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Abstract

Background: Immunotherapies are integral in managing multiple sclerosis (MS) and related
demyelinating diseases, but adverse drug reactions significantly affect the tolerability of
disease-modifying therapies (DMTs]).

Objectives: This study aims to assess the safety profile of DMTs within a real-world cohort
affected by MS and related diseases and to identify atypical adverse events (AEs) and those of
exceptional severity.

Methods: A retrospective analysis was conducted on 3850 patients with MS, neuromyelitis
optica spectrum disorder (NMOSD), and related conditions (2009-2022). Demographic and
clinical data were analyzed for patients treated with DMTs. Parameters included prior
treatments, AEs, treatment durations, and reasons for discontinuation.

Results: Of the cohort, 1989 patients (71.1% female) with a median follow-up of 46.3months
during DMT use were included. Monotherapy was employed in 987 patients, while 1002
received sequential DMTs, totaling 3850 treatments. Adverse reactions led to discontinuation
in 24.2% of cases, while disease progression accounted for 22.9%. Among 1878 AEs, 31 (1.7%)
were atypical, and 59 (3.1%) were unusually severe, which was systematically categorized
based on type, timing, and remission.

Conclusion: Within the confines of this real-world study, DMT administration emerged

as generally well tolerated in MS, related demyelinating diseases and NMOSD. The
identification of a limited number of atypical AEs, nevertheless, broadens the spectrum

of potential complications associated with DMTs. Although weaker evidence for causal
associations between drug exposure and observed AEs remains a limitation in observational
studies without comparable control groups, this study underscores the value of real-world
investigations in offering insights into the long-term safety of DMTs, particularly for rare
events.
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Introduction
Multiple sclerosis (MS) is the most common

disease that is influenced by both genetic and
environmental factors.! Cardinal pathological

chronic inflammatory, demyelinating, and neuro-
degenerative disease of the central nervous sys-
tem in young adults. This disorder is a
heterogeneous, multifactorial, immune-mediated

features include multifocal inflammation, demy-
elination, oligodendroglial death, axonal damage,
and astrocytic scarring in the brain and spinal
cord.
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An increasing number of immunotherapies has
been approved for drug treatment over the last
two decades. According to the current US Food
and Drug Administration (FDA) assessment, the
approved disease-modifying therapies (DMTSs)
encompass interferons (beta-la, beta-1b, and
peginterferon beta-1a), glatiramer acetate, anti-
cluster of differentiation 20 (CD20) antibodies
(ocrelizumab and ofatumumab), nonselective
(fingolimod), or selective (siponimod, ozanimod,
and ponesimod) modulators of shingosine-
1-phosphate (S1P), antibodies (natalizumab and
alemtuzumab), and small molecule drugs such as
teriflunomide, dimethyl fumarate (DMF), and
cladribine.?2 Other immunosuppressive drugs
such as azathioprine, daclizumab, and mitox-
antrone are or were registered as therapy for MS.
Despite still being approved as an effective ther-
apy for highly aggressive MS, mitoxantrone is los-
ing importance in MS therapy due to newer
approved immunotherapies with strong efficacy
and a more moderate side effect profile.?

Rapid evolution of the therapeutic landscape in
MS—and only very recently in neuromyelitis
optica spectrum disorder (NMOSD)—has
improved the capability to minimize damage from
relapses and preserve neurological function. In this
study, anti-CD20 was the major therapy adminis-
tered to people with NMOSD. Nevertheless,
adverse drug reactions play a major role in deter-
mining the tolerability and thus the limits of
applicability of individual DMTs. Researchers
have increasingly delved into understanding the
less common but potentially severe adverse events
(AEs) associated with these DMTs. The notion
that genetic and individual factors play a pivotal
role in determining susceptibility to rare side
effects has gained traction. The utilization of
pharmacovigilance data and postmarketing sur-
veillance has been crucial in monitoring rare side
effects as DMTs enter broader clinical use. This
methodology aids in the timely detection and
reporting of unexpected AEs. Furthermore, the
literature increasingly incorporates long-term,
real-world evidence, moving beyond controlled
clinical trials. This shift provides a more nuanced
understanding of rare side effects that might not
manifest in the relatively short durations of rand-
omized controlled trials. Despite advancements,
underreporting of rare side effects remains a chal-
lenge. Our study aims to address this gap by
assessing the safety profile of DMT's within a real-
world cohort affected by MS or related

autoimmune disorders, in particular less-frequent
chronic inflammatory NMOSD.

Methods

Patient cohort

We conducted a retrospective cohort investigation
utilizing datasets procured from the Department of
Neurology at the University Medical Center Mainz
(Mainz, Germany). This study is covered by the
State Hospital Act §36 and §37, and thus did not
require written consent, according to the local eth-
ics committee (Landesédrztekammer Rheinland-
Pfalz). The study spanned from 2009 to 2022 and
encompassed all patients with suspected diagnosis
of MS or NMOSD. Using an algorithmic approach,
we refined the dataset to include only individuals
with diagnostic information based on International
Classification of Diseases, 10th Revision (ICD-10)
codes for confirmed diagnoses of MS, optic neuri-
tis, NMOSD, or clinically or radiologically isolated
syndrome (CIS or RIS, respectively). Data on
immunotherapies were extracted from free-text
fields, such as written discharge reports and visit
notes. For unusually severe or atypical side effects,
additional documentation, including surgical con-
sultations, photo documentation, laboratory
results, or swabs, was reviewed to assess severity.
Data extraction were performed twice: once by an
experienced neurologist and a second time by a
trained medical student. The steps of the data
management process are shown in Supplemental
Figure 1. Inclusion criteria necessitated a docu-
mented history of at least one outpatient or inpa-
tient encounter involving DMT, fulfillment of one
of the required diagnoses for study eligibility, and
the availability of accurate information regarding
age, sex, and prior therapeutic interventions.
Conversely, patients lacking immunomodulatory
therapy or exhibiting inadequate details about pre-
vious treatments, despite confirmed disease status,
were excluded from the analysis (Figure 1).
Moreover, patients were also excluded if they did
not consent to treatment, were treated solely with
steroid pulses for acute relapse, were only seen for
the purpose of receiving a second opinion, or if
they were lost to follow-up.

Classification of AEs

We recorded all pharmacological interventions,
along with the duration of use and the rationale
underlying modifications or discontinuations.
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documented AE
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documented AE

Figure 1. Profile of study cohort.

AE, adverse event; CIS/RIS, clinically/radiologically isolated syndrome; MS, multiple sclerosis; NMOSD, neuromyelitis optica

spectrum disorder; ON, optic neuritis.

This included considerations of therapeutic inef-
ficacy, a stable disease course, AEs of varying
severity, instances of pregnancy, and less fre-
quently encountered factors necessitating thera-
peutic adjustments, such as reaching the
cumulative dosage threshold with mitoxantrone,
patient preferences, or the increased risk of John
Cunningham virus (JCV) reactivation associated
with natalizumab. AEs were categorized as com-
mon, severe, or atypical as defined here.

Common AEs corresponds to AEs included in
the drug information as very common (=1/10
patient-years) to occasional (=1/100 patient-
years) with therapy continuation possible, therapy
adjustment required but no further intervention
needed, or without exceeding threshold values
(e.g., laboratory-related AEs such as liver enzyme
elevations exceeding five times the normal value).

Severe AEs fulfilled the FDA definition of serious
AEs and were included in the drug information,
but exceeding threshold values or requiring

further interventions (e.g., surgical drainage of
abscesses, hospitalization).417

Atypical AEs corresponds to AEs not included in
the drug information requiring therapy
adjustment.

Furthermore, a literature search was conducted
using Pubmed (http://www.ncbi.nlm.nih.gov/
pubmed) to explore observed AEs, with a specific
emphasis on identifying symptoms of rarity or
those not previously documented in scientific lit-
erature by using the active ingredient, agent
name, and common abbreviation as search terms

(“interferon  beta  la/b,” “IFN-betala/b,”
“avonex®,” “rebif®,” “betaferon®,” “peginter-
feron beta la,” “pegylated IFN-betala,” “ple-
gridy®,” “glatiramer acetate,” “copaxone®,”
“glatopa®,” “dimethyl fumarate,” “BG-12,”

“DMF,” “tecfidera®,” “sphingosine-1-phosphate
receptor modulators,” “S1PM,” “fingolimod
(hydrochloride),” “fty720,” “gilenya®,” “siponi-
mod,” “mayzent®,” “ozanimod,” “zeposia®,”
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“ponesimod,” “ponvory®,” “anti CD20 antibody,”
“ocrelizumab,” “ocrevus®,” “ofatumumab,” “kes-
impta®,” “rituximab,” “RTX,” “mabthera®,”
“teriflunomide,” “aubagio®,” “mitoxantrone,”
“MTX,” “novantron®,” “ebexantron®,” “azathi-
oprine,” “imurek®”). No extended search was
conducted for active substances with no severe or
atypical AEs reported (alemtuzumab, cladribine,
daclizumab, methotrexate). We compared all
AEs with those of existing literature.18-38

Complementary to the literature search, the rarely
reported AEs recorded in the study population
were compared with EudraVigilance (https:/
www.adrreports.eu), a system operated by the
European Medicines Agency (EMA) to manage
and analyze information on potential side effects
of pharmaceuticals undergoing clinical trials or
approved in the European economic area. The
following search terms were used for the active
ingredients (“interferon beta la/b,” “glatiramer
acetat,” “dimethyl fumarate,” “fingolimod,”
“mitoxantrone,” “azathioprine”).

Data collection and analysis

Treatment progression and AE data were col-
lected by an experienced neurologist and again by
a trained medical student using multiple free-text
fields of documented medical visits and clinician
reports. No additional software or Al-based tools
were used to assist with the AE data extraction
process. The structure of the source medical files
in the clinical information system remained
unchanged throughout the study period from
2009 to 2022. All data were analyzed using Excel
Office Version 365 and SPSS 27 manufacturer
for Excel is Microsoft, manufacturer for SPSS 27
is IBM. Pie and line diagrams as well as sunburst
charts were created using Excel Office Version
365. Quantitative variables are presented as mean
values with standard error of mean. Missing data
were excluded from the analyses.

A Chi-square test was conducted to assess the
association between sex and the use of a specific
treatment. A p-value less than 0.05 was defined as
statistically significant.

This study was conducted in accordance with the
STROBE guidelines; the completed STROBE
checklist is available as Supplemental Material.

Results

Cohort characteristics

A cohort of 3850 patients was selected based on
confirmed diagnosis of MS (n=3436) or closely
related conditions, including CIS or RIS (z=191),
and others (#=223) upon immune modulatory
treatment. A total of 1989 patients (mean
age = standard error of the mean=33.1=*
10.7years; 1415 (71.1%) females with age of
32.5 = 10.5years; 574 (28.9%) males with age of
34.5 + 11.1years) met the stringent inclusion cri-
teria for this study. Taking into consideration ini-
tial treatment and switching to other DMTs, this
cohort experienced a combined 3850 treatment
initiations (Table 1). Analysis of these treatment
initiations revealed a sex distribution skewed
toward females (71.5% vs 28.5%) and a mean age
of 34.6 £ 0.3 years at treatment initiation, exhibit-
ing variations among different drug groups, rang-
ing from 26.6*2.6years for alemtuzumab to
45.3 = 1.2years for “other immunomodulators”
which here is consisting of the historical agents
mitoxantrone, methotrexate, daclizumab, or aza-
thioprine. In the examination of 1989 patients
with distinct DMTs, the average number of ther-
apies per patient was 1.94 DMTs, with 49.6% of
patients having only ever received a singular ther-
apeutic intervention. Notably, 50.4% of patients
had received different DMTs during their disease
course, leading to a total of 2449 therapy changes
or discontinuations subjected to evaluation in this
study.

Analysis of treatment paradigms

Examining the distribution of treatments with
DMTs (n=3850) within our cohort of 1989
patients (Table 1 and Figure 2), interferons
emerged as the predominant drug class both for
the initiation of primary therapy and across the
spectrum of surveyed immunomodulatory inter-
ventions. However, interferons as drugs for initial
treatment demonstrated adequate control of dis-
ease activity only 37.2% of the times, necessitat-
ing multiple therapeutic adjustments, including
switches within or away from interferons.
Glatiramer acetate and DMF ranked as the sec-
ond and third most frequently used DMTs, with
49.3% and 66.8%, respectively, of initial thera-
pies remaining unaltered throughout treatment
and sustained as monotherapies. Primary reasons
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= interferons (IFN-B1a, IFN-B1b, pegIFN-B1b)

= dimethyl fumarate

u glatiramer acetate

other immunomodulations (azathioprine, mitoxantrone,

methotrexate, daclizumab)

= nonselective S1P-modulators (fingolimod)

= natalizumab

anti-CD20-antibodies (rituximab, ocrelizumab, ofatumumab)

= teriflunomide

u selective S1P-modulators (siponimod, ozanimod, ponesimod)

= alemtuzumab

= cladribine

Figure 2. Distribution of immunomodulatory treatments in study cohort. Distribution of applied
immunomodulatory treatments (n=3850) in the study cohort of 1989 patients (years: 2009-2022). The division
of the STP-modulators into nonselective (fingolimod 7.3%) and selective (siponimod, ozanimod, ponesimod
1.4%) was based on their mechanisms of action. Due to a decreasing relevance in current treatment regimens,
selected active substances were combined (azathioprine, methotrexate, mitoxantrone, daclizumab).

CD20, cluster of differentiation 20; IFN-B1a/b, interferon beta 1a/b; MTX, methotrexate; peglFN-B1b, pegylated interferon
beta 1b; STP-modulators, sphingosine-1-phosphate receptor modulators.

for altering interferons and glatiramer acetate
included persistent disease activity warranting
escalation.

While disease progression played a substantial
role in modifying DMF therapies, adverse side
effects constituted the primary impetus for altera-
tions or discontinuations. Similar trends were
observed for S1P modulators, anti-CD20 anti-
bodies, and teriflunomide, each comprising less
than 10% of all administered DMTs. Natalizumab
therapy changes were primarily prompted by an
elevated risk of progressive multifocal leukoen-
cephalopathy, whereas reaching the maximum
dose prompted modifications with mitoxantrone.
Cladribine and alemtuzumab were least fre-
quently utilized in our cohort (<1% of treatment
initiations). The average treatment duration was
4.4+ 0.1years (ranging from 1.9 £0.4years for
cladribine to 5.7 = 0.2years for interferons); the

primary reason for change from cladribine or
alemtuzumab was disease progression.

Therapy initiation and changes to second and
third DMT are depicted in Figure 3 (all DMT,
n=3456 treatment initiations) and Figure 4
(high-efficacy DMT only, =636 treatment ini-
tiations). Interferons and glatiramer acetate, com-
mon initial DMTs, were used less if disease
activity continued during therapy (Figure 3(a)).
In contrast, SIP modulators, natalizumab, and
anti-CD20 antibodies (all high-efficacy drugs)
assumed pivotal roles in escalation therapy
(Figure 4(a)). The increased use of teriflunomide
as second and third treatment observed in the
female cohort (Figure 3(b)) did not significantly
differ from the follow-up treatment of males
(Figure 3(c); 4.6% vs 4.1%, %%(1)=0.15,
$»=0.6985) as second treatment and 9.1% vs
4.0% %, y*(1)=3.5, p=0.061 as third treatment,
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Figure 3. Sex-specific differences in prescription pattern of all active substances as initial, second, or third
treatment. (a) Dynamics of the prescription patterns of active substances as first, second, or third treatment
in our cohort. High-efficacy drugs (S1P-modulators, anti-CD20-antibodies, natalizumab, and cladribine) have
been combined to obtain an overview. (b, c] Detailed examination of sex-specific differences in the prescription
pattern of the treatment course of female and male patients.

CD20, cluster of differentiation 20; DMTs, disease-modifying therapies; S1P-modulators, sphingosine-1-phosphate receptor

modulators.

respectively). Alemtuzumab use was rare in our
cohort. DMF featured prominently as both an
initial and second-line therapy, with less frequent
use as a third therapy.

Notably, sex-specific disparities were observed in
prescription patterns, with high-efficacy drugs
(S1P modulators, anti-CD20 antibodies, natali-
zumab, cladribine) administered later and less
often in females compared to males, both as ini-
tial DMT (7.6% vs 9.7%, x2(1)=3.2, p=0.075)
and in subsequent treatments (24.8% vs 35.4%,
¥?(1)=9.4, p=0.002 as second therapies, and
37.7% vs 52.4%, x2(1)=17.5, p=0.006 as third
therapies; Figure 3(b) and (c)). SI1P modulators
and anti-CD20 antibodies assumed increasing
prominence in recent years, as evidenced by their

relatively substantial proportion among subse-
quent DMTs (Figure 4).

In patients undergoing multiple subsequent DMTs,
the predominant reasons for treatment switches or
discontinuations were lack of efficacy (36.0%) and
intolerable AEs (38.1%). Other contributing factors
included pregnancy (4.2%) and prolonged stable
disease course (2.9%). Less-frequent motivations
included changes in therapy due to patient request,
prioritization of therapy for another disease, and
drug-specific phenomena (e.g., reaching the maxi-
mum dose of mitoxantrone or JCV seroconversion
during natalizumab treatment).

Of the 2.9% of cases with a treatment switch or
discontinuation due to prolonged stable disease
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Figure 4. Sex-specific differences in prescription pattern in HEDs as initial, second, or third treatment. (a)
Dynamics of the prescription patterns of HEDs as first, second, or third treatment in our cohort. (b, c] Detailed
examination of sex-specific differences in the prescription pattern HEDs in female and male patients.

HED, high-efficacy drugs.

course, 76% were female, and 24% were male.
The median age at the time of treatment adjust-
ment was 47.0years (interquartile range (IQR):
41.2-54.7), and the median disease duration was
6.2years (IQR: 2.5-13.1). The distribution of
MS-related diagnoses was as follows: 7.7% CIS,
63.5% relapsing-remitting MS, 17.3% secondary
progressive MS, and 11.5% primary progressive
MS.

Analysis of atypical AEs

Within our cohort, AE-free courses were evident in
51.2% of treatment cases, while at least one AE
was recorded in 48.8%. Despite the prevalence of
AE as a common reason for therapy adjustments,
they were generally deemed tolerable, leading to
the continuation of DMT's even in the presence of
persistent symptoms (Table 2). Using the Chi-
square test, we observed a significant association
between the occurrence of any AEs and sex
(female: 55% vs male: 48%; y2(1)=6.378,

p»=0.012). In contrast, the age at treatment initia-
tion was not significantly different between patients
who did or did not experience any AEs during
immunotherapy (34.30years vs 35.38years,
»=0.08).

Notably, treatment with natalizumab exhibited
the lowest proportion of AEs (in 25.6% of cases)
followed by treatments with cladribine (30.8%)
and anti-CD20 antibodies (37.7%). AEs were
reported in 41.2% of treatments with alemtu-
zumab, with over half of the symptoms necessitat-
ing treatment adjustments, a proportion higher
than that observed in patients treated with natali-
zumab (27.8%), cladribine (25.0%), or anti-
CD20 antibodies (18.5%). Conversely, DMF
therapies caused the highest proportion of AEs
(66.6%) in our study cohort, resulting in treat-
ment adjustment in only 39.1% of cases, while
AEs occurring in nearly half of interferon treat-
ment cases (48.9%) frequently led to discontinu-
ation (60.1%).
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Table 2. Overview of adverse drug reactions.

Groups of treatment adjustments Alldrugs IFN GA DMF S1PM aCD20 NAT TER AL CdA Others
Total therapies 3850 1169 646 671 335 215 281 170 17 13 333

No AE reported 1972 597 329 224 144 134 209 79 10 9 237

Any AE reported 1878 572 317 44T 191 81 72 bl 7 4 96

AE led to discontinuation (%)

AE with continuation (%)

933 (49.7) 344(60.1) 178(56.2) 175(39.1) 90 (47.1)

15(18.5) 20(27.8) 51(56.00 4(57.1) 1(25.0) 55(57.3)

945(50.3) 228(39.9) 139 (43.8) 272(60.9) 101(52.9) 66(81.5) 52(72.2) 40(44.0) 3(42.9) 3(75.00 41(42.7)

Analysis of the incidence and consequences of adverse drug reactions (n=1878] in the various drug classes regarding the continuation or
necessitation of therapy adjustment in all therapies (n=3850). Treatment changes or discontinuations due to other causes are not considered in

this table.

aCD20, anti-CD20-antibodies; AE, adverse event; AL, alemtuzumab; CD20, cluster of differentiation 20; CdA, cladribine; DMF, dimethyl fumarate;
GA, glatiramer acetate; IFN, interferons; NAT, natalizumab; S1PM, sphingosine-1-phosphate receptor modulators; TER, teriflunomide.

The classification of recorded AEs revealed that
91.9% were categorized as common, 3.1% as
known but unusually severe, and 1.7% as atypi-
cal. While most observed AEs aligned with the
known and common AEs discussed with patients
before treatment initiation, certain AEs exhibited
unusual severity, prompting a distinct reporting.
Figure 5 summarizes these AEs associated with
DMT use, characterized by an unusual intensity
or extent. Noteworthy instances include abscess
surgery for interferon-induced necrosis, urosepsis
associated with anti-CD20 antibodies, and severe
depression linked to interferons and glatiramer
acetate. Although described as common AEs
associated with certain drugs (DMF, glatiramer
acetate, interferons), 12 cases were reported to
have unusually severe elevations of aspartate ami-
notransferase (AST, normal value 5-31 units/liter
(U/1) in women and 5-35 U/l in men) and alanine
aminotransferase (ALT, normal value <35 U/l in
women and <50U/l in men) to 5-10 times the
normal range including toxic hepatopathy. A
majority of unusually severe AEs related to ana-
phylaxis were linked to glatiramer acetate treat-
ment. Collectively, allergic AEs to all DMTs
contributed to approximately half (z=30) of the
unusually severe AEs in our study cohort.

A detailed analysis identified 31 atypical AEs not
previously specified in corresponding medicinal
product information; these are described in Table
3 and Figure 6. Atypical cutaneous side effects
occurred most frequently, followed by neuropsy-
chological and autoimmune AEs. Atypical side
effects in the cardiovascular system, on the thy-
roid gland, related to hemostasis and infections,
as well as malignancies occurred less frequently.

Only 36% of these atypical AEs have been men-
tioned in previous publications available in
PubMed. In contrast, when searching for AEs in
the European-wide database EudraVigilance, we
found 86% of atypical AEs previously reported.
This underlines that significantly more side effects
can be attributed to immunotherapies in real-
world studies and large international databases
than in published cases of side effects in
literature.

Discussion

In a large real-world cohort with MS and related
diseases, we studied clinical characteristics, ther-
apy sequencing, and the occurrence of unusually
severe and atypical AEs upon DMTs. The find-
ings that 51.2% of treatments were unaccompa-
nied by reported AEs while 3.1% resulted in
unusually severe and 1.7% in atypical AEs,
together with their specificities offer valuable
insights into the treatment outcomes and safety
profiles of diverse DMTs in a real-world setting.
Notably, the systematic and comprehensive
approach of our investigation goes beyond previ-
ous efforts that mainly focus on common side
effects such as infections3® or only focus on spe-
cific single drugs.4°

Initiation of therapy with interferons, glatiramer
acetate, and DMF is consistent with patterns in
other real-world cohorts,*! with higher efficacy
DMTs such as S1P modulators, anti-CD20 anti-
bodies, and natalizumab constituting 22% of
therapy cases. The implementation of high effi-
cacy DMTs as second-line treatments reflects an
escalating therapy concept which currently
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Figure 5. Adverse events with unusual severity. Proportional representation of adverse events with unusual
severity (n=59) in the various drug groups. Clusters across organs to improve comprehensibility (infectious,
hematologic, neuropsychological, dermal, organ-functional, and allergic/anaphylactic). Multiple occurrences

of an event are indicated by a number.

CD, cluster of differentiation; STP-modulators, sphingosine-1-phosphate receptor modulators.

gradually turns into more aggressive treatment
from the beginning.? While no clear sex-based
differences in DMT response were documented
in a previous review,*? our study reveals sex dis-
parities in treatment patterns. Males exhibit a sig-
nificantly higher proportion of high-efficacy
DMTs as second or third treatments, suggesting
nuanced considerations in treatment decision-
making influenced by sex-specific factors such as
family planning.

The average duration of DMT use of 4.4 + 0.1 years
slightly exceeds previous studies,*? indicating a
potential trend toward extended treatment peri-
ods in our cohort. Approximately 50% of patients
switched DMTs, with DMF and S1P modulators
being prominent in subsequent therapies. This
underscores the dynamic nature of treatment
strategies and the need for adaptability in manag-
ing MS disease activity. Lack of efficiency emerged
as the primary cause for treatment adjustment,
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Figure 6. Adverse drug reactions with atypical manifestations. A proportional overview illustrating all adverse
drug reactions with atypical manifestations (n=31) not widely described in the current literature. Clustering
across organs among drug groups for visualization (infectious, hematologic, organ-functional, cardiovascular,

autoimmune, neuropsychological, dermal].

CD, cluster of differentiation; dB, decibel; ICU, intensive care unit; STP-modulators, sphingosine-1-phosphate receptor

modulators.

followed by AEs. This finding is in line with com-
parable real-world studies,** emphasizing the sig-
nificance of treatment effectiveness and safety
considerations in clinical decision-making.

The probability of AE occurrence was similar
among all DMTs, with AEs generally occurring
in less than 50% of cases. Importantly, more than
half of the cases allowed for the continuation of

DMTs despite AEs, highlighting the tolerability
of certain treatments, notably anti-CD20 anti-
bodies and natalizumab. The majority of recorded
AEs align with known probabilities of occurrence,
as indicated by regulatory authorities. This align-
ment emphasizes the reliability of safety data in
informing treatment decisions. Notably, a subset
of AEs, particularly allergic reactions, exhibited
unusual severity, representing 3.1% of common
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AEs. This underscores the importance of closely
monitoring and addressing severe manifestations,
even for events considered common.

Atypical AEs, not discovered in the registration
trials or in medicinal product information as
checked by the Committee for Medicinal Products
for Human Use (CHMP) and Bundesinstitut fir
Arzneimittel und Medizinprodukte (Federal
Institute for Drugs and Medical Devices)
(BfArM) were rare, emphasizing the value of real-
world cohort studies. A case of pyoderma gan-
grenosum secondary to ocrelizumab treatment in
our cohort3* matched with the one reported indi-
vidual from another center with this complica-
tion.3> Long-term dermatological treatment and
the use of cyclosporine resulted in slow healing in
the case observed at our center. Other examples
are the occurrence of tachycardia in patients
treated with DMF, not yet published, but found
in our cohort and reported in the EudraVigilance
database, and epistaxis upon IFN-B, neither
reported in the EudraVigilance database nor pub-
lished in PubMed, which ceased after change of
treatment.

While only 36% of atypical side effects have been
previously reported in articles in PubMed, reports
of around 86% of these atypical AEs in the
EudraVigilance database support that the occur-
rence of these events is most likely not a random
association.

This study has its limitations due to the rather
long recruiting period with different market-
launch time points of DMTSs restricting interpre-
tations on proportional distribution among
DMTs. In addition, limitations occurred in the
evaluation of treatment periods, especially for
patients who contributed multiple data points
and who had been treated at other institutions in
the past. Due to incomplete information from the
patients or medical documentation, these data
could notbe included in the analysis. Furthermore,
the data sources relied predominantly on subjec-
tive assessments of AEs. Standardized tools for
AE assessment or predefined questions were not
used in daily routine. Additionally, the weaker
evidence for causal associations between drug
exposure and observed AEs remains a limitation
in observational studies without comparable con-
trol groups. Another limitation is that the study
did not include a calculation of the sample size
selected for this study.

Conclusion

Overall, we conclude from this real-world cohort
study that, despite the occurrence of AEs in
approximately half of the patients—a common
finding—DMTs are generally well-tolerated and
safe for MS patients and individuals with related
conditions, consistent with findings from a recent
Cochrane Review.%¥> Interestingly, we observed
sex differences in treatment choices with females
receiving a lower proportion of high-efficacy
DMTs that we interpret as a consequence of fam-
ily planning considerations. Although greater
uncertainty regarding causality must be acknowl-
edged, the observation of a smaller number of
atypical AEs extends the spectrum of AEs associ-
ated with DMTs and demonstrates the value of
real-world investigations in offering insights into
the long-term safety of DMTs, particularly for
rare events.
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Appendix

Abbreviations
AE

AL

ALT

AST

BfArM

CD20
CHMP

CIS
CIS/RIS

DMT
BG-12/DMF
EMA

FDA

HED
ICD-10

ICU

IEN
IFN-Bla/b
IQR

JCV

MS

MTX
NMOSD

ON
pegIlFN-B1b
PPMS

RIS
RRMS

RTX
S1P
SIPM

SPMS

adverse event

alemtuzumab

alanine aminotransferase
aspartate aminotransferase
Bundesinstitut fiir Arzneimittel
und Medizinprodukte (Federal
Institute for Drugs and Medical
Devices)

cluster of differentiation 20
Committee for Medicinal Produ-
cts for Human Use

clinically isolated syndrome
clinically/radiologically isolated
syndrome

disease-modifying therapy
dimethyl fumarate

European Medicines Agency
Food and Drug Administration
high-efficacy drugs

International Classification of
Diseases, 10th Revision

intensive care unit

interferon

interferon beta la/b

interquartile range

John Cunningham virus

multiple sclerosis

methotrexate
neuromyelitis
disorder
optic neuritis
pegylated interferon beta 1b
primary progressive multiple
sclerosis

radiologically isolated syndrome
relapsing-remitting multiple
sclerosis

rituximab
sphingosine-1-phosphate
sphingosine-1-phosphate recep-
tor modulators

secondary progressive multiple
sclerosis

optica spectrum
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