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Abstract
Ectopic lymphoid follicles (ELFs), resembling germinal centre- like structures, 
emerge in a variety of infectious and autoimmune and neoplastic diseases. ELFs can 
be found in the meninges of around 40% of the investigated progressive multiple scle-
rosis (MS) post- mortem brain tissues and are associated with the severity of cortical 
degeneration and clinical disease progression. Of predominant importance for pro-
gressive neuronal damage during the progressive MS phase appears to be meningeal 
inflammation, comprising diffuse meningeal infiltrates, B- cell aggregates and com-
partmentalized ELFs. However, the absence of a uniform definition of ELFs impedes 
reproducible and comparable neuropathological research in this field. In this review 
article, we will first highlight historical aspects and milestones around the discovery 
of ELFs in the meninges of progressive MS patients. In the next step, we discuss how 
animal models may contribute to an understanding of the mechanisms underlying 
ELF formation. Finally, we summarize challenges in investigating ELFs and propose 
potential directions for future research.
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PATHOLOGY OF PROGRESSIVE MS 
AND B -  CELL TARGETED THERAPY

Multiple sclerosis (MS) is an inflammatory demyelinat-
ing and neurodegenerative disease of the central nervous 
system (CNS), characterized by inflammatory plaques 
in the white matter, demyelination and axonal damage. 
Clinically, most patients initially present with a relapsing– 
remitting disease course (RRMS), which is characterized 
by the appearance of recurrent neurological symptoms 
and subsequent partial or complete recovery. After 10– 
15  years, 85% of the patients enter the secondary pro-
gressive MS disease stage (SPMS), in which there is a 
progressive accumulation of disability over time. Around 
10% of all patients initially present with a deterioration of 
symptoms without classical relapses and remissions from 
the disease onset, called primary progressive multiple 
sclerosis (PPMS).

At the pathological level, the progressive MS disease 
courses (i.e. SPMS and PPMS) display a set of key histo-
pathological and clinical characteristics, including (i) 
the presence of ectopic lymphoid follicles (ELFs) in the 
meninges (in around 40% of SPMS patients) [1], (ii) grey 
matter demyelination and brain atrophy [2, 3], (iii) diffuse 
white matter damage [3], (iv) profound oxidative injury 
[4, 5], (v) progressive worsening of motor and/or cognitive 
functions [6], (vi) moderate parenchymal immune cell in-
filtration [7] and (vii) a relative preservation of the blood– 
brain barrier (BBB) integrity, especially when compared 
to the focal yet severe BBB integrity loss during RRMS 
[8, 9]. While RRMS is understood to be an autoimmune- 
mediated and inflammation- driven disease, the influence 
of T- cell- driven inflammatory processes on disease pro-
gression and neurodegeneration in progressive MS is con-
troversially discussed.

Various therapeutic agents are currently available for 
the symptom control of RRMS. In 2008, Hauser et al. 
demonstrated that the use of rituximab, a chimeric CD20+ 
B- cell- depleting monoclonal antibody, can significantly 
reduce disease activity and lesion formation in RRMS [10]. 
The rapid and marked effect of a B- cell- depleting therapy 
on MS disease activity has drawn attention to B cells and 
T- cell / B- cell interactions in RRMS. Of note, increased 
clinical disease activity was observed in the randomized, 
placebo- controlled, double- blind, phase 2 trial ‘atacicept 
in multiple sclerosis’ (ATAMS) in RRMS patients treated 
with atacicept, a recombinant fusion protein that sup-
presses B- cell function and antibody production of plasma 
cells [11], highlighting a complex yet important function 
of B cells and plasma cells during MS.

Drugs aiming to delay the progression of disability 
during progressive MS are exceptionally scarce [6], which 
reflects the elusive pathological mechanisms underlying 

MS disease progression. Currently, only two drugs (i.e. 
siponimod [Mayzent®] and ocrelizumab [Ocrevus®]) have 
been approved for the treatment of progressive MS [6, 
12– 15,]. In 2017, the B- cell- depleting drug ocrelizumab, 
a second- generation humanized anti- CD20 antibody, 
was approved by the U.S. Food and Drug Administration 
(FDA) and European Medicines Agency (EMA) for the 
treatment of PPMS, which has become a milestone in pro-
gressive MS therapy [13]. Although the mode of action of 
ocrelizumab in progressive MS is yet to be fully elucidated, 
the success of a B- cell- depleting therapy in progressive MS 
emphasizes essential roles of B cells in disease progression 
during progressive MS [16, 17].

Drugs targeting B- cell epitopes are not used exclu-
sively in the treatment of MS. For instance, the use of 
rituximab has been reported to ameliorate symptoms of 
patients with Susac's syndrome [18, 19], which is a rare 
cerebral microangiopathy, mainly driven by cytotoxic 
CD8+ T cells causing an endotheliopathy, which leads 
to a progressive demyelination of the CNS white matter 
with subsequent neurological deficits [20]. Another dis-
ease, which is as well characterized by high numbers of 
intracerebral CD8+ T cells is Rasmussen's encephalitis, 
causing a severe inflammatory response strictly limited to 
one cerebral hemisphere [21]. Therapeutic attempts with 
monoclonal anti- CD20 antibodies (i.e. rituximab) have 
been reported to improve clinical symptoms in cases of 
Rasmussen's encephalitis, although the number of cyto-
toxic T cells significantly exceeds the number of B cells 
[22, 23]. These two examples suggest close interactions 
between B cells and T cells, in particular CD8+ cytotoxic 
T cells. Of note, MS is as well a CD8+ T- cell- dominated 
disease [24, 25]. A presumed involvement of B cells in 
progressive MS is mainly based on three evidences: (i) the 
presence of ELFs containing B cells in the meninges of 
around 40% of SPMS patients, which is associated with 
a more severe cortical pathology and disease progression 
[1, 26, 27], (ii) increased levels of immunoglobulins in the 
cerebrospinal fluid (CSF) of RRMS and progressive MS 
patients [28] and (iii) clinical alleviation of disease pro-
gression in progressive MS by B- cell- depleting therapies 
[13, 29, 30].

In this review, we first summarize neuropathological 
evidence for the presence of ELFs in the meninges of 
progressive MS patients (Table 1). Then, we review ani-
mal studies, which have been performed to shed light on 
the mechanisms involved during ELF formation in the 
meninges (Table 2), and briefly discuss how clinical and 
pathological features of progressive MS can be modelled 
in different animal models (Table 3). Finally, we aim to 
point out challenges and provide possible directions for 
future studies addressing the relevance of ELFs for MS 
disease progression.
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TERMINOLOGY OF ELFS IN MS

A variety of terms have been used to describe ELFs in 
the meninges of progressive MS patients, including 

meningeal B- cell follicles, meningeal ectopic lym-
phoid follicle- like structures, meningeal ectopic lym-
phoid tissues, meningeal tertiary lymphoid tissue or 
ectopic B- cell follicles [1, 26, 31– 34]. In this article, we 

T A B L E  1  Main studies on meningeal inflammation and ELFs in progressive MS

Year
MS type and 
patient numbers

Tissue 
samples

Main 
technique Key finding(s) on ELFs Ref

2004 3 SPMS and 2 PPMS Brain, spinal 
cord

IHC/IF • ELFs found in 2 of 3 SPMS patients [26]

2007 29 SPMS and 7 PPMS Brain IHC/IF • ELFs found in 41·4% of all SPMS cases
• ELF presence is associated with an early disease 

onset and severe cortical pathology

[1]

2007 13 SPMS and 3 PPMS Brain, CSF IHC/IF, PCR, 
ISH

• ELFs found in 8 of 13 SPMS patients
• EBV- infected B cells found clustered in ELFs

[31]

2009 12 SPMS and 7 PPMS Brain IHC • Meningeal inflammation but no ELFs observed
• Meningeal inflammation was not linked to the 

extent of cortical pathology

[57]

2010 7 SPMS Brain Microarray, PCR • T, B and plasma cells found in the meninges
• Ig- related genes↑

[46]

2010 37 SPMS Brain IHC/IF • ELFs found in 54% of investigated SPMS cases
• ELFs linked to neuronal loss in the grey matter

[54]

2010 7 SPMS Brain, CSF IHC, B cell 
repertoire 
analysis

• Meningeal B- cell aggregates found in the 
meninges

• Expanded antigen experienced B- cell clones 
found in patient meninges and associated 
parenchyma

[58]

2011 123 SPMS Brain IHC/IF • ELFs found in 40% of investigated SPMS cases
• ELFs are associated with severe cortical pathology
• Widespread distribution of ELFs, mostly in deep 

sulci

[27]

2012 26 PPMS Brain IHC • Meningeal inflammation but no ELFs in PPMS
• Meningeal inflammation linked to severe clinical 

disease course

[56]

2013 12 SPMS (6 ELFs- 
positive and 6 
ELFs- negative)

Brain, CSF IHC/IF • IFN- γ, TNF↑ in the meninges of ELFs- positive 
SPMS cases

[62]

2015 5 SPMS or PPMS Brain High- throughput 
antigen 
arrays

• Antigen- driven characteristics of MS CNS B cells
• Ig derived from ELFs lack antigen specificity 

unique to MS

[59]

2016 10 SPMS Brain IHC/IF • RORγt- positive cells detected in ELFs
• ELFs were found in 5 of 10 SPMS cases

[65]

2018 11 SPMS Brain IHC/IF, digital 
PCR

• ELFs found in 25 of 36 laser- cut immune 
infiltrates

• EBV infection associated with meningeal 
infiltrates

[53]

2018 21 SPMS/PPMS, 
12 acute MS#

Brain IHC/IF, ISH • ELFs found in 4 of 12 acute MS cases [122]

2020 22 SPMS, 11 PPMS Brain, spinal 
cord

IHC/IF • Absence of CD3+FOXP3+ regulatory T cells in 
inflammatory infiltrates

[66]

2020 22 SPMS Brain, spinal 
cord

IHC/IF • ELFs in meninges linked to increased spinal cord 
pathology in SPMS cases

[55]

Abbreviations: #acute MS, MS cases that were diagnosed and died before the advent of disease- modifying therapies; ↑, upregulation; IF, immunofluorescence; 
IFN- γ, interferon gamma; Ig, immunoglobulin; IHC, immunohistochemistry; ISH, in situ hybridization; PCR, polymerase chain reaction; RORγt, retinoic acid 
receptor- related orphan receptor γt; TNF, tumour necrosis factor.
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T A B L E  2  Main studies on meningeal inflammation and ELFs in MS- related animal models

Year Model(s) used Key finding(s) on ELFs Subsidiary findings Ref

1990s Lewis rat immunized with 
MBP

• Meningeal infiltration; no specified 
ELFs

• n.a. [83, 84]

2003 2D2 mice • Meningeal infiltration; no specified 
ELFs

• n.a. [81]

2004 PLP- EAE
ABH- EAE

• Meningeal infiltration and ELFs 
found in the brain stem of EAE mice

• CXCL13, BAFF↑ in brain and spinal 
cord

[85]

2006 PLP- EAE • Lymphotoxin beta receptor- Ig fusion 
protein→ inhibits the formation of 
ELFs

• EAE severity↓ [90]

2006 2D2×Th • ELFs found in spinal cord and optic 
nerve

• n.a. [91]

2006 MP4- EAE • B- cell aggregates found mainly in the 
cerebellum

• n.a. [71]

2009 Adoptive transfer of TH1, 
TH2, TH9, TH17 from 
2D2×Th

• TH17 cells cultured with IL- 23 
induced ELF formation in recipient 
mice

• TH1, TH17, TH9 but not TH2 cells can 
induce EAE upon adoptive transfer, 
but show different pathologies

[92]

2011 Adoptive transfer of TH17 
from 2D2×Th

• TH17 cells induce ELF formation
• ELF formation is partly dependent 

on IL- 17 and the cell membrane 
molecule podoplanin

• Podoplanin is crucial for the 
development of secondary lymphoid 
structures and might be involved in the 
formation of ELFs

[93]

2012 MP4- EAE • ELFs found in spinal cord, 
cerebellum and cerebrum

• High endothelial venules, plasma 
cells, high proliferation rates of B/T 
cells, presence of FDC or reticulin 
fibres occasionally observed in ELFs

• Activation- induced cytidine deaminase 
expression found in ELFs in MP4 mice 
(required for somatic hypermutation 
–  GC- like activity)

[33]

2013 Crossbred of transgenic 
MOG- specific B- cell 
receptor mice and Th 
mice

• Meningeal inflammation; no 
specified ELFs

• Conditional knockout mice of MHC 
II in B cells are resistant to EAE 
induction with recombinant human 
MOG

[95]

2015 Injection of IFN- γ 
and TNF into the 
subarachnoid space 
of Dark Agouti rats 
preimmunized with 
MOG

• Meningeal inflammation; no 
specified ELFs

• Meningeal inflammation accompanied 
by confined subpial demyelination

[62]

2015 2D2×Th • Reduced number of ELFs in Il21r 
knockout mice

• No ELFs found in Il23r knockout 
mice

• EAE severity↓ [94]

2015 PLP- EAE • ELFs not investigated • Blockade of CXCL13→ GC formation 
in NP- KLH mice↓

[97]

2016 2D2×Th • ELFs exhibit GC- like activity • Expression of activation- induced 
cytidine deaminase in ELFs. 
Important for GC- like activity (somatic 
hypermutation and class switch 
recombination)

[34]

2016 2D2×Th • ELFs mainly located in spinal cord 
meninges

• Laquinimod reduces expansion of 
TFH and B cells in ELFs

• n.a. [106]

(Continues)
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consistently use the abbreviation ‘ELFs’ to refer to the 
above- mentioned structures as ectopic lymphoid fol-
licles. In the related literature, the fundamental defi-
nition of ELFs ranges from ‘meningeal foci’ (e.g. >10 
inflammatory cells) to germinal centre- like structures 
consisting of stromal/follicular dendritic cells, T cells 
and B cells, as well as plasma cells. To make a clear dis-
tinction between ELFs and meningeal inflammation, 
we adopt the definition of ELFs formulated by Aloisi 
et al.: large B- cell aggregates localized in the subarach-
noid space, mainly inside the cerebral sulci, that display 
several germinal centre- like features (i.e. presence of stro-
mal/follicular dendritic cells expressing CXCL13, B- cell 
proliferation, expression of activation- induced cytidine 
deaminase and plasma cell differentiation) but lack the 
typical structure of lymphoid follicles with a germinal 
centre and a mantle zone and contain mainly memory B 
cells [1, 26, 32] (Figure 1).

NEUROPATHOLOGICAL EVIDENCE 
OF ELFS IN PROGRESSIVE MS

In some studies, the presence of ELFs in SPMS patients' 
meninges is positively correlated with disease progres-
sion [1, 26, 27]. However, it remains largely unknown to 
what extent ELFs contribute to the progression of MS and 
what the underlying pathophysiological mechanisms are. 
Many conclusions drawn about ELFs in MS are based on 
the analysis of post- mortem brain tissues of progressive 
MS cohorts including some RRMS and undetermined MS 

cases. In this review, we chronologically summarize neu-
ropathological studies to provide a historical perspective 
(summarized in Table 1).

Detection and typical chemokine 
expression of ELFs in SPMS

Although immune cell infiltration in MS has been stud-
ied since the 1970s and remains a major focus of MS re-
search [35– 38], it was not until 2004 when Serafini et al. 
[26] reported the existence of ELFs containing CD20+ 
B cells, CD3+ T cells, CD138+ plasma cells and a net-
work of CD21+CD35+ follicular dendritic cells produc-
ing chemokine (C- X- C motif) ligand 13 (CXCL13) in the 
cerebral meninges of 2 of 3 SPMS patients. No ELFs were 
found in RRMS (1 patient investigated), PPMS (2 patients 
investigated) or a non- neurological control (1 patient in-
vestigated) [26]. Of note, chemokines, such as CXCL12 
and CXCL13, have been shown to regulate B- cell migra-
tion and germinal centre organization in secondary lym-
phoid tissues [39]. In 2006, another group investigated 
the expression of CXCL12 and CXCL13 in CSF samples 
from a cohort of 30 RRMS, 8 PPMS and 14 SPMS together 
with 14 non- inflammatory neurological disease patients. 
The CSF of the majority of SPMS and PPMS patients 
showed increased levels of CXCL12 when compared to 
non- inflammatory neurological disease patients but little 
or no detectable CXCL13 [40]. In the majority of RRMS 
patients, CXCL12 and CXCL13 levels were both elevated 
compared with non- inflammatory neurological disease 

Year Model(s) used Key finding(s) on ELFs Subsidiary findings Ref

2018 MOG- EAE
Adoptive transfer EAE 

model

• TFH cells probably maintain but do 
not induce EAE and ELFs in spinal 
cord meninges

• n.a. [107, 
108]

2018 Conditional knockout 
of PD- L1 in CD11c+ 
dendritic cells together 
with adoptive transfer 
EAE

• Meningeal inflammatory foci ↑ (>10 
clustered inflammatory cells) in 
the meninges and parenchyma of 
recipient mice

• TFH cell differentiation↓ [109]

2019 MP4- EAE • Emphasizing importance of TH17 
cells in ELF formation in MP4- EAE 
during the absence of CD3− CD5− 
CD4+ RORγt+ lymphoid tissue 
inducer cells

• CD3− CD5− CD4− RORγt+ innate 
lymphoid cells detected in the CNS of 
acute and chronic MP4- EAE mice

[96]

Abbreviations: ↑, upregulation/ increased; ↓, reduced; 2D2×Th, a spontaneous EAE model derived from the crossbred of TCR transgenic mice (C57BL/6 2D2 
MOG35– 55- specific, referred to as 2D2 mice) and MOG- specific Ig heavy- chain knock- in mice (referred to as Th mice); ABH- EAE, Biozzi ABH mice immunized 
with spinal cord homogenate developing a disease course with relapsing– remitting episodes and secondary progressive disability; GC, germinal centre; IHC, 
immunohistochemistry; MOG- EAE, C57BL/6 mice immunized with MOG35- 55 peptide developing a monophasic chronic disease course; MP4- EAE, C57BL/6 
mice immunized with MPB- PLP fusion protein (MP4) to induce a B- cell- dependent pathology; n.a., not applicable; NP- KLH, 4- hydroxy- 3- nitrophenyl acetyl 
hapten conjugated to keyhole limpet haemocyanin; PD- L1, programmed death ligand 1; PLP- EAE, SJL mice immunized with PLP139– 151 peptide developing a 
relapsing– remitting disease course; TFH, follicular T- helper cells; TH, T- helper cells.

T A B L E  2  (Continued)
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patients and the detected levels correlated positively with 
intrathecal immunoglobulin production and the presence 
of B cells in the CNS. The low levels of CXCL13 in the 
CSF of SPMS and PPMS patients were further verified in 
a larger cohort of 40 SPMS and 24 PPMS patients together 
with 14 healthy controls [41]. Based on these results, al-
though CXCL13- producing follicular dendritic cells were 
previously observed in ELFs, so far there is no convincing 
evidence that ELFs are linked to the levels of CXCL13 in 
the CSF of progressive MS patients. Levels of CXCL13 in 
the CSF of RRMS patients and other inflammatory neuro-
logical disease patients can provide information about the 
extent of inflammation in the CNS. However, activated 
macrophages act as an additional source of CXCL13 [40, 
42, 43] and can be found in high densities in the CNS of 
RRMS patients [44]. Thus, elevated levels of CXCL13 do 
not necessarily indicate a possible presence of CXCL13- 
producing follicular dendritic cells or the existence of 
ELFs in the meninges of RRMS patients.

Association between ELFs and disease 
progression in MS

The first study to investigate a possible clinical impact of 
the presence of ELFs in progressive MS was published in 
2007. Magliozzi et al. [1] reported that in 41.4% of SPMS 
patients, but neither in PPMS nor in control patients, 

ELFs can be found. These ELFs were mainly located in the 
subarachnoid space of the meninges entering the cerebral 
sulci, adjacent to large subpial cortical lesions. Most im-
portantly, the presence of ELFs positively correlated with 
an early disease onset and severe cortical demyelination 
in the investigated cohort of SPMS patient [1]. By using 
in situ hybridization, Serafini et al. found that ELFs in the 
meninges of SPMS patients are major sites of Epstein– 
Barr virus infection (15 of 22 patients investigated) [31]. 
Epstein– Barr virus is a human pathogenic B- lymphotropic 
DNA herpesvirus that is strongly associated with MS prev-
alence based on large- scale sero- epidemiological studies 
showing higher anti- Epstein– Barr virus antibody titres 
in MS patients compared with control individuals paral-
leled by a higher risk of developing MS after Epstein– Barr 
virus- induced infectious mononucleosis [45]. At sites of 
major accumulations of Epstein– Barr virus- infected B 
cells, CD8+ T cells expressing interferon gamma (IFNγ) 
were also observed, suggesting a proinflammatory cyto-
toxic environment [31]. Although not in the focus of this 
review, it is pertinent to point out that a latent Epstein– 
Barr virus infection, although still controversial [46– 50], 
might partly contribute to the sustained B- cell dysregula-
tion in MS [32, 51– 53,].

Additional evidence demonstrating an association 
between the presence of ELFs and cortical pathology in 
SPMS was published in 2010, when Magliozzi et al. ob-
served that the presence of ELFs was positively correlated 

F I G U R E  1  Schematic illustration of the architecture of ectopic lymphoid follicles (ELFs) in the CNS of progressive multiple sclerosis 
patients. ELFs are frequently found in the meninges of the deep sulci in about 40% of investigated progressive MS tissues. The typical 
structure of organized ELFs resembles the architecture of germinal centres in secondary lymphoid organs. In addition to compartmentalized 
B-  and T- cell zones, ELFs also feature specialized TFH cells, which are in close contact to B cells (predominantly CD27+ memory B cells), 
as well as follicular dendritic cells (FDC), which are essential for B- cell differentiation and activation. B cells that experienced a first T- 
cell- dependent and a second FDC-  or TFH cell- supported antigen contact can mature into immunoglobulin- producing plasma cells. The 
immunoglobulins, if directed against CNS- specific antigens, could play an important role during disease progression in progressive MS 
[Colour figure can be viewed at wileyonlinelibrary.com]

Immune cells

white matter

Pia mater

T cells TFH cells B cells

Ectopic lymphoid follicle

Plasma
cells

Follicular
dendritic cells

Immuno-
globulins

Subarachnoid
space

Arachnoid
mater

gray
matter

demyelinated gray
matter

https://onlinelibrary.wiley.com/


   | 457ECTOPIC LYMPHOID FOLLICLES IN MS

with the severity of neuronal loss in superficial cortical 
layers in SPMS patients. In the investigated post- mortem 
brain tissues, SPMS cases with ELFs showed a more se-
vere neuronal degeneration in cortical layers I- IV com-
pared with SPMS brains without ELFs, where neuronal 
loss was equally distributed across all cortical layers [54]. 
Reali et al. recently reported that the presence of ELFs 
located in meninges of the forebrain, accompanied by a 
diffuse B- cell- dominated inflammation of spinal cord me-
ninges, is associated with ongoing spinal cord pathology 
in SPMS patients [55]. Although ELFs were only found in 
the meninges of SPMS but not PPMS patients, Choi et al. 
[56] showed that diffuse meningeal and perivascular in-
filtrates consisting of CD3+ T cells and CD20+ B cells can 
also be found in PPMS patients. Moreover, the extent of 
meningeal inflammation was positively correlated with 
the disease severity in PPMS.

Challenges in the detection of ELFs 
in SPMS

The successful detection of ELFs depends on (i) extensive 
tissue sampling due to the heterogeneous and sparse dis-
tribution of ELFs per se in SPMS patients, and (ii) optimal 
preservation of meningeal structures during the prepara-
tion and embedding procedures of the investigated brain 
tissues [32].

Not all studies were able to demonstrate the presence of 
ELFs in the meninges of cases with progressive MS. Based 
on a cohort investigating 7 PPMS and 12 SPMS patients, 
Kooi et al. found significant meningeal inflammation, 
composed mainly of CD3+ T cells, CD20+ B cells, CD68+ 
macrophages, granzyme B+ activated cytotoxic T cells and 
DC- SIGN+ (im)mature dendritic cells, but no ELFs were 
detected in this study. In addition, the extent of menin-
geal inflammation was not found to be associated with the 
extent of subpial cortical demyelination [57]. Torkildsen 
et al. found massive upregulation of immunoglobulin 
(Ig)- related genes in normal- appearing grey matter and 
grey matter lesions of MS patients. They also reported the 
presence of small numbers of CD3+ T cells, CD20+ B cells 
and CD138+ plasma cells in the meninges but, in line with 
the results by Kooi et al., did not observe ELFs in a cohort 
of 7 SPMS patients [46].

In 2011, Howell et al. [27] conducted an extensive sam-
pling of brain tissues from 123 SPMS patients and found 
that ELFs could be observed in around 40% of the investi-
gated SPMS cases. A widespread distribution throughout 
the forebrain was observed, but most frequently, ELFs 
were found in the deep sulci of the temporal, cingulate, 
insula and frontal cortex. Moreover, subpial cortical le-
sions were found both adjacent and distant to ELFs. The 

presence of ELFs was again positively correlated with the 
extent of diffuse meningeal inflammation, microglial acti-
vation and grey matter demyelination. Clinically, the pres-
ence of ELFs positively correlated with more pronounced 
clinical symptoms and neurological deficits in progressive 
MS patients [27]. Lovato et al. reported that the majority 
of the expanded B- cell clones isolated from ELFs are also 
present in the CNS parenchyma of progressive MS brain 
samples [58]. These findings suggest a close association 
between the occurrence of ELFs in the subarachnoid 
space and the existence of associated lymphocytic infil-
trates in the CNS white and grey matter of progressive MS 
patients. However, intrathecally produced immunoglob-
ulins in general, as well as immunoglobulins produced 
by plasma cells originating from ELFs in the meninges, 
might not display high antigen specificity against CNS- 
derived antigens and could therefore be of minor patho-
logical relevance [59].

Insights into the formation of ELFs 
in SPMS

Since the identification of ELFs in the large cohort of 
SPMS patients by Howell et al. in 2011 [27], a substantial 
research focus in this field has shifted aiming to under-
stand how ELFs form and finding potential inhibitors for 
ELF formation as a prospective therapeutic option to treat 
progressive MS. Possible methods to evaluate the forma-
tion of ELFs, or even to measure the effect of drugs on 
ELFs, could be done by monitoring ELF- specific cells in 
the peripheral blood or the CSF of patients [60].

In 2013, Christensen et al. [61] reported higher fre-
quencies of ICOS+CXCR5+CD4+ follicular T- helper (TFH) 
cells, IL23R+CD4+ TH17 cells, DC- SIGN+ and CD83+ ac-
tivated B cells, as well as CD27HighCD38High plasmablasts 
in peripheral blood samples of SPMS patients. They em-
phasized that elevated levels of ELF- associated cells can 
be detected in the periphery and suggest a possible link 
between systemic inflammation and disease progression 
[61]. In the same study, higher frequencies of ICOS+ TFH 
cells together with an increased expression of genes as-
sociated with TFH-  and B- cell activation in the CSF were 
additionally found in RRMS cases.

Gardner et al. found elevated levels of the proinflam-
matory cytokines IFN- γ and tumour necrosis factor (TNF) 
in the meninges of SPMS cases with ELFs. Beyond, it was 
elegantly demonstrated in that study that the application 
of IFN- γ and TNF into the subarachnoid space leads to 
cortical demyelination and inflammation in preimmu-
nized Dark Agouti rats, supporting the hypothesis that 
proinflammatory molecules, produced in the meninges, 
play a major role in cortical demyelination in MS [62]. 
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While this study investigated the mechanisms of cortical 
damage by proinflammatory cytokines, no implications 
for the possible formation of ELFs in the meninges were 
drawn. In 2016, two studies identified IFN- γ signalling as 
a crucial pathway in regulating autoimmune B- cell and 
TFH cell responses [63], as well as spontaneous germi-
nal centre formation [64], emphasizing a possible role of 
IFN- γ during ELF formation in progressive MS.

In 2016, Serafini et al. described the presence of in-
terleukin- 17 (IL- 17)- releasing and retinoic acid receptor- 
related orphan receptor- γt (RORγt)- positive cells in ELFs 
of SPMS patients, suggesting that these cells might play 
critical roles during lymphoid neogenesis in the menin-
ges of progressive MS patients [65]. In 2019, Bell et al. 
investigated a cohort of 11 PPMS and 22 SPMS patients 
together with 2 Parkinson's disease controls and 13 
healthy controls. B- cell- enriched inflammatory infiltrates 
could be observed in the meninges and the parenchyma 
of the investigated SPMS cases. However, substantial B- 
cell aggregates that meet the definition of ELFs contain-
ing CXCL13+ cells were not detected in the investigated 
cohort of PPMS and SPMS patients. Abundant CXCR5+ 
cells and cytoplasmic nuclear factor of activated T- cell- 
positive (NFATc1+) cells, enriched CD3+CD27+ memory 
cells and CD4+CD69+ tissue- resident cells were, however, 
identified in the inflammatory meningeal and perivascu-
lar infiltrates [66]. Simultaneously, forkhead box protein 
3+ (FOXP3+) regulatory T cells were almost entirely ab-
sent in the CNS of the investigated patients, which led the 
authors to conclude that the uncontrolled humoral im-
mune response might allow and promote the formation of 
CNS- specific autoantibodies in the investigated infiltrates. 
However, conclusions about the relevance of ELFs in MS 
are, in the study by Bell et al., not supported by histologi-
cal evidence of ELFs in the meninges and are therefore of 
limited applicability.

Little is known about the cellular dynamics during the 
formation of ELFs. With regard to the heterogeneous re-
sults and descriptions of ELFs in the related literature, a 
dynamic transition from loose B- cell aggregates to highly 
organized and compartmentalized ELFs in the meninges 
of progressive MS patients seems very likely [26]. The se-
ries of events leading to the formation of ELFs is still not 
known. Two possible cascades are principally conceivable: 
(i) ELFs arise primarily in the subarachnoid space and 
contribute to a secondary cortical pathology via cytokine 
release and immunoglobulin production, or (ii) a primary 
cortical pathology triggers the formation of ELFs in the 
meninges via the release of chemotactic substances. The 
exact mechanism behind the formation of ELFs remains 
unknown, yet the sequence of events is of great impor-
tance for understanding the relevance of ELFs in the con-
text of pathological processes driving disease progression 

in SPMS patients. In addition, future studies are required 
to demonstrate the extent to which changes in ELF- 
specific cells in the peripheral blood of patients or chemo-
kine levels in the serum or CSF reflect possible changes in 
the microenvironment of ELFs.

INSIGHTS INTO ELFS FROM 
ANIMAL STUDIES

The presence of ELFs emerges as one of the hallmarks 
of SPMS pathology and the amelioration of ELF forma-
tion could provide effective new treatment options for 
progressive MS patients. Animal studies using gene edit-
ing or/and pharmacological treatment might support our 
understanding of how ELFs form and how their forma-
tion might be inhibited (summarized in Table 2). In this 
section of the article, we first describe the animal mod-
els used to investigate different clinical and pathological 
features of progressive MS. Then, we discuss how animal 
studies provide insights into the development and possi-
ble inhibition of ELF formation. Finally, we discuss how 
emerging knowledge of follicular T- helper cells (TFH) 
may improve our understanding of ELF formation in MS.

The experimental autoimmune 
encephalomyelitis model: many variants 
for a complex human disease

The experimental autoimmune encephalomyelitis (EAE) 
model, the most frequently used animal model in MS- 
related research, has contributed significantly to the de-
velopment of several new therapeutic agents for RRMS 
[67, 68]. In brief, EAE can be induced by active immu-
nization with CNS- related antigens, for example CNS 
homogenate, proteins/peptides of myelin basic protein 
(MBP), proteolipid protein (PLP) or myelin oligodendro-
cyte protein (MOG), together with (in)complete Freund's 
adjuvant and pertussis toxin [69]. Certain aspects of CNS 
inflammation and ensuing neurological symptoms can be 
studied in a variety of different EAE models [70]. For ex-
ample, C57BL/6 mice immunized with MOG35- 55 peptides 
(MOG- EAE) develop a monophasic and chronic disease 
course. SJL mice immunized with PLP139– 151 peptides 
(PLP- EAE) develop a relapsing– remitting disease course. 
C57BL/6 mice immunized with MPB- PLP fusion proteins 
(so- called MP4- EAE) are characterized by a strongly B- 
cell- dependent EAE pathology. Biozzi AB/H mice immu-
nized with spinal cord homogenate (ABH- EAE) exhibit a 
disease stage with relapsing– remitting episodes followed 
by secondary disease progression [71– 74]. As recently 
established by our group, MOG- EAE induced in mice 
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initially intoxicated with cuprizone (so- called Cup/EAE 
model) [75– 77], a chemical compound inducing apoptosis 
of mature oligodendrocytes, develop multifocal, inflam-
matory and demyelinating lesions in the forebrain and 
spinal cord. [78].

Alternatively, EAE can also be induced passively by the 
adoptive transfer of encephalitogenic lymphocytes, where 
T cells are isolated from myelin protein/peptide- primed 
donors, ex vivo- restimulated with encephalitogenic pep-
tides and injected into immunocompetent or immunode-
ficient recipient mice [79]. Furthermore, transgenic mice 
developing spontaneous EAE (e.g. SJL 5B6 PLP139– 151- 
specific or C57BL/6 2D2 MOG35– 55- specific T- cell receptor 
(TCR) transgenic mice) are available and allow the study 
of myelin- specific T cells [80, 81].

It must be noted that there is no perfect animal model 
for MS, which is a disease described purely in humans 
with a still unknown disease aetiology, both in RRMS and 
in progressive disease phases. Most notably, there is an ex-
treme paucity of models for progressive MS, mostly due to 
the controversial and largely unknown roles of inflamma-
tory processes in disease progression in SPMS and PPMS 
[82]. Different animal models only reflect distinct features 
of MS instead of its entire complexity [72]. Therefore, we 
try to summarize how clinical and pathological features 
of progressive MS can be modelled in different animal 
models (i.e. MOG- EAE, PLP- EAE, MP4- EAE, ABH- EAE, 
2D2×Th spontaneous EAE, Cup/EAE and the Cuprizone 
model, summarized in Table 3).

Insights into the formation of ELFs in 
different EAE models

The use of a consistent definition for ELFs is essential in 
both human pathological and experimental animal stud-
ies. For a most appropriate comparison of ELF- related ob-
servations in animal models and in human pathological 
studies, we here again use the definition of Aloisi et al. 
given in chapter 2 of this manuscript to distinguish ELFs 
from meningeal inflammation. One exception must be 
added in this regard for studies on ELFs in rodent brains: 
as rodent brains do not have gyri and sulci, the localiza-
tion of ELFs in rodent brains does not apply as a criterion.

Since the 1990s, inflammatory meningeal infiltrates 
were observed in the spinal cord of rats with actively in-
duced EAE [83, 84]. In 2003, inflammatory meningeal 
infiltrates were also found in a model of spontaneous 
autoimmune optic neuritis using TCR transgenic mice 
[81]. In 2004, meningeal infiltrates resembling ELFs, to-
gether with an intracerebral upregulation of CXCL13 and 
B- cell- activating factor (BAFF), were found in models of 
relapsing– remitting and chronic relapsing EAE, namely in 

PLP139- 151- induced EAE in SJL mice and in Biozzi AB/H 
mice immunized with spinal cord homogenate [85]. In 
subsequent studies by the same group, it was investigated 
whether inhibition of lymphoid tissue neogenesis influ-
enced the formation of ELFs and the severity of EAE symp-
toms in mice. The signalling pathway via the lymphotoxin 
β receptor on reticular stromal cells plays an important role 
in the formation of new lymphoid tissue [86]. Activated T 
and B cells express lymphotoxin- α1β2 [87] and, by binding 
to the lymphotoxin β receptor, regulate the induction of 
lymphoid chemokines such as CCL21 and CXCL13, which 
regulate the trafficking of lymphocytes within lymphoid tis-
sues [88] and, additionally, contribute to the differentiation 
of follicular dendritic cells [89]. In 2006, Columba- Cabezas 
et al. showed that blocking lymphoid tissue organization 
by treating mice with a lymphotoxin beta receptor- Ig fu-
sion protein does not only inhibit the formation of ELFs 
and reduces T-  and B- cell infiltration, but also ameliorates 
clinical EAE signs, emphasizing critical roles of ELFs for 
the development of PLP139- 151- induced EAE in SJL mice 
[90]. Meanwhile, ELFs were observed in the spinal cord 
and optic nerves in the spontaneous ‘2D2×Th’- EAE model, 
derived from the crossbreeding of TCR transgenic mice 
(C57BL/6 2D2 MOG35– 55- specific, referred to as 2D2 mice) 
and MOG- specific Ig heavy- chain knock- in mice (referred 
to as Th mice) [80, 81, 91].

In 2009, using adoptive transfer of specific subsets of T- 
helper cells (i.e. TH1, TH2, TH9, TH17) from 2D2 mice, Jäger 
et al. found that only TH17 cells cultured with IL- 23 were 
able to induce the formation of ELFs in the recipient mice 
[92]. Furthermore, in 2011, the researchers proved that the 
development of ELFs induced by TH17 cells in the 2D2×Th 
model is partly dependent on IL- 17 and the cell membrane 
molecule podoplanin, which is also crucial for the devel-
opment of secondary lymphoid structures [93]. Lee et al. 
found that Il21r and Il23r deletion reduces EAE disease 
severity and abolishes the number of ELFs, respectively, in 
the 2D2×Th spontaneous EAE model [94]. In 2013, another 
group reported that the induction of spontaneous opticospi-
nal EAE by the crossbreeding of transgenic MOG- specific B- 
cell receptor (BCR) mice and MOG- specific Ig heavy- chain 
knock- in mice leads to the development of neurological 
symptoms closely resembling pathological characteristics 
of the human Devic's disease with inflammatory lesion de-
velopment primarily in the optic nerve and the spinal cord. 
Using this animal model, Molnarfi et al. were able to detect 
ELFs in transgenic mice, highlighting the important role of 
B cells in the formation of ELFs [95].

In 2016, Lehmann- Horn et al. further described that 
ELFs exhibit characteristics of germinal centre- like 
activity in the 2D2×Th spontaneous EAE model. They 
could detect an increased expression of activation- 
induced cytidine deaminase in the ELFs, which is 
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required for somatic hypermutation and class switch 
recombination [34]. In 2012, Kuerten et al. proved 
that the formation of B- cell aggregates and ELFs in 
the cerebellum can be induced using the MP4- EAE 
model, which is a strongly B- cell- dependent MS model 
[33]. Further investigations by the same group showed 
that CD3+CD5+CD4+RORγt+ TH17 cells rather than 
CD3−CD5−CD4+RORγt+ lymphoid tissue inducer cells 
might contribute to the formation of ELFs in the MP4- 
EAE model, emphasizing the importance of TH17 cells 
in the formation of ELFs [96].

As previously mentioned, CXCL13 plays a crucial 
role in B- cell migration and germinal centre organiza-
tion in lymphoid tissues. In 2015, Klimatcheva et al. de-
veloped a human monoclonal anti- CXCL13 antibody 
(i.e. MAb 5261) and elegantly demonstrated that the an-
tibody could inhibit germinal centre formation induced 
by 4- hydroxy- 3- nitrophenyl acetyl hapten conjugated to 
keyhole limpet haemocyanin. Moreover, the novel anti-
body reduced the clinical severity in both actively induced 
PLP139- 151- EAE and passively induced EAE models with 
adoptive transfer of TH17 cells in SJL mice. However, a 
possible influence on the formation of ELFs was not in-
vestigated [97]. In Figure 2, we schematically summarize 
the EAE models where the formation of ELFs or a menin-
geal inflammation can be studied.

Insights into ELFs from TFH cells

TFH cells, a subtype of CD4+ T cells showing a CD44h

iCD62LlowCCR7lowPSGL1lowCXCR5hiICOShiPD- 1hi phe-
notype, are crucial for humoral immunity and signifi-
cantly involved in controlling the formation and the 
cellular reactions in germinal centres [98– 101]. As il-
lustrated in Figure 3, the interaction between TFH cells 
and B cells in the germinal centres is critical for B- cell 
differentiation into antibody- producing plasma cells 
and memory B cells [98, 102, 103]. The dysregulation 
of TFH cells is thought to play an important role in the 
development of a broad range of autoimmune diseases 
(e.g. systemic lupus erythematosus, rheumatoid arthritis 
and Sjögren's syndrome) [104]. Fonseca et al. found that 
the frequency of activated PD- 1+ICOS+ TFH cells is posi-
tively correlated with disease activity in patients with 
primary Sjögren's syndrome [105]. Furthermore, in the 
same study, Fonseca et al. demonstrated that the ratio 
of FOXP3+ regulatory follicular T cells (TFR cells) to TFH 
cells in the blood of patients is not only a reliable pre-
dictor for the presence of primary Sjögren's syndrome, 
but also correctly indicates the occurrence of ELFs in 
the salivary glands of investigated patients. While TFH 
cells are important promoters of B- cell development and 

activation, TFR cells limit the formation of germinal cen-
tres. The relevance of TFH cells and, in particular, reg-
ulatory TFR cells in the pathogenesis and formation of 
ELFs in MS is largely unknown. In 2016, Varrin- Doyer 
et al. demonstrated that the immunomodulatory drug 
laquinimod is able to significantly reduce the number 
of TFH and B- cell aggregates in ELFs (mainly located in 
the spinal cord meninges) in the 2D2×Th spontaneous 
EAE model [106]. In 2018, several studies claimed that 
TFH cells most likely maintain but do not induce the for-
mation of ELFs in spinal cord meninges using actively 
induced MOG- EAE and passively induced adoptive 
transfer EAE models [107, 108]. Moreover, conditional 
knockout mice lacking the programmed death ligand 1 
in CD11c+ dendritic cells showed an inhibited differen-
tiation of TFH cells and an increased number of inflam-
matory foci in the meninges and the parenchyma using 
passively induced adoptive transfer EAE [109].

There are several challenges in studying the roles of TFH 
cells during formation and/or ELF maintenance: firstly, it 
is difficult to identify TFH cells due to the lack of lineage- 
specifying cytokines [110, 111] and their dynamic plasticity, 
which is shaped largely by the respective microenviron-
ment [98]. Secondly, although TFH cells are suggested to 
play critical roles during the formation of germinal centres, 
blocking key regulators of TFH cells (e.g. CXCR5, BCL- 6) 
does not completely inhibit the function of germinal cen-
tres [98]. Beyond, there are substantial differences between 
in vivo and in vitro studies investigating TFH cells, and 
molecules regulating the development of TFH cells such 
as BCL- 6, ICOS, CXCL13, CXCR5, IL- 21/IL- 21R, PD- 1/
PD- L1 have opposite roles during EAE development [94, 
109, 112– 115], possibly reflecting the heterogeneity of TFH 
cells in different MS- related animal models. Finally, these 
molecules are not specific to TFH cells and their inhibition 
can affect a variety of other cells and cellular interactions.

PERSPECTIVES

Inflammatory infiltrates consisting of macrophages, pre-
dominantly CD8+ T cells, and relatively few B cells, are 
found in the CNS of RRMS patients. At the progressive 
stage (i.e. SPMS), the presence of ELFs in the meninges, 
diffuse inflammatory CD8+ T- cell and B- cell infiltrates in 
the parenchyma, gliosis, diffuse myelin destruction and 
axonal injury are evident in and around the demyelinat-
ing lesions [82, 116]. Investigations on ELFs hold the po-
tential to significantly contribute to the research of new 
therapeutic approaches acting on the irreversible disease 
progression in progressive MS. In this section, we try to 
point out the next challenges in investigating ELFs and 
potential research directions.



   | 461ECTOPIC LYMPHOID FOLLICLES IN MS

Paucity of standards: one cannot 
measure the distance without a ruler

As mentioned earlier, the presence of ELFs in progres-
sive MS patients is still being discussed by some authors. 
The successful investigation of ELFs requires extensive 
sampling and well- preserved meningeal structures dur-
ing the tissue preparation process due to the sparse and 

heterogeneous ELF distribution [32]. ELFs are most 
frequently observed in the deep sulci of the brain, per-
haps because meningeal structures within the sulci are 
especially well- preserved during tissue preparation. As 
mentioned already in the introduction, ELFs were and 
still are mistakenly termed ‘meningeal inflammation’ in 
the related literature, although the criteria for ELFs ac-
cording to previously postulated definitions were not 

F I G U R E  2  Schematic representation of selected experimental autoimmune encephalomyelitis (EAE) models that allow the study 
of ELFs or meningeal inflammation in rodents. In the B- cell- dependent MP4- EAE model (A), formation of ELFs in the cerebellum 
can be observed after immunization with the MBP- PLP fusion protein MP4. Retinoic acid receptor- related orphan receptor- γt positive 
(RORγt+) TH17 cells, in addition to B cells, are thought to play a crucial role during the formation of ELFs in MP4- immunized mice. In the 
spontaneous ‘2D2xTh EAE model’ (B), where T- cell receptor (TCR) transgenic mice (C57BL/6 2D2 MOG35– 55- specific, referred to as 2D2 
mice) are crossbred with MOG- specific Ig heavy- chain knock- in mice (referred to as Th mice), ELFs develop spontaneously in the spinal 
cord. MOG- specific TH17 cells isolated from 2D2 mice and cultured in vitro with interleukin- 23 (IL- 23) can induce formation of ELFs in the 
spinal cord of recipient mice (C). In the PLP139- 151 induced relapsing– remitting EAE model, ELFs can be found in the brain stem and spinal 
cord of SJL mice (D). Injection of proinflammatory cytokines (i.e. interferon gamma [IFN- γ], tumour necrosis factor [TNF]) directly into the 
subarachnoid space leads to the induction of subpial demyelination and meningeal inflammation (predominantly CD4+ and CD8+ T cells, 
less B cells) in Dark Agouti rats when preimmunized with MOG peptides (E) [Colour figure can be viewed at wileyonlinelibrary.com]
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met. Therefore, different definitions of ELFs complicate 
the comparison of different possible treatment options. 
Moreover, the paucity of progressive MS animal models 
additionally limits any comparison between ELFs found 
in animals and in progressive MS tissue. In general, ani-
mal models are not suitable for the study of aetiological 
factors of MS, but, in the context of ELF formation and 
resolution, might only be useful to investigate possible 
new ELF- disrupting drugs. Furthermore, neuroanatomi-
cal differences between rodent and human brains could 
limit the relevance of in vivo findings related to ELF for-
mation and resolution.

Little is known about the formation of 
ELFs in progressive MS

Most of the current studies on inhibition of ELF forma-
tion are based on the hypothesis that germinal centre- like 
structures (i.e. ELFs) could, in principle, be eradicated by 
application of reagents that inhibit the formation of germi-
nal centres. Specific biomarkers for the detection of ELFs 
in progressive MS remain absent. Furthermore, little is 
known about why ELFs exist in a variety of autoimmune 
diseases (e.g. rheumatoid arthritis, Sjögren's syndrome 
and uveitis) [117– 121]. Recent studies indicate that ELFs 
might also contribute to disease progression during early 
stages of MS pathology. Bevan et al. detected meningeal 
inflammation and ELFs in 4 acute MS cases. The investi-
gated acute MS cases were diagnosed and died before the 
advent of disease- modifying therapies [122]. Large B- cell 
aggregates were also observed in the meninges of investi-
gated RRMS cases or cases of clinically isolated syndrome, 
before a formal diagnosis of MS was even made. However, 
necessary immunohistochemical labellings were not 
performed to conclusively assess whether the structures 
found resemble ELFs [123].

Based on neuropathological studies, many findings indi-
cate that ELFs and meningeal inflammation are associated 
with disease progression (i.e. cognitive and motor disabil-
ity). However, it remains largely unknown how immune 
cells are recruited to the meninges in the first place and 
how exactly they contribute to the disease progression. It 
remains intriguing whether the observed meningeal infil-
trations and the formation of ELFs might be associated with 
the presence of meningeal lymphatic vessels [124, 125].

Possible research directions

Due to the localization of ELFs and the vulnerability of the 
meninges during the tissue embedding process, it would 
be fundamentally important to preserve the histological 

entirety of the meninges along with careful considera-
tion of the tissue preparation procedure. It would be as 
well beneficial to evaluate the stability of ELFs over time 
and whether they undergo spontaneous resolution de-
pending on the disease activity or during the course of 
different MS disease stages. The rapid development of 
intravital imaging, for example 2- photon laser scanning 
microscopy and tissue transparency technology, could 
provide opportunities for more accurate evaluations of 
meningeal inflammation or ELFs in the future [126, 127]. 
In 2020, the approval of siponimod by the FDA and EMA 
for SPMS treatment has brought moderate benefits in al-
leviating the clinical disease progression. Siponimod is a 
novel sphingosine 1- phosphate receptor (S1Pr) modula-
tor that selectively binds to S1Pr1 and S1Pr5. However, 
it remains largely unknown whether siponimod amelio-
rates clinical progression mainly by inhibiting peripheral 
immune cell recruitment or by alleviating neurodegen-
eration in the CNS. Therefore, it would be intriguing to 
study whether siponimod influences the formation and/
or resolution of ELFs. As mentioned in the introduction 
of this review, the mode of action of anti- CD20 antibody 
therapies (e.g. ocrelizumab) is yet to be fully elucidated. 
The moderate success of B- cell- depleting therapies in 
progressive MS and RRMS suggests an important role 
of B cells during disease progression. However, B cells 
in the CNS parenchyma and in meningeal ELFs can 
presumably not be reached and selectively inhibited by 
anti- CD20 antibodies due to the largely preserved blood– 
brain barrier in SPMS patients. Different EAE models in 
which the formation of ELFs could be observed may be 
used to investigate more auspicious drugs targeting im-
mune cell differentiation or lymphoid neogenesis in the 
CNS. New therapeutic approaches with, for example, 
small- molecule drugs that can trespass the blood– brain 
barrier might allow the specific inhibition of B- cell dif-
ferentiation, B- cell / T- cell interactions in ELFs or even 
the formation of ELFs in the first place. This harbours 
promising potential for a protective effect on chronic in-
flammation and progressive neurodegeneration in SPMS 
patients.
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