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Abstract
Background and Objectives
Attack prevention is crucial in managing neuromyelitis optica spectrum disorders (NMOSDs).
Eculizumab (ECU), an inhibitor of the terminal complement cascade, was highly effective in
preventing attacks in a phase III trial of aquaporin-4 (AQP4)-IgG seropositive(+) NMOSDs. In
this article, we evaluated effectiveness and safety of ECU in routine clinical care.

Methods
We retrospectively evaluated patients with AQP4-IgG+ NMOSD treated with ECU between
December 2014 and April 2022 at 20 German and 1 Austrian university center(s) of the
Neuromyelitis Optica Study Group (NEMOS) by chart review. Primary outcomes were ef-
fectiveness (assessed using annualized attack rate [AAR], MRI activity, and disability changes
[Expanded Disability Status Scale {EDSS}]) and safety (including adverse events, mortality,
and attacks after meningococcal vaccinations), analyzed by descriptive statistics.

Results
Fifty-two patients (87% female, age 55.0 ± 16.3 years) received ECU for 16.2 (interquartile
range [IQR] 9.6 – 21.7) months. Forty-five patients (87%) received meningococcal vaccination
before starting ECU, 9 with concomitant oral prednisone and 36 without. Seven of the latter
(19%) experienced attacks shortly after vaccination (median: 9 days, IQR 6–10 days). No
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postvaccinal attack occurred in the 9 patients vaccinated while on oral prednisone before starting ECU and in 25 (re-)vaccinated
while on ECU. During ECU therapy, 88% of patients were attack-free. Themedian AAR decreased from 1.0 (range 0–4) in the 2
years preceding ECU to 0 (range 0–0.8; p < 0.001). The EDSS score from start to the last follow-up was stable (median 6.0), and
the proportion of patients with new T2-enhancing or gadolinium-enhancingMRI lesions in the brain and spinal cord decreased.
Seven patients (13%) experienced serious infections. Five patients (10%; median age 53.7 years) died on ECU treatment
(1 from myocardial infarction, 1 from ileus with secondary sepsis, and 3 from systemic infection, including 1 meningococcal sepsis),
4 were older than 60 years and severely disabled at ECU treatment start (EDSS score ≥ 7). The overall discontinuation rate was 19%.

Discussion
Eculizumab proved to be effective in preventing NMOSD attacks. An increased risk of attacks after meningococcal vaccination
before ECU start and potentially fatal systemic infections during ECU—particularly in patients with comorbidities—must be
considered. Further research is necessary to explore optimal timing for meningococcal vaccinations.

Classification of Evidence
This study provides Class IV evidence that eculizumab reduces annualized attack rates and new MRI lesions in AQP4-IgG+
patients with NMOSD.

Introduction
Neuromyelitis optica spectrum disorders (NMOSDs) are
predominantly anti-aquaporin-4 (AQP4)-IgG-mediated in-
flammatory diseases of the CNS, characterized by relapsing
attacks affecting the optic nerves, the spinal cord, and the
brainstem/brain.1-4 Attack prevention is crucial to avoid dis-
ability accumulation.5 Various therapeutic strategies such as
CD19-specific or CD20-specific monoclonal antibody-
mediated B-cell depletion,6,7 interleukin-6 (IL-6) receptor
blockade,8,9 and complement inhibition10,11 were successful
in phase II/III trials, particularly in AQP4-IgG+ patients with
NMOSDs. This led to the approval of inebilizumab, rituximab
(RTX, only in Japan), satralizumab, eculizumab (ECU), and
ravulizumab (RAV) for AQP4-IgG+ NMOSD in many coun-
tries worldwide.12 However, data on clinical experience with
these agents outside of controlled trials are scarce.

In NMOSDs, AQP4-IgG binding to the astrocytic water
channel activates the complement pathway, which induces
astrocyte death13 and perivascular complement deposition
associated with prominent vascular fibrosis.14 ECU, a hu-
manized monoclonal antibody, binds to the terminal com-
plement protein C5 and inhibits its cleavage into C5a and
C5b. Because the risk of meningococcal infections has been
estimated to be 2,000-fold higher in patients treated with
ECU than in the untreated population,15 meningococcal
vaccination or antibiotic prophylaxis is mandatory for patients
treated with complement inhibitors.

ECU has first been approved for treating paroxysmal nocturnal
hemoglobinuria (PNH) and atypical hemolytic uremic syn-
drome (aHUS) in 2007 and 2011, respectively.16 In neurologic
disorders, ECU has been licensed for generalized myasthenia
gravis (gMG)17 and was first successfully investigated in
NMOSDs in an open-label pilot trial with 14 patients in 2009/
2010.18 In the pivotal PREVENT trial on AQP4-IgG+
NMOSD, ECU (n = 96 patients) led to a 94.2% attack risk
reduction compared with placebo (n = 47)10 with sustained
effects in the open-label extension (OLE) phase.19 The rate of
treatment-related serious adverse events (SAEs) was 8.0 in 100
patient-years, including severe infections in 18.2% of
patients.19,20 Of interest, serious infections occurred less fre-
quently with ECU thanwith placebo, regardless of concomitant
immunosuppressivemedications or previous RTX use.21 There
was 1 reported death under ECU and azathioprine (AZA) in
the PREVENT trial categorized as possibly related to ECU
treatment,10 and there were no fatalities during the OLE.19

This study evaluated the effectiveness and safety of ECU and
meningococcal vaccinations in a large NMOSD cohort.

Methods
The study has been performed within the Neuromyelitis
Optica Study Group (NEMOS).22 On informed consent,
NEMOS includes AQP4-IgG+ and seronegative patients
with NMOSD, patients with NMOSD suspicious clinical

Glossary
AAR = annualized attack rate; BfR = Bundesinstitut für Risikobewertung; bMRI = brain MRI; DFG = Deutsche
Forschungsgemeinschaft; EDSS = Expanded Disability Status Scale; G-BA = Gemeinsamer Bundesausschuss; gMG =
generalized myasthenia gravis; IQR = interquartile range; IVMP = intravenous methylprednisolone;NEMOS = Neuromyelitis
Optica Study Group; NMOSD = neuromyelitis optica spectrum disorder; OLE = open-label extension; OR = odds ratios;
PNH = paroxysmal nocturnal hemoglobinuria; SAE = serious adverse event; scMRI = spinal cord MRI.
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syndromes, and patients with myelin oligodendrocyte glyco-
protein antibody-associated diseases in Germany, Austria, and
Switzerland. Of this cohort, we included all ECU-treated
AQP4-IgG+ patients with NMOSD from 21 neurologic de-
partments in Germany (n = 20) and Austria (n = 1) from
December 2014 until April 2022 in the analysis, irrespective of
the disease or treatment duration (Figure 1).

Clinical and paraclinical data were obtained by the treating
physicians and entered in the NEMOS database. All data were
analyzed retrospectively by chart review. Patients were con-
tinuously treated at the contributing centers with regular as-
sessments of clinical (attacks and Expanded Disability Status
Scale [EDSS] score) and paraclinical (MRI, AQP4-IgG, and
other laboratory tests) data. AQP4-IgG was investigated ex-
clusively by cell-based assays.23-25

Our analyses focused on ECU safety and effectiveness, given as
annualized attack rate (AAR), active or new/progressive lesions
on MRI, and longitudinal disability changes (EDSS). An attack

was defined as “a definitely new neurologic symptom” or “clear
acute worsening of previous neurologic deficits” with objective
clinical signs, lasting for ≥ 24 hours and attributable to an
inflammatory CNS event. Last available MRIs of the brain and
the cervicothoracic spinal cord, before and during ECU ther-
apy, were classified as “nonactive” or “active” according to the
absence/presence of new/enlarging T2-enhancing or contrast-
enhancing T1 lesions, respectively. No standardized MRI
protocols were used. MRI scans were evaluated by 2 radiolo-
gists (at least 1 neuroradiologist) during regular clinical
workup. Safety aspects comprised infusion-related reactions,
serious infections, exacerbation of autoimmune comorbidities,
and fatalities. Considering previously reported exacerbation of
autoimmune diseases after meningococcal vaccination,26-29 we
further focused our analysis on disease activity in patients
vaccinated before and after starting ECU.

Statistical Analysis
The AAR before ECU treatment was calculated by dividing
the total number of attacks within the past 2 years before

Figure 1 Flowchart Illustrating the Recruitment of 52 Eculizumab (ECU)-Treated AQP4-IgG Seropositive Patients With
NMOSD for This Study From the Neuromyelitis Optica Study Group (NEMOS)

AQP4-IgG = aquaporin-4-immunoglobulin G; MOGAD = myelin oligodendrocyte glycoprotein antibody-associated disease; NMOSDs = neuromyelitis optica
spectrum disorders.
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the initial ECU administration by 2. In patients with a
disease duration of <2 years before ECU treatment, we also
categorically divided the total number of attacks by 2 be-
cause there were no attacks before the disease onset. Owing
to the individual lengths of ECU treatment, the AAR during
ECU therapy denotes the number of attacks in proportion
to the exact treatment duration. Attacks occurring within
21 days after vaccination were defined as postvaccinal
attacks.

The cohort was described using absolute and relative fre-
quencies, along with the mean or median and appropriate
measures of variability such as SD, interquartile range
(IQR), the interval between the lower and upper quartile,
range, and minimum (min) and maximum (max). In most
cases, values were not normally distributed; hence, non-
parametrical tests were used. To test for significant differ-
ences between medians of 2 unpaired groups, for example,
vaccinated vs unvaccinated patients, the Wilcoxon test for
independent samples was applied. In the case of paired data,
such as AAR before ECU start and AAR under ECU therapy,
the Wilcoxon signed-rank test was used. In normally dis-
tributed data, t tests or Welch tests were applied. To assess
the correlation between categorical variables, Fisher exact
tests were used in cases where cell numbers were less than 5
while χ2 tests were used otherwise. The results were pre-
sented in terms of odds ratios (ORs) along with their cor-
responding 95% confidence intervals. Otherwise, statistical
test results are presented as p values with alpha = 0.05 as the
predetermined significance level. Version 4.0.5 of the R Statistics
package was used for statistical analysis.

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethical approval to conduct this study was obtained from
the institutional review board of the Heinrich-Heine Uni-
versity Düsseldorf (#3419) and from each participating
center by their local institutional review boards according to
ICH/GCP. All patients provided written informed consent for
data collection.

Table 1 Cohort Description and Previous
Immunotherapies

AQP4-IgG+,
n = 52

Ethnicity, n (%)

White 47 (90)

Latin American 1 (2)

African 1 (2)

Asian 2 (4)

Arabian 1 (2)

Sex, n: female/male (% female) 45/7 (87)

NMOSD based on 2015 criteria: yes/no (% yes) 52/0 (100)

Age at disease manifestation in y: mean (SD) 48.3 (17.0)

ECU-treated pediatric patients (% yes) 1/52 (2%)

Disease duration before ECU in y: median (IQR) 4.1 (0.7–7.3)

All attacks before ECU, n: median (IQR) 3.0 (2.0–5.0)

Attacks during past 2 y before ECU,
n: median (IQR)

2.0 (1.0–3.0)

Attacks under last immunotherapy,
n: median (IQR)

1.0 (0.0–2.0)

AAR in the 2 y before ECU, median (IQR) 1.0 (0.5–1.5)

Age at ECU start in y: mean (SD) 55.0 (16.3)

BMI at ECU start, median (IQR) 26.0 (23.6–28.6)

EDSS score at the last follow-up
before ECU, median (IQR)

6.0 (3.0–7.4)

ECU treatment duration in y: median (IQR) 1.3 (0.8–1.8)

All immunotherapies before ECU, n (%)

Azathioprine 13 (25)

Belimumab 1 (2)

Cyclophosphamide 4 (8)

Fingolimod 2 (4)

Glatiramer acetate 3 (6)

Hydroxychloroquine 1 (2)

IVIG 9 (17)

IVMP quarterly 1 (2)

Long-term PLEX 3 (6)

Methotrexate 4 (8)

Mitoxantrone 1 (2)

Mycophenolate mofetil 4 (8)

Natalizumab 2 (4)

Rituximaba 31 (60)

Steroids 6 (12)

Table 1 Cohort Description and Previous
Immunotherapies (continued)

AQP4-IgG+,
n = 52

Tocilizumab 5 (10)

Intrathecal triamcinolone 1 (2)

Abbreviations: AAR = annualized attack rate; AQP4-IgG = aquaporin-4-im-
munoglobulin G; BMI = body mass index; ECU = eculizumab; EDSS = Ex-
panded Disability Status Scale; IQR = interquartile range; IVIGs = IV
immunoglobulins; IVMP = IV methylprednisolone; NMOSDs = neuromyelitis
optica spectrum disorders; PLEX = plasma exchange.
a Eleven of 52 patients received rituximab in the past 6 mo before ECU start,
so initial additional effects of the ongoing B-cell depletion are possible in this
subgroup.
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Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Cohort Description
We included data of 52 patients (87% female, 90% White)
with AQP4-IgG+ NMOSD in this study (Table 1) fulfilling
the international consensus criteria for NMOSD.4 Fifty pa-
tients were adults, and 2 patients were younger than 18 years
at disease manifestation (6.2 and 17.3 years), 1 still younger

than 18 years at ECU start. Thirteen patients had autoimmune
comorbidities, including systemic lupus erythematosus (SLE; n
= 4), Hashimoto thyroiditis (n = 4), Sjögren syndrome (n = 2),
myasthenia gravis (n = 2), type 1 diabetesmellitus (n = 2), Grave
disease, sarcoidosis, membranous glomerulonephritis, systemic
scleroderma, rheumatoid arthritis, vitiligo, hyperthyroidism, im-
mune thrombopenia, and antiphospholipid syndrome (1 each).

Disease Course Before Eculizumab Treatment
The median disease duration before ECU start was 4.1 (IQR
0.7–7.3) years. At disease manifestation, the mean age was
48.3 years (SD ± 17.0); at ECU start, the mean age was 55.0
years (SD ± 16.3). Before ECU start, patients had experienced

Figure 2 Disease Courses of All 52 AQP4-IgG Seropositive Patients With NMOSD Before and During Eculizumab (ECU)
Treatment, Highlighting Previous Immunotherapies, Add-on Treatments During ECU, and Every Attack, Indicated
by Red and Black Diamonds
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a median of 3.0 attacks (range 1–21). Considering the past 2
years before ECU start, 2.0 attacks (median; min 0, max 8
attacks) were recorded (Table 1, Figure 2). The median AAR
(IQR) was 1.3 (0.5–3.1) for the overall disease duration and
1.0 (0.5–1.5) during the 2 years before ECU treatment, re-
spectively. Themedian EDSS score at ECU start was 6.0 (IQR
3.0–7.3), with 26 patients (50%) having an EDSS score ≥ 6.0
(range 6.0–9.5). Baseline brain MRI (bMRI) and spinal cord
MRI (scMRI) scans were available in 47 and 41 of the 52
patients, respectively. The last available bMRI was performed
at 2.2 (IQR 0.8–5.2) months and scMRI at 1.8 (IQR 0.9–6.0)
months before treatment initiation. New, enlarging, or active
lesions were found in 18 of 47 bMRI scans (39%) and 24 of 41
scMRI scans (59%) before treatment initiation.

Immunotherapies Before
Eculizumab Treatment
Most patients (39/52, 75%) had received at least 1 immu-
notherapy before ECU (1 [n = 17], 2 [n = 10], 3 or more
immunotherapies [n = 12]; Table 1). The most frequent
treatment before ECU was RTX, given to 31 patients (60%;
administered with 1.000 mg every 6 months in 20 of 31 pa-
tients). Within the past 24, 12, and 6 months before ECU
initiation, 26 (50%), 21 (40%), and 11 (21%) of the 52 pa-
tients were treated with RTX, respectively. The second and
third most frequent immunotherapies were AZA (25%) and
IV immunoglobulins (IVIGs; 17%). 13 patients (25%) were
treatment-naive before ECU start (Figure 2).

Initiation of Eculizumab Therapy
ECU was initiated in most patients (34/52; 65%) because of
recent (<3months) attack activity (33/34) or an asymptomatic

enlarging lesion on MRI (1/34). 10 of these 34 patients were
treatment-naive, and 24 were switched from another im-
munotherapy (13 from RTX, 4 from AZA, 2 from IVIG, 3
from oral prednisolone, 1 from tocilizumab, and 1 from
methotrexate and hydroxychloroquine). In the remaining 18
patients, ECU was started because of attacks further back
(≥3 months) under the last therapy (n = 10), as a first
therapy (n = 3), and because of side effects of previous
immunotherapy (n = 1), refusal to reimburse RTX costs by
the insurance company (n = 1), wish for pregnancy (n = 1),
or unknown reasons (n = 2).

Attack Rate, MRI, and Disability Changes
During Eculizumab Therapy
39 patients (75%) were treated with ECU monotherapy, and
13 (25%) received add-on oral prednisolone (n = 7), AZA
(n = 3), mycophenolate mofetil (MMF; n = 2), or MMF and
prednisolone (n = 1), partly administered in the context of
other autoimmune comorbidities (n = 3). The median ob-
servation period on ECU treatment was 16.2 (IQR 9.6–21.7,
range 2.0–85.8) months; 43 patients were treated for at least 6
months and 36 patients for at least 12 months.

A total of 6 attacks in 6 of 52 patients (12%) occurred during
ECU therapy after a median of 5.6 (IQR 3.3–12.9) months
(mean 8.7, SD 7.6) during a median observation period of
18.1 (IQR 15.5–20.4) months on ECU. These attacks in-
cluded optic neuritis (n = 2), myelitis (n = 2), and brainstem
encephalitis (n = 2). 4 of the 6 relapsing patients were re-
ceiving the standard ECU maintenance dose (1,200 mg every
2 weeks), 1 adult received 900 mg, and the pediatric patient

Figure 3 Significant Decrease of the Annualized Attack Rate (AAR) Between the 2 Years Before Eculizumab (ECU) Initiation
and During ECU Treatment (p < 0.001; A) Clinical Stabilization Measured By a Constant Median Expanded Dis-
ability Status Scale (EDSS; Longitudinal Data Available in 45 Patients) Score Between ECU Start (6.0) and the Last
Follow-Up During ECU Treatment (6.0; p = 0.08; B)
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received 600 mg biweekly. None of the 6 relapses occurred
within the first 30 days of starting ECU (median 165 days,
range 72–626), rather ruling out a possible therapeutic lag. 2
of 39 patients (5%) relapsed during ECU monotherapy and 4
of 13 patients (31%) under ECUwith add-on therapy. 2 of the
6 attacks were treated with IV methylprednisolone (IVMP)
only, 2 required IVMP plus apheresis therapy, 1 required oral
prednisolone, and 1 patient did not receive attack therapy.

The median AAR in the total cohort decreased from 1.0 (IQR
0.5–1.0) in the 2 years before ECU start to 0 (IQR 0) under
ECU (p < 0.001; Figure 3A). 88% of the patients were attack-
free during ECU therapy. Similarly, the median (IQR) AAR in
the subgroup of patients treated with ECU for at least 12
months (n = 36, only 35 longitudinal AAR value pairs avail-
able) decreased from 1 (0.5–1.5) in the 2 years before ECU
start to 0 (0) under ECU (p < 0.01). The median (IQR) AAR
of patients who received RTX within 6 months of starting
ECU (n = 11; 8 with ECU monotherapy) vs those who did
not was similar, with an AAR of 1 (0.5–1.0) vs 1 (0.5–1.5) (p
= 1) within 2 years before start of ECU and 0 (0 – 0.3) vs 0 (0)
(p = 0.06) under ECU, respectively.

Longitudinally, the median EDSS scores between ECU start
and the last follow-up during ECU treatment were stable
(6.0; p = 0.08) (Figure 3B). They remained unchanged in 22
of 45 (49%), improved in 15 of 45 (33%), and deteriorated
in 8 of 45 (18%) patients (in 4 of these 8 patients in the
context of an attack). Longitudinal EDSS data were not
available in 7 patients, and 1 of them experienced an attack
during ECU therapy. Seven of 8 patients with EDSS score
deterioration received ECU with add-on immunotherapy,
corresponding to an EDSS score progression in 7 of 13
patients (54%) in the “add-on-”treated group. In other 4 of
these 13 patients, the EDSS score improved, and in 2 of 13, it
remained unchanged.

Follow-up bMRI scans and scMRI scans during ECU treat-
ment were available in 27 and 28 patients, respectively, and
were obtained 10.0 months (median, IQR 7.2–21.2) and 11.6
months (median, IQR 6.3 – 20.5) after ECU start. The pro-
portion of patients with new or enlarging T2-enhancing or
contrast-enhancing T1 MRI lesions decreased significantly com-
paredwith the lastMRI before ECU start (44%vs 7%; p<0.05 for
bMRI and 64% vs 16%; p < 0.001 for scMRI; Figure 4A+B).

Meningococcal Vaccination and Attack Activity
Forty-five patients (87%) received at least 1 vaccination against
Neisseria meningitidis before ECU start. Thirty-six (80%) of these
patients received both vaccines against serogroups ACW135Y
and serogroup B, 4 (9%) only against serogroup B, 4 (9%) only
against serogroups ACW135Y, and 1 (2%) only against
serogroup C. Twenty-five patients (48%) were first vaccinated
(n = 5) or re-vaccinated (n = 20) against meningococcal in-
fection during ECU treatment. 2 patients (4%) did not receive
any vaccination against Neisseria meningitidis (eTable 1). In 21
patients, antibiotics were administered because of an incomplete
or missing immunization against meningococcal disease.

In total, 7 attacks occurred in temporal association with me-
ningococcal vaccination (median: 9 days thereafter, IQR:
6–10; Table 2). Notably, all 7 attacks manifested in patients
vaccinated before the initiation of ECU therapy. Five attacks
occurred after simultaneous vaccination against serogroups
ACW135Y and serogroup B while 1 attack each was noted
after vaccination against serogroup B and serogroups
ACW135Y. None of these patients received concomitant oral
prednisone during the vaccination. All 7 attacks were con-
firmed by MRI and required apheresis therapy.

By contrast, none of the 9 patients who received meningo-
coccal vaccination before ECU therapy and concurrently took
oral prednisone (in varying doses) suffered subsequent

Figure 4 Significant Decrease of New or Contrast-Enhancing Lesions in 27 Patients With Available Longitudinal Brain MRI
Scans (p = 0.006; A) and 25 Patients With Longitudinal Spinal Cord MRI Scans (p < 0.001; B) Before and During
Eculizumab (ECU) Treatment
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attacks. Of these patients, 8 were simultaneously vaccinated
against serogroups ACW135Y and serogroup B while 1 pa-
tient was only vaccinated against serogroup B.

In addition, no temporarily associated relapses were observed
in 25 patients vaccinated or boostered against meningococcal
disease during ECU therapy. Overall, 7 of 36 patients (19.4%)
who had been vaccinated before ECU start without con-
comitant prednisone therapy experienced attacks.

The risk of postvaccinal attacks was not associated with the
presence of additional comorbid autoimmune diseases (OR
1.16, CI95% [0.18,10.53]).

There was no difference in the overall number of vaccinations
administered within 4 weeks of the initial meningococcal

vaccination between patients who experienced postvaccinal
attacks and those who did not (in both groups: median: 2,
range: 1–3 and 1–4 vaccinations, respectively). There was no
difference in median AAR in the previous 2 years before
vaccination (median: 1, range: 0.5–2 in the group with
postvaccinal relapses vs median: 0.5, range: 0–2 in the relapse-
free group, p = 0.19). The comparison of patients without
concomitant prednisolone use during the vaccination showed
similar results (median AAR 1, range: 0–2 vs 1, range 0.5–2,
respectively). The proportion of patients with recent attacks
in the preceding 3 months before vaccination was also similar
among those with and without postvaccinal attacks (57% vs
48%, p = 0.70).

Thirteen patients were further vaccinated against pneu-
mococcal disease (8 before ECU and 5 during ECU

Table 2 Detailed Information of 7 Patients Who Experienced Postvaccinal Attacks

Patient no. 1 2 3 4 5 6 7

N. meningitidis vaccination
before ECU start

Yes Yes Yes Yes Yes Yes Yes

Serogroups vaccinated against B, ACW135Y B, ACW135Y B, ACW135Y B,
ACW135Y

B ACW135Y B, ACW135Y

First vaccination against N.
meningitidis

Yes Yes Yes Yes Yes Yes Yes

Time between vaccination and
attack

10 d 8 d 18 d 11 d 2 d 5 d 9 d

Type of attack Thoracal myelitis Cervical
longitudinal
myelitis

Optic neuritis +
longitudinal myelitis
at multiple levels

Brainstem
syndrome

Cervical
myelitis

Thoracal
myelitis

Cervicothoracal
longitudinal
myelitis

MRI-confirmed attack Yes Yes Yes Yes Yes Yes Yes

Outcome of attack treatment Partial remission
under PLEX +
alternating steroids

Full
remission
under PLEX

Partial remission
under PLEX + RTX
initiation

Partial
remission
under PLEX

Partial
remission
under steroids
+ PLEX

Partial
remission
under PLEX

Partial
remission
under PLEX

Immunotherapy before ECU

Medication, protocol none RTX,
biannually,
1000 mg

IVIG, monthly, 1–2g/
kg body weight for
2–5 d

RTX,
initiation
with 1000
mg

none RTX,
biannually,
1000 mg

TCZ, monthly, 8
mg/kg body
weight

Time between last infusion
and vaccination

NA 139 d 242 d 231 d NA 292 d 17 d

Time between last acute
treatment (IV steroids and/
or PLEX) and vaccination

59 d (PLEX and IV
steroids)

60 d (PLEX) 200 d (IV steroids) 16 d (PLEX) 16 d (PLEX) 84 d (PLEX) 8 d (PLEX)

AAR in the past 2 y before
vaccination

0.5 1 2 1 1 2 0.5

Add-on therapy none none none MMF, 1,000
mg/d

none none none

Further vaccinations

Serogroups vaccinated
against

B B B B B, ACW135Y B none

Abbreviations: AAR = annualized attack rate; ECU = eculizumab; EDSS = Expanded Disability Status Scale; MMF =mycophenolate mofetil; NA = not applicable;
N. meningitidis = Neisseria meningitidis; PLEX = plasma exchange; RTX = rituximab; TCZ = tocilizumab.
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therapy). Only 1 patient experienced an attack 3 weeks
after pneumococcal vaccination, performed during ECU
therapy.

Infusion-Related Reactions, SAEs,
and Mortality
Infusion-related reactions were reported in 5 patients and
comprised mild exanthema on the infusion arm, port occlu-
sion and paravasation, nausea and vomiting, fever and shiv-
ering, and allergic reaction with generalized pruritus and
periocular edema (leading to treatment discontinuation). The

2 latter patients with fever and allergic reaction received
antiallergic medication before consecutive infusions.

Seven patients (13%) experienced serious infections requiring
hospitalization (2 on ECU monotherapy and 5 with add-on
immunotherapy with oral steroids, AZA, and MMF). Two
were diagnosed with pneumonia (1 with sepsis); 2 with
urosepsis (1 with fatal secondary subarachnoid hemorrhage);
1 with Candida sepsis (fatal course); 1 with meningococcal
infection (fatal course); and 1 with multiple infections in-
cluding erysipelas, pyelonephritis, and thoracic varicella zoster

Table 3 Demographic and Clinical Aspects of 5 Fatalities During Eculizumab Treatment

Patient no. 1 2 3 4 5

Sex Female Male Female Female Female

AQP4-IgG serostatus Pos Pos Pos Pos Pos

MOG-IgG serostatus Neg Neg Neg Neg Neg

NMOSD based on 2015
criteria

Yes Yes Yes Yes Yes

Disease duration before
ECU (y)

> 15 0 – 1 0 – 1 1 – 5 > 20

AAR in the 2 y before ECU 1.5 0.5 0.5 1.5 0.5

Relapses under last
immunotherapy

Yes NA NA Yes No

EDSS score at ECU start 8.5 8.0 8.5 0.0 7.0

ECU treatment duration
(mo)

4.8 12.0 13.2 20.4 26.4

Age at death (decade) 6th 8th 7th 2nd 8th

Time between last ECU
infusion and death (d)

30 24 21 57 12

Immunotherapies
before ECU

FIN, NTZ,
RTX, TCZ

Steroid AZA AZA, CYC, IVIG, MMF, RTX, TCZ AZA, GLAT,
IVIG, MIT,
RTX

Autoimmune
comorbidities before
ECU

None None None SLE None

Comedication at the
time of death

Steroid None AZA MMF Steroid

Cause of death Candida
sepsis,
pneumonia

Sepsis after
mechanical and
paralytic ileus

Urosepsis with Klebsiella
pneumoniae, secondary
aneurysmatic SAH

Meningococcal sepsis (serogroup B,
sequence type 35 complex), fulminant
NMOSD attack

Myocardial
infarction

Vaccination against
serogroups ACW135Y
before ECU

No Yes No Yesa Yes

Vaccination against
serogroup B before ECU

No Yes No Yesa Yes

Vaccination against
serogroup C before ECU

No No Yes No No

Abbreviations: AAR = annualized attack rate; AQP4-IgG = aquaporin-4-immunoglobulin G; AZA = azathioprine; CYC = cyclophosphamide; DM = diabetes
mellitus; ECU = eculizumab; EDSS = Expanded Disability Status Scale; FIN = fingolimod; GLAT = glatiramer acetate; IVIGs = IV immunoglobulins; MIT =
mitoxantrone; MMF =mycophenolatemofetil; MOG-IgG =myelin-oligodendrocyte-glycoprotein immunoglobulin G; NA = not applicable; NAT = natalizumab;
neg = negative; NMOSDs = neuromyelitis optica spectrum disorders; pos = positive; RTX = rituximab; SAH = subarachnoid hemorrhage; SLE = systemic lupus
erythematosus; TCZ = tocilizumab.
a Patient 4 received MMF and IVIG at the time of vaccination
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infection. The patient with meningococcal sepsis (serogroup
B) had completed the recommended meningococcal vacci-
nation against serogroups ACW135Y and serogroup B under
oral corticosteroid therapy 20 months before. This patient
also suffered from SLE and, therefore, received add-on
treatment with MMF for several months at the time of vac-
cination (Table 3). Two other patients had recurrent fever
episodes of unknown origin; however, no infection has been
reported. Two patients experienced exacerbation of SLE
(during ECU monotherapy in one case and during ECU
therapy with concomitant 5 mg prednisolone in another),
leading to ECU discontinuation in both patients.

In total, 5 of 52 patients (10%), including 1 child (median age
54 years; range 13–73), died after 1.2 (median; IQR: 1.1–1.9)
years on ECU treatment. One person died of myocardial
infarction, 1 of ileus with secondary sepsis, and 3 in the
context of systemic infections, including 1 of meningococcal
sepsis (Table 3). Four of these 5 patients had severe disease
courses (EDSS score ≥ 7) while the pediatric patient had no
neurologic deficits at ECU start. Four of 5 patients died within
4 weeks of the last ECU infusion and the pediatric patient 57
days after the last infusion due to meningococcal sepsis.

Of the remaining 47 patients, 9 (19%) discontinued ECU
treatment after a median treatment duration of 0.8 years
(IQR: 0.4–1.2). Reasons for treatment discontinuation were
recurrent UTIs with urosepsis (n = 1), disease activity (n = 1;
disease progression on MRI (myelitis) associated with SLE
exacerbation), infusion-related burden and exacerbation of
previous autoimmune comorbidities (n = 1, SLE and auto-
immune thrombopenia), infusion-related burden (n = 1),
infusion-related allergic reaction (n = 1), refusal of menin-
gococcal vaccination (n = 1), and (unknown) personal rea-
sons (n = 3).

Two of 9 discontinuing patients died 4 and 16 months after
ECU cessation: 1 patient had planned to prolong ECU
treatment interval for personal reasons, experienced an
NMOSD attack, and died several weeks thereafter (no further
information available). The other person with infusion-
related allergic reactions during ECU treatment was switched
to RTX and then, again owing to infusion-related intolerance,
to AZA and died severely disabled.

This study provides Class IV evidence that eculizumab
reduces annualized attack rates and new MRI lesions in
AQP4-IgG+ patients with NMOSD.

Discussion
In this study, we retrospectively analyzed routine clinical care
data of a European cohort of AQP4-IgG+ patients with
NMOSD treated with eculizumab. Despite a high baseline
attack activity and disability (median EDSS score 6.0), the
median AAR decreased substantially and 88% of patients

remained attack-free during ECU treatment. These results are
similar to previous findings in the pilot study on ECU in
AQP4-IgG+ NMOSD (n = 14; 86% of patients remained
attack-free; ARR decreased from 3.0 to 0),18 in the PREVENT
trial (n = 96; 97% attack-free; ARR decreased from 1.9 to 0),10

and for RAV in the CHAMPION-NMOSD study (n = 58;
100% attack-free; ARR decreased from 1.9 to 0).11 Notably,
add-on immunosuppressants showed no advantage regarding
the AAR compared with ECU monotherapy in our cohort,
although our sample size was too small to draw conclusions.
An investigation in a larger sample size would be necessary to
detect a protective or potentially detrimental influence of add-
on immunotherapy on disease activity. The heterogeneity of
comorbidities and related add-on therapies precluded such
statistical analyses in this study.

The decrease in brain and spinal cord MRI activity corrobo-
rates the clinical effectiveness of ECU. These findings are
novel because MRI data have not yet been systematically
analyzed in previous ECU and RAV trials. Nevertheless,
asymptomatic MRI activity is not always a marker of disease
activity in NMOSD.30 Similar to the PREVENT10 and
CHAMPION-NMOSD studies,11 EDSS scores remained
stable on ECU despite a substantially higher baseline disability
in our cohort (median EDSS score of 6.0 vs 4.0 and 3.25,
respectively). Our routine clinical care data thus confirm the
high therapeutic effectiveness of ECU in AQP4-IgG+
NMOSD.

Concerning safety, previous controlled trials and registries
have revealed infusion-related reactions, headaches, naso-
pharyngitis, upper respiratory tract infection and UTI, back
pain and diarrhea, nausea, and arthralgia as the most com-
mon adverse events of ECU in patients with NMOSD.20

Severe infections, including bacterial and fungal sepsis (fatal
in some cases), have also been reported in patients treated
with ECU.31 In our cohort, 7 patients (13%) experienced
serious infections, including 1 case of meningococcal sepsis
despite previous vaccination and 4 cases of non-
meningococcal sepsis. A high level of preexisting disability
and immobility and higher age and concomitant immuno-
suppressive therapy were potential risk factors of serious
infections under treatment with ECU in our cohort in line
with a recent consensus article32; however, (subsequently
fatal) sepsis also occurred in a pediatric patient in the ab-
sence of neurologic disability.

Probably, the most relevant and novel safety finding of our
study was the observation of disease attacks temporally as-
sociated with meningococcal vaccinations, performed before
ECU initiation. Notably, a high number of attacks within the
2-week time window between the meningococcal vaccina-
tion and ECU start (or shortly thereafter) had already been
reported in 4 of 14 patients (29%) in the ECU pilot study.18

Concomitant oral prednisone during vaccination before
ECU start and vaccination after ECU initiation were not
associated with postvaccinal attacks in this cohort.
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Moreover, the relapse rate in the past 2 years and previous
attacks in the 3 months before vaccination were also not
associated with a higher risk of postvaccinal attacks, sug-
gesting that attack clustering is unlikely to be a causative
factor. Despite the limited number of patients vaccinated
against pneumococcal infection, only 1 attack has been ob-
served during ECU treatment, indirectly indicating that
postvaccinal attacks seem to be more frequently associated
with meningococcal vaccines, given before ECU start and
without concomitant steroid therapy.

Considering the retrospective nature of this study and the
limited number of patients analyzed, data from larger and,
ideally, prospective cohorts are needed to clarify whether
meningococcal vaccinations might put patients at risk of
NMOSD attacks. Mechanisms that specifically underlie an
increased attack activity in NMOSD after meningococcal
vaccination are unknown. However, the activation of auto-
immune and autoinflammatory diseases after vaccination is a
well-known phenomenon, especially in women and in pa-
tients with more than 1 autoimmune disease.26 Single cases
and case series of SLE,27 bullous pemphigoid,28 and Guillain-
Barré syndrome29 after different meningococcal vaccinations
were previously reported. By contrast, no disease exacerbation
has been observed in a systematic study of juvenile idiopathic
arthritis.33

The European eculizumab product information warns of
potential disease deterioration due to complement activation
after meningococcal vaccinations, and Canadian recommen-
dations report on possible complement activation specifically
in the context of vaccination against meningococcal
serogroup B.34 However, because vaccination against
serogroups ACW135Y and serogroup B is mandatory in pa-
tients subjected to anticomplement therapy in most countries
worldwide, these warnings are of little clinical value. Alter-
natively, starting complement inhibitors on prophylactic an-
tibiotics and vaccinating later might be a safer approach,
enabling both prompt initiation of ECU treatment and safe
vaccinations.

Sufficient meningococcal vaccine response remains another
highly relevant safety aspect in therapeutic complement
inhibition. Despite full vaccination against serogroups
ACW135Y and serogroup B before the first ECU infusion,
the pediatric patient from our cohort experienced fulminant
meningococcal sepsis 1.7 years later, leading to ECU dis-
continuation, followed by a fatal NMOSD attack (case 4,
Table 3). A possible supporting reason in this individual
case was the MMF-treated SLE comorbidity. Indeed, in-
fections with encapsulated bacteria during complement
blockade have been reported in different indications despite
previous vaccination.35 In NMOSD, this includes 1 patient
from the ECU pilot study who developed meningococcal
sepsis 2 months after her initial ECU infusion,18 1 patient
from the PREVENT-OLE study with a Neisseria gonor-
rhoeae infection,19 and 2 patients in the CHAMPION-

NMOSD trial suffering from meningococcal infections after
21 and 483 days of RAV treatment, respectively.11 By
contrast, neither the PREVENT study nor a 2-year post-
marketing surveillance from Japan observed meningococcal
infections.10,36 The substantially higher overall incidence of
meningococcal infections in Europe and the United States
seems to be the most plausible explanation for these dif-
ferences.37 Further studies on vaccination responses and
predictors of meningococcal infection despite vaccination
in patients treated with complement inhibitors seem highly
warranted.

Five patients (10%) from our cohort died during ECU
treatment. This finding contrasts with previous observations
on complement inhibitors in NMOSD because there were
no fatalities in the pilot study (during ECU treatment),
PREVENT-OLE study, CHAMPION-NMOSD trial,11,18,19

and a recent Japanese, manufacturer-funded postmarketing
surveillance.36 Only 1 patient (0.96%) from the PREVENT
study died of infectious pleural empyema under ECU and
AZA treatment, classified as probably related to the trial
medication.10 One large Japanese study on the safety profile
of ECU in 1,055 patients with PNH, aHUS, or gMG
reported 40 patients (3.8%) who died because of SAEs, 34 of
them due to serious infections, including 2 cases with me-
ningococcal sepsis.31 More recently, 1 additional patient
with NMOSD with concomitant SLE was reported, who
developed type B insulin resistance and severe Klebsiella
pneumoniae pneumonia during ECU treatment and died of
sepsis-related multiorgan failure 18 months after ECU
initiation.38

In our cohort, 4 of 5 patients who died during/shortly after
ECU treatment were aged older than 50 years and severely
disabled at ECU treatment start (EDSS score ≥ 7). In sum, we
suppose that severe disability, immobility, and higher age at
disease onset contributed to an increased risk of infections
and mortality in our cohort. Thus, overall disability, age, au-
toimmune comorbidities, and previous or concomitant im-
munosuppression should be carefully considered when
making decisions to start ECU.

Our study is limited by its retrospective nature and the het-
erogeneity in data collection from 21 participating centers
(contributing 1–7 patients per center; eTable 2) with, in
consequence, partly incomplete data sets in some cases and by
the limited number of patients in some subgroup analyses.
The homogeneous ethnicity (90% White) and the relatively
brief observation period on ECU (median 16.2 months) limit
the generalizability to other populations and restrict the ability
to draw definitive conclusions regarding its long-term safety
and effectiveness. Our study may thus underestimate the risks
associated with the use of ECU. The strength of our study is
that it is one of the largest ECUNMOSD cohorts reported so
far, including older patients and those with severe disability in
a clinical routine setting rather than in the more strictly
controlled setting of a phase III study. Given the safety signals
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observed in this study, prospective, nonmanufacturer-funded
registries are urgently needed.

Eculizumab therapy was associated with reduced attack rate
and stable EDSS scores in our cohort, confirming clinical trial
data. However, in this study, ECU treatment goes along with a
higher risk of serious and potentially fatal complications than
reported in the clinical trials, including meningococcal and
other systemic infections. Further factors, including potential
immune deficiency after multiple pretreatments, higher age,
disability, and concomitant diseases, should be included in
individual infection risk assessment.

The observation of an increased risk of attacks temporarily
associated with meningococcal vaccination before ECU
initiation in patients not co-treated with oral steroids is a
critical finding with possible implications for treatment ini-
tiation and patient management. Later vaccination after
ECU initiation seems to be safer regarding postvaccinal at-
tacks. However, the number of patients included was too
small to draw definite conclusions. Moreover, further studies
are needed to evaluate the protective role of concomitant
steroids during vaccination before ECU or RAV treatment
and the effect of prednisone and/or other immunotherapies
on the efficacy of meningococcal vaccination and on po-
tential immune markers (e.g., serum bactericidal antibody
test) that may predict the degree of protection against
meningitis/meningococcal sepsis.

In summary, this study provides important insights into the
effectiveness and safety of eculizumab in NMOSD and
highlights the importance of carefully evaluating the risk-
benefit profile in older patients with severe disability.

Study Funding
The authors report no targeted funding.

Disclosure
M. Ringelstein received speaker honoraria from Novartis,
Bayer Vital GmbH, Roche, Alexion, Horizon, and Ipsen and
travel reimbursement from Bayer Schering, Biogen Idec,
Merz, Genzyme, Teva, Roche, Horizon, Alexion, and Merck,
none related to this study. S. Asseyer received speaker hon-
oraria from Alexion, Bayer GmbH, and Roche, not related to
this study. G. Lindenblatt received travel reimbursement from
Bayer Health Care, not related to this study. K. Fischer reports
no disclosures relevant to the manuscript. R. Pul received
speaker’s and board honoraria from Alexion, Bayer Health-
care, Biogen, Celgene, Janssen Cilag, Merck Serono, Mylan/
Viatris, Novartis, Roche, SanofiGenzyme/Aventis, Stada, and
Teva, and received research grants from Herz Burgdorf,
Novartis, andMerck, none related to the content of this study.
J. Skuljec, L. Lohmann, and K. Giglhuber report no disclo-
sures relevant to the manuscript. V. Häußler reports funding
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Hümmert, MD

Department of Neurology,
Hannover Medical School,
Germany

Drafting/revision of the
manuscript for content,
including medical
writing for content; major
role in the acquisition of
data

Corinna
Trebst, MD

Department of Neurology,
Hannover Medical School,
Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Makbule
Senel, MD

Department of Neurology,
University Hospital, Ulm,
Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Ralf Gold, MD Department of Neurology,
St. Josef-Hospital, Ruhr
University Bochum,
Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Luisa Klotz,
MD

Department of Neurology,
University Hospital,
Münster, Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Christoph
Kleinschnitz,
MD

Center for Translational
Neuro- and Behavioral
Sciences, University
Medicine Essen, University
of Duisburg-Essen,
Germany

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Continued

Neurology.org/N Neurology | Volume 103, Number 9 | November 12, 2024
e209888(15)

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.n
eu

ro
lo

gy
.o

rg
 b

y 
14

1.
80

.1
59

.7
0 

on
 8

 O
ct

ob
er

 2
02

4

http://neurology.org/n


References
1. Jarius S, Aktas O, Ayzenberg I, et al. Update on the diagnosis and treatment of

neuromyelits optica spectrum disorders (NMOSD) – revised recommendations of
the neuromyelitis optica study group (NEMOS). part I: diagnosis and differential
diagnosis. J Neurol. 2023;270(7):3341-3368. doi:10.1007/s00415-023-11634-0

2. Jarius S, Ruprecht K, Wildemann B, et al. Contrasting disease patterns in seropositive
and seronegative neuromyelitis optica: a multicentre study of 175 patients.
J Neuroinflammation. 2012;9:14. doi:10.1186/1742-2094-9-14

3. Lennon VA, Wingerchuk DM, Kryzer TJ, et al. A serum autoantibody marker of
neuromyelitis optica: distinction from multiple sclerosis. Lancet. 2004;364(9451):
2106-2112. doi:10.1016/S0140-6736(04)17551-X

4. Wingerchuk DM, Banwell B, Bennett JL, et al. International consensus diagnostic
criteria for neuromyelitis optica spectrum disorders. Neurology. 2015;85(2):177-189.
doi:10.1212/WNL.0000000000001729

5. Jarius S, Paul F, Weinshenker BG, Levy M, Kim HJ, Wildemann B. Neuromyelitis
optica. Nat Rev Dis Primers. 2020;6(1):85. doi:10.1038/s41572-020-0214-9

6. Cree BAC, Bennett JL, Kim HJ, et al. Inebilizumab for the treatment of neuromyelitis
optica spectrum disorder (N-MOmentum): a double-blind, randomised placebo-
controlled phase 2/3 trial. Lancet. 2019;394(10206):1352-1363. doi:10.1016/S0140-
6736(19)31817-3

7. TaharaM, Oeda T, Okada K, et al. Safety and efficacy of rituximab in neuromyelitis optica
spectrum disorders (RIN-1 study): a multicentre, randomised, double-blind, placebo-
controlled trial. Lancet Neurol. 2020;19(4):298-306. doi:10.1016/S1474-4422(20)30066-1

8. Yamamura T, Kleiter I, Fujihara K, et al. Trial of satralizumab in neuromyelitis optica
spectrumdisorder.NEngl JMed. 2019;381(22):2114-2124. doi:10.1056/NEJMoa1901747

9. Traboulsee A, Greenberg BM, Bennett JL, et al. Safety and efficacy of satralizumab
monotherapy in neuromyelitis optica spectrum disorder: a randomised, double-blind,
multicentre, placebo- controlled phase 3 trial. Lancet Neurol. 2020;19(5):402-412.
doi:10.1016/S1474-4422(20)30078-8

10. Pittock SJ, Berthele A, Fujihara K, et al. Eculizumab in aquaporin-4-positive neuro-
myelitis optica spectrum disorder. N Engl J Med. 2019;381(7):614-625. doi:10.1056/
NEJMoa1900866

11. Pittock SJ, BarnettM,Bennett JL, et al. Ravulizumab in aquaporin-4-positive neuromyelitis
optica spectrum disorder. Ann Neurol. 2023;93(6):1053-1068. doi:10.1002/ana.26626
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Appendix 2 Coinvestigators

Coinvestigators are listed at Neurology.org/N.
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