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Immunotherapeutic strategies to treat neurodegenerative
disorders have inspired the scientific community. The aim of
our review is to address the translational aspects of
neuroimmunology to describe the efficacy of immunotherapy
in the treatment of pediatric neurodegenerative disorders. In
the studies we analyzed IVIG were found to be efficient in the
treatment of post-streptococcal neurodegenerative disorders,
even if in PANDAS, plasma-exchange (PE) showed a higher
efficiency. IVIG were also successfully used in ADEM and
Guillan-Barr�e syndrome. In Sydenham Chorea the use of
methylprednisolone was found in most cases as efficient as
IVIG, while in Tourette’s Syndrome, Colecoxib was successfully
used in one patient. Pediatric Multiple Sclerosis seems to
respond better to immunosuppressant agents (Mitoxantrone,
Cyclophosphamide, Natalizumab), as well as Neuromyelitis
optica (Rituximab, Mycofenolate). The importance of this
review relies in the attempt to draw standardized guidelines
for immunotherapy in pediatric neurodegeneratve disorders

Introduction

Since mouse models of Alzheimer disease were successfully
treated using immunotherapeutic strategies, other neurodegenera-
tive disorders as well as autoimmune disorders, neoplastic and ath-
erosclerotic conditions also became subjects to this challenge. The
cross-talk between nervous system and immune system is being
studied thoroughly and is considered an important contributor of
pathogenesis of these disorders resulting in immune-related thera-
peutic strategies. The most used treatment for immuno-mediated
neurodegenerative disorders in childhood is referable on the use of
immunoglobulins. Nevertheless, the difficulty in providing this
kind of treatment may affect the possibility of this therapeutic
approach on a large scale of neurodegenerative patients.

The aim of our review is to address the translational aspects of
neuroimmunology, in order to update clinicians on basic research
discoveries that will have therapeutic clinical efficacy and to study
the efficacy of alternative treatments to immunoglobulins, which
may be more easily available on large scale, for children affected
by neurodegenerative disorders.

Methods

The major studies, clinical trials, case reports and reviews on
the use of immunotherapy in pediatric neurodegenerative disor-
ders, with or without statistical meta-analysis, were selected.
Those reporting evidence of one or more immunotherapeutic
approaches in association with other standardized therapies were
considered (outcome). Studies that assessed the efficacy of thera-
peutic interventions different from immunotherapy in the stud-
ied neurodegenerative disorders were excluded.

Given the lack of an electronic database that contains all pub-
lications of all medical journals and that a restriction of only one
database could be associated with a systematic bias, it was neces-
sary to combine multiple databases for a comprehensive literature
search. For this reason, an electronic literature search was carried
out in MEDLINE via PubMed interface, SCOPUS, Google
Scholar, the Cochrane Library for all articles published from
inception to February 2015. Database-specific search strings were
developed and included search terms describing immunotherapy
(population/exposure/intervention) and pediatric neurodegenera-
tive disorders (study design/description of cases). A combination
of medical subject headings and keywords was used. Titles and
abstracts of identified papers were screened by 2 independent
reviewers to determine whether they met the eligibility criteria of
interest to develop our review. Subsequently, full texts of the
remaining articles were independently retrieved by the 2
reviewers for eligibility.

The immune response in the Nervous System and some
neurodegenerative disorders

Although the central nervous system (CNS) is considered an
immune-privileged environment, it is proved that the innate
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immunity recruits adaptive immunity cells through secretions of
various cytokines and chemokines that induce expression of
adhesion molecules on the blood-brain-barrier and co-stimula-
tory molecules on microglia.1 Innate immune responses not only
develops in response to exogenous triggers such as viral and bac-
terial components through conserved pattern-recognition recep-
tors (PRRs), including toll-like receptors (TLRs), but is also
activated endogenously by activation of danger-associated molec-
ular patterns (DAMPs), some of which, such as heat shock pro-
teins (HSP), uric acid, chromatin, adenosin and ATP, high
mobility group box chromosomal protein-1 (HMGB-1), hyalur-
onan, fibrinogen and aggregated, modified or misfolded proteins
such as amyloid-b (Ab), apha-synuclein and microtubule associ-
ated protein-tau.3 Microglia, astrocytes, oligodendrocytes and
neurons are shown to express TLRs 2,3 and 4.2 Activated TLRs
produce pro-inflammatory cytokines that lead to neuronal dam-
age of the nearby environment. It has been demonstrated that
TLRs 2 and 4 are responsible in neurodegenerative processes
since mice models deficient in these TLRs, exhibit reduced levels
of pro-inflammatory cytokines and milder clinical disease follow-
ing traumatic brain injury or middle cerebral artery occlusion.3

Moreover TLR2, TLR3 and TLR4 have been found increased in
Parkinson disease (PD), stroke and Amyotrophic Lateral Sclerosis
(ALS) models and Alzheimer disease (AD).4,5 TLR expression
was also found increased in Multiple Sclerosis (MS) and in sam-
ples of experimental autoimmune encephalitis (EAE), in which it
was found that TLR-4 knockout mice were resistant to EAE and
TLR9-deficient mice developed less severe clinical inflamma-
tion.6 This involvement potentiates TLRs and consequent
immune processes as targets for therapeutic strategy in CNS
diseases.

An accelerated accumulation of advanced glycation end-prod-
ucts (AGE) has been observed in MS and AD, as well as aging.
Since the receptor for AGE (RAGE) is increased following oxida-
tive stress, immune and/or inflammatory responses, and altered
cell functions, AGE accumulation is also a trigger for these pro-
cesses. Followed by RAGE induction pro-inflammatory cyto-
kines and free radicals are secreted, perpetuating the damage
process. An increase of RAGE expression on neurons and astro-
cytes is detected in AD as well as on oligodendrocytes in response
to stress in MS.7 HMGB1, a ligand of RAGE and DAMP,
increases in MS lesions.8

Activation of innate immunity leads to the production of
pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a) and interleukin (IL)-6, and of the chemokine
CXCL8, seen in many neurodegenerative disorders. Down-
stream effects, including an increase in caspase activity, of
intracellular calcium levels and of the production of reactive
oxygen species (ROS) have been implicated in AD, systemic
lupus erythematosus (SLE), traumatic brain injury (TBI) and
Huntington’s chorea.1

Also the complement system, is another component of the
innate immunity involved in the pathogenesis of neurodegenera-
tive disorders. Most complement components and receptors are
expressed by astrocytes, microglia and neurons. Increased expres-
sion of these proteins have been found increased in the CNS in

AD, ALS, SLE, Huntington’s chorea, MS, PD and cerebral
stroke.9 Literature data have shown the presence of antibodies to
neurons and altered lymphocyte functions are seen in some neu-
rodegenerative disorders.10,11

The same immunopathogenesis is also considered for pediat-
ric CNS disorders and immunotherapeutic strategies have long
been used in these disorders. For example, some movement dis-
orders occur as a result of antibodies to group A b-hemolytic
streptococcal infections that cross-react with human basal ganglia
tissue, resulting in motor and psychiatric symptoms.11

Altered and elevated T-cell responses to CNS antigens plus
shifts in the ratio of CD4C to CD8C cells both in the CNS and
periphery in neurodegenerative disorders are evidences for
involvement of cellular immune. However, T cells directed to
myelin and neural antigens are also detected in healthy individu-
als.12 Altered ratio of CD4C to CD8C T cells is observed in
AD, ALS and traumatic brain injury.13-15 It is suspected that the
neural damage in MS, is mediated through CD8C T cells that
act in contrast with neurons. Also, B cells, and CD4C, CD8C T
cells can play a role in MS by the close association of T cells
expressing TNF-related apoptosis-inducing ligand (TRAIL) with
dying spinal motor neurons.16 However, protection and repair
processes are also mediated by T cells since for example, CD4C
T cells are found to play protective role in mouse models of
ALS.17 Also brain-derived neurotrophic factors, produced by T
cells and other inflammatory cells in brain lesions of MS and
ADEM patients are basically neuroprotective.18 Table 1 summa-
rizes the immunopathogenic features of those neurodegenerative
disorders treated in this paper.

Immunotherapeutic approaches to Pediatric
Neurodegenerative disorders based on the immunopathological
aspects of these diseases

The post-streptococcal movement disorders spectrum (PSMDs)
Sydenham’s Chorea (SC) also known as St Vitus dance, cho-

rea minor and chorea rheumatica was first identified by Thomas
Sydenham in 1686 and described as characterized by abrupt,
irregular involuntary movements and alterations in behavior.19

Later in 1802, an association between SC and rheumatic fever
was found and further studies also recognized their common trig-
ger in the streptococcal infection. Antibiotic treatments for strep-
tococcal infections led to a decline in the incidence of SC,
however the disease re-emerged in the 1980s with a different phe-
notype. An outbreak of streptococcal tonsillitis lead to develop-
ment of sudden movement disorders characterized as tics.20

Preservative behavioral changes in SC were first noticed by Sir
William Osler.21 Depression, anxiety, obsessive-compulsive
behavior and attention deficit hyperactivity disorder (ADHD)
are the behavioral changes in Sydenham’s chorea initially dubbed
as choreic temperament.22 With the re-emergence of children with
sudden-onset tics and behavioral changes in 1980s, Swedo et al.
evaluated fifty children with these symptoms following a group A
b-hemolytic streptococcal infection, introducing the novel term
of “pediatric autoimmune neuropsychiatric disorders associated
with streptococcal infections (PANDAS)”. PANDAS patients are
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Table 1. description of the immunopathogenic features of pediatric neurodegenerative disorders

Immune molecule
involved in the
pathogenesis

Disease in which it has
been recognized

Innate vs
Acquired immune

system (IS) Mechanism of Action References

TLR2, 3, 4 PD*, ALS**, AD
�

Innate IS Trigger to start innative immune
response

Okun E. et al, 2009 (6); Letiembre M
et al, 2009 (7); Jackson AC et al.,
2006 (8)

TLR4, 9 MS'', EAE€ Innate IS Trigger to start innative immune
response

Bsibsi M et al, 2002 (4); Prinz M et al,
2006 (11); van Noort JM, 2007
(12)

NLRs$ AD
�

Innate IS Recognition of intracellular invaders Visser L et al, 2006 (14)
RAGE% MS'' Innate IS Increased activity following

oxidative stress, immune and/or
inflammatory responses, and
upon altered cell functions

Qin J et al, 2008 (16); Sternberg Z,
2008 (17)

Adenosine receptors AD
�

Innate IS Regulation of inflammation by
modulation of cytokine release

van der Putten C, 2009 (19);
Salminen A, 2009 (20)

Complement fragment
C1q, C3, C4

PD*, ALS**, AD
�
,

MS'', Traumatic brain
injury, SLE¢,
Huntington’s chorea

Innate IS Opsonization, activation of acquired
immune system, contribution in
inflammatory processes leading
to gliosis, axonal death and basal
gangla abnormalities

Bonifati DM, 2007 (21); Gasque P,
2000 (22)

ABGA
��

PANDAS<, SC£, TS€ Acquired IS Molecular mimicry, cross-reaction
with neuronal antigens

Church A, 2004 (58); Pavone P et al,
2004 (59); Gause C et al, 2009
(60); Morer A et al, 2008 (61)

aPL₠ SLE¢, APS{ Acquired IS Molecular mimicry, cross-reaction
with neuronal antigens

Peluso S et al, 2012 (88); Lazurova I
et al, 2007 (89)

anti-MOG⌘ ADEM⌥ Acquired IS Molecular mimicry, cross-reaction
with neuronal antigens

O’Connor KC et al, 2007 (98)

T-lymphocytes
subsets
B-lymphocytes
anti-MOG⌘

MS'' Innate IS and
Acquired IS

Production of proinflammatory
cytokines; Interaction with
metalloproteinases (MMPs);
Activation of proinflammatory
humoral immunity; Molecular
mimicry, cross-reaction with
neuronal antigens

Frohman EM et al, 2006 (141);
Charo IF et al, 2006 (142);
Hemmer B et al, 2006 (143);
Baranzini SE et al, 1999 (144);
Colombo M et al, 2000 (145);
Krumbholz M et al, 2005 (146);
Cepok S et al, 2005 (147); Genain
CP et al, 1999 (148); Berger T
et al, 2003 (149); Reindl M et al
(150)

Anti-gangliosides antibodies
T-lymphocytes subsets

GBS Acquired IS Molecular mimicry, cross-reaction
with neuronal antigens;
Production of proinflammatory
cytokines

Kuwabara S et al, 2004 (211); Magira
EE et al, 2003 (212); Hartung HP
et al, 2002 (213)

*PD: Parkinson Disease.
**ALS: Amyotrophic Lateral Sclerosis.
�AD: Alzheime Disease.
''MS: Multiple Sclerosis.
€EAE: Experimental autoimmune encephalitis.
$NLRs; Nucleotide-binding oligomerization domain-like receptors.
%RAGE: Receptor for advanced glycation end products.
¢SLE: Systemic lupus erythematosus.
��ABGA: Anti basal ganglia antibodies.
<PANDAS: Pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections.
£SC: Sydenham’s Chorea.
€TS: Tourette syndrome.
₠aPL: Antiphospholipid antibodies.
{APS: Antiphospholipid syndrome.
⌘anti-MOG: autoantibodies against the tetrameric myelin oligodendrocyte glycoprotein (MOG).
⌥ADEM: Acute disseminated encephalomyelitis.
GBS: Guillan-Barr�e syndrome.
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identified by a diagnostic criteria proposed by Swedo et al. which
include: obsessive compulsive disorder (OCD) or a tic disorder
with abrupt onset at pre-pubertal or pediatric ages, following an
episodic course, associated with streptococcal infections and with
neurological abnormalities (choreiform movements and motor
hyperactivity).23

It was suspected then that the choreiform movements in SC
result from localization of the anti-streptococcal antibodies in the
basal ganglia, which later redefined PANDAS as an immune
mediated neurological disease involving the basal ganglia.24 A
study examining 50 children with behavioral alterations, associ-
ated with tics and choreiform, found elevated titers of anti-strep-
tococcal antibodies associated with high levels of anti-neural
antibodies in children with movement disorders25

The inflammatory basis in SC and PANDAS seems to be
linked to the activation of acuired immunity, by the production
of specific antibodies, some of them as result of cross reaction
between group A b-hemolytic streptococcus and neuronal tissue
(as the mammalian lysoganglioside and N-acetyl-b-D-glucos-
amine (GlcNAc), an epitope in group A streptococci, which
reacts with antineural antibodies, resulting in a cross-reaction
between epitopes26 others directed against basal ganglia (anti-
basal ganglia antibodies- ABGA).27 It has been hypothesized and
antigenic mimicry between antibodies against epitopes in caudate
nucleus and M protein in group A streptococci. In regards, an in
vivo study reported that mammalian lysoganglioside and N-ace-
tyl-b-D-glucosamine (GlcNAc), an epitope in group-A-strepto-
cocci, reacts with these antineural antibodies and this pathogenic
mechanism has been confirmed by various clinical studies lead in
children affected by movement disorders.26

In regards, Church A. et al. compared 40 children with move-
ment disorders (fulfilling criteria for PANDAS and SC) related
to group A-streptococcal infection (GAS) with controls (includ-
ing one hundred neurological pediatric patients, among whom
40 children with uncomplicated streptococcal infection and 50
patients with autoimmune disorders). ABGA was present in 94%
of PANDAS patients and 95% of SC patients compared to the
5% in the control group.27 Comparison of serum ABGA of 22
PANDAS patients with the same number of controls (including
patients with uncomplicated GAS infection) resulted in positive
anti-basal ganglia staining (by indirect tissue immunofluores-
cence) in 64% of PANDAS patients versus 9% of control group,
concluding that ABGAs are not present following all GAS infec-
tions.28 On the contrary, other studies did not support a relation-
ship between PANDAS and SC and GAS infection.29,30

Group A b-hemolytic streptococcus antibodies have been
found positive not only in Sydenham’s chorea and PANDAS,
but also in Tourette Syndrome (TS), suggesting a common
inflammatory patterns for all the 3 pathologies. In fact, since
obsessive-compulsive behaviors (including Tics and/or obsessive-
compulsive disorder (OCD)) were common in children with SC
and PANDAS, it has been suggested that these types of behaviors
might have a neurobiological etiopathology in the same region:
the basal ganglia. Studies in children affected by OCD showed a
higher level of presence of ABGA in the cerebrospinal fluid
(CSF) compared to healthy children.11 Assessment of 50 patients

with a history of rheumatic fever (30 patients with SC and 20
patients without chorea), in a 6-month prospective study, showed
that obsessive-compulsive symptoms appeared suddenly in 70%
of patients with chorea, being absent in those without movement
disorders.31 A further study evaluated the presence of ABGA
through enzyme-linked immunosorbent assay (ELISA) and west-
ern immunoblotting in 50 patients (OCD children) compared to
3 control groups (pediatric autoimmune, neurological and strep-
tococcal controls), resulting in a 42% positive antibody binding
in the cases compared to 4% in the control groups.32

The role of innate immunity and cytokines was also studied in
the obsessive compulsive disorder (OCD) associated with SC,
PANDAS and TS. A prospective longitudinal study of the levels
of 10 cytokines in 46 TS patients with or without obsessive-com-
pulsive disorders associated with SC, PANDAS and TS, reported
elevated amounts of interleukin-12 (IL-12) and tumor necrosis
factor a (TNF a) at baseline and during exacerbations of the dis-
ease.33 A further study on the evaluation of 32 children and ado-
lescents with TS, of which 17 had comorbid OCD, and 16
healthy controls, showed elevated levels of IL-12 and IL-2 in the
TSCOCD group.34 Later, an elevated expression of monocyte
chemotactic factor-1 (MCP-1), interleukin-2 (IL-2) and protein
tyrosine phosphatase receptor-N (PTPR-N) genes has also been
reported in TS patients affected by OCD.35 Another study in 40
TS patients and 40 healthy subjects, showed higher levels of IL-
1b, IL-16, IL-17 and soluble gp130 in the former group, also
showing a higher percentage of patients with positive anti-neural
antibodies and anti-streptolysin titer.36 A cross-sectional study in
4six children, adolescents and adult patients with TS and 4three
healthy subjects showed decreased (but within normal range)
monocyte activation state and decreased TNFa and IL-1 receptor
antagonist levels in patients with TS disorder, as a consequence of
possible innate immunity imbalance.37

Based on the pathophysiology of this disorder spectrum, treat-
ment options seems to be directed toward 4 different goals: treat-
ment of streptococcal infection and antibiotic prophylaxis,
symptomatic treatment of movement disorders, symptomatic
treatment of neuropsychiatric alterations and treatment the back-
ground inflammation.

Immunotherapeutic approaches in SC
Current therapeutic strategies focus on immunomodulation

to treat the illness and antibiotic prophylaxis to prevent exacer-
bating infections. Among immunotherapeutic strategies, steroids
have been widely studied in these patients groups, evaluating
their profile both on efficacy and safety in pediatric patients.

A randomized double blind placebo controlled trial in 22 SC
patients and 15 controls, showed significant reduction in clinical
symptoms in the prednisone-treated group (2mg/kg for 4 weeks
and tapered) in addition to a significantly shorter remission time
and earlier recovery.38 Another retrospective study, reported
decreased duration of chorea in rheumatic fever patients, with
prednisone treatment at standard doses compared to no treat-
ment (4 vs. Nine weeks, respectively).39 Later, a 4-year follow-up
of on 10 patients with severe paralytic form of refractory SC
(no response to conventional symptomatic therapies) treated
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with intravenous methylprednisolone and oral deflazacort,
showed a significant improvement in pathologic children. They
had been bedridden at the start point, showed partial recovery in
chewing and swallowing after 3 d and had a complete remission
after 3–4 weeks. During the 4-year follow-up, none of them
developed any neuropsychiatric or movement disorder.40 Immu-
noglobulins have also been proposed as therapeutic strategy for
SC children. Randomized trials on SC patients on the compari-
son between the effectiveness of intravenous immunoglobulin
(IVIG) vs. plasma exchange and prednisone showed a better
improvement of symptoms in the IVIG/plasma exchange group
compared to the prednisone-treated group, with 72% decreased
chorea severity score in the IVIG group, 50% decrease in the
plasma exchange group and 29% in the prednisone group after
one month (48% improvement in total; not blinded).41 Based
on this trial, a double case report of 2 severely disabled SC
patients-one was wheelchair bound and had behavioral changes
while the other one had severe ataxia and tics- treated with IVIG
400 mg/kg per day for 5 days, reported disappearance of symp-
toms in one week with no relapse in 2 y.42 Another randomized
controlled study in SC patients, compared the use of IVIG 2g/kg
over 2 d in addition to the standard treatment with the standard
therapy alone (oral Penicillin V K 500mg every 12 hours or
250mg every 6 hours for 10 days; Intramuscular penicillin to be
given at discharge: 1.2 million units if over 30 kg and 600,000
units if weight less than 30 kg; haloperidol 0,025 mg/kg/day
orally in divided doses gradually increasing to a maximum of
0,05mg/kg/day). Ten patients aged 4 to 16 with moderate to
severe SC were randomized in these two groups. Clinical rating
scale, brain single-photon emission computed tomography
(SPECT), and the duration of symptomatic treatment showed
superior results in the IVIG-treated group.43 As far as plasma
exchange treatment in this group of patients, its efficacy has not
been determined yet because to our knowledge there is only one
class III study, a non-blinded randomized trial, with inadequate
power and insufficient evidence for the use of plasma exchange in
SC.44

Immunotheraputic approaches in PANDAS
Apart from antibiotic therapy, research literature data have

recently shown the efficacy of IVIG in this group of patients,
even if the most of studies come from adult patients’ trials. The
only study in PANDAS children, comparing the efficacy of IVIG
versus plasma-exchange (PE) date from 1999 when Perlmutter SJ
et al. leaded a randomized clinical trial in 30 patients with severe
exacerbations of tic disorders or OCD, comparing the use of PE
(5 single volume exchanges for 2 weeks) and IVIG (1 g/kg daily
for 2 days) with placebo (saline solution). Severity of OCD,
depression, anxiety, tics and global function were assessed at base-
line, one month and 12 months later. Nine patients were treated
with IVIG, 10 with PE and 10 patients received placebo. PE-
treated patients had 58% improvement in OCD scores, 47%
improvement in anxiety, 49% improvement in tic symptoms in
addition to 35% improvement in overall functioning. Seven of
the 10 patients in plasma exchange group and 7 out of the 9 in
IVIG group, (82% of patients) had no recurrence of symptoms

when assessed at 12th month. IVIG-treated patients had 45%
improvement in OCD symptoms, 31% in anxiety and 33% in
overall functioning.45 To our knowledge, this was the only class
III study that has ever been performed in these patients and
IVIG and PE to treat tics/OCD in PANDAS remains
investigational.

It should be mentioned that an open label study in 5 patients
with untreated OCD without exacerbation by streptococcal
infections (not PANDAS), showed no improvement in their
symptoms when treated with PE.46

Immunotherapeutic approaches in TS
As in SC and PANDAS, PE and IVIG have been proposed as

therapeutic strategies in TS. In regards, a case study of 4 children
with sudden-onset moderate to severe TS and OCD (One with
TS, one with OCD and 2 affected by both) reported that the use
of PE (in 2 patients), IVIG (in one subject) and prednisone (in
one child) resulted in immediate improvement.47 In another case
report, PE was used for treating acute worsening obsessive com-
pulsive symptoms in an adolescent boy after GAS infection and
resulted in dramatic reduction in the size of his basal ganglia, pre-
viously enlarged in the course of his symptoms.48 Antibodies to
caudate nucleus, using Western blotting, in a study of 60 chil-
dren with tics and TS, were detected in 10 patients. Seven
patients with refractory TS (no response to neuroleptics). These
children received intravenous immunoglobulins with gradual
improvement in behavior and tics, going to remission for over 6
months.49 However, a double-blind randomized controlled trial
study of 30 adult patients with tic disorder did not report statisti-
cally significant difference between IVIG (1 g/kg in 2 days) and
placebo.50 As far as biologic drugs are concerned, the use of cele-
coxib was beneficial in one pediatric case with chronic TS.51

Immunotherapeutic approaches of chorea as manifestation
of other pediatric autoimmune diseases

Movement disorders can present as manifestation of systemic
lupus erythematosus (SLE) and antiphospholipid syndrome
(APS) in children, however when present, chorea is the most
common movement disorder in these patients.52 Three mecha-
nisms have been proposed for development of chorea in SLE: vas-
culopathies (hypoxic ischemic damage to basal ganglia), immune
complex deposits and infections. Antiphospholipid antibodies
(aPL) have been related to chorea pathogenesis, although the
pathophysiologic mechanism is not fully elucidated. It seems that
aPL can bind to endothelial cells and disrupt the blood-brain-
barrier and consequently can also bind to neuronal cell surface,
exerting a neurotoxic action.53 Movement disorders in SLE and
APS have been studied by Lazurova I et al. who reported 6 cases
of SLE and APS associated with movement disorders, with 4
patients affected by generalized chorea as first manifestation of
the disease, 2 of them affected by SLE with positive aPL and the
other 2 only with positive aPL. The four of them were treated
with methylprednisolone followed by oral prednisone. The
remaining 2 patients were affected by SLE associated with Par-
kinsonism movements and 2 had an exacerbating course (unre-
sponsive to methylprednisolone and cyclophosphamide therapy),
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until plasma exchange or rituximab were used. This study also
showed that all of these 6 children had increased IgG neuronal
cell-surface bindings (neuronal cell lines with dopaminergic activ-
ities) when compared to controls (12 healthy individuals and 13
children with other neurological diseases). Therefore, the authors
concluded that immune-suppressive therapies rather than anti-
coagulative therapies should be considered in movement disor-
ders associated with SLE and APS.54 Combined use of immuno-
suppressive agents and glucocorticoid therapy has also been
suggested for a better control of SLE with neuropsychiatric mani-
festations (including aPL-associated chorea), in addition to con-
ventional symptomatic therapies.55 Use of IVIG in SLE-
associated chorea has been mostly studied in adult patients, with
successful treatment of the movement disorders. To our knowl-
edge, only one study in pediatric age has evaluated their efficacy
in SLE-associated movement disorders. The authors evaluated 2
children with aPL-associated chorea triggered by streptococcal
and varicella infection. Haloperidol, valproic acid and oral pred-
nisone failed to treat those patients, however, one month after 2
courses of IVIG treatment, symptoms were completely
resolved.56

Inflammatory demyelinating diseases in pediatrics
Inflammatory demyelinating diseases are conventionally

divided to two groups in pediatric age: those affecting the central
nervous system (CNS) and those affecting the peripheral nervous
system (PNS). They are also categorized based on their etiology:
infectious, autoimmune and hereditary. The autoimmune cate-
gory, also known as idiopathic inflammatory demyelinating disease
(IIDD) includes diseases such as acute disseminated encephalomy-
elitis (ADEM), site-restricted acute inflammatory demyelinating
diseases (such as transverse myelitis, cerebritis, optic neuritis), mul-
tiple sclerosis (MS), neuromyelitis optica (Devic’s disease), all of
which involve the CNS within a broad range from unifocal to mul-
tifocal lesions. Guillain Barre syndrome (GBS) and chronic inflam-
matory demyelinating polyradiculoneuropathy (CIDP) are the
examples of those involving the PNS.57

The immunopathophysiology of ADEM and therapeutic
interventions

Acute disseminated encephalomyelitis (ADEM) is a self-limit-
ing monophasic multifocal inflammatory CNS disease, involving
the white matter of the brain and the spinal cord that occurs
either after vaccination and certain kind of infections. Other
than monophasic course, ADEM can also have a recurrent course
(development of similar symptoms to the first episode without
new MRI lesions) and a multiphasic course (Involved regions
and symptoms are different from the first episode). Relapses
occur in 25% of patients, following either the recurrent or multi-
phasic course. This further emphasizes the importance of distin-
guishing between ADEM and MS.58 The exact etiology of
ADEM seems to be unknown, however infectious-triggered auto-
immune mechanisms have been postulated. Also the detection of
autoantibodies against the tetrameric myelin oligodendrocyte
glycoprotein (MOG) further highlights the involvement of
inflammation in pathogenesis of ADEM. Based on the similarity

between ADEM and experimental allergic encephalomyelitis
(EAE), cross reactivity of myelin proteins and microbial struc-
tures, innate immunity dysregulation, auto-reactive T cells and
destruction of oligodendrocytes may be considered to be respon-
sible in ADEM. In particular, translation of studies of animal
models of EAE to human ADEM indicates that mechanisms
such as molecular mimicry or direct CNS infection with second-
ary inflammatory cascade may play leading roles in ADEM path-
ogenesis. These processes may result in tissue damage with
leaking of auto-antigens into the systemic circulation where they
are processed by peripheral immune mechanisms, leading to a
self-directed autoimmune attack against the CNS driven by
encephalitogenic T cells. The molecular mimicry hypothesis sug-
gests that structural similarities between the pathogen and the
host are sufficient to induce T-cell activation but not sufficient to
induce tolerance. Activated T cells (and secondarily activated B
cells) may then reactivate when encountering local antigen pre-
senting cells while patrolling the CNS.59 ADEM associated with
vaccines may be related to contamination with myelin antigens
from CNS culture tissue. Recent data suggest that Th1 and Th2-
related chemokines are produced in ADEM and MS but that rel-
atively selective up-regulation of chemokines active on neutro-
phils and Th2 cells may occur in ADEM.60 Although ADEM is
usually a rare self-limiting disorder, relapses might also occur and
the recovery might be incomplete in those left untreated. The dis-
ease is rare and necessitates urgent interventions; as a result, no
controlled trial has been performed in children. No standard
treatment has actually been established for ADEM and it is
mostly treated with nonspecific immunosuppressive methods
such as corticosteroids, IVIG and PE.61

Intravenous methylprednisolone seems to be the current first
line of treatment in childhood ADEM, but has been used in dif-
ferent regimen. The most commonly used regimen is 10–30 mg/
kg/day (Maximum dosage: 1g/day) of intravenous methylpred-
nisolone for 3–5 days, followed by oral prednisone for 4–6
weeks. Tapering methylprednisolone in less than 3 weeks has
been associated with relapses.62 It has been reported that 50% to
80% of patients have fully recovered following this treatment.63

Studies on the use of IVIG in pediatric ADEM have empha-
sized their role in the treatment of the disease. An observational
case study reported 3 children, aged 2 to 5 years, affected by
ADEM, successfully treated with high dose IVIG (400 mg/Kg/
day) in 5 consecutive days, with an improvement of their con-
sciousness in 14 hours, 2 d and 4 d respectively.64 Another obser-
vational study on 4 pediatric patients affected by corticosteroid-
resistant ADEM (with no improvement after receiving a 3–5 day
course of high dose intravenous methylprednisolone) showed
rapid improvement after administration of IVIG.65 On a review
of 20 pediatric cases of monophasic ADEM, 70% have shown
complete recovery after IVIG or IVIG plus steroids. In the 5 case
reports with recurrent ADEM, 2 were completely recovered after
IVIG.66 Imitaka G et al. have recently reported a case of success-
ful treatment of steroid-resistant ADEM in a 10-month-old
infant with 5 d of 400 mg/kg/day of IVIG, which resulted in
complete recovery of the infant.67 A maintenance therapy of
monthly IVIG is also reported in 2 case reports.68,69
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As a result, the use of IVIG has been recommended in treat-
ment of monophasic ADEM as the second-line treatment, when
corticosteroids seem to be contraindicated and for preventing ste-
roid dependency. In ADEM plasmapheresis (plasma exchange-
PE) or IVIG is considered for those patients who do not respond
to glucocorticoid therapy. The most literature data on the use of
PE in ADEM comes from adult cases. PE was first successfully
used in treatment of 2 steroid-resistance fulminant ADEM
cases.70

A randomized cross-over controlled trial of steroid-resistant
adult ADEM patients treated with PE, reported moderate
improvement in neurological disability during 42.1% of PE
courses compared to 5.9% of courses of sham treatment. Three
patients from the sham group improved after crossover to PE
group. On the contrary, those who failed the PE group did not
improve after crossover.71,72 A review of 49 adult patients with
severe attacks of CNS demyelination (22 with MS, 10 affected
by ADEM and 10 by neuromyelitis optica) indicated that moder-
ate to marked functional improvement was seen in 44.1% of
patients treated with 4 to 6 courses of PE. Researchers also
reported that being male, preserved reflexes during the attack and
early initiation of treatment with an average of 7 courses of PE,
were the main determinants of improvement.73 Another retro-
spective review of records of 41 adult patients with acute attacks
of CNS demyelination treated with plasma exchange, indicated
that early initiation of PE was significantly associated with
improvement in 6 months. In the same study, use of PE resulted
in recovery of 63% of patients. Those patients who had not
recovered early by PE (12 patients, 48%) did not get any better
at follow-up.74 A further retrospective review of 35 adult
patients, concluded that 77% of steroid-resistant patients were
improved after treatment with PE.75 Successful use of PE was
also described in some case reports including pediatric cases as
well.76-79 Moreover, a retrospective analysis of acute demyelinat-
ing disorders in children (10 steroid-resistant patients with acute
relapses of multiple sclerosis, neuromyelitis optica and ADEM)
evaluated the efficacy of PE. It was reported that Expanded Dis-
ability Status Scale (EDSS) improved within one month. Three
patients (3 of 7 affected eyes) had worsened visual acuity that was
improved at follow-up.80 Immunosuppressant therapy has been
suggested in those cases when IVIG and plasma exchange had
failed and cyclophosphamide has been used as the third-line
treatment in fulminant ADEM in an adult patient.81

Pediatric Multiple Sclerosis (MS), immunopathogenesis and
therapeutic interventions

Immunopathogenic hypothesis in MS
While ADEM presents as a monophasic benign CNS demye-

linating disease, multiple sclerosis (MS) is a chronic demyelinat-
ing multifocal disease with variable course and is an important
differential diagnosis in this category. It has been reported that
an average of 20% (1545%–) of patients with multiple attacks
who have been initially diagnosed with ADEM, actually have
MS.82 Although MS usually occurs between 20 and 40 y of age,
a small number of patients develop their symptoms during

childhood or adolescence. It has been reported that about 2 to
10% (5% on average) of MS patients show symptoms before the
age of 18 and approximately 1% show symptoms before the age
of 10.83 The female predominance is slightly different from that
of adult MS; in patients older than 10 years, female to male ratio
is 2.1–3:1 and in younger patients it is 0.8–1.6:1. Most patients
follow a course of relapsing remitting disease similar to adults.84

Pediatric MS is defined based on the 2010 McDonald criteria:
2 typical MS attacks, affecting the brain, spinal cord and optic
nerve with one month interval; a first clinical event with involve-
ment of at least 2 of MS- specific sites in MRI (periventricular,
juxtacortical, infratentorial, or spinal cord) and dissemination in
time (clinically-silent enhancing or non-enhancing on T1-
weighted images); one attack of ADEM followed by a second
none-ADEM event after 3 months; one typical MS event (with-
out encephalopathy) and MRI demonstrating at least one new
T2 lesion on a scan more than 30 d after the attack.85 The first
attack of MS is also known as clinically isolated syndrome (CIS).
MRI is used for diagnosis of MS and is considered positive when
3 of these 4 criteria are positive: �9 white matter lesions, �3
periventricular lesions, 1 juxtacortical lesion and one infratento-
rial lesion. Also two MRI lesions with abnormal CSF (oligoclonal
band or elevated IgG) are consistent with MS diagnosis.

As far as MS immunopathogenesis is concerned, although
active MS lesions seem to be characterized by inflammation pro-
cesses involving T lymphocytes and macrophages, evaluation of
the earliest lesions from biopsy or autopsy material has shown
significant pathological heterogeneity classifiable into 4 distinct
patterns. The first pattern is characterized by focal demyelinated
lesions associated with T lymphocytes and macrophage infiltra-
tion. The second one shows immunoglobulin deposits and com-
plement activation at sites of active myelin breakdown. In the
third pattern, lesions are both inflammatory and ill-defined pla-
que borders, demonstrating myelin sparing around blood vessels.
These lesions are characterized by a selective loss of myelin-asso-
ciated glycoprotein (MAG), decrease of oligodendrocyte density,
oligodendrocytes apoptosis, and minimal remyelination. The
fourth pattern is characterized by nonapoptotic oligodendroglial
death in the adjacent normal-appearing periplaque white-matter,
possibly owing to metabolic or toxic factors, even if the patho-
genic mechanism remains still unclear. The MS immunopatho-
genesis background should be based on the inflammatory nature
of CNS lesions, the later development of secondary progressive
disease and the lesional heterogeneity outlined above. It has been
proposed the participation of several elements of the immune
response in MS, including activated helper T-cell subsets and
termed Th1 and Th2 inflammatory cytokines. The initial step in
development of an inflammatory MS lesion is considered to be
activation of circulating autoreactive T lymphocytes by factors
such as infection, superantigen stimulation, or effects of reactive
metabolites or metabolic stress. These activated T lymphocytes
interact with endothelial surface integrins, such as very late anti-
gen-4 (VLA-4) to injure and breach the blood– brain barrier,
with injury mediated in part through matrix metalloproteinases
(MMPs), in particular, MMP-9. Upregulation of endothelial
adhesion molecules [e.g. intercellular adhesion molecule-1
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(ICAM-1), vascular cell adhesion molecule (VCAM-1), and E-
selectin permits further ingress of pathogenic inflammatory cells.
T lymphocytes recognize antigens in association with major his-
tocompatibility complex (MHC) class II molecules and CD8.
Once activated, CD4. T lymphocytes in MS appear to develop a
Th1-dominant profile with up-regulation of IL-2, IFN-gamma,
and TNF-a. Their cytokines activate macrophages, which play a
direct role in demyelination. Other factors contributing to mye-
lin and axonal injury may include production of demyelinating
antibodies, direct toxicity of pro-inflammatory cytokines, chemo-
kines, and other soluble mediators, cytotoxic CD8. T-lympho-
cyte/ MHC class I-mediated injury, production of reactive
oxygen and nitrogen species, excitotoxic glutaminergic mecha-
nisms, or oligodendrocyte injury.86 Nevertheless, if on one hand
the T-cell involvement in the immunopathogenesis of MS has
been established, on the other hand there is increasing interest in
underlying the role of humoral immunity in MS. In regards it
has been demonstrated the presence of dominant B-cell clono-
types in CSF and MS lesions, suggesting an antigen-driven selec-
tion process.87

Pediatric MS immunotherapeutic approaches
Literature guidelines report that the first-line treatment for

acute MS is intravenous methylprednisolone (20–30 mg/kg,
max: 1g for 3 to 5 d followed by oral prednisolone, gradually
tapered over 2–3 weeks), while second line treatment consists in
the administration of IVIG (1 g/kg per month or every 3 months
for 6 to 12 months, with or without initial 400 mg/g/day for
5 days) or plasma exchange.88 Nevertheless, to our knowledge no
randomized controlled trial has compared the efficacy of these
drugs in pediatric group so far.89 Although no specific treatment
protocol is defined in childhood, IVIG is not recommended for
routine use of pediatric MS and is reserved for those patients
with severe refractory optic neuritis. The use of PE for pediatric
MS is also confined to patients with a small gap between acute
MS attacks. Similar to adult MS, disease modifying therapy
(DMT) should be considered in pediatric MS as well. Not been
officially approved for children, the first line of DMT is inter-
feron b (1a and 1b) (IFNb) and glatiramer acetate (GA).

Interferon b can cause alterations in cytokine production and
T-cell proliferation. The two therapeutic forms are IFNb1-a (2
available types; one is administered intramuscularly once per
week and one is administered subcutaneously 3 times per week)
and 1-b (subcutaneous injection every other day). Elevated liver
enzymes, flu-like symptoms and injection site reactions are the
most common adverse effects of these therapies. Glatiramer ace-
tate (GA) is a polypeptide that mimics the myelin basic protein
(MBP), thereby effecting T-cell functions. GA is administered
subcutaneously every day and the most common adverse effects
is injection site reactions. Open-label studies have supported the
safety and efficacy of these drugs.90 The results of a retrospective
longitudinal open label study of 258 MS patients with pediatric
onset, indicated that IFNb and GA were the most common pre-
scribed drugs. IFNb was prescribed to 200 (77.5%) and GA was
prescribed to 53 (20.5%) patients as the first line treatment.
Among them, 144 (55.8%) were successfully treated with the first

line drugs; 65 (25.2%) proceeded to the second drug, 29
(11.2%) and 20 (7.8%) received 3, 4, or more sequential thera-
pies respectively. It has to be mentioned that 78.7% of patients
had used IFNb and GA as second therapeutic agent and 21.3%
had used other DMTs.91 According to the International Pediatric
Multiple Sclerosis Study Group (IPMSSG), all pediatric MS
patients should receive either IFNb or GA. Due to the reduction
in frequency of relapses and neuroimaging evidences of reduced
disease activity, plus studies that support the efficacy and safety
of these drugs, they are used as first-line treatment in pediatric
MS as well as adult patients, while not officially approved for use
in children.82 There are limited controlled studies and sparse
data on the appropriate dosage in children.92 For those children
who do not respond to the first-line treatment with immunomu-
dulatory drugs mentioned above and for those with severe
frequent attacks progressing rapidly to disabilities, immunosup-
pressive drugs are used as second line of treatment. Since children
are a sensitive population, effects of these long-term prescribed
drugs such as immune system development and effects on fertility
and puberty, mandates that all children with diagnosis of pediat-
ric MS be included in clinical trials of pediatric MS and moni-
tored precisely.89

Azathioprine (1–2 mg/kg/day or lower) is commonly used as
the second line treatment of pediatric MS. However it is not
approved in the US and most European countries. Hematologi-
cal abnormalities, abnormal liver function tests and gastrointes-
tinal problems have been reported as adverse effects of this drug
and a small preponderance to secondary cancer development is
also suspected.89 Methotrexate is the other rarely used drug in
pediatric MS. Mitoxantrone has shown efficacy in adult MS
patients, however cardiotoxicity, liver toxicity, myelosuppression
and increased risk of leukemia have been reported as adverse
effects and restricted its use.93 In children, a retrospective study
of 4 pediatric MS patients with frequent disabling relapses, with
a follow-up of 3.8 to 18 years, showed that the severities and
frequencies of relapses had decreased after one year of treatment
with mitoxantrone. Researchers did not observe any long-term
adverse effect.94 Another study of 19 pediatric MS patients
treated with mitoxantrone with a median follow-up period of
30 months, reported that 14 cases (73%) had no relapses in
their follow-up period. The volume of the gadolinium enhanc-
ing lesion in MRI of these patients had decreased in 16 cases
and the EDSS score had also decreased in 16 patients. The
study also reported transient and mild adverse effects such as
alopecia, cardiomyopathy and leukopenia.95 Cyclophosphamide
is usually suggested for secondary progressive MS and for youn-
ger adult MS patients (�40 years). The retrospective study of
17 children reported reduction in relapse rates and stabilized
EDSS after one year of treatment with cyclophosphamide. Of
this studied group, 14 patients had received IFNb or GA, 9
had received more than one DMT and 2 had been treated with
mitoxantrone previously. These patients received cyclophospha-
mide either as induction therapy (2 patients), monthly adminis-
tration (7 patients) or induction therapy followed by monthly
administration(8 patients). Three children became relapse-free
and 12 children had reduced rates of relapses (from 3.8 per year
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to 1.6) Gastrointestinal problems, lymphopenia, anemia, alope-
cia were among the more frequent adverse effects. Also, 3
patients developed amenorrhea, one became infertile, 2 devel-
oped osteoporosis and one patients got transitional cell carci-
noma of the bladder.96

In recent years, Natalizumab, a humanized monoclonal anti-
body, is approved for treatment of relapsing remitting MS in adult
patients with a dosage of 300 mg monthly infusion and its efficacy
has been supported by randomized controlled trials in adult MS,
reducing relapse rates (68% reduction), disease progression (slow-
ing it by 54%) and development of new lesions.89 The use of natali-
zumab in pediatric patients has recently been evaluated. In regards,
a case report study on 3 patients (previously treated with IFNb or
GA, still experiencing relapses) receiving a dosage of 300 to
500 mg/kg, every month for 2 years, resulted in significant
improvement of their symptoms. No relapses, no significant adverse
effect and no new MRI lesions were detected in these patients.97

Another case report, described a patients with frequent relapses
despite treatment with IFNb for 10.5 month, who received
300 mg/kg natalizumab and showed complete response and sup-
pression of the disease activity in her MRI studies.98 A prospective
study of 19 pediatric patients treated with natalizumab (300 mg/kg
every 4 weeks) reported significant decrease in disease activity.99

Later, a study of 24 pediatric-adolescent patients with refractory
MS in 75% of them received natalizumab as fourth or fifth thera-
peutic agent, 20 patients (83%) showed favorable response in both
clinical and MRI criteria. Natalizumab was ceased in 4 patients due
to hypersensitivity reactions and poor tolerance.100,101 The safety
and efficacy of natalizumab in pediatric patients is going to be fur-
ther evaluated in an ongoing study (ID: NCT02137109). The
most important adverse effect of natalizumab in adult MS patients
is progressive multifocal leukoencephalopathy (PML), a rare and
fatal CNS infection caused by JC virus. Estimated risk of PML in
those who receive natalizumab for 25 to 48 months is 11.1 per
1000 individuals.102 To our knowledge, no natalizumab-related
PML cases has ever been reported in pediatric MS patients. May be
children on immunosuppressive agents have lower risks of PML.100

Although it seems that natalizumab is well tolerated and effective in
children, further studies on the long-term effects of this drug in this
population are mandatory.

Finally, some newer drugs are also considered for further use in
pediatricMS including rituximab, fingulimod, cladribine, terifluno-
mide, laquinimod, fumarate, daclizumab and alentuzumab. How-
ever data on efficacy and safety are still insufficient for a conclusion.

Immunotherapy in other demyelinating CNS diseases
Among demyelinating diseases, we can mention the Schilder’s

disease or myelinoclastic diffuse sclerosis, often considered as a MS
variant. Children 5 to 15 y are affected by this disease, with equal
gender involvement and no prior vaccination or infection has ever
been established as possible cause. Large bilateral lesions in the cen-
trum semiovale and parieto-occipital white matter appear in imag-
ing studies. Patients develop neuropsychiatric symptoms such as
behavioral disturbances and dementia, in addition to severe neuro-
logical symptoms such as ataxia, hemiplegia, blindness, muscle
weakness, hemiplegia and aphasia. CNS analysis is usually normal

in this disease and its progression is usually more severe than MS,
however it can also appear as a monophasic or remitting demyelin-
ation and be fatal. According to case reports, similar to MS, cortico-
steroids, immunoglobulins, azathioprine and cyclophosphamide
are used for treatment of these patients.103

Devic’s neuromyelitis optica (NMO) is the other disease of
interest in this category that involves the spinal cord and optic
nerve. Antibodies against aquaporin-4 located in astrocytes foot
processes are responsible for the symptoms such as complete
loss of vision and pain in the eye movement as well as transverse
myelitis symptoms such as paraparesis and incontinence. The
course and severity are variable ranging from monophasic to
multiphasic. The disease usually affects young women, with a
mean age of 29, but has also been reported in children.104

There is no definite therapy in pediatric NMO. There have
been only isolated case reports with favorable results. Methyl
prednisolone, IVIG and plasma exchange followed by weekly
rituximab have been successfully used for challenging
cases.105,106 A retrospective observational study reviewed 5 pedi-
atric NMO patients, who were treated with methylprednisolone
and oral prednisone, followed by plasma exchange or IVIG but
had no clinical improvements. Rituximab was effective and
symptoms either stabilized or improved after treatment.107 Aza-
thioprine, cyclophosphamide, mitoxantrone and mycophenolate
mofetil have also been used in some cases.108 Interferon has not
been as effective as other immunosuppressive drugs and is not
recommended.109 Overall little data of definite treatment is
available due to the rarity of the disease.

Guillain Barre Syndrome: immunopathogenic basis and
rationalized therapeutic approaches

Guillain Barre Syndrome (GBS) is a rare acute demyelinating
disease involving the PNS. Progressive symmetrical weakness
starting from lower extremities with decreased reflexes is the hall-
mark of this disease. The muscle weakness can progress to respi-
ratory muscles and patients might need mechanical ventilation
and intensive care. Autonomic dysfunctions like cardiac arrhyth-
mias and blood pressure instability also occur in 2 thirds of cases.
The disease reaches its peak in 2 weeks (starting from 12 hours
to 28 days) and then reaches a plateau. It usually has a monopha-
sic course but recurrent attack have also been reported in 7% of
cases. Majority of patients recover in one to 2 months, however,
motor deficits might persist in 10% to 20% of patients. A one-
year mortality of 4% to 15% has been reported. The incidence is
estimated to be 0.5–1.5 per 100,000 people 18 y and younger.
Boys are affected 1.5 times more than girls.110 Different subtypes
have been described for GBS and the most common of which is
the acute inflammatory demyelinating polyradiculoneuropathy
(AIDP). Other important subtypes are the acute motor axonal
neuropathy (AMAN), the acute motor and the sensory axonal
neuropathy (AMSAN) and the Miller–Fisher syndrome (MFS)
(regional variant). Infections such as campylobacter jejuni and vac-
cinations are known as the triggering factors. The trigger point of
the disease is known to be the antigenic mimicry of lipooligosac-
charides of the bacterial wall to gangliosides. The pathological
theory is based on autoantibodies to myelin, complement
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activation and finally degeneration of axons with different severi-
ties in peripheral nerves. The immunopathogenesis of GBS is still
not well clarified, also because of its different forms of presenta-
tions which subtend peculiar pathogenic aspects. Nevertheless
the common feature of the GBS forms is the immunological
involvement of myelin, mostly by a mechanism of antigenic
mimicry, secondary to the production of antiganglioside antibod-
ies. Therefore, demyelination is the most typical pathological fea-
ture. There is prominent lymphocytic infiltration in the
peripheral nerves and macrophage invasion in the myelin sheath
and Schwann cells. Cellular immunity is of critical impor-
tance.111 Studies on GBS patients have shown that auto-reactive
T-cells recognize a specific auto-antigen presented by major his-
tocompatibility complex class II molecules and the simultaneous
delivery of co-stimulatory signals on the cell surface of antigen-
presenting cells, such as macrophages, in the systemic immune
compartment. Activated T-lymphocytes can cross the blood-
nerve barrier in order to enter the peripheral nervous system.
Within the peripheral nervous system, T-cells activate macro-
phages that enhance phagocytic activity, production of cytokines,
and the release of toxic mediators, such as nitric oxide, matrix
metalloproteinases, and pro-inflammatory cytokines, propagating
demyelination and secondary mild axonal loss.94

GBS immunotherapeutic approaches
Other than supportive and symptomatic therapy in GBS, dis-

ease modifying therapies seem to be essential dimensions of treat-
ment. If in this occasion steroids have not, surprisingly, been
demonstrated to be successful in GBS treatment.112 PE has been
shown to be efficient and safe and its use was reported since
1980s.113-116 PE (five times in 2 weeks) has been associated with
less damage to the nerves and clinical improvement and been par-
ticularly effective when started within 7 d of onset and in those
who need mechanical ventilation.117 In regards, most clinical tri-
als have been lead on adult patients affected by GBS, while only
one trial examined both adult and pediatric GBS, showing PE
efficacy in the disease treatment and older age was associated
with poor outcome in this study.118

IVIG has been considered another treatment option in GBS
patients. It has to be administered in the first 2 to 4 weeks of
onset of the disease and was introduced as “at least as effective as
PE” in first adult studies.119,120 Nevertheless, based on the report
of the quality standards subcommittee of the American academy
of neurology in 2004, PE and IVIG are considered for severe
pediatric GBS patients and corticosteroids are not recommended.
In children, some clinical trials have been based on the use of
IVIG as GBS treatment and the first one was a randomized study
of IVIG (1 g/kg per day in 2 days) in 9 pediatric GBS patients
compared to 9 patients who were only given supportive care,
showing that the use of IVIG is safe and helps patients recover
sooner.122 Another study on 33 children with severe GBS, admit-
ted to Pediatric Intensive Care Unit (PICU), examined the effects
of IVIG in treatment group (supportive care plus IVIG 0.4 g/kg
for 5 d in 22 patients) compared to control group (11 patients
who only received supportive care). Shorter recovery period,
shorter stay in PICU, sooner ambulation and less need forTa
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activation and finally degeneration of axons with different severi-
ties in peripheral nerves. The immunopathogenesis of GBS is still
not well clarified, also because of its different forms of presenta-
tions which subtend peculiar pathogenic aspects. Nevertheless
the common feature of the GBS forms is the immunological
involvement of myelin, mostly by a mechanism of antigenic
mimicry, secondary to the production of antiganglioside antibod-
ies. Therefore, demyelination is the most typical pathological fea-
ture. There is prominent lymphocytic infiltration in the
peripheral nerves and macrophage invasion in the myelin sheath
and Schwann cells. Cellular immunity is of critical impor-
tance.111 Studies on GBS patients have shown that auto-reactive
T-cells recognize a specific auto-antigen presented by major his-
tocompatibility complex class II molecules and the simultaneous
delivery of co-stimulatory signals on the cell surface of antigen-
presenting cells, such as macrophages, in the systemic immune
compartment. Activated T-lymphocytes can cross the blood-
nerve barrier in order to enter the peripheral nervous system.
Within the peripheral nervous system, T-cells activate macro-
phages that enhance phagocytic activity, production of cytokines,
and the release of toxic mediators, such as nitric oxide, matrix
metalloproteinases, and pro-inflammatory cytokines, propagating
demyelination and secondary mild axonal loss.94

GBS immunotherapeutic approaches
Other than supportive and symptomatic therapy in GBS, dis-

ease modifying therapies seem to be essential dimensions of treat-
ment. If in this occasion steroids have not, surprisingly, been
demonstrated to be successful in GBS treatment.112 PE has been
shown to be efficient and safe and its use was reported since
1980s.113-116 PE (five times in 2 weeks) has been associated with
less damage to the nerves and clinical improvement and been par-
ticularly effective when started within 7 d of onset and in those
who need mechanical ventilation.117 In regards, most clinical tri-
als have been lead on adult patients affected by GBS, while only
one trial examined both adult and pediatric GBS, showing PE
efficacy in the disease treatment and older age was associated
with poor outcome in this study.118

IVIG has been considered another treatment option in GBS
patients. It has to be administered in the first 2 to 4 weeks of
onset of the disease and was introduced as “at least as effective as
PE” in first adult studies.119,120 Nevertheless, based on the report
of the quality standards subcommittee of the American academy
of neurology in 2004, PE and IVIG are considered for severe
pediatric GBS patients and corticosteroids are not recommended.
In children, some clinical trials have been based on the use of
IVIG as GBS treatment and the first one was a randomized study
of IVIG (1 g/kg per day in 2 days) in 9 pediatric GBS patients
compared to 9 patients who were only given supportive care,
showing that the use of IVIG is safe and helps patients recover
sooner.122 Another study on 33 children with severe GBS, admit-
ted to Pediatric Intensive Care Unit (PICU), examined the effects
of IVIG in treatment group (supportive care plus IVIG 0.4 g/kg
for 5 d in 22 patients) compared to control group (11 patients
who only received supportive care). Shorter recovery period,
shorter stay in PICU, sooner ambulation and less need for

mechanical ventilation were observed in IVIG-treated chil-
dren.123 On the contrary, IVIG efficacy was put in doubt by
another study, in which 21 pediatric patients were randomized
for receiving IVIG (1 g/kg for 2 days) or supportive treatment
only. The same study also randomized 51 pediatric GBS patient
for receiving IVIG either as 1 g/kg for 2 d or 0.4 g/kg for 5 d.
Among the first 21 patients, 6 became bedridden and 1 lost the
ability to walk unaided without any difference between those
who received IVIG and those who did not. The disease course
became shorter in those who received IVIG. No significant differ-
ence was detected between IVIG administration in 2 d or 5 d.124

There are studies on the comparative evaluation of efficacy of
IVIG vs. PE in pediatric patients affected by GBS. In regards, 7
children with GBS who were treated with IVIG (0.4 g/kg/day
for 5 days) were prospectively evaluated. The results of IVIG
treatment were compared with the results of a prior study in the
same institution in which comparable children were treated with
PE. Authors concluded that IVIG-treated children had shorter
PICU stays.125 A recent randomized study in mechanically venti-
lated children with GBS, compared 20 patients treated with
IVIG (0.4 g/kg/day for 5 days) to 21 patients receiving plasma
exchange for 5 courses. The study concluded that patients who
received PE, had significantly shorter periods of mechanical ven-
tilation. They also had shorter PICU stay but this difference was
not significant. Members of both groups recovered in 4 weeks.126

Newer therapies for GBS are in course of experimental studies
and are also finding their way into clinical practice, however,
there is still lack of sufficient evidences to propose them as stan-
dard treatment for this disease.127,128

Conclusions

Neurodegenerative disorders actually constitutes a clinical
challenge for pediatrician both from a diagnostic and a therapeu-
tic point of view, as their pathogenesis is still object of study, and
immunotherapeutic approaches are not still standardized for
pediatric age. While progress for adults in this therapeutic field
has arisen from the development of biological drugs as targets to
antigenic and immunological markers, the use of immunother-
apy to treat neurodegenerative disorders has still not been stan-
dardized for children. Protocols also vary from one center to
another, considering also that the most therapeutic attempts find
their basis on adult studies.

This review has the purpose of collecting an extensive amount
of literature data on pediatric patients affected by various neuro-
degenerative disorders treated by immunomodulation, represent-
ing a standardized guideline to treat these disorders in pediatric
age, specifically using pediatric protocols, according to the studies
collected in this paper. In regards Table 2 summarizes all the
studies above mentioned outlining all immunotherapeutic
attempts, as described in literature, to treat pediatric neurodegen-
erative disorders.

Moreover, this review represents a starting point to evaluate
what is already known and what progress will need to be made
to improve the immunotherapeutic approach of treating
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neurodegenerative disorders in pediatric age and to develop new
pharmaceutical targets in this age group.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References

1. Amor S, Puentes F, Baker D, van der Valk P. Inflam-
mation in neurodegenerative diseases. Immunology
2010; 129:154-69; PMID:20561356; http://dx.doi.
org/10.1111/j.1365-2567.2009.03225.x

2. Bsibsi M, Ravid R, Gveric D, van Noort JM. Broad
expression of Toll�like receptors in the human cen-
tral nervous system. J Neuropathol Exp Neurol 2002;
61:1013-21; PMID:12430718

3. Koedel U, Merbt UM, Schmidt C, Angele B, Popp B,
Wagner H, Pfister HW, Kirschning CJ. Acute brain
injury triggers MyD88-dependent, TLR2/4-indepen-
dent inflammatory responses. Am J Pathol 2007;
171:200-13; PMID:17591966; http://dx.doi.org/
10.2353/ajpath.2007.060821

4. Letiembre M, Liu Y, Walter S, Hao W, Pfander T,
Wrede A, Schulz-Schaeffer W, Fassbender K. Screen-
ing of innate immune receptors in neurodegenerative
diseases: a similar pattern. Neurobiol Aging 2009;
30:759-68; PMID:17905482; http://dx.doi.org/
10.1016/j.neurobiolaging.2007.08.018

5. Okun E, Griffioen KJ, Lathia JD, Tang SC, Mattson
MP, Arumugam TV. Toll-like receptors in neurode-
generation. Brain Res Rev 2009; 59:278-92;
PMID:18822314; http://dx.doi.org/10.1016/j.
brainresrev.2008.09.001

6. Marta M, Meier UC, Lobell A. Regulation of autoim-
mune encephalomyelitis by toll-like receptors. Auto-
immun Rev 2009; 8:506-9; PMID:19211042; http://
dx.doi.org/10.1016/j.autrev.2009.01.006

7. Qin J, Goswami R, Dawson S, Dawson G. Expression
of the receptor for advanced glycation end products in
oligodendrocytes in response to oxidative stress. J
Neurosci Res 2008; 86:2414-22; PMID:18438937;
http://dx.doi.org/10.1002/jnr.21692

8. Andersson A
�
, Covacu R, Sunnemark D, Danilov AI,

Dal Bianco A, Khademi M, Khademi M, Wallstr€om
E, Lobell A, Brundin L, et al. Pivotal advance:
HMGB1 expression in active lesions of human and
experimental multiple sclerosis. J Leukoc Biol 2008;
84:1248-55; PMID:18644848; http://dx.doi.org/
10.1189/jlb.1207844

9. Bonifati DM, Kishore U. Role of complement in neu-
rodegeneration and neuroinflammation. Mol Immu-
nol 2007; 44:999-1010; PMID:16698083; http://dx.
doi.org/10.1016/j.molimm.2006.03.007

10. Huizinga R, Linington C, Amor S. Resistance is futile:
antineuronal autoimmunity in multiple sclerosis.
Trends Immunol 2008; 29:54-60; PMID:18182323;
http://dx.doi.org/10.1016/j.it.2007.11.002

11. Martino D, Giovannoni G. Antibasal ganglia antibodies
and their relevance to movement disorders. Curr Opin
Neurol 2004; 17:425-32; PMID:15247537; http://dx.
doi.org/10.1097/01.wco.0000137532.76491.19

12. Huizinga R, Hintzen RQ, Assink K, van Meurs M,
Amor S. T-cell responses to neurofilament light pro-
tein are part of the normal immune repertoire. Int
Immunol 2009:21:433-41; PMID:19240089; http://
dx.doi.org/10.1093/intimm/dxp011

13. Larbi A, Pawelec G, Witkowski JM, Schipper HM,
Derhovanessian E, Goldeck D, Fulop T. Dramatic
shifts in circulating CD4 but not CD8 T cell subsets
in mild Alzheimer’s disease. J Alzheimer’s Dis 2009;
17:91-103; PMID:19494434

14. Mantovani S, Garbelli S, Pasini A, Alimonti D, Per-
otti C, Melazzini M, Bendotti C, Mora G. Immune
system alterations in sporadic amyotrophic lateral scle-
rosis patients suggest an ongoing neuroinflammatory
process. J Neuroimmunol 2009; 210:73-9;
PMID:19307024; http://dx.doi.org/10.1016/j.
jneuroim.2009.02.012

15. Ankeny DP, Popovich PG. Mechanisms and implica-
tions of adaptive immune responses after traumatic
spinal cord injury. Neuroscience 2009; 158:1112-21;

PMID:18674593; http://dx.doi.org/10.1016/j.
neuroscience.2008.07.001

16. Neumann H, Medana IM, Bauer J, Lassmann H.
Cytotoxic T lymphocytes in autoimmune and degen-
erative CNS diseases. Trends Neurosci 2002; 25:313-
9; PMID:12086750; http://dx.doi.org/10.1016/
S0166-2236(02)02154-9

17. Seksenyan A, Ron-Harel N, Azoulay D, Cahalon L,
Cardon M, Rogeri P, Ko MK, Weil M, Bulvik S,
Rechavi G, et al. Thymic involution, a co�morbidity
factor in amyotrophic lateral sclerosis. J Cell Mol
Med 2010; 14:2470-82; PMID:19650830; http://dx.
doi.org/10.1111/j.1582-4934.2009.00863.x

18. Hohlfeld R. Neurotrophic cross-talk between the ner-
vous and immune systems: relevance for repair strate-
gies in multiple sclerosis? J Neurol Scie 2008; 265:93-
6; PMID:17459415; http://dx.doi.org/10.1016/j.
jns.2007.03.012

19. Jummani RR, Okun MS. SYdenham chorea. Arch
Neurol 2001; 58:311-3; PMID:11176972; http://dx.
doi.org/10.1001/archneur.58.2.311

20. Martino D, Tanner A, Defazio G, Church AJ, Bhatia
KP, Giovannoni G, Dale RC. Tracing Sydenham’s
chorea: historical documents from a British paediatric
hospital. Arch Dis Child 2005; 90:507-11;
PMID:15851434; http://dx.doi.org/10.1136/adc.
2004.057679

21. Osler W. ON chorea and choreiform: affections. Am J
Med Sci 1895; 109:316-317; http://dx.doi.org/
10.1097/00000441-189503000-00011

22. Gordon N. Sydenham’s chorea, and its complications
affecting the nervous system. Brain and Development
2009; 31:11-14; PMID:18558468; http://dx.doi.org/
10.1016/j.braindev.2008.05.001

23. Swedo SE, Leonard HL, Garvey M, Mittleman B,
Allen AJ, Perlmutter S, Lougee L, Dow S, Zamkoff J,
Dubbert BK. Pediatric autoimmune neuropsychiatric
disorders associated with streptococcal infections: clin-
ical description of the first 50 cases. Am J Psychiatry
1998; 155:264-71; PMID:9464208

24. Swedo SE, Leonard HL, Kiessling LS. Speculations on
antineuronal antibody-mediated neuropsychiatric dis-
orders of childhood. Pediatrics 1994; 93:323-6;
PMID:8121747

25. Kiessling LS, Marcotte AC, Culpepper L. Antineuro-
nal antibodies in movement disorders. Pediatrics
1993; 92:39-43; PMID:8516083

26. Kirvan CA, Swedo SE, Heuser JS, Cunningham MW.
Mimicry and autoantibody-mediated neuronal cell sig-
naling in Sydenham chorea. Nat Med 2003; 9:914-20;
PMID:12819778; http://dx.doi.org/10.1038/nm892

27. Church A, Dale R, Giovannoni G. Anti-basal ganglia
antibodies: a possible diagnostic utility in idiopathic
movement disorders? Arch Dis Child 2004; 89:611-4;
PMID:15210488; http://dx.doi.org/10.1136/
adc.2003.031880

28. Pavone P, Bianchini R, Parano E, Incorpora G, Rizzo
R, Mazzone L, Trifiletti RR. Anti-brain antibodies in
PANDAS versus uncomplicated streptococcal infec-
tion. Pediatr Neurol 2004; 30:107-10;
PMID:14984902; http://dx.doi.org/10.1016/S0887-
8994(03)00413-2

29. Gause C, Morris C, Vernekar S, Pardo-Villamizar C,
Grados MA, Singer HS. Antineuronal antibodies in
OCD: comparisons in children with OCD-only,
OCDC chronic tics and OCDC PANDAS. J Neuro-
immunol 2009; 214:118-24; PMID:19628285;
http://dx.doi.org/10.1016/j.jneuroim.2009.06.015

30. Morer A, L�azaro L, Sabater L, Massana J, Castro J,
Graus F. Antineuronal antibodies in a group of chil-
dren with obsessive–compulsive disorder and Tourette
syndrome. J Psychiatr Res 2008; 42:64-8;
PMID:17113107; http://dx.doi.org/10.1016/j.
jpsychires.2006.09.010

31. Asbahr FR, Negr~ao AB, Gentil V, Zanetta DM, da
Paz JA, Marques-Dias MJ, Kiss MH. Obsessive-com-
pulsive and related symptoms in children and adoles-
cents with rheumatic fever with and without chorea: a
prospective 6-month study. Am J Psychiatry 1998;
155:1122-4; PMID:9699708; http://dx.doi.org/
10.1176/ajp.155.8.1122

32. Dale RC, Heyman I, Giovannoni G, Church AW.
Incidence of anti-brain antibodies in children with
obsessive–compulsive disorder. Br J Psychiatry 2005;
187:314-9; PMID:16199788; http://dx.doi.org/
10.1192/bjp.187.4.314

33. Leckman JF, Katsovich L, Kawikova I, Lin H, Zhang
H, Kr€onig H, Morshed S, Parveen S, Grantz H, Lom-
broso PJ, et al. Increased serum levels of interleukin-
12 and tumor necrosis factor-alpha in Tourette’s syn-
drome. Biol Psychiatry 2005; 57:667-73;
PMID:15780855; http://dx.doi.org/10.1016/j.
biopsych.2004.12.004

34. Gabbay V, Coffey BJ, Guttman LE, Gottlieb L, Katz
Y, Babb JS, Hamamoto MM, Gonzalez CJ. A cyto-
kine study in children and adolescents with Tourette’s
disorder. Progress Neuro-Psychopharmacol Biol Psy-
chiatry 2009; 33:967-71; PMID:19427348; http://
dx.doi.org/10.1016/j.pnpbp.2009.05.001

35. Morer A, Chae W, Henegariu O, Bothwell AL, Leck-
man JF, Kawikova I. Elevated expression of MCP-1,
IL-2 and PTPR-N in basal ganglia of Tourette syn-
drome cases. Brain Behav Immun 2010; 24:1069-73;
PMID:20193755; http://dx.doi.org/10.1016/j.
bbi.2010.02.007

36. Cheng YH, Zheng Y, He F, Yang JH, Li WB, Wang
ML, Cui DY, Chen Y. Detection of autoantibodies
and increased concentrations of interleukins in plasma
from patients with Tourette’s syndrome. J Mol Neu-
rosci 2012; 48:219-24; PMID:22638859; http://dx.
doi.org/10.1007/s12031-012-9811-8

37. Matz J, Krause DL, Dehning S, Riedel M, Gruber R,
Schwarz MJ, M€uller N. Altered monocyte activation
markers in Tourette’s syndrome: a case–control study.
BMC Psychiatry 2012; 12:29; PMID:22471395;
http://dx.doi.org/10.1186/1471-244X-12-29

38. Paz JA, Silva CA, Marques-Dias MJ. Randomized
double-blind study with prednisone in Sydenham’s
chorea. Pediatr Neurol 2006; 34:264-9;
PMID:16638499; http://dx.doi.org/10.1016/j.
pediatrneurol.2005.08.028

39. Walker AR, Tani LY, Thompson JA, Firth SD, Veasy
LG, Bale JF Jr. Rheumatic chorea: relationship to sys-
temic manifestations and response to corticosteroids. J
Pediatr 2007; 151:679-83; PMID:18035153; http://
dx.doi.org/10.1016/j.jpeds.2007.04.059

40. Fusco C, Ucchino V, Frattini D, Pisani F, Della Gius-
tina E. Acute and chronic corticosteroid treatment of
ten patients with paralytic form of Sydenham’s chorea.
Eur J Paediatr Neurol 2012; 16:373-8;
PMID:22197452; http://dx.doi.org/10.1016/j.
ejpn.2011.12.005

41. Garvey MA, Snider LA, Leitman SF, Werden R,
Swedo SE. Treatment of Sydenham’s chorea with
intravenous immunoglobulin, plasma exchange, or
prednisone. J Child Neurol 2005; 20:424-9;
PMID:15968928; http://dx.doi.org/10.1177/
08830738050200050601

42. Van Immerzeel TD, Van Gilst RM, Hartwig NG.
Beneficial use of immunoglobulins in the treatment of
Sydenham chorea. Eur J Pediatr 2010; 169:1151-4;
PMID:20349351; http://dx.doi.org/10.1007/s00431-
010-1172-0

43. Walker K, Brink A, Lawrenson J, Mathiassen W,
Wilmshurst JM. Treatment of sydenham chorea with
intravenous immunoglobulin. J Child Neurol 2012;
27:147-55; PMID:21868369; http://dx.doi.org/
10.1177/0883073811414058

www.tandfonline.com 2761Human Vaccines & Immunotherapeutics



44. Cortese I, Chaudhry V, So YT, Cantor F, Cornblath
DR, Rae-Grant A. Evidence-based guideline update:
plasmapheresis in neurologic disorders: report of the
therapeutics and technology assessment subcommittee
of the american academy of neurology. Neurology
2011; 76:294-300; PMID:21242498; http://dx.doi.
org/10.1212/WNL.0b013e318207b1f6

45. Perlmutter SJ, Leitman SF, Garvey MA, Hamburger
S, Feldman E, Leonard HL, Swedo SE. Therapeutic
plasma exchange and intravenous immunoglobulin
for obsessive-compulsive disorder and tic disorders in
childhood. Lancet 1999; 354:1153-8;
PMID:10513708; http://dx.doi.org/10.1016/S0140-
6736(98)12297-3

46. Nicolson R, Swedo SE, Lenane M, Bedwell J, Wudar-
sky M, Gochman P. An open trial of plasma exchange
in childhood-onset obsessive-compulsive disorder
without poststreptococcal exacerbations. J Am Acad
Child Adolesc Psychiatry 2000; 39:1313-5;
PMID:11026187; http://dx.doi.org/10.1097/
00004583-200010000-00020

47. Allen AJ, Leonard HL, Swedo SE. Case study: a new
infection-triggered, autoimmune subtype of pediatric
OCD and Tourette’s syndrome. J Am Acad Child
Adolesc Psychiatry 1995; 34:307-11;
PMID:7896671; http://dx.doi.org/10.1097/
00004583-199503000-00015

48. Giedd JN, Rapoport JL, Leonard HL, Richter D,
Swedo SE. Case study: acute basal ganglia enlarge-
ment and obsessive-compulsive symptoms in an ado-
lescent boy. J Am Acad Child Adolesc Psychiatry
1996; 35:913-5; PMID:8768351; http://dx.doi.org/
10.1097/00004583-199607000-00017

49. Zykov V, Shcherbina AY, Novikova EB, Shvabrina
TV. Neuroimmune aspects of the pathogenesis of
Tourette’s syndrome and experience in the use of
immunoglobulins in children. Neurosci Behav Physiol
2009; 39:635-8; PMID:19621268; http://dx.doi.org/
10.1007/s11055-009-9184-9

50. Hoekstra PJ, Minderaa RB, Kallenberg C. Lack of
effect of intravenous immunoglobulins on tics: a dou-
ble-blind placebo-controlled study. J Clin Psychiatry
2004; 65:537-42; PMID:15119917; http://dx.doi.
org/10.4088/JCP.v65n0413

51. M€uller N. Anti-inflammatory therapy with a COX-2
inhibitor in Tourette’s syndrome. Inflammopharma-
cology 2004; 12:271-5; PMID:15527551; http://dx.
doi.org/10.1163/1568560042342338

52. Dale RC, Yin K, Ding A, Merheb V, Varadkhar S,
McKay D, Singh-Grewal D, Brilot F. Antibody bind-
ing to neuronal surface in movement disorders associ-
ated with lupus and antiphospholipid antibodies. Dev
Med Child Neurol 2011; 53:522-8;
PMID:21574989; http://dx.doi.org/10.1111/j.1469-
8749.2011.03922.x

53. Peluso S, Antenora A, De Rosa A, Roca A, Madda-
luno G, Brescia Morra V, De Michele G. Antiphos-
pholipid-related chorea. Front Neurol 2012; 3:150;
PMID:23097646; http://dx.doi.org/10.3389/
fneur.2012.00150

54. Lazurova I, Macejova Z, Benhatchi K, Oetterov�a M,
Antolov�a E, Asherson RA, Rovensky J. Efficacy of
intravenous immunoglobulin treatment in lupus
erythematosus chorea. Clin Rheumatol 2007;
26:2145-7; PMID:17487450; http://dx.doi.org/
10.1007/s10067-007-0627-9

55. Bertsias G, Ioannidis JP, Aringer M, Bollen E, Bom-
bardieri S, Bruce IN, Cervera R, Dalakas M, Doria A,
Hanly JG, et al. EULAR recommendations for the
management of systemic lupus erythematosus with
neuropsychiatric manifestations: report of a task force
of the EULAR standing committee for clinical affairs.
Ann Rheum Dis 2010; 69:2074-82;
PMID:20724309; http://dx.doi.org/10.1136/
ard.2010.130476

56. Brogna C, Mariotti P, Manna R. Conventional and
intravenous immunoglobulin therapy in paediatric
antiphospholipid antibodies-related chorea. Lupus

2014; 23:1449-51; PMID:25237169; http://dx.doi.
org/10.1177/0961203314551084

57. Sandvig I, Barlinn J, Nedregaard B. Skjeldal OH An
important differential diagnosis of acute neurological
disease. Eur J Paediatr Neurol 2015; 19:211-7;
PMID:25596063; http://dx.doi.org/10.1016/j.
ejpn.2014.12.004

58. Brinar VV, Habek M. Monophasic acute, recurrent,
and multiphasic disseminated encephalomyelitis and
multiple sclerosis. Arch Neurol 2008; 65:672-7;
PMID:18474748; http://dx.doi.org/10.1001/
archneur.65.5.675

59. Wingerchuk DM, Lucchinetti CF. Comparative
immunopathogenesis of acute disseminated encepha-
lomyelitis, neuromyelitis optica, and multiple sclero-
sis. Curr Opin Neurol 2007; 20:343-50;
PMID:17495631; http://dx.doi.org/10.1097/
WCO.0b013e3280be58d8

60. Ishizu T, Minohara M, Ichiyama T, Kira R, Tanaka
M, Osoegawa M, Hara T, Furukawa S, Kira J. CSF
cytokine and chemokine profiles in acute disseminated
encephalomyelitis. J Neuroimmunol 2006; 175:52-8;
PMID:16697050; http://dx.doi.org/10.1016/j.
jneuroim.2006.03.020

61. Javed A, Khan O. Acute disseminated encephalomy-
elitis. Handb Clin Neurol 2014; 123:705-17;
PMID:25015513

62. Anlar B, Basaran C, Kose G, Guven A, Haspolat S,
Yakut A, Serdaroglu A, Senbil N, Tan H, Karaagaoglu
E, et al. Acute disseminated encephalomyelitis in chil-
dren: outcome and prognosis. Neuropediatrics 2003;
34:194-9; PMID:12973660; http://dx.doi.org/
10.1055/s-2003-42208

63. Alexander M, Murthy J. Acute disseminated encepha-
lomyelitis: Treatment guidelines. Ann Indian Acad
Neurol 2011; 14:S60; PMID:21847331; http://dx.
doi.org/10.4103/0972-2327.83095

64. Nishikawa M, Ichiyama T, Hayashi T, Ouchi K, Fur-
ukawa S. Intravenous immunoglobulin therapy in
acute disseminated encephalomyelitis. Pediatr Neurol
1999; 21:583-6; PMID:10465150; http://dx.doi.org/
10.1016/S0887-8994(99)00042-9

65. Pradhan S, Gupta RP, Shashank S, Pandey N. Intra-
venous immunoglobulin therapy in acute dissemi-
nated encephalomyelitis. J Neurol Sci 1999; 165:56-
61; PMID:10426148; http://dx.doi.org/10.1016/
S0022-510X(99)00072-6

66. Feasby T, Banwell B, Benstead T, Bril V, Brouwers
M, Freedman M, Hahn A, Hume H, Freedman J, Pi
D, et al. Guidelines on the use of intravenous immune
globulin for neurologic conditions. Transfus Med Rev
2007; 21:S57-107; PMID:17397768; http://dx.doi.
org/10.1016/j.tmrv.2007.01.002

67. Imataka G, Arisaka O. An infant with steroid-
refractory cytomegalovirus-associated ADEM who
responded to immunoglobulin therapy. Eur Rev
Med Pharmacol Sci 2014; 18:2148-51;
PMID:25070820

68. Hahn JS, SieglerDJ, EnzmannD. Intravenous gammaglo-
bulin therapy in recurrent acute disseminated encephalo-
myelitis. Neurology 1996; 46:1173-4; PMID:8780119;
http://dx.doi.org/10.1212/WNL.46.4.1173

69. Mariotti P, Batocchi AP, Colosimo C, Lo Monaco M,
Caggiula M, Colitto F, Tonali PA, Guzzetta F. Multi-
phasic demyelinating disease involving central and
peripheral nervous system in a child. Neurology 2003;
60:348-9; PMID:12552065; http://dx.doi.org/
10.1212/01.WNL.0000044051.79305.DD

70. Kanter D, Horensky D, Sperling RA, Kaplan JD,
Malachowski ME, Churchill WH Jr. Plasmapheresis
in fulminant acute disseminated encephalomyelitis.
Neurology 1995; 45:824-7; PMID:7723979; http://
dx.doi.org/10.1212/WNL.45.4.824

71. Weinshenker BG, O’Brien PC, Petterson TM, Nose-
worthy JH, Lucchinetti CF, Dodick DW, Pineda AA,
Stevens LN, Rodriguez M. A randomized trial of
plasma exchange in acute central nervous system
inflammatory demyelinating disease. Ann Neurol

1999; 46:878-86; PMID:10589540; http://dx.doi.
org/10.1002/1531-8249(199912)46:6%3c878::AID-
ANA10%3e3.0.CO;2-Q

72. Weinshenker BG. Plasma exchange for severe attacks of
inflammatory demyelinating diseases of the central ner-
vous system. J Clin Apher 2001; 16:39-42;
PMID:11309833; http://dx.doi.org/10.1002/jca.1010

73. Keegan M, Pineda AA, McClelland RL, Darby CH,
Rodriguez M, Weinshenker BG. Plasma exchange for
severe attacks of CNS demyelination: predictors of
response. Neurology 2002; 58(1):143-6;
PMID:11781423; http://dx.doi.org/10.1212/
WNL.58.1.143

74. Llufriu S, Castillo J, Blanco Y, Rami�o-Torrent�a L, R�ıo
J, Vall�es M, Lozano M, Castell�a MD, Calabia J,
Horga A, et al. Plasma exchange for acute attacks of
CNS demyelination Predictors of improvement at 6
months. Neurology 2009; 73:949-53;
PMID:19770470; http://dx.doi.org/10.1212/
WNL.0b013e3181b879be

75. Brunot S, Vukusic S, Fromont A, Couvreur G, Mous-
son C, Giroud M, Confavreux C, Moreau T. [Plasma
exchanges in severe and acute inflammatory demyelin-
ating attacks of the central nervous system]. Presse
Med 2011; 40:e271-8; PMID:21353760; http://dx.
doi.org/10.1016/j.lpm.2010.11.022

76. Miyazawa R, Hikima A, Takano Y, Arakawa H,
Tomomasa T, Morikawa A. Plasmapheresis in fulmi-
nant acute disseminated encephalomyelitis. Brain Dev
2001; 23:424-6; PMID:11578855; http://dx.doi.org/
10.1016/S0387-7604(01)00256-X

77. Bennetto L, Totham A, Healy P, Massey E, Scolding
N. Plasma exchange in episodes of severe inflamma-
tory demyelination of the central nervous system. A
report of six cases. J Neurol 2004; 251:1515-21;
PMID:15645353; http://dx.doi.org/10.1007/s00415-
004-0588-8

78. RamachandranNair R, Parameswaran M, Girija A.
Acute disseminated encephalomyelitis treated with
plasmapheresis. Singapore Med J 2005; 46:561;
PMID:16172778

79. Khurana DS, Melvin JJ, Kothare SV, Valencia I, Har-
dison HH, Yum S, Faerber EN, Legido A. Acute dis-
seminated encephalomyelitis in children: discordant
neurologic and neuroimaging abnormalities and
response to plasmapheresis. Pediatrics 2005; 116:431-
6; PMID:16061599; http://dx.doi.org/10.1542/
peds.2004-2038

80. Koziolek M, M€uhlhausen J, Friede T, Ellenberger
D, Sigler M, Huppke B, G€artner J, M€uller GA,
Huppke P. Therapeutic apheresis in pediatric
patients with acute CNS inflammatory demyelinat-
ing disease. Blood Purif 2013; 36:92-7;
PMID:24021839

81. Schwarz S, Mohr A, Knauth M, Wildemann B,
Storch-Hagenlocher B. Acute disseminated encepha-
lomyelitis: a follow-up study of 40 adult patients.
Neurology 2001; 56:1313-8; PMID:11376180;
http://dx.doi.org/10.1212/WNL.56.10.1313

82. Waldman A, Ghezzi A, Bar-Or A, Mikaeloff Y, Tar-
dieu M, Banwell B. Multiple sclerosis in children: an
update on clinical diagnosis, therapeutic strategies,
and research. Lancet Neurol 2014; 13:936-48;
PMID:25142460; http://dx.doi.org/10.1016/S1474-
4422(14)70093-6

83. Yeh EA, Chitnis T, Krupp L, Ness J, Chabas D,
Kuntz N, Waubant E; US Network of Pediatric Mul-
tiple Sclerosis Centers of Excellence. Pediatric multi-
ple sclerosis. Nat Revi Neurol 2009; 5:621-31;
PMID:19826402; http://dx.doi.org/10.1038/
nrneurol.2009.158

84. Spalice A, Parisi P, Papetti L, Nicita F, Ursitti F, Del
Balzo F, Properzi E, Verrotti A, Ruggieri M, Iannetti
P. Clinical and pharmacological aspects of inflamma-
tory demyelinating diseases in childhood: an update.
Curr Neuropharmacol 2010; 8:135-48;
PMID:21119885; http://dx.doi.org/10.2174/
157015910791233141

2762 Volume 11 Issue 12Human Vaccines & Immunotherapeutics



85. Narula S, Banwell B. Treatment of multiple scle-
rosis in children and its challenges. Presse Med
2015; 44(4 Pt 2):e153-8; http://dx.doi.org/
10.1016/j.lpm.2014.10.018; Epub 2015 Mar 3.

86. Hemmer B, Nessler S, Zhou D, Kieseier B, Hartung
HP. Immunopathogenesis and immunotherapy of
multiple sclerosis. Nat Clin Pract Neurol 2006;
2:201-11; PMID:16932551; http://dx.doi.org/
10.1038/ncpneuro0154

87. Colombo M, Dono M, Gazzola P, Roncella S, Valetto
A, Chiorazzi N, Mancardi GL, Ferrarini M. Accumu-
lation of clonally related B lymphocytes in the cere-
brospinal fluid of multiple sclerosis patients. J
Immunol 2000; 164:2782-9; PMID:10679121;
http://dx.doi.org/10.4049/jimmunol.164.5.2782

88. Chabas D, Green AJ, Waubant E. Pediatric multiple
sclerosis. NeuroRx 2006; 3(2):264-75;
PMID:16554264; http://dx.doi.org/10.1016/j.
nurx.2006.01.011

89. Chitnis T, Green AJ, Waubant E. Consensus state-
ment: evaluation of new and existing therapeutics for
pediatric multiple sclerosis. Mult Scler J 2012;
18:116-27; PMID:22146610; http://dx.doi.org/
10.1177/1352458511430704

90. Iannetti P, Marciani MG, Spalice A, Spanedda F,
Raucci U, Trasimeni G, Gualdi GF, Bernardi G. Pri-
mary CNS demyelinating diseases in childhood: mul-
tiple sclerosis. Childs Nerv Syst 1996; 12:149-54;
PMID:8697458; http://dx.doi.org/10.1007/
BF00266819

91. Yeh EA, Waubant E, Krupp LB, Ness J, Chitnis T,
Kuntz N, Ramanathan M, Belman A, Chabas D, Gor-
man MP, et al. Multiple sclerosis therapies in pediat-
ric patients with refractory multiple sclerosis. Arch
Neurol 2011; 68(4):437-44; PMID:21149803;
http://dx.doi.org/10.1001/archneurol.2010.325

92. Johnston J, So TY. First-line disease-modifying thera-
pies in paediatric multiple sclerosis. Drugs 2012;
72:1195-211; PMID:22642799; http://dx.doi.org/
10.2165/11634010-000000000-00000

93. Marriott JJ, Miyasaki JM, Gronseth G, O’Connor
PW. Evidence report: the efficacy and safety of mitox-
antrone (Novantrone) in the treatment of multiple
sclerosis report of the therapeutics and technology
assessment subcommittee of the American academy of
neurology. Neurology 2010; 74:1463-70;
PMID:20439849; http://dx.doi.org/10.1212/
WNL.0b013e3181dc1ae0

94. Kornek B, Bernert G, Rostasy K, Mlczoch E, Feucht M,
Prayer D, Vass K, Seidl R. Long-term follow-up of pedi-
atric patients treated with mitoxantrone for multiple scle-
rosis. Neuropediatrics 2011; 42:7-12; PMID:21557144;
http://dx.doi.org/10.1055/s-0031-1275345

95. Etemadifar M, Afzali P, Abtahi SH, Ramagopalan SV,
Nourian SM, Murray RT, Fereidan-Esfahani M.
Safety and efficacy of mitoxantrone in pediatric
patients with aggressive multiple sclerosis. Eur J Pae-
diatr Neurol 2014; 18:119-25; PMID:24139067;
http://dx.doi.org/10.1016/j.ejpn.2013.09.001

96. Makhani N, Gorman MP, Branson HM, Stazzone L,
Banwell BL, Chitnis T. Cyclophosphamide therapy in
pediatric multiple sclerosis. Neurology 2009;
72:2076-82; PMID:19439723; http://dx.doi.org/
10.1212/WNL.0b013e3181a8164c

97. Huppke P, Stark W, Z€urcher C, Huppke B, Br€uck W,
G€artner J. Natalizumab use in pediatric multiple scle-
rosis. Arch Neurol 2008; 65:1655-8;
PMID:19064754; http://dx.doi.org/10.1001/
archneur.65.12.1655

98. Borriello G, Prosperini L, Luchetti A, Pozzilli C.
Natalizumab treatment in pediatric multiple sclerosis:
a case report. Eur J Paediatr Neurol 2009; 13:67-71;
PMID:18406645; http://dx.doi.org/10.1016/j.ejpn.
2008.01.007

99. Ghezzi A, Pozzilli C, Grimaldi LM, Brescia Morra V,
Bortolon F, Capra R, Filippi M, Moiola L, Rocca
MA, Rottoli M, et al. Safety and efficacy of natalizu-
mab in children with multiple sclerosis. Neurology
2010; 75:912-7; PMID:20820002; http://dx.doi.org/
10.1212/WNL.0b013e3181f11daf

100. Torisu H, Hara T. [Clinical features of pediatric mul-
tiple sclerosis: epidemiology and treatment]. Nihon
Rinsho 2014; 72:2061-6; PMID:25518393

101. Yeh EA, Weinstock-Guttman B. Natalizumab in
pediatric multiple sclerosis patients. Ther Adv Neurol
disorders 2010; 3:293-9; PMID:21179619; http://dx.
doi.org/10.1177/1756285610381526

102. Bloomgren G, Richman S, Hotermans C, Subrama-
nyam M, Goelz S, Natarajan A, Lee S, Plavina T,
Scanlon JV, Sandrock A, et al. Risk of natalizumab-
associated progressive multifocal leukoencephalop-
athy. N Engl J Med 2012; 366:1870-80;
PMID:22591293; http://dx.doi.org/10.1056/
NEJMoa1107829

103. Zettl UK, St€uve O, Patejdl R. Immune-mediated
CNS diseases: a review on nosological classification
and clinical features. Autoimmun Rev 2012; 11:167-
73; PMID:21619943; http://dx.doi.org/10.1016/j.
autrev.2011.05.008

104. Absoud M, Lim MJ, Appleton R, Jacob A3, Kitley J,
Leite MI, Pike MG, Vincent A, Wassmer E, Waters
P, Woodhall M, Hemingway C, Palace J. Paediatric
neuromyelitis optica: clinical, MRI of the brain and
prognostic features. J Neurol Neurosurg Psychiatry
2015; 86(4):470-2; http://dx.doi.org/10.1136/jnnp-
2014-308550; Epub 2014 Aug 4.

105. Cree BA, Lamb S, Morgan K, Chen A, Waubant E,
Genain C. An open label study of the effects of rituxi-
mab in neuromyelitis optica. Neurology 2005;
64:1270-2; PMID:15824362; http://dx.doi.org/
10.1212/01.WNL.0000159399.81861.D5

106. Cree B. Acute inflammatory myelopathies. Handbook
Clin Neurol 2013; 122:613-67

107. Longoni G, Banwell B, Filippi M, Yeh EA. Rituximab
as a first-line preventive treatment in pediatric
NMOSDs: Preliminary results in 5 children. Neurol
Neuroimmunol Neuroinflamm 2014; 1:e46;
PMID:25520954; http://dx.doi.org/10.1212/
NXI.0000000000000046

108. Cabre P, Olindo S, Marignier R, Jeannin S, Merle H,
Smadja D; Aegis of French National Observatory of
Multiple Sclerosis. Efficacy of mitoxantrone in neuro-
myelitis optica spectrum: clinical and neuroradiologi-
cal study. J Neurol Neurosurg Psychiatry 2013;
84:511-6; PMID:23138769; http://dx.doi.org/
10.1136/jnnp-2012-303121

109. Papeix C, Vidal JS, de Seze J, Pierrot-Deseilligny C,
Tourbah A, Stankoff B, Lebrun C, Moreau T, Ver-
mersch P, Fontaine B, et al. Immunosuppressive ther-
apy is more effective than interferon in neuromyelitis
optica. Mult Scler 2007; 13:256-9; PMID:17439893;
http://dx.doi.org/10.1177/1352458506070732

110. Winer J. An Update in Guillain-Barr�e Syndrome. Auto-
immune Dis 2014; 2014:793024; PMID:24511391;
http://dx.doi.org/10.1155/2014/793024

111. Hartung HP, Willison HJ, Kieseier BC. Acute immu-
noinflammatory neuropathy: update on Guillain-
Barr�e syndrome. Curr Opin Neurol 2002; 15:571-7;
PMID:12352001; http://dx.doi.org/10.1097/
00019052-200210000-00008

112. Group G.B.S.S.T. Double-blind trial of intravenous
methylprednisolone in Guillain-Barr�e syndrome. Lan-
cet 1993; 341:586-90; PMID:8094828

113. Hughes RA, van Doorn PA. Corticosteroids for Guil-
lain-Barre syndrome. Cochrane Database Syst Rev
2012; 8:Cd001446; PMID:22895921

114. Mark B, et al. Plasmapheresis in idiopathic inflamma-
tory polyradiculoneuropathy. in Waubant. 1980.

LIPPINCOTT-RAVEN PUBL 227 EAST WASH-
INGTON SQ, PHILADELPHIA, PA 19106.

115. Schooneman F, et al. Plasma exchange in Guillain-Barr�e
syndrome: Ten cases. Plasma Ther 1981; 2:117-21

116. Valbonesi M. Garelli S, Mosconi L, Zerbi D, Celano
I. Plasma Exchange as a Therapy for Guillain�Barr�e
Syndrome with Immune Complexes. Vox Sang 1981;
41:74-8; PMID:7331282; http://dx.doi.org/10.1111/
j.1423-0410.1981.tb01017.x

117. The Guillain-Barre syndrome Study Group. Plasma-
pheresis and acute Guillain-Barre syndrome. Neurol-
ogy 1985; 35:1096-104; PMID:4022342; http://dx.
doi.org/10.1212/WNL.35.8.1096

118. McKhann G, Griffin JW, Cornblath DR, Mellits ED,
Fisher RS, Quaskey SA. Plasmapheresis and
guillain�barr�e syndrome: Analysis of prognostic fac-
tors and the effect of plasmapheresis. Ann Neurol
1988; 23:347-53; PMID:3382169; http://dx.doi.org/
10.1002/ana.410230406

119. Van der Mech�e F, Schmitz P. A randomized trial
comparing intravenous immune globulin and
plasma exchange in Guillain-Barr�e syndrome. N
Engl J Med 1992; 326:1123-9; PMID:1552913;
http://dx.doi.org/10.1056/
NEJM199204233261705

120. Ravasio A, Pasquinelli M, Curr
R

Dossi B, Neri W,
Guidi C, Gessaroli M, Rasi F, Fabbri R, Mazzini G,
et al. High dose intravenous immune globulins and
plasma exchange in Guillain-Barre Syndrome. Ital J
Neurol Sci 1995; 16:487-92; PMID:8749707; http://
dx.doi.org/10.1007/BF02229327

121. Latov N. Practice parameter: immunotherapy for
Guillain-Barr�e syndrome: report of the quality stand-
ards subcommittee of the American academy of neu-
rology. Neurology 2004; 62:1653-4;
PMID:15136711; http://dx.doi.org/10.1212/
WNL.62.9.1653-a

122. G€urses N, Uysal S, Cetinkaya F, Işlek I, Kalayci AG.
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