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paradigm shift in treating and interpreting multiple sclerosis 



knowing immunopathogenesis is important for devising correct therapies 
the example of N-methyl-D-aspartate receptor (NMDAR) encephalitis 



immunopathogenesis of NMDAR encephalitis 



whereof one cannot speak, thereof one must be silent 
 

Ludwig Wittgenstein 



multiple sclerosis is a common 
acquired chronic-inflammatory 
demyelinating disease of the 

central nervous system causing 
progressive disability 

a large body of evidence suggests that MS is an 
(auto)immune disease, but the primary cause of 

MS and of other human chronic autoimmune 
diseases is unknown 

 

if we knew the antigen(s) 



clues supporting an autoimmune origin of MS 
 

 

 CNS lesions contain inflammatory infiltrates mostly composed of 

lymphocytes and macrophages (non-specific) 

 intrathecally produced oligoclonal antibodies are present in the CSF 

 genome-wide association studies disclosed multiple associations with 

immune system-related gene variants 

 immunotherapies with different mechanisms work in most patients 

 some features of MS are mimicked in autoimmune animal models (EAE) (?) 

 



the discovery of new autoantibodies allowed the 
identification of misclassified MS patients who 
actually had non-MS diseases 

*MOG-IgG-associated encephalomyelitis, including NMOSD-like phenotypes and ADEM 

antigen 
 

AQP-4 
 
 

MOG 

disease 
 

NMOSD 
 
 

MOG-EM* 

DMT immunosuppression 

if we knew the 
antigen(s) 

MS  
as the 

acquired  
 demyelinating  

disease  
umbrella 

  in 2005 

  in 2015 



identification of the target antigen(s) of pathogenic antibodies and T cells is 
fundamental for understanding the pathogenesis of MS, and for the 

development of personalised treatments 

 
a biologic ('aquaporumab') is/was in development for neuromyelitis optica, in which 

CNS pathology is initiated by binding of AQP4 autoantibodies to astrocyte AQP4 

 
 
 
 
 
 
 
 
 
 

(Nature Rev Neurol 2014;10:493) 

 



MS as a multifactorial disease 
 

 

potential risk factors for MS 
 

- female gender 

- Caucasian race 

- genetic 

   HLA DR15/DQ6, IL2RA and IL7RA alleles 

- infections 

    Epstein-Barr virus (EBV) infection 

- temperate climate 

- low vitamin D levels 

- lack of sunlight exposure 

- cigarette smoking 



what causes MS? 
 
 

- predisposing genetic factors 
 
- environmental factors 
 

- immunological mechanisms 
 



genetic landscape of MS 
 

more than 110 genetic 
variants confer susceptibility 
to MS: most have roles in 
adaptive immunity  
 
the distance from the center is inversely 
proportional to the odds ratio in the GWAS 

 
the color is representative of the level of 
expression in B cells (red=high, blue=low, 
gray=intermediate); white means that no 
expression data are available 

 
International Multiple Sclerosis Genetics 

Consortium (IMSGC) Nat Genet 2013;45:1353-60 



the data are strongest for susceptibility genes 
on chromosome 6p21 in the area of the MHC 
(histocompatibility leukocyte antigen (HLA) in humans) 
 

10%-60% of the genetic risk of MS 

predisposing genetic factors in MS 

the genes that confer risk are the class II HLA-DR and -DQ 
genes, the HLA-DR15 haplotype in Caucasians (DRB1∗1501, 

DRB5∗0101, DQA1∗0102, DQB1∗0602) 

the proteins produced by such genes are 
fundamental for antigen presentation and 

recognition 



inflammatory molecule/cytokine gene polymorphisms 
 
an allelic variant of the gene encoding the interleukin 7 receptor-α chain 
(IL-7R) is a risk factor for MS by influencing the amount of soluble and 
membrane-bound form of the receptor  

 

(Gregory et al. Nat Genet 2007;39:1083) 

 
 

this association is particularly intriguing since IL-7 represents a master 
regulator of peripheral T cells homeostasis: the survival and differentiation of 
CD8 T cells into memory cells depend on IL-7R signalling 

 

(Schluns & Lefrançois. Nat Rev Immunol 2003;3:269) 

 

predisposing genetic factors in MS 



what causes MS? 
 
 

- predisposing genetic factors 
 
- predisposing environmental factors 
 

- immunological mechanisms 
 



genome-wide association studies (GWAS) identified abnormalities of genes involved 
in Vit D metabolism that associate with an increased risk of MS  
 

(CYP27B1, encoding 1α-hydroxylase, which converts Vit D into its active metabolite, and CYP24A1, encoding 
24-hydroxlase, which converts  the active Vit D into its inactive metabolite calcitroic acid) 
 

(International Multiple Sclerosis Genetics, Ann Neurol 2011;70:897) 
 

in parallel, several studies indicate that UVB light exerts beneficial effects in reducing 
the risk of MS, possibly independently from Vit D synthesis 
 

 ‘Vit D supplementation in patients with existing MS has not yet been shown 

beyond doubt to alter disease activity, course, or susceptibility in large-scale clinical 
studies’  

(De Luca & Plum, Photochem Photobiol Sci 2017;16:411)  

environmental factors are linked to the immune system functions 
 

vitamin D and UVB radiation in MS 



protective effect of UVB: world-wide distribution maps of MS prevalence are 
strikingly similar to world-wide distribution maps of reduced UVB availability 

(North-South gradient) 

Inuit/Eskimos (who consume oily fish daily), and Sami/Lapps (for whom reindeer meat is a staple) 
are two human populations with a notably low risk for MS  



 TGF-β and Vit D3 suppress the differentiation of dendritic cells and their capacity to secrete the Th1-polarizing 
cytokine IL-12 (JI 2005;174:2061) 

 decreased production of the proinflammatory cytokines IFN-γ and IL-17 (JI 2006;177:8504) 

 generation of plasma cells and post-switch memory B cells was inhibited (JI 2007;179:1634) 

 availability of free 25-hydroxyvitamin D(3) to APCs controls the balance between regulatory and inflammatory T 
cell responses (JI 2012;189:5155) 

 1,25(OH)(2)Vit D3 regulates FOXP3 expression in CD4+ T cells through direct VDR binding to the FOXP3 gene (JI 
2012;188:5276) 

 Vit D inhibits macrophage proinflammatory cytokine production by targeting MAPK phosphatase-1 (Jl 
2012;188:2127) 

 1,25-dihydroxy-vit D promotes negative feedback regulation of TLR signaling via targeting microRNA-155-SOCS1 
in macrophages (innate immunity) (JI 2013;190:3687) 

 progesterone upregulates vit D receptor gene expression for efficient regulation of T cells by calcitriol (role in 
pregnancy)  (JI 2015;194:883) 

 pro- and anti-inflammatory responses after TLR4 stimulation were inhibited by 1,25(OH)2D3   its usage at 
physiologic through pharmacologic concentrations inhibited neither pro- nor anti-inflammatory responses 
evoked by viral pattern recognition receptor ligands or infectious respiratory syncytial virus (JI 2016;196:2965) 

vitamin D and immunity in the Journal of Immunology (JI) 



Epstein-Barr Virus 
 

EBV is responsible for one of the most common viral infections in humans (over 90%)  
oropharynx epithelial cells and B lymphocytes are the main targets of the initial infection 
 

a lot of data (epidemiology, serology) support an EBV role in MS pathogenesis 
 

a meta-analysis of 14 studies found that infectious mononucleosis increases the risk of 
MS, with a relative risk of 2.3 (hygiene hypothesis)  

(Thacker et al. Ann Neurol 2006;59:499) 

 

time 
birth 

maternal 
antibody 

protection 

in utero 

a/pauci-symptomatic 
infection 

(rest of the world, 
low MS prevalence) 

early childhood 

infectious 
mononucleosis  

(35-50% in western countries, 
high MS prevalence) 

adolescence    



Epstein-Barr virus 
 

once a cell is infected, EBV genome becomes persists within the cell as an episome, resulting in either a 
lytic, or a latent infection 
 

- lytic infection produces many free viral particles, which can infect other B lymphocytes 
 

- latent infection predominates (due to the host immune response?) and the latent phase genetic 
programmes cause the infected B cells to proliferate in the sites (e.g., the bone marrow) where the 
virus persists indefinitely, after turning off most of its genes (occasionally reactivated  virions) 



hypothesis on MS pathogenesis: possible pathways 

genetic factors are a common requisite (G); it is likely that vitamin D (VD) and EBV 
play a role; yet unknown factors should be decisive (O1-O4), as VD deficiency and 
EBV infection are very common population-wide events, and genetic susceptibility 
is not a sufficient pathogenetic factor 



what causes MS? 
 
 

- predisposing genetic factors 
 
- predisposing environmental factors 
 

- immunological mechanisms 



MS pathology the disease is characterised by ‘multiple 
plaques’ of demyelination (XIX century 
definition) in the white matter of the 
brain or spinal cord 
 

the grey matter is only apparently spared 
 

oligodendrocytes are the target cells 



heterogeneous MS pathology 

Pattern I lesions, 15%, perivascular lesions, active 
demyelination, lack of Ig deposition and 
complement activation on a T cell and activated 
macrophage/microglia inflammatory background 
(EAE) 
 

Pattern II lesions, 58%, active demyelination, with 
Ig and complement deposition on myelin, 
phagocytosis of complement-opsonized myelin by 
macrophages 
 

Pattern III lesions, 26%, active demyelination with 
oligodendrocyte apoptosis on an inflammatory 
background (lack of Ig deposition and complement 
activation; dying-back oligodendrogliopathy, e.g., 
induced by viruses, toxicity, acute ischemia, hypoxia, 

mitochondrial dysfunction) 
 

Pattern IV lesions, 1%, non-apoptotic death of 
oligodendrocytes (primary metabolic oligodendrocyte 
disturbance, vulnerable to toxicity of inflammatory 
mediators) 



heterogeneous MS pathology 
 

but 

demyelinating plaques also reported in other neurologic diseases, quite different from 
MS, discovered unexpectedly at post mortem evaluation of patients who never 
experienced any neurological deficit 

 

George W. Multiple sclerosis. Anatomopathological findings of multiple sclerosis 
in diseases not clinically diagnosed. Schweiz Med Wochenschr 1961;91:605-7 

 

Phadke JG, Best PV. Atypical and clinically silent multiple sclerosis: a report of 12 cases  
discovered unexpectedly at necropsy. J Neurol Neurosurg Psychiatry 1983;46:414-20) 



MS pathogenesis 
 

are there two distinct pathogenetic phases, 
neuroinflammation vs neurodegeneration? 

do they coexist at different expression levels? 
is MS a primary neurodegenerative disease? 

Sospedra, Annu Rev Immunol 2005;23:683 

during the initial phases, inflammation is 
prevalent, during the late phases the 
pathological pictures resemble those of 
neurodegenerative models, with atrophy, 
axonal loss, and glial scars 
 

 over a dozen disease-modifying therapies 
currently licensed for RR-MS none has 
provided evidence of effectiveness in SP-
MS 

CNS Drugs. 2018;32:499 



 
myelin-specific CD4+ T cells emerged long ago as key players in animal 

models of MS (EAE) 
 
 

autoreactive CD4+ T cells have been extensively for many years studied in MS: 
 

- they are present in healthy controls 
- they could exert a pathogenetic role in MS: some evidence, but not direct 
proof, e.g., qualitative differences in MS patients vs controls as for the 
activation status, activation requirements, and cytokine profiles 

the major players in MS immunopathogenesis 

several myelin-specific CD4+ T cell-targeting therapies have been investigated in 
clinical trials up to phase 3, without definitive evidence of clinical efficacy 



CD8+ memory T cells are eight times more abundant than CD4+ T 
cells in the MS lesions (antigen-driven process) 

Held K et al. Neurol Neuroimmunol Neuroinflamm  2015;2:e107 

but  studies on target autoantigens in MS have 
mainly investigated the CD4+ T-cell population 



HLA class II genes, which are involved in the 
development of the CD4+ T-cell 
compartment, as their protein products 
present antigen fragments to CD4+ cells, 
but not to CD8+ T cells 

HLA studies show that the most important risk genes affecting 
susceptibility for MS are HLA class II genes 



pathogenetic steps and 

contributing factors that lead 

to tissue damage in MS 

Sospedra, Annu Rev Immunol 2005;23:683 

marginal contribution by B cells 

the concept of MS as an 

autoimmune disease that 

is mediated by myelin-

reactive T cells has 

been challenged 



T cell paradigm and the lesson of the B-cell CD20 targeting drugs in MS 

(3) PCD: programmed 
cell death 

(2) ADCC: antibody-
dependent cell-mediated 

cytotoxicity 

(1) CDC: complement-dependent 
cytotoxicity 

Hauser SL et al. B-cell 
depletion with rituximab in 
relapsing-remitting multiple 
sclerosis. N Engl J Med 
2008;358:676-88 



multiple functional roles exerted by B cells 



ectopic lymphoid follicles develop 
from immune cells that infiltrate 
chronically inflamed tissues and 
organize into structures 
reminiscent of lymphoid tissue  
 

 
features of germinal centers: 
 
- proliferating B cells 
- a core network of 

stromal/follicular dendritic cells 
- promotion of B-cell homing, 

expansion, and differentiation into 
plasma cells producing high-
affinity antibodies (oligoclonal 
bands) 

in the MS brain, 
the intrathecal 
oligoclonal IgG 
production is 
mainly sustained 
by ectopic 
lymphoid follicles, 
generated within 
• parenchymal 

plaques  
• perivenular 

expansions  

parenchymal 
plaque 

perivenular expansion 



(A) immune cells accumulate in perivascular regions (Virchow-Robin spaces) at the white matter lesions; (B) ectopic lymphoid follicles are 
located close to meningeal venules, adjoin the pial membrane inside the cerebral sulci, and protrude into the subarachnoid space 

Franciotta et al. Lancet Neurol 2008;7:852 

tertiary ectopic follicles at the perivascular spaces and at the subpial regions, adjacent to 

the meningeal venules, which do not have blood-brain barrier 

B) main site of 
production of 
oligoclonal Igs 

found in the CSF 
 



B cell follicle-like structures 
associated with an increase in 
diffuse meningeal inflammation 
that correlated with the degree of 
microglial activation and grey 
matter cortical demyelination  
 

meningeal infiltrates may play a 
contributory role in accelerating 
clinical course 



perivascular infiltrates and tertiary ectopic follicles and bi-directional trafficking between CNS 

and secondary lymphatic organs 



tertiary ectopic follicles contain EBV-infected B cells in 
the MS brain 

if we knew the 
antigen(s) 

‘unequivocal proof of EBV infection in MS lesions is still lacking, due to issues related to 
the sensitivity and specificity of the detection methods’ 
 

report on a focused workshop held in the Centre for Brain Research of the Medical University of Vienna, Austria  
Brain 2011;134:2772 



ectopic lymphoid B cell follicles in the MS brain 
 

- CD20+ B cells and a network of stromal/follicular dendritic cells expressing CXCL13 (B) 

- proliferating B cells (Ki67+), and thus infected by EBV on lytic cycle (C) 

- peripherally located Ig+ plasma cells (D) 

- some CD20+ B cells are EBV-infected (arrows) BFRF1 is a lytic protein expressed in the early phases 

of the EBV replicative cycle (H) 

 

features of B cell infiltrates in the MS lesions 

Serafini et al. J Exp Med 2007;204:2899  



ectopic lymphoid follicles in rheumatoid 
arthritis  
 
the homing chemokine CXCL13 is present in 
lymphoid follicles of patients with rheumatoid 
arthritis 
 

(immunohistochemical staining of CXCL13 in a follicular lymphocytic cell 
infiltrate (lc) of a patient with chronic rheumatoid arthritis) Hjelmstrom, J Leuk Biol 2001; 69:331 

CXCL13 is produced by stromal cells in B cell areas (follicles), binds to CXCR5 and regulates homing 
of B cells and subsets of T cells (follicular B helper T cells) to lymphoid follicles  



Serafini et al. J Exp Med 2007;204:2899  

cerebrospinal fluid findings: EBV-specific oligoclonal IgG bands are rarely found 

rearranged germline sequences, somatic hypermutation of Ig V(H) genes, and oligoclonal IgG (bands) 
support the hypothesis of an antigen/infectious agent-driven clonal B cell proliferation in the MS 
brain (no single agent, but polyreactivity to neurotropic viruses) 
 

CSF OCB number higher in EBV-high MS cases (A), supporting a relationship between EBV infection and 
intracerebral B-cell expansion and activation; EBV-specific OCBs detected in 7 of 16 MS cases, without 
preferential distribution in the EBV-high vs EBV-low MS groups (B); (C) EBV-specific OCBs few and faint (case 
2, exception), indicating that persistent EBV infection in the MS brain does not yield robust, virus-specific 
oligoclonal humoral responses, which are typical of CNS infections associated with active viral replication 



 

(a) clonally related IgG-VH found in CSF 
only, with intrathecal affinity 
maturation 

(b) IgG-VH lineage with predominantly 
PBL-derived IgG-VH suggestive of B 
cell migration from the CNS to the 
PBL, or seeding from the PBL into 
the CNS 

(c) B cell migration from the PBL into 
the CNS, with traces of the clusters 
remaining in the PBL, and with 
extensive intrathecal B cell somatic 
hypermutation 

(d) ongoing B cell exchange across the 
BBB, or affinity maturation occurring 
in both compartments in parallel 

dynamic connections between CNS and peripheral B cell clones in MS  

blue nodes, CSF-derived IgG-VH sequences 
red nodes, peripheral blood (PBL)-derived 
green nodes, identical sequences in both compartments 
black, putative germline sequences  
beige, intermediates 



the lesson of EAE 
 

CD4+ T cells are among the major players in MS pathogenesis 
 
in EAE, the pathogenic effectors are CD4+ T cells mainly of: 
 

- Th1 type (producing interferon-γ and interleukin-2) 
 

- Th17 type (producing interleukin-17, interleukin-21, interleukin-22) 

 
by analogy, most of the current MS disease-modifying therapies are believed to act by modulating inflammatory 
CD4+ T cell responses, although it is likely that the effects on other immune cells are understudied 
 

 
attempts at targeting CD4+ T cells using depleting antibody therapy did not produce clinical 
benefits in MS; in contrast, more global immuno-suppressive or -modulatory approaches reduce 
the number of relapses and disease progression 



pathogenesis of experimental autoimmune encephalomyelitis (EAE) is clearcut 

the animal model of MS is a 
T cell-mediated disease 
generated with known 
antigens (MOG, PLP etc):  
the deriving concepts 
influenced and still influence 
the interpretation of MS 
pathogenesis 
 
peripheral activation and 
intra-CNS restimulation of 
PLP-specific CD4+ T cells 
(picture) 

Th1/Th17 cell 

IFN, TNFα, IL17 

IL12, 
TNFα 



EAE derived paradigm: MS as a 
Th1-Th17-dependent disease 

Th17 cells play an important role in the 
clearance of pathogens at mucosal surfaces, 
but they are also strongly involved in 
autoimmune and inflammatory disorders 

Th1 

Th17 



Th17 cells can exert both pathogenic and regulatory roles 

IL-17-producing CD8+ T cells with a mucosal-associated semi-invariant T (MAIT)-cell 
phenotype were identified in MS brain lesions (1%): their functional role is unknown 



T cell development into either effector or 
regulatory cells could depend on the 
cytokine milieu and the strength of antigen-
induced signalling via the TCR, among other 
factors 
 

- strong binding preferentially induces 
cytotoxic and proinflammatory cells 

- weak binding (eg, APL, altered peptide 
ligand) may induce anti-inflammatory 
and regulatory cells 

alternative hypothesis: the lack of regulatory pathway efficiency influences MS 
pathogenesis  

 

Treg and therapies: using CAR T cell technology, AQP4-restricted Tregs might 
prove particularly effective in NMOSD 

  

if we knew the 
antigen(s) 



γδ T cells & natural killer cells 
a bridge between innate and adaptive immunity, a Janus-like role 

 

 

γδ T cells (2-5% of PBL), produce IFN-γ, IL-17, TNF-α or IL-10, act at mucosal surfaces 
 

NK (5-15% of PBL), CD56dim CD16bright cells (inflammatory phenotype increased in 
MS relapses), or CD56bright CD16dim/- subset (predominates in remission) 

amplifycation of pathogenic CD4+ 
T cell responses in EAE 

innate-like lymphocytes  
 

• provide an early source of IFN-γ 
and IL-17 

• traffic to the CNS early during 
EAE development   

• amplify loops of activation of 
pathogenic CD4+ T cells 



at present, the hypothesis that MS is a primary autoimmune 
disease is quite strong 

 
 
all the immunotherapies in MS target the immune system in a non-

antigen-specific way, while ideal effective treatments should 
selectively target the pathogenic autoimmune response without 

affecting the physiological functions of the immunity 
 
 
 



2015;11:585 

all we need are biomarkers 
 

early treatment in MS 
 

report of the Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology and the MS Council for 
Clinical Practice Guidelines. Neurology 2002;58:169 

 

CSF IgM OCB: the most promising biomarker of worse prognosis  
 
 

to treat MS patients with second-line therapies at onset 
 



neurofilaments are markers of 
axonal damage 

2015;11:585 

all we need are biomarkers 
 

neurofilaments in the CSF but also in serum samples 
(Simoa®): a promising biomarker of worse prognosis  

 
 

 

to treat MS patients with second-line therapies at 
onset 
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