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In the majority of patients multiple sclerosis starts with a relapsing remitting course
(RRMS), which may at later times transform into secondary progressive disease (SPMS).
In a minority of patients the relapsing remitting disease is skipped and the patients
show progression from the onset (primary progressive MS, PPMS). Evidence obtained
so far indicate major differences between RRMS and progressive MS, but no essential
differences between SPMS and PPMS, with the exception of a lower incidence in
the global load of focal white matter lesions and in particular in the presence of
classical active plaques in PPMS. We suggest that in MS patients two types of
inflammation occur, which develop in parallel but partially independent from each other.
The first is the focal bulk invasion of T- and B-lymphocytes with profound blood brain
barrier leakage, which predominately affects the white matter, and which gives rise
to classical active demyelinated plaques. The other type of inflammation is a slow
accumulation of T-cells and B-cells in the absence of major blood brain barrier damage
in the connective tissue spaces of the brain, such as the meninges and the large
perivascular Virchow Robin spaces, where they may form aggregates or in most severe
cases structures in part resembling tertiary lymph follicles. This type of inflammation
is associated with the formation of subpial demyelinated lesions in the cerebral and
cerebellar cortex, with slow expansion of pre-existing lesions in the white matter and with
diffuse neurodegeneration in the normal appearing white or gray matter. The first type of
inflammation dominates in acute and relapsing MS. The second type of inflammation is
already present in early stages of MS, but gradually increases with disease duration and
patient age. It is suggested that CD8™ T-lymphocytes remain in the brain and spinal
cord as tissue resident cells, which may focally propagate neuroinflammation, when
they re-encounter their cognate antigen. B-lymphocytes may propagate demyelination
and neurodegeneration, most likely by producing soluble neurotoxic factors. Whether
lymphocytes within the brain tissue of MS lesions have also regulatory functions is
presently unknown. Key open questions in MS research are the identification of the target
antigen recognized by tissue resident CD8™ T-cells and B-cells and the molecular nature
of the soluble inflammatory mediators, which may trigger tissue damage.

Keywords: relapsing remitting MS, secondary progressive MS, primary progressive MS, inflammation,
demyelination, neurodegeneration
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INTRODUCTION

Multiple sclerosis is a chronic inflammatory disease of the
central nervous system which leads to the formation of focal
confluent lesions of primary demyelination in the white and
gray matter and to diffuse damage and neurodegeneration in
the entire brain (1). In general the disease starts in patients
in the third decade of life with a relapsing and remitting
clinical course. On average after 10-15 years the disease
in the majority of patients converts into a course of slow
progression (secondary progressive MS). In a subset of patients,
in particular in those with higher age at onset, the disease
starts with a progressive course [primary progressive MS; (2)].
It is currently an open debate, whether primary progressive MS
is a distinct disease entity or whether it just represents part
of the variable clinical disease spectrum (3-5). This question
has major pathogenic implications. Most researchers regard MS
as a primary inflammatory disease, in which demyelination
and tissue injury is driven by immune mediated mechanisms
throughout all different stages and in all different courses (6, 7).
In this case PPMS would be just a clinical variant of a common
disease process. The other view suggests that MS is a primary
neurodegenerative disease, which is modified and amplified by
the inflammatory process. In this situation PPMS could reflect
the primary disease process of MS and the other courses (RRMS
and SPMS) are those, modified by an inflammatory reaction (3).
There is no doubt that major differences exist between the
relapsing and progressive stages of MS and this is also reflected by
the different response to currently available immunosuppressive
or immunomodulatory treatments (8, 9). However, there is an
overlap in pathological features, pathogenic mechanisms and
therapeutic responses between relapsing and progressive MS (10,
11). In particular, evidence for subclinical disease activity, defined
by the presence of new focal contrast enhancing lesions, can be
present in patients with SPMS as well as PPMS. For this reason, it
has been suggested to classify MS patients, who have entered the
progressive disease stage into those with or without evidence of
disease activity and with or without disease progression (2). The
consequence of such a clinical disease classification could be to
skip the distinction between primary and secondary progressive
MS. Whether this may be justified or not and what are the
pathogenic implications will be discussed in this review article.

CLINICAL COURSE, EPIDEMIOLOGY, AND
GENETICS

Clinical and MRI Features

The term primary progressive MS clinically defines a disease,
which develops with increase of neurological deficits in the
absence of prior or intermittent exacerbations and remissions.
This differs from the relapsing-remitting course of the disease,
characterized by new bouts of the disease followed by stages
of clinical remission. Relapsing/remitting MS may after several
years of disease duration, and when patients have reached a
moderate level of clinical disability (EDSS scape 3-4), transform
into a secondary progressive disease course (12, 13). While
disease relapses are associated with new and contrast enhancing

lesions in MRI, the brain and spinal cord changes during
progressive disease were thought to be reflected by a steady
increase of brain and spinal cord atrophy. However, using more
sophisticated tools for clinical monitoring of the patients, as
for instance applied in controlled therapeutic trials, it turned
out that a significant proportion of patients with PPMS and
SPMS show signs of clinical or MRI-based “disease activity” (2)
as defined above. Overall, no qualitative differences regarding
disease activity between PPMS and SPMS were found, although,
as reflected by the original disease definitions, relapses associated
with new focal white matter lesions are less frequent in PPMS.
Similarly, no essential differences between SPMS and PPMS were
seen by MRI (14).

The average disease onset in patients with RRMS is within
the third decade of life. In contrast disease onset in patients with
PPMS peaks in the 5th decade of life, which is similar to the age,
when patients with RRMS tend to convert into SPMS (15, 16).
Clinical disease severity and the speed of disease progression is
highly variable between patients, but on average the speed of
progression is similar between patients with PPMS and SPMS,
and is independent from the severity of previous relapses of the
disease (12, 13).

GENETICS

The male to female ratio in patients with RRMS and SPMS
is 1:3, while patients with PPMS show a lower female
predominance (10, 17). Interestingly, disease risk is also
transferred from unaffected females to their MS affected offspring
than from males, raising the possibilities of the involvement of
mitochondrial genes, epigenetic effects or a pathogenic role of
intrauterine exposure to exogenous risk factors (18). Genome
wide association studies have now identified numerous gene
regions, associated with increased disease susceptibility, each
of the individual genes providing only a very minor effect
(19, 20). Interestingly nearly all of the gene regions identified
so far contain genes involved in immune mechanisms, which
is in line with clinical, immunological, and neuropathological
data defining MS as an immune mediated disease. Importantly,
within the familial risk in multiplex families there is no
clear discrimination between the different MS courses. Thus,
within the same family different patients may develop relapsing,
secondary or primary progressive MS, although the concordance
rate of clinical courses is moderately increased in siblings of the
PPMS cohort (21, 22). In line with these observations, so far no
clear differences in genetic associations became evident between
PPMS and other disease forms in genome wide association
studies (23). However, recent studies suggest that different genes
may be associated with relapse risk vs. the speed of EDSS increase
(24) and genetic variants, described to be pathogenic in some
neurodegenerative diseases, have been identified in a (small)
subset of patients with PPMS, but not in patients with other
disease courses (23). One of these examples is a variant of a
gene involved in transcriptional regulation (NR1H3), which was
only found to be associated with PPMS, but not with other
disease forms (25). This observation, however, also highlights a
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caveat regarding the interpretation of such data, since it has not
been confirmed in a detailed analysis of the much larger dataset
(26). Overall, however, these data indicate that there is a basic
polygenic pattern determining the global MS risk and this is
the same for all disease courses and involves immune mediated
mechanisms (27), while the development of progressive disease
may be additionally fostered by genetic variants associated with
lipid metabolism or neurodegeneration. However, this may not
apply for all, but only for a small subset of patients with PPMS.

IMMUNOLOGY AND BIOMARKERS

Many immunological studies have been performed with the
aim to identify MS specific biomarkers and disease mechanisms
and to find markers able to predict clinical disease course
and outcome. These data are summarized in comprehensive
recent review articles (28, 29). Besides MRI and markers related
to therapy (induction of blocking antibodies) or JC virus
infection, they include markers for neurodegeneration, such as
neurofilaments, markers for astrocytic activation (e.g., chitinase
or GFAP). Neurofilament protein detected in the serum or
cerebrospinal fluid appears to be a good marker for the extent of
active neurodegeneration, but this is not MS specific. Chitinase
may be a good marker for active disease in relapsing remitting
disease, reflecting the degree of astrocyte activation, or damage
in active lesions.

So far the highest clinical relevance is reported for the
presence of intrathecal immunoglobulin synthesis, reflected by
an increased IgG index and oligoclonal bands. It is associated
with MS with high sensitivity, but found also in other (chronic)
inflammatory diseases of the central nervous system (30).
Regarding PPMS its presence is an important paraclinical
marker for diagnosis and, thus, detection of intrathecal IgG
synthesis has been re-introduced into the new diagnostic criteria
(31). Cytokines, chemokines, and adhesion molecules have
been analyzed and a comprehensive immunophenotyping of
inflammatory cells in the cerebrospinal fluid has been performed
as well. Overall these studies showed increased levels in MS serum
and CSE being most significantly altered in patients with (active)
RRMS followed by patients with SPMS and PPMS (32-34). These
markers have some clinical value for diagnosis and monitoring of
disease activity, but none of them have turned out to specific for
MS. In addition, so far no specific serum or CSF marker profile
has been identified, which allows the distinction between SPMS
and PPMS.

To overcome this problem, the question regarding potential
biomarkers for MS diagnosis and clinical subtypes has recently
been approached with an innovative technology. By using
an unbiased simultaneous screening for the concentration
of 1.128 proteins together with new machine learning and
bioinformatics technology, CSF protein profiles were established
in a large sample of patients with RRMS, SPMS, and PPMS
and the findings were compared with those seen in patients
with other inflammatory and non-inflammatory CNS diseases
(35). Using these new tools profiles were detected, which
allowed to differentiate between MS and other inflammatory or

non-inflammatory CNS diseases and to clearly separate RRMS
from progressive forms of the disease. However, no significant
differences appeared in the comparison between SPMS and
PPMS. Deciphering the biomarker profile defined important
pathogenic pathways. The protein profiles, which allowed the
best differentiation between MS and other inflammatory CNS
diseases, were those related to B-cell and Plasma cell function.
This may represent an independent confirmation of the long
standing observation that intrathecal immunoglobulin synthesis
occurs in MS patients (30, 36). However, it also is in line
with observations from pathology, that the contribution of B-
cells differentiates MS lesions from non-MS inflammatory brain
diseases better than it is the case for T-cell subsets or the
activation of macrophages and microglia (37, 38). However,
this profound B-cell component in the inflammatory response
may not be specific for MS, since it is apparently also seen in
certain other chronic human inflammatory diseases of the central
nervous system, such as neurotuberculosis, borreliosis, lues, and
others (39-41).

The CSF protein profiles most significantly associated with
progressive MS were related to the formation of tertiary lymph
follicles, and these markers were also associated with the extent
of subpial cortical demyelinating pathology (42). Other markers
being prominent in patients with progressive disease were related
to innate immunity activation and oxidative injury as well as
markers, which reflect neuronal and axonal injury, such as for
instance neurofilament protein (42-44).

In another approach an un-biased metabolomic plasma
profiling has been performed in PP vs. RRMS patients and the
data were further compared to those obtained from patients
with Parkinson’s disease and healthy controls (45). The most
dramatic metabolic changes were seen in PPMS patients and
were mainly related to decreased profiles of glycerophopholipids
and linoleic acid metabolism. These changes were not only
present in the global MS population in comparison to controls,
but even allowed to discriminate PPMS from RRMS. SPMS
patients were not included in this study. It remains unresolved,
whether these lipid changes just reflect the higher degree of
global demyelination and neurodegeneration in progressive MS
vs. RRMS. In addition, information on these lipid changes in
proper disease controls with brain inflammation, demyelination
or neurodegeneration is very limited.

Overall the immunological and metabolic data suggest
that there are quantitative differences in immunological
and neurobiological marker profiles between relapsing and
progressive MS, which indicate that inflammation (systemic
and intrathecal) is more pronounced in patients with relapsing
disease and neurodegenerative events are more severe in the
progressive stage of the disease. However, such differences
vanish, when SPMS and PPMS patients are directly compared.

NEUROPATHOLOGY AND
IMMUNOPATHOLOGY

There are several pathological hallmarks, which distinguish MS
from other diseases of the central nervous system (1). The
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and blood brain barrier injury: Hochmeister et al. (48).

FIGURE 1 | Active Lesions in early MS (acute and RRMS). (A) The dominant pathology in early MS is the presence of focal confluent demyelinated lesions in the white
matter, many of them being in the stage of activity; section of a patient with acute multiple sclerosis, stained for myelin by immunohistochemistry for proteolipid
protein. Magnification bar: 1 mm. (B) The classical active lesions in early MS develop around a central vein with inflammatory infiltrates, composed of CD8% T-cells
(red), CD20 positive B-cells (green), and few plasma cells (blue). While B-cells and plasma cells mainly remain in the perivascular space, the CD8* T-cells also diffusely
infiltrate the lesion parenchyme. The lesion (blue) is massively infiltrated by macrophages. Many of the lymphocytes are in the process of passing the vessel wall and
this is associated with profound blood brain barrier leakage. This results in profound edema, which expands beyond the area of active demyelination (light blue). (C-E)
Myelin staining (immunocytochemistry for proteolipid protein) shows patchy areas of active demyelination, which is associated with dense infiltration of the tissue by
macrophages (D,E). (F, G) Immunohistochemistry for the T-cell marker CD8 shows perivascular accumulation of T-cells, and their diffuse infiltration of the lesion
parenchyme. (H) The perivascular inflammatory infiltrates contain numerous CD20% B-lymphocytes. (I,J) Staining for IgG reveals massive leakage of the blood brain
barrier and only a small number of IgG containing plasma cells in the perivascular space (l); the profound blood brain barrier leakage is also reflected by extensive
leakage of fibrinogen through the inflamed vessels (J). (K) A subset of macrophages expresses the activation marker CD163, a feature which is typically found in
active MS lesions. The magnification bars in the figures (C,G,l) represent 100 um. Similar histological images as shown in this figure have been previously published.
Structure of the lesions: Frischer et al. (46); Inflammatory reaction: Frischer et al. (47); Machado Santos et al. (37); Microglia and macrophages: Zrzavy et al. (38); Fibrin

most specific pathological changes are focal lesions with primary
demyelination and astrocytic scaring, which develop on the
background of a chronic inflammatory process (Figure 1). These
lesions are not restricted to the white matter, but are also
abundant in the gray matter of the cortex, the deep brain

stem nuclei and the spinal cord (49-51). Primary demyelination
means that myelin sheaths and their supporting cells, the
oligodendrocytes, are destroyed, while axons are at least in part
preserved. However, axonal and neuronal injury in gray and
white matter lesions is pronounced. When it passes the threshold
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of functional compensation its extent is currently the best
pathological predictor for permanent neurological deficit in the
patients (52). Focal demyelinated lesions in the white and gray
matter can be partly or completely repaired by remyelination,
although the degree of remyelination is highly variable between
patients (53, 54). In addition to these focal changes, diffuse
neurodegeneration is present in the normal appearing white
and gray matter, which results in brain atrophy, reflected by
profound focal and diffuse loss of brain and spinal cord volume.
All these changes are present in all MS patients, but their relative
contribution to the global pathology varies between different
patients and different forms, courses, or stages of the disease.

Inflammation

MS is a chronic inflammatory disease of the central nervous.
Inflammation, characterized by the presence of perivascular T-
and B-lymphocytes and their dispersion into the parenchyma, is
most pronounced in patients, who have died in early stages after
disease onset and declines with age of the patients and disease
duration [(47); Figure 1]. However, even in the progressive stage
of the disease pronounced inflammation is present, which is
quantitatively in the range of other acute and chronic infectious
or inflammatory diseases and massively exceeds that seen in
patients with metabolic or neurodegenerative diseases (37). In
progressive disease pronounced inflammation is mainly seen in
those patients with clinical or radiological evidence of disease
activity or of ongoing disease progression during the last months
or year (Figures 2, 3), while in patients with stable disease during
the last year prior to death and/or at very late disease stages tissue
infiltration by leukocytes may decrease to levels present in age
matched controls (47). In these patients ongoing active axonal
injury, detected by focal accumulation of amyloid precursor
protein as a marker for disturbance of fast axonal transport,
has also declined to the levels seen in age matched controls
(47). This adaptive inflammatory process is associated with
microglia activation and infiltration of the tissue by macrophages,
which is most extensive at sites of active demyelination and
neurodegeneration, but, in particular in patients with progressive
disease, diffusely affects also the normal appearing white and gray
matter.

Similarly as in other chronic inflammatory diseases of the
human CNS, inflammatory cells from the adaptive immune
system mainly consist of MHC Class I restricted CD8" T-cells,
while MHC class II restricted CD4™ T-cells are rare or even
absent [(55, 56); Figure 1]. These T-cells display the phenotype
of resident memory cells and show focally restricted activation
within active lesions (37, 57). It has been suggested from
experience obtained in models of autoimmune encephalomyelitis
that CD4™ T-cells are the major drivers of the inflammatory
process, a concept that is also supported by the genetic
association of MS with MHC class II haplotypes and of molecules
involved in the regulation of MHC Class II restricted T-cell
mediated inflammation (27). However, at the time, when new
lesions and neurodegeneration appear in the nervous system,
only sparse or even no CD4" T-cells are present in the tissue
(37, 57). Thus, CD4™ T-cells may be involved in the initiation of
the immune response in MS patients, but less in the effector stage

FIGURE 2 | Inflammatory reaction in the brain of patients with progressive MS
and its relation to active demyelination and neurodegeneration. The
inflammatory reaction in the brain of patients with progressive MS is mainly
seen in the large connective tissue spaces of the meninges and the
periventricular Virchow Robin spaces. These inflammatory sites mainly contain
CD81 T-cells, a major component of CD20" B-cells and a variable number of
plasma cells and may in their most severe manifestations become organized in
structures with features of tertiary lymph follicles (green dots). In addition there
are perivascular cuffs mainly composed of CD8% T-cells, which are more
broadly dispersed within the white matter of the brain (red dots). Inflammation
with T-cells, B-cells and Plasma cells (green dots) is associated with slow
expansion of demyelinated lesions, defined by a rim of activated microglia
cells, which in part contain early myelin degradation products in the cortex and
the white matter (thick blue lines). Active demyelination and diffuse tissue injury
occurs at a distance from the lymphocytic infiltrates and may, thus, be
propagated by a soluble demyelinating or neurotoxic factor. Inactive plaques
(thin green lines) can still be centered by a vein with a dominant infiltrate by
CD8* T-cells (red dots).

of brain inflammation, immune mediated demyelination and
neurodegeneration. In contrast to many other acute of chronic
inflammatory brain diseases, cells from the B-cell lineage are
a major component of the adaptive immune inflammation in
the brain and spinal cord of MS patients (37). They consist in
the early stage and in early lesions mainly of CD20" B-cells,
while during lesion maturation and in the progressive stage of
the disease plasma-blasts and plasma cells dominate (37, 47).
Their possible role in the propagation of demyelination and
neurodegeneration is indicated by the highly effective therapeutic
response of MS patients in clinical trials targeting B-cells by
antibodies against CD20 (58, 59). B-cells in MS lesions may
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FIGURE 3 | Slowly expanding lesions in the progressive stage of MS in the cortex and the white matter. (A) Active cortical lesions are associated with inflammatory
infiltrates in the meninges, which are composed of CD8* T-cells (red), CD20F B-cells (green) and plasma cells (blue). Active demyelination occurs at a distance of the
inflammatory infiltrates and is associated with activated microglia (blue lesion rim). The lesions gradually expand from the pial surface of the cortex toward the depth of
the gray matter. Lymphocyte infiltrates are rare or completely absent in the cortical tissue and in particular at the zone of active demyelination. It is suggested that

the inflammatory infiltrates in the meninges produce a soluble factor, which induces demyelination and neurodegeneration either directly or indirectly through microglia
activation (arrows). (B) In slowly expanding lesions in the white matter T-cell, B-cell and plasma cell infiltrates are present in the large perivascular Virchow Robin
spaces. Active demyelination and neurodegeneration occurs at a distance and is associated with microglia activation. Also in these lesions it is suggested that
demyelination and neurodegeneration is driven by a soluble factor, produced by the perivascular lymphocytes or plasma cells (arrows). (C-F) Active cortical lesion in a
patient with progressive MS. Subpial myelin is completely lost in an area with meningeal inflammation (C); CD8™ T-cells are present in the meningeal infiltrates, but do
not enter the cortical parenchyme (D); The meningeal infiltrates also contain IgG positive plasma cells (E), there is however no indication of IgG leakage from the
vessels into the tissue, suggesting an intact blood brain barrier. Activated microglia and macrophages are seen at the site of active demyelination in the depth of the
gray matter (F). (G,H) Slowly expanding lesion in the white matter of a patient with progressive MS. The inactive plaque center contains vessels with perivascular cuffs
of lymphocytes but the active demyelination at the lesion edge is associated with a rim of activated microglia (G,H). Lymphocytes, such as for instance CD8* T-cells
and B-cells are present in the large perivascular space of the vessels, but there is little or no infiltration into the lesion parenchyme (1,J). No fibrinogen leakage is
observed around inflamed vessels, indicating intact blood brain barrier function (K). Magnification bar representative for all images: 100 wm. Similar histological images
as shown in this figure have been previously published. Structure of the lesions: Frischer et al. (46); Inflammatory reaction: Frischer et al. (47); Machado Santos et al.
(87); Microglia and macrophages: Zrzavy et al. (38); Fibrin and blood brain barrier injury: Hochmeister et al. (48).
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augment T-cell mediated inflammation for instance through
effective auto-antigen presentation, but may also have direct
effects in disease pathogenesis. In this line some data suggest that
B-cells within the central nervous system of MS patients produce
factors that can trigger demyelination and neurodegeneration in
vitro (60, 61). In addition, however, plasma cells in MS lesions
express interleukin 10, suggesting a potential regulatory role (37).

It has been suggested that lymphocyte infiltration is less
pronounced in patients with primary progressive compared
to secondary progressive MS (62), but this observation was
restricted to the analysis of focal white matter lesions and based
on a limited number of patients only. It was not confirmed in
a more recent study (47). In addition, a major component of
the inflammatory response accumulates in the large Virchow
Robin spaces of periventricular veins (63) and in the meninges,
where they may form inflammatory aggregates, which in the
most severe variants reveal the structure of tertiary lymphatic
follicles (64). Some studies described a lower degree of meningeal
inflammation and in particular the absence of tertiary follicle
like structures in the meninges of PPMS in comparison to SPMS
patients (65, 66), but this was not the case in PPMS patients with
rapid disease progression in other studies (49, 67).

Focal White Matter Lesions

The inflammatory process in MS is associated with the formation
of different focal lesion types in the white matter of the brain and
spinal cord. They include classical active lesions with pronounced
blood brain barrier injury, chronic active or slowly expanding
lesions with a low degree of demyelinating activity at the lesion
edge and no major blood brain barrier damage, inactive lesions
and remyelinated shadow plaques (46, 68, 69). While classical
active focal white matter lesions are most numerous in patients
with early disease (acute and relapsing MS; Figure 1), they
become rare in the patients who have entered the progressive
stage. In the latter patients slowly expanding or chronic active
lesions contribute on average 30% of all focal demyelinated or
remyelinated plaques [(46); Figure 3]. Their speed of expansion
is very low and longitudinal follow up for several years is
necessary to document their enlargement at 7T MRI (70). MRI
studies indicate that focal white matter lesions are less abundant
in patients with primary vs. secondary progressive MS (71,
72). However, very large neuropathological studies on more
than 300 patient autopsies did not reveal significant differences
between PPMS and SPMS patients in the global extent of white
matter plaques or the relative incidence of different focal white
matter lesions, such as active, chronic active (slowly expanding),
or inactive plaques (46, 69). This discrepancy between MRI
and pathology data may in part be due to a sampling bias
in pathology, where the selection of tissue areas for detailed
analysis is focused on brain areas with macroscopically visible
lesions. In this line, a study focusing on the analysis of very
large hemispheric and double hemispheric MS brain section
showed a lower incidence of active white matter lesions and
more remyelinated plaques in the brain of patients with PPMS
compared to SPMS, but this study was based on a rather small
sample of patients (73).

The issue is further complicated by the observation of
a subset of MS patients, who present with a cortico/spinal
variant of multiple sclerosis. In these patients focal demyelinated
white matter lesions are present only in the spinal cord
and are associated with extensive cortical demyelination and
neurodegeneration (74). They were present in cohorts of
SPMS as well as of PPMS. Such patients show diffuse mainly
periventricular white matter abnormalities in the brain in
MRI. The nature of these diffuse white matter abnormalities
is currently unresolved, but may be due to a combination of
diffuse white matter inflammation, secondary degeneration due
to neuronal loss in the cortex and age related comorbidity, such
as small vessel disease [leukoarayosis; (74), see Figure 1 in (67)].
An extreme variant of this scenario appears to be a condition,
designated as cortical variant of MS, which appears to be due
to severe cortical damage with only very sparse and small white
matter lesions in the brain and spinal cord (67, 75).

Demyelination in the Gray Matter

Cortical lesions, present in the forebrain, the cerebellum, and the
hippocampus, have recently been identified as a major substrate
of MS pathology [(49, 65, 66, 76-78); Figure 3]. More than 90%
of cortical lesions can be visualized by post mortem scanning
of the brain by high field magnetic resonance imaging using
very long imaging times (79, 80). However so far, their detection
in the living patients in vivo is very incomplete, depicting only
an estimate of 10-15% of cortical demyelination, even when
ultra-high field MRI is applied (81). Most lesions depicted in
MRI are cortico/subcortical or intra-cortical, while the most
abundant subpial lesions largely remain unrecognized. Cortical
lesions, including the subpial lesions, may already arise in the
early stages of MS, being present in brain biopsies or autopsies
of patients with a disease duration of weeks to months (82), but
the number and size increases with disease duration, thus being
most extensive in patients with progressive disease (49). So far no
significant differences in the incidence and size of cortical lesions
have been observed between patients with primary or secondary
progressive disease.

As discussed above, subpial cortical lesions are associated with
meningeal inflammation (Figure 3). Meningeal inflammation is
present in the form of diffuse infiltrates or of inflammatory
aggregates containing densely packed T-cells, B-cells, and
Plasma cells, which in most severe forms resemble tertiary
lymphatic follicles (64). The severity of meningeal inflammation
correlates with the extent of subpial cortical demyelination and
neurodegeneration (83). Neuropathology, based on a limited
number of cases, indicated that tertiary lymph follicles in the
meninges are a feature of patients with secondary progressive
disease (65), being absent in patients with primary progressive
MS (66). However, this does not appear to be the case in
PPMS patients with rapid disease progression (49). Furthermore,
the presence of tertiary lymph follicles is not mandatory for
active cortical demyelination, since active cortical lesions are also
present in cases with lower degree and more diffuse meningeal
inflammation.

While lymphocytes and plasma cells are restricted to the
meninges, active cortical demyelination occurs in an outside/in
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gradient and is associated with microglia activation at the site of
active myelin destruction (49, 84). These observations indicate
that active demyelination and neurodegeneration in the cortex
may be driven by a soluble factor, produced in the meningeal
inflammatory infiltrates, either directly or indirectly through
microglia activation (42, 84, 85). The existence of such a soluble
demyelinating or neurotoxic factor has been described in the
serum and cerebrospinal fluid of MS patients decades ago (86)
and it seems to be produced by B-lymphocytes (60, 61). Although
the nature of the demyelinating or neurotoxic factor has so far not
been identified, several potential candidates have been suggested,
including ceramide (87) or semaphorin 4A (88).

Cortical demyelination is accompanied by profound axonal
and neuronal degeneration (50, 89). It results in profound
neuronal loss following a gradient from the meningeal surface
toward the depth of the cortical ribbon (84). Although neuronal
loss in the cortex is highest in demyelinated lesions, it is also
present in the normal appearing cortex (74).

Other gray matter areas, affected in the disease process of
MS are the deep gray matter nuclei, including the thalamus,
hypothalamus and basal ganglia as well as the gray matter of
the spinal cord (50, 90, 91). As in the cerebral cortex these
structures contain focal demyelinated plaques, but active lesions
at these sites are not associated with meningeal, but perivascular
inflammation. As in cortical lesions, active demyelination
expands at a distance from the lymphocytic perivascular
infiltrates and is associated with microglia activation. In contrast
to cortical lesions, demyelinated plaques in deep gray matter
nuclei are already present at early stages of MS and their number
and size only moderately increases with disease duration (50). In
addition to the presence of focal demyelinated lesions there is
also a profound diffuse neuronal loss within the deep gray matter
nuclei, associated with inflammation and oxidative injury, which
may reflect augmentation of oxidative injury by the high iron
content in the deep gray matter nuclei (50).

Diffuse Injury in the Normal Appearing
White and Gray Matter

Diffuse injury in the normal appearing white matter is prominent
in the MS brain and spinal cord, in particular in patients in the
progressive stage of the disease. It consists of small perivascular
inflammatory infiltrates, some diffuse infiltration of the tissue,
predominantly by CD8% T-lymphocytes, diffuse axonal injury
with secondary demyelination, reactive astrocytic scaring and
global microglia activation. The average axonal loss in focal white
matter lesions is in the range of 60% (52, 92, 93). The extent of
cortical demyelination in the brain of patients with progressive
MS is extensive (49) and can affect in extreme cases up to 90%
of the cortical ribbon. Within the cortical lesions, but also in
the surrounding normal appearing cortex, neuronal loss is seen,
which may reach up to 60% of cortical nerve cells (84). Thus, a
major part of the axonal neurodegeneration in the white matter
appears to be due to secondary Wallerian degeneration as a
consequence of axonal trans-section in plaques and neuronal
loss in the gray matter (94). Wallerian tract degeneration in the
human brain is a very slow process, reflected by the presence of

degenerating axons even months after the focal trans-section in
a lesion. Thus, ongoing axonal demise in the normal appearing
white matter in the absence of lesions with active demyelination
may to a major part reflect secondary anterograde or retrograde
degeneration as a consequence of axonal or neuronal damage,
that has occurred even months before.

Alternatively, difftuse neurodegeneration in the normal
appearing gray and white matter may occur independently of
focal lesions. Diffuse axonal damage in the normal appearing
white matter of the spinal cord has been shown to be associated
with inflammation in the meninges (95) and a similar process
may trigger neuronal loss in the normal appearing cortex. In
addition, age related neurodegeneration and comorbidities, such
as vascular pathology and subsequent diffuse hypoxia are likely
to be additional factors, driving diffuse neurodegeneration in the
brain of patients with progressive MS (50).

Some studies have shown profound diffuse myelin lipid
changes in the normal appearing white matter of patients with
progressive MS. This can be visualized by myelin imaging in MRI
as well as by neuropathological or biochemical analysis (96, 97).
Overall, these changes consist of diffuse myelin abnormalities and
diffuse alterations in phospholipids, and it was suggested that
these changes reflect a metabolic disturbance of myelin, which
may be the primary cause of MS or amplify myelin damage (98).
An alternative explanation is that these changes reflect Wallerian
degeneration, since they are associated with diffuse axonal injury
in pathology.

All these diffuse changes in the normal appearing white and
gray matter are increasing with age and disease duration of
the patients and are, thus, most pronounced in patients with
progressive disease. So far, however, they have been seen in
similar extent in patients with PPMS and SPMS.

PATHOGENETIC IMPLICATIONS

All the data discussed above show that there are differences
in clinical disease, pathology and immunology between the
relapsing and the progressive stage of MS. However, when
primary and secondary progressive MS are compared with each
other no qualitative differences become apparent, but there
are some quantitative differences in the presence of focal and
active classical white matter lesions and the global degree of
inflammation, being lower in PPMS compared to SPMS. The key
issue, however, is to explain the difference between early acute
and relapsing MS and the progressive disease stage.

Overall these differences could be explained by acknowledging
that there are two different types of inflammation in MS patients
(Figures 1-3). The first, which is associated with the formation
of new focal lesions mainly in the white matter, is the focal bulk
invasion of inflammatory cells into the brain, which is associated
with a major disturbance of the blood brain barrier. Like in
experimental models of brain inflammation, such as for instance
autoimmune encephalomyelitis, lymphocytes enter the brain in
the course of immune surveillance, and when they recognize
their cognate antigen within the central nervous system, they
may become activated, produce a variety of pro-inflammatory
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mediators and recruit additional cells and serum components
through the impaired blood brain barrier (99). It has originally
been thought that this process is mediated by MHC Class II
antigen restricted CD4" T-lymphocytes. However, as discussed
above, more recent neuropathological data and experience from
therapeutic trials do not support their dominant role in patients
with established disease. Instead, CD8" T-cells or CD20" B-cells
may be more important at least at the stage, when the lesions arise
or expand in the brain and spinal cord.

The mere presence of T- and B-cells in the brain of MS patients
alone does not allow conclusions regarding their potential
involvement in the disease process. The CD8' T-cells in the
MS brain show the phenotype of tissue resident memory cells.
They could have entered the brain and spinal cord as disease-
unrelated bystander cells during disease activity and persist as
tissue resident memory cells without any direct involvement in
the disease process. Support for this view comes from a recent
study, showing that similar CD8™ tissue resident memory T-cells
without signs of activation also populate in small numbers the
brain of normal controls and patients with neurodegenerative
disease (100). Similarly, a major component of the intrathecal
antibody response in MS patients is directed against measles,
rubella and varicella zoster virus (101), possibly reflecting the
B-cell repertoire at the time of their recruitment into the
inflammatory brain lesions. However, in contrast to controls
the CD8" T-cells in the MS brain focally proliferate and show
signs of activation (37, 57) or clonal expansion (102), indicating
local antigen recognition. Such cells could either promote
disease or have regulatory function. Although they do not
express interleukin 10 or TGF-83, a regulatory function through
interferon-y of perforin mediated mechanisms, as suggested
to operate in a mouse model of EAE cannot be excluded
(103, 104). However, in the MS brain these cells are associated
with active demyelination and neurodegeneration, indicating a
disease promoting role in the lesions (37, 57). Regarding B-cells
the therapeutic effect of anti-CD20 antibodies supports their
pathogenetic role in MS patients. However, plasmablasts and
plasma cells within the MS lesions highly express interleukin 10
(37) suggesting that these cells may ameliorate inflammation.
Thus, the role of cells derived from the B-cell lineage in MS lesion
may depend upon their stage of differentiation in different types
or activity stages of the lesions (105, 106).

The acute inflammatory process may lead to focal areas
of primary demyelination with variable axonal injury, mainly
accomplished by activated microglia and macrophages and
possibly also by specific antibodies and may give rise to the
appearance of different types of active focal MS plaques (107).
One possible pathogenic demyelinating autoantibody is directed
against myelin oligodendrocyte glycoprotein (MOG), which,
however, is present in patients with a disease that turned out to
be different from MS (108). In addition, antibodies binding to
the surface of oligodendrocytes and astrocytes (109, 110) have
been found in MS patients, but the molecular nature of the target
antigen is so far undefined. The acutely recruited and activated
lymphocytes are in part destroyed by programed cell death (37)
and microglia and macrophages are transformed in part into
an anti-inflammatory phenotype (38). Thus, these lesions may

become inactive and a subset of them may even be repaired by
remyelination (53). New bouts of the disease (also termed disease
activity in clinical terms) will then be induced by new waves of
T-cells and B-cells, focally entering the brain in association with
blood brain barrier damage, a process termed “disease activity” in
clinical and imaging studies (2).

The second pattern of inflammation in the MS brain is
an inflammatory reaction, which accumulates in the large
connective tissue spaces of the brain and spinal cord, dominantly
affecting the meninges (111) and the large periventricular
Virchow Robin spaces (63). Clearance of T- and B-cells from
the central nervous system by apoptosis is highly effective
for those cells, which penetrate the brain tissue, but is only
minor or absent in lymphocytes present in the perivascular and
meningeal connective tissue (112). The phenotype of CD8" T-
cells in these chronic lesions is similar to that of tissue resident
memory T-cells, which are largely present in an inactive stage,
but show focal spots of activation (37, 57). Regarding cells
of the B-cell lineage, CD20 positive cells are most frequent
in active lesions, but the majority of cells present in chronic
lesions are plasmablasts and plasma cells (37). In the meninges
and perivascular space this inflammatory reaction is present
diffusely but it may form focal aggregates or structures, which
resemble tertiary lymph follicles with clearly separated T-cell, B-
cell and plasma cells areas (111). In contrast to the inflammatory
reaction in classical active white matter lesions blood brain
barrier damage is minor or absent in this compartmentalized
inflammatory reaction in chronic MS (48). The meningeal and
perivascular infiltrates are associated with slow expansion of
pre-existing focal white matter lesions, with subpial cortical
demyelination and with diffuse damage of the normal appearing
white and gray matter, which are the changes typically found in
the brain and spinal cord of patients with active demyelination
and neurodegeneration in the progressive stage of the disease
(113). Tissue injury may at least in be part mediated by a cascade
involving microglia and macrophage activation, oxidative injury
and mitochondrial damage (5). All these data indicate that
demyelination and neurodegeneration in MS is driven by the
inflammatory process in all disease stages. However, it is unlikely
that inflammatory T- and B-cells interact by direct contact with
the specific target cells. More likely, soluble factors, produced by
the inflammatory cells, may exert tissue damage either directly
or indirectly by the activation of microglia or macrophages
(84, 85).

These two types of inflammation occur in parallel in patients
with relapsing as well as progressive disease. However, classical
active plaques with inflammation and leaky blood brain barrier
are most frequent in the early disease stages and then decline
with age and disease duration in patients with progressive disease
and are even less frequent in particular in patients with primary
progressive disease (46, 69, 73). It is so far not clear, whether these
two different types of inflammation reflect immune reactions
to different target antigens within the brain or just represent
inflammatory reactions to a single antigen. To answer this
question, knowledge on the specific target antigens for T-cells
and B-cells in the MS brain is required, but so far lacking
(6,7).
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In summary, inflammation in the brain and spinal cord
is present in all patients with active disease, reflected by
classical active lesions in the early disease stages and by
slowly expanding lesions in the white and gray matter and
ongoing neurodegeneration in the progressive stage of the
disease. The dominant inflammatory cells are CD8" T-cells
with proliferenation and activation in early stages of classical
active lesions and a phenotype of tissue resident memory cells
with focal activation in lesions with ongoing demyelination and
neurodegeneration in the progressive stage. Numerous CD20"
B-cells are found in perivascular and meningeal inflammatory
aggregates in relation to lesion activity in all disease stages, but
they apparently transform into plasmablasts and plasma cells in
the course of lesion maturation. Depending on the lesion stage
lymphocytes may play a role in the induction of tissue damage or
have regulatory function. Demyelination and neurodegeneration
takes place at a distance from the T- and B-lymphocytes and
is associated with activated microglia and macrophages. The
structure of active lesions suggests that tissue damage is driven by
a soluble factor, produced by lymphocytes. Neither the molecular
nature of the soluble factor nor the antigen specificity of the
infiltrating T- and B-cells has been identified so far.

ARE DIFFERENT COURSES OF MS
REPRODUCED IN EXPERIMENTAL
AUTOIMMUNE ENCEPHALOMYELITIS?

Experimental autoimmune encephalomyelitis (EAE) is an acute
or chronic neuro-inflammatory disease of the brain and spinal
cord, induced by sensitization of animals with tissue or specific
antigens of the central nervous system. The value and limits
of different EAE models for MS research has recently been
reviewed in detail (99), and therefore only few points directly
related to the current topic are mentioned here. EAE can be
induced in most, if not all, mammalian species including humans
and leads to an inflammatory disease, which, depending upon
the model, is associated with focal plaques of demyelination
and/or diffuse neurodegeneration. The respective experimental
models provide excellent tools to elucidate basic mechanisms
of brain inflammation and immune mediated tissue injury
in the central nervous system, mediated by different T-cell
populations and components of the innate immune system. Most
importantly, many anti-inflammatory or immunomodulatory
therapies, which have been proven effective in MS patients, have
been developed with the help of EAE models. However, the value
of these treatments in patients, who have reached the progressive
stage of MS, is limited. In addition, effective anti-inflammatory
treatments in MS so far target many different immune
cells simultaneously, including different T-cell populations, B-
lymphocytes and in part also macrophages, while treatments
selectively directed against the MHC Class II restricted CD4™
T-cell population, which drives inflammation in most EAE
models, have so far not provided significant beneficial effects
(99). Furthermore, the nature of the inflammatory response and
the mechanisms of demyelination and neurodegeneration in
the lesions are different between MS and EAE, and so far no

EAE model is available, which reproduces the specific clinical
and neuropathological features of progressive MS (99). Thus,
despite the undisputed value of EAE for basic research related to
mechanisms of brain inflammation and immune mediated tissue
injury, their value as models for MS is limited and the elucidation
of specific mechanisms related to MS pathogenesis depends
on the analysis of the human disease itself. However, EAE
models induced by sensitization with myelin oligodendrocyte
glycoprotein (MOG) in rats and primates are perfect models
for MOG auto-antibody associated inflammatory demyelinating
disease (99), which however is a disease distinctly different from
MS (108).

FUTURE PERSPECTIVES OF MS
RESEARCH

There are at present a number of key questions, which require
focused attention:

1) One key point is to elucidate the function of tissue resident
memory CD8' T-cells, which are the most abundant
inflammatory cells in MS lesions. Further studies are
necessary to define their activation stages, their molecular
profiles and their functional role in MS lesions in relation
to active tissue damage, clearance of tissue debris and tissue
repair. CD8" resident memory cells have originally been
defined and functionally characterized in experimental
models of virus induced disease (114, 115). It is unlikely
that such cells will develop in a condition of classical
autoimmunity, when they are directed against an antigen,
which is ubiquitously present within the target tissue
and is not eliminated in the course of the inflammatory
response. Thus, it will be of critical importance to
identify the specific antigen(s), which are recognized
by tissue infiltrating T- and B-lymphocytes within MS
lesions at different stages of lesion formation and disease
development (7).

Accumulating evidence supports an important role of CD20
positive B-lymphocytes in MS pathogenesis. Although their
role may in part be related to the augmentation of T-cell
mediated inflammatory responses (116), for instance through
effective antigen presentation, an (additional) more direct
involvement in the inflammatory process is likely (see above).
In addition, they may have disease promoting or regulatory
functions, dependent on their differentiation stage in the
evolution of the brain lesions. Functional studies so far have
concentrated on the production and pathogenic involvement
of (auto) antibodies, but little is known regarding the role of B-
cells themselves in the process of immune surveillance of the
normal brain, in brain inflammation and in immune mediated
tissue injury.

Another key feature, which is not well-reproduced in models
of EAE is cortical demyelination, associated with meningeal
inflammation. The only EAE models, which show MS like
cortical demyelination are those, which are mediated by a
combination of an encephalitogenic T-cell response in concert
with a demyelinating antibody response against myelin

2)

3)
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4)

oligodendrocyte glycoprotein [MOG, (99, 117)]. Despite
extensive search the identification of MS-specific target
antigens for demyelinating antibodies was not convincingly
successful up to now.

Most evidence from pathological studies suggests that
demyelination and neurodegeneration in MS is driven by
the inflammatory cells, but that these processes are not
directly induced by cellular contacts. In addition, plaque
like primary demyelination is a specific feature of MS, not
seen in other inflammatory conditions of the brain and
spinal cord with the exception of diseases with viral infection
of oligodendrocytes (89). Evidence from expanding cortical
lesions and slowly expanding white matter lesions suggest
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that demyelination and neurodegeneration is driven by an
MS specific soluble factor, produced by inflammatory cells,
which induces tissue damage either directly or indirectly
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controls (60). To identify the molecular nature of this soluble
factor will be instrumental for our understanding of MS
pathogenesis.
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