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Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, has emerged as a multifaceted therapeutic agent in oncology due to its dual anti-inflammatory and antitumor properties. This review synthesizes recent advances in understanding the molecular mechanisms and clinical applications of celecoxib in cancer treatment. Celecoxib not only hinders the proliferation and metastasis of tumor cells by inhibiting COX-2 synthesis, but also inhibits the intratumoral infiltration of regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) and activates cytotoxic T cells, thereby reshaping the inhibitory immune microenvironment. Preclinical and clinical studies demonstrate its synergistic effects with chemotherapy, radiotherapy, and immunotherapy, particularly in augmenting immune checkpoint blockade efficacy. Despite the breakthrough of celecoxib in the field of oncology treatment, large-scale trials are warranted to validate its long-term safety and biomarker-driven accuracy. This work underscores the potential of celecoxib as a cornerstone in multimodal cancer therapy and provides a roadmap for its integration into personalized treatment paradigms.
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1 INTRODUCTION
Malignant neoplasms are a major global public health challenge, with nearly 20 million new cancer cases as well as 9.7 million cancer deaths in 2022 according to global cancer statistics (Bray et al., 2024), and a complex challenge for clinical oncology, characterized by heterogeneity and the ability to evade immune surveillance. The pathogenesis of cancer involves a variety of factors, including genetic mutations, epigenetic modifications, and the tumor microenvironment, which work together to contribute to tumor growth, progression, and metastasis (Swanton et al., 2024). Among them, the chronic inflammatory state in the tumor microenvironment is a key factor in the occurrence and progression of malignant tumors (Balkwill and Mantovani, 2001; Greten and Grivennikov, 2019). Inflammatory mediators can not only induce angiogenesis and epithelial interstitial and accelerate tumor invasion and metastasis, but also lead to chemoresistance and immunotherapy resistance by reshaping the tumor immune microenvironment. The activation of tumor-associated inflammation is closely related to the activation of the COX-2 pathway, which is highly expressed in a variety of solid tumors. It can drive tumor cell proliferation, angiogenesis, and immune evasion, and is resistant to anti-tumor therapy (Bell et al., 2022; Bell and Zelenay, 2022; Cheki et al., 2018). The selective COX-2 inhibitor celecoxib has attracted much attention due to its precise regulation of inflammatory pathways.
COX-2 is an enzyme that plays a key role in the inflammatory process and is also implicated in various stages of tumorigenesis. COX-2 is elevated in many types of malignancies (Tołoczko-Iwaniuk et al., 2019), and it has long been found to promote tumor development by modulating malignant transformation, aberrant proliferation, inhibition of programmed apoptosis, tumor angiogenesis, aggressiveness and metastasis, and immune responses (Hashemi Goradel et al., 2019; Trifan and Hla, 2003). Prostaglandin E2 (PGE2), a type of eicosanoid, is a pro-inflammatory agent that activates various pro-cancer signaling pathways, including cAMP/PKA, ERK, and NF-κB, by binding to EP4 receptors. This binding drives tumor cell proliferation, migration, invasion, and immune evasion. Additionally, PGE2can foster immunosuppression and treatment resistance within the tumor microenvironment by suppressing NK cell function and inducing the expression of MDSCs and cancer stem cell (CSC) phenotypes (Wang and Dubois, 2010; Holt et al., 2012; Ching et al., 2020; Mao et al., 2014); COX-2 can facilitate the progression of tumor cells by promoting the transformation of arachidonic acid into PGE2, while suppressing anti-cancer immunity (Zelenay et al., 2015; Lira et al., 2024; Li et al., 2020). In summary, COX-2 expression is associated with increased tumor aggressiveness and poor prognosis, highlighting its potential as a therapeutic target for cancer. Celecoxib exerts its antitumor effects by inhibiting COX-2, not only reducing the production of pro-inflammatory prostaglandins, but also influencing various signaling pathways related to tumor growth through its influence. Figure 1 illustrates the multiple mechanisms of action of the COX-2/PGE2 2 signaling axis in tumorigenesis and progression.
[image: Flowchart depicting COX-2’s role in cancer progression, showing links to malignant transformation, proliferation, angiogenesis, metastasis, and immune response. COX-2 converts arachidonic acid to PGE2, activating pathways for cell proliferation, migration, and invasion, and inhibiting anti-cancer immunity. Components include CD8+ T cells, TGF-β, PKA, RAS, NF-κB, and miR-526b/655, leading to tumor growth, angiogenesis, and resistance.]FIGURE 1 | Multiple mechanisms of action of COX-2/PGE2 2 signaling axis in tumorigenesis and development. This figure summarizes the core pathway of COX-2 to drive tumor malignancy by catalyzing PGE2 synthesis: 1. Activation of pro-cancer signaling: PGE2 binds to EP4 receptor and activates multiple pathways such as cAMP/PKA, RAS/MAPK, PI3K/AKT and NF-κB, which synergistically promote tumor cell proliferation, apoptosis inhibition, invasion and metastasis, and angiogenesis. 2. Immune microenvironment remodeling: PGE2 binds to EP2 and EP4 receptors to induce the expression of Treg and MDSC inhibitory immune cells and inhibit NK cytotoxicity, weakening the anti-tumor immune response. 3. Stem cell phenotypic maintenance: PGE2 maintains cancer stem cell (CSC) properties by stimulating the expression of miR-526 b and miR-655 and mediates treatment resistance. ([image: FX 1] Promotion, [image: FX 2] Inhibition).Celecoxib, which is known as a COX-2 inhibitor selectively, is becoming important in the field of pharmacology due to its unique mechanism that is different from traditional nonsteroidal anti-inflammatory drugs (NSAIDs) (Davies et al., 2000). The typical non-selective NSAIDs, they block both COX-1 and COX-2 enzymes, while celecoxib selectively targets COX-2, which is general upregulated in inflammatory conditions and various malignant tumors (Tołoczko-Iwaniuk et al., 2019). This selectivity reduces the gastrointestinal side effects typically associated with non-selective NSAIDs, making celecoxib a promising candidate for cancer treatment (Rao and Reddy, 2004) (Quiñones and Pierre, 2019). The pharmacological characteristics of celecoxib has been extensively studied, revealing its potential to inhibit proliferation and promote apoptosis of various cancers, including colorectal cancer, liver cancer, breast cancer, and so on (Wen et al., 2020).
The dual effects of anti-inflammatory and potentially anti-cancer properties are important manifestations of celecoxib in cancer research. Numerous studies have shown that it is effective in inhibiting COX-2 expression in tumor cells, thereby mitigating tumor growth and increasing the effectiveness of conventional cancer therapy (Tai et al., 2019). More and more studies have shown that there is a complex interaction network between tumor inflammatory state and tumor progression, so the in-depth analysis of the regulatory mechanism of celecoxib on tumor inflammation by anti-inflammatory drugs will provide a key theoretical basis for realizing tumor immune microenvironment reprogramming and breaking through the treatment bottleneck (Negi et al., 2019).
2 CLINICAL APPLICATIONS: FROM SYMPTOM CONTROL TO MULTIMODAL THERAPY
2.1 Pain relief
The analgesic efficacy of celecoxib in patients with malignancies has been extensively studied for its ability to reduce inflammation and pain response by selectively inhibiting COX-2 and decreasing prostaglandin synthesis, and is commonly used for mild to moderate pain caused by cancer, and in a study by Hou et al., the addition of celecoxib was effective in improving pain in patients with carcinomatous neuralgia (Hou et al., 2021). Furthermore, clinical trials have shown that celecoxib can relieve pain caused by radiotherapy (Ghasemi et al., 2018). In addition, the use of celecoxib can reduce the need for opioids in postoperative patients, thereby reducing opioid side effects such as respiratory depression, nausea, constipation, and high dependence rates (Carpenter et al., 2018). In the treatment of metastatic bone cancer, celecoxib can be used in combination with opioids or other analgesics to significantly enhance the analgesic effect, and the combination of non-steroidal anti-inflammatory drugs can also reduce morphine use (Liu et al., 2017). However, a meta-analysis suggests that while celecoxib is effective in the treatment of chronic pain and inflammatory diseases, the associated risks associated with long-term use, such as cardiovascular disease, need to be carefully considered (Ye et al., 2022). Therefore, celecoxib has shown good analgesic effect in pain management of patients with malignancy, especially in relieving chronic pain caused by cancer, reducing opioid demand, and being used in combination with other drugs, but its potential risks should be carefully considered in the long term.
2.2 Combination of celecoxib with other treatments
In addition to analgesic effects, the use of celecoxib in combination with other treatments in malignant tumors is also gradually recognized. An important area of focus is its potential role in enhancing the efficacy of cancer treatment. For example, the combination of celecoxib with chemotherapy can significantly prolong the progression-free survival (PFS) and overall survival (OS) of patients (Bąk and Krupa, 2023). In terms of radiation therapy, celecoxib also exhibited synergistic anti-cancer effects (Mitryayeva et al., 2024). In addition, celecoxib has been shown to enhance anti-tumor by enhancing the effects of PD-1 inhibitors immunity (Hu et al., 2022). Although celecoxib has demonstrated potential synergies in combination with chemotherapy, radiotherapy, and immunotherapy, this does not mean that simply adding celecoxib necessarily improves treatment outcomes (Li et al., 2023; Meyerhardt et al., 2021). The actual effect still depends on the combination of multiple factors, so more clinical studies are needed to verify its long-term safety and efficacy.
2.2.1 Chemotherapy
Celecoxib as a selective COX-2 inhibitor has shown promising prospects in combination with chemotherapy. This strategy is supported by evidence that drugs such as cisplatin and 5-fluorouracil have been shown to enhance COX-2 expression in preclinical models such as lung and colorectal cancer, which not only enhances tumor cell survival, invasion, and angiogenesis, but also drives the production of prostaglandin E2 to increase inflammation and recruit immunosuppressive cells such as myeloid-derived suppressor cells and regulatory T cells, thereby limiting the efficacy of chemotherapy and immunotherapy (Bell et al., 2022; Bell and Zelenay, 2022). By targeting this resistance axis, celecoxib can enhance the cytotoxicity of conventional chemotherapeutic agents. or example, In an in vitro study and tumor bering mouse model using the SGC-7901/DDP cell lines for gastric cancer, cisplatin combined with celecoxib enhanced cisplatin cytotoxicity in a cyclooxygenase-2-dependent manner (Xu et al., 2015; Xu et al., 2016). Similarly, in an in vitro study using human skin cancer, celecoxib combined with doxorubicin was found to significantly reduce cell viability by inhibiting the AKT and COX-2 pathways, thereby promoting cell death (Singh, 2018). And in a MATE analysis of advanced non-small cell lung cancer, celecoxib combined with chemotherapy significantly improved overall response and survival (Zhang et al., 2020). In addition, celecoxib during chemotherapy can also reduce side effects caused by chemotherapy, such hand-foot syndrome (HFS), thereby improving patient tolerance (Shayeganmehr et al., 2023). However, although the combination of celecoxib has been shown to improve survival in some cases, it has also been suggested that it may increase the risk of certain adverse effects, such as hematologic toxicity and cardiovascular events (Zhang et al., 2020). Therefore, in clinical application, the potential benefits and risks of celecoxib need to be weighed against the specific situation of the patient.
2.2.2 Radiotherapy
Celecoxib is often used as a sensitizer for radiation therapy. It may reduce adaptive resistance to radiotherapy by inhibiting COX-2-dependent angiogenesis and tumor aggressiveness (Cheki et al., 2018). Studies have found that celecoxib can enhance the sensitivity of radiotherapy to non-small cell lung cancer cells and promote radiotherapy-induced apoptosis, which may be related to celecoxib’s downregulation of the Akt/mTOR signaling pathway (Zhang et al., 2019). Sun et al. also found that celecoxib could enhance radiotherapy-induced apoptosis (Sun et al., 2017). In a study of radiotherapy for squamous cell carcinoma of the head and neck, celecoxib was found to improve the effectiveness of radiotherapy, especially against the effects of angiogenesis (Mitryayeva et al., 2024). In addition, the use of celecoxib may reduce the adverse effects associated with radiotherapy and help relieve the discomfort associated with radiotherapy (Bi et al., 2019). There are also many clinical trials that have confirmed the therapeutic efficacy of celecoxib in radiotherapy (Liao et al., 2005; Xue et al., 2011; Wang et al., 2014). Therefore, the combination of celecoxib with radiotherapy may provide a new strategy for improving radiotherapy efficacy.
2.2.3 Immunotherapy
In immunotherapy, celecoxib also exhibits a synergistic effect. Tumor cells can induce tumor immune escape via the COX-2-PGE2 pathway (Jin et al., 2023), and the combination of celecoxib with anti-PD-1 monoclonal antibodies is faster than anti-PD-1 alone to induce tumor eradication (Zelenay et al., 2015). Celecoxib in combination with immune checkpoint inhibitors significantly increases tumor-infiltrating T cell activity and improves anti-tumor immune responses (Cao et al., 2023; Pelly et al., 2021). Zhang et al. found that celecoxib in combination with roscovitine significantly enhanced the anti-tumor immune response by eliminating inflammation-related immunosuppression and reversing IFN-γ-mediated immune resistance (Zhang et al., 2022). In breast cancer models, celecoxib has been demonstrated to reprogram the CAF-like cell-mediated immunosuppressive microenvironment, promote the infiltration of cytotoxic T lymphocytes, and inhibit regulatory T cell (Treg) activity, thereby enhancing the efficacy of immunotherapy (Samoudi et al., 2024). In addition, Pan et al. also found that celecoxib derivatives (2,5-dimethylcelecoxib) can inhibit the expression of programmed cell death protein-1 by regulating the tumor microenvironment and upregulate the expression of NK and T cells, providing a reference for combined immunotherapy,but this derivative is independent of the COX-2 signaling pathway (Pan et al., 2023). The mechanism of COX-2-PGE2 pathway promoting progression in malignant tumors through immunosuppression has been continuously explored (Pu et al., 2021), providing a new strategy for COX-2 inhibitor combination immunotherapy (Kosaka et al., 2023; Veltman et al., 2010), and the development of some celecoxib derivatives has also provided some mechanism exploration for non-COX-2 dependence (Tan et al., 2021; Sigler et al., 2025), which may be a new path, but the efficacy of celecoxib combined with immunotherapy needs to be verified by more clinical trials.
2.2.4 Other applications
In addition to the above-mentioned applications, there are some other applications of celecoxib that are still being explored. For example, it is also effective in combination with targeted drugs (Lin et al., 2018; Valverde et al., 2017; Tudor et al., 2021; Xiao et al., 2019), and it can also be used in combination with some novel therapies [such as oncolytic virus therapy (Tang et al., 2020), nano delivery system (Bai et al., 2024), immunophotodynamic therapy (An et al., 2024; Ding et al., 2024)] for anti-tumor, which can help improve the research of celecoxib in cancer and provide more personalized treatment strategies.
3 CELECOXIB’S ANTITUMOR MECHANISM
3.1 The apoptotic induction mechanism of celecoxib
Celecoxib induces apoptosis through a multi-target mechanism, ranging from upstream signaling regulation to terminal effector activation (Figure 2). The core mechanism initiates with a significant accumulation of reactive oxygen species (ROS), which serve as a pro-apoptotic signaling hub. These ROS not only directly activate downstream death pathways (Sung et al., 2017; Pritchard et al., 2018), but also enhances the sensitivity of cancer cells to death ligands such as FasL/RAIL, demonstrating synergistic pro-apoptotic effects (Zhu et al., 2021). At the regulatory level of key signaling pathways, the drug effectively blocks the anti-apoptotic function of Bcl-2 protein and Akt kinase downstream of NF-kB by inhibiting the activation of NF-kB in the NF-kB pathway and the phosphorylation of Akt kinase in the PI3K/Akt pathway, respectively, and alleviates the inhibitory effect on the cell death program (Li et al., 2020; Hsu et al., 2000). Celecoxib can also inhibit the Wnt/β-catenin pathway by promoting TCF7L2 protein degradation, thereby decreasing the expression of downstream cyclin D1 and survivin and promoting apoptosis, which is a COX-2-independent pathway (Egashira et al., 2017). The molecular regulatory network exhibits a two-way dynamic balance: the upregulation of the expression of pro-apoptotic protein (Puma/Bad) and the downregulation of anti-apoptotic factors (survivin/XIAP/cFLIP/Mcl-1/Bcl-w) create a cascade amplification effect, which significantly promotes the process of apoptosis (Zhu et al., 2021). Additionally, celecoxib upregulates GRP78, C/EBP-homologous protein (CHOP), death receptor 5 (DR5), and activates the endoplasmic reticulum stress response through the unfolded protein response (UPR), opening up another independent apoptosis signaling pathway (Thi Thanh Nguyen and Yoon, 2024). This multi-layered network of action, initiated by oxidative stress, transduced through key pathway nodes (ROS/Akt), and converging on apoptosis executive proteins, explains the unique advantages of celecoxib in combination therapy. This has been confirmed to produce a synergistic sensitization effect when combined with conventional therapy, providing a new direction for optimizing anti-cancer strategies (Qadir et al., 2023).
[image: Flowchart illustrating the molecular mechanisms of celecoxib. It activates the death pathway and enhances death-ligand sensitivity via ROS increase, PI3K/AKT inhibition, and NF-κB/Bcl-2 suppression. This alleviates apoptosis inhibition, promoting apoptosis and mitochondrial dysfunction. TCF7L2/Wnt/β-catenin pathway modulates cyclin D1/survivin. GRP78/CHOP/DR5 induces endoplasmic reticulum stress response, further influencing apoptosis regulatory proteins like survivin and XIAP.]FIGURE 2 | Mechanistic framework of celecoxib-induced apoptosis. The driving role of ROS was revealed, and the inhibition of multiple key survival pathways, the regulation of apoptosis regulatory proteins, and the activation of independent endoplasmic reticulum stress pathways to mitochondrial dysfunction were demonstrated. The Wnt/β-catenin and UPR/ERS pathways are COX-2-independent pathways. ([image: FX 3]Promotion, [image: FX 4] Inhibition).Notably, substantial evidence underscores the importance of the COX-2-independent pathway in celecoxib-induced apoptosis. For example, celecoxib directly inhibits 3-phosphoinositol-dependent protein kinase-1 (PDK-1), an upstream activator of the survival-promoting Akt pathway. This inhibition attenuates Akt signaling and helps induce apoptosis in cancer cells independent of COX-2 inhibition (Li et al., 2006; Tseng et al., 2006; Kulp et al., 2004). In addition, celecoxib has been shown to inhibit p38 and p55 MAPKs in the JNK pathway and activate pro-apoptotic pathways (Gallicchio et al., 2008). The apoptosis mechanisms of these COX-2-independent pathways offer different ideas for exploration.
3.2 The impact of celecoxib on the tumor microenvironment
Celecoxib is a highly selective COX-2 inhibitor with numerous mechanisms of action within the tumor microenvironment (TME). Its core mechanism is reflected in the bidirectional regulation of the immunosuppressive network and the activation of immune responses (Figure 3) (Jahani et al., 2023; Xun et al., 2021; Cecil et al., 2022; Rao, 2022; Kobayashi et al., 2020; Ouyang et al., 2024; Raaijmakers et al., 2022; Zhang et al., 2013; Qin et al., 2022). First, celecoxib directly inhibits the recruitment and function of immunosuppressive cells by reducing the PGE2 level in TME: (1) it decreases the expansion of regulatory T cells (Tregs) and their IL-10 secretion, and downregulates their FOXP3 expression to break immune tolerance (Jahani et al., 2023; Cecil et al., 2022; Kobayashi et al., 2020); (2) it blocks the ARG1/ROS-dependent T cell inhibitory function of myeloid-derived suppressor cells (MDSCs), inhibiting the number and function of MDSCs while inhibiting their migration to tumor tissue (Veltman et al., 2010; Jahani et al., 2023; Ouyang et al., 2024); and (3) it reverses macrophage to M2 phenotypic polarization and reduces TGF-β-mediated CD8+ T cell exhaustion (Xun et al., 2021). Additionally, the drug alleviates the inhibition of T cell activity by interfering with the COX-2/PGE2/IDO1 axis and inhibiting abnormal tryptophan metabolism in tumor-associated neutrophils (TANs) (Ouyang et al., 2024). Collectively, hese effects weaken the immunosuppressive barrier within the TME.
[image: Flowchart illustrating the effects of Celecoxib on immune cells. Celecoxib blocks PD-1/PD-L1, influencing dendritic cells, Th1 T cells, and CD8+ T cells, enhancing effector immune activation. It reduces cytokines IL-10, FOXP3 in regulatory T_ cells, and ROS in myeloid-derived suppressor cells, inhibiting immunosuppressive networks and tumor migration. Neutrophils and macrophages are affected through pathways like the tryptophan metabolic pathway and TGF-β signaling, resulting in decreased kynurenine and changes in macrophage polarization.]FIGURE 3 | Celecoxib remodels the tumor immune microenvironment by targeting the COX-2/PGE2 axis. 1. Immunosuppression is relieved (blue area): ↓Tregs amplification: Immune tolerance is broken by reducing IL-10 secretion and down-regulating FOXP3 expression; ↓MDSCs function: block ARG1/ROS-dependent T cell inhibition and inhibit its migration to tumors; ↓M2 macrophage polarization: reversal of TGF-β-mediated CD8+T cell exhaustion; ↓Abnormal tryptophan metabolism: inhibits IDO1-mediated kynurenine accumulation in TANs. 2. Effector immune activation (green area): ↑DC: promotes the production of CCL5 by NK cells, regulates the increase of Th1 cytokine IL-12 and decreases the Th2 cytokine IL-10; ↓Immune checkpoints: block the PD-1/PD-L1 axis and relieve T cell inhibition; ↑CD8+T cell function: promotes tumor infiltration, upregulates IFN-γ/granzyme B, and reduces depletion markers (LAG3+/PD-1+); ↑Th1 immune response: regulates the balance of T cell subsets and forms anti-tumor cell communities. Metabolic-signaling synergistic regulation (box area): Key metabolic interventions: inhibition of IDO1 activity→blocking of tryptophan-kynurenine aberrant metabolism → reduction of immunosuppressive metabolite accumulation. ([image: FX 5] Promotion, [image: FX 6] Inhibition).At the effector immune cell level, celecoxib enhances the anti-tumor immune response through dual regulation of metabolism and signaling. On one hand, the reduction of PGE2 significantly downregulates the PD-L1 expression of tumor cells and myeloid cells, thereby blocking the inhibitory effect of PD-1/PD-L1 immune checkpoints on T cells (Cecil et al., 2022; Rao, 2022). On the other hand, the drug promotes CD8+ T cell infiltration and enhances its function: it improves cytotoxicity by upregulating IFN-γ and granzyme B secretion, while decreasing LAG3+/PD-1+ depletion marker expression (Rao, 2022; Kobayashi et al., 2020; Raaijmakers et al., 2022). Notably, celecoxib increases the proportion of Th1 T cells (Tbet+ CD4+/CD8+) with antitumor activity by regulating T cell subset homeostasis and forming a cell community conducive to immune attack (Cecil et al., 2022; Rao, 2022). Additionally, dendritic cells (DCs) are essential for the activation of cytotoxic T lymphocytes, and the drug can increase the recruitment of DCs and enhance the ability of DCs: celecoxib can support the recruitment of DCs by promoting the chemokine CCL5 produced by NK cells, and can enhance the DC effect by increasing the Th1 cytokine IL-12 and decreasing the Th2 cytokine IL-10 (Raaijmakers et al., 2022; Zhang et al., 2013; Qin et al., 2022). This dynamic regulation from inhibition release to effect activation reflects its multi-level intervention on the immune microenvironment.
The antitumor mechanism of celecoxib is also involved in key processes of immunometabolic reprogramming. It reverses T cell functional exhaustion by inhibiting indoleamine 2,3-dioxygenase 1 (IDO1) activity, blocking the aberrant metabolism of tryptophan to kynurenine and reducing the accumulation of immunosuppressive metabolites (Ouyang et al., 2024). The synergistic effect of these metabolic interventions with immune signaling pathways further strengthens the position of the COX-2/PGE2 axis as a core hub for the regulation of the tumor immune microenvironment.
4 RESEARCH PROGRESS AND THERAPEUTIC APPLICATION OF CELECOXIB IN A VARIETY OF MALIGNANT TUMORS
A growing number of preclinical trials and clinical trials have shown that celecoxib has an important role in the treatment of different malignancies, and it exerts anti-cancer effects through different mechanisms. The following is a summary of the research progress and therapeutic application of celecoxib in different malignant tumors, which is summarized in Table 1. Table 2 shows some clinical trials of celecoxib in different malignancies.
TABLE 1 | Research progress and therapeutic application of celecoxib in a variety of malignant tumors.	Tumor type	Target/Pathway	Core mechanism of action	Key results	Options	References
	Colorectal cancer	COX-2, ROS, Bcl-2	Increasing oxidative stress, down-regulating anti-apoptotic protein	Inhibiting tumor properties, promoting apoptosis of cancer cells	Monotherapy or combination therapy	Xu et al. (2023), Mohammadi et al. (2016), Maniewska and Jeżewska (2021)
	Colorectal cancer	PDK-1/Akt, SERCA, Mcl-1, Bcl-2	Inducing tumor cell apoptosis, inhibiting proliferation	Inducing apoptosis in COX-2-negative colon cancer cells	Monotherapy or combination chemotherapy	Jendrossek (2013)
	Breast cancer	COX-2/VEGF	Reshaping the tumor immune microenvironment	Inhibiting tumor angiogenesis and cancer cell metastasis	Combination immunotherapy	Bai et al. (2024)
	Breast cancer	COX-2/PD-L1	Reshaping the tumor immune microenvironment	Enhancing the killing effect of T lymphocytes, promoting the infiltration of CD8+ T cells into tumor tissues	Combination immunotherapy	Bai et al. (2024)
	Breast cancer	Bcl-2/Bax/Caspase-3	Upregulating pro-apoptotic genes, downregulating anti-apoptotic genes	Inducing apoptosis in cancer cells	Combination chemotherapy	Bardaweel et al. (2022), Hedayat et al. (2023)
	Breast cancer	COX-2/PGE2	Reducing PGE2 synthesis, promoting DC maturation and T cell activation	Enhancing immunogenicity cell death (ICD)	Combination chemotherapy	Qian et al. (2024)
	Lung cancer	JNK/PI3K, ULBP-1	Upregulation of ULBP-1 expression enhances NKc cytotoxicity	Enhancing NKc cell-mediated tumor cell lysis	Monotherapy	Kim et al. (2020)
	Lung cancer	EGFR/PI3K/AKT, EGFR/ERK/AKT	Affecting the cell cycle, promoting radiation-induced apoptosis	Combination of targeted drugs to enhance radiotherapy sensitivity	Combination of targeted therapy and radiotherapy	Sun et al. (2017), Zhang et al. (2021)
	Lung cancer	Akt/mTOR, Ido1/ER	Inhibiting Ido1 expression and enhances ROS/endoplasmic reticulum stress	Enhancing immunogenicity cell death (ICD)	Combination radiotherapy	Qadir et al. (2023), Zhu et al. (2024)
	Lung cancer	COX2/PGE2	Blocking immune escape after STING activation	Controling tumor growth, reducing recurrence	Combined with STING agonists	Lemos et al. (2020)
	Prostate cancer	AKT, EGFR/ErbB, hnRNP K, NF-κB	Multi-signaling pathway regulation	Inducing castration-resistant (CRPC) apoptosis, inhibiting the invasive phenotype	Monotherapy or combination targeted therapy	Benelli et al. (2019)
	Prostate cancer	COX-2, Glut-1, TrxR, Prx-6	Glut-1 inhibition and oxidative stress induction	Synergistically inhibiting the proliferation of cancer cells, reducing glutathione and increasing ROS	Nanoliposome	Tian et al. (2019)
	Prostate cancer	COX-2/PGE2	COX-2 pathway inhibition	Improving progression-free survival (PFS)	Combined androgen deprivation therapy (ADT)	Landre et al. (2019)
	Prostate cancer	COX-2	Inhibiting tumor properties and reducing radiotherapy resistance	Enhancing radiation sensitivity, reducing the rate of tumor recurrence	Combination radiotherapy	King et al. (2020)
	Head and neck cancer	ROS/JNK	Activation of the ROS/JNK axis	Inducing apoptosis and inhibiting cancer cell proliferation	Derivative monotherapy	Tan et al. (2021)
	Head and neck cancer	PGE2/ANGPTL4/MMP1	COX-2 activity inhibition, ANGPTL4 expression blockade	Reducing tumor invasion, endothelial cell adhesion, and cancer cell metastasis	Monotherapy	Chiang et al. (2020)
	Head and neck cancer	COX-2/MDSCs	Inhibition of MDSCs via COX-2-mediated immunosuppression	Targeting MDSCs to regulate the tumor microenvironment	Novel mucoadhesive cube sponge	Mabrouk et al. (2023)
	Head and neck cancer	EMT markers, ALDH	Inhibition of EMT and stem cell properties	Reducing tumor aggressiveness and stem cell properties	Novel mucoadhesive cube sponge	Mabrouk et al. (2023)
	Hepatocellular carcinoma	PNO1, AKT/mTOR	PNO1 expresses inhibition, AKT/mTOR signaling pathway blockade	Inhibiting tumor growth and metastasis	Monotherapy	Dai et al. (2019)
	Pancreatic cancer	Neu-1	Inhibition of Neu-1 activity, inhibition of EGFR dimerization and phosphorylation	Inducing apoptosis in cancer cells	Monotherapy	Qorri et al. (2020)
	Cervical cancer	OXPHOS, PINK-1/Parkin, Glycoprotein-P	Inducing mitophagy and ROS↑, and inhibit glycoprotein-P activity	Inhibiting cancer cell proliferation, promoting apoptosis, reversing chemotherapy resistance	Combination chemotherapy	Robledo-Cadena et al. (2024)
	Gastric cancer	Caspase-3/8/9, p53	Caspase cascade activation, apoptosis induction	Increasing efficacy, reducing side effects	Combination chemotherapy	Badalanloo et al. (2022)
	Glioblastoma	ETC	Inhibiting cell death through the mitochondrial metabolic pathway	Reversing chemotherapy resistance	Combination chemotherapy	Yin et al. (2021)
	Glioblastoma	NF-κB	Inhibiting NF-κB expression	Inhibit GBM proliferation and increase efficacy	Combination chemotherapy	Ahsan et al. (2023)


Abbreviations: DC, dendritic cell, NKc, natural killer cell, ULBP-1 UL16-binding protein 1, IDO1 indoleamine 2,3-dioxygenase 1, ROS, reactive oxygen species, STING, stimulator of interferon genes, Glut-1 glucose transporter-1, ANGPTL4 angiopoietin-like 4, MDSCs, myeloid-derived suppressor cells, EMT, epithelial-mesenchymal transition, JNK c-Jun N-terminal kinase, PNO1 RNA, binding gene partner of NOB1, mTOR, mammalian target of rapamycin, Neu-1 neuraminidase-1, ETC, electron transport chain.
TABLE 2 | Clinical trials of celecoxib in different malignancies.	Trial ID	Cancer type	Celecoxib use	Combination	Phase	Outcome	References
	 NCT03926338	Colorectal cancer	200 mg BID	Toripalimab	II	High complete response rate and safety	Mostafa et al. (2022)
	NCT03645187	Colorectal cancer	200 mg BID	FOLFIRI	Randomized	↑ ORR	Meyerhardt et al. (2021)
	NCT01150045	Colorectal cancer	400 mg QD	FOLFOX	Randomized	3-year DFS no improvement (76.3% vs. 73.4%)	Gandhi et al. (2024)
	NCT04081389	Breast cancer	200 mg BID	Paclitaxel	I	Safety, improve TME	Coombes et al. (2021)
	NCT02429427	Breast cancer	400 mg QD	Single	Randomized	5-year DFS (84% vs. 83%)	Bayraktar et al. (2020)
	NA	Breast cancer	400 mg BID	Single	II Pilot study	Well-tolerated, ↑ IGFBP-1, ↓ IGFBP-3	Edelman et al. (2017)
	NCT01041781	Lung cancer	400 mg BID	Standard chemotherapy	III	No survival difference	Nakai et al. (2020)
	UMIN000003649	Prostate cancer	200 mg QD	Radiotherapy and tamsulosin	Randomized	↑ 5-year biochemical recurrence-free rate (98.5% vs.93.4%)	Fontana et al. (2009)
	EudraCT 2005-005967-27	Prostate cancer	200 mg BID	CTX	Randomized	MPFS (3 m), OS (21 m)	Patil et al. (2020)
	CTRI/2015/11/006,388	Head and neck cancer	200 mg BID	MCT (Methotrexate)	III	↑ OS (7.5 m vs. 6.1 m), ↓ adverse effect (19% vs. 30%)	Patil et al. (2020)
	CTRI/2015/11/006,388	Head and neck cancer	200 mg BID	MCT (Methotrexate)	III	↑ OS (7.5 m vs. 6.1 m), ↓ adverse effect (19% vs. 30%)	Patil et al. (2023)
	CTRI/2020/11/028,953	Head and neck cancer	200 mg BID	TMC combined with nivolumab	Randomized	↑ OS (6.7 m vs. 10.1 m)	Kapoor et al. (2025)
	CTRI/2021/09/036,296	Head and neck cancer	200 mg BID	Triple OMCT	III	↑ OS (5.0 m vs. 3.1 m)	Kim et al. (2025)
	NCT00400374	Head and neck cancer	400 mg BID	Erlotinib	I/II	Safety, excellent SPT-free survival	Lipton et al. (2010)
	NA	Pancreatic cancer	400 mg BID	Gemcitabine + irinotecan	II	MOS (18 m), ↑QOL	Allegrini et al. (2012)
	 EudraCT 2007-000065-38	Gastric cancer	200 mg BID	UFT and CTX	II	PFS (2.7 m), OS (7.1 m)	O'Rawe et al. (2022)
	 ACTRN12619001078145	Glioblastoma	—	RAS modulators	I	↑ MOS (19.9 vs. 14.6 m)	Kamali et al. (2020)
	IRCT20171225038070N1	Bbladder cancer	100 mg BID	Intravesical BCG therapy	Randomized	↓ adverse effect (dysuria)	Noronha et al. (2022)
	CTRI/2015/09/006,204	Esophageal carcinoma	200 mg BID	Methotrexate (after CRT)	II	PFS no improvement	Mostafa et al. (2022)


ORR, objective response rate; DFS, disease-free survival; TME, tumor microenvironment; IGFBP, insulin-like growth factor-binding protein; OS, overall survival; MCT, metronomic chemotherapy; TMC, triple metronomic chemotherapy; OMCT, oral MCT; SPT, secondary primary tumors; QOL, quality of life; CTX, cyclophosphamide; UFT, tegafur; RAS, renin-angiotensin system; CRT, chemoradiotherapy; PFS, progression-free survival; BCG, Bacillus Calmette-Guérin.
4.1 Colorectal cancer
Celecoxib has proven to be an effective selective COX-2 inhibitor in the treatment of colorectal cancer (CRC). Research indicates that the drug augments the anti-tumor effects of various medications, including neoadjuvant therapies, by influencing mechanisms such as cell cycle regulation and apoptosis pathways. Studies by Xu and Mohammadi et al. using human colorectal cancer cell lines HCT116, HT-29, and nude mouse models have shown that celecoxib can inhibit the biological behavior of colorectal cancer cells, change the cell cycle, induce apoptosis, and enhance the anti-tumor efficacy of the drug when combined with other drugs [5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione (ADT-OH), heat shock protein 90 (HSP90)] (Xu et al., 2023; Mohammadi et al., 2016). Additionally, the results of randomized, placebo-controlled, double-blind clinical studies of several NSAIDs found that celecoxib helps chemoprevention of colorectal cancer and may help reduce the incidence of CRC in high-risk populations (Maniewska and Jeżewska, 2021). Furthermore, the drug’s capacity to target inflammatory pathways that are linked to tumor progression makes it a valuable addition to CRC treatment strategies (Jendrossek, 2013), potentially resulting in increased disease-free survival rates for patients (Hu et al., 2023).
4.2 Breast cancer
In the context of breast cancer, celecoxib has been investigated for its potential impact on the efficacy of standard treatments (Bardaweel et al., 2022), particularly in the latest research concerning triple-negative breast cance (Bai et al., 2024). Hedayat et al. demonstrated that paclitaxel in combination of paclitaxel with celecoxib can significantly reduce the viability of breast cancer cells (Hedayat et al., 2023), and it can enhance the efficacy of paclitaxel in inducing immunogenic cell death in tumor cells (Qian et al., 2024). However, the effects of celecoxib in breast cancer may vary, depending on COX-2 expression and estrogen receptor (ER) status, highlighting the necessity for an individualized approach to therapy (Hamy et al., 2019). In an experimental study, celecoxib was found to exhibit different pro-apoptotic effects across different breast cancer subtypes (Wang et al., 2017). These findings emphasize the importance of further exploring the role of celecoxib in the management of breast cancer, particularly in optimizing treatment options for specific patient populations.
4.3 Lung cancer
Lung cancer, with the highest incidence and mortality rates worldwide, is the subject of ongoing research into celecoxib, particularly for its potential to modulate the tumor microenvironment and improve the effectiveness of synergistic treatments. Its ability to downregulate COX-2 expression contributes to increased susceptibility to natural killer cell cytotoxicity (Kim et al., 2020), and it can also serve as a radiosensitizer for lung cancer (Zhang et al., 2019; Sun et al., 2017; Zhang et al., 2021), underscoring its potential as a therapeutic adjunct. There is evidence that targeted drugs in combination with celecoxib can enhance efficacy by modulating apoptosis (Zhang et al., 2021; Qadir et al., 2023). Zhu et al. discovered that celecoxib can influence the immune response in lung cancer patients and may improve prognosis when combined with ICD inducer (Zhu et al., 2024). Furthermore, the combination of celecoxib can boost antitumor response and overcome resistance to lung cancer STING agonist treatment (Lemos et al., 2020). Nonetheless, due to variations in patient responses, further exploration is necessary to ascertain the benefits of celecoxib in treating lung cancer.
4.4 Prostate cancer
Celecoxib has emerged as a significant contender in the realm of prostate cancer therapy, particularly in managing castration-resistant disease. It modulates pathways associated with castration resistance (CRPC) progression, curbing cell growth and prompting apoptosis via AKT inhibition, PARP-1 cleavage, and the proteasomal degradation of the anti-apoptotic protein Mcl-1 (Benelli et al., 2019). A study by Tian et al. revealed that celecoxib suppresses tumor growth and metastasis by targeting pathways integral to androgen receptor signaling and inflammation (Tian et al., 2019). Clinical trials have also demonstrated that combining celecoxib with other drugs, such as docetaxel, leads to enhanced treatment efficacy and improved quality of life (Landre et al., 2019). In a retrospective study, the drug’s capacity to modulate PSA levels in radiotherapy patients underscored its potential in controlling the progression of prostate cancer (King et al., 2020). As ongoing research continues to unravel the intricate interactions of celecoxib within prostate cancer biology, integrating it into standard treatment protocols may offer new strategies to enhance outcomes for patients afflicted with this complex malignancy.
4.5 Head and neck cancer
The role of celecoxib in head and neck cancer (HNC) has been extensively studied, and it has demonstrated significant anti-cancer potential due to its anti-inflammatory properties and its ability to modulate the tumor microenvironment. Celecoxib inhibits the COX-2/PGE2 signaling pathway, reduces vascular endothelial growth factor (VEGF) expression, and suppresses the proliferation, growth, and metastasis of head and neck cancer cells, while also decreasing PGE2-mediated immune escape (Chiang et al., 2020). Mabrouk et al. also observed that the growth and spread of oral squamous cell carcinoma (OSCC) can be retarded by inhibiting tumor-associated inflammatory factors (e.g., COX-2, IL-6, TGF-β), and by modulating the function of myeloid-derived suppressor cells (MDSCs), which helps to attenuate the immune escape mechanism of tumors. Their cube sponge system for celecoxib administration is a promising approach (Mabrouk et al., 2023). And in a recent in vitro study using human HNC cell lines, celecoxib was found to exert anti-cancer effects on PIK3CA-mutated head and neck cancer cells through endoplasmic reticulum stress, reactive oxygen species, and mitochondrial dysfunction (Thi Thanh Nguyen and Yoon, 2024). While celecoxib exerts its anticancer effects in this cancer type through multiple mechanisms, large-scale clinical data are still required to substantiate the efficacy and safety of its clinical application.
4.6 Other types of tumors
In addition to colorectal cancer, breast cancer, lung cancer, prostate cancer, and head and neck cancer, the application of celecoxib in other types of malignant tumors has gradually attracted attention. For instance, some in vitro studies have shown that celecoxib may inhibit the growth of hepatocellular carcinoma by targeting PNO1 (Dai et al., 2019), and it can induce apoptosis in pancreatic cancer cells by targeting mammalian neuraminidase-1 (Qorri et al., 2020). Regarding cervical cancer, the combination of celecoxib with conventional chemotherapy exhibits synergistic effects, hindering tumor progression via multiple mechanisms (Robledo-Cadena et al., 2024). In the context of gastric cancer, celecoxib itself exerts cytotoxic effects on cancer cells; notably, its combination with topotecan significantly enhances therapeutic efficacy (Badalanloo et al., 2022). Moreover, extensive in vitro and in vivo studies reveal that it not only effectively inhibits glioblastoma (GBM) cell proliferation but also potentiates the efficacy of temozolomide against chemotherapy resistance (Yin et al., 2021; Ahsan et al., 2023; Pak et al., 2025), while concurrently acting as a radiosensitizer for radiation-resistant CD133 (+) GBM cells (Ma et al., 2011). Notably, a novel celecoxib derivative can cross the blood-brain barrier (BBB) to inhibit recurrence of brain malignancies in animal models (Shen et al., 2025). As research into the effects of celecoxib on malignant tumors continues to expand, it offers new perspectives and avenues for cancer treatment.
5 SIDE EFFECTS AND SAFETY OF CELECOXIB AND OTHER DRUGS THAT INHIBIT THE COX-2/PGE2 AXIS
Celecoxib is widely used for its anti-inflammatory and analgesic properties, with a well-defined safety profile. The most significant concerns involve potential gastrointestinal (GI), cardiovascular (CV), and renal adverse effects. Compared to non-selective NSAIDs (e.g., ibuprofen, naproxen), which inhibit both COX-1 and COX-2, celecoxib’s selectivity for COX-2 significantly reduces the risk of GI mucosal injury, with GI event rates as low as 0.34% (Yeomans et al., 2018). However, high doses (>400 mg/day) or long-term use may increase the risk of myocardial infarction and stroke (Obeid et al., 2022). The PRECISION trial further indicated that CV risk correlates with treatment duration and dose (Pepine and Gurbel, 2017). Notably, some cancer-specific studies have not observed a significant increase in CV events (Hu et al., 2023; Coombes et al., 2021). Renal side effects, such as edema and hypertension, are less common but require monitoring (Biase et al., 2024). Despite these potential risks, the incidence of adverse effects associated with celecoxib use in oncology settings, particularly at therapeutic doses and durations relevant to cancer treatment, is generally manageable.
While celecoxib is the most extensively studied selective COX-2 inhibitor in oncology, other pharmacological agents targeting this axis exist. Rofecoxib is also a selective COX-2 inhibitor and has been withdrawn from the market due to cardiovascular safety concerns, which limits its long-term use in cancer prevention (Bresalier et al., 2005). Etoricoxib, another selective COX-2 inhibitor, has shown significant anti-proliferative and pro-apoptotic effects in preclinical studies in lung and hepatocellular carcinoma, highlighting the co-antitumor potential of this drug class in addition to celecoxib (Md et al., 2021; Ali et al., 2022). Moreover, diclofenac is a non-selective nonsteroidal anti-inflammatory drug but has a strong affinity for COX-2, and its anticancer efficacy observed in studies in colorectal cancer and melanoma is related not only to COX-2 inhibition, but also to the induction of oxidative stress and the regulation of oncogenic signaling pathways (Yilmaz et al., 2021; Qin et al., 2025). These comparisons put celecoxib’s position in context: its risk is a category consideration, but its extensive oncological evidence base and unique pharmacokinetic profile support its sustained action. The presence of multiple drugs targeting this axis highlights its therapeutic effectiveness and offers alternatives for future research and potential combination strategies.
6 DISCUSSION AND FUTURE PERSPECTIVES
Celecoxib has firmly established itself not only as an adjunctive analgesic or anti-inflammatory agent in oncology, but also as an effective immunomodulator capable of reshaping the tumor immune microenvironment (TIME). This review synthesizes compelling evidence for its anti-tumor efficacy, both as monotherapy and in a multimodal regimen, fundamentally stemming from its ability to disrupt the immunosuppressive COX-2/PGE2 axis. By inhibiting Tregs, MDSCs, and M2 macrophage polarization while enhancing CD8+ T cell infiltration, cytotoxicity, and dendritic cell function, celecoxib effectively eliminates key barriers to anti-tumor immunity. Synergy with chemotherapy (e.g., enhancing drug toxicity and reducing cancer cell viability), radiotherapy (e.g., enhancing radiosensitivity by inhibiting the Akt/mTOR pathway), and especially immunotherapy (e.g., inhibiting the immunosuppressive environment) (Section 2.2), underscores its versatility as a cornerstone of contemporary cancer treatment strategies.
As noted above, this preclinical research evidence consistently demonstrates a clear mechanistic principle across different cancer types, revealing the anti-cancer ability of celecoxib, sensitizing tumors to conventional therapies, and effectively reprogramming the immunosuppressive tumor microenvironment. In the clinical field (Table 2), pivotal trials have successfully translated this commitment into tangible benefits, with multiple studies showing significant improvements in outcomes. However, existing limitations must also be acknowledged. Preclinical models often employ celecoxib concentrations that may not be clinically achievable while elucidating key mechanisms, raising questions about translational relevance (Tołoczko-Iwaniuk et al., 2019). In addition, the heterogeneity of clinical trial outcomes [e.g., the significant efficacy of celecoxib in combination with toripalimab in the phase II PICC trial contrasted with the negative results of the phase III CALGB 30801 trial in patients with unselected NSCLC and the lack of a disease-free survival benefit in the CALGB/SWOG 80702 trial (Hu et al., 2022; Meyerhardt et al., 2021; Edelman et al., 2017)] highlights the limited efficacy of celecoxib and is highly dependent on the context, specifically tumor type, combination agent, and vital patient selection biomarkers. Therefore, while the available data firmly establish celecoxib as a compelling therapeutic-beneficial drug, there is an urgent need for more and more rigorously designed, biomarker-selected clinical trials to definitively determine its role in multimodal oncology.
More notably, the true transformative potential of celecoxib extends beyond its established mechanisms, pointing to new areas of cancer treatment that require attention:
Deepening the Understanding of Immunometabolic Reprogramming: While celecoxib’s immunomodulatory effects are well described, its impact on immunometabolism within TIME represents a critical and underexplored aspect. The ability of celecoxib to inhibit IDO1 activity and correct abnormal tryptophan metabolism in tumor-associated neutrophils (TANs) and other cells directly links COX-2 inhibition to metabolic pathways that control T cell depletion (Ouyang et al., 2024). This makes celecoxib unique at the intersection of inflammation, metabolism, and immunity. Future research should dissect how celecoxib-induced metabolic shifts (e.g., reduced kynurenine accumulation) interact synergistically with immune signaling pathways to create a relaxed environment for effector cells, potentially revealing novel combinatorial targets beyond IDO1 and deepening our understanding of its role in overcoming metabolic immunosuppression.
Patient heterogeneity and towards personalized treatment: The efficacy of celecoxib is heterogeneous among different patient populations, and future clinical translation may depend on identifying patient subgroups most likely to benefit. For example, tumor biology, where COX-2 overexpression may predict benefit, as shown by the trend of improved survival in this subgroup in a negative phase III NSCLC trial, underscores the importance of biomarkers driving patient selection (Edelman et al., 2017). Second, pharmacogenomics, genetic polymorphisms in CYP2C9 (the main metabolizing enzyme of celecoxib) can significantly alter drug clearance, meaning that individuals with adverse metabolizer genotypes may experience higher drug exposure, affecting efficacy and the risk of dose-dependent adverse effects (Dean et al., 2016; Kim et al., 2017). Finally, in terms of gender differences, sex-specific differences in the use of NSAIDs were observed in an epidemiological study of bladder cancer risk, suggesting that sex hormones or other physiological differences may modulate the COX-2/PGE2 axis (Daugherty et al., 2011). Therefore, it is crucial to integrate robust biomarkers that include tumor COX-2 status, germline genetic variants, and potentially sex-specific factors into the design of future clinical trials. These parameters precisely define the role of celecoxib in personalized treatment modalities.
Precision Delivery and Biomarker-Driven Integration: The limitations of systemic celecoxib, particularly the cardiovascular risks associated with long-term/high-dose use (Obeid et al., 2022; Pepine and Gurbel, 2017), necessitate more informed dosing strategies and refined patient selection. Innovations in nanodelivery systems offer a very promising solution (Bai et al., 2024). By encapsulating celecoxib or combining it with other drugs (e.g., gemcitabine, immunomodulators) in nanoparticles, these systems enhance tumor-specific targeting, minimize off-target effects (potentially mitigating CV risk), and can achieve localized high-dose effects critical for effective TIME remodeling (Zhang et al., 2024; Liu et al., 2024). In addition, the efficacy of these advanced delivery methods can be evaluated in combination with robust biomarker-guided strategies. In addition to static COX-2 expression assessments, dynamic monitoring utilizing circulating factors (e.g., VEGF reflecting angiogenesis/inflammatory regulation, IL-8) (Passaro et al., 2024; Dovizio et al., 2012; Perroud et al., 2016), single-cell sequencing to analyze dynamic changes in immune cell subsets within the TME (Pan et al., 2023; Zheng et al., 2021), and functional testing using patient-derived 3D organoid models capable of predicting real-time treatment response are key to identifying subgroups of patients most likely to benefit (Xie et al., 2021; Ban et al., 2024). This comprehensive approach shifts the paradigm from a single modality to a truly personalized combination therapy, defining the optimal timing, sequence, and dosage of celecoxib in a complex multimodal protocol.
Expanding the Portfolio Arsenal with Emerging Immunotherapies: Celecoxib could significantly enhance next-generation immunotherapies, an exciting and underexplored avenue. Its potential to enhance the invasion, activation state, and antitumor function of tumor-infiltrating lymphocytes (TILs) through metabolic regulation provides a strong case for its combination with TIL therapy (Kosaka et al., 2023; Cecil et al., 2022; Ferrandina et al., 2006). In immunophotodynamic therapy (IPDT), celecoxib significantly broadens the therapeutic window by stabilizing mitochondrial membrane potentials, thereby reducing phototoxicity in normal tissues and simultaneously enhancing ROS-induced immunogenic cell death (An et al., 2024; Agostinis et al., 2011). Similarly, in oncolytic virutherapy, celecoxib can enhance immune efficacy against glioma by inhibiting the immunosuppressive environment (Tang et al., 2020). In addition, experimental studies have established a link between next-generation immune checkpoints (such as LAG3) and celecoxib (Cecil et al., 2022; Hashemi et al., 2025), and more combination regimens are expected to be used in tumor treatment in the future, although these still require a large amount of research to promote clinical translation.
Harnessing the Potential of Novel Derivatives: The discovery of COX-2-independent antitumor effects of certain celecoxib derivatives opens up a critical avenue. Derivatives such as 2,5-dimethylcelecoxib can induce apoptosis through ROS/JNK activation or modulate PD-1 expression through mechanisms involving the gut microbiota-AMPK-mTOR axis (Pan et al., 2023; Tan et al., 2021), thereby preserving therapeutic benefits while potentially circumventing the cardiovascular risks associated with conventional COX-2 inhibition. More translationally meaningful novel structure-modifying derivatives (designed to cross the BBB) have demonstrated efficacy in inhibiting tumor recurrence in animal models of GBM (Shen et al., 2025). This breakthrough addresses a key challenge in targeting CNS tumors and provides a powerful new tool for modulating the local immunosuppressive microenvironment of GBM. Prioritizing the development and clinical evaluation of these innovative derivatives is a strategic avenue to accelerate the translation of safer and more effective celecoxib therapies.
In conclusion, celecoxib transcends its origins as a mere COX-2 inhibitor. It is a multifaceted immunomodulator capable of reprogramming the immunosuppressive TIME, thereby enhancing the efficacy of multiple anti-cancer modalities. By focusing research on the aforementioned frontier areas–deepening our understanding of immunometabolic crosstalk, advancing the precise delivery of dynamic biomarker guidance, exploring synergies with cutting-edge immunotherapies like TIL and IPDT, and actively developing novel derivatives–celecoxib has the potential to evolve from a valuable adjuvant to a central pillar of the next-generation of immune-focused medicines for multimodal cancer treatment.
7 CONCLUSION
Celecoxib effectively reprograms the immunosuppressive tumor microenvironment by targeting the COX-2/PGE2 axis, inhibiting immunosuppressive cells (Tregs, MDSCs, M2 macrophages) while enhancing CD8+ T cell infiltration and activity. Its synergistic enhancement of chemotherapy, radiotherapy, and immunotherapy, especially immune checkpoint blockade, stems primarily from disrupting this critical axis, thereby overcoming key mechanisms of treatment resistance and immune evasion. Nanodelivery strategies offer promising avenues for improving tumor targeting and mitigating systemic risks, particularly cardiovascular problems associated with long-term use. Future integration into cancer treatment requires biomarker-driven patient selection and clinical validation. Prioritizing the development of novel derivatives and exploring synergies with next-generation immunotherapies (e.g., TILs, IPDTs) will further unlock their potential as a cornerstone of multimodal precision oncology.
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