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Abstract

Purpose of review With the recognition that pediatric-onset multiple sclerosis (POMS) is
characterized by more prominent disease activity, earlier age at onset of disability milestones,
and more prominent cognitive impairment compared with physical disability earlier in the
disease course compared with adult-onset multiple sclerosis (AOMS), there has been increasing
interest in identifying optimal and safe treatment approaches to achieve better disease control
in this group. Injectable therapies have been traditionally used as first line in this population,
although not formally approved. This review focuses on current treatment and monitoring
approaches in POMS.

Recent findings In the past few years, and despite the paucity of FDA-approved medications for
use in POMS, an increasing trend toward using newer disease-modifying therapies (DMTs) in this
group is observed. However, escalation (as opposed to induction) remains the most frequent
approach, and many children continue to be untreated before age 18, particularly before age 12.
The only FDA- and EMA-approved disease-modifying therapy in POMS is fingolimod; however,
dimethyl fumarate, teriflunomide, natalizumab, ocrelizumab, and alemtuzumab either have
been evaluated in observational studies or are being currently investigated in formal randomized
controlled trials for use in POMS and appear to be safe in this group. Autologous hematopoietic
stem cell transplantation has also been evaluated in a small series. Clinical outcome measures
and MS biomarkers have been poorly studied in POMS; however, the use of composite functional
scores, neurofilament light chain, optical coherence tomography, and imaging findings is being
increasingly investigated to improve early diagnosis and efficient monitoring of POMS.
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Summary Off-label use of newer DMTs in POMS is increasing, and based on retrospective
data, and phase 2 trials, this approach appears to be safe in children. Results from
ongoing trials will help clarify the safety and efficacy of these therapies in the future.
Fingolimod is the only FDA-approved medication for use in POMS. Outcome measures and
biomarkers used in AOMS are being studied in POMS and are greatly needed to quantify

treatment response in this group.

Introduction

Pediatric-onset multiple sclerosis (POMS), defined
as an age at onset younger than 18 years, occurs in
approximately 5% of patients with multiple sclero-
sis (MS) [1]. Several clinical and radiological fea-
tures distinguish POMS from adult-onset MS
(AOMS) which may suggest age-dependent patho-
physiological differences. Chronic inflammation in
POMS occurs in the setting of the developing cen-
tral nervous and immune systems, which may ex-
plain the differences seen in POMS as compared
with AOMS [2e]. Understanding the unique features
of the natural history and pathophysiology of
POMS is crucial to advance POMS care. The optimal
POMS treatment is uncertain in this ever-changing
landscape of disease-modifying therapies (DMTs)
with diverse mechanism of action that have proven
to be effective and safe in the AOMS population.
Because of inherent potential differences, safety and
efficacy need to be established in POMS.
Conducting clinical trials in the POMS popula-
tion is challenging given the rarity of the disorder,
ethical challenges of pediatric studies, and incom-
plete knowledge of the natural history of POMS.
Legislation in the USA and Europe now mandate
pediatric studies for any new biological agent. In
December 1998, the FDA issued “the pediatric
rule,” which requires manufacturers to assess both
the safety and efficacy of drugs in children [3]. This
rule took effect in April 1999 and was further re-
enforced in 2001 [4]. Prior to that (during the
injectable DMT era), drugs were labeled for use in
children without the need for formal clinical trial
in this population [4]. Pharmacokinetic studies are
required, and safety and efficacy must be
established from adult clinical trials before consid-
ering studies in children [5]. The need to prioritize

randomized controlled trials (RCTs) in POMS has
been recently questioned for many reasons. First,
from an ethical standpoint, exposing a child with
MS to a less effective treatment (comparator) by
enrolling him/her in an RCT when other molecules
have been proven to be more effective in the adult
population is a concern [6]. Second, from a phys-
iological standpoint, even if there are epidemiolog-
ical, clinical, and radiological differences between
POMS and AOMS, there is no clear evidence that
POMS is caused by a different pathological process
[2e, 6]. Third, the off-label use of newer DMTs in
POMS is increasing, and observational studies have
shown relatively similar safety and efficacy com-
pared to what is known in AOMS [7ee]. Nonethe-
less, when feasible, establishing the efficacy of
DMTs in children and recognizing any side effect
difference (for example, the higher rate of seizures
seen in the POMS fingolimod trial) are important.
Registry studies with longer follow-up times are
particularly attractive to observe any unexpected
long-term side effect in the youngest patients.
Original platform therapies including interferons
and glatiramer acetate have been widely use in
POMS, based on observational data (retrospective
and open-label studies) [8-14]. Newer DMTs for
use in POMS have the potential to better control
the disease by addressing the early inflammatory
state. This is of particular relevance since POMS
patients reach certain levels of disability at an earlier
age than people with adult-onset MS, despite the
longer time needed to reach these disability mile-
stones [1]. There is hence a compelling need for
effective and safe treatment approaches in this
group. The aim of this review is to discuss the use
of newer treatment approaches in children with MS.
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Treatment

Current treatment approaches

Due to the rarity of POMS, the diagnostic challenges of pediatric-onset demy-
elinating diseases, the paucity of approved medications for treatment of POMS,
and the poor understanding of pediatric pharmacokinetics, treatment ap-
proaches for POMS tend to favor safer lower-efficacy DMTs [15]. In contrast,
AOMS research has grown tremendously in the past decade, and there is a
tendency to favor highly effective therapies early on in the course of the disease
to avoid disability accumulation, with a goal to achieve no evidence of disease
activity, so-called NEDA [16e, 17]. There are many arguments in favor of
employing the same approach in POMS [15e¢]. Clinically, POMS is character-
ized by a higher number of relapses with better recovery from relapses and
longer time to secondary progression and reaching disability milestones
(adjusting for disease duration) but an earlier age at onset of disability mile-
stones, more prominent cognitive impairment compared with physical disabil-
ity earlier in the disease course, and rare progressive course from onset [1, 18-
23]. The rate of highly active MS in the pediatric group is high, around 40% in a
recent study [24]. People with POMS accumulate a higher number of MRI
lesions compared with AOMS, and have more severe axonal damage within
acute inflammatory lesions, despite a slower rate of brain atrophy and disability
accrual in this population [25, 26]. Moreover, patients with POMS have smaller
overall whole brain and thalamic volumes compared with age- and sex-
matched controls [27]. These differences highlight the need to target and
efficiently control the highly inflammatory disease process in children with
MS early in the disease course. Impairment of cognitive function in POMS that
is more pronounced than physical disability underscores the detrimental effect
of chronic inflammation during neurodevelopment. The high rate of cognitive
deficits in POMS also underscores the importance of halting the inflammatory
process early to avoid irreversible neurodevelopmental changes [21, 22ee].

There are two therapeutic approaches to MS treatment: escalation and early
highly effective therapy [28]. The escalation approach involves starting with a
safer, lower-efficacy DMT, and switching to a riskier, higher-efficacy DMT when
breakthrough disease is observed. This approach has been more widely accepted
in POMS, although it is unclear how to define breakthrough disease in this group,
and all highly effective DMTs have not been thoroughly studied in POMS (except
for fingolimod). Proposed definitions of breakthrough disease from the Interna-
tional Pediatric MS Study Group (IPMSSG) include an increase or no reduction in
relapse rate, or new T2 or contrast-enhancing lesions on MRI from pre-treatment
period, or = 2 clinical or radiological relapses (clinical or MRI relapses) within <
12 months [29]. The early highly effective therapy approach involves using a
higher-efficacy DMT as first-line treatment. Although many studies have sug-
gested that this approach might provide patients with better long-term outcomes,
this has not been formally established, even in AOMS [16e]. Ongoing trials aim
at answering this question in AOMS (DELIVER-MS, clinicaltrial.gov
NCT03535298; TREAT-MS, clinicaltrial.gov NCT03500328).

Current treatment guidelines for POMS are formulated from expert opinion,
based on available retrospective observational data, case series, prospective
safety data, and rare RCTs. The IPMSSG advised that treatment decisions should
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be tailored to each child, and taken after discussing risks and benefits with the
patient and the family [30e, 31¢]. On May 11, 2018, the FDA has expanded the
approval of fingolimod to treat POMS (in children > 10 years) [32]. Before that
date, there were no FDA-approved DMT in this group. Interferons and
glatiramer acetate are approved by the EMA in children younger than 12 years,
along with the recent inclusion of fingolimod. A recent paper from Krysko et al.
showed that newer DMTs are frequently used in POMS despite the absence of
approved drugs and the limited knowledge on safety and efficacy in this
population [7]. In this large cohort from 12 different centers (mean age of onset
13, standard deviation 3.9 years), approximately 79% of patients with clinically
definite MS received their first DMT before age 18. Forty-two percent of these
patients received a newer DMT before age 18, 17% of whom were prescribed a
newer agent as a first-line therapy. Thirty percent of patients with POMS who
were initially started on an injectable DMT were switched to a newer DMT
before age 18. Expectedly, children started on a newer DMT were older and
more disabled at presentation than those started on an injectable drug. The
percentage of treated children younger than 12 years was lower in this same
cohort: approximately 56% with clinically definite MS were treated with any
DMT and only 22% of treated patients received a newer DMT. Since 2012, an
increasing trend toward using newer DMTs in POMS was observed [7].

Therapeutic options in POMS

Injectable therapies

Interferons and glatiramer acetate have been extensively used in POMS based on
results from observational studies and unblinded RCTs [8, 11-13, 33-36]. They
remain the most widely used first-line DMTs in this age group [7]. In 2008-2009,
100% of patients with POMS from a multicenter observational cohort of 1019
patients in the USA were started on an injectable as first-line therapy, while in
2016-2017, only 48% of those > 12 years and 70% of those < 12 years were
started on an injectable DMT [7]. The favorable safety profile of these medications
in AOMS and data from studies in POMS have supported their use children. Only
two POMS trials used a comparator group [8, 33]. Most studies, although limited
by their retrospective or unblinded methodology, have shown that interferon and
glatiramer acetate are safe and effective in POMS [8, 11, 13, 14, 35]. As in AOMS
patients, many POMS patients treated with interferons and glatiramer acetate
experience breakthrough disease in our experience.

This review will focus on newer therapies (oral and infusion DMTs). It is
important to note that daclizumab has been used off-label in POMS [37], but this
medication is no longer available for use in MS and was withdrawn in 2018.

Newer DMTs, mechanisms of actions, dosage, adverse events, and evidence
in POMS are shown in Table 1.

Oral therapies

Dimethyl fumarate

Dimethyl fumarate (BG00012, Tecfidera®, Biogen) was approved for the
treatment of AOMS based on the results of two large RCTs [39, 61]. Current
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Table 1. Newer disease-modifying therapies used in pediatric-onset multiple sclerosis

Drug Evidence in POMS
Dimethyl Phase 2 trial [38]
fumarate
(Tecfidera®,
Biogen)
Retrospective
observations [40,
41]
Ongoing phase 3
trials:
NCT02283853
(CONNECT),
NCT03870763
Fingolimod Retrospective
(Gilenya®, observations [24,
Novartis) 42]

Randomized
controlled trial
(PARADIGMS) [43]

Teriflunomide No available data

(Aubagio®,
Sanofi Ongoing phase 3
Genzyme) trial: NCT02201108
(TERIKIDS)
Natalizumab Retrospective and
(Tysabri®, prospective
Biogen) observational

studies [48-50]

Route and

dosage in POMS

Oral—120 mg bid
for 7 days
followed by
240 mg bid in
phase 2 study
and ongoing
clinical trials

240 mg bid well
tolerated in
retrospective
studies

0.5 mg once daily

0.5 mg once daily,
or 0.25 mg once
daily for children
with body weight
< 40 kg

Oral - 14 and 7 mg
in AOMS

Pharmacokinetic
run-in
determines
the 14-mg
adult-equivalent
dose in TERIKIDS

300 mg IV every
4 weeks

Mechanism of action

Activation of the
nuclear-factor
E2-related factor-2
(Nrf2) transcription
pathway and inhibition
of NFkB transcription
pathway

Sphingosine-1-phosphate
receptor modulator
promotes lymphocyte
sequestration in lymph
nodes

Inhibition of
dihydroorotate
dehydrogenase enzyme,
disrupts pyrimidine
synthesis, inhibits
lymphocyte
proliferation

Anti-04(1-integrin
humanized monoclonal
antibody, blocks
lymphocyte adhesion
and entry into CNS

Safety Profile

Facial flushing,
gastrointestinal
discomfort, rash,
malaise, headache,
lymphopenia [38-40]

PML (6 cases as of January
2019)*

LFT elevation, chills,
cough, headache,
leukopenia, URT and
LRT infections, herpes
viral infections, urinary
infections,
lymphopenia, macular
edema, headache,
bradycardia,
atrioventricular block,
hypertension [43-45]

PML (21 cases as of August
2018)**

LFT elevation, alopecia,
nausea, diarrhea [46,
47]

Teratogenic

Headache, mild
infections, vertigo,
gastrointestinal
disorders,
edema/itching, herpes
reactivation, urinary
tract infections,
fatigue, leukocytosis
[48-50]
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Table 1. (Continued)

Drug Evidence in POMS
Rituximab Retrospective case
(Rituxan®, series [51, 52]
Genentech)
Retrospective
observational
study [53]
Ocrelizumab No available data
(Ocrevus®, Ongoing
Genentech) observational study
(NCT03784547)
Alemtuzumab No available data
(Lemtrada®,
Sanofi Ongoing safety and
Genzyme) efficacy clinical
trial
(NCT03368664,
LemKids)

Route and
dosage in POMS

IV 500-1000 mg
every
6-12 months
IV 1000 mg x 2,
2 weeks apart

Initial: IV 300 mg x
2, 2 weeks apart
Maintenance: IV
600 mg every
6 months
(Adult dosing)

Dose 1: IV 12 mg x
5 days

Dose 2: IV 12 mg x
3 days, 1 year
from dose 1

Mechanism of action

Anti-CD20 chimeric
monoclonal antibody,
depletes B cells

Anti-CD20 humanized
monoclonal antibody,
depleted B cells

Anti-CD52 humanized
monoclonal antibody
depletes lymphocytes
and modulates
lymphocyte
reconstitution

Safety Profile

PML (no pediatric cases
reported to date)

Infusion-related
reactions. (headache,
chills, rash fever), mild
infections (URI, UTI)

Anaphylaxis, serious

infections (CMV,

pneumonia) [51-53]

Infusion-related
reactions

Mild infections (URI, UTI,

nasopharyngitis)

Herpes reactivation

Hepatitis B reactivation

Malignancy [54, 55]

PML (4 cases to date, not
clearly attributed to
alemtuzumab)

Infusion-related
reactions, infections
(mild to serious),
malignancy (thyroid,
skin, hematologic),
autoimmune diseases
(thyroid, renal,
hematologic) [56, 57]

Arterial dissection [58]

Intracerebral hemorrhage
[59] PML***

*6 adult patients out of > 385,000 treated subjects as of January 31, 2019 (GM personal communication with Biogen)

**21 adult patients out of 254,037 treated subjects as of August 2017 [60]

***4 cases of PML while on Alemtuzumab out of > 18,000 treated subjects as of December 2017, attributed to a carry-over effect from prior DMT
use (GM personal communication with Sanofi Genzyme)
AOMS adult-onset multiple sclerosis, CNS central nervous system, IV intravenous, LFT liver function test, LRT lower respiratory tract, PML

progressive multifocal leukoencephalopathy, POMS pediatric-onset multiple sclerosis, URT upper respiratory tract

evidence in POMS is based on a recently published phase 2 trial and a
retrospective review [38]. In their phase 2 trial (1 = 22), Alroughani et al. report
a threefold reduction in new T2 lesions at week 24 compared with pre-
treatment baseline. The unadjusted annualized relapse rate was 1.5 in the year
prior to study start and 0.8 at 24 weeks. Pharmacokinetics were also evaluated;
key pharmacokinetic parameters were estimated with reasonable confidence.
The safety profile of dimethyl fumarate in POMS was similar to that observed
in AOMS in this study [38]. Another retrospective review of 13 patients in two
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Fingolimod

US centers, along with a small retrospective study of 9 patients from another
center treated with dimethyl fumarate before the age of 18 years, also showed
good safety and tolerability data [40, 41].

.An open-label, randomized, multicenter, multiple-dose, active-controlled,
parallel-group trial studying the efficacy and safety of dimethyl fumarate,
using interferon-3-1a as an active comparator, is currently recruiting pa-
tients and the primary completion is expected in September 2020 (CON-
NECT, ClinicalTrials.gov Identifier: NCT02283853). Another randomized,
double-blind, double-dummy, placebo-controlled 3-arm trial aiming on
evaluating safety and efficacy of dimethyl fumarate compared with placebo
and pegylated interferon-p-1a will start recruitment soon and is expected to
end in February 2020 (ClinicalTrials.gov Identifier: NCT03870763).

Until recently, data on safety and efficacy of fingolimod (Gilenya®, Novartis) in
POMS was limited to small observational studies [62]. Huppke et al. recently
reported results from a retrospective single-center cohort in Germany, showing
that patients with POMS treated with fingolimod have a 75% decrease in
annualized relapse rate and 81% decrease in new T2 lesions compared to the
pre-treatment period which may indicate that the effect of fingolimod is
similar if not better in POMS compared to AOMS [24]. Another small obser-
vational study from a Brazilian center also highlighted the potential efficacy of
fingolimod on highly active POMS (on relapse rate, new T2 lesions, and EDSS)
and safety data [42].

Results from a phase 3 randomized, multicenter, double-blind, double-dum-
my, active-controlled, parallel-group trial (PARADIGMS) are now available
[43ee]. Patients aged 10 to 17 years with a confirmed diagnosis of multiple
sclerosis were randomly assigned to receive either oral fingolimod or intra-
muscular interferon-B-1a for up to 24 months. The primary endpoint was the
annualized relapse rate, and secondary endpoints were as follows: the annual-
ized rate of new/enlarging T2 lesions compared with baseline (key secondary
endpoint), the time to first confirmed relapse, the percentage of patients who
remain relapse-free, the number of gadolinium-enhancing lesions, the volume
of enhancing lesions, the percentage of patients free from enhancing lesions,
and the safety profile of both active drugs. Many exploratory endpoints were
also included. The effect of treatment on the time to 3-month confirmed
disability from baseline up to 24 months was also assessed in a post hoc
analysis. The mean age of the sample was 15.3 years and mean disease duration
since diagnosis was 1.2 years. At the end of the study period, the annualized
relapse rate in the fingolimod group was 0.12 versus 0.67 in the interferon
group (relative difference, 82%; absolute difference, 0.55 relapses; 95% CI, 0.36
to 0.74; p value < 0.001). There was also a beneficial effect of fingolimod on the
key secondary endpoint (annualized rate of new/enlarging T2 lesion, 4.39 with
fingolimod vs 9.27 with interferon-3-1a) (relative difference, 53%; absolute
difference, 4.88 lesions; 95% confidence interval, 2.91 to 6.84; p value < 0.001),
and other secondary endpoints. In a prespecified exploratory analysis,
fingolimod was also more effective in decreasing the rate of brain atrophy than
interferon-p-1a (- 0.48% with fingolimod vs — 0.80% with interferon). Post hoc
analysis showed that fingolimod delayed the time to 3-month confirmed
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disability compared with interferon-3-1a (risk reduction, 77.2% over

24 months with fingolimod compared with interferon; hazard ratio, 0.23; 95%
confidence interval, 0.08 to 0.66). The overall incidence of adverse events was
88.8% in the fingolimod group and 95.3% in the interferon group. Serious
adverse events occurred in 16.8% of patients on fingolimod and 6.5% of
patients on interferon. Single cases of second-degree atrioventricular block, and
macular edema, among others, were reported in the fingolimod group. There
was also an increased risk of seizures in the fingolimod group (six patients
(5.6%), two of which categorized as a serious adverse event) compared with the
interferon group (one patient (0.9%)). Based on theresults of this study, the FDA
and EMA have approved the use of fingolimod in POMS in 2018.

As a note, siponimod (Mayzent®, Sanofi Genzyme), a selective SIP1 and
S1P5 receptor modulator, was approved for relapsing-remitting and sec-
ondary progressive AOMS in March 2019 in light of the positive results of a
phase 3 RCT, but has not yet been used or studied in POMS [63, 64].

Teriflunomide

Teriflunomide (Aubagio®, Sanofi Genzyme) was approved in AOMS based
on the results of two placebo-controlled RCTs [46, 47]. There were no
differences in treatment failure rate and annualized relapse rate between
teriflunomide and interferon-3-1a in adults, which indicated that although
newer, teriflunomide has an efficacy similar to the injectable medications
[65]. To date, no data is available in POMS. A phase 3, double-blind,
randomized, placebo-controlled trial evaluating the efficacy, safety, and
pharmacokinetics of teriflunomide in children with relapsing-remitting MS
aged 10 to 17 years is currently ongoing (TERIKIDS, ClinicalTrials.gov
identifier: NCT02201108) [66]. The completion date is set in November
2019.

Cladribine

Cladribine (Mavenclad® EMD Serono) was approved for the treatment of
relapsing-remitting and active secondary progressive AOMS in March 2019
following two RCTs (CLARITY and ORACLE-MS), and is recommended for
patients who have had an inadequate response to or did not tolerate an
alternate DMT [67-69]. It has not yet been studied in POMS.

-
Infusion therapies

Natalizumab

Natalizumab (Tysabri®, Biogen) has shown robust effects on relapse rate
reduction, disability progression, and new lesion formation compared with
placebo and with interferon-R-1a in AOMS [70-72]. In POMS, while there
are no RCT's evaluating natalizumab, there have been observational studies
(REF), the largest of which included 101 POMS patients from an Italian
registry (mean age of onset 12.9 years, mean EDSS 2.6, prior use of DMT in
66%, and mean treatment duration on natalizumab 34.2 months) [48].
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Rituximab

The annualized relapse rate decreased from a mean of 2.3 to 0.1 following
initiation of natalizumab, and there was a significant reduction in contrast-
enhancing lesions on brain MRI [48]. These observations were consistent
with results from other studies [49, 50, 73, 74].

Natalizumab was found to be well tolerated and safe in the POMS patients.
In some studies, no clinical adverse events were experienced [49, 74]. Even
though progressive multifocal leukoencephalopathy (PML) has not been
reported in POMS patients on natalizumab, it is important to establish
John Cunningham virus (JCV) serostatus prior to initiating therapy. In
healthy pediatric population, JCV seropositivity was 21%, which is lower
than that of the healthy adult population [75]. The prevalence of JCV
seropositive appears to be higher in POMS as compared with the general
healthy pediatric population, ranging from 39 to 51.6% [48, 49, 76].
Nevertheless, these rates are still lower than the rate of JCV seropositivity in
AOMS patients [77]. Long-term safety of natalizumab with regard to PML
risk is unclear in POMS.

While tolerability and safety data are reassuring based on published
observational studies, long-term safety of natalizumab in children is
not known. Larger studies are needed to confirm previous findings,
especially for PML risk. There are two ongoing studies of
natalizumab in POMS. One is a phase 1, multicenter, open-label,
single-arm, pharmacokinetic study of natalizumab in 13 POMS pa-
tients (NCT01884935); the second is an observational study involv-
ing 400 POMS patients (NCT02137109).

Rituximab (Rituxan®, Genentech) is used to treat a variety of autoimmune and
paraneoplastic conditions in adults. Rituximab is not FDA approved to treat
MS. Though there were promising phase II trials, a phase III program was not
pursued. Off-label use is common. Its tolerability and efficacy were demon-
strated in several phase I/II trials and observational studies in AOMS [78-80].
In POMS, rituximab is one of the most commonly used DMTs and is
increasing in frequency along with other newer DMTs [7]. A retrospective case
series of 14 POMS treated with IV rituximab 500-1000 mg every 6 to

12 months (median length of treatment 23.6 months) reported no relapses
and no EDSS worsening during duration of treatment [51]. In another retro-
spective case series of 11 patients with CNS inflammatory diseases, two of
whom had RRMS and 1 SPMS, IV rituximab was administered 1000 mg twice
2 weeks apart. Two patients reported reduction in relapse rate post-infusion
while one patient switched therapies due to continued relapses [52].
Depletion of peripheral B cells usually occurs after the second week of
infusion and persists for at least 24-48 weeks. Safety data from aforemen-
tioned case series reported similar outcomes in POMS [51, 52]. A large
cohort of 144 pediatric patients with neuroinflammatory or autoimmune
diseases (4 with POMS) evaluated safety and tolerability of rituximab [53].
In this study, most patients tolerated the infusions well; common adverse
reactions were infusion-related reactions and mild infectious events. How-
ever, more serious adverse events were also reported including anaphylaxis
(2%), serious disabling infections (1.4%), and death (1.4%). Younger
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Ocrelizumab

Alemtuzumab

patients (< 5 years old) had similar hematologic and immunologic effects
compared to older patients except higher incidence of
hypogammaglobulinemia (28% vs 19%) [53]. No rituximab-related PML
cases were reported in POMS.

Despite reports of improved clinical and radiographic outcomes of rituxi-
mab use in POMS, caution should be practiced when prescribing rituxi-
mab, after carefully weighing the risks.

Ocrelizumab (Ocrevus®, Genentech) is FDA approved to treat relapsing or
primary progressive MS in adults. It differs from rituximab in that it is fully
humanized and binds to a different but overlapping epitope on CD20.
Pivotal trials in AOMS demonstrate significant reductions in annualized
relapse rate, delay of disability progression, and reductions in MRI out-
comes [54, 55]. Available safety and tolerability data were favorable in
ocrelizumab-treated populations. B cell depletion is achieved by week 2
following the initial infusion and persists for 72 weeks [54, 55].

Currently there are no published reports of ocrelizumab use in POMS.
However, based on positive experiences with rituximab, and the high
efficacy and tolerability of ocrelizumab demonstrated in AOMS,
ocrelizumab use may become more frequent in POMS. There is an ongoing
retrospective observational study involving both AOMS and POMS on
epidemiological data regarding ocrelizumab use in Latin America
(NCT03784547).

Alemtuzuab (Lemtrada®, Sanofi Genzyme) was FDA approved to treat
RRMS in adults in 2014 after demonstrating significant reductions in
relapse rate, disability progression, and brain atrophy as a first-line and
second-line agent in pivotal trials [56, 81]. Many patients experienced
sustained effects against disease activity even on 5-year follow-ups [57].
There are no current studies of alemtuzumab in POMS. An ongoing
company-sponsored multicenter open-label trial aimed to study safety and
efficacy of alemtuzumab is recruiting POMS patients who are 10-18 years
old with RRMS who have failed at least 2 DMTs (NCT03368664).

Safety data in alemtuzumab in pediatric patients are from studies in trans-
plant recipients where alemtuzumab was used as an immunoablative
induction therapy, and results report mild to serious infectious complica-
tions [82-84]. In AOMS, more concerning side effects include autoimmune
diseases, cancers, and recent reports of arterial dissection and intracerebral
hemorrhage [59]. Therefore, despite its high efficacy, alemtuzumab use in
POMS should undergo careful considerations of risk analysis.

Stem cell therapies

While DMTs focus on immunomodulation, cell-based therapies have generated
interest in the treatment of MS due to their ability to regenerate various cell
types, modulate immune response, and promote repair. Several cell-based
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therapies have been evaluated in MS.

Hematopoietic stem cells

The rationale for autologous hematopoietic stem cell transplantation follow-
ing immunoablation (I/AHSCT) is the concept of “resetting” the immune
system with intensive depletion of the current autoreactive immune system
and reconstituting a system with more balanced immunoregulatory functions.
MS patients following I/AHSCT were found to have circulating T cells with
altered clonal profile [85, 86]. Several case series involving RRMS and SPMS
demonstrated that [/AHSCT were effective in producing a sustained effect in
disease activity and progression [87]. Recent phase II trials have also demon-
strated efficacy in MRI outcomes and clinical disease activity; the results were
more pronounced in patient with active inflammation [87].

There are currently no clinical trials on I/AHSCT in POMS. An observational
study of 21 POMS patients from the European Society for Blood and
Marrow Transplantation registry who received intensive I/AHSCT included
children with age range 9-18 years at the time of transplant, average pre-
transplant EDSS 6, annualized relapse rate 3, contrast-enhancing lesions 2,
and median follow-up time 2.8 years. Post-transplant, no patients experi-
enced worsening in EDSS, and 16 patients had improvements in EDSS.
Nineteen patients remained relapse free, and 15/18 patients with MRI data
remained MRI activity free (with sustained effects > 10 years). In terms of
safety, there was no increased incidence of adverse events compared with
those reported in adults, and specifically no treatment-related mortality.
One patient required intensive care for pseudomonas sepsis and 2 had fever
with bacteremia [88e].

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are pluripotent precursor cells derived
from the mesodermal cell line (bone marrow and adipose tissue) and have
high degree of plasticity. They have wide range of immunomodulatory,
repair, and neuroprotective properties [89]. Numerous phase I clinical trials
in AOMS have demonstrated feasibility of MSC transplantation via intra-
venous or intrathecal routes. These studies have also demonstrated safety
and tolerability of MSC transplantation with no serious adverse reactions
[90]. There are currently no reported cases or trials of MSC use in POMS.

Outcome measures in POMS

The identification of clinically meaningful outcome measures to assess treat-
ment response in MS is challenging. Such tools are needed to assess the efficacy
of new drugs in clinical trials and to monitor treatment response in each patient
in routine clinical practice. In the clinical setting, an outcome measure must be
easy to use, clinically useful, and readily interpretable [91]. The ultimate goal of
treatment is theoretically to achieve NEDA, defined as the complete absence of
identifiable disease activity (clinical relapses, MRI activity, disability progres-
sion, and brain atrophy) [17]. However, it currently appears to be an unrealistic
goal, since no DMT has been shown to achieve long-term complete NEDA [92].
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In a 7-year longitudinal adult MS cohort, NEDA was achieved in 7.9% of
patients only [92]. The use of NEDA as an outcome measure has not been
studied in POMS. Due to the higher rate of clinical and radiological activity in
children with MS, achieving an activity-free disease status is challenging. A less
stringent description of breakthrough disease in POMS was defined in a con-
sensus statement by the IPMSSG in 2012 as the absence of reduction in relapse
rate or new T2 or gadolinium-enhancing lesions compared with the pre-
treatment period, or two or more confirmed clinical or radiological relapses
within a 12-month period in a patient with optimal compliance on his treat-
ment for at least 6 months [29].

Disability scores that reliably evaluate longitudinal neurological func-
tion have been extensively studied in AOMS. The Expanded Disability
Status Scale (EDSS), the most commonly used clinical outcome measure,
relies strongly on ambulation status and has been criticized for poorly
capturing other functional systems contributing to overall disability [93-
95]. As previously discussed, physical disability, particularly gait impair-
ment, is less prominent in POMS. Patients with POMS take longer time to
reach disability milestones than patients with AOMS (23.8 vs 15.5 years
to reach an EDSS of 4 in one study) [20]. In another study, the annual-
ized relapse rate was 2.3 times higher in POMS compared to AOMS
despite similar EDSS scores between the two groups over a period of
6 years, and the relapse rate during the first 5 years of POMS did not
affect EDSS scores at year 5 [19]. Finally, a longitudinal study of patients
with POMS treated with interferons or glatiramer acetate showed that
EDSS scores remained unchanged after a mean treatment duration of
53.6 to 74.6 months on injectable therapies compared with baseline
[36]. Hence, the EDSS might not be a sensitive measure in POMS, espe-
cially early in the disease [96ee]. The Multiple Sclerosis Functional Com-
posite (MSFC) score is an established tool evaluating walking (using the
timed 25-ft walk test), hand function (using the 9-hole peg test), and
cognition (classically using the paced auditory serial addition test
(PASAT), although the symbol-digit modalities test (SDMT) is increasingly
used instead) and low-contrast visual acuity test. The MSFC has been used
to comprehensively evaluate neurological function in AOMS for the past
20 years with limited use in POMS [97, 98]. Waldman et al. suggested a
modified version of the MSFC, which includes the SDMT instead of the
Children’s PASAT and the more stringent 1.25% low-contrast visual acuity
test, as a more sensitive tool than the traditional MSFC to capture subtle
impairments in POMS [96Gee].

Newer biomarkers that can serve as surrogates of disease activity,
treatment response, and neurodegeneration are being extensively studied
in AOMS with more limited studies in POMS. For example, serum and
CSF neurofilament light chain (NfL) have been increasingly studied in
AOMS and appear to be associated with disease activity and treatment
response [99]. In children with clinically isolated syndrome, CSF NfL
levels are associated with a diagnosis of clinically definite MS. [100e¢]
CSF NfL levels might also be helpful in differentiating ADEM from MS.
[101] Serum NfL seem to be correlated to treatment response in POMS
[102]. More research is needed to better understand the role of NfL as a
biomarker of pediatric demyelinating disorders. Another example is the
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use of optical coherence tomography (OCT) as a marker of neurodegen-
eration. In adults, there is increasing evidence that measuring retinal nerve
layer and ganglion cell layer thickness is a valuable tool to reflect neuro-
degeneration and evaluate drugs with a neuroprotection potential [103].
To date, longitudinal studies using OCT in POMS are lacking, and its role
in this group is unclear. Retinal atrophy occurs early in POMS and is seen
in children without a prior history of optic neuritis, as in adults [104,
105]. However, it remains unclear how to interpret retinal layers thickness
changes in children (even healthy controls), since orbital size and possibly
retinal layers thickness increase as children grow and myopia can influ-
ence RNFL thickness, which can mask retinal degeneration in younger
patients [103].

Other novelties in POMS

Diagnostic challenges and advances

The diagnosis of POMS can be challenging. Previous research evaluating
the applicability of the 2005 and 2010 McDonald criteria in children has
shown that those criteria, although helpful in the diagnosis of POMS, have
to be considered with caution in children younger than 11 years old and
in children with acute disseminated encephalomyelitis (ADEM)-like pre-
sentations [106]. In the recent 2017 revisions of the McDonald criteria, the
panel emphasize the importance of excluding alternative diagnosis (spe-
cifically neuromyelitis optica spectrum disorders and myelin oligodendro-
cyte glycoprotein antibody-related disorders) before confirming the diag-
nosis of POMS, and the usefulness of identifying oligoclonal bands in the
CSF to support the diagnosis [107]. In 2013, the IPMSSG published
criteria for POMS, ADEM as a first manifestation of MS, and multiphasic
ADEM [108]. A detailed discussion on the diagnostic criteria of POMS is
out of the scope of this review; however, a mention should be made on
role of the central vein sign in the early diagnosis of MS. In AOMS, the
presence of a vein in the center of a lesion is increasingly recognized as an
early diagnostic marker of MS. In a AOMS study, all patients had a central
vein sign in > 40% of their lesions [109]. In a study of 26 POMS, all had at
least one lesion containing a central vein, while 81% had at least two and
65% had at least three lesions containing a central vein, and 65% had >
40% perivenular lesions [110]. It remains unclear if a central vein sign can
discriminate monophasic ADEM from MS. [111, 112]

Compliance to therapy in children and adolescents

Adherence to DMTs is an important determinant of treatment efficacy in
real-world clinical settings. The rates of non-adherence appear to be high in
POMS and increase with disease duration [113]. Adolescents in particular
have difficulties accepting the long-term benefit of chronic therapies [113].
Numerous psychosocial factors influence adherence, including cognitive
function, psychiatric comorbidities, socio-economic status, peer support,
and level of physical disability [113-116]. In children and adolescents with
MS, self-reported physical function was associated with better adherence to
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DMTs [117]. Parental involvement is associated with poorer subjective
measures of cognitive functioning [117]. Novel objective measures of com-
pliance exist but are not infallible. For example, electronic pill bottles that
record the number of times the bottle was opened do not directly reflect pill
ingestion, and electronic devices have been associated with poorer adher-
ence and increased parental involvement [117, 118]. Patients and/or parent
recorded logs can help with compliance to some extent, but do not neces-
sarily reflect actual adherence. For these reasons, it is important for health
care professional to inquire about treatment compliance and address the
reasons of non-adherence in POMS.

Conclusions

The current treatment approach of AOMS leans toward optimal disease control
early in the course of MS which might have the potential to achieve better long-
term outcomes, although real-word evidence that suggest using first-line high-
efficacy DMTs is lacking. Recognizing that POMS is associated with more
prominent clinical and radiological activity, earlier age at onset of disability
milestones, and a risk of earlier cognitive impairment, there is a need to evaluate
high-efficacy DMTs in this sub-group as well. Off-label use of newer DMTs in
POMS is increasing, and based on retrospective studies, case series, and phase 2
trials, this approach appears to be safe in children. More data are needed before
standardizing the use of first-line newer therapies in POMS, and ongoing trials
will help clarify this approach. Fingolimod is the only FDA-approved medica-
tion for use in POMS at this moment. Better outcome measures are also needed
to quantify treatment response in this group, and efforts to understand the
applicability and optimize traditionally used tools in AOMS are ongoing. This
also applies to recently developed biomarkers, such as Nfl. and central vein sign
on MRIL
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