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The genesis and progression of tumors are multifaceted processes influenced by genetic mutations within the tumor cells and the dynamic interplay with their surrounding milieu, which incessantly impacts the course of cancer. The tumor microenvironment (TME) is a complex and dynamic entity that encompasses not only the tumor cells but also an array of non-cancerous cells, signaling molecules, and the extracellular matrix. This intricate network is crucial in tumor progression, metastasis, and response to treatments. The TME is populated by diverse cell types, including immune cells, fibroblasts, endothelial cells, alongside cytokines and growth factors, all of which play roles in either suppressing or fostering tumor growth. Grasping the nuances of the interactions within the TME is vital for the advancement of targeted cancer therapies. Consequently, a thorough understanding of the alterations of TME and the identification of upstream regulatory targets have emerged as a research priority. NF-κB transcription factors, central to inflammation and innate immunity, are increasingly recognized for their significant role in cancer onset and progression. This review emphasizes the crucial influence of the NF-κB signaling pathway within the TME, underscoring its roles in the development and advancement of cancer. By examining the interactions between NF-κB and various components of the TME, targeting the NF-κB pathway appears as a promising cancer treatment approach.




Keywords: NF-κB signaling pathway, inflammation, tumor microenvironment, cancer metabolism, tumor immunity




1 Introduction

The occurrence and development of tumors, from metastasis to treatment resistance, result from the mutual interaction between cancer cells and the tumor microenvironment (TME). The TME, a complex and dynamic system, primarily comprises tumor cells, adjacent immune and inflammatory cells, tumor-related fibroblasts, surrounding stromal tissues, microvessels, and various cytokines and chemokines (1). Tumor formation is a complex and detailed biological process where cancer cells and their surrounding TME continuously interact and regulate tumor progression. The mutations within tumor cells, abnormalities in biological traits, persistent inflammation around the tumor and the remodeling of the extracellular Matrix (ECM) represent several closely related biological processes (2, 3). Notably, the components of the TME contribute to various cancer hallmarks, thereby being acknowledged as potential targets for cancer therapy. The TME encompasses both stromal and non-cellular components. Stromal cells consist of immune cells (lymphoid cells, tumor-associated macrophages (TAMs), dendritic cells (DCs), cancer-associated fibroblasts (CAFs), endothelial cells, and pericytes). Non-cellular components include the Extracellular Matrix (ECM), extracellular vesicles (EVs) or exosomes, and the microbiome (3). Tumor-associated stromal cells provide physical support to cancer cells and secrete growth factors, cytokines, chemokines, and ECM proteins that promote tumor growth.

The NF-κB signaling pathway plays a critical role in these processes, which is well-known for its role in regulating immune and inflammatory responses, and its activity is intricately linked with various components of the TME. Persistent activation of NF-κB within the TME can promote chronic inflammation, which in turn supports tumor growth, survival, and metastasis. Given its central role in inflammatory signaling, the relationship between the NF-κB signaling pathway and the TME has garnered considerable interest. Understanding this link is essential for developing targeted therapies aimed at disrupting the pro-tumorigenic interactions within the TME.




2 NF-κB signaling pathway in glance

The nuclear transcription factor NF-κB, recognized for its ability to bind to the enhancer element of the Kappa light chain gene in B cells, plays a pivotal role in regulating innate and adaptive immune responses. Its influence extends across a wide array of biological functions, including cell proliferation, apoptosis, angiogenesis, and tumor metastasis (4). The NF-κB signaling pathway is divided into canonical and non-canonical pathways (5). The canonical NF-κB pathway facilitates the activation of transcription factors such as NF-κB1 (p50), Rel- A (p65), and c-Rel, integral members of the classical NF-κB family. This pathway is quickly and transiently triggered by various extracellular stimuli through receptors like cytokine receptors, pattern recognition receptors (PRRs), tumor necrosis factor receptors (TNFRs), G protein-coupled receptors (GPCRs), T cell receptors (TCRs), and B cell receptors (BCRs) (6).

Conversely, the non-canonical pathway is specifically activated by a selective group of TNF-family cytokines, including lymphotoxin (LT), receptor activator of NF-κB ligand (RANKL), CD40 ligand (CD40L), and B cell activating factor of the TNF family (BAFF/TNFSF13B) (7). Unlike the canonical pathway, the non-canonical route gradually induces the activation of IKK1 and NF-κB inducing kinase (NIK), ultimately influencing the interaction between p52 and Rel-B (8).

In an inactive state, NF-κB is sequestered in the cytoplasm by the IκB-α proteins, which inhibit NF-κB signaling. In respond to inflammatory stimulation, IκB kinases (IKKs) are activated, phosphorylating IκB-α and leading to its ubiquitination by the E3 ubiquitin ligase β-TRCP. This process results in the degradation of IκB-α, freeing NF-κB to migrate to the nucleus and modulate the expression of genes such as tumor necrosis factors-α (TNF-α),interleukin-1(IL-1), and IL-2 (9, 10).

Notably, IKKs consists of two catalytic subunits, IKKα (IKK1) and IKKβ (IKK2), and a regulatory subunit, IKKγ (NEMO). IKKβ is essential for classical NF-κB activation, while IKKα primarily facilitates non-classical NF-κB activation (11) (Figure 1).




Figure 1 | Canonical pathway and non-canonical pathway of NF-κB signaling pathway. The canonical NF-κB signaling pathway is initiated by various extracellular stimuli through different receptors, including TLRs, PRRs, TNFRs, GPCRs, TCRs, and BCRs. This activation occurs through the CARD-BCL10-MALT1 (CBM) complex and TAK1, leading to the phosphorylation and activation of the IKK complex (comprising IKKγ(NEMO), IKKα, and IKKβ) specifically through the phosphorylation of IKKβ. The activated IKK complex then phosphorylates members of the inhibitor of κB (IκB) family, such as IκBα, targeting them for ubiquitin (Ub)-dependent degradation in the proteasome. This degradation process releases the Rel-A/p50 or c-Rel/p50 or p50/p50(only Rel-A/50 is shown in Figure 1), which translocates to the nucleus to regulate gene transcription. In contrast, the non-canonical pathway is activated by the members of TNFR superfamily (such as CD40, LTβR and RANK), which specifically engage NIK. NIK then phosphorylates IKKα, leading to the phosphorylation of p100 on its carboxy-terminal serine residues. The phosphorylated p100 undergoes partial degradation to p52, which then associates with REL-B and translocates to the nucleus to participate in transcription events. TLRs, TLR toll-like receptor; PRPs, pattern recognition receptors; TNFRs, tumor necrosis factor receptors; GPCRs, G protein-coupled receptors; TCRs, T cell receptors; BCRs, B cell receptors; TANK1, TGF-β-activated kinase 1; LTβR, LTB lymphotoxin β;RANK, Receptor Activator of NF-κB; NIK, NF-κB-inducing kinase.






3 NF-κB-mediated shaping of the tumor immunity



3.1 NK cells

Natural killer (NK) cells, key effector lymphocytes of the innate immune system, play a crucial role in the suppression of various neoplasms through the secretion of cytolytic mediators such as perforin and granzyme B (12). It was also reported that NK cells turn cancer cells to death directly via perforin and granzyme B, which endorses them to be a valuable tool in cancer treatment (13, 14).

The NF-κB pathway is a key regulator of perforin expression, as demonstrated by Jun Zhou et al. in 2002 (15). Subsequent research by Chunjian Huang et al. in 2006 unveiled a novel NF-κB binding site instrumental in modulating human granzyme B gene transcription in a IL-2 signaling-dependent way (16). Recent studies have demonstrated that, in a head and neck squamous cell carcinoma (HNSCC) model, the ablation of the CHMP2A gene precipitates NF-κB activation in neoplastic cells, culminating in augmented chemokine secretion that facilitates NK cells migration towards the tumor microenvironment (17). In the breast cancer model, the protein Morgana—ubiquitously expressed and pivotal for embryonic development as well as tumorigenesis—has been shown to amplify NF-κB activation, thereby enhancing the recruitment of NK cells and other immune cells to the TME (18, 19).




3.2 T cells

It is well established that NF-κB is essential in the differentiation and function of lymphocytes (20). During T cell development, NF-κB is activated by TCR-peptide-MHC complexes via CARMA1-Bcl1-Malt1(CBM) complex(activated by PKCθ), controlling both the positive and negative selction (20). In contrast to its role in normal lymphocyte development, T cells and B cells recruited to the tumor microenvironment (TME) can either promote or inhibit tumor growth, depending on their specific functions. CD8+ T cells, namely cytotoxic T cells, kill immunogen by secreting cytotoxic cytokines, including IFN-γ and Granzyme (21). Research has shown that expressing a constitutively active form of IKKβ in T cells enhances NF-κB activity, promoting an anti-tumor response that depends on IFN-γ-producing tumor-specific CD8+ T cells (22), highlighting the therapeutic potential of acceleration the IKKβ/NF-κB axis to augment antitumor immunity. A20, a ubiquitin-modifying enzyme encoded by the TNFAIP3 gene, is a critical negative regulator of NF-κB. Giordano et al. demonstrated that deleting A20 in CD8+ T cells enhances their cytotoxic function in an NF-κB-dependent manner, illustrating NF-κB’s positive role in anti-tumor activity (23). Analysis of patient tumor samples revealed that overall lung tumor NF-κB activity fosters T cell infiltration, attributable to the downregulation of chemokine ligand 20(CCL2)expression linked with tumor growth (24). This inspires us that the maintenance of appropriate NF-κB activity in CD8 T cells is of great importance for antitumor immunity, offering potential clinical applications. Another evidence of a pro-tumoral effect of NF-κB is that overexpression of NIK significantly reduced tumor size and extended survival in MC38 colorectal cancer and B16F10 melanoma models. This was accompanied by an increase in tumor-infiltrating CD4+ and CD8+ T cells, including IFN-γ-producing CD8+ T cells (25).

Compared to CD8+T cells, the indirect impact of CD4+ in TME has aroused increasing attention. Upon stimulated by antigen-peptide-MHC class II complex, CD4+ T cells undergo a multi-step differentiation process to give rise to different CD4+ helper T cell subsets, including Th1, Th2, Th17, Th9 and regulatory T cells (Tregs). In TME, CD4+T cells are recruited to cancer cells by various chemotactic factors and adhesion molecules. Depending on the expression of MHC class II molecules on the tumor cell’s surface, CD4 T cells will adopt different strategies to try to kill the cancer cells. When cancer cells highly express MHC II molecules, antigen-presenting cells (APCs) present cancer cells to CD8+ T cells. In such cases, CD4+ T cells mainly play an indirect function in helping effector T cells kill cancer cells. However, when tumor cells lack MHC class II molecules, CD4+ T cells will play a role by secreting various cytokines or assisting other immune cells (26). Conventional CD4+Foxp3− T cells (Tconv) is considered as a critical role in the effect of anti-tumor responses. And the function in various diseases is relay on the differentiation of Tconv, which is the result from the stimulation of antigen or drive of cytokine microenvironment. Guilhem Lalle found that different NF-κB subunits has different functions relevant to the context of autoimmunity. In an active murine model experimental autoimmune encephalomyelitis (EAE) model, Rel-A is indispensable for the transition from Tconv to Th17 and thereby protects against inflammation (27). In contrast, in B16-OVA melanoma tumor bearing model, c-Rel rather than Rel-A, was essential for the control of tumor growth and enhancement of anti-PD-1 treatment by impacting CD4+ Tconv (27). Hyunju Oh and Yenkel Grinberg-Bleyer identified c-Rel as crucial for thymic regulatory T cell development, while p65 is vital for maintaining mature Treg identity and immune tolerance (28). Activated Tregs (aTregs), a subset of Tregs, are known to migrate to inflammatory tissues and the tumor microenvironment, where they act as effective inhibitors of anti-tumor activity. The same research team ulteriorly demonstrated deletion of NF-κB subunit c-Rel in tumor-bearing mice displays a profound decrease of aTregs in TME and ultimately suppresses melanoma growth by boosting the anti-tumor response (29). The different effects of c-Rel on different T cell subsets and the partially redundant effects of different NF-κB isoforms suggest that the integration and construction of the tumor immune microenvironment by NF-κB is complex and requires a nuanced approach to balance complex processes when targeting NF-κB as a tumor therapy.

The CBM (CARMA1-BCL10-MALT1) complex acts as a nexus for the activation of canonical NF-κB signaling following extracellular antigen stimulation through TCR and BCR (30). The loss of Carma1 in a fraction of Tregs is sufficient to augment antitumor activity and control of tumor size. Importantly, the deletion of CARMA1 or inhibition of MALT1 reverses the insensitivity to the PD-1 blockade therapy via inducing IFN-γ-secretion in TME. The CBM complex/NF-κB pathway activation also triggers the expression of hypoxia-inducible factor-1 (HIF-1α) and IL-6, which initiate the formation of the TME. These molecules further drive Treg proliferation and migration through the MAPK/CDK4/6/Rb and STAT3/SIAH2/P27 pathways, reinforcing the immunosuppressive nature of the TME and accelerating tumor progression (31).

However, in the process of infection and cancer, the cytotoxicity function of CD8+ T undergoes a slow decay which is termed as T cells exhaustion. This exhaustion, driven by factors in the TME, results in a weakened immune response and is marked by the expression of immune checkpoint proteins. One of the primary strategies employed by tumors to evade immune surveillance is through the expression of immunosuppressive receptors such as Programmed Cell Death-1(PD-1) and cytotoxic T lymphocyte-associated antigen-4(CTLA-4) on effector T cells by their ligands present in the different cell types in TME (32), which leads to the blockade of effector function of normal T cells. Strategies for targeting T and B lymphocytes focus on blocking immune checkpoints, such as CTLA-4 and the PD-1/PD-L1 axis (33). The conditional CD28 knockout model proved that CD28 is needed for CD8+T cells proliferation after PD-1 therapy. The reversion of exhaustion of T cells is CD28-dependent and ultimately enhances the sensitivity of cancer cells to checkpoint blockade.TCR-CD28 co-stimulation is known to activate the CBM complex/NF-κB pathway in T cells, indicating that NF-κB could have a role in immune checkpoint therapy, although this needs further investigation (34). In addition to lymphoid cells, myeloid cells also express checkpoints that used to be targeted in cancer therapy. So some metabolic research has already tried to explain this by the regulation of NF-κB for metabolic reprogramming between oxidative phosphorylation (OXPHOS) and glycolysis in MDSC, which alongside with the change of checkpoints such as PD-1 in MDSC. This process eventually influences anti-immunity such as CD8+T cells responses (35).




3.3 B cells

Compared to T cell, the role of B cells within the TME is multifaceted and presents significant challenges. It has been established that NF-κB signaling pathway is essential in the maturation of B cells. Thomas Pohl et al. found the combined deletion of c-Rel and NF-κB1(p105/p50) displays severe humoral immunity due to profound B cell activation defects (36). In TME, the cancer local environment exhibits an increased presence of switched memory B cells and antibody-secreting B cells, suggesting a potential regulatory role of B cells in tumor progression via the modulation of cytokines, including inflammatory factors (37). Under CXCL13 stimulation, the NF-κB signaling pathway in B cells is activated, leading to the secretion of lymphotoxin (LT), a cytokine that triggers an IKKα–Polycomb complex protein BMI1 pathway. This pathway promotes the metastasis of prostate cancer stem cells by increasing leukocyte infiltration (38).




3.4 TAMs

Macrophages, particularly tumor-associated macrophages (TAMs), are the most abundant and critical cellular components of the TME, orchestrating various aspects of tumor immunity. M1 macrophages, activated through classical pathways, promote antitumor immunity and secrete pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6. In contrast, alternatively, activated M2 macrophages are linked to pro-tumorigenic activities and anti-inflammatory functions, including tissue repair, angiogenesis, and immunosuppression mediated by IL-10 and transforming growth factor-beta(TGF-β) (39, 40). The classical activation of macrophages, initiated by interferon-gamma (IFN-γ), differs from the alternative activation pathway, which is induced by glucocorticoids, IL-4, IL-13, and IL-10, leading to an immunosuppressive profile (41). Macrophages embody a paradoxical characteristic, capable of both pro-tumorigenic and anti-tumorigenic activities, reflecting their high plasticity and heterogeneity within the TME. In many cancers, including breast, cervical, and prostate cancers, TAMs, displaying generally M2 phenotype and contributing to tumor progression, and their high infiltration is often associated with poor patient prognosis (42). On the other hand, some reports also proved that the high density of TAMs infiltration in the tumor front has a positive relationship with the prognosis of CRC patients (40). Similarly, in colorectal cancer, macrophage in the TME ultimately polarized toward the anti-tumorgenesis phenotype(M1 phenotype) due to the attraction of T cells and the production of pro-inflammatory cytokines and chemokines (43). Taken together, these finding shows the complicated role of TAMs in cancer, which may be credited to the heterogeneity of different local tumor circumstances. As a result, researchers are increasingly focused on identifying and distinguishing TAM subtypes in the TME to better guide treatment strategies and predict patient prognosis by using innovative technologies.

Various signaling have proved to shape the phenotype of TAM, including STAT3, MAPK, IL12-R, Notch signaling pathway and Sema3A/Neuropilin-1 signaling axis et al (39, 40, 43). Among these signaling pathways, NF-κB is a regulating hub to balance between anti-tumorigenic and the pro-tumorigenic functions of TAMs. In 2008, Thorsten Hagemann and colleagues demonstrated that the depletion of IKK-β activity within TAMs can revert their tumor-promoting phenotype to antitumor M1 phenotype, indicating that reprogramming TAMs by target IKK-β target to eliminate tumor cells (44). Another intriguing study showed targeting NF-κB to induce an M1-like macrophage phenotype significantly reduced peritoneal metastasis of colon tumor in vivo. This effect was attributed to increased frequencies of activated CD4+ and CD8+ T cells and reduced angiogenesis (45). The research mentioned above demonstrated that NF-κB is an important driver of the M2-phenotype of TAMs in the tumor islet and eventually promotes the tumor progression via alteration of the inflammation or T cell infiltration in TME. Furthermore, overexpression of the p50 subunit of NF-κB is responsible for the diminished effect of M1-type macrophages in vivo and in vitro, which eventually changes the inflammation environment of TME (46). In addition to the inflammatory environment, the regulation of angiogenic factors and chemokines by NF-κB in macrophages represents a critical area of focus in cancer research. Vascular Endothelial Growth Factor (VEGF), as a key component of vasculogenesis and angiogenesis during development and physiological homeostasis, has been proven to be upregulated by the inflammatory mediator lipopolysaccharide (LPS) and by engagement of CD40 by CD40 ligand (CD40L), which is dependent the activation of NF-κB signaling (47). These findings describe that a series of cytokines and chemokines regulated by NF-κB in macrophages in the tumor microenvironment affects the inflammatory environment and pro-angiogenic environment in the tumor islet, thereby affecting the effect of the microenvironment on tumor progression in a different aspect.

However, contradictory results emerged in recent seminal projects. Cycling hypoxia(CyH) is a statement of intermittent hypoxia and particularly exists in TAMs. In monocytes, CyH enhances the pro-inflammatory phenotype of M1 macrophages evidenced by increased production of pro-inflammatory cytokines and expression of pro-inflammatory genes by activation of JNK/p65 signaling axis (48). It is an established fact that NF-κB activation in macrophages in the onset of inflammation is related to the expression of proinflammatory genes(e.g.TNF-α, IL-β), whereas NF-κB activation resolution phase is associated with the expression of anti-inflammatory genes(e.g. TGF-β1).In TME, similar to this phenomenon, TAMs driven by NF-κB during the beginning of the tumor tend to produce proinflammatory cytokines such as TNF-α and IL-β to suppress tumor growth. However, with the occurrence and development of tumors, NF-κB-mediated TAMs gradually turn to an anti-inflammatory property, which is manifested as immunosuppression (49, 50). VEGF also plays an indispensable role in the shaping of immunosuppressive microenvironment. On one hand, VEGF-A(a subunit of the VEGF superfamily) directly upregulates the expression of inhibitory receptors involved in T cell exhaustion including CTLA-4, PD-1 and Lag-3.On the other hand, targeting VEGF-A in vitro and in vivo reverts the inhibitory molecules which is associated with T exhaustion (51). The two coins inspire us that the relationship and crosstalk between T cells and macrophages regulated by NF-κB shape the characteristics of the tumor immune microenvironment. Furthermore, the duality and complexity of NF-κB-mediated TAMs enlighten us that a nuanced understanding of macrophage dynamics within the TME underscores the complexity of the immunological landscape in cancer. It offers insights into potential therapeutic strategies aimed at modulating macrophage function to combat tumor progression.

Of note, TAMs are shown to promote tumor development by maintaining an inflammatory microenvironment. Targeting TAMs’ inflammatory signaling pathways, such as the CSF1R pathway, is a current research focus (52). Additionally, TAMs express immune checkpoint ligands, suggesting that lymphocyte-targeting strategies could apply to TAMs as well (53). Targeting the NF-κB signaling pathway, a key chronic inflammatory pathway, has emerged as a significant research direction for cancer treatment.




3.5 DCs

Under physiological conditions, DCs are recognized as the most efficacious professional antigen-presenting cells (APCs), endowed with the capability to engulf, process, and present a diverse array of antigens, inclusive of tumor antigens, to antigen-specific naïve T cells. The growing evidences supports that the relationship between DCs and T cells, based on reciprocal signals exchanged during physical interactions, helps us to have a better understanding of the tension of immunity at the tumor site. The DCs in tumor islets function as shepherds in T cell anti-tumor effect cause DCs not only drive different signals into T cells which is essential in the development and maturation of effector T cell (54). Within the TME, however, DCs constitute a distinct subset of cells characterized by a unique phenotype and functional capacity, manifesting a dichotomous role that spans both pro-tumorigenic and anti-tumorigenic activities. It is well acknowledged that conventional DCs are generally divided into two subsets–cDC1s and cDC2s, which both develop in response to Flt3L from common myeloid progenitors (CMPs) and give rise to pre-cDC1s and pre-cDC2s (54). Recent findings underscored the dynamic nature of tumor-infiltrating dendritic cells (TIDCs), highlighting a pivotal transition from immunostimulatory to immunosuppressive functions as the neoplasm progresses (55). Barbara Maier identified a new cluster of DCs and named it with mature DCs enriched in immunoregulatory molecules (mregDCs), which express various immunoregulatory genes such as Cd274, Pdcd1lg2and Cd200. The expression of PD-L1 in mregDCs is induced by the receptor tyrosine kinase AXL with the negative control of IL-4 and positive regulation of IL-12 (56). This delicate regulator of DCs at the tumor site inspires the possibility of reversing the dysfunction and tolerance of DCs in TME to enhance the immunotherapy of cancer. Together these outcome not only delineates the intricate involvement of DCs within the neoplastic landscape but also elucidate a portion of the underlying complexity associated with their role in tumorigenesis.

Pertaining to the mechanistic underpinnings, it has been elucidated that the expression of PD-1 on DCs impedes NF-κB-dependent cytokine secretion through a mechanism contingent upon SHP-2 activation, which ultimately the dysfunction of DCs (57, 58). Yoshimura and colleagues proved that the expression of costimulatory molecules, MHC molecules, and production of various cytokines by DCs is downregulated by NF-κB activation, such as MHC class II-SIINFEKL complex, TNF-α, IL-6.In contrast, adhesion molecules are up-regulated after inhibiting the activity of NF-κB, indicating the additional effect of NF-κB on the interaction between DCs and T cells (57, 59). Through comparison between the control group and lung cancer patient sera and analysis of transcriptomic, the researcher found that the dysfunction of DCs in TME is controlled by the attenuating canonical NF-κB and STAT3 signaling, especially by reducing the antigen presentation ability of DCs (60). Of note, CCR7+DCs derived from cDC1s almost retain in tumor site and enhance anti-tumor immunity through mediating the expression of various chemokines and cytokines which are essential in the function of T cells and NK cells. The development of CCR7+DCs from cDC1s is dependent on transcription factor IFN regulatory factor 1 (IRF1), which is proved to be regulated by NF-κB in the maturation of tumor infiltrating cDC1s in melanoma model (61). This revelation contributes to a deeper understanding of the molecular pathways influencing DC functionality within the TME, shedding light on the nuanced interplay between immune surveillance and tumor evasion strategies. However, the general positive anti-tumor effect induced by NF-κB in DCs may be a contradiction to the negative effect of inflammation induced by NF-κB in the immune microenvironment such as TAMs and Treg, which shed light on tipping the nuanced balance in the therapy of cancer.




3.6 MDSCs

MDSCs represent a diverse assembly of pathologically activated, immature cellular entities playing a pivotal role in the orchestration of immunosuppressive networks. Characterized by their potent ability to inhibit T-cell mediated responses, MDSCs significantly contribute to the evasion of immune surveillance by malignant neoplasms (62). Emerging evidence underscores the role of MDSCs in tumor infiltration and promotion of angiogenesis, primarily through the secretion of matrix metallopeptidase 9 (MMP9) and their direct integration into the tumor endothelium, facilitating vasculogenesis (63). The deletion of c-Rel in melanoma and lymphoma mice model dramatically reduces the size and weight of the tumor. Compared to the control, the metabolism in Rel-/- MDSCs was significantly reprogrammed with their mitochondrial respiratory parameters decreased and glycolysis enhanced. Notely, inhibiting c-Rel functions as a selective switch of anti-tumoral genes. All these data underscores the important role of c-Rel in the development of MDSCs that promote cancer (64). Furthermore, MDSCs are proved to be activated by the IL-1-induced NF-κB signaling pathway, which is thought to be one of mechanisms that fosters gastric inflammation and the proliferation of carcinoma cell (65). A crosstalk with STAT3 also regulates the functions of MDSCs. A research proved that the myeloid-related protein S100A9 induced by STAT3 enhances the accumulation and production of MDSCs in cancer (66). Another research proved that S100A8/A9-enhanced NADPH oxidase affects downstream NF-κB signaling pathway, which may play role in positive effect on MDSCs recruitment. This underlines the critical function of MDSCs in the modulation of tumor microenvironments via NF-κB, promoting both tumorigenesis and progression. The roles of different NF-κB subunits in the shaping of tumor immune microenvironment is concluded in Table 1.


Table 1 | Roles of NF-κB in the shaping of tumor immune microenvironment.







4 Altering non-immune cells in the surroundings of tumor



4.1 CAFs

CAFs have been identified as pivotal constituents in the dialog between tumor cells and the TME, playing a central role in tumor progression. The fundamental contribution of CAFs to tumorigenesis, including tumor growth, invasion, and metastasis, is attributed to their capacity to modulate tumor-associated inflammation (67). CAFs contribute to breast and pancreatic cancer development by secreting cytokines like CXCL12 and CXCR4 and promoting metastasis through ECM remodeling (68). Targeting CAFs has potential in preventing tumor growth, with several drugs, including FAP, under clinical trial (69). NF-κB activation within the TME upregulates chemokines, which sustain the TME by recruiting immune and inflammatory cells, as well as progenitors of CAFs (70, 71). Studies have demonstrated that CAFs originating from skin tumors enhance macrophage recruitment, neovascularization, and tumor growth—effects that are abolished by the inhibition of NF-κB signaling (70).

IKKβ, a critical component of the IKK complex, is recognized not only for its essential role within this complex but also for its upstream regulation and pro-tumorigenic influence on NF-κB signaling. Contrary to previous findings, an interesting study revealed that IKKβ deficiency in CAFs promotes intestinal epithelial cell proliferation, inhibits tumor cell apoptosis, increases CD4+Foxp3+ regulatory T cell accumulation, and stimulates angiogenesis, thereby facilitating colonic tumor growth (72). As precursors to CAFs, mesenchymal cells also play a significant role in the acquisition of cancer characteristics through their interactions with adjacent epithelial and neoplastic cells, as well as other stromal cells. They contribute to the cancerous milieu by providing cytokines and chemokines, growth and survival factors, proangiogenic molecules, and enzymes for extracellular matrix remodeling. Koliaraki have demonstrated that specific deletion of IKKβ in intestinal mesenchymal cells(IMCs) in vivo results in reduced tumor incidence following exposure to azoxymethane(AOM) and dextran sodium sulfate(DSS) treatment, which is associated with diminished inflammatory cell infiltration and tissue damage in the initial stages of disease development (73, 74).




4.2 Epithelial cells/Endothelial cells

Epithelial cells, lining the surfaces of organs and body structures, can undergo significant transformations contributing to tumor development and the orchestration of the TME, angiogenesis, and metabolic reprogramming. Recent findings highlight the crucial role of NF-κB in modulating epithelial cell dynamics, primarily through its interactions with other signaling pathways. This interplay between NF-κB and various pathways is essential for regulating the phenotypic transformation of epithelial cells, laying the foundation for tumorigenesis. Notably, Schwitalla et al. demonstrated that NF-κB potentiates Wnt signaling, facilitating the dedifferentiation of epithelial non-stem cells into tumor-initiating cells. This process underscores the significance of NF-κB in the early stages of cancer development (75).

Additionally, IL-6, a downstream effector of NF-κB predominantly secreted by bone marrow-derived myeloid cells, plays a crucial role in this regulatory network. IL-6 activates the STAT3 pathway in both inflammatory and epithelial cells, leading to an increased nuclear presence of β-catenin. This key event in the pathogenesis of colorectal cancer highlights the interconnected roles of these signaling molecules in carcinogenesis (76).

The epithelial-to-mesenchymal transition (EMT) represents a critical shift where epithelial cells adopt mesenchymal characteristics, shedding their inherent epithelial traits (77). NF-κB influences this process by inducing transcription factors such as Twist and Snail, which are pivotal in orchestrating EMT (78, 79). In breast cancer cells, the involvement of NF-κB extends to mediating the expression of key EMT transcription factors, including Slug, Sip1, and Twist1,alongside NF-κB-dependent regulation of ZEB-1/ZFHX1A and ZEB-2/ZFHX1B, also known as Smad-interacting protein (78, 80). In addition, as an classic hallmarker of EMT,MMPs are zinc-dependent endopeptidases that can participate in proteolysis and can cleave several ECM components and non-ECM molecules (81). Identification of MMP-9 to barrier function in intestinal epithelial cell is not dependent on apoptosis and necrosis, but through the NF-κB mediating myosin light chain kinase (MLCK) protein and IL-6 expression, which gives explanation of the invasion of intestinal tumor (82). Conversely, suppression of p65 through siRNA result in the downregulating of MMP-9 in human oesophageal squamous cell cancer (ESCC) and inhibiting the proliferation and invasion ability ESCC (83). This intricate regulatory mechanism by NF-κB underscores its integral role in the modulation of EMT, further implicating its contribution to cancer progression.

In contrast, endothelial cells(ECs) lining the inner vessel wall are in direct face with flowing blood, which is not only relevant for controlling blood fluidity and permeability and orchestrating tumor angiogenesis but also for regulating the antitumor immune response (84). Angiogenesis is thought to mainly include degradation of the endothelial basement membrane and ECM, and directed migration of endothelial cells into surrounding stroma in response to angiogenic stimuli. In ECs, MMPs as an important ECM protease are also crucial in the process of tumor cells’ transendothelial migration and acceleration of invasion and metastasis mainly through angiogenesis. Low fluid shear stress in human umbilical vein endothelial cells (HUVECs) greatly induced MMP-9 expression, which is interrupted by the inhibition of the activity of NF-κB (85). It is a fact that platelet-activating factor (PAF) accelerates angiogenesis by promoting various angiogenic factors in a manner dependent on NF-κB. Similarly, Hyun-Mi Ko found that overexpression of p65 induces the activity of MMP-9 luciferase and the mRNA expression of MMP-9, which plays a key role in PAF-induced angiogenesis (86). VEGF interacts with two primary receptor tyrosine kinases: VEGFR1 (fms-like tyrosine kinase, or Flt-1) and VEGFR2 (kinase insert domain receptor/fetal liver kinase-1, or KDR/flk-1) (87). These receptors, along with VEGF, are notably overexpressed in the endothelial cells of blood vessels associated with tumors (88). Research conducted by Fengyun Dong et al. revealed that DHA specifically reduces VEGFR2 expression and this process is connected by the NF-κB motif, suggesting that inhibition of NF-κB could serve as a viable strategy to mitigate tumor angiogenesis (89). Another important chemokine CXCL12, plays a key role in the communication of tumor cells and another component of TME and eventually affects tumor angiogenesis, proliferation and chemoresistance (90). In vascular endothelial cells, Madge et al. demonstrated that the non-canonical NF-κB pathway is crucial for the expression of CXCL12, emphasizing the pathway’s significance in mediating angiogenic signals (91). The NF-κB-inducing kinase (NIK) activates this non-canonical signaling route and is often found highly expressed in tumor tissues. Consistently, Noort et al. observed a notable reduction in the number of CXCL12-positive blood vessels which is dependent on non-canonical NF-κB in the tumor tissue of Nik-/-mice (92), highlighting non-canonical NF-κB components may serve as a focal point modulating vasculogenesis, angiogenesis and the attraction of immune cells (93). In response to various stimuli, endothelial cells secret and synthesize monocyte chemoattractant protein-1 (MCP-1), which is a major chemoattractant for monocytes, T lymphocytes, and basophils and changes the component and function of TME. NF-κB -like binding site and the AP-1 binding site are required for maximal induction of the human MCP-1 promoter by IL-1β, which suggests cytokines inducing MCP-1 in human endothelial cells is dependent on the coordination of NF-κB and AP-1 siganlings (94). A glance of tumor microenvironment regulated by NF-κB via different cell is reviewed in Figure 2.




Figure 2 | A glance of tumor microenvironment regulated by NF-κB. NF-κB modulates the dynamic state of the tumor microenvironment through its effects on various cells, including immune cells and myeloid cells, among others. In NK cells, the activation of the NF-κB pathway upregulates the expression of perforin and granzyme, crucial for inhibiting tumor growth and invasion. MDSCs are influenced by c-Rel-mediated IL-1 signaling, which suppresses T-cell-mediated responses and contributes to immune evasion. Furthermore, p50 or IKKβ drives TAMs towards a tumor-promoting M2 phenotype. In constrast, CyH enhance phenotype of M1 macrophages by activation of JNK/p65 signaling axis. The deletion of the NF-κB subunit c-Rel significantly reduces the generation and maintenance of activated regulatory T cells (aTregs), highlighting its essential role in immunosuppression. NF-κB(p65) also stimulates cancer-associated fibroblasts (CAFs) to enhance macrophage recruitment, neovascularization, and tumor growth via chemokines—a process that contrasts with the effects of IKKβ inhibition. IKKβ deficiency in CAFs promotes intestinal epithelial cell proliferation, inhibits tumor cell apoptosis, increases CD4+Foxp3+ regulatory T cell accumulation, and promote colonic tumor growth. Additionally, NF-κB promotes epithelial-mesenchymal transition (EMT) by inducing the transcription of factors like MMP-9,Twist and Snail, further illustrating its pivotal role in tumor progression and metastasis. CTCs, Circulating Tumor Cells; EMT, Epithelial–Mesenchymal Transition; MDSC, Myeloid-Derived Suppressor Cells; CAFs, Cancer-Associated Fibroblasts; TAMs, Tumor-Associated Macrophages; aTreg, Activated Treg cells; DCs, Dendritic Cells.






4.3 Cancer cells

Many reviewers have concluded the tumorigenic process and draw a consensus that generally three phases of tumor: tumor initiation, tumor promotion and tumor progression. In the first stage of tumor, the DNA of tumor cell undergoes mutation and switches between oncogenes and/or the tumor-suppressor genes(e.g.KRAS and p53). The next step of tumorigenesis is the proliferation and growth of tumor cells which is mainly induced by various cytokines(e.g.IL-1, IL-6, TNF-α), which is concluded in the process of promotion. The final step is the invasion and metastasis of cancer cells, which is characterized by additional mutations and entitles the tumor cell with many malignant phenotypes (5).

It is well acknowledged that the activity of NF-κB within tumor cells is also associated with the dynamics of TME and changes the pace of progression of tumor. NF-κB is proven to be an activator of anti-apoptotic genes. In the process of tumor initiation, the activation of NF-κB in tumor cells mediates the epigenetic changes and instability of telomerase activity. For example, in diffuse large B cell lymphomas (DLBCL),p65 binds to the transcription start site (TSS) and regulates miRNA expression such as histone H3K27me3 and histone H3K4me3, which is associated with the progress of carcinoma (95). In human cancer cells, the reactivation of telomerase reactivation is one of the characteristics of cancer progression, which is attributed to the exhibit of a multitude of properties including increased proliferation, increased resistance to apoptosis and increased invasion. NF-κB transcriptionally upregulates telomerase levels, which binds to p65 and forms feedback to the enhancement of NF-κB -IL-6 axis (96). In the promotion of tumor, NF-κB is an essential switch of anti-apoptosis genes, which include cellular inhibitors of apoptosis (c-IAPs), caspase-8–c-FLIP (FLICE inhibitory protein), A1 (also known as Bfl1), TNFR-associated factor 1 (TRAF1) and TRAF2 (97). The anti-apoptotic properties in tumor cells to some extent endow these cells with the ability of unlimited proliferation and thus promote the occurrence and development of tumors. The inflammation induced by NF-κB is another important part of tumor promotor, which is mainly dependent on the immune cell in TME we have mentioned above. Last but not least, the invasion and metastasis of tumor cells can be regulated by the change of NF-κB. One example of this fact is the expression of matrix-degrading enzymes such as MMP-9 induced by NF-κB. In prostate carcinoma cells, inhibiting NF-κB activity resulted in the downregulation of MMP-9 mRNA, leading to decreased invasion of tumor. In addition, NF-κB signaling blockade inhibited in vitro and in vivo secretion of VEGF, IL-8, and MMP-9, and hence decreased neoplastic angiogenesis (98). MMP-9, upregulated in angiogenic islets and tumors, enhances the bioavailability of VEGF to its receptors, crucial for angiogenic switching and subsequent tumor growth (99). In breast cancer, the increasing of NF-κB activity leads to the higher expression of testes-specific protease 50 (TSP50) via regulating the secretion of MMP-9,which eventually promotes cell invasion and tumor metastasis (100). VEGF, an acknowledged most endothelial cell-specific angiogenic factor, is produced by various cell types, including endothelial cells(described in the former part) and cancer cells (47). In prostate cancer cells, bombesin(BBS) induced IκB degradation and activated NF-κB, resulting in increased IL-8 and VEGF mRNA expression and stronger migration of HUVECs in vitro (101). Consistent with this finding, inhibition of NF-κB activity via IKK2 inhibitor attenuates the expression of VEGF‐A and HIF‐1α expression and some other inflammatory chemokines CCL2 and CXCL5 in TNF‐α‐stimulated HUVEC, thereby diminishing the infiltration of inflammatory cells into the corneal stroma (102). Urokinase‐type plasminogen activator receptor (uPAR) is displayed high level in in malignant tumors and is thought to be an attractive target for the therapy of many cancers. This interaction between uPAR and uPA initiates a proteolytic cascade that culminates in the degradation of the extracellular matrix (ECM), thereby facilitating the invasion and metastasis of malignant tumors (103). In a pioneering study conducted in 1999, Weixin Wang was the first to demonstrate that uPA is a downstream target gene activated by constitutively active Rel-A in human pancreatic tumor cells (104). This finding underscores the potential critical involvement of constitutive Rel-A activity in tumor progression, specifically in aspects of invasion and metastasis. Further extending our understanding of the molecular mechanisms underlying cancer metastasis, Sliva et al. revealed that Protein Kinase C (PKC) modulates cell motility by regulating uPA expression via the activation of transcription factors AP-1 and NF-κB in breast cancer. This body of work collectively highlights the intricate regulatory networks that govern tumor aggressiveness and offers valuable insights into potential therapeutic targets for combating cancer metastasis (105). The different effects of NF-κB on oncogenesis is concluded in Table 2.


Table 2 | NF-κB regulates oncogenesis via different ways.







5 Crosstalks between different cells regulated by NF-κB in TME

Just as we concluded and reviewed above, TME is a highly complicated system mainly composed of infiltrating immune cells, cancer-associated stromal cells(e.g. CAFs, ECs) and tumor cells, along with the extracellular matrix (ECM) and various molecules (116). It is important to note that their reciprocal interactions either amplify or counteract their effects, giving rise to a complex network within the tumor microenvironment which ultimately governs the occurrence and development of tumors.

The significance of effector T cells as crucial anti-tumor agents within the tumor microenvironment is widely acknowledged, despite their frequent manifestation of anergy or exhaustion. Nevertheless, the other cells in TME present in the tumor microenvironment can modulate effector T cells capacity through interaction and crosstalks, thereby offering potential avenues for ameliorating T cell exhaustion. The dendritic cells (DCs) in tumor-draining lymph nodes of cancer patients can disrupt immunological tolerance by presenting antigens to naive T cells. We now understand that interactions between T cells and DCs not only play a critical role in the cancer immunity cycle, including important reactions within the tumor microenvironment that support anti-tumor responses, but also are essential for controlling tumor and successful cancer immunotherapy (54). So due to the critical role of DCs in shaping the activity of CD8+T cells, increasing effort has been made to repair and enhance the insufficient T cells. The CCR7+DCs that metastasize through lymph nodes migrate to lymph node regions abundant in CD8+ and CD4+ T cells by binding to CLL19 and CCL21 on the cortical surface of lymph nodes(LN). Upon binding antigen peptide-MHC via TCR-CD28 and costimulatory receptors, T cells trigger an immune response, leading to sustained and stable interaction with cDCs in the lymph node region. This promotes cytokine communication between them, resulting in positive feedback that further amplifies the effector T cell-mediated immune effect (54). We have mentioned in the section 3.5, in melanoma model, NF-κB regulate the transcription factor IRF1,which is essential in the development of CCR7+DCs from cDC1s (61). This indicates NF-κB functions as anti-tumoral role through accelerating DCs-T cells interaction. Similarly, Christopher S. Garris found that DCs in TME can sense IFN-γ,which is produce by aPD-1 activated T cells. In turn, DCs produce more IL-12 to enhance the anti-tumor effect of T cells, which is proven to be regulated by non-canonical NF-κB transcription factor pathway (106). Through generating transgenic mice with targeted NIK deletion in CD11c+ DCs, Anand K. Katakam found that non-canonical NF-κB mediated by NIK is indispensable for DCs to cross-present antigen and initiate CD8+T cells responses to CD40 agonism (117).

Other interactions with different cell types happen in TME as well. a study demonstrated that CAFs is involved in the abnormal differentiation and impaired antigen presenting function of DCs via down-regulating of NF-κB (118). In this aspect, NF-κB appears to play a beneficial role in the anti-tumoral activity by facilitating intercellular communication among different cell types within the tumor microenvironment (TME). Therefore, further investigation is needed to determine whether NF-κB also regulates other crucial immune cell interactions such as B cells-T cells.




6 Linking chronic inflammation to the progression of cancer

Chronic inflammation is widely recognized as a hallmark of cancer, driving tumor progression. NF-κB, a critical inflammatory signaling pathway, acts as a tumor promoter in many cancer types. The inflammatory microenvironment supports tumor growth by enhancing cellular proliferation, survival, migration, and angiogenesis (119). Pro-inflammatory cytokines like TNF-α and IL-6 play key roles in promoting tumor progression.

Notably, in the Mdr2-/- knockout mice model, a model of CAC, a seminal study demonstrated that inhibiting NF-κB signaling in inflammatory and endothelial cells—through IkB-superrepressor induction or anti-TNF-α treatment reverses the process of transformed hepatocytes developing to hepatocellular carcinoma (120), which represented the pioneering attempt to investigate the involvement of NF-κB in both inflammatory processes and carcinogenesis.IL-6, another key factor in this process, is released by myeloid cells under the control of NF-κB and influences various aspects of tumor proliferation (121). Studies have shown that NF-κB signaling can enhance tumor growth both directly and indirectly. Inhibiting IKK-β, a crucial component of the NF-κB pathway, reduces the production of inflammatory mediators like IL-6 and TNF-α, thereby limiting inflammation-driven cell proliferation in CAC (111). Further studies have revealed that the tumor pro-proliferative effects of NF-κB are mediated indirectly through IL-6 and related cytokines produced by myeloid cells. These cytokines activate STAT3 in IECs, affecting both their survival and proliferation (112). Additionally, research has highlighted the role of nitric oxide (NO) in fostering chemoresistance in pancreatic cancer by stimulating IL-1β secretion in tumor cells, thereby safeguarding them against anticancer drugs. This mechanism involves a paracrine-positive feedback loop that activates NF-κB, underlining the complex interplay between inflammation and cancer progression (113).

However, we must admit that the inflammation process is constantly evolving and the effect of NF-κB on cancer is not always positive. So it is complicated and tricky to understand the specific impact of NF-κB on the process of cancer. While NF-κB is a central regulator of gene expression in both innate and adaptive immunity, contributing to the elimination of transformed cells, its function varies contextually. In acute inflammation, NF-κB activation within immune cells often exhibits potent cytotoxic effects against tumor cells (122). Earlier research also reported that in human squamous cell carcinomas (SCCs), co-expression of IκBα, an inhibitor of NF-κB, fires the process of Ras-induced cancer (123), which is consistent with the susceptibility of blockade of NF-κB to squamous cell carcinoma (124). Contradictions emerge regarding the role of IKKβ across different cancer types. In a melanoma mouse model, the deletion of IKKβ in myeloid cells leads to enhanced tumor growth due to the change of myeloid cytokine/chemokine expression (125). Conversely, in a CAC model, the loss of IKKβ in enterocytes accompanies with a diminishment of tumor size even in the presence of heightened inflammation (126). The dual effect of IKKβ may partly account for the lack of clinical success of IKKβ inhibitors to date.

In a chemically induced liver cancer model, the deletion of NEMO in hepatocytes led to spontaneous hepatocellular carcinoma development in mice, suggesting NEMO functions as a tumor suppressor in the liver, revealing a function of NEMO as a tumor suppressor in the liver. However, this effect still requires the activation of NF-κB in Kupffer cells, which induces the expression of cytokines and chemokines (127). This may be explained by the anti-apoptosis character of NF-κB. The deficiency of NEMO in hepatocytes undergoes apoptosis in response to the chemical stimulation which triggers the compensatory proliferation of Kupffer cells and creates a tumor microenvironment associated with inflammation to promote tumor development. The tricky phenomenon may reflect that different cancer systems or different progress of cancer correspond to the involvement of different polarized inflammatory reactions induced by NF-κB. Considering the various effects of NF-κB on tumor progression, it must be cautious to target NF-κB numbers and tip the balance in different biological activity in order to treat cancer.




7 Crosstalks with STAT3 and Wnt/β-catenin signaling pathway

STAT3 plays a pivotal role in various tumor-related processes, including cell proliferation, survival, angiogenesis, and invasion. It is also a crucial factor in tumor-induced immunosuppression at multiple levels (128). In many types of tumor,NF-κB and STAT3 are constitutively activated in response to the upstream autocrine and paracrine factors that are produced within the tumor microenvironment.When receiving the stimulis such as cytokines and growth factors, NF-κB and STAT3 influence the progression of tumor through regulating repression of cytokines, growth factors in tumor cells and some other inflammatory/immune mediators (115).

The most important fact of NF-κB and STAT3 is to regulate the expression of cytokines chemokines and chemoattractants which act in the recruitment and renewal of different cells in the tumor microenvironment. First of all, STAT3-inducible up-regulation of the myeloid-related protein S100A9 enhances MDSC accumulation, which leads to suppression of anti-tumor immune responses (66). Another research proved that S100A8/A9-enhanced NADPH oxidase affects downstream NF-κB signaling pathway, which may play role in positive effect on MDSCs recruitment (114).

NF-κB and STAT3 act as two major transcriptional factors to link inflammation with tumorigenesis, and they functionally interact with each other at many different layers (33). The interaction between NF-κB and STAT3, however, is complex, as they act as cooperative partners in regulating a variety of target genes that influence tumor progression (33). Key downstream factors of NF-κB such as IL-6 and cyclooxygenase-2 (COX2) not only play critical roles in tumor initiation and progression under the influence of NF-κB but are also involved in STAT3 activation (128). Intriguingly, STAT3 has been shown to mediate the acetylation of NF-κB, enhancing its nuclear retention through the recruitment of acetyltransferase p300.STAT3-mediate acetylation activity leads to continuous NF-κB, which is crucial for alter of tumor microenvironment. On the another hand, constitutive activation of NF-κB results in more secretion of IL-6,which also activates STAT3 and formats a positive activation loop. Moreover, phosphorylated STAT3 has been reported to activate the transcription of proliferative genes through NF-κB, suggesting a positive feedback loop within the NF-κB-IL-6-STAT3 signaling pathway (69). This pathway, as discussed, influences the expression of pro-survival and angiogenic factors like VEGF and MMP9, which are also regulated by STAT3 (79, 128, 129). Additionally, both NF-κB and STAT3 act as transcriptional repressors of p53 expression, a critical tumor suppressor factor in the tumor microenvironment (TME) (69, 130).

Although active NF-κB in immune cells and tumor cells have a crucial role in anti-tumor activity, constitutive activation of NF-κB in tumor cell is recognized as a promoter of pro-survival and angiogenic factors, such as BCL-XL,surviving,MCL1,VEGF and MMP9,which are also regulated by STAT3 (5). It is also proved that STAT3 inhibit IL-12, TNF, IFNβ, CXCL10, CCL5 (also known as RANTES), CD40, CD80, CD86 and MHC class II molecules, which are immune-stimulating genes regulated by NF-κB (131, 132). In this aspect, the relationship of NF-κB and STAT3 seem to be confounding. Another interesting research proved that absence of IKKβ causes STAT3 activation, leading to upregulated ROS accumulation in mouse hepatocellular carcinomas (HCC), and inverse relationships between the activation of NF-κB and STAT3 have also been observed in human HCC (133).

Another important crosstalk of NF-κB is Wnt/β-catenin signaling pathway, which regulates stem cell renewal, organogenesis, cell cycle and inflammation environment of tumor (134, 135). It is now accepted that the abnormal of Wnt/β-catenin signaling pathway is a early event of colorectal tumorigenesis (136, 137). Sarah Schwitalla et al.found NF-κB(p65) directly binds to β-catenin, which increase the expression of Wnt-regulated stem cell gene in IEC, leading to the dedifferentiation of epithelial nonstem cells into tumor-initiating cells (75).




8 The connections of NF-κB and metabolism within TME



8.1 Glycolysis

Metabolic reprogramming is a hallmark of tumor cells, allowing them to meet the material and energy demands of rapid tumor cells proliferation. According to the As outlined by the Warburg hypothesis, cancer cells heavily depend on glycolysis as their main energy source. TME favors anaerobic glycolysis, leading researchers to investigate it as a potential therapeutic target (138, 139). A compelling aspect of NF-κB signaling is its ability to reprogram cellular metabolic networks, thereby sustaining tumor proliferation and driving cancer progression.

Evidence suggests that NF-κB regulates glycolysis in the TME. Rel-A, a key NF-κB subunit, also plays a role in glycolysis regulation. The lack of Rel-A in mouse embryonic fibroblasts (MEFs) shows increasement of glucose consumption and lactate production, which indicates that NF-κB is involved in the process of reprogramming to glycolysis. Furthermore, Rel-A deficient impair the ability of adaptation to glucose starvation and lead to the death of cell instead of reprogramming to OXPHOS (139). Kawauchi et al. found that IKK/NF-κB pathway activation caused increased expression of GLUT3, enhancing glucose uptake and promoting glycolysis. Interestingly, a positive feedback loop between glycolysis and the IKK/NF-κB pathway supports oncogenic transformation driven by H-Ras (140). Interestingly, IKKβ functions as a sensor of glutamine levels in the TME, supporting cancer cell survival through various mechanisms. When glutamine levels are low, IKKβ is activated independently of NF-κB. Through combining with key components of glycosis,such as 6-phosphofructo-2-kinase/fructose-2,6biphosphatase isoform 3 (PFKFB3) and glutamate dehydrogenase 1 (GDH1),IKKβ plays a critical role in inhibiting glycolysis under low glutamine (141).

NF-κB is also a mediator hub of shaping T cell response via reprogramming the metabolism of TME.A study identified that NF-κB-inducing kinase (NIK) stabilize hexokinase 2 (HK2), a rate-limiting enzyme of the glycolytic pathway, by regulating the ROS level and eventually balance the NADPH redox system. The specific deletion of HK2/NIK in mice display impaired aerobic glycolysis and a dysregulated response of T cell to acute infection (25).




8.2 Lipid metabolism

Lipid is an important part of biological membranes and constitution of cells and it is also used by an energy storage and metabolism. Furthermore, lipids also regulate various cellular processes such as uptake, synthesis, and hydrolysis. In the TME, lipid metabolism is reprogrammed to meet the demands of tumor cells, supporting their rapid proliferation, survival, migration, invasion, and metastasis (142).

In gastric cancer, it was proved that FA-induced hyper-O-GlcNAcylation promotes the expression of CD36 by increasing the activity of NF-κB and directly modifying CD36 at S468 and T470,which is convenient for the metastasis of gastric cancer (143). The deficiency of Rel-A in MEFs and human CRC cell lines leads to the alteration of lipidomic profiles via carboxylesterase 1(CES1), connecting obesity-related inflammation with lipid metabolism in aggressive forms of CRC (144). In Drosophil, NF-κB/Relish and Foxo competitively regulate the balance lipid metabolism during metabolic adaptation. Although the process is independent of infection, Relish-Foxo signaling still mediates triglyceride catabolism under chronic bacterial infection, which may also contribution to tumor-associated inflammation (145).

As an important member of NF-κB family, c-Rel is considered as a hazard of cancer and inflammation, which is proved by the fact of lacking c-Rel reduces susceptibility to infectious diseases. A genome-wide associated studies shows that, comparing to control, Rel−/− MDSCs show difference expression of various genes involved in glucose, amino acid, and lipid metabolism and cell cycle checkpoint and proinflammatory activity (64).

GADD45β is a member of the “growth arrest and DNA damage-inducible” (GADD45) gene family. It was identified as a regulator of live fatty acid under fasting stress and keep the balance of normal metabolism of chronic nutrient oversupply (146). In one hand,GADD45β is proved to regulate NF-κB to play a role in antiapoptotic activity in cancer cells. On the other hand, the deletion of GADD45β in MDSCs restores the activation of TAMs and CD8+ T cells infiltration and ultimately hinders the process of tumorgenesis (147).




8.3 Oxidative metabolism and mitochondrial metabolism

In normal cells, glucose deprivation triggers the activation of AMP-activated protein kinase (AMPK), an energy sensor that reprograms cellular metabolism toward fatty acid oxidation and OXPHOS to meet the bioenergetic needs of the cell and maximize energy efficiency (148).

In energy-deficient environments, AMPK, an energy sensor, shifts cellular metabolism towards fatty acid oxidation and OXPHOS to optimize energy production. OXPHOS, a key component of mitochondrial metabolism, is often dysregulated and reprogrammed in malignant tumor cells. This metabolic plasticity is exploited by cancer cells, contributing to tumorigenesis (149).

Just as we demonstrated in section 3.2, regulation of NF-κB for metabolic reprogramming OXPHOS and glycolysis in MDSC, which alongside with the change of checkpoint such as PD-1 in MDSC, which involves in anti-immunity such as CD8+T cells responses. Ting Li et al. found that comparing to wild type cells, Rel−/− MDSCs displayed diminishing OXPHOS flux and mitochondrial ATP production, while increasing glycolysis. While C/EBPβ overexpression in Rel knockout MDSCs isolated from LysM-Cre/RelF/F mice effectively rescued their phenotype, reducing glycolysis and increasing OXPHOS and expression of proinflammatory cytokines (28). These results align with the concept that OXPHOS-based metabolism is a hallmark of immunosuppressive cells, such as Tregs and M2 TAMs (150). Consistently, the inhibition of NF-κB/Rel-A in MEFs resulted in decreased oxygen consumption and glycolytic reprogramming, with augmented glucose consumption and lactate production, which is reversed by p53 reconstitution in Rel-A−/− cells, suggesting the indispensable role of NF-κB/p53 axis in metabolic adaptation in normal cells and cancer (149).





9 Role of NF-κB in the resistance to therapy via TME

It is well documented that NF-κB signaling pathway functions in enhancing drug resistance in chemotherapy, immunotherapy, endocrine, and targeted therapy. Increasing numbers of studies proved that chemotherapy for cancer also depends on the interaction between cancer cells and the surrounding TME components (151). We will conclude the mechanism of resistance induced by NF-κB in different cell components of TME.

Just we mentioned above, TAMs as the most abundant population of tumor-infiltrating immune cells within TME, are generally divided into two subsets– pro-inflammatory classical (M1) and suppressive alternatively activated (M2) subtypes. In most cases, just as we mentioned above, the activation of NF-κB induces the M2 macrophage in TME, which is a promoter of tumor progression (152). TNFα secreting from TAMs promotes melanoma resistance to MAPK pathway inhibitors through NF-κB via regulation of expression of the microphthalmia transcription factor (MITF) (153). Another report found that in the duration of antitumor immunity by inducing interferon (IFN) response, the activation of NF-κB by a long noncoding RNA-IFN-responsive nuclear factor-κB activator (IRENA) in M1 macrophages and increased secretion of pro-inflammatory cytokines, which promote breast cancer chemoresistance (154). In human ovarian cancer (OC) cells, NF-κB mediates the enhanced expression and production of CCL2 and stimulates the activation of the PI3K/Akt pathway, which results in the development of paclitaxel resistance. During this process, CCL2 also functions as a chemotactic factor, inducing macrophage chemotaxis, which may lead to chemotherapy resistance (155). Another research proved triptolide(TPL) could inhibit the migration and invasion of OC cells in vitro and in vivo by inhibiting the polarization of M2 TAMs, which reduced the tumor burden via PI3K/Akt/NF-κB signaling pathway (156). Using 10x Genomics single-cell sequencing technology, CCL5 was increased secreted undergoing aPKCι-induced EMT and consequently modulated macrophage recruitment and polarization dependent on NF-κB signaling, which eventually leads to gemcitabine resistance (157).

As a major component of the tumor stroma, CAFs function in the dialogue between tumor cells and the TME, playing a central role in tumor progression, including tumorigenesis, supporting angiogenesis, fostering resistance to therapy, and suppressing antitumor immune responses. circZFR was highly expressed in cisplatin (DDP)-resistant HCC cell lines and the CAFs-derived exosome, regulating DDP resistance of the HCC cells via STAT3/NF-κB signaling (158). Lnc RNA UPK1A-AS1 induced by IL8/NF-κB signaling in CAFs serves as a chemoresistance promotor and is critical for active IL8-induced oxaliplatin resistance in pancreatic ductal adenocarcinoma (PDAC) (159). Similarly, CAF-derived IL-8 promotes chemoresistance in human gastric cancer via NF-κB activation (160).

MDSCs activated the PI3K/AKT NF-κB signaling pathway in B cells through the PD-1/PD-L1 axis, which forms the immunosuppressive functions of PD-1+PD-L1+ B cells, which suggests the role of NF-κB in PD-1 therapy resistance and the combined targeting of PI3K/AKT and PD-1/PD-L1 tactics (161). In T cells, the deletion of CARMA1 or inhibition of MALT1 enhances the sensitivity to the PD-1 blockade therapy via inducing IFN-γ-secretion in TME, which we just mentioned in section 3.2 (162).

Considering the positive effect of NF-κB in different components of TME to therapy resistance, the research found strategies for reversing drug resistance mainly involved in NF-κB inhibitors, which showed promising outcomes in preclinical experiments although there is a long distance to get the clinical application before finding a better balance between positive and negative effect.




10 Discussion

A wealth of research in recent years has been paid attention to the role of NF-κB in the orchestration and dynamics of TME. In this review, we intend to highlight the pleiotropic role of the NF-κB signaling pathway in more aspects of TME. NF-κB signaling pathway appears to be crucial in shaping tumor immune microenvironment, changing the function of stromal cells of TME, regulating angiogenesis and invasion and linking inflammation with tumorgenesis, leading to directly or indirectly influence the dynamics switch between anti-tumoral activity and pro-tumoral activity. Although several fundamental research findings presented in this review demonstrate the crucial role of NF-κB signaling in orchestrating the tumor microenvironment, it is important to acknowledge that potential biases may exist due to the methodology employed in these studies, thereby causing confusion regarding the precise involvement of NF-κB in the tumor microenvironment. Firstly, part of the NF-κB signaling involved in the shaping of cytokines affecting the tumor microenvironment has only been verified in tumor cell lines (109). Additionally, RNA sequencing has been employed in several studies to investigate disparities in gene expression among cancer patients (57), with a specific focus on enhancing the NF-κB signaling pathway. However, it is imperative to further explore and elaborate upon these findings due to the potential overlap between signaling pathways and the distinct roles played by certain genes.

A comprehensive understanding of the complicated role of NF-κB signaling in TME entitles researchers to better explain the effect of therapies targeting NF-κB signaling. It is well documented that TNF-αinducing NF-κB signaling and regulate the expression of anti-apoptosis and cell cycle progression genes. So inhibition of NF-κB or anti-TNF-α may offer an attractive combined strategy for immunomodulatory cancer therapy. p50 knockout macrophages exhibited more T cell infiltration and higher expression of pro-inflammatory cytokines in vivo, which enlightens us that targeting p50 represents an innovative anticancer strategy, complementary to immunostimulatory strategies (46). In melanoma and lymphoma,c-Rel is proven to play a central role in aTreg and MDSC biology and suggests that c-Rel deletion has effects on anti-tumor responses (64). Pentoxifylline (PTXF), an FDA-approved drug, can cause selective degradation of c-Rel, without affecting p65.PTXF has been widely used in the therapy of type 2 diabetes mellitus and chronic kidney disease (CKD). Although the role of c-Rel in shaping of Treg and MDSC in TME is well acknowledged, the inhibitor of c-Rel such as PTXF or R96A has not been used in the clinical trial. What is more, given the importance of CARMA1-BCL10-MALT1 as an NF-κB platform complex in lymphocyte development and function, multiple studies have confirmed that MALT1 suppression in Treg cells will reshape the immune microenvironment convenience to immune checkpoint therapy (162). Of note, IKKβ inhibitors have demonstrated efficacy in various pre-clinical models of cancer and inflammatory disease. For instance, MLN-120B(the ATP-competitive IKKβ inhibitor) is convinced to be a promoter of therapeutic efficiency in mouse models of rheumatoid arthritis(RA). Furthermore, clinical trials of the drugs inhibiting IKKβ are still rare in considering the various reasons, including the important role of IKKβ in some cases, improper dose plan and impertinent patient group selection (163). In contrast to the fact of tumor-promoting functions of NF-κB in both malignant and inflammatory immune cells, the activation of the IKKβ/NF-κB signaling axis in CAFs was surprisingly found to be a tumor suppressor of intestinal tumor growth (72).

The complexity and heterogeneity of the TME also pose substantial challenges to such targeted approaches. For instance, TAMs exhibit varied phenotypes based on their differentiation, significantly impacting tumor evolution and the TME (164, 165). Moreover, the specificity of the TME to each tumor’s organ or tissue of origin, coupled with the pre-existing conditions such as chronic inflammation in cancers of the colon, stomach, and liver (as opposed to gliomas and breast cancers), further complicates therapeutic interventions (166). It is also crucial to acknowledge the sophisticated feedback mechanisms regulating NF-κB activation, necessitating a cautious and well-considered approach in leveraging NF-κB targeting as a cancer treatment strategy.

The fundamental principles and findings from prior clinical trials collectively indicate that NF-κB is more likely to have side effects. This consensus is based on the fact that NF-κB plays an indispensable role in many biological processes, including immune cell development, normal cell proliferation, and so on, and its inhibition may produce undesirable side effects. So before we can safely put targeting or inhibiting NF-κB to clinical application, we must realize the putative efficacy mainly depends on the type of cancer and the dynamics immune microenvironment. But during the dynamic changing of NF-κB in TME, the short-term inhibitor of this signaling in the peak range may be efficient in the therapy of cancer. For example, as a characteristic of activated B cell-like Diffuse large B-cell lymphoma (ABC DLBCL), constitutive activation of NF-κB signaling drives cancer cell proliferation/survival (167), which provides a shred of reasonable evidence for therapeutic strategies targeting IKKβ/NF-κB. On the other side, it is still not an advisable therapy to singly inhibit NF-κB signaling number to achieve the clinical expectation. The use of synergistic combinations between targeting NF-κB and other immune therapy is to expected be employed to achieve a desired therapeutic effect, thus reducing systemic toxicity. Just as we mentioned above, in some cases, NF-κB may serve as a tumor suppressor, which suggests it must be cautious to control the duration and dosage of this treatment plan.
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