumarate Antihistamine [162]
Minocycline Second—‘generatlon tetrac‘ychne antll?lotlc with [163,164]
immunomodulating properties
. Anti-apoptotic agent (non-selective
Tbudilast phosphodiesterase inhibitor) [165]
Bruton’s tyrosine kinase . . .
inhibitors (BTKi) Agent acting on microglia [166]
Testosterone Immunomodulatory effects [167]
Basic fibroblast growth . . S
factor (bFGF) Promotes proliferation and migration of OPCs [168]
Blocking of ROS production and related apoptosis,
Erythropoietin (EPO) neuroprotective effects, and stimulation [169,170]
of neurogenesis
Coenzyme Q10 Antioxidant agent [171]
Idebenone Synthetic analogue of coenzyme Q10 [172]
Mitoquinone (MitoQ) Mitochondria-targeted antioxidant [173]
Lo Agonists of the peroxisome proliferator-activated
Pioglitazone receptors (PPARY) [174]
SZR104 Anti-inflammatory phenotype in cultured microglia [140,141]

SZR104—N-(2-(dimethylamino)ethyl)-3-(morpholinomethyl)-4-hydroxyquinoline-2-carboxamide.

The current classification, as mentioned above, divides progressive MS into a sec-
ondary progressive (SPMS) and primary progressive (PPMS) course. The relevance of
this classification is not only semantic but has important clinical implications as it affects
how clinical trials are conducted and whether their results can be applied interchangeably
between these forms of MS. The main difference between the two is whether there is a
relapsing-remitting phase (SPMS) or not (PPMS). Long-term follow-up of patients with RIS
has shown that both relapsing-remitting MS and PPMS can develop [175]. Furthermore,
pathological analyses suggest that the differences between SPMS and PPMS are quanti-
tative rather than qualitative [9,11]. As mentioned above, it is a fact that inflammation
and neurodegeneration persist in all MS patients regardless of clinical phenotype and
disease stage. This evidence suggests that SPMS and PPMS may, in fact, be part of the same
disease spectrum. It may seem a bold claim, but the above data suggest that there is no real
biological basis for a sharp distinction between different MS phenotypes. We argue that
PPMS may simply be a form of SPMS in which the relapsing-remitting phase is clinically
silent. This leads to the conclusion that the categorisation into SPMS and PPMS based on
their pathogenesis seems arbitrary and may not be of much relevance.

It has already been mentioned that there is evidence of many similar pathological
changes in relapsing-remitting and progressive MS, which are mainly quantitative rather
than qualitative in nature. The transition from a relapsing-remitting course to a progressive
course seems to mark the point at which the brain’s reserves are exhausted and can no
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longer compensate for axonal loss. It is also possible that PPMS is actually preceded
by an “asymptomatic (or unrecognised)” relapsing-remitting (RR) phase of the disease,
depending on the predominance of an adaptive immune response. These data reinforce
the unified view of MS and raise the possibility that the disease is, in fact, a primary
progressive pathology with superimposed relapses. Therefore, the medical community
caring for MS patients is faced with a major change in perspective that may influence the
future assessment of the clinical course of MS and therapeutic decisions.

Another important question is the identity of the MS-specific inflammatory cell-
derived soluble factor that drives demyelination and neurodegeneration, directly or indi-
rectly inducing tissue damage through microglial activation. We do not know yet whether
combined treatment will be feasible in the future. BTK inhibitors appear to be a promising
therapy for MS. However, their effect on SELs is still uncertain because of the short follow-
up period. In the future, when a more accurate picture of the role of infectious agents in the
pathomechanism of MS becomes available, a programme of MS therapy with a radically
new approach may be developed. There are still several unanswered questions that may be
answered by future research.

6. Conclusions

In this review, we have detailed how, in addition to classical immune system mediators,
various pathobiochemical markers and mechanisms, alone or in combination, lead to the
destruction of neurons, axons and glial cells, ultimately leading to a process of neuroinflam-
mation and neurodegeneration in MS. As described above, from a biological point of view,
this is a single process. These new immunological and pathological findings are changing
our understanding of MS, which is no longer seen as a two-stage disease but rather as a
continuum in which both inflammation and neurodegeneration are simultaneously present
at any point in the disease course. In many ways, this new approach to MS poses a serious
challenge to the current clinical classification of the disease and draws attention to new
therapeutic targets.
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