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Abstract

Myasthenia gravis can be efficiently treated with rituximab but there is no consensus regarding administration and
dose schedules in this indication. No marker has yet been described to predict the clinical relapse of patients. Our
objective was to identify the B cell subpopulations predicting clinical relapse in patients suffering from generalized
myasthenia gravis and treated with rituximab. Clinical and biological data of 34 patients followed between 2016 and
2019 were prospectively collected every 3 months. Using multiparameter flow cytometry, we assessed the percentage
in leucocytes of lymphocytes and several B cell subpopulations measured in residual disease conditions. CD19+
were also measured in non-residual disease conditions. Clinical examinations were performed by neurologists using
the Osserman score. Clinical relapse occurred in 14 patients (41%). No patients required ICU or ventilatory assis-
tance. The mean improvement of the Osserman score was 17.18 (3—45) after the first rituximab treatment
(p<0.0001). The mean delay between the first rituximab maintenance cycle and clinical relapse was 386.8 days.
At the time of relapse, CD27+ increased (p =0.0006) with AUC =0.7654, while CD19+ did not. At a threshold of
0.01%, the sensitivity and specificity of CD19+CD27+ were 75.8% and 72.8%, respectively, and the positive and
negative predictive values were 28.0% and 95.6%, respectively. The percentage of memory B cells in whole blood
cells can accurately predict clinical relapse in myasthenia gravis patients treated with rituximab. This monitoring
allows physicians to tailor rituximab administration and to decrease the number of infusions over time.
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Introduction

Myasthenia gravis is a B cell-mediated autoimmune disorder
of neuromuscular transmission. It is characterized by fluctuat-
ing weakness involving variable combinations of ocular, bul-
bar, limb, and respiratory muscles and marked serologically
by the presence of autoantibodies against acetylcholine recep-
. . . . o tors (AChRs), muscle-specific kinase (MuSK), or lipoprotein-
Laboratoire d’ Immunologie, CHU de Nice, Université Cote d’Azur, X . . .
Nice. France related protein 4 (LPR4). Once uniformly disabling and some-
) o ) o o times fatal, myasthenia gravis can now be managed effective-
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06202 Nice, France tomy [1, 2]. But despite these advances in therapeutic man-
agement, some patients still suffer from clinical relapse, which
can be threatening. Anti-CD20 antibody rituximab (RTX) ap-
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pears to be beneficial in the treatment of refractory myasthenia
gravis [1, 3-5]. But even if RTX tends to eliminate B cells,
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auto-reactive precursor B cells that do not express CD20 re-
main abnormal after regenerating and contribute to the relapse
[6, 7]. B cell depletion with RTX has proven efficacious in
patients with refractory myasthenia gravis [3, 8—10]. The most
used administration schedule protocol is based on systematic
infusions every 6 months. However, repeated infusions of
RTX have a noxious immunosuppressive effect [4, 9, 11,
12]. Clinicians lack efficient biomarkers to predict clinical
relapses and tailor the frequency of infusions. A recent study
described potential immunologic B cell markers that may
guide treatment decisions in future clinical settings [13]. The
effects on B cell homeostasis after repeated treatments and the
relationship of certain B cell subsets to the clinical response or
relapse are currently unknown. Our primary objective was to
evaluate the monitoring of B cell subsets for the prediction of
clinical relapse after RTX treatment in patients with myasthe-
nia gravis. Memory B cells, characterized as CD27+ express-
ing B cells, are useful in predicting clinical relapse in neuro-
myelitis optica spectrum disorders (NMOSD) when their per-
centage is higher than 0.05% in whole blood [14-16]. We
hypothesized that the levels of B cells and specifically
CD27+ B cells could also be a predictive biomarker for clin-
ical relapse in patients suffering from myasthenia gravis. Our
secondary objective was to study the quantitative and pheno-
typic reconstitution of peripheral blood B cells in patients with
myasthenia gravis following B cell depletion with RTX.

Materials and Methods
Data Collection

We conducted a prospective study on 34 myasthenia gravis
patients followed between 2016 and 2019 in the neurological
unit at the Nice University Hospital. All patients were follow-
ed clinically and biologically according to a standardized pro-
tocol after having signed an informed consent form. The study
protocol was validated by the Nice University ethical
committee.

Clinical evaluation was performed every 3 months using
the Osserman myasthenia gravis score (OS) [17-19]. Each
patient was classified as having either a myasthenia gravis
relapse (defined by a decreased OS of more than ten points
in comparison to the last known score) or a stable myasthenia
gravis (defined by a stable or improved OS), and blood sam-
ples were classified accordingly as relapse myasthenia gravis
positive (MGR+) or negative (MGR-).

RTX Treatment
Patients were treated with a conventional induction RTX

treatment (1 g, D1-D15) with clinical and biological
monitoring every 3 months. An additional RTX infusion

(1 g) was administered either in the case of clinical
relapse or when memory B cell levels were above
0.05% in the peripheral blood mononuclear cell
(PBMC) population, based on publications in NMOSD
[16] and our previous work [20]. However, the first ten
patients who had memory B cells just above this thresh-
old showed a 40% clinical relapse [20]. As our main
objective was to avoid clinical relapse, we decided to
decrease the decisional threshold to 0.01% for all sub-
sequent patients.

Peripheral B Cell Monitoring Using by Flow Cytometry

B cell subpopulations were monitored prospectively every
3 months and when clinical symptoms worsened. Peripheral
B cells were measured using two different approaches: First,
the percentage and absolute values of B cells were measured
in routine conditions using the automated method, the BD
Multitest™ (BD Biosciences), where only 2500 lymphocytes
at most were acquired and analyzed. Peripheral B cells and
their different subpopulations including CD27+ memory B
cells were also measured by multiparameter flow cytometry
(Canto II, BD Biosciences) where one million leucocytes were
acquired. Briefly, 1 ml of blood was lyzed (Pharmlyse, Becton
Dickinson), washed (celWASH, BD Biosciences), and then
labeled with an eight-color mixture of antibodies, i.e., -V500-
CD45; FITC-CD27; PE-anti-IgD; APC-anti-IgM, APC-H7-
CD3, -CD14, V450-CD38, and PerCP-Cy5.5-CD24, (all pur-
chased from BD Biosciences); and PE-Cy7-CD19 (Beckman-
Coulter), before being resuspended in 500 pl of cell-WASH.
The limit of detection for CD27+ B cells in leucocytes was
0.0025%. At least six different B cell populations were
identified in each sample: naive B cells, switched memory
B cells, marginal zone-like memory B cells, CD27-
negative memory B cells, transitional B cells, and
plasmablasts. Figure 1 shows the characterization of B
cells using an eight-color panel.

Patterns of B Cell Repopulation

The pattern of B cell repopulation identified by multiparame-
ter flow cytometry was classified as follows. Type 1 was de-
fined by a predominantly B naive repopulation (CD27—, IgD+
, IgM+). Type 2 a memory B cell repopulation that was further
subdivided into Type 2A (a predominantly switched memory
population, CD27+, IgD—, IgM—) and 2B (a predominantly
marginal zone-like memory B cell repopulation, CD27+,
IgD+, IgM+) and type 2C (a predominantly double-negative
B cell repopulation; CD27—, IgD—, IgM—). Type 3 was a
uniform repopulation of all memory B cells, and type 4 was
the absence of repopulation.
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Fig. 1 Characterization of B cells using an 8-color panel. (A)
Identification of lymphocytes was done using a combination of SSC/
FSC properties and CD45 expression. (B) CD19+ B cells (which here
represent 4.3% of total lymphocytes and 0.91% of PBMC) are subdivided
into CD27 negative and positive B cells using CD27+ T cells (CD3+) as a
control; then expression of IgM and IgD among these subpopulations
allows the identification of naive, double-negative memory B cells (lower

Statistical Analyses

Differences between groups were assessed by the
Student’s ¢ test, or the Kruskal-Wallis test using Dunn’s
post hoc test, when appropriate. Receiver operating char-
acteristic (ROC) curves were established to compare the
prognostic values of the different biological markers using
the area under the curve (AUC). We also determined the
sensitivity and specificity of the different B subset popu-
lations at the 0.05% threshold established by Kim et al.
[15] in NMO and at lower thresholds down to 0.01% with
0.01% decrements (data not shown). Normality was
checked with the Shapiro-Wilk normality test. The alpha
risk was set to 5% (a=0.05). Statistical analyses were
performed with Prism (version 6, GraphPad software,
San Diego, CA, USA) and EasyMedStat (www.
casymedstat.com, Neuilly-sur-Seine, France).
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panel) and switch memory and marginal zone memory B cells (upper
panel). The percentage of the different subpopulations among B cells is
shown in the upper left corner of the corresponding dot blot. In the
example shown here, memory B cells represent 0.013% of PBMC, just
above the threshold of 0.01% described in this paper. (C) Plasmablasts
and transitional B cells are identified among peripheral B cells using the
expression of CD24 and CD38

Results
Population Characteristics

Thirty-four patients were included from January 2016 to
December 2019. The mean age at diagnosis was 45.8 years
(SD: 20.2, range 10-87). There were 14 men (41%) and 20
women (59%). Thirty patients (88%) had AChR, one patient
(3%) had MuSK, and five patients (15%) had titin antibodies.
Before RTX, 19 patients (56%) received at least one immu-
nosuppressive treatment: azathioprine (14 patients, 41%), IV
methylprednisolone (nine patients, 26%), and mycophenolate
mofetil (two patients, 6%). A thymoma was diagnosed in
eight patients (24%) and thymus hyperplasia in seven patients
(21%) (Table 1). The initial mean OS was 66 (SD: 17.5) and
increased to 83.1 (SD: 19.3) after the first maintenance RTX
cycle (p <0.001).
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Table 1 Demographic, clinical, and therapeutic characteristics of all patients
Antibodies Treatment Delay
(days)
Number Gender Ageat  Rach MuSK Titin IS Aza Mycophe PE Solu IG Mestinon Thymoma MGR+ OS Last
diagnosis or — RTX
hyperplasia Before After infusion
RTX RTX and
MGR+
1 M 17 1 NA 1 1 0 0 0 0 1 Thymoma 1 90 95 530
2 M 69 1 NA 0 0 O 0 0 0 1 Normal 0 69 100 MGR-
3 F 36 1 0 0 0 0 1 1 0 0 Normal 0 50 95 MGR~-
4 F 72 1 NA 0 0 0 0 0 0 0 1 Normal 0 80 85 MGR~-
5 F 35 1 NA NA 1 1 0 0 0 0 0 Normal 5 60 80 350
6 M 40 1 NA NA 1 1 1 0 0 0 1 Hyperplasia 2 70 88 849
7 M 20 1 0 NA 1 1 0 0 1 0 1 Normal 3 60 74 517
8 M 55 1 0 NA 1 1 0 0 1 0 1 Normal 5 75 95 283
9 F 11 1 0 NA 0 0 O 0 1 0 1 Normal 2 80 100 273
10 F 65 1 0 NA 0 0 0 0 0 0 0 Thymoma 0 60 70 MGR-
11 M 70 1 0 1 0 0 0 0 0 0 1 Normal 2 56 80 193
12 F 62 0 0 NA 0 0 0 0 o0 0 1 Normal 1 46 59 263
13 F 65 1 0 NA 0 0 O 0 o0 0 1 Thymoma 0 95 100 MGR-
14 F 48 1 0 NA 0 0 O 0 o0 0 1 Normal 3 89 92 62
15 M 60 1 0 1 00 0 1 0 0 1 Normal 0 59 100  MGR-
16 M 54 1 NA NA 1 1 0 0 0 0 1 Normal 0 90 95 MGR~-
17 M 10 1 0 NA 1 1 0 0 o0 0 1 Normal 0 22 51 MGR-
18 F 38 0 0 0 00 0 0 0 0 1 Hyperplasia 0 80 95 MGR-
19 F 51 0 0 0 11 0 0 0 0 0 Normal 0 54 95 MGR~-
20 F 15 1 0 0 11 0 0 0 0 0 Hyperplasia 0 85 100 MGR-
21 F 75 1 NA NA 1 1 0 0 1 0 0 Thymoma 0 58 85 MGR~-
22 F 28 1 0 0 0 0 0 0 0 0 0 Normal 0 88 93 MGR~-
23 M 32 0 0 11 1 0 1 0 1 Normal 1 55 76 227
24 M 60 1 0 00 O 0 0 0 0 Hyperplasia 2 54 85 270
25 M 36 1 0 NA 1 1 0 0 1 0 1 Hyperplasia 0 67 72 MGR-
26 F 38 1 0 0 1 1 0 0 o0 0 1 Normal 0 75 97 MGR-
27 F 15 1 0 NA 1 1 0 0 1 0 0 Hyperplasia 1 62 100 665
28 M 37 1 0 1 00 0 1 0 0 0 Thymoma 0 40 51 MGR-
29 F 53 1 0 1 0 0 0 0 o0 0 0 Thymoma 0 47 10 MGR-
30 M 75 1 0 NA 1 0 0 0 o0 1 0 Normal 0 40 80 MGR-
31 F 41 1 NA NA 1 0 O 0 0 0 1 Thymoma 0 58 58 MGR-
32 F 38 1 NA NA 1 0 O 1 1 1 1 Hyperplasia 0 95 100 MGR-
33 F 43 1 NA 1 0 0 1 0 11 Normal 4 70 81 227
34 F 87 1 0 1 0 0 0 0 0 0 Thymoma 1 62 88 707

Rach acetylcholine receptor, MuSK muscle-specific tyrosine kinase, Titin titin antibody, IS immunosuppressors, Myco mycophenolate mofetil, PE
plasma exchanges, Pred prednisone, /G IV immunoglobulin treatment, OS Osserman score

Clinical Relapse Characteristics

There were 33 clinical relapses (41%) occurring in 14 patients
with 2.36 clinical relapses per patient (SD: 1.39, range 1-5).
No patients required ICU or ventilatory assistance. The
mean improvement of OS was 17.18 (3—45) after the
first RTX treatment (p <0.0001). The mean delay

between the first RTX maintenance cycle and clinical
relapse was 386.8 days (SD: 220.26, range 259-514).
Most patients increased their OS after the first mainte-
nance RTX, while 6 out of 14 relapsed after the first
year of maintenance RTX, and 8 out of 14 in the sec-
ond year. No correlation between treatment history and
clinical relapses was found.
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B Cells as a Biomarker of Clinical Relapses

We collected 368 blood samples (10.8 samples per patient on
average) of which 99 were excluded since the OS was missing
for a period of 3 months after blood collection. Overall, 33
blood samples were followed by a relapse of the disease
(MGR+) and 236 were not associated with clinical relapse
(MGR-) (Fig. 2). First, we compared the predictivity of
CD19+ measured in routine conditions (non-residual
conditions) and in residual disease conditions (on average
186,393 lymphocytes were analyzed). According to the
ROC curves, CD19+ B cells measured in residual conditions
showed a better AUC (0.711) than in routine conditions
(0.591) (Fig. 3(A, B), p=0.046).

The Youden Index enables the selection of an optimal
threshold value. For the CD27+ marker, we determined the
Youden Index which is higher than 0.0112 for myasthenia
gravis patients (Fig. 4(A)). When patients are treated above
this 0.01% threshold, clinical relapse is estimated at 21.3%
whereas there is 40% chance of clinical relapse at a 0.05%
threshold (Fig. 4(B)).

We compared MGR— samples and MGR+ samples which
were not associated with higher proportions of lymphocytes
measured in residual disease conditions (19.39% vs 22.4% re-
spectively, p = 0.14). On the other hand, higher proportions of
CD19+, naive (N), transitional (T), and plasmablast (P) were
observed in the case of MGR+ (Fig. 5(A)). Mean memory B
cells were 0.024% in MGR+. The memory B cell ratio was
significantly higher in MGR+ than in MGR— (0.024 vs 0.01
respectively p = 0.0004%). In MGR+, CD27+, switch memory
(SM), double-negative (DN), and MZ B cells considerably in-
creased p < 0.05 (Fig. 5(B)). Despite a slight difference, CD27+
, marginal zone B cells and plasmablasts had the best AUC
(AUC=0.7578, 0.7654 and 0.7258 respectively) to predict

MGR+ (Fig. 5(C, D)). For CD27+ cells, the sensitivity and
specificity to predict clinical relapse were 75.8% [57.7-88.9]
and 72.7% [66.6-78.3%], respectively, at the 0.01% threshold.
With the prevalence of clinical relapse of 12% (33 of 269 sam-
ples), the positive and negative predictive values of CD27+
were 28.0% and 95.6%, respectively, at 0.01% (Table 2).

Subgroup Analyses

We compared naive patients (n = 14) who received RTX as a
first-line therapy without other treatments and patients who
were thymectomized (n = 15) or received an immunosuppres-
sive treatment (n = 17). Due to the small group number (n =
4), patients who received a double immunosuppressive treat-
ment (RTX in association with another immunosuppressive
treatment) were not analyzed.

In naive patients, there were four clinical relapses (4 of 14,
28.5%). The mean OS in naive patients was 69.75 (range: 54—
89) and reached 82.6 (range: 80—100) after RTX p < 0.0003%.
Higher proportions of CD19+ were observed in MGR+
(Fig. 6(A)). Proportions of CD27+ and MZ were significantly
higher in MGR+, p=0.01 and p =0.002, respectively (Fig.
6(B)), and the AUC of CD27+ and MZ were the highest at
0.82 and 0.88, respectively (Fig. 6(C, D)).

We also observed four clinical relapses in the group of
thymectomized patients (26.7%). The mean OS was 67
(range: 40-90) and reached 84.5 (range: 51-100) after RTX
(p<0.0001%). The proportions of transitional and DN were
significantly higher in MGR+ than in MGR— (p =0.0387). In
this group of patients, the AUC of CD19+ (0.7745) and DN
(0.8046) were highest.

In the group of patients treated with IS other than RTX,
there were six clinical relapses (6 of 17, 35.3%) and the mean
OS was 65.7 (range: 22-90) reaching 83.87 (range: 51-100)

N=34 patients
368 samples

99 blood samples were not associated
with an Osserman Score (< 3 months)

N=34 patients 269 samples

N= 14 patients
33 samples associated with MGR+

N= 20 patients
236 samples associated with MGR-

Fig. 2 Study flow chart. Among the 34 patients included, 14 had a relapse (MGR+, relapse myasthenia gravis)
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Fig. 3 CD19+ B cells measured in residual and non-residual disease
conditions. We measured CD19+ by multiparameter flow cytometry in
residual disease and non-residual disease (routine conditions) to compare
the efficacy of CD19+ measurement in each method to predict MGR+.
(A) Receiver operating curve (ROC) of CD19+ in residual disease (RD)
and non-residual disease (NRD) conditions for the prediction of clinical
relapse: CD19+ B cells were measured either in residual disease condition
(red line) or in routine conditions (percentage in dark green, absolute

after RTX (p<0.0001%). Proportions of naive B cells
(AUC=0.81), CD27+ (0.79), SM (0.84), DN (0.80), and
MZ (0.70) were significantly higher in MGR+ than in MGR
- (p<0.02).

The proportion of plasmablasts was not significantly higher
in MGR+ in any of these three subgroups (p > 0.05).

Pattern of B Cell Repopulation

Next, we analyzed the pattern of B cell repopulation after each
infusion of RTX (n=139). We observed five different pat-
terns of biological repopulation. The most frequent profile
was type 3 (67%), defined by a repopulation of all memory
B cells, followed by type 2A (16.5%) and type 1 (13%). Type
4 (2%) and type 2C (1.5%) were quite rare (Fig. 7(A)). While
the time of repopulation appeared different between different
patterns of biological relapses (type 1: 11.5 months; type 2A:
12.1 months; type 3: 10.1 months; and type 4: 13 months), it

value in light green) in 34 patients. CD19+ B cells measured in routine
conditions have lower area under curve (AUC) than CD19+ measured in
residual disease conditions. (B) CD19+ B cells measured in RD signifi-
cantly increased in MGR+ compared to CD19+ measured in routine
conditions (percentage or absolute value). No significant difference was
observed between percentage and absolute values of B cells measured in
NRD conditions

did not reach statistical significance, likely due to small group
sizes (Fig. 7(B)).

Mean Delay Between RTX Infusions

The mean delay between two RTX infusions was 10.3 months
(5.75-18), corresponding to 1.2 infusions per year. Only one
patient (lof 34) required intra-venous Ig, and none needed
either ventilation assistance or ICU hospitalization. The mean
delay between two RTX injections was not statistically signif-
icant between the subgroups.

Discussion

We show here that monitoring B cells in minimal residual
disease conditions in myasthenia gravis patients predicts, with
high sensitivity clinical relapse in patients treated by RTX.

Fig. 4 Identification of an a b
optimal memory B cell threshold
value to guide RTX infusion and 100+ 40- P=03
avoid clinical relapse. (A) Q -
Determination of the Youden in- . 804 < 30
dex for myasthenia gravis treated § 2
with RTX and monitor using 5 604 s
memory B cells. (B) Comparison % 2 204
of the percentage of clinical re- g 40+ Youden index = 1.50 w
lapse with different memory B n for CD27+ > 0.01125% "E’ 10
cell threshold ranging from 0.01 20+ 5
t0 0.05%
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N *J >
0 20 40 60 80 100 S Q,& S K S
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Table 2 Test performances at

different thresholds Detection threshold Sensitivity (%) Specificity (%) PPV (%) NPV (%)
[IC 95%] [IC 95%]
CD19+ ratio

0.01% 87.9 53.6 21 96.9
[71.8-96.6] [47.02-60.1]

0.02% 81.8 57.5 21 95.8
[64.5-93.0] [50.8-63.8]

0.03% 727 60.9 21 94.1
[64.5-93.0] [50.8-63.8]

0.04% 63.6 64.3 [57.7-70.4] 20 92.7
[45.1-79.6]

0.05% 60.6 [42.1-77.1] 66.4 [60.0-72.4] 20 92.3

CD19+CD27+ ratio

0.01% 75.8 72.8 28.0 95.6
[57.7-88.9] [66.6-78.3]

0.02% 51.5 87.2 36.1 92.8
[33.5-69.2] [82.28-91.2]

0.03% 27.3 92.3 332 90.1
[13.3-45.5] [88.2-95.4]

0.04% 152 94.0 26.2 88.8
[5.1-31.9] [90.2-96.7]

0.05% 9.1 95.7 23.0 88.2
[1.9-24.3] [92.3-97.9]

The sensitivity and specificity in predicting clinical relapse for CD19+ were respectively 60.6% [42.1-77.1] and
66.4% [60.0-72.4%] for the 0.05% threshold and 87.9% [71.8-96.6] and 53.6% [47.0-60.1%] for the 0.01%
threshold. With our prevalence of clinical relapse of 12% (33 0f 269 samples), the PPV and NPV of CD27+ were
28.0% and 95.6% respectively for the 0.01% threshold and 23.0% and 88.2%, respectively at 0.05%

The sensitivity and specificity in predicting clinical relapse for CD27+ were respectively 9.1% [1.91-24.3] and
95.7% [92.3-97.9%] for the 0.05% threshold, and 75.8% [57.74-88.9] and 72.8% [66.6-78.35%] for the 0.01%
threshold with our prevalence of clinical relapse of 12% (33 of 269 samples). The PPV and NPV of CD27+ were
respectively 28.0% and 95.6% for the 0.01% threshold and 23.0% and 88. 2% at 0.05%

PPV positive predictive value, NPV negative predicative value

Several studies have indicated that different schedules of
rituximab administration are effective in treating refractory
myasthenia gravis with a minimum of two cycles to prevent
potential relapses [21, 22]. A systematic review recommended
that a repeated rituximab infusion should be considered 4 to
6 months after a cycle [23]. However, many patients do not
require such a frequency of infusions which underscores the
interest in having predictive markers of disease activity, de-
fined as the occurrence of a clinical relapse. To date, a few
studies have reported the usefulness of monitoring of B cells
for myasthenia gravis treated by RTX [24-26]. In a case report
of two patients presenting with myasthenia gravis treated with
RTX, Muto et al. [24] found that clinical relapse was associ-
ated with a major augmentation of CD20+ CD3— cells and
was preceded by an increase of switch memory and double-
negative memory B cells a few months prior. Based on the
results found in rheumatoid arthritis and NMOSD, Choi et al.
[25] used circulating CD19+ and clinical relapse to guide
decision about treatment with RTX. Interestingly, up to 57%
of patients with clinical symptoms had an increase of CD19+

@ Springer

over 1%. In the study just mentioned, B cells were not a good
predictor of clinical relapse at the individual level, probably
because the decisional threshold was at 1%. Lebrun et al. [20]
used the monitoring of CD27+ cells to guide the administra-
tion of RTX, thereby decreasing the number of yearly cycles
of RTX from 2 to 1.2 per year with an improvement in clinical
status. Lu et al. [22] described the way in which low-dose
RTX (600 mg every 6 months) is effective in treating refrac-
tory myasthenia gravis patients and how CD27+ memory B
cells remain low during the absence of relapse. Recently, Novi
etal. [26] showed that a memory B cell-based RTX reinfusion
protocol reduced the mean number of RTX reinfusions with a
persistent reduction of disease activity. The literature has also
shown that plasmablasts may be a good marker to predict
clinical relapse [27]. We found that plasmablasts could be a
powerful biomarker in predicting clinical relapse in myasthe-
nia gravis but not in all subgroups of the population. In naive
or thymectomy cases or in patients who have undergone im-
munosuppressive treatment, the proportion of plasmablasts is
not significantly higher in MGR+.
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Fig. 5 Proportion of B cells subsets in MGR+ and in MGR— patients. We
compared the percentage among leucocytes of the different B cells
subsets in MGR+ and MGR— patients (A). Total B cells (CD19+),
naive B cells (N), transitionals (T), and plasmablasts (P). In panel B, the
total population of CD27+ memory B cells and their different
subpopulations, SM (switched memory B cell population), DN (double-
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— in naive patients. (A) Only the percentage of total B cells (CD19+)
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MGR-. (B) The percentage of total B cells CD27 and MZ among
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negative B cell population), and MZ (marginal zone B cell population). In
panel C, receiver operating curve for B cells for the prediction of clinical
relapse. CD27+ and CD19+ have the highest AUC: 0.7578 and 0.7170,
respectively. (D) Among B memory cells, DN, MZ, and SM have similar

AUC 0.722, 0.765, and 0.756 respectively
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leucocytes is higher in MGR+ (C). CD27+ have the highest AUC (D).
MZ and CD27+ have the highest AUC. AUC: area under the curve; DN:
double-negative; MZ: marginal zone; ns, non-significant; MGR: myas-
thenia gravis relapse; SM: switch memory
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Fig. 7 Different types of repopulation patterns and time to relapse (A).
Frequency of the different type of B cell repopulation: Type 3 was the
most frequently observed (67%) followed by type 2A (16.5%) and type 1.
The other profiles were quite anecdotal. (B) Analysis of the mean delay

These nascent studies about the use of B cell markers in
myasthenia gravis are supported by numerous results in other
immune-mediated pathologies such as rheumatoid arthritis
(RA), systemic lupus erythematosus, Sjogren’s syndrome,
and NMO [28-30]. Kim et al. [16] used CD27+ memory B
cells to guide the treatment of NMO with RTX, achieving
remarkable control of the disease. In NMOSD patients with
the aquaporin 4 antibody, Durozard et al. [31] showed that
memory B cells had reemerged in 12 out of 13 patients treated
by RTX (92.5%) who presented clinical relapse.

In untreated early RA and established RA, double-negative
(DN) IgD—CD27— memory B cells were significantly in-
creased when compared to controls [32]. All these studies
suggest that repopulation subtypes are autoimmune disease-
dependent.

Our study confirmed that CD19+ measured in residual dis-
ease is a good marker for predicting clinical relapse in myas-
thenia patients treated with RTX, compared to routine condi-
tions (non-residual diseases). It also showed that memory B
cells measured in residual disease conditions by flow cytom-
etry have the highest AUC to predict MGR+ and it suggests
that CD27+ could be an alternate marker for tailoring RTX
infusion for myasthenia gravis. However, our treatment deci-
sion was based on the occurrence of clinical symptoms or the
increase in CD27+ in peripheral blood mononuclear cells as
measured, using flow cytometry when exceeding 0.01%. Our
experience showed at the beginning of the study that 40% of
patients (4 of 10) could be MGR+ before reaching this 0.05%
threshold, so we planned to treat our patients based on a
0.01% threshold in order to avoid clinical relapse. The sensi-
tivity of CD27+ for the prediction of clinical relapse of RTX
increased from 9.1% at a threshold 0f 0.05% and to 75.8% at a
threshold of 0.01%. This necessary threshold modification
may have biased the analysis of the CD27+ cells because
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between two RTX infusions (expressed in months) according to the re-
population profile. The mean delay between different types was not sta-
tistically different. Three patients were excluded from this analysis be-
cause they had fewer than two RTX infusions

RTX was introduced shortly after the increase in peripheral
blood samples thus preventing them from growing in a signif-
icant way in subsequent blood samples. Whether our results
can be extrapolated to other immune diseases needs to be
further confirmed.

We performed these analyses in residual disease conditions
to increase the sensitivity of our techniques and the perfor-
mance of our results. It is more challenging to assess the mon-
itoring of memory B cells by residual disease mainly because
this monitoring requires far more cells to be analyzed than in
routine conditions. The monitoring of B memory cells is ap-
propriate in the context of myasthenia, but it requires a low
detection threshold, reached in residual disease conditions.
Indeed, the sensitivity of CD27+ in predicting clinical relapse
of RTX increased from 9.1% at a threshold 0f 0.05% to 75.8%
at a threshold of 0.01% while the specificity was not greatly
impacted by this lower threshold. Subgroup analyses con-
firmed the consistency of our results across patients with dif-
ferent treatments.

To further characterize our samples at the time of RTX
infusion, we identified patterns of B cell repopulation. We
found that all B cell subtypes were repopulated, without the
predominance of a single subpopulation and without a differ-
ence, between naive and non-naive RTX patients. The patients
who required several RTX infusions repeated identical pat-
terns of repopulation without any change between the two
repopulations. We did not identify a type of repopulation with
a more severe prognosis regarding the evolution of myasthe-
nia gravis. The mean time between the first RTX maintenance
cycle and clinical relapse was 386.8 days (55.25 weeks). A
recent publication showed similar times of repopulation in
NMOSD patients treated with RTX (50.09 weeks) [30].

The strengths of this study include its large collection of
matched clinical and biological data and the systematized
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evaluation of our patients. To our knowledge, it is the first
prospective study to analyze the prognostic performances of
B cell populations with two different techniques that predict
clinical relapse in patients with an immune-mediated
pathology.

We believe that the proposed 0.01% threshold should be
studied in further prospective clinical studies.

Conclusion

Memory B cell monitoring can accurately predict the clinical
relapse of myasthenia gravis patients treated with RTX. An
individualized approach to retreatment with RTX based on the
assessment of memory B cells could optimize its efficacy
while limiting costs and long-term adverse effects.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13311-021-01006-9.
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