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ABSTRACT

Background: Multiple Sclerosis (MS) is a chronic autoimmune disorder of the central nervous system, characterized by inflammation,
demyelination, and neurodegeneration. The role of toll-like receptors (TLRs) in MS pathogenesis, specifically through MYD88-
dependent and-independent pathways, has become a focal point of research. Understanding these pathways offers insights into the
mechanisms driving MS and potential therapeutic targets.

Objective: This review aims to synthesize current knowledge on the role of TLR signaling in the onset and progression of MS, focusing
on the dysregulation of MYD88-dependent and-independent pathways and their implications for disease pathogenesis and therapy.

Methods: A systematic search of PubMed, Scopus, Web of Science, and Google Scholar databases was conducted to identify studies
related to TLR signaling in MS. Keywords related to "toll-like receptors," "multiple sclerosis," "MYD88-dependent pathway," "MYD88-
independent pathway," and "immune response" were used. The evidence synthesis was qualitative, integrating findings from both
human and animal studies.

Results: The review highlights the central role of NF-kB in mediating the effects of TLR signaling on the inflammatory cascade in MS.
Dysregulation in TLR signaling pathways can lead to increased expression of pro-inflammatory cytokines and compromise the blood-
brain barrier, exacerbating MS pathogenesis. The evidence points towards the dual role of TLR pathways in promoting inflammatory
responses and potentially offering protective mechanisms against the disease.

Conclusion: TLR signaling pathways play a crucial role in the immunopathology of MS, with both MYD88-dependent and -
independent pathways contributing to disease progression. Targeting these pathways presents a promising therapeutic strategy,
emphasizing the need for further research to develop effective treatments.

Keywords: Multiple Sclerosis, Toll-Like Receptors, MYD88-Dependent Pathway, MYD88-Independent Pathway, NF-kB, Inflammatory
Response, Autoimmune Disorders, Therapeutic Targets.

INTRODUCTION

Multiple sclerosis (MS) emerges as a complex and debilitating neurological disorder that adversely impacts the central nervous
system, manifesting through a spectrum of harmful symptoms that impair vision, limb movement, and balance. This chronic
autoimmune condition, characterized by inflammation, demyelination, and neurodegeneration, is recognized as a significant cause
of disability, affecting approximately 2.8 million individuals globally. Predominantly affecting women, MS typically presents between
the ages of 20 to 40, underscoring a notable gender disparity and age-specific vulnerability (1). The etiology of MS remains elusive,
attributed to a multifaceted interplay of genetic predisposition and environmental factors, including vitamin D deficiency, viral
infections, and smoking, which are believed to trigger or exacerbate the condition (2). The pathogenesis involves immune system
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dysregulation, leading to myelin destruction by autoreactive T cells, B cells, and antibodies, coupled with the release of pro-
inflammatory cytokines and chemokines, further intensifying immune-mediated damage and neurodegeneration (3).

Clinical manifestations of MS vary widely among patients, with common symptoms encompassing muscle weakness, fatigue, balance
and coordination issues, cognitive impairment, sensory disturbances, and mood alterations. Despite the absence of a cure, disease-
modifying therapies (DMTs) and symptomatic treatments, such as physical and occupational therapy alongside specific medications,
aim to manage symptoms and enhance the quality of life for those affected (5).

The historical backdrop of toll-like receptors (TLRs) and interleukin 1 (IL-1) traces back to the discovery of phagocytic cells in 1940,
with significant milestones achieved by Janeway and colleagues in 1991 through the identification of homology between Drosophila
Toll and IL-1RI, paving the way for the discovery of human TLRs in 1997 by Nomura and his team (5). TLRs, as single membrane-
spanning non-catalytic receptors, play a pivotal role in the immune response by recognizing pathogen-associated and damage-
associated molecular patterns, thereby initiating immune responses. These receptors are predominantly expressed on antigen-
presenting cells (APCs) such as T cells, B cells, dendritic cells, macrophages, oligodendrocytes, and astrocytes, influencing the
outcome of pathogenic infections through their ability to detect a wide array of PAMPs from various pathogens (7). Human TLRs,
currently numbered at 11 (TLR1 through TLR10), are categorized based on their cellular localization into surface and intracellular
groups, with surface TLRs (1,2,5,6,4,10) recognizing microbial surface PAMPs, and intracellular TLRs (3,7,8,9) detecting nucleic acids
from viruses and bacteria, each triggering specific signaling cascades leading to the production of chemokines, pro-inflammatory
cytokines, and antimicrobial peptides (9,10). This intricate system underscores the critical role of TLRs in the immune surveillance
and response mechanisms, offering insights into their potential involvement in the onset and progression of autoimmune diseases
such as MS.

MATERIAL AND METHODS

In the comprehensive review titled "Guardians of Immunity: Toll-Like Receptor Signaling in the Onset and Progression of Multiple
Sclerosis, Sketching an Immunopathological Scheme," the authors embarked on a methodological journey to unravel the intricate
role of toll-like receptor (TLR) signaling pathways in multiple sclerosis (MS) through an extensive examination of existing literature.
The design of the study was structured as a systematic review, aiming to synthesize evidence on how TLR signaling influences the
immunopathology of MS, thereby addressing critical questions related to the mechanisms through which TLRs contribute to MS
pathogenesis, the nature of TLR expression in MS patients compared to healthy controls, and the potential therapeutic implications
of targeting TLR pathways in MS treatment.

The search strategy was meticulously planned to encompass a wide range of scientific databases, ensuring a comprehensive retrieval
of relevant studies. The databases included PubMed, Scopus, Web of Science, and Google Scholar, selected for their extensive

coverage of biomedical, healthcare, and microbiological research. Keywords and phrases related to "toll-like receptors," "multiple

sclerosis," "immune signaling,

pathogenesis," and "therapeutic targets" were employed in various combinations to maximize the
retrieval of pertinent studies. The search was limited to articles published in English, with no restriction on publication date to
capture the full spectrum of available research.

Inclusion criteria were defined to select studies that provided insights into the role of TLRs in the immune response mechanisms
relevant to MS, including both human and animal studies. Exclusion criteria were applied to omit studies that did not directly address
TLR signaling in MS or were reviews, commentaries, or editorials, ensuring the focus remained on original research articles. The
selection process involved an initial screening of titles and abstracts, followed by a full-text review of articles that met the preliminary
criteria.

Evidence synthesis was conducted through a qualitative approach, allowing for the integration of findings from a diverse array of
study designs, including observational studies, clinical trials, and laboratory-based research. This approach facilitated a
comprehensive understanding of TLR signaling in MS, encompassing genetic, molecular, and cellular aspects, as well as the impact
of environmental factors. The synthesis aimed to identify common themes, patterns, and discrepancies in the literature, highlighting
the complexity of TLR involvement in MS pathology and the potential for novel therapeutic interventions.

Ethical considerations were paramount throughout the review process. The authors ensured respect for the ethical standards of
scientific research by focusing on studies that had reported compliance with ethical guidelines, including the proper treatment of
human participants and animal subjects. Additionally, the review did not involve direct interaction with human participants or the
collection of primary data, thereby eliminating the need for ethical approval for the review itself. The emphasis was placed on the
responsible interpretation and reporting of findings from the included studies, maintaining the integrity of the scientific inquiry into
the role of toll-like receptors in the development and progression of multiple sclerosis.
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Structure of TLR and IL-R

FINDINGS AND DISCUSSION

(@ The toll-like receptor (TLR) signaling pathways, pivotal in

the immune response, bifurcate into MYD88-dependent

} ------ and independent mechanisms, both of which play
IL-R crucial roles in maintaining health and in the

] _________ pathogenesis of diseases such as multiple sclerosis. The

MYD88-dependent pathway is initiated by the binding of
a ligand to TLRs, leading to receptor dimerization. This
event, with the exception of TLR3, prompts the
interaction of the toll-like receptor with the myeloid
Figure 1 Structure of Toll-like receptor differentiation primary response protein 88 (MYD88), an
adaptor molecule that orchestrates downstream
signalling. MYD8&8 recruits and associates with Interleukin (1) receptor-associated kinase 4 (IRAK4), facilitating the phosphorylation
of IRAKs 1 and 2 (11). Subsequently, the activated IRAKs engage tumour necrosis factor receptor-associated factor 6 (TRAF6), a
ubiquitin ligase, which then activates TAK1 kinase. This activation leads to the engagement of the IKK complex, culminating in the
degradation of inhibitor kB (I-KB). The degradation exposes nuclear localization signals, allowing nuclear factor kB (NF-KB) to
translocate into the nucleus. There, NF-KB activates the transcription of genes implicated in the inflammatory response, including
those encoding co-stimulatory molecules and pro-inflammatory cytokines essential for adaptive immune response activation.
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Figure 2 Toll-like Receptor Normal Pathway
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Dysregulation of NFkB promotes pathogenesis of Multiple sclerosis Conversely, the MYD88-independent
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Figure 3 Role of NFkB in Multiple sclerosis NF-KB (14). This complex signaling network
results in the phosphorylation of IRF3 and
potentially IRF7, facilitating their translocation into the nucleus to promote the production of Interferon B, a critical antiviral
molecule. Additionally, the TIR-domain containing adapter inducing interferon-B (TRIF) can activate NF-KB independently of MYD88
in TLR4 signaling, illustrating the multifaceted role of TRIF in TLR signaling. This is achieved through the recruitment of TRAF6,
triggering the activation of Transforming growth factor B activated kinase 1 (TAK1) via ubiquitination-dependent mechanisms, which
in turn activates NF-KB and MAPK pathways. The recruitment of RIP1 by TRIF further underscores its significance in the MYD88-
independent activation of TLRs, illustrating the intricate network of interactions that define the TLR signaling pathways and their

critical roles in immune regulation and the pathophysiology of autoimmune diseases such as multiple sclerosis (15-18).
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thereby playing a dual role in cell survival and

death processes (19-21).

The intricate interplay of TLR signaling in MS involves both the MYD88-dependent and-independent pathways, leading to the
dysregulation of NF-kB expression, which in turn, stimulates autoimmunity through the activation and proliferation of immune cells,
including dendritic cells, Th1 cells, Th17 cells, and B cells. This immune response results in the mass production of pro-inflammatory
cytokines, altering the inflammatory cascade and contributing to the pathogenesis of MS (22-24). Notably, the TLR signaling
pathways can also compromise the integrity of the blood-brain barrier (BBB), increasing the expression of adhesion molecules such
as ICAM-1 and VCAM-1, which facilitates the infiltration of immune cells into the CNS and exacerbates the inflammatory activity
characteristic of MS (25-29).

Understanding the role of TLRs in MS remains a significant challenge, underscored by the need for continuous research to fully
elucidate their contributions to disease pathogenesis. Nonetheless, TLRs have emerged as crucial factors in MS, with their signaling
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pathways offering promising targets for therapeutic intervention. Abnormal activation of TLRs, potentially triggered by self-antigens
or viral infections, can lead to chronic inflammation and CNS disorders, highlighting the importance of regulated NF-kB signaling in
controlling neuroinflammation in MS. Studies have indicated that MYD88 is essential for the function of most TLRs, suggesting that
inhibiting MYD88 signaling could offer therapeutic benefits in MS by preventing the phosphorylation of IRAK1 and hindering the
activation of the MYD88-dependent pathway (30-34).

Further investigations have revealed the presence of MYD88 inactivating mutations in patients with repeated infections or various
types of malignancies, illustrating the diverse roles of MYD88 in immune regulation and disease. The dysregulation of TLR MYD88
signalling is significant, as it can activate inflammatory responses, with its malfunction leading to autoimmune or immunodeficiency
conditions (35-38). Clinical and pre-clinical studies have begun to delineate the functions of TLR signalling in MS, identifying potential
targets for intervention and highlighting the beneficial role of the TRIF pathway, in contrast to the detrimental effects of the MYD88
pathway (39-40).

The activation of TLRs on microglia, the CNS's resident immune cells, contributes to neuroinflammation and the neurodegenerative
aspects of MS, emphasizing the need for targeted interventions that modulate TLR activity and downstream signaling pathways (41-
45). Such approaches aim to regulate the immune response, reducing inflammation and mitigating the impact of MS on the nervous
system. This underscores the complexity of TLR signaling in MS, where both excessive and deficient activation can contribute to
disease pathogenesis, necessitating a nuanced understanding of these mechanisms to develop effective therapies.

CONCLUSION

In conclusion, the dysregulation of TLR signaling pathways and NF-kB activation in MS underscores the critical role of immune
regulation and homeostasis disruption in the CNS. With the continuous evolution of our understanding of TLRs in MS, further
research is imperative to unravel the detailed mechanisms governing their signaling and to develop targeted therapies that can
effectively manage this complex disease. The interplay between genetic and environmental factors, alongside the involvement of
various signaling pathways and immune cell types, calls for a comprehensive investigation to fully appreciate the multifaceted nature
of TLR signaling in MS and its implications for therapeutic interventions.

The healthcare implications of understanding toll-like receptor (TLR) signaling in Multiple Sclerosis (MS) are profound, offering a
promising avenue for developing targeted therapeutic strategies that could revolutionize the management of this chronic
autoimmune disease. By elucidating the specific roles of TLRs in the pathogenesis of MS, researchers can identify novel drug targets
aimed at modulating immune responses, potentially reducing the severity of symptoms, slowing disease progression, and improving
the quality of life for patients. This knowledge not only advances our understanding of MS but also underscores the importance of
personalized medicine in treating complex diseases, highlighting the need for continued investment in immunological research and
the development of innovative treatments that can address the underlying causes of autoimmune disorders.
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