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Introduction

Although the precise etiology of multiple sclerosis
(MS) remains unknown, three factors are involved
(Table 3.1). The first is genetic vulnerability. Over
230 risk/susceptibility genes, along with occa-
sional protection and disease severity genes, are
being identified at an increasing pace. They are
typically linked to immune/inflammatory rather
than central nervous system (CNS) factors. Linked
genes are not universal and can vary based on
patient racial, ethnic, and geographic background.
The second factor involves environmental expo-
sures, which probably occur at critical time points
especially earlier in life. These include vitamin D
deficiency, Epstein-Barr virus (EBV) infection,
adolescent obesity, smoking, and ultraviolet light
exposure. The final factor is the host immune sys-
tem, which damages the CNS. MS is clearly an
immune-mediated disease. It appears to be hetero-
geneous, however, with different pathways leading
to disease expression [1]. Studies focused on
pathology and immunology allow important
insights into MS pathogenesis and pathophysiol-
ogy. This chapter will begin with a review of the
neuropathology of MS and then cover current con-
cepts on major immunologic disease factors
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Table 3.1 Proposed etiologic factors in MS

Gene associations
30-50% of MS risk is genetic
20% of risk from gene associations (>230) from
GWAS; largely increase susceptibility, especially
HLA-DRBI1:x1501
Some decrease susceptibility/protect
Rare reports of genes influencing disease severity
5% of risk from low-frequency variants (NLRPS,
PRKRA, HDAC7, PRF1)

Environmental factors/lifestyle
Vitamin D deficiency
Epstein-Barr virus (EBV) infection (infectious
mononucleosis; high antibody levels to EBV nuclear
antigen)
Tobacco exposure
Ultraviolet radiation exposure
Gut microbiota
Adolescent obesity
Organic solvents
Shift work

Immune system factors
Acquired and innate immunity is involved
CNS inflammation (both focal and diffuse),
including leptomeningeal inflammation
Changes in CNS components (BBB, glial cells,
neurons, axoglial unit, ion channels, synapses)

involved. Distinctions between relapsing and pro-
gressive MS will be highlighted.

Pathology

Since there is no true animal model for MS, neu-
ropathologic studies are uniquely informative.
Unfortunately biopsy and autopsy materials are
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Table 3.2 Pathologic changes in MS

Increased water content (edema), BBB injury
Endothelial cell injury
Inflammation (lymphocytes, monocytes/macrophages,
dendritic cells)
Demyelination
Axonal injury and loss
Oligodendrocyte injury and loss
Neuronal injury and loss
Dendrites, synapses affected
Microglial activation
Astrocytosis
Remyelination
Focal macroscopic plaques (typically centered around
venules) in white matter and gray matter (cortex and
deep nuclei)
Widespread microscopic injury

limited and subject to the criticism that they may
not be representative of MS in general.
Nevertheless, such studies have provided novel
insights.

Abnormal pathology in MS is confined to the
CNS. There are two major pathological pro-
cesses. The first is focal inflammation leading to
formation of macroscopic plaques, visualized
initially as contrast-positive lesions on neuroim-
aging. This reflects major focal breach of the
blood-brain barrier (BBB) and is a hallmark of
relapsing MS. The second pathologic process is
neurodegeneration, with microscopic injury to
axons, neurons, synapses, and dendrites and sub-
sequent tissue volume loss. This is believed to be
the neuropathologic substrate of progressive MS
[2]. These two key pathologic processes, result-
ing in macroscopic and microscopic lesions,
involve a spectrum of changes that can vary over
time, as well as between patients (Table 3.2).
Studies indicate progression is age dependent,
which might support neurodegeneration as a
truly independent process from focal inflamma-
tion [3]. In this setting, transition to progressive
MS might reflect critical loss of CNS reserve.

Macroscopic Injury

Multifocal lesions referred to as plaques occur in
waves and can occur throughout the course of

MS, but especially in the early years. They result
from focal inflammation. About 80-85% of MS
plaques are centered around small veins. They
show sharp margins. Plaque pathology involves
edema and inflammation early, variable degrees
of myelin loss and axonal injury/loss, oligoden-
drocyte and neuronal loss including via pro-
grammed cell death (apoptosis), myelin pallor or
vacuolization, normal or aberrant remyelination,
microglial activation, and reactive astrocytosis.
Programmed necrosis (necroptosis) has been sug-
gested as a neuronal cell death mechanism in MS
via microglial activation [4, 5]. Early on there is
infiltration of cells with marked BBB breakdown,
identified by contrast enhancement on magnetic
resonance imaging (MRI). This breakdown likely
reflects direct effects of proinflammatory cyto-
kines and chemokines, as well as indirect WBC-
related injury [6]. This is followed by a local
immune cascade, with proinflammatory cytokine
and chemokine release, local cell activation, and
injury to myelin, underlying axons, and oligoden-
drocytes. There is disruption of blood vessel
walls, with deposition of perivascular serum albu-
min, fibrinogen, and immunoglobulins [7]. The
edema and influx of serum components lead to
nerve conduction block at nodes of Ranvier [8].
Over time inflammatory cells clear, leaving a per-
manent area of damage surrounded by an astro-
cytic scar. These macroscopic lesions are
visualized on MRI as hyperintense foci on T2/
fluid-attenuated inversion recovery (FLAIR)
sequences. When there is marked tissue matrix
damage, they will also appear as chronic hypoin-
tense black holes on T1 sequences.

Plaques form in preferential areas, including
corpus callosum, periventricular white matter,
optic nerves, cortical gray matter, juxtacortical
white matter, brain stem/cerebellum, and spinal
cord. They always seem to be close to blood or
cerebrospinal fluid (CSF), raising the issue of dif-
fusible humoral factors playing a role in their
occurrence. White matter plaques are typically
most apparent, but gray matter plaques and gray
matter demyelination can be extensive.
Neocortical lesions have been divided into leuko-
cortical (Type I), intracortical (Type II), or sub-
pial (Type III). Most cortical lesions are subpial
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[7]. Macroscopic injury, along with the micro-
scopic damage discussed below, leads over time
to discernable atrophy of the brain and spinal
cord. The corpus callosum thins, and the lateral
ventricles expand. In 5-10% of patients, there is
severe hydrocephalus ex vacuo [7].

Microscopic Injury

MS CNS shows diffuse global injury. Much of
the normal-appearing CNS, in between the mac-
roscopic plaques, is microscopically abnormal
[9]. Changes include BBB disturbances, low-
grade (CD8+ T cell) inflammation, gliosis,
microglial activation, axonal injury, and damage
to the nerve fiber layer of the retina [10]. This
has been documented using imaging techniques
such as magnetization transfer imaging, diffu-
sion tensor imaging, magnetic resonance spec-
troscopy, and optical coherence tomography and
confirmed with careful pathologic studies.
Inflammatory cuffs are often seen in normal-
appearing white matter. There is variable axonal
injury, characterized by axonal spheroids and
terminal swellings. Cellular and molecular
changes point toward axonal transport distur-
bances, hypoxic injury, and loss of neurites and
synapses [7]. Progressive MS patients in particu-
lar show both perivascular and parenchymal
inflammatory infiltrates (see “Progressive MS”
section). This microscopic injury is independent
of macroscopic pathology.

Plaque Pathology

Formation of the MS lesion goes through stages
with distinct differences. In an autopsy study of
very early MS, the pathologic changes that pre-
ceded myelin phagocytosis involved marked loss
of oligodendrocytes, often by apoptosis; marked
microglial activation; myelin pallor without
myelin loss; and virtually no systemic inflamma-
tory cells [11]. The authors suggested these very
early prephagocytic lesions, characterized by oli-
godendrocyte loss and microglial activation, pre-
ceded systemic inflammation. They interpreted

this as most consistent with a primary in situ dis-
turbance at the level of the oligodendrocyte and/
or microglial cell, provoking a secondary sys-
temic inflammatory response. This supports an
“inside-out” hypothesis for MS and has impor-
tant implications for the role of the systemic
immune system in MS, which will be discussed
later. More recent reports suggest abnormalities
in astrocyte foot processes may also be a very
early lesion feature [12].

The next stage in very early lesions is detec-
tion of macrophages ingesting myelin. Myelin
phagocytosis represents an innate response of
macrophages, and is not a CD4+ T cell-mediated
process [13]. Normal tissue surrounding these
active lesions shows microglial activation, except
in very acute cases (when the duration is in days).
Normal-appearing white matter also shows IgG-
positive reactive astrocytes and occasional 1gG-
positive oligodendrocytes and axons. Very early
lesions show CD 209+ dendritic cells in perivas-
cular spaces within and surrounding new lesions,
consistent with their being a major antigen-
presenting cell (APC) in MS. Proliferating mono-
cytes are present in the Virchow-Robin spaces
and adjacent tissues in very early lesions.

CD4+ and CD8+ T cells are seen in perivascu-
lar spaces of parenchyma of recently demyelin-
ated tissue, along with B cells and plasma cells
and occasional regenerating oligodendrocytes.
This has been interpreted as the start of an adap-
tive/acquired immune response, as opposed to
the innate response of the very early lesion.

The tissue bordering active expanding
lesions shows early loss of oligodendrocytes
accompanied by activated microglia, with little
inflammatory infiltrate. There is subsequent
accumulation of activated T cells, B cells, and
IgG-positive plasma cells, with some oligoden-
drocyte regeneration.

Early active lesions are marked by heavy infil-
tration of macrophages that phagocytize myelin
fragments. Active plaques are defined by the
presence of partially demyelinated axons with
myelin-filled macrophages [14]. Male and female
MS patients show no inflammation differences in
T cells, CD8+ T cells, and macrophages in early
MS lesions [15].
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The dominant cell in active plaques is the
myelin-laden macrophage, which originates
from microglia with participation of systemic
infiltrating monocytes. They outnumber lympho-
cytes ten to one. With regard to T cells, clonally
expanded CD8+ T cells markedly outnumber
CD4+ T cells. B cells and plasma cells are lim-
ited. Immunoglobulin and complement products
are found on the degenerating myelin sheaths,
with variable loss of oligodendrocytes. This
inflammatory infiltrate leads to upregulation of
proinflammatory cytokines, such as interleu-
kin-1 (IL-1) and IL-2, tumor necrosis factor
(TNF), and interferon y (IFNY), and activation of
endothelial cells, which will express stress pro-
teins, MHC class II and adhesion molecules, and
other factors.

Late chronic disease plaques show little
inflammation and highly reactive microglia at
their rim and can have some macrophages con-
taining myelin debris [7]. Burnt-out chronic inac-
tive plaques are marked by demyelination with
little to no inflammation and are surrounded by
an astrocytic scar.

Autopsy Specimens

A 2009 study evaluated 67 MS autopsy brains
compared to 28 control brains [16]. The MS
cohort involved acute MS leading to death
within 12 months (N = 9); relapsing MS (N =35);
secondary progressive MS (SPMS) (N = 35);
primary progressive MS (PPMS) (N = 13);
asymptomatic MS (N = 4); and benign relapsing
MS (N =1). A total of 1148 lesions were evalu-
ated: 378 were active, 222 were slowly expand-
ing (an inactive center, surrounded by a rim of
activated microglia and some macrophages at
the lesion margin), and 548 were inactive (a
sharp lesion border without macrophages and
no microglial activation). Detailed quantitative
analysis was performed on a subset of 228
lesions (85 active, 50 slowly expanding, 93
inactive). In addition 139 normal-appearing
white matter regions, 121 meninges, and 120
control areas were also analyzed from the MS
brains.

Several important observations were made.
The most marked inflammation was found in
acute and relapsing MS brains. T cells were most
marked in active lesions (which were most com-
mon in the acute and relapsing MS brains), fol-
lowed by slowly expanding lesions (which were
only found in progressive MS). Inactive lesions
and normal-appearing white matter showed low
T cell numbers. T cells were virtually absent
from cortex, but markedly present in meninges.
Most of the lesional T cells were CD8+ as
opposed to CD4+ cells. B cells showed a similar
distribution pattern but were tenfold fewer than T
cells. They were predominantly found in perivas-
cular cuffs or meninges; very few were within
parenchyma. Cortical lesions have shown limited
inflammation at postmortem. They are often
associated with leptomeningeal inflammation.
They show loss of neurites, decreased synapses,
and decreased neurons [7]. Macrophages (HLA-
D+) were present in all active lesions, microglia
were prominent in slowly expanding lesions, and
aramified microglia-like cell was present in inac-
tive lesions. Plasma cells were mainly found in
perivascular and meningeal connective tissue
rather than lesions, parenchyma, cortex, or
normal-appearing white matter. They were most
common in progressive MS. Lymph node-like
follicle structures were found only in 22% of the
active progressive MS brains.

Acute axonal injury was most marked in
active plaques, followed by slowly expanding
lesions, inactive plaques, normal-appearing white
matter, and cortex. Normal-appearing white mat-
ter from progressive MS showed greater axonal
injury. Acute axonal injury correlated with
inflammation in all MS subtypes, including pro-
gressive MS.

An intriguing observation was that in older
MS brains (average age was 76 years), inflamma-
tion and axonal injury declined to levels consis-
tent with age-matched controls. All lesions
seemed inactive, suggesting that perhaps the MS
disease process burns out with age. However this
concept has not been verified, and ongoing MS
damage may be quite marked in elderly
individuals. In these brains, there was active
remyelination with evidence of shadow plaques.
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It could be speculated that clearance of activated
microglia permitted resumption of remyelin-
ation. These patients could show concomitant
vascular and Alzheimer pathology however.

The authors concluded that progressive MS
was associated with inflammation, but did not
show the degree of endothelial leakiness found in
relapsing MS. There was differential cell distri-
bution. T cells were seen in large perivascular
cuffs, as well as in brain parenchyma. In contrast,
B cells and especially plasma cells accumulated
in connective tissue spaces (perivascular spaces
and meninges). Plasma cells accumulated later
than T and B cells, but persisted long after T and
B cells had cleared.

The pathologic data supported a role for mul-
tiple cells (CD8+ T cells, B cells, plasma cells,
macrophages, monocytes, microglia) in MS, in
addition to CD4+ T cells.

In another study of 16 MS brains and 8 con-
trols, focused on the cerebellar dentate nucleus,
reduced numbers and density of synapses were
found [17]. There was evidence for both a glia-
mediated and direct neuronal damage process. In
a third study of eight MS brains and eight con-
trols, widespread primary dendrite spine loss was
found in MS cortex [18].

Myelocortical MS

A recent study reported on 100 consecutive MS
autopsies over a 14-year period [19]. Twelve
showed a unique neuropathologic picture. There
was no evidence for cerebral white matter
myelin loss, despite very abnormal brain MRIs.
Cerebral axons were diffusely swollen, with
intact myelin. There were activated microglia,
astrocytosis, and serum proteins observed in the
cerebral regions. The authors referred to this
newly recognized disease subtype as myelocor-
tical MS. There was the expected myelin loss in
the subpial cortex and spinal cord. Compared to
non-myelocortical MS, this subtype had the
most profound loss of cortical neurons. Cortical
neuron loss did not correlate with cortical demy-
elination, suggesting independent injury to
myelin and neurons. Myelocortical MS patients

had secondary progressive (SP) MS (67%), pri-
mary progressive (PP) MS (16.5%), and relaps-
ing MS (16.5%).

Progressive MS

The neuropathology of progressive MS differs
from relapsing MS. Progressive MS is believed
to represent neurodegeneration, injury to axons,
neurons, and synapses. Although both progres-
sive and relapsing MS contain focal inflamma-
tory demyelinating lesions, with variable axonal
injury and loss, progressive MS as noted above
has been associated with a compartmentalized
low-grade diffuse inflammatory process behind a
relative intact BBB, with slow expansion of white
matter lesions, marked activated microglia, and
extensive cortical demyelination. Most focal
white matter lesions in progressive MS show
slow expansion at the lesion edge or are inactive
[20]. The slowly expanding lesions show no oli-
godendrocyte precursors, and no active remyelin-
ation. They appear to reflect mitochondrial injury
and implicate an energy disturbance. The diffuse
inflammation in progressive MSS does not express
apoptosis or proliferative markers. It is associ-
ated with marked neurodegeneration, with exten-
sive axonal injury and microscopic changes.
Such a process could be driven by local antigen
exposure or local cytokine production within the
CNS microenvironment. There is diffuse injury
to normal-appearing brain, along with marked
gray matter demyelination within cerebral and
cerebellar cortex. Fast axonal transport distur-
bances, resulting in neurodegeneration, correlate
with inflammatory changes in T cells, B cells,
and macrophages. Inflammatory lymphocytes
predominate in perivascular cuffs. These T cells,
B cells, and plasma cells are found largely in the
meninges. Despite significant inflammation, pro-
gressive MS patients show little to no contrast-
enhancing lesion activity. This has been
interpreted as progressive MS showing inflam-
mation trapped behind a closed or repaired BBB.

In a recent study of the brain and spinal cord
of 34 SPMS patients and 13 PPMS patients, the
SPMS patients showed larger brain plaques and
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greater demyelination and plaque inflammation,
while PPMS showed greater remyelination with
more remyelinated shadow plaques [21].
Incomplete remyelination in the spinal cord, but
not in brain, correlated with greater disability.

Blood vessels in progressive patients may
show thick perivascular infiltrates without leak-
iness [20]. Progressive patients can also show
ectopic lymphoid follicle-like structures,
resembling secondary lymphoid tissue, in con-
nective tissue compartments of the CNS. In a
subset of SPMS, these lymphoid follicles form
within meninges where there is underlying
inflammation and demyelination. They also
form adjacent to large active subpial cortical
lesions. The severity of meningeal inflamma-
tion and lymphoid follicles was said to corre-
late with extent of cortical lesion activity.
However, in another study, cortical demyelin-
ation did not correlate with meningeal inflam-
mation [22]. The chronically inflamed brain in
progressive MS could create a local microenvi-
ronment favoring retention of inflammatory
cells. In short, the neuropathology supports dis-
tinct mechanisms involved in progressive vs.
relapsing MS [23].

In a recent study from the Netherlands Brain
Bank, progressive MS patients with a mean dis-
ease duration of 28.6 years showed marked
inflammation: 57% of all lesions were active,
and 78% were mixed active/inactive [24].
Progressive MS (vs. relapsing MS) showed
higher lesion load (p = 0.001) and fewer remye-
linated lesions (p = 0.03). They also showed
higher proportion of mixed active/inactive
lesions (p = 0.006).

Lesion Heterogeneity

The MS Lesion Project originally proposed four
patterns of acute MS plaques: demyelination
with abundant macrophages, with or without
immunoglobulin and complement deposition;
oligodendrocyte apoptosis, with distal dying-
back oligodendrogliopathy, and rare primary oli-
godendrocyte injury [25, 26]. It was suggested
that those with immunoglobulin and complement

responded to plasma exchange [27]. To date these
patterns have not been confirmed definitively,
and have not proven clinically useful.

Remyelination

Remyelination occurs in about 70-75% of MS
plaques and is associated with oligodendrocyte
progenitor cell (OPC) recruitment. Chronic
remyelinated lesions are referred to as shadow
plaques. This myelin is thinner than normal [7].
Vessels often show wall dissection and fibrosis
and enlarged perivascular spaces (pseudo-
channels). In the other 25-30% of lesions,
remyelination is absent, and oligodendrocyte
numbers are limited, suggesting a failure to
recruit OPCs [28]. Within a given macroscopic
plaque, deeper sections can show signs of repair
(remyelination, oligodendrocyte regeneration)
even though the edges show continued destruc-
tive activity [29]. An important goal of current
research efforts involves ways to enhance
remyelination.

Axon Pathology

Acute axon injury including transection occurs
in early MS, within both active and chronic
plaques, as well as normal-appearing brain tis-
sue and periplaque white matter [30-33]. Axon
pathology correlates with degree of inflamma-
tion. Inflammatory intermediates reduce
energy metabolism in demyelinated axons,
perhaps by direct mitochondrial effects or by
interfering with blood flow resulting in isch-
emia [8].

More specifically, CD8+ T cell inflammation
has been associated with axonal injury [34].
Although there is a symbiotic relationship
between myelin and axon, axon changes can
occur independent of demyelination [34]. This is
emphasized in the myelocortical MS previously
discussed. In a study of MS spinal cord tissue,
diffuse axonal loss correlated with density of
both activated microglia and meningeal T cells
[35]. In another recent study of brain tissue from
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19 children with early MS, early axonal injury
was much more extensive than in 12 adult MS
samples [36].

With axon injury, there are sodium influx,
activation of calcium-dependent proteases,
upregulation of voltage-gated calcium channels,
and destruction of the axon cytoskeleton. Small
axons (<2.5 pm cross-sectional area) are prefer-
entially lost within MS spinal cord and optic
nerve [37, 38] .

Cortical/Gray Matter Pathology

Although MS has been described as a demyelin-
ating white matter disease, pathologic studies
document marked gray matter involvement in
deep nuclei as well as cortex. Thalamic neuro-
nal loss in MS is estimated at 30-35% [39]. As
mentioned earlier, three types of cortical lesions
are described. Type I lesions span the cortex and
white matter, Type II are completely intracorti-
cal, and Type III extend from the pial surface
into the cortex, generally to cortical layer 3 or 4,
and cover several gyri [40]. Although not visual-
ized on conventional MRI, cortical lesions are
common in MS. They are hypocellular com-
pared to white matter plaques, and may not be
associated with breakdown of the BBB. Although
there are few inflammatory cells and no perivas-
cular cuffs, activated microglia are plentiful.
These lesions show loss of axons and neurons.
As noted previously, progressive MS patients
show more cortical pathology than relapsing
patients.

Unusual MS Variants

Tumefactive MS refers to patients who present
with an unusually large brain plaque, generally
singular, with surrounding edema and mass
effect. The lesion mimics a brain tumor or abscess
and may lead to urgent biopsy. In rare cases this
is the presentation of MS. It can also occur in
well-established MS and has been seen in fingo-
limod- and natalizumab-treated patients [41, 42].
Neuroradiologic features involve size typically

>2 cm and mass effect, with edema and/or ring
enhancement [43]. The pathology shows active
inflammation with myelin loss, reactive gliosis,
myelin-laden macrophages, and relative axonal
sparing. Prognosis does not differ from classic
relapsing MS.

Marburg variant MS refers to a clinically
malignant and fulminant disease expression,
where patients go on to profound disability or
even death within months to a year or 2. Lesion
pathology is more destructive [10]. There are
many, often large, macroscopic lesions which
may become confluent. Active lesions show mas-
sive macrophage infiltration, marked myelin loss,
severe axon loss, and tissue necrosis. There may
be deposition of immunoglobulin and comple-
ment activation in some cases. It has been sug-
gested that Marburg variant is associated with
increased (>80%) citrullinated myelin basic pro-
tein (MBP), a more immature and unstable form
of this core CNS myelin component [44, 45].

Balo concentric sclerosis is an unusual demy-
elinating variant reported as more frequent in the
Philippines and Asia. Cognitive features may be
prominent. There is often a severe stroke-like
onset [46]. The striking pathology involves alter-
nating rings of intact myelin, separated by demy-
elinated regions. Oligodendrocyte apoptosis
along with selective loss of myelin-associated
glycoprotein (MAG) has been noted in the demy-
elinated regions. The demyelinating pattern has
been described as similar to what hypoxic injury
might produce, with local expression of iNOS
and upregulated expression of tissue-
preconditioning proteins at the lesion edge [10,
47, 48]. These lesions show defects in mitochon-
drial respiratory chain proteins [49]. Aquaporin 4
loss without complement or immunoglobulin
deposition was extensive in both demyelinated
and myelinated regions in four cases of Balo dis-
ease [50].

Mpyelinoclastic diffuse sclerosis (Schilder dis-
ease) is a very rare predominantly pediatric disor-
der, characterized by one or two large (3 x 2 cm)
cerebral inflammatory demyelinating lesions
[51]. This disorder is typically monophasic and
steroid responsive [52]. It behaves like a postin-
fectious encephalitis [53].
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Progressive  solitary sclerosis was first
described in 1990. It refers to an isolated/single
CNS demyelinating lesion which produces pro-
gressive motor impairment. In the largest series
reported to date (N = 30) [54], lesion location was
most commonly the cervical spinal cord (60%),
followed by cervicomedullary junction/brain
stem (20%), thoracic spinal cord (13.3%), and
cerebral white matter (6.7%). Patients presented
with hemiparesis/monoparesis (80%), quadripa-
resis (16.7%), or paraparesis (13.3%). The course
is typically a slow worsening, but rare presenta-
tions are acute to subacute. Median age has been
48.5 (23-71) years, 50% are female, and 50%
show CSF abnormalities consistent with
MS. Thirteen percent report a first degree relative
with MS. Limited studies confirm demyelination,
and in rare cases, there is late MRI dissemination.
This has been proposed to be a forme fruste of
PPMS [55].

Summary

Pathologic studies in MS reinforce several key
features. They include the inevitable presence of
abnormal inflammation, both focal and diffuse;
macroscopic and microscopic pathology; exten-
sive gray matter involvement; neurodegeneration
in addition to myelin and oligodendrocyte injury;
and distinctive features for relapsing vs. progres-
sive MS. More work is needed to clarify the role
of recently described myelocortical MS and
whether early in situ pathology triggers systemic
inflammatory cell infiltration in a subset of MS or
is a more general phenomenon.

Immunology

Traditional MS immunopathogenesis concepts
focused on systemic autoreactive CD4+ T cells,
sensitized to one or more CNS myelin compo-
nents, along with proinflammatory cytokine pro-
duction and a preferential T helper (Th)l
response. This was based on a key animal model
discussed below. However, the immunology of
MS is now appreciated to be much more com-

plex, with bidirectional interactions between sys-
temic components and resident CNS cells [6].
Mucosal immunity (in particular the gut micro-
biota) may play a crucial role. In fact it is not
even clear that MS is a true autoimmune disorder,
since no critical autoantigen target (including any
myelin component) has ever been identified. It is
more accurate to describe MS as an immune-
mediated disorder, with multiple immune system
components and factors mediating the key patho-
logic changes of MS. Changes in systemic
immune factors (increase in innate immunity,
including myeloid dendritic cells) may contribute
to development of SPMS, along with in situ CNS
inflammation trapped behind a closed BBB [20,
56, 57]. This CNS-compartmentalized inflamma-
tion likely contributes to CNS injury but is poorly
targeted by current therapies.

Animal Models

There is no true animal model for MS, but
immune-mediated and toxin- and virus-induced
models have been studied. The major one is
experimental allergic/autoimmune encephalo-
myelitis (EAE). It is produced in susceptible ani-
mal strains by immunizing with CNS whole
myelin or myelin components such as myelin
oligodendrocyte glycoprotein (MOG), myelin
basic protein (MBP), and proteolipid protein.
The immunization procedure requires potent
adjuvants. Depending on the strain and immuni-
zation protocols, clinical expression can involve
monophasic, relapsing, or progressive disease.
In EAE both cellular (CD4+, CD8+ T cell) and
humoral immune responses play a role. The
most common model involves CD4+ Thl
cells initiating delayed-type hypersensitivity
responses to myelin antigens. Pathogenic CD4+
T cells adoptively transfer EAE, with the brunt
of pathology seen in the spinal cord. Myelin-
specific CD8+ T cells as well as Th17 cells can
also induce EAE [58]. Recent studies suggest
three forms of EAE, which can be driven by
adoptive transfer of CD4+ Thl, Th17, or Th2/
Th9 cells [59, 60]. In the EAE model, inflamma-
tion first enters the subarachnoid space and then
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the parenchyma. This may be similar to what
happens in MS. Although MOG-induced EAE
probably comes closest to looking like MS, no
EAE model truly duplicates MS. EAE seems to
be a truer model for acute disseminated encepha-
lomyelitis (ADEM)/postinfectious encephalitis
or encephalomyelitis, which has an immunopa-
thology distinct from MS [61].

Toxin-induced demyelination models include
direct injection of gliotoxins (such as ethidium
bromide, lysolecithin) into white matter or sys-
temically delivered toxins such as cuprizone [62].

The best infectious animal model for MS
involves Theiler’s murine encephalomyelitis virus
(TMEV), a nonenveloped single-strand RNA
picornavirus [58]. This causes an acute mild polio-
encephalomyelitis in mice, followed by a chronic
inflammatory demyelinating spinal cord infection,
with virus detectable in glial cells and macro-
phages. The chronic infection results in an
immune-mediated myelopathy with features remi-
niscent of MS. However, it is relatively easy to
document the persistent infection, whereas this
has not been shown in MS. Other infection models
have included canine distemper virus and mouse
hepatitis virus, but none truly recapitulate MS.

MS Immunologic Scenarios

Distinct immunologic scenarios have been pro-
posed for MS (Table 3.3). The most popular “out-
side-in” hypothesis involves proinflammatory
CD4+ T cells, both Thl and Th17, activated in
the periphery by an unknown (likely antimicro-
bial) antigen. The triggering antigen presumably
shares antigenic sequences with myelin or other
CNS antigens. These proinflammatory cells
attach to the CNS endothelium via adhesion mol-
ecules to cross the BBB. This is facilitated by
release of proteolytic enzymes such as matrix
metalloproteinases (MMPs). Once inside the
CNS parenchyma, molecular mimicry results in
cross-reactivity, and the misdirected immune
attack results in pathologic lesions. Instead of
quickly exiting, the infiltrating cells see this
shared antigen and are further activated locally to
cause injury. This results in further leukocyte

Table 3.3 MS immunologic scenarios [6]

Environmental pathogen(s) or other factor leads to
systemic immune response
This response cross-reacts with CNS/possibly myelin
antigen
Sensitized systemic cells penetrate the CNS and
result in primary tissue damage
Outside-in hypothesis
Intrinsic CNS abnormality (at level of oligodendrocyte,
astrocyte, microglia, or neuron) leads to in situ
disturbance
Secondary systemic immune cell penetration with
secondary tissue damage
Inside-out hypothesis
Progressive vs. relapsing MS
Less focal inflammation; CNS-compartmentalized
inflammation
CD8+ T cells, plasma cells; activated microglia,
astrocyte inflammatory responses
Accentuated neuro-axonal degeneration (with
oxidative stress, mitochondrial dysfunction,
extracellular free iron accumulation, loss of myelin
trophic support), altered glutamate, proinflammatory
microenvironment

recruitment, inflammation, local cell activation,
and damage to CNS tissue. There is evidence that
immunity to myelin antigen targets can worsen
MS. Altered peptide ligands (APL) are created as
partial agonists or antagonists to the T cell recep-
tor of autoreactive lymphocytes. In a phase II
trial of an APL to MBP 83-99, a subset of patients
had marked worsening on MRI with clinical
relapse, coincident with a marked expansion of
MBP reactive T cells [63].

The inside-out hypothesis is based on a pri-
mary in situ CNS abnormality which somehow
provokes systemic immune cells to infiltrate, pro-
ducing secondary inflammatory-mediated dam-
age. This could reflect an abnormality of intrinsic
CNS cells (oligodendrocytes, microglia, astro-
cytes, neurons) or their components (mitochon-
dria, ion channels). The in situ disturbance could
be a chronic CNS infection, metabolic, or vascu-
lar defect. In this scenario, MS could be a neuro-
degenerative disorder, with demyelination a
secondary issue [64].

Finally, the immunology and damage mecha-
nisms between progressive and relapsing MS
may be distinct, with a much more important role
for intrathecal mechanisms in progressive MS.
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Since MS is most likely heterogeneous, it is
quite possible that more than one scenario can
result in MS. For example, could disease be
driven by persistent CNS infection? It will be
important to define distinct MS subsets.

Immune System Cells
T Cells

Although the human immune system does not
have true distinct Th1 and Th2 cells, CD4+ Th1-
like cells promote proinflammatory cytokines
and enhance cellular immunity, while CD4+
Th2-like cells promote antagonistic regulatory
cytokines and enhance humoral immunity. CD4+
T cells, depending on whether they are naive or
activated, can show abnormalities in number and/
or function in MS patients vs. controls [65].

T regulatory (Treg) cells are immunosup-
pressive CD4+ T cells that express CD25 and
Foxp3. They inhibit autoreactive effector cells
[65]. CD4+ CD25+ Treg cells are implicated in
development of autoimmune disorders. A num-
ber of studies have suggested that Treg number
and function are abnormal in MS [66-68].
Transcription factor Foxp3 is the programmer
for the suppressive function of Treg cells. Foxp3
mRNA and protein levels are reported as
reduced in MS [69]. Recently CD8+ Treg cells
were described and found to be decreased in
blood and CSF of MS patients who were in an
acute attack [70].

CD4+ Th17 cells are distinct from Th1, Th2,
and Treg cells and have been associated with
inflammation, autoimmunity, and response to
extracellular pathogens [71]. Naive T cells
require exposure to transforming growth factor 3
(TGFB) and either IL-6 or IL-21 to become Th17
cells, along with exposure to IL-23 produced by
macrophages and dendritic cells [72]. IL-23 is a
main driver. Th17 cells produce IL-17, which
promotes inflammatory responses [68]. IL-17
messenger RNA (mRNA) is elevated in MS
patients. These cells also produce IL-21 and
IL-22. Th17 cells excel at infiltrating tissues to
cause severe inflammation. They express the che-

mokine receptor CCR6 on their surface [66].
Th17 cells are clearly implicated in MS [73-75].

CDS8+ T cells function as cytotoxic/regulatory
cells. They are activated in the periphery and then
enter the CNS. They dramatically outnumber
CD4+ T cells within MS lesions at all disease
stages [70]. CD8+ T cells show the most pro-
found and reproducible clonal and oligoclonal
expansion [76], and memory CD8+ T cells are
enriched in both blood and CSF of MS patients
[77]. CD8+ T cells are associated with axonal
injury in early MS [68]. They interact with auto-
reactive CD4+ T cells to suppress them. CD8+ T
cells are also reduced during MS relapses [69].

A small subpopulation of T cells have a T cell
receptor composed of y/d polypeptides, as
opposed to the usual o/} polypeptides. They are
mainly located in skin and mucosal tissues. These
y/8 T cells are involved in both innate and adap-
tive immune responses and have been reported as
clonally expanded in the CSF of early MS
patients [78]. Another subset was associated with
very aggressive MS [79]. They are increased in
MS lesions and may be involved in oligodendro-
cyte lysis [80]. y/8 T cells in the EAE model con-
trol inflammatory cell migration into the CNS,
promote apoptosis of encephalitogenic T cells,
and play a key role in recovery. Their potential
role in MS remains to be determined. Terminally
differentiated effector memory y/6 T cells were
decreased in the periphery during relapse [81].

There is also a small subpopulation of CD20+
T cells. They make up 3-5% of T cells and are
proinflammatory with a high proliferative
capacity to CNS antigens. They were reported
to be enriched in the blood and CSF of MS
patients [82].

B Cells

B cells play a major role in MS (Table 3.4). B
cells and plasma cells are present in the brain and
CSF of MS patients [83]. There are clonal expan-
sion and somatic mutation of B cell receptor
genes, consistent with an antigen-driven response
[84, 85]. Healthy controls rarely show B cells in
CSF. In contrast, MS patients show clonally



3 Immunopathogenesis

55

Table 3.4 Role for B cells in MS

B cells and plasma cells are present in CNS tissue
Express hypermutated immunoglobulins (local CNS
antigen-driven activation)

Positive response to B cell-depleting anti-CD20

monoclonal antibody
In relapsing MS
In PPMS

CSF oligoclonal bands and intrathecal immunoglobulin

production as diagnostic signatures
Data suggests oligoclonal IgM/IgG; elevated IgG
index indicates poorer prognosis

Lymphoid follicles in meninges of MS

EBYV seropositivity required for development of MS (at

least adult onset); EBV persistently infects B cells

expanded CSF memory B cells, centroblasts, and
short-lived plasmablasts as the predominant
antibody-secreting cell in CSF [86]. When men-
ingeal lymphoid follicles with germinal centers
are detected in SPMS patients, they are associ-
ated with younger age at MS onset, more severe
disability, and more cortical demyelination [87].
Diffusion of antibodies or other soluble factors
from the meningeal follicles to the cortex may be
responsible for enhanced gray matter lesions.
EBV causes persistent infection of B cells, and
this results in immunologic changes that might
promote development of MS.

Oligoclonal IgG in CSF is a hallmark diagnos-
tic signature in MS. The specificity of these bands
is not known, but they are not directed against
myelin components and could represent a non-
specific polyantigenic exposure response [88]. In
a recent study, MS oligoclonal bands were at
least partly directed against ubiquitous intracel-
lular autoantigens released during tissue destruc-
tion [89]. Oligoclonal IgM (lipid specific) in
particular has been suggested to be a poor prog-
nosis marker [90]. Although initial reports sug-
gested anti-myelin antibodies to MBP and MOG
might indicate more severe disease, these find-
ings have not been confirmed [91-93]. With a
more accurate cell-based assay, anti-MOG IgG
appears to be associated with unique non-MS
disorders including seronegative NMO spectrum
disorder, ADEM, chronic relapsing inflammatory
optic neuropathy, and isolated cases of optic neu-
ritis, transverse myelitis, and encephalitis [94].

Elevated IgG index, as a marker of intrathecal
immunoglobulin production, is another less spe-
cific CSF diagnostic marker.

Perhaps the most impressive data supporting a
role for B cells in MS is the success of anti-CD20
monoclonal antibody therapy in relapsing and
PPMS [95, 96]. This anti-inflammatory response
likely represents an effect on B cells as APCs and
T cell regulators, since any effect on humoral
antibody production is likely to be delayed for
some years.

Plasma Cells

Plasma cells, along with B cells, also show
clonal expansion in MS CSF [97]. Plasma cells
show a distinct pattern from T and B cells. They
accumulate in connective tissue spaces in the
meninges and perivascular space [16]. They
accumulate in MS CNS tissue later but (unlike T
and B cells) will persist. They do not show pro-
liferative markers, suggesting they are long-lived
cells [98]. They are most marked in progressive
MS. Clonally expanded plasma cells are the pre-
sumptive source of CSF oligoclonal bands and
intrathecal immunoglobulin production [99].

Monocytes/Macrophages

The mononuclear phagocyte system consists of
circulating blood monocytes, tissue macrophages,
and dendritic cells [100]. Blood-borne monocytes/
tissue macrophages are known to be the major cell
typeinthe perivascularinfiltratesin MS. Monocytes
enhance T cell migration across the BBB and are
the precursor for macrophages. There are three
subsets (classic, nonclassical, intermediate) based
on expression of CD14 and CD16. MS patients
have been reported to show increased levels of
nonclassical CD14+ CDI16++ monocytes and
decreased classic monocytes (CD14++, CD16-)
[101]. Monocytes/macrophages along with
microglia represent innate immunity. They play an
important role in lesion pathogenesis and local tis-
sue injury, in phagocytic removal of debris, as well
as in repair processes [102].
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Early peripheral blood monocyte count was
reported to correlate with MS severity in a
Japanese population [103].

Dendritic Cells

Dendritic cells are professional APCs which ini-
tiate primary immune responses and develop
and maintain immune tolerance [104]. They are
the most potent APC. There are myeloid
(CD11c+) and plasmacytoid (CD11c%™ CD123)
types [105]. They are typically elevated in the
blood, CSF, and lesions of MS [105, 106]. MS
dendritic cells secrete higher levels of proin-
flammatory cytokines (IL-6, TNF, IL-23) than
healthy controls and show decreased expression
of maturation markers [105]. There may be defi-
ciencies in the maturation of dendritic cells in
PPMS [106, 107].

Recent studies have explored how dendritic
cells enter the CNS (BBB, choroid plexus,
meninges) and traffic to draining lymph nodes
[108]. Tolerogenic DCs have also been proposed
as a therapy for MS [109].

Natural Killer (NK) Cells

NK cells, part of innate immunity, are a subset
of lymphocytes that are cytotoxic to virus-
infected cells and tumor cells; they also secrete
cytokines [110]. These distinct functions coin-
cide with two subsets, CD56%™ NK cells and
CD56%ie NK cells. NK cells are found in MS
lesions. NK cell abnormalities are described in
MS, including certain subpopulations being
increased during periods where patients are not
actively relapsing [111, 112]. Other subpopula-
tions are reduced in untreated MS, as well as
first-attack patients [110, 113]. A number of MS
therapies (IFNB, cyclophosphamide, natali-
zumab, dimethyl fumarate) increase NK cells
[110, 114, 115].

Invariant NK-T cells share properties of NK
cells and T cells. These cells are reported as
decreased in MS, and cell lines isolated from MS
patients show higher secretion of IL-4 [66, 110].

It is debated whether enhancing NK cells is ben-
eficial or detrimental in MS [116-118]. Clearly
further work is needed.

Mast Cells

Mast cells are innate immune cells that are
involved in allergic reactions. They contain
granules and can release histamine and cyto-
kines when activated [119]. Mast cells are found
in the brain and meninges normally and are cer-
tainly present in MS brain. Elevated levels of
CSF histamine and tryptase (a specific mast cell
enzyme) have been reported in MS CSF [119-
120]. Mast cells may play a role in MS menin-
geal inflammation and neuroinflammation [119,
121] and are the therapeutic target in the MS
masitinib trial [122, 123].

Immune System Factors
Cytokines

Proinflammatory Thl cytokines include IL-17,
IL-22, IL-23, granulocyte-macrophage colony-
stimulating factor (GM-CSF), TNFa, IL-1, IL-6,
IL-8, IL-12, and IFNy. They are opposed by anti-
inflammatory/regulatory Th2 cytokines such as
IL-4 and IL-10 [124]. A number of reports find
various proinflammatory cytokines elevated or
upregulated in MS, while certain regulatory cyto-
kines may be downregulated [124—130]. It has
also been noted that there are gene pathways asso-
ciated with MS that involve cytokine production,
in addition to other mechanisms [124]. Several
MS disease-modifying therapies are believed to
work in part through a Th1 to Th2 shift. The pro-
inflammatory IFNy cytokine has been reported to
worsen MS [131], while IFNp is used to treat
MS. This cytokine picture is not straightforward.
Blockade of another proinflammatory cytokine,
TNFa, actually worsens MS [132, 133].
Progressive MS patients are reported to show
greater IL-12 and IL-18 production by systemic
immune cells [56, 134]. Targeted cytokine thera-
pies continue to be therapeutic strategies.
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Chemokines

Chemokines are a family of small cytokines
involved in chemo-attraction and cell migration.
They are also involved in adhesion molecule
expression, matrix metalloproteinase and cyto-
kine secretion, T cell activation, and synaptic
transmission [135]. They are part of a network
which also involves chemokine receptors.
Chemokines control the selective CNS recruit-
ment of inflammatory cells in MS [136]. In par-
ticular CCL5, CCL2, CXCL10, and CXCL13 are
implicated in MS. CCLS5 (Rantes) is upregulated
at the edge of MS plaques to attract monocytes
[137]. CCL2 is expressed by local astrocytes to
attract mononuclear cells [138]. MS CSF shows
elevated levels of CXCL10 and CCLS5, which
draws activated T cells, and CXCL13, which
draws B cells [135, 139]. CCL18 is reported to be
elevated in the blood of MS patients, especially
with progressive disease [140]. Chemokines are
another potential therapeutic target in MS.

Osteopontin

Osteopontin, early T lymphocyte activation-1,
is a proinflammatory cytokine expressed by
activated T cells, dendritic cells, and macro-
phages [59, 141]. It is a member of the small
integrin binding-proteins, the SIBLING family
[142]. It binds to a4B1 integrin and modulates
Thl and Thl7 cytokines, and studies have
reported elevated levels in the blood and CSF
during relapses [143—-145]. High expression of
osteopontin has been found in MS brain lesions
using cDNA microarray technology [146]. It
has been proposed as a blood and CSF bio-
marker in MS [147].

Adhesion Molecules

Cell adhesion molecules are located on the sur-
face of cells and mediate binding to other cells or
to extracellular matrix via an adhesion process.
This is important to cell penetration into the
CNS in MS. Adhesion molecules involve four

families (immunoglobulin superfamily, integ-
rins, cadherins, selectins). The endothelial cells
within MS lesions express elevated levels of
intercellular adhesion molecule (ICAM)-1 and
vascular cell adhesion molecule (VCAM)-1
[136]. Activated immune cells express selectins
and integrins such as lymphocyte function-asso-
ciated antigen (LFA)-1 and very late antigen
(VLA)-4, which bind to their ligand adhesion
molecules on the endothelium. Anti-adhesion
molecule therapy (such as natalizumab, a mono-
clonal antibody directed against &4 integrin, a
component of VLA-4) has been used success-
fully to treat MS. In a recent study, another
immunoglobulin superfamily member, neural
cell adhesion molecule (NCAM or CD56), was
shed from neural and glial cells [148]. Plasma
levels of soluble NCAM correlated with soluble
VCAM-1 levels in MS and health controls. In
contrast, only MS showed correlated elevations
in soluble ICAM-1 and VCAM-1. Levels of sol-
uble NCAM (p =0.05) and VCAM-1 (p = 0.028)
were higher in progressive MS compared to
healthy controls [148].

Matrix Metalloproteinases

MMPs are part of a family of almost 40 endopep-
tidases, proteolytic enzymes that are involved in
extracellular matrix and basement membrane
degradation. These proteases include tissue
inhibitors of matrix proteases (TIMPs), which
downregulate MMPs. Activated immune cells
secrete MMPs to help penetrate through the BBB
basement membrane and extracellular matrix, to
enter the CNS. Matrix proteinases may directly
injure CNS cells, as well as activating membrane-
bound proinflammatory cytokines, but may also
promote CNS repair and regeneration. MMPs are
implicated in BBB permeability and CNS inflam-
mation in MS.

MMP-9 is elevated in the serum and CSF of
MS, especially during relapses [149]. Elevated
serum and CSF MMP-9 levels are reported to
correlate with MS disease activity [150]. MMP-2
to TIMP-2 ratio is increased in the CSF and
serum of relapsing MS, with evidence of
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intrathecal MMP-2 production [151]. Serum
MMP-2 and MMP-2/TIMP-1 ratio is said to be
elevated in progressive MS [152]. In a recent
study, MMP-9 gene expression and protein levels
were significantly reduced at baseline in MS
patients destined to develop progressive multifo-
cal leukoencephalopathy on natalizumab, com-
pared to healthy controls [153] .

CNS Cells and Components
Microglia

Microglia are the resident CNS macrophages
as well as immune cells. They act as APCs,
produce cytokines, and are involved in phago-
cytosis. Along with astrocytes, they modulate
CNS inflammation and neurodegeneration
[154]. They show plasticity, with neuroinflam-
matory as well as neuroprotective properties
shaped by their CNS microenvironment [155].
In fact, both microglia and macrophages are
sometimes classified as M1 (proinflammatory)
or M2 (anti-inflammatory), although this divi-
sion has been challenged [156]. Activated
microglia are noted in all MS patients but are
especially associated with the progressive phe-
notypes. Clusters are also found in MS normal-
appearing white matter [157].

Activated microglia and macrophages pro-
duce cytotoxic molecules including proinflam-
matory and cytotoxic cytokines, reactive oxygen
and nitrogen intermediates, and proteolytic and
lipolytic enzymes [102]. Microglia are likely to
be an important component of the MS damage
process and are particularly involved in axonal
injury [158]. It has been suggested that T cells
in MS tissue may drive continued activation of
microglia [159]. Microglia also promote repair,
since they can secrete neurotrophins such as
brain-derived neurotrophic factor (BDNF), neu-
rotrophin-3 (NT3), and insulin-like growth fac-
tor-1 (IGF-1), as well as regulatory cytokines
[110]. In a recent study of autopsy brains, on
average, 45% of the macrophage-like cells in
active lesions were calculated to be derived
from resident microglia [156]. Active lesion

microglia showed a proinflammatory pheno-
type, which changed in later stages to an inter-
mediate phenotype.

Oligodendrocytes and Myelination

Oligodendrocytes show variable degrees of loss
in MS. They may be an early target and can die
by apoptosis prior to formation of demyelinating
plaques [160]. Oligodendrocytes are especially
vulnerable to oxidative stress because of their
high metabolic rate, high ATP usage to synthe-
size myelin, large intracellular iron content, high
hydrogen peroxide level, high levels of polyun-
saturated fatty acid within the myelin, and low
levels of antioxidants [161]. It has been suggested
that intrinsic apoptosis due to oxidative stress is
an important cause for oligodendrocyte loss in
MS. Fas/CD095 is expressed on oligodendrocytes
in chronic MS lesions; FasL expressed on
microglia and inflammatory lymphocytes are
likely to play a role in intrinsic oligodendrocyte
apoptosis [161, 162].

Remyelination involves generating new mature
oligodendrocytes [163]. Oligodendrocytes can be
replaced by OPCs, a population of adult CNS
stem/precursor cells widely placed within the
adult CNS. They are present in white and gray
matter at a density similar to microglia. They
appear to be the main source of remyelination in
MS, as opposed to surviving adult oligodendro-
cytes. However, in two recent animal models,
adult oligodendrocytes did participate in
myelination [164]. There is also recent evidence
for MS-specific oligodendrocyte lineage cells
[165]. At least in animal models, adult neural
stem cells (in the third ventrical subventricular
zone and the dentate gyrus subgranular
zone) contribute to oligodendrogliosis [166].
Remyelination in MS is ultimately inadequate
and fails. This is likely to represent in part non-
disease-related factors (genetic and immune sys-
tem background, sex, increasing age) as well as
a failure of OPC differentiation and maturation
[163, 167, 168].

Along with oligodendrocyte loss, MS involves
extensive demyelination. Myelin is stripped and
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Table 3.5 Possible basis for myelin and oligodendrocyte
injury in MS
Cell based
CD4+ T cells sensitized to myelin antigens
Antigen-specific cytotoxic CD8+ T cells
Astrocyte disturbance
Immune system factors
Proinflammatory cytokines
Antibody-mediated injury
Complement cascade components
Bystander demyelination following infectious
superantigen cell activation
Macrophage-mediated injury
Hypoxic/ischemic stress
Reactive oxygen or nitrogen species; oxidative,
endoplasmic reticulum stress
CNS tissue infection
Axonal dysregulation with 2° myelin loss
Glutamate excitotoxicity
Excitatory amino acid transporters
Proteolytic, lipolytic enzymes
Fas antigen-ligand interactions
Unstable myelin
Apoptosis (programmed cell death)

phagocytized by macrophages. The basis for
myelin and oligodendrocyte injury is unknown
and likely multifactorial (Table 3.5). There could
even be intrinsic myelin instability.

MBP in MS shows a higher rate of citrullina-
tion/deimination (45%) compared to controls
(15-20%) [160]. This is developmentally imma-
ture myelin, which is less compact and therefore
destabilized. An unproven hypothesis is that
unstable MBP is a primary factor leading to MS
[45, 169, 170].

Astrocytes

Astrocytes are the most abundant CNS cell and
are involved in BBB function, glutamate metab-
olism, weak APC activity, extracellular potas-
sium maintenance, and release of trophic
factors for surrounding cells [171]. It is possi-
ble that MS could represent a primary distur-
bance of astrocytes, considering that another
CNS inflammatory demyelinating disorder,
neuromyelitis optica spectrum disorder, often
targets an astrocyte water channel, aquaporin 4

(AQP4). MS patients show changes in sodium
channels in reactive astrocytes. There is focal
upregulation of the sodium channel Nav 1.5
within, as well as at the edge of, active and
chronic MS lesions [172]. This upregulation is
not seen in MS NAWM or control brain. It is
also seen in astrocytes surrounding brain
tumors and cerebrovascular accidents, suggest-
ing it is a compensatory mechanism to CNS
damage. Very active MS lesions show structural
changes involving astrocytes [173]. Acute MS
lesions were reported to show loss of astrocytes
along with their food processes that accompa-
nied demyelination [174]. Resolving lesions
were repopulated with AQP4-negative stellate
astrocytes, but astrocytes were mainly AQP4
positive in older lesions. Decreased levels of
creatine kinase B, localized to astrocytes, was
reported in the white matter of MS patients but
not controls [175]. Activated astrocytes have
been shown to promote B cell survival and acti-
vation, which may be particularly important in
progressive MS [176]. It is clear that the role of
astrocytes in MS is not just to form glial scars
but to play a role in lesion formation, recruit-
ment of lymphocytes, tissue damage, and tissue
repair [177].

Neurons/Axons

Neurons, along with dendrites, axons, and
nodes of Ranvier, are damaged and lost in MS
[39, 178]. This is not just sequelae of loss of
trophic myelin, although demyelinated axons
express increased sodium channels and defi-
cits in ATP production, making them more
vulnerable to physiologic stressors [179]. The
increased expression of sodium channels on
the demyelinated axon leads to excess sodium
within the axons, requiring increased ATP to
correct the sodium concentration. This
increased energy demand, along with mito-
chondrial dysfunction, leads to axonal hypoxia
[180]. This appreciation of ion channel
changes has led to voltage-gated sodium chan-
nel blockade being proposed as a strategy to
treat MS [181].
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Acute axonal injury is prominent in active
inflammatory plaques and correlates with
inflammation (CD8+ T cells, macrophages,
microglia) [16, 33]. Axonal injury does not
require demyelination. Retinal nerve fiber
layer, made up of unmyelinated axons, can be
evaluated by optical coherence tomography and
shows deficits in MS [182]. These include thin-
ning of the retinal fiber layer and thinning of
the ganglion cell-inner plexiform layer [183].
Within cortical lesions, neuronal loss is esti-
mated to be at least 20% of the total cell popu-
lation [184].

The mechanism of axon damage is believed
to be multifactorial, mediated by inflammatory
cells and soluble factors, loss of trophic support
from myelin and glia, Wallerian degeneration,
and antibodies. Autoantibodies directed against
axo-glial gray matter antigens such as contactin
2, neurofilament light chain, and neurofascin are
found in CSF and serum of MS patients [185].
Contactin 2 is a cell adhesion molecule
expressed by neuronal subpopulations and
juxtaparanodal  axon/myelin  [180, 186].
Neurofilaments are part of the axonal cytoskel-
eton. Elevated levels of the light and heavy sub-
units are reported in the CSF of progressive
patients [187]. Neurofilament light protein is
also elevated in CSF during acute relapses
[188]. Increased CSF neurofilament levels may
predict a worse prognosis [189]. Neurofascin is
a cell adhesion molecule expressed by oligoden-
drocytes at the paranode [190, 191]. About 30%
of MS patients show antibodies to neurofascin,
an axonal component. This is much more com-
mon in progressive vs. relapsing MS and seems
to enhance axonal injury.

In addition, the neuronal 14-3-3 proteins are
reported as elevated in the CSF of patients with
more severe disability and disease progression
[192]. Abnormally phosphorylated tau, with for-
mation of insoluble tau, has been correlated with
transition to secondary progressive MS, implicat-
ing tau as a neuronal damage mechanism [2].

Neurofilament light protein (an axon/neuron
injury marker) can be measured in blood. It is
being proposed as a future prognostic and treat-
ment response biomarker for MS [193].

Blood-Brain Barrier and Vascular
System

The BBB involves multiple players that form a
neurovascular unit: endothelia, perivascular
astrocytes, pericytes, myocytes, neurons, and
extracellular matrix components [194]. These
endothelial cells lack fenestrations and show
reduced pinocytotic activity [195]. There are
tight junctions and adherens junctions between
cells. The BBB is disrupted in MS at two levels
[196]. First, there is marked focal disruption
characterized by contrast enhancement on neu-
roimaging, associated with early focal edema
and inflammation, which results in macroscopic
plaque formation. This is characteristic of relaps-
ing MS but is also seen in progressive
MS. Second, there is a much more subtle but dif-
fuse BBB disturbance with abnormal permeabil-
ity, tight junction disturbances, and changes in
basement membrane and extracellular matrix
[196-198]. This is present in normal-appearing
brain tissue, and not just the lesion areas. The
BBB is also immunologically activated in MS,
with upregulation and expression of surface
markers as well as secretion of immune factors
[194]. Although BBB abnormalities have been
thought to be a secondary phenomenon in MS, it
is not ruled out that they could reflect a primary
disturbance [195].

There are reports of early cerebral blood flow
reductions and decreased cerebrovascular reac-
tivity in MS [199]. Deposition of blood-derived
fibrin has been proposed as an immunotherapeu-
tic target in MS [200]. Down regulation of clau-
din-11 is reported at the BBB, blood-spinal cord
barrier, and blood-arachnoid barrier in MS [201].

It has also been proposed that the pericyte
might offer a new therapeutic target for MS [202].

Excitotoxins

Glutamate is the major excitatory amino acid.
Excess glutamate is capable of causing cell
death.  Glutamate-mediated  excitotoxicity
involves activation of ionotropic and metabo-
tropic receptors, with calcium cytoplasmic
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accumulation leading to cell death. Glutamate is
elevated within MS lesions and normal-appear-
ing white matter, as well as CSF. This could be
from activated immune cells, astrocytes, or
axons [8]. AMPA, NMDA, and kainate recep-
tors are all upregulated. Glutamate transporter
expression is also altered [203]. Genetic varia-
tion is reported to play a role in glutamate levels
[204]. Astrocytes, oligodendrocytes, and myelin
all express glutamate receptors. They are all
potential targets for excitotoxic damage. Finally,
glutamate directly activates T cells [205].
Abnormal CNS glutamate levels and signaling,
as well as glutamate activation of T cells and
glutamate release by T cells, may all contribute
to MS pathophysiology [205].

Nitric Oxide

Nitric oxide (NO) is a free radical implicated as a
damage mechanism in MS. It impairs the BBB
[206]. Elevated levels of NO will modify func-
tion of ion channels, transporters, and glycolytic
enzymes, resulting in axonal damage. Both NO
and its derivative, peroxynitrite, inhibit neuronal
and glial mitochondria and the ability of the axon
to generate ATP. NO impairs oligodendrocyte
metabolism by damaging cell mitochondria
[207]. A key enzyme involved in NO synthesis,
NO synthase (iNOS), is upregulated in macro-
phages and reactive astrocytes in acute MS
lesions [208]. NO activity in CSF rises during
MS relapses [209-212]. It has been proposed that
NO plays a key role in MS by stimulating local
inflammation, disrupting the BBB, and increas-
ing permeability, causing neuronal and DNA
damage, disrupting axons and mitochondria, and
inhibiting myelin formation genes [213].

Mitochondria

Mitochondria produce ATP, control calcium
homeostasis, and play a role in apoptosis. They
contain nonnuclear DNA which encodes subunits
of the mitochondrial respiratory chain com-
plexes. Mitochondrial abnormalities reported in

MS include reduced respiratory chain complex
activities, increase in neuron mitochondrial DNA
copies, and evidence of oxidative damage to
mitochondrial DNA [37, 49].

Mitochondria have been implicated in both
conduction block and axonal injury, through
calcium-mediated cytoskeletal changes as well as
oxidative stress [37]. Mitochondrial abnormali-
ties are believed to play a key role in neurodegen-
eration [214] and have been proposed as a
therapeutic target in MS [215].

Neurotrophic Factors

Neurotrophic factors encompass three families:
nerve growth factor (NGF) family, glial cell line-
derived neurotrophic factor (GDNF) family
ligands, and neuropoietic cytokines [216]. They
promote differentiation and survival of CNS cells
and their components. They also increase anti-
oxidant enzymes and inhibit free radical forma-
tion. They are secreted by activated immune cells
and are the basis for the concept of neuroprotec-
tive autoimmunity. CNS inflammatory cells may
help contain damage and boost repair and cell
survival, by releasing these neurotrophic factors
in MS brain and spinal cord [217-219]. Those
that could have pertinence in MS include NGF,
BDNEF, NT-3 and NT -4, ciliary neurotrophic fac-
tor, and leukemia inhibitory factor [216].

Other Factors
Vitamin D

Vitamin D deficiency is a risk factor for MS, at
least among Caucasians. Vitamin D is obtained
from synthesis in the skin (triggered by sunlight)
and dietary intake. 25-Hydroxy vitamin D is the
major circulating metabolite and is the one to
measure in blood, while 1,25-dihydroxy vitamin
D (calcitriol) is the biologically active metabo-
lite. Biologic effects are mediated via the vitamin
D receptor [220], a member of the steroid recep-
tor superfamily. Vitamin D receptor is expressed
by monocytes, APCs, and activated lymphocytes.
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Vitamin D appears to shift immune responses to
a more anti-inflammatory regulatory role and
enhances Treg function. Various MS susceptibil-
ity genes are located within or near genes associ-
ated with vitamin D metabolism [221]. Higher
levels may play a role in treating MS, but this is
not yet clearly proven [222]. The role of vitamin
D in MS is the subject of ongoing research.

Exosomes and MicroRNAs

Exosomes are small (50 nm to 1 pm) extracellu-
lar vesicles that provide cell-to-cell communica-
tion [223]. They are involved in immune
regulation. These vesicles contain proteins, lip-
ids, transcriptional factors, RNA, and DNA
[224]. They contain microRNAs (miRNAs), a
group of small single-stranded non-coding RNA
molecules 21-23 nucleotides in length. They
degrade mRNA or repress mRNA translation.
They can impact the genetic program of their tar-
get cell and influence both innate and acquired
immune responses.

Exosomes are increased in the serum and CSF
of relapsing MS, particularly during an acute
attack [224]. Serum exosomes contain myelin
proteins in both MS and healthy controls; exo-
somes containing MOG correlated with disease
activity [223]. Exosome release in MS appears to
facilitate immune cell transportation across the
BBB.

miRNAs are being studied in the circulation
of MS patients, as well as within MS immune
cells. This appears to be a promising area to shed

further light on the immunology of MS
[225-227].
Gut Microbiota

There is a very important gut-brain axis, with
bidirectional communication [228]. The gut
microbiota influences systemic immunity and
inflammation, including within the CNS [229].
There may be a gut microbiota that predisposes to
MS, as well as a gut microbiota that can treat MS
[230, 231]. This is discussed further in Chap. 5.

Summary

CNS damage in MS is mediated by a number of
immune and inflammatory factors beyond the
CD4 Thl cell. Key immune factors may differ
based on subsets of MS patients and different
stages of the disease. A better appreciation of this
immune system complexity is guiding therapeu-
tic developments.

Novel targets are being proposed (ion chan-
nels, mitochondria, NO, glutamate) that may lead
to improved outcomes. Current personalized
medicine emphasizes an individualized approach.
Future precision medicine will use validated
molecular markers to guide optimal diagnosis
and management.

References

1. Barnett MH, Parratt JDE, Pollard JD, et al. MS: is it
one disease? Int MS J. 2009;16:57-65.

2. Anderson JM, Hampton DW, Patani R, et al.
Abnormally phosphorylated tau is associated with
neuronal and axonal loss in experimental autoim-
mune encephalomyelitis and multiple sclerosis.
Brain. 2008;131:1736-48.

3. Koch M, Mostert J, Heersema D, et al. Progression
in multiple sclerosis: further evidence of an age
dependent process. J Neurol Sci. 2007;255:35-41.

4. Ofengeim D, Ito Y, Najafov A, et al. Activation
of necroptosis in multiple sclerosis. Cell Rep.
2015;10(110):1836-49.

5. Dhib-Jalbut S, Kalvakolanu DV. Microglia and
necroptosis: the culprits of neuronal cell death in
multiple sclerosis. Cytokine. 2015;76(2):583—4.

6. Filippi M, Bar-Or A, Piehl F, et al. Multiple sclero-
sis. Nat Rev Dis Primers. 2018;4(1):43.

7. Matthews PM, Roncaroli F, Waldman A, et al. A
practical review of the neuropathology and neu-
roimaging of multiple sclerosis. Pract Neurol.
2016;16:279-87.

8. Trapp BD, Nave K-A. Multiple sclerosis: an immune
or neurodegenerative disorder? Annu Rev Neurosci.
2008;31:247-609.

9. Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al.
Cortical demyelination and diffuse white mat-
ter injury in multiple sclerosis. Brain. 2005;128(pt
11):2705-12.

10. Hu W, Lucchinetti CF. The pathological spectrum of
CNS inflammatory demyelinating diseases. Semin
Immunopathol. 2009;31:439-53.

11. Barnett MH, Prineas JW. Relapsing and remitting
multiple sclerosis: pathology of the newly forming
lesion. Ann Neurol. 2004;55:458-68.


https://doi.org/10.1007/978-3-030-24436-1_5

3 Immunopathogenesis 63

12. Parratt JDE, Prineas JW. Neuromyelitis optica: sclerosis lesions: a study of 113 cases. Brain.
a demyelinating disease characterized by acute 1999;122:2279-95.
destruction and regeneration of perivascular astro- 29. Prineas JW, Barnard RO, Kwon EE, et al. Multiple
cytes. Mult Scler. 2010;16:1156-72. sclerosis: remyelination of nascent lesions. Ann

13. Henderson APD, Barnett MH, Parratt JDE, et al. Neurol. 1993;33:137-51.

Multiple sclerosis. Distribution of inflamma- 30. Ferguson B, Matyszak M, Esiri MM, et al. Axonal
tory cells in newly forming lesions. Ann Neurol. damage in acute multiple sclerosis lesions. Brain.
2009;66:739-53. 1997;120:393-9.

14. Prineas JW, McDonald WI, Franklin 31. Trapp BD, Peterson J, Ransohoff RM, et al. Axonal
RIM. Demyelinating diseases. In: Graham DI, transaction in the lesions of multiple sclerosis. N
Cantos PL, editors. Greenfield’s neuropathology. 7th Engl J Med. 1998;338:278-85.
ed. London: Arnold; 2002. p. 471-550. 32. Evangelou N, Esiri MM, Smith S, et al. Quantitative

15. Kuhlmann T, Goldschmidt T, Antel J, et al. Gender pathological evidence for axonal loss in normal
differences in the histopathology of MS? J Neurol appearing white matter in multiple sclerosis. Ann
Sci. 2009;286:86-91. Neurol. 2000;47:391-5.

16. Frischer JM, Bramow S, Dal-Bianco A, et al. 33. Kuhlmann T, Lingfeld G, Bitsch A, et al. Acute axo-
The relation between inflammation and neuro- nal damage in multiple sclerosis is most extensive in
degeneration in multiple sclerosis brains. Brain. early disease stages and decreases over time. Brain.
2009;132:1175-89. 2002;125:2202—-12.

17. Albert M, Barrantes-Freer A, Lohrberg M, et al. 34. Bitsch A, Schuchart J, Bunkowski S, et al. Acute
Synaptic pathology in the cerebellar dentate axonal injury in multiple sclerosis: correlation
nucleus in chronic multiple sclerosis. Brain Pathol. with demyelination and inflammation. Brain.
2017;27:737-47. 2000;123:1174-83.

18. Jirgens T, Jarafi M, Kreutzfeldt M, et al. 35. Androdias G, Reynolds R, Chanal M, et al.
Reconstruction of single cortical projection neu- Meningeal T cells associate with diffuse axonal
rons reveals primary spine loss in multiple sclerosis. loss in multiple sclerosis spinal cords. Ann Neurol.
Brain. 2016;139:39—46. 2010:68:465-76.

19. Trapp BD, Vignos M, Dudman J, et al. Cortical 36. Pfeifenbring S, Bunyan RF, Metz I, et al. Extensive
neuronal densities and cerebral white matter demy- acute axonal damage in pediatric multiple sclerosis
elination in multiple sclerosis: a retrospective study. lesions. Ann Neurol. 2015;77(4):655-67.

Lancet Neurol. 2018;17:870-4. 37. Mahad D, Lassmann H, Turnbull D. Mitochondria
20. Bradl M, Lassmann H. Progressive multiple sclero- and disease progression in multiple sclerosis.
sis. Semin Immunopathol. 2009;31:455-65. Neuropathol Appl Neurobiol. 2008;34:577-89.

21. Bramow S, Frischer JM, Lassmann H, et al. 38. Lassmann H. Axonal and neuronal pathology in
Demyelination versus remyelination in progressive multiple sclerosis: what have we learn from animal
multiple sclerosis. Brain. 2010;133:2983-98. models. Exp Neurol. 2010;225:2-8.

22. Kooi EJ, Geurts JIG, van Horssen J, et al. Meningeal 39. Cifelli A, Arridge M, Jezzard P, et al. Thalamic neu-
inflammation is not associated with cortical demy- rodegeneration in multiple sclerosis. Ann Neurol.
elination in chronic multiple sclerosis. J Neuropathol 2002;52:650-3.

Exp Neurol. 2009;68:1021-8. 40. Bo L, Vedeler CA, Nyland HI, et al. Subpial

23. Lassmann H, Bruck W, Lucchinetti CF. The immu- demyelination in the cerebral cortex of multiple
nopathology of multiple sclerosis: an overview. sclerosis patients. J Neuropathol Exp Neurol.
Brain Pathol. 2007;17:210-8. 2003;62:723-32.

24. Luchetti S, Fransen NL, van Eden CG, et al. 41. Moghadasi AN, Baghbanian SM. Tumefactive
Progressive multiple sclerosis patients show substan- demyelinating lesions in a patient with mul-
tial lesion activity that correlates with clinical dis- tiple sclerosis receiving natalizumab. Acta
ease severity and sex: a retrospective autopsy cohort Neurol Belg. 2018; https://doi.org/10.1007/
analysis. Acta Neuropathol. 2018;135:511-28. s13760-018-0948-2.

25. Lucchinetti C, Bruck W, Parisi J, et al. Heterogeneity 42. Sanchez P, Meca-Lallana V, Vivancos J. Tumefactive
of multiple sclerosis lesions: implications for multiple sclerosis lesions associated with fingolimod
the pathogenesis of demyelination. Ann Neurol. treatment: report of 5 cases. Mult Scler Relat Disord.
2000;47:707-17. 2018;25:95-8.

26. Reich DS, Lucchinetti CF, Calabresi PA. Multiple 43. Lucchinetti CF, Gavrilova RH, Metz I, et al. Clinical
sclerosis. N Engl J Med. 2018;378(2):169-80. and radiographic spectrum of pathologically

27. Keegan M, Konig F, McClelland R, et al. Relation confirmed tumefactive multiple sclerosis. Brain.
between humoral pathological changes in mul- 2008;131:1759-75.
tiple sclerosis and response to therapeutic plasma 44. Wood DD, Bilbao JM, O’Connors P, et al. Acute
exchange. Lancet. 2005;366:579-82. multiple sclerosis (Marburg type) is associated with

28. Lucchinetti CF, Bruck W, Parisi J, et al. A quan- developmentally immature myelin basic protein.

titative analysis of oligodendrocytes in multiple

Ann Neurol. 1996;40:18-24.


https://doi.org/10.1007/s13760-018-0948-2
https://doi.org/10.1007/s13760-018-0948-2

64

P.K. Coyle

45.

46.

47.

48.

49.

50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Harauz G, Musse AA. A tale of two citrullines—
structural and functional aspects of myelin basic pro-
tein deamination in health and disease. Neurochem
Res. 2007;32:137-58.

Behrens JR, Wanner J, Kuchling J, et al. 7 Tesla
MRI of Balo’s concentric sclerosis versus mul-
tiple sclerosis lesions. Ann Clin Transl Neurol.
2018;5(8):900-12.

Yao DL, Webster H, Hudson LD, et al. Concentric
sclerosis (Balo): morphometric and in situ hybrid-
ization study of lesions in six patients. Ann Neurol.
1994;35:18-30.

Stadelmann C, Ludwin SK, Tabira T, et al.
Hypoxic preconditioning explains concentric
lesions in Balo’s type of multiple sclerosis. Brain.
2005;128:979-87.

Mahad D, Ziabreva I, Lassmann H, et al.
Mitochondrial defects in acute multiple sclerosis
lesions. Brain. 2008;131:1722-35.

. Matsuoka T, Suzuki SO, Iwaki T, et al. Aquaporin-4

astrocytopathy in Balo’s disease. Acta Neuropathol.
2010;120:651-60.

Bacigaluppi S, Polonara G, Zavanone ML, et al.
Schilder’s disease: non-invasive diagnosis? Neurol
Sci. 2009;30:421-30.

Dunn-Pirio A, Eckstein C. Recurrent schilder’s dis-
ease. Mult Scler Relat Disord. 2018;26:8-10.

Geng¢ HM, Kara B, Uyur Yalgin E, et al. Long-term
clinical and radiologic follow-up of Schilder’s dis-
ease. Mult Scler Relat Disord. 2017;13:47-51.
Keegan BM, Kaufmann TJ, Weinshenker BG, et al.
Progressive solitary sclerosis: gradual motor impair-
ment from a single CNS demyelinating lesion.
Neurology. 2016;87:1713-9.

Lebrun C, Cohen M, Mondot L, et al. A case report
of solitary sclerosis: this is really multiple sclerosis.
Neurol Ther. 2017;6:259-63.

Vaknin-Dembinsky A, Weiner HL. Relationship of
immunologic abnormalities and disease stage in
multiple sclerosis: implications for therapy. J Neurol
Sci. 2007;259:90-4.

Meinl E, Krumbholz M, Derfuss T, et al.
Compartmentalization of inflammation in the CNS:
a major mechanism driving progressive multiple
sclerosis. J Neurol Sci. 2008;274:42—4.

Sato F, Tanaka H, Hasanovic F, et al. Theiler’s
virus infection: pathophysiology of demyelin-
ation and neurodegeneration. Pathophysiology.
2011;18(1):31-41. https://doi.org/10.1016/j.
pathophys.2010.04.011.

Steinman L. Shifting therapeutic attention in MS to
osteopontin, type 1 and type 2 IFN. Eur J Immunol.
2009:39:2358-60.

Jager A, Dardalhon V, Sobel RA, et al. Thl,
Th17, and Th9 effector cells induce experimen-
tal autoimmune encephalomyelitis with dif-
ferent pathological phenotypes. J Immunol.
2009;183:7169-77.

Wingerchuk DM, Lucchinetti CF. Comparative
immunopathogenesis of acute disseminated enceph-

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

alomyelitis, neuromyelitis optica and multiple scle-
rosis. Curr Opin Neurol. 2007;20:343-50.
Bjelobaba I, Begovic-Kupresanin V, Pekovic S, et al.
Animal models of multiple sclerosis: focus on exper-
imental autoimmune encephalomyelitis. J Neurosci
Res. 2018;96:1021-42.

Biclekova B, Goodwin B, Richert N, et al.
Encephalitogenic potential of the myelin basic pro-
tein peptide in multiple sclerosis: results of a phase
II clinical trial with an altered peptide ligand. Nat
Med. 2000;6:1167-75.

Tsutsui S, Stys PK. Degeneration versus auto-
immunity in multiple sclerosis. Ann Neurol.
2009;66:711-3.

Mikulkova Z, Praksova P, Stourac P, et al. Imbalance
in T-cell and cytokine profiles in patients with
relapsing-remitting multiple sclerosis. J Neurol Sci.
2011;300:135-41.

Batoulis H, Addicks K, Kuerten S. Emerging con-
cepts in autoimmune encephalomyelitis beyond the
CD4/Th1 paradigm. Ann Anat. 2010;192:179-93.
Vonken K, Hellings N, Hensen K, et al. Secondary
progressive in contrast to relapsing-remitting mul-
tiple sclerosis patients show a normal CD4+CD25+
regulatory T-cell function and FoXP3 expression. J
Neurosci Res. 2006;83:1432-46.

Bennett JL, Stuve O. Update on inflammation,
neurodegeneration, and immunoregulation in
multiple sclerosis: therapeutic implications. Clin
Neuropharmacol. 2009;32:121-32.

Huan J, Cubertson N, Spencer L, et al. Decreased
FOXP3 levels in multiple sclerosis patients. J
Neurosci Res. 2005;81:45-52.

Correale J, Villa A. Role of CD8+ CD25+ Foxp3+
regulatory T cells in multiple sclerosis. Ann Neurol.
2010;67:625-38.

Harrington LE, Hatton RD, Mangan PR, et al.
Interleukin 17-producing CD4+ effector T cells
develop via a lineage distinct from the T helper type
1 and 2 lineages. Nat Immunol. 2005;6:1123-32.
Korn T. Pathophysiology of multiple sclerosis. J
Neurol. 2008;255:2-6.

Lock C, Hermans G, Pedotti R, et al. Gene-
microarray analysis of multiple sclerosis lesions
yields new targets validated in autoimmune enceph-
alomyelitis. Nat Med. 2002;8:500-8.

Tzartos JS, Friese MA, Craner MJ, et al.
Interleukin-17 production in central nervous system-
infiltrating T cells and glial cells is associated with
active disease in multiple sclerosis. Am J Pathol.
2008;172:146-55.

Kebir H, Kreymborg K, Ifergan I, et al. Human
T(H)17 lymphocytes promote blood-brain barrier
disruption and central nervous system inflammation.
Nat Med. 2007;13:1173-5.

Babbe H, Roers A, Waisman A, et al. Clonal expan-
sions of CD8(+) T cells dominate the T cell infil-
trate in active multiple sclerosis lesions as shown by
micromanipulation and single cell polymerase chain
reaction. J Exp Med. 2000;192:393-404.


https://doi.org/10.1016/j.pathophys.2010.04.011
https://doi.org/10.1016/j.pathophys.2010.04.011

3

Immunopathogenesis

65

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

. Jacobsen M, Cepok S, Quak E, et al. Oligoclonal
expansion of memory CD8+ T cells in cerebrospi-
nal fluid from multiple sclerosis patients. Brain.
2002;125:538-50.

Shimonkevitz R, Colburn C, Burnham JA, et al.
Clonal expansions of activated gamma/delta T cells
in recent-onset multiple sclerosis. Proc Natl Acad
Sci U S A. 1993;90:923-7.

Chen Z, Freedman MS. Correlation of specialized
CD16+ gammadelta cells with disease course and
severity in multiple sclerosis. J Neuroimmunol.
2008;194:147-52.

Selmaj K, Brosnan CF, Raine CS. Colocalization
of lymphocytes bearing gamma delta T-cell recep-
tor and heat shock protein hsp65+ oligodendro-
cytes in multiple sclerosis. Proc Natl Acad Sci.
1991;88:6452-6.

Monteiro A, Cruto C, Rosado P, et al.
Characterization of circulating gamma-delta T
cells in relapsing vs. remission multiple sclerosis. J
Neuroimmunol. 2018;318:65-71.

Von Essen MR, Ammitzboll C, Hansen RH, et al.
Proinflammatory CD20+ T cells in the pathogenesis
of multiple sclerosis. Brain. 2019;142:120-32.
Cepok S, Rosche B, Grummel V, et al. Short-lived
plasma blasts are the main B cell effector sub-
set during the course of multiple sclerosis. Brain.
2005;128:1667-76.

Harp C, Lee J, Lambracht-Washignton D, et al.
Cerebrospinal fluid B cells from multiple sclerosis
patients are subject to normal germinal center selec-
tion. J Neuroimmunol. 2007;183:189-99.

Owens GP, Ritchie AM, Burgoon MP, et al. Single-
cell repertoire analysis demonstrates that clonal
expansion is a prominent feature of the B cell
response in multiple sclerosis cerebrospinal fluid. J
Immunol. 2008;171:2725-3.

Fraussen J, Vrolix K, Martinez-Martinez P,
et al. B cell characterization and reactivity
analysis in multiple sclerosis. Autoimmun Rev.
2009;8:654-8.

Magliozzi R, Howell O, Vora A, et al. Meningeal
B-cell follicles in secondary progressive mul-
tiple sclerosis associate with early onset of
disease and severe cortical pathology. Brain.
2007;130:1089-104.

Owens GP, Bennett JL, Lassmann H, et al.
Antibodies produced by clonally expanded plasma
cells in multiple sclerosis cerebrospinal fluid. Ann
Neurol. 2009;65:639-49.

Briindle SM, Obermeier B, Senel M, et al. Distinct
oligoclonal band antibodies in multiple sclerosis rec-
ognize ubiquitous self-proteins. Proc Natl Acad Sci
U S A.2016;113(28):7864-9.

Thangarajh M, Gomez-Rial J, Hedstrom AK, et al.
Lipid-specific immunoglobulin M in CSF predicts
adverse long-term outcome in multiple sclerosis.
Mult Scler. 2008;14:1208—13.

Berger T, Rubner P, Schautzer F, et al. Antimyelin
antibodies as a predictor of clinically definite mul-

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

tiple sclerosis after a first demyelinating event. N
Engl J Med. 2003;349:139-45.

Kuhle J, Lindberg RL, Regeniter A, et al. Antimyelin
antibodies in clinically isolated syndromes corre-
late with inflammation in MRI and CSF. J Neurol.
2007;254:160-8.

O’Connor KC, McLaughlin KA, De Jager PL, et al.
Self-antigen tetramers discriminate between myelin
autoantibodies to native or denatured protein. Nat
Med. 2007;13:211-7.

Jarius S, Paul F, Aktas O, et al. MOG encephalomy-
elitis: international recommendations on diagnosis
and antibody testing. J Neuroinflamm. 2018;15:134.
Hauser SI, Bar-Or A, Comi G, et al. Ocrelizumab
versus interferon beta-1a in relapsing multiple scle-
rosis. N Engl J Med. 2017;376(3):221-34.
Montalban X, Hauser SL, Kappos L, et al.
Ocrelizumab versus placebo in primary pro-
gressive multiple sclerosis. N Engl J Med.
2017;376(3):209-20.

Von Budingen HC, Harrer MD, Kuenzle S, et al.
Clonally expanded plasma cells in the cerebrospinal
fluid of MS patients produce myelin-specific anti-
bodies. Eur J Immunol. 2008;38:2014-23.

Pollok K, Mothes R, Ulbricht C, et al. The chroni-
cally inflamed central nervous system provides
niches for long-lived plasma cells. Acta Neuropathol
Commun. 2017;5:88.

Von Budingen HC, Gulati M, Kuenzle S, et al.
Clonally expanded plasma cells in the cerebrospinal
fluid of patients with central nervous system autoim-
mune demyelination produce “oligoclonal bands”. J
Neuroimmunol. 2010;218:134-9.

Ajami B, Steinman L. Nonclassical monocytes: are
they the next therapeutic targets in multiple sclero-
sis? Immunol Cell Biol. 2018;96:125-7.

Gijelstrup MC, Stilund M, Petersen T, et al. Subsets
of activated monocytes and markers of inflamma-
tion in incipient and progressed multiple sclerosis.
Immunol Cell Biol. 2018;96(2):160-74.

Merson TD, Binder MD, Kilpatrick TJ. Role of
cytokines as mediators and regulators of microg-
lial activity in inflammatory demyelination of the
CNS. NeuroMolecular Med. 2010;12:99-132.
Akaishi T, Takahashi T, Nakashima I. Peripheral
blood monocyte count at onset may affect the
prognosis in multiple sclerosis. J Neuroimmunol.
2018;319:37-40.

Kim SH, Jung HH, Lee CK. Generation, characteris-
tics and clinical trials of ex vivo generated tolerogenic
denderitic cells. Yonsei Med J. 2018:59(7):807-15.
Comabella M, Montalban X, Munz C, et al.
Targeting dendritic cells to treat multiple sclerosis.
Nat Rev Neurol. 2010;6:499-507.

Zozulya AL, Clarkson BD, Ortler S, et al. The role
of dendritic cells in CNS autoimmunity. ] Mol Med.
2010;88:535-44.

Schwab N, Zozulya AL, Kieseier BC, et al. An
imbalance of two functionally and phenotypi-
cally different subsets of plasmacytoid dendritic



66

P.K. Coyle

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

cells characterizes
regulation in multiple
2010;184:5368-74.

De Laere M, Berneman ZN, Cools N. To the brain
and back: migratory paths of dendritic cells in
multiple sclerosis. J Neuropathol Exp Neurol.
2018:77(3):178-92.

Florez-Grau G, Zubizarreta I, Cabezon R, et al.
Tolerogenic dendritic cells as a promising antigen-
specific therapy in the treatment of multiple sclerosis
and neuromyelitis optica from preclinical to clinical
trials. Front Immunol. 2018;9:1169.

Gandhi R, Laroni A, Weiner HL. Role of the innate
immune system in the pathogenesis of multiple scle-
rosis. J Neuroimmunol. 2010;221:7-14.

O’Keefe J, Gately CM, Counihan T, et al. T-cells
expressing natural killer (NK) receptors are
altered in multiple sclerosis and responses to
a-galactosylceramide are impaired. J Neurol Sci.
2008;275:22-8.

Sakuishi K, Miyake S, Yamamura T. Role of NK
cells and invariant NKT cells in multiple sclerosis.
Results Probl Cell Differ. 2010;51:127-47.

De Jager PL, Rossin E, Pyne S, et al. Cytometric
profiling in multiple sclerosis uncovers patient pop-
ulation structure and a reduction of CD8 low cells.
Brain. 2008;131:1701-11.

Putzki N, Baranwal MK, Tettenborn B, et al.
Effects of natalizumab on circulating B cells, T
regulatory cells and natural killer cells. Eur Neurol.
2010;63:311-7.

Smith MD, Calabresi PA, Bhargava P. Dimethyl
fumarate treatment alters NK cell function in mul-
tiple sclerosis. Eur J Immunol. 2018;48(2):380-3.
Segal BM. Enhancing natural killer cells is benefi-
cial in multiple sclerosis — commentary. Mult Scler.
2018; https://doi.org/10.1177/1352458518809296.
Liu Q, Shi FD. Enhancing natural killer cells is ben-
eficial in multiple sclerosis — no. Mult Scler. 2018;
https://doi.org/10.1177/1352458518799591.

Laroni A. Enhancing natural killer cells is beneficial
in multiple sclerosis — yes. Mult Scler. 2018; https://
doi.org/10.1177/1352458518800776.

Hendriksen E, van Bergeijk D, Oosting RS, et al.
Mast cells in neuroinflammation and brain disorders.
Neurosci Biobehav Rev. 2017;79:119-33.
Rozniecki JJ, Hauser SL, Stein M, et al. Elevated
mast cell tryptase in cerebrospinal fluid of multiple
sclerosis patients. Ann Neurol. 1995;37:63-6.
Brown MA, Weinberg RB. Mast cells and innate
lymphoid cells: underappreciated players in CNS
autoimmune demyelinating disease. Front Immunol.
2017;9:514.

Conti P, Kempuraj D. Important role of mast cells
in multiple sclerosis. Mult Scler Relat Disord.
2016;5:77-80.

Efficacy and safety of masitinib in the treatment
of progressive multiple sclerosis. Retrieved from
https://clinicaltrials.gov/ct2/show/NCT01433497.
Accessed 10 Dec 2018.

the dysfunctional immune
sclerosis. J Immunol.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Wang K, Song F, Fernandez-Escobar A, et al. The
properties of cytokines in multiple sclerosis: pros
and cons. Am J Med Sci. 2018;356(6):552-60.

Li YE, Zhang SX, Ma XW, et al. Levels of periph-
eral Th17 cells and serum Thl7-related cytokines
in patients with multiple sclerosis: a meta-analysis.
Mult Scler Relat Disord. 2017;18:20-5.

Bassi MS, lezzi E, Landi D, et al. Delayed treatment
of MS is associated with high CSF levels of IL-6
and IL-8 and worse future disease course. J Neurol.
2018;265:2540-7.

Khaibullin T, Ivanova V, Martynova E, et al. Elevated
levels of proinflammatory cytokines in cerebrospinal
fluid of multiple sclerosis patients. Front Immunol.
2017;8:531.

Kallaur AP, Oliveira SR, Colado Simao AN, et al.
Cytokine profile in relapsing-remitting multiple
sclerosis patients and the association between pro-
gression and activity of the disease. Mol Med Rep.
2013;7(3):1010-20.

Rasouli J, Ciric B, Imitola J, et al. Expression of
GM-CSF in T cells is increased in multiple scle-
rosis and suppressed by IFNf therapy. J Immunol.
2015;194:5085-93.

Trenova AG, Slavov GS. Cytokines in multiple
sclerosis — possible targets for immune therapies. J
Neurol Exp Neurosci. 2016;1(2):25-9.

Panitch HS, Hirsch RL, Schindler J, et al. Treatment
of multiple sclerosis with gamma interferon: exac-
erbations associated with activation of the immune
system. Neurology. 1987;27:1097-102.

Van Oosten BW, Barkhoff F, Truyen L, et al.
Increased MRI activity and immune activation in
two multiple sclerosis patients treated with the
monoclonal anti-tumor necrosis factor antibody
cA2. Neurology. 1996;47:1531-4.

The Lenercept Multiple Sclerosis Study Group
and the University of British Columbia MS/MRI
Analysis Group. TNF neutralization in MS: results
of a randomized, placebo-controlled multicenter
study. Neurology. 1999;53:457-65.

Balashov KE, Smith DR, Khoury SJ, et al.
Increased interleukin 12 production in progressive
multiple sclerosis: induction by activated CD4+
T cells via CD40 ligand. Proc Natl Acad Sci.
1997;94:599.

Iwanowski P, Losy J, Kramer L, et al. CXCL10 and
CXCL13 chemokines in patients with relapsing
remitting and primary progressive multiple sclerosis.
J Neurol Sci. 2017;380:22-6.

Bar-Or A. The immunology of multiple sclerosis.
Semin Neurol. 2008;28:29-45.

Hvas J, McLean C, Justesen J, et al. Perivascular
T cells express the pro-inflammatory chemokines.
RANTES mRNA in multiple sclerosis lesions.
Scand J Immunol. 1997;46:195-203.

Van Der Voorn P, Tekstra J, Beeden RH, et al.
Expression of MCP-1 by reactive astrocytes in
demyelinating multiple sclerosis lesions. Ann J
Pathol. 1999;154:45-51.


https://doi.org/10.1177/1352458518809296
https://doi.org/10.1177/1352458518799591
https://doi.org/10.1177/1352458518800776
https://doi.org/10.1177/1352458518800776
https://clinicaltrials.gov/ct2/show/NCT01433497

3

Immunopathogenesis

67

139

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

. Szczucinski A, Losy J. CCL5, CXCLI10 and
CXCLI11 chemokines in patients with active and
stable relapsing-remitting  multiple  sclerosis.
Neuroimmunomodulation. 2011;18:67-72.

Ziliotto N, Bernardi F, Jakimovski D, et al. Increased
CCL18 plasma levels are associated with neurode-
generative MRI outcomes in multiple sclerosis. Mult
Scler Relat Disord. 2018;25:37—42.

Morimoto J, Kon S, Matsui Y, et al. Osteopontin; as
a target molecule for the treatment of inflammatory
diseases. Curr Drug Targets. 2010;11:494-505.
Bhat R, Steinman L. Innate and adaptive autoimmu-
nity directed to the central nervous system. Neuron.
2009;64:123-32.

Vogt MH, Lopatinskaya L, Smits M, et al. Elevated
osteopontin levels in active-remitting multiple scle-
rosis. Ann Neurol. 2003;53:819-22.

Comabella M, et al. Plasma osteopontin lev-
els in multiple sclerosis. J Neuroimmunol.
2005;158:231-9.

Chowdhury SA, Lin J, Sadiq SA. Specificity and
correlation with disease activity of cerebrospinal
fluid osteopontin levels in patients with multiple
sclerosis. Arch Neurol. 2008;65:232-5.

Chabas D, Baranzini SE, Mitchell D, et al. The influ-
ence of the proinflammatory cytokine, osteopontin,
on autoimmune demyelinating disease. Science.
2001;294:1731-5.

Agah E, Zardoui A, Saghazadeh A, et al. Osteopontin
(OPN) as a CSF and blood biomarker for multiple
sclerosis: a systematic review and met-analysis.
PLoS One. 2018;13(1):e0190252.

Ziliotto N, Zivadinov R, Jakimovski D, et al. Plasma
levels of soluble NCAM in multiple sclerosis. J
Neurol Sci. 2019;396:36-41.

Leppert D, Ford J, Stabler G, et al. Matrix metallo-
proteinase-9 (gelatinase B) is selectively elevated in
CSF during relapses and stable phases of multiple
sclerosis. Brain. 1998;121:2327-34.

Fainardi E, Castellazzi M, Bellini T, et al.
Cerebrospinal fluid and serum levels and intra-
thecal production of active matrix metallo-
proteinase-9 (MMP-9) as markers of disease
activity in patients with multiple sclerosis. Mult
Scler. 2006;12:294-301.

Fainardi E, Castellazzi M, Tamborino C, et al.
Potential relevance of cerebrospinal fluid and serum
levels and intrathecal synthesis of active matrix
metalloproteinase-2 (MMP-2) as markers of disease
remission in patients with multiple sclerosis. Mult
Scler. 2009;15:547-54.

Benesova Y, Vasku A, Novotna H, et al. Matrix
metalloproteinase-9 and matrix metalloproteinase-2
as biomarkers of various courses in multiple sclero-
sis. Mult Scler. 2009;15:316-22.

Fissolo N, Pignolet B, Matute-Blanch C, et al. Matrix
metalloproteinase 9 is decreased in natalizumab-
treated multiple sclerosis patients at risk for progres-
sive multifocal leukoencephalopathy. Ann Neurol.
2017;82(2):186-95.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Rothhammer V, Borucki DM, Tjon EC, et al.
Microglial control of astrocytes in response to micro-
bial metabolites. Nature. 2018;557(7707):724-8.
Voet S, Prinz M, van Loo G. Microglia in central
nervous system inflammation and multiple sclero-
sis pathology. Trends Mol Med. 2019; https://doi.
org/10.1016/j.molmed.2018.11.005.

Zrzavy T, Hametner S, Simmer I, et al. Loss of
‘homeostatic’ microglia and patterns of their
activation in active multiple sclerosis. Brain.
2017;140:1900-13.

Bogie JFJ, Stinissen P, Hendriks JJA. Macrophage
subsets and microglia in multiple sclerosis. Acta
Neuropathol. 2014;128:191-213.

Howell OW, Rundle JL, Garg A, et al. Activated
microglia mediate axoglial disruption that con-
tributes to axonal injury in multiple sclerosis. J
Neuropathol Exp Neurol. 2010;69:1017-33.

Friese MA, Fugger L. T cells and microglia as
drivers of multiple sclerosis pathology. Brain.
2007;130:2755-7.

Artemiadis AK, Anagnostouli MC. Apoptosis of oli-
godendrocytes and post-translational modifications
of myelin basic protein in multiple sclerosis: pos-
sible role for the early stages of multiple sclerosis.
Eur Neurol. 2010;63:65-72.

Jana A, Pahan K. Sphingolipids in multiple sclerosis.
Neuromol Med. 2010;12(4):351-61.

D’Souza SD, Bonetti B, Balasingman B, et al.
Multiple sclerosis Fas signaling on oligodendrocyte
cell death. J Exp Med. 1996;184:2361-70.

Franklin RJIM, Ffrench-Constant C. Remyelination
in the CNS: from biology to therapy. Nat Rev
Neurosci. 2008;9:839-55.

Duncan ID, Radcliff AB, Heidari M, et al. The
adult oligodendrocyte can participate in remyelin-
ation. Proc Natl Acad Sci U S A. 2018; https://doi.
org/10.1073/pnas.1808064115.

Falcao AM, van Bruggen D, Marques S, et al.
Disease-specific oligodendrocyte lineage cells arise
in multiple sclerosis. Nat Med. 2018;24:1837—44.
Kremer D, Akkermann R, Kiiry P, et al. Current
advancements in promoting remyelination in
multiple sclerosis. Mult Scler. 2018; https://doi.
org/10.1177/1352458518800827.

Kuhlmann T, Miron V, Cuo Q, et al. Differentiation
block of oligodendroglial progenitor cells as a cause
for remyelination failure in chronic multiple sclero-
sis. Brain. 2008;131:1749-58.

Mi S, Miller RH, Tang W, et al. Promotion of cen-
tral nervous system remyelination by induced dif-
ferentiation of oligodendrocyte precursor cells. Ann
Neurol. 2009;65:304-15.

Whitaker JN, Mitchell GW. A possible role for
altered myelin basic protein in multiple sclerosis.
Ann Neurol. 1996;40:3-4.

Moscarello MA, Mastronardi FG, Wood DD. The
role of citrullinated proteins suggests a novel mech-
anism in the pathogenesis of multiple sclerosis.
Neurochem Res. 2007;32:251-6.


https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1073/pnas.1808064115
https://doi.org/10.1177/1352458518800827
https://doi.org/10.1177/1352458518800827

68

P.K. Coyle

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Chastain EML, Duncan DS, Rodgers JM, et al.
The role of antigen presenting cells in multiple
sclerosis. Biochim Biophys Acta. 2010; https://doi.
org/10.1016/J.BBADIS.2010.07.008.

Black JA, Newcombe J, Waxman SG. Astrocytes
within multiple sclerosis lesions upregulate sodium
channel Nav1.5. Brain. 2010;133:835-46.

Sharma R, Fischer MT, Bauer J, et al. Inflammation
induced by innate immunity in the central ner-
vous system leads to primary astrocyte dysfunc-
tion followed by demyelination. Acta Neuropathol.
2010;120:223-36.

Prineas JW, Lee S. Multiple sclerosis: destruction
and regeneration of astrocytes in acute lesions.
J Neuropathol Exp Neurol. 2019; https://doi.
org/10.1093/jnen/nly121.

Steen C, Wilczak N, Hoogduin JM, et al. Reduced
creatine kinase B activity in multiple sclero-
sis normal appearing white matter. PLoS One.
2010;5:e10811.

Touil H, Kobert A, Lebeurrier N, et al. Human cen-
tral nervous system astrocytes support survival and
activation of B cells: implications for MS pathogen-
esis. J Neuroinflamm. 2018;15:114.

Ponath G, Park C, Pitt D. The role of astrocytes in
multiple sclerosis. Front Neurol. 2018;9:217.

Pirko I, Lucchinetti CF, Sriram S, et al. Gray mat-
ter involvement in multiple sclerosis. Neurology.
2007;68:634-42.

Siffrin V, Vogt J, Radbruch H, et al. Multiple sclero-
sis — candidate mechanisms underlying CNS atro-
phy. Trends Neurosci. 2010;33:202-10.

Derfuss T, Linington C, Hohlfeld R. Axo-glial
antigens as targets in multiple sclerosis: implica-
tions for axonal and grey matter injury. J Mol Med.
2010;88:753-61.

Mantegazza M, Curia G, Biagini G, et al. Voltage-
gated sodium channels as therapeutic targets in
epilepsy and other neurological disorders. Lancet
Neurol. 2010;9:413-24.

Henderson APD, Trip SA, Schlottmann PG, et al. An
investigation of the retinal nerve fibre layer in pro-
gressive multiple sclerosis using optical coherence
tomography. Brain. 2008;131:277-87.

Srinivasan S, Efron N. Optical coherence tomogra-
phy in the investigation of systemic neurologic dis-
ease. Clin Exp Optom. 2018; https://doi.org/10.1111/
cx0.12858.

Vercellino M, Plano F, Votta B, et al. Grey matter
pathology in multiple sclerosis. J Neuropathol Exp
Neurol. 2005;64:1101-7.

Meinl E, Derfuss T, Krumbholz M, et al. Humoral
autoimmunity in multiple sclerosis. J Neurol Sci.
2010;001:10.1016.

Derfuss T, Parikh K, Velhin S, et al. Contactin 2/
TAG-1-directed autoimmunity is identified in
multiple sclerosis patients and mediates gray mat-
ter pathology in animals. Proc Natl Acad Sci.
2009;106:8302-7.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Semra YK, Seidi OA, Sharief MK. Heightened
intrathecal release of axonal cytoskeletal proteins
in multiple sclerosis is associated with progressive
disease and clinical disability. J Neuroimmunol.
2002;122:132-9.

Malmestrom  C, Haghighi S, Rosengren
L. Neurofilament light protein and glial fibril-
lary acidic protein as biological markers in
MS. Neurology. 2003;61:1720-5.

Lim ET, Sellebjerg F, Jensen CV, et al. Acute
axonal damage predicts clinical outcome in
patients with multiple sclerosis. Mult Scler.
2005;11:532-6.

Mathey EK, Derfuss T, Storch MK, et al. Neurofascin
as a novel target for autoantibody-mediated axonal
injury. Exp Med. 2007;204:2363-72.

Pomicter AD, Shroff SM, Fuss B, et al. Novel forms
of neurofascin 155 in the central nervous system:
alterations in paranodal disruption models and mul-
tiple sclerosis. Brain. 2010;133:389-405.

Colucci M, Roccatagliata L, Capello E, et al. The
14-3-3 protein in multiple sclerosis: a marker of dis-
ease severity. Mult Scler. 2004;10:477-81.

Disanto G, Barro C, Benkert P, et al. Serum
neurofilament light: a biomarker of neuro-
nal damage in multiple sclerosis. Ann Neurol.
2017:;81(6):857-70.

Alvarez JI, Cayrol R, Prat A. Disruption of cen-
tral nervous system barriers in multiple sclerosis.
Biochim Biophys Acta. 2010;D01:10.1016.

Spencer JI, Bell JS, DeLuca GC. Vascular pathol-
ogy in multiple sclerosis: reframing pathogenesis
around the blood-brain barrier. J] Neurol Neurosurg
Psychiatry. 2018;89:42-52.

Bennett J, Basivireddy J, Kollar A, et al. Blood-
brain barrier disruption and enhanced vascular per-
meability in the multiple sclerosis model EAE. J
Neuroimmunol. 2010;229(1-2):180-91.
Hochmeister S, Grundtner R, Bauer J, et al.
Dysferlin is a new marker for leaky brain blood ves-
sels in multiple sclerosis. J Neuropathol Exp Neurol.
2006;65:855-65.

Padden M, Leech S, Craig B, et al. Differences
in expression of junctional adhesion molecule-A
and beta-catenin in multiple sclerosis brain tissue:
increasing evidence for the role of tight junction
pathology. Acta Neuropathol. 2007;113:177-86.
Sweeney MD, Kisler K, Montagne A, et al. The role
of brain vasculature in neurodegenerative disorders.
Nat Neurosci. 2018;21:1318-31.

Ryu JK, Rafalski VA, Meyer-Franke A, et al. Fibrin-
targeting immunotherapy protects against neuroin-
flammation and neurodegeneration. Nat Immunol.
2018;19(11):1212-23.

Uchida Y, Sumiya T, Tachikawa M, et al.
Involvement of claudin-11 in disruption of blood-
brain, -spinal cord, and -arachnoid barriers in mul-
tiple sclerosis. Mol Neurobiol. 2018; https://doi.
org/10.1007/s12035-018-1207-5.


https://doi.org/10.1016/J.BBADIS.2010.07.008
https://doi.org/10.1016/J.BBADIS.2010.07.008
https://doi.org/10.1093/jnen/nly121
https://doi.org/10.1093/jnen/nly121
https://doi.org/10.1111/cxo.12858
https://doi.org/10.1111/cxo.12858
https://doi.org/10.1007/s12035-018-1207-5
https://doi.org/10.1007/s12035-018-1207-5

3

Immunopathogenesis

69

202

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

. Cheng J, Korte N, Nortley R, et al. Targeting peri-
cytes for therapeutic approaches to neurological dis-
orders. Acta Neuropathol. 2018;136:507-23.
Centonze D, Muzio L, Rossi S, et al. The link
between inflammation, synaptic transmission and
neurodegeneration in multiple sclerosis. Cell Death
Differ. 2010;17:1083-91.

Baranzini SE, Srinivasan R, Khankhanian P, et al.
Genetic variation influences glutamate concentra-
tions in brains of patients with multiple sclerosis.
Brain. 2010;133:2603-11.

Levite M. Glutamate, T cells and multiple sclerosis.
J Neural Transm (Vienna). 2017;124(7):775-98.
Thiel VE, Audus KL. Nitric oxide and blood-
brain barrier integrity. Antioxid Redox Signal.
2001;3:273-8.

Lan M, Tang X, Zhang J, et al. Insights in pathogen-
esis of multiple sclerosis: nitric oxide may induce
mitochondrial dysfunction of oligodendrocytes. Rev
Neurosci. 2018;29(1):39-53.

Oleszak EL, Zaczynska E, Bhattacharjee M, et al.
Inducible nitric oxide synthase and nitrotyrosine are
found in monocytes/macrophages and/or astrocytes
in acute, but not in chronic, multiple sclerosis. Clin
Diagn Lab Immunol. 1998;5:438-45.

Giovannoni G. Cerebrospinal fluid and serum nitric
oxide metabolites in patients with multiple sclerosis.
Mult Scler. 1998;4:27-30.

Brundin L, Morcos E, Olsson T, et al. Increased
intrathecal nitric oxide formation in multiple sclero-
sis : cerebrospinal fluid nitrite as activity marker. Eur
J Neurol. 1999;6:585-90.

Calabrese V, Scapagnini G, Ravagna A, et al. Nitric
oxide synthase is present in the cerebrospinal fluid
of patients with active multiple sclerosis and is asso-
ciated with increases in cerebrospinal fluid protein
nitrotyrosine and S-nitrosothiols and with changes in
glutathione levels. J Neurosci Res. 2002;70:580-7.
Rejdak K, Eikelenboom MJ, Petzold A, et al. CSF
nitric oxide metabolites are associated with activity
and progression of multiple sclerosis. Neurology.
2004;63:1439-45.

Tang X, Lan M, Zhang M, et al. Effect of nitric oxide
to axonal degeneration in multiple sclerosis via
downregulating monocarboxylate transporter 1 in
oligodendrocytes. Nitric Oxide. 2017;67:75-80.
Kozin MS, Kulakova OG, Favorova OO. Involvement
of mitochondria in neurodegeneration in multiple
sclerosis. Biochemistry (Mosc). 2018;83(7):813-30.
Lassmann H. Pathophysiology of inflammation and
tissue injury in multiple sclerosis: what are the tar-
gets for therapy. J Neurol Sci. 2010;D01:10.1016.
Razavi S, Nazem G, Mardani M, et al. Neurotrophic
factors and their effects in the treatment of multiple
sclerosis. Adv Biomed Res. 2015;4:53.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

2217.

228.

229.

230.

231.

Linker R, Gold R, Luhder F. Function of neuro-
trophic factors beyond the nervous system: inflam-
mation and autoimmune demyelination. Crit Rev
Immunol. 2009;29:43-68.

De Santi L, Annunziata P, Setta E, et al. Brain-
derived neurotrophic factor and TrkB receptor in
experimental autoimmune encephalomyelitis and
multiple sclerosis. J Neurol Sci. 2009;287:17-26.
Urshansky N, Mausner-Fainberg K, Auriel E, et al.
Dysregulated neurotrophin mRNA production by
immune cells of patients with relapsing remitting
multiple sclerosis. J Neurol Sci. 2010;295:31-7.
Smolders J, Damoiseaux J, Menheere P, et al.
Vitamin D as an immune modulator in multiple scle-
rosis, a review. J Neuroimmunol. 2008;194:7-17.
Lu M, Taylor B, Korner H. Genomic effects of the
vitamin D receptor: potentially the link between
vitamin D, immune cells, and multiple sclerosis.
Front Immunol. 2018;9:477.

McLaughlin L, Clarke L, Khalilidehkordi E, et al.
Vitamin D for the treatment of multiple sclerosis: a
meta-analysis. J Neurol. 2018;265:2893-905.
Galazka G, Mycko MP, Selmaj I, et al. Multiple
sclerosis: serum-derived exosomes express myelin
proteins. Mult Scler. 2018;24(4):449-58.

Selmaj I, Mycko MP, Raine CS, et al. The role of
exosomes in CNS inflammation and their involve-
ment in multiple sclerosis. J Neuroimmunol.
2017;306:1-10.

Vistbakka J, Elovaara I, Lehtimdki T, et al.
Circulating microRNAs as biomarkers in progressive
multiple sclerosis. Mult Scler. 2017;23(3):403—12.
Liu C, Yang H, Shi W, et al. MicroRNA-mediated
regulation of T helper type 17/regulatory T-cell
balance in autoimmune disease. Immunology.
2018;155(4):427-34.

Nuzziello N, Vilardo L, Pelucchi P, et al. Investigating
the role of microRNA and transcription factor co-
regulatory networks in multiple sclerosis pathogen-
esis. Int J Mol Sci. 2018;19(11):3652.
Camara-Lemarroy CR, Metz LM, Wee Y V. Focus on
the gut-brain axis: multiple sclerosis, the intestinal
barrier and the microbiome. World J Gastroenterol.
2018;24(37):4217-23.

Rojas OL, Probstel AK, Porfilio EA, et al
Recirculating intestinal IgA-producing cells regulate
neuroinflammation via IL-10. Cell. 2019;176:1-15.
Forbes JD, Chen C, Knox NC, et al. A comparative
study of the gut microbiota in immune-mediated
inflammatory diseases-does a common dysbiosis
exist? Microbiome. 2018;6:221.

Kirby TO, Ochoa-Reparaz J. The gut microbiome
in multiple sclerosis: a potential therapeutic avenue.
Med Sci (Basel). 2018;6(3) https://doi.org/10.3390/
medsci6030069.


https://doi.org/10.3390/medsci6030069
https://doi.org/10.3390/medsci6030069

	3: Immunopathogenesis
	Introduction
	Pathology
	Macroscopic Injury
	Microscopic Injury
	Plaque Pathology
	Autopsy Specimens
	Myelocortical MS
	Progressive MS
	Lesion Heterogeneity
	Remyelination
	Axon Pathology
	Cortical/Gray Matter Pathology
	Unusual MS Variants

	Summary
	Immunology
	Animal Models
	MS Immunologic Scenarios

	Immune System Cells
	T Cells
	B Cells
	Plasma Cells
	Monocytes/Macrophages
	Dendritic Cells
	Natural Killer (NK) Cells
	Mast Cells

	Immune System Factors
	Cytokines
	Chemokines
	Osteopontin
	Adhesion Molecules
	Matrix Metalloproteinases

	CNS Cells and Components
	Microglia
	Oligodendrocytes and Myelination
	Astrocytes
	Neurons/Axons
	Blood-Brain Barrier and Vascular System
	Excitotoxins
	Nitric Oxide
	Mitochondria
	Neurotrophic Factors

	Other Factors
	Vitamin D
	Exosomes and MicroRNAs
	Gut Microbiota

	Summary
	References


