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Postmortem studies have shown the presence of subpial inflammation with tertiary 
lymphoid organs (TLO) in the meninges of patients with progressive multiple 
sclerosis, playing an important role in the pathophysiology of the disease. The 
chemokine (C-X-C motif) ligand 13 (CXCL13) induces the formation of these lymphoid 
organs, thus promoting activity of disease. The progression to disability in multiple 
sclerosis has been reduced, thanks to the effect of disease modifying therapy. 
However, despite advances in the treatment of disease with immunomodulatory 
agents, we still lack specific laboratory biomarkers that could indicate the state 
of activity of disease, either at time of diagnosis or when escalation therapy 
seems to be mandatory. In patients with multiple sclerosis, MRI studies have not 
demonstrated the presence of TLO in the CNS, so far. The determination of the 
CXCL13 index (ICXCL 13), in clinical specimens, could become a reliable biomarker 
for the verification of the presence and activity of the TLO, thus contributing to 
improving therapy outcome, with high efficacy therapy, in the clinical setting.
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1 Introduction

Multiple sclerosis (MS) is a neurological disease that results from dysfunction of the 
immune system, affecting individuals between the age of 18 and 65. The disease is mediated 
by B and T lymphocytes. Although it responds to treatment with disease modified therapy 
(DMT) drugs, it could lead to progressive disability during lifetime span if the therapeutic 
approach is not optimal. It has been a matter of controversy whether patients with MS, right 
after diagnosis, should be started on ‘escalation’ therapy with DMT or begin at once treatment 
with high efficacy therapy (HET). Although early intervention with high-efficacy disease 
modifying/induction therapy may offer the best risk/benefit profile for patients with relapsing–
remitting MS (RRMS) who are young and have active disease (with reduction of risk of 
progression to disability and conversion to progressive forms of the disease), the use of HET 
drugs that achieve sustained immunosuppression, or induction drugs that achieve short term 
immunosuppression, may complicate with adverse effects such as opportunistic infection, 
cancer or autoimmune disease (Hartung et  al., 2021; Coveñas et  al., 2024; Edan and Le 
Page, 2023).

In MS, the meninges experiment the distribution of the inflammatory process through 
the formation of cellular aggregates known as tertiary lymphoid organs (TLO), which 
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mimic the structure and function of the secondary lymphoid 
structures (SLO) described in other organs (Shipman et al., 2017; 
Kee et al., 2022). However, it is not clear how early these structures 
develop, and when they will participate actively, in the disease 
pathogenesis (Pitzalis et al., 2014). TLO are structures that regulate 
and promote the development of immune cells to mediate 
infectious processes or lead to the development of autoimmune, 
inflammatory or neoplastic disease in several organs (Shipman 
et al., 2017). TLO can remain active for several weeks due to the 
lack of recirculation of immune cells from the periphery (Pitzalis 
et al., 2014).

The chemokine(C-X-C) ligand 13 (CXCL13) regulates traffic of 
lymphocytes and their distribution in the germinal centers in 
lymphoid organs, including the TLO, on top of being a potent 
chemoattractant to the central nervous system (Londoño and Mora, 
2018). In this perspective article, we  focus on highlighting the 
importance of the determination of the chemokine (C-X-C) Ligand 
13 index (ICXCL13) as an indicator of the presence of the meningeal 
tertiary lymphoid organ (mTLO) in patients with MS, since the 
presence of CXCL13 induces the formation of the germinal centers 
(GC) in the corresponding TLO of patients with this condition. Since 
TLO contributes to the progression of disease in several autoimmune 
diseases, blocking the formation of mTLO could contribute to slowing 
down progression of disease.

2 The meningeal tertiary lymphoid 
organs are independent from the 
peripheral circulation immunity

2.1 Meninges, tertiary lymphoid organ, and 
neuroinflammation

Immune cells that populate the healthy meninges display high 
levels of diversity, being able to modify their behavior with aging and 
during neurodegenerative and neuro-inflammatory conditions (Alves 
de Lima et al., 2020). Meningeal B cells are phenotypically like the 
bone marrow B cells (Brioschi et al., 2021). Studies in animal models 
have demonstrated that these lymphoid cells come from the bone 
marrow niches of calvaria (BMNc) and not from the blood circulation 
(Brioschi et al., 2021). The BMNc communicates with the underlying 
duramater through ossified vascular channels (Herrisson et al., 2018; 
Cai et al., 2019; Yao et al., 2018). Spinal fluid could reach the BMNc, 
thus, contributing to the regulation of myelopoiesis with a subsequent 
exit of myeloid cells to the meninges during both physiologic and 
pathologic conditions (Mazzitelli et al., 2022). The meninges host a 
diverse network of immune cells between the cerebral parenchyma, 
the glymphatic system, and the different meningeal layers, creating an 
important interphase between the periphery and the CNS parenchyma 
(Korin et al., 2017; Filiano et al., 2017; Mrdjen et al., 2018; Derk et al., 
2021). Opposite to the dural vascular structure, the pia mater vessels 
have tight junctions that selectively transport molecules and immune 
cells in and out of the spinal fluid and the brain parenchyma. T-cells 
could transit from the peripheral circulation to the meningeal 
lymphatic vessels and continue to drain in the deep cervical lymphatic 
nodules where the cells may be exposed to antigen presentation and 
lymphocyte activation (Aspelund et al., 2015; Louveau et al., 2015; Da 
Mesquita et al., 2018; Louveau et al., 2018).

2.2 Immune protective barriers of the 
central nervous system

The vertebrate central nervous system (CNS) is protected by a 
highly specialized cellular and molecular structure, the meninges. In 
addition, brain parenchyma is protected by the blood-meningeal 
barrier, the blood-CSF barrier and the blood–brain barrier (Alves de 
Lima et al., 2020). Interactions among bone marrow niches of the 
calvaria (BMNc) with the CSF and the meninges may help to 
perpetuate and promote disease activity in MS (Alves de Lima et al., 
2020). The re-discovery of meningeal lymphatics, which drain 
CNS-derived macromolecules and immune cells, has challenged the 
traditional concept of CNS immune privilege (Alves de Lima et al., 
2020). A complete understanding of this interaction could provide 
useful information aimed at designing therapeutic strategies.

The mTLO has been associated with a more severe course of 
disease with faster progression toward disability (Kee et al., 2022). 
Also, mTLO participates in the propagation of neuroinflammation 
since they have been frequently found overlying subpial cortical 
lesions with presence of inflammation between the subpial surface 
and the subcortical white matter (Magliozzi et  al., 2007). CNS 
immune surveillance seems to constantly occur in the meningeal 
compartment, which might act as an immunologically active barrier 
(Alves de Lima et al., 2020). Dysfunction of meningeal immunity 
may directly affect function in the aging brain (Alves de Lima et al., 
2020). The meninges constitute an important checkpoint for T cell 
infiltration of the CNS during neuroinflammation (Alves de Lima 
et al., 2020). This is relevant since in individuals going on to develop 
MS, antibody producing B lineage cells invade the CNS 
predominantly at the time of, and triggered by, acute primary 
Epstein–Barr virus (EBV) infection (Otto et al., 2016).

The combined action of Th-17 cells, β-lymphotoxin, and the 
presence of EBV mRNA in memory B-cells of the GC could 
contribute to the genesis of the TLO (Kee et al., 2022; Serafini et al., 
2016). In post-mortem MS cases, a role for virus-driven 
immunopathology is evident with the finding of tissue-resident 
memory (Trm) T cells, a subset of CD8+ T cells, that establish direct 
contact with EBV infected cells in the infiltrated MS white matter and 
meninges, including the TLO (Serafini et al., 2023). Some studies 
have shown that meningeal B cell follicles can harbor latent EBV 
transcripts (EBV-encoded small nuclear mRNA) and EBV latent 
membrane protein LMP-2A, thus, contributing to the propagation 
and expansion of TLOs in MS (Serafini et  al., 2007; Serafini 
et al., 2010).

In CNS tissue obtained from deceased patients with MS, as well 
as from mouse models of MS, mTLO was identified within the deep 
sulci in the meninges of the brain, cerebellum, brainstem and spinal 
cord (Kee et al., 2022). Post-mortem studies in patients with SPMS 
disclosed mTLO that included presence of CD3+ T cells, CD20+ B 
cells, CD 138+ plasma cells and CD68+ macrophages (Serafini et al., 
2004). Higher degrees of meningeal inflammation, in post-mortem 
MS tissue, are related to increased gene and protein expression of 
TNF-α and interferon (IFN)-γ, with higher expression levels in cases 
that had TLO (Gardner et al., 2013).

The presence of somatically hypermutated and clonally expanded 
B cells in the CSF, alongside the presence of oligoclonal bands (OCB), 
support the existence of an antigen-driven immune component in the 
pathogenesis of disease (Kee et al., 2022). TLO displaying GC are 
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thought to support the production of autoantibodies in other 
autoimmune diseases such as rheumatoid arthritis, Sjogren’s 
syndrome (SS), Hashimoto’s thyroiditis (HT) and Graves’ disease 
(GD) (Kee et  al., 2022). In patients with HT and GD, TLO 
demonstrating cardinal features of GC with distinct dark and light 
zones, high endothelial venules, follicular dendritic cells (FDC) and 
mantle zones, were identified in thyroid glands (Armengol et al., 
2001). In salivary glands from patients with SS, TLO were found to 
have significantly higher levels of anti-Ro and anti-La autoantibodies 
(Salomonsson et al., 2003).

A clinical phenomenon called ‘progression independent of 
relapse activity’ (PIRA), begins early during MS and it has been 
proposed that most of the tissue injury associated with PIRA is 
started by autonomous mTLO, which may be present before onset of 
disease and may not respond to current therapy with DMT 
(Ransohoff, 2023).

2.3 Current validated biomarkers to 
determine progression or activity of MS

In MS, blood-based serum neurofilament light chain (sNfL), a 
neuron-specific cytoskeletal protein, was found elevated in specimens 
of patients even 6 years (4–10-year range) before the onset of clinical 
manifestations of disease (Bjornevik et al., 2020). sNfL levels strongly 
correlate with body mass index and blood volume, on top of age and 
gender (Manouchehrinia et al., 2020). sNfL is higher in patients with 
RRMS than in healthy controls and its increased levels indicate a risk 
for a clinical event in patients with the radiologically isolated 
syndrome (RIS) (Bittner et al., 2021). In another study, sNfL levels 
peaked 3–4 weeks after a clinical relapse and persisted elevated for 
6–12 months. Besides, sNfL correlated with cortical atrophy and 
decreased spinal cord volume, even in absence of evidence of activity 
by MRI (Ferreira-Atuesta et  al., 2021). Elevated sNfL levels have 
predictive value for future relapses, new T2 or gadolinium enhancing 
lesions and future spinal cord and brain atrophy (Bittner et al., 2021).

In a recent review of ongoing pharmacological clinical trials (31 
protocols) in MS, only 5% of the interventional studies adopted fluid 
biomarkers as outcome measure in MS. Among these, determination 
of sNfL was widely used as a biomarker across all MS phenotypes 
with occasional determination in the CSF. Determination of glial 
fibrillary acid protein (GFAP), a soluble glial marker, in CSF, may 
assist in differentiating PPMS and RRMS in their early stages (Schilke 
et al., 2024). In another study, sNfL and GFAP but not ubiquitin 
c-terminal hydrolase L1 (UCHL1) and total Tau (tTau) serum 
concentrations were associated with CSF levels of the corresponding 
biomarker (Koerbel et al., 2024).

Although sNfL has gained reputation as a validated biomarker in 
the diagnosis and follow-up of patients with MS, this biomarker has 
also been linked with other neurological disorders that occur through 
lifespan including autism spectrum disorder (Öz et  al., 2024), 
Huntington’s disease (Voysey et  al., 2024); Alzheimer’s disease, 
traumatic brain injury, amyotrophic lateral sclerosis (ALS) and stroke 
(Park et al., 2024); fronto-temporal dementia (Katisko et al., 2020); 
Parkinson disease (Qi et al., 2024); cognitive decline (Desai et al., 
2022), encephalitis related to SARS-CoV-2, HSV, and VZV 
(Wellmann et al., 2024), and insomnia (Ren et al., 2022). Plasma NfL 
predicted cerebellar atrophy and clinical progression in 

spinocerebellar ataxia (Coarelli et al., 2021). Determination of NfL in 
CSF of patients with HIV-associated dementia, ALS and Creutzfeldt-
Jakob disease gave very high concentrations of the biomarker (Park 
et al., 2024). Since the increment of NfL reported in patients with 
encephalitis related to SARS-CoV2 was attributed to a possible 
dysregulation of the immune response, we may think that a similar 
mechanism could be involved upon EBV infection in patients who 
subsequently develop MS (Needham et al., 2022). In summary, sNfL 
is a sensitive biomarker of neurodegenerative, neuroinflammatory 
and neuropsychiatric disorders, but it is not specific to explain the 
mechanism of injury of the neuron cytoskeleton in each of the 
corresponding conditions.

2.4 Does CXCL13 play a role in the 
formation of the meningeal TLO?

How meningeal inflammation is precipitated during 
neurological disease and how to ameliorate that process for 
therapeutic purpose, is still a matter of investigation. Identification 
of clonally related B cells in the spinal fluid of MS patients 
suggests that there is an intrathecal differentiation of B cells 
which is independent of the periphery (VonBudingen et al., 2012). 
Lymphoid organogenesis and formation of mTLO could 
be facilitated by the expression of lymphotoxin-α in the external 
layer of the inflamed meninges, leading to a compartmental 
distribution of the immune response in MS. In the TLO, FDC play 
an important role in cell organization, B-cell recruitment, and 
production of CXCL13, which links the CXCR5 receptor 
expressed in a subtype of T-helper cells (Endres et al., 1999; Ansel 
et al., 2000; Cyster et al., 2000).

Meningeal stromal cells can produce CXCL13  in special 
circumstances leading to focal accumulation and organization of 
lymphoid cells in a specific site (Esen et al., 2014). Production of 
CXCL13 by infiltrating microglia and macrophages/DC myeloid 
cells was found in the model of neuroborreliosis in the macaque 
Rhesus (Ramesh et al., 2009). In addition, microglial cells with 
ability to produce CXCL13 were found in an animal model of 
neuroinflammation induced by the Sinbis virus (Esen et al., 2014). 
Intrathecal production of CXCL13 was found decreased in 
patients with non-inflammatory neurological conditions, high in 
patients with Lyme neuroborreliosis (>250 pg./mL) and moderate 
high in patients with MS who had focal dysfunction of the 
blood-CSF barrier (5–100 pg.//mL) (Pachner et  al., 2024). 
ICXCL13 has been useful in the follow-up of patients with 
primary lymphoma of the CNS during diagnosis and after 
treatment (Pachner et  al., 2024). Sensitive methods for 
determination of CXCL13 are available as the Bead-based assay 
(Luminex or SIMOA), which requires processing at specialized 
laboratories (Pachner et  al., 2024). Besides, CXCL13 is an 
extremely stable biomarker that has been identified in samples 
after storage for prolonged time (Pachner et al., 2025).

The B-cell repertoire found in the meningeal TLO was different 
from those found in the SLO suggesting that the meningeal TLO 
represents sites of independent immune activity and that their GC 
activity is antigen driven (Lehmann-Horn et al., 2016). In an animal 
model of experimental allergic encephalitis (EAE) with a deficiency 
of CXCL13 the course of disease was benign despite inflammation of 
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the white matter and gliosis during the acute and chronic phase 
(Bagaeva et al., 2006).

A current challenge in MS research is the identification of patients 
with higher degrees of meningeal inflammation and a high likelihood of 
formation of TLO. Higher levels of CXCL13, CXCL12, IFN-γ, TNF, 
sCD163, LIGHT and APRIL were found in CSF, 4 years after follow-up, 
in a cohort of RRMS naïve patients who had experienced evidence of 
disease activity (Magliozzi et al., 2020). In this study, a strong correlation 
between CXCL13 levels in CSF and development of new cortical lesions 
was found by MRI, thus, demonstrating that CSF profiles are useful to 
characterize patients at greater risk of cortical lesion accumulation 
(Magliozzi et  al., 2020). An increased expression of inflammatory 
cytokines such as IFN-γ and TNF-α and chemokines/cytokines related 
to lymphoid neogenesis such as CXCL13, CXCL10, IL-6 and IL-10, was 
found during a determination of CSF profiles collected before death in 
MS cases with known TLO (Magliozzi et al., 2018).

2.5 What is the relevance of the CXCL13 
index in multiple sclerosis?

The CXCL13 index (ICXCL13), was identified as a potential 
biomarker of intrathecal production of CXCL13 to predict future 
disease activity in MS patients 2 years after presenting with the 
clinically isolated syndrome (CIS) (Pike et al., 2023). In their study, 
patients with CIS or RIS underwent a CSF and blood specimen 
collection and ICXCL13 was determined. After a 5-year period of 
follow-up, patients with high ICXCL13 were more likely to convert 
to clinically definite MS (82.4%) compared to those with low 
ICXCL13 (10.0%). This predictive ability was consistent in CIS and 
RIS patients for at least 5 years. This data supports the concept that 
ICXCL13 has the potential to be  used as a guide to 
immunomodulatory therapy in MS (Pike et al., 2023). This study 
also found that CIS patients responded well to therapy with 
moderate efficacy-DMT or no DMT when the ICXCL13 was low, 
opposite to patients who had a high ICXCL13 (Pachner et  al., 
2024). In another study, Alvarez et al. reported a significant drop 
in the ICXCL13  in patients who were treated with add-on 
rituximab (Alvarez et  al., 2015). In MS patients, the CXCL13 
outperformed both OCB and CSF NfL values in prediction ability. 
For ICXCL13, the positive predictive value (PPV) was 69% and the 
negative predictive value (NPV) was 89%, with higher sensitivity 
and specificity for predicting future disease activity (Disano et al., 
2020). In analyzing only CIS patients, ICXCL13 also proved to be a 
better predictor of disease, with a sensitivity of 90%, a specificity 
of 56%, PPV of 53% and NPV of 91% (Disano et al., 2020). To our 
knowledge, ICXCL13 was not determined in specimens from any 
MS patients participating in clinical trials with therapeutic agents.

CXCL13 concentrations in CSF have been found in early active 
disease and in progressive MS. CXCL13 is not likely to enter the CSF 
from the bloodstream despite its small molecular weight, even in the 
presence of BBB alterations, thus, suggesting that elevated CXCL13 in 
CSF may be  indicative of a neuroinflammatory process. 
Determination of serum concentrations of CXCL13 is not specific as 
a biomarker for intrathecal production since this chemokine may 
show high levels in patients with systemic autoimmune, inflammatory, 
infectious or neoplastic disease (Di Filippo et  al., 2024; Pilz 
et al., 2020).

2.6 Would it be possible to visually identify 
the mTLO in patients with multiple 
sclerosis, in-vivo?

Leptomeningeal contrast enhancement (LMCE) has been 
identified as an eventual marker of meningeal inflammation in MS, 
which was confirmed in RRMS, SPMS and primary progressive MS 
(PPMS) using different magnetic field magnitude (3 T and 7 T) (Kee 
et al., 2022). LMCE has also been associated with gray matter atrophy, 
longer disease span and increment of neurological disability even 
though it does not represent the TLO per se (Kee et  al., 2022). 
Bhargava et al. were able to identify LMCE lesions in the T1 weighted 
and FLAIR sequences using an animal model of EAE that entailed 
meningeal inflammation and TLO formation, and by means of a 11.7 
Tesla scan. LMCE was seen on the surface of the cortex and 
hippocampal fissure in MRI, which matched areas of meningeal TLO 
that expressed FDC M1 biomarkers, PNAD (endothelial venules 
marker found in lymphoid tissue) and CXCL13. Similarly, changes in 
the subjacent cortex were characterized by microglial and astrocytic 
activation, demyelination and axonal damage (Bhargava et al., 2021). 
This study also reported reduction of LMCE and reduction of B cells 
percentage in the TLO after therapy with the BTK inhibitor 
(evobrutinib) (Bhargava et al., 2021).

In a case–control study of MS patients and healthy controls, 
Harrison et al. demonstrated that post-contrast 3D FLAIR images, 
acquired at a 7 Tesla MRI with gadolinium (27 min after injection), 
were the most sensitive sequence for LMCE, with no difference 
between the groups and being associated with age (Harrison et al., 
2024). LMCE was also present in Alzheimer and mild cognitive 
impairment (Freeze et al., 2017), traumatic brain injury, and cerebral 
ischemia (Freeze et al., 2020; Wu et al., 2021; Ineichen et al., 2022), 
which are conditions not necessarily associated with 
neuroinflammation (Harrison et al., 2024).

2.7 Could disease modifying therapy play 
an inhibiting role in the formation of the 
TLO?

The neutralization of the TLO could play a paramount role in the 
therapy of MS by blocking the re-emergence of autoreactive clones 
with ability to trigger flare episodes or resistance to therapy (Pitzalis 
et  al., 2014). In mouse models of EAE and opticospinal 
encephalomyelitis, administration of the anti-mouse CD20 clone 
18B12 intraperitoneally led to depletion of B-cells in the periphery 
(blood and lymph nodes) but the TLO were able to develop in the 
CNS without modification in the course of progressive disease, 
respectively (Brand et  al., 2021; Mitsdoerffer et  al., 2021). The 
administration of intrathecal rituximab and intravenous ocrelizumab, 
in two different studies in MS patients, failed to prevent LMCE 
(Bhargava et al., 2019; Zivadinov et al., 2022). In two EAE studies, 
siponimod, a modulator of the sphingosine-1-phosphate receptors 
1,5 that induces lymphopenia and is known to cross the BBB, was 
able to reduce the formation of the TLO (Brand et al., 2022; Gentile 
et al., 2016).

A study with a nucleoside drug, cladribine 
(2-chlorodeoxyadenosine), conducted 30 years ago, documented a 
reduction in concentration of OCB in CSF of patients receiving this 
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drug opposite to placebo (Sipe et al., 1994). Recently, oral cladribine 
was found to primarily deplete non-class switched memory B cells 
and antibody-secreting cell precursors in RRMS leading to long term 
reduction (up to 96 weeks) in intrathecal antibody production, and 
reduction of the IgG index, the kappa free light chain (kFLC) index 
and the CXCL13 in the CSF (Ammoscato et al., 2024).

CSF concentrations of CXCL13 decreased after therapy with 
autologous hematopoietic stem cell transplant (AHSCT) in patients 
with RRMS at the first follow-up at 1 year than at baseline (Lundblad 
et al., 2023), and after therapy with rituximab, natalizumab and high-
dose methylprednisolone in patients with CIS, RRMS, PPMS and 
SPMS (Serafini et al., 2004; Irani, 2016; Sellebjerg et al., 2009).

3 Conclusion

In MS, mTLO are lymphoid structures that originate and persist in 
the meninges and have the capacity to harbor and generate 
proinflammatory and autoreactive cells that perpetuate disease (Shipman 
et al., 2017). Since the presence of ICXCL13 indicates the existence of 
meningeal TLO, high efficacy therapy (HET) given at time of diagnosis 
of multiple sclerosis should prevent further formation of mTLO, thus, 
halting progression of disease and improving prognosis, especially in 
patients with RIS and CIS with high ICXCL13. The application of 
biomarkers, such as the ICXCL13 could significantly help to accomplish 
this endeavor although special awareness about the adverse effects of 
immunosuppression must be observed.

Author contributions

AL: Conceptualization, Visualization, Writing – original draft, 
Writing – review & editing. CM: Conceptualization, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. The authors thank the 
Virginia Tech Carilion School of Medicine for the support related to 
the writing of this manuscript. As a member of the faculty of the 
Virginia Tech Carilion School of Medicine, the corresponding author 
(C.A. Mora) is entitled to receive a reimbursement for the payment 
submitted to cover the cost of the publication of the article in Frontiers 
in Neuroscience.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Alvarez, E., Piccio, L., Mikesell, R. J., Trinkaus, K., Parks, B. J., Naismith, R. T., 

et al. (2015). Predicting optimal response to B cell depletion with rituximab  
in multiple sclerosis using CXCL13 index magnetic resonance imaging and 
clinical measures. Mult. Scler. J. Exp. Transl. Clin. 1, 1–9. doi: 10.1177/ 
2055217315623800

Alves de Lima, K., Rustenhoven, J., and Kipnis, J. (2020). Meningeal immunity 
and its function in maintenance of the central nervous system in health and 
disease. Annu. Rev. Immunol. 38, 597–620. doi: 10.1146/ 
annurev-immunol-102319-103410

Ammoscato, F., Wafa, M., Skonieczna, J., Jonathan Bestwick, J., Rosemary Monero, R., 
Michael Andrews, M., et al. (2024). Cladribine tablets in relapsing-remitting multiple 
sclerosis preferentially target B-cells. Clin. Immunol. 269:110380. doi: 
10.1016/j.clim.2024.110380

Ansel, K. M., Ngo, V. N., Hyman, P. L., Luther, S. A., Förster, R., Sedgwlck, J. D., et al. 
(2000). A chemokine driven positive feedback loop organizes lymphoid follicles. Nature 
406, 309–314. doi: 10.1038/35018581

Armengol, M. P., Juan, M., Lucas-Martin, A., Fernandez-Figueras, M. T., 
Jaraquemada, D., Gallart, T., et al. (2001). Thyroid autoimmune disease: demonstration 
of thyroid antigen-specific B cells and recombination-activating gene expression in 
chemokine-containing active intrathyroidal germinal centers. Am. J.Pathol. 159, 
861–873. doi: 10.1016/S0002-9440(10)61762-2

Aspelund, A., Antila, S., Proulx, S. T., Karlsen, T. V., Karaman, S., Detmar, M., et al. 
(2015). A dural lymphatic vascular system that drains interstitial fluid and 
macromolecules. J. Exp. Med. 212, 991–999. doi: 10.1084/jem.20142290

Bagaeva, L. V., Rao, P., Powers, J. M., and Segal, B. M. (2006). CXC chemokine ligand 
13 plays a role in experimental autoimmune emcephalomyelitis. J. Immunol. 176, 
7676–7685. doi: 10.4049/jimmunol.176.12.7676

Bhargava, P., Kim, S., Reyes, A. A., Grenningloh, R., Boschert, U., Absinta, M., et al. 
(2021). Imaging meningeal inflammation in CNS autoimmunity identifies a 
therapeutic role for BTK inhibition. Brain 144, 1396–1408. doi: 
10.1093/brain//awab045

Bhargava, P., Wicken, C., Smith, M. D., Strow, R. E., Cortese, I., Reich, D. S., et al. 
(2019). Trial of intrathecal rituximab in progressive multiple sclerosis patients with 
evidence of leptomeningeal contrast enhancement. Mult. Scler. Relat. Disord. 30, 
136–140. doi: 10.1016/j.msard.2019.02.013

Bittner, S., Oh, J., Havrdová, E. K., Tintoré, M., and Zipp, F. (2021). The potential of 
serum neurofilament as biomarker for multiple sclerosis. Brain 144, 2954–2963. doi: 
10.1093/brain/awab241

Bjornevik, K., Munger, K. L., Cortese, M., Barro, C., Healy, B. C., Niebuhr, D. W., et al. 
(2020). Serum neurofilament light chain levels in patients with presymptomatic multiple 
sclerosis. JAMA Neurol. 77, 58–64. doi: 10.1001/jamaneurol.2019.3238

Brand, R. M., Diddens, J., Friedrich, V., Pfaller, M., Radbruch, H., Hemmer, B., et al. 
(2022). Siponimod inhibits the formation of meningeal ectopic lymphoid tissue in 
experimental autoimmune encephalomyelitis. Neurol. Neuroimmunol. Neuroinflamm. 
9:e1117. doi: 10.1212/0000000000001117

Brand, R. M., Friedrich, V., Diddens, J., Pfaller, M., Romana de Franchis, F., 
Radbrunch, H., et al. (2021). Anti-CD20 depletes meningeal B cells but does not halt the 
formation of meningeal ectopic lymphoid tissue. Neurol. Neuroimmunol. Neuroinflamm. 
8:e1012. doi: 10.1212/NXI.0000000000001012

Brioschi, S., Wang, W. L., Peng, V., Wang, M., Shchukina, I., Greenberg, Z. J., et al. 
(2021). Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the CNS 
borders. Science 373:abf9277. doi: 10.1126/science.abf9277

Cai, R., Pan, C., Ghasemigharagoz, A., Todorov, M. I., Forstera, B., Zhao, S., et al. 
(2019). Panoptic imaging of transparent mice reveals whole-body neuronal projections 

https://doi.org/10.3389/fnins.2025.1558810
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1177/2055217315623800
https://doi.org/10.1177/2055217315623800
https://doi.org/10.1146/annurev-immunol-102319-103410
https://doi.org/10.1146/annurev-immunol-102319-103410
https://doi.org/10.1016/j.clim.2024.110380
https://doi.org/10.1038/35018581
https://doi.org/10.1016/S0002-9440(10)61762-2
https://doi.org/10.1084/jem.20142290
https://doi.org/10.4049/jimmunol.176.12.7676
https://doi.org/10.1093/brain//awab045
https://doi.org/10.1016/j.msard.2019.02.013
https://doi.org/10.1093/brain/awab241
https://doi.org/10.1001/jamaneurol.2019.3238
https://doi.org/10.1212/0000000000001117
https://doi.org/10.1212/NXI.0000000000001012
https://doi.org/10.1126/science.abf9277


Londoño and Mora 10.3389/fnins.2025.1558810

Frontiers in Neuroscience 06 frontiersin.org

and skull-meninges connections. Nat. Neurosci. 2, 317–327. doi: 
10.1038/s41593-018-0301-3

Coarelli, G., Darios, F., Petit, E., Dorgham, K., Adanyeguh, I., Petit, E., et al. (2021). 
Plasma neurofilament light chain predicts cerebellar atrophy and clinical progression in 
spinocerebellar ataxia. Neurobiol. Dis. 153:195311. doi: 10.1016/j.nbd.2021.105311

Coveñas, R., Marcos, P., and Mangas, A. (2024). Editorial: new drugs, approaches and 
strategies for multiple sclerosis treatment. Front. Neurosci. 18:1372140. doi: 
10.3389/fnins.2024.1372140

Cyster, J. G., Ansel, K. M., Reif, K., Ekland, E. H., Hyman, P. L., Tang, H. L., et al. 
(2000). Follicular stromal cells and lymphocyte homing to follicles. Immunol. Rev. 176, 
181–193. doi: 10.1034/j.1600-065x2000.00618.x

Da Mesquita, S., Louveau, A., Vaccari, A., Smirnov, I., Cornelison, R. C., 
Kingsmore, K. M., et al. (2018). Functional aspects of meningeal lymphatics in ageing 
and Alzheimer’s disease. Nature 560, 185–191. doi: 10.1038/s41586-018-0368

Derk, J., Jones, H. E., Como, C., Pawlikowski, B., and Siegenthaler, J. A. (2021). Living 
on the edge of the CNS: meninges cell diversity in health and disease. Front. Cell. 
Neurosci. 15:703944. doi: 10.3389/fncel.2021.703944

Desai, P., Dhana, K., DeCarli, C., Wilson, R. S., McAninch, E. A., Evans, D. A., et al. 
(2022). Examination of neurofilament light chain serum concentrations, physical 
activity, and cognitive decline in older adults. JAMA Netw. Open 5:e223596. doi: 
10.1001/jamanetworkopen.2022.3596

Di Filippo, M., Gaetani, L., Centonze, D., Hegen, H., Kuhle, J., Teunissen, C. E., et al. 
(2024). Fluid biomarkers in multiple sclerosis: from current to future applications. 
Lancet Reg. Health Eur. 44:101009. doi: 10.1016/j.lanepe.2024.101009

Disano, K., Gilli, F., and Pachner, A. R. (2020). Intrathecally produced CXCL13: a 
predictive biomarker in multiple sclerosis. Mult. Scler. J. Exp. Transl. Clin. 
6:2055217320981396. doi: 10.1177/2055217320981396

Edan, G., and Le Page, E. (2023). Escalation versus induction/high-efficacy treatment 
strategies for relapsing multiple sclerosis: which is best for patients? Drugs 83, 
1351–1363. doi: 10.1007/s40265-023-01942-0

Endres, R., Alimzhanov, M. B., Plitz, T., Futterer, A., Kosco-Vilbois, M. H., 
Nedospasov, S. A., et al. (1999). Mature follicular dendritic cell networks depend on 
expression of lymphotoxin beta receptor by radioresistant stromal cells and of 
lymphotoxin beta and tumor necrosis factor by B cells. J. Exp. Med. 189, 159–168. doi: 
10.1084/jem.189.1.159

Esen, N., Rainey-Barger, E. K., Huber, A. K., Blakely, P. K., and Irani, D. N. (2014). 
Type-I interferon suppress microglial production of the lymphoid chemokine CXCL13. 
Glia 62, 1452–1462. doi: 10.1002/glia.22692

Ferreira-Atuesta, C., Reyes, S., Giovanonni, G., and Gnanapavan, S. (2021). The 
evolution of neurofilament light chain in multiple sclerosis. Front. Neurosci. 15:642384. 
doi: 10.3389/fnins.2021.642384

Filiano, A. J., Gadani, S. P., and Kipnis, J. (2017). How and why do T cells and their 
derived cytokines affect the injured and healthy brain? Nat. Rev. Neurosci. 18, 375–384. 
doi: 10.1038/nrm.2017.39

Freeze, W. M., Schnerr, R. S., Palm, W. M., Jansen, J. F., Jacobs, H. I., Hoff, E. I., et al. 
(2017). Pericortical enhancement of delayed postgadolinium fluid attenuated inversion 
recovery images in normal aging, mild cognitive impairment, and Alzheimer disease. 
AJNR Am. J. Neuroradiol. 38, 1742–1747. doi: 10.3174/ajnr.5273

Freeze, W. M., Van der Thiel, M., de Bresser, J., Klijn, C. J. M., van Effen, E. S., 
Jansen, J. F. A., et al. (2020). CSF enhancement on post contrast fluid attenuated 
inversion recovery images; a systematic review. Neuroimage Clin. 28:102456. doi: 
10.1016/j.nicl.2020.102456

Gardner, C., Magliozzi, R., Durrenberger, P. F., Howell, O. W., Rundle, J., and 
Reynolds, R. (2013). Cortical grey matter demyelination can be induced by elevated 
pro-inflammatory cytokines in the subarachnoid space of MOG-immunized rat. Brain 
136, 3596–3608. doi: 10.1093/brain/awt279

Gentile, A., Musella, A., Bullitta, S., Fresegna, D., De Vito, F., Fantozzi, R., et al. (2016). 
Siponimod (BAF312) prevents synaptic neurodegeneration in experimental multiple 
sclerosis. J. Neuroinflamm. 13:207. doi: 10.1186/s12974-016-0686-4

Harrison, D. M., Allette, Y. M., Zeng, Y., Cohen, A., Dahal, S., Choi, S., et al. (2024). 
Meningeal contrast enhancement in multiple sclerosis: assessment of field strength 
acquisition delay and clinical relevance. PLoS One 19:e0300298. doi: 
10.1371/journal.pone.0300298

Hartung, H. P., Meuth, S. G., and Thompson, A. J. (2021). Paradigm shifts: early 
initiation of high efficacy disease-modifying treatment in multiple sclerosis. Mult. Scler. 
27, 1473–1476. doi: 10.1177/1352458211033190

Herrisson, F., Frodermann, V., Courties, G., Rohde, D., Sun, Y., Vandoorne, K., et al. 
(2018). Direct vascular channels connect skull bone marrow and the brain surface 
enabling myeloid cell migration. Nat. Neurosci. 21, 1209–1217. doi: 
10.1038/s41593-018-0213-2

Ineichen, B. V., Tsagkas, C., Absinta, M., and Reich, D. S. (2022). Leptomeningeal 
enhancement in multiple sclerosis and other neurological diseases: a systematic 
review and meta-analysis. Neuroimage Clin. 33:102939. doi: 
10.1016/j.nicl2022.102939

Irani, D. N. (2016). Regulated production of CXCL13 within the central nervous 
system. J. Clin. Cell Immunol. 7:460. doi: 10.4172/2155-9899.1000460

Katisko, K., Cajanus, A., Jääskeläinen, O., Kontkanen, A., Hartikainen, P., 
Korhonen, V. E., et al. (2020). Serum neurofilament light chain is a discriminative 
biomarker between frontotemporal lobar degeneration and primary psychiatric 
disorders. J. Neurol. 267, 162–167. doi: 10.1007/s00415-019-09567-8

Kee, R., Naughton, M., McDonnell, G. V., Howell, O. W., and Fitzgerald, D. C. (2022). 
A review of compartmentalized inflammation and tertiary lymphoid structures in the 
pathophysiology of multiple sclerosis. Biomedicines 10:2604. doi: 
10.3390/biomedicines10102604

Koerbel, K., Maiworm, M., Schaller-Paule, M., Schäfer, J. H., Jakob, J., Lucie 
Friedauer, L., et al. (2024). Evaluating the utility of serum NfL, GFAP, UCHL1 and tTAU 
as estimates of CSF levels and diagnostic instrument in neuroinflammation and multiple 
sclerosis. Mult. Scler. Relat. Disord. 87:105644. doi: 10.1016/j.msard.2024.105644

Korin, B., Ben-Shaanan, T. L., Schiller, M., Dubovik, T., Azulay-Debby, H., 
Boshnak, N. T., et al. (2017). High dimensional single cell characterization of the brain’s 
immune compartment. Nat. Neurosci. 20, 1300–1309. doi: 10.1038/nn.4610

Lehmann-Horn, K., Wang, S. Z., Sagan, S. A., Zamvil, S. S., and von Budingen, H. C. 
(2016). B cell repertoire expansion occurs in meningeal ectopic lymphoid tissue. JCI 
Insight 1:e87234. doi: 10.1172/jci.insight.87234

Londoño, A. C., and Mora, C. A. (2018). Role of CXCL13 in the formation of the 
meningeal tertiary lymphoid organ in multiple sclerosis [version 3; peer review:2 
approved]. F1000Research 7:514. doi: 10.12688/f1000research.14556.3

Louveau, A., Herz, J., Alme, M. N., Salvador, A. F., Dong, M. Q., Viar, K. E., et al. 
(2018). CNS lymphatic drainage and neuroinflammation are regulated by meningeal 
lymphatic vasculature. Nat. Neurosci. 21, 1380–1391. doi: 10.1038/s41593-018-0227

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. 
(2015). Structural and functional features of central nervous system lymphatic vessels. 
Nature 523, 337–341. doi: 10.1038/nature14432

Lundblad, K., Zjukovskaja, C., Larsson, A., Cherif, H., Kultima, K., and Burman, J. 
(2023). CSF concentrations of CXCL13 and sCD27 before and after autologous 
hematopoietic stem cell transplantation for multiple sclerosis. Neurol. Neuroimmunol. 
Neuroinflamm. 10:e200135. doi: 10.1212/NXI.0000000000200135

Magliozzi, R., Howell, O. W., Nicholas, R., Cruciani, C., Castellaro, M., Romualdi, C., 
et al. (2018). Inflammatory intrathecal profiles and cortical damage in multiple sclerosis. 
Ann. Neurol. 83, 739–755. doi: 10.1002/ana.25197

Magliozzi, R., Howell, O., Vora, A., Serafini, B., Nicholas, R., Puopolo, M., et al. (2007). 
Meningeal B cell follicles in secondary progressive multiple sclerosis associate with early 
onset of disease and severe cortical pathology. Brain 130, 1089–1104. doi: 
10.1093/brain/awm038

Magliozzi, R., Scalfari, A., Pisani, A. I., Ziccardi, S., Marastoni, D., Pizzini, F. B., et al. 
(2020). The CSF profile linked to cortical damage predicts multiple sclerosis activity. 
Ann. Neurol. 88, 562–573. doi: 10.1002/ana.25786

Manouchehrinia, A., Piehl, F., Hillert, J., Kuhle, J., Alfredsson, L., Olsson, T., et al. 
(2020). Confounding effect of blood volume and body mass index on blood 
neurofilament light chain levels. Ann. Clin. Transl. Neurol. 7, 139–143. doi: 
10.1002/acn3.50972

Mazzitelli, J. A., Smyth, L. C. D., Cross, K. A., Dykstra, T., Sun, J., Du, S., et al. (2022). 
Cerebrospinal fluid regulates skull bone marrow niches via direct access through dural 
channels. Nat. Neurosci. 5, 555–560. doi: 10.1038/s41593-022-01029-1

Mitsdoerffer, M., Di Liberto, G., Dötsch, S., Sie, C., Wagner, I., Pfaller, M., et al. (2021). 
Formation and immunomodulatory function of meningeal B cell aggregates in 
progressive CNS autoimmunity. Brain 144, 1697–1710. doi: 10.1093/brain/awab093

Mrdjen, D., Pavlovic, A., Hartmann, F. J., Schreiner, B., Utz, S. G., Leung, B. P., et al. 
(2018). High dimensional single cell mapping of central nervous system immune cells 
reveals distinct myeloid subsets in health, aging and disease. Immunity 48, 380–395.e6. 
doi: 10.1016/j.immuni.2018.01.011

Needham, E. J., Ren, A. L., Digby, R. J., Norton, E. J., Ebrahimi, S., Outtrim, J. G., et al. 
(2022). Brain injury in COVID-19 is associated with dysregulated innate and adaptive 
immune responses. Brain 145, 4097–4107. doi: 10.1093/brain/awac321

Otto, C., Hofmann, J., and Ruprecht, K. (2016). Antibody producing B lineage cells 
invade the central nervous system predominantly at the time of and triggered by acute 
Epstein-Barr virus infection: a hypothesis on the origin of intrathecal immunoglobulin 
synthesis in multiple sclerosis. Med. Hypothesis 91, 109–113. doi: 
10.1016/j.mehy.2016.04.025

Öz, F., Kaya, İ., Tanır, Y., Küçükgergin, C., and Aydın, A. F. (2024). Comparison of 
serum neurofilament light chain and tau protein levels in cases with autism spectrum 
disorder and their healthy siblings and healthy controls. Clin. Psychopharmacol. 
Neurosci. 22, 502–511. doi: 10.9758/cpn.23.1153

Pachner, A. R., Pike, S., Smith, A. D., and Gilli, F. (2024). CXCL13 as a biomarker: 
background and utility in multiple sclerosis. Biomol. Ther. 14:1541. doi: 
10.3390/biom.14121541

Pachner, A. R., Pike, S. C., Smith, A. D., and Gilli, F. (2025). The CXCL13 index 
biomarker predicts success or failure moderate-efficacy disease-modifying therapies in 

https://doi.org/10.3389/fnins.2025.1558810
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41593-018-0301-3
https://doi.org/10.1016/j.nbd.2021.105311
https://doi.org/10.3389/fnins.2024.1372140
https://doi.org/10.1034/j.1600-065x2000.00618.x
https://doi.org/10.1038/s41586-018-0368
https://doi.org/10.3389/fncel.2021.703944
https://doi.org/10.1001/jamanetworkopen.2022.3596
https://doi.org/10.1016/j.lanepe.2024.101009
https://doi.org/10.1177/2055217320981396
https://doi.org/10.1007/s40265-023-01942-0
https://doi.org/10.1084/jem.189.1.159
https://doi.org/10.1002/glia.22692
https://doi.org/10.3389/fnins.2021.642384
https://doi.org/10.1038/nrm.2017.39
https://doi.org/10.3174/ajnr.5273
https://doi.org/10.1016/j.nicl.2020.102456
https://doi.org/10.1093/brain/awt279
https://doi.org/10.1186/s12974-016-0686-4
https://doi.org/10.1371/journal.pone.0300298
https://doi.org/10.1177/1352458211033190
https://doi.org/10.1038/s41593-018-0213-2
https://doi.org/10.1016/j.nicl2022.102939
https://doi.org/10.4172/2155-9899.1000460
https://doi.org/10.1007/s00415-019-09567-8
https://doi.org/10.3390/biomedicines10102604
https://doi.org/10.1016/j.msard.2024.105644
https://doi.org/10.1038/nn.4610
https://doi.org/10.1172/jci.insight.87234
https://doi.org/10.12688/f1000research.14556.3
https://doi.org/10.1038/s41593-018-0227
https://doi.org/10.1038/nature14432
https://doi.org/10.1212/NXI.0000000000200135
https://doi.org/10.1002/ana.25197
https://doi.org/10.1093/brain/awm038
https://doi.org/10.1002/ana.25786
https://doi.org/10.1002/acn3.50972
https://doi.org/10.1038/s41593-022-01029-1
https://doi.org/10.1093/brain/awab093
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1093/brain/awac321
https://doi.org/10.1016/j.mehy.2016.04.025
https://doi.org/10.9758/cpn.23.1153
https://doi.org/10.3390/biom.14121541


Londoño and Mora 10.3389/fnins.2025.1558810

Frontiers in Neuroscience 07 frontiersin.org

multiple sclerosis; a real-world study. Mult. Scler. Relat. Disord. 95:106303. doi: 
10.1016/j.msard.2025.106303

Park, Y., Nirajan, K. C., Paneque, A., and Cole, P. D. (2024). Tau, glial fibrillary acidic 
protein, and neurofilament light chain as brain protein biomarkers in cerebrospinal fluid 
and blood for diagnosis of neurobiological diseases. Int. J. Mol. Sci. 25:6295. doi: 
10.3390/ijms25126295

Pike, S. C., Gilli, F., and Pachner, A. R. (2023). The CXCL13 index as a predictive 
biomarker for activity in clinically isolated syndrome. Int. J. Mol. Sci. 24:11050. doi: 
10.3390/ijms241311050

Pilz, G., Sakic, I., Wipfler, P., Kraus, J., Haschke-Becher, E., Hitz, W., et al. 
(2020). Chemokine CXCL13  in serum, CSF and blood–CSF barrier function: 
evidence of compartment restriction. Fluids Barriers CNS 17:7. doi: 
10.1186/s12987-020-0170-5

Pitzalis, C., Jones, G. W., Bombardieri, M., and Jones, S. A. (2014). Ectopic lymphoid 
like structures in infection, cancer and autoimmunity. Nat. Rev. Immunol. 7, 447–462. 
doi: 10.1038/nri3700

Qi, W. Y., Sun, Y., Guo, Y., and Tan, L. (2024). Associations of sleep disorders with 
serum neurofilament light chain levels in Parkinson's disease. BMC Neurol. 24:147. doi: 
10.1186/s12883-024-03642-y

Ramesh, G., Borda, J. T., Gill, A., Ribka, E. P., Morici, L. A., Mottram, P., et al. (2009). 
Possible role of glial cells in the onset and progression of Lyme neuroborreliosis. J. 
Neuroinflammation 6:23. doi: 10.1186/1742-2094-6-23

Ransohoff, R. M. (2023). Multiple sclerosis: role of meningeal lymphoid aggregates in 
progression independent of relapse activity. Trends Immunol. 44, 266–275. doi: 
10.1016/j.it.2023.02.002

Ren, C. Y., Liu, P. P., Li, J., Li, Y. Q., Zhang, L. J., Chen, G. H., et al. (2022). 
Changes in telomere length and serum neurofilament light chain levels in female 
patients with chronic insomnia disorder. J. Clin. Sleep Med. 18, 383–392. doi: 
10.5664/jcsm.9574

Salomonsson, S., Jonsson, M. V., Skarstein, K., Brokstad, K. A., Hjelmstron, P., 
Wahren-Herlenius, M., et al. (2003). Cellular basis of ectopic germinal center formation 
and autoantibody production in the target organ of patients with Sjogren’s syndrome. 
Arthritis Rheum. 48, 3187–3201. doi: 10.1002/art.11311

Schilke, E. D., Remoli, G., Funelli, E., Galimberti, M., Fusco, M. L., Cereda, D., et al. 
(2024). Current use of fluid biomarkers as outcome measures in multiple sclerosis (MS): 
a review of ongoing pharmacological clinical trials. Neurol. Sci. 45, 1931–1944. doi: 
10.1007/s10072-023-07228-3

Sellebjerg, F., Börnsen, L., Khademi, M., Krakauer, M., Olsson, T., 
Frederiksen, J. L., et al. (2009). Increased cerebrospinal fluid concentrations of 
the chemokine CXCL13  in active MS. Neurology 73, 2003–2010. doi: 
10.1212/WNL.0b013e3181c5b457

Serafini, B., Rosicarelli, B., Franciotta, D., Magliozzi, R., Reynolds, R., Cinque, P., et al. 
(2007). Dysregulated Epstein-Barr virus infection in the multiple sclerosis brain. J. Exp. 
Med. 204:2912. doi: 10.1084/jem.20071030

Serafini, B., Rosicarelli, B., Magliozzi, R., Stigliano, E., and Aloisi, F. (2004). Detection of 
ectopic B cell follicles with germinal centers in the meninges of patients with secondary 
progressive multiple sclerosis. Brain Pathol. 14, 164–174. doi: 10.1111/j.1750-3639.2004.tb00049.x

Serafini, B., Rosicarelli, B., Veroni, C., and Aloisi, F. (2023). Tissue-resident memory 
T cells in the multiple sclerosis brain and their relationship to Epstein-Barr virus 
infected B cells. J. Neuroimmunol. 376:578036. doi: 10.1016/j.jneuroim.2023.578036

Serafini, B., Rosicarelli, B., Veroni, C., Zhou, L., Reali, C., and Aloisi, F. (2016). RORγt 
expression and lymphoid neogenesis in the brain of patients with secondary progressive 
multiple sclerosis. J. Neuropathol. Exp. Neurol. 75, 877–888. doi: 10.1093/jnen/nlw063

Serafini, B., Severa, M., Columba-Cabezas, S., Rosicarelli, B., Veroni, C., Chiappetta, G., 
et al. (2010). Epstein-Barr virus latent infection and BAFF expression in B cells in the 
multiple sclerosis brain: implications for viral persistence and intrathecal B cell activation. J. 
Neuropathol. Exp. Neurol. 69, 677–693. doi: 10.1097/NEN.0b013e3181e332ec

Shipman, W. D., Dasovenau, D. C., and Lu, T. T. (2017). Tertiary lymphoid organs in 
systemic autoimmune diseases: pathogenic or protective? F1000Res 28; 6:196. doi: 
10.12688/f1000research.105951.1

Sipe, J. C., Romine, J. S., Koziol, J. A., McMillan, R., Zyroff, J., and Beutler, E. (1994). 
Cladribine in treatment of chronic progressive multiple sclerosis. Lancet 344, 9–13. doi: 
10.1016/s0140-6736(94)91046-4

VonBudingen, H. C., Kuo, T. C., Sirota, M., van Belle, C. J., Apeltsin, L., Glanville, J., 
et al. (2012). B cell exchange across the blood brain barrier in multiple sclerosis. J Clin 
Invest. 22, 4533–4543. doi: 10.1172/JCI63842

Voysey, Z. J., Owen, N. E., Holbrook, J. A., Malpetti, M., Le Draoulec, C., Spindler, L. R. 
B., et al. (2024). A 14-year longitudinal study of neurofilament light chain dynamics in 
premanifest and transitional Huntington's disease. J. Neurol. 271, 7572–7582. doi: 
10.1007/s00415-024-12700-x

Wellmann, S., Geis, T., Kuhle, J., and Lehnerer, V. (2024). Neurofilament light chain 
as biomarker in encephalitis. J. Clin. Med. 13:5416. doi: 10.3390/jcm13185416

Wu, C. H., Limg, J. F., Ling, Y. H., Wang, Y. F., Wu, H. M., Fuh, J. L., et al. (2021). 
Noninvasive characterization of human glymphatics and meningeal lymphatics in an 
in vivo model of blood brain leakage. Ann. Neurol. 89, 111–124. doi: 10.1002/ana.25928

Yao, H., Trevor, T. P., Cantelli, G., Ngo, B., Warner, M. J., Olivere, L., et al. (2018). 
Leukaemia hijacks a neural mechanism to invade the central nervous system. Nature 
560, 55–60. doi: 10.1038/s41586-018-0342-5

Zivadinov, R., Jakimovski, D., Ramanathan, M., Benedict, R. H., Bergsland, N., 
Dwyer, M. G., et al. (2022). Effect of ocrelizumab on leptomeningeal inflammation and 
humoral response to Epstein-Barr virus in multiple sclerosis. A pilot study. Mult. Scler. 
Relat. Disord. 67:104094. doi: 10.1016/j.msard.2022.104094

https://doi.org/10.3389/fnins.2025.1558810
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.msard.2025.106303
https://doi.org/10.3390/ijms25126295
https://doi.org/10.3390/ijms241311050
https://doi.org/10.1186/s12987-020-0170-5
https://doi.org/10.1038/nri3700
https://doi.org/10.1186/s12883-024-03642-y
https://doi.org/10.1186/1742-2094-6-23
https://doi.org/10.1016/j.it.2023.02.002
https://doi.org/10.5664/jcsm.9574
https://doi.org/10.1002/art.11311
https://doi.org/10.1007/s10072-023-07228-3
https://doi.org/10.1212/WNL.0b013e3181c5b457
https://doi.org/10.1084/jem.20071030
https://doi.org/10.1111/j.1750-3639.2004.tb00049.x
https://doi.org/10.1016/j.jneuroim.2023.578036
https://doi.org/10.1093/jnen/nlw063
https://doi.org/10.1097/NEN.0b013e3181e332ec
https://doi.org/10.12688/f1000research.105951.1
https://doi.org/10.1016/s0140-6736(94)91046-4
https://doi.org/10.1172/JCI63842
https://doi.org/10.1007/s00415-024-12700-x
https://doi.org/10.3390/jcm13185416
https://doi.org/10.1002/ana.25928
https://doi.org/10.1038/s41586-018-0342-5
https://doi.org/10.1016/j.msard.2022.104094

	High efficacy therapy to prevent the formation of meningeal tertiary lymphoid organs after CXCL13 index screening in early multiple sclerosis
	1 Introduction
	2 The meningeal tertiary lymphoid organs are independent from the peripheral circulation immunity
	2.1 Meninges, tertiary lymphoid organ, and neuroinflammation
	2.2 Immune protective barriers of the central nervous system
	2.3 Current validated biomarkers to determine progression or activity of MS
	2.4 Does CXCL13 play a role in the formation of the meningeal TLO?
	2.5 What is the relevance of the CXCL13 index in multiple sclerosis?
	2.6 Would it be possible to visually identify the mTLO in patients with multiple sclerosis, in-vivo?
	2.7 Could disease modifying therapy play an inhibiting role in the formation of the TLO?

	3 Conclusion

	References

