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Neuroinflammation, neurodegeneration and 
regeneration in multiple sclerosis: intercorrelated 
manifestations of the immune response

Introduction 
Multiple sclerosis (MS) is a chronic immune-mediated dis-
order of the central nervous system (CNS) characterized by 
neuroinflammation and neurodegeneration with demyelin-
ation and neuroaxonal loss. The question whether neuro-
degeneration in MS is a process independent or related to 
neuroinflammation has been long debated, and it is still not 
fully resolved.

In this perspective, we briefly present main clinical, 
pathological and experimental evidence on the relation-
ship between neuroinflammation and neurodegeneration 
in MS, and on their connection with regeneration. We 
discuss data that suggest that these processes in MS might 
represent intercorrelated manifestations of the immune 
response, and focus on main immune processes in the dis-
ease, especially on those of the innate immunity. A better 
understanding of how neuroinflammation, neurodegener-
ation, and regeneration are correlated in MS would be ex-
tremely valuable in developing more effective and targeted 
therapeutic strategies. 

Neurodegeneration and Neuroinflammation
Evidence from clinico-radiological studies
Most clinical findings support the existence of a strong re-
lationship between inflammation and neurodegeneration in 
MS (Hutchinson, 2015). For example, early frequent and se-

vere inflammatory exacerbations, as well as delay in starting 
anti-inflammatory treatments, are known to accelerate either 
time to disease progression, achievement of severe disability 
or even time to death.

Conversely, the observation that MS may arise directly 
with a progressive course or that disease-modifying thera-
pies, which influence prevalently the relapse rate, have little 
if none efficacy on disability progression has been interpret-
ed as evidence that neuroinflammation and neurodegener-
ation in MS might be, at least partially, independent from 
each other (Louapre and Lubetzki, 2015). The relapse rate, 
however, might not be fully indicative of the level of inflam-
mation in the disease since clinically silent inflammation, as 
detectable by the presence of gadolinium enhancing lesions, 
could frequently occur. 

Advanced neuroimaging techniques including 1H mag-
netic resonance (MR) spectroscopy, positron-emission 
tomography (PET) and quantitative 7 Tesla MRI support 
the presence of an early cortical damage independent of 
inflammatory white matter (WM) lesions (Louapre and 
Lubetzki, 2015). The in vivo study of the role of gray matter 
(GM) inflammation in neurodegeneration has been ham-
pered so far by the low sensitivity of conventional imaging 
methods, especially in the cortex. Longitudinal studies are 
also lacking, making it difficult to establish a causative link 
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between neuroinflammation and neurodegeneration. Recent 
data using PET imaging demonstrated that GM demyelin-
ating and degenerative pathology is strongly associated with 
the presence of activated microglia, mostly in the absence of 
blood-brain barrier (BBB) disruption, and independently of 
underlying WM inflammation (Herranz et al, 2016).

The presence of local GM inflammation could explain why 
male MS patients, which show usually a lower inflammatory 
activity in WM than female patients, tend to exhibit greater 
GM atrophy with major cognitive impairment and a more 
frequent progressive MS course (Louapre and Lubetzki, 
2015). Gender-MS related differences, however, might be 
also related to differences in sex hormones and their interac-
tions with the immune system. 

Genome-wild association studies in MS demonstrate a 
prevalent role of the genes involved in inflammatory pro-
cesses, especially in T-cell mediated immunity (Hutchinson, 
2015). A polymorphisms in genes influencing in vivo brain 
glutamate levels has been found to correlate with neurode-
generative indicators such as decreased N-acetylaspartate 
level and increased rate of atrophy (Louapre and Lubetzki, 
2015). The exact cascade of events, as well as triggering fac-
tors, leading to expression of these genes are, however, still 
unclear.

Evidence from neuropathological studies
Neuropathological studies show that inflammation is present 
in all MS stages and that putative neurodegenerative lesions 
are likely driven by inflammation (reviewed in Lassmann, 
2007).

In early MS lesions, initial axonal injury, even in absence 
of demyelination, is associated with both microglia and 
complement activation (Lassmann, 2007). In later stag-
es, lesions with active demyelination are characterized by 
massive T-cell infiltration along with microglia and macro-
phages activation.

Ex vivo pathological-imaging correlations using mag-
netization-transfer ratio and diffusion-tensor imaging in 
MS demonstrated the presence of subtle abnormalities in 
normal-appearing WM (NAWM), close to lesions, which 
strongly correlate with diffuse microglia activation along 
with impaired axonal and myelin integrity (Moll et al., 
2011).

In primary and secondary progressive MS axonal de-
generation and myelin destruction in the NAWM are as-
sociated with perivenous and parenchymal T-lymphocytes 
infiltration and massive microglia activation. Likewise, 
activated microglia and sparsely infiltrated T- and B-cells 
are present in cortical active plaques, as well as inflam-
matory infiltrates of T-, B-lymphocytes and plasma cells 
are localized in adjacent meninges (Lassmann, 2007). 
Interestingly, inflammation in progressive MS occurs in 
the form of compartmentalized immune reaction behind 

a closed/repaired BBB with a formation of lymph-follicle 
like structures in the meninges and perivascular spaces 
(Lassmann, 2007). This determines local cytokines pro-
duction, chemokines expression and intrathecal immu-
noglobulin synthesis leading to rapid disease progression 
and profound brain damage. T-lymphocytes are diffusely 
infiltrated in the brain parenchyma and concentrated in 
perivascular cuffs in active lesions whereas B-lymphocytes 
and plasma cells are accumulated in the connective tissue 
of perivascular spaces and meninges (Frischer et al., 2009). 
Plasma cells persist even after extinguishing of T-cell and 
B-cell inflammation.

The presence of a compartmentalized inflammation pro-
vides a plausible explanation for the incongruity between 
greater brain atrophy and fewer radiological inflammatory 
lesions in progressive MS supporting a close link between 
neurodegeneration and neuroinflammation also in this form 
of MS.

Chronic Immune Activation in MS and other 
Neurodegenerative Diseases
The CNS “immune privilege” status is determined by dif-
ferent elements including BBB integrity that, together with 
neurons, glia and the extracellular matrix, form the neu-
rovascular unit regulating immune responses in the CNS 
(Amor et al., 2014). Cell-contact dependent signals due to 
neuronal cell adhesion molecule expressed by neurons and 
glia determine the inhibition of both microglia activation 
and maturation of antigen-presenting cells. Additionally, 
neuroimmunoregulatory mediators, including chemokines, 
neuropeptides, neurotransmitters and neurotrophins pro-
duced by neurons, inhibit microglia activation and limit the 
survival of activated lymphocytes. The impairment of these 
cell-contact dependent and neuroimmunoregulatory signals 
due to neuronal damage and loss impoverishes CNS homeo-
static protective environment and increases neuroinflamma-
tion (Amor et al., 2014). This occurs physiologically in aging 
due to neuronal loss, genetic mutations, oxidative or meta-
bolic stress with endoplasmic reticulum and mitochondrial 
dysfunction.

Neurodegeneration seems to be closely associated with 
neuroinflammation not only in MS, but also in other neuro-
degenerative disorders including Alzheimer’s and Parkinson’s 
diseases, amyotrophic lateral sclerosis, prion disorders, and 
even in neuropsychiatric and genetic conditions (reviewed 
in Amor et al., 2014). A common denominator in all these 
diseases is a chronic activation of the local innate immuni-
ty, and in particular of microglia. Microglia are involved in 
overall brain surveillance and maintenance, including de-
fense against CNS infections and cleaning of cell debris and 
damaged proteins after stress or tissue damage. Although 
this represents a primary protective role of the innate immu-
nity, its excessive or prolonged activation may cause tissue 
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damage.
Furthermore, the type of local innate immune response 

largely determines the extent and nature of any adaptive im-
mune response, and vice versa systemic immune activation 
influences the local innate immunity. Peripheral infections 
and/or antecedent insults determine the so-called “primed” 
environment that increases CNS susceptibility to injury. Ex-
perimental studies showed that peripheral inflammation is 
associated with disease exacerbations in experimental mod-
els of either MS, stroke or other neurodegenerative diseases 
(Amor et al., 2014). 

One of the essential functions of innate immunity is to 
provide the informational input to adaptive immunity, in 
particular to naïve CD4+ lymphocytes, except for local CNS 
innate cells that cannot directly initiate adaptive immunity 
(reviewed in Ransohoff and Brown, 2012). After activation, 
primed T cells act on resident and recruited innate cells op-
erating together with complement to clear CNS infection or 
injury. Resident microglia and astrocytes express, in turn, 
cytokines and chemokines promoting the recruitment of cir-
culating lymphocytes and myeloid cells from the periphery. 
Neuroinflammation manifests not only with activation of 
local microglia, astrocytes, oligodendrocytes but also with a 
recruitment of peripheral innate immune cells such as nat-
ural killer, natural killer T cells, mast cells, granulocytes and 
γδ-T cells. At the same time, MHC class II antigens become 
up-regulated on microglia and on perivascular microglia/
pericytes, facilitating antigen presentation to T cells. The rel-
evance of T cells in neurodegenerative diseases is supported 
by both their subsets alterations in the periphery and their 

presence in the CNS. 
Chronic immune activation has also been shown to be 

strongly influenced by the aberrant activity of inflammo-
somes, multiprotein complexes containing multiple copies 
of a receptor or sensor of pathogen-derived or damage-de-
rived molecular patterns, which assemble in response to 
danger signals and regulate the secretion of biologically 
active IL-1β and IL-18. The influence of inflammasomes on 
the interrelation between mast cells and myelin-specific T 
cells in the meninges has been demonstrated recently in an 
experimental rodent model of early MS (Russi et al, 2016). 
The crosstalk in the meninges between mast cells and anti-
gen-specific T cells could be critical for immune-mediated 
disease development.

Regeneration as Generative Result of both 
Neuroinflammation and Neurodegeneration
The same neuroimmunoregulatory mediators and cells that 
are involved in neuroinflammation and neurodegeneration, 
have been shown to provide for CNS repair, growth and de-
velopment (Amor et al., 2014). 

For example, astrocytes induce apoptosis of infiltrating T 
cells by Fas–FasL interactions, produce interleukin-1 and 
stimulate influx of regulatory T cells by producing interleu-
kin-27. Moreover, they are the major source of nerve growth 
factor and glial cell line-derived neurotrophic factor in the 
CNS. These factors are secreted also by T cells and are re-
quired to reduce neurodegeneration and stimulate neuronal 
regeneration (Amor et al., 2014).

Similarly, different macrophage phenotypes might play 

Figure 1 In acute and circumscribed 
CNS injury, cooperative and 
mutually potentiating action of local 
and systemic immune response leads 
to resolution of neuroinflammation, 
limitation of neurodegeneration and 
stimulation of regeneration.
In chronic CNS injury, inadequate 
local and systemic immune response 
leads to chronic neuroinflammation 
and consequent increased neurode-
generation. This further amplifies det-
rimental neuroinflammation due to 
both impaired homeostatic protective 
environment and energy failure inter-
fering with regeneration processes.
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opposite roles in both neuroinflammation and regeneration. 
Acute CNS injury models in vitro have shown that some 
microglia/macrophages phenotypes (traditionally known 
as “classically activated M1”) release pro-inflammatory me-
diators, whereas shift to different phenotypes (traditionally 
known as “alternatively activated M2”) might be accom-
panied by phagocytosis and release protective and trophic 
factors (reviewed in Hu et al., 2015). The latter microglia/
macrophages phenotypes have specific functions in CNS 
repair including neurogenesis, axonal remodeling, angio-
genesis, oligodendrogenesis and remyelination. In vivo the 
M1/M2 dichotomy is more complex than in vitro, including 
several overlapping functional phenotypes depending on the 
induction stimuli. 

Macrophages/microglia depletion determines accumula-
tion of myelin debris and impairs remyelination (reviewed 
in Rawji et al., 2016). Remyelination occurs due to oligo-
dendrocyte-precursors differentiation into oligodendrocytes 
synthesizing new myelin. Depletion of pro-inflammatory 
macrophages/microglia phenotypes at early post-demyelin-
ation time in rat reduces proliferation of oligodendrocyte 
precursors, whereas a delayed reduction in regulatory mac-
rophages/microglia phenotypes impairs differentiation of 
oligodendrocyte precursors. Microglia/macrophages release 
important growth factors and cytochines to stimulate axonal 
regeneration and oligodendrocyte-precursors maturation. 
Interestingly, remyelination is impaired after the depletion 
of tumor necrosis factor-α or interleukin-1β acting directly 
on oligodendrocyte precursors or indirectly through astro-
cytes. Additionally, aging macrophages/microglia become 
dysregulated and this leads to defected cytokine secretion by 
macrophages and to enhanced pro-inflammatory cytokine 
production by microglia (Rawji et al., 2016).

Thus, the spontaneous self-repair of damaged CNS tissue 
is inadequate in neurodegenerative diseases although native 
neural stem cells (NSCs) persist in the adult mammalian 
brain (Gonzalez et al, 2016). This is most likely because 
NSCs are few, restricted to discrete locations and surrounded 
by a microenvironment not supporting the neuronal differ-
entiation. Therapeutic use of NSC transplantation in neuro-
degenerative diseases may require the particular conditions 
with widely distributed gene products and/or replaced cells.

Conclusions
There is ample evidence that neuroinflammation, neurode-
generation and regeneration represent intercorrelated man-
ifestations of the immune response in the healthy brain and 
in many neurological conditions including MS. 

In acute and limited CNS injury, neuroinflammation could 
circumscribe and contrast neurodegeneration and stimulate 

regeneration. Conversely, excessive or chronic neuroinflam-
mation leads to increased neurodegeneration that in turn 
impairs homeostatic protective environment. This further 
amplifies detrimental neuroinflammation and impoverishes 
regeneration (Figure 1). 

In MS, regeneration processes are insufficient compared 
to the extent of neuroinflammation and neurodegenera-
tion, which co-exist in different degree depending on many 
factors including tissue localization (GM or WM), lesion 
formation stage, disease phase and immune system age. Cur-
rent efforts to combat effectively neurodegeneration and to 
promote regeneration-remyelination in MS could be target-
ed to shift the neuroinflammation to its protective-trophic 
function rather than suppress it altogether. 
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