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Abstract
Background and Objectives
Rituximab is used widely for relapse prevention in neuromyelitis optica spectrum disorder
(NMOSD) andmyelin oligodendrocyte glycoprotein (MOG)-IgG–associated disease (MOGAD);
however, data regarding the effectiveness and safety of long-term rituximab use in these conditions
are limited. In this study, we sought to evaluate long-term clinical outcomes in patients with
aquaporin-4 IgG–seropositive (AQP4-IgG+) NMOSD and MOGAD treated with rituximab.

Methods
We performed a retrospective chart review of patients with AQP4-IgG+ NMOSD or MOGAD
followed at the Johns Hopkins Neuromyelitis Optica Clinic and included patients who had
received at least 1 dose of rituximab.

Results
We identified 111 patients with NMOSD and 23 patients withMOGADwho fulfilled the inclusion
criteria. The median duration of rituximab treatment for the patients with NMOSD was 3.7 years
(range: 0.5–13.2 years) and for the patients withMOGADwas 2.1 years (range: 0.5–7.0 years). The
annualized relapse rate (ARR) decreased after rituximab initiation in both NMOSD (median ARR:
pretreatment 1.1, posttreatment 0; p < 0.001) and MOGAD (median ARR: pretreatment 1.9,
posttreatment 0.3; p = 0.002). Relapses on rituximab occurred in 31 patients with NMOSD (28%)
and 14 patients withMOGAD(61%). Themajority ofNMOSD treatment failures (37/48 relapses;
77%) occurred either within the initial 6 months after starting rituximab (n = 13 relapses) or in the
setting of delayed/missed rituximab doses and/or peripheral B-cell reconstitution (n = 24 relapses),
whereas inMOGAD, these circumstances were present in a smaller proportion of treatment failures
(19/35 relapses; 54%). The risk of relapse on rituximab was greater for patients with MOGAD
compared with patients with NMOSD (hazard ratio: 2.8, 95% CI: 1.5–5.2, p = 0.001). Infections
requiring hospitalization occurred in 13% and immunoglobulin G (IgG) hypogammaglobulinemia
in 17% of patients. The median rituximab treatment duration before IgG hypogammaglobulinemia
onset was 5.4 years (interquartile range: 3.8–7.7 years).

Discussion
Rituximab treatment is associated with the reduced annualized relapse rate in AQP4-
IgG–seropositive NMOSD, especially in the absence of gaps in treatment and/or B-cell re-
constitution. In MOGAD, although a reduction in relapses was observed after initiation of
rituximab, this association appeared to be less robust than in AQP4-IgG–seropositive NMOSD.
Severe infections and hypogammaglobulinemia occurred in a significant proportion of patients,
highlighting the need for close monitoring of infectious complications.
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Classification of Evidence
This study provides Class IV evidence that rituximab decreases the annualized relapse rate in AQP4-IgG–seropositive NMOSD
and MOGAD.

Neuromyelitis optica spectrum disorder (NMOSD) is a re-
lapsing inflammatory CNS disorder that primarily affects
the optic nerves and spinal cord and is associated in the
majority of cases with seropositivity for antibodies targeting
aquaporin-4 (AQP4-IgG).1,2 In a subset of patients with
AQP4-IgG–seronegative NMOSD, serum antibodies against
myelin oligodendrocyte glycoprotein (MOG-IgG) may be
detected. MOG-IgG–associated disease (MOGAD) has
been recognized as a distinct CNS demyelinating disorder,
with manifestations mainly including optic neuritis, trans-
verse myelitis, and acute disseminated encephalomyelitis.3

Treatment for relapse prevention is recommended for all
patients with AQP4-IgG+ NMOSD, given the high risk for
relapse and severe neurologic disability.4,5 In contrast, the
optimal treatment approach for MOGAD remains contro-
versial because MOGAD may be monophasic (especially in
children), and recovery from relapses is typically good; pre-
ventive treatment is generally recommended for patients with
relapsing disease.3,6

Recently, phase 3 randomized placebo-controlled clinical
trials demonstrated the efficacy of 4 biologic drugs (eculizu-
mab, inebilizumab, satralizumab, and rituximab) for relapse
prevention in AQP4-IgG+ NMOSD, leading to application
submission and United States Food and Drug Administration
approval for the former 3 for this indication.7-11 Off-label
immunosuppressive treatments remain widely prescribed
worldwide for relapse prevention in AQP4-IgG+ NMOSD,
likely due to a variety of factors, including cost, availability/
accessibility, and clinical experience.5 Rituximab, a chimeric
monoclonal antibody that depletes circulating B cells by tar-
geting the CD20 surface antigen, is a commonly used pre-
ventive treatment in AQP4-IgG+ NMOSD and shares a
similar mechanism of action with inebilizumab. Although
large-scale randomized controlled trials of rituximab are
lacking, existing evidence from smaller randomized controlled
trials (including a phase 3 randomized placebo-controlled
trial) and observational studies supports that rituximab is
highly effective for relapse prevention in AQP4-IgG+
NMOSD.11-15 However, reports regarding the long-term ef-
fectiveness and safety of rituximab in AQP4-IgG+ NMOSD

are limited. Furthermore, rituximab has been used for relapse
prevention in MOGAD, but it has been suggested that re-
lapses may frequently occur in MOGAD, despite rituximab
treatment and adequate B-cell depletion.16,17 In this retro-
spective observational study, we evaluated the long-term ef-
fectiveness and safety of rituximab in a large, real-world cohort
of patients with AQP4-IgG+ NMOSD and MOGAD.

Methods
Study Design and Participants
We reviewed charts of patients followed at the Johns Hopkins
Outpatient Clinic between January 2010 and June 2021 with
AQP4-IgG+ NMOSD or MOGAD, according to the 2015
International Panel for Neuromyelitis Optica Diagnosis
criteria or previously proposed MOGAD diagnostic criteria,
respectively.1,18 Additional inclusion criteria included (1)
treatment with at least 1 dose of rituximab, (2) verifiable
diagnostic and therapeutic records, and (3) at least 1 clinic
visit after starting rituximab. Data were extracted from the
electronic medical record by reviewing all encounters using
standardized data collection forms including medical
comorbidities, rituximab infusion dates/dosing, infusion
reactions, symptomatic infections, treating physician-
determined relapses, and laboratory information.

An infusion cycle consisted of 1 set of paired infusions ad-
ministered 14 days apart or a single infusion. Infusion reactions
were rated according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events version 3.0,
from grade 1 (mild intervention not indicated) to 5 (death).19

We evaluated the annualized relapse rate (ARR) defined as the
number of relapses divided by the total observation time, before
rituximab initiation and during the rituximab treatment period.
Similar to prior studies, the ARR calculation required at least 3
months of observation before rituximab initiation to avoid an
artificially inflated pretreatment ARR.20

Ambulatory/micturition disability was classified per the
Aminoff-Logue Disability Scale by reviewing available docu-
mentation at each clinic visit.21 Ambulatory function was graded

Glossary
ALC = absolute lymphocyte count; ANC = absolute neutrophil count; AQP4-IgG+ = aquaporin-4 IgG seropositive; ARR =
annualized relapse rate; EDSS = Expanded Disability Status Scale; ICU = intensive care unit;MOG = myelin oligodendrocyte
glycoprotein; Ig = Immunoglobulin; IgG = immunoglobulin G; IVIG = intravenous Ig; MOGAD = myelin oligodendrocyte
glycoprotein–IgG–associated disease; NMOSD = neuromyelitis optica spectrum disorder; UTI = urinary tract infection;
WBC = white blood cell count.
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as normal; 1: abnormal but no restricted activity; 2: unassisted
but restricted activity; 3: requires unilateral assistance for walk-
ing; 4: requires bilateral assistance or walker; and 5: requires a
wheelchair. Micturition was graded as normal; 1: hesitancy, ur-
gency, or frequency; 2: occasional incontinence or retention; and
3: total incontinence or retention. Visual disability was classified
using the Expanded Disability Status Scale (EDSS) visual func-
tion system score (0–6).22 The treatment period was defined as
the time from the first rituximab infusion until 6months after the
last infusion. Information was also captured retrospectively from
the first documented attack onward.

Infections were classified as mild if management was ex-
clusively outpatient, moderate in cases requiring hospital-
ization but not intensive care unit (ICU) admission, and
high in cases that necessitated ICU admission. Leukopenia
was defined as white blood cell count (WBC) <3,000/μL
and classified as mild (WBC <2,000–3,000/μL), moderate
(1,000–2,000/μL), or severe (<1,000/μL). Lymphopenia
was defined as absolute lymphocyte count (ALC) l <1,000/
μL and classified as grade 1 (ALC: 800–999/μL), grade 2
(ALC: 500–799/μL), grade 3 (ALC: 200–499/μL), or
grade 4 (ALC <200/ul). Neutropenia was defined as ab-
solute neutrophil count (ANC) <1,500/μL and classified as
mild (ANC: 1,000–1,500/μL), moderate (ANC: 500–999/
μL), or severe (ANC <500/μL). Complete blood count
values within 1 month of steroid use were omitted from the
analysis. Immunoglobulin (Ig) levels below the reference
range for the reference laboratory (Johns Hopkins Immu-
nology Laboratory) when assessed by turbidimetry were
considered low (IgG <600 mg/dL, IgM <35 mg/dL, and
IgA <61 mg/dL). Mild IgG hypogammaglobulinemia was
defined as 400–599 mg/dL, moderate 200–399 mg/dL, or
severe <200 mg/dL.23 Ig levels that were captured within 6

months after intravenous Ig (IVIG) use or plasma exchange
were not considered.

Statistical Analysis
To assess differences between groups, the Student t test
for continuous variables and the Fisher exact test for cat-
egorical variables were used. The ARR before and after
rituximab initiation was compared using the Wilcoxon
signed-rank test. Kaplan-Meier curves were used to de-
scribe the time after starting rituximab to relapse, hypo-
gammaglobulinemia, or infection requiring hospitalization.
IgG levels were modeled using a linear mixed-effects model
including time since rituximab initiation as a fixed effect.
Assessment of potential factors associated with risk of re-
lapse after rituximab initiation was performed using Cox
proportional regression models where we considered the
first documented clinical relapse as the outcome variable.
The association of disability and age with risk of infection
requiring hospitalization was assessed using Anderson-Gill
models for recurrent events to account for multiple in-
fection events. Statistical significance was considered p <
0.05. Statistical analyses were performed using Python v3.9,
Stata v16 and GraphPad v9.1.1.

Data Availability
Anonymized data used for this study are available from the
corresponding author on reasonable request, with the proper
data sharing agreements in place.

Standard Protocol, Approvals, Registrations,
and Patient Consents
The study protocol was approved by the Johns Hopkins In-
stitutional Review Board (IRB00265758), and patient con-
sent was waived for this retrospective chart review.

Figure 1 Study Population

AQP4-IgG+ = aquaporin-4 IgG seropositive;
MOGAD = myelin oligodendrocyte glycoprotein–
IgG–associated disease; NMOSD = neuromyelitis
optica spectrum disorder.
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Results
Study Population
The study inclusion criteria were fulfilled for 111 partici-
pants with AQP4-IgG+ NMOSD and 23 participants
with MOGAD treated with rituximab (Figure 1). The de-
mographic and baseline clinical characteristics of the study
population (at the time of rituximab initiation) are shown
in Table 1. The median duration of treatment with ritux-
imab for the AQP4-IgG+ NMOSD patients was 3.7 years
(range: 0.5–13.2 years) and for the patients with MOGAD
was 2.1 years (range: 0.5–7.0 years). The median age at
rituximab initiation was 48.9 years for the AQP4-IgG+
NMOSD group (interquartile range [IQR]: 35.8–58.7) and
42.6 years for the MOGAD group (IQR: 32.3–51.2). Both
groups were predominantly female (AQP4-IgG+ NMOSD:
88%, MOGAD: 74%), and 36% of patients with AQP4-
IgG+ NMOSD and 65% of patients with MOGAD were
White. Before rituximab initiation, the median ARR was
1.1 (IQR: 0.5–2.6) for AQP4-IgG+ NMOSD and 1.9 (IQR:
1.0–4.3) for MOGAD.

Rituximab was selected as the initial preventive therapy for the
majority of patients in both groups (AQP4-IgG+ NMOSD:
60%;MOGAD: 56%). For most patients during the treatment
period, rituximab was prescribed as a total of 2,000 mg divided
in 2 doses 14 days apart, repeated every 6 months (AQP4-
IgG+NMOSD: 62%;MOGAD: 91%). In the rest of the cases,
individualized dosing schemes were implemented with single
infusions and/or variable intervals between treatment cycles
by monitoring of CD19+ counts. Adherence issues also
resulted in variable dosing intervals. The median interval
between infusion cycles was 7.3 months (IQR: 6.4–8.9
months) for AQP4-IgG+ NMOSD and 6.7 months (IQR:
5.2–9.6 months) for MOGAD, and the median number of

Table 1 Demographics and Baseline Clinical
Characteristics at the Time of Rituximab
Initiation

Characteristic

AQP4-IgG+
NMOSD
(N = 111)

MOGAD
(N = 23)

Age (y), median (IQR) 48.9 (35.8–58.7) 42.6
(32.3–51.2)

Female sex, N (%) 98 (88.3%) 17 (74%)

Race, N (%)

African American 57 (51.3%) 4 (17.4%)

White 40 (36.0%) 15 (65.2%)

Asian 6 (5.4%) 1 (4.3%)

Other 8 (7.2%) 3 (13%)

Localization of prior clinical attacks, N
(%)

Optic neuritis 63 (56.7%) 19 (82.6%)

Transverse myelitis 91 (82.0%) 13 (56.5%)

Brainstem attack 30 (27%) 3 (13.0%)

Cerebral involvement 3 (2.7%) 6 (26.1%)

Diabetes mellitus, N (%) 11 (9.9%) 2 (8.7%)

History of malignancy, N (%) 8 (7.2%) 2 (8.7%)

Breast cancer 3 (2.7%) 1 (4.3%)

Neuroendocrine tumor 2 (1.8%) 0 (0%)

Thyroid cancer 1 (0.9%) 1 (4.3%)

Lymphoma 1 (0.9%) 0 (0%)

Cervical cancer 1 (0.9%) 0 (0%)

Rheumatologic disease, N (%) 22 (19.8%) 4 (17.4%)

Systemic lupus erythematosus
erythematosus

5 (4.5%) 1 (4.3%)

Sjogren syndrome 6 (5.4%) 1 (4.3%)

Rheumatoid arthritis 2 (1.8%) 0 (0%)

Psoriasis 3 (2.7%) 1 (4.3%)

Autoimmune thyroid disease 3 (2.7%) 1 (4.3%)

Ulcerative colitis 1 (0.9%) 0 (0%)

Celiac disease 1 (0.9%) 0 (0%)

Immune thrombocytopenia 1 (0.9%) 0 (0%)

Disease duration pre-rituximab,
median (IQR), years

2.7 (0.4–7.3) 0.5
(0.3–3.2)

ARR pre-rituximab, median (IQR) 1.1 (0.5–2.6) 1.9
(1.0–4.3)

≥2 attacks pre-rituximab, N (%) 89 (80%) 19 (83%)

Preventive treatment before
rituximab, N (%)

Mycophenolate 18 (16.2%) 5 (21.7%)

Table 1 Demographics and Baseline Clinical
Characteristics at the Time of Rituximab Initiation
(continued)

Characteristic

AQP4-IgG+
NMOSD
(N = 111)

MOGAD
(N = 23)

Azathioprine 11 (9.9%) 3 (13%)

Methotrexate 1 (0.9%) 0 (0%)

Cyclophosphamide 2 (1.8%) 0 (0%)

Othera 12 (10.8%) 2 (8.6%)

None 67 (60.3%) 13 (56.2%)

Follow-up on rituximab, median
(range), years

3.7 (0.5–13.2) 2.1 (0.5–7)

Abbreviations: AQP4-IgG+ = aquaporin-4 IgG seropositive; MOGAD =myelin
oligodendrocyte glycoprotein–IgG–associated disease; NMOSD = neuro-
myelitis optica spectrum disorder.
a Other includes glatiramer acetate, teriflunomide, interferon β-1a, natali-
zumab, and maintenance immunoglobulin infusions.
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rituximab infusion cycles was 6 (IQR: 3–12) for AQP4-IgG+
NMOSD and 4 (IQR: 2–7) for MOGAD.

During follow-up, rituximab was discontinued in 28 (25%) of
patients with AQP4-IgG+ NMOSD and 16 (69%) of patients
with MOGAD. The most common reason for both AQP4-
IgG+ NMOSD and MOGAD was a relapse while on therapy
(Table 2).

Relapses and Disability
The distribution of relapses for all patients relative to ritux-
imab initiation, cumulative incidence of relapses, and the
annualized relapse rate is presented in Figures 2 and 3.

After starting rituximab, 31 (28%) patients with AQP4-IgG+
NMOSD and 14 (61%) patients with MOGAD experienced
at least 1 relapse during treatment. The majority of AQP4-
IgG+ NMOSD treatment failures (37/48 relapses; 77%)
occurred either within the initial 6 months after starting rit-
uximab (13 relapses; median time to relapse 1.8 months), in
the setting of missed or delayed (≥1 month delay) rituximab
infusions (12 relapses), peripheral B-cell reconstitution with
CD19+ >0.5% less than 6 months after a rituximab infusion
(4 relapses), or within 6 months of restarting rituximab after a
prolonged gap in treatment (at least 1 year) accompanied by
peripheral CD19+ reconstitution (6 relapses). Furthermore,
no relapses were observed after continuous rituximab treat-
ment for at least 2.5 years in AQP4-IgG+ NMOSD.

Of the 17 patients with AQP4-IgG+ NMOSD who experienced
a relapse within 6 months of starting or restarting rituximab, 12
remained on rituximab for a median follow-up of 6.6 years
(range: 1.1–10.7 years), with only 2 of these patients experi-
encing an additional relapse. In MOGAD, 10 relapses occurred
within 6 months of rituximab initiation (median time to relapse
2.5 months) and 9 relapses in the setting of missed doses,
whereas 16 relapses occurred in the absence of any of these
circumstances or B-cell reconstitution. Of the 8 patients with
MOGADwho experienced a relapse within 6 months of starting
or restarting rituximab, 5 remained on rituximab, but all of them
continued to experience relapses and were transitioned to dif-
ferent therapies. When considering only relapses occurring at
least 6 months after starting rituximab and in the absence of
reconstitution or missed doses, 93% of AQP4-IgG+ NMOSD
and 57% of MOGAD were relapse-free.

The majority of patients in this study were not treated with
prolonged corticosteroid tapers after rituximab initiation, as this
was not standard of care at our center before 2020. Of note, 88%
of the patients with AQP4-IgG+ NMOSD and 62% of the pa-
tients with MOGAD who relapsed within 6 months of starting
or restarting rituximab after a prolonged treatment gap (>1 year)
were not on oral corticosteroids at the time of the relapse.

The ARR decreased after initiation of rituximab, com-
pared with the pretreatment period (Figure 2C), in both

AQP4-IgG+ NMOSD (median ARR: pretreatment 1.1,
posttreatment: 0; p < 0.001) and MOGAD (median ARR:
pretreatment 1.9, posttreatment 0.28; p = 0.003). For AQP4-
IgG+NMOSD the pretreatment compound ARR (total
number of relapses per patient-years) was 0.55 and post-
treatment was 0.09; for MOGAD pretreatment compound
ARR was 0.68 and posttreatment 0.52. The risk of relapse on
rituximab was greater for patients with MOGAD compared
with patients with AQP4-IgG+ NMOSD (hazard ratio: 2.8,
95% CI: 1.5–5.2, p = 0.001).

Analyses examining associations of demographic variables
(age, race/ethnicity, sex, and ARR before rituximab initiation)
with risk of relapse on rituximab in each group revealed that
older age was associated with a lower risk of relapse in
MOGAD (hazard ratio: 0.70 per 10-year increment in age;
95% CI: 0.55–0.90, p = 0.006), but otherwise no significant
associations were detected in the AQP4-IgG+ NMOSD or
MOGAD groups, including with overall relapse risk during
follow-up or risk of relapse in the first 6 months of rituximab
treatment.

Disability outcomes are depicted in Figure 4. Ambulatory
disability improved or was stable in 82% of patients with
AQP4-IgG+ NMOSD and 72% of patients with MOGAD,
micturition disability in 79% of patients with AQP4-IgG+
NMOSD and in 62% of patients with MOGAD, and visual
disability in 91% of patients with AQP4-IgG+NMOSD and
in 66% of patients with MOGAD. Of the early relapses
occurring in the AQP4-IgG+ NMOSD group within the
first 6 months after rituximab initiation, 5 relapses were
severe (defined as a ≥2-point change in the Aminoff-Logue
score and/or EDSS visual score), 3 did not have sufficient
information to describe severity, and 4 were mild with only
a 1-point change. In the MOGAD group, of the 10 early
relapses, only 1 was a severe relapse, for 2 relapses, sever-
ity could not be determined, and the other 7 were mild
relapses.

Adverse Events
The frequency of adverse events during the treatment period
is described in Table 2. Infusion reactions were common in
both groups, with 41% of patients with AQP4-IgG+ NMOSD
and 17% of patients with MOGAD having at least 1 infusion
reaction during the course of treatment. Most reactions were
mild, with only 5% of patients with AQP4-IgG+NMOSD and
none of the patients with MOGAD having infusion reactions
grade 3 or worse. Rituximab was discontinued due to infusion
reactions in 5% of patients with AQP4-IgG+NMOSD and 4%
of patients with MOGAD.

Infections during the rituximab treatment period were com-
mon in both groups, with the majority of them being mild and
managed in an outpatient setting (Table 2). For the AQP4-
IgG+ NMOSD group, 15 patients (13.5%) had at least 1
infection that required hospitalization (2 of which necessi-
tated ICU admission), of which 1 was fatal. Infections
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requiring hospitalization in the MOGAD group occurred in 2
patients (8.7%). The risk of an infection requiring hospitali-
zation was higher in those with more severe disability (hazard
ratio: 1.54 per 1-point increment in the Aminoff-Logue motor
function scale; 95% CI: 1.28–1.86, p < 0.001). Age was not
significantly associated with the risk of infection (hazard ratio:
1.14 per 10-year increment in age, 95% CI: 0.86–1.50,
p = 0.35).

In the patients with AQP4-IgG+ NMOSD, the most frequent
infection type was urinary tract infection (UTI), representing
49% of all infections. On the other hand, upper respiratory
tract infections (36%) and sinusitis (24%) were the most
common in the MOGAD group. Most infections requiring
hospitalization were UTIs (15/29 severe infections), 8/29
severe infections were pneumonias, and 2/29 were cellulitis.
Two patients had COVID-19 while on rituximab, with 1 of
them requiring hospitalization (these infectious occurred
before vaccines for SARS-CoV2 became available). The cu-
mulative incidence of infections severe enough to require
hospitalization is demonstrated in Figure 5A.

Hypogammaglobulinemia (reduction of IgG, IgA, and/or
IgA) was frequently observed in both groups (Table 2).
IgG hypogammaglobulinemia (<600 mg/dL) was found in
16% of patients with AQP4-IgG+ NMOSD and 21% of pa-
tients with MOGAD. The cumulative incidence of hypo-
gammaglobulinemia and trends of IgG levels over time are

Table 2 Infusion Reactions, Infections, and Laboratory
Abnormalities During Rituximab Treatment

Characteristic, N (%)
AQP4-IgG+ NMOSD
N = 111 patients

MOGAD
N = 23 patients

Patients with at least 1
infusion reaction

46 (41%) 4 (17%)

Infusion reaction severity

Grade 1 33 (29.7%) 1 (4.3%)

Grade 2 20 (18%) 2 (8.7%)

Grade 3 4 (3.6%) 0

Grade 4 2 (1.8%) 0

Patients with at least 1
infection

48 (43.2%) 12 (52.1%)

Infection severity

Mild severity (outpatient) 46 (41.4%) 11 (47.8)

Moderate severity
(hospitalization)

15 (13.5%) 2 (8.7%)

High severity (intensive
care)

2 (1.8%) 0

Type of infection/total
no. of infections

N = 135 N = 25

Urinary tract infection 66 (48.9%) 4 (16%)

Pneumonia 16 (11.8%) 1 (4%)

Cellulitis 12 (8.9%) 1 (4%)

Bronchitis 9 (6.7%) 1 (4%)

Sinusitis 12 (8.9%) 6 (24%)

Herpes zoster 4 (2.9%) 3 (12%)

Other
(URI and illness)

16 (14.4%) 9 (36%)

Leukopeniaa

Mild (WBC 2–3 k/μL) 6 (6%) 0 (0%)

Moderate (WBC 1–2 k/μL) 0 (0%) 0 (0%)

Severe (WBC <1 k/μL) 2 (2%) 0 (0%)

Neutropeniaa

Mild (ANC 1–1.5 k/μL) 10 (10%) 0 (0%)

Moderate (ANC 0.5–1.0 k/μL) 3 (3.1%) 0 (0%)

Severe (ANC <0.5 k/μL) 2 (2.1%) 0 (0%)

Lymphopeniaa

Grade 1 (ALC 800–999/μL) 12 (11.9%) 1 (5%)

Grade 2 (ALC 500–799/μL) 13 (12.9%) 3 (16%)

Grade 3 (ALC 200–499/μL) 8 (7.9%) 0 (0%)

Grade 4 (ALC <200/μL) 2 (1.9%) 0 (0%)

Hypogammaglobulinemiaa

IgG <600 mg/dL 13 (16%) 3 (21%)

Table 2 Infusion Reactions, Infections, and Laboratory
Abnormalities During Rituximab Treatment
(continued)

Characteristic, N (%)
AQP4-IgG+ NMOSD
N = 111 patients

MOGAD
N = 23 patients

IgM <35 mg/dL 27 (35%) 2 (17%)

IgA <61 mg/dL 9 (12%) 2 (17%)

Rituximab discontinuation

Total 28 (25.2%) 16 (69.5%)

Due to relapse 13 (11.7%) 13 (56.5%)

Due to infusion reaction 6 (5.4%) 1 (4.3%)

Due to insurance
noncoverage

3 (2.7%) 0 (0%)

Due to infections 3 (2.7%) 0 (0%)

Due to patient preference 4 (3.6%) 2 (8.7%)

Abbreviations: ALC = absolute lymphocyte count; ANC = absolute neutrophil
count; AQP4-IgG+ = aquaporin-4 IgG seropositive; GI = gastrointestinal;
MOGAD = myelin oligodendrocyte glycoprotein–IgG–associated disease;
NMOSD = neuromyelitis optica spectrum disorder; WBC = white blood cell
count.
a Laboratory values within 1 month of steroid treatment were excluded. Pa-
tients with values available to assess for leukopenia (101 AQP4-IgG+ NMOSD
and 19 MOGAD), neutropenia (97 AQP4-IgG+ NMOSD and 18 MOGAD), lym-
phopenia (101 AQP4-IgG+ NMOSD and 18 MOGAD), IgG (81 AQP4-IgG+
NMOSDand14MOGAD), IgMand IgA (76AQP4-IgG+NMOSDand12MOGAD).
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shown in Figure 5B and 5C, respectively. Only 2 patients had
IgG levels within the 200–399 mg/dL range (moderate
hypogammaglobulinemia), and no patients had IgG <200
mg/dL (severe hypogammaglobulinemia). Of the 16 pa-
tients who developed low IgG <600 mg/dL after rituximab,
13 had sustained low IgG in subsequent measurements, 1 was

within the reference range on repeat testing, and 2 were not
retested by the time the study ended. Four patients in
the AQP4-IgG+ NMOSD group and 1 patient in the
MOGAD group required IVIG administration due to persis-
tent hypogammaglobulinemia and recurrent infections, and in
all 5 patients, IVIG allowed for continuation of rituximab.

Figure 2 Clinical Attacks, Infections Requiring Hospitalization, and Hypogammaglobulinemia Over Time in Patients With
AQP4-IgG+ NMOSD and MOGAD Before and After Initiation Rituximab Treatment

Attacks are shown up to 15 years before rituximab initiation. From the AQP4-IgG+ NMOSD 11 patients (patients 9, 10, 17, 20, 23, 25, 29, 30, 49, 101, and 111)
and from the MOGAD group 2 patients (patients 8 and 10) had experienced relapses before 15 years pre-rituximab. AQP4-IgG+ = aquaporin-4 IgG sero-
positive; MOGAD = myelin oligodendrocyte glycoprotein–IgG–associated disease; NMOSD = neuromyelitis optica spectrum disorder.

e2510 Neurology | Volume 99, Number 22 | November 29, 2022 Neurology.org/N

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Lymphopenia grade 3 or worse (ALC < 500/ul) developed in
8% of patients with AQP4-IgG+ NMOSD and none of the
patients with MOGAD. Severe leukopenia and neutropenia
were very rare in both groups.

A new diagnosis of malignancy during rituximab therapy was
made in 7 patients with NMOSD: 3 hadmelanoma, 2 had breast

cancer, 1 had thyroid cancer, and 1 had a neuroendocrine tumor.
Five of these 7 malignancies were diagnosed within 2 years of
NMOSDdiagnosis. Twopatients withMOGADhad a history of
cancer that preceded rituximab treatment.

During follow-up (including after cessation of rituximab),
there were 3 deaths in the AQP4-IgG+NMOSD group. Two

Figure 3 Characterization of Clinical Relapses of Patients With AQP4-IgG+ NMOSD and MOGAD on Rituximab

(A) Flow diagram of type of relapses during treatment. (B) Kaplan-Meier curves showing the time to relapse after starting rituximab treatment (1 patient
with NMOSD considered in 2 different epochs given prolonged treatment gap of 9 years). (C) Annualized relapse rate before and after rituximab
treatment. ** p = 0.003; **** p < 0.001 AQP4-IgG+ = aquaporin-4 IgG seropositive; HR = hazard ratio MOGAD = myelin oligodendrocyte glycoprotein–
IgG–associated disease; NMOSD = neuromyelitis optica spectrum disorder.
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were related to severe infections attributable to complica-
tions from the underlying disease: 1 occurred 2 years after
discontinuing rituximab in the setting of bacteremia/sepsis
from infected sacral ulcers related to immobility and 1 while
on rituximab due to urosepsis in the setting of an indwell-
ing suprapubic catheter. One patient died due to complica-
tions of breast cancer that was diagnosed 10 months after
NMOSD onset and 6 months after rituximab initiation
(which was discontinued 2 years before death). None of the
patients with MOGAD were diagnosed with malignancy or
died during follow-up.

Classification of Evidence
This study provides Class IV evidence that rituximab de-
creases the annualized relapse rate in AQP4-IgG–seropositive
AQP4-IgG+ NMOSD and MOGAD.

Discussion
In summary, we investigated the effectiveness and long-term
safety of rituximab treatment in a large, observational single-
center cohort of people with AQP4-IgG+ NMOSD and

MOGAD. Rituximab treatment was associated with a signif-
icantly reduced relapse rate in both groups, but notably the
risk of relapse on rituximab was substantially higher in
MOGAD compared with AQP4-IgG+ NMOSD. Infections,
hypogammaglobulinemia, and hematologic abnormalities
were relatively common in both groups.

Rituximab has been empirically used for decades as a preventive
therapy in AQP4-IgG+ NMOSD, due to the role B cells play in
the disease pathophysiology, as AQP4-IgG autoantibodies have
been clearly established to be pathogenic. Although large-scale,
randomized placebo-controlled trials in AQP4-IgG+ NMOSD
are lacking, the RIN-1 placebo-controlled trial that included 38
participants with AQP4-IgG+ NMOSD (19 per arm) demon-
strated Class I evidence of rituximab’s efficacy, with no relapses
occurring in the rituximab arm compared with 7 relapses in the
placebo arm, a finding that was statistically significant.11 The
RIN-1 study findings are in linewith the findings ofmeta-analyses
of observational studies and results of an open-label, randomized
controlled trial of rituximab vs azathioprine, however relapse rates
while on rituximab treatment are variable across these studies,
likely due to relatively small study sample sizes, and differences in
the study designs and populations (including the proportion of

Figure 4 Disability Outcomes

Disability scores before rituximab treatment andat the last visit; data for pre- andpost-treatment disabilitywereavailable for 96 patientswith AQP4-IgG+NMOSD
and 18 patients withMOGAD for gait, 84 patients with AQP4-IgG+NMOSD and 16 patients withMOGAD formicturition, and 69 patients with AQP4-IgG+ NMOSD
and 15 patients with MOGAD for vision. AQP4-IgG+ = aquaporin-4 IgG seropositive; MOGAD = myelin oligodendrocyte glycoprotein–IgG–associated disease;
NMOSD = neuromyelitis optica spectrum disorder.
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patients with AQP4-IgG seropositivity).12,13,15 Furthermore, the
efficacy of B cell–depleting therapies in NMOSD is supported by
the efficacy of inebilizumab in a phase 2/3 randomized, placebo-
controlled trial in NMOSD (N-MOmentum trial). Inebilizumab
targets CD19, which is expressed more broadly on B-cell lineage
cells than CD20, including on pro–B cells and plasmablasts/
plasma cells.24

Our study builds on the existing literature regarding ritux-
imab effectiveness in AQP4-IgG+ NMOSD, by reporting
long-term effectiveness, with a treatment duration of up to
13 years.11,12,15 Notably, we observed that the majority of
relapses occurring during rituximab treatment occurred ei-
ther within the first 6 months after initiation, or in the setting
of missed/delayed infusions and/or peripheral blood B-cell
reconstitution. Importantly, no relapses were observed in
patients who remained on rituximab and had been contin-
uously treated for at least 2.5 years. This supports that, with
optimal dosing/adherence and monitoring for peripheral
B-cell reconstitution, rituximab treatment is associated with a high
relapse-free rate in NMOSD. Furthermore, our observation that
many relapses occurred early after treatment initiation (or reini-
tiation after a prolonged treatment gap) is consistent with prior
reports that have supported that there may be a persistent and/or
heightened risk of relapse during the firstmonths after initiation of
rituximab, which could relate to transient increases in AQP4-IgG
titers in association with induction of B cell–activating factor.25-27

Of interest, a similar phenomenon was observed in the
N-MOmentum trial of inebilizumab, with the majority of relapses
occurring during the first year and a relatively stable attack-free
probability through subsequent years of follow-up.28 Importantly,
patients in the N-MOmentum trial were treated routinely with
oral corticosteroids only for a 21-day period following inebilizu-
mab initiation.9 In contrast, in the RIN-1 rituximab trial, although
the sample size was small, all patients were treated with cortico-
steroids at baseline, which were slowly tapered according to a
predefined protocol, with no relapses observed in the rituximab-
treated arm.11 It has previously been recommended that steroids
be overlapped with rituximab for at least 1 month following ini-
tiation of rituximab, followed by tapering.4,5 In our cohort, steroid
use was variable, but in most cases were tapered rapidly within a
month following rituximab initiation. Collectively, the above data
support a delayed onset of effectiveness of B cell–depleting
therapies in AQP4-IgG+ NMOSD and support the rationale for
more prolonged duration of overlap of rituximab with cortico-
steroids (3–6 months) to mitigate early risk of relapse (similar to
the approach implemented in the RIN-1 trial), including in pa-
tients reinitiating treatment after a prolonged treatment gap with
B-cell reconstitution. Alternatively, it is conceivable that this ob-
servation could be related to a depletion of susceptibles phe-
nomenon, in which those patients experiencing relapses early on
are a subgroup that is less responsive to rituximab treatment.29

However, of the 12 patients who remained on rituximab despite
experiencing a relapse within 6 months of starting or restarting
rituximab, only 2 experienced an additional relapse during
follow-up. This supports the notion that a relapse occurring in
AQP4-IgG+ NMOSD early after rituximab initiation (or other

Figure 5 Adverse Events During Follow-up on Rituximab
Treatment in Patients With AQP4-IgG+ NMOSD
and MOGAD

Infections requiring hospitalization (A) and hypogammaglobulinemia (B and
C). The green line in C corresponds to the average trendof IgG levels, derived
froma linearmixed-effectsmodel. One patient with AQP4-IgG+NMOSDwas
considered 2 different treatment epochs given prolonged treatment gap (9
years). AQP4-IgG+ = aquaporin-4 IgG seropositive; MOGAD = myelin oligo-
dendrocyte glycoprotein–IgG–associated disease; NMOSD = neuromyelitis
optica spectrum disorder.
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B cell–depleting therapies) should not necessarily be considered a
treatment failure.

Although the topic of specific regimens of oral corticosteroids
overlapping with rituximab treatment in AQP4-IgG+ NMOSD
warrants further investigation and is beyond the scope of the
present study, the RIN-1 study steroid tapering protocol may
help guide clinical practice. In the RIN-1 study, the initial dose of
oral corticosteroids was 5–30 mg daily of prednisolone equiva-
lents and fixed for the first 2months of the trial and subsequently
reduced by ;10% every 4 weeks11 At our center, although the
oral corticosteroid regimen may vary depending on individual
patient characteristics, including comorbidities (e.g., diabetes and
osteopenia) and tolerability of steroid treatment, we have re-
cently implemented an approach of initiating oral prednisone at
1mg/kg (up to 60mg) after completion of an IV steroid pulse for
treatment of an attack (which is the typical scenario that brings
patients to attention and prompts initiation of long-term therapy
with rituximab) and then tapering the daily dose by 10 mg every
1–2 weeks until reaching a dose of 20 mg daily, which we con-
tinue for the first 3 months after initiation of rituximab and then
taper over the subsequent 3 months. Although more work is
needed to inform recommendations for a specific tapering reg-
imen, we feel that this approach has the potential to balance the
risk of an early attack following initiation of rituximab with risks
related to long-term exposure to high-dose corticosteroids.

In MOGAD, although we found that rituximab use was associ-
ated with a decrease in the ARR comparedwith the pre-rituximab
period, the majority of patients with MOGAD experienced re-
lapses on rituximab, and the risk of relapse was significantly
greater than patients with AQP4-IgG+ NMOSD. In addition, a
large proportion of relapses in MOGAD occurred in the absence
of missed doses or peripheral blood B-cell reconstitution. These
findings are consistent with prior observational studies reporting
a reduction in relapse risk in rituximab-treated patients with
MOGAD, with a substantial proportion of patients, however,
continuing to relapse despite rituximab treatment and B-cell
depletion.16,17,20,30-32 A recent systematic review and meta-
analysis of rituximab treatment in patients with MOGAD in-
cluding 238 patients found that rituximab was associated with a
reduction in relapse risk in MOGAD, but only 55% remained
relapse-free.33 Furthermore, all patients in our study with
MOGAD who relapsed within the first 6 months of initiating
treatment and then remained on rituximab continued to experi-
ence relapses while on treatment. This suggests that a low
threshold should be maintained to switch from rituximab to an-
other agent in patients with MOGAD experiencing relapses on
rituximab, especially since maintenance immune globulin (IV or
subcutaneous) has been reported to be associated with a mark-
edly decreased risk of relapse in MOGAD.20,30,31,34

Regarding adverse events associated with rituximab treatment,
although infusion reactions were common, most were minor and
rarely resulted in treatment discontinuation. Lymphopenia and
hypogammaglobulinemia were prevalent in both patients with
MOGAD and AQP4-IgG+ NMOSD over time, with frequencies

comparable to prior reports.23,35,36 Furthermore, the risk of in-
fection during rituximab therapy was considerable in our cohort,
with 13% of patients experiencing an infection requiring hospi-
talization, in line with findings from prior studies in individuals
with multiple sclerosis and NMOSD.12,37 Higher ambulatory
disability was strongly associated with risk of severe infection,
likely due to factors including immobility and concomitant blad-
der dysfunction, which can increase the risk of UTIs, the most
frequently observed infection in this cohort. Infections more
classically associated with hypogammaglobulinemia (e.g., pneu-
monia and cellulitis) were less common but present in a relatively
large proportion of the hospitalized cases. Furthermore, infections
for which some protection may be provided by vaccination were
observed, including pneumonia, herpes zoster, and COVID-19
(although the study period preceded the availability of SARS-
CoV2 vaccines). Rituximab treatment is associatedwith decreased
vaccination-induced humoral responses, but relatively preserved
T-cell responses.38 This emphasizes the importance of adminis-
tering vaccinations before the initiation of rituximab, if possible. In
addition, for patients already on treatment, consideration should
be given to the timing of vaccinations (we ideally aim for vacci-
nations to be administered 4 weeks before a rituximab infusion,
consistent with consensus recommendations for SARS-CoV2
vaccination from the American College of Rheumatology and an
expert panel convened by the National MS Society).39,40

There are several strengths of the current study. These include the
large sample size and long-term follow-up (up to 13 years), es-
pecially for participants with AQP4-IgG+NMOSD. Notably, the
most recent meta-analysis of rituximab treatment in NMOSD
included 435 patients with AQP4-IgG+ NMOSD from 26 dif-
ferent studies; thus, the present study increases the reported
number of rituximab-treated patients with AQP4-IgG+NMOSD
in the literature bymore than 25%.Moreover, our study included
only participants from a single center, which reduces issues related
to heterogeneity of treatment approaches, monitoring practices
and outcome ascertainment. Furthermore, our study included a
high proportion of African Americans in the AQP4-IgG+
NMOSD group (51%), a population that is often un-
derrepresented in clinical trials, including in the recent phase 3
clinical trials in NMOSD, and which has been proposed to be
predisposed to developNMOSDand to experience worse clinical
outcomes.7,8,10,11,41-43 In addition, our study included a large
proportion of participants with concomitant autoimmune dis-
eases, for which rituximab had the potential benefit of covering
these conditions as well. Finally, we only included participants
with AQP4-IgG or MOG-IgG seropositive disease, which im-
proves the generalizability of our results, and avoids challenges
with the interpretation of studies in the literature performing
analyses of mixed populations of AQP4-IgG seropositive and
seronegative participants, especially prior to the availability of
MOG-IgG testing.

Our study has several limitations that warrant discussion. First,
because this investigation was retrospective, it is limited to re-
lapses and adverse events that were documented in the medical
record, although we expect that lack of documentation would
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mainly bias toward reduced ascertainment of mild events such as
minor infections. Relapses in AQP4-IgG+ NMOSD and
MOGAD generally present with significant neurologic dys-
function, and thus, we would not expect such instances to be
omitted from the medical record. Second, participants with
MOGAD constituted a relatively small fraction of the cohort,
somewhat limiting the interpretation of results in this subgroup,
although our findings are consistent with prior reports. Finally,
laboratory data were not routinely available for all patients.

In conclusion, our study supports that rituximab treatment is
associated with a reduced annualized relapse rate in AQP4-
IgG–seropositive NMOSD, especially in the absence of gaps in
treatment and/or B-cell reconstitution, with the exception of a
critical window of persistent relapse risk during the first months
after rituximab initiation. Although a reduction in the relapse
rate was observed in MOGAD after rituximab initiation, most
patients experienced relapses, consistent with a less robust as-
sociation of rituximab treatment with reduced relapse fre-
quency in MOGAD compared with AQP4-IgG+ NMOSD.
Given the relatively large proportions of patients experiencing
hypogammaglobulinemia, lymphopenia, and infection re-
quiring hospitalization, especially in patients with more severe
disability, infection risk in patients treated with B cell–depleting
therapies is an important consideration when counseling pa-
tients regarding treatment selection, and patients should be
closely monitored during follow-up. The use of concurrent
corticosteroids in the first 6-month of rituximab therapy to
mitigate early relapse risk warrants further study.
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