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Preface

Bridge between basic and clinical neuroimmunology There are already published
reviews and textbooks on basic immunology, clinical diagnosis, and treatment of
neuroimmune diseases. Therefore, no one would question the existence of available
scientific literature in the field. However, due to the enormous and growing
information, beginners, such as students and trainees, find it difficult to capture the
large picture of neuroimmune diseases and get access to the essential information,
especially during the attempt to extract relevant information for a bedside purpose.
Students and even experienced researchers often encounter difficulties in linking
fundamental knowledge and the pathomechanisms underlying each disease.
Furthermore, clinicians are facing a great challenge: to examine an increasing
number of patients in shorter times, with a need to reach the right diagnosis and give
the right therapies. Busy clinicians often lack time to explore textbooks when they
need quick access to information. There is a clear need for a concise book that
explains the relationships between fundamental aspects of neuroimmunology and
daily therapeutics, with a pragmatic approach for both junior and experienced
clinicians or scientists. Our book aims to create a bridge between basic and clinical
neuroimmunology, easily accessible in the daily activities of laboratories or
hospitals. In particular, we try to explain the common elemental pathomechanisms
underlying a variety of common diseases encountered in daily clinical practice
supported by helpful illustrations and tables.

Why is the pathophysiology essential in the field? Historically, new information
in basic immunology has expanded the field of neuroimmune diseases and provided
novel opportunities for immunotherapies. For example, Cruveilhier (1842) docu-
mented the clinical features of multiple sclerosis (MS) [1], and Charcot (1868) sub-
sequently provided the link between clinical features and pathological changes [2].
Furthermore, Guillain-Barré syndrome (GBS) was described as acute ascending
weakness by Landry (1859) [3]. However, the infection etiology was proposed for
both diseases several decades later. The autoimmune pathogenesis has been con-
firmed from the pathological and clinical similarities in experimental allergic enceph-
alitis in 1935 for MS [4] and experimental allergic neuritis in 1949 for GBS [5].
These histories highlight the importance of understanding and application of basic
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immunological methodologies in the unraveling of the pathogenesis of idiopathic
neurological diseases. Many of the novel immunotherapies that were based on
advancements in immunology provide promising benefits in autoimmune diseases.

Pathogenic fundamentals between “disorganized immune cells” and “living
brain functions” In order to fill the gap between basic and clinical
neuroimmunology, the pathogenic behaviors of immune cells will be discussed first.
Second, the interactions between immune cells and nerve cells will be considered.
The mechanisms of how these “disorganized immune cells” disrupt “living brain
functions” will be explained, in order to enhance the understanding of nerve cell
dysfunction and its relation to neural deficits in various neuroimmune categories.

Compared with autoimmune diseases in other organs, various autoimmune
pathogenic processes are involved in the development of neuroimmune diseases.
The apparent differences in clinical manifestations can be attributed to certain fun-
damental autoimmune processes. These elementary processes include “pathogenic
roles of effecter T cells (Th1/17 cells and CDS8 T cells) or autoantibodies,” “autoim-
mune triggers by deficits in immune tolerance or molecular mimicry,” “pathological
permeability of blood-brain (BBB) or blood-nerve barrier (BNB),” and “exacerba-
tion by local neural inflammation.” This book aims to elucidate these elementary
autoimmune mechanisms shared by divergent neuroimmune categories.

The rapid progress in the field of immunology has uncovered unexpected find-
ings related to these key concepts. For example, identification of various cytokines
has multiple actions, including inhibitory regulation of the immune systems, diverse
actions on astrocytes and microglia, and secretion of molecular substances that can
regulate the BBB or BNB, all of which constitute diverse and sophisticated immune
systems. Thus, basic information is being continuously updated, which helps in
understanding the pathogenesis of autoimmune diseases of the brain including the
roles of novel molecular and cellular substances.

Updated diagnosis and therapeutic strategies In the clinical chapters of this
book, we provide the state of the art of diagnosis of each category, based on the
background pathogenic process. Based on accumulated clinical evidence, the
diagnostic criteria of various neuroimmune diseases have improved recently,
allowing early diagnosis and helping in the differential diagnosis. This book will not
only contribute to our appraisal of the autoimmune processes but also to appropriate
application of immunotherapies. Immunotherapies can be divided into two major
types: (1) therapies for the acute phase of the disease, which are designed to stop or
halt the autoimmune-mediated destruction of the brain (induction therapies), and
(2) disease-modifying therapies for the chronic phase, which serve to prevent
relapses (maintenance therapies). The central and peripheral nerve systems have
capacities for restoration and compensation, which can be termed the “nervous
reserve.” The concept of the reserve is based on various intracellular protective
apparatuses and synaptic plasticity of the neural circuitry. Thus, early diagnosis and
early administration of immunotherapies are important during the disease phase in
which the “brain reserve” is still preserved. It is now possible to stop the progression
of some diseases using newly developed immunosuppressive drugs.
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During our academic practice, we have opportunities to teach residents and
trainees, at a time where discovery and progress in neurological domain is constant.
This book can be used to bridge the gap between basic and clinical neuroimmunol-
ogy. It can also be used for board examinations or for the preparation of seminars.

We hope that this book will encourage young students, clinicians, and scientists
to join in these exciting intellectual adventures, “from cell to living brain.”

We are particularly grateful to our eminent colleagues who have devoted time to
deliver excellent contributions. We are also thankful to the whole outstanding edito-
rial team.

Tokyo, Japan Hiroshi Mitoma
Mons, Belgium Mario Manto
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Overview of Mechanisms Underlying )
Neuroimmune Diseases S

Sandip Ashok Sonar and Girdhari Lal

Abstract The neuroimmune diseases are caused by autoimmune demyelination,
opportunistic and neurotrophic infections, paraneoplastic conditions, neurodegen-
eration, and neuropsychiatric disorders. These diseases are multifactorial, complex,
and heterogeneous with varied clinical and pathological features and often triggered
by the interplay of genetics, environmental factors, and dysregulated immune acti-
vation. The molecular mimicry of neuronal antigens, generation of onconeural anti-
gens, inflammation-induced neuronal antigen release, and cross-presentation are
thought to activate the autoreactive T and B lymphocytes. The activation of several
innate immune pathways, generation of effector T cells, production of autoantibod-
ies, inflamed blood-brain barrier, and activated microglia, astrocytes, oligodendro-
cytes, and neurons are known to contribute to the development of neuronal diseases.
The majority of current research is focused on the genetic association, biomarker
discovery, differential diagnosis, treatment choices, and identification of immuno-
logical and neurological basis of neuroimmune diseases. In this chapter, we discuss
the clinical and pathological features of neuroimmune diseases and also present an
overview of the current understanding of the immunological and neurological
mechanisms. We also highlighted the cellular and molecular interactions in the gen-
eration of autoantibodies, inflammatory CD4* and CD8" T cells, reactive microglia
and astrocytes, and importance of the blood-brain barrier in neuroinflammation and
autoimmunity.

Keywords Autoimmune demyelination - Autoantibody - Autoreactive T cells -
Blood-brain barrier - Neuroinflammation
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Abbreviations

AChR acetylcholine receptor

AD Alzheimer’s disease
ADEM acute disseminated encephalomyelitis
ALS amyotrophic lateral sclerosis

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ANNA-1 anti-neuronal nuclear antibody type 1
AQP4 aquaporin 4

ASD autism spectrum disorder

BBB blood-brain barrier

BCSFB blood-cerebrospinal fluid barrier
BNB blood-nerve barrier

Bregs regulatory B cells

Caspr2 anti-contactin-associated protein 2
CNS central nervous system

CSF cerebrospinal fluid

DAMPs  damage-associated molecular patterns
EAE experimental autoimmune encephalomyelitis
GABA gamma-aminobutyric acid

GADG65  glutamic acid decarboxylase 65

HD Huntington’s disease

HSV herpes simplex virus

HTT huntingtin

LGI1 leucine-rich glioma-inactivated-1
MAG myelin-associated glycoprotein
MBP myelin basic protein

mGIluR metabotropic glutamate receptor
MOG myelin oligodendrocyte glycoprotein
MRI magnetic resonance imaging

MS multiple sclerosis

NMDA anti-N-methyl-D-aspartate
NMOSD  neuromyelitis optica spectrum disorders
PCA2 Purkinje cell cytoplasmic antibody 2

PD Parkinson’s disease

PML progressive multifocal leukoencephalopathy
PP-MS primary progressive multiple sclerosis
RR-MS relapsing-remitting multiple sclerosis
SCLC small-cell lung carcinoma

SLE systemic lupus erythematosus

SOD1 superoxide dismutase 1

SP-MS secondary progressive multiple sclerosis
SPS stiff-person syndrome

Tregs regulatory CD4* T cells
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TREM?2 triggering receptor expressed on myeloid cells 2
Trm tissue-resident memory T cells

\VAY% varicella-zoster virus

WNV West Nile virus

Introduction

Divergence and Convergence in Neuroimmune Diseases

The neuroimmune diseases comprise a group of heterogeneous disorders that
involve the immune system to affect the functions of the central nervous system
(CNS), peripheral nervous system (PNS), and autonomous nervous system (ANS).
The immune activation against neuronal antigens forms the basis of almost all of
the neuroimmune diseases. They are characterized mainly by inflammatory,
autoimmune (cell-mediated or humoral), demyelinating, neurodegenerative, para-
infectious, paraneoplastic, and traumatized neurological deficits [1]. The neuroin-
flammation is a prominent feature of the neuroimmune disorders, and various
immunotherapeutic interventions show considerable clinical benefits [1, 2]. Based
on the selective white or gray matter pathology, neuronal autoimmunities are cate-
gorized into acquired demyelinating syndromes or antibody-mediated autoimmune
encephalopathies. Based on the pattern of pathological lesions caused in the ner-
vous system, neuroimmune diseases are also stratified as a monofocal or multifocal
neurological deficits. Further, depending on the nature of radiological findings, they
are typified as lesional (focal areas of hyperintensity), black holes (regional loss of
tissue), and atrophy (loss of brain volume). Despite these distinct pathological dif-
ferences, several neuroimmune diseases share overlapping clinical features, radio-
logical findings, and pathological mechanisms that often make the diagnosis,
management of the associated disabilities, and monitoring the clinical progression
complicated. The recent technological advances in magnetic resonance imaging
(MRI) coupled with the clinical and pathological findings have shown some prom-
ise in diagnosing a specific disorder with some precision.

Blood-Brain Barrier and Blood-Nerve Barrier

The nervous system is known to control almost all the vital voluntary and involun-
tary functions of the body and maintain homeostasis. The dynamic physiological
barriers ensure the bare minimum immune reactions at different anatomic sites of
the nervous system without hampering the immunosurveillance. The blood-brain
barrier (BBB) and the blood-nerve barrier (BNB) actively maintain the homeosta-
sis of the CNS and PNS, respectively. These barriers regulate the access of neuro-
nal tissue to the circulating immune cells and inflammatory mediators [3, 4].
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Additionally, blood-cerebrospinal fluid barrier (BCSFB) controls the accumulation
of inflammatory mediators and immune cells in the ventricles and cerebrospinal
fluid (CSF) draining compartments of the CNS and functions as a neuroprotective
barrier [4, 5]. The biochemical and physiological properties of the BCSFB make
them an active site for neuroimmune interaction and propagation of neuroinflamma-
tion [6]. Therefore, focused studies are needed to precisely understand the associa-
tion of BCSFB-associated inflammation with the pathology of different
neuroimmune disorders. Although these barriers sequester the neuronal antigens
from the peripheral immune system, the molecular mimicry between microbial anti-
gens and neuronal antigens represents a significant trigger for neuroinflammation in
genetically susceptible individuals. The breakdown of the BBB and BNB and infil-
tration of effector lymphocytes, macrophages, and neutrophils are the hallmarks of
several neuroinflammatory conditions of the CNS and PNS [4, 7].

Local Immune Cascades

The local inflammatory cascades in the nervous system induce the neuronal antigen
presentation to the infiltrating T and B cells and cause reactivation and differentia-
tion of antigen-reactive T cells and generation of autoantibodies. The resulting neu-
roinflammation is further fueled by the production of the damage-associated
molecular patterns (DAMPs) and infiltration of other inflammatory cells such as
monocytes, macrophages, neutrophils, dendritic cells, and antigen-non-specific
lymphocytes that trigger the critical events of demyelination and axonal damage.
The CNS-resident cells such as astrocytes and microglial cells also actively contrib-
ute to the inflammatory response in the local microenvironment [8].

Therapeutic Strategies of Neuroimmune Diseases

Interestingly, the conventional immunotherapeutic interventions, corticosteroids,
and immunosuppressors provide a variable amount of clinical benefits in several
neuroimmune disorders [9]. Furthermore, the precise targeting of the specific inflam-
matory pathways and immune cell activation and infiltration in the nervous system
has been shown a promise to control the clinical course [10, 11]. Future studies may
also highlight the critical role of immune-mediated cross talks and signaling path-
ways in several neuroimmune diseases. Numerous efforts are ongoing to define the
strategies to block precisely the effector immune cells without disturbing the regula-
tory cells and the neuronal homeostasis, which requires the interdisciplinary efforts
of basic and clinical scientists to better understand the cellular and molecular basis
of neuroimmune interactions in the health and disease. The highlights of different
immunotherapeutic approaches to treat neurological disorders with different etiolo-
gies and multiple immunopathological mechanisms are discussed in more detail in
chapter “General Principles of Immunotherapy in Neurological Diseases”.
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Clinical Features of Neuroimmune Diseases

Lesion-Dependent Neurological Symptoms

The neuroimmune disease covers a wide variety of neurological disorders ranging
from autoimmune demyelination, neuroinflammatory, neuroinfections, neoplastic,
neurodegenerative, neuropsychiatric, and traumatic conditions. Depending on the
specific areas affected in the nervous system, neuroimmune diseases exhibit an
alteration in the nervous system homeostasis, loss of sensory and motor functions,
neurodegeneration, and impaired cognitive and behavioral functions and social
skills. Majority of neurological diseases follow a prodrome phase, ranging from few
to several weeks, mainly characterized by symptoms such as fever, headache, mal-
aise, anxiety, psychiatric changes, and mild infection. The typical symptoms of the
neuroimmune diseases include painful nerve-joint and nerve-muscle connections,
muscle weakness, paralysis and alterations in the locomotor functions, loss of coor-
dinated movements, visual impairments, seizures, tremors, convulsions, depression,
dementia, cognitive impairment, and social and behavioral changes.

Association of Other Neuroimmune Diseases

A given individual may have one type of neurological disorders or may develop
other closely resembling neurological deficits. For example, a patient with optic
neuritis, an inflammatory condition that affects the optic nerves may eventually
develop demyelinating multiple sclerosis (MS) [12]. Similarly, some of the patients
with the neuropsychiatric condition, anti-N-methyl-D-aspartate (NMDA) receptor
encephalitis with no signs of demyelination subsequently develop MS and neuro-
myelitis optica spectrum disorder (NMOSD). The MS and NMOSD are character-
ized by the presence of autoantibodies such as anti-myelin oligodendrocyte
glycoprotein (MOG) and anti-aquaporin 4 (AQP4) in the cerebrospinal fluid (CSF),
respectively [13, 14].

Multifocal Lesions

A given neuroimmune disease may selectively restrict to the CNS, like MS pathol-
ogy targets the brain and spinal cord, or the PNS, such as chronic inflammatory
demyelinating polyneuropathy (CIDP) which targets antigens explicitly on periph-
eral nerves. Notably, some of the clinical cases of neuroimmune disorders such as
Guillain-Barre Syndrome (GBS), Bickerstaff brainstem encephalitis, and Miller
Fisher /Fisher Syndrome have been shown to involve both CNS and PNS [15].
However, whether inflammation in the CNS and PNS occurs concurrently or
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sequentially is unclear. The involvements of distinct, shared, or secondary immune
dysfunction mechanisms are also not clearly understood.

Divergent Immune Mechanisms

A given neuroimmune disorder may be a result of one type of immunological insult
or may even involve more than one mechanism. Some of the neuroimmune diseases
such as MS are multiphasic, constituting primary progressive MS (PP-MS), second-
ary progressive MS (SP-MS), and relapsing-remitting MS (RR-MS), where patients
exhibit relapse (development of new focal lesion) and remission (resolution of
active lesion) of neurological symptoms and some also show progressive relapsing
MS (PR-MS) [16]. It has been broadly considered that approximately 80—-85% of
MS patients initially show RR-MS course, and about half of them subsequently
develop irrevocable neurological symptoms without clinical relapse or development
of new lesions in the CNS white matter and progress into SP-MS [16, 17]. The rest
15-20% of MS patients generally exhibit PP-MS course with progressive neuro-
logical deficits beginning with the onset of disease symptoms, and about 5% of MS
patients who show clinical relapses during PP-MS course are referred as PR-MS,
and this worsens the neurological deterioration [16, 17]. Such heterogeneous nature
of immunopathogenesis may dictate the acute versus chronic disease progression
and require different immunotherapeutic approaches. Although MS is a major
demyelinating disease of the CNS, few other closely resembling diseases with atyp-
ical MRI findings and clinical course are often misdiagnosed as MS, which do not
respond or instead deteriorate upon MS treatment are known as an atypical inflam-
matory demyelinating syndrome. This syndrome includes demyelinating conditions
such as optic neuritis, neuromyelitis optica spectrum disorder (NMOSD), acute dis-
seminated encephalomyelitis (ADEM), Balo’s concentric sclerosis, Marburg’s mul-
tiple sclerosis, and Schilder’s diffuse myelinoclastic sclerosis [18, 19]. With some
exceptions, individual neuroimmune diseases are rare. Nevertheless, collectively
they pose a significant threat of morbidity, disability, and mortality as well as sub-
stantial clinical, social, and economic burden, and therefore, are increasingly recog-
nized as of significant public health importance.

Fundamental Pathogenic Factors Determining Clinical
Profiles

The neuroimmune diseases are acquired neurological and immunological disorders.
The genetic and environmental factors and concurrent infections can influence the
development and progression of neuroimmune disorders in a susceptible individual.
Nonetheless, autism spectrum disorder (ASD), a neurodevelopmental and neuroin-
flammatory disorder characterized by impaired cognitive, learning, communication
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and social skills, and shows a strong association with the congenital anomalies [20,
21]. However, definitive evidence suggesting the acquired versus inborn nature of
childhood autism is still lacking.

Autoantibody- and Cell-Mediated Immune Mechanisms

The autoimmune response to the antigens belonging to the CNS, PNS, and ANS is
the major contributing factor for the development of neuroimmune diseases. The
involvement of both the autoantibodies and autoreactive T cells have been exten-
sively studied in the various neurological disorders. The autoantibodies may be
directed toward the cell surface antigens and cytoplasmic or nuclear antigens. The
autoantibodies against the neuronal glutamate receptors and gamma-aminobutyric
acid (GABA)-B receptor are associated with limbic encephalitis. Anti-NMDA
receptor is linked with encephalitis, and anti-P/Q and N-type calcium channels with
encephalopathies and neuropathies. Anti-leucine-rich glioma-inactivated-1 (LGI1),
a voltage-gated potassium channel complex, is associated with limbic encephalitis.
Anti-muscle and neuronal ganglionic acetylcholine receptors (AChR) are associ-
ated with myasthenia gravis and encephalopathies or neuropathies, respectively
[22-25]. The antibody against astrocytic water channel, AQP4, is linked with optic
neuritis, NMOSD, and ADEM. Immune response against myelin antigens such as
MOG, myelin basic protein (MBP), and myelin-associated glycoprotein (MAG)
induces MS, NMOSD, and transverse myelitis [26, 27].

Moreover, a strong association of human leukocyte antigen (HLA) polymor-
phism with disease susceptibility highlights the critical role of T cell-mediated
immune responses in neuroimmune disorders. Both CD4* and CD8* effector T cells
play an important role in the development and progression of MS, Rasmussen’s
encephalitis, a chronic pediatric neuroinflammatory condition with seizures, uni-
hemispheric atrophy and unilateral locomotor dysfunction, and paraneoplastic syn-
dromes [28, 29]. Additionally, T cell-mediated response also contributes to
autoantibody-mediated neuroinflammatory disorders such as ADEM including
optic neuritis and NMOSD, anti-NMDAR encephalitis, and stiff-person syndrome,
a neurological disorder characterized by epilepsy, cerebellar ataxia, and limbic
encephalitis [30].

Neuroinflammatory Cascades

The inflammatory response at the BBB of CNS microvessels is also known to asso-
ciate with many neuroimmune conditions including CNS vasculitis [31]. The neu-
roinflammatory conditions are primarily thought to be caused by the autoreactive T
cell and humoral response. The other infiltrated immune cells such as monocytes,
macrophages, dendritic cells, and neutrophils, and CNS-resident microglia and
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astrocytes are also known to induce an inflammatory response in the CNS. These
cells recognize the DAMPs, myelin, and other neuronal antigens, secrete inflamma-
tory mediators, and promote the inflammatory response and dictate the progression
of clinical symptoms.

Additionally, some of the systemic chronic inflammatory diseases with variable
manifestation of the neurological conditions such as systemic lupus erythematosus
(SLE) are associated with aseptic meningitis, cerebral venous sinus thrombosis,
transverse myelitis, migraine, psychosis, anxiety, seizures, dementia, cognitive dys-
function, neuropathies, and myasthenia gravis [32, 33]. Rheumatoid arthritis (RA)
has also been shown to be associated with the cerebral vasculitis, peripheral neu-
ropathies, brainstem and spinal cord compression, and stroke, whereas Sjogren’s
syndrome and scleroderma are associated with brain and spinal cord lesions, periph-
eral neuropathies, and trigeminal neuralgia, respectively [34, 35]. The exact patho-
physiological mechanisms of these manifestations have not been understood
completely. However, some of the studies have highlighted the role of systemic
inflammation and altered BBB function allowing the influx of inflammatory mole-
cules, effector innate and adaptive immune cells and the presence of autoantibodies
in the CNS and PNS [36, 37].

Triggering of Autoimmunity: Parainfectious and Paraneoplastic
Conditions

Infection in CNS Several viral, bacterial, fungal, and parasitic infections induce the
CNS inflammation and promote immune-mediated inflammatory damage in the
brain and spinal cord. Meningitis, an inflammatory condition affecting the menin-
ges and subarachnoid space, is characterized by neck stiffness, diminished sensory
functions, altered mental status, photophobia, and respiratory complications in
young and adult individuals [38]. Depending on the nature of infectious cause, the
condition is referred to as bacterial meningitis (Streptococcus pneumoniae, Neisseria
meningitidis, Listeria monocytogenes, Haemophilus influenzae, and Treponema
pallidum), viral meningitis (enteroviruses, herpes simplex virus-2 (HSV-2),
varicella-zoster virus (VZV) and arboviruses), and fungal meningitis (Cryptococcus
neoformans and C. gattii) [39-41]. The encephalitis is an inflammation of brain
parenchyma, characterized by the BBB disruption and effector immune cell infiltra-
tion in the brain parenchyma. The infection-induced encephalitis possesses a
significant threat associated with high morbidity and mortality if failed to diagnose
and treat early. The HSV-1 and HSV-2 infection or reactivation represents the major
cause and accounts for about 10-15% of cases of encephalitis [42]. The HSV and
VZV remain latent in the basal root ganglia in the spinal cord, and their reactivation
often leads to the development of myelitis, an inflammation of the spinal cord.
Furthermore, the mosquito- and tick-borne viruses such as Japanese encephalitis
virus (JEV), West Nile virus (WNV), and tick-borne encephalitis virus are consid-
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ered as significant encephalitis-causing agents in a post-monsoon, spring, and
autumn season in the endemic regions [43, 44]. The patients with bacterial men-
ingitis often develop encephalitis symptoms, involving cranial neuropathies,
hemiataxia, seizures, sensory loss, muscle weakness, and loss of consciousness.

Infection in PNS Several infections are known to cause the development of the
inflammatory dysfunction of PNS. The hepatitis C virus (HCV)-induced inflamma-
tion is the cause of infectious polyneuropathies with demyelinating and axonal
pathology [45]. The Zika virus, a mosquito-borne arbovirus, manifests acute demy-
elinating polyradiculoneuropathy characterized by ascending paralysis, sensory
loss, and respiratory failure [46]. The reactivation of VZV in peripheral nerve gan-
glia leads to the development of radiculitis with the painful vesicular rashes [47].
The tick-borne Borrelia burgdorferi, which causes Lyme disease, is also known to
involve in neuroinflammation with clinical meningitis and radiculoneuritis [48].

HIV The human immunodeficiency virus 1 (HIV-1) itself causes the neurological
complications in the infected individuals and also promotes opportunistic neuro-
logical infections. It is widely considered that HIV-1 uses Trojan horse mechanism
to cross the BBB and infiltrates into the CNS through infected monocytes/macro-
phages, where it further acquires the ability to infect microglia and astrocytes [49,
50]. The HIV-1-associated CNS disorders involve a range of neurologic conditions
such as meningoencephalitis, peripheral neuropathy, cranial neuropathy, dementia,
and neurocognitive disorders and represent early manifestations of approximately
10-20% of symptomatic patients, while it goes more than 50% in patients with
advanced cases [51]. Furthermore, HIV-1-associated immunodeficiency promotes
several opportunistic infections having ability to cause neurological diseases such
as progressive multifocal leukoencephalopathy (PML; John Cunningham (JC)
virus, targets oligodendrocytes), CMV encephalitis, retinitis, and polyradiculitis
(cytomegalovirus (CMV), targets almost all the components of CNS and PNS),
cerebral toxoplasmosis (Toxoplasma gondii, targets CNS), cryptococcal meningitis
(C. neoformans, targets meninges and subarachnoid space), and tuberculous menin-
gitis (Mycobacterium tuberculosis, affects meninges) [52, 53].

Autoimmunity triggered by infections Although the exact trigger of autoimmune
reactions to CNS antigens is not known, increasing evidence supports the hypothe-
sis that infectious agents may provide an initial trigger to generate CNS autoim-
mune response. The data regarding the role of bacterial pathogens as a trigger for
CNS autoimmunity is controversial. However, two murine viruses, Theiler’s murine
encephalomyelitis virus (TMEV) and mouse hepatitis virus (MHV), are capable of
inducing demyelination, which resembles to MS [54]. Various pathogen-derived
molecules show molecular mimicry to the myelin and other CNS antigens. The L2
protein of human papillomavirus 7, DNA polymerase of EBV and HSV, and hemag-
glutinin of influenza virus mimic human MBPgs ¢y epitope [55], while DNA
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polymerase of HBV mimics human MBPg ;5 [56]. Interestingly, human CMV capsid
protein UL86 981-1003 mimics the rat MOGg;s_ss, and a drug transporter, ABC-
transporter of Clostridium perfringens. Mimic AQP4¢, g, and there are the two
immunodominant epitopes that initiate autoimmune demyelination in MS and neu-
romyelitis optica, respectively [57, 58]. Similarly, GBS patients show the presence
of autoantibodies against neuronal components, and are produced due to the molec-
ular mimicry of various bacterial (Campylobactor jejuni, Mycoplasma pneumoniae,
and Haemophilus influenzae) and viral (CMV, HSV-1, HSV-2, VZV, and EBV)
pathogens [59]. Other than the usual molecular mimicry, the superantigens and
cryptic antigens, apoptotic and necrotic host cell death, and infection-induced
bystander immune activation and collateral damage have also been shown to play a
critical role in the initiation of the CNS autoimmune inflammation. These funda-
mental pathogenic factors in infection-related autoimmunity, molecular mimicry,
epitope spreading, and bystander activation are shown in Fig. 1.

Autoimmunity triggered by neoplasms The paraneoplastic neurological disorders
are rare neurological condition where tumor cells express onconeural antigens that
closely resemble the neuronal antigens. The immune response directed against such
onconeural antigens contributes to the neuronal tissue damage leading to the devel-
opment of neuroimmune conditions. These tumors may be systemic or intrathecal,
and primarily characterized by the autoantibody production against the neuronal
antigens, and may also involve onconeural-specific CD4* and CD8* T cell responses
[60, 61]. Depending upon the autoantibody produced against the various compo-
nents of the neural cells, the disease manifests to CNS, PNS, or autonomous ner-
vous system and exhibits cortical/limbic/brainstem encephalitis, cerebral ataxia,
encephalopathies, peripheral neuropathies, myelitis, cerebellar degeneration, der-
matomyositis, and chronic gastrointestinal pseudo-obstruction. The autoantibodies,
anti-neuronal nuclear antibody type 1 (ANNA-1) and ANNA-2 are directed against
the neuronal intracellular antigens Hu and Ri, respectively, and known to be associ-
ated with small-cell lung carcinoma (SCLC), neuroblastoma, thymoma, lung carci-
noma, and breast carcinoma [62, 63]. The SCLC and thymoma are also associated
with the presence of anti-AChR (muscle, ganglionic), anti-voltage-gated potassium
and calcium channel proteins, and Purkinje cell cytoplasmic antibody 2 (PCA-2) in
the CSF. There are increasing cases of ovarian and lung cancer linked with anti-
NMDA receptor and anti-glycine receptor antibodies, respectively [64]. The patients
with paraneoplastic CNS disorders often show CSF abnormalities such as pleocyto-
sis, increased protein levels, and oligoclonal bands. The other characterized onco-
neural autoantibodies involved in the pathology of paraneoplastic neurological
disorders include anti- Yo (ovarian and breast cancer), anti-CV2 (SCLC, thymoma),
anti-Ma2 (SCLC and testis cancer), anti-amphiphysin (SCLC and breast cancer),
anti-glial nuclear antibody 1 (SCLC), anti-a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor (SCLC, ovarian and testes cancer), and
anti-LGI1 (SCLC) and anti-GABAj receptor (SCLC) [65-67].
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Fig. 1 Mechanisms of neuroimmune diseases associated with neurotrophic infections and neuro-
degenerative processes. (A) Several neurotropic infectious agents enter into the CNS and induce
autoimmune response leading to neuronal tissue damage. The infectious agent uses one or more of
the four main entry ports to the CNS. (i) Trojan horse mechanism. Infected leukocytes directly
cross the BBB and provide the gateway to the CNS parenchyma. The EBV-infected B cells, and
HIV-1- or L. monocytogenes-infected monocytes are classic examples of Trojan horse mechanism.
(ii) Infection to the BBB endothelium. Several pathogens such as JEV, EBV, JCV, HCMV, and
HTLV-1 infect the brain endothelium, whereas some directly cross endothelium via paracellular
(WNV, H. influenzae, and N. meningitidis) or transcellular (N. meningitidis, S. pneumoniae,
L. monocytogenes, and M. tuberculosis) routes without infecting endothelium. In both cases,
pathogens are released into the CSF-draining subarachnoid spaces in the CNS. (iii) Axonal trans-
port. Various pathogens infect peripheral sensory or motor nerves and use either anterograde (HSV,
VZV, and chikungunya virus) or retrograde (WNYV, rabies virus, poliovirus, and L. monocytogenes)
axonal transport mechanism to enter into the CNS. (iv) Dissemination through choroid plexus.
Pathogens such as HIV-1, HTLV-1, H. influenzae, and N. meningitidis enter to the CNS paren-
chyma via infecting the choroid plexus epithelium and disseminating directly into the CSF through
choroid plexus ependymal cells. (B) The microglial cells sense the pathogen via different pattern
recognition receptors (PRRs) and toll-like receptors (TLRs), process and present pathogen-derived
antigens to the sentinel T cells and induce a protective immune response. However, some of these
antigens mimic the neuronal antigens and activate neuronal antigen-reactive effector T cells and
promote molecular mimicry-induced autoimmunity. The CNS recruited professional antigen-pre-
senting cells, such as dendritic cells, further present antigens to the T cells; these antigens are either
cross-reactive pathogen-derived ones or may be obtained from CNS-resident cells (e.g., dying
oligodendrocyte or neuron). This leads to the activation of autoreactive effector T cells specifically
recognizing broad arrays of CNS autoantigens, a mechanism known as epitope spreading.
Additionally, the inflammatory mediators and cytokines produced by antigen-presenting cells may
activate a repertoire of T cells, which does not possess TCR specific to CNS antigens; instead,
these bystander-activated cells fuel the neuroinflammation and promote tissue damage
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Cross Talk Between the Immune System and Degenerative
or Psychiatric Diseases

Several studies have suggested a strong correlation between neuroinflammation and
neurodegenerative diseases. Some of these diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s
disease (HD) and frontotemporal lobar dementia (FTLD) are associated with reac-
tive phenotype of microglia and astrocytes along with the presence of inflammatory
mediators in the CNS [68]. However, substantial evidence suggesting the primary
involvement of neuroinflammation in the neurodegenerative processes is still lack-
ing. The signs of neuroinflammation are mainly attributed to the secondary damage
to the neurons. It has been recognized that expression of mutant superoxide dis-
mutase 1 (SODI) in the neurons is associated with the development of ALS [69],
whereas mutant a-synuclein in astrocyte is linked with the PD [70]. The mutation of
triggering receptor expressed on myeloid cells 2 (TREM2) gene in microglia is
associated with AD, PD, and a rare Nasu-Hakola disease [71] and suggests that
alterations in the glial cell homeostasis may contribute to the development of neu-
rodegeneration. Nonetheless, further clinical studies and basic mechanistic studies
using genetic-deficient mouse models are required to understand the precise role of
peripheral and CNS inflammation in the development and progression of neurode-
generative diseases.

Whether inflammation induces neuropsychiatric conditions such as mood and
sleep disorders, depression, and schizophrenia is not well understood. However, the
compelling data suggest the bi-directional association of sterile inflammation with
various neuropsychiatric disorders [72]. The chronic psychological stress is linked
with physiological imbalance with an increased level of DAMPs, such as heat shock
proteins, extracellular ATP, oxidative radicles, circulating uric acid, and high mobil-
ity group box 1. Under chronic psychological stress, immune cells show the
increased expression of surface Toll-like receptors (TLRs), intracellular NOD-like
receptor 3 (NLRP3), and inflammasome activation with the concomitant increased
secretion of tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1p, IL-6, and
IL-10 [73, 74]. The patients with bipolar disorder, depressive disorders, and schizo-
phrenia also show the involvement of CNS inflammation and microglia activation
with increased levels of pro-inflammatory cytokines, cytokine receptors, C-reactive
protein, chemokines, and soluble cell adhesion molecules in the CSF and frontal
cortex. Additionally, various clinical studies have suggested that early-life stress
(childhood maltreatment) increases the risk of developing neuropsychiatric dis-
orders in adult life. For example, children with maltreatment are more likely to
develop a mood disorder, depressive disorder, bipolar disorder, anxiety, and sub-
stance abuse [75-77]. The autoimmune diseases such as SLE and RA are also
known to manifest wide varieties of neuropsychological symptoms of the CNS and PNS
including mood and anxiety disorders, cognitive dysfunction, seizures, myelopathy,
autonomic and cranial neuropathy [78]. Overall various inflammatory mediators
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and pathways, effector innate and adaptive immune cells and CNS-resident cells,
reactive astrocytes, and microglia orchestrate the pathology of a given neuroim-
mune condition (see Fig. 1 for the basic mechanisms of neuroimmune diseases
associated with neurodegenerative processes).

Mechanisms of Neuroimmune Diseases

Neuroinflammation is induced by the mounting of the immune response to neuronal
antigens, alterations in the tissue homeostasis as in the case of neurodegenerative
diseases, pathogen-induced immune response, and the oxidative stress and tissue
damage during the traumatic conditions. The complex interaction of innate and
adaptive immune cells, vascular inflammation, and CNS-resident astrocytes and
microglia orchestrate the pathology of neuroimmune diseases.

Mechanisms of T Cell-Mediated Neuroinflammation
and Autoimmunity

The cell-mediated autoimmune response is a hallmark of the majority of neuronal
autoimmunity. The variations in the several genes associated with the adaptive
immunity are linked with susceptibility to develop several CNS autoimmune dis-
eases. Both CD4* and CD8* T lymphocytes trigger the initiation and propagation of
white and gray matter pathology and, in some cases, also promote the autoantibody
response against neuronal antigens.

Breakdown of immune tolerance The negative selection mechanism of thymus
eliminates the majority of the autoreactive T lymphocytes. However, some low-
affinity self-reactive T cells escape from the thymic central tolerance and mobilize
to the peripheral lymphoid organs. The activation of these autoreactive T cells in
response to the CNS insult is thought to induce neuronal T cell response. Since
genetics and environmental factors also regulate the development of the neuronal
autoimmunity, the molecular similarities between the antigens of the pathogenic
microorganisms and the neuronal antigens may serve as an initial trigger to activate
autoreactive CD4* and CD8* T cells [79]. Epstein-Barr virus (EBV) infection or its
reactivation is strongly associated with the risk of MS. It has been speculated that
EBYV shares homology with some of the CNS antigens [80]. This hypothesis also
supports that initial priming and the activation of the autoreactive T cells occur
outside of the CNS and local reactivation of these cells in the CNS augments the
autoreactive T cell response during MS and EAE [81]. This highlights the role of
immune tolerance breakdown in the pathogenesis of autoimmune demyelination,
and the mechanisms that affect the function of regulatory CD4* T cells and the
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peripheral tolerance in CNS disorders are discussed in more detail in chapter
“Immune Tolerance in Autoimmune Central Nervous System Disorders”.

Disruption of BBB/BNB The germ-free animal studies have revealed that func-
tional gut microbiome is required for the development and maintenance of BBB
integrity [82]. The loss of BBB integrity is a crucial event that occurs at early stages
of several CNS autoimmune diseases such as MS, optic neuritis, NMOSD, and EAE
[4]. The consequences of BBB breakdown and pathological basis of cell-mediated
responses and humoral responses during CNS autoimmunity and paraneoplastic
CNS diseases are shown in Fig. 2 and Fig. 3. In the MS, bone marrow-derived cir-
culating monocytes breach the BBB and enter into the CNS parenchyma and serve
as a source of mononuclear phagocytes in the inflamed CNS [83]. The cellular and
molecular mechanisms of BBB dysfunction during neuroinflammation and autoim-
munity are discussed in more detail in chapter “Disruption of the Blood-Brain
Barrier During Neuroinflammatory and Neuroinfectious Diseases”.

Amplification by the microglial cells and astrocytes The phagocytes and microglial
cells are abundantly localized to the CNS lesions of the RR-MS, PP-MS, and SP-
MS patients and induce the myelin and axonal damage possibly via secretion of
oxidative and inflammatory molecules [84]. In EAE, an animal model of MS, the
activation of microglial cells is often associated with the disruption of the BBB,
subsequent infiltration of effector immune cells, and induction of several of inflam-
matory pathways, leading to demyelination and neuronal damage [4, 85]. It has been
particularly noted that glia limitans, a basement membrane formed by astrocytic
end-feet, also serves as a barrier at the face of the damaged BBB [85]. The activated
astrocytes and microglia or macrophage-derived matrix metalloproteinase-2
(MMP2) and MMP?9 help transit of T cells through this barrier. Astrocytes are the
most abundant glial cell type in the CNS and contribute to the various inflammatory
and regulatory functions. There are several immunopathological mechanisms that
target astrocyte and promote neuroinflammation. The effector and regulatory roles
of astrocytes during various T cell-mediated and antibody-dependent CNS autoim-
mune diseases are discussed in more detail in chapter “Autoimmune Astrocytopathy”.

Role of the meningeal tertiary lymphoid structures In addition to the role of the
peripheral inflammation in the activation and effector function of autoreactive T
cells, the meningeal inflammation and contribution from the inflammatory men-
ingeal stromal cells and the tertiary lymphoid structures have been shown to play
a crucial role in the induction of CNS autoimmunity [86]. The meningeal tertiary
lymphoid structures represent the local sites of the immune activation and facili-
tate the cell-to-cell interactions and reactivate the autoreactive T cells and B cells
during EAE and MS [87, 88]. Interestingly, IFN-y through STAT1 signaling
promotes the BBB disruption and allows the directional migration of the CD4* T
cells from the luminal to the abluminal side of the brain endothelium [89].
Additionally, several important TNF receptor superfamily molecules have shown
to increase the BBB permeability and promote neuroinflammation in CNS
autoimmunity [90].
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Fig. 2 Consequences of the blood-brain barrier breakdown — T cell-mediated immune response.
The BBB breakdown is one of the critical events that lead to the development of autoimmune demy-
elination during MS and EAE. Myelin-reactive effector CD4* T cells and inflammatory cytokines
produced by these cells are key drivers in damaging the BBB. The altered BBB allows the entry of
myelin-reactive effector CD4* T cells (Th1 and Th17) through a series of rolling, adherence, crawl-
ing, capture, and diapedesis steps. The transmigration of Th1 and Th17 cells occurs through either
paracellular (through endothelial cell-cell junctions) or transcellular route (through endothelial cell
body). In the inflamed CNS parenchyma, antigen-presenting cells such as dendritic cells, perivas-
cular macrophages, and microglia present myelin or CNS antigens to the effector CD4* and CD8*
T cells and reactivate them. (A) Under the influence of IL-12 or IFN-y, CD4* T cells acquire Thl
phenotype (T-bet, IFN-y and TNF-a). Alternatively, IL-23 stabilizes the Th17 phenotype (RORyt,
IL-17A, IL-17F, IL-21, and IL-22). The IL-23 stimulation of myelin-reactive Th17 cells induces a
Thl-like signature (T-bet, IFN-y, and GM-CSF) in Th17 cells, which are highly encephalitogenic.
The Th1 cytokines also influence the activation of monocytes, mononuclear phagocytes, M1-like
macrophages, and M1-like microglia. The M1-like inflammatory cell types and other phagocytes
induce neuronal and oligodendrocyte damage via phagocytosis, opsonization, and complement acti-
vation. Contrarily, Th17 response induces neutrophil infiltration predominantly in the brainstem
and cerebellum. Neutrophils secrete various pro-inflammatory cytokines and cytotoxic molecules
that drive demyelination and neuronal damage. Both Th1 and Th17 inflammatory cytokines involve
directly or indirectly (via reactive astrocytes) in the process of BBB breakdown, which drives the
infiltration of various lymphocytes and myeloid cells in the inflamed CNS. (B) CD8* T cells reacti-
vated in the inflamed CNS produce inflammatory cytokines, perforin, and granzyme that directly
cause neuronal and oligodendrocyte damage and also activate mononuclear phagocytes and M1-like
macrophages and microglial cells. The scavenger microglia and mononuclear phagocytes engulf the
myelin and neuronal debris and present the CNS antigens to the cytotoxic CD8* T cells. The regula-
tory CD4* T cells (Tregs) suppress the effector CD4* and CD8* T cell activation and also inhibit
inflammatory macrophages and microglial response, and the delicate balance between effector and
regulatory cell types dictates the course of neuroinflammation. Most often, the inflammatory mol-
ecules tune the plasticity of these regulatory cells and promote them into effector lineage
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Fig. 3 Consequences of the blood-brain barrier breakdown — the humoral immune response.
Disrupted BBB allows the migration of inflammatory mediators, cross-reactive antibodies, autoan-
tibodies, and immune cells in the CNS. (A) The CNS-infiltrated B cells form a cellular niche along
with T helper (Th) and T follicular helper (Tth) cells known as tertiary lymphoid structures.
Meningeal tertiary lymphoid structures are common in MS, EAE, optic neuritis, and NMOSD.
These local lymphoid structures support the autoantibody production that recognizes the myelin,
neuronal, and astrocytic antigens. (B) The anti-AQP4 antibody recognizes the water channel pro-
tein in the astrocytic end-feet that establishes the physical contact with the brain endothelium.
Anti-AQP4 disrupts the astrocyte-endothelium interaction, affects the astrocyte polarity and integ-
rity of BBB, and also induces complement-dependent astrocyte damage leading to cellular infiltra-
tion and demyelination during optic neuritis, NMOSD, and MS. (C) Autoantibodies directed
toward myelin antigens (anti-MOG/MBP/MAG) recognize the myelinated neurons and induce
opsonization and complement activation-induced myelin sheath damage. Anti-neuronal receptor
antibodies and activated M 1-like macrophages, reactive microglial cells, and mononuclear phago-
cytes actively contribute to the inflammatory damage to myelin sheath and demyelination process
during several autoimmune inflammatory demyelinating diseases such as MS, ADEM, optic neu-
ritis, transverse myelitis, and NMOSD. (D) During paraneoplastic conditions, malignant cells
induce the production of antibodies that cross-react to the neuronal antigens. The circulating anti-
bodies may traverse to the CSF-draining spaces via choroid plexus, where they recognize the
neurotransmitter receptors, molecules involved in synaptic transmission and vesicular transport.
These autoantibodies affect the synaptic transmission and induce neuronal dysfunction, excitotox-
icity and hyperexcitability and neuronal depolarization
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Roles of Thl and Thi7 cells CD4*T cells recognize CNS antigens presented by the
antigen-presenting cells along with appropriate activation and co-stimulatory sig-
nals drive the differentiation of various effector and regulatory CD4* T cell subsets,
and these differentiated cells produce several pro-inflammatory and anti-
inflammatory cytokines (Fig. 4). The myelin antigen-reactive CD4* T cells and IFN-
y-expressing Thl and IL-17A-expressing Th17 cells are capable of inducing CNS
autoimmune demyelination in susceptible animal models [81, 91]. Similarly, Thl
and Th17 cells and their associated pro-inflammatory cytokines are abundantly
present in the CSF and at the active CNS lesions of MS patients. Depending on the
inflammatory mediators present in the inflamed microenvironment, autoreactive T
cells are terminally differentiated cells that can acquire distinct and overlapping
immune cell phenotypes [92]. The IFN-y*IL-17A* or IFN-y*IL-17A*GM-CSF*
Th17 cells that co-express lineage-defining transcription factors, T-box transcrip-
tion factor (7BX21 or T-bet), and retinoic acid-related orphan receptor gamma t
(RORyt) are considered as highly pathogenic in MS [93-95]. Further, exTh17-Thl
cells, which express IFN-y and granulocyte-macrophage colony-stimulating factor
(GM-CSF) and T-bet and derived from the previously IL-17A-expressing Th17
cells, are also shown to have an encephalitogenic function in mouse models of EAE
[96, 97]. The IL-17A-expressing y0 T cell counterparts of the Th17 cells also share
most of the pathogenic signature and have been reported to play an important role
in the pathophysiology of the neuroinflammation [98]. Regardless of their cell phe-
notypes, autoreactive Thl and Th17 cells have been shown to induce distinctive
CNS pathology during EAE.

Th1-dominated diseases are mainly characterized by the infiltration of the mono-
cytes and other mononuclear cells in the spinal cord and proceeds with typical
ascending flaccid paralysis, as seen in MS patients. However, Th17-dominated set-
tings show neutrophil infiltration into the brain and induce atypical EAE symptoms
such as ataxia, axial rotation, and involvement of cerebellum [99, 100]. The CCR6
and CXCR3 are important chemokine receptors that drive the migration of the Th17
and Th1 cells in the CNS parenchyma via different vascular routes such as choroid
plexus and BBB, respectively [101]. Interestingly, CCR6-dependent migration
through the CCL20-expressing choroid plexus is considered as a first wave of the
Th17 migration. IL-23-induced signaling changes the preference from CCR6 to
CCR?2 usage for Th17 migration into the CNS [102]. The importance of Th17 cells
in the immunopathogenesis of neuroinflammatory disorders is discussed in more
detail in chapter “The Role of Thl7 Cells in Immunopathogenesis of
Neuroinflammatory Disorders”).

Significant progress has been made in identifying and characterizing the role of
effector and a regulatory subset of the CD4* T cells in the CNS inflammation and
autoimmunity (Table 1). The effector cytokines IL-17A, GM-CSF, TNF-a, and
IFN-y along with other inflammatory mediators orchestrate the neuroinflammation
through activation of monocytes, macrophages, neutrophils, astrocytes, and microg-
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Fig. 4 Differentiation of autoreactive CD4* T helper cells during CNS autoimmunity. Activation
of autoreactive naive CD4* T cells occurs in the secondary lymphoid organs during CNS autoim-
mune conditions. The environmental factors and genetic susceptibility play a key role in dictating
the activation of neuronal antigen-specific T cells. The molecular mimicry of pathogenic antigens,
bystander immune activation, cross-presentation, and altered CNS homeostasis are thought to pro-
vide the initial trigger for autoreactive T cell activation. The differentiated CD4* T cells belong to
two main functional categories, effector and regulatory subsets. The main effector cells include
Thl, Th17, and Tfh cells. Th1 cells are polarized under the influence of IL-12 or IFN-y signaling
and induce classic EAE symptoms and predominant spinal cord inflammation, whereas TGF-p,
IL-6, IL-1p, and IL-21 signaling promotes Th17 differentiation. Th17 cells induce neutrophil che-
moattraction and atypical EAE symptoms. Tth cells need TGF-p, IL-21 and ICOS signaling, and
help in the production of autoantibodies. Th17 cells exhibit plasticity and undergo a transition to
Thl-like Th17 cells and ex-Th17 Th1 cells under the influence of active IL-23 and IL-12 signaling.
These cell types have highest encephalitic activity and are potent inducers of CNS autoimmunity.
Contrarily, the regulatory cell types regulate the activation and differentiation process of autoreac-
tive effector T cells and help in controlling the inflammation and tissue damage during CNS auto-
immunity. TGF-p and IL-2 signaling promotes the Foxp3*-induced Tregs (iTregs) differentiation,
which maintains peripheral tolerance, whereas tolerogenic dendritic cell and immunoregulatory
cytokines induce T regulatory 1 (Trl) cells, characterized by Foxp3 and c-Maf expression and
production of immunoregulatory cytokines and cytotoxic molecules. The polarizing signals for T
follicular regulatory (Tfr) cells are poorly characterized. Tfr possesses the functional characteris-
tics of Tregs and Tth and home to germinal center, where they actively regulate the Tth response
and autoantibody synthesis. The regulatory cells also exhibit phenotypic and functional plasticity
and acquire suppressor or effector functions depending on the microenvironmental cues. Sustained
IL-6 signaling induces the conversion of iTregs to Tregs/Th17 transition states or recently identi-
fied Tr17 cells. The fine balance between the effector and regulatory functions of primary differen-
tiated CD4* T cells and various transition states and secondary differentiated phenotypes may
dictate the course and progression of CNS autoimmune disease
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Table 1 The phenotype of various CD4* T cell subsets and their role in CNS inflammation and

autoimmunity
Lineage-
CD4+ specific
T cell transcription | Effector Homing
subset factors molecules | receptors | Functions References
Thi T-bet IFN-y, CXCR3, | Immunity to intracellular [100, 228]
TNF-«, CCR5 pathogen, antitumor
response, and CNS
autoimmunity. Induce
monocyte/macrophage
infiltration in the spinal cord
during EAE. Induce M1-like
microglia activation in AD
and PD mouse models and
contribute to
neurodegeneration
Th2 GATA3 IL-4,IL-5, |CCR3, | Fightextracellular [143,181]
IL-13 CCR4, pathogens and parasitic
CRTh2 | infections, mostly
associated with the recovery
of neuroinflammation and
autoimmunity. Induce
M2-like microglial
activation and dampen
inflammation in AD and
PD. Muscular AChR-
specific Th2 cells contribute
to myasthenia gravis
pathology
Th17 (less | RORyt IL-17A, CCR6 Defense against [229, 230]
pathogenic) 1L-21, extracellular pathogens and
1L-22, fungal infections, maintain
IL-10, mucosal homeostasis. Do
CCL20 not induce EAE in the
GM-CSF adoptive transfer models
Th17 RORqyt, T-bet | IL-17A, CCR6, Associated with [100, 102,
(highly 1L-21, CCR2 autoimmune demyelination | 141, 142]
pathogenic) 1L-22, during MS, EAE, optic
IFN-y, neuritis, and
GM-CSF NMOSD. Induce
neutrophilic infiltration in
the brain during EAE
Natural Foxp3, TGF-f, ? Maintain self-tolerance and | [115,
Tregs Helios IL-10, regulate the CNS 231-233]
(nTregs) CTLA-4, inflammation and
PD-1 autoimmunity (most stable).

However, studies show that
Treg number and function
are impaired in MS and
EAE

(continued)
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Table 1 (continued)

Lineage-
CD4+ specific
T cell transcription | Effector Homing
subset factors molecules | receptors | Functions References
Induced Foxp3 TGF-, CCR6 Maintain self-tolerance and | [115, 231,
Tregs 1L-10, regulate the CNS 233, 234]
(iTregs) CTLA-4 inflammation and
autoimmunity (less stable).
However, studies show that
Treg number and function
are impaired in MS and
EAE
Th9 PU.1 1L-9, IL-10, | CCR3, Contribute to anti-helminth | [91, 235]
IL-21 CXCR3 | response, involved in the
pathogenesis of asthma.
Some reports show the
pathogenic role of Th9 in
MS and EAE. IL-9
stimulation induces
inflammatory changes in
astrocytes, microglia, and
oligodendrocytes
T follicular | BCL6 1L-21, CXCRS5 | Help germinal center B cells | [236, 237]
helper (Tth) BTLA, to produce antibodies,
PD-1, ICOS affinity maturation, and
class-switching of
antibodies in periphery and
the tertiary lymphoid
structures in the inflamed
CNS. Evidence suggest its
pathogenic role during
Th17-induced EAE
T follicular | BCL6, 1L-10, CXCRS5 | Control the excessive [238, 239]
regulatory | Foxp3 CD28, antibody production,
(Tfr) Helios, 1COS, germinal center B cell and
PD-1, plasma cell response.
CTLA4 Suppress Tth cell
proliferation. The imbalance
of Tth/Tfr function may
contribute to the pathology
of MS and SLE
T regulatory | Foxp3, cMaf, | TGF-p, ? Dampen the tissue [240-242]
1 (Trl) Ahr 1L-10, inflammation. Some
1L-21, evidence points to the
perforin, regulatory role in CNS
granzyme, autoimmune diseases. Most
CTLA-4, of the MS patients shows
PD-1 defect in Tr1 cell number
and function
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lia, and contribute to the demyelination and axonal damage. The Thl response
through IFN-y activates microglia and CNS-infiltrating macrophages and dendritic
cells and also induces oligodendrocyte apoptosis. Further details of effector CD4* T
cells in neurological autoimmunity are discussed in detail in chapter “Roles of
Effector T Cells in Neurological Autoimmunity”.

Roles of Tregs The regulatory CD4* T cells (Tregs) are marked by expression of
transcription factor FoxP3 which plays an important role in maintaining the periph-
eral tolerance and prevents the activation of autoreactive T cells in the peripheral
lymphoid tissues [103—105]. The environmental factors such as coincidental infec-
tion and inflammation are known to affect the Foxp3 expression and function of
Tregs and influence the neuroinflammation [106—108]. For example, pertussis toxin
help in the induction of clinical autoimmune demyelination in mice which are
exposed to neuronal antigens by reducing the frequency and suppressive function of
Tregs [109, 110] and promote the differentiation of Th17 cells [111]. The Tregs
along with autoreactive Th17 cells are also known to enter the inflamed CNS
through choroid plexus using chemokine receptor CCR6 [112]. Despite reducing
the effector response of the autoreactive T cells during remission of the clinical
symptoms [113], Tregs failed to control the proliferation of the autoreactive T cells
during relapse leading to chronic inflammation in the CNS [114, 115]. These find-
ings suggest that inflammatory microenvironment dominates over the suppressive
Tregs and may transdifferentiate the Tregs into effector CD4* T cells during neuro-
inflammation and autoimmunity. The role of Tregs and potential mechanisms sub-
verting Treg function in the context of the CNS inflammatory and autoimmune
diseases are discussed in chapter “The Roles of Regulatory T Cells in Central
Nervous System Autoimmunity”.

Class I MHC locus and CD8" T cells The genetic polymorphism at class I MHC
locus is associated with MS. It has been reported that at the CNS lesions, CSF, and
peripheral blood, the frequency of CD8" T cells is significantly higher than CD4* T
cells in the RR-MS patients [116]. Therefore, CD8" T cells are also considered as a
key player in autoimmune demyelination. A significant number of CD8* T cells in
the CSF of MS patients show effector memory phenotype. The cytotoxic granzyme
B-expressing CD8" T cells are often localized to the demyelinating plaques in the
MS and Rasmussen’s encephalitis patients [117, 118]. Furthermore, the number of
cytotoxic CD8* T cells correlates with the severity of axonal damage in MS and
unihemispheric atrophy during Rasmussen’s encephalitis [118].

The CD8* T cells are class I MHC restricted, and almost all of the CNS-resident
cell types upregulate the surface expression of class I MHC molecules in MS and
EAE suggesting the scope for activation of neuronal antigen-specific CD8* T cells.
IL-17A-expressing CD8* T cells, astrocytes, and oligodendrocyte have been
reported in the CSF and CNS lesion of the MS patients [119]. The IL-17-expression
in the CD8* T cells are regulated via T-bet and eomesodermin-mediated transcrip-
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tional programming and mostly restricted to CD161*CD8* T cell subset [120]. The
IL-17"CD8* T cells are also shown to augment the clinical severity of the EAE by
promoting Th17 response [121]. These studies suggest that autoreactive T cells are
heterogeneous and employ diverse immunological mechanisms, and together with
myeloid cells in the CNS contribute to the initiation and progression of neuronal
inflammation and autoimmunity.

Roles of dendritic cells Dendritic cells (DCs) play a critical role in the priming,
activation, and differentiation of the autoreactive T cells in the peripheral lymphoid
organs as well as T cell reactivation in the inflamed CNS. Under steady state, the
subsets of DCs such as Clec9a*CD8a* and CD11¢*MHC-II"CD11b*CD103* con-
ventional DCs (cDCs) are also present at the vascular barrier of the choroid plexus
and meningeal vessels [122, 123]. During neuroinflammation, different subsets of
DCs such as plasmacytoid DCs (pDCs), CD11b*SIRPa* ¢cDCs, monocyte-derived
DCs (mo-DCs), and CD11b*CD103* DCs infiltrate into the CNS [123].

The DCs perform a protective role during CNS infections, whereas they can also
process and present neuronal antigens to the autoreactive T cells and fuel the CNS
inflammation and tissue damage. The CNS-infiltrated DCs, particularly cDCs, are
potent activators of the myelin-reactive Th1l and Th17 cells in mouse models of
myelin antigen or Theiler’s virus-induced encephalomyelitis [124, 125]. The CD8a*
c¢DCs promote the activation of cytotoxic CD8* T cells and Th1 cells via IL-12- and
IFN-y-dependent mechanisms. These DCs also exhibit antigen cross-presentation
to CD8* T cells and help in epitope spreading [126]. However, a study using DC
depletion approach has also shown a protective role of cDCs via promoting the
generation of PD1* Tregs in autoimmune inflammation during EAE [127]. The mo-
DCs are also capable of presenting myelin antigens to the CNS-infiltrated T cells
and selectively promote Th17 differentiation program [128, 129]. The pDCs pos-
sess tolerogenic function, control graft-versus-host disease and allergic responses,
and promote allograft tolerance. During EAE, pDCs inhibit the effector CD4* T cell
differentiation and conversely promote the Treg differentiation in both the lymphoid
organs and inflamed CNS, and their depletion causes increased Thl and Thl7
response [130, 131].

The subsets of the DCs known as Tip-DCs which express CD11b, CD103, CD64,
TNF-a, and iNOS cross-present the CNS antigens to the CD8* T cells and activate
the cytotoxic response, which contributes to the spreading the neuronal epitope dur-
ing EAE [132]. In contrast, CNS-infiltrated pDCs have regulatory phenotype and
inhibit autoreactive T cell response and promote tissue repair [131, 133].

Involvement of B cells in neuroinflammation and autoimmunity The autoantibodies
produced by B cells against the neuronal antigens play a significant role in decid-
ing the course and progression of the CNS autoimmune diseases. About 90% of
the MS patients, regardless of their clinical course, show the presence of oligo-
clonal anti-myelin antibodies in the CSF [134]. The autoantibodies are directed
against the myelin antigens such as MOG, MBP, and MAG and also against
astrocytic contactin-2 and neuronal neurofascin [135, 136]. These autoantibodies
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induce various pathogenic mechanisms including antibody-dependent cell toxic-
ity, complement-mediated cell lysis, increased phagocytosis, and opsonization by
microglia and mononuclear phagocytes [136]. The B cells function as antigen-pre-
senting cells (APCs) and also serve as a source of the effector cytokines such as
IL-6, TNF-a, lymphotoxin-a (LT-a), and GM-CSF in several CNS autoimmunities
[136]. The B cell-derived factors such as IL-15, CXCL13, B cell-activating factor
(BAFF), and LT-a contribute to the formation and maintenance of the meningeal
tertiary lymphoid structures during neuroinflammation [88]. Depletion of B cells
using anti-CD20 mAb helps in reducing the severity of the neuronal autoimmunity.
In contrast to the pathogenic function of B cells, a subset of B cells, is known to play
a regulatory role in the CNS. These regulatory B cells (Bregs) produce anti-inflam-
matory cytokines such as TGF-f1, IL-10, and IL-35 and also express the inhibitory
molecules that effectively help in controlling the neuroinflammation and autoim-
munity [137]. Whether autoreactive T cell response or autoantibody response is
a primary dominant mechanism of the CNS damage during the inflammation and
autoimmunity is not clearly known. Nevertheless, it has been broadly considered
that both these mechanisms contribute to the pathophysiology and progression of
the clinical symptoms.

Mechanisms of Antibody-Mediated Neuroinflammation
and Autoimmunity

The autoantibodies generated against the CNS antigens also play a crucial role in
the induction of the several autoimmune demyelinating diseases.

Anti-AQP antibody The classic examples include the anti-MOG, anti-MAG, and
anti-MBP antibodies in the MS patients and anti-AQP4 in NMOSD patients. The
clinical presentation, lesional pathology, and immunological mechanism are some-
what similar in the MS and NMOSD patients except for the presence of anti-AQP4
IgG1 antibody in about 70-75% patients of optic neuritis and neuromyelitis optica
[138]. The AQP4 is a water channel present in the astrocytes especially in the spinal
cord gray matter and optic nerves. The anti-AQP4 induces astrocyte destruction via
complement activation and antibody-dependent cell-mediated cytotoxicity (ADCC)
mechanisms [139]. The anti-AQP4 also induces the internalization and proteolytic
cleavage of the AQP4 in the astrocytes [140]. The AQP4 is also shown to form a
complex with excitatory amino acid transporter-2 (EAAT2) and maintain glutamate
homeostasis, and loss of this interaction in anti-AQP4-positive individuals leads to
an alteration in the glutamate uptake and hyperactivation of glutamate receptors
[140]. These events may form a basis of oligodendrocyte and axonal pathology in
NMOSD. The BBB disruption is associated with the progression of the NMOSD,
wherein CNS-infiltrated monocytes, macrophages, eosinophils, and neutrophils
contribute to the pathology of the disease. Additionally, anti-AQP4-specific T cells
secreting various cytokines such as IL-6, IL-10, and IL-17, and IFN-y are reported
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in NMOSD [141]. The permease, an ATP-binding cassette transporter of Clostridium
perfringens, shares about 90% homology with the astrocytic AQP4, emphasizing
the molecular mimicry-induced anti-AQP4-reactive Th17 activation during
NMOSD [58]. A detailed discussion about the causes of anti-AQP4 production and
pathological mechanisms involved in optic neuritis and NMOSD is presented in
chapter “Neuromyelitis Optica Spectrum Disorder”.

Anti-MOG antibody The anti-MOG antibody-mediated pathology forms a basis of
ADEM, a monophasic demyelinating disease of the CNS. The anti-MOG antibodies
induce myelin damage and axonal loss by ADCC, complement-mediated cell dam-
age, Fc-receptor-mediated phagocytosis and activation of the immune system. In
addition to anti-MOG antibodies, myelin and CNS antigen-specific Th1 and Th17
cells affect the pathophysiology of the ADEM [142], and in recovery phase domi-
nated by IL-4-secreting Th2 cells [143].

Anti-GADG65 antibody The anti-GADG65 antibodies are associated with numerous
neurological diseases including limbic encephalitis, stiff-person syndrome (SPS),
cerebellar ataxia and epilepsy. The GADGS is a glutamate decarboxylase that con-
trols GABA biosynthesis. The patients with anti-GAD65 antibody capture GAD65
at the synapses and inhibit the association of GAD65 with the GABAergic vesicles
and inhibit the synaptic transmission [144]. The antigen-specific T cells are also
involved in anti-GADG65-associated neurological conditions. A shift from Thl to
Th2 dominance in the CSF occurs in anti-GAD65-mediated SPS. In SPS, TNF-a-
and IFN-y-expressing Thl cells are prevalent in the early stages, whereas IL-4-,
IL-5-, and IL-13-secreting Th2 cells takeover in the later stages of the disease [145].

Autoantibodies against neurotransmitter receptors The presence of the CSF and
intrathecal autoantibodies against various CNS antigens is a characteristic of several
autoimmune diseases. These autoantibodies may be directed toward or cross-react
to surface neurotransmitter receptors or intracellular proteins involved in synaptic
transmission. Figure 5 illustrates how autoantibodies to neurotransmitter receptors
affect the synaptic transmission and induce neural dysfunction. The patients with
antibody-mediated neurological diseases show a very good response to plasma
exchange, intravenous immunoglobulins, and B cell-directed therapies, suggesting
the pathogenic role of autoantibodies. Most of these diseases show the evidence of
the intrathecal production of the autoantibodies without disturbing the BBB integ-
rity. For example, the synthesis of anti-NMDA receptor antibodies occurs even with
the intact BBB in the CNS in anti-NMDA receptor encephalitis [146]. The
complement-mediated neuronal death characterizes the anti-NMDA receptor
encephalitis. However, in vitro studies have shown that anti-NMDA receptor, anti-
AMPA receptor, and anti-GABA , receptor antibodies decrease the surface expres-
sion and synaptic localization of NMDA receptor, AMPA receptor, and GABA,
receptor, respectively, without inducing neuronal death [147-149]. The anti-NMDA
receptor disrupts the interaction of NMDA receptor and ephrin receptor 2 (EphB2R)
and induces excess levels of the glutamate [150]. The resulting bias in the excitatory
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Fig. 5 Pathological mechanisms of autoantibody recognizing neurotransmitter receptors.
Autoantibodies cross-reacting or directed toward neurotransmitter receptors are often found in
CNS autoimmunity, paraneoplastic neurological complications, and neuropsychiatric diseases.
The glutamate receptors, GABA receptors, and glycine receptors are the most common targets
among the neurotransmitter receptors. (a) Autoantibodies, anti-NMDAR, anti-AMPAR, and anti-
kainate receptor recognizing the glutamate receptor ion channels at the synapse region induce the
vesicle-driven internalization of target antigens, NMDAR, AMPAR, and kainate receptors, respec-
tively. This leads to the depolarization of postsynaptic glutamatergic neuron, and often causes
neuronal excitability. The anti-GluR 1 and anti-GIuRS5 recognize the glutamate receptor, a G-protein
coupled receptor (GPCR), and induce Purkinje cell and hippocampal neuron dysfunction. Anti-
glutamate receptors induce broad ranges of neurological symptoms such as encephalitis, progres-
sive cerebellar degeneration, neuropathy, cerebellar ataxia, seizures, and psychiatric disorders. (b)
Anti-GABA antibodies target both GABA, and GABAg receptors on GABAergic postsynaptic
neurons. Binding of the anti-GABA, receptor to a, f3, and y subunit of heteropentameric GABA,
receptor chloride channel reduces levels of GABA, receptors at synapse via vesicle-driven recep-
tor internalization leading to depolarization and hyperexcitability of the postsynaptic neuron. Anti-
GABAgj receptor to GABAg, subunit of GABAg receptor (GPCR) blocks the cAMP-dependent
signaling pathway and induces inhibitory synaptic currents in postsynaptic GABAergic neuron
during stiff-person syndrome, limbic encephalitis, cerebellar degeneration, progressive encephalo-
myelitis, epilepsy, and seizures. (¢) Anti-glycine receptor antibodies are most common in stiff-
Person syndrome and progressive encephalomyelitis. The active postsynaptic glycine neuron is a
pentameric chloride ion channel, which outflows the chloride ions into the synaptic regions. The
binding of anti-glycine receptor blocks this chloride ion channel, increasing the intracellular chlo-
ride ion concentration, and induces neuronal excitability and affects the neurotransmission
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and inhibitory neuronal transmission is thought to lead to the development of
the seizures in the anti-AMPA receptor-positive limbic encephalitis patients [151].
The patients with limbic encephalitis, neuromyotonia, and Morvan’s syndrome
show the presence of anti-LGI1 antibodies (mainly of IgG4 subclass) in the CSF
[25]. The secreted LGI1 has an important role in bridging the presynaptic voltage-
gated potassium channel protein, Kv1.1 with the post-synaptic AMPA receptor
through interaction with the synaptic receptors ADAM?22 and ADAM?23 [152].
Anti-LGI1 alters the binding of LGII with the ADAM22, and therefore, decreases
the post-synaptic levels of AMPA receptors leading to neuronal hyperexcitability
[152]. The mechanistic studies show that anti-LGI1 induces complement activation
and neuronal death [30]. The anti-glycin receptor antibodies were reported in the
progressive encephalomyelitis patients which induce the internalization of the gly-
cin receptors, and its high titers in the patients correlated with the increased GABA
and decreased glutamate levels [153]. Together, autoantibody-mediated mechanism
drives the development of autoimmune diseases of the nervous system, and compel-
ling evidence suggests the important contribution of autoreactive T cell response is
needed to form a full spectrum of the neuropathology. The significance of autoanti-
bodies and its critical role in neuronal autoimmunity are broadly discussed in chap-
ter “Significance of Autoantibodies”.

Role of Infections in the Neuroinflammation and Autoimmunity

Divergent infectious strategies Both innate and adaptive immune responses play a
crucial role in the protection from the neurotrophic infections. Various clinical
observations have revealed that immunodeficiencies and lymphocyte-directed ther-
apies in the MS and psoriasis patients have higher risk of developing neuronal infec-
tions such as progressive multifocal leukoencephalopathy (PML) [154]. The
neurotrophic pathogens use different strategies like retrograde transfer through
infected immune cell transmigration, transendothelial migration across the BBB
and axons, and transmigration through choroid plexus into neuronal tissue (i—iv
Fig. 1). The viral and bacterial products are known to impair the BBB endothelial
junctions and transit through paracellular route, whereas pathogen like Neisseria
meningitidis adheres to the BBB endothelium and affects the cell polarity and tight
junctions [155]. The Cryptococcus neoformans and Toxoplasma gondii are known
to infect the brain endothelial cells before entering into the CNS. However, some
neurotrophic arboviruses, JEV, WNYV, and Venezuelan equine encephalitis virus, do
not induce BBB damage; instead they induce type I IFN signaling in the BBB endo-
thelium and strengthen the barrier. Nonetheless, the related dengue viral nonstruc-
tural protein 1 and HIV-1 Tat protein induce the BBB permeability [154]. Some
patients with the Plasmodium falciparum infection are known to develop cerebral
malaria, which is characterized by the sequestration of the parasite-infected RBCs
and inflammation in the CNS microvessels. The P. falciparum-infected RBCs
induce NF-xB-dependent intercellular cell adhesion molecule-1 (ICAM-1), IL-6,
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IL-8, CXCL1, and CXCL2 in the human brain endothelial cells and cause BBB
disruption during cerebral malaria [156].

Since the majority of the CNS-resident cells such as astrocytes, microglia, neurons,
and oligodendrocytes express toll-like receptors (TLRs), RIG-like receptors (RLRs),
and mitochondrial anti-viral sensors (MAVS) C-lectin receptors, they can induce
and respond to the inflammatory reactions during neuronal infections [154].
Microglia are considered as one of the first cell types that react to the invasion of the
pathogen in the CNS by activating several innate inflammatory pathways, including
cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) signal-
ing, and promote the further recruitment of the neutrophils, monocytes, and lym-
phocytes [157].

Regional heterogeneity The regional heterogeneity in the neurons represents a
decisive factor in the spatiotemporal extent of the viral replication and spread of
infection in the CNS. The MAVS-mediated viral sensing by neurons induces cyto-
toxic death of the infected cells [158]. The cortical neurons are more permissive for
WNV infection as compared to hindbrain. This difference is due to the expression
of the innate immune signaling molecules, retinoic acid-inducible gene-1 (RIG-1),
MDAS, an interferon-stimulated gene (ISG) 54, and ISG56 molecules on the neu-
rons. Nonetheless, various pathogens have evolved unique mechanisms that subvert
the innate immune response in the neuronal tissue. For example, WNV inhibits non-
receptor tyrosine-protein kinase (TYK2), human Zika virus targets signal trans-
ducer and activator of transcription 2 (STAT2), and chromatin repressor complex
induced during 7. gondii infection inhibits the STAT1 and IFN-y signaling in the
infected neurons.

Neuroinflammation Recently, the meningeal lymphatic system was identified
which helps in regulating the pathophysiology of the neuronal infection and inflam-
mation [159]. The local inflammatory response generated in the nervous system by
microglial and other perivascular macrophages induce the vascular inflammation at
the BBB, meninges, and choroid plexus that facilitate the infiltration of the T and B
lymphocytes in the neuronal tissues. The virus-specific and myelin-specific T cells
use somewhat similar strategies to migrate into the inflamed CNS. The microglia,
perivascular macrophages as well as CNS infiltrated monocyte-derived macro-
phages, and dendritic cells reactivate the lymphocytes and orchestrate the anti-
pathogen protective immunity [160]. The CD4* T cells expressing IFN-y and TNF-a
and CD8* T cells expressing IFN-y, TNF-«, perforin, and granzyme are the key
players in controlling the parasitic, bacterial, fungal, and protozoan infections of the
nervous system [154]. The CCL2-dependent recruitment of the monocytes is linked
with the CNS pathology during WNV and HSV infection. The murine models of
lymphocytic choriomeningitis virus show increased CNS damage and aggravated
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neurological symptoms [161]. Additionally, aberrant humoral response induced
during the HSV encephalitis is often associated with the production of the anti-
NMDA receptor antibodies that cause post-viral encephalitis syndrome.

Control of excessive neuroinflammation The tissue-resident memory T (Trm) lym-
phocytes, broadly identified by the expression of the cell surface molecules CD103
and CD69, are also known to play an important role in controlling the neuronal
infection and its associated neuroinflammation and tissue repair [162]. Similarly, T
cell-derived IL-10 and microglia- or macrophage-derived IL-27 are also known to
control the excessive inflammatory response in the neuronal tissues and protect
from the fatal pathologies, possibly by restraining the Th17 response [163, 164].
The increased number and function of the CD4* Tregs during neurotropic viral
infections control the effector T cell response and reduce the immunopathology. It
also compromises the viral clearance [165]. Together, this suggests that both periph-
eral and local immune responses help in the protection from the neuronal infections.
However, innate and adaptive neuroinflammatory reactions are also a cause of sev-
eral infection-associated neuropathologies.

Autoimmunity triggered by infections The C. jejuni is the most predominant bacte-
rial pathogen associated with GBS, an autoimmune neuropathy affecting both the
CNS and PNS characterized either by acute inflammatory demyelinating polyneu-
ropathy or by acute motor axonal neuropathy induced paralysis. About 30-40%
GBS patients show C. jejuni infection [59]. The immunodominant glycoproteins of
C. jejuni, lipooligosaccharides (LOS), and lipopolysaccharide (LPS) closely resem-
ble the neuronal gangliosides such as GM1, GD1a, GM1/GD1 complex and induce
cross-reactive autoantibodies and effector T cells [59, 166]. Interestingly, C. jejuni
ganglioside-like LOS structures bind to siglec-7 (sialic acid-binding immunoglobulin-
like lectin) present on microglia, oligodendrocytes, and Schwann cells [167]. The C.
Jjejuni is a common food-borne pathogen, which after ingestion colonizes the intes-
tinal wall and disturbs the gut immune tolerance and mounts a potent immune
response against the closely resembling myelin antigens and gangliosides abundantly
present on oligodendrocytes and neurons [168]. The presence of autoantibodies
characterizes the GBS patients, complement C3 and membrane attack complex
components along with huge perivascular lymphocytic and mononuclear infiltrates,
suggesting a role of humoral complement-mediated and T cell-mediated pathology
[59, 169]. The yd T cells which recognize gangliosidic antigens via CD1b presenta-
tion manner are also well characterized in GBS patients and animal models [170].
Similarly, respiratory pathogens, M. pneumoniae (around 10-12% GBS cases) and
H. influenzae (around 8-9% GBS cases), are associated with GBS, and the molecu-
lar mimicry of bacterial glycolipids with myelin galactocerebroside (Gal-C) is con-
sidered as a major trigger of autoimmune response in GBS patients with prior
history of M. pneumoniae or H. influenzae infection [169]. There is evidence that
links between M. pneumoniae infection and the presence of anti-GQ1b, anti-GM1,
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anti-GD1b, and anti-GA1 in Bickerstaff brainstem encephalitis and Mille Fisher /
Fisher syndrome patients [59, 169]. These autoantibodies are known to induce
demyelination and neuropathic signs. Interestingly, studies with animal models of
GBS, experimental allergic neuritis (EAN) showed that autoreactive T cells, cyto-
kine-induced inflammatory pathways, and autoantibodies to neuronal and oligoden-
drocyte antigens form the basis of demyelinating and axonal neuropathy [171], and
some of the disease-modifying strategies of MS work well in EAN models [172,
173]. The primary CMV infections and reactivation of the latent infection are shown
to be associated with the GBS with predominant involvement of cranial nerves and
sensory impairment [59]. The antibodies to CMV envelope glycoproteins cross-
react with the GM2 and GD2 gangliosides on peripheral neurons and induce auto-
immune neuropathy [174]. The CMV infection also promotes HLA-G expression
on various immune cells of the myeloid lineage and induce immune tolerance state
and Th2 cytokine bias, which supports autoantibody production [175]. Furthermore,
similar molecular mimicry-induced autoantibody production and the bystander
immune activation have been noted in GBS patients with HSV-1, HSV-2, VZV,
EBY, and HIV-1 infections [59]. The EBV can directly infect peripheral nerves and
induce neuritis symptoms, often characterized by the presence of anti-GQ1b, peri-
vascular lymphocytic infiltration, microgliosis, demyelination, and axonal damage
with the involvement of vascular inflammation [176]. In contrast to these mecha-
nisms, hepatitis viruses employ a different strategy to induce neuropathic condi-
tions. The GBS patients also show the presence of HAV, HBV, HCV, and HEV [59].
The HBV surface antigen (HBsAg) immune complexes are shown to be deposited
on the peripheral nerves leading to neuropathies, whereas HAV- and HC V-associated
immune complexes get deposited on endothelial vasculature and cause vasculitis in
perinervous areas [59]. The GBS patients with HEV infections show anti-GM1 and
anti-GM2 antibodies [177].

Acute cerebellitis is a rare inflammatory disease characterized by cerebellar
ataxia, reduced consciousness, severe headache, and dysmetria, etc. It occurs either
due to primary infection or post-infectious or post-vaccination reasons [178].
Various viral and bacterial pathogens such as CMV, measles, mumps, rubella, EBV,
HSYV, VZV, poliovirus, Coxsackie virus, rotavirus, B. burgdorferi, Bordetella per-
tussis, Coxiella burnetii, group A streptococcus, M. pneumoniae, and S. typhi are
known to be associated with acute cerebellitis [178]. Some of these infectious
agents are recovered from the CSF of the acute cerebellitis patients [179]. Many of
these patients are characterized by the presence of serum antibodies reactive to gan-
gliosides of neurons and oligodendrocytes, while VZV-associated cerebellitis show
antibodies against the components of the centrosomes [179].

These clinical and pathological findings suggest the molecular mimicry-induced
autoantibody production as a major pathological mechanism; however, cerebellar
damage and associated mechanisms of the innate immune activation are also thought
to contribute to the pathology [178, 179] (Fig. 1).
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Neuroimmune Mechanisms in Paraneoplastic Diseases

Association of neoplasm and neuroinflammation and autoimmunity Several clinical
evidence have shown the presence of antibodies reactive against the neuronal anti-
gens during malignant conditions leading to neurological manifestations. The asso-
ciation of paraneoplastic autoantibodies with neurological diseases and their
possible pathophysiological roles are summarized in Table 2. Most of the
neurological antibodies are synthesized in the neuronal tissues during paraneoplas-
tic neuroimmune diseases and can be detected in the CSF. The paraneoplastic neu-
rological disorders show clinical and pathological features similar to CNS
autoimmune diseases. The immune activation in the majority of the paraneoplastic
neurological disorders occurs due to homology between tumor and CNS antigens,
leading to the generation of an immune response against neo-onconeural antigens.
Additionally, some of the tumors interfere with the immune tolerance mechanisms
and promote the autoimmune responses to neuronal antigen.

Breakdown of immune tolerance in paraneoplastic conditions The immune toler-
ance is an active state of immune unresponsiveness (lack of immune reaction) to the
cells and molecules capable of inducing an immune response. It operates at the level
of lymphocyte development and maturation in the primary lymphoid organs, thymus
(T cells) and bone marrow (B cells) called the central tolerance and also at the level
of lymphocyte activation in the peripheral lymphoid organs called the peripheral
tolerance. The type of tumor associated with the particular paraneoplastic neuronal
autoimmunity may alter the efficiency of immune tolerance mechanisms. The thy-
moma, thymic carcinoma, thymic metastasized tumors, and lymphoma are capable
of affecting the central tolerance. The evidence suggests that thymoma allows the
autoreactive T cells to escape from the negative thymic selection [180]. The acetyl-
choline receptor (AChR)-specific T and B cells are abundantly present within thy-
moma [180], and anti-AChR produced by these B cells and AChR-specific Th2 cells
induce the myasthenia gravis, an autoimmune disease that affects the voluntary
muscles [181]. Interestingly, surgical removal of thymoma leads to the improvement
of clinical symptoms of myasthenia gravis. The tumors in such microenvironment
can produce numerous neoantigens that are cross-reactive to neuronal ones. The
altered thymic selection of lymphocytes reactive to these antigens can produce helper
T cells supporting the autoantibody production against the neuronal antigens.

Additionally, subsets of malignant B cells in chronic lymphocytic leukemia serve
as APCs and provide co-stimulation (CD80/CD86-CD28) and activation (CD40-
CD40L) signals to the autoreactive T cells residing in the secondary lymphoid
organs in an anergic state and break the peripheral tolerance. Furthermore, decreased
Treg number or activity is also an important mechanism, since increased levels of
autoantibody production are often associated with the reduced Treg function. A
study has shown that Qa-1-restricted CD8* Tregs with mutant MHC molecule
incapable of binding to the T cell receptor selectively inhibit its function [182].
These mice show delayed tumor growth with enhanced expansion of Tth cells and
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germinal center B cells and increased levels of autoantibodies in the serum [182]. It
is quite possible that similar mechanisms operate during the paraneoplastic neuro-
logic disease, where downregulation of Treg function promotes increased autoreac-
tive T cell and B cell response leading to the generation of autoantibodies reactive
to neuronal antigens.

Autoantibodies toward neurotransmitter receptors or ion channels Several para-
neoplastic neurological diseases are characterized by the presence of the autoanti-
bodies against the ions channels and neurotransmitter receptors such as NMDA
receptors, AMPA receptors, GABA, receptor, al and a3 subunits of the AChR,
glycine receptor, P/Q-type voltage-gated calcium channels, Caspr2 and dipeptidyl-
peptidase-like protein 6 (DPPX) [183]. The mechanisms of neurological manifes-
tations mainly depend on the type of antibodies produced and the nature of the
target antigen. The anti-NMDA receptor, anti-AMPA receptor, and anti-GABA ,
receptor induce the target receptor internalization and reduce their synaptic local-
ization, which affects the synaptic transmission and neuronal plasticity and excit-
ability [147-149]. Depending on the anatomical areas where target antigens are
abundantly present, these antibodies induce characteristic clinical symptoms. The
anti-metabotropic glutamate receptor 1 and 5 affect the Purkinje cell in the cere-
bellar synapses and hippocampal neurons, respectively [64]. The anti-P/Q-type
voltage-gated calcium channels target peripheral neurons and also induce neuronal
apoptosis [64]. The anti-amphiphysin and anti-GABA, are known to induce the
receptor internalization leading to an imbalance of glutamatergic and GABAergic
synaptic transmission, whereas anti-gephyrin causes receptor internalization and
neuronal death leading to alteration in the GABAergic and glycinergic synaptic
transmission [183].

Autoantibodies toward intracellular antigens Additionally, the intracellular neuro-
nal antigens are also targeted. The anti-ANNA-1, anti-ANNA-2, anti-Mal/Ma2,
anti-collapsin response mediator protein-2 (CRMP2), anti-CRMPS5, anti-PCA-Tr,
and anti-amphiphysin-associated neurological manifestations are mainly character-
ized by the CNS infiltration of CD4* T cells, CD8* T cells, B cells, macrophage, and
the microglial activation. The neuronal death is considered mostly due to cytotoxic-
ity of the antigen-specific CD8" T cells [183]. However, substantial evidence is
needed to pinpoint the role of the antigen-specific T cells in the induction of neuronal
damage and associated neurological symptoms in the paraneoplastic conditions.

Neuroimmune Mechanisms in Vascular Inflammatory Diseases

The blood vascular inflammation affects almost all the blood vessels ranging from
capillaries, arterioles, venules, arteries, and veins. The vasculitis is characterized by
the thick, constricted and narrow blood vessels obstructing the blood flow leading
to the tissue damage. The CNS vasculitis is a heterogeneous and rare disease and
associated with clinical infections. The primary CNS vasculitis shows a headache,
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motor deficits, and cognitive and memory dysfunction. The CNS vasculitis second-
ary to the infectious and autoimmune inflammation is often involved in pro-
inflammatory cytokines and autoantibody-mediated BBB damage. For example,
about 20—40% of SLE patients show the presence of the antiphospholipid antibody
that induces complement-mediated neuronal damage [184].

BBB inflammation The BBB dysfunction is a hallmark of many neuroinflammatory
conditions including MS, and endothelial cells of the BBB actively participate in the
inflammatory process [4]. The type I activation of BBB endothelial cells is fast and
marked with striking changes in the gene expression patterns, whereas type II acti-
vation is slower and induce multiple inflammatory signaling. Various inflammatory
mediators have previously been shown to cause endothelial activation and BBB
damage. The type I endothelial activation involves Rho activation, increased cyto-
solic Ca*, and Ca?/calmodulin-dependent myosin light-chain kinase (MLCK)
phosphorylation leading to adherence and tight junction remodeling [185]. In con-
trast, type II activation is driven by sustained inflammatory signals that stimulate
MAPK-, ERK-, and STAT-dependent signaling pathways. Activation of these path-
ways upregulates the endothelial adhesion molecules, E- and P-selectins, integrins,
and chemokines that help in the transmigration of effector immune cells across the
BBB into the CNS parenchyma [185]. The CNS-infiltrating immune cells activate
myriad of inflammatory signaling pathways leading to microglial and astrocytic
activations which together cause oligodendrocytes and neuronal damage. The redox
imbalance in the inflamed endothelial BBB also leads to the activation of inflamma-
tory nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
peroxisome proliferator-activated receptor gamma (PPARY) signaling that in syn-
ergy with other inflammatory cytokines induce inflammatory changes in the BBB
endothelium [185]. Furthermore, inflammatory molecules also affect the endothelial-
glial interaction and induce BBB permeability. The calcium- and zinc-dependent
matrix metalloproteinases, MMP2 and MMP9Y, cleave extracellular basement mem-
brane proteins that anchor BBB endothelial cells to the astrocytic end-feet and also
induce microglial IL-1p-dependent and astrocytic VEGF-A-dependent loss of BBB
integrity during MS [186]. The levodopa (L-DOPA) administration in a mouse
model of PD leads to the increase in VEGF-A expression in the astrocytes and
induces BBB permeability dyskinesia [187], and recently, phase 3 trials of CVT-301
(levodopa inhalation powder) were concluded in the PD [188]. However, prosta-
glandins control the endothelial activation via prostaglandin 12 (PGI2) and prosta-
glandin F2 alpha (PGFa) signaling and cAMP production and promote barrier
integrity in the CNS [189].

Neuroimmune Mechanisms in Neurodegenerative Diseases

The neuroinflammation is a characteristic hallmark of the neurodegenerative dis-
eases and often considered as secondary to the neuronal DAMPs. The microglial
cells are the major resident immune cell in the brain and spinal cord, which actively
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maintains the neuronal homeostasis and also performs the immunosurveillance and
defense functions (Fig. 1).

Vulnerable factor in neuroinflammation Several genome-wide association studies
have shown the association of microglial or mononuclear phagocytes molecules
with the increased susceptibility to the development of neurodegenerative diseases.
For example, TREM2, complement receptor 1, SIGLEC 3 (CD33), and myeloid
cell-expressed membrane-spanning 4-domains subfamily A member 6A (MS4A6A)
and MS4A4E are known to be associated with AD while CD 14, TNF-a, TNF recep-
tor 1, TREM2, and IL-1p and IL-1 receptor antagonist with the PD [190-192]. The
TREM?2 has also recently been shown to be a risk factor for frontotemporal demen-
tia [193, 194].

Roles of misfolded protein in autoimmunity Majority of the neurodegenerative dis-
eases are characterized by the excessive accumulation of the misfolded protein
aggregates or modified proteins, such as tau and amyloid-f in AD, a-synuclein in
PD, mutant SOD1 and S100A9-S100A8 amyloidogenic protein complex in ALS,
huntingtin (HTT) in HD [190]. The protein aggregates are either formed inside the
neurons or deposited in the extracellular microenvironment. The intracellular aggre-
gates directly affect the neuronal survival, whereas extracellular protein aggregates
induce various signaling pathways and induce neuronal death and interfere with
synaptic function. Microglial cells have capacity to sense the misfolded protein
aggregates of tau and amyloid-p, a-synuclein, mutant SOD1, HTT, and S100A9-
S100A8 complex released from degenerating neurons possibly through surface
receptors, CD14, CD36, CD47, op;-integrin and TLR4 and intracellular sensors,
nucleotide oligomerization domain (NOD)-like receptors (NLRs), and NACHT,
LRR and PYD domains-containing protein 3 (NLRP3) inflammasome activation
[190, 195]. The microglial inflammatory response is generally characterized by the
hyperproliferation, increased phagocytosis, secretion of prostaglandins, and excess
production of pro-inflammatory cytokines, TNF-a, IL-1p, IL-18, IL-12p35,
IL-12p40, and IL-23p19, inducible nitric oxide synthase (iNOS), nitric oxide and
reactive oxygen species, and NADPH oxidase in the AD and PD [190, 196]. The
microglial cells in the brain phagocytose and clear the cellular debris via TREM-2-
TYRO protein tyrosine kinase-binding protein (TYROBP)-induced signaling.

Specific autoimmunity in AD A mutation in TREM-2 has been shown to be associ-
ated with the increased risk of the AD [197]. The NLRP3-deficient or inflamma-
some component-deficient mouse model of AD shows reduced amyloid pathology
[198]. The mitochondrial dysfunction in microglial cells is also shown to play a
critical role in the pathophysiology of the AD. The evidence also suggests that
microglia-induced inflammation contributes to the formation of neurofibrillary tan-
gles (hyperphosphorylated tau) in the neurons after years from the deposition of
amyloid-p aggregates during early stages of the AD.
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Specific autoimmunity in PD The role of microglia-induced neuroinflammation is
also evident in the PD, where dopaminergic neurons were shown to be protected
from the damage in microglia-restricted TLR4-deficient 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced mouse models of PD [199].

Specific autoimmunity in ALS The ALS is a fatal neurodegenerative disease affect-
ing the function of motor neurons, and mutation in the SOD1 gene is reported in an
approximately 20% ALS patients. The reactive astrocytes, microglial, and CNS-
infiltrated mononuclear myeloid cells are present in the CNS of SOD1%% trans-
genic mice [200, 201]. The induction of classical NF-kB signaling in these cells
contributes to the neuronal pathology in a mutant SOD1 model of ALS. The
microglia or astrocytes with mutant SOD1 exhibit activated phenotype, and activate
neighboring glial cells, secrete inflammatory molecules, reactive oxygen and nitro-
gen species, and cause neuronal damage [190]. The aggregates of mutant SODI
derived from dying cells also activate NLRP3 inflammasome and promote neuroin-
flammation [202]. SOD1-mutated microglia show defect in the phagocytic clear-
ance of dead and dying neurons. The intervention strategies comprising of giving
minocycline, a broad-spectrum antibiotic or pioglitazone, an activator of peroxi-
some proliferator-activated receptor-y (PPARYy), show beneficial results in animal
models of ALS [203, 204]. These findings suggest the possible role of systemic
inflammation.

Specific autoimmunity in HD The activated microglia and astrocytes are present in
the early stages HD, an autosomal dominant neurodegenerative disease character-
ized by the presence of extended CAG trinucleotides in the HTT gene. The activated
microglia has been shown to express increased IL-1f and complement C3 and C9
proteins in the affected regions of the brain [205]. The increased level of circulating
TNF-a also correlates with the HD progression. The activated microglia expressing
mutant HTT induce neuronal death possibly via increased accumulation of ferritin
and subsequent induction of inflammatory response characterized by increased
IL-1B, TNF-a, IFN-y, and TGF-B1 in the brain [190]. The activation of microglial
cannabinoid receptor 2 leads to neuroprotection, whereas its deficiency in the
microglial cells exacerbates disease symptoms in R6/2 mice model of HD [206].
Similarly, astrocyte-restricted mutant HTT expression leads to reduced glutamate
uptake and neuronal dysfunction and shows age-dependent neurodegenerative signs
[207]. The microglial intracellular TLR7 may sense the single-stranded RNA CAG-
repeats generated from the Dicer-mediated cleavage of the CAG-trinucleotide
repeats in the mutant HTT mRNA and induce neuroinflammation [208].

Vital roles of innate immune responses in degenerative diseases Although the con-
tribution of the adaptive immune response to the neuroinflammation during the neu-
rodegenerative diseases is not well established, recent evidence suggests that T
cell-mediated response plays a crucial role in the neuroinflammatory processes dur-
ing degenerative events [209]. The reduced Foxp3*CD4* Treg number or activity
has shown to reduce the neuroinflammation and improve the clearance of amyloid-f
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plaques and control the cognitive symptoms in AD [210]. The effector T cell
response helps in the clearance of amyloid plaques while regulatory T cells induce
the tissue repair function in the brain of AD patients [211]. During AD, loss of BBB
integrity allows the infiltration of antigen-specific peripherally activated T cells in
the brain and creates an inflamed milieu, and activated microglia promote amyloid
antigen-specific T cell reactivation and neuroinflammation. It has been shown that
the modified a-synuclein released by the dying neurons activates surrounding
microglia and mononuclear phagocytes and supports activation of effector T cells in
the brain [212]. These findings suggest that innate immune response, especially
microglia- and astrocyte-induced neuroinflammation, plays a vital role in the devel-
opment and clinical progression of neurodegenerative diseases.

Neuroimmune Mechanisms in Neuropsychiatric Diseases

Neuroimmune mechanisms underlying ASD The clinical evidence and studies in
animal models suggest that maternal infections, allergies, asthma, and autoimmune
disease, as well as early childhood infections, increase the risk of the development
of ASD, bipolar and obsessive-compulsive disorder, and schizophrenia [213-215].
The exposure of influenza virus infection, bacterial lipopolysaccharide (LPS),
or polyinosinic:polycytidylic acid (poly I:C) to the experimental animals during
gestation has shown an increased risk of developing ASD and schizophrenia-like
neuropsychiatric disorders [216]. The autoantibodies such as anti-NMDA recep-
tors, anti-LGI1, anti-contactin-2, anti-contactin-associated protein 2 (Caspr2), anti-
AMPA receptors, and anti-dopamine 2 receptor-induced neuronal apoptosis during
CNS autoimmunity are associated with the development of the neuropsychiatric
symptoms [217]. It has been shown that a higher percentage of the mothers of the
autistic children have serum antibodies that directly react or cross-react with the
neuronal antigens [215, 218].

Transplacental transfer of autoantibodies in ASD 1t is also thought that the mother-
to-fetal transfer of such antibodies may occur through crossing the relatively per-
missive fetal BBB. The presence of coincidental infections and systemic
inflammation may direct the prenatal BBB disruption, allowing pathogenic autoan-
tibodies to enter into the CNS. In support of this, several experimental studies with
ASD animal models including nonhuman primates have shown that transplacental
delivery of serum IgG from mothers of autistic animals during gestational periods
leads to the development of motor and sensory deficits and behavioral and social
alterations in the offsprings [219, 220]. It has been shown in rodents that maternal
immune activation leads to changes in the serotonin and dopaminergic signaling in
the offsprings [221]. However, not all maternal infections lead to the development
of ASD or schizophrenia in the children, suggesting the involvement of the specific
immunological trigger or the multiple immune activation pathways in addition to
the genetic and environmental factors. A single injection of IL-2, IL-6, or IL-17A
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during gestational periods in mice leads to the development of ASD and schizophre-
nia in the offsprings, whereas overexpression of IL-10 or neutralization of IL-17A
partially controls this [222], suggesting the importance of these cytokines during
fetal development.

Peripheral autoimmunity contributes to neuropsychiatric diseases The SLE and
RA-associated neuropsychological pathology involves a variety of inflammatory
cells and pathways. The RA patients with cognitive dysfunction have also been
characterized by increased levels of serum anti-MOG, anti-MBP, and anti-S100
[223]. The human and mouse studies have shown that the subset of anti-DNA anti-
bodies induced during SLE are present in the CSF and cross-react with the NR2
subunit of NMDA glutamate receptors on the neurons and induce their apoptosis
leading to cognitive dysfunction [224, 225]. The systemic inflammation and
increased levels of CSF pro-inflammatory cytokines such as TNF-a, IL-1p, inter-
feron (IFN)-a, IL-6, and IL-8 contribute to the breach of BBB allowing cross-
reactive antibodies to enter in the CNS [78]. The inflammation-induced activation
of perivascular macrophages, microglia, and astrocytes further exacerbate the extent
of neuronal apoptosis. The astrogliosis and astrocytopathy are considered as a criti-
cal factor contributing to the neuroinflammation during schizophrenia, bipolar dis-
order, obsessive-compulsive disorder, anxiety, depression, and mood disorders
[226]. Collectively, this suggests that maternal immune activation, coincidental
infections, and systemic and neuroinflammation play a critical role in neuropsychi-
atric diseases possibly altering the neurotransmission and inducing neuronal
apoptosis by antibody-dependent mechanisms, pro-inflammatory cytokine-induced
BBB damage, and glial activation.

Future Perspective

Possible targets of immunotherapies In the past decades, substantial progress has
been made in the diagnosis, clinical care, and disability management of the patients
with the neuroimmune disease. Currently, our limited understanding of the mecha-
nisms of neuroimmune diseases is hampering the development of more precise and
safer treatment strategies. The mechanisms may involve predominantly autoreactive
T cell response (MS), autoantibody (paraneoplastic neurological diseases), or a
combination of both (optic neuritis and NMOSD). However, the clinical course of
neuroimmune diseases is quite heterogeneous and may involve different neuroim-
munological mechanisms and may need to be targeted at various cell types at differ-
ent stages of the disease. Since the disease susceptibility is also influenced by the
genetic factors, understanding the genetic association with the different clinical
form of the diseases is of great importance. The advent in genomics techniques like
whole-genome sequencing and exome sequencing would prove beneficial in identi-
fying novel genetic regulators of the progressive phases of the neuroimmune dis-
eases. Such studies would help in formulating strategies to restore the affected
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immune pathways to control the difficult-to-treat diseases such as PP-MS and
PR-MS.

Neuroinflammation-induced recovery processes Inflammation triggers the patho-
gen clearance, removes unwanted cells and debris, and repairs the damaged tissue.
In the context of the neuroimmune diseases, we have achieved significant progress
in understanding the cellular and molecular basis of the inflammatory tissue damage
and pathology. However, we have very little understanding of inflammation-
triggered disease recovery, remyelination, tissue reparative, and restorative func-
tion. Almost all the CNS-resident cells express TLR and DAMP sensors and respond
to insult; still, the plasticity of the inflammatory and regulatory function of astro-
cytes, microglia, oligodendrocytes, neurons, and brain endothelial cells is not
completely known. The single-cell omics approaches such as transcriptomics, pro-
teomics, epigenomics, and metabolomics coupled with system-level analysis and
functional studies would help in gaining more in-depth insight into the functional
and phenotypic heterogeneity of astrocytes and microglia during homeostasis and a
specific neuroinflammatory and neurodegenerative condition. Additionally, the
CD4* and CD8* memory T cells are known for their critical role in immunosurveil-
lance, tissue homeostasis, and repair function. The carefully designed studies using
human CSF, tissue specimens, and animal models are needed to look deeper and
more closure at the frequency, anatomic localization, and function of memory T
cells during demyelination, axonal damage, neurodegeneration, cognitive dysfunc-
tion, and reparative stages of neuroimmune diseases. These studies drive a way of
controlling the inflammatory cells and promoting the reparative functions.

Although autoantibody produced against onconeural antigen forms a basis of
paraneoplastic neuroimmune diseases, our understanding of the association of can-
cer with the neuroimmune disease is still in its infancy, and requires a vast multi-
centered clinical data collection across different ethnic groups to derive a conclusive
association of a specific graded cancer with the presence of onconeural antigen-
specific antibodies in the patients. Furthermore, we have been able to show a patho-
logic role of very few of the autoantibodies such as anti-NMDA receptor, anti-AMPA
receptor, and anti-GAD65, and our understanding of the pathogenesis of other auto-
antibodies is incomplete. To gain a better insight of their pathologic mechanisms,
the ability of purified antibody from patient-derived CSF to transfer the disease in
animal models needs to be systematically tested. The primary limitation is that we
lack animal models that mimic the pathology of a specific antibody-driven neuroim-
mune disease. Finally, more fundamental neuroimmunological studies are needed
to investigate how a given cancer cell type edits its epitopes that resembles or cross-
reacts with the neuronal ones, and how a given autoantibody enter into the neuronal
tissue and mediates autoimmune response.

Therapeutic strategies for paraneoplastic neurologic diseases The paraneoplastic
neurological diseases can be controlled with the tumor resection. Since paraneo-
plastic neurologic autoimmunity and neuropathies are triggered mainly by
autoantibody-mediated immune activation, the immunotherapy coupled with anti-
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seizure or antipsychotic medication represents a valuable approach to control such
pathologies. First-line immunotherapy may comprise of corticosteroids (reduction
of neuroinflammation and autoimmune activation), plasma exchange or immunoad-
sorption (removal of circulating autoantibodies), and intravenous immunoglobulin
(IVIg; outcompeting the circulating autoantibodies, targeting autoantibody (Fab)
and (Fc) regions, etc.) therapy either alone or in combination. Previously, such first-
line immunotherapeutic approaches showed good clinical improvements in non-
paraneoplastic encephalitis (anti-NMDA receptor, anti-LGI1, anti-Caspr2), GBS,
myasthenia gravis, NMOSD, and MS [227]. Patients who respond poorly to first-
line choices and those showing relapses can be treated with second-line immuno-
therapeutic strategies, which include cyclophosphamide, methotrexate, azathioprine,
and mycophenolate mofetil alone or coupled with any of the working first-line
treatment options. Treatment with B cell-depleting rituximab (anti-CD20) may rep-
resent a more direct way of targeting autoantibody production and effector T cell
activation and cytokine production; however, it increases the risk of opportunistic
infections, such as PML, as previously reported in the case of RR-MS, RA, and SLE
[154]. Therefore, considering rituximab or other such lymphocyte-targeting thera-
pies needs careful evaluation and screening for high-risk infections.

The precise understanding of immune-mediated mechanisms would help in
devising immunologic strategies to control neuroimmune diseases.
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