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REVIEWED BY

Anne Bordron,
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Autoimmunity arises when the immune system erroneously attacks self-

antigens, potentially resulting in organ dysfunction. This review focuses on the

proliferation-inducing ligand, APRIL, and its critical role in regulating antibody-

producing B cells. We explore the implications of APRIL in autoimmune diseases

such as systemic lupus erythematosus, rheumatoid arthritis, and Sjögren’s

syndrome. Emerging evidence indicates that APRIL may modulate autoimmune

pathology and influence B cell survival, particularly through its interactions with

receptors like B-cell maturation antigen (BCMA) and transmembrane activator

and CAML interactor (TACI). We emphasize the contrasting roles of APRIL and

BAFF in autoimmunity, highlighting the conflicting data regarding their

contributions to disease progression and activity levels. Furthermore, we

evaluate therapeutic strategies aimed at inhibiting APRIL and compare them

with existing B-cell-targeted therapies, such as rituximab and belimumab. The

potential benefits of specific APRIL antagonism are discussed, especially for

patients with antibody-driven autoimmune disorders. This highlights the

necessity for further research into APRIL-targeted therapies in clinical practice.

Ultimately, this review seeks to provide a comprehensive overview of the current

understanding of APRIL’s role in autoimmunity and outline future directions for

targeting this ligand in the treatment of autoimmune diseases.
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Introduction

Autoimmunity happens when the adaptive immune system

mistakenly targets a self-antigen. In advanced stages, this immune

response can extend to multiple self-antigens through a mechanism

called epitope spreading. Unfavorably, autoimmunity often results

in serious diseases marked by the collapse of the affected organ.

Autoantibodies can play a central role in the disease process,

initiating cell death that eventually leads to organ dysfunction

(1–3). It has long been suggested that molecular mimicry between

a self-antigen and a non-self-antigen from an external source, often

microbial, could underlie this process. However, during the second

Swiss autoimmune liver disease meeting in Lugano, Switzerland, a

different concept called dual reactivity was introduced. Dual

reactivity also involves an immune response against both self and

non-self-antigens, but in this case, the two antigens may have

entirely dissimilar structures (4–6). Here, self-reactivity arises due

to somatic hypermutations that occur during the germinal center

reaction, whereas the original, unmutated ancestor was not

autoimmune. This process has been clearly illustrated in

pulmonary alveolar proteinosis, where pathogenic autoantibodies

are produced against a differentiation factor for alveolar

macrophages, known as granulocyte/macrophage colony-

stimulating factor (7–9).

This autoimmune reaction results in the depletion of lung

macrophages and the agglomeration of harmful substances.

Pathogenic autoantibodies may not be the primary cause of the

disease but often develop as a secondary response to the initial

harm. These antibodies are thought to intensify tissue inflammation

and contribute to the intensification of the disease. The strongest

evidence for such secondary autoantibodies comes from those

targeting cytoplasmic and/or nuclear autoantigens in autoimmune

patients (10–12). Given their location within cells, it is evident that

the immune system would only encounter these antigens following

a primary event, whether autoimmune or not, that leads to cell

death. Autoimmune diseases in which molecular mimicry or dual

reactivity has been clearly demonstrated are relatively rare. In most

instances, the initial steps in the production of both primary and

secondary autoantibodies remain unclear, complicating the

development of preventive strategies for these antibody-associated

autoimmune reactions (13–15). Consequently, therapeutic

approaches after disease onset are considered more feasible.

Targeting the cells responsible for producing autoantibodies could

be particularly effective. There are two well-defined types of

antibody-producing cells corresponding to the later stages of B

lymphocyte differentiation: plasmablasts (PB), which are formed in

secondary lymphoid organs, and fully differentiated plasma cells

(PC), which originate from PBs. Antibody-secreting cells can also

be produced in non-lymphoid tissues, when ectopic germinal

centers are formed (16). Usually, PCs migrate to and settle in the

bone marrow, but they can also accumulate in inflamed tissues,

such as those affected by autoimmune reactions (17, 18). Unlike

PBs, PCs can be extremely long-lived, particularly in the bone

marrow, and they persist in tissues until the inflammation subsides.

This review will explore the literature on the physiological role of a
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proliferation-inducing ligand (APRIL) in antibody-producing cells,

discuss current insights into APRIL’s role in autoimmune diseases,

and consider the potential outcomes of targeting APRIL in

comparison to existing B-cell modulating therapies (19–21).
APRIL and BAFF

APRIL and BAFF (B-cell activating factor) are two critical

cytokines that play essential roles in the regulation of B cell

survival, maturation, and antibody production. Both cytokines

belong to the tumor necrosis factor (TNF) superfamily and interact

with specific receptors on B cells to modulate immune responses.

BAFF primarily promotes the survival and differentiation of B cells,

while APRIL has a unique ability to enhance the survival of long-lived

plasma cells and induce antibody production, particularly IgA.

Despite their complementary functions, emerging evidence suggests

that their roles in autoimmunity can be quite contrasting, with BAFF

more commonly associated with promoting pathogenic B cell

activity, while APRIL may exert regulatory effects. This complexity

prompts further investigation into the therapeutic targeting of these

cytokines, as manipulating their balance could provide novel

approaches for treating various autoimmune disorders.

Understanding the specific roles of APRIL and BAFF in B cell

biology is crucial for developing targeted therapies aimed at

modulating autoimmunity and improving patient outcomes (20–23).

APRIL uniquely regulates PCs through its affinity for the

receptors BCMA (B-cell maturation antigen) and TACI

(Transmembrane Activator and CAML-interactor), distinguishing

its roles from those of BAFF (B-cell Activating Factor). While both

cytokines contribute to the survival and functionality of PCs,

APRIL’s interaction with BCMA is especially crucial, as it binds

to this receptor with higher affinity, promoting the survival of

memory plasma cells predominantly within the bone marrow

microenvironment (24). This process significantly activates the

NF-kB signaling pathway, which is essential for the maintenance

of PCs. Specifically, BCMA signaling helps to upregulate anti-

apoptotic proteins like Mcl-1, contributing to cellular resilience.

On the other hand, TACI, which is also expressed by plasma cells,

assists in inducing the expression of Blimp-1, a transcription factor

crucial for maintaining plasma cell identity (25). This dual

requirement for both BCMA and TACI signaling illustrates the

redundant and complementary roles these receptors play in plasma

cell survival by activating critical survival pathways (24).

APRIL specifically supports long-lived plasma cells (LLPCs)

through its unique binding affinities and signaling pathways that are

distinct from those influencing earlier B cell subsets. Unlike earlier

stages of B cell development, which may rely on other factors for

maturation, LLPCs predominantly express BCMA and TACI

receptors, which are responsive to APRIL (26). When APRIL

binds to BCMA, it triggers robust survival signals through the

activation of NF-kB pathways, enhancing the longevity of these cells

in the bone marrow. Importantly, this signaling also involves the

modulation of apoptotic pathways, whereby BCMA signaling

upregulates anti-apoptotic proteins like Mcl-1, while TACI
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contributes to promoting Blimp-1, vital for maintaining plasma cell

identity (27). In contrast, earlier B cell subsets do not express these

receptors at the same levels, resulting in a lack of the specific

support that APRIL provides to LLPCs. This selective signaling

ensures that while earlier B cell forms undergo proliferation and

selection, only those that have differentiated into plasma cells

receive the critical survival signals needed for sustained presence

and antibody production in tissues (28).

BAFF significantly influences survival signals during the

plasmablast stage through its interaction with specific receptors,

particularly BAFFR. Plasmablasts, which are the immediate

precursors to plasma cells, rely on BAFF for their survival and

maturation. Once BAFF binds to its receptor, it initiates critical

intracellular signaling cascades, primarily involving the activation

of NF-kB and PI3K pathways (29). These pathways play a crucial

role in promoting cell vitality, by enhancing protein synthesis and

reducing apoptotic signaling. Additionally, BAFFR activation

contributes to the downregulation of pro-apoptotic factors,

providing the necessary signals for plasmablasts to thrive in

competitive environments such as germinal centers and in the

presence of various inflammatory stimuli. Therefore, BAFF acts as

a key factor that ensures plasmablasts effectively transition into

long-lived plasma cells, supporting the overall humoral immune

response (30).
Specific mechanisms underlying BAFF’s
effect

BAFF is instrumental in promoting the survival of immature B

cells in the bone marrow. Upon binding to its receptors, particularly

BAFF-R, BAFF initiates signaling cascades that enhance the

expression of anti-apoptotic proteins, such as Bcl-2. This process

is crucial for supporting the survival of immature B lymphocytes

during their development.

Following the selection process in the bone marrow, immature

B cells that express BAFF-R are positively selected for survival in

response to BAFF signaling. This selective survival mechanism

ensures that only B cells capable of recognizing self-antigens in a

non-autoreactive manner progress toward maturation. When

immature B cells express the BAFF receptor (BAFFR), they

receive essential pro-survival signals that protect them from

apoptosis, allowing for the selection of non-autoreactive B cells.

This process helps ensure that only B cells with appropriate

reactivity to antigens mature and enter the circulation,

contributing to a diverse and functional B cell repertoire. In

addition to promoting survival during early development, BAFF

also supports the vitality of mature B cells in peripheral lymphoid

organs, thus maintaining the homeostasis of the B cell population.

This influence extends to enhancing B cell functionality as well;

BAFF promotes processes like immunoglobulin class switching and

antibody production, essential for effective immune responses (31).

In the peripheral immune system, BAFF is essential for the

maintenance and survival of mature B cells, particularly during the

transitional and naive stages. Mature B cells rely on BAFF signaling
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utilizing similar mechanisms that involve anti-apoptotic proteins.

BAFF enhances the ability of B cells to proliferate and

differentiate into plasma cells upon activation. BAFF-R signaling

is integral to B cell responses to antigens, facilitating processes such

as class switching and the generation of high-affinity antibodies,

ultimately contributing to effective immune responses.

The binding of BAFF to BAFF-R activates several downstream

signaling pathways critical for B cell functions, including:
• NF-kB Pathway: This pathway is vital for B cell survival and

proliferation and is activated through IkB kinase (IKK)

complex signaling.

• MAPK Pathway: This pathway modulates cellular

responses to BAFF and is involved in regulating cell

growth and differentiation.

• PI3K-AKT Pathway: This pathway promotes cell survival

by inhibiting apoptotic mechanisms.
The binding of BAFF to the BAFF receptor activates several

intracellular signaling cascades that promote B cell survival. Among

these, the non-canonical NF-kB pathway is crucial; it regulates the

transcription of target genes essential for cell survival and

proliferation. When BAFF binds to BAFFR, it recruits TRAF3,

which leads to the stabilization of NIK, an important kinase (32).

As a result, the NF-kB2 pathway is activated, allowing specific

transcription factors to enter the nucleus and promote the

expression of anti-apoptotic genes like Mcl-1, which is crucial for

stabilizing mitochondrial function and extending cell lifespan.

Furthermore, BAFFR activation also engages the phosphoinositide-

3-kinase (PI3K) signaling pathway, which collaborates with B cell

receptor signaling to enhance protein synthesis and improve cellular

metabolism (33). Together, these signaling mechanisms ensure that

immature B cells avoid premature death and that mature B cells

maintain their energy levels and functional capabilities, thus

sustaining a robust immune response and balancing the B cell

population in the body (34).

Dysregulation of BAFF levels can lead to various clinical

conditions, including autoimmune diseases such as systemic lupus

erythematosus, characterized by excessive B cell survival and

proliferation. Additionally, alterations in BAFF levels can affect

the immune response to infections and the efficacy of vaccines.

In summary, BAFF is integral to the survival, maturation, and

functionality of B cells, with BAFF-R signaling playing a pivotal role

in regulating the pathways that govern B cell homeostasis.

Understanding these mechanisms is essential for exploring

potential therapeutic targets in the treatment of autoimmune

diseases and enhancing immune responses.
APRIL receptors and signaling

Both B-cell maturation antigen (BCMA) and transmembrane

activator and CAML interactor (TACI) are type II transmembrane

proteins that lack a signal peptide. Structurally, they resemble other
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TNFRs, featuring characteristic cysteine-rich domains (CRDs) in

their extracellular regions. TACI has two CRDs: CRD2 is

responsible for ligand binding, while CRD1 has been identified as

forming a pre-ligand assembly domain (PLAD), a feature first

described for Fas and TNFR1 (22, 23, 35, 36). The PLAD holds

the receptor in a pre-assembled state, ready to interact with an

incoming ligand. BCMA is a smaller receptor with only one CRD,

which also binds ligands. However, due to the single CRD, it is

unlikely to form a PLAD, though this has not been studied in detail.

APRIL has been crystallized both as a soluble ligand and in complex

with BCMA and the CRD2 (ligand-binding domain) of TACI.

These structures have shown that the receptor binding site is

located at the C-terminal end of each APRIL in the trimer,

leaving the heparane sulfate proteoglycans (HSPGs) domain

unoccupied by the receptor (37, 38). HSPGs are large

glycoproteins found on the surface of many cells, characterized by

covalently attached heparan sulfate chains (39). They play

significant roles in cell signaling, cellular adhesion, and the

regulation of various biological processes. In the context of

APRIL signaling, HSPGs serve as co-receptors that can enhance

the interaction between APRIL and its primary receptors, BCMA

and TACI. The presence of HSPGs facilitates the clustering of these

receptors, which is crucial for effective downstream signaling and

activation of B-cell survival pathways (40, 41).

Contrary to other TNFR-ligand complexes, such as DR5 and

TRAIL, where receptor monomers bind at the interface between

monomers in the trimer, TACI and BCMA receptors bind directly

to a single APRIL strand within the trimer (42, 43).

The junction of BCMA and TACI triggers the downstream

activation of the classical NF-kB pathway, which is believed to be

central to the proliferative signals that harmful B-cells receive.

Signaling through BCMA and TACI involves the recruitment of

intracellular adaptors known as TNF-receptor associated factors

(TRAFs). Initially, TACI was identified as a receptor interacting

with CAML, capable of signaling via the NFAT/AP-1 pathway

(44–47). However, it was later discovered that TACI can also signal

the activation of NF-kB and c-Jun NH2-terminal Kinase (JNK).

Through yeast two-hybrid assays, the intracellular domain of TACI

was found to join TRAF-2, -5, and -6, and it was determined that

the TRAF- and CAML-binding sites are separate. BCMA has also

been demonstrated to activate p38 mitogen-activated protein kinase

(MAPK) and c-Jun NH2-terminal Kinase (JNK). Nevertheless, the

intricate details of complex formation following receptor joining are

not well understood for either receptor, and the specific signaling
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components required to produce distinct signals through the same

receptor remain unclear (48, 49).

The expression patterns of APRIL receptors are not yet fully

understood, but evidence suggests they are present on B cells at

diverse levels relying on their maturation and activation status.

TACI is expressed in distinct B cell populations, such as marginal

zone B cells, CD27+ memory B cells, increases following B cell

stimulation, and has also been identified on certain T cell subsets,

especially regulatory T cells. However, this is controversial for T

cells. BCMA expression is more specifically associated with

differentiated B cells such as PCs, plasmablasts, and tonsillar

germinal center B cells, and is critical for the survival of long-

lived plasma B cells (50–52). Recent studies have shown that TACI

is expressed by human memory B cells, PCs, and a subset of CD27-

negative B cells. TACI expression is rapidly induced upon B cell

activation, mediated through the ERK1/2 signaling pathways.

BCMA expression, on the other hand, appears in memory B cells

after the loss of BAFF-R expression (26, 53, 54). Table 1 summarize

the receptors associated with APRIL and the various types of white

blood cells involved in autoimmune. In Figure 1, we summarized

the interactions of both BAFF and APRIL with various receptors.
APRIL and autoimmune disease

In recent years, the role of APRIL has emerged as crucial factors

in the landscape of autoimmune diseases. This cytokine is

instrumental in B cell regulation and have been implicated in

various autoimmune conditions such as systemic lupus

erythematosus (SLE) and rheumatoid arthritis (RA). To provide a

clearer understanding of their significance, Table 2 offers a concise

overview of key aspects of APRIL in the autoimmune diseases.
Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a long-term autoimmune

disease that occurs more often in Caucasian people, with 3.9 cases per

100,000 women and 0.4 cases per 100,000 men. Even though

treatments like corticosteroids and immunosuppressive drugs have

improved, SLE still poses a significant risk of death and long-term

health problems. The cause of SLE has been linked to abnormal

B-cells that multiply too much (55, 56). In SLE patients, these B-cells

produce too many IgG auto-antibodies, including those that target
TABLE 1 provides a concise overview of how APRIL receptors interact with different white blood cell populations and highlights their functions and
roles in autoimmune diseases.

Receptor Function Associated white blood cells

B-cell Maturation Antigen (BCMA) Promotes survival of long-lived plasma
cells (PCs)

Plasma cells (PCs), differentiated B cells

Transmembrane Activator and CAML
Interactor (TACI)

Involved in B cell activation and differentiation Memory B cells, naïve B cells, regulatory T
cells (controversial)

Heparan Sulfate Proteoglycans (HSPGs) Enhance receptor-ligand interactions Present on various cell types including B cells, T cells
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the nucleus and double-stranded DNA. The reason for lupus

nephritis and eventually kidney failure can be connected with the

formation of immune complexes from these autoantibodies. Because

of this, targeting these overactive B-cells is a promising approach for

treatment (57–59).

While it is generally agreed that high levels of BAFF in the blood

of SLE patients contribute to the disease, findings about APRIL

levels are less consistent. A study examining APRIL in the blood of

68 SLE patients over a median follow-up of 369 days found no link

between APRIL and BAFF levels. Additionally, short-term use of

corticosteroids lowered BAFF levels but did not affect APRIL levels,

indicating that these two cytokines are regulated differently.

Measurements of APRIL and BAFF mRNA in the blood cells of

SLE patients matched their serum levels. However, it is important to

be cautious when interpreting serum levels, as there is growing

evidence that non-blood cells also play a significant role in

producing APRIL (63–65).

Patients with positive titers of anti-dsDNA antibodies

demonstrated a modest but statistically considerable reverse

reference between serum levels of APRIL and anti-dsDNA

antibodies. The same study also reported a moderate but

important inverse correlation between APRIL serum values and

disease intensity, as measured by the SLE Disease Activity Index
Frontiers in Immunology 05
(SLEDAI), which includes 24 descriptors (clinical, biochemical, and

serological parameters, including anti-nuclear (ANA) and anti-

dsDNA antibodies) with already determined serious weights

(66–68). However, these inverse correlations were only observed

when patients’ data were analyzed collectively, incorporating serum

samples from all patients across different time points. It was

suggested that APRIL may act as a downregulator of

autoimmunity in SLE, although the precise mechanism was not

detailed (69, 70).

Regulatory B cells (Bregs) play a crucial role in modulating

immune responses via various mechanisms, but the signals required

for their differentiation and activation are not yet fully understood.

Research has demonstrated that overexpression of APRIL

significantly reduces the incidence and severity of collagen-

induced arthritis (CIA) in mice (134). Unlike BAFF, APRIL

specifically promotes IL-10 production and enhances regulatory

functions in human B cells (135, 136).

The hypothesis arose that APRIL could be instrumental in the

induction and activation of IL-10-producing Bregs, which help

suppress inflammatory responses both in vitro and in vivo.

Findings illustrate that APRIL fosters the differentiation of naïve

human B cells into IL-10-producing IgA+ B cells, which exhibit a

Breg phenotype (136–138). These APRIL-induced IgA+ B cells
FIGURE 1

Summary of APRIL and BAFF interaction with receptors and their effects on B cells.
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successfully inhibit the activity of T cells and macrophages through

the production of IL-10 and expression of PD-L1 (139, 140).

Furthermore, APRIL-induced IL-10-producing Bregs have been

shown to attenuate inflammation in experimental models of

autoimmune encephalitis (EAE) and contact hypersensitivity

(CHS) (136, 141). Notably, a strong correlation between APRIL

levels and IL-10 production has been observed in the inflamed

synovial tissue of patients with inflammatory arthritis (142). Taken

together, these findings underscore the potential relevance of

APRIL-induced IgA+ Bregs in maintaining immune homeostasis

and their implications in immunopathology.

This assumption was brought into discredit in a later study that

compared APRIL serum levels among healthy individuals, patients
Frontiers in Immunology 06
with SLE, and patients with rheumatoid arthritis (RA). The study

found that APRIL levels in the serum were significantly higher in

SLE patients compared to those with RA and healthy controls. A

backdated analysis indicated that APRIL serum levels inclined to be

compared with anti-dsDNA antibody titers (180). Disease activity

was assessed using two different indices: the British Isles Lupus

Assessment Group (BILAG) index and the SLE Disease Activity

Index (SLEDAI). The key distinction between these indices is that

the BILAG accounts disease intensity independently across different

organs, whereas the SLEDAI provides a total score for overall

disease activity (181–183). In Koyama et al.’s study, serum APRIL

levels did not correspond with the SLEDAI but did correspond with

the BILAG index for musculoskeletal disease, particularly in cases of
TABLE 2 Role of APRIL in autoimmune diseases.

Autoimmune
disease

Role of APRIL Key findings Implications for treatment References

SLE

Regulates B cell
survival and
autoantibody
production

Elevated levels of BAFF alongside conflicting APRIL
measurements have been observed, with studies indicating
an inverse correlation between APRIL levels and disease
activity markers such as anti-dsDNA antibodies. This
suggests a complex role for APRIL in modulating B cell
activity and tolerance. The presence of regulatory B cells
(Bregs) induced by APRIL, which produce anti-
inflammatory cytokines like IL-10, indicates that APRIL
may help counteract overwhelming
autoreactive responses.

Given the dual role of APRIL, anti-APRIL
treatments may reduce pathogenic
autoantibody production and disease
flares, while preserving the regulatory
function of Bregs. This could mitigate
disease progression and improve clinical
outcomes in SLE patients.

(55–70)

RA

Contributes to B
cell activity in
synovial tissue

In RA, there is a significant correlation between increased
APRIL levels in the synovium and inflammatory
responses. APRIL is found to enhance the survival and
proliferation of activated B cells in the inflamed synovial
tissue. Expression of TACI and BCMA has been detected
in rheumatoid synovial fibroblasts, suggesting that these
cells may play an active role in local APRIL signaling,
further promoting autoreactive B cell activity.

Inhibition of APRIL could lead to
improved outcomes in RA by reducing
the local autoantibody production and
modulating B cell activity in synovial
tissues. This therapeutic strategy holds
promise for decreasing joint inflammation
and damage.

(71–93)

SS

Limited role in
inflammatory
processes in
salivary glands

Although serum APRIL levels are elevated in SS patients,
local expression in the salivary glands is comparatively
lower than BAFF. This indicates that while APRIL may
play a systemic role in B cell modulation, its contribution
to the inflammatory processes in the exocrine glands may
be less significant. Local B cell populations in SS might
rely more heavily on BAFF for their survival and
function, possibly indicating a dominant role for BAFF in
the pathology of SS.

The conflicting roles of APRIL suggest
that further exploration is needed to
understand its potential therapeutic
implications in SS. Although targeted
therapies might initially focus on BAFF,
the role of APRIL in systemically
modulating B cell dynamics warrants
further investigation.

(16, 18, 23, 39–
41, 79, 94–161)

IgAN

Enhances IgA-
producing B
cell activity

APRIL is crucial in mediating the differentiation and
survival of IgA-producing B cells. Targeting APRIL has
demonstrated effectiveness in reducing serum IgA levels
and alleviating renal pathology in preclinical models,
underscoring its pivotal role in the pathogenic processes
of IgAN. It appears that APRIL facilitates class-switch
recombination in B cells toward IgA, which is central to
the disease mechanism.

Antagonism of APRIL could provide a
novel approach to treating IgAN by
inhibiting excessive IgA production and
moderating the inflammatory response in
the kidneys. This strategy may lead to
improved renal outcomes in
affected patients.

(23–25,
162–179)

Other
Autoimmune
Conditions

General modulation
of autoreactive
B cells

Increased levels of APRIL have been reported across
various autoimmune conditions, yet specific mechanistic
pathways remain unclear. APRIL generally promotes B
cell survival and potentially contributes to autoreactivity
in diverse autoimmune contexts; however, its exact role
varies widely among different diseases.

Highlighting the need for individualized
treatment strategies remains crucial, as the
heterogeneous nature of APRIL’s impact
on different B cell subsets across
autoimmune diseases complicates the
establishment of a uniform therapeutic
approach. Tailored strategies could
enhance efficacy and minimize adverse
effects in patients with complex
autoimmune profiles.

(1–15)
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arthritis (184). These findings have led to the proposal of opposing

therapeutic strategies.

Consistent with the findings of Stohl et al., a moderate inverse

linkage was observed between APRIL serum levels and anti-dsDNA

titers, with patients having higher APRIL levels showing a smaller

occurrence of renal involvement (185). Additionally, the study

revealed an inverse correlation between APRIL and BAFF levels in

SLE patients, suggesting that APRIL and BAFF may have contrary

functions in the disease. These findings support the use of specific

BAFF-antagonizing agents in the treatment of SLE, as opposed to

soluble TACI or BCMA receptors, which inhibit both BAFF and

APRIL. However, the study by Huard et al. has shown significant

increases in APRIL at both the mRNA and protein levels in bone

marrow cells of NZB/W lupus mice, in contrast to control mice, while

no such increases were observed in spleen cells (143). The selective

blockade of APRIL using antibodies was found to delay the

progression of lupus by mitigating proteinuria, kidney lesions, and

mortality. This therapeutic effect was linked to a reduction in anti-

DNA and anti-chromatin autoantibody levels, without disrupting the

balance of B and T cell populations. Therefore, anti-APRIL treatment

presents a promising alternative therapy for SLE, specifically targeting

PCs with potentially fewer adverse effects compared to traditional

anti-inflammatory and immunosuppressant treatments (143).

One study monitored APRIL and BAFF serum levels over 6

months in a small cohort of SLE patients (n = 10) receiving the B

cell-depleting anti-CD20 antibody rituximab. CD20, which is

exclusively expressed on B cells, is effectively targeted by

rituximab, leading to a significant reduction in circulating B cells

(186). The study found no significant distinctions in circulating

APRIL levels between untreated SLE patients and controls, although

BAFF levels were elevated in SLE patients. During B cell depletion,

APRIL levels in the serum dropped greatly, while BAFF levels

enhanced. Once B cell counts returned to normal degree, both

APRIL and BAFF levels went back to their pre-treatment levels. The

changes in serum levels of these two proteins during B cell depletion

were quite different. The increase in serum BAFF levels observed

after rituximab infusion is likely the result of two distinct

mechanisms. The first is associated with the substantial reduction

in receptors following B-cell depletion. The second mechanism

relates to the delayed regulation of BAFF mRNA levels (144).

Currently, there is no exact interpretation for these varying

APRIL levels in SLE patients, but differences in the sensitivity of

the ELISA tests used might be a factor.

A few studies have looked into whether genetic variations in

APRIL and its receptor TACI are linked to SLE. In one study, 119

unrelated SLE patients were examined for TACI gene variations, but no

significant differences from healthy controls were found, and none of

the TACI mutations seemed to be related to the disease (18, 187–189).

Other studies analyzed the APRIL gene in Japanese SLE patients (148

and 266 patients, respectively) and found two single-nucleotide

polymorphisms (SNPs) at positions 67 (glycine/arginine) and 96

(asparagine/serine). The glycine variant at position 67 was notably

more common in SLE patients. This was confirmed in a separate study,

which also found that the 67 glycine + 96 asparagine combination

increases risk for SLE, while the 67 arginine + 96 serine combination
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provides some protection. Additionally, the SNP at APRIL codon 67A

was linked to SLE risk in other ethnic groups, including European-

American, African-American, and Hispanic populations (190–192).

Several studies have explored the use of adenovirus-encoded or

purified soluble TACI-Fc fusion proteins to block the activity of BAFF

and APRIL in lupus-prone mice. Treatment with this fusion protein

restrained disease progression and extended survival in these mice.

One study compared the effects of TACI-Fc fusion protein with a

BAFF receptor-Fc protein (which blocks only BAFF) in NZB/WF1

lupus-prone mice. Both treatments were similarly effective in these

mice (193, 194). However, TACI-Fc treatment led to lower IgM serum

levels, a reduction in splenic PCs, and a diminished IgM response to a

T cell-dependent antigen. This was likely due to APRIL’s influence on

the production of neutralizing anti-IgM antibodies by B cells.

Therefore, a specific BAFF-blocking agent might be more

advantageous, as agents blocking both BAFF and APRIL could

disrupt B cell production of neutralizing anti-IgM antibodies,

potentially increasing susceptibility to infections (24, 195, 196).

Lupus nephritis (LN) is a significant manifestation of SLE,

where the interplay of BAFF (B-cell activating factor) and APRIL

(a proliferation-inducing ligand) plays a crucial role in the disease’s

pathogenesis (151). In patients with LN, elevated levels of these

cytokines can indicate renal inflammation and tissue damage.

While BAFF overexpression has been linked to the activation of

B-cells and the development of autoimmune responses, its presence

in the kidneys—especially in class III and IV LN—is noteworthy, as

it correlates strongly with kidney activity indices (152, 153). On the

other hand, APRIL’s expression is also heightened in the renal

compartments of patients with proliferative LN, suggesting its role

in exacerbating autoimmune inflammation and promoting the

influx of macrophages (151, 154). Together, the detection of

BAFF and APRIL, alongside their receptor interactions in urinary

samples, highlights their potential as non-invasive biomarkers for

monitoring disease progression and therapeutic response in LN,

providing hope for more personalized and effective management of

SLE patients. This emphasizes the need for further research to

solidify their roles in clinical settings, paving the way for

advancements in treating this complex condition.
Rheumatoid arthritis

Arthritis is an inflammation affecting one or more joints, leading

to symptoms such as swelling, pain, and limited movement. While

there are many types of inflammatory arthritis, rheumatoid arthritis

(RA) is the most prevalent. RA primarily impacts the synovium, the

tissue lining the joints, which is usually a thin layer with one or two cell

layers deep. In RA, this synovial tissue undergoes hyperproliferation of

fibroblast-like synoviocytes (FLS) in the lining layer and experiences

infiltration by macrophages and T and B cells in the sub-lining. This

infiltration contributes to inflammation and causes damage to the

bone and cartilage. RA is also marked by the generation of auto-

antibodies (71–73).

The connection between APRIL and rheumatoid arthritis (RA)

was initially suggested by mouse researches. In these studies, mice
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susceptible to arthritis were immunized with type II collagen (CII)

from other species, resulting in a disease model similar to human RA

known as collagen-induced arthritis (CIA). Both CII antibodies and

CD4+ T cells are necessary for developing CIA. Using TACI-Fc to

inhibit APRIL and BAFF in this model prevented disease progression

and reduced disease severity compared to controls (74–77).

Further research showed that synovial fluid from patients with

inflammatory arthritis had significantly higher levels of APRIL

compared to those with non-inflammatory arthritis like

osteoarthritis. Although BAFF levels were also higher in patients

with inflammatory arthritis, they did not correlate with APRIL

levels. This suggests that both cytokines may play different roles in

managing pathogenic B or T cells in inflamed joints (78–81).

Curiously, a study investigating serum from patients with various

systemic immune diseases (including SLE, RA, Reiter’s syndrome,

psoriatic arthritis, polymyositis, and ankylosing spondylitis) found

elevated APRIL levels and the presence of APRIL/BAFF hetero-

trimers. Given the limited sample size, it will be important to

investigate whether APRIL/BAFF hetero-trimers are more

prevalent in specific rheumatic diseases and if they have

functional significance (82–84).

Another study explored serum from 16 RA patients and found

elevated levels of APRIL compared to controls. Importantly, they

discovered that synovial fibroblasts in RA patients express BCMA,

whereas this expression was not observed in cells from patients with

osteoarthritis. APRIL therapy was shown to increase cell

proliferation and stimulate the production of pro-inflammatory

cytokines like IL-6 and TNF-alpha, indicating that APRIL plays a

key role in the development of RA (85).

Additional evidence of APRIL’s involvement in RA comes from

two investigations. In one study, APRIL and BAFF serum levels

were monitored over 6 months in nine RA patients treated with

rituximab. APRIL levels were elevated in these RA patients

compared to controls, while BAFF levels were not. During B cell

depletion, APRIL levels remained stable, whereas BAFF levels raised

substantial, similar to what was observed in SLE patients (86, 87).

APRIL’s role in RA was further highlighted by a study

examining synovial biopsies from 72 RA patients, focusing on B

cell function and the expression of APRIL and BAFF. The synovitis,

or inflamed synovial tissues, were categorized basing on their

lymphoid structure into: ectopic germinal centers (GCs), T cell–B

cell aggregates without germinal center reactions, and disorganized

diffuse infiltrates (88–90). About half of the RA patients had

synovitis with GCs or T cell–B cell conglomerations, while the

other half had dispersed infiltrates. APRIL was exposed to be

particularly expressed in CD83+ dendritic cells, with the

maximum expression in GC synovitis, while BAFF was similarly

expressed across different types of synovitis and localized to CD68+

macrophages. CD138+ PCs and some T cells in aggregate and

diffuse synovitis expressed TACI, but not in GC synovitis (91, 92).

To investigate functional differences between these

compartments, synovium-SCID mouse chimeras were cured with

TACI-Fc. This treatment led to the loss of GCs in the synovial

tissue, reduced Ig production, and lower IFN-gamma production.

In contrast, in aggregate and diffuse synovitis, TACI-Fc treatment
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had no effect on Ig levels but increased IFN-gamma production.

These findings suggest that TACI ligands may have either

stimulatory or inhibitory effects depending on the type of

synovitis (93, 197).

In rheumatoid arthritis (RA), the synovial tissue becomes a hub

of autoreactive B-cell activity driven by the expression of key

cytokines BAFF and APRIL (79, 145). Synovial fibroblasts (RASF)

play a pivotal role in this process, as they constitutively release high

levels of both BAFF and APRIL, thereby supporting the activation,

proliferation, and differentiation of B cells (146). The presence of

ectopic lymphoid structures (ELSs) within the RA synovium

facilitates crucial processes such as clonal expansion and

immunoglobulin class-switching, while the expression of

activation-induced cytidine deaminase (AID) is essential for these

events to occur (147, 148). Excitingly, RASF have been shown to

enhance the expression of AID and the production of class-switched

antibodies, primarily IgG, particularly following Toll-like receptor 3

(TLR3) stimulation. This interaction not only fosters the ongoing

production of autoantibodies but also indicates a complex interplay

between RASF and B cells, highlighting the significance of BAFF/

APRIL signaling in enabling these immune responses (149, 150).

The nuanced understanding of how these factors contribute to

B-cell activation and differentiation in the rheumatoid synovium

opens avenues for potential therapeutic interventions that target

these pathways, aiming to mitigate the autoimmune processes

inherent in RA.
Sjögren’s syndrome

Sjögren’s syndrome (SS) is an autoimmune condition

influencing exocrine glands and often occurs alongside RA and

SLE. Patients with SS commonly have anti-nuclear antibodies SSA/

Ro and SSB/La, with SSB/La being more specific to SS. Symptoms

similar to SS were observed in BAFF transgenic mice, but not in

APRIL transgenic mice (94–96). Despite this, elevated serum levels

of both APRIL and BAFF have been found in SS patients, especially

those positive for SSA/Ro. There is also a positive connection

between the serum levels of these two cytokines, though their

exact role in SS is still not fully understood (97, 98).

In patients with Sjögren’s syndrome (SS), the expression of BAFF

(B-cell activating factor) and APRIL (a proliferation-inducing ligand)

in the salivary glands reveals important insights into the complex

immune landscape of this condition (155). Epithelial cells within the

minor salivary glands are known to be robust producers of BAFF,

playing an active role in antigen presentation andmodulating immune

responses. However, while BAFF levels remain relatively stable

between SS patients and healthy individuals, the expression of

APRIL is less prominent and predominantly localized to the ductal

epithelial cells, showing a decrease in SS patients compared to healthy

individuals (156, 157). This suggests that APRIL may not play a

central role in the inflammatory processes within the salivary glands,

especially in comparison to its counterpart, BAFF (158). Interestingly,

elevated levels of APRIL have been detected in the serum of SS

patients, particularly among those who are anti-Ro/La positive, raising
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questions about the origins of serum APRIL and its relationship to

salivary gland dysfunction (159, 160). The association of serumAPRIL

with decreased salivary flow implies a complex interplay between

systemic inflammatory signals and local glandular activity.

Furthermore, TACI expression in the salivary glands may reflect

intricate interactions between BAFF, APRIL, and their receptors in

maintaining homeostasis or potentially exacerbating dysfunction in SS

(161). Overall, while BAFF stands out as a significant factor in

modulating B-cell activity and influencing inflammation in SS,

APRIL appears to have a subtler role, warranting further

investigation to clarify its function and therapeutic potential in

managing salivary gland involvement in this autoimmune condition.
IgA nephropathy

IgA nephropathy (IgAN) arises from the deposition of

immunoglobulin A (IgA) in the glomeruli, leading to kidney

damage and varying degrees of proteinuria. One of the innovative

treatments targeting this condition is telitacicept, which acts on

critical signaling molecules BAFF and APRIL to modulate B cell

development. Clinical trials have shown that telitacicept can

significantly reduce proteinuria while exhibiting a favorable safety

profile (162, 163). Its dual-target approach distinguishes it from other

B cell-related therapies (164). This unique mechanism underscores

telitacicept’s potential in treating IgAN and encourages further

exploration of novel therapeutic strategies in this field (165). By

leveraging agents like telitacicept, we can expand our treatment

options and enhance patient outcomes in autoimmune conditions.

In a phase II study known as the JANUS trial (NCT02808429),

researchers evaluated atacicept, a B-cell–targeted immunomodulator,

in patients with IgAN experiencing persistent proteinuria (≥1 g/d or

0.75 mg/mg on 24-hour urine protein-to-creatinine ratio) despite

optimal standard care. Sixteen patients were randomized to receive

weekly subcutaneous injections of either placebo (n = 5), atacicept 25

mg (n = 6), or atacicept 75 mg (n = 5) (179). The trial revealed an

acceptable safety profile, with 75% of patients completing at least 48

weeks of treatment and 50% completing 72 weeks, followed by a 24-

week safety follow-up. Treatment-emergent adverse events (TEAEs)

were reported in 14 patients, most of which were classified as mild or

moderate, and only three serious TEAEs occurred, none of which were

related to the treatment. Atacicept led to significant, dose-dependent

reductions in levels of IgA, IgG, IgM, and galactose-deficient IgA1

(Gd-IgA1) at week 24, effects that were sustained up to week 72.

Additionally, early reductions in proteinuria were observed at week 24,

and while renal function declined in the placebo group, it remained

stable in patients receiving atacicept. These findings suggest atacicept’s

effectiveness in reducing levels of pathogenic Gd-IgA1 and its potential

benefits for proteinuria and renal function in patients with IgAN (179).

Another promising agent, sibeprenlimab, was investigated in

the phase 2 ENVISION trial (NCT04287985). This humanized

IgG2 monoclonal antibody neutralizes APRIL and was tested in

adults with biopsy-confirmed IgAN at high risk for disease

progression. Participants were randomized in a 1:1:1:1 ratio to

receive either sibeprenlimab at doses of 2 mg/kg, 4 mg/kg, or 8 mg/
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kg, or placebo, administered intravenously once monthly for 12

months. The primary endpoint measured changes from baseline in

the log-transformed 24-hour urinary protein-to-creatinine ratio at

month 12, with secondary endpoints including changes in

estimated glomerular filtration rate (eGFR) (25). Among the 155

randomized patients, significant reductions in the urinary protein-

to-creatinine ratio were noted at 12 months, with geometric mean

ratio reductions of 47.2% (2 mg/kg), 58.8% (4 mg/kg), and 62.0% (8

mg/kg), versus 20.0% in the placebo group. EGF changes from

baseline at 12 months were -2.7 ml/min/1.73 m² (2 mg/kg), 0.2 ml/

min/1.73 m² (4 mg/kg), -1.5 ml/min/1.73 m² (8 mg/kg), and -7.4

ml/min/1.73 m² (placebo). Adverse events occurred in 78.6% of the

sibeprenlimab groups and 71.1% in the placebo group, indicating a

comparable safety profile. Sibeprenlimab treatment significantly

decreased proteinuria compared to placebo, suggesting its

potential as a therapeutic option for patients with IgA nephropathy.

Investigations into the efficacy of systemic corticosteroids for

treating IgAN have yielded mixed results. Two major studies, STOP-

IgAN (174) and TESTING (175), showed that corticosteroids did not

significantly improve kidney function or reduce the decline in eGFR,

and were associated with numerous adverse events, prompting the

early termination of the TESTING trial. In contrast, emerging

therapies that target APRIL present an encouraging alternative; by

modulating the immune response and decreasing pathogenic IgA

production, these treatments may offer both safety and efficacy,

improving patient outcomes in IgAN management. Continued

research into the role of APRIL in tailoring therapies for IgAN may

represent a significant advance in renal immunology. In Table 3, we

summarize the main therapeutic agents and their features.
Synergistic targeting both APRIL and
BAFF

Simultaneously targeting APRIL and BAFF has shown promise in

achieving synergistic therapeutic outcomes in certain autoimmune

conditions, as evidenced by early clinical data and preclinical models.

Both Atacicept and Telitacicept are notable examples of therapies that

target these two critical cytokines, which play vital roles in B cell

survival and differentiation. In phase II clinical trials, Atacicept

demonstrated a dose-dependent reduction in flare rates among

patients with SLE, indicating that inhibiting both BAFF and APRIL

can lead to improved clinical outcomes (200). Similarly, Telitacicept

has shown robust efficacy and safety in patients with SLE and has

successfully met endpoints in clinical trials, highlighting the potential

benefits of dual inhibition. The observed benefits may stem from a

more comprehensive modulation of B cell activity, potentially

addressing both hyperactivity and autoreactive tendencies that

characterizes various autoimmune diseases (201).

The rationale for simultaneously targeting BAFF and APRIL lies in

their shared but distinct mechanisms. BAFF promotes B cell survival

and maturation, while APRIL supports the differentiation of plasma

cells, which are the cells responsible for producing antibodies, including

autoantibodies. By inhibiting both pathways, these therapies may more

effectively reduce the pool of autoreactive B cells and plasma cells
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compared to targeting either cytokine alone (202). Evidence suggests

that excessive BAFF levels post-B cell depletion, such as after treatments

like rituximab, can lead to the re-emergence of autoreactive B cells,

which implies that sustained inhibition of both BAFF andAPRIL during

treatment could mitigate this risk.

Several autoimmune conditions may particularly benefit from

this dual-targeting approach. For instance, conditions like systemic

lupus erythematosus and Sjögren’s syndrome, where abnormal B

cell proliferation and autoantibody production are core features,

could see improved patient outcomes through combined BAFF and

APRIL inhibition (203). Moreover, conditions like rheumatoid

arthritis and systemic sclerosis, which also involve complex B cell

dysregulation, may be amenable to this synergistic strategy.

Additionally, diseases characterized by fluctuating levels of BAFF,

such as bullous pemphigoid and pemphigus vulgaris, might benefit

from well-timed combinations of these therapies to prevent the

rebound of pathogenic B cells after depletion (204).

In conclusion, the strategy of simultaneous targeting of APRIL and

BAFF represents a promising avenue in the treatment of autoimmune

disorders. The existing preclinical and early-phase clinical data provide a

strong foundation for further exploration into this combined approach,

particularly in conditions marked by significant B cell involvement. As

more clinical trials progress, optimizing the timing and dosing of these

dual-targeted therapies could herald a new era of effective treatments for

autoimmune diseases. Notably, the precise identification of patient

populations that would benefit most from this strategy remains a

crucial component of future research efforts.
Comparison with other B-cell
targeting strategies

Targeting Bruton’s tyrosine kinase

BAFF and APRIL targeted therapies differ significantly from

BTK inhibitors like ibrutinib in several key aspects, including their

mechanisms of action, clinical efficacy, and safety profiles.

BAFF and APRIL play crucial roles in B cell survival and

differentiation. Therapies targeting these cytokines, such as

belimumab or anti-APRIL antibodies, primarily aim to modulate

B cell activity by inhibiting their overactivity, which is a hallmark of

many autoimmune diseases (205). In contrast, BTK inhibitors block
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the signaling pathways activated by B cell receptors (BCRs),

affecting downstream processes that impact B cell development

and immune responses. BTK inhibition disrupts both B cell and

myeloid lineage differentiation, impacting inflammation indirectly.

This means that while BAFF and APRIL therapies directly affect B

cells’ survival and proliferation, BTK inhibitors have a broader

mechanism that also affects the inflammatory milieu generated by

these cells (206, 207).

Clinical trials for BTK inhibitors have shown variable success in

treating autoimmune conditions like RA, with some early-stage

studies indicating modest improvement after prolonged periods

(e.g., fenebrutinib’s effects becoming significant at 12 weeks).

However, the clinical success rate for BTK inhibitors in RA has

been relatively poor compared to the promising results of BAFF and

APRIL-targeted therapies, which have generally shown better

efficacy across multiple autoimmune diseases (208). For instance,

in SLE and Sjögren’s syndrome, BTK inhibitors have not

demonstrated the expected therapeutic benefit despite effective

action in preclinical models. This highlights a notable disconnect

in efficacy when transitioning from animal models to human

clinical contexts for BTK inhibitors (209).

The safety profiles of these two therapeutic classes also differ.

BAFF and APRIL-targeted therapies are generally well-tolerated,

with predictable side effects related to reduced B cell activity, such as

increased susceptibility to infections. Conversely, BTK inhibitors

can have more complex safety issues, including potential impacts on

both B cells and myeloid lineage cells, which could lead to varied

inflammatory responses or opportunistic infections. The prolonged

nature of treatment with BTK inhibitors necessitates careful

monitoring, especially due to the cumulative effects on B cell and

myeloid lineage differentiation, which may take time to

manifest (210).

Furthermore, the therapeutic impact of BTK inhibitors may

necessitate a precision medicine approach, where patient

populations are stratified based on specific immune signatures.

This is in contrast to BAFF and APRIL therapies, which have

more broadly applicable mechanisms targeting B cell dysregulation

without the need for complex patient matching based on underlying

immunological profiles (211).

Overall, while both BAFF/APRIL-targeted therapies and BTK

inhibitors aim to modulate dysfunctional B cell responses in

autoimmune diseases, they operate via distinct mechanisms,
TABLE 3 Comparison of therapeutic agents targeting APRIL and BAFF.

Therapeutic agent Mechanism of action Disease Current development
stage

References

Atacicept Dual inhibition of BAFF and APRIL RA, SLE Tested in clinical trials (19–21, 174, 175)

Rituximab Anti-CD20 antibody; depletes B cells RA, SLE Approved and used off-label (57–59, 115)

Belimumab BAFF antagonist; inhibits B cell survival SLE Approved for SLE (60–62)

Telitacicept (RC18)
Targets both BAFF and APRIL; enhances B
cell modulation IgAN, RA, SLE Phase 1 trials

(198, 199)

Anti-APRIL
monoclonal antibodies

Specifically target APRIL, depleting TACI/
BCMA+ B cells

Potential in multiple
autoimmune diseases Preclinical studies ongoing

(23, 100, 170)
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exhibit varying clinical efficacies and safety profiles, and may

require different approaches in patient management and precision

medicine. This divergence underscores the importance of

understanding the underlying biological mechanisms when

selecting therapeutic strategies for patients with autoimmune

conditions (87).
Anti-CD19 monoclonal antibodies

BAFF and APRIL targeted therapies differ significantly from

anti-CD19 monoclonal antibody therapies in several fundamental

aspects, including their mechanisms of action, clinical efficacy, and

safety profiles (212).

BAFF and APRIL therapies primarily modulate B cell survival

and differentiation by blocking these critical cytokines that support

B cell maturation and survival. By inhibiting BAFF and APRIL,

these treatments reduce the number of autoreactive B cells and

decrease overall B cell hyperactivity, which is a significant factor in

various autoimmune diseases. In contrast, anti-CD19 monoclonal

antibodies directly target the CD19 molecule on the surface of B

cells, affecting all stages of B cell development, including pre-

plasmablasts and plasma cells (23, 87). This broad targeting

means that anti-CD19 therapies may have a more immediate and

profound effect on B cell populations, potentially depleting both

autoreactive and non-autoreactive B cells.

The clinical efficacy of BAFF and APRIL-targeted therapies has

shown promise across different autoimmune diseases, with evidence

suggesting improvements in disease states like SLE. On the other

hand, the clinical outcomes for anti-CD19 therapies have been less

encouraging. For example, trials involving Obexelimab, an anti-

CD19 antibody, were halted after failing to meet predefined

endpoints in SLE patients and also showed limited data on

efficacy in RA. This contrasts starkly with the more consistent

positive results observed with BAFF and APRIL antagonists, which

have been linked to better management of symptoms in several

autoimmune contexts (213, 214).

In terms of safety, BAFF and APRIL-targeted therapies tend to

have manageable safety profiles, primarily associated with their role

in modulating B cell activity without completely eliminating B cell

populations. This results in reduced risk for severe infections

compared to therapies that lead to total or nearly total B cell

depletion. Conversely, anti-CD19 monoclonal antibodies could

lead to a more significant reduction in B cell numbers, increasing

the risk of infections and related complications. Additionally,

patients treated with anti-CD19 therapies may face risks related

to the clearing of entire B cell populations, including potential

complications from the depletion of protective immune

functions (215).

The target populations for these therapies also differ. BAFF and

APRIL antagonists may be more favorable for patients with a

certain profile of B cell dysregulation that is responsive to such

cytokine blockade. In contrast, anti-CD19 therapies might be more

appropriate for conditions where a broader B cell depletion could be

beneficial, although their efficacy remains uncertain. Moreover, the
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presence of CD19high B cells linked to autoimmunity and poor

outcomes after treatment brings into question the overall benefit of

depleting CD19-expressing cells in certain populations (87).

Overall, while both BAFF/APRIL-targeted therapies and anti-

CD19 monoclonal antibodies aim to modulate B cell function in

autoimmune diseases, they do so through different mechanisms that

result in varying clinical efficacies and safety profiles. The former

tends to have a more favorable track record in clinical outcomes and

manageable side effects, contrasted by the challenges faced by anti-

CD19 therapies in achieving predefined efficacy endpoints, raising

important considerations for clinical practice and the selection of

therapeutic strategies for patients with autoimmune disorders.
Safety concerns and potential adverse
effects of APRIL targeting

While APRIL-targeted therapies show promise in managing

autoimmune conditions, several potential adverse effects warrant

careful consideration. One significant concern is the increased risk

of infections. Since APRIL plays a crucial role in B cell survival and

differentiation into antibody-producing plasma cells, its inhibition

could impair the body’s ability to mount effective immune

responses against pathogens (216). Clinical observations have

indicated that therapies like Atacicept, which target both APRIL

and BAFF, are associated with higher rates of infections—especially

respiratory infections—compared to placebo groups. This elevation

in infection risk underscores the need for vigilant monitoring in

patients undergoing such treatments (217).

Another concern surrounding APRIL-targeted therapies is the

diminished responsiveness to vaccinations. Vaccinations rely on the

body’s ability to generate robust antibody responses, which may be

compromised through the depletion of plasma cells that produce

these antibodies. In clinical settings, patients on therapies that

influence B cell dynamics have demonstrated reduced antibody

responses to vaccines, such as those for influenza and

pneumococcus. A study involving patients treated with Atacicept

found that the antibody response to vaccination was notably

attenuated, prompting recommendations for careful consideration

of vaccination schedules before initiating APRIL-targeted

therapies (218).

Long-term depletion of plasma cells is another potential adverse

effect. Plasma cells are essential for maintaining long-term antibody

production, especially for combating recurrent infections. If APRIL

activity is chronically inhibited, it may lead to insufficient plasma

cell levels and, consequently, a long-term inability to produce

adequate protective antibodies. Evidence from preclinical models

indicates that prolonged targeting of APRIL can lead to lasting

reductions in plasma cell populations, raising concerns about the

durability of humoral immunity beyond the immediate scope of

treatment (107, 219).

Moreover, the emerging understanding of the role of APRIL in

maintaining immune tolerance has also raised alarms regarding the

potential for increased autoimmunity. In some cases, targeting

APRIL may inadvertently lead to an imbalance in the immune
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system, allowing for the proliferation of autoreactive B cells. For

instance, research indicates that while reducing APRIL can decrease

certain autoantibody levels, it might also disrupt the regulatory

pathways that prevent autoimmunity, leading to unexpected

adverse immune reactivity (220).

Finally, it is essential to acknowledge that while ongoing and

future clinical trials are expected to provide a clearer picture of these

risks, data from existing studies illustrate the complex balance

between therapeutic efficacy and safety in APRIL-targeted

therapies. As with any treatment modality, personalized

approaches considering individual patient profiles and associated

risks are critical in the management of autoimmune diseases.

Exploring potential resistance mechanisms to APRIL-targeted

therapies is essential for understanding their long-term efficacy. We

can list the several key areas of concern:
Fron
1. Compensatory Upregulation of BAFF Signaling: One major

resistance mechanism is the compensatory upregulation of

BAFF (B-cell-activating factor). Since BAFF and APRIL

share overlapping functions in supporting B cell survival,

inhibition of APRIL may lead to increased BAFF levels as

the immune system attempts to compensate for the

decreased signals. Studies have indicated that when

APRIL is inhibited, BAFF can facilitate the survival of

autoreactive B cells, which may eventually undermine the

treatment’s effectiveness. This finding suggests that

therapies targeting APRIL may need to simultaneously

consider BAFF modulation to maintain balance (30).

2. Alternative Survival Pathways: Besides BAFF, B cells may

utilize other survival pathways when APRIL signaling is

disrupted. For instance, upregulation of different cytokines

that promote B cell survival could occur in response to

APRIL blockade. Investigating these alternative pathways is

crucial, as they can provide insights into how B cells adapt

and survive despite APRIL-targeted therapy. It may become

necessary to target multiple pathways to achieve a more

durable therapeutic effect (221).

3. Subpopulation Resilience: Different subpopulations of B cells

might exhibit varying resilience to APRIL blockade. For

instance, memory B cells and certain activated B cell subsets

may be less susceptible to loss of APRIL signaling.

Understanding the heterogeneity within B cel l

populations can help in predicting how some cells might

resist therapy and how they could contribute to disease

persistence or relapse (222).

4. Potential for Autoimmunity: As mentioned earlier, the

disturbance of APRIL signaling can lead to an imbalance

in immune regulation, promoting autoimmunity rather

than treating it. This potential for autoimmunity should

be closely monitored as a form of resistance, as the

emergence of new autoreactive B cells could overshadow

the therapeutic benefits of APRIL blockade (87).
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5. Pharmacodynamics and Dosing Considerations: The long-

term use of APRIL-targeted therapies may lead to

pharmacodynamic changes where the initial efficacy

diminishes over time. Strategies to optimize dosing

regimens and treatment durations are vital to maintaining

therapeutic benefits without encouraging resistance

mechanisms (223).
Expectations from APRIL targeting

The exploration of B-cell modulatory agents has shown

considerable promise in treating autoimmune diseases. Rituximab,

an anti-CD20 antibody, was one of the first successes, followed by

belimumab, a BAFF antagonist that restricts the survival of mature B

cells. Atacicept, which inhibits both BAFF and APRIL, has also

emerged as a noteworthy treatment option. Recently, telitacicept

(RC18), an advanced version of TACI-Fc with a higher molecular

weight, has been tested in Phase 1 trials for rheumatoid arthritis and

lupus, showing effects on circulating B-cell counts and

immunoglobulin levels similar to atacicept (18, 99, 198, 199).

Despite the absence of human trials specifically targeting APRIL

alone, preclinical studies have validated the efficacy of monoclonal

antibodies that selectively target human APRIL. These studies

indicate potential effectiveness in conditions like multiple

myeloma, with no significant barriers identified for applying these

treatments in autoimmune diseases (23, 100–103). The crucial role

of APRIL in plasma cell (PC) regulation is well-documented;

however, its influence on the early stages of the humoral response

remains less clear compared to anti-CD20 and anti-BAFF therapies.

Notably, while clinical trials have been unable to investigate the

depletion of bone marrow PCs due to the invasiveness of required

procedures, findings from mouse models suggest that CD20

expression is absent in PCs, indicating that existing CD20-

targeted therapies may not significantly impact these long-lived

cells (104–108).

Interestingly, BAFF receptor expression patterns mirror those of

CD20, with complete loss at the PC differentiation stage, highlighting

its critical role in B cell development and survival. Unlike BCMA,

which is present on all PCs but does not respond to BAFF, TACI has

been shown to respond to a highly oligomerized form of BAFF,

suggesting that PCs largely operate independently of BAFF signaling

(109–113). This independence might extend to humans, as evidenced

by belimumab’s limited effect on protective immunity from long-

lived PCs produced after vaccination (114, 115). However, evidence

from recent studies, such as that by Eslami et al., suggests that the

TACI/BAFF axis may still play a significant role in PC survival (24).

In terms of treatment outcomes, belimumab effectively reduces

IgM production but not IgG, while anti-APRIL strategies are

gaining traction due to their impact on PC survival and antibody

production, as shown in animal studies (116, 117). The current

landscape of B-cell modulation reveals that no agent conclusively
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impacts long-lived BM PCs in humans, underscoring the potential

for APRIL antagonists to fill this therapeutic gap (118, 119).

Povetacicept (ALPN-303), a high-affinity antagonist of both

APRIL and BAFF, has been shown to significantly inhibit B cell

proliferation and antibody secretion more effectively than existing

alternatives, including anti-CD20 monoclonal antibodies (23). In

various mouse models, this agent reduced serum immunoglobulin

levels and improved outcomes in lupus nephritis, suggesting

substantial potential for the treatment of autoantibody-mediated

autoimmune diseases.

Moreover, trials such as ILLUMINATE have evaluated

tabalumab, displaying biological activity consistent with BAFF

inhibition, yet failing to demonstrate significant clinical efficacy in

treating SLE (178). Atacicept’s long-term efficacy has also been

documented, highlighting its ability to sustain beneficial outcomes

in IgA nephropathy (178).

As research progresses, the exploration of APRIL antagonism

may yield important insights and innovative therapeutic strategies,

particularly for diseases driven by pathogenic antibodies from long-

lived PCs, warranting further investigation and clinical trials

(19, 133).

Long-term inhibition of APRIL can significantly impact

protective antibody responses, particularly concerning vaccine-

induced immunity and the maintenance of memory plasma cells.

APRIL plays a crucial role in the survival and differentiation of B

cells into antibody-producing plasma cells. If APRIL signaling is

inhibited over an extended period, it could compromise the ability

of B cells to respond effectively to vaccines, which may lead to

reduced vaccine efficacy. Without adequate APRIL signaling, there

could also be challenges in class switch recombination, preventing B

cells from producing different classes of antibodies, ultimately

resulting in suboptimal immune responses (224).

In terms of memory plasma cell maintenance, APRIL is vital for

developing and sustaining long-lived memory B cells. Prolonged

APRIL inhibition may hinder the formation of these cells after

vaccination, diminishing the body’s ability to mount quick and

robust responses upon re-exposure to pathogens. Memory plasma

cells, which are crucial for long-term immunity through continuous

antibody production, could also suffer from inadequate survival

signals, leading to reduced serum antibody levels and waning

immunity (225).

To mitigate these concerns, strategies can be implemented. One

approach involves utilizing intermittent therapy, where APRIL

inhibition is not continuous but rather given in cycles. This

allows periods where normal APRIL signaling can occur,

supporting memory B cells and plasma cell maintenance during

and after vaccinations. Combination therapies could also be

effective. For instance, administering BAFF along with APRIL

inhibitors might maintain B cell survival and function, balancing

the effects on immunity (226).

Vaccine design can be optimized by incorporating adjuvants

that stimulate multiple immune pathways, enhancing B cell

activation without solely relying on APRIL signaling.
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Implementing regular monitoring of antibody levels and memory

B cell populations in patients receiving long-term APRIL inhibition

can provide insights into waning immunity, allowing for timely

adjustments in therapy. For example, temporarily resuming APRIL

signaling through BAFF administration when necessary could help

maintain protective immunity (227, 228).

Moreover, research into small molecules or biologics that

specifically promote the formation and longevity of memory B

cells, independent of APRIL, might provide additional pathways to

strengthen vaccine responses in patients undergoing APRIL

inhibition. Overall, while the challenges posed by long-term

APRIL inhibition are significant, a thoughtful and multifaceted

approach can help ensure that protective antibody responses and

memory plasma cell maintenance are preserved, ultimately

benefiting patient outcomes (100).
Future directions

Moving forward, research should prioritize the development of

personalized treatment strategies that identify specific patient

populations likely to benefit from APRIL-targeted therapies.

Utilizing biomarkers and immune profiling can enhance our

ability to tailor interventions to the unique immune landscapes of

individual patients, optimizing therapeutic outcomes. Additionally,

it is essential to investigate the long-term implications of APRIL

inhibition, particularly regarding its effects on vaccine responses

and the maintenance of memory B cells. Understanding how

prolonged inhibition might impact humoral immunity will be key

in guiding treatment plans.

Moreover, exploring dual-target strategies that simultaneously

inhibit both APRIL and BAFF may yield synergistic effects, offering

a more comprehensive approach to modulating B cell activity in

autoimmune diseases. Given the distinct functions of these

cytokines, such combined therapies could address the

complexities inherent in disorders marked by B cell dysregulation

more effectively than targeting either pathway alone.
Conclusion

This review highlights the intricate relationship between APRIL

and autoimmune diseases, revealing the therapeutic potential and

limitations of targeting this cytokine. APRIL plays a significant role

in B cell regulation and pathogenic autoantibody production,

making it a critical player in conditions such as systemic lupus

erythematosus, rheumatoid arthritis, and Sjögren’s syndrome.

While targeting APRIL presents promising opportunities for

improving disease management, caution is warranted due to its

dual role in immune regulation. The emerging evidence from

clinical trials, particularly in IgA nephropathy, underscores

APRIL’s promise as a therapeutic target.
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As research progresses, a deeper understanding of APRIL’s

functions across various autoimmune contexts will be essential

for developing tailored therapies that maximize efficacy while

minimizing adverse effects. By harnessing the specificity of

APRIL-related interventions, the field stands to make significant

strides in the effective treatment of autoimmune diseases, paving the

way for innovative strategies that address the complexities of

these conditions.
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Aguilar JM, et al. Peptide-based allosteric inhibitor targets TNFR1 conformationally
active region and disables receptor-ligand signaling complex. Proc Natl Acad Sci U S A.
(2024) 121:e2308132121. doi: 10.1073/pnas.2308132121

38. Su Z, Wu Y. A systematic test of receptor binding kinetics for ligands in tumor
necrosis factor superfamily by computational simulations. Int J Mol Sci. (2020) 21:1778.
doi: 10.3390/ijms21051778

39. Ravikumar M, Smith RAA, Nurcombe V, Cool SM. Heparan sulfate
proteoglycans: key mediators of stem cell function. Front Cell Dev Biol. (2020)
8:581213. doi: 10.3389/fcell.2020.581213

40. Hayashida K, Aquino RS, Park PW. Coreceptor functions of cell surface heparan
sulfate proteoglycans. Am J Physiol Cell Physiol. (2022) 322:C896–912. doi: 10.1152/
ajpcell.00050.2022

41. Hendriks J, Planelles L, de Jong-Odding J, Hardenberg G, Pals ST, Hahne M,
et al. Heparan sulfate proteoglycan binding promotes APRIL-induced tumor cell
proliferation. Cell Death Differ. (2005) 12:637–48. doi: 10.1038/sj.cdd.4401647

42. Kucka K, Wajant H. Receptor oligomerization and its relevance for signaling by
receptors of the tumor necrosis factor receptor superfamily. Front Cell Dev Biol. (2021)
8:615141. doi: 10.3389/fcell.2020.615141

43. Wang F, Chau B. West, S.M. et al. Structures of mouse and human GITR–GITRL
complexes reveal unique TNF superfamily interactions. Nat Commun. (2021) 12:1378.
doi: 10.1038/s41467-021-21563-z

44. Anilkumar S, Wright-Jin E. NF-kB as an inducible regulator of inflammation in
the central nervous system. Cells. (2024) 13:485. doi: 10.3390/cells13060485

45. Lahiri A, Pochard P, Le Pottier L, Tobón GJ, Bendaoud B, Youinou P, et al. The
complexity of the BAFF TNF-family members: implications for autoimmunity. J
Autoimmun. (2012) 39:189–98. doi: 10.1016/j.jaut.2012.05.009

46. Lee JU, Kim LK, Choi JM. Revisiting the concept of targeting NFAT to control T
cell immunity and autoimmune diseases. Front Immunol. (2018) 9:2747. doi: 10.3389/
fimmu.2018.02747

47. Xu S, Lam KP. Transmembrane activator and CAML interactor (TACI): another
potential target for immunotherapy of multiple myeloma? Cancers (Basel). (2020)
12:1045. doi: 10.3390/cancers12041045

48. Au PYB, Yeh WC. Physiological roles and mechanisms of signaling by TRAF2
and TRAF5. In: Madame curie bioscience database. Landes Bioscience, Austin (TX
(2000-2013). Available at: https://www.ncbi.nlm.nih.gov/books/NBK6132/.

49. Jia G, Kong R, Ma ZB, Han B, Wang YW, Pan SH, et al. The activation of c-Jun
NH2-terminal kinase is required for dihydroartemisinin-induced autophagy in pancreatic
cancer cells. J Exp Clin Cancer Res. (2014) 33:8. doi: 10.1186/1756-9966-33-8

50. Chen W, Hong SH, Jenks SA, Anam FA, Tipton CM, Woodruff MC, et al.
Distinct transcriptomes and autocrine cytokines underpin maturation and survival of
antibody-secreting cells in systemic lupus erythematosus. Nat Commun. (2024)
15:1899. doi: 10.1038/s41467-024-46053-w

51. Bertrand Y, Sánchez-Montalvo A, Hox V, Froidure A, Pilette C. IgA-producing
B cells in lung homeostasis and disease. Front Immunol. (2023) 14:1117749.
doi: 10.3389/fimmu.2023.1117749

52. Matsuda Y, Haneda M, Kadomatsu K, Kobayashi T. A proliferation-inducing
ligand sustains the proliferation of human naïve (CD27-) B cells and mediates their
differentiation into long-lived plasma cells in vitro via transmembrane activator and
calcium modulator and cyclophilin ligand interactor and B-cell mature antigen. Cell
Immunol. (2015) 295:127–36. doi: 10.1016/j.cellimm.2015.02.011
Frontiers in Immunology 15
53. Lau AWY, Turner VM, Bourne K, Hermes JR, Chan TD, Brink R. BAFFR
controls early memory B cell responses but is dispensable for germinal center function.
J Exp Med. (2021) 218:e20191167. doi: 10.1084/jem.20191167

54. Martin J, Cheng Q, Laurent SA, Thaler FS, Beenken AE, Meinl E, et al. B-cell
maturation antigen (BCMA) as a biomarker and potential treatment target in systemic
lupus erythematosus. Int J Mol Sci. (2024) 25:10845. doi: 10.3390/ijms251910845

55. Ameer MA, Chaudhry H, Mushtaq J, Khan OS, Babar M, Hashim T, et al. An
overview of systemic lupus erythematosus (SLE) pathogenesis, classification, and
management. Cureus. (2022) 14:e30330. doi: 10.7759/cureus.30330

56. Justiz Vaillant AA, Goyal A, Varacallo M. Systemic lupus erythematosus. In:
StatPearls. StatPearls Publishing, Treasure Island (FL (2024). Available at: https://www.
ncbi.nlm.nih.gov/books/NBK535405/.

57. Espeli M, Bökers S, Giannico G, Dickinson HA, Bardsley V, Fogo AB, et al. Local
renal autoantibody production in lupus nephritis. J Am Soc Nephrology: JASN. (2011)
22:296–305. doi: 10.1681/ASN.2010050515

58. Pan L, Lu MP, Wang JH, Xu M, Yang SR. Immunological pathogenesis and
treatment of systemic lupus erythematosus. World J Pediatr. (2020) 16:19–30.
doi: 10.1007/s12519-019-00229-3

59. Nikiforov NG, Kirichenko TV, Kubekina MV, Chegodaev YS, Zhuravlev AD,
Ilchuk LA, et al. Macrophages derived from LPS-stimulated monocytes from
individuals with subclinical atherosclerosis were characterized by increased pro-
inflammatory activity. Cytokine. (2023) 172:156411. doi: 10.1016/j.cyto.2023.156411

60. Parodis I, Long X, Karlsson MCI, Huang X. B cell tolerance and targeted
therapies in SLE. J Clin Med. (2023) 12:6268. doi: 10.3390/jcm12196268

61. Moore E, Putterman C. Are lupus animal models useful for understanding and
developing new therapies for human SLE? J Autoimmun. (2020) 112:102490.
doi: 10.1016/j.jaut.2020.102490

62. von Hofsten S, Fenton KA, Pedersen HL. Human and murine toll-like receptor-
driven disease in systemic lupus erythematosus. Int J Mol Sci. (2024) 25:5351.
doi: 10.3390/ijms25105351

63. Itotagawa E, Tomofuji Y, Kato Y, Konaka H, Tsujimoto K, Park J, et al. SLE
stratification based on BAFF and IFN-I bioactivity for biologics and implications of
BAFF produced by glomeruli in lupus nephritis. Rheumatol (Oxford). (2023) 2
(62):1988–97. doi: 10.1093/rheumatology/keac528

64. Salazar-Camarena DC, Ortiz-Lazareno PC, Cruz A, Oregon-Romero E,
MaChado-Contreras JR, Muñoz-Valle JF, et al. Association of BAFF, APRIL serum
levels, BAFF-R, TACI and BCMA expression on peripheral B-cell subsets with clinical
manifestations in systemic lupus erythematosus. Lupus. (2016) 25:582–92.
doi: 10.1177/0961203315608254

65. Vallerskog T, Heimbürger M, Gunnarsson I, Zhou W, Wahren-Herlenius M,
Trollmo C, et al. Differential effects on BAFF and APRIL levels in rituximab-treated
patients with systemic lupus erythematosus and rheumatoid arthritis. Arthritis Res
Ther. (2006) 8:R167. doi: 10.1186/ar2076

66. Bauer CJ, Karakostas P, Weber N, Behning C, Stoffel-Wagner B, Brossart P, et al.
Comparative analysis of contemporary anti-double stranded DNA antibody assays for
systemic lupus erythematosus. Front Immunol. (2023) 14:1305865. doi: 10.3389/
fimmu.2023.1305865

67. Dörner T, van Vollenhoven RF, Doria A, Jia B, Ross Terres JA, Silk ME, et al.
Baricitinib decreases anti-dsDNA in patients with systemic lupus erythematosus:
results from a phase II double-blind, randomized, placebo-controlled trial. Arthritis
Res Ther. (2022) 24:112. doi: 10.1186/s13075-022-02794-x

68. Poznyak AV, Sukhorukov VN, Popov MA, Chegodaev YS, Postnov AY, Orekhov
AN. Mechanisms of the wnt pathways as a potential target pathway in atherosclerosis. J
Lipid Atheroscler. (2023) 12:223–36. doi: 10.12997/jla.2023.12.3.223

69. Hou G, Harley ITW, Lu X, Zhou T, Xu N, Yao C, et al. SLE non-coding genetic
risk variant determines the epigenetic dysfunction of an immune cell specific enhancer
that controls disease-critical microRNA expression. Nat Commun. (2021) 12:135.
doi: 10.1038/s41467-020-20460-1

70. Lindblom J, Beretta L, Borghi MO, PRECISESADS Clinical Consortium,
Alarcón-Riquelme ME, Parodis I. Serum profiling identifies CCL8, CXCL13, and IL-
1RA as markers of active disease in patients with systemic lupus erythematosus. Front
Immunol. (2023) 14:1257085. doi: 10.3389/fimmu.2023.1257085

71. Senthelal S, Li J, Ardeshirzadeh S, Thomas MA. Arthritis. In: StatPearls.
StatPearls Publishing, Treasure Island (FL (2024). Available at: https://www.ncbi.
nlm.nih.gov/books/NBK518992/.

72. Chauhan K, Jandu JS, Brent LH, Al-Dhahir MA. Rheumatoid arthritis. In:
StatPearls. StatPearls Publishing, Treasure Island (FL (2024). Available at: https://www.
ncbi.nlm.nih.gov/books/NBK441999/.

73. Blagov AV, Sukhorukov VN, Guo S, Zhang D, Popov MA, Orekhov AN.
Impaired mitochondrial function in T-lymphocytes as a result of exposure to HIV
and ART. Cells. (2023) 12:1072. doi: 10.3390/cells12071072

74. Myers LK, Ouyang YX, Patel JR, Odens HH, Woo-Rasberry V, Park J, et al. Role
of citrullinated collagen in autoimmune arthritis. Int J Mol Sci. (2022) 23:9833.
doi: 10.3390/ijms23179833

75. De S, Kundu S, Chatterjee M. Generation of a robust model for inducing
autoimmune arthritis in Sprague Dawley rats. J Pharmacol Toxicol Methods. (2020)
102:106659. doi: 10.1016/j.vascn.2019.106659
frontiersin.org

https://doi.org/10.1080/14712598.2019.1641196
https://doi.org/10.1016/j.cell.2019.03.016
https://doi.org/10.3389/fimmu.2013.00509
https://doi.org/10.1111/imr.12810
https://doi.org/10.1038/nri.2017.24
https://doi.org/10.1016/j.coi.2021.06.014
https://doi.org/10.1016/j.blre.2016.10.001
https://doi.org/10.1016/j.blre.2016.10.001
https://doi.org/10.3389/fimmu.2024.1456220
https://doi.org/10.3390/ijms241411750
https://doi.org/10.1074/jbc.RA118.003176
https://doi.org/10.1073/pnas.2308132121
https://doi.org/10.3390/ijms21051778
https://doi.org/10.3389/fcell.2020.581213
https://doi.org/10.1152/ajpcell.00050.2022
https://doi.org/10.1152/ajpcell.00050.2022
https://doi.org/10.1038/sj.cdd.4401647
https://doi.org/10.3389/fcell.2020.615141
https://doi.org/10.1038/s41467-021-21563-z
https://doi.org/10.3390/cells13060485
https://doi.org/10.1016/j.jaut.2012.05.009
https://doi.org/10.3389/fimmu.2018.02747
https://doi.org/10.3389/fimmu.2018.02747
https://doi.org/10.3390/cancers12041045
https://www.ncbi.nlm.nih.gov/books/NBK6132/
https://doi.org/10.1186/1756-9966-33-8
https://doi.org/10.1038/s41467-024-46053-w
https://doi.org/10.3389/fimmu.2023.1117749
https://doi.org/10.1016/j.cellimm.2015.02.011
https://doi.org/10.1084/jem.20191167
https://doi.org/10.3390/ijms251910845
https://doi.org/10.7759/cureus.30330
https://www.ncbi.nlm.nih.gov/books/NBK535405/
https://www.ncbi.nlm.nih.gov/books/NBK535405/
https://doi.org/10.1681/ASN.2010050515
https://doi.org/10.1007/s12519-019-00229-3
https://doi.org/10.1016/j.cyto.2023.156411
https://doi.org/10.3390/jcm12196268
https://doi.org/10.1016/j.jaut.2020.102490
https://doi.org/10.3390/ijms25105351
https://doi.org/10.1093/rheumatology/keac528
https://doi.org/10.1177/0961203315608254
https://doi.org/10.1186/ar2076
https://doi.org/10.3389/fimmu.2023.1305865
https://doi.org/10.3389/fimmu.2023.1305865
https://doi.org/10.1186/s13075-022-02794-x
https://doi.org/10.12997/jla.2023.12.3.223
https://doi.org/10.1038/s41467-020-20460-1
https://doi.org/10.3389/fimmu.2023.1257085
https://www.ncbi.nlm.nih.gov/books/NBK518992/
https://www.ncbi.nlm.nih.gov/books/NBK518992/
https://www.ncbi.nlm.nih.gov/books/NBK441999/
https://www.ncbi.nlm.nih.gov/books/NBK441999/
https://doi.org/10.3390/cells12071072
https://doi.org/10.3390/ijms23179833
https://doi.org/10.1016/j.vascn.2019.106659
https://doi.org/10.3389/fimmu.2025.1523392
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Poznyak et al. 10.3389/fimmu.2025.1523392
76. Zhao T, Xie Z, Xi Y, Liu L, Li Z, Qin D. How to model rheumatoid arthritis in
animals: from rodents to non-human primates. Front Immunol. (2022) 13:887460.
doi: 10.3389/fimmu.2022.887460

77. Chidomere CI, Wahid M, Kemble S, Chadwick C, Thomas R, Hardy RS, et al.
Bench to bedside: modelling inflammatory arthritis. Discov Immunol. (2022) 2:kyac010.
doi: 10.1093/discim/kyac010

78. Luukkonen J, Huhtakangas J, Palosaari S, Tuukkanen J, Vuolteenaho O,
Lehenkari P. Preliminary report: osteoarthritis and rheumatoid arthritis synovial
fluid increased osteoclastogenesis in vitro by monocyte differentiation pathway
regulating cytokines. Mediators Inflammation. (2022), 2606916. doi: 10.1155/2022/
2606916

79. Wu F, Gao J, Kang J, Wang X, Niu Q, Liu J, et al. B cells in rheumatoid arthritis:
Pathogenic mechanisms and treatment prospects. Front Immunol. (2021) 12:750753.
doi: 10.3389/fimmu.2021.750753

80. Haubruck P, Pinto MM, Moradi B, Little CB, Gentek R. Monocytes,
macrophages, and their potential niches in synovial joints - therapeutic targets in
post-traumatic osteoarthritis? Front Immunol. (2021) 12:763702. doi: 10.3389/
fimmu.2021.763702

81. Zhao K, Ruan J, Nie L, Ye X, Li J. Effects of synovial macrophages in
osteoarthritis. Front Immunol. (2023) 14:1164137. doi: 10.3389/fimmu.2023.1164137

82. Emmungil H, Il̇gen U, Direskeneli RH. Autoimmunity in psoriatic arthritis:
pathophysiological and clinical aspects. Turkish J Med Sci. (2021) 51:1601–14.
doi: 10.3906/sag-2011-235

83. Lee BW, Moon SJ. Inflammatory cytokines in psoriatic arthritis: understanding
pathogenesis and implications for treatment. Int J Mol Sci. (2023) 24:11662.
doi: 10.3390/ijms241411662

84. Bizzaro N, Villalta D, Bini V, Migliorini P, Franceschini F, Piantoni S, et al.
Multiparametric autoantibody analysis: a new paradigm for the diagnosis of connective
tissue diseases. Arthritis Res Ther. (2022) 24:278. doi: 10.1186/s13075-022-02980-x

85. Nagatani K, Itoh K, Nakajima K, Kuroki H, Katsuragawa Y, Mochizuki M, et al.
Rheumatoid arthritis fibroblast-like synoviocytes express BCMA and are stimulated by
APRIL. Arthritis Rheumatol. (2007) 56:3554–63. doi: 10.1002/art.22929

86. Hernández-Breijo B, Parodis I, Novella-Navarro M, Martıńez-Feito A, Navarro-
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222. Raniszewska A, Kwiecień I, Rutkowska E, Bednarek J, Sokołowski R, Miklusz P,
et al. Imbalance of B-cell subpopulations in the microenvironment of sarcoidosis or
lung cancer. Cells. (2024) 13:1274. doi: 10.3390/cells13151274

223. Baryakova TH, Pogostin BH, Langer R, McHugh KJ. Overcoming barriers to
patient adherence: the case for developing innovative drug delivery systems. Nat Rev
Drug Discov. (2023) 22:387–409. doi: 10.1038/s41573-023-00670-0

224. Slifka MK, Amanna IJ. Role of multivalency and antigenic threshold in
generating protective antibody responses. Front Immunol. (2019) 10:956.
doi: 10.3389/fimmu.2019.00956

225. Giri S, Batra L. Memory cells in infection and autoimmunity: mechanisms, functions,
and therapeutic implications. Vaccines (Basel). (2025) 13:205. doi: 10.3390/vaccines13020205

226. Fetter T, Niebel D, Braegelmann C, Wenzel J. Skin-associated B cells in the
pathogenesis of cutaneous autoimmune diseases-implications for therapeutic
approaches. Cells. (2020) 9:2627. doi: 10.3390/cells9122627

227. Zhao T, Cai Y, Jiang Y, He X, Wei Y, Yu Y, et al. Vaccine adjuvants:
mechanisms and platforms. Signal Transduct Target Ther. (2023) 8:283.
doi: 10.1038/s41392-023-01557-7

228. Mathur M, Barratt J, Chacko B, Chan TM, Kooienga L, Oh KH, et al. A phase 2
trial of sibeprenlimab in patients with igA nephropathy. N Engl J Med. (2024) 390:20–
31. doi: 10.1056/NEJMoa2305635
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1502712
https://doi.org/10.3389/fimmu.2024.1502712
https://doi.org/10.3390/ijms26030929
https://doi.org/10.1016/j.bcp.2025.117018
https://doi.org/10.1681/ASN.0000000541
https://doi.org/10.1681/ASN.0000000541
https://doi.org/10.3390/vaccines11050991
https://doi.org/10.3389/fimmu.2019.00788
https://doi.org/10.1016/j.jaut.2024.103329
https://doi.org/10.1016/j.jaut.2024.103329
https://doi.org/10.3389/fimmu.2021.611795
https://doi.org/10.3390/cells13151274
https://doi.org/10.1038/s41573-023-00670-0
https://doi.org/10.3389/fimmu.2019.00956
https://doi.org/10.3390/vaccines13020205
https://doi.org/10.3390/cells9122627
https://doi.org/10.1038/s41392-023-01557-7
https://doi.org/10.1056/NEJMoa2305635
https://doi.org/10.3389/fimmu.2025.1523392
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exploring the role of APRIL in autoimmunity: implications for therapeutic targeting in systemic lupus erythematosus, rheumatoid arthritis, and Sj&ouml;gren’s syndrome
	Introduction
	APRIL and BAFF
	Specific mechanisms underlying BAFF’s effect

	APRIL receptors and signaling
	APRIL and autoimmune disease
	Systemic lupus erythematosus
	Rheumatoid arthritis
	Sj&ouml;gren’s syndrome
	IgA nephropathy

	Synergistic targeting both APRIL and BAFF
	Comparison with other B-cell targeting strategies
	Targeting Bruton’s tyrosine kinase
	Anti-CD19 monoclonal antibodies

	Safety concerns and potential adverse effects of APRIL targeting
	Expectations from APRIL targeting
	Future directions
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


