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Introduction
Autoimmune myasthenia gravis (MG) is a neuro-
muscular junction disorder, mostly caused by 
autoantibodies to the nicotinic acetylcholine recep-
tor (AChR) or muscle-specific tyrosine kinase 
(MuSK).1 Standard pharmacotherapy includes 
acetylcholine esterase inhibitors, corticosteroids, 
and nonsteroidal immunosuppressive agents, 
including azathioprine, mycophenolate mofetil, 
methotrexate, cyclosporine, and tacrolimus.2 

Extended trans-sternal thymectomy was recently 
demonstrated in a randomized controlled trial to 
improve clinical outcomes in nonthymomatous 
generalized AChR MG.3 Although MG is usually 
treated effectively with standard therapy, a propor-
tion of patients (10–15% from tertiary referral clin-
ics) have very difficult-to-control disease.4,5 
Treatment options are limited for refractory MG, 
and may include chronic intravenous immuno-
globulin (IVIG) or plasma exchange (PLEX), 
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B-cell recovery appeared to be in parallel with clinical relapse on the group level, although the 
individual-level association appeared to be modest, with B-cell repopulation observed only at 
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high-dose cyclophosphamide, rituximab, and ecu-
lizumab (C5 inhibitor).6–8

B cells are major effector cells in autoimmunity, 
and B-cell targeted therapy has emerged as a 
promising approach to treat autoimmune dis-
eases.9,10 Rituximab, a chimeric monoclonal anti-
body directed against CD20, is the most-used 
B-cell-depleting agent, and its use is approved in 
non-Hodgkin’s lymphoma, rheumatoid arthritis 
(RA), and antineutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis.11–14 In MG, case 
reports and retrospective studies have demon-
strated the efficacy and safety of rituximab.7,15–20 
The optimal dosing, however, has not been deter-
mined, and the most commonly used regimen 
was that adopted from non-Hodgkin’s lymphoma 
(375 mg/m2 weekly for 4 weeks).21,22 Emerging 
evidence suggests that low-dose rituximab may be 
noninferior in efficacy compared with the con-
ventional high-dose in autoimmune conditions, 
including RA and pemphigus.23–25 Two MG 
research groups have also observed the potential 
benifits of low-dose rituximab in retrospective 
observational studies.15,20 Given the reduced 
costs and possibly lower risk of adverse effects, 
further studies are warranted to elucidate the var-
iability and durability of response in patients 
treated with low-dose rituximab.

In previous MG studies, a single cycle of rituxi-
mab treatment did not appear to be sufficient to 
induce sustained clinical remission.21,22 Repeated 
rituximab infusions are often required as mainte-
nance therapy in relapsing neuroinflammatory 
diseases, and usually administered at 6-month 
intervals.26 This dosing schedule is based on data 
obtained from RA, but has not been validated in 
MG. Clinical response to rituximab correlates 
with the degree of B-cell depletion, and the circu-
lating B-cell population may be linked to increased 
disease activity.27–29 Importantly, the degrees and 
durations of B-cell depletion are highly variable in 
different individuals following rituximab treat-
ment.27,30,31 Therefore, an individualized 
approach to retreatment with rituximab based on 
the assessment of circulating B cells could opti-
mize its efficacy while limiting costs and adverse 
effects. This study was performed to assess the 
long-term clinical efficacy and safety of repeated 
treatment with low-dose rituximab in patients 
with refractory MG, and also to evaluate the cor-
relation between circulating B-cell depletion and 
clinical response.

Methods

Standard protocol approvals
This study was approved by the Institutional 
Review Boards and the Pharmacy and Therapeutic 
committees at two university-affiliated teaching 
hospitals (Seoul National University Hospital, 
and Seoul Metropolitan Government Boramae 
Medical Center), and also by the Health Insurance 
Review and Assessment Service in South Korea 
(H-1612-138-821, No. 30-2018-36). Written 
informed consent was obtained from all patients.

Patient characteristics
Patients with refractory MG who had been treated 
with low-dose rituximab between September 2013 
and January 2017 were included in this study. MG 
was diagnosed based on the clinical features of 
exertional weakness, and laboratory tests including 
repetitive nerve stimulation, autoantibodies against 
AChR or MuSK, and, in cases of double seronega-
tive MG, pharmacological test and exclusion of 
other diagnoses. Patients were defined as having 
refractory MG if they had moderate-to-severe 
weakness, the Myasthenia Gravis Foundation of 
America (MGFA) clinical classification class III or 
worse despite conventional immunosuppressive 
treatment with prednisolone, plus one or more 
immunosuppressive agents over at least 1 year.32 
Standard therapy involved oral prednisolone and 
adjunctive steroid-sparing immunosuppressive 
agents, including azathioprine, tacrolimus, and 
mycophenolate mofetil. Thymectomy was offered 
as an option in nonthymomatous generalized MG 
patients with antibodies to AChR. IVIG or PLEX 
was used for acute exacerbations, crisis, or preop-
eratively before thymectomy.

Rituximab dosing regimen
Treatment protocol consisted of an induction cycle 
with low-dose rituximab (375 mg/m2 twice with a 
2-week interval) followed by additional single infu-
sions (375 mg/m2 once) as indicated (Figure 1). 
The retreatment with low-dose rituximab was 
based on either circulating B-cell repopulation or 
clinical relapse. The B-cell repopulation was 
defined as an increase of the circulating CD19+ 
B-cell proportion to >1% of total lymphocytes. 
Clinical relapse was defined as significant clinical 
worsening, as judged by treating neurologists (YH 
Hong and JJ Sung). The circulating CD19+ B 
cells and MGFA postintervention status (PIS) 
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were monitored on a regular basis (1 month after 
induction therapy, and thereafter at least every 3 
months).

Concerning the risk of Pneumocystis pneumonia 
(PcP), there is no guidance on the use of prophy-
lactic antibiotics for MG patients. Trimethoprim/
sulfamethoxazole (TMP/SMX) were provided at 
the discretion of the treating physicians, based on 
individual risk factors such as prolonged high-
dose steroid therapy and simultaneous use of 
other immunosuppressive agents (azathioprine, 
tacrolimus, and mycophenolate mofetil).

Adjudicated endpoints
The primary endpoint was to achieve the MGFA-
PIS minimal manifestation or better status with 
low-dose prednisolone (⩽5 mg per day).33 
Patients were monitored for abnormal infusion 
reactions and adverse effects of rituximab. Oral 
prednisolone was gradually tapered in steps with 
clinical improvement. Adjuvant steroid-sparing 
immunosuppressants were maintained in all 
patients.

Statistical analysis
Descriptive summaries are presented as frequency, 
proportion, median, and range as appropriate. 

The time-weighted average prednisolone dose 
(mg/day) was calculated for each 4-week period 
between weeks –16 and 24; four and six time bins 
before and after rituximab treatment, respectively. 
The time-weighted average dose over each 4-week 
period was chosen to reflect inter and intraindi-
vidual variations in the interval and degree of dos-
age changes. One-way repeated measures analysis 
of variance (ANOVA) was conducted to analyze 
the effect of rituximab on the time-weighted aver-
age prednisolone dose. Kaplan–Meyer curves for 
cumulative proportions of achieving the primary 
endpoint were estimated in AChR and MuSK-MG 
patient groups, and compared using the log-rank 
test. Kaplan–Meyer analysis was also performed 
to assess the effect of rituximab on B-cell repopu-
lation and clinical relapse separately, with the 
other event treated as censoring; p < 0.05 was 
considered to indicate statistical significance. All 
statistical analyses were performed with R version 
3.4.3.34

Results

Patient characteristics
Of 17 patients (11 women, 6 men; mean age 51 
years), 9 were positive for AChR antibody, 6 for 
MuSK antibody, and the other 2 were negative 
for both antibodies (Table 1). Median disease 

Figure 1. Repeated low-dose rituximab treatment protocol.
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duration (time from diagnosis to rituximab treat-
ment) was 10 years (range, 3–26 years). MG 
severity at the initiation of rituximab treatment 
corresponded to the MGFA class III in nine 
patients, IV in five, and V in three. Three patients 
had been in myasthenic crisis, and treated with 
rituximab after 2–4 weeks following IVIG or 
PLEX (patients nos. 3, 16, and 17). All patients 
were taking oral prednisolone and adjunctive 
immunosuppressive agents when initiating rituxi-
mab treatment; tacrolimus in 11 patients, 
mycophenolate mofetil in 4, and azathioprine in 
2. A total of 13 patients had been treated with 
IVIG (1 patient on a regular basis), and 9 with 
PLEX due to either acute exacerbation or crisis. 
Thymectomy was performed only in the four 
patients with thymoma.

Clinical outcome
A total of 11 patients (65%) achieved the primary 
endpoint (4 of 6 MuSK MG, 5 of 9 AChR MG, 
and 2 double seronegative); 7 patients reached 
remission, and 4 minimal manifestation status 
with prednisolone dose ⩽5 mg/day (Table 1). 
Nine patients reached the primary endpoint after 
an induction cycle of rituximab, while two patients 
had to receive one additional infusion (retreat-
ment) due to B-cell repopulation before achieving 
the primary endpoint.

The median time to the primary endpoint was 7.6 
months (range 2–17 months) following rituximab 
treatment. Two patients improved to minimal 
manifestation status, but prednisolone doses could 
not be lowered below 20 mg per day without wors-
ening of weakness (patients nos. 2 and 15). Three 
patients also improved to varying degrees, albeit 
not to remission or minimal manifestation status 
(patients nos. 3, 11, and 17). The other one patient 
died due to complications of invasive thymoma for 
which the patient underwent thymectomy 1 year 
before rituximab treatment.

The time-weighted average prednisolone dose did 
not change over the 4 month period before rituxi-
mab treatment, but was significantly reduced over 
the next 6 months following rituximab induction 
treatment; from 28 mg/day (SD 17 mg/day, for the 
first 4-week after rituximab) to 7.5 mg/day (SD 6.8 
mg/day, for the last 4-week period) (one-way 
repeated measures ANOVA, p < 0.001, Figure 2a). 
Although the primary endpoint was not significantly 
different between AChR and MuSK MG patients, 

rituximab treatment tended to be more effective in 
patients with MuSK MG compared with AChR 
MG (Figure 2b). There was no significant difference 
between groups in the baseline characteristics, 
including age, sex, disease duration, thymoma, dis-
ease severity, prednisolone dose, and the use of 
immunosuppressants.

In three patients (patients nos. 3, 16, and 17), 
rituximab was administered 2–4 weeks after IVIG 
treatment for MG crisis, and glucocorticoids were 
rapidly tapered-off over a couple of months 
because of intolerable side effects. The acute res-
cue therapy could explain a short-term symptom 
improvement, but probably not the long-term 
maintenance of remission or improved clinical 
status observed in these patients.

Retreatment
Over a median follow up of 24 months (range, 
7–49 months), a total of 30 retreatments were 
undertaken in 14 patients. Retreatments were 
given due to clinical relapse without B-cell 
repopulation (n = 6), on the basis of B-cell 
repopulation alone (n = 16) and both (n = 8); 
four retreatments were undertaken in two 
patients, three retreatments in two patients, two 
retreatments in six patients, and one retreatment 
in four patients. There was no patient who did 
not receive retreatment with rituximab at B-cell 
repopulation, although retreatment was delayed 
for up to 3 months in some patients because of 
various reasons such as follow-up interval, labo-
ratory turn-around time, and patients’ request. 
The median time interval was 10 months (range, 
1–19 months) between the induction and first 
retreatment, 10.5 months (range, 6–15 months) 
between the first and second retreatments, 7.5 
months (range, 6–15 months) between the sec-
ond and third retreatments, and 12 months 
between the third and fourth retreatments. 
Retreatment with a single infusion of low-dose 
rituximab induced prompt B-cell depletion, and 
also led to clinical improvement in relapsing 
cases.

Correlation between circulating B-cell 
repopulation and clinical relapse
Monitoring at 1 month following initial treat-
ment revealed substantial B-cell depletion in the 
peripheral blood from all patients tested 
(n = 15). To examine whether repeated 
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treatments lead to more prolonged effects over 
time, Kaplan–Meier analysis was performed to 
assess the effects of rituximab on B-cell repopu-
lation and clinical relapse. B-cell recovery 
appeared to occur earlier after retreatment than 

initial treatment, but the difference was not sig-
nificant (median time to B-cell repopulation 9 
months versus 13 months, p = 0.093, log-rank 
test, Figure 3a). The opposite trend was 
observed in the time to clinical relapse, with 

Figure 2. Changes of prednisolone dose (a) and the Kaplan–Meier curves for achieving the primary endpoint in 
AChR and MuSK MG patients following repeated treatment with low-dose rituximab (b, log-rank test, p = 0.3). 
The dose of prednisolone was calculated as time-weighted average over the 4 weeks preceding the depicted 
time points. The numbers above the boxes represent the number of patients from whom the time-weighted 
average prednisolone dose was calculated for each time period.
AChR, acetylcholine receptor; MG, myasthenia gravis; MuSK, muscle-specific tyrosine kinase.
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clinical relapse occurring earlier after initial 
treatment than retreatment (13 months versus 
15 months, p = 0.76, log-rank test, Figure 3b).

Of note, B-cell repopulation appeared to be in 
parallel with clinical relapse on the group level. 
However, the individual-level association appeared 

Figure 3. Kaplan–Meier curves for circulating CD19+ B-cell repopulation (a, log-rank test, p = 0.093) and 
clinical relapse (b, log-rank test, p = 0.76) following an induction treatment with low-dose rituximab (375 mg/
m2 twice with a 2-week interval, depicted in red) and retreatment (375 mg/m2 once, in green). The outcome 
of clinical relapse and B-cell repopulation would be confounded by retreatment decision which was based 
on either event. To mitigate this confounding effect, when we analyzed the effect of rituximab on B-cell 
repopulation, the event of clinical relapse was treated as censoring. The same approach for the effect on 
clinical relapse with the event of B-cell repopulation being treated as censoring.
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to be weak, with B-cell repopulation observed 
only at 57% (8/14) of clinical relapses. As illus-
trated in Figure 4, clinical relapse was not observed 
in some cases at the time of B-cell repopulation 
(Figure 4b), and the numbers of B cells were kept 
low at clinical relapse in others (Figure 4c). 
Intriguingly, an exceptionally prolonged B-cell 
depletion observed in one patient was sustained 
for 31 months following an induction treatment 
with low-dose rituximab (Figure 4d). The time 
data for clinical relapse, B-cell recovery and 
retreatment in all patients are depicted in the 
Supplemental Figure.

Adverse effects and safety
Two patients experienced infusion reactions, 
chest discomfort in one patient, and skin rash in 
the other. During follow up, one patient was 
affected by herpes zoster, and one patient died 

due to complications of invasive thymoma. 
Otherwise, there was no case with serious adverse 
events including severe infections other drug-
related and laboratory abnormalities. Since 
immunoglobulin levels had not been checked 
routinely, we were not able to report on the inci-
dence in our cohort of hypogammaglobulinemia, 
which might be associated with an increased risk 
of serious infections. We did not observe any 
worsening related to the use of prophylactic anti-
biotics (TMP/SMX) for PcP which was given to 
five patients (patients nos. 5, 7, 14, 16, and 17).

Discussion
This study provides support to the efficacy of 
low-dose rituximab in refractory MG for improv-
ing clinical outcomes and reducing the need for 
corticosteroid. Our results also suggest that 
repeated treatment based on the assessment of 

Figure 4. Representative examples illustrating the associations between clinical relapse and the number of 
circulating CD19+ B cells (expressed as percentage relative to total lymphocytes). The cut-off level of B-cell 
repopulation was set at 1%. Retreatment was given preemptively at the time of B-cell repopulation, or at 
clinical relapse (▼: clinical relapse, ↓: retreatment). Clinical relapse was observed to occur typically with 
B-cell repopulation (as depicted in a), but the B-cell repopulation was not always associated with clinical 
relapse (as in b and c). An exceptionally prolonged B-cell depletion for 31 months in a patient following an 
induction therapy (d).
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B-cell depletion in the peripheral blood could 
help to maintain clinical efficacy of rituximab 
with acceptable long-term safety profiles.

In the present study, 65% (11 of 17) of patients 
achieved the treatment goal, defined as MGFA 
minimal manifestation or better status with low 
dose prednisolone (⩽5 mg per day). Consistent 
with previous studies, the therapeutic effect of 
rituximab tended to be better in MuSK MG com-
pared with AChR, with higher, albeit not statisti-
cally significant, response rate in MuSK MG 
(4/6) compared with AChR MG (5/9).21,22

There is great heterogeneity concerning rituximab 
dosing regimen; some protocols use fixed doses (as 
in RA), while others use body surface area (BSA)-
based dosing (as in lymphoma). Furthermore, dos-
ing frequency and interval for induction therapy 
varied across studies, which were usually either 
once weekly for 4 weeks (as in lymphoma) or twice 
separated by 2 weeks (as in RA). Our induction 
regimen is basically a composite of lymphoma and 
RA regimens; BSA-based dosing was adopted from 
lymphoma, while the dosing frequency and interval 
were adopted from RA. We assumed that a half-
dose regimen might be noninferior to the full-dose, 
and also that BSA-based dosing might reflect better 
the interindividual pharmacokinetic variation than 
flat-fixed dosing.

As for the use of low dose rituximab, there have 
been different schemes in autoimmune diseases. In 
a study of ANCA-associated vasculitis, Takakuwa 
and colleagues defined two once-weekly doses of 
375 mg/m2 as low-dose induction therapy.35 Jing 
and colleagues described 600 mg rituximab (100 
mg on the 1st day and 500 mg on the 2nd day) as 
low-dose treatment for MG.20 In a study of Blum 
and colleagues, most MG patients received 1 g 
rituximab in two divided doses.15 Additionally, 
there are large cohorts of rituximab-treated patients 
with multiple sclerosis or neuromyelitis optica 
spectrum disorder. In a Swedish cohort, patients 
were treated with 500–1000 mg rituximab every 
6–12 months, similar to a German cohort in which 
dosages ranged from 250 to 2000 mg.36,37

There is a large variation in reported response 
rates in the literature, which may be explained by 
variability of patient selection (MG subtypes and 
refractory MG) and the primary endpoint.21,22 
Despite strict criteria for the primary endpoint in 
our study, the response rate is comparable with 

previous data (30–89%) from high-dose RTX 
treatment studies. To our knowledge, two MG 
research groups reported the efficacy of low-dose 
rituximab, with a response rate similar to ours.15,20 
Taken together, it is likely that low-dose rituxi-
mab may be noninferior in clinical efficacy com-
pared with high-dose treatment. This notion is 
supported by increasing evidence in other auto-
immune diseases.23–25 For instance, low-dose 
(2 × 500 mg) rituximab is noninferior to high-
dose (2 × 1000 mg) regimen for most clinical 
efficacy outcomes in RA.23,24 Pemphigus is 
another autoimmune condition for which low-
dose RTX may have better cost-effectiveness.25

This study indicates that the initial efficacy of low-
dose rituximab could not be retained, with 14 clini-
cal relapses occurring in nine patients over a median 
follow up of 24 months. There are only a few stud-
ies addressing the issue of durability of rituximab 
response in MG patients.17,18 In a study by Diaz-
Manera and colleagues, 6 of 10 AChR MG patients 
relapsed after 17 months on average following high-
dose rituximab treatment (375 mg/m2 every week 
for 4 consecutive weeks followed by two monthly 
additional infusions).17 In another long-term study 
by Robeson and colleagues, clinical relapse occurred 
in 56% of patients after 3 years on average following 
3–5 cycles of repeated treatment at 6-monthly inter-
vals.18 Although the relapse rate in our cohort (53%, 
9/17) is similar to previous observations, the dura-
bility of rituximab response seems to be different, 
with clinical relapse occurring much earlier in our 
cohort than previously reported. The discrepancy 
may be explained by differences in the definition of 
clinical relapse, corticosteroid tapering schedule 
and rituximab dosing regimen.38

Previous studies mostly described the short-term 
follow ups of patients treated with single or a cou-
ple of cycles of rituximab.21,22 There is no consen-
sus on how to guide retreatment, which was based 
on clinical relapse or given at regular intervals (6 
months) in previous MG studies. Repeat dosing 
based purely on clinical relapse, however, may 
reduce the therapeutic efficacy, as demonstrated 
in RA.39 On the other hand, treating at fixed inter-
vals may lead to overtreatment in cases of sus-
tained suppression of disease activity. Emerging 
evidence suggests that monitoring CD19 and 
CD27 positive B-cell depletion to guide retreat-
ment allow for a lower dosing frequency and 
cumulative dose without apparent loss of clinical 
efficacy in patients with neuromyelitis optica.40–42
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The present study demonstrates an overlap between 
the time to B-cell repopulation and to clinical 
relapse, suggesting a correlation between the two at 
the group level. Preemptive retreatment at the time 
of B-cell repopulation might have helped to main-
tain the efficacy of rituximab, preventing clinical 
relapse. Our results, however, indicate that B-cell 
repopulation, defined as CD19+ B cells more than 
1% of total lymphocyte counts, may not be a good 
predictor of clinical relapse at the individual level, 
with B-cell repopulation observed only at 57% of 
clinical relapses. Further studies are warranted to 
identify other biomarkers, and promising approaches 
may include monitoring specific B-cell subsets such 
as transitional B cells, CD27+ memory B cells and 
plasmablasts, which may help to predict clinical 
relapse and guide optimal retreatment.43–45

There have been contradictory results in the litera-
ture regarding the change of AChR antibody levels 
after rituximab treatment and its association with 
clinical response. Blum and colleagues argued that 
serial measurements of AChR antibody levels were 
unhelpful for purposes of monitoring rituximab 
effect.15 Jing and colleagues also mentioned that 
AChR antibody levels were independent of clinical 
response and not influenced by rituximab.20 In 
contrast, Robeson and colleagues reported that 
anti-AChR antibody levels were decreased after 
cycles of rituximab in patients followed for 18–84 
months, although no significant increase in the 
antibody levels was noted at the time of relapse.19 
Because systematic monitoring of antibody levels 
were not part of the present study, we were unable 
to comment about the role of monitoring antibody 
levels in treating MG patients with rituximab. 
However, our anecdotal observations were consist-
ent with earlier works in that even marked clinical 
response to rituximab may not accompany reduced 
autoantibodies.46 This may be explained by differ-
ences in the specificities of AChR antibodies and 
immunoglobulin subtypes, as well as differences in 
serum and tissue antibody concentrations.47

This study was limited by its uncontrolled design 
and retrospective analysis, which precluded com-
parison with other dosing regimens. A bias in 
selecting patients could not be completely ruled 
out, and laboratory parameters such as autoanti-
bodies and immunoglobulin levels were not sys-
tematically monitored. Other limitations may 
include small sample size and the failure of sero-
logical confirmation in two double seronegative 
patients (e.g. anti-LRP4, anti-Agrin). Nonetheless, 

considering the limited data on the optimal rituxi-
mab dose and retreatment schedule, our results are 
encouraging and have therapeutic implications for 
refractory MG. Given the reduced costs and possi-
bly lower risk of adverse effects, we propose that 
repeated treatment with low-dose rituximab guided 
by monitoring circulating B cells could be a cost-
effective therapeutic option in patients with refrac-
tory MG. Further studies are needed to verify the 
potentially better cost-effectiveness of low-dose 
rituximab, and to identify biomarkers that help 
optimize treatment in MG patients.
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