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Systemic Lupus Erythematosus (SLE) is an autoimmune disease in which

autoantibody production and cytokine dysregulation leads to systemic organ

and tissue damage that can result in mortality. Although various environmental,

hormonal, and genetic factors can contribute to disease pathogenesis, the cause

of this disease is not known. Traditional treatment for this disease is centered

around limiting inflammation using a variety of immunosuppresants including

glucocorticosteroids as well as other therapeutics including anti-malarial drugs.

More recently, selective immunosuppresives and biologics including Belimumab,

a BAFF monoclonal antibody, and Anifrolumab, a monoclonal antibody that

selectively binds to type 1 interferon receptor (INFAR1) blocking the biological

activity of type 1 IFN, have been used with various success. It should be noted that

BAFF is of particular relevance as signaling through BAFFR is a well characterized

mechansim for non-canonical NF-kB signaling. While the canonical NF-kB
pathway has been well studied and reported, the role of the non-canonical

NF-kB pathway has been less investigated as to its role in autoimmunity. This

pathway has been implicated in influencing pro-inflammatory immune

responses while also regulating lymphocyte development. In this review, we

aim to provide clarity on the relationship between the non-canonical NF-kB
pathway and the role it plays in pathogenesis of SLE. The objective of this review

is to summarize recent findings of the relationship of this pathway in

autoimmunity and, more specifically, in lupus pathogenesis.
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1 Systemic lupus erythematosus

Autoimmune diseases are primarily defined by an overactive immune system leading to

loss of self-tolerance. Thus, the body’s immune system begins to attack itself (1, 2). Diseases

like rheumatoid arthritis, multiple sclerosis, and systemic lupus erythematosus (SLE) all

stem from this type of immune dysregulation (1, 3). At present, the cause of SLE is

unknown, and so there is no cure for this disease (4). Disease onset can be triggered by

genetic, epigenetic, immunoregulatory, hormonal, and environmental factors, although
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there is no single factor that can be used to predict disease (4, 5).

Serious comorbidities attributed to lupus include cardiovascular

disease and end-stage kidney disease (4–6). In particular, more than

half of lupus patients develop kidney disease (lupus nephritis)

which is the leading cause of mortality among lupus patients (4,

7). Mortality of patients diagnosed with SLE is over 2 times higher

than that of the general population (8). SLE affects anywhere from

20 to 150 cases per 100,000 people with a higher prevalence in

women of childbearing age at a 9:1 ratio and continues to increase

as diagnostic methods become more refined (4). Additionally,

people of African, Hispanic, and Asian ancestry have greater rates

and more severe symptoms compared to those of Caucasian

ancestry (1, 4, 9). Treatment of this disease is centered around

reducing symptoms through the use of anti-inflammatory drugs,

like glucocorticosteroids, and other therapeutics like anti-malarial

drugs or biologics (3, 10, 11).

Immunologic dysregulation is central to SLE pathogenesis, with

immune cells exhibiting abnormal cytokine activity that drives the

chronic inflammation and tissue damage characteristic of lupus (4,

5). Several pro-inflammatory cytokines like interferon-alpha (IFN-

a), tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and

interleukin-1 (IL-1) are associated with patients in active disease

states (5, 12). Cytokines including interleukin-17 (IL-17),

interleukin-21 (IL-21), and B-cell activating factor (BAFF) have

also been implicated in autoimmune dysregulation of B- and T-cell

responses (4, 13). In particular, upregulated levels of BAFF promote

a loss of self-tolerance and are associated with higher levels of

autoantibodies (14–16). The role of BAFF in lupus pathogenesis is

further underscored by the approval of selective biologic therapies,

such as Rituximab (anti-CD20) and Belimumab (anti-BAFF) which

are two overexpressed cytokines, alongside traditional treatments

like NSAIDs and DMARDs (3, 6). Autoantibody production

mediated by prolonged B-cell activation and proliferation is a key

hallmark in disease pathogenesis (4, 5, 17). Aberrant T-cell activity

has similarly been observed to contribute to disease pathogenesis.

Importantly, T-cells interact with both B-cells and myeloid cells

further boosting the pro-inflammatory profile that is observed in

this disease. Increased IL-17 and IL-21 levels are associated with T-

cell hyperactivity (18, 19). Dysregulated levels of T-cell subsets are

consistently observed in lupus patients where T follicular helper cell

levels are increased while CD8+ T cells and T regulatory cells are

reduced (4, 20, 21). Appropriate development and differentiation

can be influenced by cell signaling pathways which are dysregulated

in SLE (22, 23). This highlights the importance of identifying

signaling pathway dysregulation and the downstream effects it has

on this disease. Overall, it is evident that both the innate and

adaptive immune system can play a critical role in disease.
2 The NF-kB pathway

The canonical and non-canonical NF-kB pathways are

complementary arms of NF-kB signaling that engage in distinct

yet overlapping mechanisms to regulate immune homeostasis,

inflammation, and lymphoid organogenesis. The canonical
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pathway is rapidly activated by pro-inflammatory signals such as

TNF-a, IL-1, and TLR ligands, triggering the IKK complex

composed of IKKa, IKKb, and the regulatory subunit NEMO

(IKKg) (Figure 1) (24). This pathway can be specifically activated

by pattern recognition receptors (PRRs), B cell receptors (BCRs), T

cell receptors (TCRs), and by members of the tumor-necrosis factor

receptors superfamily (TNFRSF) (25, 26). In this pathway,

activation leads to phosphorylation of the inhibitor of nuclear

factor-kappa B kinase (IKKb) complex and the development of

mature NF-kB subunits consisting of RelA/p65, c-Rel, and p50

which translocate to the nucleus and initiate transcription (26, 27).

The canonical NF-kB pathway in autoimmunity and lupus has

previously been reviewed by others (28–33). In contrast, the non-

canonical pathway is selectively activated by a subset of TNF

receptor family members (e.g., BAFF-R, CD40, LTbR) and

depends on NF-kB-inducing kinase (NIK) and IKKa
homodimers. NIK phosphorylates p100 (NF-kB2), which

undergoes partial proteasomal processing to p52, allowing the

formation and nuclear translocation of the p52/RelB heterodimer

(Figure 1). Notably, NEMO, although not required for IKKa
activation in the non-canonical pathway, can inhibit NIK

accumulation by stabilizing a complex containing TRAF3,

TRAF2, and cIAP1/2 that promotes NIK degradation under basal

conditions (34). Thus, NEMO serves as a critical molecular node

influencing both arms of NF-kB signaling.

When no ligand is bound to the receptor, NF-kB inducing

kinase (NIK), which accumulates in the cytoplasm, is proteosomally

degraded by a “destruction complex” consisting of cIAP1, cIAP2,

TRAF2, and TRAF3. However, when a ligand is bound, this

prevents NIK degradation allowing it to accumulate in the

cytoplasm. As NIK accumulates in the cytoplasm, it stabilizes and

is activated via auto-phosphorylation. It then phosphorylates IKKa
which then initiates p100-processing thereby triggering degradation

into its mature form of p52 (26). The p52-RelB heterodimer is then

able to translocate to the nucleus and initiate transcription of target

genes like B-cell Activating Factor (BAFF), CXCL13, and more

(Figure 1) (35). This pathway is known to regulate a variety of

processes including B cell maturation, secondary lymphoid

development, cytokine and chemokine expression, and more (26).

Crosstalk between canonical and non-canonical pathways is

particularly relevant in the context of SLE where dysregulation of

feedback loops contributes to aberrant immune activation. In

healthy cells, NIK stabilization is tightly controlled by TRAF3-

mediated degradation, but excessive canonical signaling can

influence this process through NEMO- and TRAF-mediated

feedback, altering the NIK degradation machinery (36–38).

Furthermore, RelB and NF-kB2 (p100/p52) are part of a

transcriptional feedback loop where RelB can upregulate p100

expression, while p100 acts as an IkB-like inhibitor that

sequesters both RelB and canonical dimers such as RelA in the

cytoplasm (39, 40). This interdependency becomes pathogenic in

SLE, where impaired processing of p100 or overexpression of RelB

may lead to prolonged nuclear retention of NF-kB dimers and

sustained transcription of inflammatory genes (41). Evidence

suggests that aberrant BAFF signaling and dysregulated p100/
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RelB feedback contribute to hyperactive B cells, T cell dysfunction,

and in lupus-prone mice and human SLE patients (42–45). These

findings underscore the importance of balanced NF-kB signaling

and suggest that targeting these inter-pathway checkpoints may

provide therapeutic benefit in autoimmune disease. Currently, there

are no direct pharmacologic agents known to selectively activate the

non-canonical pathway. Limited publ ications explore

pharmacological agents which can target this pathway. In a paper

by Pache et al, they reported that small-molecular antagonists

(SMAC) induced pathway activation through cellular inhibition

of the apoptosis proteins, cIAP1 and cIAP2, leading to stabilization

of NIK. This study highlighted the role of this pathway in HIV-1

latency reversal as a potential therapeutic in targeting latent viral

reservoirs (46). There is evidence demonstrating independent

regulatory roles of non-canonical NF-kB factors. For example,

NIK has an alternative function in which it contributes to

TNFR1-mediated RIP1-dependent apoptosis (47). Although this

has been observed to be independent of non-canonical signaling, it

was studied in mice depleted of proteins essential to the

aforementioned “destruction complex”, another key factor in

non-canonical signaling preventing NIK from accumulating in

the cytoplasm (47). Crosstalk among the NIK-IKK complex has
Frontiers in Immunology 03
been observed to result in some canonical NF-kB activation by non-

canonical factors, as seen in TRAF3-/- mice, further contributing to

an inflammatory profile (48). Additionally, crosstalk through

canonical NF-kB regulation of the synthesis of p100 has also been

reported. This pathway involves the interaction between different

immune cells leading to the formation of a RelA/p52 heterodimer.

Both of which are a combination of products from the canonical

and non-canonical pathway (49, 50). Moreover, the non-canonical

p100 itself can inhibit canonical products like RelA and c-Rel DNA

binding activity causing the non-canonical pathway to regulate the

canonical pathway (51, 52). On the other hand, the canonical

pathway has been suggested to prime cells in preparation for non-

canonical activation through influencing expression of non-

canonical receptors like CD40 (50). The canonical pathway can

also play a role in NIK stabilization through the T3-T2-cIAP E3

complex which regulates the ubiquitination and proteasomal

degradation of NIK (25). IkB proteins are key signaling molecules

in both pathways in different configurations (IKKa, IKKB). This is

yet another area in which activation of one pathway may influence

the activation of the other (35, 49). Both IKKa and IKKb are IkB
kinases involved in the respective pathways and overlap in their

function. This presents challenges in dissecting the precise
FIGURE 1

A brief summary of the canonical and non-canonical NF-kB pathways highlighting points of crosstalk between the two pathways. The non-
canonical pathway is primarily activated by stimulation of the Tumor Necrosis Factor Receptor (TNFR). When the ligand is absent, a destruction
complex consisting of TNFR Associated Factors 2 and 3 (TRAF2/3) and Cellular Inhibitor for Apoptosis Proteins 1 and 2 (cIAP1/2) binds and
ubiquitinates NF-kB Inducing Kinase (NIK) degrading it in the cytoplasm and inhibiting pathway activation. However, upon ligand binding, the TNFR
recruits the destruction complex enabling for TRAF2/3 ubiquitination and degradation by cIAP1/2. This allows NIK to accumulate and stabilize in the
cytoplasm. NIK is autophosphorylated and can then phosphorylate Inhibitory-kB-Kinase a (IKKa). Upon its activation, IKKa cleaves p100 into p52
activating the RelB-p52 complex. RelB-p52 then translocates to the nucleus and initiates transcription of target genes. On the right panel is a brief
overview of the canonical NF-kB signaling cascade with red arrows used to highlight points in which crosstalk between the two pathways occurs.
Created in BioRender.com.
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biological contributions of each. Tight regulation of both pathways

is required for one’s immune system to function properly. While

these pathways are not functionally independent as there is cross-

regulation and co-activation common, understanding the

contribution of each pathway for immune regulation and

autoimmunity will allow for the development for more

targeted therapeutics.
3 Cell specific roles

SLE disease is primarily caused by dysregulation of immune

cells and the production of autoantibodies. This activity can be

linked to aberrant activation of immunoregulatory protein signaling

pathways, including the non-canonical NF-kB pathway. This

pathway has been widely studied across multiple cell types within

both the innate and adaptive immune systems; highlighting its

distinct contributions to immunity and inflammation. Unlike the

canonical NF-kB pathway, which responds to a broad range of

inflammatory stimuli, the non-canonical pathway is activated by

specific receptors, including BAFFR in B cells, CD40 in dendritic

cells, and LTbR in stromal cells, leading to unique downstream

effects on immune function. In the adaptive immune system,

research on B and T cells has shown that the non-canonical

pathway supports B-cell survival, maturation, and antibody

production, while influencing T-cell differentiation and activation

in response to antigen presentation (53, 54). Studies have also

explored the role this pathway may play in dendritic cells. It has

been revealed that non-canonical NF-kB signaling shapes cytokine

production, antigen presentation, and inflammatory responses.

This pathway’s role in stromal and endothelial cells also

highlights its involvement in lymphoid tissue organization, crucial

for the coordination of immune responses. Here, we will summarize

the findings of the cell-specific ways in which the non-canonical

pathway modulates immune balance and contributes to

inflammation. Understanding cell specific mechanisms of non-

canonical NF-kB signaling could provide a more comprehensive

picture of how therapeutics may be developed to specifically treat

autoimmune and inflammatory diseases.
B cells

B cells are a key member of the adaptive immune system;

however, dysregulation of these cells leads to human pathologies

like autoimmunity and cancer (55). Lupus is often considered a B

cell mediated disease due to their contribution to the chronic

inflammatory state by dysfunctional overactivation and production

of autoantibodies (4). The dysregulation of B cells is typically

attributed to the failure of tolerance checkpoints, but other factors

can further contribute to this. Studies have shown that autoreactive B

cell activation is also be facilitated by diminished B cell receptor (BCR)

signaling and aberrant cytokine signaling, such as IFNg which can

initiate B cell differentiation and activation (4, 56, 57). IFNg is known
to upregulate BAFF, a molecule also notably involved in B cell survival
Frontiers in Immunology 04
at different developmental stages (56). While checkpoints are present

in B cell development, their failure along with confounding factors can

prime the immune system in which overactive B cells and

autoantibodies thrive.

B cells go through developmental stages starting in the bone

marrow to the spleen and ending in the lymph nodes or periphery

(58). B cell development is highly regulated, so much so that they

are required to survive multiple checkpoints before they are able to

migrate to the spleen (59). Various studies have looked into the role

of the non-canonical pathway on B cells. While methods may vary

between global and cell-specific deletion of a non-canonical

pathway stimulator, regulator, or product, it has been consistently

found that this pathway is active throughout immature and mature

stages of B cell development (Figure 2) (60–66). NIK KO mice have

been observed to have similar B cell deficiencies as BAFF deficient

and CD40L/CD40 deficient mice including reduced proliferation

and impaired germinal center development (60, 65). Along these

lines, sanroque mice treated with an Fn14 antibody experienced

reduced B cell and plasma cell numbers (61).

As B cells develop and migrate from the bone marrow to the

spleen, the non-canonical pathway appears to regulate many

aspects in the immature and transitional stages (Figure 2). The

non-canonical NF-kB pathway has been determined to mediate

immature B cell survival through BAFF signaling (65). It has been

reported that NF-kB2 deletion as well as IKK-a deletion in mice

show a diminished immature B cell population. Sun and coworkers

reported that BAFF signaling through this pathway is also

responsible for survival of transitional B cells through its

regulation of anti-apoptotic factors like BCL-2 and BCL-X (25). A

recent study identifying a novel regulator to the non-canonical

pathway has also recapitulated much of these findings. TRIM55, a

protein involved in p100 processing, was conditionally knocked out

in B cells and this process was found to regulate marginal zone and

follicular B cell development as well as mature B cell activation (66).

Furthermore, cell specific deletion in a murine autoimmune model

also supported findings that this pathway is involved in antibody

production and class switching with reduced autoantibody and IgA

production (66). A major responsibility of B cells is antibody

production which is essential in adaptive immunity through

developing immune memory to efficiently combat foreign

antigens but can be considered a double-edged sword in the

context of autoimmunity. This system is greatly impaired upon

deletion and inhibition of members of the non-canonical pathway

like NIK, Fn14, and BAFFR as these mouse models experience

reduced IgA levels and appear to have impaired antibody responses

and class switching (35, 60, 61). On the other hand, when TBK1, a

negative regulator of the non-canonical NF-kB pathway, was

knocked out, overproduction of systemic IgA and autoantibodies

were observed in these mice (67). A similar phenotype of

autoantibody production was also seen in mice overexpressing

BAFFR demonstrating the effects of aberrant non-canonical

signaling possibly in the context of autoimmunity (63). Biologics,

like Belimumab (BAFF inhibitor) and Rituximab (CD20 inhibitor),

have been developed to specifically reduce the B cell hyperactivity

associated with lupus and other autoimmune diseases (4, 56). Since
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BAFF is involved in the non-canonical and canonical pathway, it is

important for researchers to measure canonical factors in response

to targeting non-canonical factors. Therefore, evidence suggests a

potential link between the regulation of this pathway and the

dysregulated B cell activity associated with SLE.
T cells

T cells are the other major half of our adaptive immune system.

In SLE, abnormal T cell populations and overactive CD4+ T cell

activity can contribute to the chronic inflammatory state observed

in lupus (21). T cells develop in the thymus before migrating to

peripheral organs including the spleen and lymph nodes while

activated T cells are recruited to infection sites. In the thymus, naïve

T cells undergo positive and negative selection to ensure proper

MHC class functions as well as the deletion of any autoreactive cells

(68). When T cells are being assessed for self-reactivity in the

thymus, medullary thymic epithelial cells (mTECs) play a critical

role as they are responsible for expressing peripheral-tissue antigens

in the thymus (69). This prevents autoreactive T cells from escaping

the thymus. There are reports that autoreactive T cells are regulated

by the non-canonical NF-kB pathway; specifically, through CD40

and RANK signaling (70). This is evidenced by Aly/aly mice, which

have a mutated non-functional Nik gene. These mice develop loss of
Frontiers in Immunology 05
self-tolerance due to impaired mTEC development (35). While NIK

is known to have other functions, this phenotype is replicated in

RelB and NF-kB2 deficient mice as well mice lacking in other non-

canonical pathway molecules including IKKa and LTBR,

insinuating that this is specifically due to the impaired non-

canonical pathway activation (63, 71).

Importantly, autoreactive T cells specifically contribute to SLE

pathogenesis (72). Otherwise, this pathway appears to be

dispensable in naïve T cell activation (26). Thus, this impairment

often leads to the development of autoimmune like symptoms due

to the presence of autoreactive T cells.

T cells exit the thymus as either cytotoxic or helper T cells (68).

While the non-canonical pathway doesn’t directly affect the

cytotoxic T cell population, its dysregulation skews T cells

towards a helper T cell population (Figure 3). Eden and

coworkers showed that Lym1 mice, which produces a non-

processible form of p100 preventing non-canonical activation, led

to NF-kB2 deficiency and significantly greater T helper cells, double

positive T cells, and double negative T cell populations in the

periphery (73). Looking closer at these populations, later research

revealed that RelB was involved in Th1 differentiation through its

regulation of T-bet (63). Additionally, while NIK KO mice skew

towards a Th2 phenotype characterized by IL-4 and IL-13

expression, Th1 cytokines including TNF, IFNg, and IL-1b were

also upregulated contributing to the hyper eosinophilic phenotype
FIGURE 2

A summary of the role of the non-canonical NF-kB pathway in B cells and its influences at different stages of B cell development. The non-
canonical pathway influences B cells at each stage in its development. Progenitor B (Pro-B) and precursor B (Pre-B) cells in the bone marrow rely on
this pathway for survival and maturation. As they develop into the next stages at the spleen, the non-canonical pathway regulates survival,
differentiation, and maturation of transitional 1/transitional 2, marginal zone, follicular, and germinal center B cells. MZ and GC B cells are reduced in
the absence of the pathway. Additionally, these cells do not exhibit normal apoptotic activity when the pathway is depleted. This extends to B cell
activity in the lymph nodes, specifically short-lived (SL) and long-lived (LL) plasma cells and memory B cells. The non-canonical pathway affects
plasma cell survival, isotype switching, antibody production, and activation of these cell subsets. Created in BioRender.com.
frontiersin.org
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observed in these mice. This condition is likely due to the lack of

lymphocytes in these mice due to global NIK deletion (74).

Still, it is evident that the loss of this pathway is directly affecting T

cell differentiation, another point of contention in the context of lupus.

Indeed, the independent depletion of NIK, IKKa, and NF-kB2 have

further contributed to a T cell induced pro-inflammatory environment

further driven by Th17 cell upregulation. The non-canonical product,

p52, is associated with driving Th17 pathogenesis via GM-CSF

production (75–77). In order to better understand the different roles

of the canonical and non-canonical pathway in regulatory T cells

(Tregs), Sato and colleagues (54) knocked out NF-kB1 and NF-kB2 in
the MT-2 cell line and primary Tregs and found that only NF-kB2
deletion led to reduced FOXP3 expression and thus Treg activity. This

reduction in Treg activity has also been studied in aly/aly mice

illustrating further the importance of the non-canonical pathway on

Treg survival (63). Tregs are of particular importance regarding SLE as

these populations appear to be greatly reduced leading to uncontrolled

activation of inflammatory T cells (19). The non-canonical pathway

also affects the generation of T follicular helper cells through B cell

activation. TWEAK/Fn14 and NIK inhibition are independently linked

to decreased T follicular helper cells (62, 63, 77). This is likely due to

depletion of ICOSL in B cells which is controlled by non-canonical

signaling through BAFFR and CD40. In its absence, T follicular helper

differentiation is reduced as it is dependent on the B cell activity driven

by ICOSL (26, 62). Additionally, non-canonical dysregulation also

leads to reduced effector memory T cells in the spleen which are
Frontiers in Immunology 06
responsible for providing faster responses against previously

encountered antigens (62). While inhibition of NIK in T cells may

lead to uneven subset distributions, overexpression leads to greater

inflammatory and activation of the immune system largely due to the

increased Th17 levels and overall T cell activation (27). Therefore, the

proper regulation of this pathway is essential for normal T cell

responsiveness and may play a role in promoting lupus-like symptoms.
Dendritic cells

Dendritic cells are an antigen presenting cell (APC) and are

essential for T-cell differentiation. Because of this, their function is

important for activation of the adaptive immune response. They can

be divided into conventional dendritic cells (cDC) and plasmacytoid

dendritic cells (pDC). In SLE, cDC populations, which contribute to

immune suppression, are reduced while pDCs, which contribute to

pathogenic type I IFN production, are elevated (78). Several studies

highlight the importance of the non-canonical pathway in dendritic

cell activity. While aly/aly mice demonstrated that NIK is not required

for dendritic cell development, it highlighted the importance of the

non-canonical pathway in follicular dendritic cell formation in

germinal centers (26). It was found that NIK and the non-canonical

NF-kB pathway are essential for proper priming of CD8 cells and

cross presentation. When NIK was deleted in CD11c+ cells, although

lymphoid organs developed normally, they were unable to cross-
FIGURE 3

A summary of the role of the non-canonical NF-kB pathway on T cells and its influence on different T cell subsets. Early in development, naïve
immature T cells will have impaired negative regulation which will result in an increase in autoreactive T cell production. Next, the differentiation into
T helper 1 (Th1) cells is reduced due to decreased T-bet regulation. Th1 cells that develop then have altered cytokine expression. In contrast, T
helper 2 (Th2) cells are elevated resulting in increased activation of eosinophils by these cells. Similarly, T helper 17 (Th17) cells are elevated leading
to an increase in granulocyte-macrophage colony-stimulating factor (GM-CSF). T regulatory (Treg) cells are reduced in numbers thus directly
contributing to autoimmunity. Created in BioRender.com.
frontiersin.org
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prime naïve CD8+ T cells, even when treated with anti-CD40 to

induce dendritic cell maturation. Furthermore, it was not due to

improper MHC presentation which wasn’t affected in these mice (79).

NIK deficient dendritic cells are also associated with the inability

to induce FOXP3 Treg expansion (77). Alternatively, when RelB was

knocked out of dendritic cells in C57BL/6 mice, it resulted in

spontaneous and elevated FOXP3 Treg development. Although

NFkB2 deletion did not completely recapitulate this phenotypes, it

can still be considered that part of this development is due its

activation of the non-canonical pathway (80). As previously

mentioned, crosstalk between the non-canonical protein p100 can

inhibit canonical signaling activation. This activity has been

specifically studied in dendritic cells in which p100 inhibits c-Rel

leading to decrease expression of IL-23, a proinflammatory cytokine

(51). Dendritic cells are also known to play a role in the gut

microbiome. In fact, RelB deletion in dendritic cells led to greater

levels of Tregs and IgA in the gut while also promoting eubiosis.

Further studies demonstrated that elevated ncNF-kB activation in

dendritic cells contributed to intestinal inflammation (81, 82). Deka

et al. established a relationship between dendritic non-canonical

signaling to the WNT/beta-catenin signaling pathway then

influencing retinoic acid synthesis. Highlights of this study include

how this signaling axis directly affected the gut microbiome, T

regulatory cell activity, and IgA secretion (81). This is particularly

significant regarding SLE as a common condition of this disease is a

“leaky gut,” in which the intestinal mucosal layer is reduced and

promotes systemic inflammation (83). Additionally, T regulatory

depletion is another hallmark of lupus which is suggested to be

regulated in the gut by non-canonical signaling in dendritic cells

(81). Therefore, non-canonical NF-kB pathway regulation in dendritic

cells is important as overexpression is associated with pathogenic

activity relevant to SLE pathogenesis.
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4 Non-canonical NF-kB in lupus

The non-canonical NF-kB pathway has emerged as a significant

player in the pathogenesis of SLE contributing to dysregulated

immune responses and chronic inflammation characteristic of

these conditions. Dysregulation of this pathway has been

implicated in other autoimmune diseases, including Common

Variable Immunodeficiency (CVID), eosinophilic esophagitis

(EoE), colitis, rheumatoid arthritis (RA), and systemic lupus

erythematosus (SLE). In fact, Durmus and colleagues have

published their findings demonstrating a positive association for

serumNF-kB and juvenile SLE (jSLE) suggesting its importance as a

potential biomarker (84). While this study focused on the canonical

RelA subunit, this subunit is known to also dimerize with p52

through crosstalk between the canonical and non-canonical

pathway (Figure 1) (49).

Aberrant activation of the noncanonical NF-kB pathway can

occur through various mechanisms, such as chronic exposure to

inflammatory cytokines, dysregulated signaling by TNF family

members, or genetic mutations affecting pathway components

essential to cell specific activity (Table 1). Once activated, this

pathway promotes the production of pro-inflammatory cytokines,

chemokines, and other mediators that drive immune cell

infiltration, tissue damage, and perpetuation of the autoimmune

response (26). NFkB2/p100/p52 mutations preventing pathway

activation have been associated CVID characterized by impaired

antibody response and defective T cell activity (63). As previously

mentioned, NIK KO mice often have enhanced eosinophil

expression which primarily localizes to the esophagus. When

compared to human EoE patients, both species show non-

canonical NF-kB signaling dysregulation with genes associated

with the pathway having significantly enhanced expression (74).
TABLE 1 The relationship between cell specific non-canonical NF-kB regulation and SLE dysregulation.

Cell Type ncNF-kB Regulatory Roles Pathogenic SLE Roles References

B Cells • Early stages of survival and
maturation
• Anti-apoptotic gene regulation
• Activation
• Isotype switching
• Antibody production

• Abnormal development
• Evasion of tolerance checkpoints
• Hyperactivation
• Dysregulation cell survival
• Autoantibody production

(3, 6, 22, 34, 36, 41, 43, 45,
47, 48)

T Cells
• Checkpoint evasion
• Cytokine expression
• Th17 activation
• Treg activation (autoimmunity)

Autoreactive T cell activation
↓ CD8 T cells
↑ CD4 T cells
IFN-g production
↑ Th17
↓ Tregs

(4, 6, 19, 35, 55, 61, 66)

Dendritic Cells • Mucosal inflammation
• Eubiosis
• IgA stimulation
• Follicular DC development
• Cross priming
• Maturation

• Leaky gut
• Dysbiosis
• Pro-inflammatory cytokine production (IFN-
a)
• Self antigen presentation

(10, 22, 28, 48, 56, 60, 62, 63)
This table compares regulatory roles of the non-canonical NF-kB pathway described in this review to known pathogenic cell activity in SLE demonstrating a possible relationship between the two.
↓ is decrease and ↑ is increase.
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Beyond lymphocyte-intrinsic roles, the non-canonical NF-kB
pathway also contributes to lupus pathogenesis through effects on

mucosal immunity. Aberrant NIK activation in intestinal epithelial

and dendritic cells has been linked to breakdown of the gut barrier

and the development of a leaky gut phenotype which is a known

amplifier of systemic inflammation in SLE (67, 68). This supports

the concept that SLE is not solely a lymphocyte-driven disease, but

one involving systemic disruption of immune homeostasis across

tissues. Studies have also demonstrated that epithelial NIK and the

non-canonical pathway in the gut provide protection from sepsis

and colitis in the DSS-induced colitis model. This was also

previously observed regarding dendritic RelB and NFkB2 in their

influence of Tregs and IgA which altogether with the B-catenin/

WNT signal ing pathway influenced col i t is symptoms

phenotypically and at a transcriptional level demonstrating

therapeutic potential in targeting both the non-canonical pathway

and downstream at the B-catenin/WNT signaling pathway (81). In

sum, elevated NIK activation is associated with more severe colitis

symptoms, but depletion of NIK increases susceptibility. Regulated

NIK in the gut supported commensal bacteria and protected against

colitis (82). RA patients appear to have elevated levels of non-

canonical stimulators in their synovial fluid, including CD40, BAFF,

and RANKL, all of which can possibly contribute to inflammation

observed in this disease (77). Therefore, non-canonical NF-kB
dysregulation may be responsible for various human pathologies,

and its activation needs to be tightly regulated.

Targeting of the non-canonical NF-kB pathway has emerged as

a potential therapeutic strategy for SLE. As there are synthesized

inhibitors of this signaling pathway, it may be possible to repurpose

these therapeutics to potentially treat lupus including NIK SM1,

XT2, and more (61, 85, 86). IKKb Inhibitors modulate the canonical

NF-kB pathway but also influence the non-canonical pathway.

While both inhibitory-kB kinases (IKKs) IKKa and IKKb play a

central role in regulating the non-canonical and canonical NF-kB
signaling pathway there is often overlapping effects making

dissection of the functional roles of IKKa-mediated non-

canonical NF-kB signaling versus IKKb-driven canonical

signaling pathway difficult to assess. Recently, Riley and

coworkers reported on a novel series of IKKa inhibitors that

selectively inhibit non-canonical NF-kB signaling. Similarly, the

Mackay laboratory has also developed we specific IKKa inhibitor

which also minimally affects the canonical pathway while

successfully inhibiting non-canonical signaling (87). In their

chronic lymphocytic leukemia studies, they observed that the use

of this inhibitor reduces survival and proliferation of CD40L

stimulated cells (88). This suggests potentially positive outcomes

in the context of lupus since CD40L overexpression is a common

characteristic in disease (89). The compounds (SU1261 and

SU1349) have been used as pharmacological tools to interrogate

the different signaling functions of IKKa and IKKb in cells (90). In

contrast, Bortezomib is a proteasome inhibitor approved for the

treatment of multiple myeloma and mantle cell lymphoma which

broadly inhibits NF-kB activation by preventing the degradation of
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IkB proteins, thereby affecting both the canonical and non-

canonical pathways (91). While this inhibitor has shown promise

in improving renal function in multiple myeloma patients, it may

have limited impact for the treatment of lupus as there have been

reports of toxicity with continued treatment (92). Another

compound BAY 11–7082 has been reported to inhibit IkB kinase

(IKK) activity and directly inhibit the NLRP3 inflammasome,

leading to suppression of the NF-kB activation. Treatment of

MRL/lpr mice showed decreased serum anti-dsDNA level and less

renal immune complex deposition suggesting this may prevent

lupus nephritis (93). Furthermore, in human blood dendritic cells,

this compound inhibited nuclear translocation of IRF7 and IFN-a
production (94). Furthermore, fusaproliferin is a mycotoxin that is

naturally produced by the fungi genus Fusarium to protect itself

against competing microorganisms (95). Fusaproliferin was shown

to inhibit the activation of IKK thereby preventing degradation of

IkB and decreasing phosphorylation of NF-kB. This reduced

nuclear translocation of NF-kB leading to decreased IL-6, iNOS,

and COX-2 in LPS-stimulated RAW 264.7 cells. However, this

compound was not specific to IKK, suggesting other pathways were

also inhibited (96). TANK-binding kinase 1 (TBK1) is a serine/

threonine kinase belonging to the non-canonical inhibitor of

nuclear factor-kB (IkB) kinase (IKK) family (97). TBK1 primarily

mediates IRF3/7 activation and NF-kB signaling to regulate

inflammatory cytokine production and the activation of innate

immunity. The stimulator of interferon gene (STING) pathway

contributes to the inflammatory response in lupus nephritis by

upregulating TBK1 and activating NF-kB signal pathway (98). As a

non-canonical IkB kinases (IKK), TBK1 phosphorylates p100/NF-

kB2, which is subsequently processed in the proteasome and

released as a p52 subunit. TBK1 inhibitors are being explored for

their roles in treating inflammatory diseases and cancer and may

also serve as a therapeutic target for lupus (99). Overall, the non-

canonical NF-kB pathway plays a crucial role in driving immune

dysregulation and inflammation in SLE and more research is

required to explore its capabilities as a possible therapeutic target

in treatment this complex autoimmune disease.
5 Summary

The non-canonical NF-kB pathway is increasingly recognized

as a critical regulator in the pathogenesis of systemic lupus

erythematosus (SLE). Through selective activation by TNFR

family receptors including BAFFR and CD40, B cell survival is

enhanced, antibody class-switching increases, leading to

autoreactive immune cells and lupus immunopathology. In

addition to its role in lymphocyte function, non-canonical NF-kB
signaling contributes to barrier dysfunction in the gut and promotes

pro-inflammatory cytokine expression in dendritic cells, further

exacerbating systemic inflammation. Emerging evidence from

murine models and pharmacological studies highlight the
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therapeutic potential of selectively targeting this pathway. Inhibitors

of NIK, IKKa, and TBK1 represent promising candidates for

modulating this pathway and restoring immune homeostasis in

lupus. Continued investigation into cell-specific regulation and

signaling crosstalk is essential for refining targeted therapies and

advancing clinical translation.
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Analysis of the functional NFKB1 promoter polymorphism in rheumatoid arthritis and
systemic lupus erythematosus. Tissue Antigens. (2005) 65:183–6. doi: 10.1111/j.1399-
0039.2005.00341.x

32. Infante B, Mercuri S, Dello Strologo A, Franzin R, Catalano V, Troise D, et al.
Unraveling the link between interferon-a and systemic lupus erythematosus: from the
molecular mechanisms to target therapies. Int J Mol Sci. (2022) 23:15998. doi: 10.3390/
ijms232415998

33. Chalmers SA, Garcia SJ, Reynolds JA, Herlitz L, Putterman C. NF-kB signaling
in myeloid cells mediates the pathogenesis of immune-mediated nephritis. J
Autoimmun. (2019) 98:33–43. doi: 10.1016/j.jaut.2018.11.004

34. Razani B, Reichardt AD, Cheng G. Non-canonical NF-kB signaling activation
and regulation: principles and perspectives. Immunol Rev. (2011) 244:44–54.
doi: 10.1111/j.1600-065X.2011.01059.x

35. Thu YM, Richmond A. NF-kB inducing kinase: A key regulator in the immune
system and in cancer. Cytokine Growth Factor Rev. (2010) 21:213–26. doi: 10.1016/
j.cytogfr.2010.06.002

36. Ghosh S, Dass JFP. Study of pathway cross-talk interactions with NF-kB leading
to its activation via ubiquitination or phosphorylation: A brief review. Gene. (2016)
584:97–109. doi: 10.1016/j.gene.2016.03.008

37. Pflug KM, Sitcheran R. Targeting NF-kB-inducing kinase (NIK) in immunity,
inflammation, and cancer. Int J Mol Sci. (2020) 21:8470. doi: 10.3390/ijms21228470

38. Sun S-C. Controlling the fate of NIK: A central stage in noncanonical NF-kB
signaling. Sci Signaling. (2010) 3:pe18–8. doi: 10.1126/scisignal.3123pe18

39. Fusco AJ, Mazumder A, Wang VY, Tao Z, Ware C, Ghosh G. The NF-kB
subunit RelB controls p100 processing by competing with the kinases NIK and IKK1
for binding to p100. Sci Signal. (2016) 9:ra96. doi: 10.1126/scisignal.aad9413

40. Oeckinghaus A, Ghosh S. The NF-kB family of transcription factors and its
regulation. Cold Spring Harbor Perspect Biol. (2009) 1:a000034–a000034. doi: 10.1101/
cshperspect.a000034

41. Xia Y, Chen S, Wang Y, Mackman N, Ku G, Lo D, et al. RelB modulation of
IkappaBalpha stability as a mechanism of transcription suppression of interleukin-1alpha
(IL-1alpha), IL-1beta, and tumor necrosis factor alpha in fibroblasts. Mol Cell Biol. (1999)
19:7688–96. doi: 10.1128/MCB.19.11.7688

42. Almaden JV, Tsui R, Liu YC, Birnbaum H, Shokhirev MN, Ngo KA, et al. A
pathway switch directs BAFF signaling to distinct NFkB transcription factors in
maturing and proliferating B cells. Cell Rep. (2014) 9:2098–111. doi: 10.1016/
j.celrep.2014.11.024

43. Moisini I, Davidson A. BAFF: a local and systemic target in autoimmune
diseases. Clin Exp Immunol. (2009) 158:155–63. doi: 10.1111/j.1365-2249.2009.04007.x

44. Davidson A. Targeting BAFF in autoimmunity. Curr Opin Immunol. (2010)
22:732–9. doi: 10.1016/j.coi.2010.09.010

45. Parameswaran R, Ben David H, Sharabi A, Zinger H, Mozes E. B-cell activating
factor (BAFF) plays a role in the mechanism of action of a tolerogenic peptide that
ameliorates lupus. Clin Immunol. (2009) 131:223–32. doi: 10.1016/j.clim.2008.12.009

46. Pache L, Marsden MD, Teriete P, Portillo AJ, Heimann D, Kim JT, et al.
Pharmacological activation of non-canonical NF-kB signaling activates latent HIV-1
reservoirs in vivo. Cell Rep Med. (2020) 1:100037. doi: 10.1016/j.xcrm.2020.100037

47. Boutaffala L, Bertrand MJ, Remouchamps C, Seleznik G, Reisinger F, Janas M,
et al. NIK promotes tissue destruction independently of the alternative NF-kB pathway
through TNFR1/RIP1-induced apoptosis. Cell Death Differentiation. (2015) 22:2020–
33. doi: 10.1038/cdd.2015.69

48. Zarnegar B, Yamazaki S, He JQ, Cheng G. Control of canonical NF-kB activation
through the NIK–IKK complex pathway. Proc Natl Acad Sci. (2008) 105:3503–8.
doi: 10.1073/pnas.0707959105

49. Chatterjee B, Banoth B, Mukherjee T, Taye N, Vijayaragavan B, Chattopadhyay
S, et al. Late-phase synthesis of IkBa insulates the TLR4-activated canonical NF-kB
pathway from noncanonical NF-kB signaling in macrophages. Sci Signaling. (2016) 9:
ra120–0. doi: 10.1126/scisignal.aaf1129

50. Oeckinghaus A, Hayden MS, Ghosh S. Crosstalk in NF-kB signaling pathways.
Nat Immunol. (2011) 12:695–708. doi: 10.1038/ni.2065

51. Mise-Omata S, Obata Y, Doi TS. p100, a precursor of NF-kB2, inhibits c-Rel and
reduces the expression of IL-23 in dendritic cells. Biochem Biophys Res Commun.
(2014) 453:332–7. doi: 10.1016/j.bbrc.2014.09.143

52. Tao Z, Fusco A, Huang DB, Gupta K, Young Kim D, Ware CF, et al. p100/IkBd
sequesters and inhibits NF-kB through kappaBsome formation. Proc Natl Acad Sci.
(2014) 111:15946–51. doi: 10.1073/pnas.1408552111
Frontiers in Immunology 10
53. Li Y, Xie X, Jie Z, Zhu L, Yang JY, Ko CJ, et al. DYRK1a mediates BAFF-induced
noncanonical NF-kB activation to promote autoimmunity and B-cell leukemogenesis.
Blood. (2021) 138:2360–71. doi: 10.1182/blood.2021011247

54. Sato Y, Osada E, Manome Y. Non-canonical NFKB signaling endows
suppressive function through FOXP3-dependent regulatory T cell program. Heliyon.
(2023) 9:e22911. doi: 10.1016/j.heliyon.2023.e22911

55. Canny SP, Jackson SW. B cells in systemic lupus erythematosus: from disease
mechanisms to targeted therapies. Rheum Dis Clin North Am. (2021) 47:395–413.
doi: 10.1016/j.rdc.2021.04.006

56. Nashi E, Wang Y, Diamond B. The role of B cells in lupus pathogenesis. Int J
Biochem Cell Biol. (2010) 42:543–50. doi: 10.1016/j.biocel.2009.10.011

57. Parodis I, Gatto M, Sjöwall C. B cells in systemic lupus erythematosus: Targets of
new therapies and surveillance tools. Front Med. (2022) 9. doi: 10.3389/
fmed.2022.952304

58. Pieper K, Grimbacher B, Eibel H. B-cell biology and development. J Allergy Clin
Immunol. (2013) 131:959–71. doi: 10.1016/j.jaci.2013.01.046

59. Melchers F. Checkpoints that control B cell development. J Clin Invest. (2015)
125:2203–10. doi: 10.1172/JCI78083

60. Brightbill HD, Jackman JK, Suto E, Kennedy H, Jones C 3rd, Chalasani S, et al.
Conditional deletion of NF-kB–inducing kinase (NIK) in adult mice disrupts mature B
cell survival and activation. J Immunol. (2015) 195:953–64. doi: 10.4049/
jimmunol.1401514

61. Min H-K, Kim SM, Park JS, Byun JK, Lee J, Kwok SK, et al. Fn14-Fc suppresses
germinal center formation and pathogenic B cells in a lupus mouse model via inhibition
of the TWEAK/Fn14 Pathway. J Trans Med. (2016) 14:98. doi: 10.1186/s12967-016-
0846-4

62. Brightbill HD, Suto E, Blaquiere N, Ramamoorthi N, Sujatha-Bhaskar S, Gogol
EB, et al. NF-kB inducing kinase is a therapeutic target for systemic lupus
erythematosus. Nat Commun. (2018) 9:179. doi: 10.1038/s41467-017-02672-0

63. Barnabei L, Laplantine E, Mbongo W, Rieux-Laucat F, Weil R. NF-kB: at the
borders of autoimmunity and inflammation. Front Immunol. (2021) 12. doi: 10.3389/
fimmu.2021.716469

64. Hahn M, Macht A, Waisman A, Hövelmeyer N. NF-kB-inducing kinase is
essential for B-cell maintenance in mice. Eur J Immunol. (2016) 46:732–41.
doi: 10.1002/eji.201546081

65. Gardam S, Brink R. Non-canonical NF-kB signaling initiated by BAFF
influences B cell biology at multiple junctures. Front Immunol. (2014) 4.
doi: 10.3389/fimmu.2013.00509

66. Lin L, Yu H, Li L, Yang W, Chen X, Gong Y, et al. TRIM55 promotes
noncanonical NF-kB signaling and B cell–mediated immune responses by
coordinating p100 ubiquitination and processing. Sci Signaling. (2023) 16:eabn5410.
doi: 10.1126/scisignal.abn5410

67. Jin J, Xiao Y, Chang JH, Yu J, Hu H, Starr R, et al. The kinase TBK1 controls IgA
class switching by negatively regulating noncanonical NF-kB signaling. Nat Immunol.
(2012) 13:1101–9. doi: 10.1038/ni.2423

68. Kumar BV, Connors TJ, Farber DL. Human T cell development, localization,
and function throughout life. Immunity. (2018) 48:202–13. doi: 10.1016/
j.immuni.2018.01.007

69. Hinterberger M, Aichinger M, Prazeres da Costa O, Voehringer D, Hoffmann R,
Klein L. Autonomous role of medullary thymic epithelial cells in central CD4+ T cell
tolerance. Nat Immunol. (2010) 11:512–9. doi: 10.1038/ni.1874

70. Abramson J, Anderson G. Thymic epithelial cells. Annu Rev Immunol. (2017)
35:85–118. doi: 10.1146/annurev-immunol-051116-052320

71. Chen Q, Lu X, Zhang X. Noncanonical NF-kB signaling pathway in liver
diseases. J Clin Trans Hepatol. (2020) 9:1–9. doi: 10.14218/JCTH.2020.00063

72. Vogan K. Autoreactive T cells target neoself-antigens in lupus. Nat Genet. (2024)
56:1999–9. doi: 10.1038/s41588-024-01955-9

73. Tucker E, O'Donnell K, Fuchsberger M, Hilton AA, Metcalf D, Greig K, et al. A
novel mutation in the nfkb2 gene generates an NF-kB2 “Super repressor. J Immunol.
(2007) 179:7514–22. doi: 10.4049/jimmunol.179.11.7514

74. Eden K, Rothschild DE, McDaniel DK, Heid B, Allen IC. Noncanonical NF-kB
signaling and the essential kinase NIK modulate crucial features associated with
eosinophilic esophagitis pathogenesis. Dis Models Mech. (2017) 10:1517–27.
doi: 10.1242/dmm.030767

75. Pisani LF, Tontini G, Vecchi M, Croci GA, Pastorelli L. NF-kB pathway is
involved in microscopic colit is pathogenesis . J Int Med Res . (2022)
50:030006052210801. doi: 10.1177/03000605221080104

76. Yu J, Zhou X, Nakaya M, Jin W, Cheng X, Sun SC. T cell–intrinsic function of
the noncanonical NF-kB pathway in the regulation of GM-CSF expression and
experimental autoimmune encephalomyelitis pathogenesis. J Immunol. (2014)
193:422–30. doi: 10.4049/jimmunol.1303237

77. Noort AR, Tak PP, Tas SW. Non-canonical NF-kB signaling in rheumatoid
arthritis: Dr Jekyll and Mr Hyde? Arthritis Res Ther. (2015) 17:15. doi: 10.1186/s13075-
015-0527-3

78. Chan VS-F, Nie YJ, Shen N, Yan S, Mok MY, Lau CS. Distinct roles of myeloid
and plasmacytoid dendritic cells in systemic lupus erythematosus. Autoimmun Rev.
(2012) 11:890–7. doi: 10.1016/j.autrev.2012.03.004
frontiersin.org

https://doi.org/10.1016/j.molimm.2013.07.006
https://doi.org/10.1155/2010/207578
https://doi.org/10.1155/2010/207578
https://doi.org/10.1038/ng.202
https://doi.org/10.1111/j.1399-0039.2005.00341.x
https://doi.org/10.1111/j.1399-0039.2005.00341.x
https://doi.org/10.3390/ijms232415998
https://doi.org/10.3390/ijms232415998
https://doi.org/10.1016/j.jaut.2018.11.004
https://doi.org/10.1111/j.1600-065X.2011.01059.x
https://doi.org/10.1016/j.cytogfr.2010.06.002
https://doi.org/10.1016/j.cytogfr.2010.06.002
https://doi.org/10.1016/j.gene.2016.03.008
https://doi.org/10.3390/ijms21228470
https://doi.org/10.1126/scisignal.3123pe18
https://doi.org/10.1126/scisignal.aad9413
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1101/cshperspect.a000034
https://doi.org/10.1128/MCB.19.11.7688
https://doi.org/10.1016/j.celrep.2014.11.024
https://doi.org/10.1016/j.celrep.2014.11.024
https://doi.org/10.1111/j.1365-2249.2009.04007.x
https://doi.org/10.1016/j.coi.2010.09.010
https://doi.org/10.1016/j.clim.2008.12.009
https://doi.org/10.1016/j.xcrm.2020.100037
https://doi.org/10.1038/cdd.2015.69
https://doi.org/10.1073/pnas.0707959105
https://doi.org/10.1126/scisignal.aaf1129
https://doi.org/10.1038/ni.2065
https://doi.org/10.1016/j.bbrc.2014.09.143
https://doi.org/10.1073/pnas.1408552111
https://doi.org/10.1182/blood.2021011247
https://doi.org/10.1016/j.heliyon.2023.e22911
https://doi.org/10.1016/j.rdc.2021.04.006
https://doi.org/10.1016/j.biocel.2009.10.011
https://doi.org/10.3389/fmed.2022.952304
https://doi.org/10.3389/fmed.2022.952304
https://doi.org/10.1016/j.jaci.2013.01.046
https://doi.org/10.1172/JCI78083
https://doi.org/10.4049/jimmunol.1401514
https://doi.org/10.4049/jimmunol.1401514
https://doi.org/10.1186/s12967-016-0846-4
https://doi.org/10.1186/s12967-016-0846-4
https://doi.org/10.1038/s41467-017-02672-0
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.1002/eji.201546081
https://doi.org/10.3389/fimmu.2013.00509
https://doi.org/10.1126/scisignal.abn5410
https://doi.org/10.1038/ni.2423
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1038/ni.1874
https://doi.org/10.1146/annurev-immunol-051116-052320
https://doi.org/10.14218/JCTH.2020.00063
https://doi.org/10.1038/s41588-024-01955-9
https://doi.org/10.4049/jimmunol.179.11.7514
https://doi.org/10.1242/dmm.030767
https://doi.org/10.1177/03000605221080104
https://doi.org/10.4049/jimmunol.1303237
https://doi.org/10.1186/s13075-015-0527-3
https://doi.org/10.1186/s13075-015-0527-3
https://doi.org/10.1016/j.autrev.2012.03.004
https://doi.org/10.3389/fimmu.2025.1588486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Montano et al. 10.3389/fimmu.2025.1588486
79. Katakam AK, Brightbill H, Franci C, Kung C, Nunez V, Jones C 3rd, et al.
Dendritic cells require NIK for CD40-dependent cross-priming of CD8+ T cells. Proc
Natl Acad Sci. (2015) 112:14664–9. doi: 10.1073/pnas.1520627112

80. Andreas N, Potthast M, Geiselhöringer AL, Garg G, de Jong R, Riewaldt J, et al.
RelB deficiency in dendritic cells protects from autoimmune inflammation due to
spontaneous accumulation of tissue T regulatory cells. J Immunol. (2019) 203:2602–13.
doi: 10.4049/jimmunol.1801530

81. Deka A, Kumar N, Basu S, Chawla M, Bhattacharya N, Ali SA, et al. Non-
canonical NF-kB signaling limits the tolerogenic b-catenin-Raldh2 axis in gut dendritic
cells to exacerbate intestinal pathologies. EMBO J. (2024) 43(18):3895–3915.
doi: 10.1038/s44318-024-00182-6

82. Ramakrishnan SK, Zhang H, Ma X, Jung I, Schwartz AJ, Triner D, et al.
Intestinal non-canonical NFkB signaling shapes the local and systemic immune
response. Nat Commun. (2019) 10:660. doi: 10.1038/s41467-019-08581-8

83. Mu Q, Zhang H, Liao X, Lin K, Liu H, Edwards MR, et al. Control of lupus
nephritis by changes of gut microbiota. Microbiome. (2017) 5:73. doi: 10.1186/s40168-
017-0300-8

84. Durmus S, Sahin S, Adrovic A, Barut K, Gelisgen R, Uzun H, et al. Interplay of
NF-kB and PPAR-g transcription factors in patients with juvenile systemic lupus
erythematosus. Lupus Sci Med. (2025) 12:e001263. doi: 10.1136/lupus-2024-001263

85. Cheng J, Feng X, Li Z, Zhou F, Yang JM, Zhao Y. Pharmacological inhibition of
NF-kB-inducing kinase (NIK) with small molecules for the treatment of human
diseases. RSC Medicinal Chem. (2021) 12:552–65. doi: 10.1039/D0MD00361A

86. Jeucken KCM, van Rooijen CCN, Kan YY, Kocken LA, Jongejan A, van Steen
ACI, et al. Differential contribution of NF-kB signaling pathways to CD4+ Memory T
cell induced activation of endothelial cells. Front Immunol. (2022) 13. doi: 10.3389/
fimmu.2022.860327

87. Anthony NG, Baiget J, Berretta G, Boyd M, Breen D, Edwards J, et al. Inhibitory
kappa B kinase a (IKKa) inhibitors that recapitulate their selectivity in cells against
isoform-related biomarkers. J Medicinal Chem. (2017) 60:7043–66. doi: 10.1021/
acs.jmedchem.7b00484

88. Willmore E, Gardner A, Tudhope SJ, Herridge A, Hunter J, Wallis JP, et al.
Targeting ikka in CLL: inhibition of non-canonical NF-kb signaling decreases survival
and proliferation of CD40L-stimulated primary CLL cells. Blood. (2016) 128:3959–9.
doi: 10.1182/blood.V128.22.3959.3959
Frontiers in Immunology 11
89. Koshy M, Berger D, CrowMK. Increased expression of CD40 ligand on systemic
lupus erythematosus lymphocytes. J Clin Invest. (1996) 98:826–37. doi: 10.1172/
JCI118855

90. Riley C, Ammar U, Alsfouk A, Anthony NG, Baiget J, Berretta G, et al. Design
and synthesis of novel aminoindazole-pyrrolo[2,3-b]pyridine inhibitors of IKKa That
selectively perturb cellular non-canonical NF-kB signalling. Molecules. (2024) 29:3515.
doi: 10.3390/molecules29153515

91. Tao J, Wang L, Gu Z, Zhang L. Effect of bortezomib treatment in multiple
myeloma on blood coagulation function, renal function, immune function, and the NF-
kB pathway-associated indicators. Br J Hosp Med (Lond). (2025) 86:1–15.
doi: 10.12968/hmed.2024.0701

92. Mok CC. Targeting the ubiquitin-proteasome pathway in systemic lupus
erythematosus. Expert Rev Clin Immunol . (2025) p:1–12. doi: 10.1080/
1744666X.2025.2497845

93. Zhao J, Zhang H, Huang Y, Wang H, Wang S, Zhao C, et al. Bay11–7082
attenuates murine lupus nephritis via inhibiting NLRP3 inflammasome and NF-kB
activation. Int Immunopharmacol. (2013) 17:116–22. doi: 10.1016/j.intimp.2013.05.027

94. Miyamoto R, Ito T, Nomura S, Amakawa R, Amuro H, Katashiba Y, et al.
Inhibitor of IkB kinase activity, BAY 11-7082, interferes with interferon regulatory
factor 7 nuclear translocation and type I interferon production by plasmacytoid
dendritic cells. Arthritis Res Ther. (2010) 12:R87. doi: 10.1186/ar3014

95. Lacy MP, Van Krey HP, Skewes PA, Denbow DM. Intraperitoneal injections of
tryptophan inhibit food intake in the fowl. Poult Sci. (1986) 65:786–8. doi: 10.3382/
ps.0650786

96. Kuang Q-X, Lei LR, Li QZ, PengW,Wang YM, Dai YF, et al. Investigation of the
anti-inflammatory activity of fusaproliferin analogues guided by transcriptome
analysis. Front Pharmacol. (2022) 13. doi: 10.3389/fphar.2022.881182

97. Runde AP, Mack R, S J PB, Zhang J. The role of TBK1 in cancer pathogenesis
and anticancer immunity. J Exp Clin Cancer Res. (2022) 41:135. doi: 10.1186/s13046-
022-02352-y

98. Chen J, Chen P, Song Y, Wei J, Wu F, Sun J, et al. STING upregulation mediates
ferroptosis and inflammatory response in lupus nephritis by upregulating TBK1 and
activating NF-kB signal pathway. J Biosci. (2024) 49:9. doi: 10.1007/s12038-023-00381-z

99. Llona-Minguez S, Baiget J, Mackay SP. Small-molecule inhibitors of IkB kinase
(IKK) and IKK-related kinases. Pharm Pat Anal. (2013) 2:481–98. doi: 10.4155/ppa.13.31
frontiersin.org

https://doi.org/10.1073/pnas.1520627112
https://doi.org/10.4049/jimmunol.1801530
https://doi.org/10.1038/s44318-024-00182-6
https://doi.org/10.1038/s41467-019-08581-8
https://doi.org/10.1186/s40168-017-0300-8
https://doi.org/10.1186/s40168-017-0300-8
https://doi.org/10.1136/lupus-2024-001263
https://doi.org/10.1039/D0MD00361A
https://doi.org/10.3389/fimmu.2022.860327
https://doi.org/10.3389/fimmu.2022.860327
https://doi.org/10.1021/acs.jmedchem.7b00484
https://doi.org/10.1021/acs.jmedchem.7b00484
https://doi.org/10.1182/blood.V128.22.3959.3959
https://doi.org/10.1172/JCI118855
https://doi.org/10.1172/JCI118855
https://doi.org/10.3390/molecules29153515
https://doi.org/10.12968/hmed.2024.0701
https://doi.org/10.1080/1744666X.2025.2497845
https://doi.org/10.1080/1744666X.2025.2497845
https://doi.org/10.1016/j.intimp.2013.05.027
https://doi.org/10.1186/ar3014
https://doi.org/10.3382/ps.0650786
https://doi.org/10.3382/ps.0650786
https://doi.org/10.3389/fphar.2022.881182
https://doi.org/10.1186/s13046-022-02352-y
https://doi.org/10.1186/s13046-022-02352-y
https://doi.org/10.1007/s12038-023-00381-z
https://doi.org/10.4155/ppa.13.31
https://doi.org/10.3389/fimmu.2025.1588486
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Montano et al. 10.3389/fimmu.2025.1588486
Glossary

APC antigen presenting cells
Frontiers in Immunol
BAFF/R B cell activating factor
BCL B cell lymphoma
cIAP cellular inhibitor of apoptosis protein
cDC conventional dendritic cells
COX cyclooxygenase
CVID common variable immunodeficiency
DMARD disease modifying antirheumatic drug
dsDNA double stranded DNA
DSS dextran sulfate sodium
EoE eosinophilic esophagitis
Fn14 fibroblast growth factor-inducible protein 14
FOXP3 forkhead box p3
GC germinal center
GM-CSF granulocyte-macrophage colony-stimulating factor
IL interleukin
ICOSL inducible T cell costimulator
IFN (a y), interferon
Ig Immunoglobulin
INFAR interferon alpha and beta receptor subunit 1
iNOS inducible nitric oxide synthase
IkB inhibitory kappa B
IKK inhibitory-kB kinases
IRF interferon regulatory factor
jSLE juvenile systemic lupus erythematosus
LL long lived
LPS liposaccharide
LTBR lymphotoxin beta receptor
ogy 12
MHC major histocompatibility complex
MT-2 metallothionein-2
mTEC medullary thymic epithelial cells
MZ marginal zone
NEMO nuclear factor-kappa B essential modulator
NIK NF-kB inducing kinase
NF-kB nuclear factor-kappa B
NLRP nucleotide-binding oligomerization domain
NSAID nonsteroidal anti-inflammatory drug
pDC plasmacytoid dendritic cell
RA rheumatoid arthritis
RANK/L receptor activator of nuclear factor kappa B/ligand
SLE systemic lupus erythematosus
SMAC small-molecular antagonists
SL short lived
TANK-TRAF family member-associated NF-kB activator
Th (Th1/Th2/Th17) T helper
T-bet T-box transcription factor
TBK1 tank-binding kinase 1
TLR toll-like receptor
TNF (a) tumor necrosis factor
TNFR tumor necrosis factor receptor
TRAF tumor necrosis factor receptor associated factor
Treg T regulatory
TRIM55 tripartite motif containing 55
TWEAK tumor necrosis factor-like weak inducer of apoptosis
WNT wingless/int-1
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