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Abstract

Purpose of review—In multiple sclerosis (MS), currently approved disease-modifying 

treatments are effective in modulating peripheral immunity and, coherently, in reducing clinical/

radiological relapses, but still, they perform poorly in preventing disease progression and overall 

disability accrual. This review provides an up-to-date overview of the neuropathology of 

progressive MS, including a summary of the main mechanisms of disease progression.

Recent findings—Clinical progression in MS is likely related to the accumulation of neuro-

axonal loss in a lifelong inflammatory CNS environment (both adaptive and innate) and relative 

un-balance between damage, repair and brain functional reserve. A critical driver appears to be the 

T and B-cell mediated compartmentalized inflammation within the leptomeninges and within the 

parenchyma. Recent perspective highlighted also the role of the glial response to such lifelong 

inflammatory injury as the critical player for both pathological and clinical outcomes.

Summary—The neuropathological and biological understanding of disease progression in MS 

have progressed in the last few years. As a consequence, new therapeutic approaches are emerging 

outside the modulation of T-cell activity and/or the depletion of B-cells.

Introduction

Multiple sclerosis is a chronic inflammatory and neurodegenerative disease, which leads to 

focal lesions in the brain and spinal cord, characterized by primary demyelination with 

partial preservation of axons and glial scar formation.1 In most of the patients the disease 

starts with a relapsing course (RRMS), which transforms at later stages into progressive 

disease (SPMS). A minority of patients develop progressive disease from the onset (PPMS). 

Currently approved disease-modifying treatments are effective in modulating peripheral 

immunity and, coherently, in reducing clinical/radiological relapses, but still, they perform 

poorly in preventing disease progression and overall disability accrual. In this review, up-to-
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date main neuropathological features of progressive MS and mechanisms of disease 

progression are discussed.

Neuropathology of progressive MS

Due to the abundance of myelin in the white matter, demyelinated lesions are easily depicted 

in the white matter, but more recent studies have provided ample evidence that also the grey 

matter is affected,2, 3 and cortical lesions are a major substrate of clinical disability in 

particular in patients with progressive MS.4–6 At the initial stage of the disease, seen in 

patients with fulminant acute MS or in brain biopsies taken for diagnostic reasons, the 

pathology is dominated by active inflammatory demyelinating lesions arising with new 

waves of T- and B-lymphocytes, which enter the central nervous system (CNS) in 

association with profound leakage of the blood brain barrier7, 8 and these lesions are 

depicted in magnetic resonance imaging (MRI) by gadolinium-contrast enhancement.9, 10 

Such new active lesions are most frequently seen in the white matter, but they can also be 

found in lower incidence in the grey matter, such as the cerebral cortex or the deep grey 

matter nuclei.3, 11, 12 With increasing age and disease duration the pathology gradually 

changes.

In progressive MS, new focal lesions with profound blood brain barrier damage become 

rare, while the majority of active lesions show a radial expansion with dense rims of 

microglia/macrophages and ongoing demyelination at the lesion edges (chronic active 

lesions) or a thin rim of activated microglia with only few myelin containing macrophages 

(smoldering or slowly expanding lesions, Figures 1–2).7, 8 Since activated microglia at the 

smoldering lesion edge ingest iron, such lesions can be depicted using susceptibility-based 

MRI sequences by an iron ring.13 Longitudinal MRI studies showed that the expansion of 

such lesions is a very slow process and it takes months to years to see fusion of adjacent iron 

ring lesions or their significant volume increase (Figure 2).14–16 Besides these chronic active 

lesions, the brain and spinal cord in patients with progressive MS contain numerous chronic 

inactive lesions and their number increases, but their size decreases with disease duration.
15, 17 Remyelinated shadow plaques are seen on average in similar incidence in the brains of 

patients with relapsing and progressive disease7, 8 and their incidence varies profoundly 

between different cases.18, 19

Another characteristic feature of the pathology of progressive MS is the abundance of 

cortical lesions and in particular of band like subpial lesions spanning over several adjacent 

gyri and sulci (Figures 3–4). In contrast to cortical lesions, in acute and early MS, T- and B-

cell infiltrates are rare within active cortical lesions in progressive MS, but ongoing 

demyelinating activity is associated with meningeal inflammation.20 Active demyelination 

in the cortex occurs at sites of microglia activation. The extent of cortical demyelination 

varies between patients. On average it affects between 20 and 30% of the cortex,3 but it may 

reach up to 90% in extreme cases. Subpial cortical demyelination develops independently 

from white matter lesions and this may give rise to a “cortico-spinal” variant of MS, where 

in the brain extensive cortical demyelination is present with none or only some small focal 

white matter plaques.21
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Finally, diffuse damage and atrophy of the normal appearing white and grey matter is 

extensive in the brain of patients with progressive disease. This diffuse white matter damage 

is in part due to secondary Wallerian degeneration as a result of axonal and neuronal damage 

in focal white and grey matter lesions. In addition, neuronal loss occurs in cortical lesions 

and in the normal appearing cortex22 and appears to contribute more to diffuse white matter 

degeneration compared to white matter lesions.3 In addition, however, factors independent 

from axonal and neuronal injury in focal lesions such as, for instance, meningeal 

inflammation may contribute to diffuse white matter injury.23

Pathological changes in the brain and spinal cord are very similar in patients with primary 

and secondary progressive disease.24 In particular, no significant differences are seen in the 

number and size of slowly expanding lesions or cortical lesions. In addition, the typical 

pathological changes of progressive MS are already present, although to a lower extent, in 

patients with relapsing disease. Thus, relapsing and progressive disease are unlikely to be 

driven by fundamentally different pathogenic mechanisms.

Mechanisms of progression

Clinical progression in MS is likely related to the accumulation of neuro-axonal loss in a 

lifelong inflammatory CNS environment (both adaptive and innate) and relative un-balance 

between damage, repair and brain functional reserve. A critical driver appears to be the 

compartmentalized inflammation within the leptomeninges and within the parenchyma. In 

the following paragraphs, a brief summary of the main mechanisms of progression are 

reported especially highlighting the most recent research trends and publications.

Compartmentalized persistent inflammation

Inflammation in progressive MS is more common than previously expected and 

compartmentalized within the CNS. The systematic pathological analysis of large cohorts of 

MS patients at different disease stages in several independent studies show that chronic 

active and/or smoldering/slowly expanding lesions are common in patients with progressive 

disease,7, 8 an observation which is also supported by recent MRI studies.14–16 In addition, 

inflammatory infiltrates, which are composed of CD8+ T-cells and B-cells, are mainly 

located in the leptomeninges and may form complex aggregates resembling features of 

tertiary lymph follicles.22, 25–27

This compartmentalized inflammatory process can in part be explained by the nature of the 

inflammatory response. CD8+ T-cells reveal a phenotype of tissue resident memory cells. 

Although detected in low numbers in the brain of controls without neurological disease,28 

these cells are present in much higher numbers in active or chronic active MS lesions and 

show focally restricted activation (Figure 1).29, 30 These cells did not recognize the 

autoantigens, responsible for the induction of experimental autoimmune encephalomyelitis, 

but a fraction of them were found specific for Epstein Barr virus (EBV).29, 31 Whether they 

locally interact with EBV infected B-lymphocytes is still controversial.29, 32 Another recent 

study suggests that the antigen recognized by activated CD8 cells in MS lesions is mainly 

presented by mononuclear phagocytes.33 The other major lymphocyte population in the 

CNS of MS patients are B-cells.25 Within active or chronic active lesions they mainly 
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express CD20, and show focal activation and proliferation (Figure 1), while in inactive 

lesions and at later disease stages a high numbers of plasma cells are found.30 These plasma 

cells are apparently the source for oligoclonal bands in the cerebrospinal fluid (CSF).

It is worth to note that active demyelination and neurodegeneration can occur at a distance 

from the T- and B-cell infiltrates. This is best exemplified in active subpial cortical lesions, 

where the lymphocytes are located in the meninges, while active demyelination takes place 

in the depth of the cortex and is associated with microglia activation. This might suggest that 

tissue damage is driven by a soluble factor, produced by T- and/or B-cells, which diffuses 

into the cortex and induces damage either directly or indirectly through microglia activation.
20 Pro-inflammatory cytokines such as TNF-α and γ-interferon might play a critical role in 

this process, but subpial demyelination is specific for MS (and anti-MOG demyelinating 

disease), but not present in other chronic inflammatory diseases.34, 35 For this reason, the 

existence an MS specific soluble demyelinating factor, produced by B-cells has been 

suggested,36, 37 but the nature of this factor is so far unknown. The importance of soluble 

immune mediators is also highlighted by the significant association between high cortical 

lesion load and pro-inflammatory cytokines, fibrin, coagulation factors or iron related 

proteins in the CSF.38, 39

Although the inflammatory process in progressive MS is not associated with overt blood 

brain barrier damage, there is a moderate permeability increase in chronic active40 as well as 

inactive lesions and this leads to a perivascular accumulation of fibrin.41 Fibrinogen 

deposition may contribute to progressive neurodegeneration, since it may further activate 

microglia, induce demyelination, neurodegeneration and impair remyelination.42, 43 

Inhibition of fibrinogen binding motif to CD11b (microglia) is under consideration as 

potential therapeutic target.43

Unbalance between damage, repair and functional reserve

Clinical progression in MS is also related to reduced repair potential with age and in a 

lifelong oxidative stress environment (due to the persistent inflammatory drive as described 

above, Figure 1). The failure in maintaining the tissue homeostasis is partly due to the 

reduction in neuronal expression of nuclear-encoded mitochondrial genes44 and the 

progressive accumulation of nuclear and/or mitochondrial DNA mutations and damage45 

leading to cell death or to the upregulation of cellular senescence pathways in distinct CNS 

cell populations.46

In this context, it is critical the exhaustion of myelination capacity by both oligodendrocytes 

progenitor cells (OPCs) and residual oligodendrocytes. In recent human single-nucleus 

RNAseq MS studies, oligodendrocytes have been shown to be especially sensitive to 

oxidative stress with upregulation of genes associated with heat-shock and cellular stress 

responses and downregulation of genes involve in oligodendrocytes homeostasis and myelin 

synthesis.47, 48 In progressive MS, senescent OPCs have been found unable to fully 

differentiate into mature oligodendrocytes through HMGB1-mediated senescence 

transcriptomic changes.49 Using 14C methods to date and estimate the dynamics of 

oligodendrocytes generation in MS brain tissue, remyelination failure has been suggested to 
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be due in part to the exhaustion of capacity of residual/survived oligodendrocytes to 

myelinate naked axons rather than to the OPCs differentiation impairment.50

The role of microglia-astrocyte axis in modulating inflammatory responses and in limiting 

the return to tissue homeostasis is gaining more and more attention. Part of the clinical 

heterogeneity seen in this disease might be related to specific gene variants involved in 

microglia/astrocytes functions and their specific responses to the autoimmune attack 

initiated by peripheral immune cells. To support this hypothesis, a recent human GWAS MS 

study identified disease susceptibility gene variants not only in genes involved in peripheral 

innate and adaptive immune response, but also in microglia activity, including C3 and 

CLECL1.51 Similarly, several risk genes of other neurodegenerative diseases, such as 

APOE-e4 in Alzheimer’s disease, are expressed by microglial cells.

In MS brain tissue, microglia downregulates homeostatic marker P2YR12 within active/

chronic active lesions, but also in the normal-appearing white matter more frequently than in 

control brains.52 Similarly to other neurodegenerative diseases, under TREM2-APOE 

signaling, microglia acquires a neurodegenerative phenotype that is characterized by 

enhanced phagocytosis, antigen presentation, and oxidative damage.53 In this context, it has 

been hypothesized that microglia-specific checkpoint dysregulation might lead in MS to 

excessive microglia activation and reduced ability of microglia to return to homeostasis after 

inflammatory CNS insults propagating the tissue damage.54 Microglia can also modulate 

astrocytes functions toward a neurotoxic phenotype via secretion of VEFG-B.55 Although 

activated microglia upregulate the phagocytosis machinery, several evidences point toward 

an overall inefficient clearance with age of extracellular proteomes as well as of cellular and 

myelin debris.56, 57

Finally, potential dysregulation of cell death such as RIPK1-mediated necroptosis, a recently 

described type of inflammatory apoptosis induced by TNF-α, can further drive microglia 

activation as well as oligodendrocytes and axonal degeneration in MS.58 RIPK1 inhibition 

might contribute to limit cell death and neuroinflammation. For this reason, it is under 

consideration as potential therapeutic target in several neurodegenerative diseases,59 

including amyotrophic lateral sclerosis60 and Alzheimer’s disease.61

Final pathways of neuro-axonal dysfunction and death

Neuro-axonal dysfunction and death are final pathways of tissue injury leading to a 

disconnection syndrome, that is clinically eloquent especially in the spinal cord.

1. Axonal dysfunction and degeneration of naked/chronically demyelinated 
axons—There are several interconnected explanations for the relentless dysfunction and 

degeneration of chronically demyelinated axons over the years after the acute wave of 

inflammatory demyelination at lesion onset. Overall, demyelinated axons are vulnerable due 

to the loss of the trophic support provided by the myelin sheath and oligodendrocytes. 

Demyelination increases the energy demand of nerve conduction. The demyelinated axon 

initially compensates for the increased need for ATP by increasing the volume of axonal 

mitochondria.62 With time, however, the function of axonal mitochondria are compromised 

by reductions in mitochondrial gene expression in neurons,44 mtDNA mutations 63 and 
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oxidative stress (nitric oxide and free radicals released from activated microglia and iron 

accumulation).62

Myelination decreases the energy demands of nerve conduction by concentrating voltage 

gated Na+ channels in the nodal axolemma. Upon axonal firing, Na+ enters the axon at the 

node and is rapidly exchanged for extracellular K+ via the Na+K+-ATPase in an energy-

dependent manner. This re-polarization of the axons is an essential aspect of neuronal 

function as rapid and repetitive axonal firing is often required for neural network function. 

Myelin, therefore, facilitates rapid nerve conduction and conserves energy. In demyelinated 

axons, Na+ channels are distributed along the entire axolemma. When Na influx is 

continuous along the axon, the need for Na+/K+ exchange and axoplasmic ATP is 

dramatically increased. Demyelinated axons become vulnerable when they cannot generate 

sufficient ATP to exchange axoplasmic Na+ for extracellular K+. This results in increased 

axoplasmic Na+ which is exchanged for extracellular Ca+ by the Na+/Ca+ exchanger in an 

energy-independent manner. Increased axoplasmic Ca+ is thought to play a pivotal role in 

axonal dysfunction and degeneration as it activates a cascade of proteolytic enzymes.

2. Synaptic pathology, neuronal dysfunction and death—Although cortical 

demyelination is a prominent feature in progressive MS cases, neuronal pathology is far 

more widespread than focal cortical demyelination, supporting the hypothesis that neuronal 

dysfunction might occur independently from inflammatory demyelination per se.64

The recent report of myelocortical MS provides further support to this hypothesis.21 

Myelocortical MS patients have spinal cord and subpial cortical demyelination, but few if 

any cerebral white matter lesions. Despite the paucity of cerebral white matter lesions, 

cortical neuronal loss is significant.21 No correlation was found between cortical neuronal 

loss and cerebral white matter or cortical demyelination in these patients.21 These data 

support the concept that neurodegeneration and demyelination can be independent events in 

MS.

Other causes of neuronal injury/loss include retrograde neurodegeneration due to multifocal 

axonal injury and transection in the white matter, 64 as well as neuronal oxidative stress and 

mitochondrial dysfunction likely triggered by the compartmentalized leptomeningeal 

inflammation and related intracortical diffusion of inflammatory cytokines and toxic 

metabolites.38, 39 Oxidative stress can affect neurons directly or through neurodegenerative 

microglia and astrocytes’ inflammatory and cytotoxic mediators.64 In this context, excitatory 

CUX2 upper cortical neurons have been shown to be especially susceptible to meningeal-

driven oxidative stress and death in comparison to adjacent neuronal subtypes.47

Recent studies trigger attention also on the possibility that neuronal connectivity in MS (as 

well as in other neurodegenerative diseases)65 can be dramatically impaired by enhanced 

and aberrant complement-mediated synaptic pruning by microglia and astrocytes.66–70 

Resembling normal CNS development, less active synapses are tagged by early complement 

molecules, such as C1q and C3, and promptly removed by microglia. Of note, in a recent 

genome-wide association study, C3 gene variants have been associated to accelerated retinal 
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thinning in MS.71 Therapeutic inhibition of the complement system is under consideration in 

several neurodegenerative diseases.72

Conclusions

Although the compartmentalized T and B-cell mediated inflammation likely remains the 

fundamental driver of clinical progression in MS, recent perspective highlighted the role of 

the CNS tissue response to such lifelong inflammatory injury as the critical player for both 

pathological and clinical outcomes. As a consequence, new therapeutic approaches are 

emerging outside the modulation of T-cell activity and/or the depletion of B-cells, and some 

of them include immunotherapy against fibrinogen, complement system and RIPK1 

downstream effects.

Of relevance, some of the discussed mechanisms of progression are already active in the 

relapsing phase of the disease. Hence, the opportunity to apply new neuroprotective 

strategies before the progression is clinically evident should be considered.
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Key bullet points

• Inflammation in progressive MS is more common than previously expected 

and compartmentalized within the CNS (within the leptomeninges and within 

parenchymal lesions).

• Clinical progression is likely related to the accumulation of neuro-axonal loss 

in a lifelong inflammatory CNS environment and relative un-balance between 

damage, repair and brain functional reserve.

• Recent perspective highlighted also the role of the glial response to such 

lifelong inflammatory injury as the critical player for both pathological and 

clinical outcomes.
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Figure 1. Inflammation and tissue injury in multiple sclerosis lesions
a-c: Chronic active lesion in a 41-year old male patient with MS contains prominent 

inflammation, consistent of CD8+ T-cells (a), CD20+ B-cells (b) and immunoglobulin 

containing plasma cells (c). While CD8+ T-cells are present in the perivascular space and 

also diffusely infiltrate the lesion, infiltration by B-cells and plasma cells is largely restricted 

to the perivascular space.

d: Distribution and phenotype of inflammatory cells in newly formed active lesions. In 

newly formed lesions mainly seen in acute and relapsing MS new waves of T-cells and B-

cells enter the brain and spinal cord and this is associated with profound blood brain barrier 

leakage. Many of the T- and B-cells are activated, but some of them already differentiate into 

tissue resident memory T-cells and plasma cells. Activated microglia and macrophages are 

seen throughout the entire lesion, but most numerous at the expanding edge.

e: Distribution and phenotype of inflammatory cells in chronic active (slowly expanding) 

lesions. Such lesions are mainly seen in the (late) relapsing and progressive stage of the 

disease. The inflammatory reaction is compartmentalized within the brain behind a (partly) 

closed or repaired blood brain barrier. The CD8+ T-cells dominate. Most of them are tissue 

resident memory cells in an inactive stage, but these cells show focally restricted activation. 

Activated T-cells are seen in close contact with B-cells and macrophages/microglia. Besides 
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CD8+ T-cells many B-cells are present and a substantial number of them has differentiated 

into immunoglobulin containing plasma cells.

f-h: Zone of active demyelination at the edge in the same lesion, shown in figures a-c. 

Immunohistochemistry for proteolipid protein (myelin) reveals a sharp edge of 

demyelination with some granular myelin degradation products (f). The zone of active 

demyelination is heavily infiltrated by activated microglia cells and macrophages, expressing 

NADPH oxidase (p22phox) as a potential source for oxygen radicals (g). The zone of active 

demyelination shows precipitation of oxidized phospholipids in cells and cell processes as 

well as in the cytoplasmic granules of macrophages (h).

Magnification bar: 100 mm.
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Figure 2. Longitudinal brain MRI features in progressive MS
The case is a 60-year old man with primary progressive MS, EDSS 7.0 and 26 years of 

disease duration (treated with IFNß-1a between ages 52–57). Longitudinal MRI scans 

(proton density sequence) clearly show the expansion of supratentorial chronic white matter 

lesions (red arrows) as well as the progressive brain atrophy with lateral ventricle 

enlargement. The profiles of the ventricles at age 45 (red dashed line) and age 60 (blue 

dashed line) are superimposed to the last MRI scan to facilitate the comparison.
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Figure 3. Demyelinated brain lesion distribution on postmortem MRI in progressive MS
The case is a 59-year old man with progressive MS, EDSS 6.5 and 21 years of disease 

duration (treated with IFNß-1a between ages 49–51). Postmortem MRI scans (gradient echo 

sequence) of the formalin-fixed brain shows extensive cortical demyelination (yellow 

asterisks), especially in the depth of the sulci and the hippocampi, and confluent chronic 

active/slowly expanding lesions (periventricular and leukocortical; red asterisks). Some 

demyelinated lesions are seen also within the thalamus.
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Figure 4. 
Hemispheric section from the brain of a chronic progressive MS patient stained for myelin 

PLP. The absence of staining depicts demyelination and includes white matter lesions 

(arrows), subpial lesions (arrowheads) and leukocortical lesions (subcortical white matter 

and cortex, asterisks).
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