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Abstract

Idiopathic membranous nephropathy (IMN) is an organ-specific autoimmune podocytopathy mediated
by autoantibodies. Current understanding integrates the traditional ‘antibody-centric’ theory into a
broader working model, highlighting ‘T-B cell network imbalance’ as a potential upstream regulatory and
amplifying framework. This review systematically discusses the proposed “dual-axis dysregulation” model
involving enhanced Tfh—B-cell help and impaired Tfr/Breg-mediated restraint in IMN. It emphasizes that
follicular helper T cells (especially the Tfh2/Tfh17 subsets) may support B-cell differentiation and plasma-
cell generation via IL-21/ICOS/CD40L signaling. These immune alterations may support the persistent
production of anti-PLA2R/THSD7A antibodies, which subsequently contribute to podocyte damage and
proteinuria. Existing therapies, such as rituximab, do not directly eliminate long-lived plasma cells or fully
restore immune tolerance, leaving a subset of high-risk or refractory patients vulnerable to incomplete
response or relapse. Emerging precision-oriented strategies conceptually focus on three major
directions: targeting co-stimulatory signaling molecules (e.g., anti-ICOS/L antibodies, CD40L inhibitors),
modulating the cytokine network (e.g., BAFF/APRIL dual inhibitors like Telitacicept, IL-6/STAT3
antagonists), and targeting terminal effector cells (e.g, BCMA CAR-T, anti-CD38 monoclonal
antibodies). Importantly, these approaches differ substantially in disease specificity and evidence maturity,
ranging from direct but preliminary MN clinical evidence to cross-disease, preclinical, or conceptual
support, and should not be interpreted as therapeutically equivalent. This article integrates the available
basic and clinical evidence, providing a theoretical basis and translational perspective for the shift from
generalized immune suppression to network-based precision regulation in IMN treatment.
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1. Introduction

Idiopathic membranous nephropathy (IMN)  or ESRD in patients with persistent active disease [1-
accounts for approximately 75-80% of membranous 3]. Epidemiological studies have shown a sustained
nephropathy cases and represents one of the leading  increase in its incidence, with a global annual
causes of nephrotic syndrome in non-diabetic adults  incidence rate of 10-12 cases per million people [1].
globally [1]. It can progress to chronic kidney disease =~ Notably, in central and northeastern China, IMN has
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surpassed IgA nephropathy, accounting for 24.96% of
cases, making it the leading cause of primary
glomerular disease [4]. Although approximately 30-
40% of patients experience spontaneous remission [5,
6], another 30-40% of patients, particularly those in
high-risk cohorts, progress to ESRD within 5-10 years
due to persistent proteinuria [7, 8], imposing a
significant public health burden.

The clinical treatment of IMN currently faces
significant challenges. Given the mechanism of
podocyte injury mediated by anti-PLA2R/THSD7A
antibodies [3], mainstream therapies still rely on
nonspecific immunosuppressive approaches. While B-
cell-targeted therapies, such as rituximab, are
recommended by KDIGO as risk-adapted options for
patients with moderate-to-high-risk IMN [9], their
long-term efficacy is limited by B-cell regeneration and
the inability to clear long-lived plasma cells that do not
express CD20 (CD20~ LLPCs) [10, 11]. Traditional
therapies, such as steroid and alkylating agent or
calcineurin inhibitor combinations, can achieve a 60-
70% remission rate, but are associated with bone
marrow suppression, nephrotoxicity, and a recurrence
risk of up to 50% [12-14]. Complement inhibitors only
intervene in downstream damage, and the
effectiveness of renin-angiotensin system (RAS)
blockers is limited in patients with heavy proteinuria
[15, 16]. The core issue lies in the fact that pathogenic
autoantibodies are produced by autoreactive B cells,
which account for only 0.1-0.5% of circulating B cells
[17, 18], and current therapies fail to precisely
eliminate them.

Recent studies suggest that the imbalance in T-B-
cell interactions may serve as an important upstream
regulatory and amplifying framework in the
immunopathogenesis of IMN. This imbalance can be
conceptualized as a “dual-axis dysregulation”: the
pathogenic Tth-B-cell axis appears to be enhanced,
with follicular helper T cells, particularly the
Tth2/Tfh17 subsets, showing increased activity
through IL-21/ICOS/CD40L signaling and potentially
promoting B-cell differentiation into autoantibody-
secreting plasma cells [19-21]. At the same time, the
tolerogenic Tfr-Breg axis appears to be functionally
impaired, as follicular regulatory T cells and
regulatory B cells may exhibit reduced
immunosuppressive capacity, potentially contributing
to a feed-forward cycle of “T-cell overactivation —
abnormal B-cell response — antibody deposition —
podocyte injury” [22]. This dynamic dysregulation
may help explain why B-cell depletion alone does not
always achieve sustained remission.

Novel targeted therapeutic strategies aimed at
this mechanism are being explored: targeting T-B cell
co-signaling molecules (such as anti-ICOS antibodies)

may modulate the pathogenic axis signaling [23]; dual
inhibitors of BAFF/APRIL (such as Telitacicept)
combined with B cell depletion may help reduce the
recurrence rate [24]; BCMA-directed cellular therapies
remain biologically plausible but exploratory
approaches for refractory MN, and their IMN-specific
efficacy requires further clinical validation [25]; and
rebuilding immune tolerance mediated by Tfr/Breg
cells holds promise for future immune-regulatory
treatment. This review aims to summarize the
molecular regulatory mechanisms of the T-B cell
interaction network in IMN and systematically discuss
the progress of targeted therapeutic strategies from
basic research to clinical translation, providing new
perspectives to overcome the current treatment
bottleneck.

Throughout this review, primary human
evidence in MN-—including patient cohorts,
prospective and controlled clinical studies, renal tissue
and single-cell analyses, and antigen-specific B-cell
investigations —is prioritized where available. Direct
human evidence in MN is distinguished from cross-
disease, preclinical, and conceptual evidence, which is
used to provide mechanistic context and is not
interpreted as establishing equivalent pathogenic or
therapeutic roles in IMN. Within the human evidence
base, associative observations are distinguished from
functional, longitudinal, and interventional findings,
and causal interpretations are calibrated to the design
and strength of the available evidence.

2. Immunological Features of IMN

2.1 Autoantigen Presentation and the
Initiation of T-B Cell Responses

IMN is an organ-specific autoimmune disease
driven by autoantibodies targeting podocyte-
associated antigens [5]. To date, at least 14 target

antigens have been identified —comprehensively
summarized in Supplementary Table S1—with
phospholipase =~ A2  receptor (PLA2R) and
thrombospondin  type-1 domain-containing 7A

(THSD7A) being the most prominent [26, 27]. The
expanding spectrum of autoantigens, including
EXT1/EXT2 associated with systemic autoimmunity
and SEMAS3B enriched in pediatric cohorts, highlights
the heterogeneous immune contexts in which T-B-cell
responses may arise [28, 29]. Among these antigens,
PLA2R remains the best-characterized clinical
biomarker in IMN; serum anti-PLA2R antibody titers
are associated with disease activity [30], treatment
response [31], and long-term renal prognosis [32, 33].
Beyond the established MN-associated antigen
spectrum, the recent identification of anti-vinculin
autoantibodies in idiopathic nephrotic syndrome
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further supports the broader concept of podocyte-
targeted autoimmunity; however, this evidence
should be regarded as contextual rather than IMN-
defining [34].

Rather than serving only as passive targets of
antibody deposition, podocyte-associated antigens
may also participate in shaping the initiation and
maintenance of autoreactive T-B-cell responses. In
principle, major podocyte antigens such as PLA2R and
THSD7A may be captured and processed by antigen-
presenting cells, including B cells with antigen-
presenting capacity [35]. While dendritic cells may
contribute to early antigen presentation, cognate
interactions between antigen-presenting B cells and
CD4" T cells through MHC-II-TCR recognition could
further support the selection, expansion, and
maintenance of autoreactive Tth-cell responses. In
addition, podocyte injury may increase the release or
urinary detectability of podocyte-derived antigenic
material, including extracellular vesicle/exosome-
associated PLA2R. Although these findings mainly
support the biomarker value of urinary exosomal
PLA2R  rather than establishing a  direct
immunological mechanism, persistent antigen
availability may provide a source of ongoing antigenic
stimulation, thereby sustaining Tfh-B-cell interactions
and contributing to impaired Tth/Tfr balance within
secondary lymphoid organs [36, 37].

The autoantibodies generated in IMN
predominantly belong to the IgG4 subclass, a feature
consistent with type-2/IL-4-associated humoral
skewing [16, 36, 37]. After binding to podocyte
antigens in situ, immune complexes are associated
with complement activation and podocyte structural
injury [16, 37]. Importantly, podocyte injury may
further increase antigen release or exposure, creating a
potential feedback loop between target-organ damage
and autoreactive T-B-cell responses. This continuous
interplay supports the need to consider upstream T-B-
cell interactions together with the established
downstream antibody-complement-podocyte injury
cascade.

2.2 Characteristics of the Systemic and Renal
Immune Microenvironment in IMN

Before discussing the subset-specific roles of T
and B cells in the following sections, this section
provides an  overview of the immune
microenvironment in which autoreactive T-B cell
responses are generated and maintained. IMN is
characterized not only by antibody-mediated
podocyte injury but also by systemic immune
dysregulation that creates an autoantibody-supportive
milieu [16]. At the systemic level, enhanced Tth/Th2-
associated signals, including increased ICOS- and IL-

21-related Tfh activity and Th2 cytokine responses,
may favor B-cell help and IgG4-prone humoral
immunity [36, 38]. In parallel, alterations in the
Th17/Treg balance and regulatory cytokine pathways
suggest a shift from immune tolerance toward a more
inflammatory and less restrained immune state [39,
40]. B-cell survival and differentiation factors further
shape this systemic humoral environment. Increased
BAFF and APRIL expression or serum levels have
been reported in membranous nephropathy and anti-
PLA2R-positive IMN, and these factors have been
associated with disease activity, treatment response, or
renal outcomes in some cohorts [41, 42]. Thus, the
circulating immune microenvironment in IMN can be
broadly viewed as a convergence of helper signals, B-
cell survival factors, and impaired regulatory restraint
that supports autoreactive humoral immunity. These
findings should be interpreted as a permissive
immunological background rather than evidence that
any single cytokine pathway independently drives
disease progression.

At the renal level, single-cell transcriptomic
studies of kidney tissue from patients with IMN have
identified infiltrating myeloid, T-cell, and B-lineage
populations and suggested chemokine and
inflammatory programs involved in leukocyte
recruitment and tissue remodeling [43, 44]. In
addition, renal tissue studies in IMN have identified B-
cell aggregates and tertiary lymphoid structures (TLS),
whose presence has been associated with more severe
clinicopathological features or unfavorable renal
outcomes [45]. Together, these systemic and renal
features provide the microenvironmental context in
which autoreactive T-B-cell responses may arise and
persist. The cell-specific roles of Tfh, Tfr, Treg, B-cell
subsets, and plasma cells are discussed in Sections 3
and 4 and are not further developed here.

3. The Central Role of T Cells in IMN

T cells play an important role in the autoimmune
cascade of IMN, not only by contributing to local
inflammatory responses but also by regulating
pathogenic  autoantibody  production. Genetic
susceptibility studies, including associations with
HLA class II molecules such as HLA-DRB1*15:01 and
HLA-DRB1*03:01 alleles, as well as evidence from
animal models, support an important role for T cells in
the pathogenesis of IMN [46-49]. HLA class II
molecules present antigen-derived peptides to CD4* T
cells; in IMN, this mechanism provides a basis for the
presentation of podocyte antigen-derived peptides,
including those from PLA2R and potentially THSD7A,
thereby promoting autoreactive T-cell activation and
subsequent B-cell responses [35].

https://www.ijbs.com



Int. J. Biol. Sci. 2027, Vol. 23

465

3.1 Imbalance of T Cell Subsets

During the pathogenesis of IMN, imbalance
among CD4* T-cell subsets creates an immune
environment that favors autoreactive B-cell activation
and autoantibody production. Among these
abnormalities, Th17/Treg imbalance represents an
important inflammation-tolerance disturbance. At the
systemic immune level, antigenic stimulation may
promote the skewing of naive CD4" T cells toward a
pro-inflammatory Th1l7 phenotype, while the
regulatory T-cell compartment becomes numerically
reduced and functionally impaired. Rather than being
merely a secondary inflammatory response, this shift
may act as an important amplifier of disease activity
[50]. Clinically, circulating IL-17 levels positively
correlate with proteinuria severity, whereas IL-10 is
inversely associated with proteinuria or disease
activity-related parameters [51]. In anti-PLA2R-
positive patients, reduced renal Foxp3* Treg
infiltration and the inverse correlation between
circulating IL-10 and proteinuria further support
impaired regulatory immune control in IMN [51-54].
This regulatory defect may be further amplified by
reduced expression of immune checkpoint molecules
such as PD-1 and CTLA-4 on peripheral Tregs, thereby
weakening Treg-mediated restraint on B-cell
activation and antibody production [55, 56]. At the
local renal level, decreased Foxp3 expression,
enhanced IL-17-related signals, and increased
inflammatory GZMK'CD8* T cells have been
described, suggesting that systemic Thl7/Treg
imbalance may be accompanied by local renal immune
activation [43]. Consistent with this effector-skewed
state, an increased peripheral CD4*/CD8* T-cell ratio
has been reported in IMN, indicating broader CD4* T-
cell-dominated immune activation rather than an
isolated Th17/Treg abnormality [36, 57].

Within this broader CD4" T-cell abnormality,
Th1/Th2 skewing constitutes another important layer
of immune dysregulation in IMN. Thl cells mainly
participate in cellular immune responses, whereas Th2
cells preferentially support humoral immunity [38]. In
IMN, the immune response may shift toward a type-2
profile, characterized by an increased proportion of IL-
4-producing Th2 cells and reduced Thl-associated
cytokines such as IFN-y and IL-2, resulting in a
decreased Th1l/Th2 ratio that correlates with
proteinuria severity [36, 58, 59]. This type-2-skewed
immune milieu, particularly IL-4-associated signaling,
may favor IgG4 class switching and thereby contribute
to the IgG4-predominant autoantibody profile of IMN
[60].

At the germinal-center level, Tth/Tfr imbalance
is particularly relevant to the balance between B-cell
help and restraint. Tfh cells promote germinal-center

reactions, B-cell differentiation, and antibody secretion
[19, 61], whereas Tfr cells limit excessive germinal-
center responses and plasma-cell differentiation [62,
63]. In patients with IMN, the proportion of peripheral
Tfh cells is increased, whereas Tfr cells are reduced in
number and/or functionally impaired. Unlike
peripheral Tregs, which may lose suppressive function
in association with PD-1/CTLA-4 downregulation, Tfr
cells in a chronic autoimmune microenvironment may
exhibit reduced CTLA-4 expression together with
paradoxically increased PD-1 levels [64]. This
seemingly divergent checkpoint pattern may require
spatial interpretation. Within the germinal center,
increased PD-1 expression does not necessarily
translate into enhanced suppression; instead,
abnormal PD-1/PD-L1 signaling may disturb
chemokine-dependent positioning and displace Tfr
cells from their regulatory niches [65]. Concurrently,
diminished CTLA-4 may weaken competitive
engagement with CD80/CD86 on B cells, allowing
Tth-driven CD28 co-stimulation to persist [66].
Together, this dual checkpoint alteration—elevated
PD-1 and reduced CTLA-4 —may impair Tfr-mediated
immune restraint.

Taken together, T-cell imbalance in IMN can be

summarized into three interconnected layers:
Th17/Treg imbalance reflects disruption of
inflammation-tolerance =~ homeostasis;  Th1l/Th2

skewing contributes to type-2/IgG4-prone humoral
responses; and Tfh/Tfr imbalance may influence the
balance between B-cell help and restraint within
germinal centers. This layered framework provides a
cellular context for considering how T-cell
abnormalities may support sustained B-cell activation,
affinity maturation, and pathogenic autoantibody
production (Figure 1).

3.2 T Cell-Mediated B Cell Activation

In the pathogenesis of IMN, aberrant B-cell
activation and subsequent pathogenic autoantibody
production are largely shaped by imbalanced T-cell
help. This process depends on the integration of direct
cell-to-cell co-stimulatory signals and regulation by
soluble mediators, including cytokine-, survival
factor-, and chemokine-dependent pathways [67-69].
Tth cells serve as a key cellular source of B-cell help in
this process. Several components of this pathway are
supported by primary human studies in IMN. In IMN,
circulating cTfh2 cells, particularly the CXCR3™CCR6~
subset, appear to be preferentially expanded and
exhibit a B-cell-helper phenotype characterized by
increased ICOS expression and reduced BTLA
expression [38, 70, 71]. The proportion of ICOS* cTfh2
cells has been correlated with 24-hour proteinuria,
serum IgG4 levels, and the IgG4/IgG ratio, supporting
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the clinical relevance of this subset in IgG4-prone
humoral responses [16, 71]. Mechanistically, this
interaction begins with TCR-dependent recognition of
B-cell-presented autoantigen-derived peptide-HLA
class II complexes, which supports the selection and
activation of antigen-specific autoreactive clones [72].
Subsequently, Tfh cells engage B cells through co-
stimulatory pairs, including CD40L-CD40, ICOS-
ICOSL, and OX40-OX40L, forming a structured
immunological synapse that delivers key co-
stimulatory survival and activation signals. The
importance of this contact-dependent pathway is
supported by preclinical evidence demonstrating that
therapeutic blockade of the CD40L-CD40 interaction
can suppress antibody production and mitigate renal
injury [72].

Regarding soluble factor regulation, three soluble
mediator-related mechanisms link T-cell

abnormalities to B-cell activation in IMN. First, Tfh-
derived IL-21 is a key cytokine regulating B-cell
and

differentiation, maturation, class-switch

recombination [73-75]. By engaging IL-21R and
activating the downstream JAK-STAT3 pathway, IL-
21 induces transcription factors such as Blimp-1 and
XBP-1, thereby  promoting terminal  B-cell
differentiation into plasma cells. It may also cooperate
with IL-6 to enhance activation-induced cytidine
deaminase (AID) activity, supporting class-switch
recombination and antibody diversification [76, 77].
The clinical relevance of this pathway is supported by
observations that circulating IL-21* Tfh cells are
associated with anti-PLA2R antibody titers and can
promote IgG4 production in autologous B-cell co-
culture systems, providing clinical and functional
support for a role of the Tfth-B-cell axis in autoreactive
humoral responses in IMN. In parallel, PLA2R-specific
IgG secretion by circulating antibody-secreting cells
has been directly quantified in patients with IMN [57],
providing antigen-specific B-cell evidence. However, a
direct longitudinal link between these antibody-
secreting cells and the Tfh abnormalities described
above remains to be established.
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may favor plasma cell activation. Created with BioRender.com. Abbreviations: IMN, idiopathic membranous nephropathy; Th, T helper cell; Treg, regulatory T cell; Tfh,
follicular helper T cell; Tfr, follicular regulatory T cell; IL, interleukin; TNF-a, tumor necrosis factor-alpha; TGF-B1, transforming growth factor-beta 1; CTLA-4, cytotoxic

T-lymphocyte associated protein 4; GZMK, granzyme K.
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Second, type-2/IL-4-associated signaling may
help explain the IgG4-predominant humoral
phenotype of IMN. IL-4 can activate the STAT6-
GATAS3 pathway in B cells and induce transcription of
the immunoglobulin heavy-chain constant region Cy4,
thereby favoring IgG4 class switching [36, 78]. Thus,
whereas IL-21 mainly supports general B-cell
differentiation and plasma-cell generation, IL-4-
associated signaling may contribute to the subclass
bias of the autoantibody response. Finally, Th17 cells
may influence B-cell responses indirectly by shaping
the inflammatory microenvironment. IL-17, in
cooperation with other pro-inflammatory cytokines,
can activate renal resident cells, including podocytes
and potentially mesangial cells, to upregulate B-cell
survival and recruitment signals such as BAFF and
CXCL13 [79]. BAFF supports the survival of
autoreactive B cells, whereas CXCL13 promotes B-cell
migration and accumulation at inflammatory sites.
Together, these cytokine-, survival factor-, and
chemokine-mediated pathways may create a feed-
forward environment that sustains autoreactive
humoral immunity.

In addition, defects in immune regulatory cells
further exacerbate the uncontrolled B cell response,
constituting a “dual hit” between immune activation
and suppression. Specifically, Treg dysfunction
reduces restraint on autoreactive B cells. The
accelerated internalization of Treg surface CTLA-4
weakens the ability to clear B cell surface CD80/CD86
co-stimulatory molecules via trans-endocytosis,
leading to sustained co-stimulatory signaling.
Additionally, the reduced secretion of TGF-$ by Treg
cells diminishes their suppressive effect on B cells
through the Smad3 pathway [80]. Similarly, Tfr cells
also exhibit functional defects, with abnormal
expression or accelerated internalization of surface
inhibitory molecules (such as CTLA-4) [81, 82],
preventing them from effectively regulating germinal
center reactions, and thereby amplifying B cell
activation driven by Tth cells. Moreover, the
immunosuppressive function of myeloid-derived
suppressor cells (MDSCs) is impaired, with a reduced
proportion of the PD-L2* subset, compromising their
ability to promote Treg expansion and secrete the
inhibitory cytokine IL-35 via the PD-1/PD-L2 axis [83].
IL-35 is not only a key mediator of Treg function but
also induces the formation of an iTR35 positive
feedback inhibitory loop [80, 84, 85]. Emerging
evidence suggests that the disruption of this loop may
result in the loss of secondary regulatory control over
the B cell response in IMN. In summary, T cell-
mediated B cell activation in IMN is a multilayered
process involving T-cell help linked to antigen
presentation, cytokine polarization, co-stimulatory

signaling, and impaired immune regulation, which
may collectively support persistent IgG4-predominant
autoantibody responses, thereby contributing to renal
injury (Figure 2).

4. Abnormal B Cell Activation and
Autoantibody Production: The Core of
Humoral Immunity in IMN

The essence of IMN is an organ-specific
autoimmune disease, with its core pathological feature
being the B cell-mediated production of pathogenic
antibodies and the subsequent deposition of immune
complexes in the glomeruli. B cells play a triple
pathogenic role in IMN: on one hand, they serve as the
cells responsible for producing autoantibodies such as
anti-PLA2R and anti-THSD7A antibodies [86, 87]; on
the other hand, they act as professional antigen-
presenting cells to activate CD4" T cells [88, 89],
forming T-B cell interactions; additionally, B cells
contribute to the formation of ectopic lymphoid
tissues, which promote the onset of immune-mediated
disease [90-92].

4.1 Dynamic Changes in B Cell Subsets:
Abnormal Distribution from Peripheral Blood
to the Kidneys

In the pathogenesis of IMN, the dynamic changes
and abnormal distribution of B cell subsets are central
to the production of pathogenic autoantibodies. This
process may be closely related to the disruption of
both central and peripheral B-cell tolerance against
podocyte autoantigens. Defects in central selection
mechanisms, such as clonal deletion and receptor
editing of immature B cells in the bone marrow, may
allow autoreactive B-cell clones to escape into the
peripheral compartment; subsequently, impaired
negative selection of transitional B cells in the spleen
may further promote their persistence and clonal
expansion [93]. A more direct peripheral manifestation
of this process is the remodeling of circulating B-cell
subsets. In IMN, an increase in transitional B cells
(CD19+CD24hCD38h) has been observed, and these
cells may display an altered cytokine profile, with
increased IL-6/IL-12 and reduced IL-10 production,
potentially favoring a pro-inflammatory B-cell milieu
[94]. Flow-cytometric analysis has further shown that
the proportion of plasmablasts (CD19*CD27%CD38")
in peripheral blood is significantly increased, whereas
germinal center-derived class-switched memory B
cells (CD19*CD27*IgD™) are relatively reduced in
patients with IMN [95]. Taken together, these
circulating B-cell alterations may be consistent with
sustained antigen-driven B-cell activation, although
this relationship has not been directly established.
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Independent B-cell receptor repertoire analysis in MN
demonstrated increased somatic hypermutation rates
across multiple immunoglobulin heavy-chain isotypes
[96]. In parallel, PLA2R-associated MN was
characterized by IgG4-biased, higher-affinity anti-
PLAZ2R antibodies, with antibody affinity and the IgG4
proportion associated with proteinuria and histologic
severity [97]. Together, these observations are
consistent with altered affinity maturation and
immunoglobulin class switching in MN and suggest
that these processes may contribute to persistent
autoreactive antibody production and greater disease
activity.

As the terminal target organ of immune injury,
the kidney exhibits highly specific B cell infiltration
and activation characteristics in its local
microenvironment. Studies have shown that the
proportion of memory B cells (CD19*CD277) in renal
tissue is higher compared to controls, suggesting local

activation driven by continuous antigen exposure.
Meanwhile, terminally differentiated plasma cells
(CD20CD38*CD138") are focally aggregated around
the renal interstitium and glomeruli. These plasma
cells may serve as an important local source of
autoantibodies and may also activate podocyte STAT3
signaling through inflammatory cytokines such as IL-
6 and TNF-a, contributing to foot process effacement
and podocyte injury [98, 99]. Importantly, within
germinal center-like structures or tertiary lymphoid
structures (TLS) formed in chronic inflammatory
regions, there is oligoclonal expansion of B cells. This
“ectopic” germinal center response is hypothesized to
provide a specialized niche that facilitates the selection
and expansion of autoreactive B cell clones, with the
density of their infiltration showing a significant
negative correlation with renal function decline in
patients [100-104].
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Figure 2. T cell-mediated B-cell activation pathways in IMN. Imbalanced T-cell help may support autoreactive B-cell activation and IgG4-predominant autoantibody
responses through four interconnected modules. (I) Contact-dependent Tfh-B-cell interaction: antigen-presenting B cells display autoantigen-derived peptide—HLA class
Il complexes to Tth cells, while co-stimulatory pairs, including CD40L-CD40, ICOS-ICOSL, and OX40-OX40L, provide survival and activation signals to B cells. Tfh-derived
IL-21 further promotes plasma-cell differentiation through the IL-21R-JAK/STAT3-Blimp-1/XBP-1 pathway, and may cooperate with IL-6/AID signaling to support class-switch
recombination. (Il) 1gG4-predominant humoral skewing: type-2/IL-4-associated signaling activates the |L-4R—-STAT6-GATA3 pathway and favors Cy4 transcription,
thereby contributing to IgG4 class switching. Local antigen exposure and TLS-like niches may further support the persistence of IgG4-prone humoral responses. (Ill) Indirect
inflammatory support: Th17-derived IL-17, together with TNF-a and IL-6, can activate renal resident cells to upregulate BAFF and CXCLI3, promoting autoreactive B-cell
survival, recruitment, and inflammatory feedback. (IV) Defective immune restraint: dysfunction of Treg, Tfr, and MDSC/IL-35-mediated regulatory pathways weakens
suppression of Tfh-driven germinal-center responses and B-cell co-stimulation, thereby facilitating sustained pathogenic humoral immunity. Created with BioRender.com.
Abbreviations: IMN, idiopathic membranous nephropathy; 1gG4, immunoglobulin G4; CD40L, CD40 ligand; IL, interleukin; Tfh, follicular helper T cell; Tfh2, type 2
follicular helper T cell; Th17, T helper 17 cell; TNF-a, tumor necrosis factor-alpha; NF-kB, nuclear factor kappa B; BAFF, B cell activating factor; CXCL13, C-X-C motif
chemokine ligand 13; Treg, regulatory T cell; Tfr, follicular regulatory T cell; MDSCs, myeloid-derived suppressor cells.
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Figure 3. Dynamic spatial distribution and clinical relevance of B-cell subsets in IMN. Disruption of central and peripheral B-cell tolerance may permit autoreactive
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Immunohistochemical studies further confirm
that B cell aggregates are predominantly distributed in
fibrotic interstitial areas and around sclerotic
glomeruli, with the degree of infiltration correlating
positively with tubular injury [105]. This underscores
the close relationship between B cell inflammation and
the tissue repair/fibrosis process. In addition to the
active presence of effector B cells, dysfunction of Breg
further exacerbates immune imbalance. Under
physiological conditions, Bregs exert key negative
immunoregulatory effects mainly through IL-10
secretion, thereby inhibiting effector T-cell activation
and reducing the antigen-presenting capacity of
dendritic cells [106-112]. However, in IMN patients,
the proportion of IL-10" Bregs in peripheral blood is
significantly reduced, leading to impaired immune
suppression and an inability to effectively curb
autoimmune inflammation. These findings provide a
potential clinical rationale for B-cell subset analysis in
IMN. For example, circulating plasma-cell levels may
have value as biomarkers of disease activity. Its strong
positive correlation with anti-PLA2R antibody titers
and further elevation in patients with relapses
suggests that it could serve as a prospective biomarker
for predicting relapse risk (Figure 3).

4.2 Key Mechanism of Autoantibody
Production: Plasma Cell Heterogeneity and
Treatment Resistance

Plasma cells, as the terminal effector cells of B cell
differentiation, are the direct source of pathogenic
autoantibodies, and their heterogeneity is closely
related to treatment resistance. Based on
developmental origin, survival characteristics, and
localization, plasma cells can be classified into
different functional subsets: short-lived plasma cells
can originate from extrafollicular activated B cells or
early germinal center reactions, are typically localized
in the spleen and lymph nodes, and are responsible for
acute-phase antibody responses. Notably, terminally
differentiated plasma cells are typically CD20-
negative and therefore are not directly targeted by
CD20-directed  therapies such as rituximab.
Monoclonal antibodies targeting CD20, such as
rituximab, reduce autoantibody production mainly by
depleting upstream CD20* B-cell compartments,
including activated and memory B cells, thereby
limiting the generation of new antibody-secreting
cells. This is one of the key mechanisms through which
approximately 60-70% of high-risk IMN patients
achieve long-term remission [7, 113, 114]. In contrast,
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long-lived plasma cells (LLPCs), characterized by a
CD19°CD20"CD38*CD138* phenotype, primarily
reside in specialized survival niches such as the bone
marrow and inflamed renal microenvironment, where
they may be maintained long-term through APRIL/
BAFF-enriched survival-niche signaling. These cells
may continuously secrete anti-PLA2R IgG4 antibodies
within APRIL/BAFF-enriched survival niches,
thereby contributing to disease chronicity and relapse
[115, 116]. Additionally, functionally specialized
plasma-cell subsets have been identified in renal tissue
in autoimmune nephritis, and inflammatory cytokines
such as IL-6 and TNF-a may contribute to local renal
injury; notably, IL-6/STATS3 signaling is activated in
podocytes in experimental membranous nephropathy
and may contribute to podocyte injury and proteinuria
[67, 117, 118]. Some studies have also found that
certain plasma cells highly express MHC-II molecules
(CD138*CD38*MHC-IIM), suggesting that they may
retain some antigen-presenting capability and
potentially sustain the local autoimmune response
through interactions with T cells. These unique pheno-
types may help explain their resistance to conventional
treatments, though further research is needed to
validate these emerging subsets and their functions.

Persistent autoantibody production in IMN may
reflect both the continued generation of antibody-
secreting cells and the persistence of established
plasma-cell populations. Upstream abnormalities in B-
cell tolerance, regulatory restraint, affinity maturation,
and renal TLS-like niches are discussed in Section 4.1;
here, their relevance is considered specifically in
relation to the generation and persistence of short-
lived and long-lived antibody-secreting plasma cells.

The formation of treatment resistance is closely
associated with the characteristics of long-lived
plasma cells (LLPCs) and their high adaptability to the
microenvironment. Rituximab effectively depletes
CD20* B cells but has limited efficacy against CD20~
LLPCs; approximately 30% of patients continue to
secrete autoantibodies at least in part because of the
persistence of these cells [119]. LLPCs rely on survival
signals such as APRIL to resist conventional
immunosuppressive drugs, providing a rationale for
dual inhibition of BAFF and APRIL, such as atacicept,
to more comprehensively target their survival
pathways [119-121]. Additionally, complement
activation products in the kidneys (such as C5a and
C3a) can promote the formation of fibrotic barriers by
indirectly activating the BMP2/pSMAD1 signaling
pathway. It is hypothesized that the resulting fibrotic
barriers might provide a physical sanctuary, further
protecting local plasma cells from drug-induced
damage, similar to mechanisms observed in other
plasma cell dyscrasias [122].

Currently, new therapeutic strategies targeting
drug-resistant plasma cells are being explored. Anti-
CD38 monoclonal antibodies (e.g., daratumumab) are
being explored as plasma-cell-directed strategies in
refractory MN [123-125]. Bispecific antibodies
targeting BCMA /CD3 (e.g., Elranatamab) have shown
high remission rates in clinical trials for
relapsed/refractory multiple myeloma [126], but their
efficacy in IMN is still under investigation.
Additionally, exploratory strategies such as
combining BAFF/APRIL pathway inhibitors (e.g.,
Atacicept) with anti-CD20 monoclonal antibodies aim
to achieve synergistic effects through “dual-pathway
blockade,” though the clinical value of this approach
requires further research. These mechanistic
observations provide the rationale for plasma-cell- and
survival-niche-directed interventions; the disease
specificity, evidence maturity, and translational
limitations of anti-CD38, BCMA-directed, and
BAFF/APRIL-targeted approaches are discussed
further in Section 5 (Figure 4).

4.3 The Dual-Axis Dysregulation Model in
IMN: A Hypothesis-Generating Framework

In IMN, autoimmunity is organized around
podocyte-associated antigens, such as PLA2R and
THSD7A, whose cognate circulating autoantibodies
bind in situ and contribute to subepithelial immune-
complex deposition and podocyte-centered immune
injury [27, 37, 127]. Against this antigen-specific
background, the “dual-axis dysregulation” model
serves as an IMN-oriented explanatory framework
that integrates T-B-cell abnormalities with the
disease’s IgG4-biased humoral response and
podocyte-centered injury [36, 128]. It includes a
pathogenic axis of enhanced Tfh-cell-mediated B-cell
help within a type-2-skewed immune milieu [71], and
a regulatory axis of impaired Tfr- and Breg-mediated
restraint [129]. Its disease specificity lies not in IMN-
exclusive Tfh, Tfr, or Breg abnormalities, but in the
coupling of these immune-regulatory disturbances
with podocyte-associated autoantigens, IgG4-biased
humoral responses, and in situ subepithelial immune-
complex deposition. Accordingly, the dual-axis
dysregulation model is presented as an IMN-oriented,
hypothesis-generating framework rather than an
established causal pathway. IMN-specific studies
support several individual components of the model,
including altered helper and regulatory lymphocyte
phenotypes and their associations with autoreactive
humoral activity. However, much of the available
human evidence remains based on peripheral immune
phenotyping, cross-sectional associations, and
relatively small cohorts, while several detailed Tfr-,
Breg-,  checkpoint-, and  cytokine-dependent
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mechanisms are informed by evidence from adjacent
autoimmune diseases, animal models, or in wvitro
systems. Its relevance to IMN derives from its
application to the disease context defined by
podocyte-associated — antigens, IgG4-predominant
autoantibodies, and in situ subepithelial immune
deposits, rather than from the assumption that the
underlying immune-cell abnormalities are unique to
IMN. Direct antigen-specific, tissue-resolved, and
longitudinal evidence linking these immune states to
PLA2R- or THSD7A-reactive B-cell or plasma-cell
clones, LLPC persistence, treatment resistance, or
relapse remains limited. Taken together, the dual-axis
model links altered T-cell help and regulatory restraint
to persistent autoreactive humoral activity within the
antigen-specific context of IMN. It complements,
rather than replaces, the established antibody-
complement-podocyte injury paradigm and is used
here as an integrative framework for the cell-specific
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5. From Mechanism to Clinic: Precision
Strategies Targeting the T-B Cell
Interaction Network in IMN

The T-B cell interaction network in IMN operates
through two principal modes of communication:
direct cell-to-cell interactions mediated by co-
signaling molecules and soluble mediator-dependent
signaling involving cytokines and B-cell survival
factors. Key Tfh-associated co-signaling pathways,
including ICOS-ICOSL, PD-1-PD-L1, and CD40L-
CDA40, are proposed to regulate Tth-B-cell interactions
through direct cellular contact and immune-synapse
formation [21]. In parallel, soluble mediator networks
involving BAFF, IL-6, and IL-21 contribute to the
maintenance and amplification of immune responses
by regulating B-cell survival, T-cell polarization, and
inflammatory-cell ~recruitment. Together, these
interconnected mechanisms provide a theoretical
rationale for exploring precision-oriented
interventions. However, to avoid excessive
extrapolation, the therapeutic candidates discussed
below are evaluated along two complementary
dimensions: disease specificity and evidence maturity.
Disease specificity distinguishes direct clinical
evidence in MN from cross-disease extrapolation and
mechanistic concept transfer, whereas evidence
maturity spans mechanistic and preclinical evidence,
case reports and small case series, prospective early-
phase studies, and controlled clinical studies.
Accordingly, Section 5.1 summarizes therapeutics
with direct clinical evidence in MN, Section 5.2
discusses interventions supported primarily by cross-
disease or concept-transfer evidence, and Section 5.3
presents  preclinical, mechanisticc and early
exploratory candidates.

5.1 Therapeutics with Direct Clinical Evidence
in MN

Because established B-cell-directed therapy
provides the clinical benchmark for emerging
precision strategies, randomized MN trial evidence is
presented first. In the MENTOR trial, rituximab was
noninferior to cyclosporine for inducing complete or
partial remission at 12 months and was superior in
maintaining remission at 24 months [114]. Emerging
MN-specific therapies discussed below are positioned
relative to this benchmark according to their disease
specificity and evidence maturity.

5.1.1 Therapeutics Targeting the BAFF/APRIL Axis

In the immunopathology of IMN, cytokines form
a complex soluble-mediator regulatory network, with
the BAFF (B cell activating factor, also known as BLyS)

and APRIL (a proliferation-inducing ligand) signaling
pathways playing important roles in B cell
homeostasis and autoantibody production. Both are
members of the tumor necrosis factor (TNF)
superfamily, primarily produced by monocytes,
macrophages, and bone marrow stromal cells. They
regulate B cell development [133, 134], survival [135],
class switching, and antibody secretion [135, 136] by
binding to three receptors—BAFF-R, TACI
(transmembrane activator and calcium-modulator
ligand interactor), and BCMA (B cell maturation
antigen). At the molecular level, BAFF acts as a crucial
survival factor for B cells, promoting the maturation of
transitional B cells into memory B cells primarily
through BAFF-R signaling [137]. Its abnormal
overexpression is a key event that disrupts B cell
immune tolerance. While APRIL is not essential for B
cell development, it mediates the differentiation of
marginal zone B cells into short-lived plasma cells
through TACI and sustains the long-term survival of
plasma cells through BCMA signaling, particularly in
the inflammatory microenvironment [138, 139]. Both
BAFF and APRIL can activate the NF-xB signaling
pathway, thereby enhancing the production of
antibodies, especially IgG subclasses, and contributing
to autoimmune glomerular diseases.

The pathogenic relevance of this pathway in IMN
is clinically supported: serum levels of BAFF and
APRIL are significantly elevated in patients compared
to healthy controls [41, 42, 140], and BAFF levels
correlate positively with anti-PLA2R antibody titers
and the severity of proteinuria, serving as an
independent risk factor for disease prognosis [41, 42].
In contrast, APRIL levels do not show a significant
correlation with clinical indicators [141, 142],
suggesting a difference in their pathogenic
mechanisms — BAFF primarily governs B cell survival,
autoantibody production, and T cell co-stimulation
[143, 144], while APRIL is more involved in plasma cell
maintenance, antigen presentation, and
immunoglobulin class switching [145, 146]. Transgenic
animal models further support the central role of
BAFF, as its overexpression can induce a lupus-like
phenotype and renal immune complex deposition
[147, 148].

Based on the mechanisms outlined above,
targeting the BAFF/APRIL pathway represents a
rational  therapeutic = strategy under clinical
investigation in IMN. Belimumab, the first approved
anti-BAFF monoclonal antibody for SLE [149], was
evaluated in a prospective open-label experimental
medicine study of PLA2R-Ab-positive primary MN
patients with persistent nephrotic-range proteinuria
(BEL116472; ClinicalTrials.gov identifier:
NCT01610492). Treatment with belimumab for up to 2
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years was associated with reductions in proteinuria
and circulating PLA2R-Ab levels by 86% and 97%,
respectively. Among participants who received more
than 16 weeks of treatment, 9 of 11 achieved partial or
complete remission during the study, including 1
complete remission. The decline in PLA2R-Ab
preceded the reduction in proteinuria, supporting a
potential therapeutic effect of belimumab [150]. These
findings provide direct but preliminary clinical
evidence for BAFF inhibition in IMN. Given the small
sample size and the slower decline in anti-PLA2R
antibodies at Week 28 compared with rituximab-
treated patients in the GEMRITUX study, belimumab
may currently be better positioned as an adjunctive or
selected-patient strategy rather than a broadly
established first-line replacement [150]. In addition to
single-target blockade, dual BAFF/APRIL inhibitors
have advanced into IMN-specific clinical evaluation,
supporting their inclusion in the category of IMN-

evaluated in SLE and IgA nephropathy [151, 152] and
has been registered for evaluation in a multicenter,
prospective, randomized clinical study specifically in
patients with primary membranous nephropathy
(NCT06614985). By simultaneously neutralizing both
BAFF and APRIL, telitacicept may provide broader
inhibition of B cell survival and long-lived plasma cell
maintenance compared to anti-BAFF monotherapy
[153]. Providing preliminary clinical support for this
rationale, a recent case series of three refractory IMN
patients reported that telitacicept (240 mg) induced
complete remission (proteinuria <0.3 g/day) in one
patient and partial remission in another, suggesting
potential clinical benefit in heavily pretreated
individuals [154]. In the future, biomarker-based
strategies, such as using BAFF/ APRIL levels and anti-
PLAZ2R antibodies, may help accurately select patients
who would benefit from these therapies and
optimizing personalized treatment strategies (Figure

specific clinical evaluation. Notably, telitacicept, a 5, Table 1).
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Figure 5. The BAFF/APRIL signaling network and targeted therapeutic candidates in IMN. BAFF signaling via BAFF-R promotes peripheral B-cell maturation and
survival, supports memory B-cell development, and, when dysregulated, contributes to the breakdown of B-cell immune tolerance. Concurrently, APRIL and BAFF engage TACI
to mediate short-lived plasma cell (PC) differentiation, while the APRIL/BCMA axis specifically sustains the long-term survival of PCs. These pathways converge on NF-kB
activation to amplify IgG autoantibody production and autoreactive humoral responses. Key targeted interventions include anti-BAFF (belimumab, blisibimod), anti-APRIL
(sibeprenlimab, zigakibart), and dual antagonists (atacicept, povetacicept, telitacicept); however, these agents differ substantially in their level of IMN-specific evidence, ranging
from direct but preliminary clinical evidence in IMN to cross-disease extrapolation or early-phase pharmacological evidence. Created with BioRender.com. Abbreviations:
IMN, idiopathic membranous nephropathy; BAFF, B cell activating factor; APRIL, a proliferation-inducing ligand; BAFF-R, BAFF receptor; TACI, transmembrane activator
and CAML interactor; BCMA, B cell maturation antigen; NF-kB, nuclear factor kappa B; 1gG, immunoglobulin G; PC, plasma cell.
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Table 1. Overview of targeted therapeutic agents stratified by disease specificity and evidence maturity
Disease Evidence maturity Target  Therapeutic = Mechanism of Action Clinical / Preclinical Status for IMN  References
specificity Agent
Direct Case series plus BAFF/  Telitacicept Recombinant TACI-Fc fusion protein IMN-specific evidence remains NCT06614985;
clinical registered disease- ~APRIL that neutralizes both BAFF and preliminary: a small refractory IMN [153]
evidencein  specific clinical trial APRIL, thereby targeting B-cell case series has reported partial or mechanism;
MN survival, plasma-cell maintenance, complete remission, and a disease- [154] case
and autoreactive humoral responses  specific randomized clinical trial has series
been registered; larger controlled
studies are needed
Prospective open-  BAFF Belimumab Anti-BAFF monoclonal antibody that Direct but preliminary clinical evidence [149, 150]
label study limits BAFF-mediated autoreactive B- in PLA2R-Ab-positive IMN; evaluated
cell survival and autoantibody in a small prospective open-label
production study, with larger controlled trials still
needed to establish its clinical
positioning in IMN
Published Phase BAFF/  Povetacicept  Enhanced dual BAFF/APRIL Direct early clinical evidence in pMN  [242],
1/2 open-label APRIL antagonist designed to block BAFF-  from a Phase 1/2 study; currently NCT07204275
study plus ongoing and APRIL-dependent B-cell and under evaluation in an ongoing Phase
Phase 2b/3 plasma-cell survival pathways 2b/3 randomized active-controlled
randomized trial trial
Case-report level ~ CD38 Daratumumab Depletes CD38-expressing antibody-  Case reports in refractory PLA2R-and  [124, 158]
secreting plasma cells, including THSD7 A-associated MN; durability
CD20- long-lived plasma cells remains uncertain
Prospective phase  CD38 Felzartamab  Fully human anti-CD38 monoclonal ~ Phase 1b/2a evidence in high-risk anti- [159]
1b/2a study antibody targeting plasmablasts and  PLA2R-positive IMN; longer follow-up
plasma cells and controlled validation are needed
Cross- Phase IIT BAFF/  Atacicept A recombinant TACI-Fc fusion Extrapolated from Phase III clinical [243]
Disease randomized clinical APRIL protein providing dual inhibition of ~ evidence in IgAN; awaiting direct IMN
Extrapolation evidence in IgAN BAFF and APRIL; pharmacologically validation
analogous to Telitacicept
Phase I clinical CD40L  Dapirolizumab CD40L inhibitor that blocks CD40- Phase III evidence in moderate-to- [182]
evidence in SLE pegol CDA40L co-stimulatory signaling and  severe SLE; no direct IMN-specific
T-cell-dependent B-cell activation clinical evidence
Phase Ib clinical ICOSL  AMG 557 A fully human IgG2 monoclonal Evaluated in Phase Ib trials for SLE; [191]
evidence in SLE antibody neutralizing ICOSL to theoretical concept transfer for IMN
suppress downstream Tfh cell modulation
activation and functionality.
Completed Phase II ICOS/  ALPN-101 A dual-antagonist Fc fusion protein ~ Completed Phase II clinical evaluation NCT04835441;
randomized clinical CD28 (human ICOSL variant) in SLE; no direct IMN-specific clinical ~ [244]
study in SLE simultaneously blocking CD28 and  evidence mechanism
ICOS pathways to restrict pathogenic
T-B cell costimulation
Preclinical, = Registered early- BCMA  BCMA CAR-T Engineered T cells executing targeted Early exploratory clinical evaluation NCT07241468;
Mechanistic, phase clinical study cellular ablation of BCMA-expressing includes MN in a registered dual [235, 236]
and Early including MN; no mature plasma cells CD19/BCMA CAR-T study; published
Exploratory  published MN- MN-specific efficacy data are not yet
Candidates  specific efficacy available
data
Evidence from IL-6 / Tocilizumab / IL-6 ligand or IL-6R blockade, Evidence mainly from advanced CKD  [217-220]
CKD studies and ~ IL-6R Ziltivekimab  potentially modulating IL-6/STAT3-  studies and rare Castleman disease-
rare secondary MN related inflammatory signaling, T-cell associated MN cases; no direct IMN-
contexts polarization, and podocyte-associated specific clinical validation
responses
Preclinical evidence JAK1 /  Ruxolitinib A JAK1/JAK2 inhibitor that Preclinical evidence in diabetic kidney  [221]
in diabetic kidney =~ JAK2 suppresses JAK/STAT signaling and  disease models; pending specific IMN

disease models

downstream inflammatory responses

validation

Abbreviations: IMN, idiopathic membranous nephropathy; SLE, systemic lupus erythematosus; IgAN, IgA nephropathy; LN, lupus nephritis; mAb, monoclonal antibody;
BAFF, B cell activating factor; APRIL, a proliferation-inducing ligand; BLyS, B lymphocyte stimulator; TACI, transmembrane activator and CAML interactor; BCMA, B cell

maturation antigen; CKD, chronic kidney disease; N/A, not available/not applicable.

Other BAFF/ APRIL-axis agents currently remain
at different evidence levels and should not be regarded
as established IMN therapies. APRIL-selective
inhibitors, such as sibeprenlimab and zigakibart, have
mainly been evaluated in IgA nephropathy, where
they have shown proteinuria-lowering effects and
advanced to Phase 3 clinical trials, thereby providing
cross-disease support rather than direct IMN
evidence. Similarly, other dual BAFF/APRIL

inhibitors, such as atacicept [155, 156], and BAFF-
targeting agents under development, such as
blisibimod, are pharmacologically relevant to the same
pathway but still await IMN-specific validation. These
agents are therefore better regarded as cross-disease
extrapolations or candidates for evidence tracking in
Table 1 rather than therapies supported by direct MN
clinical evidence.
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5.1.2 Anti-CD38 Monoclonal Antibodies

Although anti-CD38 therapy does not directly
block T-B cell co-stimulation, it targets CD38-
expressing antibody-secreting plasma cells, the
downstream effector cells responsible for persistent
autoantibody production. In rituximab-resistant IMN,
CD20- long-lived plasma cells may continue to
produce pathogenic autoantibodies despite effective
B-cell depletion and may contribute to sustained
PLA2R antibody production in some patients,
providing the rationale for plasma-cell-directed
therapy [157]. In a reported case of multidrug-resistant
PLA2R-associated membranous nephropathy, weekly
intravenous daratumumab at 16 mg/kg induced a
rapid decline in anti-PLA2R antibody levels and
clinical improvement; however, antibody titers
increased again after the dosing interval was
extended. Immune phenotyping showed undetectable
plasma cells with concomitant expansion of naive B
cells, supporting the authors’ rationale for subsequent
rituximab re-treatment [124]. Daratumumab has also
been reported in refractory THSD7A-positive
membranous nephropathy, with disappearance of
anti-THSD7A antibodies by month 4, normalization of
serum albumin, and reduction of proteinuria,
although relapse occurred after treatment withdrawal
[158]. In addition, the phase 1b/2a M-PLACE study
showed that felzartamab, another anti-CD38
monoclonal antibody, induced rapid immunologic
responses in high-risk anti-PLA2R-positive primary
membranous nephropathy, with anti-PLA2R titer
reductions 250% in 20 of 26 efficacy-evaluable patients
and partial proteinuria remission in 9 of 26 patients;
therapy was generally tolerated, but longer follow-up
and controlled studies are still required to define its
durability and safety [159, 160]. Thus, anti-CD38
therapy represents a direct but still early-stage MN-
specific plasma-cell-directed strategy and may be
particularly relevant to refractory or rituximab-
resistant disease. Daratumumab is currently
supported by case reports in PLA2R- and THSD7A-
associated MN, whereas felzartamab has prospective
phase 1b/2a evidence in high-risk anti-PLA2R-
positive IMN. Longer follow-up and confirmatory
controlled studies are required to establish the
durability, optimal treatment sequencing, and role of
anti-CD38 therapy in routine clinical practice.

5.2 Therapeutics Supported Primarily by
Cross-Disease or Concept-Transfer Evidence

Clinical development in adjacent autoimmune or
glomerular diseases does not establish therapeutic
efficacy in IMN. Accordingly, the agents discussed in
this section are presented as cross-disease or concept-
transfer candidates. Their reported clinical phase

refers to the source disease rather than to IMN, and
their relevance to IMN remains to be tested in disease-
specific studies.

5.2.1 CD40-CD40L Axis

The CD40-CD40L signaling axis is a critical co-
stimulatory pathway for the formation of immune
synapses between T cells and B cells, playing an
important role in the initiation and regulation of
adaptive immune responses. CD40 belongs to the TNF
receptor superfamily, whereas CD40L, also known as
CD154, is a TNF superfamily ligand [161]. CD40L is
primarily expressed on the surface of activated CD4*
T cells, while its receptor, CD40, is widely expressed
on B cells, antigen-presenting cells (such as dendritic
cells and macrophages), and renal resident cells
(including podocytes, renal tubular epithelial cells,
and endothelial cells) [162-165]. Under physiological
conditions, the binding of CD40L to CD40 provides a
key co-stimulatory signal for B-cell activation and T-
cell-B-cell/ APC crosstalk. Through the activation of
downstream NF-xB and MAPK signaling pathways
[166-168], this interaction promotes B cell
proliferation, antibody class switching, and plasma
cell differentiation [169], as well as enhances T cell
activation and the maturation of antigen-presenting
cells [170-173]. Notably, the expression of CD40L on T
cells is transient, a characteristic that helps maintain
the precision and controllability of immune responses
[174]. In IMN, abnormal activation of the CD40-CD40L
pathway may contribute to disease pathogenesis
through several mechanisms. On one hand, this
signaling supports the activation of autoreactive B
cells and the production of pathogenic antibodies: by
upregulating the expression of activation-induced
cytidine deaminase within B cells, it promotes somatic
hypermutation and antibody affinity maturation,
thereby potentially favoring the maturation and class
switching of autoreactive antibody responses [76, 77].
On the other hand, when CD40 on renal resident cells
is activated by CD40L, it induces the release of pro-
inflammatory cytokines such as IL-6 and MCP-1,
further amplifying the local inflammatory response
and glomerular injury [175-177]. Additionally, soluble
CD40L (sCD40L) in circulation, as a proteolytic
product of CD40L, has been proposed to act as a
“circulating permeability factor,” potentially altering
the permeability of the glomerular filtration barrier,
providing new insights into understanding podocyte
damage in IMN. Several intervention studies support
the therapeutic potential of targeting this pathway. In
MN-like animal models and lupus nephritis, the use of
anti-CD40L monoclonal antibodies or soluble CD40
fusion proteins to block this axis inhibits the
production of autoantibodies, reduce proteinuria, and
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alleviate renal tissue pathological damage [178-180].
Preclinical evidence also indicates that inhibiting the
CD40-CD40L  interaction can reduce B cell
immunoglobulin secretion [181]. Based on these
mechanisms, targeting this co-stimulatory axis
represents a  biologically plausible strategy
extrapolated from systemic autoimmunity. Currently,
clinical evidence for CD40L inhibitors such as
dapirolizumab pegol is derived primarily from studies
in systemic lupus erythematosus (SLE), including
recent Phase III evidence [182]; thus, their application
to IMN remains to be established in disease-specific
studies. Furthermore, future clinical translation
should carefully address the historical safety concerns
regarding CD40L-mediated platelet activation and
thromboembolism, and may require safer molecular
designs or targeted delivery strategies to optimize the
therapeutic index (Figure 6, Table 1).

5.2.2 ICOS-ICOSL and PD-1/PD-LI Axis:
Bidirectional Regulation and Targeted Intervention

Precision intervention could be optimized by
considering PD-1's context-dependent roles: its
downregulation on peripheral Tregs versus
pathological elevation on follicular Tth cells
contributes to the immune imbalance in IMN.
Restoring subset-specific signaling equilibrium, rather
than generalized modulation, provides the core
pharmacological rationale for this strategy. ICOS and
PD-1 are two critical, yet functionally distinct, immune
receptors on Tfh cells. Rather than a simple binary
opposition, high PD-1 expression is a fundamental
hallmark of germinal center (GC) Tth cell
differentiation and activation, and may participate in
restraining excessive Tfh-B-cell activation through PD-
1/PD-L1 interactions. Simultaneously, ICOS provides
a potent positive co-stimulatory signal driving Tfh
functionality. Together, these axes are proposed to
bidirectionally regulate the immunopathological
cascade of IMN [183]. At the molecular mechanism
level, the binding of ICOS on Tth cells with ICOSL on
B cells activates the PI3K-AKT signaling pathway [169,
184], which induces the expression of the transcription
factor Bcl-6 [184], promotes CXCRS5 upregulation, and
drives Tfh cell differentiation. Additionally, it
enhances IL-21 secretion, thereby supporting B cell
proliferation and plasma cell differentiation, leading
to the production of pathogenic antibodies (such as
anti-PLA2R antibodies). In contrast, the PD-1/PD-L1
interaction can inhibit BCR signaling through SHP-2
phosphorylation, thereby limiting excessive B cell
activation and regulating the localization of Tfh cells
in the germinal center, helping to maintain immune
homeostasis [70, 185, 186]. Importantly, the PD-1/PD-
L1 axis may also exert regulatory effects on the B-cell

side. B cells, particularly GC-associated or bystander
B-cell populations, can express or upregulate PD-L1 to
engage PD-1 on Tfh cells, while specific regulatory B-
cell subsets may use PD-L1-dependent mechanisms to
suppress pathogenic T-cell responses. Furthermore,
the engagement of PD-1 expressed on B cells
themselves recruits SHP-2 to the B cell receptor (BCR)
signalosome, which acts as a physiological brake to
terminate early activation and induce apoptosis of
autoreactive B cell clones [187, 188]. In IMN, the
expansion of Tfh cells leads to elevated absolute
numbers of PD-1* Tth cells (reflecting an overactive
GC response); however, the concurrent increased
expression of ICOS results in a significantly increased
ICOS*/PD-1" Tth ratio. This elevated ratio suggests
that potent ICOS-driven co-stimulation may outweigh
the physiological PD-1 inhibitory restraint, forming a
pro-inflammatory Tfh-biased profile that may
accelerate the autoimmune response [189]. Clinical
observations further show that in newly diagnosed
IMN patients, the frequencies of ICOS* Tth, PD-1* Tth,
and IL-21* Tth cells in peripheral blood are
significantly higher than in healthy controls.
Moreover, the ICOS*/PD-1* Tfh-cell ratio was
positively correlated with 24-hour urinary protein
levels and increased with proteinuria-stratified
disease severity in IMN, suggesting that this ratio may
serve as a sensitive indicator of IMN disease activity
[183]. Experimental models provide further
supportive evidence. In rats with passive Heymann
nephritis (PHN), the proportion of splenic ICOS* Tfh
cells increases and correlates with proteinuria. The
upregulation of Bcl-6 and IL-21 expression preceding
overt proteinuria suggests their involvement in
driving the autologous phase of antibody production
[190]. In terms of treatment response, after receiving
ACEI combined with immunosuppressive therapy,
this ratio decreases as urine protein levels decrease,
further supporting its close association with
pathological activity [38, 183].

Based on the mechanisms described above,
targeting the ICOS/ICOSL and PD-1/PD-L1 signaling
axes offers an exploratory theoretical framework. It
must be emphasized that this approach relies heavily
on immunological concept transfer. While agents like
the anti-ICOS-L antibody AMG 557 are being tested in
SLE, and PD-1 pathway modulators are explored in
oncology, their translational viability for IMN remains
conceptual at this stage. Currently, several related
targeted therapies have entered clinical development,
but many are focused on other autoimmune diseases
or oncology and therefore provide mechanistic
reference rather than direct IMN evidence. For
example, the anti-ICOS-L monoclonal antibody AMG
557 (Amgen) has shown acceptable safety and
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preliminary efficacy signals in Phase Ib studies for
systemic lupus erythematosus, providing proof of
concept for targeting the ICOS pathway in
autoimmune diseases [191]. At the same time, novel
agonists aimed at enhancing PD-1 signaling (such as
GenScil20) have entered early clinical exploration in
autoimmune diseases like rheumatoid arthritis,
providing a conceptual reference for strategies aimed
at restoring immune homeostasis in IMN through
enhancement of PD-1 and other inhibitory receptor
signaling [192]. The core challenge for future research
lies in deeply analyzing the functional heterogeneity
of PD-1* Tth cells (such as their resting and exhausted
states) and exploring the combination of ICOS
signaling blockade and PD-1 signaling enhancement
as a regulatory strategy, with the aim of synergistically
restoring immune homeostasis and improving disease
control [183] (Figure 7, Table 1).

5.3 Preclinical, Mechanistic, and Early
Exploratory Candidates

The pathways discussed below are supported
predominantly by experimental, pharmacological, or
indirect clinical evidence and are included to define
mechanistic research questions rather than to imply
established clinical applicability in IMN. To preserve
the focus of this review, they are considered only
where they may intersect with T-cell polarization, B-
cell activation or differentiation, regulatory restraint,
or plasma-cell persistence. Broader effects involving
leukocyte recruitment, macrophage responses,
fibrosis, or podocyte signaling are treated as
contextual rather than core components of the T-B-cell
interaction network. Accordingly, IL-6/STAT3 is
discussed because of its potential relevance to T-cell
polarization, B-cell differentiation, and plasma-cell
survival, whereas CX3CL1/CX3CR1 is retained as a
contextual pathway of renal immune-cell recruitment;
direct IMN-specific evidence for these pathways
remains limited.
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Figure 6. The CD40-CD40L co-stimulatory axis in IMN pathogenesis. (A) Physiological signaling: Engagement of CD40L (on activated T cells) with CD40 activates the
PI3K/Akt, MAPK, and NF-kB pathways. This cascade drives B-cell proliferation, class switching, plasma cell differentiation, and APC maturation. (B) Pathological dysregulation:
Aberrant CD40-CDA40L activation contributes to IMN-related immune dysregulation through three potential mechanisms: (1) Upregulation of B-cell AID promotes somatic
hypermutation, antibody affinity maturation, and class-switch recombination, thereby supporting autoreactive antibody responses. (2) CD40 activation on renal resident cells
triggers the release of pro-inflammatory mediators (IL-6, MCP-1), amplifying local glomerular injury. (3) Circulating soluble CD40L (sCD40L) has been proposed to act as a
permeability factor that can disturb the glomerular filtration barrier. Created with BioRender.com. Abbreviations: IMN, idiopathic membranous nephropathy; CD40L, CD40
ligand; sCD40L, soluble CD40 ligand; PI3K, phosphoinositide 3-kinase; Akt, protein kinase B; APCs, antigen-presenting cells; NF-kB, nuclear factor kappa B; MAPK, mitogen-
activated protein kinase; AID, activation-induced cytidine deaminase; PLA2R, M-type phospholipase A2 receptor; IL-6, interleukin-6; MCP-1, monocyte chemoattractant

protein-1.
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region 2 domain-containing phosphatase-2.

5.3.1 IL-6/STAT3: Inflammation Cascade Amplifier
and T Cell Polarization

The IL-6/STAT3 signaling pathway is
conceptualized as a key molecular bridge connecting
immune abnormalities and podocyte damage in IMN.
It may contribute to local inflammatory responses and
plays an important role in modulating T-B cell
immune interactions. IL-6 is a pleiotropic cytokine
released after inflammatory stimulation and is an
important mediator of inflammatory responses, T-cell
polarization, B-cell differentiation, and T-B cell
communication [142]. IL-6 is involved in the
pathogenesis of various inflammatory glomerular
diseases [193-196]. In addition to leukocyte-derived IL-
6, glomerular endothelial cells and mesangial cells can
also secrete IL-6 under stimulation by angiotensin II,
and podocytes can produce IL-6 after endotoxin
administration [197-199], indicating its potential
paracrine and autocrine regulatory functions within
the renal local microenvironment. Signal transducer

and activator of transcription 3 (STAT3) is a canonical
downstream  signaling ~ mediator = of  IL-6.
Phosphorylated STAT3 translocates to the nucleus and
regulates the transcription of target genes, leading to
immune responses [200]. In IMN, both circulating and
urinary IL-6 levels are significantly elevated [201-203],
but urinary IL-6 levels do not correlate with plasma
levels [202], highlighting its importance in local renal
activation. Although there is a lack of obvious cellular
infiltration in IMN pathology, IL-6 may still indirectly
participate in podocyte injury by mediating
glomerular-tubular ~ feedback and  interstitial
inflammation. Furthermore, genetic studies suggest a
potential pathogenic relevance of the IL-6/STAT3
pathway in IMN. Chen et al. reported that the IL-6 C-
572G polymorphism might be a potential risk factor
for IMN in the Han Chinese population [204],
providing genetic evidence supporting further
investigation of this pathway.

IL-6 signaling includes both the classical and
trans-signaling pathways. The classical pathway is
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activated through membrane-bound IL-6 receptor
(mIL-6R), while the trans-signaling pathway is
mediated by soluble IL-6 receptor (sIL-6R) [205-208].
The classical signaling pathway relies on the
dimerization of gpl30 and activation of the
JAK/STAT3 cascade, which in turn is proposed to
drive inflammation amplification, T cell polarization,
and B cell differentiation [209]. In T-B cell interactions,
IL-6 promotes the production of Th2-type cytokines
[210], induces the differentiation of naive T cells into
follicular helper T cells (Tth) [199, 211, 212], and
suppresses Treg activity, thereby disrupting immune
homeostasis. Furthermore, IL-6 plays a critical role in
the differentiation of antibody-secreting cells and the
long-term survival of plasma cells [213]. Notably,
podocytes may participate in IL-6-related signaling:
cultured glomerular epithelial cells can express IL-6
and IL-6R, whereas in vivo podocytes express gp130
and can activate downstream STAT3 signaling,
potentially mainly through IL-6 trans-signaling [205,
208]. Within this working model, persistent activation
of STAT3 is hypothesized to mediate podocyte
apoptosis, cytoskeletal remodeling, and slit
diaphragm damage, a mechanism that has been
validated in multiple glomerular models [200, 214].
The trans-signaling pathway amplifies inflammatory
effects through the sIL-6R/gp130 axis and is
negatively regulated by soluble gp130 (sgp130). This
mechanism has been confirmed in crescentic
glomerulonephritis [215, 216], suggesting its potential
role in the interstitial inflammation of IMN.
Currently, therapeutic strategies targeting the IL-
6/STAT3 axis have made progress in fields such as
CKD, IgAN, and polycystic kidney disease, but direct
studies on IMN remain limited. Anti-IL-6 inhibitors
such as ziltivekimab [217, 218] have demonstrated
anti-inflammatory effects in patients with advanced
CKD. The IL-6R monoclonal antibody tocilizumab has
also shown clinical efficacy in some cases of Castleman
disease-associated membranous nephropathy [219,
220]. Additionally, JAK inhibitors (e.g., ruxolitinib)
[221], and multi-target intervention strategies, such as
traditional Chinese medicine compounds (e.g., Guiqi
Yishen Granules) [222], provide new directions for the
precision treatment of IMN (Figure 8, Table 1).

5.3.2 CX3CLI/CX3CRI: Recruiters of Local Renal
Inflammation

CX3CL1/CX3CR1 is discussed here as a
contextual pathway of renal immune-cell recruitment
rather than as a core component of the T-B-cell
interaction network. Its direct contribution to
autoreactive T-B-cell cooperation and autoantibody

production in IMN remains insufficiently established.
The CX3C chemokine ligand 1 (CX3CL1, also known

as fractalkine) and its specific receptor, CX3C
chemokine receptor 1 (CX3CR1), form a signaling axis
involved in immune-cell chemotaxis and adhesion, as
well as renal inflammatory and fibrotic remodeling
[223]. CX3CL1 is the only member of the CX3C
subfamily and is expressed in stromal cells,
glomerular cells, and endothelial cells, and is
distributed on the surface of glomerular, renal tubular
epithelial, and mesangial cells [224]. This molecule
anchors to endothelial cell membranes through its
unique tripeptide sequence and mucin-like stalk
structure, exhibiting dual functions as both a
chemokine and an adhesion molecule [225]. CX3CL1
mediates the directed migration of immune cells, such
as T cells, monocytes/macrophages, and natural killer
cells, by binding to CX3CR1, directly capturing these
cells in circulation, and promoting their extravasation
into tissues. CX3CR1 is primarily expressed on the
surface of leukocytes, including monocytes,
lymphocytes, and dendritic cells, where it plays a
specific chemotactic role [226, 227]. In normal kidney
tissue, CX3CL1 expression is minimal or undetectable,
whereas inflammatory stimulation induces its
expression on renal endothelial and tubular epithelial
cells.

Within the proposed working model for IMN,
glomerular endothelial cells may upregulate the
expression of CX3CL1 in response to immune complex
deposition, forming an early signal to recruit
inflammatory cells. Infiltrating CX3CR1* cells are
diffusely distributed, widely present in both the
glomeruli and renal interstitial regions, and their
localization highly correlates with that of T cells and
monocytes/macrophages [228]. This widespread
cross-regional distribution contrasts sharply with
CCR5 (which is primarily enriched in the interstitium,
absent in the glomeruli) and CCR2 (preferentially
distributed in the glomeruli), highlighting the broad
cell recruitment function of CX3CR1 in the early
inflammation of IMN [229]. Experimental frameworks
suggest that CX3CL1 further recruits macrophages to
the glomeruli by binding to CX3CR1 on the surface of
infiltrating monocytes. These macrophages are
hypothesized to polarize into the M2 phenotype and
secrete TGF-P1, which activates the STAT3 signaling
pathway in podocytes, inducing high expression of
type IV collagen (COL4A3/COL4A4) and promoting
the thickening of the glomerular basement membrane
[24].

In addition to its role in early inflammatory
recruitment, the CX3CL1/CX3CR1 axis may also
contribute to renal interstitial fibrosis. This possibility
is supported by the upregulation of CX3CR1 in fibrotic
human kidney tissues and by preclinical evidence
suggesting that CX3CR1 blockade can attenuate renal
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fibrosis progression [230-232].

The therapeutic potential of targeting the
CX3CL1/CX3CR1 axis has been supported in
experimental models of severe glomerular
inflammation. For instance, in crescentic
glomerulonephritis Wistar Kyoto rats, blocking
CX3CR1 reduced proteinuria and glomerular damage,
with effects superior to CCR5 blockade [233, 234]. The
core mechanism lies in CX3CR1’s role in leukocyte
adhesion and extravasation (the initial step of
inflammation), whereas receptors like CCR2/CCR5
regulate  subsequent cell microenvironmental
positioning. This stage-specific action makes CX3CR1
a plausible target for intervening in early
inflammation [229, 233]. In terms of translational
strategies, combining a CX3CR1 antagonist such as
AZD8797 with anti-CD20 therapy may provide a
conceptual framework for targeting complementary
components of the renal immune response: CX3CR1
blockade may reduce CD8" T-cell and macrophage
recruitment and thereby potentially limit local
inflammatory and antigen-presenting activity (Figure
9), whereas anti-CD20 therapy depletes upstream
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CD20* B-cell compartments and may reduce the
generation of new antibody-secreting cells. However,
this proposed combination remains conceptual, and its
relationship to autoreactive T-B-cell cooperation in
IMN requires disease-specific validation.

5.3.3 BCMA CAR-T Therapy: Exploratory Cellular
Ablation

BCMA is mainly expressed on plasmablasts and
plasma cells and is involved in the survival of long-
lived antibody-producing cells. This makes BCMA a
biologically plausible target in refractory IMN, where
persistent anti-PLA2R or anti-THSD7A antibody
production may be maintained by CD20- long-lived
plasma cells that escape conventional anti-CD20
therapy [235]. The main conceptual advance of dual
CD19/BCMA-directed CAR-T therapy is that it may
simultaneously target CD19" B-cell compartments and
BCMA™ downstream antibody-secreting cells, thereby
extending depletion beyond conventional CD20-
directed therapy [160].

Trans-signaling pathways
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Figure 8. Mechanistic model and candidate interventions targeting the IL-6/STAT3 axis in IMN. (1) Classical IL-6 signaling: IL-6 binds to membrane-bound IL-
6R (mIL-6R) and gp130, activating the JAK/STAT3 pathway and thereby contributing to inflammatory amplification, T-cell polarization, B-cell differentiation, Tfh skewing, Treg
suppression, and plasma-cell differentiation and survival. This pathway may also participate in podocyte injury through glomerular—tubular feedback and interstitial inflammation.
IL-6- or IL-6R-targeting agents, including ziltivekimab and tocilizumab, are shown as candidate interventions extrapolated from other renal or inflammatory diseases. (2) IL-6
trans-signaling: IL-6 complexed with soluble IL-6R (sIL-6R) activates gp130-dependent signaling and may amplify inflammatory responses; this mechanism has been implicated
in crescentic glomerulonephritis and provides mechanistic reference for IMN rather than direct disease-specific evidence. (3) Downstream pathway modulation: JAK
inhibitors, such as ruxolitinib, and multi-target candidate approaches, such as Guigi Yishen Granules, may suppress downstream JAK/STAT3 activation, but their application in
IMN remains exploratory and requires disease-specific validation. Created with BioRender.com. Abbreviations: IMN, idiopathic membranous nephropathy; IL-6, interleukin-
6; mIL-6R, membrane-bound IL-6 receptor; sIL-6R, soluble IL-6 receptor; gp130, glycoprotein 130; STATS3, signal transducer and activator of transcription 3; JAK, Janus

kinase; Tth, follicular helper T cell; Treg, regulatory T cell.
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Figure 9. Mechanistic model and candidate intervention targeting the CX3CLI/CX3CRI axis in IMN. (1) Renal CX3CLI expression and leukocyte
recruitment: In the proposed IMN inflammatory microenvironment, immune-complex deposition and inflammatory stimulation may induce CX3CLI expression in renal
resident cells, particularly endothelial and tubular epithelial cells. The CX3CLI-CX3CRI1 interaction mediates the adhesion, capture, and tissue extravasation of CX3CRI*

circulating leukocytes, including monocytes, lymphocytes, and dendritic cells.

(2) Macrophage-podocyte crosstalk and GBM remodeling: Recruited

monocytes/macrophages may polarize toward an M2-like phenotype and secrete TGF-B1, which can activate STAT3 signaling in podocytes. This pathway may promote
COL4A3/COL4A4 upregulation and contribute to glomerular basement membrane (GBM) thickening. (3) Candidate therapeutic targeting: Pharmacological blockade of
CX3CRI, represented by AZD8797, is shown as an exploratory strategy that may reduce leukocyte infiltration, macrophage recruitment, and downstream inflammatory-
fibrotic remodeling; its therapeutic relevance in IMN remains mechanistic and requires disease-specific validation. Created with BioRender.com. Abbreviations: IMN,
idiopathic membranous nephropathy; CX3CLI1, C-X3-C motif chemokine ligand 1; CX3CRI, C-X3-C motif chemokine receptor 1; TGF-B1, transforming growth factor-
beta I; STATS3, signal transducer and activator of transcription 3; COL4A3/COL4A4, collagen type IV alpha 3/alpha 4 chain; GBM, glomerular basement membrane.

In MN, a BCMA-containing CAR-T strategy has
entered early clinical exploration, as one registered
AIKD trial includes MN and evaluates dual
CD19/BCMA CAR-T therapy [235, 236]. However,
published MN-specific efficacy data are not yet
available. In parallel, antigen-specific CAAR-based
strategies incorporating PLA2R1 or THSD7A domains
have shown in vitro elimination of corresponding
autoantibody-secreting cells, suggesting a more
selective approach to pathogenic B-cell targeting [237].
However, because MN is typically not rapidly
progressive, does not usually require lifelong or
continuous immunosuppression, often affects an older
population, LLPC-directed depletion may
compromise protective humoral immunity, and only a

subset of patients are truly refractory, CAR-T
approaches are not currently considered to address a
broad unmet clinical need in most patients with MN.
BCMA-based CAR-T strategies should therefore
remain early exploratory approaches, potentially
limited to exceptional patients with severe nephrotic
syndrome refractory to anti-B-cell therapy and
cyclophosphamide/glucocorticoid-based  regimens
[160].

5.3.4 Treg-Targeted Immunomodulation: An
Exploratory Strategy for Tolerance Restoration

IMN pathogenesis also involves impaired
immune tolerance. As key mediators of peripheral
tolerance, Treg cells are reduced in patients with IMN,
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accompanied by decreased FOXP3 expression and
Th17/Treg imbalance [39, 238]. These findings
provide a rationale for considering Treg expansion or
functional restoration as a complementary strategy to
pathogenic B-cell or plasma-cell depletion. However,
no Treg-targeted therapy has been established for MN.
Recent experimental studies suggest that engineered
IL-2 muteins can selectively expand functional Tregs
without broad effector T-cell activation; in a passive
Heymann nephritis model resembling MN-like
disease, once-weekly subcutaneous STS718 alleviated
proteinuria, hypoalbuminemia, hypercholesterolemia,
and mild renal dysfunction, accompanied by reduced
nephrin loss, foot process effacement, GBM
thickening, and C5b-9 deposition [239]. Low-dose IL-2
has also shown preliminary signals of clinical efficacy
and tolerability in autoimmune diseases such as SLE,
accompanied by Treg expansion, but this should be
interpreted as cross-disease supportive evidence
rather than direct evidence for IMN [240, 241].
Therefore, Treg-targeted immunomodulation remains
a hypothesis-generating strategy requiring disease-
specific validation.

6. Conclusion

The understanding of the immunopathogenesis
of IMN has expanded to integrate the traditional
“antibody-centric theory” with an explanatory
framework in which imbalance of the T-B-cell
interaction network may act as an upstream regulatory
and amplifying process. Within the proposed “dual-
axis dysregulation” model, enhanced Tfh-B-cell help,
including Tfh2/Tfh17-associated IL-21/I1COS/CD40L
signaling, and impaired Tfr/Breg-mediated restraint
may together support persistent anti-
PLA2R/THSD7A autoantibody production and
subsequent podocyte injury. This framework should
therefore be regarded as hypothesis-generating rather
than as a confirmed causal pathway. It complements,
rather than replaces, the established antibody-
complement-podocyte injury paradigm and may help
contextualize the current therapeutic bottleneck: B-
cell-targeted therapies such as rituximab do not
directly eliminate long-lived plasma cells (LLPCs) or
fully restore immune tolerance, which may contribute
to incomplete response, persistent autoantibody
production, or relapse in a subset of high-risk or
refractory patients. This mechanistic grouping does
not imply comparable clinical readiness; the relevance
of each intervention should be interpreted according
to its disease specificity and evidence maturity.
Precision therapeutic strategies can be conceptually
grouped into three major directions: (1) targeting co-
stimulatory signaling pathways (e.g., anti-ICOS
antibodies, agents targeting the CD40-CD40L axis, or

dual CD28/ICOS antagonists like ALPN-101) to
theoretically disrupt the pathogenic Tth-B cell axis; (2)
remodeling the cytokine network (e.g., exploring
BAFF/APRIL dual inhibitors like Telitacicept
alongside B-cell depletion to potentially mitigate
relapse risk, and IL-6/STAT3 antagonists to evaluate
their role in inhibiting Tfh polarization and podocyte
damage); and (3) targeting terminal effector cells (e.g.,
evaluating BCMA CAR-T or the anti-CD38 antibody
Daratumumab as exploratory approaches to deplete
LLPCs). Overall, the potential upstream role of the T-
B cell interaction network provides an emerging
mechanistic framework for IMN, but translating these
mechanistic insights into clinical practice remains a
promising direction that requires prospective
validation. Future efforts should focus on multi-omics
techniques, particularly single-cell sequencing
analysis of local T-B cell clonal interactions in the
kidneys, develop kidney-targeted delivery systems,
and explore a sequential therapeutic model of “signal
blockade - tolerance restoration - plasma cell
eradication,” driving the transformation of IMN from
generalized immune suppression to network precision
regulation. Related advances in adjacent glomerular
diseases,  including  genetic  risk-score-based
stratification in IgA nephropathy and single-
cell/machine-learning analyses in lupus nephritis,
further support the value of integrating molecular
profiling into precision nephrology; however, IMN-
specific validation remains essential [245-247].

7. Limitations

Despite current advances in understanding the T-
B cell interaction network, several critical limitations
must be acknowledged. First, there remains a
significant translational gap between established
animal models and human IMN pathology.
Historically, foundational mechanistic insights have
heavily relied on the passive Heymann nephritis
model, which is induced by heterologous antibody
injection and fails to fully recapitulate the
spontaneous, T-cell-dependent immune complex
formation characteristic of human in = situ
autoimmunity. Second, although IMN-specific studies
support individual components of the dual-axis
model, the integrated framework has not yet been
validated through antigen-specific, tissue-resolved,
and longitudinal analyses. Future studies combining
PLA2R/THSD7A-specific lymphocyte assays, paired
blood-kidney profiling, immune-receptor
clonotyping, and serial immune and serological
measurements are needed to determine whether these
immune states are directly linked to autoantibody
persistence, treatment resistance, or relapse. Third,
translating these pathophysiological findings into
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clinical success is heavily hindered by the challenge of
clearing LLPCs. These terminally differentiated cells
often reside in specialized protective survival niches
within the bone marrow and inflamed renal tissues,
rendering them highly refractory to conventional B-
cell depleting agents like rituximab. Overcoming these
niche-mediated protections to effectively eradicate
LLPCs remains a formidable therapeutic bottleneck.
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