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The treatment of lupus nephritis (LN) has been benefiting from biologics
targeting immune cells and cytokines. IL-17 antagonists have been investigated
for their potential in LN treatment, with mixed results from case reports and
randomized controlled trials. Here we provide an overview of the contributions
of various immune cells and kidney resident cells to LN pathogenesis and discuss
relevant biologics for LN treatment. We then explore our current understanding
of IL-17 and IL-17-producing cells in LN pathogenesis and examine the status of
IL-17 antagonists in LN treatment. Given the limited success in clinical studies
with IL-17 antagonism alone for LN, we discuss possible rational combination
biologic therapies, with a focus on the potential combination with antagonism of
IL-36, a cytokine family associated with SLE disease activity. Thus, emerging
evidence suggests that dual biologic therapy could enhance disease control
in LN.
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Introduction

Systemic lupus erythematosus (SLE) is a complex autoimmune disease accompanied by
dysregulation of autoinflammatory pathways affecting multiple organs (1). Renal
involvement is common, with 40% to 70% of patients developing lupus nephritis (LN).
Between 4% and 28% of LN patients progress to end-stage renal disease (ESRD) (2).
Among immune cells involved in SLE pathogenesis, B cells play a central role, as the
production of autoantibodies against self-antigens is a hallmark of the disease, often
preceding SLE diagnosis (3). Consequently, the current biologics used for SLE and LN
management mainly target B cells, such as rituximab and belimumab (2). Even interferon-
targeting agents (e.g., anifrolumab) approved for SLE primarily affect B cells (4).
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Unlike biologics used for rheumatoid arthritis (TNF
antagonists) and psoriasis (IL-17, IL-23 antagonists), the current
biologics for SLE, especially with renal involvement, have shown
only modest clinical benefits. While B cell-targeting therapies are
common, biologics targeting other aspects of LN pathogenesis, such
as IL-17 antagonists, have been studied (5). Preclinical studies
demonstrate that the absence or inhibition of IL-17 reduces
proteinuria and glomerulosclerosis across multiple animal models
(6-8). Based on this preclinical evidence, IL-17 antagonists (e.g.,
secukinumab) are being considered for use in multi-refractory cases
with severe kidney diseases (9, 10). Overall, positive outcomes with
IL-17 antagonists are primarily derived from case reports rather
than randomized controlled trials.

It is increasingly recognized that the therapeutic ceiling may
have been reached with single-agent use in many difficult-to-treat
autoimmune and inflammatory diseases like LN. Rational
combination biologic therapy may be crucial to enhance disease
control. There are ample examples of dual-targeting biologics being
developed for non-oncological diseases (11-14). Here we aim to
explore ways to enhance IL-17 antagonism in LN by identifying
suitable partners for dual targeting. We focus on the IL-36 cytokine
family, which, although less well known, plays an emerging role in
SLE pathogenesis. Unlike many approved biologic targets in SLE
treatment, which belong to upstream components of the cellular
cascade (e.g., pDCs and B cells), both IL-17 and IL-36 can act locally
and synergistically or complementarily to promote inflammation
and fibrosis. It is anticipated that co-targeting IL-17 and IL-36 can
directly impact renal pathology, offering benefits to patients with
advanced disease.

SLE and lupus nephritis

SLE has dysregulated innate and adaptive immunity. This
aberrant immune activation drives a pathogenic cascade involving
(1) sustained hyperactivation of T and B lymphocytes, (2)
production of autoantibodies targeting nuclear and cytoplasmic
antigens (e.g., dsDNA, Smith antigen, RNP), (3) formation of
circulating immune complexes (ICs), and (4) IC deposition in
target tissues—notably the glomerular basement membrane and
dermoepidermal junction—which activates complement-mediated
inflammation and ultimately induces end-organ damage. The
outcomes of this self-reactive response manifest as systemic and
localized inflammation, leading to tissue damage in numerous
organs (2, 15, 16).

SLE is currently predominantly managed with non-specific
immunosuppressants like glucocorticoids, cyclophosphamide, or
mycophenolate and antimalarial drugs. While these drugs have
managed to control the disease and reduced the 5-year mortality
rates (17), they are not always effective and can have toxic side
effects. The prolonged use of glucocorticoids can lead to serious side
effects (18-20). Cyclophosphamide can harm gonads, leading to
reduced sperm count in men and premature ovarian failure in
women. Furthermore, the prolonged use of immunosuppressants
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could significantly increase infections that are also associated with
mortality. Overall, there is great need for safer and more effective
treatments for systemic lupus erythematosus.

Recent progress in biologics and small molecule development
(particularly JAK inhibitor) has resulted in the creation of
innovative agents that target specific pathways implicated in SLE/
LN pathogenesis. Three of these agents, belimumab, anifrolumab,
and guselkumab, have received FDA approval, with several
additional therapeutic options currently undergoing evaluation in
clinical trials. These advancements have the potential to transform
the treatment of SLE. Despite recent advancements, SLE,
particularly LN, continues to pose a clinical challenge for both
patients and healthcare providers. As such, effective and safe
biologics and small molecule drugs are still required.

Immune abnormalities in LN and
targeted biologics

A combination of hormonal, environmental, and genetic/
epigenetic factors initiates the onset of SLE, as well as LN,
through a chain reaction involving the activation of various
immune cells, including myeloid cells/dendritic cells, neutrophils,
T cells, and autoantibody-producing B cells (21) (Figure 1). In the
following section, we summarize the key cellular and soluble players
of the immune system in SLE and LN pathogenesis and
related biologics.

Autoreactive B cells, autoantibodies,
and B-cell depletion therapies in LN

Autoantibody (AutoAb)-producing B cells play a central role in
the pathogenesis of systemic lupus erythematosus (SLE) and lupus
nephritis (LN). Notably, autoantibodies can be detected many years
prior to the diagnosis of SLE (3). There has been intensive research
aimed at understanding the mechanisms behind the development of
autoantibody-producing B cells. Generally, the role of B cells in LN
pathogenesis can be categorized as either autoAb-dependent or
autoAb-independent.

B-cell activation often requires costimulation from T cells
through membrane-bound and secreted molecules such as
CD40L, OX40L, and various cytokines, including IL-4, IL-5, IL-6,
and IL-13. A significant advancement in B-cell biology has been the
identification of the B-cell-activating factor (BAFF or Blys) as a
critical regulator of B-cell development, activation, survival,
proliferation, and antibody production. BAFF interacts with three
receptors expressed on B cells—the BAFF receptor, transmembrane
activator and calcium modulator, and cyclophilin ligand interactor
(TACI), and B-cell maturation antigen (BCMA)—to achieve its
functional outcomes (22). In addition to BAFF, another member of
the TNF family, a proliferation-inducing ligand (APRIL), plays a
key role in plasma cell survival, isotype switching, and T-
independent antibody responses (23, 24).
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Immunological cellular and molecular players in lupus nephritis and targeted therapeutic biologics. Pathogenic cascade of LN involving many types
of immune cells and related molecules. B cells produce autoantibody and cytokine and the activation of T cells. T cells including helper T cell
subsets, cytotoxic T cells, and regulatory T cells (Tregs) can contribute to pathogenesis through different mechanisms. Myeloid cells including
macrophages/monocytes, dendritic cells, and neutrophils can act upstream and downstream of the adaptive immune system to mediate disease
processes. These cells and their interactions exacerbate kidney inflammation and damage in LN, leading to the clinical symptoms associated with the
disease. Consequently, biologics targeting these cells and related molecules represent therapeutic options for LN.

Autoantibodies, the main products of activated autoreactive B
cells including plasma cells, can contribute to LN pathogenesis in
several ways. A well-appreciated mechanism is that autoantibodies
facilitate the formation of inflammatory immune complexes (ICs).
These immune complexes can deposit in the kidneys, stimulating
immune effector cells and affecting various kidney parenchymal cells,
including epithelial cells, endothelial cells, and fibroblasts/
myofibroblasts, leading to glomerular and tubular inflammation
and fibrosis. In SLE, autoantibodies and immune complexes can
recruit and activate neutrophils, leading to increased formation of
neutrophil extracellular traps (NETs) and reduced NET degradation,
thereby amplifying a neutrophil-centric inflammatory loop (24).
Additionally, NETs can stimulate epithelial cells to secrete IL-36,
and neutrophil elastase mediates the maturation and activation of IL-
360, -B, and -y (25) as well as the activation of the IL-36 receptor
antagonist (26).

B cells also contribute to LN pathogenesis through
autoantibody-independent mechanisms. Notably, patients
responding to B-cell depletion therapy (BCDT) often do not
exhibit a corresponding decrease in autoantibody levels (27).

Since B cells can modulate immune responses via antigen
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presentation, cytokine secretion (e.g., IL-17) (27, 28), and the
initiation of tertiary lymphoid tissues (TLTs) (27), BCDT may
confer clinical benefits by targeting these antibody-independent
functions of B cells.

B-cell targeting biologics in SLE and
LN

Given the importance of B cells in the pathogenesis of systemic
lupus erythematosus (SLE) and lupus nephritis (LN), in addition to
B-cell depletion therapies (BCDTs), targeting the BAFF/APRIL/
TACI pathways represents another B-cell-targeting therapeutic
strategy for autoimmune diseases. Belimumab, a B-cell-targeted
biologic that neutralizes soluble B lymphocyte stimulator (BLyS), is
the first FDA-approved therapy for systemic lupus erythematosus
(SLE). For refractory lupus nephritis (LN), rituximab—a chimeric
anti-CD20 monoclonal antibody—is recommended as the standard
second-line or salvage therapy according to guidelines from
EULAR, KDIGO, and the Chinese Rheumatology Association
(29). Given the complex pathogenesis of SLE, including LN,
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focusing solely on B cell targeting may not sufficiently address the
symptoms experienced by patients with SLE (22).

Dysfunction of dendritic cells and T
cells in LN and relevant biologics
under development

Dysfunction of DCs in SLE

Dendritic cells (DCs) are professional antigen-presenting cells
that are critical for the activation of T and B cells, initiating an
immune response. DC dysfunction has long been considered a
driver of the autoimmune response in SLE (30). Among the various
types of DCs, plasmacytoid DCs (pDCs) have garnered significant
attention due to their superior ability to produce type I interferon
(IEN) (31). Additionally, pDCs produce BAFF and APRIL (32) and
activate autoreactive B cells through cell-cell interactions (33). In
the context of SLE pathogenesis, pDC activation can be triggered by
neutrophil extracellular traps (NETSs), which are present at higher
levels in SLE patients (34). In lupus-prone mice, pDC dysfunction
manifests in several ways: aged lupus-prone mice show pDC
resistance to glucocorticoids (35), and pDCs from NZB mice have
a longer lifespan than those from C57BL/6 mice, leading to elevated
IFN-o levels in the former. Although pDCs are generally decreased
in the peripheral blood of SLE patients, there is a concomitant
infiltration of pDCs into nephritic kidneys (36).

Given the prominent role of pDCs in SLE pathogenesis,
particularly as the main producers of type I IFN, inhibiting pDC
activation and exploring pDC depletion have been investigated as
potential treatments for human SLE by targeting surface receptors
(BDCA and CD123) on human pDCs (36, 37). However, it remains
unclear whether these interventions can benefit LN patients. Since
pDCs rely on BCL-2 for survival, venetoclax, a BCL-2 inhibitor, has
been trialed in women with SLE (38).

Targeting type I IFN has been extensively explored for SLE
treatment, with biologics targeting either type I IFN itself or its
receptor (IFNAR) (37). Anifrolumab is a monoclonal antibody that
targets IFNAR, thereby blocking all type I interferons. In the TULIP
trials, patients treated with anifrolumab demonstrated a higher
proportion achieving an SLE Responder Index 4 (SRI-4) response at
52 weeks. Additionally, these patients experienced significant
improvements in cutaneous (skin) and musculoskeletal (joint)
manifestations. Some individuals also showed reductions in anti-
dsDNA antibody levels and improvements in low complement
levels (39). It is worth noting that anifrolumab has not been
reported to be used for the treatment of lupus nephritis (LN).

Dysfunction of T cells and target biologics

The activation of B cells, including autoreactive B cells, often
requires help from T cells. The following section will briefly discuss
the role of T cells in the pathogenesis of systemic lupus
erythematosus (SLE).
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CD4™T cells

CD4'T cells and their functionally biased subsets significantly
influence various autoimmune responses through collaboration and
division of labor. Different subsets of CD4"T cells contribute to the
pathogenesis of SLE in distinct ways (40). Interferon-gamma (IFN-
Y) produced by Thl cells promotes B cell class switching and
stimulates the production of pathogenic autoantibodies by
inducing the aberrant activation of T follicular helper (Tth) cells
(41). Th2 cells secrete cytokines such as IL-4, IL-5, and IL-13, which
are well documented for their roles in regulating autoantibody
production and other mechanisms relevant to SLE pathogenesis.
Abnormalities in T helper (Th) cells in SLE also extend to Th22 and
Th9 subsets (40).

Aberrant activation of Tfh cells plays a crucial role in the
production of autoantibodies. Dysregulation of Tth cells in
autoimmune diseases includes altered transcription factor
expression, cytokine and chemokine production, co-stimulation,
metabolic changes, exhaustion, and trafficking (42). Consequently,
molecules related to Tth cells have been explored as therapeutic
targets for SLE. In lupus-prone mice, blocking ICOS/ICOS-L
interactions, OX40L, CD40L, or neutralizing IL-21 has been
shown to reduce disease progression. Biologics targeting these
molecules are currently under evaluation in clinical studies,
including AMG 557 for ICOS-L blockade (NCT02391259) and BI
655064 for CD40L inhibition (NCT02770170) (43, 44).

T regulatory cells

T regulatory cells (Tregs) are primarily classified as CD4"T cells
characterized by a high expression of membrane CD25 and
intracellular forkhead box P3 (Foxp3). However, accumulating
evidence suggests the existence of non-CD4"Tregs as well. Tregs
can directly suppress the production of autoantibodies (autoAbs) by
B cells in systemic lupus erythematosus (SLE) (45). The adoptive
transfer of Treg cells has been shown to delay disease progression in
mouse models of lupus (46).

As summarized in a comprehensive review, dysregulation of
Tregs in SLE may not simply be reflected as a reduction in Treg
numbers in circulation. A disturbed balance between effector T cells
and Tregs occurs instead due to a significant increase in autoreactive
T cells or reduced Treg function (47). A recent study demonstrated
that autoantigen-specific Sm-Tregs potently suppress inflammatory
responses in vitroand inhibit disease progression in a humanized
mouse model of lupus nephritis (48). Clinical trials involving Treg
therapy have been conducted for various autoimmune disorders,
organ transplantation, and other inflammatory diseases (49). In
addition to cell therapy, biologics targeting Tregs have also been
explored for treating autoimmune diseases, including lupus nephritis.
Non-Fc receptor-binding anti-CD3 monoclonal antibodies have been
shown to increase Treg populations and have been delivered in
various formats to induce immune tolerance in clinical trials (50,
51). Furthermore, specific unique anti-CD4 antibodies have been
found to activate Tregs (52). Tregalizumab has entered clinical
studies for psoriasis and rheumatoid arthritis, demonstrating
promising clinical effects (53). Additionally, clinical studies have
shown that low-dose IL-2 can expand Tregs and improve outcomes

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1617451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

in lupus nephritis (54, 55). Overall, Treg-targeting interventions are
still in the early stages as effective treatments for lupus nephritis.

CD8T cells

In addition to CD4"helper T cells, CD8+ T cells are also
believed to play a role in the pathogenesis of SLE and LN (21,
56). CD8™T cells from the peripheral blood of SLE patients exhibit
reduced effector function, which is attributed to decreased
granzyme B and perforin production (57). Furthermore, IL-17-
producing double-negative T cells (lacking a surface expression of
both CD4 and CD8) are derived from autoreactive CD8'T cells in
tissues expressing autoantigens (58, 59). A recent study revealed
that the effector function of CD8"CD27"CXCR3™T cells is
overactive in active SLE compared with healthy controls and
patients in remission, and this overactivity is positively associated
with clinical SLE activity (60).

IL-17 and TH17 in the pathogenesis of
lupus nephritis

While numerous cellular and molecular players contribute to the
pathogenesis of lupus nephritis (LN), this section will focus on the role
of the IL-17 family. Various members of the IL-17 family have been
shown to impact chronic kidney diseases, including lupus nephritis
(10). Despite several case reports indicating promising therapeutic
benefits with IL-17 antagonists, a recent phase III trial evaluating the
efficacy of secukinumab in patients with active lupus nephritis was
terminated following an interim analysis for futility, with no safety
concerns identified (5). Despite the disappointing results, the potential
of IL-17 antagonists in the treatment of lupus nephritis (LN) cannot
be entirely dismissed, given the strong association between IL-17 and
SLE/LN as well as encouraging findings from multiple case reports. It
is hypothesized that combination approaches may enhance the
efficacy of IL-17 antagonists in managing LN. Such combination
therapies could involve pairing IL-17 antagonists with other
immunomodulators, including corticosteroids, antimalarials (e.g.,
hydroxychloroquine), or immunosuppressants (e.g., mycophenolate
mofetil and cyclophosphamide) used in SLE treatment. Moreover,
they may be combined with JAK/STAT inhibitors, B-cell modulators
(e.g., rituximab, belimumab), or through co-blockade of other pro-
inflammatory cytokines, including those discussed above. In this
review, the authors primarily explore the potential therapeutic
benefits and underlying mechanisms of co-blockade involving the
IL-17 and IL-36 cytokine families, focusing on their roles in
inflammatory processes and their potential to synergistically
modulate immune responses in various inflammatory and

autoimmune conditions.

IL-17 family

The IL-17 family consists of six distinct members (IL-17A to IL-
17F) that exert their physiological effects through interactions with
IL-17 receptors (IL-17RA to IL-17RE). Among these, IL-17A
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(hereafter referred to as IL-17) has been extensively studied and,
along with IL-17F, mediates its biological functions by binding to
IL-17RA and IL-17RC. IL-17 is primarily produced by CD4™T cells
known as T helper 17 (Th17) cells (61). An increase in Th17 cells in
lupus nephritis (LN) has been observed in the peripheral blood
mononuclear cells of LN patients (61, 62). However, kidney CD4'T
cell clusters from LN patients have also been reported, with unclear
associations to Th1 or Th17 signatures (21). Nonetheless, IL-17 can
originate from various cellular sources, including CD8"T cells, Y0 T
cells, innate lymphoid cells (ILCs), natural killer (NK) cells,
invariant NK T cells, mucosal-associated invariant T cells, mast
cells, and Paneth cells. Furthermore, while T cell receptor (TCR)
activation is crucial for IL-17 production by conventional T cells,
innate immune cells rely on inflammatory cytokines—particularly
IL-1B and IL-23—to drive IL-17 secretion (63).

The role of IL-17 in the pathogenesis of
lupus nephritis

In lupus nephritis, IL-17A is implicated in multiple stages of
disease progression, including modifying the structure and function
of specialized renal cells, fostering an inflammatory environment,
and contributing to recurrent tissue damage and ineffective repair
processes, ultimately leading to renal fibrosis and functional decline.
The following section outlines existing research on the impact of IL-
17A on distinct renal cell types and compartments (63).

Impact on podocytes

IL-17 promotes podocyte motility. Experiments have
demonstrated that Th17 cells may release factors that enhance
podocyte movement, resulting in cytoskeletal changes and
increased permeability, potentially leading to cellular dysfunction
and apoptosis (64).

Influence on mesangial cells

IL-17 stimulates mesangial cells to release chemokines. When
mesangial cells are stimulated with IL-17A or IL-17F, they produce
and release chemokines CCL2 and CXCL2 in a MAPK-dependent
manner, exhibiting dose- and time-dependent characteristics (65).
In accelerated models of diabetic nephropathy, the presence of IL-
17 correlates with glomerular basement membrane thickening, and
the inhibition of IL-17A with antibodies mitigates this effect (66).
Furthermore, in models of anti-glomerular basement membrane
glomerulonephritis, the Th17/IL-17 pathway drives inflammation
and autoantibody-induced kidney injury, with inhibition or
knockout of IL-17-reducing pro-inflammatory cytokines (67).

Effects on renal tubular epithelial cells

IL-17 enhances inflammatory and fibrotic mechanisms in renal
tubular epithelial cells. Numerous studies have shown that exposure to
IL-17 leads to the upregulation of various mediators, including
cytokines, chemokines, and growth factors such as IL-6, IL-1f, and
TNF-o. In lupus nephritis models, IL-17 and IFN-o; stimulate tubular
epithelial cells, resulting in a significant increase in CCL2 expression,
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which is chemotactic for dendritic cells and macrophages. In IL-17RA-
deficient mice, renal infiltration of macrophages was markedly reduced
despite no significant changes in systemic responses (7). Additionally,
in autoimmune glomerulonephritis models, IL-17 stimulation of
tubular epithelial cells increased the mRNA expression of
chemokines such as CXCL1, CXCL2, and CXCLS8, which attract
monocytes and neutrophils (68). Consequently, IL-17 activation of
tubular epithelial cells can recruit dendritic cells and macrophages,
significant sources of TGF-f3, thus promoting renal fibrosis (69). This
highlights IL-17’s crucial role in driving tubular epithelial-mediated
immunopathogenesis in lupus nephritis.

Influence on neutrophil dynamics, renal fibrosis,
and other pathologies

Stimulation of renal tubular epithelial cells by IL-17A influences
neutrophil dynamics, leading to the production of granulocyte colony-
stimulating factor (G-CSF) in a dosage- and time-dependent manner.
IL-17A and IL-17F can induce the expression of chemokines CXCL1
and CXCL5 in kidney tubular cells and mesangial cells, thereby
facilitating significant neutrophil recruitment and subsequent renal
tissue damage (68, 70, 71). Overall, IL-17 serves as a potent mediator of
neutrophil-induced injury, promoting renal differentiation and
neutrophil recruitment (71). In obstructive uropathy models, IL-17A
promotes renal fibrosis by increasing TGF-B1 expression. It stimulates
fibronectin production in renal cells via the TGF-B/Smad pathway,
which can be inhibited by anti-TGF-f1 antibodies or TGF-P1 receptor
inhibitors (72). Furthermore, studies indicate that IL-17A activates
myofibroblasts and promotes extracellular matrix deposition, with
mice lacking IL-17 being protected from subsequent obstructive
fibrosis (73).

In experimental studies on hypertension and angiotensin II-
induced fibrosis, the application of specific antibodies to block IL-
17A or IL-17RA resulted in a significant reduction in the fibrotic
marker TGF-B1 (74, 75). Conversely, the renal anti-fibrotic
properties of various drugs have been linked to the suppression of
IL-17 levels (76-78). Multiple studies have demonstrated that IL-
17A can induce epithelial-mesenchymal transition (EMT) in renal
tubular epithelial cells. One such study indicated that IL-17A
stimulated cell proliferation and extracellular matrix secretion in
cultured cells, leading to a shift from an epithelial to a mesenchymal
phenotype via a TGF-B1-dependent pathway (79).

IL-17A is also implicated in thrombotic events and vascular
dysfunction. Thrombotic microangiopathy is recognized as a
contributing factor to poor prognosis in lupus kidney biopsies,
characterized by endothelial damage and thrombosis. Although
preliminary investigations are lacking, it is crucial to evaluate the
potential role of IL-17A in thrombotic occurrences among lupus
patients. Experimental research in psoriatic models has
demonstrated that IL-17A facilitates thrombotic events and
vascular dysfunction. Additionally, a study involving endothelial
cells from individuals with rheumatoid arthritis revealed that IL-17,
in combination with TNF-a, induced coagulants and a pre-
thrombotic phenotype, surpassing the inflammatory state (79, 80).

IL-17 also affects blood pressure regulation. Hypertension is a
recognized manifestation of renal involvement in lupus, and its
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association is a significant prognostic factor in lupus nephritis. A
study found that IL-17A drives angiotensin II-induced hypertension
by increasing renal sodium reabsorption (via the upregulation of
ENaC and NCC transporters) and promoting kidney injury through
inflammation, oxidative stress, and fibrosis. Blocking IL-17A reduced
the blood pressure and renal damage, suggesting its therapeutic
potential in hypertensive kidney disease (81). In a separate
experimental investigation, IL-17A emerged as a crucial factor in
arteriole vessel remodeling. Elevated levels of IL-17A contribute to
increased blood pressure by promoting arterial remodeling and
stiffness. Furthermore, the administration of antihypertensive drugs
effectively reduces blood pressure without affecting the underlying
structural alterations. Conversely, in SLE mice models, inhibition of
IL-17A using antibodies results in decreased blood pressure and
mitigated vascular remodeling, indicating a lasting impact on
vascular architecture beyond mere hemodynamic changes (82).

Finally, IL-17A has a systemic effect on the generation of renal
autoAbs. Beyond its localized effects on various kidney cells, IL-17A
plays a role in the production of B-cell autoantibodies, as evidenced
by studies in autoimmune models. These studies have shown that
IL-17 drives the formation of autoreactive germ centers (GC) and
that B-cell development and humoral responses are diminished in
mice lacking the IL-17 receptor (83). Moreover, experimental
research has demonstrated that IL-17 enhances the production of
anti-double-stranded DNA antibodies and promotes the survival of
plasma cells (84).

Clinical evidence of IL-17A associated with LN

Albuminuria, hematuria, and anemia are clinical manifestations
significantly correlated with serum IL-17 levels. Specifically, the
baseline concentrations of IL-17 have been positively linked to the
severity of albuminuria. In a study involving 15 patients undergoing
kidney biopsy, the presence of IL-17"TCR"cells in renal infiltrates
was positively associated with hematuria in lupus nephritis as
determined through laser microdissection techniques.
Additionally, elevated serum levels of IL-17 and IL-6 were found
to correlate with anemia in another study (85).

A study examining the relationship between severity scores and
histological activity in systemic lupus erythematosus revealed
significant associations between Th17 cell frequency, serum IL-17
levels, TWEAK (TNF-related weak inducer of apoptosis) levels, and
the nephritis activity index. Furthermore, IL-17 concentration was
positively correlated with erythrocyte sedimentation rate (ESR),
systemic lupus erythematosus disease activity index (DAI) score,
and antinuclear antibody (ANA) titer at baseline (86). Another
study demonstrated significantly higher IL-17 levels in patients with
severe lupus nephritis compared with controls, with urinary IL-17
levels increasing alongside disease severity (87).

In a study involving 52 patients with active lupus nephritis who
underwent kidney biopsy at baseline and after receiving
immunosuppressive therapy, individuals who did not respond to
steroid treatment exhibited higher levels of IL-17 expression in
inflammatory cells infiltrating kidney tissue. Conversely, after 6
months of treatment, there was a significant decrease in IL-17 levels
among patients with active lupus nephritis (88).
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IL-17 antagonism in lupus nephritis in
clinical settings

Studies investigating the pathological roles of IL-17 in systemic
lupus erythematosus (SLE) suggest that IL-17A is a promising
therapeutic target for this condition. The cytokines and receptors
within the IL-17 family possess distinctive molecular structures that
differentiate them from other protein families, making them
attractive candidates for therapeutic intervention (89, 90). Current
Th17-targeted therapies primarily involve monoclonal antibodies
directed against IL-17, IL-23, and their receptors. Notable IL-17A
antagonists include secukinumab and ixekizumab, while
bimekizumab targets both IL-17A and IL-17F. Brodalumab
inhibits IL-17 by binding to the IL-17 receptor (IL-17R) (91).
Additionally, upstream neutralization of IL-23 can be achieved
with guselkumab, risankizumab, tildrakizumab, and ustekinumab.
These modalities have been widely used for the treatment of
psoriasis (PsO), psoriatic arthritis (PsA), and spondyloarthritides
(SpA) and even inflammatory bowel diseases (IBD) (92, 93). Given
the success of anti-IL-17 therapies in treating these autoimmune
diseases, the potential for similar approaches in SLE to reduce
disease activity has also been investigated (94).

Ongoing clinical trials, SELUNE and ORCHID-LN, are
evaluating secukinumab and guselkumab in lupus nephritis. The

TABLE 1 Case reports on IL-17 antagonism in SLE/LN.

10.3389/fimmu.2025.1617451

SELUNE study (NCT04181762) is a phase III randomized, double-
blind trial designed to assess the efficacy and safety of secukinumab
in conjunction with standard care therapy for individuals with
active lupus nephritis. However, the study was prematurely halted
by the sponsor following a futility analysis (9). The ORCHID-LN
trial investigates the safety and efficacy of guselkumab in individuals
with active lupus nephritis, comparing its addition to standard care
with a placebo combined with standard care. This study was also
prematurely terminated by the sponsor due to difficulties in
participant enrollment.

Although numerous IL-17-related biologics have been
evaluated in systemic lupus erythematosus and lupus nephritis,
most phase II trials have not yielded statistically significant results
that meet the regulatory criteria. Nonetheless, there are documented
case reports indicating the successful use of IL-17 antagonism in
lupus nephritis (Table 1).

Co-blockade of IL-17 and IL-36 pathways
in LN

Most clinical trials with IL-17 antagonists have not
demonstrated statistically significant outcomes for lupus nephritis
(LN) patients despite encouraging signals from several case reports.

Patient Age Gender Conditions Treatment Outcome Ref.
Severe psoriasis, . Complete clearance of psoriasis
K Ustekinumab 45 mg SC (d1, w4, R i
1 41 Male hypertrophic plaques; moderate improvement in (95)
T w16); 90 mg SC at w20 (4th dose) .
discoid lupus lupus plaques (clinical assessment)
Ustekinumab 45 mg + Sustained improvement after 48
) 5 Female 28'-year histow of meth(?trexate .+ intra'lesional monfhs; n.o adverse events'; 'stable (96)
disfiguring DLE corticosteroids (switched skin lesion scores (physician
to monotherapy) global assessment)
Psoriasis vulgaris, Secukinumab (dose not specified Notable improvement in c}inifal
3 62 Female refractory R L. parameters (reduced proteinuria, 97)
. in original report)
lupus nephritis stable eGFR)
Marked reduction in serum IL-6;
Secuki b (d t ified
4 N/A Male PsA, SLE ccukdnumab (dose not specifie undetectable IL-17; no SLE (98)
in original report) .
exacerbation noted
Significant improvement in clinical/
5 N/A Female Refractor)'f A Secukin.umal.) .(dose not specified biological para.me'ters;. complete renal 99)
lupus nephritis in original report) response (proteinuria <0.5 g/24h,
stable eGFR)
Significant improvement in
6 N/A N/A Exacerbfiti(‘)n of DLE Secukinumab 150 mg SC q4w for psoiriasis/APsA; progressive DLE (100)
after psoriasis treatment 2 years lesions (increased lesion area,
inflammation score)
Psoriasi 1 SLEDALI score reduction from 12
soriasis, new]
7 23 Female R Y Secukinumab 300 mg SC to 6; stable renal function (follow- (101)
diagnosed SLE .
up ongoing)
Clinical/laborat issi
. . Secukinumab (discontinued); 1fnc.a flaboratory ren.nsswn
Psoriatic arthritis, i X within 1 month; persistent
8 68 Male treated with enoxaparin, o (102)
suspected DILE . proteinuria (653 mg/24 h) resolved
prednisolone, etc. . .
with mycophenolate mofetil
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Combination therapy targeting additional molecules or pathways
might be beneficial for complex diseases like lupus nephritis. Given
the documented association of the IL-36 pathway with systemic
lupus erythematosus (SLE), reciprocal regulation, and the
synergistic action between IL-17 and IL-36 in inflammation and
fibrosis (Figure 2), we discuss the rationale for co-blockading IL-17
and IL-36 pathways in lupus nephritis.

IL-36 family

The IL-36 cytokines, which include three agonists—IL-360, IL-
368, and IL-36y—and two antagonists—IL-36Ra and IL-38—
belong to the IL-1 family. IL-36 exhibits pro-inflammatory

10.3389/fimmu.2025.1617451

characteristics and plays a crucial role in immune cell activation
and antigen presentation. The signaling pathways initiated by IL-36
agonists interact with IL-1RAcP and IL-36R, leading to the
recruitment of MyD88, IRAK4, and TRAF6. This cascade
ultimately activates the NF-kB and MAPK pathways, facilitating
pro-inflammatory signaling. In contrast, IL-36 antagonist signals
bind to IL-1RAcP and IL-36R, inhibiting NF-kB and MAPK
signaling, thereby promoting anti-inflammatory responses (103).

The skin serves as the primary site for IL-36 cytokine expression,
with several studies indicating their significant involvement in the
pathogenesis of various skin diseases. Monoclonal antibodies
targeting IL-36R have been approved for treating generalized
pustular psoriasis, and research is ongoing to investigate the role of
IL-36 signaling in other autoimmune conditions (104).

1) Reciprocal induction of IL-17 and IL-36
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3) Synergistic actions of IL-17 and IL-36
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IL-17A and IL-36 additively induced chemokine CXCL1, CXCL2 and CCL20.

FIGURE 2

IL-17 and IL-36 inflammatory axis: from division of labor to synergy. IL-17 and IL-36 engage in a reciprocal relationship where the presence of one
cytokine enhances the production of the other. This interaction amplifies inflammatory responses and may play a significant role in autoimmune
conditions. Functionally, IL-17 and IL-36 are pivotal in immune regulation and inflammation, each with distinct roles: IL-17 primarily recruits
neutrophils and promotes the release of other pro-inflammatory cytokines, while IL-36 is involved in skin inflammation and the activation of
epithelial cells and fibroblasts. These cytokines exhibit a synergistic interplay, particularly evident in epithelial cells and fibroblasts.
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Elevated levels of IL-36 in SLE and disease
association

The association of IL-36 with systemic lupus erythematosus (SLE)
has been recognized for some time. In a study involving 43 SLE patients
and 16 normal control (NC) subjects, the plasma concentrations of IL-
360 and IL-36y were significantly elevated in active SLE patients
compared with NC. Notably, the plasma levels of IL-360 and IL-36y
correlated positively with SLE disease activity. Additionally, the
proportions of circulating IL-36R-positive CD19"B lymphocytes
among total B lymphocytes and PBMCs were significantly higher in
active SLE patients. Upon ex vivostimulation with IL-360. and IL-367,
the production of IL-6 and CXCL8 was significantly increased in SLE
patients compared with NC, suggesting that IL-360. may act as a
pathogenic factor in SLE (105).

Another study involving 72 SLE patients and 63 healthy controls
in China also found significantly increased serum levels of IL-360
and IL-36Yy along with decreased serum IL-36Ra levels in SLE patients
compared with healthy controls. Active SLE patients (SLEDAI
(Systemic Lupus Erythematosus Disease Activity Index) score >5)
exhibited significantly higher serum levels of IL-360t and IL-36y than
the inactive patients (SLEDAI score <4). Moreover, these levels were
strongly correlated with SLEDAI scores and complement C3 levels.
Notably, SLE patients with arthritis had significantly elevated serum
IL-360. and IL-36Y levels compared with those without arthritis (106).
A recent study extended the investigation to IL-36B and IL-36R,
finding that these proteins were expressed in immune cells as well as
epithelial cells of SLE patients, linking them to specific disease
features (107). In another study, significantly increased serum levels
of IL-360. and pentraxin 3 were detected in both active (P= 0.000 for
both) and inactive SLE patients (P= 0.003 and P= 0.001, respectively)
compared with normal controls. Nevertheless, active SLE patients
had significantly higher IL-360 levels compared with inactive patients
(108). Similar conclusions were reached when evaluating the IL-360t
mRNA levels. In a separate study involving 49 SLE patients and 40
healthy controls, IL-360. mRNA was significantly higher in SLE
patients, with fold changes indicating increased expressions in
those with moderate to high disease activity (SLEDAI >5)
compared with those with mild activity (SLEDAI <5) (109).

In the context of lupus nephritis (LN), the urinary levels of IL-
36 cytokines were examined in a study involving 196 SLE patients—
comprising 97 with active LN, 42 with inactive LN, and 57 with
active lupus without renal involvement—as well as 25 healthy
subjects (110). Although the cytokine levels in urine were
generally low, the urinary IL-367 levels were significantly elevated
in SLE patients compared with healthy controls. Patients with active
LN exhibited markedly higher IL-367 levels than those without
renal involvement, and these levels showed a moderate correlation
with renal SLEDAI scores. Notably, the urinary IL-36y levels
decreased significantly after 3 months of immunosuppressive
therapy in patients with active LN (110).

IL-38, an antagonist of the IL-36 family, has been implicated in
various autoimmune and inflammatory diseases, predominantly
functioning as an anti-inflammatory cytokine (111). In the
context of lupus nephritis, IL-38 levels were found to be
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significantly higher in samples from systemic lupus
erythematosus (SLE) patients—particularly those with active
disease—compared with healthy controls. Furthermore, the
presence of IL-38 was linked to an increased risk of renal lupus.

Peripheral blood mononuclear cells (PBMCs) treated with IL-38
siRNA (small interfering RNA) produced up to 28-fold more of the
pro-inflammatory mediators IL-6, CCL2, and APRIL than control
siRNA-transfected cells when stimulated with Toll-like receptor
agonists, suggesting a protective role for IL-38 (112, 113).
Additionally, both the mRNA and protein levels of IL-38 in the
peripheral blood of SLE patients were observed to decrease (114).

It is worth noting that a recent study also evaluated both IL-36
and IL-17 in SLE patients. Consistent with previous findings, the IL-
360 levels were significantly higher in SLE patients, particularly in
those with an active disease. Furthermore, the serum IL-17 levels
were elevated in SLE patients, with a positive correlation observed
between IL-360. and IL-17 levels. Importantly, patients with lupus
nephritis had higher serum IL-360. levels compared with those
without LN. This study also noted that patients receiving
glucocorticoid treatment had lower IL-360 levels than those not
receiving such treatment (115).

IL-36 in disease models of chronic kidney
diseases

While the role of IL-36 has not been directly examined in the
context of LN, an increased expression of IL-360 has been reported in
renal tubular epithelial cells from a mouse model of unilateral ureteral
obstruction (UUO). Compared with UUO-treated wild-type mice, IL-
36 knockout (IL-36-/-) mice exhibited a markedly reduced NLRP3
inflammasome activation as well as decreased macrophage and T cell
infiltration in the kidneys and T cell activation in the renal draining
lymph nodes, leading to diminished formation of renal
tubulointerstitial lesions (TILs). Notably, in vitrostudies demonstrated
that recombinant IL-360. facilitated NLRP3 inflammasome activation
in renal tubular epithelial cells, macrophages, and dendritic cells and
enhanced dendritic cell-induced T cell proliferation and Thl7
differentiation. Furthermore, the deficiency of IL-23, which was
diminished in IL-36R knockout UUO mice, also reduced renal TIL
formation in UUQO models (116).

In a related study using the UUO model, IL-360. was found to
be overexpressed in injured distal tubules (DTs). Importantly, IL-
3600 expression significantly correlated with the progression of
tubulointerstitial cell infiltration and tubular epithelial cell death
in UUO kidneys. The IL-1RL2 receptor for IL-36a. localized to
podocytes, proximal tubules, and DTs in healthy kidneys, but in
UUO kidneys IL-1RL2 was expressed in interstitial cells, platelets,
and extended primary cilia of DT epithelial cells. Stimulation with
IL-360. promoted the production of IL-6 and Prss35, an
inflammatory cytokine and collagen remodeling-associated
enzyme, respectively, in cultured NIH3T3 (the embryonic mouse
fibroblast cell line) fibroblasts. IL-360. knockout (KO) mice
exhibited milder features of kidney injury compared with wild-
type (WT) mice in UUO models (117).
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A few studies have conducted a detailed dissection of the IL-36
family’s role in lupus nephritis. In MRL/Mp]-Faslpr/lpr mice, IL-
36R deficiency resulted in reduced glomerular lesions, particularly
mesangial matrix expansion, with significant amelioration observed
in both sexes of IL-36R” mice compared with WT mice. IL-36R
deficiency had minimal effects on the indices of immune
abnormalities, renal function, and serum anti-dsDNA antibody
levels (118).

Notably, recombinant IL-38 was found to attenuate clinical
severity in the MRL/Ipr mouse model (119). In a pristane-induced
lupus mouse model, the deficiency of IL-38 exacerbated
inflammation, upregulated inflammatory cytokines and
autoantibodies, and led to severe pathological changes in the
kidneys. The administration of recombinant murine IL-38 to
pristane-treated IL-38-/- mice improved their renal histopathology
(120). Treatment with human recombinant IL-38 protein in
vitroreduced the levels of IKKo/f, NF-xB, and TNF-o and
decreased the anti-dsDNA antibodies in PBMCs from SLE patients.
Additionally, kidney function—reflected by creatinine and blood urea
nitrogen levels—along with anti-dsDNA antibodies, complement C3,
and urinary protein levels decreased following treatment with IL-38
protein in MRL/Ipr lupus mice. However, IL-38 protein treatment
also induced mild hyperplasia of glomerular mesangial cells and
lymphocyte infiltration (114).

Cross-talk between IL-36 to IL-17 in the
context of inflammation

Impact of IL-36 on IL-17 and Th17

IL-36 stimulates the production of IL-17C and IL-23 by adult
normal human epidermal keratinocytes while also self-amplifying
its own production (116). Inhibition of the IL-36 receptor by IL-
36Ra has been shown to reduce Aspergillus-induced IL-17 and IFN-
vlevels (121). In patients with generalized pustular psoriasis (GPP)
harboring mutations in the IL-36 antagonist IL36RN, CD4 T cells
in both blood and skin lesions exhibited intense hyperproliferation
and production of IL-17 (122).

IL-36 is also known to promote the differentiation and function
of human Thl17 cells. Anti-IL-360. treatment has been shown to
alleviate the Th17 response in a mouse model of allergic rhinitis,
resulting in reduced symptoms, decreased Th17 cell infiltration, and
downregulated expression of Th1l7 cytokines (123). In an
imiquimod-induced psoriasis-like dermatitis model, keratinocyte-
specific IL-36R deficiency led to the reduced induction of IL-23, IL-
17, and IL-22 at lesion sites. Additionally, IL-36Y is known to induce
the expression of IL-17C by keratinocytes (124).

IL-17C, a member of the IL-17 family, is primarily produced by
epithelial cells. Neutralization of IL-17C has been shown to mitigate
albuminuria, mesangial matrix accumulation, and podocyte loss.
Furthermore, IL-17C neutralization significantly repressed the
expression of downstream pro-inflammatory cytokines,
inflammatory cell infiltration, and Th17/IL-17A activation in both
acute and chronic kidney injury models (125). Correspondingly, IL-
38 was found to suppress the expression of IL-23R and IL-17A in
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circulating PBMCs as well as IL-6 and IL-8 in resident-activated
orbital fibroblasts (126).

Impact of IL-17 on IL-36

The IL-36 cytokines can be induced in cultured primary human
keratinocytes (KCs) by IL-17A (127). IL-17A also activates the
expression of IL-36 cytokines in keratinocyte monolayer cultures
(128). Specifically, IL-17A in vitroinduced the expression of IL-36(3
and IL-36yat both gene and protein levels in HaCaT (high sensitivity of
human epidermal keratinocytes) cells (129). This indicates that IL-17A
promotes the production of IL-36 by human keratinocytes.
Furthermore, IL-36, in conjunction with IL-17A, effectively activated
human dermal microvascular endothelial cells (HDMECs), which
express both IL-17 and IL-36 receptors (130). The direct interaction
of IL-17 and IL-36 in kidney injury remains to be elucidated.

Synergistic action of IL-36 and IL-17 in
regulating target genes

Molecular analyses have demonstrated the strong cooperative effects
of IL-17A and IL-36 cytokines in regulating target genes, including
CCL-20, IL-8, and antimicrobial peptides (AMPs) (128). Adult normal
human epidermal keratinocytes were stimulated for 24 h with
recombinant IL-36 and IL-17. Both IL-360. and IL-36y self-amplified
their mRNAs and synergistically enhanced the mRNA and protein
levels when combined with IL-17A. Notably, IL-17C was significantly
increased by IL-36 alone or in synergy with IL-17A. Additionally,
combinations of IL-17A and IL-367 significantly elevated the
expressions of IL12B and IL23A. We recently reported that IL-17 and
IL-36 work together to amplify the expression of pro-inflammatory and
pro-fibrotic genes in normal human dermal fibroblasts (NHDF). Co-
blocking IL-17 and IL-36 is more effective at inhibiting the production
of IL-6 and IL-8 in NHDF stimulated by IL-17A and IL-36 compared
with using two separate monoclonal antibodies (131).

It is clear that the IL-17 and IL-36 signaling pathways have both
overlapping and distinct roles in various inflammatory contexts.
However, the interaction between these two cytokines in the
pathogenesis of chronic kidney diseases, including lupus nephritis
(LN), remains to be fully explored. Given that a combination of
approaches may be necessary to harness the potential of IL-17
antagonism in LN, it is important to determine whether co-targeting
both pathways could enhance disease management, leading to
immunological improvements and overall better disease outcomes.

Conclusion/perspective

Several biologics targeting B cells and type I interferon have been
approved for the management of systemic lupus erythematosus (SLE),
including lupus nephritis (LN). Additionally, strategies targeting
regulatory T cells (Tregs) and plasmacytoid dendritic cells (pDCs)
have been investigated in clinical studies. Due to extensive research, IL-
17 and cytokines that regulate IL-17-producing cells have also been
targeted in the treatment of LN. However, randomized controlled trials
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involving anti-IL-17 antibodies have shown limited efficacy. One
potential reason for this limited effectiveness may be the need to
target multiple pathways across different stages of the disease, involving
various immune and kidney resident cells, given the complexity of LN.
This study proposes that the proinflammatory cytokine IL-36 may
serve as a valuable therapeutic partner to IL-17 antagonists in the
treatment of LN. Given the overlapping and synergistic roles of IL-36
and IL-17 in promoting inflammation and tissue damage within the
renal microenvironment, combined targeting of these cytokines could
potentially enhance anti-inflammatory effects, improve clinical
outcomes, and offer a novel, synergistic approach to managing this
complex autoimmune condition.

Author contributions

YG: Writing - review & editing, Writing — original draft. GP:
Investigation, Resources, Writing — review & editing, Writing -
original draft. XL: Writing - original draft. XR: Writing — original
draft, Writing - review & editing. XC: Writing - review & editing,
Writing — original draft. YZ: Writing — original draft, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study is partly
sponsored by Jiangsu Commission of Health (M2024087). The
authors declare that this study received funding from Huaota
Biopharmaceutical Co. Ltd. The funder was not involved in the
study design, collection, analysis, interpretation of data, the writing
of this article, or the decision to submit it for publication.

References

1. Crow MK. Type I interferon in the pathogenesis of lupus. J Immunol. (2014)
192:5459-68. doi: 10.4049/jimmunol.1002795

2. Mahajan A, Amelio J, Gairy K, Kaur G, Levy RA, Roth D, et al. Systemic lupus
erythematosus, lupus nephritis and end-stage renal disease: a pragmatic review mapping
disease severity and progression. Lupus. (2020) 29:1011-20. doi: 10.1177/0961203320932219

3. Arbuckle MR, McClain MT, Rubertone MV, Scofield RH, Dennis GJ, James JA,
et al. Development of autoantibodies before the clinical onset of systemic lupus
erythematosus. N Engl ] Med. (2003) 349:1526-33. doi: 10.1056/NEJM0a021933

4. Banchereau J, Pascual V. Type I interferon in systemic lupus erythematosus and
other autoimmune diseases. Immunity. (2006) 25:383-92.

5. Petric M, Radic M. Is Th17-Targeted Therapy Effective in Systemic Lupus
Erythematosus? Curr Issues Mol Biol. (2023) 45:4331-43.

6. Summers SA, Odobasic D, Khouri MB, Steinmetz OM, Yang Y, Holdsworth SR,
et al. Endogenous interleukin (IL)-17A promotes pristane-induced systemic
autoimmunity and lupus nephritis induced by pristane. Clin Exp Immunol. (2014)
176:341-50. doi: 10.1111/cei.12287

7. Ramani K, Biswas PS. Interleukin 17 signaling drives Type I Interferon induced
proliferative crescentic glomerulonephritis in lupus-prone mice. Clin Immunol. (2016)
162:31-6. doi: 10.1016/j.clim.2015.10.009

8. Lee SY, Lee SH, Seo HB, Ryu JG, Jung K, Choi JW, et al. Inhibition of IL-17
ameliorates systemic lupus erythematosus in Roquin(san/san) mice through regulating
the balance of TFH cells, GC B cells, Treg and Breg. Sci Rep. (2019) 9:5227.
doi: 10.1038/s41598-019-41534-1

Frontiers in Immunology

11

10.3389/fimmu.2025.1617451

Conflict of interest

XL was employed by the company PharmaLegacy Laboratories
Co., Ltd. GP, XR and YZ are are employees of Huaota
Biopharmaceutical Co. Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

9. Study of Safety E. Tolerability of Secukinumab Versus Placebo iCwSTiPwALN .
Available online at: https://www.clinicaltrials.gov/ct2/show/NCT04181762 (Accessed
February 18, 2023).

10. Paquissi FC, Abensur H. The Th17/IL-17 Axis and Kidney Diseases, With Focus
on Lupus Nephritis. Front Med (Lausanne).. (2021) 8:654912.

11. Berinstein EM, et al. Efficacy and Safety of Dual Targeted Therapy for Partially or
Non-responsive Inflammatory Bowel Disease: A Systematic Review of the Literature.
Dig Dis Sci. (2023) 68:2604-23. doi: 10.1007/s10620-023-07837-0

12. Valero-Martinez C, Urgelles JF, Salles M, Joven-Ibanez BE, de Juanes A, Ramirez
], et al. Dual targeted therapy in patients with psoriatic arthritis and spondyloarthritis: a
real-world multicenter experience from Spain. Front Immunol. (2023) 14:1283251.
doi: 10.3389/fimmu.2023.1283251

13. Venkataramani S, Low S, Weigle B, Dutcher D, Jerath K, Menzenski M, et al.
Design and characterization of Zweimab and Doppelmab, high affinity dual
antagonistic anti-TSLP/IL13 bispecific antibodies. Biochem Biophys Res Commun.
(2018) 504:19-24. doi: 10.1016/j.bbrc.2018.08.064

14. Godar M, Deswarte K, Vergote K, Saunders M, de Haard H, Hammad H, et al. A
bispecific antibody strategy to target multiple type 2 cytokines in asthma. J Allergy Clin
Immunol. (2018) 142:1185-93 e4. doi: 10.1016/j.jaci.2018.06.002

15. Kiriakidou M, Ching CL. Systemic Lupus Erythematosus. Ann Intern Med.
(2020) 172:ITC81-96. doi: 10.7326/AITC202006020

16. Tsokos GC. Autoimmunity and organ damage in systemic lupus erythematosus.
Nat Immunol. (2020) 21:605-14. doi: 10.1038/541590-020-0677-6

frontiersin.org


https://doi.org/10.4049/jimmunol.1002795
https://doi.org/10.1177/0961203320932219
https://doi.org/10.1056/NEJMoa021933
https://doi.org/10.1111/cei.12287
https://doi.org/10.1016/j.clim.2015.10.009
https://doi.org/10.1038/s41598-019-41534-1
https://www.clinicaltrials.gov/ct2/show/NCT04181762
https://doi.org/10.1007/s10620-023-07837-0
https://doi.org/10.3389/fimmu.2023.1283251
https://doi.org/10.1016/j.bbrc.2018.08.064
https://doi.org/10.1016/j.jaci.2018.06.002
https://doi.org/10.7326/AITC202006020
https://doi.org/10.1038/s41590-020-0677-6
https://doi.org/10.3389/fimmu.2025.1617451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

17. Croca SC, Rodrigues T, Isenberg DA. Assessment of a lupus nephritis cohort
over a 30-year period. Rheumatol (Oxford).. (2011) 50:1424-30.

18. Houssiau FA. Management of lupus nephritis: an update. ] Am Soc Nephrol..
(2004) 15:2694-704.

19. Houssiau FA, Vasconcelos C, D'Cruz D, Sebastiani GD, de Ramon Garrido E,
Danieli MG, et al. Early response to immunosuppressive therapy predicts good
renal outcome in lupus nephritis: lessons from long-term followup of patients in the
Euro-Lupus Nephritis Trial. Arthritis Rheumatol. (2004) 50:3934-40. doi: 10.1002/
art.v50:12

20. Houssiau FA, Ginzler EM. Current treatment of lupus nephritis. Lupus. (2008)
17:426-30. doi: 10.1177/0961203308090029

21. Arazi A, Rao DA, Berthier CC, Davidson A, Liu Y, Hoover PJ, et al. The immune
cell landscape in kidneys of patients with lupus nephritis. Nat Immunol. (2019) 20:902-
14. doi: 10.1038/s41590-019-0398-x

22. Arbitman L, Furie R. Vashistha H. B cell-targeted therapies systemic lupus
erythematosus. J Autoimmun. (2022) 132:102873. doi: 10.1016/j.jaut.2022.102873

23. Schneider P. The role of APRIL and BAFF in lymphocyte activation. Curr Opin
Immunol. (2005) 17:282-9. doi: 10.1016/j.c0i.2005.04.005

24. Wigerblad G, Kaplan MJ. Neutrophil extracellular traps in systemic autoimmune
and autoinflammatory diseases. Nat Rev Immunol. (2023) 23:274-88. doi: 10.1038/
541577-022-00787-0

25. Henry CM, Sullivan GP, Clancy DM, Afonina IS, Kulms D, Martin SJ.
Neutrophil-Derived Proteases Escalate Inflammation through Activation of IL-36
Family Cytokines. Cell Rep. (2016) 14:708-22. doi: 10.1016/j.celrep.2015.12.072

26. Macleod T, Doble R, McGonagle D, Wasson CW, Alase A, Stacey M, et al.
Neutrophil Elastase-mediated proteolysis activates the anti-inflammatory cytokine IL-
36 Receptor antagonist. Sci Rep. (2016) 6:24880. doi: 10.1038/srep24880

27. Lee DSW, Rojas OL, Gommerman JL. B cell depletion therapies in autoimmune
disease: advances and mechanistic insights. Nat Rev Drug Discovery. (2021) 20:179-99.
doi: 10.1038/541573-020-00092-2

28. Bermejo DA, Jackson SW, Gorosito-Serran M, Acosta-Rodriguez EV, Amezcua-
Vesely MC, Sather BD, et al. Trypanosoma cruzi trans-sialidase initiates a program
independent of the transcription factors RORgammat and Ahr that leads to IL-17
production by activated B cells. Nat Immunol. (2013) 14:514-22. doi: 10.1038/ni.2569

29. Cassia M, Alberici F, Gallieni M, Jayne D. Lupus nephritis and B-cell targeting
therapy. Expert Rev Clin Immunol. (2017) 13:951-62. doi: 10.1080/1744666X.2017.1366855

30. Blanco P, Palucka AK, Gill M, Pascual V, Banchereau J. Induction of dendritic
cell differentiation by IFN-alpha in systemic lupus erythematosus. Science. (2001)
294:1540-3.

31. Jego G, Palucka AK, Blanck JP, Chalouni C, Pascual V, Banchereau J.
Plasmacytoid dendritic cells induce plasma cell differentiation through type I
interferon and interleukin 6. Immunity. (2003) 19:225-34.

32. Tezuka H, Abe Y, Asano J, Sato T, Liu J, Iwata M, et al. Prominent role for
plasmacytoid dendritic cells in mucosal T cell-independent IgA induction. Immunity.
(2011) 34:247-57.

33. Zhao Y, Wang QJ, Yang S, Kochenderfer JN, Zheng Z, Zhong X, et al. A
herceptin-based chimeric antigen receptor with modified signaling domains leads to
enhanced survival of transduced T lymphocytes and antitumor activity. J Immunol.
(2009) 183:5563-74. doi: 10.4049/jimmunol.0900447

34. Lande R, Ganguly D, Facchinetti V, Frasca L, Conrad C, Gregorio J, et al.
Neutrophils activate plasmacytoid dendritic cells by releasing self-DNA-peptide
complexes in systemic lupus erythematosus. Sci Transl Med. (2011) 3:73ral9.
doi: 10.1126/scitranslmed.3001180

35. Guiducci C, Gong M, Xu Z, Gill M, Chaussabel D, Meeker T, et al. TLR
recognition of self nucleic acids hampers glucocorticoid activity in lupus. Nature.
(2010) 465:937-41.

36. Shereen O. Therapeutic Modulation of the Interferon Pathway in Systemic Lupus
Erythematosus2021.

37. Werth VP, Furie RA, Romero-Diaz ], Navarra S, Kalunian K, van Vollenhoven
RF, et al. Trial of Anti-BDCA2 Antibody Litifilimab for Cutaneous Lupus
Erythematosus. N Engl ] Med. (2022) 387:321-31. doi: 10.1056/NEJMoa2118024

38. Zhan Y, Carrington EM, Ko HJ, Vikstrom IB, Oon S, Zhang JG, et al. Bcl-2
antagonists kill plasmacytoid dendritic cells from lupus-prone mice and dampen
interferon-alpha production. Arthritis Rheumatol. (2015) 67:797-808. doi: 10.1002/
art.38966

39. Bruera S, Chavula T, Madan R, Agarwal SK. Targeting type I interferons in
systemic lupus erythematous. Front Pharmacol. (2022) 13:1046687. doi: 10.3389/
fphar.2022.1046687

40. Paredes JL, Fernandez-Ruiz R. Niewold TB. T Cells Systemic Lupus
Erythematosus. Rheum Dis Clin North Am. (2021) 47:379-93. doi: 10.1016/
j.rdc.2021.04.005

41. Lee SK, Silva DG, Martin JL, Pratama A, Hu X, Chang PP, et al. Interferon-
gamma excess leads to pathogenic accumulation of follicular helper T cells and
germinal centers. Immunity. (2012) 37:880-92.

42. Akama-Garren EH, Carroll MC. T cell help in the autoreactive germinal center.
Scand ] Immunol. (2022) 95:e13192. doi: 10.1111/sji.13192

Frontiers in Immunology

12

10.3389/fimmu.2025.1617451

43. Wu Y, Zhang W, Liao Y, Sun T, Liu Y, Liu Y. Immune cell aberrations in
Systemic Lupus Erythematosus: navigating the targeted therapies toward precision
management. Cell Mol Biol Lett. (2025) 30:73. doi: 10.1186/s11658-025-00749-z

44. Sullivan BA, Tsuji W, Kivitz A, Peng J, Arnold GE, Boedigheimer MJ, et al.
Inducible T-cell co-stimulator ligand (ICOSL) blockade leads to selective inhibition of
anti-KLH IgG responses in subjects with systemic lupus erythematosus. Lupus Sci Med.
(2016) 3:¢000146. doi: 10.1136/lupus-2016-000146

45. Tikuni N, Lourenco EV, Hahn BH, La Cava A. Cutting edge: Regulatory T cells
directly suppress B cells in systemic lupus erythematosus. ] Immunol. (2009) 183:1518—
22. doi: 10.4049/jimmunol.0901163

46. Scalapino KJ, Tang Q, Bluestone JA, Bonyhadi ML, Daikh DI. Suppression of
disease in New Zealand Black/New Zealand White lupus-prone mice by adoptive
transfer of ex vivo expanded regulatory T cells. J Immunol. (2006) 177:1451-9.
doi: 10.4049/jimmunol.177.3.1451

47. Ohl K, Tenbrock K. Regulatory T cells in systemic lupus erythematosus. Eur ]
Immunol. (2015) 45:344-55. doi: 10.1002/eji.201344280

48. Eggenhuizen PJ, Cheong RMY, Lo C, Chang J, Ng BH, Ting YT, et al. Smith-
specific regulatory T cells halt the progression of lupus nephritis. Nat Commun. (2024)
15:899. doi: 10.1038/s41467-024-45056-x

49. Bluestone JA, McKenzie BS, Beilke J, Ramsdell F. Opportunities for Treg cell
therapy for the treatment of human disease. Front Immunol. (2023) 14:1166135.
doi: 10.3389/fimmu.2023.1166135

50. Penaranda C, Tang Q, Bluestone JA. Anti-CD3 therapy promotes tolerance by
selectively depleting pathogenic cells while preserving regulatory T cells. J Immunol.
(2011) 187:2015-22. doi: 10.4049/jimmunol.1100713

51. Kuhn C, Weiner HL. Therapeutic anti-CD3 monoclonal antibodies: from bench
to bedside. Immunotherapy. (2016) 8:889-906. doi: 10.2217/imt-2016-0049

52. Becker C, Kubach ], Wijdenes J, Knop J, Jonuleit H. CD4-mediated functional
activation of human CD4+CD25+ regulatory T cells. Eur ] Immunol. (2007) 37:1217-
23. doi: 10.1002/eji.200636480

53. van Panhuys N. TCR Signal Strength Alters T-DC Activation and Interaction
Times and Directs the Outcome of Differentiation. Front Immunol. (2016) 7:6.
doi: 10.3389/fimmu.2016.00006

54. He ], Zhang X, Wei Y, Sun X, Chen Y, Deng J, et al. Low-dose interleukin-2
treatment selectively modulates CD4(+) T cell subsets in patients with systemic lupus
erythematosus. Nat Med. (2016) 22:991-3. doi: 10.1038/nm.4148

55. HeJ, Zhang R, Shao M, Zhao X, Miao M, Chen J, et al. Efficacy and safety of low-
dose IL-2 in the treatment of systemic lupus erythematosus: a randomised, double-
blind, placebo-controlled trial. Ann Rheum Dis. (2020) 79:141-9. doi: 10.1136/
annrheumdis-2019-215396

56. Chen PM, Tsokos GC. The role of CD8+ T-cell systemic lupus erythematosus
pathogenesis: an update. Curr Opin Rheumatol. (2021) 33:586-91. doi: 10.1097/
BOR.0000000000000815

57. Shiboski CH, Shiboski SC, Seror R, Criswell LA, Labetoulle M, Lietman TM, et al.
American College of Rheumatology/European League Against Rheumatism
Classification Criteria for Primary Sjogren's Syndrome: A Consensus and Data-
Driven Methodology Involving Three International Patient Cohorts. Arthritis
Rheumatol. (20162017) 69:35-45.

58. Crispin JC, Oukka M, Bayliss G, Cohen RA, Van Beek CA, Stillman IE, et al.
Expanded double negative T cells in patients with systemic lupus erythematosus
produce IL-17 and infiltrate the kidneys. J Immunol. (2008) 181:8761-6.
doi: 10.4049/jimmunol.181.12.8761

59. Rodriguez-Rodriguez N, Apostolidis SA, Penaloza-MacMaster P, Martin Villa
JM, Barouch DH, Tsokos GC, et al. Programmed cell death 1 and Helios distinguish
TCR-alphabeta+ double-negative (CD4-CD8-) T cells that derive from self-reactive
CDS8 T cells. ] Immunol. (2015) 194:4207-14.

60. Zhang L, Du F, Jin Q, Sun L, Wang B, Tan Z, et al. Identification and
Characterization of CD8(+) CD27(+) CXCR3(-) T Cell Dysregulation and
Progression-Associated Biomarkers in Systemic Lupus Erythematosus. Adv Sci
(Weinh).. (2023) 10:¢2300123. doi: 10.1002/advs.202300123

61. Edelbauer M, Kshirsagar S, Riedl M, Billing H, Tonshoft B, Haftner D, et al.
Activity of childhood lupus nephritis is linked to altered T cell and cytokine
homeostasis. ] Clin Immunol. (2012) 32:477-87. doi: 10.1007/s10875-011-9637-0

62. Xing Q, Wang B, Su H, Cui J, Li]J. Elevated Th17 cells are accompanied by FoxP3
+ Treg cells decrease in patients with lupus nephritis. Rheumatol Int. (2012) 32:949-58.
doi: 10.1007/s00296-010-1771-0

63. Krebs CF, Reimers D, Zhao Y, Paust HJ, Bartsch P, Nunez S, et al. Pathogen-
induced tissue-resident memory T(H)17 (T(RM)17) cells amplify autoimmune kidney
disease. Sci Immunol. (2020) 5:eaba4163. doi: 10.1126/sciimmunol.aba4163

64. May CJ, Welsh GI, Chesor M, Lait PJ, Schewitz-Bowers LP, Lee RWJ, et al.
Human Th17 cells produce a soluble mediator that increases podocyte motility via
signaling pathways that mimic PAR-1 activation. Am J Physiol Renal Physiol. (2019)
317:F913-F21. doi: 10.1152/ajprenal.00093.2019

65. Iyoda M, Shibata T, Kawaguchi M, Hizawa N, Yamaoka T, Kokubu F, et al. IL-
17A and IL-17F stimulate chemokines via MAPK pathways (ERK1/2 and p38 but not
JNK) in mouse cultured mesangial cells: synergy with TNF-alpha and IL-1beta. Am J
Physiol Renal Physiol. (2010) 298:F779-87. doi: 10.1152/ajprenal.00198.2009

frontiersin.org


https://doi.org/10.1002/art.v50:12
https://doi.org/10.1002/art.v50:12
https://doi.org/10.1177/0961203308090029
https://doi.org/10.1038/s41590-019-0398-x
https://doi.org/10.1016/j.jaut.2022.102873
https://doi.org/10.1016/j.coi.2005.04.005
https://doi.org/10.1038/s41577-022-00787-0
https://doi.org/10.1038/s41577-022-00787-0
https://doi.org/10.1016/j.celrep.2015.12.072
https://doi.org/10.1038/srep24880
https://doi.org/10.1038/s41573-020-00092-2
https://doi.org/10.1038/ni.2569
https://doi.org/10.1080/1744666X.2017.1366855
https://doi.org/10.4049/jimmunol.0900447
https://doi.org/10.1126/scitranslmed.3001180
https://doi.org/10.1056/NEJMoa2118024
https://doi.org/10.1002/art.38966
https://doi.org/10.1002/art.38966
https://doi.org/10.3389/fphar.2022.1046687
https://doi.org/10.3389/fphar.2022.1046687
https://doi.org/10.1016/j.rdc.2021.04.005
https://doi.org/10.1016/j.rdc.2021.04.005
https://doi.org/10.1111/sji.13192
https://doi.org/10.1186/s11658-025-00749-z
https://doi.org/10.1136/lupus-2016-000146
https://doi.org/10.4049/jimmunol.0901163
https://doi.org/10.4049/jimmunol.177.3.1451
https://doi.org/10.1002/eji.201344280
https://doi.org/10.1038/s41467-024-45056-x
https://doi.org/10.3389/fimmu.2023.1166135
https://doi.org/10.4049/jimmunol.1100713
https://doi.org/10.2217/imt-2016-0049
https://doi.org/10.1002/eji.200636480
https://doi.org/10.3389/fimmu.2016.00006
https://doi.org/10.1038/nm.4148
https://doi.org/10.1136/annrheumdis-2019-215396
https://doi.org/10.1136/annrheumdis-2019-215396
https://doi.org/10.1097/BOR.0000000000000815
https://doi.org/10.1097/BOR.0000000000000815
https://doi.org/10.4049/jimmunol.181.12.8761
https://doi.org/10.1002/advs.202300123
https://doi.org/10.1007/s10875-011-9637-0
https://doi.org/10.1007/s00296-010-1771-0
https://doi.org/10.1126/sciimmunol.aba4163
https://doi.org/10.1152/ajprenal.00093.2019
https://doi.org/10.1152/ajprenal.00198.2009
https://doi.org/10.3389/fimmu.2025.1617451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

66. Lavoz C, Matus YS, Orejudo M, Carpio JD, Droguett A, Egido J, et al.
Interleukin-17A blockade reduces albuminuria and kidney injury in an accelerated
model of diabetic nephropathy. Kidney Int. (2019) 95:1418-32. doi: 10.1016/
jkint.2018.12.031

67. Lee H, Lee JW, Yoo KD, Yoo JY, Lee JP, Kim DK, et al. Cln 3-requiring 9 is a
negative regulator of Th17 pathway-driven inflammation in anti-glomerular basement
membrane glomerulonephritis. Am ] Physiol Renal Physiol. (2016) 311:F505-19.
doi: 10.1152/ajprenal.00533.2015

68. Ramani K, Pawaria S, Maers K, Huppler AR, Gaffen SL, Biswas PS. An essential
role of interleukin-17 receptor signaling in the development of autoimmune
glomerulonephritis. J Leukoc Biol. (2014) 96:463-72. doi: 10.1189/jlb.3A0414-184R

69. Kassianos AJ, Wang X, Sampangi S, Muczynski K, Healy H, Wilkinson R.
Increased tubulointerstitial recruitment of human CD141(hi) CLEC9A(+) and CDlc
(+) myeloid dendritic cell subsets in renal fibrosis and chronic kidney disease. Am J
Physiol Renal Physiol. (2013) 305:F1391-401. doi: 10.1152/ajprenal.00318.2013

70. Riedel JH, Paust HJ, Krohn S, Turner JE, Kluger MA, Steinmetz OM, et al. IL-
17F Promotes Tissue Injury in Autoimmune Kidney Diseases. ] Am Soc Nephrol..
(2016) 27:3666-77.

71. Disteldorf EM, Krebs CF, Paust HJ, Turner JE, Nouailles G, Tittel A, et al.
CXCL5 drives neutrophil recruitment in TH17-mediated GN. ] Am Soc Nephrol..
(2015) 26:55-66.

72. Weng CH, Li Y], Wu HH, Liu SH, Hsu HH, Chen YC, et al. Interleukin-17A
induces renal fibrosis through the ERK and Smad signaling pathways. BioMed
Pharmacother.. (2020) 123:109741.

73. Peng X, Xiao Z, Zhang J, Li Y, Dong Y, Du J. IL-17A produced by both
gammadelta T and Th17 cells promotes renal fibrosis via RANTES-mediated leukocyte
infiltration after renal obstruction. J Pathol. (2015) 235:79-89. doi: 10.1002/
path.2015.235.issue-1

74. Saleh MA, Norlander AE, Madhur MS. Inhibition of Interleukin 17-A but not
Interleukin-17F Signaling Lowers Blood Pressure and Reduces End-organ
Inflammation in Angiotensin II-induced Hypertension. JACC Basic Transl Sci.
(2016) 1:606-16. doi: 10.1016/j.jacbts.2016.07.009

75. Zhang Y, et al. miR-125a-3p decreases levels of interlukin-17 and suppresses
renal fibrosis via down-regulating TGF-b1 in systemic lupus erythematosus mediated
Lupus nephritic mice. Am J Transl Res. (2019) 11:1843-53.

76. Wenbin Z, Guojun G. Resveratrol Ameliorates Diabetes-induced Renal
Damage through Regulating the Expression of TGF-betal, Collagen IV and Th17/
Treg-related Cytokines in Rats. West Indian Med ]. (2014) 63:20-5. doi: 10.7727/
wimj.2014.008

77. Wu WP, Tsai YG, Lin TY, Wu MJ, Lin CY. The attenuation of renal fibrosis by
histone deacetylase inhibitors is associated with the plasticity of FOXP3(+)IL-17(+) T
cells. BMC Nephrol.. (2017) 18:225. doi: 10.1186/s12882-017-0630-6

78. Liu L, Li FG, Yang M, Wang L, Chen Y, Wang L, et al. Effect of pro-inflammatory
interleukin-17A on epithelial cell phenotype inversion in HK-2 cells in vitro. Eur
Cytokine Netw. (2016) 27:27-33. doi: 10.1684/ecn.2016.0373

79. LiY, Golden JB, Camhi MI, Zhang X, Fritz Y, Diaconu D, et al. Protection from
Psoriasis-Related Thrombosis after Inhibition of IL-23 or IL-17A. ] Invest Dermatol.
(2018) 138:310-5. doi: 10.1016/j.jid.2017.09.021

80. Schuler R, Brand A, Klebow S, Wild J, Veras FP, Ullmann E, et al.
Antagonization of IL-17A Attenuates Skin Inflammation and Vascular Dysfunction
in Mouse Models of Psoriasis. J Invest Dermatol. (2019) 139:638-47.

81. Norlander AE, Saleh MA, Kamat NV, Ko B, Gnecco J, Zhu L, et al. Interleukin-17A
Regulates Renal Sodium Transporters and Renal Injury in Angiotensin II-Induced
Hypertension. Hypertension. (2016) 68:167-74. doi: 10.1161/HYPERTENSIONAHA.116.07493

82. Orejudo M, Garcia-Redondo AB, Rodrigues-Diez RR, Rodrigues-Diez R, Santos-
Sanchez L, Tejera-Munoz A, et al. Interleukin-17A induces vascular remodeling of
small arteries and blood pressure elevation. Clin Sci (Lond).. (2020) 134:513-27.

83. Ghali JR, O'Sullivan KM, Eggenhuizen PJ, Holdsworth SR, Kitching AR.
Interleukin-17RA Promotes Humoral Responses and Glomerular Injury in
Experimental Rapidly Progressive Glomerulonephritis. Nephron. (2017) 135:207-23.

84. Ma K, Du W, Xiao F, Han M, Huang E, Peng N, et al. IL-17 sustains the plasma
cell response via p38-mediated Bcl-xL RNA stability in lupus pathogenesis. Cell Mol
Immunol. (2021) 18:1739-50. doi: 10.1038/s41423-020-00540-4

85. Cheng Y, Yang X, Zhang X, An Z. Analysis of expression levels of IL-17 and IL-
34 and influencing factors for prognosis in patients with lupus nephritis. Exp Ther Med.
(2019) 17:2279-83. doi: 10.3892/etm.2019.7168

86. Wang N, Gao C, Cui S, Qin Y, Zhang C, Yi P, et al. Induction therapy
downregulates the expression of Th17/Tth cytokines in patients with active lupus
nephritis. Am J Clin Exp Immunol. (2018) 7:67-75.

87. Susianti H, Iriane VM, Dharmanata S, Handono K, Widijanti A, Gunawan A,
et al. Analysis of urinary TGF-betal, MCP-1, NGAL, and IL-17 as biomarkers for lupus
nephritis. Pathophysiology. (2015) 22:65-71.

88. Zickert A, Amoudruz P, Sundstrom Y, Ronnelid ], Malmstrom V, Gunnarsson I.
IL-17 and IL-23 in lupus nephritis - association to histopathology and response to
treatment. BMC Immunol. (2015) 16:7. doi: 10.1186/s12865-015-0070-7

89. Dedong H, Feiyan Z, Jie S, Xiaowei L, Shaoyang W. Analysis of interleukin-17
and interleukin-23 for estimating disease activity and predicting the response to

Frontiers in Immunology

13

10.3389/fimmu.2025.1617451

treatment in active lupus nephritis patients. Immunol Lett. (2019) 210:33-9.
doi: 10.1016/j.imlet.2019.04.002

90. Aggarwal S, Gurney AL. IL-17: prototype member of an emerging cytokine
family. J Leukoc Biol. (2002) 71:1-8. doi: 10.1189/jlb.71.1.1

91. Mills KHG. IL-17 and IL-17-producing cells in protection versus pathology. Nat
Rev Immunol. (2023) 23:38-54. doi: 10.1038/s41577-022-00746-9

92. Gomez-Garcia F, Epstein D, Isla-Tejera B, Lorente A, Velez Garcia-Nieto A,
Ruano J. Short-term efficacy and safety of new biological agents targeting the
interleukin-23-T helper 17 pathway for moderate-to-severe plaque psoriasis: a
systematic review and network meta-analysis. Br | Dermatol. (2017) 176:594-603.
doi: 10.1111/bjd.14814

93. Bilal J, Berlinberg A, Bhattacharjee S, Trost J, Riaz IB, Kurtzman DJB. A
systematic review and meta-analysis of the efficacy and safety of the interleukin (IL)-
12/23 and IL-17 inhibitors ustekinumab, secukinumab, ixekizumab, brodalumab,
guselkumab and tildrakizumab for the treatment of moderate to severe plaque
psoriasis. ] Dermatolog Treat. (2018) 29:569-78. doi: 10.1080/09546634.2017.1422591

94. Li D, Guo B, Wu H, Tan L, Chang C, Lu Q. Interleukin-17 in systemic lupus
erythematosus: A comprehensive review. Autoimmunity. (2015) 48:353-61.
doi: 10.3109/08916934.2015.1037441

95. Winchester D, Duffin KC, Hansen C. Response to ustekinumab in a patient with
both severe psoriasis and hypertrophic cutaneous lupus. Lupus. (2012) 21:1007-10.
doi: 10.1177/0961203312441982

96. Romero-Mate A, Garcia-Donoso C, Hernandez-Nunez A, Martinez-Moran C,
Moreno-Torres A, Borbujo-Martinez J. Successful treatment of recalcitrant discoid
lupus erythematosus with ustekinumab. Dermatol Online ]. (2017) 23:13030.
doi: 10.5070/D3231033677

97. Satoh Y, Nakano K, Yoshinari H, Nakayamada S, Iwata S, Kubo S, et al. A case of
refractory lupus nephritis complicated by psoriasis vulgaris that was controlled with
secukinumab. Lupus. (2018) 27:1202-6. doi: 10.1177/0961203318762598

98. Sato K, Aizaki Y, Yoshida Y, Mimura T. Treatment of psoriatic arthritis
complicated by systemic lupus erythematosus with the IL-17 blocker secukinumab
and an analysis of the serum cytokine profile. Mod Rheumatol Case Rep. (2020) 4:181-
5. doi: 10.1080/24725625.2020.1717741

99. Costa R, Antunes P, Salvador P, Oliveira P, Marinho A. Secukinumab on
Refractory Lupus Nephritis. Cureus. (2021) 13:¢17198. doi: 10.7759/cureus.17198

100. Hsieh CY, Tsai TF. Aggravation of discoid lupus erythematosus in a patient
with psoriasis and psoriatic arthritis during treatment of secukinumab: A case report
and review of literature. Lupus. (2022) 31:891-4. doi: 10.1177/09612033221095692

101. Dai B, Bai Y, Yu H, Huang Q, Wang L. Response of Psoriasis with Systemic
Lupus Erythematosus to Secukinumab: A Case Report and Review of the Literature.
Clin Cosmet Investig Dermatol. (2023) 16:3589-94. doi: 10.2147/CCID.S440977

102. Avila-Ribeiro P, Lopes AR, Martins-Martinho J, Nogueira E, Antunes J, Romeu
JC, et al. Secukinumab-induced systemic lupus erythematosus in psoriatic arthritis.
ARP Rheumatol. (2023) 2:265-8.

103. Bassoy EY, Towne JE, Gabay C. Regulation and function of interleukin-36
cytokines. Immunol Rev. (2018) 281:169-78. doi: 10.1111/imr.2018.281.issue-1

104. Gresnigt MS, van de Veerdonk FL. Biology of IL-36 cytokines and their role in
disease. Semin Immunol. (2013) 25:458-65. doi: 10.1016/j.smim.2013.11.003

105. Chu M, Wong CK, Cai Z, Dong ], Jiao D, Kam NW, et al. Elevated Expression
and Pro-Inflammatory Activity of IL-36 in Patients with Systemic Lupus
Erythematosus. Molecules. (2015) 20:19588-604.

106. Mai SZ, Li CJ, Xie XY, Xiong H, Xu M, Zeng FQ, et al. Increased serum IL-
36alpha and IL-36gamma levels in patients with systemic lupus erythematosus:
Association with disease activity and arthritis. Int Immunopharmacol.. (2018)
58:103-8.

107. Zhu L, Zhou S, Lin Y, Ye Z, Tang Y, Chen R. Inflammatory mediators and
immune function in different stages of systemic lupus erythematosus. Cell Mol Biol
(Noisy-le-grand).. (2023) 69:150-6.

108. Ismail SM, et al. Serum Levels of Pentraxin3 and Interlukin360. in Patients with
Systemic Lupus and their Relation to Disease Activity. Egypt ] Immunol. (2018) 25:81-91.

109. Mohamed AE, Zaki HM, Hosny MM, Fouad MM, Moneim NHA. Association
of interleukin-36alpha gene expression in Egyptian patients with systemic lupus
erythematosus with organ involvement and disease activity. Egypt ] Immunol. (2021)
28:75-84. doi: 10.55133/¢ji.280208

110. Majumder S, Singh P, Chatterjee R, Pattnaik SS, Aggarwal A. Elevated urinary
IL-36gamma in patients with active lupus nephritis and response to treatment. Lupus.
(2021) 30:921-5.

111. Xie L, Huang Z, Li H, Liu X, Zheng S, Su W. IL-38: A New Player in
Inflammatory Autoimmune Disorders. Biomolecules. (2019) 9:345. doi: 10.3390/
biom9080345

112. Singh JA, Saag KG, Bridges SL]r., Akl EA, Bannuru RR, Sullivan MC, et al.
American College of Rheumatology Guideline for the Treatment of Rheumatoid
Arthritis. Arthritis Care Res (Hoboken). (20152016) 68:1-25. doi: 10.1002/acr.22783

113. Rudloff I, Godsell J, Nold-Petry CA, Harris J, Hoi A, Morand EF, et al. Brief
Report: Interleukin-38 Exerts Antiinflammatory Functions and Is Associated With
Disease Activity in Systemic Lupus Erythematosus. Arthritis Rheumatol. (2015)
67:3219-25. doi: 10.1002/art.v67.12

frontiersin.org


https://doi.org/10.1016/j.kint.2018.12.031
https://doi.org/10.1016/j.kint.2018.12.031
https://doi.org/10.1152/ajprenal.00533.2015
https://doi.org/10.1189/jlb.3A0414-184R
https://doi.org/10.1152/ajprenal.00318.2013
https://doi.org/10.1002/path.2015.235.issue-1
https://doi.org/10.1002/path.2015.235.issue-1
https://doi.org/10.1016/j.jacbts.2016.07.009
https://doi.org/10.7727/wimj.2014.008
https://doi.org/10.7727/wimj.2014.008
https://doi.org/10.1186/s12882-017-0630-6
https://doi.org/10.1684/ecn.2016.0373
https://doi.org/10.1016/j.jid.2017.09.021
https://doi.org/10.1161/HYPERTENSIONAHA.116.07493
https://doi.org/10.1038/s41423-020-00540-4
https://doi.org/10.3892/etm.2019.7168
https://doi.org/10.1186/s12865-015-0070-7
https://doi.org/10.1016/j.imlet.2019.04.002
https://doi.org/10.1189/jlb.71.1.1
https://doi.org/10.1038/s41577-022-00746-9
https://doi.org/10.1111/bjd.14814
https://doi.org/10.1080/09546634.2017.1422591
https://doi.org/10.3109/08916934.2015.1037441
https://doi.org/10.1177/0961203312441982
https://doi.org/10.5070/D3231033677
https://doi.org/10.1177/0961203318762598
https://doi.org/10.1080/24725625.2020.1717741
https://doi.org/10.7759/cureus.17198
https://doi.org/10.1177/09612033221095692
https://doi.org/10.2147/CCID.S440977
https://doi.org/10.1111/imr.2018.281.issue-1
https://doi.org/10.1016/j.smim.2013.11.003
https://doi.org/10.55133/eji.280208
https://doi.org/10.3390/biom9080345
https://doi.org/10.3390/biom9080345
https://doi.org/10.1002/acr.22783
https://doi.org/10.1002/art.v67.12
https://doi.org/10.3389/fimmu.2025.1617451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gao et al.

114. Zhang J, Tabush N, Wei C, Luo L. Regulatory effect of IL-38 on NF-kappaB
pathway in systemic lupus erythematosus. Immunobiology. (2023) 228:152322.

115. Wang XR, Xiao JP, Wang DG. Elevated levels of serum IL-36alpha in patients
with systemic lupus erythematosus. BioMed Rep. (2021) 15:76. doi: 10.3892/
br.2021.1452

116. Chi HH, Hua KF, Lin YC, Chu CL, Hsieh CY, Hsu YJ, et al. IL-36 Signaling
Facilitates Activation of the NLRP3 Inflammasome and IL-23/IL-17 Axis in Renal
Inflammation and Fibrosis. ] Am Soc Nephrol.. (2017) 28:2022-37. doi: 10.1681/
ASN.2016080840

117. Ichii O, Kimura J, Okamura T, Horino T, Nakamura T, Sasaki H, et al. IL-
36alpha Regulates Tubulointerstitial Inflammation in the Mouse Kidney. Front
Immunol. (2017) 8:1346. doi: 10.3389/fimmu.2017.01346

118. Namba T, Ichii O, Okamura T, Nakano K, Nakamura T, Otani Y, et al.
Ameliorated Renal Pathological Feature in MRL/MpJ-Faslpr/lpr Background
Interleukin-36 Receptor-Deficient Mice. Microsc Microanal.. (2023) 29:675-85.

119. Chu M, Tam LS, Zhu J, Jiao D, Liu H, Cai Z, et al. In vivo anti-inflammatory
activities of novel cytokine IL-38 in Murphy Roths Large (MRL)/lpr mice.
Immunobiology. (2017) 222:483-93.

120. Xu WD, Su LC, Fu L, Lan YY, Liu XY, Huang Q, et al. IL-38, a potential
therapeutic agent for lupus, inhibits lupus progression. Inflammation Res. (2022)
71:963-75. doi: 10.1007/s00011-022-01581-3

121. Gresnigt MS, Rosler B, Jacobs CW, Becker KL, Joosten LA, van der Meer JW,
et al. The IL-36 receptor pathway regulates Aspergillus fumigatus-induced Thl and
Th17 responses. Eur ] Immunol. (2013) 43:416-26. doi: 10.1002/eji.201242711

122. Arakawa A, Vollmer S, Besgen P, Galinski A, Summer B, Kawakami Y, et al.
Unopposed IL-36 Activity Promotes Clonal CD4(+) T-Cell Responses with IL-17A
Production in Generalized Pustular Psoriasis. | Invest Dermatol. (2018) 138:1338-47.
doi: 10.1016/.jid.2017.12.024

Frontiers in Immunology

14

10.3389/fimmu.2025.1617451

123. Qin X, Zhang T, Wang C, Li H, Liu M, Sun Y. IL-36alpha contributes to
enhanced T helper 17 type responses in allergic rhinitis. Cytokine. (2020) 128:154992.

124. Goldstein JD, Bassoy EY, Caruso A, Palomo J, Rodriguez E, Lemeille S, et al. IL-
36 signaling in keratinocytes controls early IL-23 production in psoriasis-like
dermatitis. Life Sci Alliance.. (2020) 3:¢202000688. doi: 10.26508/15a.202000688

125. Zhang F, Yin J, Liu L, Liu S, Zhang G, Kong Y, et al. IL-17C neutralization
protects the kidney against acute injury and chronic injury. EBioMedicine. (2023)
92:104607.

126. Pan Y, Wang M, Chen X, Chen Y, Ai S, Wang M, et al. Elevated IL-38 inhibits
IL-23R expression and IL-17A production in thyroid-associated ophthalmopathy. Int
Immunopharmacol.. (2021) 91:107300.

127. Carrier Y, Ma HL, Ramon HE, Napierata L, Small C, O'Toole M, et al. Inter-
regulation of Th17 cytokines and the IL-36 cytokines in vitro and in vivo: implications
in psoriasis pathogenesis. J Invest Dermatol. (2011) 131:2428-37. doi: 10.1038/
jid.2011.234

128. Pfaff CM, Marquardt Y, Fietkau K, Baron JM, Luscher B. The psoriasis-associated
IL-17A induces and cooperates with IL-36 cytokines to control keratinocyte
differentiation and function. Sci Rep. (2017) 7:15631. doi: 10.1038/s41598-017-15892-7

129. Tu]J,Yin Z, Guo J, He F, Long F, Yin Z. Acitretin inhibits IL-17A-induced IL-36
expression in keratinocytes by down-regulating IkappaBzeta. Int Immunopharmacol..
(2020) 79:106045.

130. Mercurio L, Failla CM, Capriotti L, Scarponi C, Facchiano F, Morelli M, et al.
Interleukin (IL)-17/IL-36 axis participates to the crosstalk between endothelial cells and
keratinocytes during inflammatory skin responses. PloS Omne. (2020) 15:€0222969.
doi: 10.1371/journal.pone.0222969

131. MaX, Zhang S, Ren X, Feng Y, Li H, Chen S, et al. Dual blockade of IL-17A and
IL-36 pathways via a bispecific antibody exhibits enhanced anti-inflammatory potency.
Front Immunol. (2024) 15:1434127. doi: 10.3389/fimmu.2024.1434127

frontiersin.org


https://doi.org/10.3892/br.2021.1452
https://doi.org/10.3892/br.2021.1452
https://doi.org/10.1681/ASN.2016080840
https://doi.org/10.1681/ASN.2016080840
https://doi.org/10.3389/fimmu.2017.01346
https://doi.org/10.1007/s00011-022-01581-3
https://doi.org/10.1002/eji.201242711
https://doi.org/10.1016/j.jid.2017.12.024
https://doi.org/10.26508/lsa.202000688
https://doi.org/10.1038/jid.2011.234
https://doi.org/10.1038/jid.2011.234
https://doi.org/10.1038/s41598-017-15892-7
https://doi.org/10.1371/journal.pone.0222969
https://doi.org/10.3389/fimmu.2024.1434127
https://doi.org/10.3389/fimmu.2025.1617451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Enhancing the treatment potential of IL-17 antagonism in lupus nephritis: finding the right partner
	Introduction
	SLE and lupus nephritis
	Immune abnormalities in LN and targeted biologics
	Autoreactive B cells, autoantibodies, and B-cell depletion therapies in LN
	B-cell targeting biologics in SLE and LN
	Dysfunction of dendritic cells and T cells in LN and relevant biologics under development
	Dysfunction of DCs in SLE
	Dysfunction of T cells and target biologics
	CD4+T cells
	T regulatory cells
	CD8+T cells


	IL-17 and TH17 in the pathogenesis of lupus nephritis
	IL-17 family
	The role of IL-17 in the pathogenesis of lupus nephritis
	Impact on podocytes
	Influence on mesangial cells
	Effects on renal tubular epithelial cells
	Influence on neutrophil dynamics, renal fibrosis, and other pathologies
	Clinical evidence of IL-17A associated with LN

	IL-17 antagonism in lupus nephritis in clinical settings
	Co-blockade of IL-17 and IL-36 pathways in LN
	IL-36 family
	Elevated levels of IL-36 in SLE and disease association
	IL-36 in disease models of chronic kidney diseases
	Cross-talk between IL-36 to IL-17 in the context of inflammation
	Impact of IL-36 on IL-17 and Th17
	Impact of IL-17 on IL-36

	Synergistic action of IL-36 and IL-17 in regulating target genes

	Conclusion/perspective
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




