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UMR9019 Intégrité du Génome et Cancers,
France
Xu Han,
Zhejiang University, China

*CORRESPONDENCE

Mei Ji

jimei90@sina.com

RECEIVED 15 May 2024
ACCEPTED 22 July 2024

PUBLISHED 05 August 2024

CITATION

Wang B, Zhang F, Wu X and Ji M (2024) TBK1
is paradoxical in tumor development: a focus
on the pathway mediating IFN-I expression.
Front. Immunol. 15:1433321.
doi: 10.3389/fimmu.2024.1433321

COPYRIGHT

© 2024 Wang, Zhang, Wu and Ji. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 05 August 2024

DOI 10.3389/fimmu.2024.1433321
TBK1 is paradoxical in tumor
development: a focus on
the pathway mediating
IFN-I expression
Banglu Wang, Fan Zhang, Xiaoyu Wu and Mei Ji*

Department of Oncology, The Third Affiliated Hospital of Soochow University, Changzhou, China
TANK-binding kinase 1 (TBK1) is a member of the IKK family and plays a crucial

role in the activation of non-canonical NF-kB signaling and type I interferon

responses. The aberrant activation of TBK1 contributes to the proliferation and

survival of various types of tumor cells, particularly in specific mutational or

tumorous contexts. Inhibitors targeting TBK1 are under development and

application in both in vivo and in vitro settings, yet their clinical efficacy

remains limited. Numerous literatures have shown that TBK1 can exhibit both

tumor promoting and tumor inhibiting effects. TBK1 acts as a pivotal node within

the innate immune pathway, mediating anti-tumor immunity through the

activation of innate immune responses. Facilitating interferon-I (IFN-I)

production represents a critical mechanism through which TBK1 bridges these

processes. IFN has been shown to exert both beneficial and detrimental effects

on tumor progression. Hence, the paradoxical role of TBK1 in tumor

development may necessitate acknowledgment in light of its downstream IFN-

I signaling cascade. In this paper, we review the signaling pathways mediated by

TBK1 in various tumor contexts and summarize the dual roles of TBK1 and the

TBK1-IFN pathways in both promoting and inhibiting tumor progression.

Additionally, we highlight the significance of the TBK1-IFN pathway in clinical

therapy, particularly in the context of immune response. We anticipate further

advancements in the development of TBK1 inhibitors as part of novel cancer

treatment strategies.
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1 Introduction

The non-classical member of the IKK family, TBK1, derives its

distinction from notable structural disparities while maintaining

akin biological functions to its classical IKK counterpart. Although

both kinases exhibit a preference for phosphorylating similar motifs

and share substrates, their disparate regulation and involvement in

distinct protein complexes imply potential discrepancies in

signaling (1). In the nascent stages of innate immune response

research, TBK1’s paramount function is often attributed to its

mediation of IFN-I production via the NF-kB and IRF pathways

(2). Nevertheless, TBK1-mediated IFN-I, autoantibodies, and

chemokines also contribute to the onset of autoimmune diseases

in humans (3). Further research has revealed TBK1’s involvement

in various aspects of tumorigenesis, including supporting tumor

angiogenesis (4), mediating tumor-related autophagy (5), regulating

cell cycle and mitosis (6, 7), and inducing epithelial-mesenchymal

transition (EMT) (8).

IFN-Is, comprising 13 isoforms such as IFN-a, IFN-b, IFN-w,
and IFN-e, play pivotal roles in both antiviral and antitumor

immunity. IFN-I receptor, collectively IFNAR, plays an important

role in antiviral defense and is universally expressed on all nucleated

cells. This widespread presence implies that virtually every cell has

the potential to respond to IFN-Is. However, the sensitivity to IFN-

Is varies among different cell types, leading to diverse effects

depending on the cellular context (9). Nonetheless, prolonged

IFN-I signaling can lead to chronic inflammation and immune

dysfunction. Similarly, in cancer, IFN-I can elicit antitumor

immune responses but may also foster tumor progression

through chronic inflammation (9). Furthermore, apart from

STAT1/STAT2 signaling, IFN-Is can activate additional pathways

such as STAT3–6 and STAT-independent pathways like JNK, ERK,

p38 MAPK, and mTOR. These pathways manifest in diverse and

sometimes conflicting immunological effects mediated by IFN-I

signaling (10). Phagocytes internalize tumor fragment DNA to

stimulate the secretion of IFN-I and the exogenous recognition by

CD8+ T cells, thereby engaging in the tumor immune response

(11). However, endogenous IFNa promotes the expression of PD-1/

L1 in the tumor microenvironment, mediating immunosuppression

(12). The efficacy of IFN-Is is intricately influenced by various

factors, encompassing isoform variation, as well as timing, cell type,

and the surrounding inflammatory milieu (10).

TBK1 has been identified through genome-wide screening as a

site of carcinogenesis with upregulated expression in numerous

tumors, correlating with poor prognosis (13), rendering it an

appealing target for robust cancer suppression. However, TBK1

inhibitors have not yielded optimal early clinical outcomes.

Momelotinib, the sole TBK1 inhibitor undergoing clinical trials in

oncology, failed to confer desired anti-tumor benefits through the

intended therapeutic molecular mechanism (14). Scientists early

recognized TBK1 as a lethal partner of KRAS (15). However,

targeting TBK1 in tumor cell lines harboring KRAS mutations

failed to significantly impede tumor growth (16). Apart from

limitations in the potency and specificity of the drug itself, a

primary reason is the lack of comprehensive understanding of
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tumor types and the inherent heterogeneity of tumor subtypes

dependent on TBK1. Regulation of IFN-I expression is a significant

mechanism underlying TBK1’s role in tumor development. IFN-I

exerts a dual role in tumor immunity, both inhibiting tumor growth

and promoting tumor progression. By synthesizing the activation

and mechanistic pathways of TBK1 across diverse tumor

backgrounds, this study deeply delved into the anti-tumor and

pro-tumor effects of TBK1 regulation on IFN-Is, along with the

significance of TBK1-IFN-IS in immunotherapy, offering novel

insights and strategies for the more effective utilization of TBK1

inhibitors in clinical settings.
2 Tumor background of TBK1
activation or inhibition

The upstream and downstream signal transduction network of

TBK1 is intricate, allowing for selective activation of downstream

targets in specific diseases and pathological states while avoiding

excessive pathway activation through selective splicing (17).

Additionally, the subcellular localization of TBK1 is regulated by the

selective binding of specific adaptor proteins. These adaptor proteins

guide TBK1 into particular cellular compartments and control its

activity and substrate specificity (18). Notably, TBKBP1, a crucial

adaptor protein for TBK1, mediates the MTORC1-activated growth

factor signaling pathway, which is essential for tumor growth. This

finding highlights an additional significant role of TBK1 beyond its

induction of type I interferon production. Furthermore, this study

discovered that TBK1 mediates tumor T cell depletion and glycolysis,

thereby contributing to immunosuppression (19). Moreover, previous

studies have demonstrated TBK1’s involvement in immune tolerance

and adaptive immune regulation (20). It has been observed that TBK1

is upregulated in various tumors, with its expression inversely

correlated with immune cells other than CD4 T cells in the tumor

microenvironment (21). For instance, TBK1 phosphorylates AGO2,

which functions with double-stranded miRNA, to generate

carcinogenic miRISC via the S417 site, a process related to the

resistance of gefitinib targeted therapy in non-small cell lung cancer

(22). In-depth research into this mechanism has shown that TBK1

inhibitors can provide a solution to gefitinib resistance, thereby

expanding the scope of clinical applications.

However, in some cases, TBK1 does not always function as an

active pro-tumor factor. Adaptive resistance arising from specific

mutations is closely associated with the TBK1-mediated inhibition

of innate immune pathways, particularly when TBK1 acts as a key

downstream node in the cGAS-STING signaling pathway. For

instance, MET-amplified drug-resistant tumor cells diminish

immunogenicity by suppressing stimulator of interferon genes

(STING)-dependent TBK1-IFN signaling through CD73 (23).

Additionally, Mouse models have demonstrated that the effective

activation of CD8 T cells within tumors relies on the activation of

dendritic cells via the cGAS-STING pathway (24). The role of

STING agonists in tumor suppression is well-recognized, and their

combination with immunotherapy holds significant potential (25).

Nevertheless, the use of TBK1 inhibitors requires careful
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consideration of tumor-specific signaling. In the case of intestinal

tumors, the application of TBK1 inhibitors may need more careful

evaluation, especially in the scope of STING agonists. It has been

shown that TBK1 deficiency in intestinal epithelial cells enhances

macrophage expression of IL1b, thereby promoting the

differentiation of CD4 T cells into Th17 cells and exacerbating

the inflammatory response. In this context, TBK1 assumes a distinct

pro-pathological role compared to other tumors (26). Hence,

comprehending the role and mechanism of TBK1 in diverse

tumor backgrounds holds significant value in maximizing the

efficacy of TBK1 inhibitors (Figure 1) (Table 1).
3 Understanding and application of
the dual role of TBK1-IFN pathway in
tumor development

TBK1, ubiquitously expressed across tissues, serves as a central

node in multiple IFN generation pathways. It responds to abnormal

DNA and RNA in vivo, receiving signals from RNA and DNA

sensors such as MDA5, RIG-I, cGAS, and DAI (52). These signals

can originate from both autologous and non-autologous DNA and

RNA. Upon activation, TBK1 is assembled by three mutually

exclusive scaffold proteins of TANK (53), NAP1 (54), and

SINTBAD (55). The activation of the IFN pathway was most

closely related to the TANK located in the perinuclear region.

This assembly mediates the phosphorylation and nuclear

translocation of IRF3/7 (56), which then binds to ISREs in target

gene promoters (e.g., IFNB and RANTES) (57), thereby initiating
Frontiers in Immunology 03
the IFN signaling pathway and regulating gene expression. This

process involves recruiting co-activators p300 and CBP, and

cooperating with NF-kB (58).

Elucidating the dual effects of TBK1 on tumors is challenging

due to the intricate upstream signaling pathways and the spatial and

conditional contexts of its activation. This complexity hinders the

development and application of TBK1 inhibitors. As a critical

downstream pathway of TBK1, the dual role of IFNs in tumor

progression has garnered attention, potentially offering key insights

into the bifunctional nature of TBK1(Figure 2).
3.1 Antitumor effect

Cancers often evade immune detection by suppressing STING-IFN

signaling. Kaposi’s sarcoma-associated herpesvirus, associated with

various tumor incidences, inhibits the interaction between STING

and TBK1 through vIRF1, thereby blocking IFN-b generation and

promoting tumor occurrence and viral spread within the population

(59). Conversely, vanillic acid (VA) activates the STING/TBK1/IRF3

pathway, promoting the production of type I IFN. This activation

induces IFNb production via STING, which is crucial for polarizing

macrophages into an anti-tumor phenotype. Furthermore, IFN,

combined with the IL-6R/JAK signaling pathway, enhances

macrophage phagocytosis and induce apoptosis, contributing

significantly to its anti-tumor effects (60). Moreover Macrophages

can regulate RIG-I-TBK1-IRF3-mediated IFN responses via TIPE2

during antiviral periods (61). In the context of HPV infections, IFNs

can overcome viral immune evasion strategies and induce antiviral

states in infected cells, potentially preventing cancer progression by
FIGURE 1

Anti-tumor and pro-tumor pathways of TBK1.
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TABLE 1 Physiological role of TBK1 in different tumor backgrounds.

Cancer characteristics
Tbk1-mediated
signaling pathway

Activate/Restrain Physiological effect Reference

NSCLC

MET amplification STING-TBK1-IRF3-IFN I Restrain Increase immunogenicity (23)

EGFR inhibition
RIGI-TRIM32-TBK1-IRF3-
IFN I

Activate
Mediates resistance to
EGFR inhibition

(27)

A20-deficient
TBK1-IFN I-STAT1-IFNg-
PD-L1

Activate Promote immune escape (28)

WEE1 inhibition
STING-TBK1-IRF3-IFN I-
CXCL10/CCL5

Activate
Promote CD8 cytotoxic T
cell infiltration

(29)

KRAS TBK1-PLK1 Activate Regulate mitosis (6)

/
TBK1-NF-kB/KRAS-RALB-
TBK1/IKKe-CCL5、IL6-
JAK/STAT3

Activate Autophagy addiction (30)

Mesenchymal, Ras-mutant TBK1-AKT/mTOR Activate Support tumor survival (31)

Radiotherapy
TBK1-GSK-3band ZEB1/
TBK1-AKT-ERK

Activate
Regulates radiation-
induced EMT

(32)

KRAS-LKB1 mutant
mt-dsDNA-STING-TBK1-
IRF3/STAT1

Restrain
In response to
mitochondrial dysfunction

(33)

breast cancer

DDRD cGAS-STING-TBK1-IRF3 Activate
activated expression of
PD-L1

(34)

DDRD TBK1-FOXO3A-ERa Activate EMT (35)

PKCl/i deficiency ULK2-TBK1-IFN Activate Recruitment of CD8+ T cells (36)

PTEN null TNBC Rab7-STING-TBK1-IRF3 Activate
Mediates the production
of chemokines

(37)

Colorectal
cancer

frameshift mutations of RIG-I / Activate
non-specific
inflammatory response

(38)

PDA KRAS Axl-TBK1 Activate
epithelial-
mesenchymal transition

(39)

kidney cancer VHL loss / Activate promote renal tumorigenesis (40)

HNSCC Up-regulated AKLBH5
RIG-I -IKKe/TBK1-
IRF3-IFNa

Restrain
Promoting immune-killing
cell infiltration

(41)

/ Glioblastoma Cancer Stem Cells TLR4-TBK1-RBBP5 Restrain
Evade Innate Immune
Suppression of Self-Renewal

(42)

ovarian cancer

Up-regulated USP35 STING-TBK1-IRF3-IFNI Restrain
Regulation of
cisplatin sensitivity

(43)

BRCA1-deficient STING-pTBK1-IFN Activate
leads to a cell-autonomous
inflammatory state

(44)

cervical cancer / STING-TBK1-NF-kB Activate upregulating PD-L1 (45)

EC MSI TRIM14-TBK1-IRF3-IFN-b Activate
promotes CD8T
cell exhaustion

(46)

prostate cancer / IKK-e/TBK1-NF-kB Activate EMT (47)

acoustic
neuromas

mutant NF2 cGAS-STING-TBK1-IRF3 Restrain
abolishes STING-initiated
antitumor immunity

(48)

AML IKBKE/TBK1-YB-1-MYC Activate drive MYC expression (49)

melanoma mutant NRAS / Activate Promote tumor cell invasion (50)

/ expression avb3
avb3-KRAS-RalB-
TBK1/NFkB

Activate
promote cancer stemness
and drug resistance

(51)
F
rontiers in Immun
ology
 04
DDRD (DNA damage response–deficient), PDA (Pancreatic ductal adenocarcinoma), VHL (von Hippel-Lindau), HNSCC (head and neck squamous cell carcinoma), MSI EC (microsatellite
instable endometrial cancer), AML(acute myeloid leukemia).
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targeting viral replication and promoting immune surveillance (62).

Conversely, mouse dendritic cells deficient in regulating TBK1-IRF3-

dependent type I IFN production are more susceptible to lethal

pathogens (63). In addition to antigen-presenting cells, the TBK1-

IFN pathway activates innate immune signaling pathways in various

immune cells, thereby bolstering the efficacy of tumor immunotherapy.

TREX1 inhibits cancer cells from enhancing STING-IFN signaling,

which attracts T cells and NK cells, making tumors sensitive to NK cell-

derived IFNg (64). M6A modification promotes the m6A demethylase

ALKBH5 in head and neck squamous cell carcinoma to play a key role

in promoting the malignant biological behavior of the tumor. RIG-I, as

a downstream target of m6A modification, is affected by the

overexpression of ALKBH5, which can reduce the killing effect of

immune cells by inhibiting the RIG-I mediated TBK1-IRF3-IFN-a
pathway (41). Overall, the TBK1-IFN pathway enhances immune cell

activation and tumor cell apoptosis, thereby boosting tumor

immune response.
3.2 Tumor-promoting effect

The activation of the TBK1-IFN-I pathway has been attributed

positive significance in anti-tumor responses and improved

prognosis in many tumors. However, the complexity of the tumor

microenvironment and tumor heterogeneity complicates the effects

of IFN-I on malignant tumor proliferation. Certain cancers acquire

mutations in the IFN signaling pathway, rendering them resistant to

the growth-inhibitory effects of type I IFNs, despite their robust

induction of cell cycle arrest (65). Additionally, it is noteworthy that

IRF-7, a transcription factor of a crucial interferon-inducing gene in
Frontiers in Immunology 05
the TBK1-IFN pathway, has demonstrated anti-tumor effects in

some studies, while others suggest the possibility of its pro-cancer

effects (66).

3.2.1 Induced immune cell exhaustion
T cells play a pivotal role in orchestrating antitumor immune

responses and eradicating tumors. In most cases, CD8 T cells serve as

the ultimate executors of tumor control, even when other components

of the immune system are augmented to combat cancer. Direct IFN-I

signaling is crucial for the activation, proliferation, differentiation, and

survival of antigen-activated CD8 T cells (67). However, continuous

stimulation by type I IFN promotes CD8 T cell depletion (68). Recent

findings indicate that TCF19, highly expressed in microsatellite

unstable (MSI) endometrial carcinoma compared to microsatellite

stabilized (MSS) tumors, plays a dual role in tumor progression. On

one hand, it promotes tumor progression through non-immune

mechanisms, while on the other hand, it leads to CD8 T cell

functional depletion by up-regulating TRIM14 to continuously

activate the TBK1-IFNb pathway. Blocking IFN-b signaling

mitigated progressive CD8 T cell dysfunction (46). Furthermore,

combined inhibitory therapy targeting TCF19 and PD-1 has been

shown to restore CD8 T cell functionality and regain tumor control

(46). Similar results were reported by Zeng et al. (69). These findings

further substantiate the detrimental impact of TBK1-IFN pathway

hyperactivation on immune cell function within tumors.

3.2.2 Induces tumor-related inflammation
The data indicate that dysregulation of the expression of

multiple signaling cascade members that regulate IFN production,

including TBK1, increases susceptibility to colorectal cancer (CRC)
FIGURE 2

The dual role of TBK1-IFN pathway in tumor development.
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(70). The TBK1-IRF3 pathway acts as a common downstream

pathway for the three signaling pathways (RIG-I, TLR, and

cGAS-STING) that induce type I IFN transcription. Moreover,

this pathway contributes to immune imbalance and inflammatory

responses, thereby creating favorable conditions for the progression

of inflammatory bowel disease (IBD) to colon cancer. Selective

inhibition of upstream signaling in this pathway has emerged as an

important approach for ameliorating colitis (71). In addition, key

mutations in upstream signaling, such as mutant RIG-I, have been

associated with susceptibility to colitis-related colon cancer.

Mechanistically, mutant RIG-I directly interacts with DDX3,

generating abnormal circular RNA and establishing a non-specific

inflammatory stimulation environment conducive to cancer

development through the MAVS-TBK1-IRF3-IFN-I signaling

cascade (38).

Autophagy regulates the activation of the TBK1-IFN pathway,

facilitating crosstalk between metabolism and innate immunity. The

regulation of IFN by DNA stimulation depends on autophagy-

mediated degradation of STING, a process mediated by TBK1 and

IRF3. This degradation is a critical step in preventing excessive

inflammation (72). The progression of non-alcoholic steatohepatitis

(NASH) to hepatocellular carcinoma (HCC) is well-documented,

with chronic inflammation involving type I interferons being a

significant contributing factor. Hepatic nuclear factor-1 a
(HNF1A), acting as an autophagy cargo receptor, negatively

regulates type I IFN by inducing autophagic degradation of TBK1

(73). Studies have shown that downregulation of HNF1A in NASH

patients reverses this process, leading to overexpression of type I

IFN as TBK1 transitions from a relatively quiescent state to an

active state (74).

In the context of the pre-metastatic niche (PMN), we introduce the

concept of interaction between in situ tumors and distant metastatic

tumors at the tumor microenvironment level. The TBK1-IFN-b
pathway supports PMN formation, and pharmacological inhibition

of this pathway proves to be an effective strategy in preventing melanin

lung metastasis (75). Thus, the TBK1-IFN pathway not only promotes

anti-tumor immune surveillance but also mediates tumor development

through sustained inflammatory stimulation. Targeted therapy for this

pathway must achieve a delicate balance between these dual roles.
4 Potential of the TBK1-IFN-I pathway
in antitumor therapy

4.1 Potential in tumor immunotherapy

Signaling of IFN production plays a crucial role in the innate

immune pathway, mediating the response of chemotherapy and

radiotherapy to PD-L1 induced by DNA damage in tumor cells

(76). Tumor cells exposed to IFN stimulate the production of PD-

L1 and PD-L2, thereby promoting tumor adaptive resistance (77).

This provides a theoretical basis for developing an applied strategy

of PD-L1 blocking therapy combined with the stimulation of

interferon production in clinical therapy (78).

Activation of the TBK1-IFN pathway may also offer an

opportunity for clearing resistant residual tumor cells through
Frontiers in Immunology 06
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signaling can be enhanced by pemetrexed to improve the

immunogenicity of EGFR-TKI resistant non-small cell lung cancer

(NSCLC) cells with MET amplification (23). Activated type I IFN

induces the production of pro-inflammatory chemokines, which

recruit CD8 toxic T cell infiltration, achieved through the

inhibition of WEE1 induced by DNA damage (29). Surprisingly,

simultaneous activation of the STAT1-IFN-g pathway also enhances

PD-L1 expression (29). Inhibition of the non-autophagy function of

FIP200 allows breast cancer to benefit from immune checkpoint

inhibitors, also via activation of the TBK1-IRF pathway (79).

Improving the therapeutic efficacy of Attilizumab in breast cancer

by activating the interferon gene STING upstream of TBK1 appeared

to provide strong evidence for this conclusion. However, the negative

correlation between PD-L1 and STING expression led the researchers

to attribute this result to interferon-mediated inflammatory

properties (80). This study did not reassess PD-L1 expression in

tumor tissues after STING agonists were used, leaving the question of

whether IFN enhances the immunotherapy efficacy of Attilizumab by

promoting PD-L1 expression unanswered. It has been reported that

EYA2 can inhibit the STING-TBK1-IFN-b pathway by targeting

miR-93, thereby promoting uncontrolled growth of breast cancer

tumors. Knockout of EYA2 led to a reversal in the expression of IFN-

b, ISG, and PD-L1 (81). However, another study confirmed an

association between the TBK1-IFN pathway and PD-L1 expression.

Researchers found that IL6 stimulated the STING-TBK1-IFN-I

pathway by increasing the massive release of mtDNA in EC cells.

They observed up-regulation of PD-L1, a downstream gene of IFN, in

EC cells, which further inhibited CD3+/CD8+ T cell activity when

mtDNA was encapsulated in EV (69). As a downstream gene of

TBK1, NF-kB has a binding site near the PD-L1 promoter, which can

be activated through TBK1-mediated signaling. This activation

further confirms the close molecular association between TBK1 and

PD-L1 (45). Notably, in promoting tumor PD-L1 expression, TBK1

and IFN mutually extend and complement each other (28).

These findings indicate that TBK1, as a pivotal node in numerous

pathways, interacts with complex and variable upstream signaling

molecules that trigger downstream IFN expression. Therefore,

focusing on the downstream common TBK1-IFN pathway of

multiple signaling pathways is crucial for promoting the efficacy of

tumor PD-L1 checkpoint inhibitors. EGFR mutant NSCLC is not

typically sensitive to immunotherapy; however, it has been suggested

that the use of EGFR inhibitors can up-regulate the expression of PD-

L1 through interferon-dependent pathways, enabling these tumors to

benefit from immunotherapy (82).

The use of viral infection to stimulate non-malignant

components of the tumor microenvironment, especially immune

cells represented by macrophages, further triggers downstream

anti-tumor immune activity by inducing innate inflammation in

local areas. For example, TBK1-IRF3 mediates poliovirus-induced

overexpression of type I/III IFN, thereby promoting the antitumor

effect of T cells (83). The TBK1-IRF3 signaling pathway serves as a

crucial node connecting innate immunity and reversing tumor

suppressive immunity, providing an important direction for

understanding how to fully stimulate anti-tumor immunity of

type I IFN in specific situations.
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Pathogens evade clearance by the host immune system through

inhibition of autophagy, while host cells appear to have evolved

mechanisms to maintain homeostasis by activating the TBK1-IFN

pathway through inhibition of selective autophagy. It has been

reported that autophagy inhibitors promote the expression of pro-

inflammatory factors by activating the TBK1-IFN pathway, thereby

enhancing the response of breast cancer to immune checkpoint

inhibitors (ICIs) (84). By inhibiting RB1CC1, AZI2 accumulates,

leading to overactivation of TBK1-IFN, promotion of cytokine

expression in breast cancer, CD8T cell infiltration, and

improvement of the response of breast cancer to ICI (84).

Interferon-resistant cancer cells, while gaining a growth/survival

advantage over normal cells, may have compromised their ability to

mount an antiviral response (65). By mimicking viral activation of

the TBK1-IFN pathway, “cold” tumors can be “heated,” and the

response to ICI can be improved by activating TBK1 splicer

proteins STING and MAVS. Recent studies have shown that

targeting TBK1 can reduce the sensitivity of tumor cells to

effector cytokines (such as TNF-a and IFN-g), promote tumor

cell apoptosis, and reverse tumor resistance to immunotherapy (85).
4.2 Potential applications in other therapies

Gamma irradiated colorectal cancer cell lines have been shown to

induce IFNL1 (a type III interferon) production via the TBK1-IRF1

pathway. Additionally, IFNL1 enhances its own expression through

the upregulation of positive kinase feedback within this signaling

cascade (86). Sorafenib, commonly used as a chemotherapeutic agent

for HCC treatment, relies on autophagy-mediated degradation of key

components in the MAVs-STING-TBK1-IFN-I pathway and the

inhibition of type I IFN production by modulating the interaction

between IRF3 and splicing proteins. Despite these side effects, which

diminish antitumor efficacy, contradicting its primary purpose as an

anticancer drug, this very inhibition of the TBK1-IFN-mediated

innate immune pathway expands sorafenib’s potential in managing

HCC recurrence post-liver transplantation (73). Activation of the

TBK1-IFN pathway by MEDI2228 enhances CD38 expression in

multiple myeloma cells, thereby augmenting the anti-tumor effects of

CD38-targeting antibody-drug conjugates (87). Tiopanib, a pan-

PARP inhibitor, exploits the therapeutic vulnerability of PARPi-

resistant tumor cells by activating the TBK1-IFN pathway. Even in

cells with homologous recombination defects, a common PARPi

resistance mechanism, Tiopanib demonstrates high antitumor

activity, improving response rates of BRCA-deficient tumors to

PARPi. Its mechanism underscores the interplay between innate

immunity and anti-tumor immunity (88). Notably, activation of

the TBK1-IRF3-IFN-I pathway has been identified as an

independent mechanism of adaptive resistance induced by EGFR

TKI in NSCLCs with EGFR mutations. The combination of EGFR

inhibition and type I interferon inhibitors can enhance the

effectiveness against EGFR-mutant cells and overcome primary

resistance in EGFR wild type NSCLC (27).

A comprehensive understanding of the TBK1-IFN pathway

may offer insights into the restricted clinical utility of TBK1
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inhibitors and present novel perspectives for their development

and utilization.
5 Conclusion

TBK1, which is expressed in almost all tissues, has complex

upstream signals related to its activation and mediates downstream

pathways that span multiple stages of tumor development. It

participates in various physiological processes of tumors,

including uncontrolled growth (31), immune evasion (28), tumor

metabolism (89), and the creation of a tumor inflammatory

environment (38). KRAS mutations are widespread in a variety of

aggressive tumors, but there is a lack of effective targeted therapies.

However, in a systematic RNA interference experiment, the

synthetic lethality of TBK1 and KRAS was confirmed (14). TBK1

induces anti-apoptosis in KRAS-mutated non-small cell lung cancer

cell lines by activating NF-kB, and the TBK1-mediated pathway has

been further investigated in various other KRAS-mutated tumors

(39). Nonetheless, the effectiveness of TBK1 inhibitors for tumor

suppression is not universally applicable (16). Firstly, the efficacy

and specificity of the drug itself must be considered. Most TBK1

inhibitors have inhibitory effects on IKKe (49), a non-classical

member of the IkB kinase family. Although IKKe can provide

compensatory expression when TBK1 is inhibited (90), its role in

tumors cannot be ignored (91), and there is still a lack of small

molecule TBK1 selective inhibitors for tumors. Secondly, tumors

sensitive to TBK1 inhibition are influenced by genetic and

epigenetic factors. For example, the effect of TBK1 inhibitors in

KRAS mutant NSCLC cell lines containing TP53 and LKB1 co-

mutations is influenced by the state of the transcriptional cells (33).

Moreover, even in most tumors, TBK1 still has the tag of

immune escape genes, but it is undeniable that it still has the

effect of activating innate immunity at the early stage of tumor

development, and its importance cannot be ignored. Therefore, this

review synthesized the signaling pathways and physiological effects

mediated by TBK1 in different tumor backgrounds to visually

demonstrate the duplex nature of TBK1 in tumor development,

in order to provide a reference for the rational application of TBK1

inhibitors in tumors.

Based on this, we further found that the TBK1-IFN pathway,

which is generally believed to mediate the anti-tumor effect of innate

immunity, also has a pro-tumor effect. In particular, in the early

stages of tumor development, the TBK1-IFN pathway creates a local

inflammatory environment by stimulating immune cell activation

and anti-tumor cytokine secretion. However, as inflammation

persists, the TBK1-IFN pathway leads to the depletion of immune

cells and the creation of an inflammatory microenvironment suitable

for tumor growth and distant metastasis colonization, which is

particularly evident during the development of intestinal tumors.

Furthermore, STING agonists are a direct and effective means

to promote the expression of the TBK1-IFN pathway, and an in-

depth understanding of TBK1-IFN is conducive to the effective

application of STING agonists. Common clinical treatments such as

chemoradiotherapy can stimulate the TBK1-IFN pathway to inhibit
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tumor growth, but it is also necessary to avoid inhibiting the TBK1-

IFN pathway that plays an anti-tumor role, such as sorafenib. It has

also been found that stimulating IFN through the metabolic-

immune pathway appears to mitigate the pro-tumor effects

associated with long-term activation of IFN (92).

It is worth noting that TBK1-IFN can indirectly promote the

expression of PD-L1 in tumors by activating T cells and NK cells to

secrete IFNg, which may further guide the use of immunosuppressants.

Special attention should be given to the modulation of the tumor

microenvironment by TBK1-IFN, as targeting or activating this

pathway may offer strategies to enhance the efficacy of

immunotherapy. The anti-tumor and pro-tumor effects of TBK1-

IFN are dynamic processes, and the appropriate time to target this

pathway still needs to be further explored. Thus, the evaluation of

immunosuppressive status in the tumor microenvironment may be an

important clue.

In conclusion, TBK1 exhibits dual roles in tumor progression,

with the expression of the IFN pathway potentially offering a crucial

explanation for this contradiction. Exploring interventions targeting

the TBK1-IFN pathway in specific tumor contexts is imperative for

enhancing therapeutic efficacy in cancer treatment. The untapped

potential of this pathway in augmenting the effectiveness of

immunotherapy warrants further development and investigation.
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