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ABSTRACT

Introduction and purpoese: Multiple Sclerosis (MS) disability accumulation is driven primarily by compartmentalized,
subclinical neuroinflammation and diffuse neurodegeneration, termed smouldering MS. While traditional disease-modifying
therapies (DMTs) control peripheral relapses and focal MRI activity, halting this progression remains a major challenge.
Consequently, the therapeutic landscape is shifting toward novel central nervous system-targeting strategies to prevent
Progression Independent of Relapse Activity (PIRA). The clinical utility of these interventions relies on highly sensitive
fluid biomarkers, including serum neurofilament light (sNfL), serum glial fibrillary acidic protein (sSGFAP), and kappa free
light chains (kFLC), to track neuroaxonal injury, astrogliosis, and intrathecal immunoglobulin synthesis. This review
evaluates the latest clinical evidence for next-generation immunomodulatory therapies, specifically autologous
hematopoietic stem cell transplantation, Bruton’s tyrosine kinase inhibitors, and anti-CD20 monoclonal antibodies, alongside
the diagnostic and prognostic roles of these emerging biomarkers.

Materials and methods: The literature search was performed using PubMed, Scopus, Web of Science, and Google Scholar
for articles published between 2020 and 2026. Keywords included: “multiple sclerosis”, “MS”, “serum neurofilament light”,
“sNfL”, “serum glial fibrillary acidic protein”, “sGFAP”, “kappa free light chains”, “kFLC”, “autologous hematopoietic
stem cell transplantation”, “aHSCT”, “brutons tyrosine kinase inhibitors”, “BTK inhibitors”, “tolebrutinib”, “anti-CD20”,
“ofatumumab”, and “ublituximab”.

Conclusion: Preventing PIRA requires a paradigm shift toward early, high-efficacy DMT utilization guided by multimodal
biomarker profiling (sNfL, GFAP, kFLC). Although socioeconomic barriers often restrict early access, long-term
pharmacoeconomic data demonstrate that timely intervention mitigates the substantial financial and societal burden of
accumulated disability. Ultimately, combining these proactive clinical strategies with emerging therapeutic mechanisms,
such as NLRP3 inflammasome inhibition or selective remyelination, offers the most promising avenue to alter the disease
course and optimize healthcare resource utilization.
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Introduction

Multiple Sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of the central nervous
system (CNS), historically characterized by peripheral immune cell infiltration and acute focal demyelination.
The highest prevalence of MS is encountered in European Countries and the Americas, with 111 to 300 cases
per 100,000 inhabitants [1]. While traditional DMTs have achieved substantial success in controlling
peripheral driven relapses and magnetic resonance imaging (MRI) lesion activity, halting insidious progression
remains a formidable challenge. Recent pathophysiological insights indicate that long term disability
accumulation is primarily driven by compartmentalized, subclinical neuroinflammation and diffuse
neurodegeneration, a phenomenon often referred to as smouldering MS [2].

To effectively address this underlying pathology, the therapeutic landscape is shifting toward novel
immunomodulatory strategies capable of targeting central nervous system mechanisms. Concurrently, the
clinical utility of these advanced interventions relies heavily on the availability of highly sensitive,
reproducible biomarkers that can track neuroaxonal injury, astrogliosis, and intrathecal immunoglobulin
synthesis. This review evaluates the latest clinical evidence surrounding next generation immunomodulatory
therapies, including autologous hematopoietic stem cell transplantation, Bruton’s tyrosine kinase inhibitors,
and anti-CD20 monoclonal antibodies, while exploring the diagnostic and prognostic roles of emerging fluid
biomarkers.

Methodology

A comprehensive literature search was conducted to identify studies evaluating the new
immunomodulatory strategies and biomarkers used in studying MS. The search was performed using PubMed,
Scopus, Web of Science, and Google Scholar for articles published between 2020 and 2026. Keywords
included: “multiple slerosis”, “MS”, “serum neurofilament light”, “sNfL”, “serum glial acidic protein”,
“sGFAP”, “kappa free light chains”, “kFLC”, “autologous hematopoietic stem cell transplantation”, “aHSCT”,
“burtons tyrosine kinase inhibitors”, “BTK inhibitors”, “tolebrutinib”, “anti-CD20”, “ofatumumab”, and
“ublituximab”. Additional relevant publications were identified through a manual review of the reference lists
of selected articles.

Biomarkers

Serum Neurofilament Light

Neurofilaments are major structural cytoskeletal proteins that are released into the cerebrospinal fluid
(CSF) and subsequently into the bloodstream following neuroaxonal damage. Elevated CSF NfL (cNfL) levels
strongly correlate with the infiltration of T lymphocytes, which drive the focal inflammation characteristic of
MS and contribute to the transition from Relapsing Remitting MS (RRMS) to Secondary Progressive MS
(SPMS). Clinically, a robust positive correlation exists between ¢cNfL and sNfL concentrations, with ¢cNfL
levels remaining approximately 42-fold higher than those in peripheral blood [3].

Although cNfL provides a direct snapshot of central nervous system pathology, its quantification
requires an invasive lumbar puncture. Measuring sNfL offers a far more accessible, minimally invasive
alternative. However, traditional analytical methods long hindered its routine clinical adoption. Conventional
enzyme-linked immunosorbent assays (ELISA) and electrochemiluminescence (ECL) assays lacked the
analytical sensitivity required to detect the minuscule concentrations of NfL present in peripheral blood. This
technological barrier was recently overcome by the development of the Single Molecule Array (SiMoA)
platform. Boasting a 25-fold higher sensitivity compared to ECL, the SiMoA assay allows for the precise,
reliable quantification of sNfL, thereby establishing it as a cornerstone biomarker for monitoring neuroaxonal
injury in MS [4].
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Serum Glial Fibrillary Acidic Protein

Glial Fibrillary Acidic Protein (GFAP) is the principal intermediate filament protein found in mature
astrocytes and serves as a highly specific indicator of astrocyte activation and structural damage. In MS,
marked upregulation of GFAP is characteristic of active plaque formations, reflecting reactive astrogliosis.
Historically, quantification was limited to the CSF, where significantly elevated GFAP levels were observed
in SPMS compared to RRMS, strongly correlating with sustained disability accumulation and neurological
dysfunction [3].

Similar to sNfL, recent advances in SiMoA technology have enabled the precise measurement of brain
derived GFAP directly from peripheral blood, bypassing its low baseline concentrations in systemic circulation.
Serum levels of GFAP are significantly elevated in MS patients compared to healthy controls, with a
pronounced distinction observed across clinical phenotypes. Specifically, sGFAP concentrations are notably
higher in progressive subtypes, including PPMS and SPMS, than in RRMS, whereas patients with stable
RRMS often display sGFAP levels comparable to healthy cohorts [4,5].

Crucially, emerging multicenter evidence demonstrates that sSGFAP may serve as a more accurate and
specific biomarker for insidious disease progression than sNfL. While sNfLL predominantly mirrors acute,
inflammatory neuroaxonal injury, sGFAP reflects the undercurrent of chronic neurodegeneration and chronic
diffuse tissue damage. This is further supported by the robust correlation between elevated sGFAP levels and
worsening scores on the Expanded Disability Status Scale (EDSS) in progressive MS cohorts, validating its
clinical utility as a non-invasive tool for tracking disease trajectory and differentiating between relapsing and
progressive phenotypes [5].

Kappa Free Light Chains

Intrathecal immunoglobulin synthesis, historically demonstrated by the presence of CSF restricted
oligoclonal bands (OCBs) via qualitative isoelectric focusing, remains a hallmark of MS pathogenesis.
However, while OCB detection is considered the traditional gold standard, its methodology is heavily rater
dependent, structurally complex, and prone to laboratory variability. To address these limitations, the
quantification of the kFLC index via automated immunochemical assays has emerged as a highly reproducible,
objective, and affordable alternative. The kFLC index exhibits a diagnostic sensitivity (approximately 88%)
and specificity (approximately 89%) comparable to OCBs, occasionally demonstrating superior sensitivity due
to its capacity to reflect the overproduction of multiple immunoglobulin classes, including IgM, rather than
IgG alone [6,7].

Beyond its diagnostic equivalence, the kKFLC index possesses profound prognostic value in preclinical
and early symptomatic stages of the disease, such as Radiologically Isolated Syndrome (RIS) and Clinically
Isolated Syndrome (CIS). In patients presenting with RIS, a positive kKFLC index is associated with a 3.5-fold
increased risk of developing subsequent radiological activity on MRI, effectively capturing the undercurrent
of silent neuroinflammation. Similarly, in CIS cohorts, an elevated kFLC index predicts a twofold higher risk
of experiencing a second clinical attack and converting to clinically definite MS. Furthermore, higher baseline
kFLC index values strongly correlate with increased disability accumulation on the EDSS, a greater burden of
gadolinium accumulating lesions, and a shorter time interval before the initiation of high efficacy DMTs.

Recognizing this robust clinical and analytical validity, international expert panels have officially
incorporated the kFLC index into the revised 2024 McDonald criteria, establishing it as a fully validated
equivalent equivalent to traditional OCBs for demonstrating intrathecal immunoglobulin synthesis [8,9].

Immunomodulatory strategies

Autologous hematopoietic stem cell transplantation (aHSCT)

Autologous hematopoietic stem cell transplantation is a highly potent therapeutic intervention for MS.
The primary purpose of this procedure is to ablate the dysfunctional immune system using biologics and
cytotoxic drugs, subsequently rebuilding a novel, auto tolerant immune system with the aid of harvested
autologous hematopoietic stem cells. Although first introduced into clinical practice over two decades ago, it
took nearly twenty years before the first randomized controlled trials were fully concluded. The promising
clinical outcomes from these trials ultimately led to the official approval of aHSCT by the Swedish Board of
Health and Welfare as a standard therapeutic option for patients suffering from highly active RRMS [10,11].

Recent advances in monitoring the long-term biological outcomes of this cellular therapy have heavily
focused on objective fluid biomarkers to evaluate ongoing axonal damage. In clinical trials evaluating
intermediate intensity autologous hematopoietic stem cell transplantation (specifically the BEAM aHSCT
regimen), sNfL concentrations demonstrated high sensitivity in mirroring the suppression of acute
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neuroinflammation after transplant. At baseline, sNfL levels strongly correlated with active inflammatory
markers, including the annualized relapse rate (ARR) and active (Gd+) lesion volume on brain MRI. By month
24 following transplantation, a remarkable and statistically significant reduction in sNfL was achieved ranging
from 50% to 90% in a substantial proportion of individuals. That confirmed a definitive halt in ongoing
neuroaxonal damage [12].

However, this biomarker response was highly compartmentalized to the RRMS cohort, where the
longitudinal decline in SNfL closely aligned with sustained clinical stabilization or visible improvement in the
EDSS score. Conversely, patients with SPMS derived limited benefit from the procedure. Their sNfL levels
remained statistically unchanged from baseline, and clinical disability accumulation persisted). Notably, the
lack of correlation between longitudinal sNfL trajectories and subsequent brain volume loss or confirmed
disability progression suggests a distinct dual nature of the marker. While sNfL serves as a robust and reliable
surrogate marker for monitoring acute anti-inflammatory treatment responses, it exhibits lower sensitivity in
capturing or predicting the subtle, compartmentalized, and entirely independent of relapses mechanisms of
smouldering neurodegeneration [12].

Bruton’s tyrosine kinase inhibitors

To address the chronic, nonresolving neuroinflammation within the CNS that peripheral therapies
(including interventions like aHSCT) fail to halt, the clinical focus has shifted toward brain penetrant small
molecules. Bruton’s tyrosine kinase (BTK) inhibitors represent a novel therapeutic class capable of crossing
the BBB. As highlighted by recent literature, BTK is an essential enzyme in the activation pathways of
microglia, macrophages, and B lymphocytes both in the periphery and within the CNS compartment. Rather
than depleting these immune cells, BTK inhibition directly modulates their chronic activation, potentially
addressing the underlying pathophysiological substrates of smouldering multiple sclerosis and chronic lesion
formation [9,13].

This distinct, pharmacological profile specific for CNS has been robustly validated in phase II and III
clinical data. While evobrutinib failed to demonstrate superiority over teriflunomide in controlling focal
inflammatory activity and disability accumulation tolebrutinib successfully reduced the risk of confirmed
disability progression sustained for at least 6 months in patients with nonrelapsing SPMS. Remarkably, all
events progressing disability in this cohort were independent of relapse activity [9,14,15].

This protective effect is closely linked to tolebrutinib’s unique ability to effectively penetrate the CNS,
reaching cerebrospinal fluid concentrations that exceed the 90% inhibitory concentration, which is not
observed in other tested BTK inhibitors. Clinical evidence further demonstrates that tolebrutinib's efficacy is
centered around the modulation of compartmentalized B cells and myeloid lineages, showing a particularly
remarkable effect on disability progression in patients with paramagnetic rim lesions (PRLs) at baseline.
Because tolebrutinib exerted only modest effects on markers of acute focal inflammation while significantly
slowing disability accrual in nonrelapsing SPMS, it provides the first definitive evidence that progressive
pathology can be successfully modulated independently of systemic, acute focal activity [9,14].

Anti-CD20 monoclonal antibody therapy

Growing evidence over the past decade has firmly established that B cells play a central role in the
pathogenesis of MS. In individuals affected by MS, the inflammatory characteristics of B cell activity are
significantly elevated. This dysregulation leads to an increased release of pro-inflammatory cytokines, a
diminished production of anti-inflammatory cytokines, and a pathological accumulation of pathogenic B cells
within the cerebrospinal fluid. Because these mature B cells express the specific surface molecule CD20, they
have become an ideal target for monoclonal antibodies (mAbs) [16,17].

The therapeutic mechanism of anti-CD20 antibodies relies on the physical destruction and rapid
depletion of mature B lymphocytes in the peripheral blood. This cytotoxic approach directly contrasts with the
mechanism of BTK inhibitors, which focus on cellular modulation, altering B-cell behavior and functions
while allowing the cells to survive [16].

While the chimeric antibody rituximab was historically the first anti-CD20 therapeutic utilized off label
in MS, ocrelizumab, a humanized monoclonal antibody, became the first officially approved anti-CD20
treatment for both relapsing forms of MS (RMS) and PPMS based on positive phase III outcomes. Following
this, ofatumumab, a fully human monoclonal antibody, was introduced as the first subcutaneous, self-
administered anti-CD20 therapy approved for RMS. Most recently, the therapeutic landscape has expanded
with the publication of phase III clinical trial results for ublituximab in patients with RMS [16].

Ofatumumab exhibits potent anti-inflammatory and radiological activity, and during its clinical
development, its administration form was successfully transitioned from an intravenous infusion to a
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subcutaneous injection. Phase II studies, including the MIRROR trial, demonstrated that subcutaneous
administration effectively inhibited the development of new focal lesions on MRI in a clear dose dependent
manner. Specifically, a cumulative dose of at least 30 mg allowed for greater than 90% suppression of new
inflammatory lesions [16].

Crucial to the definitive evaluation of ofatumumab's efficacy were the multicenter phase III trials,
ASCLEPIOS I and ASCLEPIOS 11, in which the subcutaneous antibody was directly compared with oral
teriflunomide. Clinical and radiological parameters confirmed the clear superiority of the anti-CD20 therapy.
Ofatumumab reduced the annualized relapse rate (ARR) by approximately half compared to the active
comparator, achieving remarkably low values ranging from 0.10 to 0.11. Neuroimaging studies showed an
almost complete suppression of active inflammatory processes, which translated into a 94% to 97% reduction
in the number of active (T1 Gd+) lesions and an 82% to 85% reduction in new or enlarging hyperintense T2
lesions.

In addition to controlling relapse and radiographic activity, ofatumumab was effective in inhibiting the
progression of physical disability. A pooled meta-analysis of both phase III studies demonstrated a statistically
significant reduction in the risk of disease progression. The percentage of patients with confirmed disability
worsening after 3 months was 10.9% in the ofatumumab group compared to 15.0% in the teriflunomide group,
while the 6-month follow-up showed a similar benefit of 8.1% versus 12.0%, respectively. A favorable trend
toward sustained functional improvement after 6 months was also observed in favor of ofatumumab (11.0%
vs. 8.1%), although this parameter did not reach the pre-specified threshold of statistical significance.

The impact of the therapy on diffuse neurodegenerative processes was further assessed using fluid
biomarkers and volumetric brain measurements. Ofatumumab treatment led to a rapid and sustained reduction
in sNfL concentrations, a surrogate marker of microscopic axonal damage. The difference in sNfL
concentrations favoring the anti-CD20 antibody ranged from 26% to 27% after the first year and from 23% to
24% after 24 months of follow-up. The only analyzed parameter in which ofatumumab failed to demonstrate
a statistically significant advantage over teriflunomide was the annual rate of global brain volume loss
(atrophy). This rate remained statistically similar in both study groups, measuring approximately from 0.28%
to 0.29% per year for ofatumumab and 0.35% for teriflunomide [16,18].

Ublituximab, which features a modified glycosylation profile (glycoengineering) designed to enhance
antibody-dependent cellular cytotoxicity (ADCC), demonstrates high efficacy in resolving acute inflammatory
activity. In the twin multicenter phase III trials, ULTIMATE [ and ULTIMATE II, this molecule was compared
directly to oral teriflunomide, demonstrating significant superiority in key clinical and radiological parameters.
Ublituximab reduced the ARR by approximately half compared to the comparator, reaching low baseline
values of 0.08 to 0.09. Concurrently, MRI data demonstrated an almost complete suppression of focal disease
activity, as evidenced by a dramatic reduction in the number of active T1 Gd+ lesions and new or enlarging
T2 weighted hyperintensities. This high radiological and clinical efficacy, driven by the immediate elimination
of peripheral B cells (a 96% decrease in CD19+ cell counts within 24 hours of the first dose), led to robust
disease stabilization. Consequently, over 43% of patients receiving ublituximab achieved a status of no
evidence of disease activity, whereas in the teriflunomide cohort, this percentage ranged from only 11.4% to
15.0% [16].

The primary limitations of ublituximab became evident when evaluating neuroprotective endpoints and
navigating the rigorous structure of the hierarchical statistical analysis. The pooled analysis failed to reveal a
statistically significant difference between the groups in inhibiting confirmed disability worsening at 12 weeks,
with progression rates of 5.2% for ublituximab and 5.9% for teriflunomide. Because this specific endpoint did
not reach statistical significance, the assumptions of the hierarchical analysis dictate that all subsequent
secondary parameters (including the annual rate of brain atrophy and the Symbol Digit Modalities Test for
cognitive function) formally could not be considered statistically significant, regardless of the raw numerical
differences observed between the groups.

Despite these formal statistical constraints, promising therapeutic signals emerged from predetermined
tertiary analyses, from which methodologically binding conclusions cannot be drawn but which remain
clinically relevant. Patients receiving ublituximab were twice as likely to achieve confirmed disability
improvement (both at 12 and 24 weeks) and achieved consistently better scores on the Multiple Sclerosis
Functional Composite (MSFC) scale compared to the teriflunomide group [16,19].

The key characteristics and clinical differences between ofatumumab and ublituximab are summarized
in Table 1.
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Table 1. Summary of ofatumumab and ublituximab characteristics.

Feature

Ofatumumab

Ublituximab

Molecular structure and origin

Fully human anti CD20 monoclonal
antibody (IgG1)

Chimeric anti CD20 monoclonal
antibody featuring a modified
glycosylation profile
(glycoengineering)

Primary cytotoxic mechanism

Relies on physical destruction and
rapid depletion of mature B
lymphocytes via action

Engineered explicitly to enhance
ADCC

Administration

Subcutaneous injection; designed for
self-administration by the patient

Intravenous infusion; administered
by the healthcare workers

Dosing schedule

Administered monthly

Administered once every 24 weeks

Pivotal phase III clinical trials

ASCLEPIOS I and ASCLEPIOS IT

ULTIMATE I and ULTIMATE III

Annualized relapse rate

Ranged from 0,10 to 0,11 (reduced
by approximately half compared to
teriflunomide)

Ranged 0,08 to 0,09 (reduced by
approximately half compared to
teriflunomide)

Impact on disability worsening

Achieved a statistically significant
reduction in the risk of 3-month
(10.9% vs. 15.0%) and 6-month

(8.1% to 12.0%) progression

Showed no statistically significant
difference in the pooled analysis at
12 weeks (5.2% vs. 5.9% for
teriflunomide)

Limits

Biomarkers

While new potential biomarkers seem promising in the diagnostic workup and monitoring of MS, they
are not without significant imperfections. A major limitation of NfL is its profound lack of disease specificity.
Elevated levels in both CSF and serum are not exclusive to MS but are universally present across various
neurodegenerative and neuroinflammatory pathologies. Furthermore, under physiological conditions, baseline
NfL concentrations naturally increase with age and correlate with cognitive and motor impairment, which
introduces confounding variables when establishing a reliable baseline for MS pathology. Another technical
limitation is that reliable sNfL measurement requires highly sensitive platforms such as SiMoA, thereby
restricting its widespread clinical availability. Consequently, there is currently a distinct lack of clinical
consensus regarding universal diagnostic or prognostic sNfL thresholds, a challenge driven primarily by the
lack of methodological harmonization between different commercial laboratory assays. The clinical
interpretation of sNfL is further complicated by significant temporal fluctuations that occur naturally during
active relapsing crises, making stable longitudinal tracking highly challenging. Lastly, while sNfL effectively
mirrors acute focal disease activity (clinical exacerbations and gadolinium enhancing lesions) in RRMS, it
shows a substantial limitation in progressive forms of MS, where it fails to demonstrate a clear correlation with
disease activity [4].

A similar prognostic disconnection has been documented for astrocytic markers. While baseline GFAP
concentrations significantly correlate with focal lesion volume, they lack commensurability with long-term
disease progression as measured through the EDSS [4].

Despite its high diagnostic accuracy, several parallel limitations hinder the universal implementation of
the kKFLC index. Chief among these is the lack of a standardized consensus cut off, which is primarily driven
by analytical detection limits specific for each instrument, such as 0.28 mg/L for the Optilite platform, or 0.09
mg/L for Siemens platforms. Furthermore, clinicians must exercise rigorous caution regarding systemic
confounding factors, as comorbidities like impaired renal function or monoclonal gammopathies can
artificially elevate systemic kFLC concentrations, potentially yielding false-negative index scores. Conversely,
false-positive results may occur in other neuroinflammatory conditions. Finally, while its prognostic value in
CIS is extensively validated, robust data for asymptomatic RIS cohorts remain limited, with larger international
clinical trials currently ongoing to fully validate its predictive power in preclinical MS [8].
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Immunomodulatory strategies

The clinical management of advanced MS features a complex landscape of highly effective but
inherently constrained therapeutic interventions, spanning intensive cellular therapies, selective molecule
inhibitors, and targeted monoclonal antibodies. While these strategies offer potent efficacy, their clinical utility
is heavily bounded by shared toxicities, narrow therapeutic windows, and a persistent lack of predictive
biomarkers.

As an intensive immune rebooting strategy, aHSCT represents a highly potent therapeutic intervention
for MS. However, because aHSCT directly targets the lymphohematopoietic system, profound
immunosuppression serves as an inevitable therapeutic effect rather than a simple adverse event. This profound
state of immune depletion involves numerous complications secondary to aggressive chemotherapy
conditioning and the subsequent administration of immunosuppressive drug, which manifest particularly
during the hyperacute phase after aHSCT. The most prevalent clinical liabilities driving early phase morbidity
include neutropenic fever, bacterial sepsis, gastroenteritis, urinary tract infections, severe pneumonia, and the
acute reactivation of latent viral infections. Crucially, the clinical implementation of this high efficacy
intervention remains severely limited by a predictive deficit, as validated biomarkers capable of anticipating
or predicting the risk of these treatment related adverse events are currently missing [11,20,21].

Parallel to cellular therapies, novel small molecule approaches face distinct safety barriers. Despite the
promising efficacy of BTK inhibitors in slowing disability accrual, the clinical utility of tolebrutinib is strictly
constrained by substantial safety concerns, specifically regarding systemic infections and severe hepatotoxicity.
Data from phase III clinical testing indicate a higher overall incidence of adverse events in the tolebrutinib
group compared to placebo (81.5% vs. 78.1%), alongside a notable increase in serious adverse events (15.0%
vs. 10.4%). Because the mechanism of BTK inhibition directly dampens peripheral B lymphocytes and
myeloid lines, participants treated with tolebrutinib exhibit a higher susceptibility to respiratory tract infections.
This vulnerability is evidenced by elevated rates of COVID-19 (25.5% vs. 22.7%), nasopharyngitis (9.3% vs.
6.9%), and influenza (5.6% vs. 3.5%) compared to the placebo cohort, with COVID-19 pneumonia
representing the most frequent serious adverse event (1.1%) [14].

The most critical limitation governing the clinical implementation of tolebrutinib, however, is its distinct
hepatotoxic profile. Elevated ALT levels exceeding three times the ULN were reported in 4.0% of the
tolebrutinib group, compared to 1.6% in the placebo group. More significantly, severe liver injury, marked by
hyperacute ALT increases greater than 20 times the ULN, occurred in 0.5% of treated participants, while 0.4%
of patients met strict laboratory criteria for severe hepatotoxicity, presenting with concurrent elevations of
ALT (greater than 3x ULN) and total bilirubin (greater than 2x ULN). The clinical gravity of this risk was
underscored by a fatal case of liver failure directly swallowed by postoperative complications following liver
transplantation. Notably, all severe hepatotoxic events clustered within the first 90 days of treatment.
Following a protocol amendment that mandated intensive, weekly hepatic monitoring during the initial 12
weeks of exposure, subsequent transaminase elevations successfully resolved without long-term sequelae [14].

Furthermore, recent data have demonstrated that the effect of tolebrutinib on disability progression was
exclusively observed in patients presenting with PRLs at baseline. This finding is particularly remarkable
because tolebrutinib exerted only modest effects on markers of acute focal inflammation, thereby providing
the first concrete evidence that the pathology of progression can be modulated independently of acute focal
activity, centered primarily around the compartmentalized modulation of B cells or myeloid cells [9].
Consequently, while tolebrutinib addresses a critical unmet need in nonrelapsing SPMS, its therapeutic
window is highly restricted by the necessity of stringent, intensive laboratory monitoring and a heightened risk
of infection, demanding careful patient selection and rigorous clinical surveillance during the initial months of
therapy [14].

In contrast to the hyperacute toxicities of tolebrutinib and aHSCT, the clinical implementation of anti-
CD20 mAbs in MS is generally characterized by a more favorable baseline safety profile, though their long-
term use remains bounded by distinct reactions associated with administration and chronic immunomodulatory
risks. Infusion and injection related reactions (IRRs/IRSRs) constitute the most prevalent acute adverse events
associated with anti-CD20 therapies. These manifestations typically occur within the first 24 hours after
administration, predominantly peaking during the initial treatment cycle and steadily decreasing in frequency
with subsequent doses. However, the incidence and severity of these reactions vary substantially depending
on the route of administration and the molecular structure of the specific antibody.

Ublituximab, which is administered intravenously, demonstrated IRRs in 47.7% of patients during the
ULTIMATE I and Il trials, with Grade 3 or higher events reported in 2.8% of participants, including rare Grade
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4 life threatening reactions and multiple treatment discontinuations. Conversely, the subcutaneous
administration of low dose ofatumumab exhibits a significantly reduced systemic reactogenicity profile
compared to intravenous options, with data from the ASCLEPIOS I and II trials showing IRSRs in 20.2% of
patients and localized ISRs in only 10.9% [17].

Targeting peripheral B-cell lines by anti-CD20 mAbs inevitably interfere with systemic humoral
immunity, creating a temporal susceptibility to infections. While short term clinical trials of less than 52 weeks
demonstrated similar infection rates between active and control cohorts, longitudinal surveillance indicates
that infectious risks escalate with chronic, multiyear exposure. Pooled data indicate that common, non-
opportunistic infections affect between 51% and 69% of patients across all agents [17,18].

This long-term infectious vulnerability is directly tied to secondary hypogammaglobulinemia, as
prolonged administration of anti-CD20 therapies causes a progressive decline in serum immunoglobulin levels.
Six-year longitudinal assessments of ocrelizumab cohorts reveal a linear correlation between falling serum
IgG levels and elevated serious infection rates. In contrast, intermediate term data (3.5 years) for subcutaneous
ofatumumab demonstrate relatively stable serum IgG retention, mirroring a lower overall incidence of serious
opportunistic infections despite sporadic, transient drops in IgM below the lower limit of normal.

The most critical opportunistic safety considerations remain hepatitis B virus (HBV) reactivation and
progressive multifocal leukoencephalopathy (PML). Fulminant HBV reactivation has been documented in
patients undergoing anti-CD20 therapy, including cases where viral DNA was undetectable at baseline but
emerged rapidly within weeks of treatment initiation, mandating absolute screening before treatment.
Concurrently, rare cases after marketing of John Cunningham virus (JCV) mediated PML have been identified
across the entire class. While a significant proportion of these occurrences are transitional cases directly
secondary to prior DMTs, de novo cases of PML have been directly attributed to ocrelizumab monotherapy in
previously untreated individuals, highlighting advanced age and immune suppression inducted by treatment as
key compounding risk factors [17].

Discussion

Progression Independent of Relapse Activity

The integration of novel therapies and biomarkers is redefining the criteria for therapeutic success in
MS, shifting the focus toward preventing PIRA. Historically, disease monitoring centered on suppressing
relapse activity and focal white matter lesions. However, PIRA represents a distinct clinical phenomenon
where a patient experiences accumulation of disability without any association to preceding or concurrent
relapses [22]. This underlying neurodegenerative process occurs across all clinical phenotypes of MS,
including the early relapsing-remitting phase, and reflects continuous neuroaxonal loss that remains largely
undetected by standard relapse tracking. Consequently, the disease progression now requires objective
indicators that can predict and measure this insidious progression.

To address this challenge, sSNfLL and GFAP have emerged as essential biomarkers for risk stratification.
While sNfL serves as a direct indicator of neuroaxonal damage, elevated GFAP levels specifically reflect
astrocytic activation and microglial inflammation associated with the chronic lesions driving PIRA [23].
However, the diagnostic utility of these markers is inconsistent when evaluated in isolation, and they do not
achieve uniform predictive accuracy across all clinical studies [24]. To overcome these limitations, current
evidence supports a multimodal approach. Combining sNfL. and GFAP evaluations, or pairing sNfL with
quantitative inflammatory markers like kFLC, significantly enhances predictive sensitivity, allowing clinicians
to identify patients at a high risk of developing PIRA before clinical disability becomes irreversible [25].

Suppressing this independent progression requires therapeutic agents that target mechanisms beyond
peripheral immune cell infiltration. High-efficacy DMTs, particularly anti-CD20 monoclonal antibodies, have
demonstrated significant clinical efficacy in mitigating this risk. Clinical trial data indicate that anti-CD20
therapies substantially reduce the incidence of PIRA compared to lower-efficacy first-line agents, largely
through the continuous depletion of B-cells and the subsequent downregulation of chronic compartmentalized
inflammation within the central nervous system [26]. By combining early high-efficacy anti-CD20 treatment
with longitudinal, multimodal biomarker profiling, clinicians can better monitor subclinical neurodegeneration
and optimize therapeutic strategies specifically to prevent PIRA.
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Socioeconomical Barriers

Although clinical evidence supports initiating highly effective DMTs at the onset of MS, practical
implementation is limited by financial and logistical barriers. In many healthcare systems, reimbursement
authorities restrict early access to high-efficacy DMTs through strict, line-based escalation protocols. These
regulations often relegate innovative monoclonal antibodies to second- or third-line options, reserving them
only for patients with highly aggressive disease activity [27]. This economic restriction is further complicated
by the operational difficulties of integrating novel biomarkers into routine care. As previously demonstrated,
the clinical utility of sNfL and kFLC is limited by analytical variations and physiological confounding factors,
which prevent their standardized use in clinical practice [28].

However, evaluating only the initial purchase costs of advanced diagnostics and therapies ignores the
long-term economic consequences of disease progression. Cost-of-illness studies demonstrate that while direct
pharmacological costs represent the primary expenditure during the early stages of MS, the total societal and
economic burden increases substantially as physical and cognitive disability accumulates [29]. When patients
progress to higher scores on the EDSS, costs associated with productivity losses, early retirement, informal
care, and frequent hospitalizations rise sharply, eventually exceeding the initial expenditures on medication.
Consequently, providing early, unrestricted access to highly effective interventions represents a clear economic
advantage. By suppressing neuroinflammation early in the disease course, these therapies reduce long-term
disability, maintain patient employment capacity, and optimize overall healthcare resource utilization [27]. In
this context, specific high-efficacy therapies offer distinct pharmacoeconomic profiles. Economic modeling
shows that fully human anti-CD20 monoclonal antibodies, such as ofatumumab, provide clinical efficacy in
reducing relapse rates and disability progression comparable to other high-potency agents. Concurrently, they
generate long-term savings by reducing costs related to drug administration, clinical monitoring, and non-
pharmacological healthcare resources [30]. Ultimately, aligning immediate budgetary limits with long-term
socioeconomic benefits requires healthcare systems to transition from reactive escalation protocols to proactive,
personalized treatments that combine timely clinical efficacy with long-term cost-effectiveness.

New potential strategies

MS affects a significant global population, and currently available therapeutic protocols lack the efficacy
to fully eradicate the pathology. Consequently, intensive research is ongoing to identify new pharmacological
strategies. One of the ideas involved the repurposing of GV1001, a 16-amino-acid peptide derived from
telomerase, originally developed for oncology, but ultimately failed to demonstrate sufficient clinical efficacy
for that indication. Evidence indicates that GV1001 reduced demyelination in mice with experimental
autoimmune encephalomyelitis (EAE). By increasing the expression of key myelin proteins and markers of
the oligodendrocyte lineage while downregulating inflammatory pathways, it offers promising prospects for
progressive MS [31]. Another promising molecule is MCC950, a compound currently in phase one clinical
trials, which has also demonstrated positive therapeutic effects in mitigating symptoms in mouse models of
EAE. Its mechanism is based on inhibition of the NLRP3 inflammasome, which induces the maturation and
secretion of IL-1f and IL-18 [32]. There is also compound PIPE-307, which is being investigated as a potential
therapeutic agent using a novel molecular mechanism of action and binding site. This molecule exhibits the
properties of a selective muscarinic receptor type 1 antagonist. By blocking this receptor on the surface of
oligodendrocyte precursor cells, this compound stimulates their differentiation into mature cells capable of
synthesizing myelin sheaths, thereby inducing functional remyelination of axons and restoring nerve
conduction [33]. The continual development of novel potential MS therapeutics presents promising prospects
for enhanced symptom management and the possible attainment of a definitive cure.
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