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Abstract
Background Rituximab is a chimeric anti-CD20 monoclonal antibody that induces sustained remission in children with steroid-
dependent nephrotic syndrome. However, there is no consensus on the optimal regimen and monitoring of rituximab. In other
autoimmune diseases, anti-rituximab antibodies (ARA) have been reported in 10–40% of patients, but their clinical relevance
remains unclear. In nephrotic syndrome, data are scarce.
Methods We report a single-center retrospective study with immuno- and pharmacological monitoring of rituximab treatment in
children with frequent relapsing (FR) or steroid-dependent nephrotic syndrome (SDNS).We analyzed the monthly monitoring of
24 children, receiving a dose of rituximab (375 mg/m2) between December 2017 and April 2018 at the Pediatric Nephrology
Department of Robert-Debré hospital, Paris.
Results ARAwere detected in 7/24 patients (29%), sometimes after the first infusion of rituximab. ARAwere present at baseline
in two patients previously treated with rituximab. Both displayed no B-cell depletion. ARA were also reported in 5/22 patients
during follow-up, with antibodies always detected in the first month following B-cell recovery. An incomplete CD19+CD20− B-
cell depletion at M1 (5–25/mm3) and low serum rituximab levels was predictive of developing ARA. The development of de
novo ARA during follow-up was not associated with shorter B-cell depletion.
Conclusions This study shows that ARA are frequent in children with FR/SDNS and that close immuno- and pharmacological
monitoring may help personalizing rituximab treatment in patients needing repeated injections.

Keywords Children . Steroid-dependent nephrotic syndrome . Rituximab . Anti-rituximab antibodies . Serum rituximab levels

Introduction

Idiopathic nephrotic syndrome (INS) is the most frequent ac-
quired glomerular disease in children. Although most patients
are steroid sensitive, 60% relapse frequently and/or become
steroid dependent. These patients require additional immuno-
suppressive treatments to maintain remission, and experience
a long lasting disease with a heavy burden of steroids and
steroid-sparing treatments [1].

Rituximab is a chimeric anti-CD20 monoclonal antibody
that induces peripheral B-cell depletion [2]. It was first devel-
oped in the treatment of B-cell malignancies and was further
successfully used in the treatment of auto-immune diseases.
Since the first report of the use of rituximab in a patient with
both INS and idiopathic thrombocytopenic purpura [3], it is
now well established that rituximab is able to induce long-
lasting remission in patients with frequent relapsing (FR) or
steroid-dependent (SD) nephrotic syndrome, even after B-cell
recovery [4–6]. However, the optimal regimen and monitor-
ing of rituximab remain to be determined. Data on rituximab
pharmacokinetics in childhood INS are scarce and its moni-
toring most often relies on peripheral CD 19+ B-cell count.
Indeed, when a strategy of long-term B-cell depletion is cho-
sen, rituximab infusions are repeated when peripheral B-cells
reconstitute. However, no specific biological marker of dis-
ease activity itself, besides recurrence of proteinuria, is avail-
able, preventing tailoring rituximab treatment to each patient.

* Quentin Bertrand
quentin.bertrand@chc.be

1 Pediatric Department of Nephrology and Transplantation, Assistance
Publique-Hôpitaux de Paris, Hôpital Robert-Debré, Paris, France

2 Departement of Immunology, Assistance Publique-Hôpitaux de
Paris, Hôpital Bichat, Paris, France

https://doi.org/10.1007/s00467-021-05069-w

/ Published online: 16 June 2021

Pediatric Nephrology (2022) 37:357–365

http://crossmark.crossref.org/dialog/?doi=10.1007/s00467-021-05069-w&domain=pdf
http://orcid.org/0000-0003-1487-6671
mailto:quentin.bertrand@chc.be


In addition, as a chimeric monoclonal antibody, rituximab
carries the theoretical risk of inducing the development of
anti-drug antibodies, including Human Anti-Chimeric
Antibodies (HACA). The development of anti-rituximab an-
tibodies (ARA) in patients receiving repeated rituximab infu-
sions has been described in other autoimmune conditions and
may reduce circulating levels of rituximab and lead to shorter
or absence of B-cell depletion [7–10]. Such anti-drug antibod-
ies may promote resistance to rituximab and/or be involved in
the development of severe adverse reactions [9–12].

The aim of this study was to assess the frequency of ARA
and the pharmacokinetics of rituximab in children with FR/
SDNS and to evaluate their impact on B-cell depletion and
relapse-free survival.

Methods

Population

We report a single-center retrospective study of children with
FR or SDNS, who received a rituximab infusion between
December 2017 and April 2018 at the Pediatric Nephrology
Department of Robert-Debré hospital (Paris, France) and their
biological monthly monitoring. Patients could have received
either a unique rituximab infusion or a reinfusion at the time of
B-cell recovery. Some patients received five additional
monthly infusions of intravenous immunoglobulins (IVIg) of
2 g/kg.

Patients received an infusion of rituximab (Rixathon®) at
the dose of 375 mg/m2, after premedication with methylpred-
nisolone 1 mg/kg and intravenous dexchlorpheniramine. All
patients had negative proteinuria at rituximab infusion. When
present at baseline, oral treatments (steroids and/or immuno-
suppressive drugs) were discontinued within 2 months.

Methods

According to our local practice of B-cell depletion monitor-
ing, urine protein/creatinine ratio, serum albumin, plasma
levels of immunoglobulins, white blood cells, and platelets
and CD19/CD20 count were scheduled at baseline andmonth-
ly until B-cell recovery. In patients with a previous history of
short B-cell depletion, biological monitoring could also be
performed at day 7 to confirm complete B-cell depletion, de-
fined by a CD19+ B-cell count < 5/mm3. Concentrations of
rituximab and ARA were assessed with a commercial ELISA
kit (Lisa Tracker Duo Rituximab, Theradiag). The cut-off
values for positive results were 2 μg/ml and 5 ng/ml,
respectively.

Data were collected from routine clinical and biological
charts and an informed consent of care was collected for all
patients.

Outcomes

Outcomes were detection of ARA, rituximab blood concen-
trations, duration of B-cell depletion, and time to relapse.
Safety endpoints were frequency and severity of adverse
events and abnormal values in biochemical and hematology
assessments.

Statistical analysis

Results are presented as median and IQR for continuous var-
iables and number and percentage for dichotomous variables.
Comparison of patients’ characteristics was performed using
the Mann–Whitney test and Fischer exact test for continuous
and categorical variables, respectively. Kaplan–Meier method
was used to study B-cell depletion duration and relapse-free
survival, and log-rank tests were used to compare these be-
tween patients with or without ARA. The correlation between
serum rituximab levels at M2 and B-cell depletion duration
was assessed by estimating the Spearman correlation coeffi-
cient. The statistical significance was established at p < 0.05.

Results

Population at baseline

Twenty-eight patients received an infusion of rituximab during
the study period; four were excluded because of incomplete
monitoring. Characteristics at baseline of the remaining 24 pa-
tients are reported in Table 1. The median age at disease onset
was 5 years (IQ 3–6) and male-to-female ratio was 2/1. The
median age at baseline rituximab was 8.8 years (IQ 7.2–13.3).
Thirteen patients (54%) had previously received one or more
rituximab infusions. The median duration of B-cell depletion
after the prior rituximab infusion was 3 months. Sixteen pa-
tients, receiving rituximab after a recent relapse, had oral ste-
roids and/or immunosuppressive drugs at baseline, and eight
patients receiving a reinjection after B-cell recovery had no oral
treatment at baseline. Oral treatments were discontinued within
2 months in 14 patients and delayed at month 3 in two patients
because of early relapse. Nine patients received additional in-
travenous immunoglobulins during follow-up.

Anti-rituximab antibodies

Anti-rituximab antibodies (ARA) were detected in a total of 7/
24 patients (29%). The median age of patients with ARA was
12.7 (IQ 9–15.4) years at baseline, and 11.3 (IQ 8.2–14) years
at first rituximab. ARAwere detected at baseline in two patients
with titers > 100 ng/ml. These two patients had previously
received rituximab, respectively, 15 and 17 months before.
De novo ARA were additionally detected during follow-up in
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5/22 patients (23%) with negative baseline screening. Of note,
three of them were receiving their first rituximab infusion (Fig.
1). There was no association of ARA development with age,
baseline B-cell count, or Ig G level, nor with oral
immunosuppressors or intravenous immunoglobulins during
B-cell depletion (Table 1). ARA were always detected in the
first month following B-cell recovery and remained detectable
at 12 months in all patients but one (Fig. 2).

Pharmacokinetics of rituximab

Serum levels of rituximab are presented in Fig. 3.
Rituximabemia was above the 2 μg/ml threshold in 82%,
61%, and 20% of patients at M1, M2, and M3, respectively.
Rituximab was undetectable at M1 in three patients, two of
whom had ARA at baseline. For the others, low concentra-
tions of rituximab at M2 were associated with shorter B-cell
depletion and more frequent development of ARA (Fig. 4a
and b). In addition, rituximab was undetectable at M2 in 3/5
patients who developed de novo ARA compared to only 2/11
without ARA (p = 0.24). A trend toward lower rituximab
concentration at M2 was also noticed in patients receiving
intravenous immunoglobulins (Fig. 4c) (p = 0.19).

B-cell depletion

Rituximab was successful in inducing peripheral B-cell deple-
tion in 22/24 patients (92%). The two “rituximab-resistant”
patients had ARA at baseline and had previously received 1

and 2 rituximab infusions with a duration of B-cell depletion
of 3 and 5 months after prior rituximab, respectively, (Fig. 2,
patients 6 and 7). By contrast, B-cell depletion was achieved
in all patients without ARA at baseline, with a median dura-
tion of 4 months (IQ 3.0–4.8). In addition, time to B-cell
recovery was not significantly different whether ARA were
detected or not during follow-up. Interestingly, early monitor-
ing at day 7 or M1 showed detectable CD19+ but CD20− B-
cells (ranging from 5 to 25/mm3) in 3 patients who developed
ARA secondarily, whereas complete CD19-/ CD20− B-cell
depletion (0/mm3) was recorded early (D7-M1) in all patients
without ARA (Table 1 and Fig. 2) (p = 0.0002). These three
patients further had a complete peripheral B-cell depletion
with CD19+ B-cells at 0/mm3 at M2.

Time to first relapse after rituximab

After 12 months follow-up, 17/24 patients (71%) remained
free of relapse and 7/24 patients relapsed, including 3 early
relapses. One patient with baseline ARA and incomplete B-
cell depletion relapsed atM1. Three others relapsed during the
first month despite complete B-cell depletion (13% of the
entire cohort) and had further negative ARA screening. Of
note, one of them relapsed again one month after B-cell re-
covery. Two other patients relapsed after B-cell recovery, re-
spectively, 2 and 4 months later. Concerning patients with
ARA development, only 1/5 relapsed during follow-up, at 8
months after B-cell recovery and ARA positivation (Fig. 2).
After excluding the two patients with ARA at baseline, no

Table 1 Patients characteristics at baseline andmonitoring of rituximab treatment. Comparison between patients without ARA, with de novoARA and
with ARA at baseline

All patients
(n = 24)

Patients without ARA
(n = 17)

Patients with de novo ARA
(n = 5)

Patients with ARA at baseline
(n = 2)

Baseline

Age at NS onset1 (years) 5 (3–6) 5 (3–6) 6 (6–6) 4 (4–4)

Age at baseline RTX1 (years) 8.8 (7.2–13.3) 8.2 (6.9–12.4) 15.1 (10.3–15.6) 10.2 (9–11.5)

Prior RTX, N (%) 13 (54%) 9 (53%) 2 (40%) 2 (100%)

Age at first RTX1 (years) 8.4 (6.1–12.6) 7.3 (5.9–10.9) 13.2 (10.3–14.9) 8.8 (7.5–10)

Oral treatment at baseline N (%) 16 (67%) 11 (65%) 4(80%) 1 (50%)

Tacrolimus 2 1 1 0

MMF 4 3 1 0

Levamisol 1 1 0 0

Steroids 10 6 3 1

Associated IVIg treatment N (%) 9 (37%) 6 (35%) 3 (60%) 0

Monitoring of rituximab treatment

Incomplete or no B-cell depletion at D7 or
M1 (CD19 > 5/mm3), N (%)

5/222 (22%) 0/162(0%) 3/42 (75%) 2/2 (100%)

Time to B-cell recovery1 (months) 4 (3–4.3) 4 (3–5) 4 (3–4) n.a.

Detectable rituximab at M2, N (%) 11/182 (61%) 9 / 112 (82%) 2/5 (40%) 0/2 (0%)

1Median (IQ), 2 incomplete data, NS nephrotic syndrome, RTX rituximab, IVIg intravenous immunoglobulins, ARA anti-rituximab antibodies, n.a. non
appropriate
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Fig. 1 Patient flowchart. Anti-rituximab antibodies in patients with first
or prior rituximab and impact of intravenous immunoglobulins on their
development (intravenous immunoglobulin given monthly from month 1

to 5 at the dose of 2 g/kg). ARA: anti-rituximab antibodies, RTX: ritux-
imab, IVIg: intravenous immunoglobulins at the dose of 2 g/kg received
monthly from month 1 to month 5

Fig. 2 Clinical and biological course of the 7 patients with anti-rituximab
antibodies. For patients 1 to 5 who developed ARA during follow up,
ARA were always detected at the time of B-cell recovery or within the
following month. For patients 6 and 7, ARA were detected at baseline
before the rituximab infusion. ARA were still detected at month 12 in all

patients with available data except for patient 2 who received a dose of
obinutuzumab at month 4. Data at month 12 is unfortunately not available
for patients 4 and 6. *CD19+ CD20− B-cells, with CD19 B-cell ranging
from 5 to 25/mm3. **CD19+ CD20+ B-cells, with CD19 B-cell > 25/
mm3
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relationship was found between the time to relapse and the
development of de novo ARA (Table 2), even after separating
patients having received or not a second dose of anti-CD20
during the study. Of the 10 patients having received a second
dose, three had relapsed before but no one relapsed after
(Table 2).

Reinfusion of a second dose anti-CD20 and resistance
to anti-CD20

Ten patients with no baseline ARA received a second dose of
anti-CD20 (45%) during follow-up; three because of relapse
after B-cell recovery and seven at the time of B-cell recovery
in order to prolong B-cell depletion. Of note, 3 patients with
positive ARA received a second line anti-CD20 monoclonal
antibody: patient no. 7 had a successful B-cell depletion after a
single injection of 750 mg/1.73 m2 of atumumab, while pa-
tient no. 6 had no B-cell depletion with both rituximab and
ofatumumab, and successful B-cell depletion with a single

Fig. 3 Serum rituximab levels after baseline rituximab infusion.
Rituximab was detectable at M1 in all patients except three, of whom
two had baseline anti-rituximab antibodies. Rituximabemia was above
the 2 μg/ml threshold in 82%, 61%, and 20% of patients at M1, M2,
and M3, respectively, with mean serum rituximab levels of 22, 5, and 1
μg/ml. At M4, rituximab was undetectable in all patients

Fig. 4 Serum rituximab levels at Month 2. aCorrelationwith the duration
of B-cell depletion, b serum rituximab levels in patients with anti-
rituximab antibodies (ARA +) and without (ARA−), c serum rituximab
levels in patients receiving rituximab alone (IVIg−) or rituximab in

association to intravenous immunoglobulins (IVIg +). It should be noted
that rituximab levels at M2 were missing in 6 out of 24 patients, of whom
4 out of the 9 patients were treated with IVIG
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injection of 300 mg/1.73 m2 of obinutuzumab. Patient no. 2,
who developed ARA after 3 months, received a single injec-
tion of 300 mg/1.73 m2 of obinutuzumab resulting in a B-cell
depletion of 5 months (Fig. 2).

Adverse effects

Adverse effects were reported in seven patients (29%).
Two patients (8%) presented mild infusion-related reac-
tions consisting of nausea and vomiting. Of note, nei-
ther of the two patients with positive ARA at baseline
experienced any infusion reaction. One patient presented
hypogammaglobulinemia, with IgG level at 3.5 g/L 3
months after a second dose of rituximab, and two pa-
tients developed asymptomatic neutropenia (1 moderate
and 1 severe) during B-cell depletion. Two patients re-
quired hospitalization for viral infections, including one
patient who presented zona recurrence, during and after
B-cell recovery.

Discussion

This study assessed the prevalence of ARA on the baseline
and monthly biological monitoring of 24 children with FR/
SDNS after one 375 mg/m2 rituximab infusion. ARA were
positively detected in more than one-fourth of patients and
preformed ARA were associated with resistance to peripheral
B-cell depletion, while the development of de novo ARA
during follow-up was not associated with shorter B-cell de-
pletion. Moreover, rituximabemia monitoring suggested that
low concentrations at month 2 were associated with shorter B-
cell depletion and the development of de novo ARA.

The development of anti-rituximab antibodies (ARA) has
been assessed in patients treated with rituximab for various
underlying diseases. Consistently, ARA are rare in patients
treated for B-cell malignancies (1%) [13], while they have
been detected in up to 30–40% of patients with SLE [7, 14],
or neuromyelitis optics spectrum disorders [8], 25% of pa-
tients with ANCA-vasculitis and Sjogren’s syndrome [15,
16], and 9–11% of patients with rheumatoid arthritis [9, 17].

In nephrotic syndrome, data are scarce, since only three pedi-
atric studies have reported a screening for ARA. Iijima et al.
reported a prevalence of 14% of ARA at 12 months in the
rituximab group (n = 24) of their placebo controlled-
randomized trial (RCT) [5], while Anh et al. detected ARA
in 10% (2/19) of patients in a brief report [11]. The incidence
in this second study has to be interpreted with caution because
the reason for testing ARAwas not given. In the present study,
with a systematic monthly monitoring, we found a higher
prevalence of 29%. The first hypothesis is that ARA could
have been underestimated in previous studies based on a sin-
gle screening at 12 months compared to systematic monthly
screening. However, nearly all patients with early ARA detec-
tion in our cohort had persistent detectable ARA at M12 (Fig.
2). A second hypothesis for this higher prevalence might be
the low dosage of rituximab, with a single 375 mg/m2 rituxi-
mab dose in this study, compared to 4 weekly infusions in the
RCT of Iijima et al., while Anh et al. also report patients
treated with a single infusion. Indeed, a lower dose of rituxi-
mab may favor incomplete or delayed depletion, and subse-
quently ARA development [7]. Interestingly, early B-cell
monitoring showed that only patients developing ARA during
follow–up had incomplete peripheral CD19+ CD20− B-cell
depletion at first monitoring (Table 1). Additionally, incom-
plete peripheral CD19+ B-cell depletion highlights that a sub-
set of remnant circulating or tissular B-cells might differenti-
ate into anti-rituximab IgG-producing cells and consequently
neutralize the circulating drug, lowering rituximabemia and its
half-life. A third study retrospectively reported a high preva-
lence of ARA up to 38%, but a major bias was that screening
was performed only in patients who had displayed an
infusion-related reaction during a second or subsequent ritux-
imab dose [18], possibly overestimating ARA incidence.

Although one may suppose that ARA are more likely to
be detected after repeated exposure to rituximab, ARA
were detected similarily in 3/11 (27%) and 4/13 (30%) of
patients after a first RTX or a reinfusion (Fig. 1). This is
consistent with data from studies in other autoimmune dis-
eases showing that ARA mostly appear prior to the second
infusion of rituximab [8, 17]. Unfortunately, we do not
have the late monitoring for the nine patients who received

Table 2 Comparison of relapses between patients without ARA and
patients with de novo ARA (the 2 patients with ARA at baseline were
excluded). There was no difference in the frequency of relapse during the

12 months follow-up between patients developing de novo ARA and
patients without ARA. Of note, all six relapses occurred following the
baseline rituximab, prior to any systematic reinfusion

Relapse during follow-up All patients Patients without ARA Patients with de novo ARA

N (%) patients 6/22 (27%) 5/17 (29%) 1/5 (20%)

Patients with single RTX 3/12 (25%) 2/8 (25%) 1/4 (25%)

Patients with reinjection of rituximab1 during follow up 3/10 (30%) 3/9 (33%) 0/1 (0%)

1 The reinjection of anti-CD20 was again rituximab in 9/10 patients and obinutuzumab in one patient because of de novoARA detection, RTX rituximab,
ARA anti-rituximab antibodies
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a second dose of rituximab and were still under B-cell
depletion at M12.

Furthermore, in our series, the monthly monitoring of B-
cell count and ARA showed that ARA were first detected
either at the time of B-cell recovery or within the following
month (Fig. 2). Considering these results, one may propose a
systematic screening for ARA one month after B-cell recov-
ery, specifically in patients who display a delayed complete B-
cell depletion.

However, the pathogenic effects of such anti-drug antibod-
ies are unclear and the clinical relevance of ARA is still under
debate. Data suggest that ARA could be associated with a
shorter B-cell depletion duration and an increased risk of side
effects such as infusion reactions or serum sickness disease
[7–9, 15]. In childhood nephrotic syndrome, only case reports
have linked ARA detection to rituximab intolerance [11, 19].
In this study, circulating ARA at baseline were associated in
both patients with rituximab resistance, but not with infusion-
related reactions (IRR), as in another prospective study in
patients with SLE [14]. Limited data suggest that ARA may
negatively influence treatment efficacy in lupus patients [7,
14], while no difference on clinical improvement is reported
in patients with neuromyelitis optic spectrum disorder [8] or
rheumatoid arthritis [9, 17] besides shorter B-cell depletion
and increased frequency of rituximab reinfusions. In this small
study, while preformed ARA were associated with an absence
of B-cell depletion, the development of de novo ARA during
follow-up was not associated with shorter B-cell depletion
(Table 1 and 2). We assume that the heterogeneity of rituxi-
mab regimens, reinfusions, and total duration of B-cell deple-
tion is a major bias, as rituximab regimen has an impact on B-
cell depletion and relapse-free survival [20]. Moreover, three
patients had an early relapse during the first 4 weeks despite
complete peripheral CD19 B-cell depletion. Early relapses
following rituximab have already been reported [21] and au-
thors suggest the pathophysiology of these relapses may not
rely directly on B-cells, but on indirect B-cell interactions or
unknown mechanisms. These early relapses might be
prevented by delayed discontinuation of oral suppressors,
supporting our local practice. Interestingly none of the early
relapsers developed further ARA.

One main difficulty in the management of nephrotic syn-
drome is the lack of clinical score and/or biological bio-
markers of disease activity that could help to guide treatment.
The current monitoring of rituximab treatment is based on
peripheral B-cell count and its efficacy is only evaluated on
the occurrence and/or delay of relapses. In our small study,
serum levels of rituximab at M2 were correlated with the
duration of B-cell depletion and the development of ARA
(Fig. 4). Accordingly, in adults with membranous nephropa-
thy and higher dose of rituximab, Boyer-Suavet et al. recently
showed that serum rituximab level at month 3 was significant-
ly correlated with a longer B-cell depletion [22]. In addition,

our study also shows an association between rituximabemia at
M2 and ARA development. This association was also
highlighted in adult patients with SLE [14]. One may suppose
that low rituximab levels could favor incomplete early CD19+
B-cell depletion and secondarily ARA development, as all
three patients with incomplete early CD19+ B-cell depletion
had low or undetectable rituximab levels at M2. Of note, the
subset of patients receiving concomitant intravenous immu-
noglobulins displayed lower levels of rituximab at M2 (Fig.
4c). We hypothesize that polyclonal immunoglobulins may
reduce rituximab half-life by a competitive effect on rituximab
recycling by the FcRn recycling process on endothelial cells
[23]. This subgroup also displayed a higher proportion of de
novoARA (3 of 9 vs. 2 of 13), suggesting again that a reduced
efficacy of rituximab could favor ARA development.
However, such results must be interpreted with caution be-
cause of the different treatment regimens and the impossibility
of performing multivariate analysis in such small cohorts. By
contrast, Einarsson et al. observed no significant difference in
the frequency of ARA in patients receiving different doses of
rituximab [9]. This could be explained by extremely variable
inter-individual levels of rituximabemia in patients receiving
the same rituximab dose [14]. In childhood nephrotic syn-
drome, again, few data on rituximab pharmacokinetics are
available. Iijima reported, in patients treated with 4 weekly
infusions, mean levels of rituximab of 28 μg/ml at day 85
and 2 μg/l at day 169, with a median duration of B-cell de-
pletion of 148 days (4.8 months) [5]. Unfortunately, no link
was specified between levels of rituximab and duration of B-
cell depletion. Kamei et al. reported rituximab levels after a
single dose of rituximab in 12 children with SDNS, showing a
peak at 24 h and mean levels of 27, 18, and 3 μg/ml at M1,
M2, and M3, respectively, and undetectable rituximab in all
patients at M5 with a median duration of B-cell depletion of
119 days [24]. The mean values were lower in our study (22,
5, and 1 μg/ml at M1, M2, and M3, respectively, and unde-
tectable rituximab in all patients at M4), which might be ex-
plained by the concomitant intravenous immunoglobulins in a
subset of patients (Fig. 3).

In children with SD/FRNS, because of a high proportion of
patients relapsing after B-cell recovery, strategies with rituxi-
mab reinfusions have been proposed to prolong B-cell deple-
tion. Two strategies are presently possible: rituximab reinfu-
sion at the time of peripheral B-cell recovery, which requires a
monthly monitoring, or systematic reinfusion of rituximab.
However, B-cell recovery might not be the most relevant bio-
marker to monitor rituximab and the optimal approach re-
mains controversial. Our data suggest that monitoring rituxi-
mab concentrations at M2 could be helpful to guide rituximab
reinfusions, as undetectable or low serum rituximab concen-
trations at M2 were associated with a shorter B-cell depletion
(Fig. 4a). The good sensitivity of this ELISA technique and its
reasonable price (around 20 Euros per test) makes its use
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conceivable in routine practice. However, additional data are
needed to determine a threshold and evaluate how
rituximabemia at M2 could help monitoring and treatment
guidance.

Concerning the two patients with ARA at baseline and
“rituximab-resistance,” both received a single injection of
750 mg/1.73 m2 of ofatumumab, a more-humanized anti-
CD20 antibody recognizing a different epitope of the
CD20 molecule. Indeed, case reports or small series of
children resistant to rituximab showed successful B-cell
depletion with ofatumumab [25, 26] or obinutuzumab
[27], and in vitro studies do not argue for cross-
reactions between ARA and new generation anti-CD20
antibodies [28]. However, one patient was also resistant
to ofatumumab, and only showed successful peripheral B-
cell depletion after obinutuzumab (Fig. 2), suggesting that
anti-drug antibodies may cross-react and compromise al-
ternative B-cell depletion attempts. Interestingly, longer
follow-up of 2 patients with ARA who further received
obinutuzumab showed that ARA were no longer detect-
able after obinutuzumab, and one patient could again re-
ceive rituximab successfully.

The main limitation of our study is the small sample
size and the heterogeneity of the population and the
rituximab regimens, which makes it difficult to interpret
any correlation with de novo ARA and relapse-free sur-
vival. In addition, pharmacological monitoring did not
enable detailed pharmacokinetics as blood samples were
drawn only during routine monthly monitoring, though
missing early data. However, several studies show that
early measurements of rituximab do not correlate with
the clinical outcome in diseases with available activity
scores.

Conclusion

This study shows that the development of anti-drug antibodies
to rituximab is common in children treated for FR/SDNS and
may lead to rituximab resistance. Lower serum rituximab
levels could also be associated with worse outcomes.
Therefore, close immuno-monitoring of serum rituximab, B-
cell count, and ARA development may help personalizing
rituximab treatment in patients requiring repeated injections.
However, larger studies are needed to confirm specific cut-
offs to guide therapy and seek for the optimal rituximab
regimen.
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