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Abstract
Background and objective  Due to the suboptimal therapeutic efficacy and potential adverse effects associated with traditional 
immunosuppressive medications, there has been an increasing emphasis on the development and utilization of immuno-
therapies. This paper aims to provide clinicians with valuable insights for selecting appropriate therapeutic approaches and 
contribute to the development of novel immunotherapeutic drugs.
Main body  This paper categorizes the immunotherapeutic drugs that are used for the treatment of immune-mediated glo-
merular diseases into three groups: immunotherapies targeting antigen-presenting cells (anti-CD80), immunotherapies tar-
geting T/B cells (anti-CD20, anti-CD22, BAFF and APRIL inhibitors, CD40-CD40L inhibitors, proteasome inhibitors, Syk 
inhibitors, and Btk inhibitors), and immunotherapies targeting the complement system (C5 inhibitors, C5a/C5aR inhibitors, 
C3 inhibitors, MASP2 inhibitors, factor B inhibitors, and factor D inhibitors). The article then provides a comprehensive 
overview of advances related to these immunotherapeutic drugs in clinical research.
Conclusion  Certain immunotherapeutic drugs, such as rituximab, belimumab, and eculizumab, have exhibited notable effi-
cacy in treating specific immune-mediated glomerular diseases, thereby providing novel therapeutic approaches for patients. 
Nonetheless, the efficacy of numerous immunotherapeutic drugs remains to be substantiated.
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Background

The human immune system plays a crucial role in the occur-
rence and progression of various renal diseases, including 
immune-mediated glomerular diseases. When the immune 
system is abnormally activated due to multiple stimuli, it 
triggers the activation of both innate and adaptive immu-
nity, leading to glomerular injury. Immune-mediated glo-
merular diseases can cause a series of symptoms, such as 
albuminuria, hematuria, and renal dysfunction. Without 
active intervention, the majority of cases will progress to 
end-stage renal disease. The current treatment options for 
immune-mediated glomerular diseases primarily involve 
supportive care and the use of traditional immunosuppres-
sive agents such as glucocorticoids (GCs), alkylating agents, 

calcineurin inhibitors (CNIs), and mycophenolate mofetil 
(MMF). However, these therapeutic measures are nonspe-
cific, and their efficacy is sometimes not ideal. Moreover, 
long-term use of traditional immunosuppressive agents tends 
to cause many serious side effects [1]. Fortunately, immuno-
therapeutic drugs such as rituximab have given patients new 
hope as the pathogenesis of immune-mediated glomerular 
diseases has begun to be better understood. Since rituximab 
was successfully used in the treatment of renal diseases, 
various immunotherapeutic drugs have emerged and are 
being investigated for the treatment of immune-mediated 
glomerular diseases. Therefore, this article aims to offer cli-
nicians valuable insights for selecting appropriate therapeu-
tic approaches and contribute to the development of novel 
immunotherapeutic drugs.
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Immune response processes

Immune-mediated glomerular diseases are primarily 
caused by immune abnormalities, and factors involved in 
adaptive immunity, including cellular and humoral immu-
nity, interact with innate immune factors to mediate kidney 
injury [2]. In cellular immunity, T cell antigen receptors 
(TCRs) recognize and bind to the specific peptide-major 
histocompatibility complex (pMHC) presented by antigen 
presenting cells (APCs) to produce the first signal, while 
CD80/CD86 on the surface of APCs binds to CD28 on the 
surface of T cells to provide the second signal to T cells. 
Simultaneously, the cytokines secreted by activated APCs 
provide the third signal to T cells, which along with the 
first and second signals, induces T cell activation, prolif-
eration, and differentiation. Activated T cells express the 
costimulatory molecule CD40L, which can bind to CD40 
on the surface of APCs, thus inducing APC activation and 
the expression of more costimulatory molecules. These 
costimulatory molecules bind to corresponding receptors 
on the T-cell surface to further promote T cell prolifera-
tion. Activated CD4+ T cells differentiate into helper T 
(Th) lymphocyte subsets with different functions. Recent 

studies have demonstrated the close associations among 
the Th1, Th2, and Th17 cell subsets and the pathogenesis 
of immune-mediated glomerular diseases [3]. In addi-
tion to cellular immunity, humoral immunity also plays 
a crucial role in mediating the occurrence and progres-
sion of immune-mediated glomerular diseases. In humoral 
immunity, B-cell antigen receptors (BCRs) recognize 
and bind specific antigenic epitopes to initiate the first 
signal for B-cell activation; then activate T cells highly 
express CD40L, which binds to CD40 on the surface of B 
cells to provide the second signal. A variety of cytokines 
secreted by T cells provide the third signal, and the three 
signals together induce B-cell activation, proliferation, 
and differentiation, with some B cells differentiating into 
plasma cells, which in turn secrete pathogenic antibodies 
that cause kidney injury, and other B cells differentiating 
into memory B cells, which may exert lasting pathogenic 
effects (Fig. 1). Furthermore, innate immune components 
such as neutrophils, macrophages, natural killer cells and 
the complement system also play essential roles in the 
occurrence and development of immune-mediated glo-
merular diseases [4, 5].

Immunotherapy is a new type of therapy that sup-
presses or activates the immune response involved in 

Fig. 1   Immune response process and targets of immunotherapies in T/B cells and antigen-presenting cells
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immune-mediated glomerular diseases by targeting specific 
components of the immune response. In this way, immuno-
therapy effectively prevents the kidney damage caused by a 
persistent immune response. This paper divides immuno-
therapeutic drugs into three categories based on their targets: 
(1) immunotherapies targeting APCs, (2) immunotherapies 
targeting T/B cells, and (3) immunotherapies targeting the 
complement system.

Immunotherapies targeting APCs

Anti‑CD80

CD80, also known as B7-1, is a transmembrane protein 
typically expressed on the surface of APCs and B cells. On 
APCs, CD80 binds to the receptor CD28 on T cells, provid-
ing an indispensable signal for T cell activation. CD80 can 
also bind to the receptor CTLA-4 on T cells, limiting T-cell 
activation and proliferation [6]. Abatacept, a recombinant 
fusion protein targeting CD80, consists of the extracellu-
lar structural domain of human CTLA4 and part of the Fc 
structural domain of human IgG1. This CTLA4 immuno-
globulin molecule competes with CD28 to bind CD80/86 
on the APC surface, inhibiting T-cell activation and T-cell-
dependent B-cell activation by blocking the interactions 
between CD28 and CD80/86. At the same time, abatacept 
decreases the levels of various cytokines, including TNF-α, 
IL-2, IL-4, IL-5, IL-6, and IFN-γ [7]. Abatacept can also 
inhibit the formation of T follicular helper cells and induce 
the transformation of naive T cells into regulatory T cells 
(Tregs) [8]. Thus, abatacept has a potential therapeutic role 
in immune-mediated glomerular diseases.

Abatacept is being studied for the treatment of lupus 
nephritis (LN). Although a multicenter phase 2/3 RCT of 
abatacept combined with MMF and GCs failed to reach the 
primary endpoint, the time to confirmed complete response, 
it did show that treatment with abatacept was associated 
with improved levels of anti-dsDNA antibodies, comple-
ment, and urinary protein, which supported further evalua-
tion of abatacept for the treatment of LN [9]. A subsequent 
study of abatacept combined with cyclophosphamide (CTX) 
still failed to meet the primary endpoint [10]. Meanwhile, a 
phase 3 clinical trial of abatacept on a background of MMF 
(ALLURE) also showed no statistically significant differ-
ence in efficacy and safety between the abatacept group 
and control group. However, abatacept-treated patients had 
more rapid improvements in proteinuria, leading to an ear-
lier, sustained complete response [11]. Thus, more research 
is required to clarify the effect of abatacept on LN patients. 
Additionally, a case report documented the successful use 

of abatacept for the treatment of five patients with focal seg-
mental glomerulosclerosis (FSGS) (four patients with post-
transplant recurrent FSGS and one with primary FSGS); 
partial or complete remission of proteinuria was induced 
in these patients [12], which provided support for subse-
quent clinical trials of abatacept for the treatment of FSGS. 
A phase 2 pilot RCT evaluating the safety and efficacy of 
abatacept in the treatment of severe albuminuria caused by 
FSGS and minimal change nephropathy (MCD) has been 
completed. However, the relevant data have not yet been 
made public. It is believed that these data will give us a 
better understanding of the effects of abatacept on FSGS.

Immunotherapies targeting T/B cells

Anti‑CD20

CD20 is a non-glycosylated protein expressed on the surface 
of B cells and a general surface marker expressed by most 
B cells from pre-B lymphocytes onwards, but its expres-
sion is absent in plasma mother cells and plasma cells. 
CD20 participates in BCR signal transduction and affects 
the phosphorylation of BCR-linked kinases and proteins, 
such as LYN, SYK, GAB1, and ERK, which are necessary 
for effective BCR signal transduction. CD20 deficiency can 
decrease the number of circulating memory B cells, antibody 
class switching, and IgG levels [13]. Therefore, CD20 has 
become a significant target for treating immune-mediated 
glomerular diseases.

Rituximab, the most widely used anti-CD20 monoclonal 
antibody, is the first biologic agent for the treatment of kid-
ney disease. It works by targeting and eliminating CD20+ 
B cells through various mechanisms, including antibody-
dependent cellular cytotoxicity (ADCC), antibody-depend-
ent cell-mediated phagocytosis (ADCP), and complement-
dependent cytotoxicity (CDC). Rituximab has been widely 
used in the treatment of various immune-mediated glomeru-
lar diseases, such as membranous nephropathy (MN), FSGS, 
MCD, LN, IgA nephropathy (IgAN), and anti-neutrophil 
cytoplasmic antibody-associated vasculitides (AAVs) [14]. 
Newer-generation anti-CD20 monoclonal antibodies based 
on rituximab, including ocrelizumab, ofatumumab, and 
Obinutuzumab, have been developed. Overall, rituximab is 
the most commonly used anti-CD20 monoclonal antibody. 
Rituximab is usually chosen first in clinical trials conducted 
to explore the efficacy of anti-CD20 monoclonal antibodies. 
When rituximab proved to be ineffective, next-generation 
anti-CD20 monoclonal antibodies were considered as a 
new option. However, there is currently a lack of clinical 



4094	 Clinical and Experimental Medicine (2023) 23:4091–4105

1 3

trials comparing the efficacy of rituximab and next-gener-
ation anti-CD20 monoclonal antibodies in the treatment of 
diseases for which anti-CD20 monoclonal antibodies have 
established effects, although some trials of other diseases, 
such as lymphocytic leukemia and follicular lymphoma, 
have confirmed the superiority of the next-generation anti-
CD20 monoclonal antibodies over rituximab [15, 16]. 
Because next-generation anti-CD20 monoclonal antibodies 
are humanized, doctors may consider replacing rituximab 
with the new anti-CD20 monoclonal antibodies for patients 
with a rituximab allergy.

Rituximab is particularly prominent in the treatment of 
MN, and its efficacy and safety have been demonstrated 
by several clinical trials [17–20]. Therefore, it has been 
used extensively around the globe and is presently recom-
mended as the first-line treatment for idiopathic membra-
nous nephropathy in the Kidney Disease: Improving Global 
Outcomes (KDIGO) guidelines [21]. Many patients with 
MN have greatly benefited from anti-CD20 monoclonal anti-
bodies, especially those who did not respond to traditional 
immunosuppressants.

However, there are still some contradictory reports on 
rituximab in the treatment of IgAN. Although some case 
reports have reported its potential therapeutic effects [22], 
a multicenter RCT revealed that rituximab was unable to 
significantly lower urinary protein levels or protect renal 
function in patients with IgAN and failed to lower serum lev-
els of galactose-deficient IgA1 and anti-galactose-deficient 
IgA1 antibodies [23]. Therefore, RCTs with a large sample 
size are required to further prove its efficacy. Rituximab and 
renin–angiotensin–aldosterone system (RASS) inhibitors are 
being used to treat IgAN in a multicenter RCT (RITA study, 
NCT04525729) in China.

The effectiveness of rituximab in the treatment of 
FSGS and MCD lacks strong support from high-quality 
evidence. Several retrospective studies have shown that 
rituximab can effectively decrease the frequency of relapse 
and the need for traditional immunosuppressants, which 
suggests that rituximab is a potentially effective thera-
peutic agent [24–28]. A prospective study (the NEMO 
study) also reached a similar positive result [29], while 
another small prospective study indicated that rituximab 
had little impact in the treatment of FSGS patients [30]. 
Overall, all of these studies are either retrospective or non-
randomized controlled trials, which cannot provide suf-
ficient evidence for the efficacy of rituximab in the treat-
ment of FSGS and MCD. Therefore, to further validate 
the precise therapeutic effects of rituximab, large-scale 
prospective multicenter RCTs are needed. Three RCTs 
(TURING (EudraCT:2018–004611-50), RIFIREINS 

(NCT03970577), and NCT03298698) are now in progress 
and may provide valuable data.

Multiple observational studies suggested that rituximab 
could be an effective and safe alternative for treating LN 
[31–34], but a multicenter phase 3 RCT revealed that rituxi-
mab yielded no clinical improvement in LN patients [35]. 
Some studies have demonstrated that rituximab-induced 
B-cell depletion can increase the levels of B-cell activating 
factor (BAFF) and trigger the production of autoantibod-
ies, which could accelerate the progression of the disease 
[36]. Based on this research theory, rituximab combined 
with belimumab, which targets BAFF, has been investigated 
for the treatment of LN. However, compared to rituximab 
alone, this combination therapy did not exhibit significantly 
increased clinical efficacy [37]. Obinutuzumab, a humanized 
type II anti-CD20 monoclonal antibody, has a distinct mode 
of binding to the CD20 antigen and a greater affinity for the 
Fcγ receptor on effector cells, which gives obinutuzumab 
several advantages over rituximab in depleting B cells. A 
multicenter phase 2 RCT showed improvements in overall 
renal remission and serological indexes reflecting disease 
activity in patients with proliferative LN who were treated 
with obinutuzumab [38]. A multicenter double-blind phase 
3 RCT is currently being performed to further evaluate the 
efficacy of obinutuzumab for the treatment of LN.

Rituximab has been shown in numerous RCTs to have 
efficacy similar to that of cyclophosphamide and azathio-
prine in the treatment of AAVs [39–41]. Consequently, 
rituximab has been recommended as a standard treatment for 
inducing and maintaining remission of AAVs in the KDIGO 
guidelines and a preferred option for reinduction therapy 
in patients with relapsing AAVs [21]. Both the FDA and 
EMA have approved AAVs as an indication for rituximab. 
Next-generation CD20 monoclonal antibodies are also being 
used, but thorough research demonstrating their therapeutic 
advantages over rituximab is still lacking [42].

Due to the rarity of anti-glomerular basement membrane 
(anti-GBM) disease, there has been no RCT to verify the 
therapeutic effect of anti-CD20 monoclonal antibodies. 
Some case reports and small retrospective studies have 
reported that rituximab has a clear effect [43–46], which 
means that it has potential as a novel treatment alternative 
for anti-GBM disease.

Anti‑CD22

CD22 is a type I transmembrane sialic acid glycoprotein 
belonging to the immunoglobulin superfamily. It is specifi-
cally expressed in B lymphocytes. The expression level of 
CD22 varies during the development of B lymphocytes. 
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Initially, it is expressed at a low level in the cytoplasm of 
pro-B cells and pre-B cells. However, it translocates to the 
cell surface as B cells mature and becomes highly expressed 
in mature B cells. Eventually, it is absent on the surface of 
plasma mother cells and plasma cells [47]. As the inhibitory 
coreceptor of BCR, CD22 plays a key role in the develop-
ment and survival of B cells and is thought to be a crucial 
component of humoral immune system regulation [48].

Epratuzumab is a humanized anti-CD22 monoclonal 
antibody that can downregulate BCR signaling by binding 
to CD22 and inducing CD22 phosphorylation, leading to 
cell death [49]. It also downregulates CD19, CD79β, and 
CD21 on the B-cell surface, raising the BCR threshold and 
further reducing the BCR signal [50]. Moreover, epratu-
zumab can regulate immunity by inhibiting the production of 
pro-inflammatory cytokines such as TNF and IL-6 without 
affecting the production of anti-inflammatory cytokines such 
as IL-10 [51, 52]. Therefore, epratuzumab is a very impor-
tant biological agent targeting B cells. It is currently mainly 
used to treat LN. Although an open-label trial and two phase 
2 RCTs confirmed its efficacy and safety in treating systemic 
lupus erythematosus (SLE) [53–56], two phase 3 clinical 
trials lasting 48 weeks demonstrated that epratuzumab did 
not improve the remission rate of the disease [57]. Notably, 
epratuzumab decreased the number of peripheral B cells 
compared with that in the control group in the above clinical 
trials. Thus, further experimental investigation is needed to 
explore epratuzumab’s potential in treating immune-medi-
ated glomerular diseases.

Inhibitors of BAFF and a proliferation‑inducing 
ligand (APRIL)

Both BAFF and APRIL are members of the tumor necrosis 
factor superfamily, and BAFF is also known as B lympho-
cyte-stimulating factor (BLyS). They share two receptors, 
namely, transmembrane activator and cyclophilin ligand 
interactor (TACI) and B-cell maturation antigen (BCMA). 
Furthermore, BAFF can bind to B-cell activating factor 
receptor (BAFFR). BAFF is mainly produced by neutrophils, 
monocytes, and macrophages [58]. It plays significant roles 
in B-cell survival, differentiation, maturation, antibody pro-
duction and class switching [59]. In addition to its effect on 
B cells, studies have shown that BAFF can promote T cell 
activation, proliferation, and differentiation [60]. BAFF and 
APRIL are overexpressed in some autoimmune diseases, 
such as SLE, suggesting their potential involvement in the 
pathogenesis of these diseases [61].

When BAFF/APRIL inhibitors bind to BAFF/APRIL, 
they stop them from binding to their receptors, which 

reduces B-cell survival and prevents B cells from differ-
entiating into plasma cells that produce antibodies. BAFF/
APRIL inhibitors are currently utilized to treat various 
immune-mediated glomerular diseases, such as LN, MN, 
IgAN, and AAVs. Belimumab, a monoclonal antibody tar-
geting BAFF, is the first approved BAFF inhibitor. Three 
multicenter double-blind phase 3 RCTs have confirmed its 
efficacy and safety in patients with SLE [62–64]. At the same 
time, a multicenter double-blind phase 3 RCT demonstrated 
that belimumab can protect renal function and minimize the 
risk of disease flares in LN patients [65]. Therefore, beli-
mumab has been approved by the FDA and EMA to treat LN 
and SLE. It provides a new treatment option for LN patients 
and is being widely used in clinical settings, providing sig-
nificant help to many LN patients. Another BAFF/APRIL 
inhibitor is atacicept, a chimeric recombinant fusion protein. 
It was found to reduce disease activity and severe exacerba-
tions in SLE patients in a phase 2b clinical trial. The exten-
sion trial revealed that long-term use of atacicept is associ-
ated with long-lasting efficacy and a tolerable safety profile 
[66, 67]. Therefore, additional large-scale, well-designed 
clinical trials are needed to validate atacicept’s efficacy in 
the treatment of LN.

It is also important to note that further research is needed 
to clarify the efficacy of BAFF/APRIL inhibitors in patients 
with AAVs because a multicenter double-blind phase 3 RCT 
showed that the addition of belimumab during the remis-
sion maintenance phase of AAVs did not reduce the risk of 
relapse [68]. Furthermore, some studies found that BAFF/
APRIL inhibitors could decrease the level of proteinuria in 
patients with IgAN and MN, which highlights the need for 
further clinical studies to explore the efficacy and safety of 
BAFF/APRIL inhibitors in patients with IgAN and MN [69, 
70].

CD40/CD40L inhibitors

CD40 is a transmembrane surface receptor that belongs 
to the tumor necrosis factor receptor superfamily and is 
expressed on various immune and nonimmune cells. Its 
ligand is CD40L. The interaction between CD40 and CD40L 
plays an important role in regulating humoral and cellular 
immunity [71, 72]. It is essential for B-cell proliferation and 
differentiation, the production of high-affinity antibodies, 
antibody class switching, costimulatory activity, and the 
activation of macrophages, dendritic cells and neutrophils. It 
can also regulate Th1 differentiation, CD8+ cytotoxic T lym-
phocyte (CTL) activation, and memory CTL maintenance 
[73]. According to some studies, abnormal CD40-CD40L 
signal transduction may contribute to the initiation and 
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maintenance of the autoimmune response [74]. Therefore, 
CD40/CD40L inhibitors have the potential to treat autoim-
mune disorders by inhibiting the CD40 signaling pathway 
and inactivating immune cells.

CD40/CD40L inhibitors have primarily been researched 
for treating LN. Numerous animal studies have revealed that 
CD40/CD40L inhibitors can successfully reduce proteinuria 
and lengthen survival in mice with LN, as well as delay and 
reduce illness flares in mice prone to LN. Additionally, a 
study found a strong link between the pathogenesis of LN 
and the CD40-CD40L signaling pathway [75]. Ruplizumab 
(BG9588), a first-generation CD40/CD40L inhibitor, was 
the subject of a multicenter open-label phase 1/2 trial for the 
treatment of LN, but the trial was prematurely stopped due 
to thromboembolic events. Preliminary data from the trial 
showed that ruplizumab can reduce anti-dsDNA antibody 
titres and decrease haematuria, indicating its therapeutic 
potential [76]. However, a multicenter double-blind phase 
2 RCT found no significant difference between IDEC-131, 
another first-generation CD40/CD40L inhibitor, and placebo 
in patients with SLE [77]. And all clinical trials of IDEC-
131 were stopped due to thromboembolic events in a trial 
for the treatment of Crohn’s disease [78]. Later, research-
ers developed second-generation CD40/CD40L inhibitors, 
such as dapirolizumab pegol (CDP7657), BI 655064, and 
iscalimab (CFZ533), to prevent thromboembolic events. A 
multicenter double-blind phase 1 RCT demonstrated that 
dapirolizumab pegol was safe in SLE patients and improved 
the condition of patients [79]. However, a subsequent mul-
ticenter double-blind phase 2 RCT was unsuccessful in 
achieving the primary end point [80]. Therefore, additional 
research is needed to explore the clinical effects of dapiroli-
zumab pegol. Meanwhile, the results of a multicenter dou-
ble-blind phase 2 RCT to assess BI655064 in the treatment 
of LN (NCT02770170) have not yet been announced, and 
another study to assess the effects of iscalimab (CFZ533) 
(NCT03610516) is now being conducted. Data from these 
trials will improve our greater understanding of the thera-
peutic effects of CD40/CD40L inhibitors in LN.

Proteasome inhibitors

The proteasome–ubiquitin system, a tightly regulated protein 
degradation system, plays critical roles in many important 
biological processes, including MHC-mediated antigen pres-
entation, cytokine and cell cycle regulation, and apoptosis. 
By controlling the degradation of key proteins, this system 
significantly influences the development and progression of 
autoimmune diseases [81]. Proteasome inhibitors can cause 
many misfolded proteins to accumulate in the plasma cell 

endoplasmic reticulum, thus activating the unfolded protein 
response signaling pathway and eventually leading to plasma 
cell cycle arrest and apoptosis [82]. Plasma cell apoptosis 
causes a reduction in pathogenic autoimmune antibody lev-
els. In addition, studies have demonstrated that proteasome 
inhibitors can selectively target pro-inflammatory cytokines 
and their receptors, as well as interfere with intracellular 
signaling pathways within pro-inflammatory immune effec-
tor cells, which ultimately inhibits autoimmune responses 
[81]. Hence, the proteasome is a promising therapeutic target 
for the treatment of immune-mediated glomerular diseases.

Bortezomib, a proteasome inhibitor, has been widely used 
in clinical practice and is currently being investigated for 
the treatment of LN and IgAN. Several case reports and 
retrospective studies have provided evidence for the use of 
bortezomib in the treatment of refractory LN [83–86]. Two 
small prospective noncontrolled studies further confirmed 
that bortezomib was able to reduce proteinuria, protect renal 
function, and decrease autoantibody titres in patients with 
refractory LN [87, 88]. A multicenter double-blind phase 
2 RCT conducted in Japan demonstrated improvements in 
the symptoms of bortezomib-treated patients, such as joint 
inflammation and rash, but the bortezomib group did not 
exhibit decreased levels of anti-dsDNA antibodies compared 
with the placebo group and was prone to side effects, such 
as fever, headache, facial swelling, liver dysfunction, and 
thrombocytopenia [89]. Therefore, bortezomib should only 
be used as an unconventional treatment for LN patients, and 
care should be taken to avoid its side effects. Meanwhile, 
a small prospective uncontrolled study verified that bort-
ezomib could reduce proteinuria in IgAN patients who pos-
sessed an Oxford classification T score of 0 and retained 
normal renal function [90], but further confirmation from 
randomized controlled studies is still lacking. There is also 
evidence from multiple case reports indicating that bort-
ezomib has potential for the treatment of AAVs and MN 
[91–93]. Consequently, it is recommended that further RCTs 
be conducted to investigate the efficacy of bortezomib in 
these diseases.

Spleen tyrosine kinase (Syk) inhibitors

Syk is a 72 kDa cytoplasmic nonreceptor protein tyros-
ine kinase expressed in various cell types, such as B cells, 
immature T cells, mast cells, neutrophils, macrophages, and 
platelets. The transduction of B-cell receptor (BCR) and Fc 
receptor initiation signals is heavily reliant on Syk [94]. 
Syk-mediated BCR signaling is indispensable for B-cell 
maturation and survival, and Syk-deficient B cells stagnate 
at the pre-B-cell stage [95]. Recent preclinical and clinical 
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studies have confirmed that Syk is involved in the patho-
genesis of proliferative glomerulonephritis, including anti-
GBM disease, LN, and IgAN [96]. Inhibiting Syk activity 
may prevent the production of pathogenic autoantibodies 
and inhibit the production of pro-inflammatory cytokines in 
immune-mediated glomerular diseases [97]. Thus, Syk has 
emerged as a promising therapeutic target for the treatment 
of immune-mediated glomerular diseases.

Fostamatinib, a small molecule Syk inhibitor, is currently 
under investigation for the treatment of IgAN. A multicenter 
double-blind phase 2 RCT (NCT02112838) was conducted 
to evaluate the efficacy and safety of fostamatinib in the 
treatment of IgAN, but the results have not yet been pub-
lished. The preliminary data showed that fostamatinib failed 
to reduce proteinuria in IgAN patients, but a subgroup analy-
sis indicated that fostamatinib may benefit IgAN patients 
who exhibit high levels of proteinuria at baseline [98]. This 
finding provides favorable evidence supporting further clini-
cal trials.

Bruton tyrosine kinase (Btk) inhibitors

Btk is a cytoplasmic nonreceptor protein tyrosine kinase in 
the Tec family that is expressed in a variety of immune cells, 
including monocytes, macrophages, basophils, mast cells, 
and B cells. Btk is an essential component of the immune 
response, as it regulates signals downstream of the BCR, the 
Fc receptor, and Toll-like receptors [99, 100]. Btk inhibitors 
can affect the survival of B cells by inhibiting BCR signals, 
thus reducing the production of autoantibodies [101]. Fur-
thermore, it can regulate signal transduction mediated by 
Toll-like and Fc receptors to mitigate the damage caused 
by autoantibody deposition in tissue [102, 103]. It can also 
influence other immune cells, such as by influencing the 
production of cytokines and inflammatory mediators [99], 
neutrophil recruitment [104], the maturation and function 
of dendritic cells [105], the activation of NK cells [106], 
and the function of T cells[107]. Considering Btk’s signifi-
cant influence on diverse cellular signaling pathways and 
its involvement in both adaptive and innate immunity, it is 
regarded as a crucial target for the treatment of autoimmune 
diseases.

To date, Btk inhibitors have mainly been investigated for 
the treatment of LN. Several animal experiments have been 
conducted to illustrate the efficacy of Btk inhibitors in reduc-
ing autoantibody titres, alleviating proteinuria, and delaying 
renal injury in mice with LN [101, 108–110], which pro-
vides a theoretical basis for the initiation of clinical trials. 
Unfortunately, the therapeutic efficacy observed in animal 
trials has not been consistently replicated in clinical trials. 
Two multicenter double-blind phase 2 RCTs showed that 
Btk inhibitors (evobrutinib, fenebrutinib) had no significant 
impact compared with the placebo, and the trials failed to 

reach the primary endpoint [111, 112]. Several other clinical 
trials evaluating the efficacy of multiple Btk inhibitors for 
the treatment of LN are currently underway, and hopefully, 
positive results will be reported in the future.

Immunotherapies targeting the complement 
system

The complement system is not only the central compo-
nent of innate immunity but also the bridge between innate 
immunity and the adaptive immune response. It can be 
activated in three ways: the classical pathway, lectin path-
way and alternative pathway. In the classical pathway, the 
Fc fragment of the immune complex binds to Clq and then 
activates C1r, C1s, C4, C2 and C3 to form C3 invertase. In 
the lectin pathway, mannose binds lectin or fibrinogen to 
recognize the sugar structure on the surface of the patho-
gen and then activates mannan-binding lectin-associated 
serine protease (MASP) to form C3 invertase. In the alter-
native pathway, factor B binds to C3b on the surface of 
microorganisms and forms C3 invertase with the help of 
factor D and properdin. C3 invertase is further activated 
to form C5 invertase, which cleaves C5 into C5a and C5b. 
Eventually, C5b binds to C6-C9 to form the membrane 
attack complex (MAC), which mediates cytolysis (Fig. 2). 
Incorrect activation or dysregulation of the complement 
cascade can lead to the destruction of host cells. Com-
plement activation has been confirmed to be involved in 
the occurrence and progression of many renal diseases, 
such as atypical hemolytic uremic syndrome (aHUS), C3 
glomerulonephritis (C3GN), AAVs, IgAN, LN, and MN. 
Therefore, the inhibition or regulation of the complement 
system has been considered a promising treatment strategy 
for immune-mediated glomerular diseases for many years. 
To date, a variety of drugs have been developed, but their 
clinical application is still limited.

C5 inhibitors

C5 inhibitors, including eculizumab, ravulizumab and crov-
alimab, are the most widely used biological agents targeting 
the complement system and block the formation of the MAC 
by inhibiting the cleavage of C5 into C5a and C5b. C5 inhib-
itors are mainly used in the treatment of aHUS and C3GN 
and may be beneficial in the treatment of IgAN and LN.

Eculizumab, a humanized anti-C5 monoclonal antibody, 
is the first complement inhibitory drug approved by the FDA 
in the United States. To date, two multicenter prospective 
open-label phase 2 clinical trials have confirmed eculizum-
ab’s efficacy in patients with aHUS, and early intervention 
is associated with greater clinical benefits [113]. Long-term 
follow-up data over the next two years demonstrated the 
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sustained therapeutic efficacy of eculizumab in the treatment 
of aHUS [114]. Another multicenter prospective clinical 
trial reconfirmed the efficacy of eculizumab in the treatment 
of aHUS [115]. The safety of eculizumab has been fully 
confirmed by a 5-year observational study involving a total 
of 865 individuals [116]. Hence, there is expert consensus, 
and clinical guidelines recommend eculizumab as a first-
line treatment for aHUS [117–119]. Four studies, including 
two retrospective studies and two prospective noncontrolled 
trials, confirmed that eculizumab is also effective in some 
patients with C3GN [120–123]. Nevertheless, importantly, 
the effect of eculizumab in patients with C3GN is limited 
because eculizumab is not able to directly block C3 cleav-
age product-mediated glomerular injury. Additionally, due 
to the rarity of C3GN, conducting large-scale RCTs to vali-
date the therapeutic effect of eculizumab presents significant 
challenges. Therefore, eculizumab is currently used as the 
second-line treatment for C3GN. Meanwhile, it has been 
observed in two case reports that eculizumab may also be 
used in the treatment of IgAN [124, 125], but these reports 
are insufficient to confirm the efficacy of eculizumab, and 
further RCTs are needed.

Ravulizumab, another anti-C5 monoclonal antibody, 
was developed on the basis of eculizumab and shares the 
same mechanism, but it has a longer half-life. A multicenter 
prospective open-label phase 3 clinical trial demonstrated 
that ravulizumab could effectively induce aHUS remission 
and improve renal function [126]. The mid-term report 
from the extended trial further confirmed the efficacy and 
safety of ravulizumab in the treatment of aHUS, with further 
clinical improvements achieved with long-term use [127]. 
Consequently, ravulizumab has been recommended for the 
treatment of aHUS in many countries. To date, there is no 
clear evidence to suggest that eculizumab and ravulizumab 

have differences in the treatment of aHUS. Both drugs have 
been approved by the FDA and EMA for the treatment of 
aHUS. Nevertheless, because ravulizumab has a longer half-
life and a longer injection interval, it can enhance patient 
compliance, improve patient quality of life and satisfaction, 
and decrease medical costs. In addition, clinical trials of 
ravulizumab for the treatment of IgAN and LN are underway 
[128].

C5a receptor (C5aR)/C5a inhibitors

Avacopan is a new type of oral C5a receptor-specific inhibi-
tor that can block the binding of C5a and C5aR without 
affecting the production of C5b or the MAC, reducing the 
risk of side effects such as infection. Recent studies have 
revealed the importance of the interaction between C5a and 
C5aR in the development of AAVs. This discovery high-
lights the potential to use C5aR/C5a inhibitors to treat AAVs 
[129–131]. Two multicenter double-blind phase 2 RCTs 
have shown that adding avacopan to the standard treatment 
for AAVs can more quickly control renal inflammation and 
reduce renal damage, with the expectation of decreasing or 
completely avoiding the use of GCs [132, 133]. Based on 
these two trials, a multicenter double-blind phase 3 RCT was 
conducted to evaluate the use of avacopan in the treatment 
of AAVs; this trial indicated that avacopan can replace GCs 
as the standard treatment for AAVs, thus avoiding the side 
effects caused by GCs [134]. Avacopan has been approved 
by the FDA and EMA for the treatment of AAVs. Apart from 
its use for treating AAVs, avacopan has also been explored 
for the treatment of IgAN. An open-label phase 2 trial dem-
onstrated the positive effects and safety of avacopan [135]. 
However, this trial has certain limitations, such as a small 
sample size, short treatment time, and no control group. 

Fig. 2   Immunotherapies target-
ing the complement system. 
MBL Mannan-Binding Lectin; 
FCN Ficolin; MASP MBL-
Associated Serine Protease; FB 
Factor B; FD Factor D; C5aR 
C5a Receptor; MAC Membrane 
Attack Complex
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Therefore, further large-scale RCTs are necessary to validate 
the therapeutic effect of avacopan on IgAN. In addition to 
avacopan, there is a monoclonal antibody directly targeting 
C5a, vilobelimab, which also blocks the interaction of C5a 
with C5aR and is therefore also considered to be useful for 
the treatment of AAVs. Two multicenter double-blind phase 
2 RCTs (NCT03895801, NCT03712345) are evaluating its 
efficacy and safety [136], but specific results from these tri-
als have not yet been released.

Other complement inhibitors

Pegcetacoplan is a C3 inhibitor that not only binds to C3 and 
C3b to inhibit their activation but also inhibits the activity 
of invertase containing C3b subunits, including C3 and C5 
invertase associated with the alternative pathway and C5 
invertase associated with the classical pathway [137]. By 
acting directly at the level of C3, pegcetacoplan is antici-
pated to exhibit efficacy in the treatment of C3GN. Cur-
rently, several phase 2 and 3 clinical trials are evaluating 
the efficacy and safety of pegcetacoplan in the treatment of 
C3GN.

Narsoplimab (OMS-721) is an anti-MASP2 monoclo-
nal antibody that blocks the initiation of the lectin pathway 
by inhibiting MASP2, thereby affecting the production of 
the MAC. An interim report from a multicenter phase 2 
clinical trial suggests that narsoplimab has the potential to 
reduce albuminuria and maintain a stable eGFR in high-
risk patients with advanced IgAN [138]. There is also an 
ongoing multicenter double-blind phase 3 RCT evaluating 
the efficacy and safety of narsoplimab in the treatment of 
IgAN. In addition, several clinical trials are underway to 
assess narsoplimab in the treatment of LN, MN, C3GN, and 
aHUS patients.

Iptacopan (LNP-023) is an oral specific inhibitor of fac-
tor B that blocks the initiation of the alternative pathway by 
inhibiting C3 convertase, thereby disrupting the generation 
of downstream C5 convertase and subsequently affecting 
the onset of the terminal cascade of the complement system. 
Preclinical studies have shown that the inhibition of factor 
B can prevent the activation of the complement system in 
patients with C3GN [139], which provides a theoretical basis 
for the utilization of factor B inhibitors in the treatment of 
C3GN. A phase 2 study showed that iptacopan could sig-
nificantly reduce albuminuria and improve renal function in 
patients with C3GN [140]. Another multicenter double-blind 
phase 3 RCT evaluating the efficacy and safety of iptacopan 
in the treatment of C3GN is ongoing [141]. Additionally, 
several trials are underway to explore the safety and efficacy 
of iptacopan in the treatment of IgAN, aHUS, and LN.

Danicopan is a factor D-specific inhibitor that can inhibit 
the initiation of the alternative pathway. Therefore, dan-
icopan is expected to become a prospective therapeutic 

intervention for individuals diagnosed with aHUS and 
C3GN [142]. It is hoped that relevant clinical studies can be 
carried out in the future.

Conclusions and future perspectives

The utilization of immunotherapy is a notable advancement 
in the treatment of immune-mediated glomerular diseases. 
This development introduces a novel concept for treating 
immune-mediated glomerular diseases, with remarkable out-
comes. Certain immunotherapeutic drugs, such as rituximab, 
belimumab, eculizumab, and ravulizumab, have exhibited 
notable efficacy in the treatment of specific immune-medi-
ated glomerular diseases, thereby offering novel therapeu-
tic approaches for patients. However, numerous obstacles 
to the clinical application of immunotherapy persist. Many 
drugs have not been investigated in large RCTs or clinical 
trials or have been demonstrated to be unable to achieve the 
anticipated therapeutic effects. Consequently, there is insuf-
ficient high-quality evidence to ascertain their long-term 
efficacy and safety or determine the optimal treatment regi-
men, which restricts their widespread utilization in clinical 
settings. Given the uncertain efficacy of immunotherapeutic 
drugs in clinical applications, many studies need to be con-
ducted to further explore the pathogenesis of all kinds of 
immune-mediated glomerular diseases and comprehensively 
elucidate the mechanisms of action of different immunother-
apeutic drugs. This will help researchers select appropriate 
immunotherapeutic drugs for treatment. Furthermore, it is 
also imperative to thoroughly analyze patient indicators to 
identify the pertinent factors that influence the efficacy of 
immunotherapeutic drugs. Simultaneously, continued efforts 
should be made to enhance the development and design 
of diverse immunotherapeutic drugs, aiming to minimize 
adverse effects, improve therapeutic efficacy, and optimize 
drug delivery strategies, thereby facilitating their improved 
utilization in the clinic.

This article reviews only the more mature immunother-
apeutic drugs targeting T/B cells, APCs and the comple-
ment system (Table 1). Although other immunotherapeutic 
drugs, such as immunosuppressive agents that target IL-2, 
IL-17, and IFN, have been investigated for the treatment of 
immune-mediated glomerular diseases in the clinic, these 
drugs are not discussed in detail within this article. Cur-
rently, the number of immunotherapeutic drugs that can 
be used to treat immune-mediated glomerular diseases is 
expanding. Various biological agents that were originally 
developed for treating other diseases are being actively 
explored for their potential application in patients with 
immune-mediated glomerular diseases. In addition, many 
researchers are developing novel biological agents, as well 
as conducting diverse clinical trials. We suspect that in the 
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Table 1   Summary of the application of immunotherapeutic drugs in immune-mediated glomerular diseases

LN Lupus Nephritis; FSGS Focal Segmental Glomerulosclerosis; MN Membranous Nephropathy; IgAN IgA Nephropathy; MCD Minimal 
Change nephropathy; AAVs Anti-Neutrophil Cytoplasmic Antibody-Associated Vasculitides; Anti-GBM disease Anti-Glomerular Basement 
Membrane Disease; aHUS Atypical Hemolytic Uremic Syndrome; C3GN C3 Glomerulonephritis

Drugs Diseases Evidence Efficacy Security

Anti-CD80
Abatacept LN Phase 3 clinical trial proved ineffective Further investigation Well tolerated

FSGS The case report proved effective Insufficient data Insufficient data
Anti-CD20
Rituximab MN Phase 3 clinical trial proved effective Established Well tolerated

IgAN Multicenter RCT proved ineffective Further investigation Well tolerated
FSGS, MCD Prospective study proved effective Further investigation Well tolerated
LN Phase 3 clinical trial proved ineffective Further investigation Well tolerated
AAVs Phase 3 clinical trial proved effective Established Well tolerated
Anti-GBM disease Case reports and retrospective trials proved effective Insufficient data Insufficient data

Obinutuzumab LN Phase 2 clinical trial proved effective Further investigation Well tolerated
Anti-CD22
Epratuzumab LN Phase 3 clinical trial proved ineffective Further investigation Well tolerated
BAFF/APRIL inhibitors
Belimumab LN Phase 3 clinical trial proved effective Established Well tolerated

AAVs Phase 3 clinical trial proved ineffective Further investigation Well tolerated
MN Prospective clinical trial proved effective Further investigation Well tolerated

Atacicept LN Phase 2 clinical trial proved effective Further investigation Well tolerated
IgAN Phase 2 clinical trial proved effective Further investigation Well tolerated

CD40/CD40L inhibitors
Ruplizumab LN Phase 1/2 trial proved effective Further investigation Thromboembolic events
IDEC-131 LN Phase 2 trial proved ineffective Further investigation Thromboembolic events
Dapirolizumab pegol LN Phase 2 trial proved ineffective Further investigation Well tolerated
Proteasome inhibitors
Bortezomib LN Phase 2 trial proved ineffective Further investigation Prone to side effects

IgAN Prospective uncontrolled study proved effective Further investigation Insufficient data
MN The case report proved effective Insufficient data Insufficient data
AAVs The case report proved effective Insufficient data Insufficient data

Syk inhibitors
Fostamatinib IgAN Phase 2 trial proved ineffective Further investigation Well tolerated
Btk inhibitors
Evobrutinib LN Phase 2 trial proved ineffective Further investigation Well tolerated
Fenebrutinib LN Phase 2 trial proved ineffective Further investigation Well tolerated
C5 inhibitors
Eculizumab aHUS Phase 2 trial proved effective Established Well tolerated

C3GN Prospective uncontrolled study proved effective Further investigation Well tolerated
IgAN The case report proved effective Insufficient data Insufficient data

Ravulizumab aHUS Phase 3 trial proved effective Established Well tolerated
C5aR/C5a inhibitors
Avacopan AAVs Phase 3 trial proved effective Established Well tolerated

IgAN Phase 2 trial proved effective Insufficient data Insufficient data
Vilobelimab AAVs Data unpublished No data No data
C3 inhibitors
Pegcetacoplan C3GN No data No data No data
MASP2 inhibitors
Narsoplimab IgAN Phase 2 trial proved effective Further investigation Well tolerated
Factor B inhibitors
Iptacopan C3GN Phase 2 trial proved effective Further investigation Well tolerated
Factor D inhibitors
Danicopan C3GN, aHUS No data No data No data



4101Clinical and Experimental Medicine (2023) 23:4091–4105	

1 3

near future, with a deeper understanding of the pathogenesis 
of immune-mediated glomerular diseases and a large amount 
of data obtained in various clinical trials, immunotherapies 
will enable precise and effective treatment of patients with 
immune-mediated glomerular diseases.

Author contributions  The authors’ responsibilities were as follows: 
Bihui Tang was responsible for the concept of this paper and drafted 
the manuscript; Xiao Yang provided a critical review of the paper. All 
Authors contributed to and agreed on the final version of the manu-
script. All authors read and approved the final manuscript.

Funding  The authors declare that no funds, grants, or other support 
were received during the preparation of this manuscript.

Declarations 

Conflict of interests  The authors have no relevant financial or non-
financial interests to disclose.

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Manrique J, Cravedi P. Role of monoclonal antibodies in the 
treatment of immune-mediated glomerular diseases. Nefrologia. 
2014;34:388–97.

	 2.	 Couser WG. Basic and translational concepts of immune-medi-
ated glomerular diseases. J Am Soc Nephrol. 2012;23:381–99.

	 3.	 Gutcher I, Becher B. APC-derived cytokines and T cell 
polarization in autoimmune inflammation. J Clin Invest. 
2007;117:1119–27.

	 4.	 Neumann K, Tiegs G. Immune regulation in renal inflammation. 
Cell Tissue Res. 2021;385:305–22.

	 5.	 Zipfel PF, Wiech T, Grone HJ, Skerka C. Complement catalyzing 
glomerular diseases. Cell Tissue Res. 2021;385:355–70.

	 6.	 Salomon B, Bluestone JA. Complexities of CD28/B7: CTLA-4 
costimulatory pathways in autoimmunity and transplantation. 
Annu Rev Immunol. 2001;19:225–52.

	 7.	 Papagoras C, Drosos AA. Abatacept: a biologic immune 
modulator for rheumatoid arthritis. Expert Opin Biol Ther. 
2011;11:1113–29.

	 8.	 Razmara M, Hilliard B, Ziarani AK, Chen YH, Tykocinski 
ML. CTLA-4 x Ig converts naive CD4+CD25- T cells into 
CD4+CD25+ regulatory T cells. Int Immunol. 2008;20:471–83.

	 9.	 Furie R, Nicholls K, Cheng TT, Houssiau F, Burgos-Vargas R, 
Chen SL, et al. Efficacy and safety of abatacept in lupus nephri-
tis: a twelve-month, randomized, double-blind study. Arthritis 
Rheumatol. 2014;66:379–89.

	 10.	 A. T. Group. Treatment of lupus nephritis with abatacept: the 
abatacept and cyclophosphamide combination efficacy and safety 
study. Arthritis Rheumatol. 2014;66:3096–104.

	 11.	 Jayne D, Dooley M, Wofsy D, Takeuchi T, Malvar A, Doria A, 
et al. LB03A phase III, randomized, double-blind, placebo-con-
trolled study to evaluate the efficacy and safety of abatacept or 
placebo on standard of care in patients with active class III or IV 
lupus nephritis. Nephrol Dial Transpl. 2018;33:i636–7.

	 12.	 Yu CC, Fornoni A, Weins A, Hakroush S, Maiguel D, Sageshima 
J, et al. Abatacept in B7-1-positive proteinuric kidney disease. N 
Engl J Med. 2013;369:2416–23.

	 13.	 Pavlasova G, Mraz M. The regulation and function of CD20: an 
“enigma” of B-cell biology and targeted therapy. Haematologica. 
2020;105:1494–506.

	 14.	 Selewski DT, Shah GV, Mody RJ, Rajdev PA, Mukherji 
SK. Rituximab (Rituxan). AJNR Am J Neuroradiol. 
2010;31:1178–80.

	 15.	 Marcus R, Davies A, Ando K, Klapper W, Opat S, Owen C, et al. 
Obinutuzumab for the first-line treatment of follicular lymphoma. 
N Engl J Med. 2017;377:1331–44.

	 16.	 Goede V, Fischer K, Busch R, Engelke A, Eichhorst B, Wendtner 
CM, et al. Obinutuzumab plus chlorambucil in patients with CLL 
and coexisting conditions. N Engl J Med. 2014;370:1101–10.

	 17.	 Dahan K, Debiec H, Plaisier E, Cachanado M, Rousseau A, Wak-
selman L, et al. Rituximab for severe membranous nephropathy: 
a 6-month trial with extended follow-up. J Am Soc Nephrol. 
2017;28:348–58.

	 18.	 Fervenza FC, Appel GB, Barbour SJ, Rovin BH, Lafayette RA, 
Aslam N, et al. Rituximab or cyclosporine in the treatment of 
membranous nephropathy. N Engl J Med. 2019;381:36–46.

	 19.	 Fernandez-Juarez G, Rojas-Rivera J, Logt AV, Justino J, Sevil-
lano A, Caravaca-Fontan F, et al. The STARMEN trial indicates 
that alternating treatment with corticosteroids and cyclophos-
phamide is superior to sequential treatment with tacrolimus and 
rituximab in primary membranous nephropathy. Kidney Int. 
2021;99:986–98.

	 20.	 Scolari F, Delbarba E, Santoro D, Gesualdo L, Pani A, Dallera 
N, et al. Rituximab or cyclophosphamide in the treatment of 
membranous nephropathy: the RI-CYCLO randomized trial. J 
Am Soc Nephrol. 2021;32:972–82.

	 21.	 KDIGO. Clinical practice guideline for the management of glo-
merular diseases. Kidney Int. 2021;2021(100):S1-s276.

	 22.	 Lundberg S, Westergren E, Smolander J, Bruchfeld A. B cell-
depleting therapy with rituximab or ofatumumab in immuno-
globulin a nephropathy or vasculitis with nephritis. Clin Kidney 
J. 2017;10:20–6.

	 23.	 Lafayette RA, Canetta PA, Rovin BH, Appel GB, Novak J, Nath 
KA, et al. A randomized, controlled trial of rituximab in IgA 
nephropathy with proteinuria and renal dysfunction. J Am Soc 
Nephrol. 2017;28:1306–13.

	 24.	 Tedesco M, Mescia F, Pisani I, Allinovi M, Casazza G, Del 
Vecchio L, et al. The role of rituximab in primary focal seg-
mental glomerular sclerosis of the adult. Kidney Int Rep. 
2022;7:1878–86.

	 25.	 Bruchfeld A, Benedek S, Hilderman M, Medin C, Snaedal-
Jonsdottir S, Korkeila M. Rituximab for minimal change dis-
ease in adults: long-term follow-up. Nephrol Dial Transpl. 
2014;29:851–6.

http://creativecommons.org/licenses/by/4.0/


4102	 Clinical and Experimental Medicine (2023) 23:4091–4105

1 3

	 26.	 Munyentwali H, Bouachi K, Audard V, Remy P, Lang P, Mojaat 
R, et al. Rituximab is an efficient and safe treatment in adults 
with steroid-dependent minimal change disease. Kidney Int. 
2013;83:511–6.

	 27.	 DaSilva I, Huerta A, Quintana L, Redondo B, Iglesias E, Draibe 
J, et al. Rituximab for steroid-dependent or frequently relapsing 
idiopathic nephrotic syndrome in adults: a retrospective. Multi-
cent Study Spain BioDrugs. 2017;31:239–49.

	 28.	 Guitard J, Hebral AL, Fakhouri F, Joly D, Daugas E, Rivalan 
J, et al. Rituximab for minimal-change nephrotic syndrome in 
adulthood: predictive factors for response, long-term outcomes 
and tolerance. Nephrol Dial Transpl. 2014;29:2084–91.

	 29.	 Ruggenenti P, Ruggiero B, Cravedi P, Vivarelli M, Massella L, 
Marasa M, et al. Rituximab in steroid-dependent or frequently 
relapsing idiopathic nephrotic syndrome. J Am Soc Nephrol. 
2014;25:850–63.

	 30.	 Roccatello D, Sciascia S, Rossi D, Alpa M, Naretto C, Radin M, 
et al. High-dose rituximab ineffective for focal segmental glo-
merulosclerosis: a long-term observation study. Am J Nephrol. 
2017;46:108–13.

	 31.	 Iaccarino L, Bartoloni E, Carli L, Ceccarelli F, Conti F, De Vita 
S, et al. Efficacy and safety of off-label use of rituximab in refrac-
tory lupus: data from the Italian multicentre registry. Clin Exp 
Rheumatol. 2015;33:449–56.

	 32.	 Terrier B, Amoura Z, Ravaud P, Hachulla E, Jouenne R, Combe 
B, et al. Safety and efficacy of rituximab in systemic lupus erythe-
matosus: results from 136 patients from the French autoimmunity 
and rituximab registry. Arthritis Rheum. 2010;62:2458–66.

	 33.	 Fernandez-Nebro A, de la Fuente JL, Carreno L, Izquierdo MG, 
Tomero E, Rua-Figueroa I, et al. Multicenter longitudinal study 
of B-lymphocyte depletion in refractory systemic lupus erythe-
matosus: the LESIMAB study. Lupus. 2012;21:1063–76.

	 34.	 Moroni G, Raffiotta F, Trezzi B, Giglio E, Mezzina N, Del Papa 
N, et al. Rituximab vs mycophenolate and vs cyclophosphamide 
pulses for induction therapy of active lupus nephritis: a clinical 
observational study. Rheumatology (Oxford). 2014;53:1570–7.

	 35.	 Rovin BH, Furie R, Latinis K, Looney RJ, Fervenza FC, Sanchez-
Guerrero J, et al. Efficacy and safety of rituximab in patients with 
active proliferative lupus nephritis: the lupus nephritis assess-
ment with rituximab study. Arthritis Rheum. 2012;64:1215–26.

	 36.	 Ehrenstein MR, Wing C. The BAFFling effects of rituximab in 
lupus: danger ahead? Nat Rev Rheumatol. 2016;12:367–72.

	 37.	 Atisha-Fregoso Y, Malkiel S, Harris KM, Byron M, Ding L, 
Kanaparthi S, et al. Phase II Randomized trial of rituximab plus 
cyclophosphamide followed by belimumab for the treatment of 
lupus nephritis. Arthritis Rheumatol. 2021;73:121–31.

	 38.	 Furie RA, Aroca G, Cascino MD, Garg JP, Rovin BH, Alvarez 
A, et al. B-cell depletion with obinutuzumab for the treatment 
of proliferative lupus nephritis: a randomised, double-blind, 
placebo-controlled trial. Ann Rheum Dis. 2022;81:100–7.

	 39.	 Specks U, Merkel PA, Seo P, Spiera R, Langford CA, Hoffman 
GS, et al. Efficacy of remission-induction regimens for ANCA-
associated vasculitis. N Engl J Med. 2013;369:417–27.

	 40.	 Guillevin L, Pagnoux C, Karras A, Khouatra C, Aumaitre O, 
Cohen P, et al. Rituximab versus azathioprine for maintenance in 
ANCA-associated vasculitis. N Engl J Med. 2014;371:1771–80.

	 41.	 Jones RB, Furuta S, Tervaert JW, Hauser T, Luqmani R, Mor-
gan MD, et al. Rituximab versus cyclophosphamide in ANCA-
associated renal vasculitis: 2-year results of a randomised trial. 
Ann Rheum Dis. 2015;74:1178–82.

	 42.	 Amudala NA, Boukhlal S, Sheridan B, Langford CA, Geara A, 
Merkel PA, et al. Obinutuzumab as treatment for ANCA-associ-
ated vasculitis. Rheumatology (Oxford). 2022;61:3814–7.

	 43.	 Jain R, Dgheim H, Bomback AS. Rituximab for anti-glomerular 
basement membrane disease. Kidney Int Rep. 2019;4:614–8.

	 44.	 Heitz M, Carron PL, Clavarino G, Jouve T, Pinel N, Guebre-
Egziabher F, et al. Use of rituximab as an induction therapy in 
anti-glomerular basement-membrane disease. BMC Nephrol. 
2018;19:241.

	 45.	 Shah Y, Mohiuddin A, Sluman C, Daryanani I, Ledson T, Baner-
jee A, et al. Rituximab in anti-glomerular basement membrane 
disease. QJM. 2012;105:195–7.

	 46.	 Touzot M, Poisson J, Faguer S, Ribes D, Cohen P, Geffray L, 
et al. Rituximab in anti-GBM disease: a retrospective study of 8 
patients. J Autoimmun. 2015;60:74–9.

	 47.	 Daridon C, Blassfeld D, Reiter K, Mei HE, Giesecke C, Golden-
berg DM, et al. Epratuzumab targeting of CD22 affects adhesion 
molecule expression and migration of B-cells in systemic lupus 
erythematosus. Arthritis Res Ther. 2010;12:R204.

	 48.	 Dörner T, Goldenberg DM. Targeting CD22 as a strategy for 
treating systemic autoimmune diseases. Ther Clin Risk Manag. 
2007;3:953–9.

	 49.	 Dorner T, Shock A, Goldenberg DM, Lipsky PE. The mecha-
nistic impact of CD22 engagement with epratuzumab on B cell 
function: implications for the treatment of systemic lupus ery-
thematosus. Autoimmun Rev. 2015;14:1079–86.

	 50.	 Rossi EA, Goldenberg DM, Michel R, Rossi DL, Wallace DJ, 
Chang CH. Trogocytosis of multiple B-cell surface markers by 
CD22 targeting with epratuzumab. Blood. 2013;122:3020–9.

	 51.	 Fleischer V, Sieber J, Fleischer SJ, Shock A, Heine G, Daridon 
C, et al. Epratuzumab inhibits the production of the proinflam-
matory cytokines IL-6 and TNF-alpha, but not the regulatory 
cytokine IL-10, by B cells from healthy donors and SLE patients. 
Arthritis Res Ther. 2015;17:185.

	 52.	 Giltiay NV, Shu GL, Shock A, Clark EA. Targeting CD22 with 
the monoclonal antibody epratuzumab modulates human B-cell 
maturation and cytokine production in response to toll-like recep-
tor 7 (TLR7) and B-cell receptor (BCR) signaling. Arthritis Res 
Ther. 2017;19:91.

	 53.	 Dorner T, Kaufmann J, Wegener WA, Teoh N, Goldenberg DM, 
Burmester GR. Initial clinical trial of epratuzumab (humanized 
anti-CD22 antibody) for immunotherapy of systemic lupus ery-
thematosus. Arthritis Res Ther. 2006;8:R74.

	 54.	 Strand V, Petri M, Kalunian K, Gordon C, Wallace DJ, Hobbs K, 
et al. Epratuzumab for patients with moderate to severe flaring 
SLE: health-related quality of life outcomes and corticosteroid 
use in the randomized controlled ALLEVIATE trials and exten-
sion study SL0006. Rheumatology (Oxford). 2014;53:502–11.

	 55.	 Wallace DJ, Gordon C, Strand V, Hobbs K, Petri M, Kalunian K, 
et al. Efficacy and safety of epratuzumab in patients with mod-
erate/severe flaring systemic lupus erythematosus: results from 
two randomized, double-blind, placebo-controlled, multicentre 
studies (ALLEVIATE) and follow-up. Rheumatology (Oxford). 
2013;52:1313–22.

	 56.	 Wallace DJ, Kalunian K, Petri MA, Strand V, Houssiau FA, Pike 
M, et al. Efficacy and safety of epratuzumab in patients with 
moderate/severe active systemic lupus erythematosus: results 
from EMBLEM, a phase IIb, randomised, double-blind, placebo-
controlled, multicentre study. Ann Rheum Dis. 2014;73:183–90.

	 57.	 Clowse ME, Wallace DJ, Furie RA, Petri MA, Pike MC, Leszc-
zynski P, et al. Efficacy and safety of epratuzumab in moderately 
to severely active systemic lupus erythematosus: results from 
two phase III randomized, double-blind. Placebo-Control Trials 
Arthritis Rheumatol. 2017;69:362–75.

	 58.	 Gorelik L, Gilbride K, Dobles M, Kalled SL, Zandman D, 
Scott ML. Normal B cell homeostasis requires B cell activa-
tion factor production by radiation-resistant cells. J Exp Med. 
2003;198:937–45.

	 59.	 Bossen C, Schneider P. BAFF, April and their receptors: struc-
ture, function and signaling. Semin Immunol. 2006;18:263–75.



4103Clinical and Experimental Medicine (2023) 23:4091–4105	

1 3

	 60.	 Chen M, Lin X, Liu Y, Li Q, Deng Y, Liu Z, et al. The function 
of BAFF on T helper cells in autoimmunity. Cytokine Growth 
Factor Rev. 2014;25:301–5.

	 61.	 Vincent FB, Morand EF, Mackay F. BAFF and innate immunity: 
new therapeutic targets for systemic lupus erythematosus. Immu-
nol Cell Biol. 2012;90:293–303.

	 62.	 Navarra SV, Guzman RM, Gallacher AE, Hall S, Levy RA, Jime-
nez RE, et al. Efficacy and safety of belimumab in patients with 
active systemic lupus erythematosus: a randomised, placebo-
controlled, phase 3 trial. Lancet. 2011;377:721–31.

	 63.	 Furie R, Petri M, Zamani O, Cervera R, Wallace DJ, Tegzova 
D, et al. A phase III, randomized, placebo-controlled study of 
belimumab, a monoclonal antibody that inhibits B lymphocyte 
stimulator, in patients with systemic lupus erythematosus. Arthri-
tis Rheum. 2011;63:3918–30.

	 64.	 Stohl W, Schwarting A, Okada M, Scheinberg M, Doria A, Ham-
mer AE, et al. Efficacy and safety of subcutaneous belimumab 
in systemic lupus erythematosus: a fifty-two-week randomized, 
double-blind. Placebo-Control Study Arthritis Rheumatol. 
2017;69:1016–27.

	 65.	 Rovin BH, Furie R, Teng YKO, Contreras G, Malvar A, Yu X, 
et al. A secondary analysis of the belimumab international study 
in lupus nephritis trial examined effects of belimumab on kidney 
outcomes and preservation of kidney function in patients with 
lupus nephritis. Kidney Int. 2022;101:403–13.

	 66.	 Merrill JT, Wallace DJ, Wax S, Kao A, Fraser PA, Chang P, et al. 
Efficacy and safety of atacicept in patients with systemic lupus 
erythematosus. Arthritis Rheumatol. 2018;70:266–76.

	 67.	 Wallace DJ, Isenberg DA, Morand EF, Vazquez-Mateo C, Kao 
AH, Aydemir A, et al. Safety and clinical activity of atacicept 
in the long-term extension of the phase 2b ADDRESS II study 
in systemic lupus erythematosus. Rheumatology (Oxford). 
2021;60:5379–89.

	 68.	 Jayne D, Blockmans D, Luqmani R, Moiseev S, Ji B, Green 
Y, et al. Efficacy and safety of belimumab and azathioprine 
for maintenance of remission in antineutrophil cytoplasmic 
antibody-associated vasculitis: a randomized controlled study. 
Arthritis Rheumatol. 2019;71:952–63.

	 69.	 Barratt J, Tumlin J, Suzuki Y, Kao A, Aydemir A, Pudota K, 
et al. Randomized phase II JANUS study of atacicept in patients 
with IgA nephropathy and persistent proteinuria. Kidney Int Rep. 
2022;7:1831–41.

	 70.	 Barrett C, Willcocks LC, Jones RB, Tarzi RM, Henderson RB, 
Cai G, et al. Effect of belimumab on proteinuria and anti-phos-
pholipase A2 receptor autoantibody in primary membranous 
nephropathy. Nephrol Dial Transpl. 2020;35:599–606.

	 71.	 Peters AL, Stunz LL, Bishop GA. CD40 and autoimmunity: the 
dark side of a great activator. Semin Immunol. 2009;21:293–300.

	 72.	 Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle 
RJ. Molecular mechanism and function of CD40/CD40L engage-
ment in the immune system. Immunol Rev. 2009;229:152–72.

	 73.	 Tang T, Cheng X, Truong B, Sun L, Yang X, Wang H. Molecu-
lar basis and therapeutic implications of CD40/CD40L immune 
checkpoint. Pharmacol Ther. 2021;219:107709.

	 74.	 Karnell JL, Rieder SA, Ettinger R, Kolbeck R. Targeting the 
CD40-CD40L pathway in autoimmune diseases: humoral immu-
nity and beyond. Adv Drug Deliv Rev. 2019;141:92–103.

	 75.	 Ramanujam M, Steffgen J, Visvanathan S, Mohan C, Fine JS, 
Putterman C. Phoenix from the flames: rediscovering the role of 
the CD40-CD40L pathway in systemic lupus erythematosus and 
lupus nephritis. Autoimmun Rev. 2020;19:102668.

	 76.	 Boumpas DT, Furie R, Manzi S, Illei GG, Wallace DJ, Balow 
JE, et al. A short course of BG9588 (anti-CD40 ligand antibody) 
improves serologic activity and decreases hematuria in patients 
with proliferative lupus glomerulonephritis. Arthritis Rheum. 
2003;48:719–27.

	 77.	 I.-L. S. Group, KalunianDavis JrMerrillTotoritisWofsy KCJCJT-
MCD. Treatment of systemic lupus erythematosus by inhibi-
tion of T cell costimulation with anti-CD154: a randomized, 
double-blind, placebo-controlled trial. Arthritis Rheum. 
2002;46:3251–8.

	 78.	 Sidiropoulos PI, Boumpas DT. Lessons learned from anti-CD40L 
treatment in systemic lupus erythematosus patients. Lupus. 
2004;13:391–7.

	 79.	 Chamberlain C, Colman PJ, Ranger AM, Burkly LC, Johnston GI, 
Otoul C, et al. Repeated administration of dapirolizumab pegol in 
a randomised phase I study is well tolerated and accompanied by 
improvements in several composite measures of systemic lupus 
erythematosus disease activity and changes in whole blood tran-
scriptomic profiles. Ann Rheum Dis. 2017;76:1837–44.

	 80.	 Furie RA, Bruce IN, Dorner T, Leon MG, Leszczynski P, 
Urowitz M, et al. Phase 2, randomized, placebo-controlled trial 
of dapirolizumab pegol in patients with moderate-to-severe 
active systemic lupus erythematosus. Rheumatology (Oxford). 
2021;60:5397–407.

	 81.	 Verbrugge SE, Scheper RJ, Lems WF, de Gruijl TD, Jansen G. 
Proteasome inhibitors as experimental therapeutics of autoim-
mune diseases. Arthritis Res Ther. 2015;17:17.

	 82.	 Obeng EA, Carlson LM, Gutman DM, Harrington WJ Jr, 
Lee KP, Boise LH. Proteasome inhibitors induce a terminal 
unfolded protein response in multiple myeloma cells. Blood. 
2006;107:4907–16.

	 83.	 Frohlich K, Holle JU, Aries PM, Gross WL, Moosig F. Success-
ful use of bortezomib in a patient with systemic lupus erythema-
tosus and multiple myeloma. Ann Rheum Dis. 2011;70:1344–5.

	 84.	 Sjöwall C, Hjorth M, Eriksson P. Successful treatment of refrac-
tory systemic lupus erythematosus using proteasome inhibitor 
bortezomib followed by belimumab: description of two cases. 
Lupus. 2017;26:1333–8.

	 85.	 Segarra A, Arredondo KV, Jaramillo J, Jatem E, Salcedo MT, 
Agraz I, et  al. Efficacy and safety of bortezomib in refrac-
tory lupus nephritis: a single-center experience. Lupus. 
2020;29:118–25.

	 86.	 Walhelm T, Gunnarsson I, Heijke R, Leonard D, Trysberg E, 
Eriksson P, et al. Clinical experience of proteasome inhibitor 
bortezomib regarding efficacy and safety in severe systemic 
lupus erythematosus: a nationwide study. Front Immunol. 
2021;12:756941.

	 87.	 Zhang H, Liu Z, Huang L, Hou J, Zhou M, Huang X, et al. The 
short-term efficacy of bortezomib combined with glucocor-
ticoids for the treatment of refractory lupus nephritis. Lupus. 
2017;26:952–8.

	 88.	 Alexander T, Sarfert R, Klotsche J, Kuhl AA, Rubbert-Roth 
A, Lorenz HM, et al. The proteasome inhibitior bortezomib 
depletes plasma cells and ameliorates clinical manifestations 
of refractory systemic lupus erythematosus. Ann Rheum Dis. 
2015;74:1474–8.

	 89.	 Ishii T, Tanaka Y, Kawakami A, Saito K, Ichinose K, Fujii H, 
et al. Multicenter double-blind randomized controlled trial to 
evaluate the effectiveness and safety of bortezomib as a treat-
ment for refractory systemic lupus erythematosus. Mod Rheu-
matol. 2018;28:986–92.

	 90.	 Hartono C, Chung M, Perlman AS, Chevalier JM, Serur D, 
Seshan SV, et al. Bortezomib for reduction of proteinuria in 
IgA nephropathy. Kidney Int Rep. 2018;3:861–6.

	 91.	 Novikov P, Moiseev S, Bulanov N, Shchegoleva E. Bortezomib 
in refractory ANCA-associated vasculitis: a new option? Ann 
Rheum Dis. 2016;75:e9.

	 92.	 Salhi S, Ribes D, Colombat M, Fortenfant F, Faguer S. Bort-
ezomib plus dexamethasone for rituximab-resistant PLA2R (+) 
membranous nephropathy. Kidney Int. 2021;100:708–9.



4104	 Clinical and Experimental Medicine (2023) 23:4091–4105

1 3

	 93.	 Hartono C, Chung M, Kuo SF, Seshan SV, Muthukumar T. 
Bortezomib therapy for nephrotic syndrome due to idiopathic 
membranous nephropathy. J Nephrol. 2014;27:103–6.

	 94.	 Mocsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: 
a crucial player in diverse biological functions. Nat Rev Immu-
nol. 2010;10:387–402.

	 95.	 Ackermann JA, Nys J, Schweighoffer E, McCleary S, Smithers 
N, Tybulewicz VL. Syk tyrosine kinase is critical for B cell 
antibody responses and memory B cell survival. J Immunol. 
2015;194:4650–6.

	 96.	 Ma TK, McAdoo SP, Tam FW. Spleen tyrosine kinase: a cru-
cial player and potential therapeutic target in renal disease. 
Nephron. 2016;133:261–9.

	 97.	 McAdoo SP, Reynolds J, Bhangal G, Smith J, McDaid JP, 
Tanna A, et al. Spleen tyrosine kinase inhibition attenuates 
autoantibody production and reverses experimental autoim-
mune GN. J Am Soc Nephrol. 2014;25:2291–302.

	 98.	 McAdoo SP, Prendecki M, Tanna A, Bhatt T, Bhangal G, 
McDaid J, et al. Spleen tyrosine kinase inhibition is an effec-
tive treatment for established vasculitis in a pre-clinical model. 
Kidney Int. 2020;97:1196–207.

	 99.	 Lopez-Herrera G, Vargas-Hernandez A, Gonzalez-Serrano ME, 
Berron-Ruiz L, Rodriguez-Alba JC, Espinosa-Rosales F, et al. 
Bruton’s tyrosine kinase–an integral protein of B cell devel-
opment that also has an essential role in the innate immune 
system. J Leukoc Biol. 2014;95:243–50.

	100.	 Rip J, de Bruijn MJW, Appelman MK, Pal Singh S, Hendriks 
RW, Corneth OBJ. Toll-Like receptor signaling drives Btk-
mediated autoimmune disease. Front Immunol. 2019;10:95.

	101.	 Bender AT, Pereira A, Fu K, Samy E, Wu Y, Liu-Bujalski L, 
et al. Btk inhibition treats TLR7/IFN driven murine lupus. Clin 
Immunol. 2016;164:65–77.

	102.	 Weber ANR, Bittner Z, Liu X, Dang TM, Radsak MP, Brunner 
C. Bruton’s tyrosine kinase: an emerging key player in innate 
immunity. Front Immunol. 2017;8:1454.

	103.	 Lee KG, Xu S, Kang ZH, Huo J, Huang M, Liu D, et  al. 
Bruton’s tyrosine kinase phosphorylates toll-like receptor 
3 to initiate antiviral response. Proc Natl Acad Sci U S A. 
2012;109:5791–6.

	104.	 Volmering S, Block H, Boras M, Lowell CA, Zarbock A. The 
neutrophil Btk signalosome regulates integrin activation during 
sterile inflammation. Immunity. 2016;44:73–87.

	105.	 Kawakami Y, Inagaki N, Salek-Ardakani S, Kitaura J, Tanaka 
H, Nagao K, et al. Regulation of dendritic cell maturation and 
function by Bruton’s tyrosine kinase via IL-10 and Stat3. Proc 
Natl Acad Sci U S A. 2006;103:153–8.

	106.	 Bao Y, Zheng J, Han C, Jin J, Han H, Liu Y, et al. Tyrosine 
kinase Btk is required for NK cell activation. J Biol Chem. 
2012;287:23769–78.

	107.	 Dubovsky JA, Beckwith KA, Natarajan G, Woyach JA, Jaglowski 
S, Zhong Y, et al. Ibrutinib is an irreversible molecular inhibitor 
of ITK driving a Th1-selective pressure in T lymphocytes. Blood. 
2013;122:2539–49.

	108.	 Chalmers SA, Glynn E, Garcia SJ, Panzenbeck M, Pelletier J, 
Dimock J, et al. BTK inhibition ameliorates kidney disease in 
spontaneous lupus nephritis. Clin Immunol. 2018;197:205–18.

	109.	 Rankin AL, Seth N, Keegan S, Andreyeva T, Cook TA, 
Edmonds J, et al. Selective inhibition of BTK prevents murine 
lupus and antibody-mediated glomerulonephritis. J Immunol. 
2013;191:4540–50.

	110.	 Hutcheson J, Vanarsa K, Bashmakov A, Grewal S, Sajitharan D, 
Chang BY, et al. Modulating proximal cell signaling by targeting 
Btk ameliorates humoral autoimmunity and end-organ disease in 
murine lupus. Arthritis Res Ther. 2012;14:R243.

	111.	 Wallace DJ, Dorner T, Pisetsky DS, Sanchez-Guerrero J, Patel 
AC, Parsons-Rich D, et al. Efficacy and safety of the Bruton’s 

tyrosine kinase inhibitor evobrutinib in systemic lupus ery-
thematosus: results of a phase II, randomized, double-blind. 
Placebo Control Dose Ranging Trial ACR Open Rheumatol. 
2023;5:38–48.

	112.	 Isenberg D, Furie R, Jones NS, Guibord P, Galanter J, Lee C, 
et al. Efficacy, safety, and pharmacodynamic effects of the Bru-
ton’s tyrosine kinase inhibitor fenebrutinib (GDC-0853) in sys-
temic lupus erythematosus: results of a phase II, randomized, 
double-blind. Placebo Control Trial Arthritis Rheumatol. 
2021;73:1835–46.

	113.	 Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, 
Bedrosian C, et  al. Terminal complement inhibitor eculi-
zumab in atypical hemolytic-uremic syndrome. N Engl J Med. 
2013;368:2169–81.

	114.	 Licht C, Greenbaum LA, Muus P, Babu S, Bedrosian CL, Cohen 
DJ, et al. Efficacy and safety of eculizumab in atypical hemolytic 
uremic syndrome from 2-year extensions of phase 2 studies. Kid-
ney Int. 2015;87:1061–73.

	115.	 Fakhouri F, Hourmant M, Campistol JM, Cataland SR, Espinosa 
M, Gaber AO, et al. Terminal complement inhibitor eculizumab 
in adult patients with atypical hemolytic uremic syndrome: a 
single-arm. Open Label Trial Am J Kidney Dis. 2016;68:84–93.

	116.	 Rondeau E, Cataland SR, Al-Dakkak I, Miller B, Webb NJA, 
Landau D. Eculizumab safety: five-year experience from the 
global atypical hemolytic uremic syndrome registry. Kidney Int 
Rep. 2019;4:1568–76.

	117.	 Lee H, Kang E, Kang HG, Kim YH, Kim JS, Kim HJ, et al. Con-
sensus regarding diagnosis and management of atypical hemo-
lytic uremic syndrome. Korean J Intern Med. 2020;35:25–40.

	118.	 Zuber J, Fakhouri F, Roumenina LT, Loirat C, Fremeaux-Bacchi 
V, G HC. French study group for a. use of eculizumab for atypi-
cal haemolytic uraemic syndrome and C3 glomerulopathies. Nat 
Rev Nephrol. 2012;8:643–57.

	119.	 Campistol JM, Arias M, Ariceta G, Blasco M, Espinosa L, 
Espinosa M, et  al. An update for atypical haemolytic urae-
mic syndrome: diagnosis and treatment. Consens Doc Nefrol. 
2015;35:421–47.

	120.	 Le Quintrec M, Lapeyraque AL, Lionet A, Sellier-Leclerc AL, 
Delmas Y, Baudouin V, et al. Patterns of clinical response to 
eculizumab in patients with C3 glomerulopathy. Am J Kidney 
Dis. 2018;72:84–92.

	121.	 Welte T, Arnold F, Kappes J, Seidl M, Haffner K, Bergmann 
C, et al. Treating C3 glomerulopathy with eculizumab. BMC 
Nephrol. 2018;19:7.

	122.	 Bomback AS, Smith RJ, Barile GR, Zhang Y, Heher EC, Herlitz 
L, et al. Eculizumab for dense deposit disease and C3 glomeru-
lonephritis. Clin J Am Soc Nephrol. 2012;7:748–56.

	123.	 Ruggenenti P, Daina E, Gennarini A, Carrara C, Gamba S, 
Noris M, et al. C5 convertase blockade in membranoprolif-
erative glomerulonephritis: a single-arm clinical trial. Am J 
Kidney Dis. 2019;74:224–38.

	124.	 Ring T, Pedersen BB, Salkus G, Goodship TH. Use of eculi-
zumab in crescentic IgA nephropathy: proof of principle and 
conundrum? Clin Kidney J. 2015;8:489–91.

	125.	 Rosenblad T, Rebetz J, Johansson M, Bekassy Z, Sartz L, 
Karpman D. Eculizumab treatment for rescue of renal func-
tion in IgA nephropathy. Pediatr Nephrol. 2014;29:2225–8.

	126.	 Rondeau E, Scully M, Ariceta G, Barbour T, Cataland S, Heyne 
N, et al. The long-acting C5 inhibitor, ravulizumab, is effec-
tive and safe in adult patients with atypical hemolytic uremic 
syndrome naive to complement inhibitor treatment. Kidney Int. 
2020;97:1287–96.

	127.	 Barbour T, Scully M, Ariceta G, Cataland S, Garlo K, Heyne 
N, et  al. Long-term efficacy and safety of the long-acting 
complement c5 inhibitor ravulizumab for the treatment of 



4105Clinical and Experimental Medicine (2023) 23:4091–4105	

1 3

atypical hemolytic uremic syndrome in adults. Kidney Int Rep. 
2021;6:1603–13.

	128.	 Werion A, Rondeau E. Application of C5 inhibitors in glomer-
ular diseases in 2021. Kidney Res Clin Pract. 2022;41:412–21.

	129.	 Halbwachs L, Lesavre P. Endothelium-neutrophil interac-
tions in ANCA-associated diseases. J Am Soc Nephrol. 
2012;23:1449–61.

	130.	 Furuta S, Jayne DR. Antineutrophil cytoplasm antibody-
associated vasculitis: recent developments. Kidney Int. 
2013;84:244–9.

	131.	 Jennette JC, Falk RJ. Pathogenesis of antineutrophil cyto-
plasmic autoantibody-mediated disease. Nat Rev Rheumatol. 
2014;10:463–73.

	132.	 Jayne DRW, Bruchfeld AN, Harper L, Schaier M, Venning MC, 
Hamilton P, et al. Randomized trial of C5a receptor inhibitor 
avacopan in ANCA-associated vasculitis. J Am Soc Nephrol. 
2017;28:2756–67.

	133.	 Merkel PA, Niles J, Jimenez R, Spiera RF, Rovin BH, Bom-
back A, et al. Adjunctive treatment with avacopan, an oral C5a 
receptor inhibitor, in patients with antineutrophil cytoplas-
mic antibody-associated vasculitis. ACR Open Rheumatol. 
2020;2:662–71.

	134.	 A. S. Group, JayneMerkelSchallBekker DRWPATJP. Avacopan 
for the treatment of ANCA-associated vasculitis. N Engl J Med. 
2021;384:599–609.

	135.	 Bruchfeld A, Magin H, Nachman P, Parikh S, Lafayette R, 
Potarca A, et al. C5a receptor inhibitor avacopan in immuno-
globulin a nephropathy-an open-label pilot study. Clin Kidney J. 
2022;15:922–8.

	136.	 Prendecki M, McAdoo SP. New therapeutic targets in antineu-
trophil cytoplasm antibody-associated vasculitis. Arthritis Rheu-
matol. 2021;73:361–70.

	137.	 Hoy SM. Pegcetacoplan: first approval. Drugs. 2021;81:1423–30.
	138.	 Lafayette RA, Rovin BH, Reich HN, Tumlin JA, Floege J, Bar-

ratt J. Safety, tolerability and efficacy of narsoplimab, a novel 
MASP-2 inhibitor for the treatment of IgA nephropathy. Kidney 
Int Rep. 2020;5:2032–41.

	139.	 Schubart A, Anderson K, Mainolfi N, Sellner H, Ehara T, Adams 
CM, et al. Small-molecule factor B inhibitor for the treatment 
of complement-mediated diseases. Proc Natl Acad Sci U S A. 
2019;116:7926–31.

	140.	 Wong EKS, Praga M, Nester C, Le Quintrec M, Daina E, 
Remuzzi G, et al. FC 036IPTACOPAN (LNP023): a novel oral 
complement alternative pathway factor B inhibitor safely and 
effectively stabilises EGFR in C3 glomerulopathy. Nephrol Dial 
Transplant. 2021;36(121):005.

	141.	 Bomback AS, Kavanagh D, Vivarelli M, Meier M, Wang Y, Webb 
NJA, et al. Alternative complement pathway inhibition with ipta-
copan for the treatment of C3 glomerulopathy-study design of 
the APPEAR-C3G trial. Kidney Int Rep. 2022;7:2150–9.

	142.	 Aradottir SS, Kristoffersson AC, Roumenina LT, Bjerre A, 
Kashioulis P, Palsson R, et al. Factor d inhibition blocks com-
plement activation induced by mutant factor B associated with 
atypical hemolytic uremic syndrome and membranoproliferative 
glomerulonephritis. Front Immunol. 2021;12:690821.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Clinical advances in immunotherapy for immune-mediated glomerular diseases
	Abstract
	Background and objective 
	Main body 
	Conclusion 

	Background
	Immune response processes
	Immunotherapies targeting APCs
	Anti-CD80

	Immunotherapies targeting TB cells
	Anti-CD20
	Anti-CD22
	Inhibitors of BAFF and a proliferation-inducing ligand (APRIL)
	CD40CD40L inhibitors
	Proteasome inhibitors
	Spleen tyrosine kinase (Syk) inhibitors
	Bruton tyrosine kinase (Btk) inhibitors

	Immunotherapies targeting the complement system
	C5 inhibitors
	C5a receptor (C5aR)C5a inhibitors
	Other complement inhibitors

	Conclusions and future perspectives
	References




