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ABSTRACT

Neuroinflammation is a central feature in the development and progression of
multiple sclerosis (MS), a chronic autoimmune disorder of the central nervous
system. This review provides a comprehensive overview of the molecular and
cellular mechanisms underlying neuroinflammation in MS, focusing on the
involvement of immune cells, pro-inflammatory cytokines, and the disruption of the
blood-brain barrier. Furthermore, it summarizes current therapeutic strategies and

highlights emerging approaches aimed at mitigating neuroinflammatory responses.
By consolidating recent findings, this article seeks to enhance our understanding of
the complex interplay between neuroinflammatory processes and MS pathogenesis,
offering insights into potential therapeutic advancements.
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1. INTRODUCTION

Multiple sclerosis (MS) is a chronic and complex autoimmune disorder of the central nervous system (CNS),
characterized by inflammation, demyelination, and neurodegeneration. Neuroinflammation is a central pathological
feature of MS and plays a crucial role in disease progression and the development of neurological disability.[1] It results
from a dysregulated immune response involving peripheral immune cell infiltration, glial cell activation, and disruption
of the blood-brain barrier (BBB).[2] This review provides a comprehensive analysis of the mechanisms driving
neuroinflammation in MS, with particular focus on the roles of immune cells (such as T cells, B cells, and macrophages),
resident CNS cells (microglia and astrocytes), and BBB dysfunction. It also examines how these factors contribute to the
pathogenesis of MS, including immune dysregulation, myelin damage, and axonal loss. [3,4] Finally, the review
discusses current and emerging therapeutic strategies targeting neuroinflaimmatory pathways. These include
immunomodulatory and anti-inflammatory agents, therapies aimed at promoting remyelination, and neuroprotective
interventions designed to preserve neuronal integrity and function. [5,6] Through this detailed exploration, the review
aims to enhance the understanding of neuroinflammation in MS and its potential as a target for innovative treatment
approaches.
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Figure 1. Neuroinflammation in multiple sclerosis.
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Figure 2. Neuroinflammation in multiple sclerosis when Glucocorticoids contribute apoptosis by Intracellular calcium
excess.

1. Multiple Sclerosis[/Causes, Risk Factors, and Types

1.1. Causes

Multiple sclerosis (MS) is a chronic, immune-mediated disorder of the central nervous system (CNS), the precise
etiology of which remains elusive. However, accumulating evidence suggests that a multifactorial interplay between
genetic predisposition and environmental exposures contributes significantly to disease development [7— 9]. Several key
mechanisms and hypotheses have been proposed:

1. Immune System Dysfunction

MS is widely recognized as an autoimmune disease in which the immune system erroneously targets self -antigens,
particularly the myelin sheath that insulates neuronal axons in the CNS. This inmune-mediated demyelination leads to
neuroinflammation, axonal damage, and progressive neurological decline [10,11].
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2. Genetic Susceptibility

Although MS is not a directly inherited condition, genetic predisposition plays an important role. Individuals with a
family history of MS, particularly first-degree relatives, exhibit a higher risk of developing the disease. Specific genes
associated with immune regulation—particularly those in the human leukocyte antigen (HLA) region—have been
implicated in increasing susceptibility [12,13].

3. Environmental Triggers
Environmental factors may act as external triggers in genetically predisposed individuals.

o Viral Infections: Epstein— Barr virus (EBV), in particular, has been strongly associated with increased MS risk. A
history of infectious mononucleosis, caused by EBV, is more common in MS patients [14].

o Vitamin D Deficiency: Low serum vitamin D levels have been linked to higher MS risk, suggesting a potential
role in immune regulation.

o Smoking: Cigarette smoking has been correlated with both an elevated risk of developing MS and an accelerated

disease course.

o Geography and Sunlight Exposure: Higher MS prevalence is observed in populations residing at higher
latitudes, potentially due to reduced sunlight exposure and corresponding vitamin D synthesis.

o Other Factors: Childhood infections and certain dietary habits are also under investigation as potential
contributors.

4. Gender and Age
MS predominantly affects women, with a female-to-male ratio of approximately 3:1. The disease most commonly
manifests between the ages of 20 and 40, suggesting a potential hormonal influence on disease onset and progression.

5. Other Hypotheses

Additional areas of investigation include abnormalities in the blood— brain barrier (BBB), which regulates the exchange
between peripheral blood and the CNS, as well as dysregulation of immune checkpoints and cytokine signalling
pathways [15,16].

1.1. Risk Factors
Multiple sclerosis is associated with a number of risk factors that may increase an individual's likelihood of
developing the condition. These include:

1. Gender
Women are disproportionately affected by MS, and the higher incidence among females points to potential
hormonal or sex-linked immunological differences [18].

2. Age
MS most often presents in young adults, typically between 20 and 40 years of age, though it can also occur in pediatric
and older populations [19,20].

3. Genetics
A familial history of MS, especially in first-degree relatives such as parents or siblings, is a well-documented risk factor.
While MS is not directly inherited, familial clustering suggests shared genetic and environmental influences [21].

4. Ethnicity and Geography

Individuals of Northern European descent are at higher risk compared to those of African, Asian, or Native
American ancestry. Moreover, MS prevalence increases with distance from the equator, reinforcing the role of
environmental factors such as sunlight and vitamin D.

5. Viral Infections
Previous infection with EBYV, particularly when it results in symptomatic mononucleosis, has been strongly correlated
with the later development of MS.

6. Smoking
Tobacco use is associated with increased susceptibility to MS and more rapid disease progression, including
earlier onset of secondary progressive MS (SPMS) [22,23].

7. Vitamin D Deficiency
Numerous studies support the hypothesis that vitamin D plays a protective role in MS, with low levels correlating
with increased disease risk.
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8. Other Autoimmune Disorders
Individuals with other autoimmune diseases such as type 1 diabetes or autoimmune thyroid disorders may have a
slightly increased risk of developing MS, indicating shared immunogenetic mechanisms.

9. Obesity
Obesity, particularly during adolescence, has emerged as a modifiable risk factor for MS. It may influence
immune system development and pro-inflammatory states linked to MS onset [11,24].
It is important to note that while these risk factors may increase the probability of developing MS, they are neither
necessary nor sufficient for disease development. Many individuals with MS lack identifiable risk factors, highlighting
the complexity of its pathogenesis.

1.2. Types of Multiple Sclerosis
MS manifests in various clinical forms, each with distinct patterns of progression and symptomatology. These

subtypes can evolve and influence therapeutic decisions. The major classifications include:

1. Relapsing-Remitting Multiple Sclerosis (RRMS)

. Description: RRMS is the most common form, characterized by clearly defined relapses (exacerbations) followed
by periods of partial or complete recovery (remissions).

. Progression: There may be no or minimal progression between relapses.

. Treatment: Disease-modifying therapies (DMTs) are often effective in reducing relapse frequency and disease
activity [24,25].

2. Secondary Progressive Multiple Sclerosis (SPMS)

. Description: Many individuals with RRMS transition into SPMS, where there is a gradual worsening of
neurological function over time, which may still include relapses and remissions.

. Progression: Disability accumulates more steadily, and inflammatory activity may decline.

. Treatment: While some DMTs used in RRMS may be beneficial, the focus often shifts to symptom management

and maintaining quality of life [26,32].
3. Primary Progressive Multiple Sclerosis (PPMS)
Description: PPMS is marked by a gradual accumulation of disability from the onset, without distinct relapses or

remissions.
. Progression: The disease course is steadily progressive, typically resulting in increasing physical disability.
. Treatment: Fewer treatment options are approved for PPMS; care often emphasizes rehabilitation and symptom

control [24,27].

4. Progressive-Relapsing Multiple Sclerosis (PRMS)

. Description: PRMS is a rare form characterized by a progressive neurological decline from disease onset, with
superimposed acute relapses.

. Symptoms: Unlike RRMS, relapses in PRMS occur without periods of full remission.

. Treatment: Management involves therapies that address both inflammatory and progressive aspects of the disease
[30].
Clinically Isolated Syndrome (CIS)

. Description: CIS refers to a first, isolated episode of neurological symptoms resulting from demyelination in the
CNS. It may represent an early manifestation of MS.

. Progression: Not all individuals with CIS will go on to develop MS. Risk stratification is crucial.

. Diagnosis and Treatment: MRI findings and biomarkers help determine the likelihood of progression to MS.

Early treatment with DMTs may delay or prevent disease onset in high-risk individuals [24,31,32].

4.3. Role of Regulatory Adaptive Immune Cells in Multiple Sclerosis (MS)
4.3.1. Regulatory T Cells (Tregs)

Regulatory T cells (Tregs) are a specialized subset of CD4" T cells that maintain immune homeostasis and
tolerance by suppressing autoreactive T cell responses. In the context of multiple sclerosis (MS), Tregs play a crucial role
in modulating central nervous system (CNS) inflammation and autoimmunity. Xie et al. provided groundbreaking
evidence of Tregs residing in the mouse brain, emphasizing their involvement in CNS immune surveillance and
regulation of inflammatory responses. Their study demonstrated that Tregs mitigate lipopolysaccharide (LPS)-induced
neuroinflammation—originating from microglia and macrophages—by secreting the anti-inflammatory cytokine IL-10,
and by limiting CD4* T cell recruitment in experimental autoimmune encephalomyelitis (EAE), a murine model of MS
[61]. Furthermore, recent reviews have explored the potential role of Tregs in oligodendrocyte biology. Dombrowski and
colleagues reported that Treg-deficient mice exhibited significantly reduced oligodendrocyte progenitor cell (OPC)
activation and differentiation, along with impaired remyelination, compared to wild-type or Treg-depleted mice. These
findings suggest that Tregs may directly support remyelination by promoting oligodendrocyte maturation through the
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secretion of connective tissue growth factor CCN3. Thus, Tregs may not only act as immunoregulators but also facilitate
CNS repair mechanisms.

4.3.2. Regulatory B Cells (Bregs)

While T cells have traditionally been the focus of MS immunopathology, regulatory B cells (Bregs) have
emerged as important modulators of immune responses. These cells exert their immunosuppressive functions primarily
through the secretion of anti-inflammatory cytokines, including IL-10 and IL-35. Among the various subsets, IL-10-
producing Bregs (often termed B10 cells) are the most well-studied for their role in controlling aberrant immune
activation in MS and EAE models [48,49,73]. Due to the lack of unique surface markers, Breg subsets are typically
identified based on their cytokine secretion profiles. Shen et al. demonstrated that reduced production of IL-10 and IL-35
by Bregs in EAE may lead to enhanced T cell activation and plasma cell differentiation, thereby exacerbating disease
activity [64]. Further supporting this, Wang et al. observed that blockade of IL-35—either pharmacologically or
genetically—resulted in reduced Breg populations and increased severity of autoimmune uveitis in mice [63]. These
findings underscore the potential of targeting Bregs and their cytokines as a therapeutic strategy in MS.

5. Mechanisms of Neuroinflammation in Multiple Sclerosis

Neuroinflammation is a hallmark of MS pathology, driven by a complex interplay of immune cells, glial responses,

and neurodegenerative processes. Key mechanisms include:

1. Immune Cell Activation: Infiltration of activated T cells, B cells, and antigen-presenting cells into the CNS
results in the release of pro-inflammatory cytokines and chemokines. Thl and Thl7 cells are particularly
implicated, with cytokines such as interferon-gamma (IFN-y) and interleukin-17 (IL-17) contributing to
demyelination and axonal injury.

2. Microglial Activation: Resident CNS immune cells—microglia—become reactive in response to injury or
inflammation. Activated microglia secrete inflammatory mediators, including TNF-a and reactive oxygen
species (ROS), which amplify neuroinflammation and promote myelin damage through phagocytosis of myelin
debris.

3. Astrocyte Dysfunction: While astrocytes support neuronal function and repair, their reactive phenotypes in MS
contribute to pathology. Reactive astrocytes release pro-inflammatory cytokines, such as IL-1B and TNF-a,
exacerbating inflammation and disrupting the blood-brain barrier (BBB).

4. Blood-Brain Barrier Disruption: Breakdown of the BBB allows peripheral immune cells and inflammatory
molecules to infiltrate the CNS, intensifying tissue injury. Increased BBB permeability is often an early feature
of MS and correlates with disease relapses and progression.

5. Oligodendrocyte Damage and Demyelination: MS targets oligodendrocytes—the myelinating cells of the
CNS—eading to demyelination, axonal dysfunction, and impaired neural conduction. Chronic demyelination
further impairs neural communication and repair.

6. Neurodegeneration: Progressive neuronal and axonal loss, synaptic dysfunction, and cellular apoptosis
contribute to irreversible disability in MS. Neurodegeneration is especially prominent in progressive forms of
the disease and is closely tied to sustained inflammation and mitochondrial dysfunction.

6. Therapeutic Implications
Current and emerging therapies for MS aim to mitigate immune dysregulation, reduce inflammation, and promote
neurorepair. These include:

1. Immunomodulatory Therapies: First-line disease-modifying treatments (DMTs) such as interferon-f and
glatiramer acetate modulate the immune response to reduce relapse rates and delay disease progression.
2. Targeted Anti-Inflammatory Agents: Monoclonal antibodies such as natalizumab (anti-VLA-4) and fingolimod

(a sphingosine-1-phosphate receptor modulator) specifically inhibit immune cell trafficking and activation,
offering potent disease control in relapsing forms of MS.

3. Remyelination-Promoting Agents: Therapies like clemastine fumarate and anti-LINGO-1 antibodies are under
investigation for their potential to enhance remyelination and oligodendrocyte regeneration in demyelinated CNS
regions.

4. Neuroprotective Strategies: Neuroprotective interventions targeting oxidative stress, excitotoxicity, and

mitochondrial dysfunction—using agents such as antioxidants and neurotrophic factors—may help preserve
neuronal integrity and reduce disability accumulation in progressive MS.

4. Pathogenesis and Pathophysiology

Multiple sclerosis (MS) is characterized by a multifactorial pathophysiology involving disrupted blood -brain
barrier (BBB) permeability, genetic predisposition, immune dysregulation, demyelination, axonal injury, and gliosis.
These processes contribute to chronic inflammation and neurodegeneration within the central nervous system (CNS)
[9,13].
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4.1. MS Pathogenesis
1. Autoimmune Response and Inflammation

The hallmark of MS is an autoimmune response in which the immune system erroneously targets CNS components,
particularly the myelin sheath that insulates nerve fibers. Activated T cells infiltrate the CNS and orchestrate an
inflammatory cascade:

e Antigen Presentation: Myelin antigens are presented to autoreactive T cells by antigen-presenting cells
(APCs), including dendritic cells and macrophages. This interaction leads to T cell activation, promoting
immune-mediated myelin destruction and neuroinflammation.

e Thl and Th17 Cells: MS patients exhibit elevated levels of pro-inflammatory T helper cells, particularly Thl
and Th17 subsets. These cells secrete cytokines such as interferon-gamma (IFN-y) and interleukin-17 (IL-17),
which further recruit inflammatory cells into the CNS and exacerbate tissue damage.

e B Cells and Autoantibodies: B cells contribute to disease pathology through the production of autoantibodies
targeting myelin antigens, thereby amplifying inflammation and demyelination [10].

2. Genetic Susceptibility
e  HLA Genes: The strongest genetic association in MS is with HLA-DRB1*15:01. HLA molecules are crucial for
antigen presentation and modulating immune responses, significantly influencing MS risk.
e Non-HLA Genes: Several non-HLA loci are also implicated, many of which regulate immune signaling,
cytokine production, and myelin integrity. These genetic variations collectively increase the likelihood of
autoimmunity and CNS vulnerability [13,14].

3. Environmental Triggers
e Epstein-Barr Virus (EBV): EBV infection is a well-established environmental risk factor. It infects B cells and
is hypothesized to induce molecular mimicry or aberrant immune responses in genetically predisposed
individuals.
e Vitamin D Deficiency: Low serum vitamin D levels, often due to limited sun exposure, are associated with
increased MS risk. Vitamin D modulates immune function and may reduce autoreactive T-cell responses
[35,36].

4. Demyelination and Axonal Injury
e Demyelination: The primary pathological feature of MS is the immune-mediated destruction of the myelin
sheath, impairing saltatory conduction and leading to neurological deficits.
e Axonal Injury: In addition to demyelination, axons themselves suffer damage from chronic inflammation,
mitochondrial dysfunction, and loss of trophic support, contributing to irreversible neurodegeneration and
disability progression [36,38,39].

5. Blood-brain barrier (BBB) Dysfunction
e Increased Permeability: The BBB, which normally restricts immune cell entry into the CNS, becomes
compromised in MS. This breakdown permits infiltration of T cells, B cells, cytokines, and antibodies,
perpetuating inflammation and CNS damage.

6. Gliosis and Scar Formation
e Astrocyte and Microglial Activation: In response to injury, glial cells become reactive, leading to gliosis. This
process involves the proliferation of astrocytes and microglia, resulting in glial scar formation (sclerosis) that
disrupts neural repair and contributes to disease progression.

7. Lesion Formation and Clinical Manifestations
e MS Lesions: MRI imaging typically reveals multifocal lesions composed of demyelination, inflammation, and
gliosis. These lesions vary in activity and distribution over time.
e (Clinical Presentation: Symptoms are highly heterogencous, depending on lesion location and CNS
involvement. Common manifestations include sensory disturbances, motor weakness, spasticity, vision
problems, fatigue, cognitive dysfunction, and mood disorders [41,43].

8. Oligodendrocyte Dysfunction and Myelin Repair

Oligodendrocytes are the myelin-producing cells of the central nervous system (CNS), responsible for insulating
axons and ensuring efficient neural signal transmission. In multiple sclerosis (MS), oligodendrocyte damage leads to
inadequate myelin production and impaired remyelination. Although the CNS possesses intrinsic capacity for
remyelination, this process is often incomplete or ineffective in MS, contributing to progressive neurological
dysfunction. The mechanisms influencing remyelination include the recruitment and differentiation of oligodendrocyte
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progenitor cells (OPCs), the integrity of the inflammatory environment, and the presence of growth factors and signaling
molecules. Enhancing remyelination has become a promising therapeutic target aimed at promoting functional recovery
and halting disease progression [15,33,44].

9. Neurodegeneration and Brain Atrophy

Neurodegenerative processes, alongside chronic inflammation and demyelination, significantly contribute to
axonal degeneration in MS. Axonal loss is a key driver of irreversible neurological disability.

Progressive brain atrophy—marked by a reduction in both gray and white matter volumes—is commonly observed
in MS patients. It correlates strongly with disease duration, cognitive decline, and physical disability.
Mechanistically, neurodegeneration in MS is multifactorial, involving mitochondrial dysfunction, glutamate
excitotoxicity, oxidative stress, and diminished neurotrophic support [37,40].

10. Microglial Activation and Neuroinflammation

Microglia are the resident immune cells of the CNS and play a pivotal role in immune surveillance and
homeostasis. In MS, microglia become persistently activated, contributing to chronic neuroinflammation through
the release of pro-inflammatory cytokines, antigen presentation, and phagocytosis of myelin debris.

Sustained activation of microglia not only amplifies demyelination and axonal damage but also impedes repair
mechanisms. Therefore, targeting microglial-mediated inflammation is a central goal in the development of
neuroprotective therapies for MS [50,51].

11. Heterogeneity and Disease Course

MS is a clinically heterogeneous disease, with significant inter-individual variability in symptoms, progression
rate, and treatment response. This heterogeneity arises from a combination of genetic predispositions,
environmental exposures, and diverse immune mechanisms.

The disease can evolve through various clinical phenotypes, including relapsing-remitting MS (RRMS),
secondary progressive MS (SPMS), primary progressive MS (PPMS), and clinically isolated syndrome (CIS).
Understanding the dynamic nature of MS is essential for the development of personalized therapeutic strategies
[53,54].

12. Emerging Therapeutic Approaches

Current disease-modifying therapies (DMTs) aim to modulate the immune response, reduce CNS inflammation,
and potentially support remyelination and neuroprotection. Emerging strategies include selective depletion of B
cells, inhibition of immune cell trafficking across the BBB, and enhancement of oligodendrocyte regeneration.

In addition to immunomodulatory treatments, symptomatic and supportive care is vital for managing fatigue,
spasticity, and cognitive dysfunction, and improving overall quality of life in MS patients [55,56].

4.2. The Experimental Autoimmune Encephalomyelitis (EAE) Model of MS

Although no single animal model can fully replicate the human pathology of MS, experimental autoimmune
encephalomyelitis (EAE) remains the most widely used and well-characterized model. EAE has provided critical
insights into the immunopathogenesis of MS and is instrumental in the preclinical evaluation of novel therapeutic
agents.

The model exhibits a biphasic immune response, with distinct cellular recruitment patterns during the acute and
chronic phases. Elevations in IL-1p levels during disease progression are associated with the recruitment of
different immune cells, supporting the relevance of EAE in modeling the inflammatory milieu of MS [42,57].

Table 1. Immune Cell Involvement and Cytokine Profiles in Different Phases of EAE.

;’0 Cell Type MS Phase / Released Cytokine Reference
1 Neutrophils Acute Phase / IL-1f [58]
Monocytes and Monocyte-Derived

2 Macrophages (MDMs) Acute Phase / IL-1 [58]

3 T Helper Cells (Th17) Chronic Phase / IL-1p [59]

4 Microglia Chronic Phase / IL-1p [44]

5 Astrocytes Chronic Phase / IL-1 [60]

6 B Cells Acute—Chronic and Secondary Progressive Phases [49]

7 T Regulatory Cells (Tregs) Chronic Phase — Remission / IL-10 [61,62]

8 B Regulatory Cells (Bregs) Chronic Phase — Remission / IL-10 and 1L-35 [48,63,64]

Nevertheless, there is some evidence that IL-1p plays a role in remyelination in addition to its pro-inflammatory

effect. Researchers are beginning to believe that these advantageous functions may be attributed to the stimulatory
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activity of IL-1f on the production and local release of trophic factors, such as insulin-like growth factor (IGF), by cells
that participate in the demyelination process in the first place. The cytokine appears to be crucial for the aggregation,
proliferation, and activation of oligodendrocyte progenitors around the areas of demyelination [65]. The temporal pattern
of cytokine release and the cell types involved appear to be determinants of the apparent bipartite roles of IL-1f in
immune cell recruitment and remyelination. It seems that during the acute phases of CNS inflammation, the first release
of IL-1B encourages T and B cell recruitment; in the second stage, IL-1p appears to promote CNS repair [65,66]. (Please
see Table 2 for more information on the major interleukins' roles in the pathophysiology of MS.).

Table 2. Interleukin Functions, Sources, and Activities in CNS Disorders (e.g., MS).

Interleukin . . . . .
Primary Source(s Function Cell Recruitment / Activi References
(IL) Type Y Souree®) v
-
gﬁiz celise,HSCDS Mzcgzgi Proinflammatory; Recruitment of CD4*and CD8*
IL-17 . L promote acute | T cells; neutrophil infiltration | [38,43, 65]
associated invariant T cells, | : . . .
inflammation and CNS migration
NK cells
. . . Proinflammatory;
IL-1a Mlcrogl.lal cells, Antigen- inflammation from | Recruitment of CD4* T cells [41,43]
presenting cells (APCs)
trauma
Proinflammatory;
IL-1p Microglial cells, APCs autoinflammatory Recruitment of CD4* T cells [41,43]
and infection-related
IL23, IL-12, APCs, M1c1j0g11a1 cells, . Polanzatlofl of Th1/Th17 ce.lls; [38-40,
L2 Monocyte-derived Proinflammatory CNS homing by autoreactive 66.67]
macrophages (MDMs) effector cells ’
Mi lia/ h Trl Reduces CD4+ T cell
IL-10 CeilCSrOg larmacrophages, 1t Anti-inflammatory recruitment; promotes Treg cell | [60, 68]
expansion
IL-2 Astrocytes Anti-inflammatory Regulation and recruitment of [60]
Treg cells
Differentiation and recruitment
IL-1 Th1 CD4* T cells Pro-remyelination of oligodendrocyte progenitor | [61, 64, 70]
cells (OPCs)
.. Differentiation and recruitment
IL-2 Treg cells Pro-remyelination of OPCs [60]

Role of Regulatory Adaptive Immune Cells in Multiple Sclerosis (MS)
1. Regulatory T Cells (Tregs)

Regulatory T cells (Tregs) are a specialized subset of CD4" T cells that maintain immune homeostasis and
tolerance by suppressing autoreactive T cell responses. In the context of multiple sclerosis (MS), Tregs play a crucial role
in modulating central nervous system (CNS) inflammation and autoimmunity. Xie et al. provided groundbreaking
evidence of Tregs residing in the mouse brain, emphasizing their involvement in CNS immune surveillance and
regulation of inflammatory responses. Their study demonstrated that Tregs mitigate lipopolysaccharide (LPS)-induced
neuroinflammation—eriginating from microglia and macrophages—by secreting the anti-inflammatory cytokine IL-10,
and by limiting CD4" T cell recruitment in experimental autoimmune encephalomyelitis (EAE), a murine model of MS
[61]. Furthermore, recent reviews have explored the potential role of Tregs in oligodendrocyte biology. Dombrowski and
colleagues reported that Treg-deficient mice exhibited significantly reduced oligodendrocyte progenitor cell (OPC)
activation and differentiation, along with impaired remyelination, compared to wild-type or Treg-depleted mice. These
findings suggest that Tregs may directly support remyelination by promoting oligodendrocyte maturation through the
secretion of connective tissue growth factor CCN3. Thus, Tregs may not only act as immunoregulators but also facilitate
CNS repair mechanisms.

2. Regulatory B Cells (Bregs)

While T cells have traditionally been the focus of MS immunopathology, regulatory B cells (Bregs) have
emerged as important modulators of immune responses. These cells exert their immunosuppressive functions primarily
through the secretion of anti-inflammatory cytokines, including IL-10 and IL-35. Among the various subsets, IL-10-
producing Bregs (often termed B10 cells) are the most well-studied for their role in controlling aberrant immune
activation in MS and EAE models [48,49,73]. Due to the lack of unique surface markers, Breg subsets are typically
identified based on their cytokine secretion profiles. Shen et al. demonstrated that reduced production of IL-10 and IL-35
by Bregs in EAE may lead to enhanced T-cell activation and plasma cell differentiation, thereby exacerbating disease
activity [64]. Further supporting this, Wang et al. observed that blockade of IL-35—either pharmacologically or
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genetically—resulted in reduced Breg populations and increased severity of autoimmune uveitis in mice [63]. These
findings underscore the potential of targeting Bregs and their cytokines as a therapeutic strategy in MS.

Mechanisms of Neuroinflammation in Multiple Sclerosis

Neuroinflammation is a hallmark of MS pathology, driven by a complex interplay of immune cells, glial responses,

and neurodegenerative processes. Key mechanisms include:

1. Immune Cell Activation: Infiltration of activated T cells, B cells, and antigen-presenting cells into the CNS
results in the release of pro-inflammatory cytokines and chemokines. Thl and Th17 cells are particularly
implicated, with cytokines such as interferon-gamma (IFN-y) and interleukin-17 (IL-17) contributing to
demyelination and axonal injury.

2. Microglial Activation: Resident CNS immune cells—microglia—become reactive in response to injury or
inflammation. Activated microglia secrete inflammatory mediators, including TNF-a and reactive oxygen
species (ROS), which amplify neuroinflammation and promote myelin damage through phagocytosis of myelin
debris.

3. Astrocyte Dysfunction: While astrocytes support neuronal function and repair, their reactive phenotypes in MS
contribute to pathology. Reactive astrocytes release pro-inflammatory cytokines, such as IL-13 and TNF-a,
exacerbating inflammation and disrupting the blood-brain barrier (BBB).

4. Blood-Brain Barrier Disruption: Breakdown of the BBB allows peripheral immune cells and inflammatory
molecules to infiltrate the CNS, intensifying tissue injury. Increased BBB permeability is often an early feature
of MS and correlates with disease relapses and progression.

5. Oligodendrocyte Damage and Demyelination: MS targets oligodendrocytes—the myelinating cells of the
CNS—eading to demyelination, axonal dysfunction, and impaired neural conduction. Chronic demyelination
further impairs neural communication and repair.

6. Neurodegeneration: Progressive neuronal and axonal loss, synaptic dysfunction, and cellular apoptosis
contribute to irreversible disability in MS. Neurodegeneration is especially prominent in progressive forms of
the disease and is closely tied to sustained inflammation and mitochondrial dysfunction.

Therapeutic Implications

Current and emerging therapies for MS aim to mitigate immune dysregulation, reduce inflammation, and promote

neurorepair. These include:

1. Immunomodulatory Therapies: First-line disease-modifying treatments (DMTs) such as interferon-p and
glatiramer acetate modulate the immune response to reduce relapse rates and delay disease progression.

2. Targeted Anti-Inflammatory Agents: Monoclonal antibodies such as natalizumab (anti-VLA-4) and
fingolimod (a sphingosine-1-phosphate receptor modulator) specifically inhibit immune cell trafficking and
activation, offering potent disease control in relapsing forms of MS.

3. Remyelination-Promoting Agents: Therapies like clemastine fumarate and anti-LINGO-1 antibodies are under
investigation for their potential to enhance remyelination and oligodendrocyte regeneration in demyelinated
CNS regions.

4. Neuroprotective Strategies: Neuroprotective interventions targeting oxidative stress, excitotoxicity, and
mitochondrial dysfunction—using agents such as antioxidants and neurotrophic factors—may help preserve
neuronal integrity and reduce disability accumulation in progressive MS.

DISCUSSION

This review aimed to synthesize recent findings on the role of neuroinflammation in the onset and progression
of multiple sclerosis (MS), with a particular focus on the involvement of immune cells and cytokines across different
disease stages. Our meta-analysis highlights that current research is heavily centered on elucidating the specific
contributions of various immune cell populations and their secreted factors in the pathogenic cascades that sustain and
exacerbate MS. While most studies have traditionally emphasized the roles of T helper cell subsets, emerging evidence
has shifted attention toward cytotoxic CD8+ T cells. These cells appear to play a critical role, especially in the secondary
progressive phase of MS, where their elevated presence around demyelinated lesions correlates with poorer clinical
outcomes [74— 76]. Regarding B cells, their precise involvement remains somewhat ambiguous. Nonetheless, they are
increasingly recognized as key contributors, primarily acting as professional antigen-presenting cells that facilitate the
activation of cytotoxic T cells. Clinically, B cells hold diagnostic importance, as oligoclonal immunoglobulin bands
detected in cerebrospinal fluid (CSF) remain the gold standard for MS diagnosis. Elevated levels of these bands during
early disease stages are also associated with a more severe prognosis [49,72]. Current MS therapies predominantly aim to
modulate the immune system to suppress neuroinflaimmation and minimize tissue damage. While these treatments
effectively reduce relapse frequency, their efficacy in halting long-term disability progression remains limited. This
underscores an urgent need for more targeted therapeutic approaches. Recent advances have focused on selectively
targeting autoreactive immune cells and their mediators, showing promising improvements in efficacy and safety by
avoiding broad immunosuppression. Strategies such asvaccine development and cytokine - or antigen-specific antibodies
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are being actively explored as novel immunopharmacological interventions for MS [77]. However, further research is
essential to fully understand the complex intercellular immune communications underlying MS pathology and
neuroinflammation, which may ultimately lead to more precise and effective treatments.

CONCLUSION

Multiple sclerosis is fundamentally characterized by inflammatory demyelination of the central nervous system.
Advances in our understanding of the intricate interplay between immune cells and cytokines during various disease
stages— including acute inflammation, endogenous immune modulation, demyelination and remyelination, and
recovery—necessitate a reappraisal of current anti-inflammatory therapies. Whereas T cells and cytokines were once
viewed solely as drivers of pathology, they are now recognized as critical mediators of tissue repair and regeneration.
These insights suggest that anti-inflammatory drugs and T cell inhibitors, while beneficial in controlling inflammation,
may inadvertently hinder myelin repair processes. Consequently, therapeutic strategies should consider the disease stage
to optimize outcomes: initial treatment should focus on suppressing peak inflammation, followed by interventions that
promote regulatory T and B cell (Treg/Breg) activity to support remyelination and recovery during remission. Adopting
such a stage-specific approach could pave the way for more effective management of MS, balancing inflammation
control with regenerative support.
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