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Abstract: Primary membranous nephropathy (PMN) is one of the prevalent pathological types of adult primary nephrotic syndrome.
Pathogenic autoantibodies targeting podocyte antigens such as phospholipase A2 receptor (PLA2R) lead to the disease. Patients
frequently experience notable adverse effects when treated with conventional immunosuppressive therapies. Rituximab (RTX),
a mouse/human monoclonal antibody, selectively depletes B cells and leads to a decrease in the antibody levels in the circulation,
which helps to alleviate membranous nephropathy. Various RTX dosage regimens have been applied globally in the PMN treatment
with satisfactory effects. Nevertheless, the optimal dosage of RTX has yet to be determined. This article reviews the application of
different doses of RTX in the management of PMN so far.
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Introduction

Primary membranous nephropathy (PMN) is a glomerulopathy caused by autoantibodies of unknown etiology. It is one
of the prevalent pathological types of primary nephrotic syndrome and represents the most common etiology of nephrotic
syndrome in adults worldwide.'

Pathogenic antigens and autoantibodies have been implicated in the disease.*> Autoantibodies target podocyte
antigens such as phospholipase A2 receptor (PLA2R) and, albeit less commonly, thrombospondin type-1 domain-
containing 7A (THSD7A).® Approximately 70-80% of the patients exhibit circulating PLA2R antibodies.” At present,
immunosuppressive therapy is advocated as the first-line therapy for patients diagnosed with PMN, involving gluco-
corticoids, alkylating agents, calcineurin inhibitors, etc.®*” Nevertheless, these regimens may not have the expected
therapeutic effect across all patients, and patients frequently experience notable adverse effects during the treatment.'”

It has been demonstrated that immunoglobulin deposition along the glomerular basement membrane is generated by
B-cell-mediated responses, which increases disruption to the glomerular filtration barrier, resulting in proteinuria.® It is
precisely this identification that has resulted in a shift in the treatment paradigm from non-specific immunosuppression
treatment to B cell-targeted therapies. Rituximab (RTX), a small, engineered chimeric mouse/human monoclonal antibody,
selectively depletes B cells by targeting the CD20 surface antigens on the cells.'"'? After treatment with RTX, B cells are
inhibited from proliferation and activation, and undergo apoptosis and lysis."* Ultimately, it leads to a decrease in the levels of
anti PLA2R and THSD7A antibodies in the circulation, which helps to alleviate membranous nephropathy.

Since the initial experience with RTX treatment in eight patients with PMN was reported by Remuzzi et al in 2002,
numerous studies have been conducted on RTX therapy for PMN, due to its superior short-term benefits and risks

compared to traditional immunosuppressive medications.'*'> Various RTX dosage regimens, ranging from a single dose
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Figure | Different RTX dosage regimens.
Abbreviations: RTX, rituximab; PR, partial remission.

of 375 mg/m? to four weekly doses of 375 mg/m?, are employed by researchers globally in the management of PMN, as
illustrated in Figure 1. Nevertheless, the optimal dosage of RTX for treating PMN has yet to be determined.'® This article
reviews the application of different doses of RTX in the management of PMN.

Rituximab Doses in PMN Treatment

According to the 2021 Kidney Disease Improving Global Outcomes (KDIGO) guidelines, there are currently two types
of RTX dosages that are mainly utilized in clinical practice. Firstly, standard four-dose therapy, RTX intravenous
injection, 375 mg/m* each time, once a week, for a continuous 4-week course of treatment. Next is the intravenous
injection of RTX, 1 g on Days 0 and 15.° For the aforementioned two ways of usage, at the sixth month following the
initial course of treatment, the decision whether to administer RTX again is dependent on the patient’s degree of B cell
recovery, anti-PLA2R antibody level, and clinical remission. Afterwards, the evaluation is repeated every six months to
determine whether to inject RTX again.® Additionally, there are several low-dose RTX infusion regimens, such as B-cell-
driven RTX protocols, two doses of RTX (500 mg each), and two doses of RTX (375 mg/m” each), and so on, which
have received comparatively less attention in both applications and research.'’"'® The detailed information regarding the
studies on different dosing regimens of RTX discussed in this review is presented in Table 1.

Standard Four-Dose RTX Regimen

As early as 2002, Remuzzi et al conducted a prospective, observational study to investigate the efficacy and safety of RTX in the
treatments of PMN. A total of eight patients who had PMN with persistent nephrotic syndrome (NS) were administered with four
weekly intravenous infusions of rituximab (375 mg/m?). The patients were followed up for 20 weeks by Remuzzi et al, and then
continued to be followed up until the twelfth month by Ruggenenti et al. At 1 and 12 months following the treatment, the urinary
protein of patients decreased from mean 8.6 g/24h to 3.8 g/24h and 3.0 g/24h, respectively. By the twelfth month, the complete
remission rate was 25%, and the partial remission rate was 37.5%. After the first dosage of RTX, CD20 B cells of all patients fell
to undetectable levels and maintained greatly below normal levels until termination of the study. Three patients experienced
infusion-related reactions, which were relieved after observation or glucocorticoids treatment. There were no serious drug-related
incidents or significant changes in laboratory parameters in any of the participants. In terms of short- and long-term risk/benefit
profile, rituximab seemed to outperform other traditional immunosuppressive medications for IMN treatment.'**° Roccatello
et al conducted a prospective study involving 17 patients with MN, all of whom were treated with four weekly RTX doses of
375 mg/m?, with a mean follow-up duration of 36.3 months. Proteinuria decreased from 5.6 (3.5-8) g/24h at 6 months to 2.4
(0.06-13) g/24h (p < 0.05), and by 12 months, it dropped to 1.3 (0.06-8) g/24h (p < 0.01). At the 6-month mark, 7 patients
achieved complete remission (CR), while 4 patients achieved partial remission (PR). At the end of the follow-up period, 14
patients were in CR, 1 patient was in PR, and 2 patients were in no response (NR).*' Similarly, in 2016, a prospective cohort study
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Table | Overview of Studies on Different RTX Dosing Regimens in This Review

Author Year | Design Total Subjects Baseline Anti- Follow-up Remission Rate Remission
PLAZ2R Level (Months) (CR+PR) Rate (PR)
Four-dose RTX Remuzzi'* 2002 | prospective, observational 8 - 12 62% (end*) 37% (end)
regimen Ruggenenti® 2003
(4 weekly 375 mg/ 2 ] ] N N
m?) Roccatello 2016 | prospective, observational 17 - 36.3 (range 65% (6 months) 23% (6 months)
24-48) 88% (end) 6% (end)
Fiorentino?? 2016 | prospective, observational 38 - I5 (IQR 76% (end) 37% (end)
7.7-30.2)
Two-dose RTX Fervenza? 2008 | prospective, observational 15 - 12 57% (end) 43% (end)
regimen 12 . N o
(I g day | and 15) Fervenza 2019 | RCT, open-label, multicenter 65 (RTX group) - 24 60% (12 months) 46% (12
65 (cyclosporine 60% (end) months)
group) 52% (12 months) 25% (end)
20% (end) 48% (12
months)
20% (end)
Scolari®* 2021 | RCT, open-label, multicenter 37 (RTX group) 73% positive 36 62% (12 months) 46% (12
37 (cyclic regimen 59% positive 83% (24 months) months)
group) 73% (12 months) 41% (24
82% (24 months) months)
41% (12
months)
39% (24
months)
B cell-driven RTX | Cravedi'” 2007 | controlled, prospective, matched- 12 (B cell-driven - 12 67% (end) 50% (end)
regimen cohort, single-center protocol) 66% (end) 58% (end)
24 (four-dose
protocol)
van den 2017 | retrospective, observational 100 - 40 (IQR 90% (end) 64% (end)
Brand | 18-60)

(Continued)
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Table 1 (Continued).

Author Year | Design Total Subjects Baseline Anti- Follow-up Remission Rate Remission
PLA2R Level (Months) (CR+PR) Rate (PR)
B cell-driven RTX | Fenoglio® 2021 | retrospective, case—control 14 (B cell-driven 100% positive 24 93% (end) 7% (end)
regimen protocol) 100% positive- 93% (end) 0% (end)
14 (four-dose 86% (end) 0% (end)
protocol)
14 (Ponticelli protocol)

Ramachandran® | 2021 | retrospective, observational 25 (B cell-driven 80% positive 19 (IQR 56% (12 months) 44% (12
protocol) 60.7 (48,97) RU/mL 12-29) 68% (end) months)
2| (four-dose 80% positive 43% (12 months) 28% (end)
protocol) I111.3 (61,221.7) RU/ 57% (end) 33% (12
63 (two-dose mL 62% (12 months) months)
protocol) 90% positive 65% (end) 38% (end)

126.8 (49.7,275) RU/ 38% (12
mL months)
40% (end)
Moroni®® 2017 | prospective, observational 34 71% positive 12 44% (end) 29% (end)
163.1+129.8
(remission) U/mL
464.2+460.2 (no
response) U/mL
Xin Wang® 2018 | retrospective, observational 36 94% positive 12 (IQR 41.7% (end) 36% (end)
118£112 (remission) 9-19.3)
U/mL
345%357 (no
response) U/mL

Dahan'? 2017 | RCT, multicenter 37 (375 mg/m? 73% positive 17 (IQR 35% (6 months) -

RTX day | and 8) 40.5 (0.0-275.5) RU/ 12.5-24) 65% (end)
38 (NIAT) mL 17 (IQR 21% (6 months)
74% positive 13-23) 34% (end)

43.3 (0.0-457.5) RU/
mL
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RTX Bagchi'® 2018 | retrospective, observational 21 - 13.1 (IQR 62% (end) 43% (end)
500mgx2 weekly 10-23.9)
RTX 100mg Song Wang® 2023 | retrospective, observational 32 100% positive 24 (IQR 84% (end) 50% (end)
monthly 160 (20-2659) RU/mL | 18-38)
Seitz-Polski?' 2019 | RCT 28 (RTX Ig days | and | 165.0 (67.0-245.5) RU/ | I5 (IQR 64% (6 months) 46% (6 months)
I5) mL 11-19) 86% (end) 54% (end)
27 (375 mg/m? 102.5 (36.1-672.5) RU/ | 24 (IGR 30% (6 months) 30% (6 months)
RTX day | and 8) > (36.1-672.5) (Q 67% (end) 45% (end)
mL 22-25)

Notes: *at the end of follow-up.
Abbreviations: RTX, rituximab; PR, partial remission; CR, complete remission; RCT, randomized controlled trial; IQR, interquartile range; NIAT, non-immunosuppressive antiproteinuric treatment.
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conducted by Fiorentino et al included 38 patients who were all treated with four weekly RTX doses of 375 mg/m?, with a median
follow-up duration of 15 months. The proportions of patients achieving CR and PR were 39.5% (15 patients) and 36.8% (14

patients), respectively. No significant adverse events were described during and after infusions.*?

Two-Dose Regimen (RTX | g, Intravenous on Days | and 15)

Fervenza et al prospectively treated 15 PMN patients with RTX 1 g intravenous on days 1 and 15 in 2007. Proteinuria was
substantially reduced by around half at 12 months, with two patients achieving CR and six achieving PR at the end of follow-
up.” Fervenza et al conducted a randomized controlled trial (MENTOR) in which 130 patients were randomly assigned to
receive either RTX (two infusions, 1000 mg each, administered 14 days apart) or cyclosporine, with follow-up lasting
approximately 24 months. At the 12-month and 24-month follow-ups, complete or partial remission both occurred in 60% of
the patients in the RTX group. MENTOR identified that RTX was not inferior to cyclosporine in inducing complete or partial
remission of proteinuria and was superior in sustaining proteinuria remission up to 24 months.'? The Rituximab versus
Steroids and Cyclophosphamide in the Treatment of Idiopathic Membranous Nephropathy (RI-CYCLO) trial compared two
RTX infusions (1 g) two weeks apart to a regimen with corticosteroids and cyclophosphamide. At the 12 months and 24
months, patients achieving complete or partial remission accounted for 62% and 83%.%* However, pharmacokinetic (PK)
analysis revealed that drug exposure in the two-dose regimen (1 g, intravenous on days 1 and 15) may not have been ideal due
to the presence of proteinuria, resulting in quicker B cell recovery in PMN patients.”> The prospective study conducted by
Fervenza et al demonstrated that CR or PR rate of patients treated with two doses of RTX in 12 months was 50%, which was
consistent with previous work by Ruggenenti et al.'*?%*? There was no significant difference in the response rate at 12 months
between patients receiving two-dose RTX regimen and those treated with RTX 375 mg/m” x 4. However, it has been found
that B cell depletion was more rapid and prolonged with four doses of RTX, while proteinuria reduction was comparable with
the two-dose regimen. The latter has the advantage of decreasing the infusion frequency and cost.”*?*-*? In addition,
participants who received four doses of RTX were less likely to develop human anti-chimeric antibodies (HACAs), which
may be associated with more rapid RTX clearance, less effective B cell depletion, and an increased risk of side effects.*?

B Cell-Driven RTX Regimen

Previous studies have shown that B cells were fully depleted already after the first RTX infusion in PMN patients who were
administered with four doses of RTX.'*!'* This finding indicated that a single dose of RTX may be adequate to completely
inhibit the aberrant B cell clones. Cravedi et al first introduced the B cell-driven RTX regimen (a single dose of 375 mg/m? was
initially administered, and the second dose of 375 mg/m? was given if >5 circulating B cells/mm?® after the first administration)
in 2007. Cravedi et al designed a matched-cohort, single-center, controlled study that compared the efficacy of the B cell-
driven RTX regimen versus the standard four-dose RTX regimen in MN treatment.'” At 12 months, the CR rate (2/12 17%
versus 2/24 8%) or PR rate (6/12 50% versus 14/24 58%) was equivalent in both groups, and all patients achieved persistent
B cell depletion. Only one patient received B cell-driven regimen required a second dose to achieve complete B cell depletion.
Consequently, the hospitalizations and costs were substantially decreased in the B cell-driven RTX regimen group, allowing
for more than €10,000 in savings per patient. Three repeated RTX doses following an initial 375 mg/m? administration did not
seem to offer further benefits. Additionally, repeated exposure to RTX may stimulate the production of HACAs and weaken
the safety profile of lymphocytolytic therapy.'” Similarly, another two studies found that the two RTX treatment protocols
above have virtually identical risk/benefit profiles, with the B cell-driven protocol providing significant cost reductions.*>*®
Recently, Ramachandran et al conducted a retrospective study of three dosing RTX regimens (Regimen 1: four doses of RTX;
Regimen 2: 1 g on Days 0 and 15; Regimen 3: B cell-driven RTX regimen) and discovered that there was no difference in the
remission rates among the different RTX regimens, while B cell-driven RTX regimen possibly hold greater economic
significance especially in resource-limited settings.*’

On the contrary, the multicenter prospective study of the low-dose RTX therapy by Moroni et al yielded unsatisfactory results,
which revealed a much lower remission rate (less than 50% in 12 months) than four doses of RTX regimen or two doses of RTX
regimen (1 g twice a month), though all patients had achieved complete B-cell depletion.?*** In their cohort, 41% patients had
eGFR <60 mL/min/1.73 m?, indicating more severe kidney injury and increased chronicity, which may explain why patients lack
positive responses to immunosuppressive therapy.” In the study of Esposito et al, the remission and relapse rates of patients
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treated with B cell-driven RTX regimen were undesirable, which was consistent with the findings of Moroni et al.>* One possible
reason was the limited number of patients included in the study, which was only four. In a Chinese cohort, Xin Wang et al also
discovered a reduced remission rate among patients receiving low-dose RTX therapy in comparison to other researches.”” The
lower remission rate observed in this study compared to other research may be attributable to the inclusion of non-responsive MN
patients, who might exhibit greater resistance to alternative immunosuppressive medications. Additionally, the majority of
patients in this study had a mean serum creatinine level greater than 2 mg/dL.

Pharmacokinetics investigations of RTX have revealed considerable individual heterogeneity, related to either disease or
genetic factors, may partially explain variations in therapeutic responses of patients.>> Probably, higher dosages and longer
treatments were likely required to induce and maintain a response, particularly in individuals with high anti-PLA2R antibody
levels.”® Even though B-cell depletion seemed very easy to achieve with low-dose RTX, inadequate dosage may postpone
remission or expose the patient to a higher rate of relapse than those receiving higher dosage.*®” B-cell depletion alone may
not be adequate to determine the appropriate dose of RTX. Roccatello et al considered that other mechanisms (such as T cell-
related mechanisms of action), beyond the effect of B cells, might be implicated in explaining RTX action.*' The therapeutic
strategy should be determined by balancing the economic impact with the risk of long-term morbidity.

Other Low-Dose RTX Regimens

Given that the quantity and activity of B lymphocytes in MN patients are significantly lower than those observed in
lymphoma, the standard RTX dose may be oversaturated for B cell depletion in MN patients even with the urinary loss of
RTX.**3? Higher dosing regimens of rituximab tend to be relatively expensive and may also increase the risk of
infections, although the safety risk is relatively lower in comparison to other immunosuppressive agents.'>*

The Prospective Randomized Multicentric Open Label Study to Evaluate Rituximab Treatment for Idiopathic
Membranous Nephropathy (GEMRITUX) trial, which was conducted by Dahan et al, compared RTX therapy (375 mg/m?
intravenously RTX on days 1 and 8) with non-immunosuppressive antiproteinuric therapy (NIAT) in 75 patients.'® They found
that the difference in remission rates between the two groups at six months was not statistically significant. After a longer
observation period (post—-RCT observational phase, median follow-up was 17 months), the remission rate in RTX group was
65%, significantly higher than that of the NIAT group.'® In a retrospective cohort research, 21 treatment-resistant PMN
patients were administered with two doses of RTX (500 mg each) 7 days apart. Results showed that 61.9% of patients achieved
remission with no severe adverse effects during a median follow-up of 13 months.'® Recently, Song Wang et al assessed the
efficacy of monthly mini-dose RTX therapy in PMN patients.*® All patients received RTX 100 mg infusion monthly for at least
3 months, until either remission or a minimum serum anti-PLA2R titer < 2 RU/mL was achieved. Eighty-four percent of the
patients achieved remission during a median follow-up of 24 months. Patients were classified into high-titer (=150 RU/mL)
and low-titer groups (<150 RU/mL) based on anti-PLA2R titer. The baseline anti-PLA2R concentrations were 62 + 39 RU/mL
in the low-titer group and 611 + 637 RU/mL in the high-titer group, respectively (p = 0.005). Furthermore, they found that
compared to the low anti-PLA2R titer group (<150 RU/mL), the cumulative RTX dose (960 + 387 vs 694 + 270 mg) was
higher, and the complete remission rate (13% vs 53%) was lower in the high-titer group at 18 months.>® Monthly mini-dose
RTX therapy appears to be more suitable for patients with low anti-PLA2R titers compared to those with high antibody titers.
Additionally, patients exhibiting low anti-PLA2R titers require a lower RTX dosage to achieve remission.>”

Seitz-Polski et al compared the efficacy of RTX regimens in GEMRITUX cohort with the NICE cohort (RTX 1 g,
intravenous on days 1 and 15). At six months, the remission rate in the NICE cohort was 64%, while the remission rate in the
GEMRITUX cohort was 30%. It had been discovered that NICE cohort presented lower CD19 counts at month 3 and month 6,
higher residual RTX levels at month 3, and a more substantial reduction in anti-PLA2R antibody levels at month 6, which
might explain the fact that higher cumulative dosages of RTX induced earlier remission and higher rate of remission at month
six.’! However, further study revealed that remission was correlated with residual RTX levels at 3 months, serving as an
effective predictor for achieving remission.*'**> Consequently, maintaining residual RTX levels over an extended period may
be more effective for remission. In 2024, Hao Liang et al established the first population pharmacokinetic and pharmacody-
namic (PPK/PD) model for RTX treatment in MN. Simulation of a novel regimen consisting of six monthly doses of RTX
100 mg demonstrated comparable efficacy and enhanced duration of CD20+ B cell depletion relative to the standard dosage
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while significantly reducing both the cumulative dosage and associated safety risks. This study provided evidence to support
the RTX dosage optimization based on monthly mini-dose in MN treatment.**

The existing evidence for RTX administration comes from trials examining different treatment schedules and doses.
However, lower doses have not been adequately explored in long-term randomized clinical trials (RCT). And the
question of whether low-dose RTX is equally efficacious in MN treatment remains a subject of debate.

Conclusion

It has been fully demonstrated that both the standard four-dose and two-dose (1 g on Days 0 and 15) regimens can effectively
induce remission of proteinuria and achieve complete B-cell depletion. High-dose regimens have been associated with higher
remission rates, shorter median times of remission, and more complete B-cell depletion, which is particularly important for
patients with elevated circulating anti-PLA2R antibody titers. In contrast, low-dose regimens aim to optimize the overall dose
of RTX, reduce treatment costs, decrease the frequency of hospitalizations, and potentially minimize adverse reactions and
infection risks. However, several studies investigating the therapeutic efficacy of low-dose regimens have produced conflict-
ing results, suggesting that low-dose regimens may be more suitable for patients with low anti-PLA2R titers. The question of
whether low-dose RTX regimen is equally effective in MN treatment remains a topic of debate. To determine the optimal RTX
dosage and regimen for various patient populations, it is essential to conduct multi-center large-scale RCTs to further explore
the risks and benefits associated with different RTX administration regimens in the treatment of PMN.
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