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he care of children and adolescents with multiple sclerosis (MS) requires appreciation of the impact of the disease on the developing brain

and, in particular, the risk for cognitive impairment and academic challenges. Relapse rates in the first three years from onset are high,

with an average of 1.5 relapses per year, and often require hospitalization for acute corticosteroid therapy. Disease modulatory therapies
are typically prescribed, although formal clinical trials in the pediatric MS population are only just now being realized. In this review, we discuss
strategies to optimize therapy for an individual child or teenager, including utilization of a multidisciplinary approach to care.
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Multiple sclerosis (MS) onset during childhood or adolescence follows a relapsing-remitting pattern,
with a high early relapse frequency, and is associated with a risk for cognitive impairment and future
physical disability. Acute management of relapses, modulation of chronic disease course, cognitive
evaluations and strategies for academic modifications, and multidisciplinary team approaches to the
management of fatigue, bladder issues, and coping and emotional health are also key components
of care. While the vast majority of MS patients experience onset in adulthood, up to 10% of patients
experience symptom onset prior to 18 years of age.'?

Relapses in pediatric MS patients, including the sentinel first “attack,” are characterized by optic
neuritis, transverse myelitis, brainstem syndromes, or rarely, an acute disseminated encephalomyelitis-
(ADEM) like (encephalopathy and polyfocal deficits) syndrome. By definition, an individual attack is
defined by a new neurological deficit persisting more than 24 hours, and not better explained by
another etiology, and occurring more than 30 days from the last recorded attack.?> MS diagnosis is
confirmed by recurrent attacks and supported by magnetic resonance imaging (MRI) evidence for
new lesions involving different regions of the central nervous system (CNS). The 2010 McDonald MS
diagnostic criteria also allow for diagnosis to be made at the time of the first acute demyelinating
attack if MRI demonstrates clinically silent lesions in two of the four regions typical for MS, at least one
of which enhances with gadolinium.* Application of the 2010 McDonald MS diagnostic criteria at the
time of a first attack in a pediatric cohort requires consideration of the patient’s age. When applied to
patients over the age of 11, the criteria very accurately identify children who later experience further
MS attacks. Children who do not demonstrate the MRI features described in the 2010 McDonald criteria
did not experience further disease and were not diagnosed with MS. In younger children, however,
lesions are typically larger with less well-defined margins and may completely resolve.¢” The positive
predictive value of the 2010 McDonald criteria at the time of a first attack is only 55%, and thus caution
must be used in applying the criteria in this age group, often requiring evidence of new disease over
time on serial clinical and MRI examinations before confirming MS.2 Of note, a normal brain MRI at the
time of a first demyelinating attack (in presentations of optic neuritis or transverse myelitis) strongly
suggests a monophasic iliness, with less than 3% of such children being diagnosed with MS over time.’

Over 90% of patients will experience near complete neurological recovery from relapses early in
the disease.” However, secondary disease progression, in which accrual of neurological disability
occurs independent of relapses, may occur over time. While pediatric MS patients may take longer
to develop secondary disease progression, they do so at a younger age than patients with onset
in adulthood.™

Fundamental to the diagnosis of MS is the exclusion of other diagnoses. Progressive symptoms

from onset would not be typical of the relapsing-remitting course seen in over 97% of pediatric MS
patients and should lead to consideration of leukodystrophies, mitochondrial disease, compressive
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Table 1: Treatment options for children with multiple sclerosis

Medication

Glatiramer Acetate

Dosing Regimen

20 mg daily or 40 mg three times per
week (subcutaneous injection)

Potential Adverse Effects

Post-injection systemic flushing reaction, injection
site reactions (lipoatrophy)

Recommended Monitoring

None

Interferon Beta 1a

30 ug weekly (intramuscular injection)
or 44 mg three times per week
(subcutaneous injection)

Flu-like symptoms, transaminase elevation, bone
marrow suppression, injection site reactions

Monthly CBC and LFTs for the first 6 months, then
every 6 months; yearly thyroid studies

Interferon Beta 1b

250 ug every other day (subcutaneous
injection)

Flu-like symptoms, transaminase elevation, bone
marrow suppression, injection site reactions

Monthly CBCs and LFTs for the first 6 months, then
every 6 months; yearly thyroid studies

Natalizumab 3-5 mg/kg (maximum 300 mg) every 4 Hypersensitivity reaction, PML JC virus serologies prior to treatment initiation and
weeks (intravenous infusion) then every 3 months
Cyclophosphamide  Induction and maintenance protocols Vomiting, amenorrhea, transient alopecia, CBC prior to and 10 days after each infusion,
(intravenous infusion) osteoporosis, sterility, increased infections, and urinalysis prior to each infusion
secondary malignancy (bladder cancer)
Fingolimod 0.5 mg daily (oral) Risk of bradycardia with first dose; macular edema, | CBC, lymphocyte panel, LFTs, varicella serologies
increased infection risk (case reports of PML) prior to first dose; repeat CBC, lymphocyte
panel, and LFTs every 6 months; ophthalmologic
evaluation prior to first dose then every 3-6 months,
Teriflunomide 7 mg or 14 mg daily (oral) Transaminase elevation, alopecia, increased Pregnancy test, CBC, LFTs, and tuberculin skin test

infections; teratogenicity (pregnancy category X)

prior to tretament initiation; Monthly LFTs for the
first 6 months, then every 6 months

Dimethyl Fumarate

120mg or 240mg divided into two doses
daily (oral)

Gl symptoms (nausea, vomiting, and/or abdominal
pain), lymphopenia, case reports of PML

CBC and lymphocyte profile prior to treatment
initiation, then CBC every 6 months

Rituximab

375 mg/m2/dose weekly for four doses or
750 mg/m2/dose every 2 weeks for two

Hypersensitivity reaction, increased infections;
case reports of PML in rheumatologic conditions

Hepatitis serologies, CBC, lymphocyte panels prior
to treatment initiation; interval of dosing dependent

doses followed by maintenance protocol
(intravenous infusion)

on results of lymphocyte panels

CBC = complete blood counts, JC = John Cunningham VIRUSLFT = liver function tests, PML = progressive multifocal leukoencephalopathy

myelopathy, or rarely, severe nutritional deficiencies.’»* Infectious
etiologies must be excluded, particularly at the time of acute presentation
and in all children with an ADEM-like first event.

Immunomodulatory therapies for multiple
sclerosis

In the last several years, an increasing number of treatment options
have been made available for the treatment of MS. There are currently
ten medications that have been approved by the US Food and Drug
Administration (FDA) for use in adults. There are currently no medications
that have been approved by the European Medicines Agency (EMA) or
the FDA for use in children, however, treatment studies in pediatric
MS are currently underway as discussed below. Here, we review many
of the medications that have been used off-label in pediatric MS (see
Table 1). Information on their efficacy, tolerability, and safety in children
has mostly resulted from anecdotal experience and retrospective
analyses. The most commonly used treatments for MS in children
include interferon beta and glatiramer acetate. These medications were
initially approved for use in adults in the 1990s and have a favorable
safety profile in children and adults. These medications are injectables
(either subcutaneous or intramuscular), and many children struggle with
adherence to frequent needles.

Glatiramer acetate

Glatiramer acetate is a heterogenous mixture of synthetic polypeptides
found in myelin basic protein. It is thought to act as an immunomodulatory
agent by inhibiting specific regulatory and effector T-cells and by
altering function of antigen-presenting cells.*s Glatiramer acetate is
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administered as a subcutaneous injection dosed at 20 mg daily or 40 mg
three times a week. There is no reduction in dose required for children.
Small retrospective studies in children have shown that glatiramer acetate
is overall very well tolerated with no concerning or lasting side effects, even
when used long-term.’s Patients may experience a transient hypersensitivity
reaction with flushing and tachycardia lasting 30-90 seconds. These
reactions are not dangerous and typically only occur a few times. Injection
site skin reactions, particularly persistent skin dimpling (lipoatrophy),
can occur. Careful teaching about injection technique is essential.

Interferon beta

Interferon beta-1a (Avonex®, Biogen, Massachusetts, US; Rebif®, EMD
Serono, Inc., Massachusetts, US) and interferon beta-1b (Betaferon®/
Betaseron®, Bayer, Leverkusen, Germany) have all been administered
to children with MS. Interferon beta medications are thought to work by
modifying specific receptors that regulate immune signalling cascades,
thereby inhibiting autoreactive T cells and pro-inflammatory cytokines
as well as inducing anti-inflammatory mediators.” Medication selection
within this class can be guided by administration preferences and after
consideration of side-effect profile. Avonex is administered as a 30 ug
intramuscular injection once a week, Rebif as a 22-44 ug subcutaneous
injection three times a week, and Betaferon/Betaseron as a 250 ug
subcutaneous injection every other day. Medications are typically slowly
up-titrated to full dose over four to six weeks to minimize side effects.

Studies in adults with MS have demonstrated that interferon beta
medications can reduce the frequency of relapses and clinical/radiographic
disease activity in up to one third of patients. These medications are generally
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very well tolerated, although side effects can include flu-like symptoms
in the days after injections, injection site skin reactions, headaches,
muscle aches, fatigue, leukopenia, anemia, thrombocytopenia, increased
liver enzymes, and thyroid dysfunction. The flu-like symptoms and other
symptoms occurring following injection can be prevented and treated with
the use of over-the-counter non-steroidal anti-inflammatory medications.
Blood monitoring should including performance of complete blood cell
counts, liver function tests, and thyroid function tests monthly for the first
six months and then every six months subsequently (as side-effects are
less likely to occur the longer a patient has been on the medication). If liver
function tests become elevated, a reduction in the dose with subsequent
slow re-uptitration can be done, or another medication can be considered.™

Higher-potency therapies

A second-line treatment must often be considered in patients with MS
because of intolerable first-line medication side effects or because of
treatment failure, defined as continued clinical and radiographic relapses
while on first-line medication. A study of 258 children with MS showed
that nearly all were treated initially with interferon beta or glatiramer
acetate, and that almost half changed medications during the course of
the study (mean observation period of almost four years).? Changes in
medications require careful counseling and consideration of safety given
risks of infection (including the often fatal disease, progressive multifocal
leukoencephalopathy [PML]). For many of these therapies, safety in
pregnancy remains unknown. Counseling regarding safe sexual practice
with contraception and cessation of medication during pregnancy should
be considered.

Natalizumab

Natalizumab is a monoclonal antibody that targets the a4b1-integrin and
4b7 integrin molecules on vascular endothelium involved in migration of
T and B lymphocytes across the blood-brain barrier.? This medication
therefore works in MS by preventing T and B lymphocytes from crossing
into the CNS, resulting in one of the highest rates of relapse reduction in
adults with MS.2 It is administered as a once-per-month infusion of 3-5
mg/kg (maximum dose of 300 mg). Retrospective studies in children have
demonstrated an impressive suppression of clinical relapses, as compared
to pre-treatment relapse frequency.2#

Infusions of natalizumab are generally extremely well tolerated, and the
most concerning side effect and biggest limitation of its use is concern
for PML. PML is a potentially fatal brain infection caused by reactivation
of the John Cunningham (JC) virus, a polyomavirus. Because of decreased
lymphocyte migration into the brain in patients on natalizumab, unopposed
JC virus infection can cause destruction of oligodendrocytes and multifocal
demyelination.? Risk factors for the development of PML include prior
exposure to JC virus, prolonged duration of natalizumab treatment, and
previous exposure to other immunosuppressive medications (for MS or
comorbid autoimmune conditions). To assess for prior exposure to JC virus,
serum titers are followed serially. While JC virus seropositivity is noted in 70%
of adults at the time of MS onset,?? lower age-dependent rates are seen in
children.® Because primary infection with JC virus occurs during childhood
and adolescence, screening for JC virus exposure is recommended every
three months in patients who are initially JC virus naive. Higher JC virus
titers are also associated with increased PML risk in those patients who
are JC virus exposed, and thus, antibody status is monitored every three
months while on natalizumab as well.

Cyclophosphamide

Cyclophosphamide is an alkylating agent that causes broad
immunosuppression with cytotoxic effects. Retrospective studies show
decreased relapse rate and improvement in disability in the majority
of children with MS.*' Side effects can be prohibitive, however, and
include vomiting, amenorrhea, transient alopecia, osteoporosis, sterility,
infections, and secondary malignancy including bladder cancer. These
potential side effects significantly limit the use of cyclophosphamide for
pediatric MS.

Oral agents

There are now three oral agents that have been FDA-approved for use in
adults: fingolimod, teriflunomide, and dimethyl fumarate. There are currently
trials assessing the efficacy and long-term safety profiles of each of these
medications ongoing in children with MS.

Fingolimod

Fingolimod (Gilenya®, Novartis AG, Basel, Switzerland) is an oral medication
that was FDA-approved for the treatment of MS in 2010 that targets the
sphingosine-1-phosphate receptor. It is administered as a 0.5 mg tablet
taken once daily. One study of 17 children with MS taking fingolimod
followed on average for 8.6 months showed significant improvement in
relapses with no side effects.® A prospective, double-blind, randomized,
active-controlled study is now enrolling to evaluate the efficacy and safety
of fingolimod versus interferon beta in children with MS (PARADIGMS). Side
effects include potential for severe bradycardia with first dose (must be
administered in a monitored clinical setting) in 0.6% of patients, macular
edema in 0.5% of patients, and neoplasm in 2% of patients.® Case reports
describing the development of PML in adults with MS on fingolimod have
been reported.®

Teriflunomide

Teriflunomide (Aubagio®, Sanofi Genzyme, Massachusetts, US) is an oral
medication, FDA-approved for the treatment of MS in 2012, that inhibits
a mitochondrial enzyme required for DNA replication, preferentially
diminishing the activation and proliferation of fast-replicating cells,
including T- and B-cells. It is administered as a 7 or 14 mg tablet taken
once daily. Studies in adults with MS have demonstrated that teriflunomide
decreases relapse rate and the accrual of neurologic disability compared
with placebo but not statistically more than interferons.®* A randomized,
double-blind, placebo-controlled trial is now enrolling to evaluate the safety
and efficacy of teriflunomide in children with MS (TERIKIDS). Side effects
include alopecia in about 10% of patients and elevated transaminases
and/or hepatotoxicity in about 15% of patients.¥ Teriflunomide also has
a black box warning for use in pregnancy due to risks of teratogenicity.
A medication washout with cholestyramine or activated charcoal can be
done in the event of pregnancy.

Dimethyl fumarate

Dimethyl fumarate (Tecfidera) is an oral medication that was FDA-
approved for the treatment of MS in 2013. The exact mechanism of
action remains unclear, but the medication has been shown to reduce
cytokine production and lymphocyte count.® It is administered as a 120
mg or 240 mg tablet divided into two doses daily. There are currently
multiple studies undergoing development or enrolling to evaluate the
safety and efficacy of dimethyl fumarate in children with MS, including:
an open-label, randomized, active-controlled study of dimethyl

US NEUROLOGY



fumarate compared to interferon beta in children with MS (CONNECT); a
randomized, placebo-controlled trial evaluating the efficacy and safety
of dimethyl fumarate (IMAGINE) in children with MS; and an open-label
study evaluating the effect of dimethyl fumarate on brain MRI lesions
in children with MS (FOCUS). Side effects include gastrointestinal (Gl)
symptoms such as nausea, vomiting, and/or abdominal pain in about
30% of patients® and lymphopenia in about 20% of patients.* Case
reports describing the development of PML in adults with MS on dimethyl
fumarate have been reported.”** Given the suspected association
between lymphopenia and the development of PML, altered dosing or
discontinuation may be considered if lymphopenia is to develop.

Rituximab

Rituximabismonoclonalantibodythattargetsthe CD20receptoronactivated
B lymphocytes. It is not an FDA-approved medication for the treatment
of MS but has been used off-label*** because of the extensive data
available on its use in other autoimmune conditions in children.®# It is
administered as an infusion dosed as one course every six months. A
course can be administered as 375 mg/m?/dose weekly for four doses or
750 mg/m?/dose every 2 weeks for two doses. A study of eight children
and adolescents with neuromyelitis optica and three with MS showed
that nine patients experienced a reduction in relapses on rituximab.”
Infusions of rituximab are generally well tolerated, though allergic
reactions can occur. PML has been reported in adults with systemic
lupus erythematous receiving rituximab,“# though, as noted above, the
risk may in part result from the prior use of other immunosuppressive
medications in these patients. There have been no reports of PML
reported in adults with MS. A very similar medication, ocrelizumab, has
undergone large clinical trials demonstrating an impressive reduction
in clinical relapses, new/enlarging lesions on MRI, and progression of
disability.®" A pediatric MS trial is now being considered.

Clinical trials in pediatric multiple sclerosis

The EMA and FDA now require evaluation of all new therapies in children
and, as discussed above, safety and efficacy of multiple medications for
the treatment of MS are currently being evaluated in several pediatric
trials. Conducting these trials can be challenging for several reasons.
Pediatric MS remains a rare entity, and even with multi-site, collaborative
studies, it can be difficult to enroll a sufficient number of patients to
adequately investigate a medication’s safety and efficacy. Ethical issues,
including consideration of the appropriate control group and importance
of patient assent, must be carefully addressed as well. The International
Pediatric Multiple Sclerosis Study Group (IPMSSG), a group of collaborating
international physicians and researchers who study pediatric MS, along
with regulatory and industry stakeholders has established consensus
regarding conducting clinical trials for pediatric MS.*? The subsequently
published guidelines standardize proposed trial designs including target
subjects for enrollment, pharmacokinetic and pharmacodynamics
evaluations, and measures to assess responsiveness (clinical markers,
test batteries, and neuroimaging).

The need for treatment algorithms

While clinical trial level evidence for efficacy of MS therapies in children
and adolescents would be of enormous value, it is also important to
consider that very few MS patients (pediatric or adult) remain on one
medication throughout their entire disease course. Defining adequate
treatment response in a given patient, and addressing the individualized
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aspects of adherence and medication tolerability, necessitates a more
global treatment approach that includes serial therapeutic options. In
an attempt to standardize this process, the IPMSSG created guidelines
for the assessment of treatment efficacy. After completion of 6 months
on full dose medication with complete compliance, treatment failure
has been defined as new T2 or contrasting lesions on MRI or two or
more confirmed clinical attacks within one year.®® The IPMSSG is now
designing more complex treatment strategies to aid clinicians and
families through the many years of treatment facing children with MS.
Key to these considerations is the need to have an age-span approach
with partnerships with adult providers in order to evaluate the long-term
impact of MS.

Relapse management

Close clinical and radiographic monitoring can identify relapses in MS. For
most presentations, intravenous (IV) corticosteroids may be given, with
the goal of accelerating the speed of symptom recovery.% The proposed
mechanism of action includes modification of cytokine responses, reduction
of T-cell activation, and reduction of blood-brain barrier permeability such
that entry of immune cells into the CNS is limited. IV methylprednisolone is
dosed as 20-30 mg/kg (maximum 1 g) daily for 3-5 days, pending response.
As long-term outcome is not changed with corticosteroid administration,
relapses consisting of mild symptoms or not impairing daily function may
be managed with close clinical monitoring.

When response to corticosteroids is insufficient or when corticosteroid
therapy is contraindicated, intravenous immunoglobulin (IVIg) or plasma
exchange (PLEX) may be considered. IVIg is thought to provide benefit by
affecting cytokine production and T-cell proliferationin addition to binding
to potential autoantibodies against myelin. It is administered as a 2 g/kg
course divided over two to five days. The use of IVIg in MS relapses has
been limited to case reports and retrospective studies.® PLEX is thought
to provide benefit by removing circulating autoantibodies and immune
complexes fromthe blood. A course of five to seven exchanges over 10-14
days has been described for MS relapses, particularly in patients
with severe clinical syndromes such as brainstem or spinal cord
involvement.” Physical, occupational, and speech therapy consultations
should be considered during a relapse to determine whether a patient
would benefit from outpatient or inpatient rehabilitation.

Symptomatic management and

multidisciplinary care

Children with MS often experience chronic symptoms akin to what can
be seen in adults with MS, including fatigue, cognitive dysfunction,
mood disturbances, neuropathic pain, spasticity, and bowel and bladder
dysfunction. Careful attention should be paid to these symptoms, as
effects can be seen on both school performance and quality of life.
Lifestyle modifications should be considered, as appropriate, though
escalation to pharmacologic or procedural interventions may be
necessary. After improving sleep hygiene and initiating an exercise
regimen, modafinil or amantadine can be considered for fatigue
associated with pediatric MS. Diazepam, baclofen, and tizanidine may
provide relief for spasticity, and gabapentin can provide neuropathic
pain relief. Finally, anti-muscarinic agents, intradetrusor botulinum
toxin A injections, and nerve stimulation/neuromodulation may
provide benefit for bladder dysfunction. A multidisciplinary approach
with collaboration from neurology, neuropsychology, social work, and
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physical and occupational therapy, along with other subspecialists as
needed including psychiatry, rehabilitation medication, and urology, is

essential for the care of children with MS.

Summary

Treatment options and approaches for pediatric MS is an evolving field of
study. No medications have thus far been EMA-approved or FDA-approved
for use in children. However, many medications used to treat adults with

MS are used off-label in children, and retrospective reviews have shown
injectables and infused medications to be efficacious and well tolerated.

Clinical trials examining newer agents are actively enrolling, though are
challenged by the rarity of pediatric MS. Carefully considered strategies are
now needed that address adequate and inadequate treatment responses,

consideration of escalation to more potent treatments, safety (particularly
as this relates to infection risks), and the impact of early treatment on
cognition, health-related quality of life, and future disability. Q
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