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Preface

Immune activation of the central or peripheral nervous system (CNS or PNS)
has been shown to play a key role in the pathogenesis of many neurological
disorders. Basic concepts in clinical neuroimmunology have changed signifi-
cantly during the last 10 years and are constantly evolving. New data has
driven treatment concepts for a large number of autoimmune diseases, none
more so than multiple sclerosis. As this area of research has become increas-
ingly active and productive, the need for a comprehensive up-to-date second
edition of this handbook has become apparent.

Clinical Neuroimmunology: Multiple Sclerosis and Related Disorders
(Second Edition) has been written with the clinician in mind and targets resi-
dents, fellows, internists, nurse practitioners, as well as general neurologists.
The aim of this book is to make recent developments in neuroimmunology
accessible to the clinicians who feel daunted by such advances and requires a
clear explanation of the scientific and clinical issues. The chapters have been
written by experts in their field and been extensively revised and updated.
Two new chapters have been added. Part I provides a logical and straightfor-
ward overview of neuroimmunology. Part II consists of eight chapters
focused on multiple sclerosis and includes a chapter on clinical decision-
making and a chapter on vitamin D in MS. Part III has four chapters and
focuses on other CNS inflammatory disorders including neuromyelitis optica,
ADEM, vasculitis, autoimmune encephalopathies, and immunological
aspects of cancer. Part IV includes two chapters that describe autoimmune
disorders of the PNS. Part V, the final part, includes a single chapter that
focuses on neurologic manifestation of systemic rheumatologic diseases such
as systemic lupus erythematosus (SLE), neuro-sarcoidosis, and Behcet’s. We
hope health professionals who are interested in neuroimmunological disor-
ders will find this book useful.

Finally, we would like to thank our contributing authors for their hard
work and guidance.

Providence, RI, USA Syed A. Rizvi, MD
Providence, RI, USA Jonathan F. Cahill, MD
Stony Brook, NY, USA Patricia K. Coyle, MD



Series Editor’s Introduction

The role of the immune system in the pathophysiology of central and periph-
eral nervous system disorders continues to be a topic of great interest among
clinicians and researchers in the field. As stated by Drs. Rizvi, Cahill, and
Coyle, the editors of Clinical Immunology, Second Edition, basic concepts in
this field have changed significantly due to a constant evolution of knowledge
since the publication of the first edition of this book in 2011. This comprehen-
sive and up-to-date second edition of this useful handbook is therefore a wel-
come addition to the field.

Clinical Immunology, Second Edition, continues to be written primarily
for clinicians in the field and targets general neurologists, internists, fellows,
residents, and nurse practitioners. Although clinically oriented, the chapters
all include updated authoritative information on new understandings of the
basic mechanisms of the disorders being discussed. Section 1 begins with two
useful chapters which provide an excellent introduction and overview of clin-
ical neuroimmunology and the principles of immunotherapy. Section 2 cov-
ers multiple sclerosis and includes new chapters on clinical decision-making
in the management of multiple sclerosis and the role of vitamin D in this
disease. Section 3 covers other central nervous system inflammatory disor-
ders, such as neuromyelitis optica, acute disseminated encephalomyelitis,
and CNS vasculitis, and a new chapter on paraneoplastic disorders. Section 4
covers immunologic disorders of muscle and peripheral nerve, and Section 5
provides a new chapter concerning the neurologic manifestations of systemic
rheumatologic disorders. The readers of this volume will discover that the
quantity of new knowledge accumulated in the past 10 years is worthy of this
new and highly comprehensive summary of the field.

Daniel Tarsy, MD

Professor in Neurology, Harvard Medical School
Beth Israel Deaconess Medical Center

Boston, MA, USA
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Introduction to Neuroimmunology

Patricia K. Coyle

Introduction

The nervous system can be considered the single
most important body organ. It encompasses both
the central nervous system (CNS) (brain, spinal
cord, and optic nerve) and the peripheral nervous
system (PNS) (peripheral nerves, neuromuscular
junction, skeletal muscle). The autonomic ner-
vous system can be considered a functional sub-
division, with both CNS and PNS components.

Historically, the CNS has been described as a
sequestered compartment protected from the sys-
temic immune system. However, more recent
studies not only support clear communication
links between the CNS and specific extraneural
systems, but the existence of a brain innate
immune system (Table 1.1) [1, 2]. The CNS is
more accurately characterized as an immunologi-
cally privileged site [3].

Neuroimmunology is the neuroscience spe-
cialty that focuses on interactions between the
nervous system and immune system. It includes
both basic science fields and clinical disciplines
which deal with a special set of CNS and PNS
disorders (Table 1.2) [4-6]. These disorders
result from immune-mediated damage and
require diagnostic and therapeutic approaches

P. K. Coyle (X))

Department of Neurology, MS Comprehensive Care
Center, Stony Brook University Medical Center,
Stony Brook, NY, USA

e-mail: patricia.coyle @stonybrookmedicine.edu

© Springer Nature Switzerland AG 2020

that recognize and address this fact. Some are
truly autoimmune, with a recognized pathogenic
neural autoantigen target, while others are not.
Most will be covered in subsequent chapters.

Sometimes unusual diseases are characterized
as neuroimmune based on their pathology and/or
therapeutic response. Chronic lymphocytic inflam-
mation with pontine perivascular enhancement
responsive to steroids (CLIPPERS) is a recently
described rare disorder that predominantly targets
brainstem, cerebellum, and spinal cord. The MRI
pattern is suggestive, with punctate (<3 mm)
homogeneously enhancing pontine and cerebellar
nodules [7]. Neuropathology shows dense perivas-
cular and parenchymal lymphocyte infiltration
(particularly CD4+ T cells, with some B cells and
plasma cells) without loss of myelin. CSF changes
are nonspecific, but proteomic studies support
roles for complement activation, IgG deposition,
and altered extracellular matrix [8]. Patients show
a marked corticosteroid response.

Table 1.1 CNS and immune system connections

CNS innate immune system
Glial cells and neurons (in certain circumstances)
secrete immune factors (chemokines, cytokines)
CNS meningeal lymphatic system
Found in mice, primates, humans
CNS undergoes constant immune surveillance within
the meningeal spaces
Paravascular glymphatic system
CNS-gut-microbiome axis
Microbiota impacts CNS, immune system

S. A. Rizvi et al. (eds.), Clinical Neuroimmunology, Current Clinical Neurology,
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Table 1.2 Neuroimmune disorders

CNS
Acute disseminated encephalomyelitis (ADEM)/
postinfectious encephalomyelitis
Autoimmune encephalitis/cerebellitis
Multiple sclerosis
Neuromyelitis optica spectrum disorder
Acute transverse myelitis
Optic neuritis
MOGe-associated syndromes
Tropical spastic paraparesis—HTLV 1-associated
myelopathy
Rasmussen encephalitis
Stiff person syndrome
Poststreptococcal movement disorders
Pediatric autoimmune neuropsychiatric disorders
(PANDAS)
Hashimoto’s and other misc. autoimmune
encephalopathy/encephalitis
Paraneoplastic syndromes (can involve PNS)
CNS vasculitis
CLIPPERS
Susac syndrome
PNS
Peripheral nerve
Guillain-Barre syndrome
Chronic relapsing/inflammatory demyelinating
polyneuropathy
Multifocal motor neuropathy
Other immune polyneuropathies (anti-MAG,
anti-sulfatide, GALOP, POEMS, etc.)
Neuromuscular junction
Myasthenia gravis
Lambert-Eaton myasthenic syndrome
Arthrogryposis multiplex congenital
Muscle
Polymyositis
Dermatomyositis
Inclusion body myositis (degenerative plus
inflammation components)

Rasmussen’s encephalitis is another rare disor-
der characterized by unilateral hemispheral inflam-
mation, with refractory seizures and progressive
neurologic deterioration [9]. Average age at onset is
6 years. Rasmussen’s encephalitis appears to
involve a cytotoxic CD8+ T cell response that may
be enhanced by autoantibodies. There is marked
microglial and astrocyte activation, and adjacent
brain injury may be mediated by T cell-microglia
interactions. The only cure for the refractory sei-
zures involves removal of the hemisphere.

Susac syndrome is a presumed immune-
mediated disorder that involves a retino-cochlea-

cerebral microangiopathy. There are occlusions of
precapillary arterioles in the brain, retina, and
cochlea [10]. Patients develop subacute encepha-
lopathy with headache with or without focal defi-
cits, branch retinal artery occlusions with or without
visual issues, and sensorineural hearing loss. Only
13% of patients show the complete clinical triad at
onset however [11]. Brain MRI shows multifocal
round hyperintense T2 and FLAIR lesions with
invariable central corpus callosum involvement and
characteristic retinal fluorescein angiography
abnormalities (occlusions and segmental vessel
wall staining) [11]. Treatments have included a vari-
ety of immunosuppressive approaches (corticoste-
roids, cyclophosphamide, anti-CD20 monoclonal
antibody, intravenous immune globulin, azathio-
prine, mycophenolate) [10].

Recently autoimmune encephalitis/cerebelli-
tis (also referred to as antibody-mediated enceph-
alitis) has emerged as an ever-increasing group of
disorders with prominent neuropsychiatric symp-
toms and antibodies against neuronal cell surface
proteins, ion channels, or receptors [12].

Finally, there are several disorders of unclear
etiology where a neuroimmune basis has been
suggested but not proven. They include postural
orthostatic tachycardia syndrome [13, 14],
fibromyalgia with central sensitization syn-
drome and associated small fiber neuropathy,
and chronic fatigue syndrome/systemic exertion
intolerance disease [15]. Further studies are
needed before they can be considered to be neu-
roimmune. The rest of this chapter will describe
various CNS aspects, components, and cell pop-
ulations as a foundation to better understand
neuroimmunology.

Unique Anatomy

CNS anatomy is unique. Because the CNS is
encased by bone, with a relatively inelastic dura
lining, small volume changes can result in injury.
The brain and spinal cord are encased in the bony
protective skull and vertebral column, as well as
a three parts membranous covering (pia, arach-
noid, dura). The pia and arachnoid membranes
form the subarachnoid space, which is filled with
cerebrospinal fluid (CSF). In essence, the brain
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and spinal cord float in a water bath, since CSF is
99% water [16, 17]. It acts as a buoyancy fluid.
CSF is an active product of the secretory epithe-
lium of the choroid plexus, but up to 40% is
formed by extracellular fluid from the CNS
parenchyma. This extracellular fluid is added to
CSF at virtually all points along the neuraxis.
CSF circulates from within the ventricles (where
the choroid plexi are situated) into the subarach-
noid space, flowing down the spinal axis and
back up, to be resorbed into the venous blood
system via the arachnoid villi. These arachnoid
villi are outpouchings of the arachnoid mem-
brane that extend into the venous sinuses of the
cerebral hemispheres. CSF is made continually,
at approximately 20 cc/h. The total volume (125—
150 cc in a typical adult) is completely turned
over 4—1/2 times every 24 h.

Since the ependymal cells which line the ven-
tricles lack tight junctions, there is essentially
free communication between CNS white matter
extracellular fluid and ventricular CSF. CNS gray
matter fluid at the brain surface also communi-
cates with CSF via the Virchow-Robin spaces,
specialized perivascular spaces associated with
penetrating arteries that are continuous with the
subarachnoid space.

CSF leukocyte count in normal controls
ranges up to 5 WBCs/mm?. WBCs are largely
(80%) CD4+ memory T cells [18]. About 5% are
monocytes, while <1% are B cells. CSF T cells
express CD27 and CD45 RO, markers of central
memory T cells. Very late antigen-4 (VLA-4)
expression is also increased compared to periph-
eral T cells. CSF T cells show higher expression
of CXC chemokine receptor 3, compared to other
chemokines. CSF memory T cells can encounter
potential antigen-presenting cells (APCs) at sev-
eral sites, including the ependyma, Virchow-
Robin spaces, and choroid plexus.

Blood-Brain Barriers

The blood-brain barrier (BBB) can be demon-
strated by inhibition of entry of intravenous dyes
into the CNS [19, 20]. It is formed by specialized
features unique to CNS blood vessels. CNS cap-
illaries not only lack fenestrae, but they have

interendothelial cell tight junctions which pre-
vent cell migration. They have a continuous basal
lamina. They also do not pinocytose effectively
and only have a few pinocytic vesicles. The BBB
is not absolute. It is relative or even selective,
limiting entry of large hydrophilic proteins, but
allowing entry of smaller lipophilic compounds
and small gaseous molecules [21]. The endothe-
lial basement membrane and perivascular glia
limitans do not seem to play a role in the BBB.

Although the choroid plexus capillaries are
fenestrated, with 80 nm openings [3], the choroid
plexus epithelium has tight junctions. This is the
anatomic basis for the blood-CSF barrier. There
are specific CNS regions which do not have a
barrier. The circumventricular organs (area pos-
trema, organum vasculosum of the lamina termi-
nalis, median eminence, subfornical organ) lack
tight junctions between capillary endothelial
cells. At these sites molecules can diffuse very
easily into the CNS. The nasal barrier is another
leaky site, where there is continuing turnover of
olfactory receptor neuron axons which pass
through the subarachnoid CSF to terminate on
olfactory bulb mitral cells [22].

The BBB and blood-CSF barrier, along with
the CSF circulation, provide bidirectional control
of flow. Damaging CNS factors can be removed
via efflux transporters into the blood, while influx
transporters can promote nutrients into the
CNS. The PNS has a similar blood-nerve barrier
in peripheral nerve, but this is absent in spinal
roots and at the dorsal root ganglia.

CNS Lymphatics

A meningeal lymphatic system has been discov-
ered in mice, nonhuman primates, and humans
[23, 24]. This system carries macromolecules
(fluids and immune cells) from the CNS CSF and
interstitial fluids and connects to deep cervical
lymph nodes [25]. The lymphatics are found
along large blood vessels and cranial nerves in
the dura mater [24]. Meningeal lymphatic disrup-
tion in young mice leads to impaired brain CSF
perfusion and learning and memory deficits [25].

There are several other CSF draining path-
ways. The subarachnoid space surrounding the
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olfactory bulb crosses the cribriform plate at the
base of the ethmoid bone, into nasal submucosal
lymphatics [26]. In animals, CSF drains from the
subarachnoid space along cranial and spinal
nerve roots, and to a lesser extent the dura mater,
to cervical and lumbar lymph nodes [26]. This
route is also present in humans [27]. CSF moves
directly into venous circulation through the
arachnoid villi granulations in the walls of the
venous sinuses. CNS soluble antigens within the
CSF can access lymphoid tissue via both cervical
lymphatics and venous drainage [3].

CNS Immunity

The CNS is composed of neurons, glia, blood
vessels, and meninges. Neurons contain den-
dritic, somatic, axonal, and synaptic regions. Glia
consists of neuroectodermal cells (astrocytes, oli-
godendrocytes, ependymal cells) as well as bone
marrow-derived cells (microglia).

The CNS has a resident immune system. Both
microglia and astrocytes play key roles in CNS
innate immune responses. They are comple-
mented by infiltrating monocytes and dendritic
cells from the blood that accumulate at non-
parenchymal CNS sites [28]. Innate immune
responses can be neuroprotective or neurotoxic.

In contrast, acquired immune responses are
more difficult to initiate within the CNS. Activated
T cells (regardless of antigen specificity) pene-
trate into the CNS as a normal phenomenon, but
then rapidly exit. CD4+ and CD8+ T cells pene-
trate by different mechanisms [29]. Usually T
cells accumulate in the perivascular Virchow-
Robin spaces and subarachnoid spaces. These T
cells cause problems only if they recognize spe-
cific antigens in the context of major histocom-
patibility complex (MHC). CD4+ T cells
recognize antigen in the context of MHC Class II,
while CD8+ T cells recognize antigen in the con-
text of MHC Class I. Normally the CNS has low
level of MHC expression. Since microglia and
astrocytes are nonprofessional APCs, they
express low levels of MHC and costimulatory
molecules. They are more likely to induce T cell
anergy rather than activate naive T cells [28].

Dendritic cells are recognized as the most
potent professional APCs. There are no resident
dendritic cells within the CNS, although recent
reports describe a resident population in mouse
brain [30, 31]. Dendritic cells can infiltrate into
CSF, choroid plexus, meninges, perivascular
spaces, and CNS parenchyma as part of a neuro-
inflammatory response [32]. Along with macro-
phages, they probably reactivate T cells which
enter the CNS [29]. Diverse chronic inflamma-
tory processes can result in peripheral dendritic
cells entering the brain [33]. Dendritic cells can
be derived from monocytes or lymphoid precur-
sors. Both myeloid and lymphoid dendritic cells
are capable of entering the CNS under inflamma-
tory conditions.

The CNS immune/inflammatory response dif-
fers from that in other organ systems. CNS neu-
rons are largely postmitotic and nonregenerating.
Neuronal necrosis induced by neurotoxin injec-
tion does not elicit a typical inflammatory
response. Virus inoculated into the parenchyma
is cleared slowly and inefficiently [34]. Yet neu-
roinflammation is how the CNS responds to
altered homeostasis [35]. It involves resident
glia, infiltrating immune cells, cytokines and
cytokine signaling, and the BBB.

There are three distinct routes of entry for
white blood cells (WBCs) into the CNS [3, 36].
The first pathway involves cells moving from
blood vessels into the stroma of the choroid
plexus and then crossing the blood-CSF barrier
into CSF. This appears to be the most likely site
for physiologic entry of leukocytes into CSF. A
second route of cell entry is also across the blood-
CSF barrier, into the subarachnoid space, involv-
ing postcapillary venules at the pia into the
subarachnoid space and the Virchow-Robin peri-
vascular spaces. The endothelial cells express
adhesion molecules, which promote T cell
adherence, allowing direct exchange between cir-
culating leukocytes and perivascular cells [37,
38]. The third route involves activated T cells
moving from blood to the parenchymal perivas-
cular space, across the BBB [29].

Leukocyte transmigration into tissue, includ-
ing the CNS, involves a coordinated stepwise
process [39]. There is initial contact, then tether-
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ing/rolling (involving selectins and glycoprotein
ligands), activation (involving chemokines and G
protein-coupled receptors), adhesion (involving
integrins and adhesion molecules), and diapede-
sis with migration to vascular junctions, penetra-
tion into the subendothelial compartment, and
breach of the vascular basement membrane into
tissue [39]. T cell migration into the CNS under
inflammatory conditions involves o (alpha) 48
(beta) 1 integrin expressed on T cells, interacting
with vascular cell adhesion molecule 1 on acti-
vated endothelial cells. Expression of chemo-
kines and chemokine receptors also plays a role
in T cell trafficking. The rate-limiting step in
transmigration is crossing the basement mem-
brane laminins. T cells migrate across laminin
411 but not laminin 511. Laminin o (alpha) 4 (a
component of laminin 411) preferentially
involves CD4+ T cell migration, but not CD8+ T
cell macrophages or dendritic cells.

It has been suggested that WBC extravasation
into the spinal cord may differ somewhat from
that into the brain, but very little work has been
done in this area [40].

CNS immune surveillance may occur primar-
ily within the subarachnoid space [29]. This is
thought to be the initial site of T cell infiltration,
where cells can be reactivated by MHC Class 11
APCs, with T cell proliferation and formation of
large cellular aggregates. There can be a rapid T
cell response within the subarachnoid space to
antigen challenge. This reactivation of T cells
promotes further inflammation and cell entry into
the perivascular space and then the brain
parenchyma.

Major Histocompatibility Molecule
Expression

In the CNS resting state, there is absent or mini-
mal expression of MHC Class I and II molecules
[41, 42]. MHC expression is generally limited to
low-level expression on microglia and endothe-
lial cells, but can be induced in a variety of CNS
components [43]. Interferon gamma (IFNy)
induces MHC expression on neurons [28].
Astrocytes can also express MHC.

CNS Cell Components
Microglia

Microglia make up the primary CNS resident
immune cell [44]. They are the main APCs in the
CNS, responsible for innate immune surveil-
lance [45, 46]. Microglia are derived from
erythro-myeloid progenitors in the yolk sac
before embryonic day 1 [47]. They continuously
proliferate throughout the lifetime of the indi-
vidual. Microglia make up about 10-15% of all
glial cells [48]. They are usually in a resting
state. Microglial activation and proliferation is
increased when there is any sort of CNS injury
including neurodegeneration. These glia are
present throughout the CNS but enriched in cer-
tain areas, with more microglia in gray matter
than white matter [49]. Mature cells express
macrophage-specific markers including toll-like
receptors (TLRs), CD11b integrin, and the F4/80
glycoprotein, but show lower expression of
CD45. Based on morphology, microglia are clas-
sified as resting ramified, activated, or ameboid
phagocytic cells [44]. Ameboid phagocytic
microglia predominate in the perinatal brain, but
become ramified resting microglia during post-
natal development. They can be activated by
injury, infection, or neurodegenerative processes
[46]. Microglia are constantly active, surveying
the brain and interacting with synapses. They
help to prune redundant synapses and actively
participate in synaptic remodeling along with
astrocytes [35].

In macrophage biology, responses are classi-
fied as M1 (upregulation of proinflammatory
mediators and production of reactive oxygen spe-
cies) and M2a (anti-inflammatory activity) and
M2c (deactivation/wound healing activity) [50].
It remains controversial whether microglia can
truly be classified as M1/M2.

Microglial function is driven by CNS micro-
environment changes. Microglia monitor their
microenvironment and conduct routine surveil-
lance of the CNS via pinocytosis and neuronal
interaction [48, 51]. They respond to a complex
mix of excitatory and inhibitory input, including
cell-cell contact and soluble factor exposures.
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Activation by inflammatory or injury factors pro-
vokes a preprogrammed response designed to
both kill and promote recovery and repair.
Classical activation, alternative activation, and
acquired deactivation are all going on, but may
differ within regional areas. As examples, sub-
stance P neurotransmitter causes activation,
while neuronal activity inhibits MHC class II
expression to IFNy. A neuronal surface molecule
(CD200) appears to be an important regulator of
microglial function. Soluble factors such as
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and macrophage-CSF (MO-CSF)
affect microglia function and development.

Resting ramified microglia are activated by
detecting lipopolysaccharides, amyloid beta,
thrombin, [FNy, and other proinflammatory cyto-
kines [52]. Microglia express TLR. They can ini-
tiate innate immune responses by producing
cytokines such as interleukin-1 (IL-1), IL-6, and
tumor necrosis factor a (TNFa); chemokines
such as monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-1,
and RANTES; and nitric oxide (NO) (Table 1.3).
The net result is local cell production of more
proinflammatory cytokines and chemokines, and
upregulation of immunomodulatory surface
markers, with injury to the BBB and subsequent
entry of soluble factors and systemic immune
cells. Microglial activation precedes this sys-
temic cell entry. CNS injury results in phagocytic
and cytotoxic activities of microglia. Complement
and Fc gamma receptors are upregulated, leading
to enhanced phagocytic ability. Cytotoxic super-
oxide radicals and NO are released into the
microenvironment.

Resting microglia are very poor APCs.
However, activation causes marked expression of

Table 1.3 Activated microglia products

Chemokines

Complement proteins

Cytokines

Neurotrophic factors

Prostaglandins

Proteinases

Reactive oxygen species/reactive nitrogen species
(nitric oxide, peroxynitrite, superoxide)

MHC and costimulatory molecules [53, 54]. The
activation state involves morphological changes
as well as gene expression changes, migratory
and proliferative responses, and phagocytic
behavior. Activated microglia will express CD40,
CD80, CD86, and MHC class II molecules.
Subsequent interaction with T cells leads to
microglial release of nitric synthase. IFNy pro-
motes MHC class II as well as adhesion and
costimulatory molecule expression.

Microglia have an important role in the devel-
opment and plasticity of synapses [55]. In essence
they shape normal CNS circuitry and modify cir-
cuits during inflammation. Microglia also play an
important role in regulation. Microglia express
Fas ligand, which can bind to Fas receptor on T
cells, leading to activation-induced T cell apopto-
sis. Cytotoxic microglial products, such as NO,
can lead to death of immune cells (Table 1.3).
Thus, activation of microglia can be self-limited,
as it leads ultimately to removal of effector
immune cells.

Microglia dynamically modulate neurons
and astrocytes, share receptors, and produce
factors that activate these surrounding cells.
Microglia modulate glutamate levels and can
protect or injure neurons [56]. They are a central
immune system player in the CNS and interact
with and regulate astrocytes. Disease-associated
microglia have been identified in areas of neuro-
degeneration; they appear to be generated
through the detection of neurodegeneration-
associated molecular pattern, using Trem2 sig-
naling pathways [57].

Astrocytes

Astrocytes are the most common glial cell in the
CNS and make up 20-40% of the total number of
CNS cells. They play multiple roles, including
neural circuit formation with trophic as well as
structural support to neurons, promoting forma-
tion of synapse as well as their pruning (Table 1.4)
Astrocytes maintain microenvironment homeo-
stasis and contribute to recovery after CNS injury
[58, 59]. They produce antioxidants (glutathi-
one), recycle neurotransmitters (glutamate,
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Table 1.4 Role of astrocytes

Neuronal support
Microenvironmental ion, pH homeostasis
Glycogen storage
Clearance of toxic waste products
Neural circuit formation and support
Synapse formation
Synapse pruning
Synaptic transmission modulation
Glutamate uptake
Release of neuromodulatory factors
Astrocyte neuron gap junction
Neuron and glial survival
Production of neurotrophins: brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
at baseline; BDNF, nerve growth factor (NGF) on
injury
Astrocyte-mediated growth factor production
Maintenance of blood-brain barrier
Astrocyte end feet surround CNS capillaries and
perivascular macrophages
Astrocyte products can increase or tighten
permeability
Immune function
Contribute to both innate and acquired immunity

GABA), and maintain the BBB. The astrocyte
foot process helps to form the BBB and glym-
phatic system [60].

There is regional variation in astrocyte to neu-
ron ratio, with higher ratios in areas that are dense
with dendrite and axons [59]. Overall astrocyte to
neuron ratio is controversial, ranging from four
to five times more astrocytes, down to a one to
one ratio [61].

Astrocyte morphology can differ. Protoplasmic
astrocytes are found in gray matter, where their
processes envelope synapses [61]. They show
numerous ramified branches contacting neurons
and blood vessels [21]. Fibrous astrocytes are
found in white matter, where their processes con-
tact nodes of Ranvier [59]. They show longer,
thinner processes.

All astrocytes express intermediate filament
glial fibrillary acidic protein (GFAP). Activation
results in upregulation of GFAP as part of gliosis.
Astrocytes are dynamic and plastic. A host of
CNS insults (trauma, stroke, infection, neurode-
generative disease) can trigger astrocytes moving
from the resting to reactive state. Two distinct
types of reactive astrocytes are described, Al and

A2 [58]. Al astrocytes are induced by classically
activated neuroinflammatory microglia, via
release of IL1a, TNF, and Clq. Al astrocytes
upregulate destructive complement cascade
genes and induce rapid death of neurons and oli-
godendrocytes. In contrast A2 astrocytes upregu-
late neurotrophic factors and can be considered
neuroprotective. It has been postulated that Al
astrocytes contribute to the death of neurons and
oligodendrocytes in neurodegenerative diseases.

It is also known that astrocytes can process
glucose to lactate. They may provide lactate as an
energy source to neurons during periods of
increased demand [62].

Astrocytes play an important role in regulat-
ing CNS inflammation and cell trafficking. In
vitro, they can produce proinflammatory cyto-
kines and chemokines, and reactive oxygen spe-
cies (ROS) to enhance inflammation, as well as
regulatory cytokines and ROS scavengers to limit
inflammation [63]. Astrocytes have important
interactions with blood vessels. Reactive astro-
cytes can act as perivascular barriers to restrict
leukocyte entry during pathologic states.

With regard to the role of the astrocyte as an
immune cell, they appear to function in both
innate and acquired immunity, both in the normal
and inflamed CNS. Astrocytes have dual actions,
both beneficial and injurious. Astrocytes can
express a variety of pattern recognition receptors,
including TLRs, dsRNA-dependent protein
kinase, complement receptors, mannose recep-
tors, and scavenger receptors. Astrocytes also
show APC-like function in vitro. They can be
induced to express MHC class I and II molecules,
to upregulate costimulatory molecules CD80 and
CD86, to activate CD4+ and CD8+ T cells, and to
present antigen to CD4+ T cells [4, 21]. During
inflammation astrocytes release a variety of cyto-
kines (IL-1, IL-6, and IL-10; TNFa; transforming
growth factor p (TGFp)) that influence T cell
responses. Astrocytes can contribute to lympho-
cyte penetration into the CNS in three ways: by a
BBB effect, by expression of adhesion molecules
such as ICAM-1 and VCAM-1, and by release of
chemokines such as CCL5, CCL2, CXCLS8, and
CXCLI10. Therefore astrocytes can participate in
amplifying CNS inflammatory responses, but
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also appear to suppress T cell activation by
upregulating cytotoxic T lymphocyte antigen
(CTLA)-4 on activated T cells [21]. Astrocytes
can also induce regulatory T cells exhibiting sup-
pressor activity. Activated astrocytes release
IL-17 to suppress Th17 cells.

Astrocytes both impede and promote CNS
repair mechanisms. By forming a glial scar there
is an additional physical barrier producing mul-
tiple biochemical changes, including expression
of molecules on the astrocyte surface that can
block axon regeneration as well as oligodendro-
cyte precursor cells. By production of certain
chemokines, cytokines, and matrix metallopro-
teinases, as well as their tissue inhibitors, repair
is promoted.

Oligodendrocytes

Oligodendrocytes are the myelin-making glial
cells of the CNS. Oligodendrocytes form a
myelin sheath around multiple axons to electri-
cally insulate them. This results in sodium chan-
nel clustering at the nodes of Ranvier, to allow
saltatory conduction. Normal axonal transport
and neuronal viability seems to require proper
myelination, which also boosts axon diameter.
Oligodendrocytes provide trophic support to neu-
rons via neurotrophic factors such as glial derived
(GDNF), brain derived (BDNF), and insulin-like
1 (IGF-1) growth factors [64].

At peak myelination, an oligodendrocyte sup-
ports a membrane weight 100 times its cell body
[65]. Oligodendrocytes do not just myelinate, but
facilitate transfer of metabolites to neurons and
support axonal health.

Oligodendrocyte precursor cells (OPCs)
with high mitochondrial demands are highly
susceptible to metabolic stress injury. They are
glucose dependent. Oligodendrocytes also
show extremely high metabolic rates and con-
sume large quantities of oxygen and adenosine
triphosphate (ATP), leading to high levels of
intracellular hydrogen peroxide and ROS [66,
67]. The numerous myelin synthesis enzymes,
which require iron as a cofactor, results in
OPCs containing the highest intracellular iron

stores in the brain [64]. This can result in free
radical formation and lipid peroxidation.
Oligodendrocytes also have only low concen-
trations of the anti-oxidative enzyme glutathi-
one. The capacity of the oligodendrocyte’s
endoplasmic reticulum to produce and fold pro-
teins is susceptible to minimum changes caus-
ing marked disturbances. All of this makes
oligodendrocytes particularly vulnerable to
oxidative damage and mitochondrial injury and
more vulnerable to bystander damage than neu-
rons or astrocytes.

Oligodendrocytes are vulnerable to excitotoxic
cell damage; they express glutamate a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), kainate, and N-methyl-D-aspartate
(NMDA) receptors and the ATP receptor P2x7.
Proinflammatory cytokines such as TNFa induce
oligodendrocyte apoptosis by binding to the p55
TNF receptor [67]. Although IFNy has no nega-
tive effect on mature oligodendrocytes, it is highly
toxic for proliferating OPCs and mildly toxic for
immature oligodendrocytes. A variety of proin-
flammatory cytokines can induce mitochondrial
injury, indirectly damaging the more vulnerable
oligodendrocyte  population.  Autoantibodies
which bind to surface myelin or oligodendrocyte
epitopes can lead to damage via complement acti-
vation or Fc receptor recognition on activated
neurophages.

Oligodendrocytes do not express MHC anti-
gens, but in vitro exposure to IFNy results in
MHC class I induction.

Neurons

Although neurons have been said not to express
MHC, recent work indicates they most likely do
express MHC class I that can be up- or down-
regulated by various factors [68]. In vitro expo-
sure to IFNy induces MHC class I expression on
human axons [69]. This would make them vul-
nerable to attack by CD8+ T cells. Natural killer
(NK) cells can also lead to neuronal destruction.
MHC class II was also noted on discrete subsets
of human neural stem cells during development,
independent of inflammatory stimuli [70].
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Neurons can regulate T cell activities either
directly or indirectly, using a variety of contact-
dependent and contact-independent mechanisms.
They release soluble factors (neurotransmitters,
neuropeptide, neurotrophins, cytokines, soluble
Fas ligand, soluble ICAM-5) that can reduce
microglial and T cell activation. This downregu-
lation occurs predominantly within the perivas-
cular and subarachnoid spaces [28]. Neurons can
also interact directly with microglia and T cells
via contact-dependent mechanisms involving
neuronal glycoproteins such as CD22, CD47,
CD200, neural cell adhesion molecule, and sema-
phorins [28].

Endothelial Cells

CNS endothelial cells express MHC class 1 but
not class II antigen. Brain capillary endothelium
contain enzymes not otherwise found in the CNS
(alkaline phosphatase and y-glutamyl transpepti-
dase). They have much fewer cytoplasmic vesi-
cles than non-CNS endothelium, which will
contribute to lower penetration into the
CNS. Pericytes (of mesodermal origin) are found
along the length of the cerebral capillaries and
partially surround the endothelium and contrib-
ute to the basal lamina [19, 71]. They play a criti-
cal role in BBB maturation and maintenance
[72]. (C, E). Astrocytes have integrins on their
end feet that bind to laminin in the basal mem-
brane to provide an additional seal to the
BBB. There is actually a dual basement mem-
brane surrounding the endothelium, a three-
dimensional mesh as thick as 200 nm, consisting
of proteins including integrins, dystroglycans,
collagens, and laminins. Disruption of extracel-
lular matrix increases BBB permeability [73].

Other Immunologic Factors
Cytokines
Immune system cells produce cytokines that can

have important effects on the nervous system.
Cytokines such as IL-1, IL-6, and TNF cross the

BBB around the hypothalamus, due to fenestra-
tion as well as active transport mechanisms.
They have direct impact on the hypothalamic
neurons which regulate temperature, appetite,
and sleep [5].

Matrix Metalloproteinases (MMPs)

MMPs are a family of calcium-dependent zinc-
containing endopeptidases that degrade extracel-
lular matrix to increase capillary permeability
and permit cell penetration. They also proteolyti-
cally process many signaling molecules [74].
They are involved in post-injury remodeling,
axonal growth, neurogenesis, angiogenesis,
myelinogenesis, CNS barrier disruption, demye-
lination, and a variety of immune factor actions
[75]. They can be divided into four groups of
enzymes: collagenases, stromelysins, gelatin-
ases, and membrane-type metalloproteinases
[56]. They are activated by cleavage, plasmin, or
reactive oxygen radicals. MMP-2 (gelatinase A)
is normally present in brain tissue and
CSF. MMP-9 (gelatinase B), MMP-3, and MMP-
12 are induced during an inflammatory response
involving immediate early genes (c-FOS,
c-JUNE) and cytokines such as TNFa (alpha)
and IL-1B. Astrocytes stain for MMP-2. MMP-9
appears in endothelial cells and neutrophils dur-
ing CNS injury. MMP-3 has been detected in
microglia and neurons during ischemia, while
MMP-12 is expressed by activated microglia and
macrophages.

Toll-Like Receptors (TLRs)

TLRs are part of the innate immune system.
They are pathogen recognition receptors, type I
transmembrane glycoprotein receptors with a
highly variable extracellular region, and a highly
conserved intracellular tail, localized to the cell
surface or within endosomes [76]. They protect
the host against pathogens. Many different TLRs
are expressed by microglia [77]. They trigger a
standardized cytokine and chemokine response,
regardless of the inciting antigen, that can be
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beneficial or harmful. Activation of astrocytes,
oligodendrocytes, and neurons can also result in
TLR expression. These TLRs play various roles
which are cell specific and include cell migration
and differentiation, limiting inflammation, and
mounting repair processes.

Nervous Immune and Endocrine
System Network

There is a strong reciprocal relationship between
the nervous, immune, and endocrine systems.
These three systems participate in an extensive
tri-directional network that involves both cell to
cell contact and soluble factors (cytokines/
chemokines, growth factors, hormones, neu-
rotransmitters/neuropeptides). Sharing regula-
tory molecules allows coordinated responses to
homeostasis disturbance produced by inflamma-
tion, infection, or stress [78]. These three body
organ systems are anatomically and functionally
connected. Neuroimmune activation and neuro-
inflammation play an important role even in
diseases not considered to be classically neuro-
immune, such as stroke, Alzheimer disease, and
Parkinson disease.

Neurotransmitters help regulate the host
response to injury and infection. Immune
cells express neurotransmitter receptors.
Catecholamines can affect antigen presentation
by dendritic cells, enhance antibody responses,
and suppress cellular immune responses, clonal
lymphocyte expansion, and cell migration and
trafficking [79]. Net effects reflect whether o
(alpha) or B (beta) adrenergic receptors are
activated.

The brain helps control immune activation.
The cholinergic vagus nerve excites sympathetic
neurons that innervate the spleen and synapse
directly on immune cells [80]. Immune cells
express receptors for pituitary hormones (prolac-
tin, human growth hormone, thyroid-stimulating
hormone, insulin-like growth factor 1) as well as
neurotransmitters (acetylcholine, glutamate, nor-
epinephrine, endorphins). In turn, MHC Class I
molecules modulate neural synapse formation
during brain development and can regulate these

synapses as well in the mature brain [81].
Cytokines such as TNF regulate the AMPA class
of glutamatergic receptors.

The brain and immune system communicate
via the hypothalamic-pituitary-adrenal gland
(HPA) axis and the sympathetic nervous system.
The HPA axis maintains homeostasis by regulat-
ing the neuroendocrine, sympathetic nervous
system, and immune system. Abnormalities in
HPA axis have been implicated in autoimmune-/
immune-mediated disorders [82]. It is an impor-
tant feedback loop and a major component of
how the nervous and endocrine systems commu-
nicate. The paraventricular nucleus of the hypo-
thalamus secretes two peptides, vasopressin and
corticotropin-releasing hormone (CRH). They in
turn act on the anterior lobe of the pituitary gland
to secrete adrenocorticotropic hormone (ACTH).
In turn, ACTH acts on the adrenal gland cortex to
produce glucocorticoid hormones (chiefly corti-
sol), which in a negative feedback loop suppress
CRH and ACTH release. CRH synthesis is influ-
enced by stress cortisol blood levels and the diur-
nal sleep-wake cycle. Cortisol normally rises
30-45 min after awakening in the morning, and
in the late afternoon, and is lowest in the middle
of the night.

Psychoneuroimmunology is a reflection of the
organ system links outlined above. It studies the
interactions between psychological processes,
such as stress and anxiety, and the nervous and
immune systems. Traumatic life events, person-
ality traits, coping mechanisms, and strong emo-
tions can impact on nervous and immune
function. For example, cell-mediated immunity
can be impaired in individuals who lose a loved
one. Stress can make individuals more vulnerable
to infections. Psychoneuroimmunology evaluates
models such as sickness behavior, neuropsychiat-
ric disorders, and the effects of stress on the ner-
vous system.

Summary

The immune system plays a pivotal role in neu-
roimmune disorders. In addition, it is increas-
ingly recognized to be a factor in most major
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neurologic diseases. It also determines how the
body responds behaviorally to external factors.
Practicing neurologists who are familiar with
basic neuroimmunology concepts will have a
better understanding of current and future
advances in understanding and treating nervous
system disorders.
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Introduction

Immunotherapeutic intervention varies from
immunomodulation, which adjusts the immune
system back toward a state of homeostasis, to
immunosuppression, which ablates specific
compartments or pathways involved in the
pathologic process. These approaches carry
both benefit and risk. This chapter will discuss
current and future principles of immunothera-
peutic approaches.

Autoimmunity

Autoimmune disease results from failure of tol-
erance, the ability to discriminate between self
and nonself. The immune system may then
attack the individual’s own cells and tissues. An
inflammatory state may arise due to excessive
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activation of effector cells (resulting in a pro-
inflammatory state) or insufficient regulatory
cells leading to a loss of immune tolerance [1].
Several mechanisms work together to prevent
autoimmunity. These mechanisms include cen-
tral and peripheral tolerance, including T cell
depletion, clonal anergy, and immune suppres-
sion provided by an important subpopulation of
T regulatory (Treg) cells. These cells may carry
either a CD4+ or CD8+ phenotype and include
CD25+FoxP3+Tregs. Immunologic tolerance is
controlled by this population of T cells [2].
Restoration of tolerance may be critical to the
effective resolution of autoimmune disease pro-
cesses (Fig. 2.1).

In addition to the loss of immune homeostatic
balance in those with autoimmune conditions,
genetic predisposition provides a further com-
plex association. Multiple gene loci, most impor-
tantly the MHC/HLA haplotypes, are fundamental
for the presentation of peptide antigens to T cells.
Environmental variables such as geography,
exposure, commensal microbiota, and infection
also play a key role. Infections may activate self-
reactive lymphocytes and lead to the develop-
ment of autoimmune diseases in predisposed
individuals.

Many autoimmune diseases follow a
relapsing-remitting course, with periods of exacer-
bation followed by stability. This may relate to
infection-triggered immune changes. The initiating
response amplifies rapidly via activation of the
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Fig. 2.1 Homeostatic
balance of immune
system. (Reprinted with
permission from
William Scavone)
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innate immune system but is soon followed by a
more target-specific response via the adaptive
immune system. This includes antigen-specific T
cells and antibody-producing B cells. Cytotoxic T
cells and antibodies lead to efficient destruction of
the invading microbe by eliciting specific inflam-
matory molecules, such as the interleukins that
further activate the immune system and destroy
the target in a variety of ways (including direct cell
to target contact and oxidative molecules such as
nitric oxide). Once the invading organism is elimi-
nated the reduction in the immune response is
rapid, limiting the damage to host tissue. Memory
cells persist and provide the basis for secondary
antigen-specific response. In autoimmune disor-
ders, the tissue damage and immunological
response does not completely subside, although
clinical remissions are commonplace [3].

Clinical autoimmunity arises as a result of an
altered balance between autoreactive effector cells
and regulatory [1, 4]. The goal of treating autoim-
mune disease is to re-establish immune homeosta-
sis and restore the balance between effector and
regulatory T lymphocytes. Current immunothera-
pies are primarily used to intervene early and
reduce epitope spread, induce and support the “qui-
escent” stage, and prevent future exacerbations.

©2009 William Scavone

The immune system may often seem over-
whelming and too complex for the non-
immunologist to fully understand, but there are
recognized patterns to make organizing the infor-
mation and concepts easier. The immune system
is always trying to maintain balance, so for each
action, there is an equal and opposite reaction.
Cell lineage and generative lymphoid organs
form a second pattern (Fig. 2.2).

T Cells

In T cell-mediated autoimmunity one of the
most important players is the CD4+ T cell.
Emerging from the thymus, naive CD4+ cells
differentiate into subtypes based on the cytokines
they encounter in the periphery and/or within
the CNS. Each CD4+ T cell subtype exhibits
unique functions largely based on the cytokines
they produce [5]. CD4+ T cells are both effector
and regulatory. Effector CD4+ T cells can be
categorized as either Thl or Th2 T cells by their
cytokine production. The signature cytokine for
Thl cells is interferon (IFN)-y and for Th2 cells
is IL-4 (Fig. 2.3). Upon encounter with antigen/
MHC complexes, naive T cells become activated
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Fig. 2.2 Adaptive immune activation. Co-stimulation
and T cell activation: full activation of T cells in the
periphery is dependent on the recognition of co-
stimulation factors on antigen-presenting cells (APCs)
and completion of the two-signal activation. The first sig-
nal is comprised of antigen recognition: the APC presents
MHC-associated antigenic peptides to the T cell receptor
(TCR) on the naive T cell. Chemokines are released from
the APC that react with the G-protein-coupled receptor
(GPCR) on the T cell, increasing the affinity and avidity
of the T cell/APC adhesion. Once the first signal is com-
plete another set of molecules participate in increasing co-

and can polarize into either a Thl or Th2 cell.
The process is influenced by a variety of factors,
the most important of which is the cytokine
milieu. The principal cytokines produced by
antigen-presenting cells (APCs) for influencing
Thl cell polarization is IL-12, and for the TH2 it
is IL-4 (Fig. 2.3). Once polarized, on the single-
cell level the CD4+ Thl and Th2 cells are com-
mitted and cannot revert back to a naive
phenotype or convert to the other lineage. Using
the early definition of T cell functions, IFN-y
facilitates macrophage activation and IL-4 facili-
tates the production of certain immunoglobulin
subtypes. However, the lines between Thl and
Th2 functions have become blurred. IFN-y is
also required for the production of certain immu-
noglobulin (Ig) subtypes, and IL.-4 can also be

Naive T cell

Upregulation
of CD40
receptor

22009 William Scavone

stimulatory signaling and secreting polarizing cytokines;
for example, CD40 receptor is upregulated on the APC
and engages with the constitutively expressed CD40
ligand on the T cell. The second signal is comprised of an
upregulation of B7-1/B7-2 (CD80/CD86) ligand on the
APC, following antigen recognition, that binds to the
CD28 receptor on the T cell. Once the second signal is
complete, the T cell is activated leading to clonal expan-
sion and differentiation into effector functions. It is
important to note that without the completion of the sec-
ond signal the T cells become functionally inactive, aner-
gic. (Reprinted with permission from William Scavone)

involved in macrophage activation [5]. The Igs
induced by IL-4 serve specific functions, sepa-
rating the activity of the two T cells. IL-4 is
required for the production of IgG1 and IgE. IgE
sensitizes mast cells, a consequence of which can
be allergic reactions; IgGl1 is involved in opso-
nization of pathogens. The IFN-y-induced or
classically activated macrophages produce nitric
oxide (NO), which is pro-inflammatory and
drives chronic inflammation and tissue injury.
Other cytokines produced by Th2 cells that influ-
ence the immune response include IL-5, IL-6,
and IL-13 (Fig. 2.3). Thl T cells also produce
IL-2, IL-15, granulocyte macrophage colony-
stimulating factor (GM-CSF), tumor necrosis
factor (TNF)-a, and other cytokines (Fig. 2.3).
Like CD8+ T cells, Thl cells also have the capac-
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Fig. 2.3 Naive CD4+
lineage. Naive CD4+
cells emerge from the
thymus and further
differentiate into
subtypes based on the
cytokine
microenvironment. Each
subtype of CD4 T cells
exhibits unique
functions largely based
on the cytokines that
they produce. Treg cells
are both thymic derived
and induced in the
periphery (iTreg).
(Reprinted with
permission from
William Scavone)
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ity to induce cytotoxicity of target cells by sev-
eral different mechanisms. The immune response
can be shaped by controlling the phenotype of
the responding CD4 T cell [5].

Treg cells are essential in the everyday con-
trol of immune responses and maintaining
peripheral tolerance [6, 7]. Two populations of
Tyees control inflammation: natural (constitutive)
Treg cells and induced Treg cells (iT,.,) (Fig. 2.3).
Natural T, cells are a population of CD4+ lym-
phocytes residing in the thymus that express the
interleukin (IL)-2 receptor CD25 and the tran-
scription repression factor FoxP3. These cells
constitute 5-12% of the entire CD4+ cell popu-
lation and represent a very small proportion of
the circulating WBC population. Specific popu-
lations of natural T,., cells are generated princi-
pally by interaction with immature APCs in the
periphery. They recognize major histocompati-
bility complex (MHC) molecules in association
with autoantigens with high specificity. These
natural T, cells are normally anergic but can be
activated by exposure to antigens or to high con-
centrations of IL-2 released from activated TH1
cells. Induced T, cells are derived from either

©2009 William Scavone

naive CD8+ or CD4+ precursor cells in the thy-
mus in response to the local antigen or cytokine
environment. Three subpopulations of iT,, cells
can be distinguished on the basis of surface
markers: CD&8+ T, cells, TH3 cells, and TR1
cells. The latter two are derived from CD4+ pre-
cursors. In autoimmune disease, autoantigens
can stimulate the differentiation of these T,
cells. iT,, cells release cytokines such as IL-10
and TGF-p (Fig. 2.3) that suppress the activity of
effector T cells as well as of APCs. Effector cells
and APCs may be inhibited by direct contact
with natural and induced T, cells and involve
interactions of cell surface proteins. This helps
prevent the development of hypersensitivity
reactions of allergies, autoimmune disease, and
promotes long-term graft tolerance. On the other
hand, there may also be detrimental effects of
inhibition of immune function by T, cells; it
attenuates immunity to pathogens and reduces
both immunological surveillance and prevention
of tumorigenesis.

The best-studied T,, cell to date is the Foxp3+
CD4+ T cell, a key regulatory molecule in the
development and function of T, cells. FoxP3 is a



