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Editorial on the Research Topic
Disease modifying therapies in multiple sclerosis

Multiple sclerosis (MS) is a chronic autoimmune neuroinflammatory disorder of
the central nervous system (CNS); it has an increasing prevalence worldwide and
preferentially affects women of childbearing age.

Since the introduction of the first disease-modifying treatment (DMT), in the early
90’s, numerous compounds have been developed, posing new challenges to the choice of
the most appropriate therapeutic strategy for the individual patient with MS.

For this reason, there has been increasing efforts in developing decisional algorithms
to stratify patients based on their clinical and radiological characteristics; more
recently, with the Covid-19 pandemic, DMT choice has become even more difficult as
clinicians attempt to balance the benefit with the infection risk potentially amplified by
certain drugs.

In this Research Topic, we focused on potential drugs for MS, available DMTs, their
efficacy and safety profiles, during the Covid-19 pandemic, in patients with different
levels of disability, and particular conditions such as pediatric age and pregnancy.

Radandish et al. reviewed the pathogenetic role of microglia in MS and
the potential effect of drugs targeting it. In the early stage of experimental
autoimmune encephalomyelitis (EAE) and MS, the pro-inflammatory microglia (M1)
has different roles in the promotion of inflammation through cytokine/chemokine
release, and ROS and NO production lead to demyelination, thus the suppression
of M1 can be useful in MS control. Several drugs (ie., galectin-1, TQ, and
Que) may act against the activated microglia, inhibiting the release of pro-
inflammatory cytokines; others (i.e., FTY-720) suppress microglial activation and
promote the switch from M1 to M2 (anti-inflammatory) phenotype. Conversely,
M2 has anti-inflammatory functions and promotes remyelination via cytokines
release; therefore, other potential drugs promoting M2 activity (IL-4, activin-A,
IVM, rHIgM22, and rIFN-b, M-CSE and progesterone) may potentially benefit EAE
or MS.
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Based on the results by Yang and Shi on experimental models
of MS, other therapeutic targets, such as dendritic cells, could
potentially prompt further studies on new molecules; indeed,
these authors demonstrated a beneficial effect of silybin on
EAE by inhibition of dendritic cell activation and Th17 cell
differentiation. Silybin, blocking the migration of inflammatory
cells into the CNS and remarkably inhibiting the demyelinating
process, can relieve the disease development.

Ceylan et al. investigated in vitro the effects of iron
on microglia and used the antipsychotic clozapine in vitro
and chronic EAE to target features of progressive MS and
identify protective medications. These authors found that iron
impaired microglial function in vitro, while clozapine was
able to regulate this effect by reducing the release of IL-6
and by normalizing neuronal phagocytosis. In chronic EAE,
clozapine dose-dependently attenuated clinical signs and still
had an effect if applied in the therapeutic setting. Histologically,
demyelination was reduced by clozapine, and positive effects on
inflammation strongly correlated with reduced iron deposition.
These data deserve attention because they suggest that clozapine
might be considered a possible add-on therapeutic for further
development in progressive MS.

Moving on from EAE to MS, the pathogenetic role of
intestinal permeability (IP) has been investigated by Buscarinu
et al, also in relation to treatment with dimethyl fumarate
(DMF). The authors focused on the gut triggers that may lower
the threshold for disease development in susceptible individuals
and investigated IP changes, the circulating CD161+CD8+ T-
cell subset, and clinical/neuroradiological data in a cohort of
relapsing-remitting (RR) MS patients before and after 9 months
of DMF therapy. At baseline, 64% patients showed altered IP,
while 56% had an active MRI. During DMF therapy they found
a reduction in the percentage of CD161+CCR6+CD8+ T cells
that significantly correlated with IP changes and a drop in
MRI activity.

Tobin et al. reviewed the data supporting the role of gut
microbiota and short-chain fatty acid (SCFA) metabolites, in
particular propionate, in the pathophysiology of MS. Dysbiosis
is responsible for a reduction in SCFA producing bacteria and in
MS patients a reduction in stool and plasma levels of propionate
has been shown. In particular, the action of propionate on T-
cell activity results in decreased Th1 and Th17 pro-inflammatory
profile and increased regulatory T cell and an overall anti-
inflammatory profile, supporting the clinical benefit induced by
supplementation of propionate in MS patients.

Treatment strategies are still a matter of debate; however,
there is increasing evidence that the first choice in the clinical
history of MS patients might deeply impact their future
disability. This is the direction Simonsen et al. take, by using
a real-world population-based registry to examine the impact
of initial treatment in achieving no evidence of disease activity
(NEDA) in patients treated with moderate or high efficacy
DMTs. Their results showed that NEDA at year 1 and 2 is

Frontiersin Neurology

10.3389/fneur.2022.927321

significantly more likely in patients on high-efficacy DMTs than
on moderate efficacy therapies (68 vs. 36% year 1, 52.4 vs. 19.4%
year 2), and the first choice of treatment is the most important.

Real-world studies on the efficacy and safety of DMTs are of
great value to help MS neurologists in their clinical practice.

Boziki et al. reported the real-world experience of a Greek
MS center about the efficacy and safety of natalizumab (NTZ)
and fingolimod (FTY) in patients with long-term follow-up. In
the matched analysis, NTZ was superior to FTY either for time
to first relapse or for time to MRI activity under treatment and
treatment discontinuation due to MRI activity. The safety profile
of the two drugs confirmed the results from registration trials.

Ziemssen, Albrecht et al. investigated the effectiveness of
FTY in young adults (<20 and >20 to <30 years) compared
to older patients (>30 years) enrolled in the PANGAEA study.
Although young adults had higher annual relapse rates (ARR) at
study entry, the proportion of patients with no clinical disease
activity in year 4 was significantly higher in young patients
compared to older ones. Moreover, in the long-term follow-up,
cognitive performances improved more in young adults than in
older ones. These data suggest that young age is the best age
frame for FTY treatment.

Ziemssen, Hoffmann et al. also reported the results of the
interim analysis of the TREAT-MS study collecting data on the
long-term effectiveness and safety of alemtuzumab in a large
real-life cohort of MS patients. In non-naive patients, treatment
sequences were documented, showing that patients with longer
disease duration and higher EDSS had a higher number of
previous DMTs. Compared to those enrolled in the registration
trials, patients in the TREAT-MS study had a longer disease
duration and a variety of previous DMTs. Effectiveness and
safety data from this study, as well as patients’ characteristics,
might be useful to support future treatment decisions.

In clinical practice, safety concerns very often prompt
the off-label use of DMTs, therefore real-life studies become
relevant to understand whether drug effectiveness is preserved.
In this regard, Riancho et al. reported the results of a 7-Year
Retrospective Observational Study aimed to analyze the efficacy
and safety of treatment with NTZ in MS patients initially treated
with standard interval dosing (SID) who were then switched to
extended interval dosing (EID) every 8 weeks. ARR, radiological
activity, and disability progression did not significantly vary
between the SID and EID groups. Furthermore, the proportion
of patients maintaining the NEDA-3 status was slightly higher
among naive patients than among switchers, suggesting that
earlier use of NTZ may benefit active patients.

Proschmann et al. characterized the pharmacokinetics
and -dynamics and serum neurofilament light chain (sNfL)
in correlation to clinical data in patients with RRMS and
secondary progressive MS (SPMS) stopping NTZ. The authors
measured free NTZ concentration, cell-bound NTZ, a4-integrin
expression, and a4-integrin-receptor saturation as well as
immune cell frequencies for up to 4 months after NTZ

frontiersin.org


https://doi.org/10.3389/fneur.2022.927321
https://doi.org/10.3389/fneur.2021.659678
https://doi.org/10.3389/fimmu.2021.656941
https://doi.org/10.3389/fneur.2021.683398
https://doi.org/10.3389/fimmu.2021.676016
https://doi.org/10.3389/fneur.2021.693017
https://doi.org/10.3389/fneur.2021.699844
https://doi.org/10.3389/fneur.2021.637107
https://doi.org/10.3389/fneur.2021.620758
https://doi.org/10.3389/fimmu.2021.614715
https://doi.org/10.3389/fneur.2021.650530
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Bonavita et al.

withdrawal. Additionally, sNfL levels were observed for up to
12 months in RRMS and up to 4 months in SPMS patients. After
stopping NTZ, disease activity returned in 38% of the RRMS and
33% of the SPMS patients within 12 and 7 months, respectively.
The concentration of free and cell-bound NTZ, as well as a4-
integrin-receptor saturation, decreased in the RRMS and SPMS
patients whereas a4-integrin expression increased over time. In
all RRMS during the follow-up period, sNfL levels peaked up
to 16-fold and were linked to the return of disease activity in
more than 50% of patients. This relation was observed also at
the individual level; therefore, the authors suggest that they can
also serve in clinical practice as an early marker to predict the
recurrence of clinical or radiological disease activity.

Clinical response to DMTs varies among people with
MS and within the same patient in different moments of
their MS history. The identification of biomarkers to early
identify responders to the different DMTs is a field of active
research; Devi-Marulkar et al. investigated the cellular and
molecular blood signatures associated with the efficacy of
IFNb treatment by phenotyping regulatory CD4+ T cells and
naive/memory T cell subsets, by measuring the circulating
IFNa/b proteins, and by analyzing ~600 immune-related
genes, including 159 interferon-stimulated genes. They also
investigated the potential impact of HLA class II gene variation
in treatment responsiveness by genotyping HLA-DRBI, -
DRB3,4,5, -DQA1, and -DQBI1. Non-responders had reduced
circulating naive regulatory T cells, enhanced effector memory
CD4+ TEMRA cells, and altered expression of at least six genes
with immunoregulatory function. Moreover, non-responders
were enriched for HLA-DQBI genotypes encoding DQ8 and
DQ2 serotypes. All these data suggest that IFNb non-responders
may suffer from pathogenic CD4+4 T cells, likely restricted
by DQ8 and DQ2, that may exert autoreactive and bystander
inflammatory activities.

The study by Lorefice et al. aimed to characterize MS patients
exposed to DMF to evaluate the predictors of therapeutic
response. In this observational monocentric study, the authors
examined the prescription flow of DMF in MS patients from
2015 to 2019 and analyzed clinical and MRI data and NEDA-
3 status at 24 months of DMF treatment. Predictors of DMF
response were lower ARR in 2 years pre-treatment and being
naive patients; these parameters were associated with the NEDA-
3 status at 24 months. A good efficacy profile of DMF was
demonstrated in both naive patients and horizontal switchers
although it did not eliminate the risk of MS reactivation in
patients previously treated with NTZ.

Although siponimod was recently approved for secondary
progressive MS, the treatment for patients with the progressive
disease has been a challenge for a long time. Indeed, despite the
development of highly efficient immunotherapies for MS, no
treatment can completely suppress the compartmentalized
and meningeal inflammation in the CNS that drives
tissue injury and disability progression, and effectively
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promote regeneration-remyelination. Stem cells are strong
immunomodulators that may potentially downregulate the
localized and compartmentalized inflammation and may induce
neuroprotection and enhance endogenous remyelination
(as indicated by animal studies). In this Research Topic, we
report the results by Petrou et al. who evaluated the safety and
the long-term clinical and immunological effects of multiple
intrathecal (IT) and intravenous (IV) injections (up to 8) of
autologous mesenchymal stem cells (MSCs) in 24 patients
with active-progressive MS at intervals of 6-12 months,
followed up for 4 years. In general, there were no serious
side effects and most of the patients were stable or improved
at the last follow-up visit. Immunological follow-up showed
a transient upregulation of CD4+CD25+FoxP3+ cells and
downregulation of the proliferative ability of lymphocytes,
sustaining the hypothesis that MSCs effects are mediated
through peripheral immunomodulation. Since the authors
recently demonstrated that the IT injection of MSC was
superior to the IV at several parameters, they advocate that the
neuroprotective and neurotrophic mechanisms play the most
crucial role.

A further challenge in the treatment of MS is represented by
pediatric patients (POMS) and pregnant women. Margoni et al.
reviewed the state of the art in POMS therapy; observational and
clinical studies on first-line and second-line immunomodulatory
therapies in POMS have been reported. Since POMS is a severe
form of MS, characterized by a high clinical and radiological
activity and younger age at reaching cognitive and physical
disability milestones, second-line treatment is preferred as
demonstrated by the fact that the off-label use of newer DMTs
is increasing in POMS and retrospective studies, case series, and
phase II trials indicate that this approach appears to be highly
effective and safe in children.

Lastly, Simone et al. collected the current evidence on
the influence that pregnancy has on MS and the resulting
impact of DMTs. Additionally, they discussed safety profiles
for each drug and correlated them to both risks for the
exposed fetus and risk for the mother interrupting treatments
when seeking pregnancy. Based on current evidence, MS
does not impact fertility or the women’s ability to carry the
fetus to term. The disease does not increase the risk of
spontaneous abortion, malformations, and cesarean delivery.
Pregnancy does not impact the long-term accumulation of
disability, rather it appears to be protective against disease
activity, particularly during the third trimester, but an increased
risk of relapse is reported in the first 3 months postpartum.
Exclusive breastfeeding may have a possible favorable effect.
Since evidence suggest that some drugs could be safely used
throughout the whole pregnancy course or, in specific cases, till
the third trimester, neurologists should tailor the best therapy for
any pregnant woman, without exposing the fetus to any possible
risk and the mother to disease reactivation both in pregnancy
and in the postpartum period.
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Borrelia-specific antibodies in serum did not contribute to the diagnosis of Borrelia
arthritis or Borrelia-associated dermatitis in a young woman with ongoing treatment with
rituximab due to multiple sclerosis. The diagnosis was confirmed by the detection of
Borrelia-DNA in a skin punch biopsy. The patient history did not reveal any tick exposure.
She had suffered for several months from fluctuating pain and swelling of the right knee
as well as skin involvement with redness and oedema around the ankle of the same
leg. Monoarthritis was confirmed by a rheumatologist. Knee puncture was performed
but the synovial fluid was only sufficient for microscopic examination of crystals. Neither
monosodium urate crystals nor calcium pyrophosphate crystals were found. Borrelia
serology in blood revealed borderline levels of immunoglobulin (Ig)M and IgG, respectively.
Treatment with doxycycline resulted in resolution of the joint and skin manifestations
within a month. This case highlights that Borrelia-specific antibody levels cannot be
reliably interpreted in patients who have received B-cell depleting therapy. Under these
circumstances, detection of the bacterial genome in different body fluids, such as in
the skin, can be a useful complement to the diagnosis of Lyme disease. In this young
female, the diagnosis would certainly have been further delayed without the detection of
Borrelia-DNA in the skin.

Keywords: Lyme disease, Borrelia-DNA, arthritis, dermatitis, rituximab, Borrelia serology

INTRODUCTION

An atypical clinical presentation and absence of an adequate immune response to infections
are common phenomena in patients with primary immunodeficiency disorders (PID) (1) and
multiple sclerosis (MS) (2), as well as in subjects receiving immunosuppressive agents (3).
Furthermore, several immune modulating therapies may have similar effects, but this is less well-
recognized among physicians lacking deeper knowledge of the impact of the immune system on the
pathogenesis and the clinical manifestations of different infectious diseases. As immunomodulating
therapies (IMT) are now widely used for a variety of autoimmune and inflammatory diseases,
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specialists of many different disciplines may need to treat patients
using this group of drugs. For instance, patients with MS
are often diagnosed and started on treatment at young age
and continue for years or decades (4). These circumstances
emphasize the importance of physicians being aware of atypical
reactions regarding both clinical symptoms and laboratory test
results obscuring infections among these patients. This case
illustrates that an ongoing infection can easily be overlooked
or misinterpreted due to a weak serological response during
treatment with a B-cell depleting drug.

CASE PRESENTATION

This case illustrates a 20-year-old female diagnosed with MS
at the age of 17. She was initially treated with tocilizumab as
neuromyelitis optica was suspected due to bilateral optical neuritis
and the presence of spinal cord lesions. However, antibodies
against aquaporin-4 and myelin oligodendrocyte glycoprotein
were not detected and the magnetic resonance imaging (MRI)
of the brain and spinal cord as well as cerebrospinal fluid
(CSF) findings were supportive of MS. Apart from persistent
bilateral severely reduced visual acuity she had no other signs
of neurological dysfunction. She had previously been in good
health and had no family history of PID, or other systemic
inflammatory diseases.

Eighteen months prior to the episode of arthritis and
skin symptoms reported here, she was started on off-label
treatment with rituximab (RTX). RTX is the most frequently

used immunomodulatory drug for MS in Sweden according to
the Swedish MS registry (5). Initially, she received 1,000 mg of
RTX followed by 500-1,000 mg every 6th month, resulting in
depletion of circulating B-cells (<0.001 x 10°/L). During this
period, there were no signs of neuroinflammatory activity of MS.

Clinical Episode

A rheumatologist confirmed the diagnosis of monoarthritis. The
right knee had typical signs of inflammation with rubor, tumor,
and calor accompanied by a discretely reduced range of motion.
The general status was good without fever. The lower right
leg was diffusely swollen and two circular erythematous areas
around the ankle were seen (Figures 1A,B). A dermatologist
interpreted the skin symptoms as possible panniculitis with
atypical erythema nodosum as a potential alternative diagnosis.
There were no other clinical or laboratory findings of sarcoidosis.

Timeline

Treatment with RTX had been ongoing for approximately one
and a half year prior to the onset of arthritis and the cutaneous
symptoms had been present for at least 6 months prior to the
diagnosis. The last dose of RTX was given 1.5 months before the
onset of symptoms related to Lyme disease.

Diagnostic Assessments

Aspiration of synovial fluid resulted in a limited volume,
only sufficient for microscopic examination of crystals. Neither
monosodium urate crystals nor calcium pyrophosphate crystals

FIGURE 1 | Periarticular swelling of the right leg and ankle. The skin is slightly atrophic adjacent to the two erythematous circular areas seen on the lateral side. The
blood vessels appear prominently over the apical part of the foot; a common phenomenon in late cutaneous borreliosis (A). The right knee, calf, and ankle are swollen,
without a distinct erythema. Fifteen to twenty degrees deficit in knee extension was observed. Note the dark discoloration of the medial and apical parts of the foot,

typically seen in patients with late cutaneous borreliosis (B).
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were detected in the joint fluid. Duplex ultrasonography of the
lower leg showed no signs of deep vein thrombosis and there
were no laboratory signs of systemic inflammation. Serological
analysis performed 5 months after the last dose of RTX showed
borderline levels of immunoglobulin (Ig)M and IgG antibodies
against recombinant Borrelia antigens (Liason®, Borrelia IgM
detecting OspC and VISE; Borrelia IgG detecting VISE). The
results were interpreted to be of uncertain clinical significance.
Laboratory results are detailed in Table 1.

Despite the vague antibody results, there were an enduring
clinical suspicion of Borrelia infection. Skin biopsies from one of
the erythematous areas at the ankle were performed. Standard
histopathology showed mild non-specific inflammation.
Borrelia-DNA was detected in the biopsy analyzed by polymerase
chain reaction (PCR). The method amplifies a 116 base-pair
long fragment of the 16S rRNA gene. In addition, a lumbar
puncture was done, and CSF was analyzed without presence of
intrathecal Borrelia-specific antibodies or elevated levels of the
B-cell chemokine CXCL13. Thus, the final diagnosis was Borrelia
associated dermatitis and arthritis (Lyme disease).

Therapeutic Intervention

Prior to the diagnosis of Lyme disease, the patient was prescribed
topical steroids for the skin manifestations and the joint
symptoms were managed with paracetamol. Once the diagnosis
of Lyme disease was confirmed, doxycycline 200 mg once daily
for 3 weeks was prescribed. The knee and skin symptoms
dissipated during the following month.

Follow-Up and Outcome

Atthe last follow-up 1 year after the antibiotic treatment had been
ended, there was still minor swelling of the lower leg but no signs
of arthritis or dermatitis. An MRI of the lower leg showed mild
oedema in musculus soleus and gastrocnemius. Creatinine kinase
in plasma was within normal reference.

DISCUSSION

IMT in general, and particularly B-cell depleting therapies, may
be associated with an increased risk of infections (2, 6, 7).
Serological screening for IgG against several infectious agents
is therefore routinely performed prior to initiation of IMT and
vaccination should be considered when immunity is not detected.
However, the fact that IMT can have an impact on the clinical
picture and serological response to infectious agents is less well
recognized among physicians outside the field of immunology
and infectious diseases. B-cell depleting therapies are widely used
in MS as well as in many other autoimmune diseases, often with
a dramatic anti-inflammatory effect and symptom relief (6). In
chronic inflammatory diseases like MS, the treatment is often
continued for many years and results in undetectable or very low
numbers of circulating B-cells. Although RTX, compared to other
disease modifying drugs in MS, has been shown to be associated
with an increased risk for serious infections it is widely used due
its marked effect on the disease activity and disease progression
(4). Another side effect is weak and non-protective responses

TABLE 1 | Laboratory findings in blood.

Analyte Results  Reference interval
Hemoglobin 1561 117-153 g/L
Leukocyte count 7.2 3.5-8.8 x 10°/L
Lymphocyte count 1.3 1.1-4.8 x 10%/L
B-cells <0.001 0.075-0.53 x 10%/L
Platelet count 283 160-390 x 10%/L
Erythrocyte sedimentation rate (ESR) 2 <21 mm/h
P-C-reactive protein (CRP) <5 <10 mg/L
S-Creatinine kinase 1.5 <3.6 pkat/L
P-Alanine transaminase 0.35 <0.76 pkat/L
P-Creatinine 81 45-90 pmol/L
P-Urate 209 155-350 pmol/L
S-Angiotensin converting enzyme 0.51 <1.1 pkat/L
Anti-cyclic citrullinated peptide antibody (IgG) 1 <7 U/L
Borrelia antibody (IgM) 38.6 <30 AU/mL
Borrelia antibody (IgG) 16.6 <10 AU/mL

AU, arbitrary units; P-, analysis in plasma; S-, analysis in serum; U, units.

to vaccinations, as long as the circulating B-cells are very low
(8,9).

In the patient described here, Borrelia caused late skin and
joint manifestations that did not raise the clinical suspicion
of Lyme disease, until the weak serological response was
received. Still, the antibody results were interpreted to be
of dubious significance. The correct diagnosis was not made
until Borrelia-DNA was detected in the skin biopsy. This
is consistent with previous and more recent findings of
improved diagnostic accuracy using detection of the Borrelia
genome in the skin of patients with acrodermatitis chronica
atrophicans, the late cutaneous manifestation of borreliosis
(10, 11). In addition, our case clearly illustrates that, during
treatment with B-cell depleting therapies, infections may
give rise to an atypical clinical picture as well as a weak
serological response to specific pathogens. Awareness of these
circumstances should be highlighted to clinicians serving patients
on IMT.

Patient Perspective

The patient had suffered from knee pain and painful skin
erythema for several months before the correct diagnosis was
identified. She had been in contact with the primary health care
several times before the correct diagnosis was made. Despite the
fact that she was treated with IMT, her symptoms were initially
interpreted as “non-specific findings of uncertain origin.”
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Background: Fingolimod (Gilenya®) is approved for adult and pediatric patients with
highly active relapsing—remitting multiple sclerosis (RRMS).

Objectives: The objective was to describe the effectiveness of fingolimod in young
adults compared to older patients in clinical practice.

Methods: PANGAEA is the largest prospective, multi-center, non-interventional,
long-term study evaluating fingolimod in RRMS. We descriptively analyzed
demographics, MS characteristics, and severity in two subgroups of young adults
(<20 and >20 to <30 years) and older patients (>30 years).

Results: Young adults had lower Expanded Disability Status Scale (EDSS) scores
compared to older patients (1.8 and 2.3 vs. 3.2) at baseline. The mean EDSS scores
remained stable over 5 years in all subgroups. Young adults had higher annual relapse
rates (2.0 and 1.7 vs. 1.4) at study entry, which were reduced by approximately 80% in
all subgroups over 5 years. The proportion of patients with no clinical disease activity in
year 4 was 52.6 and 73.4 vs. 66.9% in patients <20, >20 to <30 years and >30 years,
respectively. The symbol digit modalities test score increased by 15.25 + 8.3 and 8.3 £
11.3 (mean £ SD) from baseline in patients >20 to <30 and >30 years.

Conclusions: Real-world evidence suggests along-term treatment benefit of fingolimod
in young RRMS patients.

Keywords: RRMS, fingolimod, young adults, real-world evidence, early treatment, long-term study

INTRODUCTION

Relapsing multiple sclerosis (MS) represents a continuous spectrum of disease ranging from
clinically isolated syndrome over relapsing-remitting multiple sclerosis (RRMS) to secondary
progressive MS (SPMS) (1). Most RRMS patients are diagnosed at an age of 30-40 years (2),
but some patients show early onset of MS at a childhood age or as young adults (3). The
disease characteristics in these patients differ from adult MS patients, e.g., in pediatric MS, the
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relapse rate was shown to be two to three times higher, and
pediatric MS patients often experience more severe relapses
(4, 5). Despite increased relapse severity, pediatric patients often
recover completely (5, 6). With respect to disability, cognitive
dysfunction is typically more frequent in pediatric compared
to adult patients, while locomotor disability is less pronounced
(3, 7). Therefore, the time to disability milestones as measured
by the Expanded Disability Status Scale (EDSS) might be longer
in younger patients. Due to the early onset of the disease,
these milestones are still reached at a younger age (3). Overall,
these features suggest that MS in younger patients is even more
characterized by inflammatory processes than in older patients.
Despite differences in disease characteristics and limited efficacy
data in younger MS patients, in general, the same treatment
regimens should be used for adults, young adults, and even
children. However, the treatment armamentarium for the latter
group is limited, as not all MS drugs are approved for use
in children.

Fingolimod (Gilenya®, Novartis Pharma AG) was first
approved in 2011 as a once-daily oral treatment for adult
patients with RRMS and since then has gained marketing
authorization in over 80 countries. Approximately 296,700
patients have been treated with fingolimod in both the clinical
trial and post-marketing settings, and the total patient exposure
now exceeds 746,700 patient-years. In 2019, it has also gained
approval for the treatment of children and adolescents with
RRMS. Its efficacy and safety in pediatric patients had been
investigated in the PARADIGMS study, in which fingolimod
was shown to be more effective than treatment with interferon-
beta 1a (8). The subgroup analyses of three pivotal studies in
adults (FREEDOMS, FREEDOMS II, and TRANSFORMS) have
shown benefits of fingolimod treatment over placebo and beta-
interferons in terms of relapse prevention and MRI activity in
young adults (9). However, data on the use of fingolimod in
young adults is limited to a small number of patients in the
respective study populations.

In the present analysis of the PANGAEA study
(Post-Authorization Non-interventional German SAfety of
GilEnyA in RRMS patients), the effectiveness of fingolimod in
young adults in real-world settings was investigated. PANGAEA
was a non-interventional study recruiting RRMS patients from
2011 to 2013 to assess long-term safety, tolerability, effectiveness,
and patient-reported outcomes of fingolimod under real-life
conditions (10-12) for an observational period of (maximum)
5 years.

Here we report the results of a descriptive analysis of
fingolimod treatment in PANGAEA subgroups of young adult
patients with RRMS (<20 and >20-30 years of age) treated
up to 5 years in daily clinical practice. A subgroup of the
PANGAEA population with age above 30 years is used as the
reference cohort.

PATIENTS AND METHODS
Study Design

PANGAEA was a prospective, multi-center, non-interventional,
long-term study of fingolimod (0.5mg) for the treatment of

patients with RRMS (10). It was conducted in Germany,
including office-based neurologists and neurology clinics.
Patients who received fingolimod according to the summary
of product characteristics were eligible. The treatment followed
a common clinical routine, and the observation period was
a priori set to up to 60 months. Follow-up visits were
documented about every 3 months. Recruitment into the study
started in April 2011 and finished in December 2013, with
a total of 4,229 patients, of whom 4,032 were included in
the analyses. Data included baseline characteristics (sex, age,
body mass index) and MS characteristics (disease duration,
number of relapses in the past year). Disease severity using
EDSS, severity symbol digit modalities test (SDMT), multiple
sclerosis severity score (MSSS), and annual relapse rate
(ARR) was analyzed every year for the observational period
of 60 months. Due to the non-interventional study design,
assessments followed clinical practice routine and were optional.
The present subgroup analysis of PANGAEA data comprises
young adults, ie., patients <20 years as well as patients
>20 to <30 years of age in comparison to patients >30
years of age.

Administrative Procedures

The study was conducted according to the current
recommendations for observational studies of the following
institutions: the Voluntary Self-Control of Pharmaceutical
Companies Codex (FSA-Codex), the Federal Institute for Drugs
and Medical Devices and the Paul-Ehrlich-Institut (PEI), and
the Research-Based Pharmaceutical Companies (vfa). Prior to
study initiation, an ethics committee was consulted, and the
study was notified to the competent higher federal authority, the
Federal Association of Statutory Health Insurance Physicians
and the Statutory Health Insurance. Patients were only included
after providing written informed consent at the time of the
baseline visit.

Statistical Methods

The presented data are part of analyses conducted in January
2020. All data were analyzed descriptively using SAS, version
V9.4. Analysis of baseline characteristics included demographics,
disease history, and prior treatment. The endpoints of interest
were treatment interruptions, annual relapse rate, EDSS changes,
SDMT changes, clinical disease activity as defined by relapses and
disability development, as well as effectiveness and tolerability as
reported by physicians and patients. In addition to a baseline
score-referenced analysis of EDSS progression, a roving EDSS
analysis approach was used (13). As this was a non-interventional
study, no visit windows were defined and no rules for handling
of missing or incomplete data were established. Therefore,
instead of exact EDSS assessment dates, the follow-up visit
schedule has been used for roving EDSS analysis. Assessments
at month 1 follow-up visit were not included. Furthermore,
missing EDSS values were not imputed and had no impact on
the analysis.

A methodological limitation of this descriptive analysis is that
correction for confounding factors like disease duration was not
possible because of the strong correlation between this factor and
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age. Due to the relatively low number of patients in the youngest
age group, propensity score matching would have resulted in a
comparison of individual cases instead of a representative group
comparison. The present results therefore should be interpreted
with caution, especially with respect to disease characteristics that
depend on the disease duration.

All analyses were performed by age subgroups with the
following cutoffs: <20 years, >20 to <30 years, and >30
years. Continuous data were analyzed as mean and standard
deviation, while categorical data were analyzed as absolute and
relative frequencies.

RESULTS

The present analysis included 81 patients younger than 20 years
of age (2.0% of the total population), 819 patients aged 20-30
(20.3%) years, and 3,130 patients older than 30 years of age
(77.6%). The gender distribution was similar between age groups.
Young adults included in PANGAEA had a shorter disease
duration on average (2.8 and 4.5 vs. 9.3 years) and lower EDSS
and MSSS scores compared to patients older than 30 years (EDSS:
1.8 and 2.3 vs. 3.2; MSSS: 4.7 and 5.0 vs. 5.2). Although the EDSS
scores were higher in older age groups, the SDMT scores were
similar in patients aged 20-30 years and patients older than 30
years (SDMT: 45.5 vs. 45.6; SDMT was not assessed in patients
<20 years). The annual relapse rate within 12 and 24 months
prior to study inclusion was higher in younger patients (2.0 and
1.7 vs. 1.4 and 2.8 and 2.6 vs. 2.1), and the proportion of relapse-
free patients within 12 months before study inclusion was smaller
(6.3 and 15.1 vs. 21.5%). Time from first symptoms to diagnosis
was 0.6 and 0.7 years in young adults, compared to 2.2 years
in patients older than 30 years. The proportion of patients with
concomitant diseases increases by age (16.0 and 24.1 vs. 34.8%).
The most frequent diseases in all age groups were psychiatric
disorders (3.7, 5.5, and 9.9%) and nervous system disorders (2.5,
6.3, and 8.9%), with a higher total frequency in older patients
(Table 1).

About half of the patients in all three age groups completed
the 5-year observational period on therapy (48.2 and 43.0 vs.
53.8%). Study discontinuations were more frequently related to
a lack of effectiveness in the youngest group (9.5 and 6.2 vs.
5.6%), while disease progression or relapse (4.8 and 10.1 vs.
9.8%), patient wish (7.1 and 30.4 vs. 31.3%), and adverse events
(7.1 and 13.3 vs. 26.0%) were more frequently reported as reason
for discontinuation in the older subgroups of patients (numbers
given for patients <20 years and >20 to <30 years vs. >30 years,
respectively; multiple responses per patient included).

The mean annual relapse rate was reduced by ~70% in the first
year and over 80% in the fifth year in all patient subgroups. The
proportion of relapse-free patients increased by ~15% in all three
age groups from year 1 to year 5 (Table 2).

The mean EDSS score remained almost stable in all subgroups
over 5 years of treatment (Figure 1). In 23.4 and 19.1 vs. 17.2%
of the patients, sustained EDSS improvement was documented
in year 4 of the observation period, while 11.8 and 10.6 vs. 14.7%
had 6 months of confirmed disability progression as measured

TABLE 1 | Patients’ characteristics, disease history, and pretreatment at baseline.

Mean =+ SD, unless otherwise <20years >20to <30 >30years
specified N =81 years N = 3,130
N =900
Female, n (%) N =81 N =819 N = 3,130
63 (77.8) 590 (72.0) 2,247 (71.8)
Age (years) N =81 N =819 N = 3,130
191+£10 262+27 429476
Height (cm) N =55 N =608 N = 2,451
167.5+95 171.7+83 171.4+88
Weight (kg) N =54 N =615 N = 2,446
652+129 722+17.7 750+£17.1
BMI N =54 N =602 N =2,417
233+41 243+52 255+52
Time since diagnosis (years) N =77 N =795 N =2911
28+ 2.1 4.5+ 3.1 9.3+6.5
Time from first symptoms to N =71 N = 686 N = 2,362
diagnosis (years) 06+19 0.7+16 22+ 4.1
Number of MS relapses within the last ~ N' =79 N =799 N =3,079
12 months 20+ 1.1 1.7+13 1.4+£141
Number of MS relapses within the last N’ =79 N =800 N = 3,069
24 months 28+ 14 26+19 21+16
Patients without relapse within the N =79 N =819 N =3,079
last 12 months, % 6.3 15.1 21.5
Patients with <1 relapse within the N =79 N =819 N =3,069
last 24 months, % 15.2 28.9 38.1
Total EDSS N =74 N =762 N =2,875
1.8+1.3 23+15 32+17
Total MSSS N =71 N =741 N = 2,691
47 +27 50+26 52+26
Total SDMT Not assessed N’ =26 N =189
455 +13.6 456 +13.6
Prior treatment, % N =81 N =819 N’ = 3,130
None 0.6 6.1 6.2
Beta interferons 63.0 53.1 47.4
Glatiramer acetate 18.5 22.8 23.6
Natalizumab 1.1 15.9 19.0
Mitoxantrone 0.0 0.7 1.5
Azathioprine 0.0 0.1 1.0
Missing 1.2 1.2 1.3
Most frequent (>2% in any age group) N’ = 81 N =819 N = 3,130
concomitant diseases by SOC, %
Any concomitant disease 16.0 241 34.8
Psychiatric disorders 3.7 55 9.9
Investigations 2.5 1.2 2.3
Metabolism and nutrition 2.5 2.6 4.6
disorders
Nervous system disorders 2.5 6.3 8.9
Vascular disorders 0.0 2.2 8.9
Endocrine disorders 0.0 1.8 41
Musculoskeletal and connective 0.0 1.6 3.5
tissue disorders
General disorders and 1.2 1.5 2.9
administration site conditions
Renal and urinary disorders 0.0 0.5 2.2
Respiratory, thoracic, and 1.2 1.3 2.0

mediastinal disorders

BMI, body mass index; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis
Severity Score; n, number of patients in the category; N, number of patients in the total
analysis population; N', number of patients with available data; SD, standard deviation;
SOC, system organ class.
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TABLE 2 | Annual relapse rate and proportion of relapse-free patients.

<20 years >20to < 30 >30 years
N =81 years N = 3,130
N =819
ANNUAL RELAPSE RATE, ARR + SD (N’)
Baseline 20+1.13 1.70 £ 1.33 1.40 £ 1.09
(79) (688) (3,067)
Year 1 0.65 £+ 0.86 0.48 £0.80 0.41 £0.71
(68) (688) (2,658)
Year 2 0.63 £ 0.91 0.35 £ 0.64 0.31 £0.62
(52) (538) (2,207)
Year 3 0.48 £0.87 0.31 £0.65 0.25 +£0.55
(42) (416) (1,834)
Year 4 0.47 £0.76 0.27 £ 0.65 0.20 £ 0.49
(32) (341) (1,575)
Year 5 0.38 £ 0.59 0.24 £ 0.55 0.20 £ 0.46
(21) (248) (1,134)
RELAPSE-FREE PATIENTS, % (N’)
Baseline 6.3 15.1 21.5
(year—1) (79) (819 (3,079)
Year 1 52.9 66.0 69.7
(68) (688) (2,658)
Year 2 57.7 72.5 75.4
(52) (538) (2,207)
Year 3 69.1 77.2 80.0
(42) (416) (1,834)
Year 4 65.6 80.9 83.1
(32) (341) (1,575)
Year 5 66.7 81.1 82.5
(21) (248) (1,134)

ARR, annual relapse rate; N, number of patients in the total analysis population; N',
number of patients with available data.

by EDSS. In 64.7 and 70.2 vs. 68.1% of the patients, the EDSS
score remained stable. In 4 years of treatment, the proportion of
patients without clinical disease activity (defined as the absence
of EDSS progression and relapse) increased to 52.6 to 73.4 vs.
66.9% (for patients <20 years and >20 to <30 years vs. >30 years,
respectively; Table 3). The analysis using a roving EDSS approach
shows a higher cumulative probability of EDSS worsening after
4 years in patients >30 years compared to younger patients
(Figure 2). All age groups had a similar cumulative probability
of EDSS progression unrelated to relapse activity after 4 years
(Figure 2).

The mean MSSS decreased in all age groups, with the lowest
MSSS seen in the youngest patients (2.4 points and 1.7 points vs.
1.2 points; Figure 3).

The SDMT total score increased from 45.5 points to 57.0 in
patients <30 years of age and from 45.6 to 55.0 in patients >30
years of age. The mean change (& SD) in patients with available
baseline and last visit data was 9.6 &= 12.8 (n = 7) and 8.1 *+
10.4 (n = 74) (Figure 4). No SDMT data were available in the
subgroup of patients <20 years of age due to the small sample
size of this subgroup, reflecting that SDMT is not a standard test
in clinical practice.

Within 5 years of treatment, the effectiveness was deemed
“good” or “very good” by ~80%, and “good” or “very good”
tolerability was attested by over 90% of patients and physicians
in all three subgroups (data not shown). The nature of reported
adverse events is consistent with previous findings from clinical
trials. The risk for infections does not differ between age groups
with similar frequencies of lymphopenia (19.8 and 20.4 vs. 16.9%)
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FIGURE 1 | Total expanded disability status scale score (N <20 years: 74/53/37/27/18/13; N' >20 to <30 years: 762/538/409/297/243/184; N' >30 years:
2875/2076/1655/1295/1082/834; baseline/year 1/year 2/year 3/year 4/year 5).
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TABLE 3 | EDSS change and clinical disease activity per year (not aggregated).

<20 years N = 81

>20 to <30 years N = 819

>30 years N = 3,130

Year 1 2 3 4 1 2 3 4 1 2 3 4
EDSS change, N 51 35 25 17 513 392 286 235 1,962 1,664 1,225 1,025
Stable EDSS, % 82.4 71.4 64.0 64.7 79.5 74.7 69.6 70.2 791 73.8 701 68.1
EDSS improvement, % 18.7 20.7 24.6 23.4 14.0 17.9 19.2 19.1 11.9 13.6 15.1 17.2
EDSS progression, % 3.9 8.6 12.0 11.8 6.4 7.4 1.2 10.6 9.0 12.7 14.8 14.7
Clinical disease activity, N’ 57 41 30 19 546 415 301 244 2,127 1,661 1,306 1065
Patients without activity, % 43.9 53.7 56.7 52.6 61.0 68.7 68.1 73.4 61.5 65.1 66.5 66.9

EDSS, Expanded Disability Status Scale; N, number of patients in the total analysis population; N', number of patients with available data.
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FIGURE 2 | Roving expanded disability status scale (EDSS) progression overall and unrelated to concurrent relapse (EDSS worsening is related to a relapse if at least
one relapse occurred between 30 days before start of EDSS worsening and 30 days after confirmation of EDSS worsening).

and serious respiratory tract infections (1.2% and 2.5 vs. 2.86%)
in all age groups.

DISCUSSION

The present descriptive analysis includes the final data of the
PANGAEA study after the predefined maximum observation
period of 5 years. It suggests that fingolimod provided long-term
reduction of relapse rate, a stable or improved EDSS, and stable
or improved cognitive function as assessed by SDMT in the
majority of RRMS patients irrespective of age. The majority of
patients in all age groups were free of any clinical disease activity,
with the highest proportions reached in patients older than 20
years of age compared to younger patients. These results have
to be interpreted in the context of age-dependent differences in
patient characteristics, especially with respect to their baseline
disease activity.

An analysis of the pivotal fingolimod trials by Gartner et al.
has already assessed disease characteristics by age groups in
patients from a clinical study setting (9). However, due to the
inclusion and exclusion criteria in pivotal studies, the study
populations do not cover the full range of patients treated in
clinical practice. The present analysis of the PANGAEA study
closes this gap and describes differences between age cohorts in
a real-world setting. The same age cutoffs were used but with
distinct groups for PANGAEA (<20, >20 to <30 years, and >30
years), while Gartner ef al. compared patients <20 and <30 years
of age with the overall population. Consequently, patients in the
oldest age group of PANGAEA were older on average and had a
longer disease duration than the overall population of the pivotal
studies. Despite these differences in the analyses, the PANGAEA
results are very similar to what was found in the pivotal studies.

Over 90% of the young adults in the PANGAEA study showed
relapse activity at baseline. In line with the present results, young
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adults were also found to have the highest clinical activity in
terms of relapses at baseline in the pivotal fingolimod trials (9).
This was expected, as natural history data indicate that younger
patients have more frequent and more severe relapses than older
patients and that relapse activity declines with increasing disease
duration (4, 5). It can be assumed that, at this age, patients show
a more inflammatory disease course.

Due to their higher disease activity, young patients have an
urgent need for a highly efficacious treatment. The level of
clinical disease activity despite treatment observed in PANGAEA
suggests that insufficient disease control is more frequent in
young patients than in older patients. This might, on the one
hand, be due to the higher background disease activity and,
on the other hand, due to the lack of authorized treatments
for adolescent patients. Interestingly, the proportion of patients
treated with beta-interferons as their last documented DMT was
highest in the youngest age group. As only the last DMT has
been documented in PANGAEA, it remains unclear whether
the patients have received other DMT before. However, as until
recently only beta-interferons were authorized for the treatment
of RRMS in adolescents, it can be assumed that the lack of
alternatives for this special population might at least have
contributed and prevented adequate treatment optimization.
Since its label was extended to the use in children and adolescents
in 2019, fingolimod can be used for early intervention in young

patients with highly active RRMS. The previous analyses of study
data of the pivotal trials have shown that fingolimod significantly
reduced the ARR and the number of new T2 lesions compared
to placebo and interferon-beta la in young adult patients (9)
as well as in children and adolescents (8). According to the
reduction of the ARR and lesion load in the clinical study setting,
fingolimod adequately addresses these pathological processes in
patients with early-onset MS. The present data of the PANGAEA
study suggest that the effective relapse prevention observed in
young adults in the clinical study setting translates into clinical
praxis. As the proportion of relapse-free patients increased by
~60 percentage points in each group, it can be assumed that
RRMS patients benefit from fingolimod treatment to the same
extent with respect to the reduction of relapse activity irrespective
of their age. The higher underlying relapse activity in the younger
group might be the reason for the lower overall proportion of
relapse-free patients compared to the older groups.

Although younger patients have more frequent and more
severe relapses, they often completely recover from their
relapses. The present PANGAEA results on young adults
indicate that a higher proportion of patients is able to
reach disability improvement as measured by EDSS and that
the positive treatment effect on cognitive function is more
pronounced compared to older patients. This might be due
to a higher compensatory capacity at this young age, which
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then continuously declines with increasing age (14). In line
with this, EDSS progression probability is higher in older
patients, and although the relapse rate was not higher in these
patients, relapse-related EDSS worsening was more frequent
(15). It has to be pointed out that the higher EDSS progression
probability might be confounded by a higher disease duration
in older patients and is not solely age-driven. Nevertheless, it
can be assumed that an increasingly incomplete recovery from
relapses with older age and higher disease duration due to a
decrease in compensatory activity hampered the effectiveness
of fingolimod in older patients. The specific processes of such
impairment in older MS patients are not fully understood yet,
but cell senescence with oxidative stress, decreased intrinsic
autophagy, and reduced neurotrophic support might play a
role (16). Therefore, immunosenescence could have affected the
effectiveness in older subjects.

The recovering capacities at a young age still do not allow
for a delay in treatment initiation (17). Roving EDSS analysis
from PANGAEA data showed that EDSS progression unrelated
to relapses occurred to a similar extent in all age groups,
supporting the concept that chronic disease progression is
present already from disease onset and significantly contributes
to overall disability progression (18). Therefore, undelayed
treatment initiation and optimization are highly important in
patients of any age, and the PANGAEA study data support the
use of fingolimod in all age groups, including young adults. It

is essential especially for young patients not only to prevent
disability progression in terms of motor function but also
to assure stable cognitive functionality. This phase of life is
very demanding as, for example, academic studies, vocational
education and training, and career entry and progression require
full cognitive capacities. The SDMT is a strong predictor of
vocational status (19), and an SDMT worsening of three points is
clinically meaningful and results in reduced working capabilities
and responsibilities (20). Hence, a slight deterioration can already
have a marked impact. Early treatment intervention can help
to prevent slight but meaningful deterioration at an early stage
of the disease, and long-term treatment outcomes potentially
benefit from the synergism of an effective disease activity control
and a high compensatory activity. A higher effectiveness in terms
of disability improvement in younger patients of the PANGAEA
study might therefore reflect the benefits from early treatment
initiation at a younger age and earlier diagnosis.

In line with this, recent analyses from pivotal fingolimod
trials indicate that immediate treatment is superior to delayed
treatment in young adults in terms of long-term benefits in
disease activity and disability progression (21). High-efficacy
treatment initiation within 2 years of MS onset compared to a
start within 4-6 years after disease onset was associated with
less disability (22). A propensity score-matched comparative
analysis of PANGAEA and a non-interventional study on
the use of beta-interferon or glatiramer acetate found that
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switching to fingolimod early is more effective in patients with
active disease than continuing beta-interferon or glatiramer
acetate (23). Further analyses of real-world data, including the
PANGAEA study data, provide good evidence of its effectiveness
in the treatment of active MS (24). The results of a recent
multicenter cohort study even support the preference of
newer disease-modifying drugs, including dimethyl fumarate,
fingolimod, teriflunomide, natalizumab, rituximab, ocrelizumab,
and alemtuzumab, over beta-interferon or glatiramer acetate
for the initial treatment of pediatric patients and clinically
isolated syndrome (25). Furthermore, the risk of conversion
to a secondary progressive disease course was found to be
significantly reduced under initial treatment with fingolimod,
natalizumab, or alemtuzumab (26). These findings may
contribute to the current change in mindset toward an early
intervention with efficacious drugs. An analysis of baseline
characteristics in the PANGAEA study in comparison to the
characteristics in a similar successor study, PANGAEA 2.0,
indicate that patients were switched to fingolimod at an earlier
stage of their disease (27).

Apart from the differences in their baseline disease activity,
the age groups in the PANGAEA study also differed with respect
to comorbidities, which, in general, were more frequent in
older patients. The prevalence of psychiatric disorders, vascular
disorders, nervous system disorders, endocrine disorders, as
well as musculoskeletal and connective tissue disorders was at
least twice as high in patients older than 30 years compared to
young adults <20 years of age. The pattern of comorbidities
observed in PANGAEA is in line with what has been previously
reported for MS patients and what has been shown to be
significantly associated with an increase in treatment switches
due to intolerance and with a stronger EDSS increase (28). An
increased cardiovascular risk, as estimated by the Framingham
score, was significantly associated with a higher risk for relapse,
for reaching EDSS 6.0 and for treatment escalation (29).
Furthermore, psychiatric disorders are known to have a strong
impact on the quality of life, fatigue, physical disability, and
cognitive performance as well as medication adherence (30).
In PANGAEA, older patients had more comorbidities and a
higher risk for EDSS progression. With respect to the possible
influence of comorbidities on MS symptoms and treatment
outcomes, the impact of age-dependent comorbidity prevalence
on the present comparison has to be considered. To what
extent the comorbidities in older PANGAEA patients affected
previous treatment switches and present treatment outcomes
cannot be estimated.

From a safety point of view, fingolimod can be initiated
immediately also in early-onset MS patients. According to the
present PANGAEA analyses, physicians as well as patients
rated the effectiveness and tolerability to be good or very
good. This is in line with the results in young adults from
the pivotal studies, which reported a safety profile similar
to that of placebo and consistent with that observed in the
overall adult population (9). It has been previously shown
that patient-perceived good effectiveness and tolerability also
translates into very low frequencies of treatment interruptions

or discontinuations (31). In the PANGAEA study, about half
of the patients discontinued study documentation prematurely,
but only approximately one-third of these discontinuations were
associated with a lack of effectiveness, disease progression, or
lack of tolerability. Drop-outs due to a lack of effectiveness were
more frequent in the youngest group compared to older patients.
On the other hand, fewer patients <20 years reported disease
progression or relapse as a reason for discontinuation. Taken
together, the rate of patients who discontinued due to either a
lack of effectiveness, disease progression, or relapse is similar.
However, as multiple answers were possible, there might be an
overlap of patients between both dropout categories.

Overall, this analysis of the PANGAEA study suggests disease-
and non-disease-specific differences between younger and older
patients, with higher disease activity in younger patients and
higher levels of physical disability and more comorbidities in
older patients. Despite these differences, fingolimod reduced the
overall clinical disease activity as well as the relapse rate, slowed
disability progression, and was well-tolerated irrespective of age.
The present real-world data suggest that fingolimod can be used
for treatment optimization in young patients already at an early
stage of the disease.
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Background and Aims: There is a controversy regarding whether fingolimod is
associated with an increased risk of infection in patients with multiple sclerosis (MS). We
performed a systematic review and meta-analysis of data from randomized controlled
trials (RCTs) to determine the risk of infection in these patients.

Methods: We systematically searched PubMed, EMBASE, the Cochrane Library, and
clinicaltrials.gov from inception to April 8, 2020, to identify RCTs that reported the
occurrence of infection in patients with MS treated with fingolimod. Relative risks (RRs)
and 95% confidence intervals (95% Cls) were calculated using the random-effects model.

Results: Twelve RCTs including 8,448 patients were eligible. Compared with the control
(placebo and other active treatments), fingolimod significantly increased the risk of
infection (RR, 1.16; 95% Cl, 1.07-1.27; 2, 81%), regardless of whether the infection
was a general infection (RR, 1.14; 95% Cl, 1.05-1.25; 2, 78%), or a serious infection
(RR, 1.49; 95% Cl, 1.06-2.10; /2, 0%). Analyses of subgroups found that fingolimod
significantly increased the risk of lower respiratory infection (RR, 1.48; 95% Cl, 1.19-1.85;
12, 0%) and herpes virus infection (RR, 1.34; 95% CI, 1.01-1.78; /2, 9%). There appears
to be no dose-dependent increase in the risk of infection associated with fingolimod (0.5
mg: RR, 1.15; 95% Cl, 1.07-1.25; 2, 91%; 1.25 mg: RR, 1.11; 95% ClI, 0.97-1.28; /2,
81%; Pinteraction = 0.66).

Conclusions: Compared with a placebo and other active treatments, fingolimod was
associated with a 16% increase in the risk of infection, especially lower respiratory
infection and herpes virus infection. The risk of infection associated with fingolimod might
not be dose related.

Keywords: fingolimod, multiple sclerosis, infection, dose-dependence, meta-analysis
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INTRODUCTION

Multiple sclerosis (MS) is an immune-mediated chronic
inflammatory demyelinating disease that mainly affects the
central nervous system. Clinically, it is characterized by recurrent
relapses, progression, or both, typically striking adults, primarily
young adults, and ultimately leading to severe neurological
disability (1, 2).

Disease-modifying therapy (DMT), which effectively reduces
the recurrence rate and the accumulation of disability, is the
preferred treatment in the remission period of MS. At present,
there are 15 DMTs approved by the US Food and Drug
Administration (FDA), including first-generation DMTs [such
as interferon beta (IFN-B) and glatiramer acetate (GA)] and
second-generation DMTs (such as fingolimod, teriflunomide,
alemtuzumab, ocrelizumab, daclizumab, mitoxantrone, and
natalizumab) (3). All DMTs target the immune system and
interfere with the inflammatory process of the disease through
immunomodulation or immunosuppression, which theoretically
leads to a potential risk of infection in patients with MS (4).
Therefore, the infection risk due to DMT has become one of the
main considerations in the clinical decision-making process.

Among the second-generation DMTS, fingolimod is the first
oral DMT approved by the FDA. With the dual functions of the
regulation of immune inflammation and the protection of the
central nervous system, fingolimod is one of the first-line DMTs
for MS (5, 6). However, safety issues associated with fingolimod
in randomized controlled trials (RCTs) have raised concerns
about the risk of infection. More than 80% of the subjects
who were included in three large phase III clinical trials of
fingolimod experienced an infection of the event during the trial.
FREEDOMS I (7) and II (8) showed that there was no significant
difference in the incidence of infection between the fingolimod
treatment group and the control group. In the TRANSFORMS
study (9), the infection rate in the fingolimod treatment
group was significantly higher than that in the control group.
Given the contradictory results above, we therefore summarized
all available evidence from RCTs for a comprehensive and
rigorous meta-analysis of the risk of infection associated
with fingolimod.

METHODS

Data Sources and Searches

We followed the standards of the Cochrane Collaboration and
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement for reporting systematic reviews
(10). We searched PubMed, EMBASE, and the Cochrane Library
databases (up to April 8, 2020) to identify published RCTs
that focused on patients with MS treated with fingolimod. The
search terms were as follows: (“Multiple sclerosis” OR “Sclerosis,
Multiple” OR “Sclerosis, Disseminated” OR “Disseminated
Sclerosis” OR “Multiple Sclerosis” OR “Multiple Sclerosis,
Acute Fulminating” OR “related-limiting Multiple Sclerosis”
OR “primary progressive Multiple Sclerosis” OR “secondary
progressive Multiple Sclerosis”) AND (“fingolimod” OR “FTY
720" OR “Gilenya” OR “Gilenia” OR Fingolimod) AND
(“clinical trial” OR “controlled clinical trial” OR “randomized

controlled trials”). We also identified potential studies from the
clinicaltrials.gov platform (www.clinicaltrials.gov).

Study Selection and Outcomes

Studies were eligible if they met the following criteria: (1)
RCTs reported in full-text publications; (2) comparison
of fingolimod with a placebo or other DMTs (IFN-f,
GA, teriflunomide, dimethyl pimarate-DMF, natalizumab,
alemtuzumab, ocrelizumab, daclizumab, mitoxantrone, etc.)
in patients with MS; and (3) the infection was reported as
an adverse event. Two reviewers (ZZ and YL) independently
screened all citations from the initial search. Any discrepancy
was referred to a third reviewer (ZG) and resolved by discussion.
The primary outcome of this study was the overall infection,
and the secondary outcomes were general infection, serious
infection, and other different types of infection. According
to the definition of serious adverse events in clinical studies
on the clinicaltrials.gov website, serious infection in studies
included in this meta-analysis was defined as an adverse event
with the following results: (1) life-threatening or resulting in
death or (2) patient hospitalization or extension of a current
hospital stay, resulting in an ongoing or significant incapacity or
interfering substantially with normal life functions. An infection
event that did not meet the definition above was considered a
general infection.

Data Extraction

Two reviewers (ZZ and YL) independently extracted the data
using a self-designed form, which included the first author
(publication year), the National Clinical Trial (NCT) number, the
sample size, duration of follow-up, the study design (intervention
groups and control groups), the country of origin, patient
characteristics (age and sex ratio), disease characteristics [MS
subtype and expanded disability status scale (EDSS) criteria],
DMTs used in 30 days prior to the start of the study,
concomitant drugs, and data of infection events. Published
data and supplementary data on the clinicaltrials.gov platform
were collected for each of the studies, which included upper
respiratory tract infection (nasopharyngitis, sinusitis, rhinitis,
pharyngitis, etc.), lower respiratory tract or lung infection
(bronchitis, pneumonia, etc.), influenza virus infection, herpes
viral infection (herpes zoster infection, oral herpes infection,
cerebral herpes infection, etc.), digestive system infection
(appendicitis, gastroenteritis, diverticulitis, etc.), urinary system
infection (urinary tract infection, cystitis, pyelonephritis, etc.),
abscess (streptococcal abscess, knee abscess, abdominal abscess,
etc.), and other infections, such as otitis media, urinary sepsis,
cryptococcal infection, and vulvitis.

Quality Evaluation

The methodological quality of each included RCT was assessed
according to the Cochrane Collaboration Risk of Bias Tool (11).
The quality of trials was judged as low, unclear, or high in terms
of the risk of bias based on the following domains: random
sequence generation (selection bias), allocation concealment
(selection bias), blinding (performance bias and detection bias),
incomplete outcome data (attrition bias), and selective reporting
(reporting bias).
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database searching

33 records identified through

clinicaltrials.gov

PubMed (n=182)
Embase (n=2042)
Cochrane (n=402)

{

466 duplicates removed

\ 4 v

2193 records screened based on titles and abstracts

\ 4

177 full-text articles assessed for eligibility

> 2016 records excluded by title and abstract screening
165 full-text articles excluded
Subanlyses (n=35)
> Conference abstract or letter (n=75)

A 4
12 articles included in the quantitative synthesis
RCTs (n=12)

FIGURE 1 | Flow diagram for the selection of eligible randomized controlled trials.

RCTs,

Overlapping studies (n=11)
Data not reported (n=2)
Not multiple sclerosis patients (n=3)
Infection data not reported (n=1)
One arm study or other agents as the control (n=37)

Not estimable (n=1)

randomized controlled trials.

Statistical Analysis

Statistical analyses were performed using RevMan 5.3 software
(Nordic Cochrane Centre, The Cochrane Collaboration). Relative
risks (RRs) and their 95% confidence intervals (95% Cls) were
used to calculate the comparative effect sizes, with p < 0.05
indicating a statistically significant difference. Heterogeneity
between studies was assessed and judged as low (< 25%),
moderate (25-75%), and high (> 75%) by the I statistic (12).
Subgroup analyses were performed according to the severity
of infection (general infection and serious infection), different
types of infection events (upper respiratory tract infection, lower
respiratory tract and lung infection, influenza, herpes virus
infection, digestive system infection, urinary system infection,
and abscess), and the dosage of fingolimod (0.5mg daily and
1.25mg daily). An interaction analysis (p for interaction) was
performed to evaluate the estimated difference between a high
dosage and low dosage of fingolimod. A leave-1-out sensitivity
analysis was applied to explore whether a single study had
an excessive influence on infection incidence. To detect the
robustness of the results, further serial sensitivity analyses were
conducted by excluding studies that were an open-label design, or
excluding studies whose follow-up durations were < 12 months,
or excluding studies that used an active agent as the control
(IFN-B, GA, natalizumab) (13). Potential publication bias was
evaluated by visually inspecting the funnel plots (12).

RESULTS

Search Results and Study Evaluation
Our initial search identified 2,626 records from databases
and 33 records from the clinicaltrials.gov platform; 2,016

records were excluded by screening titles and abstracts. Then,
we reviewed the full text of the remaining 177 articles
and ultimately included 12 RCTs (7-9, 14-20) (Figure 1).
The characteristics of the included RCTs and the detailed
infection outcomes reported in each RCT are summarized
in Table 1, Supplementary Table 1. The included studies were
published from 2010 to 2019, with trial durations ranging
from 6 weeks to 24 months. A total of 8,448 patients were
enroled, among which 5,257 (62.2%) patients were treated
with fingolimod and 3,191 (37.8%) patients were treated
with a placebo or first-generation DMTs. Of these 12 trials,
all studies (6,508 patients) involved low-dose fingolimod
(0.5mg daily), and four studies (1,940 patients) also involved
high-dose fingolimod (1.25mg daily). Details of the quality
evaluation are summarized in Supplementary Figure 1. Of
the 12 RCTs, 4 were non-double-blind clinical studies (16,
20); therefore, we considered the quality of the evidence to
be moderate.

Overall Risk of Infection

The overall rate of infection was 55.13% (4,580/8,308) after
pooling the data from the 12 RCTs: 56.78% (3,016/5,312)
in the fingolimod-treated group and 52.20% (1,564/2,996) in
the control group. Compared with the control, fingolimod
significantly increased the overall risk of infection (RR,
1.16; 95% CI, 1.07-1.27; I?, 81%). The subgroup analysis
indicated that both general infection (RR, 1.14; 95% CI,
1.05-1.25; I?, 78%) and serious infection (RR, 1.49; 95%
CIL, 1.06-2.10; I?, 0%) were significantly more prevalent in
the fingolimod treatment group than in the control group
(Figure 2).
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TABLE 1 | Characteristics of randomized clinical trials.

Source Total Duration Trial group Control group Participants MS EDSS Previous Combination
number subtype criteria DMT use medicine
Treatment n Treatment n Age Female,%
Cohen et al. (9) 1,292 12 months  Fingolimod 0.5mg or 748 IFNB-1a 30 pgim gqw 435 18-55  66.6 (fingolimod) 67.8 RRMS 0-5.5 NA NA
(TRANSFORMS) 1.25mg po qd (placebo)
Kappos et al. (7) 1,272 24 months  Fingolimod 0.5mg or 854 Placebo po qd 418 18-565  69.2 (fingolimod) 71.3 RRMS 0-5.5 NA NA
(FREEDOMS) 1.256mg po ad (placebo)
Saida et al. (14) 171 6 months Fingolimod 0.6mg or 114 Placebo po qd 57 18-60 69.2 (fingolimod) 68.4 RRMS 0-6.0 NA NA
1.25mg po qd (placebo)
Calabresi et al. (8) 1,083 24 months  Fingolimod 0.5mg or 748 Placebo po qd 335 18-55  76.5 (fingolimod) 81 RRMS 0-5.5 NA NA
(FREEDOMS 1) 1.25mg po ad (placebo)
Fox et al. (16) (EPOC) 1,053 6-9 months  Fingolimod 0.5mg po 790 IFNB-1b 0.25mgsc 263 18-65  76.1 (fingolimod) 79.1 RRMS 0-5.5 GAorlFNB-taor  NA
qd god or IFNB-1a 30 ng (iDMT) IFNB-1b or
im qw or IFNB-1a natalizumab
22/44 ng sc tiw or GA
20mg sc qd
Kappos et al. (17) 138 12 weeks Fingolimod 0.6 mg po 95 Placebo po qd 43 18-55  68.4 (fingolimod) 67.4 RRMS 0-6.5 NA Seasonal influenza
qd (placebo) vaccination and
tetanus booster
vaccination
Lublin et al. (18) 970 36 months to Fingolimod 0.5mg po 483 Placebo po qd 487 25-65 49 (fingolimod) 48 PPMS 0-5.0 NA NA
(INFORMS) 2 years qd (placebo)
Comi et al. (21) 198 18 months  Fingolimod 0.5mg po 106 IFNB-1b 0.26mgsc 51 1860 71.25(0.5mg) 67.86 RRMS 0-5.0 NA NA
(GOLDEN) qd every other day (IFN B-1b)
Chitnis et al. (19) 215 24 months  Fingolimod 0.5mg po 107 IFNB-1a 30 pgimgw 108 10-17  65.4 (fingolimod) 65.4 RRMS 0-56.0 NA NA
(PARADIGMS) qd (0.25mg po qd for (IFN B-1a)
patients with a body
weight <40kg)
Cree BAC et al. (20) 881 12 months  Fingolimod 0.5mg po 436 GA 20mg sc gd or 439 18-65  71.3 (fingolimod) 74.9 RRMS 0-6.0 NA NA
(PREFERMS) qd IFNB-1a 30 pg im qw (iDMT)
Biogen Study Medical 111 24 months  Fingolimod 0.5mg po 54 Natalizumab 300 mg iv 54 18-65  70.4 (fingolimod) 68.5 RRMS 0-5.5 NA NA
Director (22) (REVEAL) qd qw (natalizumab)
Novartis 1,064 12 months  Fingolimod 0.25mg or 722 GA 20mg sc qd 342 18-65  74.8 (fingolimod) 73.7 RRMS 0-6.0 NA NA

Pharmaceutical (23)

0.5mg po qd

@A)

GA, glatirameracetate; IFNB, interferon B, iDMT, injected disease-modifying therapy;, DMT, injected disease-modifying therapy; MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multiple
sclerosis; EDSS, expanded disability status scale; po, peros; im, intramuscular injection; sc, subcutaneous; iv, intravenous injection; qd, quaque die; qw, quaque week; god, quaque omni die; tiw, three times per week; NA, not available.
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Fingolimod Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M.H, Random, 95% CI M.H, Random, 95% CI
1.2 Total infection
Biogen Study Medical Director 2017 8 54 3 54 05% 2.67[0.75,9.52] >
Bruce AC etal 2018 101 433 59 428 6.0% 1.69[1.26, 2.27] —
Calabresi, P.Aetal 2014 702 728 321 355 17.4% 1.07 [1.03,1.11] -
Chitnis T etal 2018 75 107 51 107 7.8% 1.47[1.16,1.86] —
Comi, G etal 2017 6 104 3 47 04% 0.90 [0.24, 3.46] * »
Fox, Eetal 2014 177 783 38 245 53% 1.46[1.06, 2.01] T
Jefirey Aetal 2010 516 849 224 431 142% 1.171.05,1.30] T
Kappos, Letal 2015 3 95 17 43 29% 0.83[0.52,1.32]
Lublin F etal 2016 393 483 393 487 16.5% 1.01 [0.95,1.07] 1
Ludwig Ketal 2010 737 854 360 418 17.0% 1.00[0.96, 1.05] =
Novartis Pharmaceuticals 2019 211 11 73 324 7.9% 1.32[1.05, 1.66] — ..
Saida, Tetal 2012 59 111 22 57 4.2% 1.38[0.95, 2.00]
Total (95% CI) 5312 2996 100.0% 1.16 [1.07, 1.27] >
Total events 3016 1564
Heterogeneity: Tau®*= 0.01; Chi*= 58.28, df=11 (P < 0.00001); F=81%
Test for overall effect: Z= 3.38 (P = 0.0007)
1.2.1 General infection
Biogen Study Medical Director 2017 8 54 3 54 05% 2.67[0.75,9.52] I
Bruce AC etal 2018 92 433 59 428 6.0% 1.54[1.14,2.08) i
Calabresi, P.Aetal 2014 684 728 317 355 15.7% 1.05[1.01,1.10) r
Chitnis T et al 2018 70 107 43 107  7.4% 1.43[1.11,1.83] i
Comi, Getal 2017 4 104 3 47 04% 0.60[0.14, 2.59] ==
Fox, E etal 2014 172 783 37 245 53% 1.45[1.05, 2.01) —
Jeffrey Aetal 2010 508 849 219 431 13.2% 1.18[1.06, 1.31) =
Kappos, Letal 2015 3 g5 16 43 29% 0.88[0.54,1.42) = A
Lublin F etal 2016 357 483 365 487 146% 0.99 [0.92, 1.06) b
Ludwig Ketal 2010 720 854 357 418 155% 0.99 [0.94, 1.04) "
Novartis Pharmaceuticals 2019 198 711 63 324 77% 1.31[1.03, 1.66) [
Saida, Tetal 2012 59 11 22 57 4.4% 1.38[0.95, 2.00] =
Subtotal (95% CI) 5312 2996 93.7% 1.14[1.05, 1.25] ¢
Total events 2903 1516
Heterogeneity: Tau?= 0.01; Chi*= 50.60, df= 11 (P < 0.00001); *= 78%
Test for overall effect: Z= 2.97 (P = 0.003)
1.2.2 Serious infection
Bruce AC etal 2018 ] 433 0 428 01% 18.78[1.10,321.67] L
Calabresi, P.Aetal 2014 18 728 4 355 07% 2.19[0.75, 6.44] b
Chitnis T et al 2018 5 107 2 107 0.3% 2.50[0.50,12.60] =i
Comi, Getal 2017 2 104 0 47 01% 2.29(0.11, 46.70]
Fox, Eetal 2014 5 783 1 245 02% 1.56[0.18,13.33]
Jeffrey Aetal 2010 8 8489 5 431 07% 0.81[0.27, 2.47) S
Kappos, Letal 2015 0 95 1 43 01% 0.15[0.01,3.68 *
Lublin F etal 2016 36 483 28 487  3.0% 1.30[0.80, 2.09] o B
Ludwig Ketal 2010 17 854 3 418 05% 2.77[0.82,9.41) ]
Novartis Pharmaceuticals 2019 13 71 4 324 0.7% 1.48(0.49, 4.51] N S
Subtotal (95% CI) 5147 2885  6.3% 1.49[1.06, 2.10] @
Total events 113 48
Heterogeneity: Tau?= 0.00; Chi*= 8.72, df= 9 (P = 0.46), F= 0%
Test for overall effect. Z=2.27 (P=0.02)
Total (95% CI) 5312 2996 100.0% 1.16 [1.07, 1.27] S
Total events 3016 1564
Heterogeneity: Tau?= 0.01; Chi*= 58.28, df= 11 (P < 0.00001); F=81% u=5 057 1=5 2

Testfor overall effect. Z= 3.38 (P = 0.0007) Favours [experimental) Favours [control]

FIGURE 2 | Forest plot with meta-analysis of the overall risk of infection. RR, relative risk; 95% Cl, 95% confidence interval.

Risk of Infection by Type of Infection was found between fingolimod and the control in terms of upper
As shown in Figure 3, subgroup analyses were conducted for  respiratory tract infection (RR, 1.05; 95% CI, 0.87-1.27; I, 86%),
different infection types. Compared with the control, fingolimod  influenza virus infection (RR, 1.09; 95% CI, 0.90-1.33; I2, 1%),
significantly increased the risk of lower respiratory infection (RR,  digestive system infection (RR, 0.95; 95% CI, 0.65-1.39; I, 0%),
1.48; 95% CI, 1.19-1.85; I2, 0%) and herpes virus infection (RR,  urinary system infection (RR, 1.05; 95% CI, 0.84-1.33; I, 48%),
1.34; 95% CI, 1.01-1.78; I, 9%). No significant risk difference  and abscess (RR, 1.32; 95% CI, 0.45-3.91; I, 0%).
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Fingolimod Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H.Random,95% Cl M-H, Random, 95% CI
3.1.1 Upper respiratory tract infection
Biogen Study Medical Director 2017 5 54 1 54  03% 5.00[0.60, 41.39] e i
Bruce AC etal 2018 72 433 43 428 33% 1.66[1.16, 2.36) -
Calabresi, PAetal 2014 378 728 185 356 47% 1.00(0.88,1.13] T
Chitnis T etal 2018 58 107 45 107 38% 1.31[0.99,1.74] —
Comi, G etal 2017 5 104 3 47 0.6% 0.75(0.19,3.02)
Fox Eetal 2014 120 783 35 245 34% 1.07[0.76,1.52) N
Jeffrey A etal 2010 308 849 256 431 47% 0.61(0.54,0.89] ==
Kappos, L etal 2015 26 95 14 43 23% 0.84[0.49,1.44) _
Lublin F etal 2016 177 483 194 487  45% 0.92(0.78,1.08] -T
Ludwig K etal 2010 422 854 214 418 47% 0.97[0.86, 1.08] -
Novartis Pharmaceuticals 2019 13 m 34 324 33% 1.511.06,217) E—
Saida, Tetal 2012 51 111 22 57 31% 1.19[0.81,1.75) -
Subtotal (95% CI) 5312 2096 38.8% 1.05[0.87, 1.27) >
Total events 1736 1046
Heterogeneity: Tau*= 0.07; Chi*= 78.40, df= 11 (P < 0.00001), F= 86%
Test for overall effect. Z= 0.52 (P = 0.60)
3.1.2 Lower respiratory tract or lung infection
Bruce AC etal 2018 3 433 0 428 01% 6.92(0.36, 133.55)
Calabresi, PAetal 2014 82 728 3 355  31% 1.29[0.87,1.91] T
Comi, G etal 2017 1104 0 47 01% 1.37(0.08, 33.06)
Fox, Eetal 2014 13 783 5 245 1.0% 0.81[0.29, 2.26)
Jeffrey A etal 2010 40 849 11 431 1.8% 1.85(0.96, 3.56) 1
LublinF etal 2016 42 483 31 487 28% 1.37[0.87,2.14] =
Ludwig K etal 2010 92 854 25 418 29% 1.80(1.18,2.76]
Novartis Pharmaceuticals 2019 1 7M1 0 324 01% 1.37[0.06, 33.52]
Saida, Tetal 2012 4 1 0 57 01% 4.66[0.26, 85.09]
Subtotal (95% Cl) 5056 2792 121% 1.48[1.19, 1.85] >
Total events 278 103
Heterogeneity: Tau*= 0.00; Chi*= 4.84, df= 8 (P = 0.77), F= 0%
Test for overall effect: Z= 3.51 (P = 0.0005)
3.1.3 Influenza virus infection
Calabresi, PAetal 2014 62 728 24 355  2.7% 1.26(0.80, 1.98) -
Chitnis Tetal 2018 12 107 4 107 0.9% 3.00(1.00,9.01] —
Jeffrey Aetal 2010 57 849 32 4 2.9% 0.90(0.60, 1.37) I
LublinF etal 2016 43 483 45 487 31% 0.96 [0.65, 1.44] i
Ludwig Ketal 2010 95 854 a1 418 34% 1.13(0.80, 1.60) -1
Novartis Pharmaceuticals 2019 2 M 0 324 01% 2.28(0.11, 47.40] * >
Subtotal (95% Cl) 3732 2122 13.1% 1.09 [0.90, 1.33] -
Total events n 146
Heterogeneity. Tau*= 0.00; Chi*=5.07, df=5 (P = 0.41); F=1%
Test for overall effect. Z=0.90 (P = 0.37)
3.1.4 Herpesvirus infection
Calabresi, P Aetal 2014 68 728 19 355  25% 1.75(1.07, 2.86)
Jeffrey Aetal 2010 36 849 13 431 20% 1.41[0.75,2.62] ]
Kappos, L etal 2015 0 95 1 43 01% 0.15(0.01,3.68]
LublinF etal 2016 5 483 2 487 04% 2.52[0.49,12.93]
Ludwig K et al 2010 95 854 41 418 34% 1.13(0.80, 1.60] "
Subtotal (95% Cl) 3009 1734 84% 1.34[1.01,1.78]
Total events 204 76
Heterogeneity: Tau*= 0.01; Chi*= 4.38, df= 4 (P = 0.36); F= 9%
Test for overall effect: Z= 2.05 (P = 0.04)
3.1.5 Digestive system infection
Bruce AC etal 2018 1 433 0 428 01% 297(0.12,72.59) ¢ P
Calabresi, P.Aetal 2014 4 728 2 355 04% 0.98(0.18,5.30
Chitnis Tetal 2018 2 107 1 107 02% 2.00(0.18,21.73)
Fox, Eetal 2014 1 783 0 245 01% 0.94[0.04,23.03]
Jeffrey A etal 2010 24 849 13 43 1.8% 0.94 (0.48,1.82) I E—
LublinF etal 2016 26 483 27 487  24% 0.97[0.58,1.64] Y
Ludwig K etal 2010 1 854 4 418 02% 012(0.01,1.09) ¥
Novartis Pharmaceuticals 2019 4 m 1 324 02% 1.82[0.20, 16.24]
Subtotal (95% Cl) 4948 2795  55% 0.95[0.65, 1.39] g
Total events 6 48
Heterogeneity. Tau*= 0.00; Chi*= 4.59, df=7 (P = 0.71); F= 0%
Test for overall effect Z=0.26 (P = 0.79)
3.1.6 Urinary system infection
Biogen Study Medical Director 2017 3 54 2 54 0.4% 1.50(0.26, 8.62]
Bruce AC etal 2018 24 433 16 428  2.0% 1.48[0.80, 2.75) —
Calabresi, P Aetal 2014 104 728 60 355 37% 0.85(0.63,1.13] ===
Comi, G etal 2017 1 104 0 47 01% 1.37(0.06, 33.06] *
Fox, Eetal 2014 42 783 10 245 1.8% 1.31[0.67, 2.58] S i
Jefirey Aetal 2010 50 849 13 431 21% 1.95[1.07,3.55)
Kappos, Letal 2015 5 95 2 43 0.4% 1.13(0.23,5.60)
LublinF etal 2016 98 483 90 487 4.0% 1.10[0.85,1.42) T
Ludwig Ketal 2010 60 854 43 418 33% 0.60[0.42,0.86) E—
Novartis Pharmaceuticals 2019 9 7M1 37 324 33% 1.11[0.77,1.59) e
Subtotal (95% Cl) 5094 2832 21.0% 1.05[0.84, 1.33] -
Total events 477 279
Heterogeneity. Tau*= 0.05; Chi*=17.24, df= 9 (P = 0.05); F= 48%
Test for overall effect: Z= 0.45 (P = 0.65)
3.1.7 Abscess
Bruce AC etal 2018 2 433 0 428 01% 4.94[0.24,102.65]
Calabresi, PAetal 2014 2 728 0 355 01% 2.44(0.12,50.72)
Chitnis Tetal 2018 2 107 1 107 02% 2.00[0.18,21.73]
Jeffrey A etal 2010 0 849 2 431 01% 0.10(0.00, 2.11]
Ludwig Ketal 2010 5 854 1 418  03% 2.45[0.29,20.88]
Novartis Pharmaceuticals 2019 1M 1324 02% 0.46(0.03, 7.26]
Subtotal (95% Cl) 3682 2063 1.0% 1.32[0.45,3.91]
Total events 12 5 ) ) X

Heterogeneity: Tau®= 0.00; Ch*= 4.64, df=5 (P = 0.46); F= 0%

Test for overall effect: Z= 0.50 (P = 0.62)

0.2 [ 1

2
Favours [experimental] Favours (control]

5

FIGURE 3 | Forest plot with subgroup analysis of different types of infection. RR, relative risk; 95% Cl, 95% confidence interval.
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Risk of Infection by Dose Size

Fingolimod was available in two doses: 0.5 mg daily and 1.25 mg
daily. A total of 6,660 patients from 12 RCTs received fingolimod
0.5 mg daily, and compared with those in the control group, these
patients had a significantly higher risk of infection (RR, 1.15; 95%
CI, 1.07-1.25; I, 81%). A total of 2,521 patients from four RCTs
received fingolimod 1.25 mg daily, and the incidence of infection
was 80.40% (1,013/1,260) in the fingolimod-treated group and
73.51% (927/1,261) in the control group, indicating that there
was no significant difference in the occurrence rate of infection
between the fingolimod and control groups (RR, 1.11; 95% CI,
0.97-1.28; 12, 91%) (Figure 4). However, we failed to find an
estimated difference between the high dosage and low dosage of
the fingolimod groups (Pinteraction = 0.66), which indicated that
the risk of infection associated with fingolimod might not be
dose dependent.

Sensitivity Analyses

The leave-1-out sensitivity analysis failed to identify any
individual trial as having influenced the primacy outcome.
Besides, further sensitivity analyses by excluding studies that were
an open-label design or whose follow-up durations were < 12
months or that used an active agent as the control (IFN-f8, GA,
natalizumab), which all confirmed the robustness of primacy
results (Supplementary Table 2).

Publication Bias

Visual inspection of the funnel plots for the analyses showed
that all plots exhibited fairly symmetrical inverted funnel
shapes, suggesting that publication bias was not a concern
(Supplementary Figure 2).

DISCUSSION
Major Findings

The risk of infection has been recognized as one of the main
considerations when choosing appropriate DMT for patients
with MS in the clinical setting (24). As a highly effective second-
generation DMT, fingolimod has great clinical application in
patients with MS, but whether fingolimod increases the risk
of infection remains uncertain. This systematic review and
meta-analysis firstly provided a comprehensive overview of
fingolimod-associated infection risk based on 12 RCTs, including
8,448 patients with MS. The major findings were as follows: (1)
fingolimod use increased the risk of overall infection by 16%, and
the incidence of both general and serious infections increased
significantly; (2) fingolimod use was associated with a higher risk
of lower respiratory and herpes virus infection; and (3) the risk of
infection associated with fingolimod might be dose independent.

Comparison With Previous Studies

There were three systematic reviews that focused on fingolimod,
two of which systematically reviewed real-world data on
fingolimod to determine its persistence and efficacy (25, 26).
In these studies, the overall incidence of adverse events (AEs)
was counted, and no systematic analysis for specific adverse
events (such as infection) was performed. At present, only one

study in 2019 evaluated the efficacy and safety of fingolimod
using 10 RCTs (27). In that study, bronchitis, nasopharyngitis,
sinusitis, and urinary tract infection were considered infection
events, and the analysis indicated that fingolimod was associated
with a significantly increased risk of bronchitis, which was
consistent with our result that fingolimod increased the risk
of lower respiratory infection. However, they did not find any
significant difference between the fingolimod and control groups
in terms of the overall incidence of infection. Considering an
important limitation of that study, i.e., that only some AEs with
a high incidence were retrieved, and their assessment of the
risk of infection was not comprehensive. Therefore, considering
the limitations of previous studies, this systematic review
included all the infection events reported in RCTs, regardless of
whether they were common or not, to systematically evaluate
the risk of infection associated with fingolimod. Moreover, in
addition to the currently published studies, we also included
unpublished RCTs on the clinicaltrials.gov website to make the
study more comprehensive.

We ultimately retrieved data from 12 RCTs, and we confirmed
that fingolimod is associated with a relatively higher risk
of infection than placebos and other active DMTs (IFN-B,
GA, and natalizumab), which is consistent with two previous
observational studies (28, 29). This study also highlighted
the existence of different risk profiles for different types
of infection associated with fingolimod. Subgroup analysis
indicated that the incidence of lower respiratory infection and
herpes virus infection increased significantly in patients treated
with fingolimod. Since there were some studies suggesting that
the occurrence of AEs associated with fingolimod might be
dose dependent (30), we also assessed the correlation between
infection risk and fingolimod dosage. However, the results
showed that the risk of infection associated with fingolimod
might be dose independent (Pipteraction = 0.66).

Potential Mechanism

There were two possible explanations for why fingolimod was
associated with a higher risk of infection in MS patients. First,
as a sphingosine-1-phosphate (S1P) analog and a functional
modulator of the S1P receptor, fingolimod-P causes the
internalization of SIP;R from the cell membrane in lymph
node T cells. As a result, the functional balance between S1P;R
and lymph node-homing CC chemokine receptor (CCR?7) is
interrupted, and CCR7 + primitive T cells and central memory
T cells (TCM) are unable to resist CCR7-mediated lymph node
retention, thereby remaining in lymph nodes. Therefore, the
number of peripheral T cells migrating to the CNS decreases,
which may cause the occurrence of infection (5, 31, 32). A
subanalysis of a phase III RCT for fingolimod indicated that
the lymphocyte count dropped rapidly within 2 weeks after
the start of treatment; however, no trend was found in the
relationship between the incidence of infection and decreases in
lymphocytes and the duration of treatment (33). Additionally, it
is worth noting that the counts of peripheral lymphocytes reflect
only 2% of the total lymphocytes in the body, and fingolimod
mainly reduces circulating CD4 + T cells, retaining CCR7—
effector T cells involved in controlling microbial infections (34).
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fingolimod Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H., Random, 95% CI
4.8.1 1.25mg fingolimod
Calabresi, PAetal 2014 345 358 321 355 125% 1.07[1.02,1.11) -
Jefirey Aetal 2010 290 423 224 431 9.3% 1.32[1.18,1.47) .
Ludwig Ketal 2010 350 425 360 418 11.8% 0.96 [0.90, 1.01) -
Saida, Tetal 2012 28 54 22 57  2.0% 1.34[0.89, 2.04) >
Subtotal (95% CI) 1260 1261 35.5% 1.11[0.97, 1.28] il
Total events 1013 927
Heterogeneity: Tau®= 0.01; Chi*= 32.74, df= 3 (P < 0.00001); F=91%
Test for overall effect. Z=1.53 (P=0.13)
4.8.2 0.5mg fingolimod
Biogen Study Medical Director 2017 8 54 3 54 0.2% 2.67(0.75,9.52) >
Bruce AC etal 2018 101 433 59 428 3.4% 1.69[1.26, 2.27] I —_
Calabresi, PAetal 2014 357 358 321 355 126% 1.10[1.07,1.14] -
Chitnis Tetal 2018 75 107 51 107 47% 1.47[1.16,1.86) I C—
Comi, G etal 2017 6 104 3 47 0.2% 0.90[0.24, 3.46]) * >
Fox, E etal 2014 177 783 38 245  3.0% 1.46[1.06, 2.01] >
Jefirey Aetal 2010 226 423 224 431 8.6% 1.03[0.91,1.17] A R
Kappos, Letal 2015 kil 95 17 43 1.6% 0.83[0.52,1.32]
Lublin F etal 2016 393 483 393 487 11.7% 1.01 [0.95,1.07] -
Ludwig Ketal 2010 387 425 360 418 12.2% 1.06[1.01,1.11] =
Novartis Pharmaceuticals 2019 110 345 73 324 42% 1.42[1.10,1.82) e
Saida, Tetal 2012 kil 54 22 57 21% 1.49[1.00, 2.22] g
Subtotal (95% CI) 3664 2996 64.5% 1.15[1.07, 1.25] -
Total events 1902 1564
Heterogeneity: Tau?= 0.01; Chi*= 44.97, df= 11 (P < 0.00001); = 76% 0=7 2 :es 1=2 1=5
Testfor overall efiect Z= 3.54 (P = 0.0004) Favours [experimental] Favours [control]
FIGURE 4 | Forest plot with subgroup analysis of different doses of fingolimod for infection risk. RR, relative risk; 95% Cl, 95% confidence interval.

Accordingly, the relationship between the decrease in peripheral
lymphocyte counts and the infection caused by fingolimod is still
controversial. Second, studies have also argued that fingolimod
induces some important functional changes in the immune
system, which leads to an increased risk of infection. Under the
effect of fingolimod, T cells decrease the production of cytokines,
such as IFN-y, IL-17, GM-CSE and TNF-a, which can help
to effectively kill congenital effector cells (such as neutrophils
and macrophages) and promote the differentiation of T cells.
Additionally, in the long term, the ratios of CD4 and CD8 in
patients with MS taking fingolimod show a striking reversal of
the normal 2:1 ratio, reminiscent of the changes associated with
AIDS. Of course, the effect of fingolimod on the immune system
is by no means comparable to that of AIDS-associated immune
changes, but the effect of the reversal caused by fingolimod on
the immune response is not fully understood (35). In short, the
specific mechanism of fingolimod-associated infections is not yet
clear, and further research and analyses are still needed.

Clinical Considerations

Given the higher incidence of infection in patients with MS
treated with fingolimod, it might be reasonable to triage patients
according to the following steps: First, clinicians should conduct
a comprehensive assessment of patient conditions for the possible
risk factors, such as their history of infection, history of
immunosuppressive exposure, vaccination history, age, etc., to
determine the best DMT for individual patients (30). Second, a
higher risk of herpes virus infection associated with fingolimod
was indicated in this study; thus, herpes virus serology should
be performed before the start of fingolimod treatment, and flu

vaccination can also be considered. Third, during the treatment
with fingolimod, clinicians need to be alert to the occurrence of
any infection with strict monitoring of clinical signs/symptoms,
especially the lower respiratory infection and herpes virus
infection (28). Adequate laboratory and instrumental tests are
also necessary to make an early diagnosis and promptly start
the treatment where appropriate. Although the current evidence
indicates that the increased risk of infection caused by fingolimod
is associated with its effect on the immune function to a
certain degree, there is no well-established monitoring method
in clinical practice. Monitoring of peripheral lymphocyte counts
can be considered for the decreases in the lymphocyte count
associated with fingolimod. Suppose the lymphocyte count drops
below 0.2 x 10°/L at any visit (at 2 weeks, 1, 2, and 3
months, and every 3 months after that). In that case, fingolimod
should be temporarily discontinued for immune reconstruction
(36), but this indicator has not been used as a standard for
discontinuation in clinical practice. Moreover, for the potential
immune downregulation of fingolimod, live attenuated vaccines
should be avoided during treatment, if possible (34). Summarily,
understanding the infectious effects of fingolimod, taking into
account the prevention, is preferable to treatment.

Strengths and Limitations

The major strength of this study was that we comprehensively
assessed the risk of infection of patients with MS treated with
fingolimod on the basis of evidence from RCTs. Certainly, there
are inherent limitations in this meta-analysis. First, four RCTs
included were open-label studies with low quality, although the
sensitivity analysis showed that their effect on the final result was
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not significant. Second, the heterogeneity among the included
RCTs was relatively high. To address this issue, the random-
effects model was used for the meta-analyses. Besides, several
subgroup analyses as well as serial sensitivity analyses were
performed to strengthen the robustness of the results. All results
were in line with the primacy results. Third, since the FDA
only approved the clinical use of the 0.5 mg daily dose, clinical
trials of 1.25mg daily doses were limited. Hence, the analysis
of different doses in our study might be limited by the small
number of cases in the high-dose group; therefore, the results
must be interpreted cautiously. Fourth, the clinical trials included
in our study were performed at various international institutions,
which might have varying expertise and ability to detect infection,
making it possible that the reported incidence was biased. Fifth,
the timing of infection occurrence might be related to the
duration of treatment. We also conducted a sensitivity analysis by
excluding short follow-up studies, and the result was consistent
with primacy analyses. Sixth, due to the limited number of
cases, certain infections (encephalitis viral, clostridial infection,
mastoiditis, otitis media acute, urosepsis, tinea pedis, vulvitis,
Lyme disease, labyrinthitis, hepatitis C, myelitis, septic shock,
systemic mycosis, arthritis bacterial, clostridium difficile colitis,
device-related sepsis, meningitis fungal, sepsis, etc.) were not
included in the subgroup of different types of infection in the
meta-analysis. Finally, this study only evaluated the infection
risk of fingolimod based on the data from RCTs; to extend
RCT findings to large patient populations in real-world clinical
practice, further design of real-world studies on the evaluation of
fingolimod safety is necessary.

CONCLUSION

In conclusion, by systematically evaluating evidence from
RCTs, we confirmed that fingolimod significantly increased
the risk of infection, especially lower respiratory infection
and herpes virus infections, in patients with MS. Both
general infection and serious infection increased to varying
degrees. However, the risk of infection associated with
fingolimod might not be dose related. These findings can
help clinicians assess the risk of infection of patients treated
with fingolimod.
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The extended interval dosing (EID) of natalizumab has been suggested to be associated
with a reduced risk of progressive multifocal leukoencephalopathy (PML) and short-term
preservation of efficacy but its long-term effectiveness remain unknown. We aimed to
determine the long-term effectiveness and safety of natalizumab in an EID setting in a
cohort of patients with multiple sclerosis (MS) treated for more than 7 years. We
conducted an observational retrospective cohort study, including 39 (34 female, 5
male) patients with clinically definite relapsing-MS, initially treated with standard interval
dosing (SID) of natalizumab (mean time 54 months [SD29]) who were then switched to
EID, every 8 weeks (mean time 76 months [SD13]). The main outcome measures included
the following: i) annualized relapse rate (ARR), ii) radiological activity, iii) disability
progression, and iv) NEDA-3 no evidence of disease activity index. EID preserved ARR,
radiological activity, and prevented disability worsening during follow-up. The proportion
of patients maintaining their NEDA-3 status after 24, 48, and 72 months of natalizumab
administration in EID was 94%, 73%, and 70%, respectively. Stratified analysis according
to history of drug therapy showed that the EID of natalizumab was slightly more effective in
naive patients than in those previously treated with other immunosuppressive drugs. No
cases of PML or other severe adverse reactions were reported. In conclusion, long-term
therapy with natalizumab in an EID setting following an SID regimen maintained its
disease-modifying activity, and was safe and well tolerated for over 7 years. These
encouraging observational results need to be confirmed in controlled clinical trials.

Keywords: extended interval dosing, multiple sclerosis, natalizumab, disease modifying therapy, treatment
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Extended Interval Dosing Natalizumab in MS

INTRODUCTION

The humanized monoclonal antibody natalizumab (Tysabri®;
Biogen-Idec, Cambridge, MA, USA) is directed against the o4
subunit of both 04P1 and 04P7 integrins. The blockage of these
integrins, which are expressed on the cellular surface of
circulating mononuclear cells, prevents their entry into the
central nervous system (CNS) through the blood-brain barrier
(1). Natalizumab administered every 4 weeks reduces CNS
inflammation, and thus it is a rapidly-acting and effective agent
in reducing both clinical and radiological activity, as well as
preventing disability progression in patients with multiple
sclerosis (MS) (2, 3). As a consequence of its mechanism of
action, natalizumab, albeit usually well tolerated, has been
associated with an increased risk of progressive multifocal
leukoencephalopathy (PML), a rare life-threatening infection
caused by the John Cunningham virus (JCV) (4, 5). Presently,
it is widely accepted that the risk of PML is particularly high in
patients who have previously received immunosuppressive
drugs, in JCV positive patients (index > 1.5), and in those
treated with natalizumab for more than 24 months (5). In
contrast, the discontinuation of natalizumab has been
associated with MS reactivation and rebound (6). In this
scenario, clinicians treating patients with MS who are at a high
risk of PML must carefully consider either continuing treatment
with natalizumab or switching to another highly-effective
therapy (6, 7). For patients receiving long-term natalizumab
treatment, several therapeutic strategies have been suggested to
reduce the risk of PML. Among them, several investigators have
suggested extended interval dosing (EID) schedules, most of
them involving drug administration every 6 to 8 weeks (8-11).
EID seems to result in a partial desaturation of drug receptors
that might allow restoring some degree of anti-viral immune
response (1, 12). On this basis, the natalizumab product
information sheet has been recently amended to include the
possibility of using EID (with dosing every 6 weeks) in patients at
high risk of PML (https://www.ema.europa.eu/en/documents/
product-information/tysabri-epar-product-information_en.pdf).
Moreover, a few studies suggest that treatment with EID of
natalizumab is associated with a lower PML risk, while
preserving the effectiveness on the control of disease activity
(8-11). However, these studies included small groups of patients
who were followed-up for short periods (8-11). Confirmation of
the effect of EID is critically important for clinicians to be able to
discuss and help patients take informed decisions regarding a
long-term therapeutic plan once the disease activity is controlled.
Therefore, we aimed to analyze a quite unique cohort of patients
with MS, followed-up for more than 7 years, to study the efficacy
and safety of treatment with natalizumab in an EID setting.

PATIENTS AND METHODS

The present study was motivated by a recent organizational
change at our hospital, in which one author (JR) was asked to

take care of a cohort of patients with MS. This was an
observational retrospective cohort study with analysis of data
collected during routine clinical practice at Hospital
Universitario Sierrallana, in Cantabria, Spain. The protocol was
approved by the institutional review board [Comité de Etica de la
Investigacion con medicamentos de Cantabria (CEIm
Cantabria), reference number: 2019.328] and the study was
conducted in accordance to the relevant guidelines
and regulations.

The inclusion criteria were as follows: i) a diagnosis of
clinically definite relapsing-MS, according to the McDonald
revised criteria (13); ii) age over 18 years; iii) previous
treatment with SID of natalizumab (every 4 weeks) for at least
24 months; and iv) treatment switched to EID of natalizumab
(every 8 weeks).

Clinical charts were reviewed to collect the following
variables: sex, age at diagnosis, symptoms at onset, previous
treatments, duration of treatment with natalizumab in SID,
reason for natalizumab extension, duration of treatment with
natalizumab in EID, clinical relapses during treatment,
magnetic resonance imaging (MRI) lesion load, presence of
gadolinium-enhanced lesions, and the Expanded Disability
Status Scale (EDSS) score. In addition, we carefully checked
for potential natalizumab-related adverse reactions,
specifically PML. Serologic JCV status was monitored every
6 months.

The main outcome measures were as follows: i) the
annualized relapse rate (ARR), ii) presence of brain MRI
activity (considered as at least 2 new T2-hyperintense lesions
and/or new gadolinium-enhancing lesions), iii) EDSS score, and
iv) disability progression assessed by the EDSS and defined as an
increase of 1.5, 1 or 0.5 points in patients with MS having a
previous EDSS score of 0, < 5.5, and = 5.5, respectively. As an
outcome parameter of global disease control, we estimated the no
evidence of disease activity (NEDA-3) status, which includes the
combined absence of clinical relapses, radiological activity as well
as disability progression.

In a complementary analysis, patients were stratified
according to history of previous drug therapy. Thus, we
divided patients into “switchers” if they had previously
undertaken other disease modifying therapy (DMT) and
“naive” if natalizumab was the first DMT used.

Baseline characteristics were compared by the non-
parametric Mann-Whitney U test and the Fisher exact test.
Global differences in ARR and EDSS across groups were tested
by the Kruskal-Wallis test. Subsequently, the Wilcoxon test was
used for pairwise between-group comparisons. Kaplan-Meier
analyses were used to assess the proportion of patients who
maintained their NEDA-3 status and an EDSS score < 6.
Differences were then tested by the Gehan-Breslow-Wilcoxon
test. This procedure was also used to compare differences in the
course of the NEDA-3 status between switchers and naive
patients. p-values < 0.05 were considered as significant. Prism
software (GraphPad Software Inc., San Diego, California) was
used for statistical analysis.
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RESULTS

Patients’ Characteristics

Thirty-nine patients (34 female and 5 male; mean age at
diagnosis, 33 years) were included in the study. The patient
characteristics have been summarized in Table 1. Among them,
26 patients had been previously treated with other DMTs (25,
interferon; 1, azathioprine), while in 13 patients (33%)
natalizumab had been chosen as the initial DMT. Regarding
treatment with natalizumab, all patients included in the study
followed the same therapeutic regimen; they were treated with
natalizumab in an SID setting for at least 24 months.
Subsequently, because of safety concerns, and after having
evaluated other therapeutic options, the dosing schedule was
switched to EID. The primary reason for extending the dosing
interval of natalizumab was the concern of a high risk of PML.
At the inception of this cohort there were very scarce data.
Therefore, it was opted for a potentially safer 8-
week scheduling.

In this context, at the initiation of EID of natalizumab, 32 out
of 39 patients (82%) were seropositive for JCV (quantitative data
concerning the evolution of the JCV index was not available for
all patients). Of note, at the completion of this study, the JCV
index was low (<0.9) in 6 patients, intermediate (0.9-1.5) in 4,
and high (>1.5) in 22 patients. The mean age at the SID initiation

TABLE 1 | Main patients characteristics.

of natalizumab was 39 years (SD, 11) and mean duration of
treatment with SID of natalizumab was 51 months (SD, 20).

Regarding the EID of natalizumab, patients’ mean age at
initiation was 43 years (SD, 10) and the mean duration of
treatment was 77 months (SD, 13).

Natalizumab administration in both, SID and EID regimens,
was well tolerated. We did not find any case of PML or any other
severe adverse reactions leading to natalizumab discontinuation
during the administration of SID or EID regimens (Table 1). The
most frequent adverse effects were respiratory and urinary
tract infections.

ARR, Radiological Activity, and Disability
Progression

Regarding the ARR, a significant difference was found between
the study groups (p<0.0001) (Figure 1A). After initiating
treatment with SID of natalizumab, the ARR significantly
decreased from 0.54 (SD, 0.60) to 0.03 (SD, 0.09; p=0.0005)
(Figure 1A). However, the ARR did not vary significantly
between the SID and EID groups (SID-ARR, 0.025 [SD, 0.026];
EID-ARR, 0.02 [SD, 0.06]; p 0.72) (Figure 1A). Specifically, ARR
remained low during the entire period of treatment with
natalizumab in both SID and EID regimens, ranging from 0 to
0.036 and 0 to 0.035, respectively throughout the 7-year follow-
up period (Figure 1B).

Pre-Natalizumab

Number of patients 39

Age at diagnosis, mean (SD) 33 (10.4)

Females, n (%) 34 (87%)

Previous DMTs 25 (64%)
-IFNB, n (%) 1(2.5%)
-AZA, n (%) 0.45 (0.53)

Pre-Natalizumab AAR (patients treated with DMTs)

Natalizumab

SID (4 weeks) (n=39)

Age at the beginning, mean (SD)
Duration of treatment, mean (SD)
JCV +, n(%) -

38.97 (11.10)

EDSS at the beginning, median [IR] 2[1-3.5]
ARR, mean (SD) 0.03 (0.09)
Radiological activity 0.05 (0.03)
EDSS at the end of the treatment, median [IR] 2 [1-3.5]

Adverse reactions (clinical) (n,[%)])

Adverse reaction (analytical) (n,[%)])

51.12 months (19.89)

Respiratory infection (5 [13%])
Urinary infection (4 [10%)])
Pharyingitis (3 [8%)])

Diarrhea (1 [3%))

Herpes labialis (1[3%])
Headache (1[3%])

Mild lymphocytosis (27 [70%])

Mild liver test alteration (4 [10%)])

Mild granulocytosis (3 [8%])

Decreased mean platelet volume (3 [8%)])
Anemia (1 [3%))

EID (8 weeks) (n=39)

43.41 (10.71)

76.68 months (13.31)

32 (82%)

2 [1-8.5]

0.02 (0.06)

0.04 (0.03)

2 [1-3.5]

Urinary infection (6 [15%])
Respiratory infection (2 [5%)])
Pharyingitis (2 [5%])
Pneumonia (1[3%])

Diarrhea (1[3%))

Herpes labialis (1[3%])
Herpes zoster (1[3%)])
External otitis (1[3%)])

Mild lymphocytosis (21 [54%])
Mild granulocytosis (2 [5%)])
Decreased mean platelet volume (2 [5%)])
Anemia (1 [3%)])

ARR, annualized relapse rate; AZA, azathioprine; DMT, disease modifying therapies; EID, expanded interval dosing; EDSS, expanded disability status scale; IFNp, interferon beta;
IR, interquartile range; JCV, John Cunningham virus; SD, standard deviation; SID, standard interval dosing. Radliological activity was defined as the appearance of at least 2 new T2-

hyperintense lesions and/or new gadolinium-enhancing lesions.
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FIGURE 1 | Annualized relapse rate (ARR) and disability progression in patients treated with natalizumab in extended interval dosing (EID). (A) AAR before
natalizumab treatment (Pre-Natalizumab, orange), during the standard interval dosing (SID, dark blue), and EID (light blue) of natalizumab. A significant difference was
found between the studied groups (Kruskal-Wallis test, p<0.0001). ARR did not significantly vary between the SID and EID groups (Wilcoxon test, p=0.72).

(B) Detailed ARR during the 7-year follow-up of patients treated with natalizumab in SID (dark blue) and EID (light blue). Y1-Y7: ARR during years 1 through 7 in
patients on natalizumab in SID and EID. (C) Radiological activity during the follow-up of patients treated with natalizumab in SID (dark blue) and EID (light blue). Y1-
Y7: radiological activity during years 1 through 7 in patients on natalizumab in SID and EID. Radiological activity was defined as the appearance of at least 2 new T2-
hyperintense lesions and/or new gadolinium-enhancing lesions. (D) Expanded Disability Status Scale (EDSS) score before natalizumab treatment (pre-natalizumab,
orange), during treatment with natalizumab in SID (dark blue) and EID (light blue) settings. No significant differences were noted among the three groups (Kruskal-
Wallis test, p=0.46).

The radiological activity also remained low in both groups of =~ months of therapy with EID regimen, respectively. At month 72
patients with MS receiving the two natalizumab regimens  of the EID regimen, 83% of patients showed no disability
throughout the follow-up period (SID, 0.050 [SD, 0.03]; EID,  progression and 86% showed no clinical relapses (Figure 2A).
0.040 [SD, 0.03]; p= 0.67). Specifically, it ranged from 0 to 0.076 In addition, after 84 months of treatment with EID regimen,
and 0 to 0.081 in the SID and EID groups, respectively (Figure =~ more than 85% of patients maintained an EDSS score < 6
1C). Analysis of ARR and radiological activity showed some  (Figure 2B).
discrepancies, and ARR did not always correlate well with
radiological activity (for example, in year 1 of the EID  Natalizumab-EID in Switchers and Naive
regimen, radiological activity was relatively high whereas ARR ~ Patients
remained very low). Of note, ARR represented clinical relapses ~ In a complementary analysis, patients were divided into two
alone and not radiological activity (Figures 1B, C). Concerning  groups depending on whether they had been treated with other
disability progression, no significant variations in EDSS scores ~ DMTs prior to natalizumab-SID (“switchers”) or not (“naive”).

were observed during the follow-up period (Pre-Natalizumab: The cohort included 26 switchers and 13 naive patients. No sex
median, 2; [interquartile range (IQ), 1-3.5]; Natalizumab-SID: differences were evidenced between groups (switchers: female,
median, 2; IQ, 1-3.5; Natalizumab-EID: median, 2; IQ, 1.5-3.5; 22; males 4; naive: female, 12; male, 1; p=0.45). Of note, switcher
p=0.46) (Figure 1D). patients were slightly older than naive patients (mean age, 41 vs.

The beneficial effect of natalizumab-EID in maintaining 34 years; p=0.05), and exhibited a more advanced disease status
functional status was confirmed by the Kaplan-Meier analysis. ~ (mean EDSS score, 2.75 vs. 1.50; p=0.006). No significant
As shown in Figure 2A, the proportion of patients maintaining  differences were observed in the mean duration of treatment
NEDA-3 status was 94%, 73%, and 70% after 24, 48, and 72  with the SID regimen (switchers vs. naive: 39 vs. 38 months;
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than in the naive ones, the EDSS score was uniformly maintained
A during natalizumab-EID in both groups. In fact, among switchers,
100T— | o NEDA3 the median EDSS score was 2.75 pre-SID, 2.75 pre-EID, and 2 post-
2 g — —— EDSS stability EID. Among the naive patients, the EDSS score was maintained at
2 —\_I Free-relapse 1.5 all through the three study time-points (Figure 3B).

8 604 — Free-MRI Kaplan-Meier plots of NEDA-3 showed that naive patients had
s a significantly more favorable control of disease activity, when
% 401 compared to switchers (p=0.012). In this context, after 72 months
5 204 of EID regimen 84 and 54% of naive and switcher patients,

- respectively, maintained the NEDA-3 status (Figure 3C).

° 0 1l2 2I4 3IG 4'8 6'0 7l2 8l4 9l6
Time (months)
Nu::;rAO: :a:lsnts a;7r|5k 37 34 30 26 25 20 DISC USSION
EDSS 39 39 39 37 35 31 30 24

VR This study was conceived as an opportunity to assess the efficacy of
administering natalizumab in an EID setting following a SID
regimen in patients with MS who were at a high risk of PML.
B Monthly natalizumab is a highly effective regimen for the treatment
100- of patients with MS (2, 3, 14). However, its long-term use is limited
" —‘_\—l — EDSS <6 by an increased risk of PML, which is particularly high in patients
E 801 seropositive for JCV, those previously treated with other
T 6o immunosuppressant drugs, and in those receiving natalizumab
k] for more than 2 years (5, 15-17). Based on its pharmacokinetics,
£ 407 it has been proposed that natalizumab in an EID setting might be
g 204 associated with a lower risk of PML. Interestingly, cases of PML in
& patients with MS treated with natalizumab in an EID setting exhibit
0 less severe disease course, characterized by a prolonged pre-

T T T T T T T 1
0 12 24 36 48 60 72 84 96
Time (months)
Number of patients at risk

EDSS <6 37 37 37 36 34 33 32 25

FIGURE 2 | Preservation of the no evidence of disease activity (NEDA-3)
status and Expanded Disability Status Scale (EDSS) score < 6 in patients
treated with natalizumab in extended interval dosing (EID). (A) Kaplan-Meyer
plots representing the proportion of patients i) maintaining the NEDA-3 status
(orange), ii) showing no worsening of the EDSS score (light blue), iii) showing
no evidence of clinical relapse (purple), and iv) showing no evidence of
radiological activity while on an EID of natalizumab (dark blue). (B) Kaplan-
Meyer plot of the proportion of patients maintaining an EDSS score < 6 while
on an EID of natalizumab.

p=0.11) and EID regimen (switchers vs. naive: 76 vs. 78 months;
p=0.24) between groups. Primary patient data are summarized in
(Table 2). Among switchers, ARR significantly decreased after
initiating SID of natalizumab (from 0.42 [SD, 0.53] to 0.026 [SD,
0.07]; p=0.0008) and remained at the same level when these
patients were treated with the EID regimen (p > 0.99) (Figure
3A). In naive patients, the ARR remained low with both SID
(0.038 [SD 0.13]) and EID (0.010 [SD 0.03]) regimens, without
significant differences between the two periods (p > 0.99) (Figure
3A). In concern to radiological activity, no significant differences
were found after extending natalizumab administration from
SID to EID in both switchers and naive patients (switchers: 0.05
[0.04] vs 0.04 [0.04] p=0.94; naive patients: 0.06 [0.05] vs 0.03
[0.04]; p = 0.20).

Regarding disability progression, although the baseline EDSS
score at initiation of EID regimen was worse in switcher patients

symptomatic phase, pauci-symptomatic onset, low JCV load, less
severe functional impairment during immune reconstitution, and a
mild disability burden (18).

This is supported by several preclinical studies that reported
that extending the dosing interval to 6-8 weeks resulted in a
partial drug receptor desaturation, allowing a small proportion of
lymphocytes to pass through the blood-brain-barrier, leading to
some degree of viral protection (1, 12, 19).

However, there are no studies on the effectiveness of long-term
EID regimen yet. The present study shows that a long-term EID
regimen (up to 7 years) following an SID regimen exhibited a high
effectiveness in controlling disease activity, as evidenced by
parameters such as ARR, radiological activity, and disability
progression. Although several previous studies involved larger
sample size, these included patients with variable dosing intervals,
ranging from 5 to 8 weeks (10, 11), thus complicating the analysis
of effectiveness (8-11). In our study, all patients followed the same
8-week dosing schedule, which was well tolerated and safe,
specifically concerning the risk of PML throughout the 7-year
follow-up. Thus, our long-term results provide further support
for natalizumab therapy in an EID setting, as suggested previously
by a few studies with shorter follow-up (8-11). As expected,
treatment with natalizumab in both SID and EID settings reduced
both the clinical relapse rate and radiological activity. However,
there were some discrepancies between ARR and radiological
activity. At some time points of the EID period, there were no
clinical relapses, despite some evidence of radiological activity,
while at other time points, ARR was slightly higher than
radiological activity. This has been described as the clinico-
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FIGURE 3 | Extended interval dosing (EID) of natalizumab in switchers and naive patients. (A) The mean annualized relapse rate (AAR) before natalizumab treatment
(Pre-SID), during treatment with natalizumab in standard interval dosing (SID), and in EID in switchers (purple) and naive (orange) patients. A significant decrease was
evidenced in switchers after initiating treatment with natalizumab (Wilcoxon test, p=0.0008). ARR remained low in both naive patients and switchers treated with
natalizumab in SID and EID. (B) The median Expanded Disability Status Scale (EDSS) scores before natalizumab treatment (Pre-SID), before EID (Pre-EID), and at the
end of EID period (Post-EID) in switchers (purple) and naive (orange) patients. Although switchers exhibited a significantly higher EDSS score, the score remained
stable all through the follow-up period in both groups. (C) Kaplan-Meyer plots of the proportion of patients maintaining the no evidence of disease activity (NEDA-3)
status (global data: blue line; switchers: orange dashed line; naive: purple dashed line; Gehan-Breslow Wilcoxon test p=0.012).

radiological paradox (20). In fact, MRI may be more sensitive
than clinical observation to detect some mild (subclinical)
relapses. It has been suggested that this may be explained, at
least in part, to cortical plasticity (21). Thus, it might be
speculated that EID regimens might protect more profoundly
from clinically evident inflammatory activity than from
subclinical radiological flares. However, our data cannot give a
clear answer and further randomized trials are needed to either
confirm or disprove this contention.

Stratification of patients according to previous use of other
DMT's showed that natalizumab-EID had a beneficial effect on
both switchers and naive patients, maintaining ARR at low levels
and limiting disability progression as assessed by the EDSS
scores. In contrast to that observed with ARR, disability
analysis among switcher patients revealed that the EDSS scores
did not decrease after initiating natalizumab administration in an

SID setting, but decreased slightly after treatment with the EID
regimen. We do not have a clear explanation for the lack of
disability improvement among switchers after switching to SID
of natalizumab, as has been commonly reported in routine
clinical practice (14, 22). Intriguingly, the proportion of
patients maintaining the NEDA-3 status was slightly higher
among naive patients than among switchers. This could be
related to the fact that patients in the latter group were
initiated on treatment with natalizumab-SID at an advanced
age and with a more advanced disease status than naive patients.
We speculate that treatment with natalizumab at earlier stages of
the disease, in a more severe inflammatory state, might exert a
more pronounced immunomodulatory effect that possibly delays
long-term disease progression (22, 23). Nevertheless, considering
the small sample size of our study, the results of the subgroup
analysis should be interpreted cautiously.
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TABLE 2 | EID natalizumab in switchers/naive patients.

Switchers n=26

Gender 22F, 4AM
JCV +,n(%) 22 (85%)
SID

Age, mean (SD) 41 (12)
Duration, mean (SD) 39 (11)
EDSS, median [IR] 2.75[1.875-4]
ARR, mean, (SD) 0.026 (0.07)
Radiological activity (SD) 0.05 (0.04)
EID

Age, mean (SD) 46 (11)
Duration, mean (SD) 76 (16)
EDSS, median [IR] 2.75 [1.875-4]
ARR, mean, (SD) 0.031 (0.07)
Radiological activity (SD) 0.04 (0.04)

Naive n=13 P
12F, 1M 0.45
10 (77%) 0.66

34 (7) 0.050
39 (18) 0.109
1.5[1-2] 0.006

0.088 (0.13) 0.790

0.06 (0.05) 0.92

38 (7) 0.020

78 (6) 0.240
1.5[1-2] 0.006

0.010 (0.03) 0.480

0.03 (0.04) 0.286

Main patient’s characteristics. ARR, annualised relapse rate; EID, expanded interval dosing; EDSS, expanded disability status scale; IR, interquartile range; JCV, John Cunningham virus;

SD, standard deviation; SID, standard interval dosing.

To the best of our knowledge, this is the first study reporting the
long-term effects of treatment with natalizumab in an EID regimen
following an SID regimen. Importantly, the present study has some
limitations due to its observational approach, lack of a comparison
control group, and limited sample size. Regarding the last concern,
the small sample size impeded further subgroup analyses. Therefore,
these encouraging results await to be confirmed by ongoing clinical
trials (https:/clinicaltrials.gov/ct2/show/NCT03689972). Pending
the completion of these trials, our findings provide useful
information on efficacy and safety that help decision making by
clinicians and patients confronting therapeutic options after several
years of therapy with SID of natalizumab.

In conclusion, the present study provides new real-world
evidence that long-term administration of natalizumab in an EID
setting with an 8-week dosing interval following an SID regimen
is safe and maintains therapeutic efficacy in MS. Clinical trials are
needed to confirm the benefits of this therapeutic regimen.
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Background: Natalizumab (NAT) is a high-efficacy treatment for relapsing remitting
multiple sclerosis (RRMS). However, it is associated with an increased risk of progressive
multifocal leukoencephalopathy that sometimes requires treatment cessation with
a risk of returning disease activity. The aim of this study was to characterize
the pharmacokinetics and -dynamics as well as neurodestruction marker serum
neurofilament light chain (sNfL) in patients with RRMS and secondary progressive MS
(SPMS) stopping NAT in correlation to clinical data.

Methods: In this study, 50 RRMS and 9 SPMS patients after NAT cessation were
included. Five RRMS patients on NAT treatment holiday were evaluated. Clinical
and radiological disease activity were systemically assessed by frequent exams after
NAT stop. Free NAT concentration, cell bound NAT, «4-integrin expression and
ad-integrin-receptor saturation as well as immune cell frequencies were measured for
up to 4 months after NAT withdrawal. Additionally, sNfL levels were observed up to 12
months in RRMS and up to 4 months in SPMS patients.

Results: NAT cessation was associated with a return of disease activity in 38%
of the RRMS and 33% of the SPMS patients within 12 and 7 months, respectively.
Concentration of free and cell bound NAT as well as a4-integrin-receptor saturation
decreased in the RRMS and SPMS patients whereas a4-integrin expression increased
over time. NAT induced increase of lymphocytes and its subsets normalized and a
non-significant drop of NK and Th17 T-cells counts could be detected. All RRMS
patients showed physiological sNfL levels <8pg/ml 1 month after last NAT infusion.
During follow-up period sNfL levels peaked up to 16-fold and were linked to return of
disease activity in 19 of the 37 RRMS patients. Treatment holiday was also associated
with a return of disease activity in 4 of 5 patients and with an increase of sNfL at an
individual level.

Conclusions: We demonstrate the reversibility of NAT pharmacodynamic and -kinetic
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markers. sNfL levels are associated with the recurrence of disease activity and can also
serve as an early marker to predict present before onset of clinical or radiological disease

activity on the individual level.

Keywords: multiple sclerosis, natalizumab (TYSABRI), natalizumab concentration, neurofilament light (NFL) chain,

recurrence of di activity, ce

saturation

INTRODUCTION

The recombinant humanized monoclonal antibody natalizumab
(NAT) is one of the most effective treatments for relapsing
remitting multiple sclerosis (RRMS). NAT binds to the a4
subunit of the a4f1-integrin on circulating mononuclear cells,
thus limiting the entry of lymphocytes through the blood brain
barrier (1). This mechanism of action impacts the central
nervous system immunosurveillance, which is responsible for
the development of progressive multifocal leukoencephalopathy
(PML), a rare but potentially fatal brain infection caused by
the John Cunningham Virus (JCV). A treatment duration of
more than 2 years, JCV antibody seropositivity and the use
of an immunosuppressive treatment before initiation of NAT
therapy have been identified as risk factors for developing a
PML (2). In case of treatment discontinuation due to increased
PML risk, patients are faced with the possible recurrence or
even rebound of disease activity even when switching to another
disease modifying therapy (DMT) (3-6). High disease activity
and a high level of disability prior to NAT therapy were identified
as risk factors for reactivation of clinical disease activity after
NAT withdrawal (7). Controlled treatment holidays, different
dosing regimens as well as extended interval dosing (EID) were
proposed as strategies to reduce PML risk while maintaining
efficacy of NAT therapy (8-13). However, efficacy of EID vs.
standard interval dosing (SID) is still going to be evaluated in a
randomized controlled clinical trial (NCT03689972).

After NAT withdrawal the reversibility of NAT effects on
immune cells seems to be linked with the recurrence of disease
activity. Whereas, absolute lymphocyte counts increased during
NAT therapy due to NAT’s mode of action, a decrease of T
helper (Th) 17 cells, CD4+ and CD8+ T-cells, CD19+ B-cells
and CD56+ NK-cells was observed after NAT cessation (14-17).
Regarding pharmacokinetics of NAT, Plavina et al. demonstrated
a decrease of free NAT concentration and a4-integrin (CD49d)
saturation and an increase of ¢4-integrin expression levels during
washout period, which is in line with our previously published
data (17, 18). Lohmann et al. revealed that the extent of NAT
induced reduction on CD49d levels but not the kinetics of

Abbreviations: DMT, disease modifying therapy; EID, extended interval dosing;
FACS, fluorescence activated cell sorting; GdE, gadolinium enhancing; IQR,
interquartile range; JCV, John Cunningham virus; MFI, Mean fluorescence
intensity; NAT, natalizumab; NK cells, natural killer cells; PD, pharmocodynamic;
PK, pharmacokinetic; PML, progressive multifocal leukoencephalopathy; RRMS,
relapsing remitting multiple sclerosis; SD, standard deviation; SID, standard
interval dosing; SIMOA, single molecule array technology; SPMS, secondary
progressive multiple sclerosis; SS, steady state; sNfL, serum neurofilament light
chain; Th17 cells, T-helper 17 cells.

ation of natalizumab, alpha-4 integrin expression, alpha-4 integrin receptor

recovery might predict stable disease course during switching to
another treatment (19).

The most promising biomarker of neuroaxonal injury as
well as disease activity in multiple sclerosis (MS) is serum
neurofilament light chain (sNfL) (20-27). Recently, it has been
postulated that sNfL may also serve as a treatment response
marker (28, 29). Additionally, sNfL levels have been found to
be elevated early during NAT-associated PML and correlate
with PML lesion volume (30, 31). Until now, data about sNfL
dynamics during NAT washout and under subsequent treatment
are missing.

In this study, we address the pharmacokinetics and -dynamics
(PK, PD) in association to clinical and subclinical parameters
during the washout period of NAT in RRMS and SPMS patients.
We aim to identify immunological and serological biomarkers
that could assist in individualized management of treatment
switch after NAT treatment.

METHODS

Subjects

In our study, we included at least 64 MS patients on NAT
treatment. Different approaches were chosen to answer our study
questions: (1) 50 RRMS patients were evaluated that stopped
NAT treatment primarily due to increased PML risk and switched
to other DMTs (cohort 1). (2) Nine patients with SPMS were
included that participated in the phase III study ASCEND and
stopped NAT therapy (cohort 2) (32). (3) A third cohort of 5
patients with RRMS was evaluated for both effects of cessation
and restart of NAT treatment (treatment holiday, cohort 3). All
patients of cohort 3 participated in the phase II, randomized,
placebo controlled RESTORE study observing disease activity in
MS during a 24-week interruption of NAT therapy (33). Patient
characteristics are reported in Table 1.

All patients were closely screened for the occurrence of
clinical confirmed relapses and radiological disease activity,
defined by new/enlarging and/or gadolinium enhancing (GdE)
lesions in MRI scan. Clinical visits were performed every
4 weeks and patients were screened for relapses by a
trained and experienced neurologist. Relapses were defined as
new/worsening of neurologic symptoms persisting > 24 h in the
absence of fever or infection. MRI was performed at different
timepoints within the first 12 months after discontinuation of
NAT therapy in cohort 1. Patients in cohort 2 were screened
for radiological disease activity with MRI as earliest as 3 weeks
after cessation, after 4 and 7-8 months. Patients of cohort 3 were
monitored with MRI every 4 weeks.

Frontiers in Neurology | www.frontiersin.org

April 2021 | Volume 12 | Article 650530


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Proschmann et al.

Multiple Sclerosis

TABLE 1 | Patient characteristics (N = 64).

Cohort 1 Cohort 2 Cohort 3
Patients, n 50 9 5
Disease course relapsing remitting secondary progressive relapsing remitting
Gender, female, n (%) 31(62) 4 (44) 2 (40)
Age, years, Mean + SD 39.6 £ 12.1 46.1£8 28.2+89
Range 21-62 34-57 20-40
Disease duration, years, Mean 4 SD 8.7 +5.7 111 +£52 6.6 + 4.1
Range 1-28 4-18 3-11
EDSS, Mean + SD 32+1.7 5.6 +0.98 n.a.
Median (range) 3.0 (1.0-8.0) 6.0 (4.0-6.5)
Previous use DMT, n (%) 332 (73) 5P (100) 5 (100)
Total number of NAT infusions, mean + SD 37 + 21 7+3 39+8
Range 6-104 3-10 2-13
Positive JCV antibody status, n (%) 45 (90) 7(78) n.a.

Baseline characteristics of evaluated patients. DMT, disease modifying treatment; EDSS, expanded disability status scale.

@Data available for 45 of 50 patients, ?Data available for five of nine patients.

Blood samples for PK and PD evaluations were obtained every
4 weeks after NAT cessation up to 12 weeks in cohort 1 and up
to 16 weeks in cohort 2 and 3. Additional blood samples were
collected for up to 20 weeks after restarting NAT treatment in
cohort 3.

Ethical Approval

The immunological substudy was performed according to the
Declaration of Helsinki and the study protocol was approved by
the Ethics Committee of the Faculty of Medicine of the Dresden
University of Technology, Germany. All participants provided
written informed consent.

Immune Cell Phenotyping Using
Fluorescence Activated Cell Sorting (FACS)

After blood collection absolute cell counts of T-cells, B-cells and
natural killer (NK) cells were measured at the Institute of Clinical
Chemistry and Laboratory Medicine, University Hospital in
Dresden, Germany. The institute complies with standards
required by DIN-EN-ISO 15189:2014 for medical laboratories.
Cells were characterized by surface staining with fluorescence
labeled anti-CD3, anti-CD4, anti-CD8, anti CD-16, anti CD-14,
anti CD-19 and anti CD-56 antibodies (BD Biosciences, San Jose,
CA, USA) according to the manufacturer’s instructions. Negative
controls included directly labeled or unlabeled isotype-matched
irrelevant antibodies (BD Biosciences, San Jose, CA, USA). Cell
subsets were measured using FACS Canto II flow cytometer (BD
Bioscience, San Jose, CA, USA).

For further evaluation of immune cell subsets, peripheral
blood mononuclear cells were isolated from the heparinised
blood samples using Biocoll separating solution (Biochrom Ag,
Berlin, Germany) and Ficoll-Paque (Amersham Biosciences,
Amersham, United Kingdom) in LeucoSep tubes (Greiner Bio
One, Frickenhausen, Germany). Subpopulations of T-cells were

characterized by surface staining with fluorescence labeled anti-
FoxP3 and intracellular staining with fluorescence labeled anti-
1117 antibodies (BD Bioscience, San Jose, CA, USA) according to
the manufacturer’s instructions. Cell frequencies were evaluated
on LSR Fortessa cytometer (BD Bioscience, San Jose, CA, USA).

Measurement of Pharmacodynamic and
—Kinetic Data Using a HL60 Cell Based

FACS Assay

For analysis of cell bound NAT, CD49d expression and
a4-integrin receptor saturation on CD3+ T-cells peripheral
blood mononuclear cells were isolated from the heparinised
blood samples using Biocoll separating solution (Biochrom Ag,
Berlin, Germany) and Ficoll-Paque (Amersham Biosciences,
Amersham, United Kingdom) in LeucoSep tubes (Greiner
Bio One, Frickenhausen, Germany). Cells were stained with
fluorescence-labeled anti-CD3 (BD Bioscience, San Jose, USA),
anti-immunoglobulin (IG)-G4 (Southern Biotech, Birmingham,
AL, USA), and anti-CD49d (BD Biosciences, San Jose, CA,
USA) antibodies, isotype controls were used. Mean Fluorescence
intensity (MFI) was analyzed using fluorescence activated cell
sorting (FACS, FACS Calibur, BD Bioscience, San Jose, CA,
USA). Plasma supernatants were collected and stored at —20°C
for subsequent NAT concentration measurements which was
performed using our previously described HL60 cell based FACS
assay (18).

Evaluation of sNfL Dynamic Using Single
Molecule Analysis (SIMOA)

Serum samples were stored at —80°C until after preparation.
sNfL levels were determined using a Simoa HD-1 instrument
(Quanterix, Lexington, MA, USA) (23, 34). The Advantage NF-
Light singleplex Kit was used and samples were prepared as
defined in the manufacturer’s instructions (Quartered, Lexington,
MA, USA). Sample dilution was calculated and done by the
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instrument. The mean intra-assay coefficient of variation of
duplicates was below 10%.

Statistical Analysis

Data are expressed as mean =+ standard deviation (SD).
Our longitudinal patient data were analyzed per cohort by
generalized linear mixed models for repeated measures with
gamma distribution and log link function due to right-skewed
distribution pattern of the data and timepoint as the fixed effect
of the model. Bonferroni correction for pairwise tests was used.
Values of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
were considered as statistically significant. Clinical parameters
are depicted in a Kaplan-Meier survival curve for relapses and
new and/or GdE lesions in MRI scan. Statistical analyses were
performed using the IBM SPSS Software for Windows (Version
25.0; IBM Corporation, Armonk, NY, USA).

RESULTS

NAT Cessation in RRMS (Cohort 1) and

SPMS (Cohort 2) Patients

Clinical and Radiological Data - Cohort 1

Atthe timepoint of NAT cessation, RRMS patients presented with
a mean EDSS about 3.2 £ 1.7 (range 1-8). Patients received a
mean number of 37 & 21 (range 6-104) NAT infusions before
treatment stop. Information about pre-treatment was available
for 45 of the 50 RRMS patients. 73% of the patients with
RRMS had received a DMT before NAT whereas 27% were
treatment naive. The majority of RRMS patients (91.8%) were
free of disease activity during NAT treatment. NAT therapy
was stopped because of JCV seropositivity (90% positive JCV
serostatus), treatment duration over 24 months and/or previous
immunosuppressive treatment with increased PML risk in 48
of 50 RRMS patients (Table 1). Only two patients discontinued
treatment primarily due to adverse events (one patient with
generalized pain, one patient without data available) and one due
to pregnancy.

After NAT withdrawal, 37/50 of RRMS patients switched to
fingolimod within 3.4 £ 1.1 months and 10/50 to alemtuzumab
within 4.6 £ 2.9 months. Overall, the washout period between
switching from NAT to another DMT was on average 3.7 &= 1.7
months (range 2-13 months). Two patients received no further
treatment due to conversion to SPMS and one patient received
no further treatment due to pregnancy.

The relapse-free survival rate was 70 % at 6 months and 62%
at 12 months and survival rate without new/enlarging and/or
GdE lesions was 74 % at 6 months and 62% at 12 months in
RRMS patients (Figure 1A). Mean time to relapse was 5.2 £ 2.8
months and new/enlarging and/or GdE T2 lesions were revealed
within 6 & 2.2 months. The mean number of new cerebral T2
lesions was 2.2 + 1.8 in RRMS patients, in 87.5 % of patients
new T2 lesions or GdE were detected. A total of 10 out of 50
RRMS patients experienced a relapse and 10 patients presented
radiological disease activity while 9 patients suffered both clinical
and radiological disease activity. In 6/10 patients presenting with
a relapse a new DMT was already started whereas this was the
case in 7/10 patients with new/enlarging T2 lesions in cerebral

MRI scan. In the 9 patients with both clinical and radiological
disease activity, 6 had already started a new DMT before disease
activity occurred.

Clinical and Radiological Data - Cohort 2

SPMS Patients presented with a mean EDSS about 5.6 £ 1.0
(range 4-6.5) and had received a mean number of 7 + 3 (range 3-
10) NAT infusions. For 5 of the nine SPMS patients information
about pre-treatment was available, all of them received a DTM
in their previous disease course. The majority of these patients
was relapse free during NAT treatment (Table 1). About 78% of
patients presented a positive anti-JCV serostatus (Table 1).

After NAT discontinuation, survival relapse free as well as
survival without new/enlarging T2 and/or GdE lesions was 67%
at 7 months (Figure 1B). In 2 SPMS patients, one resp. 2 new GdE
lesions were detected whereas one patient presented with 9 new
GdE lesions. Taking into account the clinical and radiological
disease activity after NAT withdrawal in these 3 SPMS patients,
they received subsequent DMT (1 Rituximab, 2 NAT).

Peripheral Immune Cell Subsets

For both cohorts, a reduction in absolute lymphocyte count
was observed after cessation of NAT therapy. The decrease
reached statistical significance at week 12 in both patient
cohorts (Figures 2A,B). On average the absolute lymphocyte
count remained within the normal range at all timepoints. Cell
counts of CD4+ T-cells were not affected by NAT cessation
in RRMS within first 12 weeks. A decrease of CD4+ T-cells
was documented 16 weeks after NAT stop in SPMS patients
(Figures 2C,D).

Frequencies of Foxp3 + Treg-cells were not affected by NAT
withdrawal in both cohorts. Cell counts of Th17-cells decreased
after the cessation without reaching statistical significance. The
NK-cell count tended to decrease after NAT cessation in both
patient cohorts, although it did not reached statistical significance
in cohort 2 (Figures 2E,F). Absolute cell counts of NKT-cells
were not affected by NAT discontinuation. The absolute B-cell
count was found to be upper the normal limit in both patient
cohorts 4 weeks after NAT withdrawal. After cessation, a decrease
was observed in both cohorts reaching statistical significance
after week 12 (Figures 2G,H).

Plasma NAT Levels

The mean free NAT plasma concentration observed 4 weeks after
the last infusion was similar in cohort 1 and 2 (33.3 £ 17.5 pg/ml
vs. 33.7 & 9.4 pg/ml). At week 8, NAT concentration levels were
significantly decreased in both patient cohorts. Twelve weeks
after therapy cessation, NAT concentration was below 2.5 pg/ml
or undetectable in the majority of the patients and after 16 weeks,
no free NAT was detectable in any patient (Figures 3A,B).

Cell Bound NAT

For cell bound NAT on CD3+ T-cells, a mean MFI of 7,486 +
731 in cohort 1 and of 5,729 4 1,601 in cohort 2 was detected 4
weeks after last NAT infusion. A significant decrease was revealed
12 weeks after NAT withdrawal in cohort 1 and after 16 weeks in
cohort 2 (Figures 3C,D).

Frontiers in Neurology | www.frontiersin.org

45

April 2021 | Volume 12 | Article 650530


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Proschmann et al.

Multiple Sclerosis

RRMS

>

100~-

A
(=]
1

Patients without clinical or
radiological disease activity [%]

o

I || I 1 ) 1 I L] 1 1
3 45 6 7 8 9 10 11 12
Time [month]

T 1
1 2

o

withdrawal.

FIGURE 1 | Kaplan-Meier analysis of relapse-free survival and without new and/or enlarging T2 lesions. Relapse free (purple line) and without new/enlarging T2 lesions
survival (blue line) is presented for cohort 1 (RRMS patients, n = 50) up to 12 months (A) and for cohort 2 (SPMS patients, n = 9) up to 7 months (B) after NAT

SPMS

35

— 2 100

°'S

Q5

S8

© o . |
- 0

=

o3

£ v 50

T3

;E

2.8

o))

[(}]

%S

n'.'g C 1 | 1
o 0 2 4 6

Time [month]

CD49d Expression and Saturation

A mean CD49d expression on CD3+ T-cells of 819 £+ 65 MFI
and of 305 £ 100 MFI was observed in cohort 1 and 2 four
weeks after NAT cessation. An increase of CD49d expression at
week 12 was detected for RRMS and SPMS patients, respectively
(Figures 3E,F). In addition, CD49d saturation was analyzed in
SPMS patients. The mean CD49d saturation on CD3+ T-cells
was 77 £ 7.5% 4 weeks after the last NAT infusion. At week
16 CD49d saturation was decreased to 10% on CD3 + T-cells
(Figure 3G). Mean CD49d expression measured 4 weeks after last
NAT infusion tended to be higher in RRMS patients with clinical
and/or radiological disease activity or with an increase of sNfL
as compared to patients without any evidence of disease activity
after NAT withdrawal without reaching statistical significance.

Serum NfL Levels

A mean sNfL level of 4.6 pg/ml £ 1.7 (IQR 1.5-11 pg/ml) was
measured in 46 of the 50 RRMS patients (cohort 1) 4 weeks
after NAT cessation. sNfL levels remained stable in the majority
of patients within the first 8 weeks of the NAT washout period.
During follow up of 12 months there was an increase up to
16-fold sNfL baseline level (range 5.2-101.0 pg/ml) in 37 of
46 patients. The earliest sNfL increase was seen 8 weeks after
stopping NAT in 2 RRMS patients, respectively, after 12 weeks in
5 RRMS patients. To evaluate association of sNfL increase with
disease activity, a steady state (SS) value of sNfL was defined for
the measurement 4 weeks after NAT cessation. A relevant sNfL
peak was defined as sNfL value > SS + 2SD. A relevant sNfL
peak was documented in 37 RRMS patients 8 weeks after NAT
stop. Registered sNfL peaks were associated with clinical and/or
radiological disease activity in 19 of the 37 patients. For 11 of this
19 patients an increase of individual sNfL levels, defined as sNfL

value > SS + 1 or 2SD was detected 3 (n = 1), 2 (n = 4) or 1(n
= 6) month’s before first symptoms of relapse appeared and/or
MRI activity was detected. For 3 patients with onset of clinical or
radiological disease activity the following month, no increase of
sNfL levels was detectable the month before. For 5/19 patients no
serum sample for sNfL evaluation was available the month before
disease activity occurred.

For 18 of the 37 patients, neither new nor worsening
symptoms were documented and follow-up MRI showed no
new/enlarging T2 or GdE lesions. At the timepoint of sNfL peak,
26 of the 37 patients had already started a new DMT for at least 1
month (Figure 4A).

In SPMS patients (cohort 2), sNfL levels were at 4.8 & 2.7
(IQR 1.8 - 7.4 pg/ml) 4 weeks after NAT and remained stable
at the individual level during the 16 weeks follow up period
(Figure 4B).

NAT Treatment Holiday in RRMS Patients
(Cohort 3)

Clinical and Radiological Data

In cohort 3, RRMS patients that stopped and restarted NAT
were evaluated. A mean number of 39 £ 8 (range 27-48) NAT
infusions were administered before patients entered the drug
holiday (Table 1). None of the 5 patients experienced clinical
disease activity while on NAT treatment. Individual disease
course during drug holiday and after re-starting NAT is depicted
(Figure 5 patient 1-5). Four of 5 patients presented with new
relapses within 20 £+ 3.3 weeks after NAT cessation. For all
patients with clinical disease activity, radiological disease activity
was detected as well. Median time to recurrence of radiological
disease activity was 18 & 2.3 weeks and a median number of 2.5
=+ 0.6 new T2 lesions were found. After restart of NAT therapy,
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FIGURE 2 | Total lymphocyte and lymphocyte subset count in RRMS (n = 50) and SPMS (n = 9) patients after the cessation of NAT therapy. Mean absolute cell count
+ SD of lymphocytes (A,B), CD4+ T-cells (C,D), NK cells (E,F) and CD19+ B-cells (G,H) are presented for RRMS (left) up to 12 weeks and for SPMS (right) patients
up to 16 weeks after the cessation of NAT treatment. Reference range is green. Data were analyzed by generalized linear mixed models for repeated measures.
Asterisks indicate a statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 3 | Free NAT concentration, cell bound NAT, CD49d expression and a4-integrin saturation in RRMS (n = 50) and SPMS (n = 9) patients after the cessation of
NAT therapy. Mean values + SD of free NAT concentration in plasma (A,B), cell bound NAT on CD3+ T-cells (C,D) and CD49d expression on CD3+ T-cells (E,F) were
assessed during the washout of NAT up to 12 weeks in RRMS (left) and up to 16 weeks in SPMS (right) patients. For SPMS patients the mean a4-integrin saturation
level on CD3+ T-cells after the cessation of NAT treatment is presented (G). Data were analyzed by generalized linear mixed models for repeated measures. Asterisks
indicate a statistically significant difference (p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001). MFI, mean fluorescence intensity.
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regression of demyelinating lesions was documented for 3 of the 5
patients whereas three new lesions without GdE were detected in
one patient. All 3 patients were free from clinical disease activity
until end of the study (week 52) after re-initiating NAT treatment.

Plasma NAT Levels

A mean free NAT plasma concentration of 34.2 & 10.3 pug/ml
was measured at month 0. During treatment holiday, a
decrease of free NAT plasma concentration was observed. The
first significant reduction was presented 8 weeks after last
infusion (7.6 + 2.0 ug/ml, p < 0.001). Low free NAT plasma
concentrations were detectable in all of the 5 patients 16 weeks
after NAT interruption. After restart of NAT therapy, a mean
free NAT plasma concentration of 18.5 + 5.8 pg/ml and 27.5
+ 11.5 ng/ml was measured after the first and second infusion,
respectively (Figure 6A).

Cell Bound NAT

A mean MFI of cell bound NAT on CD3+ T-cells of 1,720 = 949
was detected at month 0. Compared to the rapid decrease of free
NAT concentration, the decrease of cell bound NAT was much
slower, the first significant decrease was observed at week 16 (p
< 0.05). A mean MFI of cell bound NAT on T-cells of 1,647 +
625 and of 1,127 4 945 was measured after the first and second
infusion after restart (Figure 6B).

CD49d Expression and Saturation

Mean CD49d expression on CD3+ T-cells was 477 £ 184 at
month 0. After cessation a 2.5-fold increase after 16 weeks was
detected. Mean CD49d expression of CD34 T-cells was 625
+ 620 after the first and 443 + 446 after the second NAT
infusion after the restart (Figure 6C). At month 0, a mean CD49d
saturation on CD3+ T-cells of 51.8 % was determined. At week
16 CD49d expression was decreased by 85.7 % (p < 0.05). CD49d
saturation on CD3 + T-cells was lowest after restart with a mean
of 8.8 &= 6.9 %, whereas a mean of 53.6 &= 10.2 was reached after 5
NAT infusions (Figure 6D).

Serum NfL Levels

Individual sNfL variation is depicted for each patient in Figure 5.
Four patients presented sNfL values below 5 pg/ml at month 0,
one patient with a sNfL value of 11.7 pg/ml before drug holiday
(Figure 5. patient 4). During NAT treatment stop, an increase up
to 24.4 pg/ml was seen in association to clinical confirmed relapse
and/or new T2 lesions. After NAT re-initiation, sNfL decreased
again in accordance with the stable disease course during the
follow up period (Figure 5. patient 1-5).

DISCUSSION

The monoclonal antibody NAT is one of the most efficacious
treatment options for patients with active RRMS. NAT is
generally well tolerated, but has the highest risk for PML
development among all approved MS treatments. In patients at
high risk for developing PML, NAT discontinuation is frequently
performed. However, NAT withdrawal remains challenging
because it is associated with the recurrence or even rebound of
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FIGURE 6 | cell bound NAT on CD3+ T-cells (B), CD49d expression (C) and
a4-integrin saturation (D) on CD3+ T-cells are depicted for baseline = week 0,
during washout period and after restart of NAT therapy up to week 40. Data
were analyzed by generalized linear mixed models for repeated measures.
MFI, mean fluorescence intensity.

disease activity as demonstrated by several studies and by a recent
review of Prosperini et al. (3-6, 12, 33, 35-43). Even the length
of NAT washout period and its association to disease activity
reactivation remains a point of controversial discussions. A short
washout period may decrease the risk of post NAT disease re-
activation, but may also increase the risk for carry-over PML: a
PML that develops few months after cessation of NAT therapy
and after initiating an alternative DMT (44-47).

Indeed, consensus is still lacking in regard to DMT sequencing
following NAT withdrawal. Studies addressing treatment
switch from NAT to another DMT revealed a superiority of
rituximab and alemtuzumab vs. fingolimod in controlling
disease activity (48, 49). Recent studies suggested ocrelizumab
as a possible choice to reduce the risk of MS disease activity
reactivation in patients previously treated with NAT SID
and EID (50). Considering the NAT associated elevation in
peripheral total and memory B-cells together with the essential
role of B-cells in MS pathogenesis, B-cell depleting agents
might be a favorable post NAT DMT choice by effectively
reducing this cells (51). However, further evaluations including
comparisons between alemtuzumab and B-cell depleting
therapies with careful observations regarding carry-over PML,
are necessary.

Different studies already revealed that the recurrence of
disease activity coincides with the decrease of NAT concentration
and desaturation of NAT target on the surface of lymphocytes -
a4-integrin. However, these markers are not yet well-established
in clinical practice although they may be helpful to identify
the right individualized timing for the start of an alternative
treatment (3, 17). In this study, we assessed clinical and
radiological disease activity after the cessation of NAT therapy as
well as the reversibility of NAT PK and PD effects in RRMS and
SPMS patients.

Clinical and radiological disease activity was detected earliest
at 8 weeks after NAT cessation. In our study, 38% of the
RRMS patients experienced clinical reactivation of the MS, 83%
suffered from a relapse during the first 6 months after NAT
withdrawal which confirms data from previous studies in which
the proportion of patients with relapses post NAT has ranged
from 9 to 80% (43). Even the initiation of a new DMT early after
NAT cessation was not able to prevent disease activity following
NAT withdrawal, which is in line with a recent published study
from Mustonen et al. (7).

The reactivation of disease activity is closely related to reversal
NAT effects on PK and PD. Earliest significant changes could
be observed 8 and 12 weeks after the last NAT infusion with a
decrease of free NAT concentration in plasma and cell bound
NAT on CD3+ T-cells, respectively. CD49 expression observed

4 weeks after last NAT infusion tended to be lower in the patients
with a stable disease course during follow up as compared to
the patients presenting with disease activity. However, statistical
significance was not reached. This discrepancy to the results
from Lohmann et al. may be influenced by the fact that they
compared patients with a stable and an exacerbated disease
course defined by a relapse and >5 GdE lesions while we
compared stable patients and patients with any evidence for
disease activity (relapse, new/enlarging T2 lesion’s and sNfL
peak) (19).

NAT treatment has shown to be associated with increased
absolute lymphocyte, CD3+ T-cell, CD4+ T-cell, CD8+ T-cell,
CD19+ B-cell and NK-cell counts (14). Our findings are in line
with a previous study, in which the effects of NAT on peripheral
immune cell subsets were also reversible during washout period
(17). In our study, we could observe that cessation of NAT has
no effects on FoxP3+ T-regulatory cells which was previously
discussed by Stenner et al. (52). Another T-cell subtype, the Th17-
cell, is considered to be a critical mediator of disease activity
in MS (53). Haas et al. monitored Th17-cell frequency in MS
patients without, during and after NAT cessation and found
increased frequencies in the immunology periphery during long
term treatment as well as a decrease after NAT withdrawal.
Additionally, they could observe that Th17-cells became almost
undetectable in the blood of patients that presented relapses
during the washout period (16). We could detect a Th17-cells
drop after NAT cessation likewise, however the decrease was not
statistically significant.

Although the immunological pattern may help to identify
patients prone to develop clinical and/or radiological disease
activity, there is a need for more directed biomarkers that could
be implemented into clinical practice. Here, we first present
data regarding sNfL dynamics after NAT withdrawal and after
starting subsequent DMT during an up to 12 month follow up
period. As reported by Gunnarson et al. and Kuhle et al., NFL
levels in cerebrospinal fluid decreased during NAT treatment
(54, 55). We detected low sNfL levels 4 weeks after last NAT
infusion followed by sNfL peaks in 80.4% of the RRMS patients.
In general, increases in sNfL levels were linked to reactivation
of disease activity and seen up to 3 months before onset of
disease activity in some patients. Nevertheless, in 18 of the 37
patients sNfL peaked without evidence of relapse disease or MRI
activity. However, patients were only monitored by cerebral MRI
as spinal cord MRI was not performed regularly. Other events
(trauma, stroke, metabolic diseases) which could be associated
with sNfL increase were not reported. As postulated in one
of our studies investigating sNfL during alemtuzumab therapy,
sNfL peaks without evidence of disease activity can indicate
subclinical disease activity (29). For 2 patients, the suspicion of
a relapse was reported. However, for both of them no significant
variations of sNfL were found leading to the assumption that
they do not have suffered from a clinical confirmed relapse. So,
sNfL may be a potential tool to proof clinical disease activity
and reappearance of disease activity in time-period of planed
treatment switch.

To date, only limited data on the cessation of NAT
therapy in SPMS patients are available (32). Miravalle et al.
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investigated a 3- to 4- months drug holiday in 24 RRMS
and 8 SPMS patients receiving NAT therapy for a period
longer than 12 months. No other DMT was administered
during drug holiday. Relapses occurred in 25% of the SPMS
and in 38% of the RRMS patient group. This period was
associated with new MRI disease activity in nearly all patients
(40). Our data are in line with these data demonstrating that
the cessation of NAT therapy is associated with a recurrence
of disease activity in SPMS patients. PK and PD data of
SPMS patients are comparable with RRMS patients stopping
NAT. For the investigated time course of the w4-integrin
receptor desaturation, our findings are comparable to the
findings from Derfuss et al. and Plavina et al. (3, 17). Immune
cell frequencies in SPMS patients showed similar patterns as
RRMS patients. Frequencies of Th17-cells and NK-cell count
decreased after the cessation, although statistical significance was
not reached.

Mean sNfL in SPMS patients after NAT cessation did not show
yet a significant increase. SPMS patients remained stable and
presented without any clinical and radiological disease activity
within 4 months after NAT stop. During long-term follow up,
three patients presented with return of disease activity in the
SPMS group. Unfortunately, no blood samples were available to
correlate these clinical characteristics with additional sNfL levels
beyond 4 months of follow up.

Our data confirm that drug holiday is not well tolerated
and that the reversibility of NAT PK and PD effects coincides
with a return of clinical and radiological disease activity. In
line with previous findings from Fox et al. and Kaufmann
et al, relapses occurred as early as 8 weeks and new or
enlarging T2 lesions were detected as early as 12 weeks
after NAT cessation. (33, 38). According to our observations
from cohort 1 and 3, changes in PK and PD markers were
observed as early as 8 weeks after interruption of NAT therapy
with significantly reduced free plasma NAT concentrations as
previously prescribed (17). 16 weeks after last NAT infusion
cell bound NAT and CD49d saturation on CD3+ T-cells were
also found to be significantly decreased. In this study, we
correlated PK and PD parameters with sNfL measurements.
We could show that disease activity reactivation is reflected
by sNfL increase at an individual level. Furthermore, we could
demonstrate that a drop of sNfL after re-initiation of NAT
therapy was linked to a lesion and relapse free disease course.
After restarting NAT therapy, CD49d receptor saturation on
CD3+ T-cells was found to be above 50% even after the first
NAT infusions.

Our data demonstrate that cessation and interruption of NAT
therapy is associated with a high risk of recurrence of disease
activity in both RRMS and SPMS patients. Although there are
some limitations in our observations (limited patient number,
different protocols for RRMS and SPMS patients), we present
stable effects on clinical data, PK, PK and sNfL level within the
first three months after stopping NAT. The return of disease
activity is linked to the reversibility of NAT effects on PK and

PD. Our observational data do not support the concept of drug
holidays in patients with active RRMS treated with NAT. In
this context, the concept of EID seems to be better in clinical
practice (56).

Additionally, our data suggest that monitoring PD and PK
parameters and s