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Abstract
Background and Objectives
Patients with multiple sclerosis (PwMS) receiving extended dosing of rituximab (RTX) have
exhibited no return of disease activity, which suggests that maintenance of deep depletion of
circulating B cells is not necessary to maintain the efficacy of RTX in MS.

Methods
This was a prospective monocentric observational study including all consecutive PwMS who
started or continued RTX after 2019, when themedical staff decided to extend the dosing interval
up to 24 months for all patients. Circulating B-cell subsets were monitored regularly and sys-
tematically in case of relapse. The first extended interval was analyzed.

Results
We included 236 PwMS (81% with relapsing-remitting MS; mean [SD] age 43 [12] years;
median [range] EDSS score 4 [0–8]; mean relapse rate during the year before RTX start 1.09
[0.99]; 41.5% with MRI activity). The median number of RTX infusions before extension was 4
(1–13). At the time of the analysis, themedian delay in dosingwas 17months (8–39); themedian
proportion of circulating CD19+ B cells was 7% (0–25) of total lymphocytes and that of CD27+

memory B cells was 4% (0–16) of total B cells. The mean annual relapse rate did not differ before
and after the extension: 0.03 (0.5) and 0.04 (0.15) (p = 0.51). Similarly, annual relapse rates did
not differ before and after extension in patients with EDSS score ≤3 (n = 79) or disease duration
≤5 years (n = 71) at RTX onset. During the “extended dosing” period, MRI demonstrated no
lesion accrual in 228 of the 236 patients (97%). Five patients experienced clinical relapse, which
was confirmed byMRI. In these patients, the level of B-cell subset reconstitution at the time of the
relapse did not differ from that for patients with the same extension window.

Discussion
The efficacy of RTX outlasted substantial reconstitution of circulating B cells in PwMS, which
suggests that renewal of the immune system underlies the prolonged effect of RTX in MS. These
findings suggest that extended interval dosing of RTX that leads to a significant reconstitution of
circulating B cells is safe in PwMS, could reduce the risk of infection, and could improve vaccine
efficacy.
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Introduction
B-cell–depleting therapies have been recently and widely used
in patients with multiple sclerosis (PwMS), with outstanding
control of inflammation. Nonetheless, recent studies have
shown that prolonged maintenance therapy with rituximab
(RTX), the first B-cell–depleting therapy used in MS, con-
sisting of 6-month dosing intervals, is associated with the
highest risk of infection among all therapies for MS.1 In ad-
dition, B-cell–depleting therapies reduce the efficacy of most
vaccines, which could limit the mitigation of the risk of
infection.2,3 In this regard, the COVID-19 pandemic high-
lighted these safety concerns because B-cell–depleting ther-
apies are associated with both increased risk of severe
COVID-194 and reduced COVID-19 vaccine efficacy.5-8

Hypogammaglobulinemia is frequent after several years of
maintenance therapy with B-cell–depleting therapies and could
be the main factor contributing to the risk of infection.9-12

Mechanisms leading to hypogammaglobulinemia are not well
understood. Nonetheless, the risk of hypogammaglobulinemia
increases with time on B-cell–depletingmaintenance therapy.12

Importantly, the reversibility of hypogammaglobulinemia after
B-cell–depleting therapy withdrawal could be related to the
kinetics of CD27+ memory B-cell repopulation,13,14 which
highly depends on the time of maintenance therapy. Thus, one
way to reduce the risk of hypogammaglobulinemia and sub-
sequent infections could be to increase the dosing interval to
lead to substantial CD27+ memory B-cell repopulation. In
addition, increasing the dosing interval could improve the
vaccine efficacy, as recently evidenced with the COVID-19
vaccine.15 Importantly, reducing the overall dose of B-cell–
depleting therapies to improve safety would be relevant if a
potential return of disease activity after extension is rare. This
situation would be true if deep depletion of CD27+ memory
B cells is not required to obtain full control of MS activity. This
seems to be the case, as suggested by different studies including
the phase II RTX trial16 and the ocrelizumab (OCR) phase II
extension trial17 in relapse-remittingMS (RRMS), which found
no return of disease activity within the 12 and 18 months after
the last infusion. More recently, studies involving the RTX/
OCR dosing interval longer than 6 months have confirmed
these findings, which suggest that B-cell repopulation, known
to generally occur after 8 months, is not immediately associated
with disease reactivation.18-21 However, because most studies
did not perform B-cell monitoring, we do not know whether
the potential maintenance of efficacy of RTX/OCR after 6
months is due to slow B-cell repopulation in most patients or
persists after significant B-cell repopulation, thus suggesting a
less proinflammatory profile of reconstituting B cells. Recently,

a large real-world observational cohort study found sustained
efficacy of RTX in patients with a large extended infusion in-
terval.22 This study demonstrated that although B-cell repo-
pulation occurred in almost all patients after 12 months, no
significant return to disease activity was evidenced. However,
this study did not fully address whether the risk of relapse
during RTX treatment is driven by the extent of B-cell repo-
pulation because B-cell counts were not determined at the time
of the relapse in all patients showing disease activity. This point
is of major importance for clinical practice to determine
whether B-cell monitoring could be a relevant tool to tailor
RTX infusions in PwMS.

The present prospective observational cohort study reports
the evolution of disease activity of a large cohort of PwMS
receiving extended interval RTX dosing. Patients were mon-
itored regularly for circulating B-cell subset reconstitution and
systematically in case of relapse.

Methods
Study Population
We started to use RTX off-label for PwMS in the MS center of
Marseille in 2015. All consecutive patients under RTX therapy
were prospectively included in an observational cohort study.
The induction treatment consisted of 1,000 mg RTX infused
twice at 2-week intervals. The maintenance regimen consisted
of a single infusion of 1,000 mg RTX administered every 6
months until 2018. Since 2019, our department initiated a
change in clinical practice concerning the dosing interval used
for off-label RTX in RRMS. All neurologists (A.M., A.R., C.B.,
S.D., P.D., J.P., and B.A.) decided to extend the interval be-
tween 2 infusions up to 24 months. Clinical visits were main-
tained every 6 months, and brain and spinal cord MRI
monitoring was performed at least annually for all patients.
This decision was based on the absence of a standardized ad-
ministration scheme for RTX in RRMS as demonstrated by the
heterogeneity of dosing intervals reported at that time in the
literature16,23-25 along with our experience with patients stop-
ping RTX for various reasons and to limit the potential in-
fectious side effects related to hypogammaglobulinemia.10 The
24-month maximal interval was chosen according to a study
published in 2016 that found a potential slight waning of RTX
effect at 24 months after the last infusion.24 Patients were in-
formed of the new administration scheme at their next ap-
pointment. All patients under RTX or who started RTX in the
center received it under this extended administration scheme.
The COVID-19 pandemic was probably an important de-
terminant in this total adherence of patients.

Glossary
ARR = annual relapse rate; EDSS = Expanded Disability Status Scale; LLN = lower limit of normality; OCR = ocrelizumab;
PwMS = patients with multiple sclerosis; RRMS = relapse-remitting MS; RTX = rituximab.
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In the present article, we report the data of the first interval of
the “extended dosing” period. Only data of patients with a
follow-up > 8 months in this first interval period are reported.

Medical Visits
Patients were seen in the center for a clinical evaluation every 6
months. Brain and spinal cord MRI monitoring was performed
at least annually. All examinations for a given patient were per-
formed by the same experienced neurologists (A.M., A.R., C.B.,
S.D., P.D., J.P., and B.A.). The Expanded Disability Status Scale
(EDSS) score was collected at each visit. All patients received the
phone number of our indoor neuroinflammatory unit that was
open 24 h/d, 7 d/wk. We informed each patient about the need
to call the center in case of new neurologic signs. Relapse was
considered the occurrence of neurologic signs persisting >24
hours, in the absence of fever, infection, or other intercurrent
phenomena. In case of relapse, the patient was admitted to
hospital and corticosteroids were administered if necessary.
Additional brain and spinal cord MRI monitoring was system-
atically performed during the 3 months after each relapse.

CD19+ B-Cell and CD27+ Memory
B-Cell Monitoring
Since 2020, circulating B-cell subsetmonitoring was performed at
each visit or in case of relapse. All B-cell counts were obtained in
the same laboratory of the University Hospital of Marseille.
Total lymphocytes, CD19+ B cells, CD3+ T cells, and
CD3−CD16/CD56+ natural killer cells were measured by flow
cytometry with the BD Multitest 6-Color TBNK assay and
Trucount tubes. Specific staining with anti–CD45-V500, anti–
CD20-APC-H7, anti–IgD-FITC, anti–IgM-PE-Cy5, anti–
CD38-PE-Cy7, and anti–CD27-PE antibodies was used to
quantifyCD27+memory, IgM−IgD−CD27+ commutedmemory,
IgD+CD27− naive, and IgM++CD27−CD38++ transitional B-cell
subsets, respectively. Data were acquired and analyzed by using
the BDCanto-2 cytometer and Diva software. Both reagents and
instruments were provided by Becton Dickinson.

Samples of CD19+ B cells were classified as being in complete
repletion above 100 cells/μL, corresponding to the lower limit
of normality (LLN), in partial repletion if between the de-
tection threshold and LLN and in complete depletion if below
the detection threshold. For the B-cell subsets, in the absence of
consensual normative values, we relied on the work ofMorbach
et al.26: LLN = 2 cells/μL for CD38+IgM+, LLN = 92 cells/μL
for CD27−IgD+, LLN = 12 cells/μL for total memory B cells,
and LLN = 10 cells/μL for commuted memory B cells.

Statistical Analyses
Statistical analyses involved using JMP Pro 16.1.0 (SAS In-
stitute Inc., Cary, NC).

For the analysis, 3 epochs were considered: the year before RTX
introduction (the “before RTX” period), the period when RTX
was infused every 6 months (“standard dosing” period), and the
period of extension after the last RTX infusion (“extended dosing”
period). These designations are used throughout the article.

Comparisons of annual relapse rate (ARR) and EDSS score
between the different periods involved repeated-measures
ANOVAwith Tukey HSD used as post hoc testing for pairwise
comparisons. Comparison of the proportions of patients with
active disease defined as at least one new T2 lesion on brain or
spinal cord MRI with or without relapse involved Fisher exact
test. To assess lymphocyte counts for patients with active dis-
ease and nonactive disease during the “extended dosing” pe-
riod, we matched each patient with active disease at the time of
confirmed relapse to all those without active disease and
identical extended interval dosing time (in months). Then, we
performed repeated-measures ANOVA, with each active pa-
tient used as a block, with the Full Factorial Repeated-Measures
ANOVA JMP Add-In (community.jmp.com/).

Multivariable regression analysis was used to assess predictors
potentially affecting B-cell repopulation, namely age, sex, RTX
dose per body surface area, number of previous cycles of RTX,
and previous treatment classified as immunomodulators (beta
interferons, glatiramer acetate), mild immunosuppressors (di-
methyl fumarate, teriflunomide), therapeutic targeting of immune
cell trafficking (fingolimod, natalizumab), and high immunosup-
pressors (cyclophosphamide, mitoxantrone). Nonetheless, to ex-
plore these predictors, we need to eliminate the time since the last
infusion. Thus, the first step was the extraction of the residuals
from the fit between cell count and time since the last infusion (in
months). The second step was to apply a generalized linear re-
gression model to explain the variability of the residuals of fit,
using the predictors mentioned above. Only the predictors for
which p was strictly <0.05 were considered statistically significant
and reported in the results section.

Ethical Approval
The authors obtained ethical approval from the Institutional
Review Board of the University Hospital of Marseille, France
(Approval No. PADS-21-60) for this study.

Data Availability
All data analyzed during this study will be shared anonymized
by reasonable request of a qualified investigator to the cor-
responding author.

Results
Study Population
In total, 247 patients received RTX and were followed in our
department since 2015. Themean (SD) relapse rate during the
year before RTX start was 1.09 (0.99). During the 6 months
before RTX start, 98 of 236 (41.5%) patients exhibited MRI
activity characterized by at least one new T2 lesion or contrast-
enhancing lesion. Demographics and details about the different
treatments used before RTX are presented in Table 1. Eleven
patients were lost during follow-up (5 moved to a new city, 2
wanted to be followed by another neurologist in the same
region, and 4 for unknown reasons). All patients agreed to the
extended interval dosing proposed as described above.
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At the time of the first RTX infusion, the mean (SD) age of
patients was 43 (12) years, 157 female patients (66%), median
(range) disease duration 11 years (0.2–42), and median EDSS
score 4 (0–8). Themedian follow-up after the first RTX infusion
was 40 months (8–93). During RTX, the mean (SD) time be-
tween 2 clinical evaluations was 190 (44.8) days. The median
number of RTX infusions was 4 (1–13). The median follow-up
since the last RTX infusion, corresponding to the first interval of
the “extended dosing” period analyzed here, was 17 months
(8–39). In total, 22 of 236 (9.3%) patients were extended just
after their first RTX infusion. RTX redosing was not performed
in 6 patients within the predefined 24-month maximal interval
for safety concerns (infection or hypogammaglobinemia). In
that case, immunomodulatory treatment was introduced in one

patient (glatiramer acetate), and no disease-modifying treatment
in the remaining 5 patients. Moreover, in 3 patients because of
disease stability and after discussion with their treating neurol-
ogist, RTX was postponed for an additional several months
(26, 27, and 31 months).

The results related to safety were previously published.12

Evolution of MS During “Extended
Dosing” Period

Whole Cohort Analysis
The mean ARR was lower after RTX start (including the
“standard dosing” and “extended dosing” periods) than during
the year before RTX start: 0.06 (0.15) vs 1.09 (0.99) (repeated
ANOVA, p < 0.001) (Table 2). The mean ARR was higher but
not significantly during the “standard dosing” than “extended
dosing” period: 0.08 vs 0.04 (post hoc analysis, p = 0.64).
Nonetheless, themeanARRdid not differ between the “standard
dosing” and “extended dosing” periods when excluding relapses
occurring during the first 6months after RTX start: 0.03 and 0.04
(post hoc analysis, p = 0.99). During the “standard dosing”
period, 31 relapses occurred in 27 patients (13 during the first 6
months and 18 after 6 months). Brain and spinal cord MRI
performed during the 3-month period after these relapses
revealed new T2 lesions in 10 of these patients. During the
“extended dosing” period, 15 relapses occurred in 15 patients.
Brain and spinal cord MRI performed during the 3-month pe-
riod after these relapses revealed new T2 lesions in 5 of these
patients. Table 3 presents the characteristics of the 5 patients
with relapse confirmed by MRI during the “extended dosing”
period.

During the “standard dosing” period, 19 of 236 (8%) patients
showed at least one new T2 lesion or contrast-enhancing
lesion on brain or spinal cord MRI as compared with the MRI
performed before RTX onset. Of note, 14 of 19 (74%) cases
reported during the “standard dosing” period occurred in the
first 6 months after RTX start. During the “extended dosing”
period, 8 of 236 (3.5%) patients showed at least one new T2
lesion or contrast-enhancing lesion on brain or spinal cord
MRI as compared with the last MRI performed during the
“standard dosing” period.

The median EDSS score did not differ between RTX start, the
start of the “extended dosing” period, and the end of follow-up: 4
(0–8), 4.5 (0–8.5), and 4 (0–8.5) (repeated ANOVA, p = 0.98,
pairwise post hoc p = 0.99 between RTX start and end of follow-
up; p = 0.99 between the start of “extended dosing” period and
the end of follow-up).

Subgroup Analysis in Patients With EDSS Score ≤3 at
RTX Start
For 79 patients, the EDSS score was ≤3 when they started RTX
(39 patients with disease duration ≤5 years). In this population,
the mean (SD) ARR was lower after RTX start (including the
“standard dosing” and “extended dosing” periods) than during

Table 1 Demographic Characteristics of Patients With
Multiple Sclerosis Receiving Rituximab (RTX)
(n = 236)

Age at RTX start, y, mean (SD) 43 (12)

No. female patients (%) 157 (66)

Disease duration at RTX start, y, median (range) 11 (0.2–42)

EDSS score at RTX start, median (range) 4 (0–8)

Clinical phenotype at RTX start, n (%)

Relapsing-remitting MS 191 (81)

Secondary progressive MS 29 (12)

Primary progressive MS 16 (7)

MRI activity within the 6 mo before RTX start, n (%) 98 (41.5)

Indications for RTX start, n (%)

Activity under previous DMT 72 (31)

JCV antibody positivity in patients under natalizumab 138 (58)

First-line treatment in active patients 26 (11)

Treatments before RTX start, n (%)

None 26 (11)

Injectable immunomodulatorsa 119 (50)

Moderate efficacy immunosuppressorsb 41 (17)

Fingolimod 111 (47)

Natalizumab 99 (42)

Antitumoral agentsc 39 (17)

Follow-up after RTX start, mo, median (range) 40 (8–93)

Number of RTX infusions before RTX extension,
median (range)

4 (1–13)

Follow-up since the last RTX infusion, mo, median (range) 17 (8–39)

Abbreviations: DMT, disease-modifying treatment; EDSS, Expanded Dis-
ability Status Scale; JCV, John Cunningham Virus; MS, multiple sclerosis.
a Beta-interferon, glatiramer acetate.
b Teriflunomide, dimethyl fumarate.
c Mitoxantrone, cyclophosphamide.
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the year before RTX start: 0.08 (0.21) vs 1 (1) (repeated
ANOVA, p < 0.001). The mean (SD) ARR was higher but not
significantly during the “standard dosing” than “extended
dosing” period: 0.12 (0.39) vs 0.05 (0.17) (post hoc analysis,
p = 0.71). Nonetheless, the mean ARR did not differ between
the “standard dosing” and “extended dosing” periods when
excluding relapses occurring during the first 6 months after
RTX start: 0.05 and 0.05 (post hoc analysis, p = 0.99). During
the “standard dosing” period, 12 relapses occurred in 11 pa-
tients (6 during the first 6 months and 6 after 6 months). Brain

and spinal cord MRI performed during the 3-month period
after these relapses revealed new T2 lesions in 6 of these
patients. During the “extended dosing” period, 7 relapses oc-
curred in 7 patients. Brain and spinal cord MRI performed
during the 3-month period after these relapses revealed newT2
lesions in 4 of these patients.

The median EDSS score did not differ between RTX start, the
start of the “extended dosing” period, and the end of follow-up:
1.5 (0–3), 1 (0–4), and 1 (0–5) (repeated ANOVA, p = 0.61,

Table 3 Clinical and Radiologic Characteristics of the 5 Patients Who Experienced Relapse Confirmed by MRI During the
Extended Interval

Patient Demographic characteristics Disease-modifying therapies Relapse

Patient 1 Age at disease onset = 35 yo
Sex = M
BMI = 26.9 kg/m2

BSA = 2.15 m2

Age at RTX onset = 39 yo
Disease duration at RTX onset = 4.7 y
Reason for RTX introduction: disease activity
No. of RTX cycles = 3
Previous DMT: teriflunomide

Duration since last RTX infusion = 16 m
Semiology of the relapse: sensory
MRI findings: 2 periventricular lesions
Evolution: complete recovery

Patient 2 Age at disease onset = 18 yo
Sex = M
BMI = 21.7 kg/m2

BSA = 1.77 m2

Age at RTX onset = 25 yo
Disease duration at RTX onset: 6.2 y
Reason for RTX introduction: JCV SC
No. of RTX cycles = 6
Previous DMT: IFN, natalizumab

Duration since last RTX infusion = 18 m
Semiology of the relapse: sensory
MRI findings: 1 infratentorial lesion
Evolution: complete recovery

Patient 3 Age at disease onset = 32 yo
Sex = F
BMI = 24.8 kg/m2

BSA = 1.83 m2

Age at RTX onset = 41 yo
Disease duration at RTX onset: 8.2 y
Reason for RTX introduction: disease activity
Nb of RTX cycles = 4
Previous DMT: IFN, fingolimod

Duration since last RTX infusion = 21 m
Semiology of the relapse: sensory
MRI findings: 2 spinal cord lesions
Evolution: partial recovery

Patient 4 Age at disease onset = 18 yo
Sex = M
BMI = 20.1 kg/m2

BSA = 1.79 m2

Age at RTX onset = 22
Disease duration at RTX onset: 4.5 y
Reason for RTX introduction: disease activity
No. of RTX cycles = 4
Previous DMT: teriflunomide, fingolimod

Duration since last RTX infusion = 15 m
Semiology of the relapse: motor (right hemiparesis)
MRI findings: 1 juxta-cortical lesion
Evolution: complete recovery

Patient 5 Age at disease onset = 16 yo
Sex = M
BMI = 21.7 kg/m2

BSA = 1.90 m2

Age at RTX onset = 28 yo
Disease duration at RTX onset: 12.1 y
Reason for RTX introduction: JCV SC
Nb of RTX cycles = 3
Previous DMT: IFN, teriflunomide, natalizumab

Duration since last RTX infusion = 20 m
Semiology of the relapse: motor (left monoparesis)
MRI findings: 1 spinal cord and 1 subcortical lesion
Evolution: complete recovery

Abbreviations: BMI = body mass index; BSA = body surface area; IFN = interferon; JCV SC = John Cunningham Virus seroconversion; m = month;
RTX = rituximab; y = year; yo = years old.

Table 2 Clinical and Radiologic Outcomes Before Rituximab (RTX) Start, During “Standard Dosing” Period, and During
“Extended Dosing” Period

Before RTX period
“Standard
dosing” period

“Extended
dosing” period

p Value (before
vs standard)

p Value (before
vs extension)

Annual relapse rate, mean (SD) 1.09 (0.99) 0.08 (0.26) 0.04 (0.15) <0.001a <0.001b

EDSS score, mean (SD) 4 (0–8) 4.5 (0–8.5) 4 (0–8.5) 0.9c 0.85d

Patients with gadolinium-enhanced lesion(s) or
new T2 lesion(s), n (%)

98 (41.5) 19 (8) 8 (3.4) <0.001e <0.001f

Abbreviation: EDSS = Expanded Disability Status Scale.
Annual relapse rate is calculated including all relapses, confirmed or not by MRI.
a Paired Student t test between before RTX period and every 6-month period.
b Paired Student t test between before RTX period and extension period.
c Paired Student t test between before RTX period and the onset of extension period.
d Paired Student t test between before RTX period and the last EDSS score during the extension period.
e Chi-2 test between before RTX start and every 6-month period.
f Chi-2 test between before RTX start and extension period.
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pairwise post hoc p = 0.66 between RTX start and end of
follow-up; p = 1 between the start of “extended dosing” period
and the end of follow-up).

Subgroup Analysis of Patients With Disease Duration
≤5 Years at RTX Start
In total, 71 patients started RTX in the first 5 years after
clinical disease onset (39 patients with EDSS score ≤3). In
this population, the mean (SD) ARR was lower after RTX
start (including the “standard dosing” and “extended dosing”
periods) than during the year before RTX start: 0.09 (0.22)
vs 1.07 (1) (repeated ANOVA, p < 0.001). The mean (SD)
ARR was higher but not significantly during the “standard
dosing” than “extended dosing” period: 0.12 (0.39) vs 0.05
(0.21) (post hoc analysis, p = 0.63). Nonetheless, the mean
ARR did not differ between the “standard dosing” and “ex-
tended dosing” periods when excluding relapses occurring
during the first 6 months after RTX start: 0.03 and 0.05 (post
hoc analysis, p = 0.98). During the “standard dosing” period,
12 relapses occurred in 10 patients (5 during the first 6

months and 5 after 6 months). Brain and spinal cord MRI
performed during the 3-month period after these relapses
revealed new T2 lesions in 6 of these patients. During the
“extended dosing” period, 15 relapses occurred in 15 pa-
tients. Brain and spinal cord MRI performed during the
3-month period after these relapses revealed new T2 lesions
in 5 of these patients.

The median EDSS score did not differ between RTX start, the
start of the “extended dosing” period, and the end of follow-up:
3 (0–7), 3 (0–7.5), and 3 (0–7) (repeated ANOVA, p = 0.23,
pairwise post hoc p = 0.26 between RTX start and end of
follow-up; p = 0.98 between the start of “extended dosing”
period and the end of follow-up).

B-Cell Repopulation
Figure 1 presents the dynamics of B-cell subset repopulation
after the last RTX infusion. The median (range) proportion of
IgM++CD27–CD38++ transitional B cells was 0% (0–26.5),
IgD+CD27– naive B cells 92.4% (0–98.2), CD27+ memory

Figure 1 Distribution of CD19+ B Cells (A), IgM++CD27−CD38++ Transitional B Cells (B), IgD+CD27− Naive B Cells (C), CD27+

Memory B Cells (D), and IgM−IgD−CD27+ Commuted Memory B Cells (E)

Samples were grouped into 2-month intervals since the last rituximab infusion.
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B cells 4.6% (0–17.6) and IgM-IgD-CD27+ commuted mem-
ory B cells 1.5% (0–14.6) of total B cells.

Figure 2 presents the proportion of patients with complete or
partial repletion of B cells and subsets according to the delay from
their last RTX infusion. It is noteworthy that after 12 months,
more than 98% of PwMS showed partial or complete repletion of
B cells. In opposite, CD27+ memory B cells are completely
repleted in less than 20% of patients, even after 18 months.

At the time of the confirmed relapses that occurred during the
“extended dosing” period for 5 patients (Table 3), the median
(range) proportion of B-cell repopulation was 8.8% (6.8–12.1)
CD19+ B cells among total lymphocytes and 0.2% (0–14.7)
IgM++CD27−CD38++ transitional B cells, 90.8% (89.6–93.1)
IgD+CD27− naive B cells, 8.4% (5–9.7) of CD27+ memory

B cells, and 3% (2.5–7.7) of IgM−IgD−CD27+ commuted
memory B cells among total CD19+ B cells. The proportions of
the different B-cell subsets at the time of the relapse did not differ
from those for patients with a same extension window (n = 69;
repeated-measures ANOVA, p = 0.75, 0.15, 0.17, 0.24, and 0.26,
respectively) (Figure 3).

Finally, we determined factors associated with the repopulation
proportion, considering the time since the last infusion. Slow
CD19+ B-cell repopulation was associated with younger age
(p = 0.001), male sex (p = 0.01), and treatment with cyclo-
phosphamide and/or mitoxantrone before RTX (p = 0.04).
Slow CD27+ memory B-cell repopulation was associated with
the number of RTX infusions before extension (p = 0.03) and
treatment with cyclophosphamide and/or mitoxantrone before
RTX (p = 0.05).

Figure 2 Relative Proportion of Depleted (Under Level of Detection), Partially Repleted (Lower Level of Normality), and
Completely Repleted B-Cell Subsets Counts at <12 Months, ≥12 to 18, and ≥18 Months since the Last Rituximab
Infusion
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Discussion
This study reports the evolution of all consecutive PwMS who
received RTX in the MS center of the University Hospital of
Marseille and crossing 2 distinct periods: when the dosing
interval was 6 months and after our collegial decision to sys-
tematically extend the interval between 2 infusions up to 24
months. Patientsmainly had a relapsing formofMS (81%), and
many had high disease activity as demonstrated by MRI before
RTX start (41%). Here, we report the evolution of these

patients during their first extended interval and showed that
disease activity remained very low after a median extension
period of 17 months and did not differ from that in the period
when RTX was infused every 6 months.

Unlike for ocrelizumab, for RTX infusions, there is no stan-
dard protocol for PwMS, and different dosing intervals have
been used. In the preliminary open-label study conducted by
Bar-Or et al. in 2008,23 2 infusions of RTX were administered
at a 2-week interval at baseline and after 6 months, and

Figure 3 Frequency of CD19+ B Cells (A), IgM++CD27−CD38++ Transitional B Cells (B), IgD+CD27− Naive B Cells (C), CD27+

Memory B Cells (D), and IgM−IgD−CD27+ Commuted Memory B Cells (E) at the Time of the 5 Relapses Confirmed
by MRI Occurring in 5 Distinct Patients During the “Extended Dosing” Period (Red Triangles)

The authors matched each patient at the time of confirmed relapse to all those without active disease and identical extended interval dosing time in months
(green dots).
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patients were followed for 12 months after the last infusion.
No patient exhibited disease activity on MRI during the year
after the last infusion. In the pivotal phase II study conducted
by Hauser et al.16 in 2008, 2 infusions of RTX were admin-
istered at a 2-week interval, no infusion was given at 6 months,
and patients were followed for 1 year. Again, no patients
exhibited disease activity on MRI during the year after the last
RTX infusion. Of note, despite these previous data demon-
strating the efficacy of anti-CD20 agents on disease activity for
at least 12 months, a 6-month interval scheme was selected for
the phase III OCR study in RRMS.27 This choice was probably
motivated by the median time needed for B cells to repopulate
being 32 weeks after the infusion.28 However, the apparent lack
of correlation between B-cell repopulation and the return to
disease activity evidenced in PwMS during the 12 months after
the last RTX infusion reported above has not been questioned.

In the last few years, several observational studies have confirmed
the results for the prolonged effect of RTX on disease activity in
RRMS obtained in the pivotal studies. Juto et al.18 did not find
any rebound of disease activity in patients interrupting RTX for
different reasons and followed for a mean of 30 months. For 2
years, De Flon et al. prospectively followed patients who pre-
viously received 2 RTX infusions24: At 12 months after RTX
infusions, MRI activity was extremely low; at 24 months, MRI
activity remained low but tended to increase, thereby suggesting
a waning effect of RTX. A Swedish retrospective study including
a large sample of patients receiving RTX reported high efficacy of
this treatment in patients whatever the dosing regimen, including
1,000 mg every 6 months to 500 mg every year.25 Recently,
Boremalm et al. reported that a dose reduction of RTX was not
associated with a return to disease activity even in patients with
“super low dose,” defined as <500 mg annually.21

Several studies reported the disease evolution of PwMS receiving
anti-CD20 therapy with B-cell or memory B-cell monitoring to
tailor infusion.29-33 Using thresholds classically used in other
pathologies to detect subtle re-emergence of B-cell repopula-
tions, these studies found no disease reactivation.However, using
these thresholds, the mean extended interval was limited, gen-
erally lower than 12 months. Recently, a large sample study of
patients with RRMS treated with RTX and large extended in-
terval dosing, frequently higher than 18 months, found no sig-
nificant return to disease activity despite B-cell repopulation in
most patients during the interval.22 However, B-cell count was
not available for all patients presenting disease activity during the
extended interval, which limits interpretation of the findings.

According to these previous studies, we found that the efficacy
of RTX largely outlasted 6 months and was maintained, with
substantial B-cell repopulation in most patients. During the
“extended dosing” period, no changes in disease activity oc-
curred despite a median CD19+ B-cell repopulation of 7% of
total lymphocytes and a median CD27+ memory B-cell
repopulation of 4% of total B cells. These levels of repopu-
lation are considered as a complete or partial repopulation of
CD19+ B cells for more than 90% of the patients in this study,

with maintenance of therapeutic response. Importantly, the
few patients (n = 5) experiencing renewed disease activity
during the extended interval showed a similar level of repo-
pulation of CD19+ B cells, IgM++CD27−CD38++ transitional
B cells, IgD+CD27− naive B cells, CD27+ memory B cells, and
IgM−IgD−CD27+ commuted memory B cells at the time of the
relapse as patients without disease activity and with the same
extension window. All these findings suggest that the level of
circulating B-cell subsets does not represent an accurate bio-
marker to monitor the efficacy of anti-CD20 agents and that
potential mechanisms underlying the efficacy of B-cell–
depleting therapies in MS are different from those involved in
AQP4 antibody neuromyelitis optica spectrum disorders, in
which a slight repopulation of circulating memory B cells was
found associated with relapse in several patients.32,33 In MS,
renewal of the immune system probably mainly underlies the
prolonged effect of B-cell–depleting therapies.34,35 Although
normative values for B-cell subsets are not consensual, in the
light of previous work performed in a large population of
healthy subjects,26 it is noteworthy that CD27+ memory B cells
are completely repleted in less than 20% of patients, even after
18 months. These results suggest a modified reconstitution of
B-cell subsets after B-cell–depletion therapy in PwMS. In that
way, previous studies demonstrated a less proinflammatory
pattern of repopulated B cells in PwMS after B-cell depletion
therapy.36,37 These changes are associated with a decrease in
T-cell proinflammatory responses36,38 and a gain in regulatory
functions characterized by an increase in blood T regulatory cell
frequencies.39 Moreover, reconfiguration of CD27+ memory
B cells by sustained reduction in autoreactive expansions as
reported in another autoimmune disease could also participate
to the prolonged effect of B-cell depletion therapy in PwMS.40

B-cell–depleting therapy may not reconstitute a fully healthy
immune system in all PwMS, which explains why renewed
disease activity can occur in some patients.34 This situation
could be related to the existence of B cells in secondary lym-
phoid organs not accessible to anti-CD20 therapies, which
could contribute to the re-emergence of pathogenic B cells.41

Better characterization of reconstituting B cells in patients with
renewed disease activity is needed.

In this study, we were also interested in the potential factors that
drive the kinetics of B-cell repopulation. We found slow CD19+

B-cell repopulation associated with young age, male sex, and
prior treatment with cyclophosphamide and/or mitoxantrone.
Moreover, slow CD27+ memory B-cell repopulation was asso-
ciated with prior immunosuppression with cyclophosphamide
and/or mitoxantrone. These observations agree with previous
results in a rheumatology cohort42 and could underlie the in-
creased risk of RTX-induced hypogammaglobulinemia in pa-
tients with previous immunosuppression.11 In addition, the
kinetics of CD27+ memory B-cell repopulation was associated
with the number of previous RTX infusions, as previously
reported in patients with neuromyelitis optica spectrum disor-
ders treated with RTX.43 All these factors affecting memory
B-cell repopulation should be considered to optimize mitigating
the risk associated with B-cell–depleting therapies.
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Although the biomarker best tailoring B-cell–depleting ther-
apy administration in MS is still not determined, this study
found no disease reactivation in PwMS receiving RTX after a
median expanded dosing interval of 17 months. Crucially, no
relapse confirmed by MRI occurred before 15 months after
the last RTX infusion. This extended interval dosing that leads
to significant B-cell repopulation could significantly reduce
the risk of infection related to hypogammaglobulinemia and
could improve vaccine efficacy, as recently demonstrated for
COVID-19 vaccination.6
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