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Primary membranous nephropathy (pMN) is an autoimmune kidney disease and a
common cause of nephrotic syndrome in adults. Rituximab is becoming a first line
therapy for patients with persistent nephrotic syndrome with proven safety and efficacy,
achieving remission in 60%–80% of cases. For the remaining 20%–40% of patients there
is an urgent need to identify early biomarkers of resistance to rituximab to adapt
therapeutic management. In nephrotic patients, rituximab is found in the blood more
transiently than in other autoimmune diseases without proteinuria, due to rituximab
wasting in the urine. However, rituximab immunomonitoring is not routinely performed.
We evaluated the predictive value of serum rituximab levels in patients with pMN three
months after rituximab injection (month-3) on clinical remission rates six months (month-6)
and 12 months (month-12) after injection and investigated predictive factors for serum
rituximab levels at month-3. Sixty-eight patients treated with rituximab between July 2015
and January 2020 from two French nephrology centers were included. We identified
residual rituximab levels at month-3 as a novel early predictor of remission at month-6
(p <0.0001) and month-12 (p = 0.001). Reduced likelihood of remission in patients with
undetectable rituximab at month-3 was associated with lower serum albumin and higher
anti-PLA2R1 titers at baseline and with lower serum albumin, higher proteinuria, higher
CD19+ counts and higher anti-PLA2R1 titers during follow-up. In multivariate analysis,
high baseline proteinuria and undetectable rituximab levels at month-3 were independent
risk factors for treatment failure at month-6 and high baseline weight and undetectable
rituximab levels at month-3 were independent risk factors for treatment failure at
month-12. We identified serum albumin at baseline as a predictive factor for serum
rituximab levels at month-3. Patients with serum albumin below 22.5 g/L at baseline had
an 8.66-fold higher risk of having undetectable rituximab levels at month-3. Therefore,
rituximab immunomonitoring in pMN patients treated with rituximab would allow the
detection of patients at risk of treatment failure as early as month-3. Studies are needed to
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assess whether patients with low residual rituximab levels at month-3 may benefit from an
early additional course of rituximab.
Keywords: membranous nephropathy, nephrotic syndrome, autoimmunity, rituximab, chronic kidney disease
rituximab immunomonitoring in membranous nephropathy
INTRODUCTION

Primary membranous nephropathy (pMN) is an autoimmune
disease affecting kidney glomerulus and the most common cause
of nephrotic syndrome (NS) in non-diabetic adults. The course
of the disease is highly variable, ranging from spontaneous
remission to progressive chronic kidney disease. Histologically,
pMN is characterized by subepithelial immune deposits
containing immunoglobulins G (IgG) and complement
fractions resulting in thickening of the glomerular basement
membrane and the formation of spikes (1). The pathophysiology
of pMN involves autoantibodies targeting podocyte proteins
such as M-type phospholipase A2 receptor 1 (PLA2R1) and
thrombospondin type-1 domain-containing 7A (THSD7A) in
70%–80% and 3%–5% of patients, respectively (2, 3). Immune
complex deposits are responsible for the activation of the
complement cascade and podocyte damage (4–6). The
pathogenicity of anti-PLA2R1 and anti-THSD7A autoantibodies
has been demonstrated in vitro and in vivo (4, 7, 8). The recognition
of pMNas an autoantibody-mediated disease has promoted the use
of immunosuppressive drugs. Rituximab – a chimeric monoclonal
antibody targeting CD20 – can trigger B cell death by apoptosis,
complement-mediated cytotoxicity and antibody-dependent
cellular cytotoxicity leading to an elimination of autoantibodies
(9–11). Rituximab was first developed for the treatment of
hematological malignancies, but is now used to treat many
immune-mediated diseases (12). Rituximab is progressively
becoming a first line therapy for pMN patients with proven safety
and efficacy, achieving remission in 60%–80% of patients (13–15).
However, for the remaining 20%–40%of patients there is an urgent
need to identify early biomarkers of resistance to rituximab in order
to adapt therapeutic management. Some patients with pMN may
develop anti-rituximab antibodies that may decrease the
effectiveness of the treatment (16). In these cases obinutuzumab
and ofatumumab have been shown to be effective (17–20). Other
patients are undertreated because of the highly variable
bioavailability of rituximab in nephrotic patients (21). In
nephrotic patients, rituximab – which binds to albumin – can be
eliminated in the urine, thus rituximab is found in the blood more
transiently than in other autoimmune diseases treated with
rituximab without proteinuria (21, 22). There is still uncertainty
about which rituximab protocol to use in nephrotic patients.
Patients with the shortest exposure to rituximab could benefit
from additional courses of rituximab to increase their likelihood
of clinical remission. However, rituximab immunomonitoring is
not yet routinely performed in patients with pMN.

The aims of this study were: (i) to evaluate the predictive
value of serum rituximab levels in patients with pMN three
months after rituximab injection (month-3) on clinical remission
rates six months (month-6) and 12 months (month-12) after
org 2
rituximab injection and (ii) to establish predictive factors for
undetectable serum rituximab levels at month-3.
MATERIAL AND METHODS

Study Participants
Sixty-eight patients with pMN from a prospective cohort were
included (NCT02199145). Patients were enrolled from two French
nephrology centers from July 2015 to January 2020. The inclusion
criteria were (1) biopsy-proven diagnosis of membranous
nephropathy; (2) primary membranous nephropathy defined by
the absence of concomitant autoimmune disease, negative hepatitis
B and C serologies, and negative cancer workup; (3) rituximab
treatment with two 1 g infusions two weeks apart; and (4) serum
samples available atmonth-3. Patients should not receive any other
immunosuppressive therapy at the same time as rituximab. The
study protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki and was approved by the appropriate
institutional review committee. Written informed consent was
obtained from participants prior to inclusion in the study.

Outcome
Clinical remission was evaluated at month-6 and month-12.
Clinical remission was defined according to the 2012 Kidney
Disease: Improving Global Outcomes (KDIGO) guidelines (23).
Complete remission was defined by a urinary protein-to-
creatinine ratio < 0.3 g/d, accompanied by a normal serum
albumin concentration and a preserved kidney function. Partial
remission was defined by urinary protein-to-creatinine ratio <
3.5 g/d with 50% reduction of proteinuria, accompanied by an
improvement or normalization of the serum albumin
concentration and preserved kidney function. Treatment
failure was defined by the lack of clinical remission.

Detection of Anti-PLA2R1 and
Anti-THSD7A Antibodies
Serum levels of total IgGanti-PLA2R1antibodiesweremeasuredby
the ELISA test developed by EUROIMMUN (Medizinische
Labordiagnostika AG, Lübeck, Germany). Participants were
considered as anti-PLA2R1–positive when levels were >14 RU/mL.

Total IgG anti-THSD7A antibodies were measured by the
indirect immunofluorescence test developed by EUROIMMUN
(Medizinische Labordiagnostika AG, Lübeck, Germany).

Rituximab Immunomonitoring by ELISA
Serum levels of rituximab were measured by ELISA according to
the manufacturer’s instructions (LISA-TRACKER Duo
Rituximab; Theradiag, Croissy Beaubourg, France). This assay
measures only free rituximab. The limit of detection defined by
October 2021 | Volume 12 | Article 738788
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the manufacturer was 2 µg/mL. Rituximab levels were measured
3 months after the last infusion. This time interval was chosen
based on a previous bioavailability study (21).

Anti-Rituximab Antibodies Detection
Anti-rituximab antibodies were detected by ELISA (LISA-
TRACKER, Theradiag, Croissy Beaubourg, France). The limit
of detection for anti-rituximab antibodies defined by the
manufacturer was 5 ng/mL.

Statistical Analyses
Categorical data were described as frequency and percentage and
were compared using Fisher’s exact test. Quantitative data were
described as median and interquartile range and were compared
using Wilcoxon-Mann-Whitney test. Survival curves were
assessed by the Kaplan-Meier method and compared with the
log-rank test. A P-value < 0.1 was used to select variables that
were entered into a single multivariate logistic model with
backward selection (threshold = 0.05). We performed a
receiver operating characteristic curve (ROC) analysis to assess
the optimal threshold of predictive factors identified in
multivariate analysis that could predict the risk of undetectable
rituximab levels at month-3. A P-value < 0.05 indicated statistical
significance. Statistical analyses were performed using GraphPad
Prism 8.4.3 (GraphPad Software Inc., San Diego, CA) and SAS
Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC).
RESULTS

Population Characteristics
Sixty-eight patients with pMN treated with rituximab (two 1 g
infusions two weeks apart) were included. A supportive therapy
with angiotensin-converting enzyme inhibitor or angiotensin
receptor blocker was consistently associated with rituximab.
Table 1 shows the characteristics of the study cohort at baseline
(i.e. the day of rituximab injection) and during follow-up.

Serum rituximab levels weremeasured atmonth-3. In 38 patients
(56%), rituximab was undetectable in the serum (i.e. < 2 µg/mL) at
month-3. In 30 patients (44%), serum rituximabwas over 2 µg/mL at
month-3. At baseline, in patients with undetectable serum rituximab
levels at month-3, anti-PLA2R1 titers were higher and serum
albumin levels were lower than in patients with serum rituximab
levels > 2 µg/mL at month-3 (Table 1). Proteinuria tended to be
higher in patients with undetectable serum rituximab levels at
month-3, although this did not reach statistical significance
(Table 1). All other baseline characteristics were similar, including
age, gender, weight, type of autoantibodies, serum creatinine levels
and CD19+ cell counts.

During follow-up in patients with undetectable serum
rituximab levels at month-3, anti-PLA2R1 titers were higher
at month-3 and month-6; proteinuria was higher at month-3 and
month-6; and serum albumin levels were lower at month-3 and
month-6 than in patients with serum rituximab levels > 2 µg/mL
at month-3 (Table 1). B cells re-emerged more quickly in
patients with undetectable serum rituximab levels at month-3
Frontiers in Immunology | www.frontiersin.org 3
than in patients with serum rituximab levels > 2 µg/mL at
month-3 (Table 1).

Anti-rituximab antibodies were never detected at month-3,
and were detected at month-6 in 4 of 38 patients (11%) with
undetectable serum rituximab levels at month-3 and 2 of 30
patients (7%) with serum rituximab levels > 2 µg/mL at
month-3 (Table 1).

Outcome
Clinical remission was analyzed at month-6 and month-12.
Clinical remission (partial or complete) was obtained in 36 of
68 patients (53%) at month-6 and in 41 of 68 patients (60%) at
month-12 (Table 1). Serum rituximab levels at month-3 were
significantly lower in patients who failed to achieve clinical
remission at month-6 (0.06 µg/mL [IQR, 0.1–1.1] versus 3.2
µg/mL [IQR, 0.9–11.0]; p < 0.0001) and at month-12 (0.1 µg/mL
[IQR, 0.0–1.2] versus 2.3 µg/mL [IQR 0.4–9.0]; p = 0.0004)
(Figures 1A, B). Patients with serum rituximab levels > 2 µg/
mL at month-3 achieved clinical remission more frequently at
month-6 and month-12 than patients with undetectable serum
rituximab levels at month-3 (Table 1). Kaplan–Meier analysis
demonstrates faster time to clinical remission when serum
rituximab levels are over 2 µg/mL at month-3 (Figure 1C).
After pairing data for age, gender, weight and anti-PLA2R1 titers
at month-3, with propensity score matching using logit model,
serum rituximab levels at month-3 predicted remission at
month-6 (p = 0.02 using McNemar’s test). In multivariate
analysis, an undetectable serum rituximab level at month-3
and high proteinuria at baseline were independent risk factors
for treatment failure at month-6 (hazard ratio (HR), 12.00; 95%
confidence interval (CI), 2.77–52.99; p = 0.007 and HR, 1.37;
95% CI, 1.08–1.73; p = 0.02, respectively) (Table 2); and an
undetectable serum rituximab level at month-3 and high weight
at baseline were independent risk factors for treatment failure at
month-12 (HR, 10.98; 95% CI, 2.58–46.72; p = 0.01 and HR, 1.05;
95 % CI, 1.01–1.09; p = 0.02, respectively) (Table 3).

For patients with undetectable serum rituximab levels at
month-3: (i) clinical remission was never achieved at month-6
if proteinuria was greater than 5.5 g/d at month-3; (ii) clinical
remission was achieved at month-6 in 33% of cases if proteinuria
was between 3.5 g/d and 5.5 g/d at month-3; and (iii) clinical
remission was achieved at month-6 in 77% of cases if proteinuria
was less than 3.5 g/d at month-3 (Figure 2).

Regarding cases who developed anti-rituximab antibodies, 4
of 6 patients (67%) did not achieve clinical remission at either
month-6 or month-12. Two patients with anti-rituximab
antibodies (1 with undetectable serum rituximab at month-3
and 1 with serum rituximab > 2 µg/mL at month-3) achieved
partial clinical remission at month-6.

We then investigated the impact of rituximab levels on
clinical outcome in patients with severe nephrotic syndrome,
i.e. with baseline proteinuria exceeding the median value (6 g/d).
Among these patients, 20 patients had undetectable rituximab
levels at month-3 and 14 patients had rituximab levels > 2 µg/ml
at month-3. Patients with serum rituximab levels > 2 µg/ml at
month-3 achieved clinical remission more frequently at month-6
and month-12 than patients with undetectable serum rituximab
October 2021 | Volume 12 | Article 738788
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levels at month-3 (at month-6: 64% versus 10%, p = 0.002 and at
month-12: 71% versus 30%, p = 0.03).

Factors Associated With Undetectable
Serum Rituximab Levels at Month-3
In multivariate analysis, only baseline serum albumin level was
associated with the risk of having an undetectable serum
rituximab level at month-3 (HR, 0.89; 95% CI, 0.82 –0.97;
p =0.005) (Table 4). Using ROC curves, we determined a
threshold of albuminemia at baseline of 22.5 g/L that was
associated with 8.66-fold (95% CI, 2.90–25.87) higher risk of
undetectable serum rituximab levels at month-3 with a
sensitivity of 77% (95% CI, 59–88%) and a specificity of 71%
(95% CI, 55–83%) (air under curve (AUC) = 0.72; p = 0.002).
DISCUSSION

The first aim of this study was to evaluate the predictive value of
serum rituximab levels atmonth-3 in patientswith pMNon clinical
remission rates atmonth-6 andmonth-12 after rituximab injection.
We observed that rituximab underdosing is not uncommon, with
56% of patients having undetectable serum rituximab levels at
month-3. Undetectable serum rituximab levels at month-3 were
Frontiers in Immunology | www.frontiersin.org 4
associated with lower clinical remission rates at month-6 and
month-12 and with a longer time to achieve clinical remission.
Undetectable serum rituximab levels at month-3 were also
associated with higher PLA2R1 titers and lower serum albumin
levels at baseline andwith higher PLA2R1 titers, higher proteinuria,
higher CD19+ counts and lower serum albumin levels at month-3
and month-6. These results suggest that patients with severe NS
have a shorter exposure to rituximab – likely due to rituximab
wasting in the urine – compared to patients with a mild NS or
without NS, leading to a decrease in the effectiveness of B cell
depletion and therefore to a higher rate of treatment failure. This is
consistent with our previous results showing that higher residual
serum rituximab concentrations at month-3 were significantly
correlated with higher B cell depletion and lower requirement for
repeat doses of rituximab (21).

The second aim of this study was to identify factors associated
with undetectable serum rituximab levels at month-3. Little
attention has been paid to rituximab pharmacokinetics in
nephrotic patients. Antibodies – including rituximab – interact
with the neonatal Fc receptor for IgG (FcRn) present on epithelial
cells, endothelial cells, monocytes and/or macrophages, and
dendritic cells (24). FcRn protects antibodies from degradation
by lysosomes and thus reduces antibody clearance by allowing
recycling into the cellular environment (25, 26). However, despite
TABLE 1 | Characterization of patients at baseline (i.e. the day of rituximab injection) and during follow-up.

Variables All patients
(n = 68)

Patients with serum rituximab
level < 2µg/mL at month-3 (n = 38)

Patients with serum rituximab
level > 2µg/mL at month-3 (n = 30)

P-value

Characteristics at baseline
Age (years) 58.5 [49.0–67.2] 57.5 [44.0–67.5] 60.5 [50.5–68.0] 0.3
Gender (Female/Male) 19/49 14/24 5/25 0.1
Weight (kg) 76.6 [67.4-84.0] 76.3 [66.6-83.6] 77.0 [67.9-86.0] 1
UP (g/d) 6.0 [4.3–8.9] 7.0 [4.9–10.1] 5.5 [3.9–7.1] 0.07
Serum creatinine (µmol/L) 120 [87–151] 119 [83–138] 137 [90–183] 0.1
Serum albumin (g/L) 22.6 [16.0–29.0] 20.2 [14.1–24.6] 26.6 [22.0–31.7] 0.001
CD19+ count (cell/µL) 186.5 [123.5–270.0] 208.0 [138.0–280.0] 142.5 [77.2–215.5] 0.2
Etiology 0.2

Anti-PLA2R1-associated pMN 62 (91%) 35 (92%) 27 (90%)
Anti-THSD7A-associated pMN 2 (3%) 0 (0%) 2 (7%)
Double negative patients 4 (6%) 3 (8%) 1 (3%)

Anti-PLA2R1 Ab titer (RU/mL) 149 [57–303] 184 [71–489] 89 [20–173] 0.01
Anti-proteinuric treatment 68 (100%) 38 (100%) 30 (100%) 1

Characteristics at month-3
UP (g/d) 3.0 [1.5–5.9] 5.4 [2.4–8.1] 1.8 [1.1–3.2] <0.0001
Serum creatinine (µmol/L) 110 [92–142] 110 [87–139] 105 [92–166] 0.7
Serum albumin (g/L) 29.0 [23.0–35.0] 24.6 [17.7–31.3] 35.0 [29.5–37.3] 0.0002
CD19+ count (cell/µL) 2.0 [0.0–7.0] 2.5 [0.9–18.5] 0.0 [0.0–2.0] 0.005
Anti-PLA2R1 Ab titer (RU/mL) 5 [0–23] 19 [5–63] 0 [0–4] <0.0001
Patients with anti-RTX Ab 0 (0%) 0 (0%) 0 (0%) 1

Characteristics at month-6
UP (g/d) 1.7 [1.0–4.7] 4.5 [1.7–8.0] 1.2 [0.6–1.7] <0.0001
Serum creatinine (µmol/L) 107 [89–137] 110 [90–139] 104 [85–142] 0.7
Serum albumin (g/L) 32.5 [25.5–37.0] 29.0 [22.2–33.6] 37.0 [32.8–39.2] <0.0001
CD19+ count (cell/µL) 22.5 [3.0–52.2] 41.0 [19.0–127.0] 2.0 [1.0–33.0] 0.0009
Anti-PLA2R1 Ab titer (RU/mL) 3 [0–24] 15 [2–80] 0 [0–4] <0.0001
Patients with anti-RTX Ab 6 (9%) 4 (11%) 2 (7%) 0.7

Clinical outcome
Remission at month-6 36 (53%) 12 (32%) 24 (80%) <0.0001
Remission at month-12 41 (60%) 16 (42%) 25 (83%) 0.001
October 2021 | Volume 12 | Article
Anti-PLA2R1 Ab, anti-Phospholipase A2 Receptor 1 antibody; Anti-THSD7A Ab, anti-Thrombospondin Type 1 Domain Containing 7A antibody; Anti-RTX Ab, anti-rituximab antibody;
pMN, primary membranous nephropathy; UP, 24-hour urinary protein excretion.
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rituximab recycling, nephrotic patients have a shorter exposure to
rituximab compared to a population without proteinuria, due to
the clearance of rituximab in the urine (22). Fervenza et al. have
demonstrated a shorter rituximab half-life in patients with pMN
compared to patients with rheumatoid arthritis (11.5 days versus
Frontiers in Immunology | www.frontiersin.org 5
18.0 days) treated with four doses of 375 mg/m2 (day 1, day 8, day
15, and day 22) (15). More recently, we have shown that residual
rituximab levels at month-3 were significantly lower in patients
with pMN compared to myasthenia gravis patients without
proteinuria matched for age, gender and weight and treated
A

C  

B

FIGURE 1 | (A) Serum rituximab (RTX) levels at month-3 (M3) according to clinical status at month-6 (M6). (B) Serum rituximab (RTX) levels at month-3 (M3) according to
clinical status at month-12 (M12). (C) Time from initiation of rituximab treatment to remission of nephrotic syndrome according to serum rituximab levels at month-3. M3,
month-3 after rituximab injection; M6, month-6 after rituximab injection; M12, month-12 after rituximab injection; RTX, rituximab; UP, 24-hour urinary protein excretion.
TABLE 2 | Univariate and multivariate analysis of variables associated with clinical remission at month-6.

Variables Remission at month-6 (n=36) No remission at month-6 (n=32) Univariate P-value Multivariate P-value

Age (years) 58.0 [46.0–67.7] 58.5 [49.2–67.7] 0.7
Gender (Female/Male) 9/27 10/22 0.6
Weight (kg) at baseline* 74.3 [66.0–82.0] 77.3 [70.7-89.6] 0.1 0.1
UP (g/d) at baseline* 5.0 [4.0–7.0] 7.8 [5.8–12.2] 0.0001 0.02
Serum creatinine (µmol/L) at baseline 119 [86–151] 121 [87–163] 0.7
Serum albumin (g/L) at baseline* 25.5 [20.7–30.2] 16.6 [12.5–23.0] <0.0001 0.8
CD19+ count (cell/µL) at baseline 158.5 [112.8–277.5] 208.0 [122.0–291.0] 0.3
CD19+ count (cell/µL) at month-3* 0.0 [0.0–2.7] 3.0 [1.0–25.0] 0.002 0.3
Etiology 0.2
Anti-PLA2R1-associated pMN 33 (92%) 29 (91%)
Anti-THSD7A-associated pMN 0 (0%) 2 (6%)
Double negative patients 3 (8%) 1 (3%)

Anti-PLA2R1 Ab titer (RU/mL) at baseline* 89 [21–173] 218 [76–561] 0.002 0.9
Patient with RTX <2µg/mL at month-3* 12 (33%) 26 (81%) <0.0001 0.007
October 2021 | Volum
*Variables with p < 0.1 in univariate analysis tested into the multivariate logistic regression model.
Anti-PLA2R1 Ab, anti-Phospholipase A2 Receptor 1 antibody; Anti-THSD7A Ab, anti-Thrombospondin Type 1 Domain Containing 7A antibody; pMN, primary membranous nephropathy;
RTX, rituximab; UP, 24-hour urinary protein excretion.
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TABLE 3 | Univariate and multivariate analysis of variables associated with clinical remission at month-12.

Variables Remission at month-12 (n=41) No remission at month-12 (n=27) Univariate P-value Multivariate P-value

Age (years) 60.0 [50.0–68.0] 56.0 [42.0–67.0] 0.3
Gender (Female/Male) 11/30 8/19 1
Weight (kg) at baseline* 71.5 [66.0–82.0] 78.0 [74.0–89.2] 0.06 0.02
UP (g/d) at baseline* 5.2 [4.0–7.1] 7.4 [5.6–11.9] 0.005 0.2
Serum creatinine (µmol/L) at baseline 118 [87–149] 123 [87–184] 0.4
Serum albumin (g/L) at baseline* 24.8 [20.2–29.4] 16.0 [13.0–22.1] 0.001 0.7
CD19+ count (cell/µL) at baseline 186.0 [125.0–285.0] 185.0 [88.7–263.8] 0.9
CD19+ count (cell/µL) at month-3* 0.0 [0.0–2.7] 3.0 [1.0–16.0] 0.005 0.9
Etiology 0.8
Anti-PLA2R1-associated pMN 37 (90%) 25 (93%)
Anti-THSD7A-associated pMN 1 (2%) 1 (3%)
Double negative patients 3 (8%) 1 (3%)

Anti-PLA2R1 Ab titer (RU/mL) at baseline* 86 [21–188] 226 [110–561] 0.001 0.5
Patient with RTX <2µg/mL at month-3* 16 (26%) 22 (85%) 0.001 0.01
Frontiers in Immunology | www.frontiersin.or
g
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*Variables with p < 0.1 in univariate analysis tested into the multivariate logistic regression model.
Anti-PLA2R1 Ab, anti-Phospholipase A2 Receptor 1 antibody; Anti-THSD7A Ab, anti-Thrombospondin Type 1 Domain Containing 7A antibody; pMN, primary membranous nephropathy;
RTX, rituximab; UP, 24-hour urinary protein excretion.
FIGURE 2 | Flow chart of patients included in this study and outcome according to serum rituximab levels at month-3. M3, month-3 after rituximab injection; M6, month-6
after rituximab injection; RTX, rituximab; UP, 24-hour urinary protein excretion.
TABLE 4 | Univariate and multivariate analysis of variables associated with serum rituximab levels at month-3.

Variables Patients with serum rituximab
level < 2µg/mL at month-3 (n = 38)

Patients with serum rituximab
level > 2µg/mL at month-3 (n = 30)

Univariate P-value Multivariate P-value

Characteristics at baseline
Age (years) 57.5 [44.0–67.5] 60.5 [50.5–68.0] 0.3
Gender (Female/Male)* 14/24 5/25 0.1 0.3
Weight (kg) 76.3 [66.6-83.6] 77.0 [67.9-86.0] 1
UP (g/d)* 7.0 [4.9–10.1] 5.5 [3.9–7.1] 0.07 0.2
Serum creatinine (µmol/L)* 119 [83–138] 137 [90–183] 0.1 0.3
Serum albumin (g/L)* 20.2 [14.1–24.6] 26.6 [22.0–31.7] 0.001 0.005
CD19+ count (cell/µL) 208.0 [138.0–280.0] 142.5 [77.2–215.5] 0.2
Etiology 0.2

Anti-PLA2R1-associated pMN 35 (92.%) 27 (90%)
Anti-THSD7A-associated pMN 0 (0%) 2 (7%)
Double negative patients 3 (8%) 1 (3%)

Anti-PLA2R1 Ab titer (RU/mL)* 184 [71–489] 89 [20–173] 0.01 0.5
*Variables with p < 0.1 in univariate analysis tested into the multivariate logistic regression model.
Anti-PLA2R1 Ab, anti-Phospholipase A2 Receptor 1 antibody; Anti-THSD7A Ab, anti-Thrombospondin Type 1 Domain Containing 7A antibody; pMN, primary membranous nephropathy;
UP, 24-hour urinary protein excretion.
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with a similar treatment regimen (21). In addition to urinary
excretion of rituximab, internalization and destruction of
rituximab by target B cells (27, 28) and anti-rituximab
antibodies (16, 20) may also contribute to decreased residual
rituximab levels. Here, we identified baseline serum albumin level
as a predictive factor for residual serum rituximab levels at month
3. Patients with severe NS and especially with serum albumin
below 22.5 g/L at baseline were more likely to have an
undetectable serum rituximab level at month-3. Previously, we
have shown that a high-dose rituximab protocol (two perfusions
of 1 g two weeks apart) was more effective than a low-dose
rituximab protocol (two perfusions of 375 mg/m2 one week apart)
in achieving clinical remission at month-6 in patients with pMN
(29). The median residual rituximab level at month-3 was also
higher with the high-dose rituximab protocol (29). Our present
results suggest that this regimen of rituximab may still be
insufficient in patients with severe NS. It has recently been
shown that reinfusion of rituximab can induce remission in
patients considered refractory to rituximab (20, 30). Therefore,
the management of pMN patients treated with rituximab should
be individually adjusted by rituximab immunomonitoring. For
patients with undetectable serum rituximab levels at month-3 and
active NS, additional rituximab injections should be planned and
supportive therapy optimized to obtain higher serum rituximab
levels and thereby increase the likelihood of remission and reduce
time with active NS. Additional doses of rituximab should be
considered as early as month-3 in patients with proteinuria
greater than 5.5 g/d at month-3 as we have shown that these
patients never achieve remission at month-6. However, it seems
acceptable to wait until month-6 for patients with proteinuria
between 3.5 g/d and 5.5 g/d at month-3 as we have shown that
33% of these patients achieve remission at month-6. The addition
of a calcineurin inhibitor (CNI) to rituximab could also be
discussed (31). In addition to their immunosuppressive effect,
CNIs may decrease the urinary loss of rituximab by causing
afferent and efferent glomerular arteriolar vasoconstriction.
However, this combination is likely to result in enhanced
immunosuppression with concomitant adverse events.

Recently, a study has shown that rituximab was less effective
than cyclophosphamide in inducing immunological remission in
patients with the highest anti-PLA2R1 titers (32). However,
patients with the highest anti-PLA2R1 titers were more likely
to have severe NS and thus more likely to be underdosed in
rituximab (33–35). In these patients, a personalized management
based on the rituximab immunomonitoring at month-3 may
increase the effectiveness of rituximab and thus be as effective as
cyclophosphamide but with less toxicity.

This study has several limitations. First, it is a retrospective
analysis of a prospective cohort but we used systematically
collected prospective data and samples. Second, the number of
Frontiers in Immunology | www.frontiersin.org 7
participants is relatively small. Third, patients with undetectable
serum rituximab levels at month-3 had more severe disease at
baseline, which may suggest that initial disease severity may
contribute to their worse outcome. However, in multivariate
analysis, an undetectable serum rituximab level at month-3 was
an independent risk factor for treatment failure at months 6 and
12. Furthermore, by comparing the outcome of patients with
detectable or undetectable rituximab levels in the group of
patients with baseline proteinuria > 6.0 g/d – these patients are
expected to have a similarly severe nephrotic syndrome – we
demonstrated that rituximab levels were still predictive of clinical
remission at months 6 and 12. Thus, these results show that
rituximab levels at month-3 are predictive of clinical remission,
regardless of the initial severity of the disease.

To conclude, in pMNpatients treatedwith rituximab, rituximab
immumonitoring atmonth-3might be a useful biomarker to adapt
therapeutic management in addition to CD19+ cell count
monitoring, anti-rituximab antibodies monitoring (16, 20), anti-
PLA2R1 antibody titer (36) and PLA2R1 epitope spreading (37).
Personalizedmanagementmay increase the efficacy of rituximab in
patients with severe NS and may dispense the use of
cyclophosphamide. Prospective studies are needed to compare
the personalized management of patients with pMN based on
rituximab immunomonitoring to conventional management.
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