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Foreword

The evolution of knowledge in biology has necessarily forged together immu-
nology and the neurological sciences. The amalgamation and interaction of
these two complex fields have resulted in increasing impetus for research in
molecular behaviors, in clinical diagnosis, in the management of a myriad of
human disorders, and in further developments of translational medicine.
Remarkable advances and discoveries taking place in the last decades make
research on immunology the essential ally in the understanding and founda-
tion for therapies that can now be offered for many neurological diseases—
some previously devoid of this possibility.

The book Neuroimmunology should indeed be considered as a treatise in
this field. The production of this work provides the most advanced and
updated presentation of clinical phenomena, and the identified (or proposed)
intimate pathogenesis of disordered immunologic mechanisms affecting the
nervous system. The editors designed a multifaceted yet sophisticated the-
matic outline constituted by 6 parts containing 32 chapters. The authors of the
diverse sections of the book are prominent basic and clinical researchers.
Their recognized work in the field contributes to further enhance the attrac-
tive quality of this production.

In the flow of the text, the reader initially has access to a mosaic of intro-
ductory aspects addressing the general concepts of neuroimmunology and
neural autoantibodies, as well as neuroimaging developments, and their con-
tribution to diagnosis. In this ever-changing environment, clinical trials uti-
lized in neuroimmunological disorders have increasingly become more
complex and demanding, hence their proper design is imperative, with the
aim to include all elements and parameters required to acquire objective and
meaningful results, regardless of whether these are positive or negative.
While treatment of each entity, if applicable, is specifically discussed in their
corresponding section, as preamble, basic principles of management of dis-
ease and general concepts of immune therapy are presented in the introduc-
tion, or part I, of this book.

Multiple Sclerosis (MS) is assigned a special place in the book (Part II).
The understanding of this disease over the last decades has flourished, result-
ing in notable scientific findings, including identification of novel immuno-
logic molecular paths and development of sensitive pathology technology.
Epidemiologically, MS is the most common inflammatory, demyelinating,
and degenerative disease of the CNS. Although MS is identified in all corners
of the world and affects most racial and ethnic populations (with a few
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exceptions), the disease is typically more prevalent among Caucasian indi-
viduals of northern European ancestry and their descendants living in diverse
areas of the world. It is possible that historical dissemination of the European
genetic risk to theoretically less susceptible populations have contributed to
the globalization and appearance of MS in other groups (i.e., Latin Americans,
African Americans). MS has a prominent determining genetic component.
Disease susceptibility effectively interacts with environmental factors, many
still not identified, and many, in fact, playing an epigenetic role.

Increasing understanding of clinical and MRI behaviors has greatly con-
tributed to comprehension not only of the natural (spontaneous) course of
MS, not altered by the introduction of a specific therapy, but also by the effect
in the clinical course exerted by the many disease-modifying therapies (DMT)
available at present. The current therapeutic armamentarium has enhanced
the options of management for the patient while raising important challenges
to the process of proper therapy selection. Discussions on the complexities of
DMT use and MS symptomatic management are addressed in Section 6:
Clinical Approaches.

The modern clinical classification of MS considers clinical conducts and
MRI activity to categorize the diverse phenotypes. This classification is
retained by the internationally utilized 2017 version of the McDonald diag-
nostic criteria. The evolution of these criteria is a clear example of the prog-
ress on knowledge of the disease in the last 2 decades. The appropriate
application of the criteria increases sensitivity and specificity of the clinical
diagnosis and aims to reduce possibilities of misdiagnosis.

Autoimmunity is the cardinal mechanism involved in the disorders cov-
ered in this treatise. There is evidence that autoimmune responses are driven
by a tremendously varied set of autoantigens provoking concomitantly
intense and complicated molecular responses. The nature of many of the
autoantigens and their targets remain elusive, although several candidates for
both spaces have been proposed. Part III, the chapters discussing autoimmune
and paraneoplastic syndromes, is a welcome addition. Paraneoplastic syn-
dromes typically pose a diagnostic challenge manifesting rather atypical
clinical features, whether presenting as encephalitis (although some encepha-
litides may also be associated with immune therapies), epilepsies, or move-
ment disorders. The possibility of managing autoimmune encephalitis with
neuronal cell surface antibodies opens a great gateway to therapeutic options
to be further studied for the other entities discussed in this part of the book.

In this same part, communicating the different aspects of autoimmune dis-
eases, the editors include Neuromyelitis Optica Spectrum Disorder
(NMOSD). This syndrome has acquired an important place of consideration
in the study and differential diagnosis of inflammatory demyelinating dis-
eases, in this case, NMOSD typically affecting non-Caucasian populations.
The spectrum disorder is associated with the development of anti-NMO-IgG
antibody with direct immunologic damage to astrocytes and structures rich in
the water channel Aquaporin-4 in the CNS. Most cases have a relapsing
course, each attack adding neurological deficits but without displaying a
secondary kind of progression. Involvement of the optic nerve by attacks of
neuritis is severe and often leads to blindness. Involvement of the spinal cord



Foreword

vii

characteristically produces an extensive longitudinal myelitis involving >3
cord levels. NMOSD is a serious disease and not infrequently may have a
fatal outcome. The spectrum includes association of endocrinopathies as well
as coexisting autoimmunity, such as Systemic Lupus Erythematous (SLE)
and antiphospholipid and Sjogren’s syndromes. Treatment with B-cell-
depleting monoclonal antibodies and complementary activation cascade
inhibitors, has shown a high degree of efficacy in reducing relapses and pre-
venting disability.

Anti-MOG antibodies syndrome is also included by the editors in Part III,
“Autoimmune Neurology.” This recently identified disorder in which anti-
bodies against membrane-embedded myelin oligodendrocyte glycoprotein
(MOG) produce multifocal areas of demyelination, affecting optic nerves
(simultaneous bilateral optic neuritis is common) and spinal cord as well, has
provoked substantial interest in pediatric and adult neurology. The brain may
also be involved. Almost 50% of patients with clinical diagnosis of NMO
who test anti-NMO-IgG antibody negative are identified as belonging to the
anti-MOG syndrome group. This disorder tends to be less aggressive clini-
cally than the NMOSD. In children and adults there is a peculiar association
with Acute Disseminated Encephalomyelitis (ADEM). High-dose steroids
are typically used for the management of relapses while diverse immunosup-
pression protocols are proposed for long-term management. These aspects
are updated and comprehensibly approached in the corresponding chapters of
this section.

Outside the CNS, neuro-autoimmune disorders affecting the peripheral
nervous system (Part IV) are historically indeed the “pioneers” of this recently
established branch of neurology, even though in their very early origins the
concept of autoimmunity did not exist yet. The part dedicated to acute and
chronic immune neuropathies and radiculopathies reminds us of the classic
collaboration as young French army officers during the First World War of
Georg Guillain (1876-1961) and Jean A. Barré (1880-1967). They used the
most advanced laboratory technology of that time: cerebrospinal fluid (CSF)
analysis obtained through a lumbar puncture (first described and employed
by Heinrich Quincke in 1891). Guillain and Barré described two soldiers with
an acute symmetrical lower motor neuron picture and polyradiculopathy
manifested by rapid ascending limb paralysis. CSF disclosed an acellular
fluid with high protein content. The modern understanding of acute polyra-
diculopathies embraces the causal concept of autoimmune processes (trig-
gered by a recent precedent infection?); hence these entities traditionally may
respond clinically to acute and aggressive immunotherapy. Chronic periph-
eral neuropathies carry the necessity to activate an extensive differential diag-
nosis requiring the exclusion of metabolic and toxic causes, nutritional
deficiencies, the previously noted paraneoplastic syndromes, genetic muta-
tions, and even iatrogenic adverse effects. A comprehensive workup is dis-
cussed, including state-of-the-art imaging studies with muscle/nerve
ultrasound techniques, designed electrophysiologic studies, and nerve and
neuro-diagnostic skin biopsies utilizing advanced histopathological tech-
niques. The long-noted response to immunomodulatory therapies such as
intravenous humanized immunoglobulin-g (IVIg), plasma exchange, and par-
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ticularly the exquisite sensitivity to many neuropathies to steroids poses a
fundamental challenge for the clinician regarding the choice of initial and
maintenance therapy. Satisfactory therapeutic response (improvement, remis-
sion) may be achieved utilizing oral steroid protocols in many patients with
sensory/motor chronic inflammatory demyelinating neuropathies (CIDP).
Some steroid-responsive neuropathies have shown demyelination and infil-
tration of immune cells in the endoneurium—predominantly natural killers
(NK) lymphocytes, and other subsets with lytic capacity such as CD3—,
CD56+, and other “small lymphocytes” (SLs).

Part IV of the book addressing autoimmune peripheral neuropathies
includes the typically, polysymptomatic autoimmune autonomic disorders
due to axonal small-fiber damage. This relatively recently identified type of
neuropathy requires highly specialized laboratories for proper assessment
and diagnosis, as commonly utilized tests in this field like QSART
(Quantitative Sudomotor Axon Reflex Test) are not readily available to the
community neurologist. Some researchers include complex regional pain
syndromes in this group of neuropathies.

Chapter 19 addresses autoimmune neuromuscular junction diseases initi-
ates the dissertation with Myasthenia Gravis (MG)—another “classic” exam-
ple of a disorder eventually adjudicated to autoimmunity after a remarkable
journey of scientific discoveries overcoming traditional non-evidenced think-
ing against scientifically based discoveries. In this case, even social and gen-
der prejudices played a role in the modern development of the understanding
of the MG pathogenesis and its effective management. Samuel Wilks, a
British physician, reported the first case in 1877 as “bulbar paralysis,” and
Friedrich Jolly (Berlin, Germany) coined the term “myasthenia gravis pseu-
doparalytica.” Nevertheless, the most compelling story of this saga is the uti-
lization and demonstration of a symptomatic remedial therapy by Mary
Broadfoot Walker (1888—1974), a Scottish physician, in 1934. Walker theo-
rized MG resembled curare poisoning known to respond to physostigmine, an
anticholinesterase agent. Dr. Walker showed a visually dramatic immediate
response to a subcutaneous injection of this agent in a patient with MG mani-
festing bilateral ptosis and facial weakness. This report was received with
tremendous skepticism by her British male peers at a clinical meeting of the
Royal Society of Medicine gathering at the National Hospital Queen Square,
London. Nevertheless, her report was initially published as a letter in the
Lancet in 1934, initiating the epoch of effective symptomatic management of
an otherwise totally untreatable disease. Notable response to removal of a
diseased thymus in people with MG in the 1940s paved the road for consid-
eration of MG as an autoimmune disorder.

MG is a relatively uncommon disease (global prevalence of 200-400/mil-
lion) but it can be incapacitating irrespective of the age of the afflicted person,
or the clinical variety. MG has been established as a multifactorial antibody-
mediated disease directed to interfere with polysynaptic acetylcholine recep-
tors (AchR) at the myoneural junction where removal of Ca+ channels
involving transmitter release result in different clinical phenotypes. Detection
of AchR antibody in serological assays is practically specific of MG. However,
about 40% of individuals with MG disclose tyrosine muscle specific kinase
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protein (MuSK) receptor antibodies. This protein tends to cluster in AchRs at
the motor-end plate. This immunologic development has not been completely
elucidated but usually reflects clinically as aggressive clinical forms of MG
in seronegative individuals. The section on autoimmune neuromuscular junc-
tion disorders discussing MG includes the current methods to determine a
prompt clinical diagnosis and the utilization of present and future biomarkers
expediting nosological identification.

The current international classification categorizing degrees of neuromus-
cular involvement (Class I, Class II, and Class Ila) is analyzed and criticized.
Thymectomy and immunotherapy, including the novel utilization of mono-
clonal antibodies, and optimization of the diverse presentations of symptom-
atic medication (pyridostigmine), complement the current proposal of
management of this potentially incapacitating disease.

In the same chapter, Lambert-Eaton myasthenic syndrome (LEMS) is dis-
cussed. This rare presynaptic motor-end plate autoimmune disorder is over-
whelmingly associated with small-cell lung cancer (SCLC), but it has also
been reported in conjunction with other malignancies, including malignant
thymoma, lymphosarcoma, and even prostate cancer. While LEMS produces
a myasthenic-like picture due to impaired release of Ach packages at the pre-
synaptic space of the neuromuscular junction (producing a different electro-
myographic pattern than MG), and may be accompanied by autonomic
dysfunction (the mechanism of this association is not completely under-
stood). LEMS is typically refractory to immunomodulation, except for
reports of some response to IVIg. A formulation manufactured by com-
pounded pharmacies and used symptomatically off-label for years,
Amifampridine, a chemical based on 3,4- diaminopyridine, a K+ channel
blocker, has been approved by the FDA for symptomatic management of
muscle weakness produced by LEMS. This chapter discusses may aspects on
the pathophysiology that help with a prompt diagnosis and subsequent mod-
ern management of this syndrome.

Part IV of the book dedicated to peripheral nervous system disorders
includes immune and inflammatory myopathies. These myopathic clinical
pictures may produce profound proximal muscle weakness, tenderness to
palpation of muscular groups, and eventually segmental atrophy. The typical
example is Polymyositis, chronic or “active.” Generally, if the picture pres-
ents as sporadic, isolated, and not associated with other disorders, the physi-
cal findings are purely myopathic without associated neurological deficits,
i.e., primary sensory involvement or abnormal reflexes. The necessity for an
extensive workup and differential diagnosis is inescapable. The chapter
addresses the most updated data on electrophysiologic studies, muscle biopsy
performed open or with needle utilization, including the proposal and indica-
tions for MRI-guided procedures. Advanced technology for histochemistry
staining and immunologic management of the samples and the use of elec-
tronic microscopy are aspects the reader will find of interest.

Management of immune inflammatory myopathies tends to be confound-
ing if myositis is part of the spectrum of other disorders such as
dermatomyositis, or as a remote effect of cancer, or if this represents a case of
sporadic gradually progressive inclusion body myositis (IBM), or the heredi-
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tary form (hIBM). Determination of autoantibodies and immune markers in a
clinically suspected individual is assisted by the material discussed in the
chapter.

The editors of Neuroimmunology include topics on neurorheumatology
and neurosarcoidosis in Part V, delivered by experts on these commonly
encountered clinical challenges in day-to-day practice. The elements and fac-
tors to be taken into consideration to reach the correct diagnosis in the exten-
sive field of rheumatology (particularly with the advent of a host of available
immunotherapies), and the adequate differential that sarcoid disease requires
with the so many entities it may mimic, constitute more than intellectual exer-
cises, but important clinical undertakings in view of the potential severity and
complications these disorders may produce.

Chapter 24 on central nervous system vasculitis discusses one of the most
serious disorders in the field of clinical neuroimmunology. While the autoim-
mune mechanism has not been elucidated, the clinical picture is usually one
of severe acute or subacute encephalopathy with associated acute multi-
ischemic state due to occlusion of arterial blood vessels. Involvement of the
spinal cord may result in acute quadriplegia or paraplegia, depending on the
affected level of the cord. The term “Primary Angiitis” is generally employed
when the process is independent from other immune disorders; otherwise in
association with other forms of vasculitis (i.e., granulomatosis with polyangi-
itis, SLE, Behget’s disease, rheumatoid arthritis, infectious processes), the
preferred terminology is “secondary CNS vasculitis (or angiitis).” CNS vas-
culitis displays a typical angiographic pattern visualized by magnetic reso-
nance angiography or standard arteriography. CSF analysis may show
nonspecific inflammatory abnormalities, and serological blood tests usually
do not contribute to diagnostic identification, particularly in primary angiitis.
Frequently, invasive diagnostic procedures are required, including meningeal
or cerebral artery biopsy. This chapter will be of invaluable assistance to the
reader seeking the most comprehensive and updated information on this
theme, including options for treatment.

The editors assigned Chapter 25 to review the infrequently discussed com-
plications of immunotherapies. In the same section, infections and immuno-
deficiency are approached by known researchers in these areas. In contrast to
paraneoplastic disease, Chapter 26 now redirects to oncological mimics of
inflammatory CNS disease. The impact of this clinical situation in the real
world requires effective differential diagnosis, and hence implications into
specific managements. These aspects are emphasized.

Thelastpartof thebook (Part VI: Clinical Approachesin Neuroimmunology)
is distributed into varied topics. Chapter 27 dedicated to autoimmune myelitis
and myelopathic inflammatory disorders discusses spinal cord disease not
associated with bona fide systemic autoimmune diseases or to demyelinating
disorders such as MS, NMOSD, or anti-MOG syndrome. An episode of iso-
lated transverse myelitis is usually characterized by an acute and devastating
development of motor paraplegia showing a sensory dermatome level and
sphincter disturbance. Most of these cases may exhibit a unique extensive
lesion in the spinal cord by MRI images and generally have a discrete func-
tional recovery despite steroids and other immunomodulatory modalities.
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The underlying immunopathology has not been consistently reproduced in
these cases. It is feasible, then, to conclude that mechanisms responsible for
inflammatory myelopathies are compounded by heterogenous immunologic
settings. The immunology mechanisms reported thus far and the current clini-
cal management are presented.

Chapter 28 discussing the clinical approach to ophthalmic disease reminds
us that the eye is a frequent target of autoimmune attack whether affecting the
optic nerve as part of systemic disease (i.e., SLE and sarcoidosis) or as one of
the manifestations of a more generalized inflammatory demyelinating disease
(MS, NMOSD, anti-MOG syndrome, and ADEM). Optic neuritis can also
develop as an isolated disorder. The typical example is the case of the for-
merly called clinically isolated syndrome (CIS) manifested as a pure case of
optic neuritis. While the overwhelming majority of cases eventually will
transform into clinically definite MS, just a very small proportion will remain
as CIS. Another disorder specifically affecting the optic nerve is Chronic
Recurrent Inflammatory Optic Neuropathy (CRION). This condition is a rare,
poorly understood, and apparently heterogeneous autoimmune disorder.
CRION produces recurrent attacks of optic neuritis involving one or both
eyes. Other areas of the nervous system are not affected and tests conducive
to diagnosis of the major demyelinating disease are negative. CRION attacks
are highly sensitive to steroids but the patient usually requires long-term pro-
phylactic use of immunosuppressants.

Neuro-ophthalmological conditions resulting from autoimmune processes
are extremely diverse and varied. Uveitis may produce ocular pain, blurred
vision, photophobia, and reddish inflammation of the eye secondary to reac-
tive conjunctivitis. Uveitis is a common manifestation of sarcoidosis, Crohn’s
disease, Behget’s disease, and certain forms of ankylosing arthritis. Recent
data suggest individuals carrying the HLA-B27 allele may experience uveitis
associated with other disorders through the process of antigen mimicry trig-
gering T-cell immunologic inflammatory attack. Other ophthalmological dis-
eases intimately related to autoimmune mechanisms, including development
of proptosis and extraocular myopathy, prominently manifest in cases of
immune thyroiditis. The reader will find a rich collection of clinical examples
and discussions on management in this section.

Chapter 29 addressing clinical approach to pediatric demyelinating dis-
ease discusses the formidable advances in this field. Monophasic disorders
(mainly CIS and ADEM), and the multiphasic forms (relapsing) MS,
NMOSD, anti-MOG syndrome, and even a type of ADEM, pose a diagnostic
and management challenge to the clinicians in view of the particular neuro-
logical manifestations children with these disorders exhibit.

The editors include Chapter 30 to discuss “Stiff Person Syndrome” (SPS)
assigned to experts on this unusual topic. This syndrome, formally known as
“stiff man syndrome”, is properly denominated at present since it affects
woman in a larger proportion to men. The clinical picture is one of slow,
gradual, insidious development of stiffness; pronounced rigidity; and spasms
involving the trunk and extremities increasing in severity; and incapacitation
with time. Advanced cases may develop joint deformities. Delay in diagnosis
is usually due to the fact this disorder is not suspected or identified in its early
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stages, being frequently confused with a functional or conversion disorder.
SPS results from autoimmune interference with GABAergic transmission in
central motor pathways. The molecular abnormality has been adjudicated to
elevated anti-GAD (glutamic acid decarboxylase) antibodies. Other immune-
related disorders may be associated with SPS including vitiligo and thyroid-
itis. IVIg courses and Rituximab (anti CD20 monoclonal antibody) have been
proposed as potential therapies along with a well-designed symptomatic pro-
gram and physical therapy.

Neuroimmunology is, in fact, a sophisticated and yet practical scientific
production serving as an extraordinary consultation source for students, prac-
titioners, and scholars. One of the most meritorious aspects of this multi-
authored work is precisely the stellar list of contributors that the editors
constructed for this scientific communication artwork. The discussions from
the authors displayed in each chapter, in each theme, provides the reader with
state-of-the-art information and encourages thoughts on complex and fasci-
nating areas of neuroimmunology that remain to be explored.

Victor M. Rivera, MD, FAAN
Distinguished Emeritus Professor
Baylor College of Medicine
Houston, TX, USA



Preface

Neuroimmunology is a rapidly evolving field with significant diagnostic and
treatment advancements over the last decade. Even basic concepts in clinical
neuroimmunology have changed considerably over this time. New data has
driven treatment paradigms for multiple sclerosis (MS) and increased clinical
knowledge and antibody testing capability for a multitude of newly recog-
nized autoimmune neurological syndromes. Treatment for neuromyelitis
optica spectrum disorder (NMOSD), antibody-mediated autoimmune
encephalitis, and stiff person syndrome (SPS), among others, has therefore
dramatically improved. As the field of neuroimmunology evolves, the need
for a comprehensive, up-to-date textbook has become apparent.
Neuroimmunology is a comprehensive handbook written with the clinician
in mind and targets residents, fellows, advanced practice providers, general
neurologists, and subspecialists. The aim of this book is to make recent devel-
opments in Neuroimmunology and Autoimmune Neurology accessible to
clinicians as well as review basic concepts in Neuroimmunology. The chap-
ters have been written by experts in their fields. Part I introduces concepts in
Neuroimmunology, including an overview of the immune system, antibody
testing, basics in neuroimaging, and concepts of immunotherapy. Part II con-
sists of 6 chapters focused on MS, including diagnostic criteria, immunology,
pathology, epidemiology, and genetics. Part I1I consists of 6 chapters focused
on antibody-mediated diseases across a spectrum of various neurological
subspecialties, including autoimmune and paraneoplastic encephalitis, epi-
lepsy, movement disorders, and other demyelinating syndromes. This part
includes a chapter discussing treatment approaches in Autoimmune Neurology
that helps to highlight the successful completion of the first randomized trials
in Autoimmune Neurology for NMOSD and the evolution of treatment algo-
rithms in antibody-mediated autoimmune encephalitis. Part IV includes 4
chapters focused on immune disorders of the peripheral nervous system, a
topic often overlooked in classic Neuroimmunology training programs, but
includes relatively common conditions such as myasthenia gravis and
Guillain-Barré syndrome along with newly described conditions. Part V
includes 5 chapters of various systemic diseases with prominent neurological
manifestations such as rheumatological disorders, sarcoidosis, vasculitis,
immunodeficiencies, and oncological mimics. The final part, Part VI, includes
6 “clinical approach” chapters. These chapters, designed with the clinician in
mind, use case-based examples to provide readers with a systematic approach
to high-yield topics in Neuroimmunology, including clinical diseases

xiii
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(myelitis, ophthalmologic disease, pediatric demyelinating disease, and SPS)
as well as treatment approaches with disease-modifying therapies and symp-
tomatic therapies in MS.

We hope health professionals who are interested in neuroimmunological
disorders will find this book useful. Finally, we would like to thank our con-
tributing authors for all their hard work and dedication.

Aurora, CO, USA Amanda L. Piquet, MD
Enrique Alvarez, MD, PhD



Contents

PartI Introduction: Immunology, Pathophysiology, and
Immunotherapy

1 Introduction to Neuroimmunology: What the Cerebrospinal
Fluid Teaches Us About Diseases of the Central
Nervous System. .. ............... i,
Nancy L. Monson

2 Antibody Detection Methods for Neural Autoantibodies
and Introduction to Antibody Pathogenesis.................
Thomas R. Haven and Lisa K. Peterson

3 Neuroimaging Modalities in Neuroimmunology . ............
Lokesh A. Rukmangadachar and Christina J. Azevedo

4 Clinical Trial Design in Neuroimmunology .................
Enrique Alvarez, David Prater III, and Daniel Ontaneda

5 Concepts of Immune Therapy and Disease Management. . . . . .
Gabrielle Macaron and Mary Alissa Willis
Part I Multiple Sclerosis
6 Evolution of the Diagnostic Criteria in Multiple Sclerosis . . . . .
Marisa P. McGinley and Jeffrey A. Cohen

7 Natural History of Multiple Sclerosis . .. ...................
Laura E. Baldassari and M. Mateo Paz Soldan

8 Pathology of Multiple Sclerosis . . .........................
Jordon Dunham and Kedar R. Mahajan

9 Immunology of Multiple Sclerosis. . .......................
Gregory F. Wu and Anne Haney Cross

10 Epidemiology of Multiple Sclerosis and Environmental
Risk Factors. ......... ... .. ... .. i,
Kyla A. McKay and Helen Tremlett



XVi

Contents

11 The Genetics of Multiple Sclerosis ........................
Annalise E. Miner, Neda Dastgheyb, Miryam Palomino,
and Jennifer S. Graves

Part IIl Autoimmune Neurology

12 Autoimmune and Paraneoplastic Encephalitis ..............
Anastasia Zekeridou

13 Autoimmune Epilepsy. . ........... .. ... ... ...
Khalil Husari and Divyanshu Dubey

14 Autoimmune and Paraneoplastic Movement Disorders . . . . ...
A. Sebastian Lépez-Chiriboga and Andrew McKeon

15 Autoimmune Demyelinating Syndromes:
Aquaporin-4-IgG-positive NMOSD and MOG - IgG
Associated Disorder . ............ .. .. .. ... .. ... . ..
Elia Sechi and Eoin P. Flanagan

16 Paraneoplastic Neurological Syndromes. . ..................
Marianna Spatola

17 Treatment Approaches in Autoimmune Neurology:
Focus on Autoimmune Encephalitis with Neuronal Cell
Surface Antibodies . ........ ... ... ... ...
Juna M. de Vries and Maarten J. Titulaer

Part IV  Peripheral Nervous System Disorders

18 Acute and Chronic Immune Neuropathies
and Radiculopathies . . ..................................
Anson W. Wilks and Robert C. Bucelli

19 Autoimmune Diseases of the Neuromuscular Junction:
Myasthenia Gravis and Lambert-Eaton Myasthenic
Syndrome. .. ... ..
Dery Miller, Jenny Joseph, and Rocio Garcia-Santibanez

20 Immune and Inflammatory Myopathies. . ..................
Andrew R. Findlay and Robert C. Bucelli

21 Autoimmune Autonomic Disorders........................
Elisabeth Golden, Kyle Blackburn, and Steven Vernino

PartV  Other CNS Inflammatory Diseases

22 Neurorheumatology .................. ... ... ...,
Johannes Pulst-Korenberg and Shamik Bhattacharyya

23 NeurosarcoidosSiS. .............. i
James E. Eaton and Siddharama Pawate



Contents Xvii

24 Central Nervous System Vasculitis . ....................... 385
Christine M. Gill, Amanda L. Piquet, and Tracey A. Cho

25 Infections, Immunodeficiency, and Complications
of Immunomodulatory Therapies in Neuroimmunology . ... .. 405
Amanda L. Piquet, Daniel M. Pastula, J. David Beckham,
and Kenneth L. Tyler

26 Oncological Mimics in Inflammatory CNS Disease. . . ........ 417
Alexander C. Mohler and Douglas E. Ney

Part VI Clinical Approaches in Neuroimmunology

27 Clinical Approach to Autoimmune Myelitis and Myelopathy. . . 433
Cynthia Wang and Benjamin Greenberg

28 Clinical Approach to Autoimmune and Inflammatory
Ophthalmologic Disease . . .. ............................. 447
Megan Esch and Shiv Saidha

29 Clinical Approach to Pediatric Demyelinating Disease. . . . . . .. 469
Jonathan Douglas Santoro and Tanuja Chitnis

30 Clinical Approach to Stiff Person Syndrome . ............... 483
Jonathan R. Galli and Stacey L. Clardy

31 Use of Disease-Modifying Therapies in Multiple Sclerosis . . . . . 493
John R. Corboy and Robert H. Gross

32 Symptom Management in Multiple Sclerosis. ............... 507
Christopher Langston, Michelle Fabian, and Stephen Krieger



Contributors

Enrique Alvarez, MD, PhD Department of Neurology, Rocky Mountain
Multiple Sclerosis Center at the University of Colorado, Aurora, CO, USA

Christina J. Azevedo, MD, MPH Department of Neurology, Saint Louis
University School of Medicine, Saint Louis, MO, USA

Laura E. Baldassari, MD, MHS Mellen Center for Multiple Sclerosis
Treatment and Research, Neurological Institute, Cleveland Clinic Foundation,
Cleveland, OH, USA

J. David Beckham, MD Departments of Medicine, Neurology, and
Immunology & Microbiology, Neuro-Infectious Diseases Group, University
of Colorado School of Medicine, Rocky Mountain Regional VA Medical
Center, Aurora, CO, USA

Shamik Bhattacharyya, MD, MS Department of Neurology, Brigham and
Women’s Hospital, Boston, MA, USA

Kyle Blackburn, MD Department of Neurology, University of Texas
Southwestern Medical Center, Dallas, TX, USA

Robert C. Bucelli, MD, PhD Department of Neurology, Neuromuscular
Section, Barnes Jewish Hospital, Washington University School of Medicine
in Saint Louis, Saint Louis, MO, USA

Tanuja Chitnis, MD Pediatric Multiple Sclerosis and Demyelinating
Disorders, Division of Pediatric Neurology, Department of Neurology,
Massachusetts General Hospital, Department of Neurology, Harvard Medical
School, Boston, MA, USA

Tracey A. Cho, MD Department of Neurology, University of lowa Carver
College of Medicine, University of Iowa Hospitals and Clinics, Iowa City,
IA, USA

Stacey L. Clardy, MD, PhD Department of Neurology, University of Utah
Health, Salt Lake City, UT, USA

Department of Neurology, George E. Wahlen Salt Lake City VHA, Salt Lake
City, UT, USA

Jeffrey A. Cohen, MD Mellen Center, Neurologic Institute, Cleveland
Clinic, Cleveland, OH, USA

Xix



XX

Contributors

John R. Corboy, MD Department of Neurology, Rocky Mountain Multiple
Sclerosis Center at the University of Colorado, Aurora, CO, USA

Anne Haney Cross, MD Neuroimmunology Section, Department of
Neurology, Washington University School of Medicine, Saint Louis, MO,
USA

Neda Dastgheyb, BA Department of Neurosciences, University of
California, San Diego, La Jolla, CA, USA

Divyanshu Dubey, MD Department of Laboratory Medicine & Pathology,
Department of Neurology, Mayo Clinic, Rochester, MN, USA

Jordon Dunham, MsC, PhD Department of Neuroscience, Lerner Research
Institute, Cleveland Clinic Foundation, Cleveland, OH, USA

James E. Eaton, MD Department of Neurology, Vanderbilt University
Medical Center, Neurology Clinic, Nashville, TN, USA

Megan Esch, MD Department of Neurology, Geisinger Medical Center,
Danville, PA, USA

Michelle Fabian, MD Department of Neurology, Mount Sinai Hospital,
Icahn School of Medicine at Mount Sinai, New York, NY, USA

Andrew R. Findlay, MD Department of Neurology, Neuromuscular
Section, Barnes Jewish Hospital, Washington University School of Medicine
in Saint Louis, Saint Louis, MO, USA

Eoin P. Flanagan, MD Department of Neurology, and Laboratory Medicine
and Pathology, Mayo Clinic, Rochester, MN, USA

Jonathan R. Galli, MD Department of Neurology, University of Utah
Health, Salt Lake City, UT, USA

Department of Neurology, George E. Wahlen Salt Lake City VHA,
Salt Lake City, UT, USA

Rocio Garcia-Santibanez, MD Department of Neurology, Emory
University School of Medicine, Atlanta, GA, USA

Christine M. Gill, MD Department of Neurology, University of lowa Carver
College of Medicine, University of lowa Hospitals and Clinics, Iowa City,
1A, USA

Elisabeth Golden, MD Department of Neurology, University of Texas
Southwestern Medical Center, Dallas, TX, USA

Jennifer S. Graves, MD, PhD, MAS Department of Neurosciences, Rady’s
Pediatric MS Center, UCSD Neuroimmunology Research Program,
University of California, San Diego, ACTRI, La Jolla, CA, USA

Benjamin Greenberg, MD, MHS Transverse Myelitis Program, Department
of Neurology and Neurotherapeutics, University of Texas Southwestern,
Dallas, TX, USA



Contributors

XXi

Robert H. Gross, MD Department of Neurology, Rocky Mountain Multiple
Sclerosis Center at the University of Colorado, Aurora, CO, USA

Thomas R. Haven, PhD Department of Pathology, University of Utah
School of Medicine, ARUP Institute for Clinical and Experimental Pathology,
ARUP Laboratories, Salt Lake City, UT, USA

Khalil Husari, MD Department of Neurology, Johns Hopkins University,
Johns Hopkins Hospital, Baltimore, MD, USA

Jenny Joseph, MD Department of Neurology, Emory University School of
Medicine, Atlanta, GA, USA

Stephen Krieger, MD, FAAN Department of Neurology, Mount Sinai
Hospital, Icahn School of Medicine at Mount Sinai, New York, NY, USA

Christopher Langston, MD Department of Neurology, Albert Einstein
College of Medicine, Bronx, NY, USA

A. Sebastian Lépez-Chiriboga, MD Department of Neurology, Division of
Multiple Sclerosis and Autoimmune Neurology, Mayo Clinic, Florida, FL,
USA

Gabrielle Macaron, MD Mellen Center for Multiple Sclerosis, Neurological
Institute, Cleveland Clinic Foundation, Cleveland, OH, USA

Kedar R. Mahajan, MD, PhD Department of Neuroscience, Lerner
Research Institute, Cleveland Clinic Foundation, Cleveland, OH, USA

Department of Neurology, Mellen Center for Multiple Sclerosis Treatment
and Research, Neurological Institute, Cleveland Clinic Foundation,
Cleveland, OH, USA

Marisa P. McGinley, DO Mellen Center, Neurologic Institute, Cleveland
Clinic, Cleveland, OH, USA

Kyla A. McKay, PhD Department of Clinical Neuroscience, Karolinska
Institutet, Stockholm, Sweden

Andrew McKeon, MD Department of Neurology, Department of Laboratory
Medicine and Pathology, Division of Multiple Sclerosis and Autoimmune
Neurology, Mayo Clinic, Florida, FL, USA

Dery Miller, MD Department of Neurology, Emory University School of
Medicine, Atlanta, GA, USA

Annalise E. Miner, BS Department of Neurosciences, University of
California, San Diego, La Jolla, CA, USA

Alexander C. Mohler, MD, MS Department of Neurology, Rhode Island
Hospital and the Miriam Hospital, Warren Alpert Medical School of Brown
University, Providence, RI, USA

Nancy L. Monson, PhD Department of Neurology, Department of
Immunology, University of Texas Southwestern Medical Center, Dallas, TX,
USA



XXii

Contributors

Douglas E. Ney, MD Departments of Neurology and Neurosurgery,
University of Colorado School of Medicine, Aurora, CO, USA

Daniel Ontaneda, MD, PhD Department of Neurology, Mellen Center for
Multiple Sclerosis, Cleveland Clinic, Cleveland, OH, USA

Miryam Palomino, BS Department of Neurosciences, University of
California, San Diego, La Jolla, CA, USA

Daniel M. Pastula, MD, MHS Department of Neurology, Medicine
(Infectious Diseases), and Epidemiology, Neuro-Infectious Diseases Group,
University of Colorado School of Medicine, Aurora, CO, USA

Siddharama Pawate, MD Department of Neurology, Vanderbilt University
Medical Center, Nashville, TN, USA

Lisa K. Peterson, PhD Department of Pathology, University of Utah School
of Medicine, ARUP Institute for Clinical and Experimental Pathology, ARUP
Laboratories, Salt Lake City, UT, USA

Amanda L. Piquet, MD Department of Neurology, Neuroimmunology,
Neuroinfectious disease and Neurohospitalist Sections, Neuro-Infectious
Diseases Group, University of Colorado School of Medicine,
Aurora, CO, USA

David Prater III, MA Department of Neurology, Rocky Mountain Multiple
Sclerosis Center at the University of Colorado, Aurora, CO, USA

Johannes Pulst-Korenberg, MD, MS Department of Neurology, Keck
School of Medicine, University of Southern California, Los Angeles, CA,
USA

Lokesh A. Rukmangadachar, MBBS, MD Department of Neurology,
Keck Hospital of USC, LAC+USC Medical Center, University of Southern
California, Los Angeles, CA, USA

Shiv Saidha, MBBCh, MD, MRCPI Department of Neurology, Johns
Hopkins University, Baltimore, MD, USA

Jonathan Douglas Santoro, MD Pediatric Multiple Sclerosis and
Demyelinating Disorders, Division of Pediatric Neurology, Department of
Neurology, Massachusetts General Hospital, Department of Neurology,
Harvard Medical School, Boston, MA, USA

Department of Pediatrics, Keck School of Medicine at USC, Los Angeles,
CA, USA

Elia Sechi, MD Department of Neurology, Mayo Clinic, Rochester, MN,
USA

M. Mateo Paz Soldan, MD, PhD Neuroimmunology Division, Department
of Neurology, University of Utah School of Medicine, Salt Lake City, UT,
USA

Marianna Spatola, MD, PhD Massachusetts General Hospital Research
Institute, Ragon Institute of Massachusetts General Hospital, Massachusetts



Contributors

XXiii

Institute of Technology, Harvard Medical School, Boston-Cambridge, MA,
USA

Maarten J. Titulaer, MD, PhD Academic Center for Neuroinflammatory
Disorders, Department of Neurology, Erasmus MC University Medical
Center, Rotterdam, The Netherlands

Helen Tremlett, PhD Department of Medicine (Neurology), University of
British Columbia, Vancouver, BC, Canada

Kenneth L. Tyler, MD Department of Medicine and Immunology-
Microbiology, Department of Neurology, Neuro-Infectious Diseases Group,
University of Colorado School of Medicine, University of Colorado Hospital
and Rocky Mountain Regional VA Medical Center, Aurora, CO, USA

Steven Vernino, MD, PhD Department of Neurology, University of Texas
Southwestern Medical Center, Dallas, TX, USA

Juna M. de Vries, MD, PhD Academic Center for Neuroinflammatory
Disorders, Department of Neurology, Erasmus MC University Medical
Center, Rotterdam, The Netherlands

Cynthia Wang, MD Department of Pediatrics and Department of Neurology
and Neurotherapeutics, Children’s Health Dallas, University of Texas
Southwestern, Dallas, TX, USA

Anson W. Wilks, MD Department of Neurology, Washington University
School of Medicine in Saint Louis, Saint Louis, MO, USA

Mary Alissa Willis, MD Department of Neurology, University of Mississippi
Medical Center, Jackson, MS, USA

Gregory F. Wu, MD, PhD Neuroimmunology Section, Department of
Neurology, Washington University School of Medicine, Saint Louis, MO,
USA

Anastasia Zekeridou, MD Departments of Laboratory Medicine and
Pathology and Neurology, Mayo Clinic College of Medicine, Rochester, MN,
USA



Part |

Introduction: Inmunology,
Pathophysiology, and Immunotherapy



®

Check for
updates

Introduction to Neuroimmunology:
What the Cerebrospinal Fluid
Teaches Us About Diseases

of the Central Nervous System

Nancy L. Monson

Key Points

1. There are nonspecific (innate) and
highly specific (adaptive) components
to the immune system.

2. Lymphocytes (both B and T cells) are
part of the adaptive immune system that
are involved in immunosurveillance and
are highly activated in many diseases of
the central nervous system (CNS).

3. The innate immune system involvement
in diseases of the CNS is largely unex-
plored, however our knowledge of its
role continues to expand.

4. Our goal in focusing research efforts
into these CNS diseases should be to
identify cellular and humoral factors
that are the best target candidates.

Introduction to the Topic

There continues to be a rising interest in under-
standing the potential role of the immune
response in diseases of the central nervous sys-
tem (CNS). Neurologists, neuroscientists, and
immunologists alike accept the challenge in
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learning each other’s languages all for the good
of a growing population of patients with diseases
of the CNS who need better care. Several excel-
lent reviews on the subject of neuroinflammation
in neurodegenerative diseases of the brain are
available [1-4], and so our task is instead to
framework our subject matter in the context of
the one compartment we can readily access in a
living human subject that can provide important
clues regarding the immunology of CNS dis-
ease: the cerebrospinal fluid. This is particularly
important as CNS diseases that we once thought
did not involve the immune system have now
required a second consideration because of evi-
dence acquired in the examination of their cere-
bral spinal fluid (CSF). Immunological factors
that can influence the development or resolution
of CNS disease are listed in Fig. 1.1. For exam-
ple, memory B-cell frequencies in the CSF of
patients at high risk to develop Alzheimer’s dis-
ease correlate positively with amyloid burden in
the brain [5]. Others have demonstrated that B
cells from patients with multiple sclerosis (MS)
secrete factors that can cause death to oligoden-
drocytes and neurons [6]. Generalized informa-
tion regarding CSF (i.e., where it is made, how
much of it is made, chemical composition, and
the like) is available elsewhere [7].
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Changes in adhesion molecules
at the blood brain barrier

Peripheral inflammation

Fig. 1.1 Immunological factors that may influence CNS disease

An Introduction to the Immune
System

The immune system is designed to protect the
body from invasion by foreign agents such as
viruses and bacteria (pathogenic agents)
(reviewed in [8—11]). There are both nonspecific
(innate) and highly specific (adaptive) compo-
nents of the immune system. The innate immune
response is a broadly reactive component of the
immune system based on pattern recognition of
pathogenic agents. The adaptive immune
response is a specific reactive component of the
immune system based on distinct proteins
expressed by particular pathogenic agents. In
general, the innate and adaptive immune
responses work in concert to restrict the invasion
space of the pathogenic agent (innate immunity)
and either reduce its numbers or eradicate it alto-
gether (innate and adaptive immunity). The adap-
tive immune response has a second feature which
is to survey the body continually for possible
invasion by the same pathogenic agent. Upon
encounter with the same pathogenic agent a sec-
ond time, the immune response occurs much
more quickly since the adaptive immune response
has already been established against that particu-
lar pathogenic agent.

Innate immunity is the first line of defense
against pathogenic agents and is activated within
hours or days of the invasion. The innate immune
response is based on a barrier approach: anatomic
barriers such as the skin prevent pathogenic
agents from entering the body, physiological bar-
riers such as fever prevent pathogenic agents
from expansion, and phagocytic barriers include
specialized cells that engulf the pathogenic
agents and destroy them. The innate immune
response also includes the secretion of inflamma-
tory molecules that recruit cells of the adaptive
immune response to more specifically target the
invading pathogenic agent.

The adaptive immune response is particu-
larly critical in those cases where innate immu-
nity is unable to eradicate the pathogenic agent.
It is composed of T cells and B cells that
express receptors specific for distinct proteins
expressed by particular pathogenic agents. T
cells are activated by antigen-presenting cells
(APC), which are part of the innate immune
system that display peptides of the proteins
expressed by foreign agents in the context of
the MHC (major histocompatibility complex)
to the T cell. If the T cell expresses a T-cell
receptor that recognizes this peptide as pre-
sented by the APC, it will receive the necessary
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signals from the APC to become activated.
Once activated, the T cell can participate in the
immune response either by secreting cytokines
that perpetuate the response by other immune
cells to the pathogenic agent or by killing cells
that have been invaded by it. There are also
regulatory T cells that limit or suppress the
immune response.

B cells express immunoglobulins on their sur-
face that bind proteins directly. Once the
membrane-bound immunoglobulin binds to its
target, the complex is internalized which leads to
the activation of the B cell. It is important to note
that most B-cell responses require cytokines
secreted by T cells for effective activation. The B
cell undergoes a unique process of affinity matu-
ration, which is designed to improve binding of
the immunoglobulin to the specific protein. Those
B cells that accomplish this goal secrete the
immunoglobulin they express into the body.
These secreted immunoglobulins circulate
throughout the body and bind to the protein
expressed by the pathogenic agent and are thus
either neutralized or tagged for destruction by
other immune cells.

This basic overview of the immune system
was established from studies of blood and
peripheral lymphoid organs of humans. The
remaining chapter components focus on the
historic context and current understanding of
immunological elements within the central ner-
vous system.

There Are Lymphocytes in the CSF

The first indication of an immune response in a
CNS disease was described by Kabat in 1942
[12]. Here, the data inferred that immunoglob-
ulins were being synthesized in the cerebrospi-
nal fluid of patients with either neurosyphilis
or MS. This observation readily suggested that
there must be cells in the CSF that could
secrete  immunoglobulin. In the following
decade, scientists began to study the CSF for
evidence of lymphocyte infiltration, and sev-
eral scientists documented that lymphocyte
numbers were increased in the CSF of patients

with MS and other diseases [13-22]. Two labo-
ratories linked immunoglobulin synthesis and
lymphocytes in the CSF [23, 24] by demon-
strating that CSF cells could make immuno-
globulin in vitro without stimulation. This
finding was confirmed by others over the next
two decades [25-28].

The development of antibodies to identify
T-cell subsets created a gateway for several stud-
ies that demonstrated T cells were present in the
CSF of adults [17-22, 29-31] and pediatric [32]
subjects. Prior to the use of antibodies, T-cell fre-
quencies in the CSF were determined using roset-
ting techniques [29-31]. Cashman et al. (1982)
used the then new OKT (Ortho-Kung T) antibod-
ies to determine the frequency of OKT4 and
OKTS8 T cells in the CSF and blood of 40 patients
with MS and 15 patients with other neurological
diseases (OND) [33]. They found that OKT8+ T
cells were reduced in the CSF of MS patients
who had experienced an exacerbation within
14 days of CSF sampling compared to OND
patients (14.5% vs. 28.4%; p < 0.001). The con-
clusion from these studies was that during an
exacerbation, T cells leave the CSF and extrava-
sate to the brain tissue where they can participate
in the disease process.

Lymphocytes Use the CSF
as a Conduit to Get into the Brain

The journey toward understanding how lympho-
cytes extravasate from the CSF to the brain tis-
sue has taken several decades. The first
demonstration that lymphocytes travel from the
periphery to the CNS was published by Hafler
et al. in 1987 [34]. In this study, the authors
introduced a monoclonal antibody recognizing
the sheep red blood cell antigen on T cells by
injecting it into the veins of four patients with
progressive MS. Several hours to a few days
later, they collected cerebrospinal fluid from
each subject and looked for lymphocytes that
were labeled with the antibody. By 3 days post-
injection, 70% of the lymphocytes in the CSF
were labeled with the antibody, indicating their
ability to travel from the periphery to the CSF.
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Other studies suggest that many of these cells do
not survive the trip [35, 36]. Current under-
standing of immune cell trafficking from the
CSF to the brain tissue is provided in excellent
reviews [37, 38], including the use of lymphat-
ics to enter the brain tissue [39, 40], the neces-
sity of VCAMI expression on the endothelial
cells of the blood-brain barrier [41-43], and the
influence of Th17 cells on blood-brain barrier
breakdown [44].

Lymphocytes Are Highly Activated
in the CNS

Several studies have provided evidence that lym-
phocytes are present in brain tissue from patients
with various diseases of the central nervous sys-
tem. Henderson et al. demonstrated the presence of
multiple inflammatory cell subtypes in the perivas-
cular cuff of active lesions from patients with MS
[45]. Lucchinetti et al. demonstrated that lesions
could be stratified according to their immune cell
component [46, 47]. Other excellent demonstra-
tions of lymphocyte infiltration to the brain paren-
chyma have been reviewed elsewhere [48-53].

The brain offers an excellent environment for
lymphocyte activation [54-56]. Thus, evidence
of clonal expansion of T and B cells in brain tis-
sue would be expected and has been confirmed
[57-62]. Even activated astrocytes can support
germinal center maintenance and activation of
resident B cells in the CNS [63].

The Lymphocyte Profile Varies
Depending on Disease

While clonal expansion is strongly suggestive of
activation, the first evidence that CSF cells are
highly activated derived from a study by Noronha
et al. in 1980 [64]. CSF was obtained from 17 MS
patients and 21 controls. The cells were labeled to
identify those in each phase of the cell cycle.
From this analysis of CSF cells, it was evident
that MS patients had more cells in G1 than control
subjects (12.2 vs. 5.4, p <0.001). Flow cytometric

studies have been used to provide further confir-
mation that these activated CSF cells are subsets
of T cells and B cells that can contribute to the
inflammatory state of the MS brain [43, 65].

More recently, we have come to understand that
other diseases of the CNS may also present a lym-
phocyte profile indicative of disease. For example,
patients with autism demonstrate a pro-
inflammatory profile, which may be related to dis-
ease worsening [660]. In other cases, an
anti-inflammatory signature is identified with the
disease rather than a pro-inflammatory signature.
For example, the percentage of CD4+CD127(dim)
regulatory T cells was significantly higher in
patients with major psychiatric disorders (MPDs) in
comparison to controls [67]. In contrast, the pres-
ence of regulatory B cells in the CSF may indicate
improved prognosis in stroke [68]. Early detection
of lymphoma in the CSF is also aided by flow
cytometry [69], and the pro-inflammatory profile of
patients with HIV can inform about cognitive
decline [70]. Understanding the immune profile of
atypical CNS disease is a growing need [71], but it
is unlikely to be informative until we understand
how the location of the CNS damage impacts the
type of lymphocyte present and its influence on dis-
ease worsening or repair [72]. Such studies will be
critical in understanding the underlying mechanism
of the anti-MOG disorders [73-76].

Adaptive Inmune Cells in CNS
Disease

An adaptive immune response requires the acti-
vation and differentiation of T cells [77]. There
are several subtypes of T cells, all of which
express the T-cell receptor (TCR). The interac-
tion of a T cell with an antigen-presenting cell
(APC) requires the TCR to bind the antigen pre-
sented by the APC in the context of the major
histocompatibility complex (MHC) molecule.
The source of the antigen is usually a complex
protein that the APC internalized upon contact
and processed into individual peptides that fit
into the peptide groove of the MHC molecule. T
cells that recognize this MHC-antigen complex
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are activated, undergo clonal expansion, and dif-
ferentiate into one of several different T-cell sub-
types that survey the body with the purpose of
generating an immune response toward any tissue
or cell expressing the antigen by which they were
originally activated.

Helper T cells (identified by their expression
of CD4) generally mediate the initiation of an
immune response to targets expressing the acti-
vating antigen, while cytotoxic T cells (identified
by their expression of CDS8) generally mediate
destruction of the targets expressing the activat-
ing antigen. Both T-cell subtypes secrete cyto-
kines and chemokines that facilitate their optimal
response, and further T-cell subtyping can be
done using these secreted factor signatures,
which facilitate an understanding of their ability
to either antagonize or regulate an adaptive
immune response [78]. For example, regulatory
T cells are increased in the CSF of patients with
MS [79, 80]. However, much work has yet to be
done to determine the mechanism of autoimmune
suppression by regulatory T cells in the CSF.

While T cells are the dominant lymphocyte
subset in the CSF [81], there has been consider-
able debate regarding which T-cell subtype domi-
nates in CNS diseases [82]. Studies in the model
of MS, experimental autoimmune encephalomy-
elitis (EAE) perpetuated some of this debate. For
example, CD4+ T cells secreting pro-
inflammatory factors such as IFNgamma could
transfer disease in EAE, but CD4+ T cells secret-
ing anti-inflammatory factors such as IL-4 could
not [83-86]. This finding was essential in under-
standing the impact of CD4+ T cells on the
human MS disease, as early work had suggested
that the frequency of myelin-reactive T cells was
similar in both MS patients and healthy donors
[87]. However, while the myelin-reactive T cells
from the MS patients displayed a pro-
inflammatory signature, the myelin-reactive T
cells from the controls could not [88, 89]. Thus,
model and human studies in aggregate led to a
clearer understanding of how cytokine output by
T-cell subsets can impact MS. Similar approaches
should enhance our understanding of other CNS-
related diseases.

Despite the intense study of CD4+ T cells in
the pathogenesis of MS, the dominant T-cell sub-
type in human CSF and brain tissue by frequency
are the cytotoxic CD8+ T cells [62, 90, 91].
CD8+ T cells undergo extensive clonal expansion
in the CSF and brain tissue in comparison to
CD4+ T cells [62, 92], and in one case, a single
CD8+ T cell clone constituted 30% of all T cells
in the sample [62]. Karandikar et al. demon-
strated a high prevalence of CD8+ T cells in cir-
culation of MS patients and not controls that
respond to CNS autoantigens by proliferation
using an in vitro flow cytometry assay [89]. In the
EAE model, CD8+ cytotoxic T cells drive a pro-
gressive disease course [93, 94] and demonstrate
the ability to transect axons [82]. Further under-
standing of the potential role of CD8+ T cells in
MS and other CNS-related diseases will likely
reveal important targets of therapy.

B cells are a central component of the humoral
immune response within the adaptive immune
system [95]. The primary purpose of a B cell is
to produce antibodies that bind to any tissue or
cell expressing the antigen against which they
were originally produced to facilitate clearance
of the target. B cells initially express their anti-
body on the cell surface in complex with signal-
ing molecules. This receptor complex is called
the B-cell receptor (BCR). Once the BCR binds
the antigen, and the complex is internalized, the
B cell is activated, undergoes clonal expansion,
and finally differentiate to antibody-producing
cells. Unlike T cells, B cells do not require pre-
sentation of the antigen by antigen-processing
cells. Instead, B cells survey for antigen recogni-
tion directly through antigen interaction with the
surface-bound antibody. Thus, B cells can recog-
nize antigens in their native conformation rather
than restricted to recognition of antigens pro-
cessed as peptides.

Targeting B cells as a therapeutic strategy for
MS was not considered until the late 1990s when
case reports of B-cell presence and expansion in
the CSF of MS patients were reported [96, 97].
The demonstration that B:T ratios correlate with
disease progression [98] and that increases in
B-cell subtypes correlate with larger numbers of
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T2 lesions [99] also contributed to the pursuit of
using B-cell depletion therapy in MS. Clear effi-
cacy was demonstrated in the first B-cell deple-
tion therapy trials in MS [100] resulting in
FDA-approved use in the treatment of relapsing
disease, and the first FDA-approved drug in the
treatment of progressive disease. Mechanistic
understanding of B cells as a therapeutic target
emerged in tandem, demonstrating that B cells
promote T-cell pro-inflammatory activity [101,
102], clonally expanded [57, 103—-106], and often
correlated with disease type [107]. Mouse mod-
els further demonstrated a prominent role of B
cells in disease course culminating in the finding
that increasing frequencies of plasmablasts that
remain following B cell depletion drive residual
disease [108, 109].

Innate Cell Types in CNS Disease

Initiation of the immune response is mediated by
cells of the innate immune subsystem, which
include myeloid cell types (monocytes, macro-
phages, dendritic cells, and microglia in the
CNS), NK cells, and other granulocytes [50,
110]. The study of these cell types remains
largely unexplored, although both their potential
role in CNS disease propagation and protection
must be considered. For example, myeloid cells
are able to produce neurotrophic factors as well
as remove cellular debris [111]. In mouse mod-
els, in vivo activated microglia are also able to
protect neurons from apoptosis by removing
inhibitory synapses from neurons in the damaged
area [112]. Innate cell studies are less frequent in
human CNS disease. However, there have been
recent demonstrations that innate cells are
expanded in patients with stroke [113] and
patients at high risk to develop Alzheimer’s dis-
ease [5, 114]. Determining the impact these
expanded innate cell subtypes on neurodegenera-
tion and protection will certainly reveal a new
depth in understanding the mechanism(s) of CNS
disease. In this context, it is important to note that
peripheral inflammation can impact the activa-
tion state and cytokine output of microglia in the
brain [115].

Other Inflammatory Factors
in CNS Disease

The activation programming of immune cells
includes secretion of pro-inflammatory cytokines
[116] and other products such as neurotrophins
[117]. For example, Bar-Or laboratory demon-
strated that B cells from MS patients had an
increased capacity to secrete pro-inflammatory
cytokines such as lymphotoxin (LT) and tumor
necrosis factor (TNF)-alpha, while their ability to
secrete anti-inflammatory cytokines such as
IL-10 was diminished [118]. Others have demon-
strated that there is a relationship between cyto-
kine profiles (particularly CXCL13) and the
severity of cortical damage in MS [119]. Cytokine
profiles in the CSF can also reveal mechanistic
differences in the immune response of distinct
CNS diseases [120].

How This Information Changes
the Way We Approach Diseases
of the CNS

Aberrant immune responses are considered a sig-
nificant contributor to the pathogenesis of MS,
while the role of the immune system in other dis-
eases of the CNS remain in the earliest stages of
investigation. Observations made in the MS field
have allowed the research community to expand
its investigations in the neuroimmunology of
other CNS diseases, resulting in some unex-
pected findings. Of particular interest here is the
expansion of innate cells in the CSF of patients at
increased risk for Alzheimer’s disease [5, 114]
and the possible egress of regulatory B cells in
stroke [121]. Understanding the impact of bio-
logicals in consideration for therapy on cells in
the CSF [122, 123] can actually facilitate
improved use and delivery. For example, the rise
of B-cell depletion therapy in relapsing [124] and
progressive [125] forms of MS is in part attribut-
able to investigations demonstrating that B-cell
depletion therapy impacts the targeted cells in the
CSF [126, 127]. Understanding the impact of a
drug on non-target cells in the CSF [43] is also an
important consideration [128].
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Table 1.1 What we know about lymphocytes in the CSF

Mechanisms in place to enter the CNS

Highly activated and clonally expanded

Lymphocyte profile varies depending on disease
Produce both pro- and anti-inflammatory cytokines and
chemokines

T cells dominate

Innate cell subtypes can impact disease

Cytokine profiles can reveal mechanistic differences in
distinct CNS diseases

Impacted by immunomodulatory therapies delivered
peripherally

CSF cerebrospinal fluid, CNS central nervous system

Conclusion

The CSF can provide important clues regarding
the immune response in a variety of CNS dis-
eases (Table 1.1). Our goal in focusing research
efforts into these CNS diseases should be to iden-
tify cellular and humoral factors that are the best
target candidates. These immune component tar-
gets are likely to vary depending on the immune
response that either perpetuates or abrogates
inflammation associated with each individual
CNS disease. Study and translational application
of relevant murine models is critical in this con-
text. Finally, there is emerging evidence that
mapping the neuro-immunological signature
within the CSF is essential to effectively develop
beneficial therapeutic strategies without causing
undo harm.
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Key Points

1. Neural autoantibodies are markers of
autoimmune neurologic disorders, with
only a few shown to be pathogenic.
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could be a mistake.
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6. The number of neural autoantibodies
continues to grow, as does the number
of specimens tested. This presents a
challenge for both clinicians and labo-
ratories in determining which autoanti-
bodies to test, by which methods, and
whether testing should be performed
independently or in which
combinations.

Introduction

Autoimmune neurology is a rapidly evolving
field largely driven by the discovery of new auto-
antibodies (Table 2.1). Autoimmune neurologic
disorders (ANDs) are a heterogeneous group of
diseases thought to occur as a result of an aber-
rant immune response targeting the nervous sys-
tem. Patients with these disorders are frequently
identified by the detection of an autoantibody in
their serum or cerebrospinal fluid (CSF), and thus
the response is considered antigen specific.
ANDs typically present with a subacute onset
with rapid progression of symptoms that may
affect any and often multiple parts of the nervous
system. Thus, they can present with a wide array
of symptoms ranging from nonspecific flu-like
symptoms such as fever, headache, and pain to
more specific neurologic symptoms including
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seizures, cognitive issues, movement disorders, tious, metabolic, genetic, and toxic etiologies
dysautonomia, and psychiatric symptoms and that need to be ruled out in order to diagnose a
can even result in loss of consciousness or death.  patient with an AND [1].

Due to this wide array of symptoms, there are a The workup for a suspected AND includes
number of other potential causes including infec-  brain magnetic resonance imaging (MRI) and/or

Table 2.1 Neural autoantibodies and methods for their detection in the clinical laboratory

Category Specific antibody Detection methods*
TBA WB/LIA RIA ELISA CBA/IFA CBA/FACS
Intracellular antigens AGNA-1 (Sox-1) X - X - -
Amphiphysin
ANNA-1 (Hu)
ANNA-2 (Ri)
ANNA-3
CRMP-5 (CV2) (CV2)
GADG65
Ma/Ta
PCCA-1 (Yo)
PCCA-2
PCCA-Tr (DNER)
Recoverin
Titin
Zic4
Neural cell-surface antigens AMPAR
AQP4
CASPR2
DPPX
gACHR
GABAgR
LGI1
mGluR1
MOG
Myelin
NMDAR
Neuromuscular junction antigens mACHRBIN - -
MuSK - -
N-VGCC - -
PQ-VGCC - -
STR X - - X - -
VGKC - - X - - -

TBA tissue-based assay, WB Western blot, L/A line immunoblot assay, RIA radioimmunoprecipitation assay, ELISA
enzyme-linked immunosorbent assay, CBA cell-based assay, /FA indirect immunofluorescence assay, FACS fluorescence-
activated cell sorting, AGNA-I anti-glial nuclear antibody, ANNA anti-neuronal nuclear antibody, CRMP collapsing
response mediator protein, GAD glutamic acid decarboxylase, PCCA Purkinje cell cytoplasmic antibody, AMPAR
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor, AQP aquaporin, CASPR contactin-associated pro-
tein, DPPX dipeptidyl aminopeptidase-like protein, gACHR ganglionic acetylcholine receptor, GABAzR gamma-
aminobutyric acid receptor, type B, LGI! leucine-rich glioma inactivated 1 protein, mGluRI metabotropic glutamate
receptor 1, MOG myelin oligodendrocyte glycoprotein, NMDAR N-methyl-D-aspartate glutamate receptor, mnACHRBIN
muscle acetylcholine receptor binding antibody, MuSK muscle-specific tyrosine kinase, VGCC voltage-gated calcium
channel, STR striated muscle, VGKC voltage-gated potassium channel

“Table properties limited to detection methods currently available for diagnostic testing at commercial laboratories
(www.aruplab.com, www.mayocliniclaboratories.com and www.questdiagnostics.com; accessed January 1, 2019).
Other autoantibodies have been identified but testing may only be available on a research basis (e.g., GlyR, DR2,
GABA,R, IgLONS5, mGluR5, ARHGAP26) [3, 4].
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positron-emission tomography (PET) to screen
for hyperintensities or metabolic abnormalities,
respectively; electroencephalography (EEG) to
confirm or exclude seizures; CSF studies to eval-
uate for the presence of elevated levels of white
blood cells, protein and/or immunoglobulin type
G (IgG) and oligoclonal bands, as well as molec-
ular methods or culture to explore infectious
causes; and serum studies to evaluate for other
potential autoimmune causes or indications of an
autoimmune tendency and the presence of neural
autoantibodies [1]. Depending on the results of
these studies, additional testing may be per-
formed to evaluate for malignancy. The diagnos-
tic workup for various ANDs is discussed in
detail in Part III of this book.

Neural autoantibodies are commonly divided
into two categories based on the subcellular loca-
tion of the antigens targeted [2]. One group of
autoantibodies recognizes intracellular targets
including RNA-binding proteins, transcription
factors, and other nuclear and cytoplasmic pro-
teins. Paraneoplastic syndromes (PNS), ANDs
classically associated with malignancy, are most
frequently associated with autoantibodies against
intracellular targets (discussed in Chap. 16). The
second group of autoantibodies recognizes cell-
surface proteins including ion channels, water
channels, and neurotransmitter receptors.
Autoantibodies against cell-surface proteins have
been associated with a variety of disorders, with
two of the most common being autoimmune
encephalitis (Chap. 12) and autoimmune neuro-
muscular junction disease (Chap. 19). Detection
of any of these neural autoantibodies can play a
significant role in the diagnosis, prognosis, and
management of patients with ANDs.

Methods for the Detection of Neural
Autoantibodies

A variety of techniques are used to detect the
presence of neural autoantibodies. These include
the following: (1) tissue-based assays, (2)
Western blot or line immunoblot assays, (3)
immunoprecipitation assays, (4) cell-based
assays, (5) enzyme-linked immunosorbent assays

(ELISAs), and (6) primary culture-based immu-
nofluorescence assays, with this last methodol-
ogy primarily performed on a research basis
(Table 2.1, Fig. 2.1) [3, 4].

The first autoantibodies associated with PNS
were identified by incubating patient serum or
CSF with brain tissue sections and observing
autoantibodies binding to intracellular neural
proteins [4]. The majority of neural autoantibod-
ies can be screened for using this tissue-based
assay (TBA) method on sections of the cerebel-
lum and the hippocampus, with the exception of
autoantibodies against neuromuscular junction
antigens, since they are not present in these tis-
sues. However, detection by TBA must be fol-
lowed by testing using a different methodology
in order to identify the specific antigen recog-
nized by the autoantibody. Autoantibodies against
intracellular neural antigens primarily recognize
linear epitopes. Western blot or line immunoblot
assays are frequently used to identify these auto-
antibodies. In contrast, autoantibodies against
cell-surface or synaptic neural antigens primarily
recognize conformational epitopes. Thus, differ-
ent methodologies are preferred for the detection
of these autoantibodies. Cell-based assays
(CBAs) are the method of choice for autoanti-
bodies against cell-surface receptors, and radio-
immunoprecipitation assays (RIAs) are preferred
for the detection of autoantibodies against many
of the synaptic receptors.

Tissue-Based Assays

TBAs for the detection of neural autoantibodies
using indirect immunofluorescence assay (IFA)
or immunohistochemistry (IHC) are performed
by incubating patient serum or CSF on sections
of primate or rodent neural tissue(s), bound auto-
antibodies are detected with a fluorescent- or
enzyme-conjugated anti-human IgG secondary
antibody, and the presence and pattern of bound
autoantibodies are determined by microscopy
(Fig. 2.1a). An important consideration for the
optimal detection of neural autoantibodies is the
region of the brain used and preparation of the
tissue sections with regard to pretreatment and
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Fig. 2.1 Overview of methods for the detection of neural
autoantibodies. (a) Tissue-based assays are performed
using sections of primate or rodent neural tissue(s), patient
serum or CSF is added; bound autoantibodies are detected
with a fluorescent- or enzyme-conjugated anti-human IgG
secondary antibody; substrate is added to induce a color
change when an enzyme-conjugated antibody is used; and
the presence and pattern of bound autoantibodies is deter-
mined by microscopy. (b) Western blot or line immunob-
lot assays are performed using strips of membrane
containing neural proteins, patient serum or CSF is added,
bound autoantibodies are detected using an enzyme-
conjugated antibody against human IgG, which after addi-
tion of the substrate are visualized as a change in color at
a specific position on the strip. (¢) Enzyme-linked immu-
nosorbent assays are performed using plastic wells coated

with neural proteins, patient serum or CSF is added,
bound autoantibodies are detected by addition of biotin-
conjugated protein of interest, which after addition of
enzyme-conjugated streptavidin and substrate are visual-
ized as a change in color measured by spectrophotometry.
(d) Cell-based assays are performed using cells express-
ing the neural antigen and/or receptor of interest, patient
serum or CSF is added, bound autoantibodies are detected
using a fluorochrome-conjugated antibody against human
IgG, which are visualized by either microscopy or flow
cytometry. (e) Radioimmununoprecipitation assays are
performed using radioactively labeled proteins, patient
serum or CSF is added, bound autoantibodies are precipi-
tated with an anti-human IgG secondary antibody, radio-
activity in pelleted immune complexes is measured with a
gamma counter
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fixation, which differs between intracellular and
cell-surface antigens [4, 5]. Primate cerebellum
snap-frozen, sectioned using a cryostat and fixed
with paraformaldehyde or acetone is the pre-
ferred substrate for the detection of autoantibod-
ies against intracellular neural antigens. Whereas,
rat hippocampus fixed with paraformaldehyde,
cryoprotected in sucrose, snap-frozen, and
sectioned using a cryostat is the preferred sub-
strate for the detection of autoantibodies against
cell-surface or synaptic neural antigens.

A major advantage of TBAs is that a large
number of neural antigens are available and
accessible in the tissue sections. Thus, TBAs can
be used to screen for a wide variety of neural
autoantibodies at the same time and to discover
new autoantibodies. Indeed, many neural autoan-
tibodies have been discovered using this method-
ology. A major disadvantage is that it takes
significant training to become proficient at identi-
fying all of the possible patterns [5]. Additional
disadvantages include the fact that autoantibod-
ies against different antigens can produce similar
patterns of staining, so additional testing must be
performed to confirm the specificity of the auto-
antibodies. It can also be difficult to identify
coexisting autoantibodies using this method.
Many of these autoantibodies are very rare mak-
ing it difficult to obtain positive specimens for
validating assays, functioning as controls for the
assay, training new staff, and maintaining compe-
tency and proficiency. TBAs are also time con-
suming, labor intensive, lack standardization, and
can be subjective [4].

Detection of autoantibodies using TBAs can
be performed individually or using mosaics of
biochips containing various brain or other tissue
sections [6—8]. This technology consolidates the
ability to screen for multiple neural autoantibod-
ies and identification/confirmation of some of
their specific targets into a single assay. An
important consideration when using this approach
is whether positive controls for all autoantibodies
to be reported are tested on every run [4].

Western Blot or Line Immunoblot
Assays

Western blot (WB) or line immunoblot assays
(LIAs) are the preferred method for confirming
the presence of autoantibodies against intracellu-
lar targets. These methods are performed using
lysates or proteins purified from extracts of brain
tissue or cells expressing the proteins of interest,
which are either run on a polyacrylamide gel
and transferred to a membrane in the case of
WBs or printed directly on a membrane in the
case of LIAs. The membranes are cut into strips,
incubated with patient serum or CSF and bound
autoantibodies are detected using an enzyme-
conjugated antibody against human IgG, which
after addition of the substrate are visualized as a
change in color at a specific position on the strip
(Fig. 2.1b). Advantages of this methodology are
that multiple autoantibodies can be tested for
simultaneously, the testing can be automated and
the results are more specific than those obtained
by TBAs because specific antigens are present at
particular  locations on the membrane.
Disadvantages of this method are that purifica-
tion of the proteins often affects their conforma-
tion and/or interactions with other proteins,
which can lead to false-negative results if the
autoantibodies in the patient serum recognize
conformational epitopes. This method also suf-
fers from the same problem as TBAs with regard
to difficulty in obtaining samples containing rare
autoantibodies in order to validate the assay,
serve as controls for performance of the assay,
train laboratory staff, and maintain competency
and proficiency. In addition, clinical significance
of an immunoblot positive but TBA negative
result is uncertain.

WB of brain tissue extracts allows for the
detection of multiple autoantibodies. However,
this advantage is off-set by the possibility of
more than one antigen occupying the same loca-
tion on the membrane. This problem is solved
using LIAs where antigens are placed at specific
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locations. Thus, LIA does not offer the advantage
of examining the entire repertoire of proteins
observed by WB, as it is limited to the number of
proteins selected for inclusion on the membrane.

Enzyme-Linked Immunosorbent
Assays

ELISAs can be used to identify autoantibodies
against intracellular antigens as well as select
cell-surface or synaptic receptors. Similar to
immunoblots, this method is performed using
protein extracts but instead of using a membrane,
the antigens are coated on the wells of a 96-well
plate, and bound autoantibodies are detected
using spectrophotometry. Several ELISAs used
to detect neural autoantibodies use a variation of
the technique, where autoantibodies present in
patient serum or CSF form a bridge between anti-
gen coated on the plate and biotinylated-antigen,
which after addition of streptavidin peroxidase
and substrate are detected using a spectropho-
tometer (Fig. 2.1c). In bridge ELISA testing, the
detection method is not a secondary antigen
against human IgG. Therefore, these assays are
not antibody isotype specific. This can result in
detection of autoantibodies of the IgA and/or
IgM isotypes in addition to IgG autoantibodies.
The clinical relevance of IgA or IgM autoanti-
bodies is currently uncertain [9, 10]. In contrast
to an immunoblot, ELISAs typically only test for
autoantibodies against one target at a time, which
can be considered a disadvantage of this method.
Advantages of ELISA include increased sensitiv-
ity and specificity, decreased subjectivity com-
pared to TBAs, and it is a high-throughput
method that can be performed in many laborato-
ries and can be automated. ELISAs can suffer a
similar disadvantage to immunoblots in that the
antigens may not be in their native conformation
as a result of the purification process, which can
lead to false-negative results. ELISAs can also
yield false-positive results as a result of nonspe-
cific binding due to the antibodies themselves
binding to the plate or to the presence of hetero-
phile antibodies [3]. In addition, some ELISAs,
such as those used for the detection of autoanti-

bodies against aquaporin 4 (AQP4) and glutamic
acid decarboxylase (GADG65) antibodies, evalu-
ate serum directly, whereas most methodologies
dilute serum prior to testing in order to reduce
background signal. Taken together, the lack of
isotype specificity and the use of undiluted serum
may explain differences in correlation with dis-
ease and/or other methodologies, especially for
sera found to have low positive results by ELISA.

Cell-Based Assays

CBAs are the preferred method for detecting
autoantibodies against cell-surface antigens and
some synaptic receptors. They are performed
using cells transfected with the antigen and/or
receptor of interest. Transfected cells are incu-
bated with patient serum or CSF, and bound auto-
antibodies are detected using a fluorescently
conjugated antibody against human IgG and
evaluated either by microscopy or flow cytometry
(Fig. 2.1d). Advantages of this method include
that the antigens are in their native conformation
and that the results are more specific than TBAs
because the cells are transfected with a single
antigen of interest. Thus, interpretation is less
subjective than TBAs and requires less training to
become proficient. Disadvantages include that
only autoantibodies against the antigen expressed
by the cells are detected. Thus, this method can-
not be used for the discovery of new
autoantibodies.

Both live and fixed CBAs have been used for
the detection of autoantibodies against cell-
surface antigens. Commercially available CBAs
use fixed cells out of necessity. Use of live cells
requires continuous culturing of cells and the
generation and maintenance of transfected cell
lines. An important difference between assays
using live cells instead of fixed cells is that anti-
bodies only have access to targets on the surface
of the cells. Fixation of cells can lead to permea-
bilization of the cell membrane, which can allow
antibodies access to antigens inside the cell in
addition to those on the cell surface. Fixation can
also alter the presentation or accessibility of anti-
gens, so the antigens present on live cells may be
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present in a more native form than those of fixed
cells. Difference in performance between fixed
and live CBAs varies among antigens, with live
cells showing slightly better sensitivity for some
autoantibodies, whereas fixed cells demonstrate
higher sensitivity for others such as N-methyl-D-
aspartate glutamate receptor (NMDAR) [11].
However, it is important to consider the number
of clinically defined patient specimens used to
make these comparisons. Differences in the
results for a single specimen can appear to have a
considerable effect on sensitivity or specificity
when few clinically defined specimens are
included in the analysis, as is frequently the case
for these rare autoantibodies.

Detection of autoantibodies using fixed CBAs
evaluated by IFA can be performed individually
or using mosaics of biochips containing various
transfected cells expressing different neural anti-
gens, brain and/or other tissue sections [6-8].
This technology consolidates the ability to screen
for multiple neural autoantibodies and identifica-
tion/confirmation of some of their specific targets
into a single assay. An important consideration
when using this approach is whether positive
controls for all autoantibodies to be reported are
tested on every run. Multiplexing of CBA using
mosaics can present a challenge with regard to
manual reading and interpretation. As the number
of biochips included in the mosaic increases so
does the risk of confusing which biochip is being
observed. Automation can aid in this process, but
additional process controls should be incorpo-
rated to ensure the accuracy of results.

Detection of autoantibodies using live cell
CBAs evaluated by flow cytometry decreases the
subjectivity in visual interpretation commonly
observed in CBA/IFA assays [5]. This method is
gaining in popularity, but it is currently only
available for diagnostic testing of a few neural
autoantibodies (Table 2.1).

Immunoprecipitation Assays
RIAs are the preferred method for detecting many

of the autoantibodies against synaptic targets.
RIA is performed using either iodine-125 radio-

actively labeled recombinant proteins or lysates
of brain, muscle or cells expressing the antigen of
interest that have been incubated with radioac-
tively labeled toxins with high affinity for specific
synaptic receptors. Patient serum or CSF is incu-
bated with the radioactively labeled proteins or
lysates containing the radioactively labeled recep-
tors, unbound antibodies are washed away, and
then anti-human IgG or protein A or G sepharose
is added to form immune complexes and facilitate
precipitation of the antigen/autoantibody com-
plexes. Presence of autoantibodies is measured by
the detection of radioactivity using a gamma
counter, and quantitation is based on comparison
to a standard curve or directly based on the spe-
cific activity of the radioactive ligand (Fig. 2.1e).
Advantages of this method include that the anti-
gens are in their native conformation and that the
method is very sensitive due to the use of radioac-
tivity. However, use of radioactivity is also a dis-
advantage because it poses a health hazard to
laboratory personnel and requires a license for use
and proper disposal [4]. Another disadvantage of
this method is that it is possible to precipitate
entire immune complexes, which then requires
additional testing to confirm the specificity of the
autoantibody [5]. This is the case for immunopre-
cipitation of the voltage-gated potassium channel
(VGKC) complex, which is then followed by
CBA to evaluate whether the reactivity is specific
for leucine-rich glioma inactivated 1 protein
(LGI1), contactin-associated protein 2 (CASPR?2),
or other proteins in the complex.

Primary Neuronal Cell Cultures

Primary cell culture-based IFA is performed by
isolating cells from specific parts of the brain and
culturing them for 2-3 weeks before using them
to detect autoantibodies. Thus, this method is pri-
marily used on a research basis. Patient serum or
CSF is incubated with live neurons, and bound
autoantibodies are detected using a fluorescently
conjugated antibody against human IgG and
visualized by microscopy. Autoantibodies to a
variety of extracellular antigens can be detected
using this method, but the staining patterns pro-
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duced are often indistinguishable requiring the
use of additional methods to determine the spe-
cific targets. Important considerations when
interpreting the results are the presence and level
of expression of the antigen of interest at the time
of testing and that the binding of antibodies
against some cell-surface proteins can alter their
localization. This second point is relevant for
both autoantibodies that may be present in patient
serum or CSF and purified antigen-specific anti-
bodies used as controls or in co-localization stud-
ies performed to evaluate the specificity of the
autoantibodies [4, 5].

Specimen Type (Serum or CSF)

In addition to considering which methodology to
use when testing for neural autoantibodies,
another important consideration is specimen
type. Some autoantibodies may only be present
in one body fluid due to the location of their anti-
genic target, for example, autoantibodies against
the muscle acetylcholine receptor (mAChR) are
primarily only detected in serum. Alternatively,
intrathecally synthesized autoantibodies may
only be detectable in CSF (e.g., NMDAR autoan-
tibodies) [4, 12]. Advantages of using serum
include that its collection is less invasive making
it more suitable for serial testing in monitoring
response to treatment, and autoantibodies are
often present at higher titers in serum. However,
serum contains other proteins and non-neural
autoantibodies that can cause high background or
nonspecific binding resulting in false-positive
results. Advantages of testing CSF include that it
contains less extraneous proteins, so fewer false
positives are observed due to nonspecific bind-
ing. CSF can be more sensitive and specific for
the detection of neural cell-surface autoantibod-
ies, and if the neural autoantibodies are being
produced intrathecally, serum may be negative.
Disadvantages to testing CSF include that its col-
lection is more invasive and that autoantibodies
are often present at low titers, if at all, which can
lead to false-negative results. For example, CSF
has been reported to be less sensitive than serum

for the detection of AQP4 and LGI1 [4, 7]. Thus
in some cases it may be important to test both
serum and CSF, specifically in the setting of sus-
pected LGI1 autoimmune encephalitis [13].

Sensitivity and Specificity

Widely divergent figures of the combined sensi-
tivity for the known neural autoantibodies have
been published [14, 15]. Discussion of this large
group of heterogeneous surrogate biomarkers of
disease and/or pathogenic autoantibodies is com-
plicated by autoantibody presence being the
defining characteristic in certain ANDs.
Inconsistent laboratory findings in a setting of
multiple autoantibody-associated disorders, with
similar clinical presentation, add to the confu-
sion. In addition, autoantibodies are not detected
in all patients with clinically defined encephalitis
suggestive of an autoimmune etiology [3]. This is
in part due to the ongoing identification of addi-
tional antigenic targets and differing composition
of autoantibody panels performed at different ref-
erence laboratories. In one single-center 1-year
retrospective cohort, a combined sensitivity for
paraneoplastic autoantibodies of 34% was esti-
mated [14]. Whereas, in another multiyear retro-
spective study an estimated combined sensitivity
between 60% and 80% was reported for clini-
cally defined autoimmune encephalitis patients
[15]. An important consideration when evaluat-
ing sensitivity of specific methods are the species
and/or the region(s) of the brain from which the
tissues or proteins are derived. Lack of detection
of neural autoantibodies may be due to absence
of epitopes/antigenic targets due interspecies dif-
ferences [5].

Neural autoantibodies are rarely detected in
serum from non-encephalitis disease control or
healthy individuals. False-positive rates vary by
methodology, isotype of secondary detection
antibody used (polyclonal, IgG only, IgG1), and
autoantibody of interest (NMDAR IgA, IgM, and
IgG polyclonal detection by CBA has approxi-
mately a 10% false-positive rate) [6, 14, 16].
Interestingly, autoantibodies associated with
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classical PNS can be detected at an elevated fre-
quency in patients with particular malignancies
(approximately 20% of small cell lung cancer
patients have Hu autoantibodies), yet very few of
these patients develop neurologic symptoms
(<0.01%) [3, 17].

Important considerations when evaluating
sensitivity and specificity include the cut-offs
used, how they were generated, and whether the
results reported are qualitative or quantitative.
Interpretation of low-titer antibody results can be
challenging since some autoantibodies such as
those against the VGKC complex and GAD65
have been found at low levels in patients without
neurologic disease, but these have also been
shown to be clinically relevant as is the case for
patients with low level VGKC complex results
but high LGI1 or CASPR2 results [1]. Low titer
results can also be seen in the setting of immuno-
therapy as some antibody levels may decrease in
response to therapy. It is important to note that
the majority of information regarding sensitivity
and specificity of assays to detect neural autoan-
tibodies is based on testing of serum. Data are
lacking for sensitivity and specificity for detec-
tion of neural autoantibodies in CSF.

Challenges Related to Detection
of Neural Autoantibodies

Current challenges for the detection of autoanti-
bodies associated with ANDs include that testing
is very segmented in some countries with only
certain labs able to perform testing for certain
autoantibodies due to intellectual property
restrictions. Many neural autoantibodies are
very rare creating difficulty in obtaining positive
samples for validation, training, competency,
proficiency, and to function as controls when
performing the assays. This is complicated by
the fact that detection of staining patterns associ-
ated with neural autoantibodies requires signifi-
cant training to become proficient and that
overlap of symptoms between patients with mul-
tiple autoantibodies makes it difficult to deter-
mine the sensitivity of an assay since the diseases

are defined by the presence of the autoantibody.
Another challenge is that the number of autoan-
tibodies associated with ANDs is continuing to
grow, as is the availability of commercial assays
to detect them, but the thorough characterization
required to establish clinical context and preva-
lence often lags due to the rarity of positive
patients.

Introduction to the Role of Neural
Autoantibodies in Pathogenesis

Although clear associations between autoanti-
bodies and ANDs have been demonstrated, it is
less clear whether these autoantibodies play a
role in the pathogenesis of the diseases or are
simply markers of the disease process, since
only a few have actually been shown to cause
disease. Distinction between neural autoanti-
bodies based on the subcellular location of their
antigenic targets is also relevant in discussions
on the pathogenic role of these autoantibodies.
The three main groups include autoantibodies
that target intracellular nuclear and cytoplasmic
antigens, autoantibodies that target intracellular
synaptic antigens, and autoantibodies that target
cell-surface and synaptic antigens (Fig. 2.2).
Evidence for the pathogenicity of the autoanti-
bodies is based on data from in vitro studies,
animal models, and biopsy and autopsy tissue
studies, as well as the responsiveness of patients
positive for these autoantibodies to immuno-
therapy [18].

Autoantibodies to intracellular nuclear or
cytoplasmic targets have limited access to their
target antigens and are therefore considered not
to be directly pathogenic. Instead, they are
thought to be biomarkers of a T-cell-mediated
response against their corresponding neuronal
target antigen [2]. Evidence exists that autoan-
tibodies to intracellular cytoplasmic or nuclear
targets present in the CNS, may be synthesized
intrathecally, can be taken up by neurons and in
some cases lead to neuronal cell death in vitro
[19-21]. However, animal models involving
passive transfer of these autoantibodies or
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Cytoplasmic Ags
PCCA-1 (Yo)
PCCA-2

PCCA-Tr (DNER)
CRMP-5(CV2)

Nuclear Ags
ANNA-1 (Hu)
ANNA-2 (Ri)
ANNA-3
Ma/Ta

Zic4

Intracellular
synaptic Ags
Amphiphysin
GAD65

Fig. 2.2 Depiction of the subcellular location of the anti-
genic targets of neural autoantibodies and the relationship
between location and the pathogenic role of these autoan-
tibodies. Three main groups of neural autoantibodies
include autoantibodies that target intracellular nuclear and
cytoplasmic antigens, autoantibodies that target intracel-
lular synaptic antigens, and autoantibodies that target cell-
surface and synaptic antigens. Autoantibodies to
intracellular nuclear or cytoplasmic targets have limited
access to their target antigens and are therefore not con-
sidered directly pathogenic. In contrast, autoantibodies to
intracellular synaptic targets are proposed to have access
to their target antigens during fusion and reuptake of syn-
aptic vesicles, and thus maybe directly pathogenic.
Autoantibodies against cell surface and neuromuscular
junction have direct access to their antigenic targets and
are considered to be directly pathogenic. The majority of
the targets of neural autoantibodies are expressed in neu-
rons, but AQP4 and MOG are expressed on the cell sur-

immunization with their corresponding target
antigens have failed to confirm a pathogenic
role for these autoantibodies in vivo [22, 23].
Evidence for a T-cell-mediated response against
intracellular nuclear or cytoplasmic neuronal
antigens includes the detection of neuronal
antigen-specific T-cell responses in patients
with paraneoplastic encephalomyelitis, the

Cell surface Ags

AMPAR CASPR2*
GABA-BR  LGI1*
NMDAR DPPX
mGIuR1 gAChR

Neuromuscular
junction Ags
mAChR

MuSK

N-VGCC
P/Q-VGCC
VGKC*

face of astrocytes and oligodendrocytes, respectively.
* = antigens expressed both on the neuronal cell surface
and in the neuromuscular junction. AGNA-1 anti-glial
nuclear antibody, AMPAR alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate receptor, ANNA anti-
neuronal nuclear antibody, AQP4 aquaporin 4, CASPR2

contactin-associated protein 2, CRMPS5 collapsing
response mediator protein 5, DPPX dipeptidyl
aminopeptidase-like  protein, GABAgR  gamma-

aminobutyric acid receptor, type B, GAD glutamic acid
decarboxylase, gAChR ganglionic acetylcholine receptor,
LGII leucine-rich glioma inactivated 1 protein, mGluR
metabotropic glutamate receptor, MOG myelin oligoden-
drocyte glycoprotein, mAChR muscle acetylcholine
receptor, MuSK muscle-specific tyrosine kinase, NMDAR
N-methyl-D-aspartate glutamate receptor, PCCA Purkinje
cell cytoplasmic antibody, VGCC voltage-gated calcium
channel, VGKC voltage-gated potassium channel

presence of more T cells than B cells in their
brain and peripheral nerve tissues, expression
of a marker of cytotoxic effector T-cell func-
tion, granzyme B, in close proximity to neurons
in areas with evidence of neuronal cell loss [19,
24, 25].

Intracellular synaptic targets such as GAD65
and amphiphysin may be targeted by both T cells
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and autoantibodies. In contrast to the antigenic
targets discussed in the previous section, autoan-
tibodies have access to these antigens during
fusion and reuptake of synaptic vesicles [16]. A
direct pathogenic role for this group of autoanti-
bodies was demonstrated by intrathecal injection
of anti-amphiphysin into rats resulting in stiff
person syndrome-like symptoms [26]. Evidence
for a T-cell-mediated response against intracellu-
lar synaptic antigens includes development of
encephalomyelitis in immunized mice producing
GADG65-specific T cells and development of neu-
rologic symptoms upon transfer of these GAD65-
specific T cells to naive mice or mice lacking B
cells [2, 27].

Autoantibodies against cell-surface receptors
are thought to play a more direct role in patho-
genesis through agonistic or antagonistic effects
on the receptors, disrupting the function of the
receptors either by causing them to be internal-
ized or preventing their ligands from binding to
them, or potentially leading to cytotoxicity due to
antibody- and/or complement-mediated mecha-
nisms [18, 25]. These pathogenic effects of cell-
surface neural autoantibodies have been
demonstrated both in vitro and in vivo using pas-
sive transfer of patient IgG into mice [28, 29].
Reports that this neural dysfunction is frequently
reversible upon removal of the autoantibodies
and many patients often experience complete
recovery in response to immunotherapy suggests
that autoantibodies play a direct pathogenic role
[18]. Additional support for a pathogenic role is
that autoantibodies against some neural cell-
surface receptors produce effects similar to
genetic or pharmacologic disruption of the recep-
tors [2].

In PNS, pathogenesis is thought to be due to
an immune response against a neural protein that
is aberrantly expressed on a tumor, leading to
activation and expansion of autoreactive T and B
cells, and production of autoantibodies [17].
When these immune agents gain access to the
nervous system, they can cause damage leading
to neurologic symptoms. However, tumors are
detected in less than a third of patients with

ANDs at the onset of neurologic symptoms and
autoantibody detection, which begs the question
of what triggers autoantibody production in these
patients. Current hypotheses include an infec-
tious trigger and multiple recent publications
have drawn a link between herpes simplex
encephalitis and NMDA receptor encephalitis
(discussed further in Chap. 25) [9]. Another pos-
sibility is that a tumor is not detected because the
immune response is effective in fighting the
malignancy [17]. It also remains to be deter-
mined, how chronicity is established or how
relapses are triggered in the case of idiopathic
AND [29].

Additional questions about the role of autoan-
tibodies in the pathogenesis of ANDs include the
following: why there is diversity in clinical pre-
sentations associated with a particular autoanti-
body and how specificity of symptoms occurs
despite widespread expression? Potential expla-
nations include heterogeneity in the antibody
response with respect to subtype of IgG and
epitope(s), post-translational modifications or
conformational changes specific to particular
regions of the brain, and the presence of co-
existing autoantibodies [2, 17, 18].

Conclusion

The number of autoantibodies associated with
ANDs continues to grow, as does the number of
specimens being tested. Clinical laboratories are
faced with the challenge of determining how
many and which assays to offer, by which meth-
ods and in which combinations. Clinicians are
faced with deciding which tests or panels of tests
to use in the assessment for neural autoantibodies
in their patients. Despite uncertainty about the
role of autoantibodies in the pathogenesis of
ANDs, they can play a significant role in diagno-
sis and treatment. Thus, it is important for clini-
cians to be aware of the limitations of the various
methods for detecting autoantibodies and to note
that failure to detect a neural autoantibody does
not rule out diagnosis of an AND.
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Key Points
1. Because of its high sensitivity to detect

white matter hyperintensities on
T2-weighted images, magnetic reso-
nance imaging (MRI) plays a central
role in diagnosing and monitoring dis-
ease activity in multiple sclerosis (MS).
MS plaques have a typical appearance
on MRI (i.e., location, size, and mor-
phology), which helps distinguish MS
from other conditions. MRI can facili-
tate an earlier diagnosis of MS, often at
first clinical presentation, by demon-
strating dissemination in space and time
within the central nervous system
(CNS), the central tenet of MS
Diagnostic Criteria.

. MS misdiagnosis is common when MRI
criteria are not applied in the appropri-
ate clinical context, particularly when
the clinical presentation and/or MRI
appearance is atypical or nonspecific.
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Detection of central veins within white
matter lesions and/or demonstration of
cortical lesions may increase the speci-
ficity of MRI for MS and are active
areas of research currently.

. Neurodegeneration is a fundamental

component of MS pathology. Whole
brain volume decline on MRI can be
measured reproducibly, is clinically rel-
evant and modifiable with several avail-
able disease-modifying therapies, and
has good face validity as a surrogate
marker of neurodegeneration. There is
also a high degree of interest in several
regional volumes as MRI surrogate
markers of neurodegeneration, includ-
ing thalamus, other deep gray matter
structures, and spinal cord.

. Positron emission tomography (PET) is

a promising clinical research tool that
can offer a high degree of pathologic
specificity and can complement MRI to
better understand MS pathology. PET
can study aspects of the disease which
are “MRI invisible,” such as microglial
activation, or to which MRI is relatively
insensitive, such as remyelination.
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Introduction

Over the past few decades, magnetic resonance
imaging (MRI) has evolved to play an essential
role in the diagnosis and management of neuro-
immunological diseases, including multiple scle-
rosis (MS), and has furthered our basic
understanding of MS substantially. This chapter
discusses MRI as a tool to diagnose and monitor
MS, and to distinguish MS from other neurologic
conditions. Volumetric MRI and positron emis-
sion tomography (PET) imaging are highlighted
as specific areas of interest that are currently
within the realm of MS clinical research, but may
have applications for clinical care in the future.

The Role of MRI in the Diagnosis
of MS

Despite having undergone multiple revisions, the
central tenet of the diagnosis of MS has remained
unchanged, that is, dissemination in space and
time (DIS and DIT, respectively) within the cen-
tral nervous system (CNS). Each iteration of the
Diagnostic Criteria for MS, including the current
2010 Criteria [1] and the recently proposed 2017
revisions [2], has allowed the diagnosis of clini-
cally definite MS to be made following two sepa-
rate clinical events that demonstrate both DIS
and DIT. MRI was first incorporated into the
Diagnostic Criteria in 2001 [3] to facilitate earlier
diagnosis at the time of the initial clinical presen-
tation, that is, clinically isolated syndrome (CIS).

MRI is highly sensitive to visualize white
matter (WM) signal abnormalities on
T2-weighted images, and the characteristic
appearance of demyelinating lesions has become
well recognized. Typical demyelinating lesions
are hyperintense on T2-weighted images, are
round or ovoid in shape, are at least 3 mm in size
(in-plane), and occur in characteristic locations
within the CNS [4]. Because of the location of
venules within the brain, classic periventricular
demyelinating lesions are oriented perpendicu-
larly to the long axis of the ventricles (so-called
Dawson’s fingers; Fig. 3.1a, b). If demyelination
involves the subcortical U-fibers, the lesions

appear juxtacortical on MRI, which abut the cor-
tex but respect the gray-white border (Fig. 3.1c).
Demyelination often occurs in the infratento-
rium, commonly in the spinal cord, brainstem,
middle cerebellar peduncle, or the deep WM of
the cerebellum (Fig. 3.1d, f-h).

Contrast-enhanced MRI can be useful in dif-
ferentiating acute or “active” lesions from chronic
or “inactive” lesions [5] (Fig. 3.le, h). Acute
inflammation leads to breakdown of the blood-
brain barrier, allowing leakage of the paramag-
netic contrast agent gadolinium into the brain
parenchyma. Most acute MS lesions enhance for
2-4 weeks [6, 7], though this time window is
dependent on the dose and timing of contrast
administration, particularly the delay in acquisi-
tion of the post-contrast images following gado-
linium injection. Most MS lesions enhance in
either a nodular or ring pattern, though dynamic
imaging has shown that both patterns can be seen
in the same lesion depending on when the image
is acquired [8]. Initially, contrast extravasates
from the inflamed central vein, spreads centrifu-
gally outward, and will be seen as nodular
enhancement. However, in more established
acute lesions, the leakage of contrast occurs at
the inflamed margins of the lesions, resulting in
ring enhancement, which spreads centripetally
over minutes [9]. Periventricular or juxtacortical
white matter lesions may enhance in an “open
ring” fashion, with the open portion of the ring
facing either the ventricle or the cortex [9].
Persistent enhancement beyond 6 weeks is
uncommon in MS and should prompt consider-
ation of other etiologies, such as malignancy or
sarcoidosis.

In the 2010 Criteria [1], DIS can be demon-
strated by >1 T2 lesion in >2 of the four typical
locations for MS (periventricular, juxtacortical,
infratentorial, and spinal cord; Fig. 3.1). DIT can
be demonstrated by a new T2 lesion on any fol-
low-up scan, irrespective of its timing, or by the
simultaneous presence of gadolinium-enhancing
and non-enhancing lesions on a single scan. From
an MRI perspective, the proposed 2017 revisions
to the Diagnostic Criteria [2] are largely similar,
but with some important modifications. Whereas
the 2010 Criteria did not allow the symptomatic



3 Neuroimaging Modalities in Neuroimmunology

Fig. 3.1 Brain and spinal cord MRIs demonstrating typi-
cal demyelinating lesions from a patient with MS. (a)
Ovoid, periventricular lesions oriented perpendicularly to
the long axis of the lateral ventricles on axial FLAIR. (b)
The same periventricular lesions from Panel A are seen in
the sagittal plane, oriented perpendicularly to the ventricle
and involving the corpus callosum, classically described
as “Dawson’s fingers.” (c¢) Typical juxtacortical lesions
(arrows) involving the subcortical U-fibers, abutting the
cortex and respecting the gray-white border. (d)

Demyelinating lesions in the pons and middle cerebellar
peduncle, typical for infratentorial location. (e) An acute
demyelinating lesion showing ring enhancement on post-
contrast T1-weighted image. (f) Demyelinating lesion in
the cervical spinal cord on sagittal T2-weighted image,
which is located, (g) in a typical dorsolateral position in
the spinal cord on axial T2. (h) After gadolinium adminis-
tration, this lesion demonstrates enhancement on post-
contrast T1-weighted sagittal image
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lesion to be included in the lesion count to satisfy
DIS, the 2017 revisions no longer distinguish
between symptomatic and asymptomatic lesions.
Perhaps the biggest proposed revision is that, for
the first time, lesions in the optic nerve and/or
cortical lesions, if present, can be used to demon-
strate DIS. As with previous revisions, the 2017
Criteria aim to facilitate an earlier diagnosis of
MS, which they may achieve with increased sen-
sitivity, but reduced specificity for a second
attack [10]. However, there are some important
caveats in the real-world application of the pro-
posed 2017 MRI Criteria, with particular caution
advised regarding cortical lesions. Cortical
lesions are not routinely seen using standard clin-
ical MRI protocols, and early attempts to detect
cortical lesions such as double inversion recovery
(DIR) are highly artifact-prone and suffer from
poor sensitivity, specificity, and interobserver
agreement [11-13]. Efforts to visualize cortical
lesions are ongoing in the field and will be of
interest (see “Cortical Lesion Detection”).

Increasing the Specificity of MRI
for CNS Demyelination

It is of fundamental importance to understand
that each version of the Diagnostic Criteria for
MS, including the MRI Criteria, has been devised
to facilitate an early MS diagnosis by demon-
strating DIS and DIT in patients who present
with a clinical syndrome that is typical of CNS
demyelination. Current and historic MRI criteria
were not created to differentiate MS from other
(non-MS) conditions, nor were they designed to
be applied in clinical scenarios in which the
symptoms and/or MRI lesions are atypical for
CNS demyelinating disease. Although MRI is
highly sensitive to detect white matter abnormali-
ties, it is inherently nonspecific pathologically.
T2-hyperintensity can result from any process
that increases the water content of the tissue and
therefore may reflect not only demyelination, but
also inflammation, edema, gliosis, or any combi-
nation thereof. In recent years, an emerging lit-
erature focused on MS misdiagnosis has found
that the misinterpretation of MRI findings is a

common cause of misdiagnosis, particularly
when the clinical presentation is nonspecific or
atypical [14]. Entities commonly misdiagnosed
as MS include migraine, nonspecific symptoms
with abnormal MRI, fibromyalgia, and conver-
sion or psychogenic disorders [15]. This under-
scores the need to develop and incorporate MRI
techniques with improved specificity for demye-
lination into routine clinical care, which is an
area of high interest in the field currently.

Radiologically Isolated Syndrome

Occasionally, typical demyelinating lesions may
be demonstrated incidentally on MRI obtained
for an unrelated indication, such as headache or
trauma. When there are no clinical symptoms or
signs of MS but MRI demonstrates demyelinating-
appearing lesions that meet 2005 DIS Criteria
without alternate explanation, radiologically iso-
lated syndrome (RIS) may be diagnosed [16].
Observational studies suggest that over a period
of 5 years, roughly 1/3 of RIS patients will
develop clinical symptoms and therefore fulfill
Criteria for CIS/RRMS or PPMS [17, 18] sug-
gesting that RIS is a pre-symptomatic stage of
MS for many patients. However, because of the
lack of typical clinical symptoms that would
ordinarily provide specificity for CNS demyelin-
ation (e.g., optic neuritis, partial myelitis, or
brainstem syndrome), diagnosing RIS requires
extreme caution. Nonspecific T2 WM changes
are common, and RIS may be misdiagnosed if
MRI criteria for DIS are inappropriately applied,
which is especially concerning if treatment is ini-
tiated. RIS is a poignant example of the need to
develop techniques that can increase the specific-
ity of MRI for CNS demyelination.

Central Vein Imaging

Central vein imaging is a promising technique to
increase the specificity of MRI and was the topic
of a recent Consensus Statement by the North
American Imaging in MS (NAIMS) Cooperative
[19]. That WM MS plaques form around venules
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was described pathologically over 100 years ago
[20]. Susceptibility-based MR techniques (e.g.,
phase imaging, T2*, quantitative susceptibility
mapping) are highly sensitive to iron and can be
used to demonstrate the presence of a central vein
within a T2-hyperintense lesion (Fig. 3.2a, b).
One method with particular promise is FLAIR*
[23], which combines 3D FLAIR and 3D T2*-
weighted images in the post-processing setting
(after they have been acquired). FLAIR* lever-
ages the high sensitivity of FLAIR to demon-
strate WM lesions, combined with the ability of
T2* to detect blood vessels. Currently, FLAIR*
is available on some commercial scanners, with
increased availability across multiple MR manu-
facturers expected in the near future.

Further work is needed in order to implement
central vein imaging into routine clinical care.

The optimal MR technique to identify central
veins is not known, and there is no standardized
definition of the “central vein sign.” Relatively
small studies using variable susceptibility-based
MRI techniques and field strengths have demon-
strated central veins in the majority (67-80%) of
demyelinating lesions and the minority (20-30%)
of WM lesions from other causes such as small
vessel disease and vasculopathies [24-26]. Many
of these studies have relied on manually counting
the proportion of WM lesions that surround a
central vessel, which is time-consuming and
likely not feasible in clinical care. As such, sim-
ple, practical rules have been proposed to define
and implement the central vein sign [19]. Once a
standardized definition of the central vein sign is
adopted, its operating characteristics (sensitivity,
specificity, positive predictive value, and negative

Fig. 3.2 T2*-weighted image acquired at 7T demonstrat-
ing a hypointense central vein (arrow) on magnitude (a) and
phase images (b). On phase images, a hypointense rim
around the periphery of the lesion is also seen, which may
suggest the presence of iron-laden microglia at the periph-

ery of the demyelinating plaque. (¢) High-resolution T2%*-
weighted image acquired at 7 T in axial plane showing an
intracortical (Type 2) lesion (arrow). Source images in this
figure were previously published and [21 (Panels A and B),
22 (Panel C)] and are used with permission
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predictive value) will need to be determined prior
to implementation into clinical care, not only in
patients who present with typical demyelinating
syndromes, but also in clinical scenarios with
nonspecific/atypical symptoms and/or MRI find-
ings, where it is perhaps needed most.

Cortical Lesion Detection

Cortical lesion detection may offer another
approach to increase the specificity of MRI for
CNS demyelination. Cortical lesions were
described on histopathology several decades
ago [27], but their clinical significance is not
known due to difficulty visualizing them with
current MR technology. Histopathologically,
they are classified into Types 1, 2, and 3 (leuko-
cortical, intracortical, and subpial, respectively)
[28]. Subpial lesions are thought to be the most
common, may span several gyri, and may be
extensive, particularly in progressive MS [29].
Visualization of all three subtypes has been
challenging, but particularly subpial lesions,
which remain essentially undetected at conven-
tional field strengths (1.5 and 3T). Multiple rea-
sons for these challenges exist, including partial
voluming from adjacent CSF, the small size of
cortical lesions within an already thin cortex of
2-3 mm (which is often below the resolution of
typical clinical images), and their relative lack
of MR contrast due to their paucity of inflamma-
tion. Emerging MR techniques at higher resolu-
tions and field strengths (7T) can generate better
tissue contrast and may offer better visualiza-
tion of these lesions (Fig. 3.2c). Recent work at
7T has described subpial lesions in the postmor-
tem setting [30, 31]. However, translating this
in vivo will require a clinically feasible scan
time, which remains a challenge. Like central
vein imaging, once cortical lesions can be reli-
ably detected, further studies will be needed
prior to implementation into routine clinical
care to determine sensitivity and specificity pro-
spectively in patients who present with typical
demyelinating syndromes, and in clinical sce-
narios with nonspecific/atypical symptoms and/
or MRI findings.

Role of MRI in Monitoring Patients
with Established MS

New White Matter Lesion Formation

In addition to its utility in establishing the diag-
nosis of MS, MRI plays a central role in moni-
toring MS longitudinally. Formation of new
lesions over time is one of the main hallmarks
of MS, and detecting new lesions is one of the
primary roles of MRI. The clinical relevance of
new MRI lesion formation has been demon-
strated conclusively as a predictor of clinical
relapse in the short term [32] and of disability
accrual in the longer term [33, 34]. Importantly,
MRI lesions satisfy the stringent Prentice crite-
ria as a statistically valid surrogate marker of
clinical relapse both at the group level [35] and
the individual level [36]. As such, in relapsing
MS, it has become standard to use new MRI
lesions as the primary endpoint in Phase 2 clini-
cal trials to screen candidate drugs in the devel-
opmental pipeline. If a drug effectively prevents
new MRI lesion formation in Phase 2, it has
historically worked when tested in Phase 3,
where clinical relapses are the primary
endpoint.

Despite the clear implications of new MRI
lesion formation, monitoring MS patients in clin-
ical practice remains somewhat challenging.
Although several national and international con-
sortia have published recommendations for stan-
dardized MRI protocols by which to monitor MS
patients in clinical practice [37, 38], these guide-
lines have not been adopted in the real world.
Clinicians routinely face the challenge of manu-
ally comparing MRI scans that have been
obtained on different MRI scanners with hetero-
geneous acquisition protocols, often with varying
pulse sequences and tissue contrasts, and gaps
between slices. Images are generally not realigned
to facilitate lesion-by-lesion comparison.
Manually determining new lesion formation can
be particularly difficult in patients with a high
lesion burden. Given these challenges, there has
been interest in automated lesion detection algo-
rithms, which may provide better power to detect
new lesions [39, 40]. The output of these algo-
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rithms could be presented to clinicians to assist a
manual reading and overall interpretation of the
scan. Automated lesion detection remains an area
of active interest.

In addition to new/enlarging T2 lesions, the
detection of contrast-enhancing lesions is stan-
dard in clinical practice to monitor disease activ-
ity. Although there are certain clinical scenarios
in which the detection of gadolinium enhance-
ment is very useful (e.g., upon diagnosis, to
exclude alternate diagnoses, or during a clinical
relapse), there are limitations of relying on gado-
linium enhancement to detect new MS disease
activity on routine follow-up MRIs, which are
often obtained annually. Because new MS lesions
enhance with gadolinium for an average of 4
weeks [6, 7], detecting gadolinium enhancement
on an annual MRI scan is essentially random, and
new lesion formation can typically be identified
on T2-weighted images without contrast.
Moreover, recent descriptions of gadolinium
accumulation in the brain [41] have raised con-
cerns about administering repeated dosages of
gadolinium over time. Whether gadolinium accu-
mulation has long-term clinical effects is
unknown; nonetheless, the North American
Consortium of Multiple Sclerosis Centers
(CMSC) MRI working group revised their guide-
lines to address this concern [38]. The new guide-
lines recommend judicious use of gadolinium,
recognizing that gadolinium is essential when
monitoring a patient with highly active disease,
especially in the first few years, when there is an
unexpected decline in the patient’s clinical status,
upon first clinical presentation (i.e., at CIS), and
when there is question of an alternative
diagnosis.

Recommended MRI Protocol
and Clinical Guidelines in Diagnosing
and Monitoring MS

The reader is referred to published CMSC rec-
ommendations for standardized MRI protocols
and clinical guidelines, most recently revised in
2018 [38]. Scans should be of good quality, with
adequate signal-noise ratio (SNR) and spatial

resolution (in slice pixel resolution of
<1 mm x 1 mm), cover the whole brain, and have
<3 mm slice thickness without gaps for 2D
acquisition or 3D reconstruction. 3D acquisitions
(1 mm x | mm x 1 mm isotropic voxel size) are
generally recommended, but options for 2D
acquisitions are also provided. Recommended
core sequences include 2D/3D sagittal and axial
FLAIR, 2D/3D axial T2, axial 2D DWI, 3D gra-
dient echo T1, and post gadolinium 2D/3D axial
T1 as required. The CMSC recommends a base-
line scan and at 6 months after initiation of a
DMT. Thereafter, a periodic brain MRI, typically
annually, should be performed to assess subclini-
cal disease activity. Interim imaging is indicated
when there is unexpected decline or suspicion for
arelapse or PML. Cervical spinal cord imaging is
recommended at the time of diagnosis and if new
symptoms develop that are referable to the spinal
cord. Spinal cord MRI may also be useful to
increase specificity while establishing the diag-
nosis in atypical presentations.

Volumetric MRI

Neurodegeneration is a fundamental component
of MS pathology and probably results from mul-
tiple mechanisms, including axonal transection
within WM lesions [42] causing downstream
degeneration, as well as glutamate excitotoxicity,
iron accumulation, mitochondrial dysfunction,
and microglial activation. These mechanisms
may lead to a final common pathway of oxidative
stress that eventually overwhelms cellular com-
pensatory mechanisms and results in neuronal
cell death [29]. Whole brain volume decline on
MRI likely represents the net accumulation of tis-
sue damage in MS, including neuroaxonal,
myelin, and glial cell loss, and reduced synaptic
density. Neuroaxonal loss is thought to be the
major pathologic substrate of irreversible clinical
disability in MS [43]; as such, understanding and
preventing neuroaxonal loss has become a major
focus in the field.

Whole brain volume has been studied exten-
sively in MS [44, 45]. Most studies suggest that
the rate of whole brain atrophy in MS averages
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—0.7% per year, which is about 3x the rate of
healthy controls [46]. In MS, whole brain vol-
ume loss correlates with several clinical end-
points, including ambulation [47], cognition
[48], and quality of life [49]. Several available
DMTs can slow the rate of whole brain atrophy
significantly [44], and it has now become stan-
dard to include whole brain volume decline as a
secondary or tertiary outcome in clinical trials
testing primarily anti-inflammatory agents, and/
or to use whole brain volume as the primary end-
point in phase 2 trials testing primarily neuro-
protective agents [50].

Despite its many practical advantages, there
are limitations of whole brain volume measure-
ments. Whole brain volume may lack sensitivity
in early phases of MS, such as CIS and RIS,
though data in these phases are mixed [45].
Whole brain volume measurements, particularly
at a single time point, can be confounded by sev-
eral other factors that reduce the specificity for
neurodegeneration, such as diurnal fluctuations
[51], patient hydration status [52], or corticoste-
roid administration and/or newly initiated DMT
(so-called pseudoatrophy [53]). Because of these
limitations, interest has emerged in regional brain
atrophy metrics, which may be more sensitive in
earlier phases of MS and should be less con-
founded by tissue fluid dynamics. Thalamic vol-
ume loss, for example, is an early occurrence in
MS and has been documented in RIS, CIS, and
pediatric MS [54-57]. Thalamic volume declines
persistently throughout the MS disease duration
[58], correlates with clinical endpoints including
cognition [58-60], and appears to provide
feasible sample sizes as a primary MRI endpoint
[58]. For these reasons, regional gray matter met-
rics, such as thalamic and other deep gray matter
volumes, cortical thickness, and spinal cord vol-
umes, are an active area of ongoing research in
the field.

Despite a high degree of interest in volumetrics
and their face validity as measures of neurodegen-
eration, several barriers exist in incorporating
brain volume measurements into MS clinical
practice, a topic which has been recently reviewed
[61, 62]. The heterogeneous images that are col-
lected in clinical practice present major chal-

lenges to current image processing software. No
“gold standard” software to measure brain vol-
umes has been identified. Most published work
has assessed brain volume loss at the group level,
the optimal statistical methods to translate brain
volumes into a clinically meaningful metric at the
individual level remain to be defined. Efforts have
been made to define pathologic “cutoff” values
for whole brain volume decline [63], but further
work is needed to refine these values, including an
adjustment for age. Because of the aforemen-
tioned fluctuations, brain volume decline over
multiple time points may be more useful than
single time point measurements, but this is diffi-
cult to implement in a clinical setting. Robust data
from a large reference population that include
both MS patients and healthy controls will be
needed to develop an individual level metric.
Statistical methods to adjust for variation from
scan parameters, tissue fluid status, etc., could be
developed, but these will need validation before
implementing in the clinic [62].

Positron Emission
Tomography (PET)

Although MRI is an invaluable tool in MS clini-
cal practice and clinical research, it has limita-
tions. MRI may not detect “other” types of
inflammation besides WM lesions that are pres-
ent in MS, such as microglial activation, and MRI
does not reliably detect diffuse pathology in the
NAWM and/or cortical GM. In addition, because
MRI is pathologically nonspecific, its ability to
measure remyelination is limited. Positron emis-
sion tomography (PET) can investigate aspects of
MS not visualized by MRI and can provide a
higher degree of specificity depending on the
ligand used. PET measures radiation (positrons)
emitted by specific radioisotopes tagged to a spe-
cific ligand, which binds to a target of interest.
The signal measured by PET can provide in vivo
quantitative information about the concentration
of these target molecules. The use of PET in MS
has been reviewed elsewhere [64, 65]. Herein, we
focus on current PET approaches to measure
microglial activation and remyelination.
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Activated Microglia

Microglia are the key component of the innate
CNS immune system and are activated in the set-
ting of chronic inflammation [66]. Although acti-
vated microglia are an area of high interest in
MS, their role in disease pathophysiology is not
entirely clear. Histopathologically, activated
microglia are seen at the edge of chronically
active and expanding (aka “smoldering”) MS
lesions, but not at chronic inactive lesions [67].
Both blood-derived monocytes and resident CNS
microglia may contribute to neuronal damage by
releasing pro-inflammatory cytokines and reac-
tive oxygen species, leading to oxidative stress
[68], which is thought to be an important mecha-
nism in the pathophysiology of progressive MS
[29]. Chronic, “smoldering” inflammation occurs
behind an intact blood-brain barrier and is MRI-
invisible, but it can be detected by PET strategies
targeting activated microglia. This could enhance
our fundamental understanding of MS and ulti-
mately lead to the development of new therapeu-
tic targets for progressive MS, which are urgently
needed in the field.

Translocator protein (TSPO) is an 18 KDa
protein that is expressed on the outer mitochon-
drial membrane of activated microglia and is the
most commonly studied radiotracer target to
visualize microglial activation in MS. Formerly
known as the peripheral benzodiazepine recep-
tor, TSPO is expressed predominantly on acti-
vated CNS resident microglia, but it is also found
on blood-derived macrophages, reactive astro-
cytes, and vascular endothelial and smooth mus-
cle cells [66]. TSPO is also expressed in the
normal human brain, mainly neurons [69]. The
first-generation radioligand, [''C]PK11195, has
high specificity for TSPO, but binds to multiple
cell types that express TSPO including reactive
astrocytes, endothelial cells, and plasma pro-
teins, in addition to activated microglia. [''C]
PK11195 has a short half-life of about 20 min-
utes and a low signal-to-noise ratio, and signal
quantification can be difficult. Typically, [!'C]
PK11195 binding quantification uses a normal
reference region, but because such a region does
not exist in MS, relatively complex mathemati-

cal modeling is required. The second-generation
TSPO radioligands, such as [''C]PBR28 and
['FIPBR111, have higher binding affinity and
better signal-to-noise ratio, but their binding
affinity is affected by TSPO gene polymor-
phisms, making genetic testing mandatory for
proper interpretation of the PET signal [70].
Like [''C]PK11195, the second-generation
TSPO ligands also bind to activated astrocytes
and endothelial cells [71, 72].

TSPO uptake is increased in MS plaques dur-
ing relapse [73] (Fig. 3.3) and in some but not all
chronic lesions [70, 75], potentially consistent
with the “smoldering” inflammation described
pathologically in chronic active lesions. Diffuse
TSPO binding in NAWM has been shown in
RRMS patients compared to healthy controls
[76], and may be more pronounced in SPMS
compared to RRMS [77]. TSPO uptake in the
cortex, cortical lesions, deep GM, and NAWM in
MS patients is also associated with worse clinical
disability, cognitive function, and more cortical
thinning on MRI [77].

It has been thought that TSPO expression on
the surface of microglia is upregulated upon
exposure to pro-inflammatory stimuli. However,
TSPO was recently shown to be downregulated
on macrophages exposed to pro-inflammatory
stimuli and unchanged upon exposure to anti-
inflammatory stimuli [78]. In another study,
TSPO was upregulated upon exposure to pro-
inflammatory stimuli in rodents, but did not
change in human microglia exposed to the same
stimulus [79]. The implications of these findings
are not clear in humans with MS, but further
study is needed to understand TSPO localization
in MS brain tissue in situ [66] and the correct
interpretation of TSPO binding in vivo in MS. It
is possible that TSPO expression measured by
PET may reflect microglial/macrophage density
rather than activation status [79].

Myelination
Imaging myelin content is perhaps one of the

most promising applications of PET imaging in
MS. Developing remyelinating agents, which are
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Fig.3.3 MRI and '"C-PBR28 PET images from a patient
with relapsing multiple sclerosis. Panels a—c show post-
contrast T1-weighted MR images demonstrating an acute
lesion that enhances following gadolinium administration
(arrows) in sagittal (a), axial (b), and coronal (c) plane.
Panels d—f show the corresponding V1 (volume of distri-

currently lacking in the field, has become a major
focus in MS clinical research. Remyelination
should not only improve functional recovery
after demyelinating injury in the short term, but
should also protect axons in the long term, as
chronically denuded axons are more susceptible
to inflammatory insults that eventually lead to
neurodegeneration [29]. One major barrier to
developing remyelinating agents has been evalu-
ating their efficacy in vivo. Compared to
MR-based methods that have been used for this
purpose (e.g., magnetization transfer ratio, diffu-
sion tensor imaging, myelin water imaging), PET
offers a more direct and specific measure of
myelin and is thus a promising approach.
Stilbene derivative radiotracers bind to intact
myelin sheath proteins such as PLP, MBP, or the
sites of interactions between myelin lipids and
these proteins [80]. Amyloid tracers such as
Pittsburgh Compound B (PiB) also bind to myelin
and may be useful. PiB has been shown to be

bution) parametric map demonstrating a focal increase
(arrows) in uptake of '"C-PBR28, a second-generation
TSPO ligand, perhaps suggesting the presence of acti-
vated microglia within these acute lesions. Source images
in this figure were previously published and are used with
permission [74]

highly sensitive to detect myelin loss in EAE [81]
and has been used in humans longitudinally to
create a global index of myelin content change in
a voxel-wise, individual-level analysis [82].
However, PiB must be mixed in an on-site cyclo-
tron prior to administration to the patient, which
many centers do not have; newer fluorinated
amyloid tracers such as florbetapir, flutemetamol,
and florbetaben may improve availability because
they are more stable and do not require a
cyclotron.

In addition to its low availability, several limi-
tations of PET exist. PET has a low spatial reso-
lution (typically 2-3 mm at best), which can
make changes in small lesions difficult to detect
due to partial voluming. PET is an expensive
technique that requires a high degree of on-site
expertise, and data analysis/signal quantification
can be challenging. Finally, radiation exposure is
a concern with PET, particularly in longitudinal
studies.
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Conclusion

MRI plays a central role in the diagnosis and
clinical management of MS due to its high sensi-
tivity, but approaches such as central vein imag-
ing and cortical lesion detection are needed to
increase specificity for CNS demyelination. MRI
is a useful tool to monitor disease activity and
assess efficacy of DMTs both in clinical trials
and in clinical practice. Brain volume decline is
clinically relevant, but more work is needed
before incorporation of volumetrics into routine
clinical care. Finally, PET may further our under-
standing of the disease biology by its ability to
study specific aspects of the disease not visible
with MRI.
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Introduction

Clinical trial design in neuroimmunology has
evolved over time, which reflects our increased
knowledge of these diseases and they have pro-
vided great insights into these conditions. Clinical
studies have resulted in the approval of disease-
modifying therapies (DMTs) for multiple sclero-
sis (MS) and neuromyelitis optica spectrum
disease (NMOSD) along with symptomatic ther-
apies such as dalfampridine. Treatment of
relapsing-remitting MS (RRMS) has seen dra-
matic changes with therapies that can stabilize
the vast majority of patients with more than 20
drugs available including generics. Progressive
MS has proven to be a more challenging frontier,
although treatments are beginning to become
available. As of 2019, the first three clinical trials
were successfully conducted in NMOSD, paving
the way for new therapies in this rare disease.
Additionally, clinical trials are also helping us
understand how to use these DMTs. This chapter
describes how treatments are approved, frame-
works for evaluating clinical trials, and the evolu-
tion of clinical trial design including newer trial
design concepts to help the reader better interpret
these studies.
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Types of Clinical Studies

Clinical trials are important as they translate our
knowledge of basic scientific research into treat-
ments that help prevent, diagnose, or treat a dis-
ease. Clinical trials are considered the “gold
standard” in clinical research. A clinical trial is a
type of research study that is defined by the
National Institutes of Health (NIH) as a study
where “one or more human subjects are prospec-
tively assigned to one or more interventions to
evaluate the effects of those interventions on
health-related biomedical or behavioral outcomes
(https://grants.nih.gov/policy/clinical-trials/defi-
nition.htm).” Their design aims to reduce bias
and variability in our understanding of therapies
and provide information on the magnitude of the
efficacy and their safety in humans. They often
can help our understanding of the pathology of
the underlying disease by answering other
research questions.

Case reports and observational studies are
complementary to clinical trials. Case reports, for
instance, can provide examples of drugs that
could be explored in larger clinical trials such as a
description of rituximab in a patient with MS who
was repeatedly failing interferons and mitoxan-
trone [ 1] or tocilizumab for patients with NMOSD
who were failing rituximab [2]. Observational
studies can provide information where a clinical
trial is not appropriate such as due to a lack of
clinical equipoise, unfeasible due to lack of cost
to compare multiple drugs, or difficulty in study-
ing certain populations such as patients with rare
autoantibodies. Observational studies are also
developing rapidly with improved statistical tech-
niques such as the use of propensity-based match-
ing or weighing methods.

< N

Identify Research
Question
(FINER Criteria)

Develop Trial
Design
(PICO(T) Criteria)

Study Registration
and IRB Approval

Clinical Trial Overview

Designing a clinical trial requires significant
planning in order to ensure the quality of data
obtained and its generalizability while reducing
biases and maximizing the amount of data
obtained. The planning stages can help reduce
amendments later and increase the speed at which
a question can be answered by remaining focused
yet allow for the flexibility to adapt to potentially
changing conditions. The general overview of a
study is outlined in Fig. 4.1.

Defining the Research Question

A clinical trial needs to start with a good ques-
tion, which can be evaluated with the FINER cri-
teria (Table 4.1) [3]. Once a question is identified,
a study plan can be developed around it. Defining
the question does require one to start developing
the trial design, but a good question makes this
process much easier.

Feasibility includes many aspects and has
posed challenges in the design of clinical trials
evaluating antibody-mediated autoimmune neu-
rological conditions where few patients exist.
Additionally, feasibility for these conditions can
be limiting because of the increasing costs

Table 4.1 FINER criteria for evaluating a research
question

Feasible (answerable due to recruitment, expertise,

tools, and costs)

Interesting

Novel

Ethical

Relevant

Report and
Publish Trial

(CONSORT
Criteria)

Data Collection
and Analysis

Fig. 4.1 Clinical trial overview. A finalized protocol often requires several iterative cycles of developing the research
question and designing the trial to help develop the best protocol. IRB Institutional Review Board
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needed to bring in more sites to study enough
patients with diseases that have low prevalence
rates. The expertise and resources can also limit
what questions are feasible by identifying sites
that can conduct a study. It is important to have
the tools needed to study certain conditions. The
Schumacher criteria in 1965 provided the diag-
nostic criteria that provided the backbone to
identify patients with multiple sclerosis that
could be included in clinical trials [4]. Having
laboratory and clinical tools led to the refine-
ment of these criteria. The Poser criteria in 1965
included paraclinical information such as oligo-
clonal banding in cerebrospinal fluid and visual
evoked potentials [5]. These criteria were subse-
quently replaced in 2001 by the McDonald crite-
ria with the advent of magnetic resonance
imaging (MRI) [6].

In addition to Feasibility, the FINER criteria
also help formulate a research question that is
Interesting, Novel, Ethical, and Relevant. The
effort and resources needed to conduct a clinical
trial can be tremendous, and it can be difficult to
drive a study forward unless the study is interest-
ing or novel. Ethical considerations in conduct-
ing a clinical trial will be expanded upon below,
but the question has to meet the principle of equi-
poise in which there is a genuine uncertainty
about which treatment is most beneficial and pro-
vides the ethical basis for assigning patients to
the different treatment arms in a clinical trial.
This term was first used by Benjamin Freedman
in 1987 [7]. Finally, the question has to be rele-
vant to the field that is going to use the informa-
tion learned from the study.

Developing the Trial Design

Once an appropriate question is identified, a trial
can be designed to help answer it. The plan for
the trial can be designed and refined using the
PICO or PICOT criteria (Table 4.2) [8]. These
two steps often form an iterative cycle that
together can result in identifying the best study
plan. The steps for developing the trial design are
described below.

Table 4.2 PICO(T) criteria for developing research
criteria

Population (patients) — Disease and its characteristics
along with demographics of subjects

Intervention — Dose, duration, location, route of
administration, study design, etc.

Comparison — Placebo or other treatment if any
Outcome — Measure of benefit/risk, at what time/
frequency, analyzed as dichotomous/continuous
Time — Follow-up time

Selecting the Patient Population
Defining the population to study can greatly
influence clinical trials in patients with MS and
NMOSD, and it is generally defined by a set of
inclusion and exclusion criteria. Despite these
criteria, there are inevitable differences among
studies, some planned while others are unplanned.
For example, in RRMS trials, it has been noted
that the patients entering studies tend to have
more benign disease than they did in earlier stud-
ies and have less disability [9]. This possibly
reflects a reluctance to place patients with very
active disease into a trial whereby a patient could
receive placebo, or a drug deemed to have a low
therapeutic effect as more drugs become avail-
able. This changing demographic makes compar-
ing newer trials with older trials challenging.
Additionally, it can make recruitment difficult,
and therefore some studies rely heavily on
recruiting in countries where there are fewer ther-
apeutic options. However, most regulatory agen-
cies require that studies be done in patients from
their region or country, which can sometimes
delay entry into those markets but also increases
the generalizability of that study to that country.
In progressive MS trials, the age of the popu-
lation and the percent of patients with contrast
enhancing lesions (CELs) can greatly affect a
study. This was seen in the European and North
American interferonf(beta)-1b studies in patients
with secondary progressive MS where a treat-
ment effect on delaying disability progression
was seen compared to placebo in the European
study but not in the North American study. It is
worth pointing out that the North American study
had a mean age of 46.8 years at study entry com-
pared to 41.0 years in the European study, while
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the mean number of CEL was 1.5 and 2.6, respec-
tively [10]. Since younger patients tend to have
more active disease, this comparison suggested
that interferonp(beta)-1b had its effects by treat-
ing this active component of MS. Similarly, the
OLYMPUS (A Study to Evaluate the Safety and
Efficacy of Rituximab in Adults with Primary
Progressive MS) study in primary progressive
MS did not find a reduction in the 12-week con-
firmed disability progression (CDP) by rituximab
versus placebo [11]. However, the subpopula-
tions that were younger (<51 year old) or had
CEL showed a reduction in CDP of 48% and
59%, respectively. This likely played a role in
changing the age limit from 65 years in this study
to 55 years for the ocrelizumab primary progres-
sive MS trial (ORATORIO) to 55 years [12]. This
resulted in a reduction in the mean age of the
B-cell depleting therapy groups from 50.1 years
to 44.7 years. ORATORIO showed a reduction of
24% in the 12-week CDP, which led to the
approval of ocrelizumab as the first treatment for
primary progressive MS.

Similarly in NMOSD, the decision of includ-
ing patients who were aquaporin-4 (AQP4) anti-
body negative was variable and had dramatic
differences in the NMOSD trials, including for
eculizumab (PREVENT) [13], satralizumab (in
2 trials, SAkuraSky as an add-on therapy [14]
and SAkuraStar as monotherapy [15]), and ine-
biluzimab (N-Momentum) [16]. PREVENT
included only AQP4 antibody positive patients
and saw a reduction in the risk of relapses of
94.2%. In SAkuraSky, the reduction was 79.2%
in AQP4 antibody positive patients but only
33.7% if  seronegative.  Similarly  in
N-Momentum, the overall reduction in the study
was 72.8%, but increased to 77.3% in AQP4
antibody positive patients. Other differences in
study length and relapse ascertainment made
comparison across these trials difficult, but this
difference in inclusion criteria in NMOSD
clearly affected the study results.

Another aspect of identifying the study popu-
lation includes the decision to include special
populations, which can sometimes pose chal-
lenges but is essential for conclusions that benefit
all populations. Studies in MS tend to have poor

representation of minorities and often exclude
patients with significant medical comorbidities
and other vulnerable populations such as children
or pregnant or lactating women.

The importance of studying DMTs in these
other populations has been highlighted by the
recent studies conducted in pediatric populations.
The PARADIGMS study of fingolimod versus
interferon beta-la in patients younger than
18 years old showed a reduction in the annual-
ized relapse rate of 82% (0.12 vs. 0.67; p <0.001)
[17]. However, the phase 3 trial in adults
(TRANSFORMS) that similarly studied fingoli-
mod and interferon beta-1a showed a reduction in
the annualized relapse rate of 52% (0.16 vs. 0.33;
p <0.0001) [18]. One of the likely differences in
these studies is that younger patients as described
above are more likely to experience more relapses
allowing fingolimod to demonstrate a larger
effect.

Defining the Intervention

The intervention in the clinical trial is informed
by prior studies. The phases of clinical trials will
be described below; these gradually help to define
the dose, frequency, duration, and route of admin-
istration of drugs, procedure, or interventions in a
study. The pharmacokinetics and pharmacody-
namics greatly influence these decisions. Doses
are gradually narrowed down to one or two
options in most phase 3 studies.

Other aspects of study design can also greatly
impact a study. Designing the study well is quite
understandably crucial and includes several
factors:

e Drug washouts. Some immunosuppressive
medications can greatly affect the immune
system for long periods of time. In order to
reduce the effects of prior medications, it is
important to define periods of time to let prior
medications wash out from a patient before
entering a study. This also needs to be consid-
ered in studies that employ a crossover study
design including going into extension studies.
These washout periods can be reduced using
activated charcoal or cholestyramine (i.e., for
rapid elimination of teriflunomide).
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* Randomization. Multiple methods can be used
to create random groups to help reduce the
possibility of bias in a clinical trial. The ease
of use across multiple sites needs to be consid-
ered in larger studies. Examples include sim-
ple randomization (e.g., using sealed
envelopes with an equal number of envelopes
with control vs. treatment group), random
allocation (e.g., using a random number gen-
erator), blocking designed to allow random-
ization into equal-sized groups ensuring
balance across groups over time, and stratifi-
cation to allow randomization within a cate-
gorical covariate such as gender or age.
Although this can be done with the best of
intentions, some studies can end up with
unbalanced groups such as was seen in the
HERMES (B-Cell Depletion with Rituximab
in Relapsing MS) where the rituximab group
had a mean number of CEL of 2.1 vs. 0.3 in
the placebo arm [19]. Consider having a pre-
planned method of analysis for correcting
these imbalances should they occur in a study.

e Allocation (1:1, 2:1, 3:1, etc.). For several rea-
sons, including to help with recruitment into a
trial by making it more likely for participants
to receive treatment or to allow for stratifica-
tion, studies may recruit more heavily into
certain groups.

A. Parallel study design

™.
Control

C. Crossover study design

<.
B —_— A
Fig. 4.2 Randomized clinical trial designs. Parallel arm
studies are the classic randomized clinical trials, which
can compare one treatment (a) or multiple treatments (b)
to either a control (shown here) or an active comparator.

Crossover studies have some statistical advantages by
studying multiple treatments in the same patient popula-

e Blinding. This can help reduce bias by having
either the subject, the person administering
the treatment, and/or the person evaluating the
response blind to the treatment that the subject
received. Single blinding is when only one
party is blinded, usually the subject, whereas
double blind is when both the subject and
study staff are blinded. Triple binding extends
blinding to the data analysis. In open-label
studies, no blinding is used.

e Duration of the study. The TENERE study
compared teriflunomide to interferon beta-1a
and failed to show a difference between annu-
alized relapse rate between teriflunomide
14 mg and interferon beta-la [20]. The pri-
mary outcome of this study was time to fail-
ure, although teriflunomide is known to have a
significant lag to therapeutic efficacy while
interferons have shown a quick onset of action.
A better comparison would have been likely
achieved by examining the relapses over a
fixed period of time or resetting a baseline
after several months when both treatments
have reached steady state.

e Study design. Selection of the primary study
design is key, and most times, it relates to the
type of therapeutic approach (Fig. 4.2).
Crossover designs have been used to test
symptomatic medications, especially when the

B. Multiple parallel arms study design

A

O B
——

- Control

D. Adaptive or SMART study designs

-—pA

O
—c

- Control

tion and are shown here with a washout between treat-
ments (c). Adaptive or SMART (Sequential Multiple
Assignment Randomized Trials) are more complicated
but can help reduce the exposure to less promising treat-
ment by eliminating certain arms early during an interim
analysis (d)
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effect of the intervention is expected to wash-
out over a short period of time. This allows
studying treatments within one subject, which
can reduce the variability observed and can
increase the statistical power of the study. For
DMTs in RRMS, double-blind randomized
active comparator studies are preferred with
parallel treatment arms. Multiple parallel
arms have been used in progressive studies to
help minimize the number of patients in pla-
cebo arms should each of these treatments
required its own placebo control group. The
MS-SMART study examined riluzole, fluox-
etine, and amiloride in a 1:1:1:1 ratio vs. pla-
cebo, which helped effectively eliminate two
placebo arms in studying these three medica-
tions [21]. An additional layer of complexity is
added to these multiple arm studies in adaptive
or SMART (Sequential Multiple Assignment
Randomized Trials) clinical trial designs,
which are gaining popularity. These studies are
designed to adapt after initial in-trial observa-
tions by dropping lower performing treatments
and reducing exposure to ineffective therapies.
Additionally, pragmatic trials are designed to
evaluate the effectiveness of interventions in
real-life routine practice conditions by reduc-
ing the inclusion and exclusion criteria so that
the results can be more broadly applied in rou-
tine clinical practice.

Comparison

Deciding whether the study drug or intervention
should be against placebo or an active compara-
tor can determine whether differences can be
observed and whether the treatment might be
approved by regulatory agencies. The compari-
son drug can affect recruitment and/or blinding
(e.g., the comparator drug has notable side
effects). The decision to use an active comparator
depends on whether other treatment options are
available. For example, it is much more accept-
able to have a placebo arm in a progressive trial
in MS compared to RRMS.

Outcomes and Endpoints
Outcome selection is a cornerstone of good clini-
cal trial design. Outcomes should be selected to

optimally demonstrate the effects of the thera-
peutic intervention. Selection of the primary out-
come will vary based on the ultimate objective of
the study. For phase 1 trials, outcomes will center
on safety. In phase 2 trials, outcomes will focus
on demonstrating a therapeutic effect across a
range of doses and ideally will be biologically
closer to the mechanism of action. For phase 3
trials, outcomes will need to satisfy the require-
ments of regulators and reflect the function of
patients. The phases of clinical trials are described
in more detail below. Secondary or even tertiary
outcomes support effectiveness of the primary
outcome, while exploratory outcomes investigate
novel effects of the intervention or mechanisms.
Clinical trials are powered to demonstrate an
effect on the primary outcome, and statistical
power is concentrated on that outcome. For sec-
ondary outcomes, hierarchical testing is prespec-
ified for a rational spending of alpha function in
the setting of multiple comparisons. Exploratory
outcomes are considered hypothesis generating
and typically do not require corrections for mul-
tiple comparisons. In these sections, we will
review the most commonly employed outcomes
in the context of phase 3 clinical trials focusing
first on measures that are generally used as pri-
mary or secondary outcomes:

* Annualized Relapse Rate (ARR): The ARR is
the most commonly used outcome measure in
RRMS clinical trials [22], and it formed the
basis of the approval of more than a dozen MS
DMTs. The ARR is calculated from the num-
ber of relapses annualized over a 12-month in
study follow-up. The ARR many times is
expressed as a relative reduction between the
active and comparator arm. The ARR, when
presented as a percentage reduction is imme-
diately interpretable both for neurologists and
people with MS. Relapses have the advantage
that they are easily discernable and generally
require confirmation of neurological function
on the neurological exam. In addition to this,
relapses in phase 3 trials are highly predicted
by development of new MRI lesions in phase
2 trials, which provides reasonable estimates
of efficacy and sample sizes for phase 3 trials
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[23]. There is evidence that the ARR has
decreased over time in MS trials [24]. This
finding and the fact that placebo comparators
are likely no longer ethical in RRMS trials has
prompted the use of alternative methods of
relapse analysis, including time to first relapse
[25]. Relapses and ARR will continue to be
the primary outcome for ongoing anti-
inflammatory drug programs in relapsing MS.
Disability Progression. A second and perhaps
more meaningful outcome measure in clinical
trials has included assessment of neurological
disability. Disability in MS has traditionally
been measured using the Expanded Disability
Status Scale (EDSS). The EDSS has several
advantages as it is well known to neurologists,
is relatively easy to perform, has been used in
most clinical trials to date, and provides a sim-
ple 0-10 determination of neurological dis-
ability that is easy to understand and compare
among patients/groups of patients [26]. The
EDSS, however, also has several limitations
including low inter-rater reliability, low intra-
rater reliability, ordinal nature of the scale,
roof and ceiling effects with plateaus at cer-
tain levels of disability, overreliance on lower
extremity function, noise, relative underrepre-
sentation of cognition, and limited use in gen-
eral clinical practice [27]. Nonetheless, the
EDSS has been the most widely used disabil-
ity measure in clinical trials. Worsening of
disability progression in trials typically must
be sustained over a given time period, with 3
or 6 months being typically used. Specific
thresholds for change including a half a point,
a whole point, and greater than a point have
been used in the past. The rationale for requir-
ing a confirmed worsening at a second time
point is that the EDSS may have some noise.
Additionally, ascertaining worsening outside
of relapses or daily fluctuation is desirable.
EDSS progression has been used both in
relapsing trials to document progression of
disability that may occur through incomplete
recovery of relapses, and perhaps more impor-
tantly, in progressive MS trials where disabil-
ity is accrued slowly and independent of
relapses. In the progressive MS trials, EDSS

progression is normally the primary outcome,
while in RRMS trials, it is usually a secondary
outcome.

Composite Disability Outcomes. Due to the
multiple known limitations of the EDSS, the
Multiple Sclerosis Functional Composite
(MSFC) was developed as a quantitative neu-
roperformance test, initially designed to cap-
ture disability in three realms: upper extremity
function (9 hole peg test), lower extremity
function (timed 25 foot walk), and cognition
(Paced Serial Addition Test [PASAT]) [28].
Newer iteration of the MSFC now includes
measures that capture vision (low contrast let-
ter acuity) and the PASAT was replaced with
the Symbol Digit Modalities Test (SDMT)
[29]. The MSFC components can have
Z-scores derived, which improves psychomet-
ric properties, and the composite is formed by
the addition of the Z-Scores. Although the
MSEC is quite widely used, it has still not
been fully endorsed by regulatory agencies;
this, however, is likely to change in the near
future. The MSFC generally is reserved as a
secondary outcome, but it has been used in
combination with the EDSS and alone as a
primary outcome. Specific thresholds of
meaningful change in the components has
been established, and disability worsening can
be defined as worsening of one or more com-
ponents along with changes in the EDSS.

*  MRI Measures. MRI outcomes are commonly

used in clinical trials as secondary outcomes
and are often primary outcomes in phase 2
studies. Typical measures include number of
new T2, new gadolinium-enhancing lesions,
new combined unique lesions (T2 or gadolin-
ium without double counting) [30]. New
T1-hypointense lesions and conversion to T1
black holes (persistent T1-hypointense
lesions) have also been used. Semi-automated
and fully automated methods also can derive
new T2, gadolinium, and TI-hypointense
lesion volumes. Volumetric measures of whole
brain have also been employed and are highly
predictive of future clinical disability, making
them a particularly interesting secondary out-
come measure. Indeed, several progressive
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MS trials have successfully used brain volume
loss as phase 2 outcomes, and ongoing studies
will determine if atrophy will translate into
effects on disability progression in phase 3
studies [31, 32]. Segmenting brain volume
further including measurement of deep gray
matter, cortical gray matter, or specific struc-
tures such as thalamus might have some value,
but how much noise is generated with seg-
mentation of smaller structures has to be
weighed against improved interrogation along
a specific biological pathway [33].

Patient Experience. Patient-reported out-
comes (PROs) are of interest as they
interrogate the patient directly on clinically
meaningful constructs. Several general neuro-
logical PROs have been validated in MS and
have been used in the clinical trial setting. One
such measure, Neurological quality of life
(Neuro-QoL), has been validated in the MS
population and has both long forms and more
efficient computer adaptive testing [34]. More
specific MS scales have also been developed.
Perhaps one of the most used scales in MS is
the MS Impact Scale (MSIS-29) and the
Multiple Sclerosis Quality of Life-54. These
scales have the advantage that they interrogate
MS-related disability better, but perhaps fall
short of dedicated instruments for specific
symptoms, such as the Modified Fatigue
Impact Scale, which has also been used in
clinical trials. One overriding problem with
PROs is that differences in clinical trials,
although many times statistically significant,
do not reach the threshold of clinically mean-
ingful differences.

Biomarkers. Blood biomarker for MS remains
elusive; however, significant progress has
been made with one candidate, neurofilament
light chain (NFL). Although NFL is readily
measured in cerebrospinal fluid, it has not
been until recently, with the use of new tech-
nologies, that it can be measured in blood due
to its low concentration. NFL is an axonal
cytoskeletal protein that has been shown to
increase in the setting of focal lesion develop-
ment in MS. NFL has also shown to have
treatment effects in clinical trials [35]. While

NFL seems most promising as a measure of
focal inflammation, and an outcome for anti-
inflammatory DMT trials, the use in progres-
sive disease has also been proposed. A key
unknown for implementation in progressive
MS has been defining normal levels on
NFL. NFL levels increase in the blood as we
age, along with other factors including dis-
ability level and comorbidities that also affect
the central and peripheral nerves; moreover,
there is potential decrease in levels in obese
patients because of dilution.

Institutional Review Board
Approval and Study Registration

Clinical trials are closely monitored to maintain
patient safety. They must be approved by super-
vising ethics committees before a trial can start.
In the United States, these committees are called
Institutional Review Boards (IRBs), and in the
European Union, they are called ethics commit-
tees. Although most ethics committees are
located at the investigator’s institutions, some
independent central IRBs are available for inves-
tigators at smaller institutions and are sometimes
preferred due to quicker reviews of studies.
Additionally, local IRBs must often -certify
researchers and their staff in order to conduct
clinical studies by understanding patient privacy
law (HIPAA) and good clinical practice princi-
ples set forth by the International Conference of
Harmonisation Guidelines for Good Clinical
Practice. The ongoing safety of subjects in a
study is often done by a Data and Safety
Monitoring Board (DSMB), which is an indepen-
dent committee or an Independent Safety Officer.

The ethical principles involved in clinical tri-
als are often extracted from the following
documents:

1. Nuremburg Code (1947) is a 10-point state-
ment meant to prevent future abuse of human
subjects by emphasizing that consent for
research must be voluntary, avoid unneces-
sary suffering, and participants are free to
withdraw from the research [36]. It was
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developed in response to Nazi atrocities of
using concentration camp prisoners for
human experiments.

2. Declaration of Helsinki (1964) is a code of
medical ethics developed by the World
Medical Association (WMA) and expands
informed consent protections by describing
that study subjects should be fully informed of
the study procedures including risks and ben-
efits, goals of the study, and sources of fund-
ing including potential conflicts of interest
(https://www.wma.net/what-we-do/medical-
ethics/declaration-of-helsinki/doh-jun1964/).

3. Belmont Report (1979) that identified the pri-
mary principles underlying ethical research
with human beings as respect for persons
(informed consent with subjects able to com-
prehend the information given), beneficence
(benefits and risks of a study), and justice (the
fair selection of subjects) (https://www.hhs.
gov/ohrp/regulations-and-policy/belmont-
report/index.html).

Once a clinical trial protocol has been devel-
oped and approved, it is important to consider
registering the study in a public registry. This is
increasingly becoming a requirement by both
publishers and funders with the goal of reducing
publication bias and selective reporting. The
International Committee of Medical Journal
Editors announced in 2004 a policy that as a con-
dition of publication, clinical trials would be
required to be registered [37]. Additionally, regu-
latory authorities started requiring clinical trial
information and, in some cases, a summary of
results to a publicly accessible registry. The
World Health Organization subsequently speci-
fied elements that clinic trials should contain and
maintains an international registry portal at http://
apps.who.int/trialsearch/ [38]. The seventh revi-
sion of the Declaration of Helsinki in 2008 stated,
“Every clinical trial must be registered in a pub-
licly accessible database before recruitment of
the first subject” [39]. Many registries are coun-
try specific with the two most common registries
being ClinicalTrials.gov (https://www.clinicaltri-
als.gov/ct2/home) run by the United States

National Library of Medicine in the United States
and the European Union Clinical Trials registry
(https://www.clinicaltrialsregister.eu/).

Data Collection and Analysis

After developing and getting approval for a clini-
cal study, it is helpful, if not imperative, to
develop good tools for data collection. This is
often in the form of a case report form (CRF) to
help guarantee that all of the data are collected in
a way that can be entered into a database easily.
During this time, it is helpful to work directly
with a statistician or the person who is going to
have to analyze the data by setting up the data-
base in such a way to easily extract the data and
create reports or enter into statistical analysis
software for analysis. Evaluation of data integrity
and protection of privacy is crucial. These pro-
cesses are often overlooked in the excitement to
start the study and can create a lot of work later in
having to transcribe data or reclassify data, which
is prone to errors and can create delays in the
analysis. A full description of the statistics is out
of scope for this chapter but working with a stat-
istician early and often cannot be emphasized
enough. Preplanned interim analysis can be help-
ful to make sure that enough events are occurring
in the study to analyze and assess feasibility to
continue the study. These interim analyses can
also include safety evaluations by a DSMB or
safety officer as described above.

Data from a trial are often analyzed with an
intent-to-treat (ITT) analysis in which the data
from subjects are analyzed according to the group
to which they were assigned, even if they did not
receive or adhere to the intended treatment. ITT
compares intervention strategy and not the inter-
vention. Treatments or interventions that have
tolerability issues will result in poor adherence,
and an ITT may not provide useful information
for subjects who adhered to the treatment or
intervention. A per-protocol analysis can then be
instructive in identifying the treatment or inter-
vention effect in patients who are fully
compliant.
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Reporting and Publishing
the Clinical Study

Disseminating the information gathered in the
study ensures that the information learned can be
used by others. It also helps to reduce the risks to
subjects by reducing duplication of studies espe-
cially if studies were not published because of
harmful side effects. This process can begin early
even before the data collection begins by
publishing the clinical trial protocol especially in
more complicated trials. Additionally, interim
analyses can be presented at meetings or pub-
lished to help introduce the study to the scientific
community as well as helping guide our thinking
about what the results will look like and what
secondary or exploratory analysis might be more
interesting.

The reporting of clinical trials is increasingly
following the CONsolidated Standards of
Reporting Trials or CONSORT statement, which
was last revised in 2010 [40]. This is an evidence-
based set of minimum recommendations for
reporting randomized trials. This statement con-
sists of 25 items consisting of how the trial was
designed, analyzed, and interpreted (Fig. 4.3).
Additionally, a participant flow diagram follows
the flow of participants through the study
(Fig. 4.4). These documents can be found and
downloaded at http://www.consort-statement.
org/. Most journals have endorsed the CONSORT
guidelines and require that manuscripts follow
them before consideration of any manuscript
reporting a clinical trial.

Phases of Clinical Research

The process of getting treatments approved
involves a series of steps including clinical trials
that eventually can lead to approved treatments.
These steps have been described as phases of
clinical research with each step having different
goals. Here we will provide an overview of these
phases (Fig. 4.5):

Preclinical

Before drugs are tried in humans, they are often
tested in the laboratory in cell or tissue cultures.
This process involves screening many com-
pounds to identify those that are most promising.
Sometimes these drugs can then be modified or
designed to improve some of their chemical
properties, which may improve the efficacy or
decrease their side effect profiles. The drug dis-
covery often then proceeds to animal testing
depending on whether good models of the dis-
ease being studied exist.

Phase 1

These studies are often the first studies involving
human participants. Phase O studies are some-
times done, which are sometimes called human
microdosing studies, and they provide no safety
or efficacy data as the dose is too low to cause a
therapeutic effect. Phase 1 studies are often car-
ried out in healthy volunteers, although they are
sometimes carried out in patients, which are then
designated as phase 1/2 studies. This occurs if the
test drug is too toxic in healthy volunteers, the
dose needed is higher than healthy volunteers can
tolerate, or the therapeutic range is very narrow.

Phase 1 studies are used to assess the pharma-
cokinetics (PK) and pharmacodynamics (PD) of
a drug. PK is how our bodies affect a drug and
involve absorption, distribution, metabolism, and
excretion (ADME) of a drug. PD is how a drug
affects our bodies and evaluates the drug activity
on at its target and the therapeutic window includ-
ing the onset and duration of action.

Phase 1 studies are often carried out in ascend-
ing dose studies. These can either be single ascend-
ing dose studies (phase 1a) where a small group of
people are given a single dose of a drug and
observed before moving to larger doses until the
maximum tolerated dose is achieved or multiple
ascending dose studies (phase 1b) where several
groups are given different doses and followed.
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CONSORT 2010 checklist of information to include when reporting a randomised trial*

Item Reported
Section/Topic No  Checklist item on page No
Title and abstract
1a  Identification as a randomised trial in the title
1b  Structured summary of trial design, methods, results, and conclusions for specitic guidance see CONSORT for absiracts)
Introduction
Background and 2a  Scientific background and explanation of rationale
objeclives 2b  Specific objectives or hypotheses
Methods
Trial design 3a  Description of trial design (such as parallel, factorial) including allocation ratio
3b  Important changes to methods after trial co it (such as eligibility criteria), with reasons
Participants 4a  Eligibility critaria for participants
4b  Setlings and locations where the data were collected
Interventions 5  The interventions for each group with sufficient details to allow replication, including how and when they were
actually administered
Qutcomes 6a  Completely defined pre-specified primary and secondary outcome measures, including how and when they
were assessed
6b  Any changes to trial outcomes after the trial commenced, with reasons
Sampla size 7a  How sample size was detarmined
7b  When applicable, explanation of any interim analyses and stopping guidelines
Randomisation:
Sequence 8a  Melhod used lo generale the random allocation seguence
generation 8b  Type of randomisalion; details of any restriction (such as blocking and block size)
Allocation 9  Mechanism used to implement the random allocation sequence (such as sequentially numbered containers),
cor it de: ing any steps taken to conceal the sequence until interventions were assigned
mechanism

Implementation 10 Who generated the random allocation sequence, who enrolled participants, and who assigned participants to
interventions
If done, who was blinded after assignment to interventions (for example, parlicipants, care providers, those
assessing outcomes) and how

11b  If relevant, description of the similarity of interventions
Statisti hods 12a  Stati | methods used to compare groups for primary and secondary outcomes

12b  Methods for additional analyses, such as subgroup analyses and adjusted analyses

Blinding 11a

Results
Participant flow (a  13a
diagram is strongly

For each group, the numbers of participants who were randomly assigned, received intended treatment, and
were analysed for the primary outcome
recommendad) 13b  For each group, losses and exclusions after randomisation, together with reasons
Recruitment 14a Dates defining the periods of recruitment and follow-up

14b  Why the trial ended or was stopped
Baseline data 15  Atable showing baseline demographic and clinical characteristics for each group
MWumbers analysed 16  For each group, number of participants (denominaltor) included in each analysis and whether the analysis was
by original assigned groups
For each primary and secondary oulcome, resulls for each group, and the estimated effect size and its
precision (such as 95% confidence interval)

17t For binary oulcomes, presentation of both absolute and relative effect sizes is recommended
Ancillary analyses 18  Results of any other analyses performed, including subgroup analyses and adjusted analyses, distinguishing
pre-specified from exploratory

Qutcomes and 17a
astimation

Harms 19 Allimportant harms or unintended eflecls in each group tor speciic guidance sea CONSORT for harms)

Discussion

Limitations 20  Trial limitations, addressing sources of potential bias, imprecision, and, if relevant, multiplicity of analyses
Generalisability 21 Generalisability (external validity, applicability} of the trial findings

Interpretation 22  Interpretation consistent with results, balancing benefits and harms, and considering other relevant evidence

Other information

Registration 23 Registration number and name of trial regisiry

Protocol 24 Where the full trial protocol can be accessed, if available

Funding 25 Sources of funding and other support (such as supply of drugs), role of funders

*We strongly recomamend reading this statement in conjunction with the CONSORT 2010 Expl; and Elaboration for imy larifi om all the items. If relevant, we also

recommend reading CONSORT extensions for cluster randomised trials, non-inferiority and equivalence trials, pharmacological - herbal interventions, and pragmatic trials
Aclitonal extens are forh ing: for those and Toe up 1o date references relesant o this checklis, see www consort-statement org.

KF, Altman DG, Moher D, for the CONSORT Group.

Fig. 4.3 (a, b) CONSORT 2010 checklist. These 25
items form the minimum list of items to include when
reporting a randomized trial. http://www.consort-state-
ment.org/consort-2010.  (Reprinted under terms of
Creative Commons Attribution CC BY 2.0 from Schulz

CONSORT 2010 Statement: updated guidelines for
reporting parallel group randomised trials. BMC Medicine
2010, 8:18. (24 March 2010))
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CONSORT 2010 Flow Diagram
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Fig. 4.4 CONSORT 2010 Participant flow diagram. This
diagram describes how subjects dropped out from a study
and how many were finally included in the final analysis.
http://www.consort-statement.org/consort-2010.

(Reprinted under terms of Creative Commons Attribution

Analysed (n=)
+ Excluded from analysis (give reasons) (n=

—

CCBY 2.0 from Schulz KF, Altman DG, Moher D, for the
CONSORT Group. CONSORT 2010 Statement: updated
guidelines for reporting parallel group randomised trials.
BMC Medicine 2010, 8:18. (24 March 2010))
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Fig. 4.5 Phases of clinical research. Drug development follows a series of steps that can lead to drug approval. The
goals of the study evolve through these steps, which involve an increasing number of patients and costs

Phase 2

Once a dose range is determined, the next goal
becomes evaluating if the drug has any biological
effect. These are conducted in larger populations
often involving hundreds of patients and often
involve several doses. Surrogate endpoints are
often evaluated and the drug effect on biomarkers
is explored. Preliminary data are obtained on
clinical outcomes to help determine the size of
phase 3 studies. Patients who respond better to
treatment are identified, which can influence the
design and size of phase 3 studies.

These studies assess efficacy which is the
effect of a drug under ideal and controlled set-
tings. Effectiveness refers to the performance of a
drug under real-world conditions. As studies
move on to later phases, the drug’s effectiveness
is increasingly studied.

Phase 3

Phase 3 studies are the cornerstone studies
designed to assess the effectiveness of a new
treatment or intervention that helps to assess their
value in clinical practice. These studies require a

clinical endpoint and involve multiple centers to
recruit the large number of patients needed in
these studies. They are also often multinational in
order to help get approval in a variety of coun-
tries as there is often a requirement that a certain
number of patients or subjects come from the
country in which the study will be approved. The
inclusion and exclusion criteria are more relaxed,
although they may still not represent the full
spectrum of disease in which a study will be
approved. These studies are also longer than prior
studies helping to evaluate adverse event with
longer drug exposures. For all of these reasons,
these studies become the gold standard assess-
ment for a treatment. It is typical that two phase 3
studies be required for approval by the FDA
(Food and Drug Administration) in the United
States and the EMA (European Medicine
Agency) in the European Union. Once a drug has
shown satisfactory results, all of the manufactur-
ing, preclinical, and trial data accumulated to this
point are combined into a large document that is
submitted to the regulatory agencies as a regula-
tory submission for drug approval though an
NDA (New Drug Application). The process for
approval of a drug has averaged 1015 years and
cost 2.6 billion dollars in the early 2010s [41].
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Phase 4

Phase 4 studies are also known as post market-
ing surveillance trials and provide longer-term
safety data (pharmacovigilance) and ongoing
studies, which may be required by the regula-
tory agencies at the time of approval. The inclu-
sion and exclusion criteria are more relaxed
and can include studies in special populations.
These studies provide a more real-world expe-
rience on the effectiveness of a treatment. The
longer period of evaluation allows for the study
of rare events, including interactions with other
drugs. These studies often involve reporting data-
bases, registries, and monitoring health records.
Pharmaeconomic studies help differentiate drugs
of equal efficacy and safety.

Conclusion

The treatment of patients with neuroimmune
conditions will require combining the informa-
tion gleaned from all of these methods and evalu-
ating that they yield similar results. Comparing
across clinical trials should be undertaken with
caution due to differences in baseline demo-
graphics, how outcomes are defined, underlying
biases, etc. However, when studies are dissimilar,
studying why they are different can provide
invaluable information into a disease process.
Similarly, studying subpopulations within a clini-
cal trial can provide information of who is
responding better or not at all and help apply this
information into clinical practice.
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Key Points patients and to complement the benefi-

1. Early identification and treatment of cial effect of long-term maintenance
clinical, biological, radiological, or therapies.
electrophysiological activity in neuro- 6. With the exception of multiple sclerosis
logical autoimmune disorders is key in (MS), high-quality trials studying the
the prevention of irreversible disability. efficacy of acute and chronic treatment

2. Differentiating between pseudorelapses, approaches and strong evidence on opti-
fluctuating symptoms, and symptoms mal disease monitoring strategies are
due to comorbid conditions from actual lacking in the field of autoimmune neu-
relapses is needed to avoid unnecessary rological disorders.

treatment escalation.

3. Treatment of acute relapses of neuro-
logical autoimmune disorders includes
corticosteroids, intravenous immuno-
globulin, and plasmapheresis, depend-
ing on the condition and the severity of
symptoms.

4. Long-term immunosuppressive therapy
is needed to control most neurological
autoimmune disorders.

5. Optimal symptom management is
essential to improve the quality of life of

Introduction

Autoimmune inflammatory disorders constitute
an important proportion of neurological diseases
of the central, peripheral, and, to a lesser extent,
autonomic nervous system. Their course is often
marked by subacute development of new symp-
toms or worsening of previous symptoms. These
relapses reflect active inflammation and should
be promptly recognized. The importance of iden-
tifying clinical, biological, radiological, or elec-
trophysiological activity is crucial to (1) treat the
acute episode timely and appropriately to avoid
irreversible damage to neural tissues and accu-

G. Macaron

Mellen Center for Multiple Sclerosis, Neurological mulation of disability over time and (2) escalate
Institute, Cleveland Clinic Foundation, maintenance immunosuppressive therapy to bet-
Cleveland, OH, USA ter control the disease and avoid further recrudes-
M. A. Willis (<) cence of inflammation. On the other hand, the

Department of Neurology, University of Mississippi
Medical Center, Jackson, MS, USA
e-mail: mwillis@umc.edu

evolution of these disorders often involves fluc-
tuation of established symptoms, rather than

© Springer Nature Switzerland AG 2021 59
A. L. Piquet, E. Alvarez (eds.), Neuroimmunology, https://doi.org/10.1007/978-3-030-61883-4_5

5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61883-4_5&domain=pdf
https://doi.org/10.1007/978-3-030-61883-4_5#DOI
mailto:mwillis@umc.edu

60

G. Macaron and M. A. Willis

bona fide relapses. Distinguishing these episodes
of intermittent worsening from actual disease
activity is key. Hence, a major part of disease
management includes symptomatic treatments,
complementing the long-term benefit of immu-
nosuppressive medications.

Autoimmune neurology is a complex field. In
order to understand the mechanism of action and
potential therapeutic advantage of immunomodu-
lating therapies, one should keep in mind the
pathophysiology of each group of diseases. For
some disorders, development of symptoms is
thought to be due to direct antibody-mediated
effect on a specific antigen in the nervous system.
Examples include autoimmune neuromuscular
disease (e.g., antibodies directed against acetyl-
choline receptors, muscle-specific tyrosine
kinase [MuSK], lipoprotein receptor-related pro-
tein 4 [LRP4] in myasthenia gravis), [1] limbic
encephalitis with antibodies directed toward
extracellular antigens (e.g., antibodies directed
against the anti-N-methyl-D-aspartate [NMDA]
receptor in NMDA encephalitis) [1], and neuro-
myelitis optica spectrum disorders (NMOSD)
[2]. In the latter, antibody binding to aquaporin-4
(AQP4) receptors induces demyelination and
neuronal death by antibody-mediated cytotoxic-
ity, whereas in limbic encephalitis and myasthe-
nia gravis, antibodies modulate reversibly the
effect of surface or synaptic proteins [2, 3]. For
other disorders, cytotoxic T-cells are the major
culprit in disease development, like the classical
paraneoplastic disorders associated with antibod-
ies directed toward intracellular antigens (e.g.,
anti-Hu also known as anti-neuronal nuclear anti-
body type 1 [ANNA-1]) [1]. Antibody pathogen-
esis is further discussed in Chap. 2. Finally, many
disorders have a more complex pathophysiology,
with incompletely understood dysregulation of
the immune system. These include multiple scle-
rosis (MS) [4], chronic inflammatory demyelin-
ating polyneuropathy (CIDP) [5], and systemic
diseases with CNS involvement such as sarcoid-
osis [6].

In this chapter, we will review the general
concepts of monitoring and treatment of disease
activity as well as the management of common
symptoms. Detailed treatment strategies are

reserved for subsequent chapters dedicated for
each disorder.

Diagnosis of Disease Activity

Identifying Disease Activity
and Recognizing Pseudorelapses or
Comorbid Syndromes

A relapse or exacerbation is broadly defined as an
immune-mediated insult to the nervous system
resulting in new or worsening neurological symp-
toms and ongoing neuronal damage or modifica-
tion of neural cell function. The demyelinating
CNS diseases (MS and NMOSD) are representa-
tive examples, where a relapse can result in irre-
versible damage and disability accumulation [7,
8]. Other autoimmune disease can also present
with a relapsing course, including autoimmune
encephalitis (e.g., NMDA-R encephalitis [9, 10],
LGI-1 encephalitis [3]), neurosarcoidosis [11],
and CIDP [12], among others. Diagnosis of a
relapse is largely based on clinical history and
detection of objective changes on neurological
examination. Validated neuroperformance assess-
ments—measurements of gait, manual dexterity,
cognition, and quality of life—have been incor-
porated into clinical practice in some MS centers
[13] with the hope of detecting clinical change
more sensitively. In neurosarcoidosis, diseases of
the neuromuscular junction, and autoimmune
polyneuropathies, neurologic symptoms are
often chronic and treatment-dependent rather
than distinct and well-defined [12, 14, 15].
Worsening when weaning immune suppression
may be the clearest indicator that ongoing symp-
toms are related to an active immune process.
The term pseudorelapse is mostly used in MS
and NMOSD. It is defined as worsening of preex-
isting neurological symptoms in the context of
systemic metabolic derangement. The presence
of typical and previously unexperienced symp-
toms is highly suspicious of a bona fide relapse.
Conversely, worsening or reoccurring neurologi-
cal symptoms should raise concern for a pseudo-
relapse induced by infection, heat, metabolic
abnormality, initiation of a new medication, or
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emotional stress. For example, new vision loss in
a patient with NMOSD would be strongly sug-
gestive of a true relapse. Symptoms of increased
leg spasticity in a patient with a previous myelitis
could be a pseudorelapse [16]. In addition to
evaluation for common causes of pseudorelapse,
imaging can help differentiate true from pseudo-
relapses in MS and NMOSD. Pseudorelapses
should generally not be treated with corticoste-
roids or a change in disease-modifying therapy.

Monitoring of Disease Activity

Regular clinical assessments remain the founda-
tion of disease activity monitoring. For some dis-
orders, clinical judgment is sufficient to initiate
treatment and modify long-term management.
Two examples are recurrent seizure activity and
behavioral symptoms in a patient with NMDA
encephalitis or new-onset unilateral painful visual
impairment in a patient with NMOSD [10].
Disease activity monitoring in MS includes evalu-
ation of subclinical activity with serial magnetic
resonance imaging (MRI) studies in addition to
identification of relapses and objective clinical
changes. Most MS patients develop asymptom-
atic lesions more commonly than symptomatic
lesions [14], and detection of the subclinical
lesions would warrant consideration of a change
in disease-modifying therapy [17, 18]. Serial
MRIs of the neuroaxis are also helpful in assess-
ing disease activity and treatment response in
neurosarcoidosis with CNS involvement [19, 20].

Biological markers can help identify inflam-
matory activity in some cases. The presence of
CSF NMDA-R antibodies confirms a diagnosis
of NMDA encephalitis, and changes in titers after
treatment may be helpful for prognostication,
although strong evidence to support following
titers is lacking [15, 16]. AQP4 antibodies
increase from their baseline weeks before the
occurrence of a relapse in NMOSD [21]; how-
ever, clinical meaningfulness of the absolute
value is difficult to interpret, and serial titer mea-
surements are not routinely done in clinical prac-
tice to monitor disease activity. In other
cases—such as anti-GAD antibodies in stiff per-

son syndrome (SPS) [22]—antibody titers are not
correlated to disease course.

Though MS has been studied more exten-
sively than most other neuroinflammatory disor-
ders, there are currently no biomarkers for
monitoring of disease activity and treatment
response.

The interest in finding such biomarkers
remains high, with hope for markers such as neu-
rofilament light chain detectable in both serum
and CSF [17].

Acute Management of Relapses
Corticosteroids

The anti-inflammatory action of glucocorticoids
is complex, pleiotropic, dose-dependent, and
incompletely elucidated. Glucocorticoids are
thought to inhibit initial events triggering inflam-
mation as well as the processes maintaining an
inflammatory response [18]. After being exposed
to glucocorticoids, the glucocorticoid receptor
subunit translocates in the nucleus and binds
response elements that modulate the transcription
of genes controlling leukocyte function to gluco-
corticoid response elements on various genes,
leading to up- or downregulation of these genes
depending on their function [18-20].
Glucocorticoids also act on non-genomic path-
ways, which ultimately modulate transcription of
pro- and anti-inflammatory genes [19]. The net
effects of glucocorticoids in the CNS are sup-
pression of inflammation (decreasing the produc-
tion of pro-inflammatory cytokines and growth
factors), modulation of the immune repertoire in
the blood and CSF (stimulating lymphocyte
apoptosis through complex mechanisms, redistri-
bution of T-cells, decreased memory T-cells,
decreased Fc receptor expression by macro-
phage), and restoration of the blood-brain barrier
function (by regulating expression of adhesion
molecules on the blood-brain barrier and decreas-
ing leukocyte migration in the injured CNS) [19].
Examples on the use of steroids in the acute man-
agement of autoimmune diseases of the nervous
system are summarized in Table 5.1.
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Table 5.1 Overview of the use of corticosteroids in the treatment of exacerbations in neurological autoimmune

diseases

Disease
Multiple sclerosis

NMOSD/
anti-MOG disease

Idiopathic acute
transverse myelitis
and optic neuritis
Autoimmune
encephalitis

Neurosarcoidosis

CIDP

Inflammatory
myopathies?

Comment

First-line therapy: 1000 mg IV MP for 3-5 d

Evidence supports beneficial effect of high-dose steroids on relapse outcome
High-dose oral prednisone (1250 mg) or MP (1000 mg) for 3-5 d is equivalent to IV
administration

No evidence supporting the use of an oral taper

IV course can be repeated for up to 10 d in severe relapses with incomplete improvement after
5 days

First-line therapy: 1000 mg IV MP for 3-5 d

Strong evidence for specific regimen is lacking

Prompt use of plasmapheresis is advocated if minimal or no response is observed
First-line therapy: 1000 mg IV MP for 3-7 d

Strong evidence based on the large ONTT

First-line therapy: 1000 mg IV MP for 3-5 d

Strong evidence for specific regimen is lacking

Followed by a maintenance dose of 1000 mg IV MP/w for 4-8 w with a gradual decrease in
dose frequency over months, depending on response

Prompt use of plasmapheresis in severe/refractory cases

Response to treatment may be limited in disorders with antibodies directed toward intracellular
antigens

High-dose bolus (500-1000 mg IV MP for 3-5 d) reserved to severe cases

Followed by a maintenance dose of oral prednisone, typically 60 mg/d with a slow taper over 6
to 12 months depending on clinical and radiological response

Mild to moderate neurological involvement can be initially treated with low-dose oral
prednisone (20 to 40 mg/d)

IVIg advocated as first-line therapy, but corticosteroids are overall equally effective

Multiple corticosteroid regimens have been used, including monthly 1000 mg IV MP,

80-100 mg oral prednisone daily for at least 1 month followed by a slow taper, pulse 500 mg
oral MP/week for at least 3 months followed by a taper, and pulse 40 mg/d oral dexamethasone
for 4 days every month for 6 months, followed by a taper

First-line therapy

Prednisone 1 mg/kg/d, to a maximum daily dose of 80 mg/d for 4-6 w followed by dose
adjustment depending on response

1000 mg IV MP for 3 d can be used initially in severely affected patients

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, IV intravenous, /VIg intravenous
immunoglobulin, MP methylprednisolone, MOG myelin oligodendrocyte glycoprotein, NMO neuromyelitis optica,

NMO-SD neuromyelitis optica spectrum disorder, ONTT optic neuritis treatment trial, w week(s)
“Inflammatory myopathies include polymyositis, dermatomyositis, and inclusion body myositis

In the 1980s, high-dose methylprednisolone
(HDMP) gradually became the standard of care
in MS relapses following three randomized trials
showing its non-inferiority to intramuscular (IM)
or intravenous (IV) adrenocorticotropic hormone
(ACTH), which was previously the gold standard
approach [23, 24]. The high cost of ACTH and
the accessibility of HDMP have limited the use
of ACTH (HP Acthar® gel, repository corticotro-
pin injection) though it remains available to treat
MS relapses for those patients who do not toler-
ate or do not respond to HDMP [22]. Numerous

randomized controlled trials subsequently evalu-
ated the benefit of various doses and routes of
HDMP in the treatment of MS relapses [22, 25,
26]. A methylprednisolone dose of 500 to
1000 mg/day for 3 to 5 days is most common,
though variations may be considered in some
scenarios. Several recent studies in MS patients
showing comparable effectiveness of high-dose
oral steroids [22-26] led to increased adoption of
oral methylprednisolone 1000 mg daily or pred-
nisone 1250 mg daily as an alternative to IV
administration. There is no strong evidence sup-
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porting the use of tapering regimen after a short
course of high-dose steroids [24]; however, this
approach is often advocated in clinical practice,
particularly in patients with a high number/vol-
ume of active lesions.

While acute management is not as well-
studied in other disorders, HDMP is typically ini-
tiated when confronting a patient with a subacute
neurological presentation suggestive of an
inflammatory monophasic or relapsing disease,
and after ruling out an infectious process, HDMP
remains the first-line therapy in suspected or
relapsing autoimmune encephalitis [3], NMOSD
[27, 28], idiopathic acute transverse myelitis
[29], isolated optic neuritis [30], inflammatory
myopathies [31], and to a lesser extent autoim-
mune peripheral neuropathies [5, 32]. High-dose
steroids can be detrimental in some neuroinflam-
matory disorders. For example, HDMP may pre-
cipitate a myasthenic crisis or may worsen
symptoms in multifocal motor neuropathy; the
neuropathy is steroid-unresponsive and can even
be worsened by their use [33].

The use of high-dose steroids is associated with
a number of potential side effects (Table 5.2).
Patients should be assessed for preexisting condi-
tions that may be associated with higher risk of
complications. Side effects of short-term pulse ste-
roids are typically mild and manageable with the
use of antacids, proton-pump inhibitors, anxiolyt-
ics, and/or a short-acting sedative-hypnotic. Blood
glucose and blood pressure should be monitored in
patients with diabetes and hypertension during
therapy. Inpatient administration should be consid-
ered for patients with severe psychiatric disorders.

Intravenous Immunoglobulins (1Vig)

Pooled polyclonal immunoglobulins from the
blood of thousands of donors are delivered intra-
venously at high dose to provide an immunomod-
ulatory effect in autoimmune disease [34]. The
immunomodulatory and  anti-inflammatory
mechanism of action of intravenous immuno-

Table 5.2 Side effects of corticosteroid use

Adverse effect
Gastrointestinal side effects:
Abdominal pain
Nausea and vomiting
Peptic ulcer®
Intractable hiccups
Pancreatitis
Hepatitis
Neuropsychiatric:
Insomnia
Euphoria
Mania
Anxiety
Psychosis?
Depression®
Cutaneous:
Flushing and diaphoresis
Easy bruising
Acne*
Other:
Hypertension
Diabetes*
Cardiac arrhythmia
Metallic taste
Headache
Myalgia
Increased appetite
Glaucoma
Musculoskeletal:
Osteopenia and osteoporosis
Avascular osteonecrosis
Myopathy
General appearance:
Cushingoid features
Weight gain
Cardiovascular:
Premature atherosclerotic
disease
Hypertension
Diabetes
Ophthalmologic:
Cataract
Glaucoma
Exophthalmos
Central serous
chorioretinopathy
Other:
Skin thinning and ecchymosis
Pseudotumor cerebri
Hypothalamic-pituitary-
adrenal axis suppression
Immunosuppression

Onset

Occurring during
high-dose short-term
use

Occurring with
long-term use

Side effects occurring more frequently in people with
predisposing conditions



64

G. Macaron and M. A. Willis

globulin (IVIg) is thought to be mediated by neu-
tralizing and eliminating autoantibodies, blocking
cellular receptors and hence, pro-inflammatory
cell interactions, neutralizing complement pro-
teins, inhibiting pro-inflammatory cytokine pro-
duction (interleukin 1 [IL;] and tumor necrosis
factor-alpha [TNF-a]), blocking effector cells by
saturating Fc receptors, inhibiting antibody-
dependent cellular toxicity, and modulating
T-cell function and antigen recognition [34, 35].

Table 5.3 lists neuroinflammatory disorders
for which IVIg is used in either the acute or
chronic setting. The role of IVIg is best estab-
lished in PNS disorders such as Guillain-Barré
syndrome [36, 37], CIDP [32, 36, 38], and multi-

focal motor neuropathy [36, 39]. The efficacy of
high-dose IVIg has been reported in other periph-
eral neuropathies including painful sensory neu-
ropathy associated to Sjogren’s syndrome [40]
and sarcoidosis [41]. IVIg may be used for treat-
ment of worsening myasthenia gravis or myas-
thenic crisis [36, 42], although its use as a
maintenance therapy in this disease is controver-
sial. There is some evidence to support the use of
short- and long-term therapy in Lambert-Eaton
myasthenic syndrome [36, 43] as well as severe
or steroid-refractory inflammatory myopathy
[44].

IVIg is also commonly used as a first-line
therapy in patients with suspected autoimmune

Table 5.3 Overview of the use of intravenous immunoglobulin in the treatment of neurological autoimmune diseases

Disease Comment

CIDP and GBS

Recommendation based on strong evidence

For CIDP: 2 g/kg infused over 2 to 5 d, followed by maintenance therapy of 1-2 g/kg infused
over 2-5 d every 3 w for a few months until improvement stabilizes
For GBS: 2 g/kg infused over 2 to 5 d

Multifocal motor
neuropathy

Recommendation based on strong evidence
2 g/kg infused over 2 to 5 d followed by 1-2 g/kg every 2-8 w, depending on response

Corticosteroids and plasma exchange are ineffective

Myasthenia gravis
and Lambert-Eaton

Equally effective as plasma exchange in myasthenia crisis
Efficacy of IVIg less certain in patients with mild disease and purely ocular form
Chronic use of IVIg is less certain in myasthenia gravis but can be reserved for patients with

In Lambert-Eaton: 2 g/kg infused over 2 to 5 d followed by maintenance therapy with repeat

myasthenic

syndrome refractory disease or contraindication to immunosuppressants
In myasthenia crisis/acute worsening: 2 g/kg infused over 2 to 5 d
infusions at 4- to 12-w intervals in initial responders

Small-fiber Evidence based on small case series

neuropathy in
neurosarcoidosis and
Sjogren’s disease

Efficacy on neuropathic pain
2 g/kg infused over 2 to 5 d

Repeat administration depending on clinical response

2 g/kg per month for 3 months based on one RCT in dermatomyositis, no established regimen

Positive results in reversing deficits after steroid-refractory MS-related optic neuritis in one

Can be used in patients with severe refractory relapses and contraindication to plasmapheresis

Inflammatory Most convincing data for dermatomyositis, less established for polymyositis
myopathies® Benefit in inclusion body myositis is controversial

available
Autoimmune Efficacy based on retrospective studies and rare randomized trials
encephalitis Often used as first-line therapy

2 g/kg infused over 2 to 5 d
MS Insufficient evidence for recommending its use in MS relapses

uncontrolled trial

2 g/kg infused over 2to 5 d
NMOSD

Insufficient evidence for recommending its use in NMOSD relapses

Can be used in steroid-refractory cases with contraindication to plasmapheresis

2 g/kg infused over 2to 5 d

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, GBS Guillain-Barré syndrome,
HDMP high-dose methylprednisolone, /V Intravenous, IVIg intravenous immunoglobulin, MS multiple sclerosis,

NMOSD neuromyelitis optica spectrum disorder, w week(s)

Inflammatory myopathies include polymyositis, dermatomyositis, and inclusion body myositis
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encephalitis, often after HDMP fail to improve
symptoms [45]. The efficacy of IVIg in this set-
ting is limited to retrospective observations and
small randomized trials. For example, a random-
ized trial of IVIg versus placebo in SPS with anti-
GAD antibodies showed a significant decrease in
stiffness scores and heightened sensitivity scores
in patients treated with IVIg [46]. Controlled
studies are needed to formally establish the effi-
cacy of IVIg in autoimmune encephalitis.

Trials of IVIg for treatment of MS relapses
have shown little benefit [47-49]. A small open-
label nonrandomized study evaluating the effi-
cacy of IVIg in steroid-refractory optic neuritis
within 60 to 90 days after onset showed a signifi-
cant benefit on visual outcome for patients on
IVIg versus those without additional treatment
[50]. Though this result was not confirmed in a
larger randomized controlled trial, it suggests a
potential benefit of IVIg for acute treatment of
some MS patients. The efficacy of IVIg in
NMOSD relapses was observed in case series
and reports [51] and is based on the rationale that
IVIg should be effective in humoral-mediated
disorders.

Potential side effects of IVIg are summarized
in Table 5.4 [42].

Plasmapheresis

Plasmapheresis is used in numerous autoim-
mune disorders in the acute setting, particularly
in severely ill patients. See Table 5.5 for over-
view. Different apheresis techniques are cur-
rently available. Plasma exchange (PLEX) can
be performed using a centrifugation (separates
plasma from cellular components based on den-
sity) or a filtration technique (separates plasma
from cellular components using a filtration mem-
brane), both of which require replacement of the
removed fluid [52]. Other techniques include
double filtration plasmapheresis and immuno-
adsorption where IgG and other humoral factors
are selectively removed, and both do not require
replacement fluid [52]. The evident mechanism

Table 5.4 Side effects of intravenous immunoglobulin

Immediate
reactions

Infusion site pain and erythema

Headache
Myalgia, arthralgia
Nausea, vomiting
Phlogistic reactions®
Generalized inflammatory reaction
specifically in patients with active
infections
Anaphylaxis-like reaction *
Non-1g-E-mediated reaction
Patients present with urticaria,
flushing, tachycardia, hypertension,
shortness of breath, chest pain,
anxiety
Transfusion-related acute lung injury
Transfusional volume overload® ¢
Anaphylaxis in IgA-deficient patients
Delayed Persistent headache
reactions
Aseptic meningitis
Thromboembolic events
Acute kidney injury®
Hyponatremia®
Transient hemolytic anemia (positive
Coombs) or neutropenia
Enterocolitis
Late Eczematous dermatitis
reactions
Impaired immune response to
vaccination
Interference with immunodiagnosis
Blood-borne infections
Generalized inflammatory reaction specifically in patients
with active infections
“Rate-related adverse event
"In patients with preexisting cardiac insufficiency
“In patients with preexisting renal insufficiency

of action of PLEX is through the removal of
pathogenic autoantibodies. Other postulated
actions of PLEX include increased sensitivity of
antibody-producing cells to immunosuppressants
following plasma exchange, removal of immune
complexes and, hence, improvement of monocyte
and macrophage function, removal of inflamma-
tory cytokines, and increase in T suppressor and
decreased natural killer cell function [52].

The use of PLEX is usually reserved for the
acute setting as a second-line therapy after
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Table 5.5 Overview of the use of plasmapheresis in the treatment of neurological autoimmune diseases (non-

exhaustive list)

Disease Comment

GBS and CIDP

Recommendation based on strong evidence

For GBS: five plasma exchanges, approximately every other day (7—14 d)

For CIDP: four to six plasma exchanges every other day (8—10 d) followed by one exchange every
3—4 w and depending on clinical response

Equally effective as IVIg for both disorders

In GBS: early administration after onset of symptom associated with improved efficacy of
plasmapheresis; beneficial effect can be observed for up to 4 weeks

Myasthenia
gravis

Established as an effective treatment based on numerous trials
Used in myasthenia crisis and in the perioperative period in patients undergoing major surgery

Five plasma exchanges, approximately every other d (7-14 d)
Equally effective as immunoglobulin in myasthenia crisis
Plasmapheresis could be more effective in MUSK-positive patients

Lambert-Eaton

Small trials suggest short-term benefits

myasthenic

syndrome

Autoimmune Efficacy based on retrospective studies

encephalitis Can be used as first-line therapy, specifically in severely affected patients
Five plasma exchanges, approximately every other d (7-14 d)
Response to treatment is deceiving in disorders with antibodies directed toward intracellular
antigens

MS Efficacy based on few small randomized controlled trials and observational studies
Reserved as a rescue therapy in severe relapses unresponsive to HDMP
Five plasma exchanges, approximately every other d (7-14 d)

NMO/NMO-SD Recommendation based on numerous positive retrospective trials

Typically used in severe attacks as an add-on therapy to HDMP early in the course of the attack
Early administration after onset of symptom associated with improved efficacy of plasmapheresis
Five plasma exchanges, approximately every other d (7-14 d)

Abbreviations: CIDP chronic inflammatory demyelinating polyneuropathy, d day, GBS Guillain-Barré syndrome,
HDMP high-dose methylprednisolone, IV intravenous, /VIg intravenous immunoglobulin, MS multiple sclerosis,
MUSK muscle-specific kinase, NMO neuromyelitis optica, NMO-SD neuromyelitis optica spectrum disorder, RCT ran-

domized controlled trial, w week

HDMP or first-line therapy in severely ill patients.
PLEX is equally effective as IVIg as first-line
therapy for Guillain-Barré Syndrome, CIDP, and
myasthenia gravis [53-56]. Short-term benefits
of PLEX have been reported in Lambert-Eaton
myasthenic syndrome [57]. PLEX use in autoim-
mune encephalitis is based on numerous retro-
spective observations [45]. Small randomized
controlled trials and retrospective studies [58]
have shown benefits of PLEX for MS patients
with severe attacks unresponsive to repeat courses
of HDMP. Several studies suggest high efficacy
of PLEX when used early in NMOSD [27, 47].

Potential complications with plasmapheresis
are summarized in Table 5.6 [48].

Long-Term Management

Long-term immunosuppressive therapy is needed
to control most neurological autoimmune disor-
ders. These therapies will be detailed in each
disease-specific chapter; however, it is important
to highlight the concepts of long-term therapy to
prevent disability accumulation. An illustrative
example is NMOSD, where disability is relapse-
driven, relapses are typically severe, poor recov-
ery from relapses is frequent, and the risk of
having a relapse after an initial event is high [49,
59]. Hence, and in the absence of predictive bio-
markers of worse prognosis, the risk of discon-
tinuing therapy in NMOSD (and particularly
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Table 5.6 Complications of plasmapheresis

General
reactions

Hypotension

Anaphylaxis

Catheter-related complications
Hematoma at puncture site
Pneumothorax
Infection of catheter

Bleeding
Due to coagulation factor
depletion

Transfusion-related acute lung

injury (TRALI)

Transfusional volume overload

(TACO)

Bronchospasm
With or without an anaphylactic
reaction

Dyspnea, wheezing, and chest pain
Rarely in the context of a
complement-mediated membrane
incompatibility

Citrate-induced hypocalcemia

Pulmonary
complications

lon metabolism
disorder
Citrate-induced metabolic alkalosis
Hypokalemia
Hypocalcemia

seropositive cases) appears to outweigh the ben-
efit, and this approach is not recommended [59].

In MS, there are also many arguments advo-
cating for the long-term and early use of disease-
modifying 