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Background
The Sex-determining Region Y-related High-Mobility Group Box 9 (SOX9), a key transcription factor in the SOX family, plays essential roles in various biological processes, particularly in the development of the tumor microenvironment and the repair of inflamed tissues.
Findings
This review elucidates the structure of SOX9 and its relationship with immune components from an immunological perspective, it analyzes the mechanisms by which SOX9 operates in tumor immune escape, inflammatory diseases and tissue repair (such as in osteoarthritis, OA), Furthermore, it introduces a novel immunological perspective by investigating the therapeutic potential and application strategies of SOX9 for treating tumors and inflammatory diseases. and reviews the latest advances in SOX9-related treatments.
Conclusion
SOX9 plays a complex and dual role in immunology, acting as a “double-edged sword”. On one hand, it promotes immune escape by impairing immune cell function, making it a potential therapeutic target in cancer. On the other hand, increased levels of SOX9 help maintain macrophage function, contributing to cartilage formation, tissue regeneration, and repair. Given its significant role in immunobiology, SOX9 represents a promising therapeutic candidate for cancer and immune-related diseases.
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1 INTRODUCTION
The mammalian sex-determining region Y-related high-mobility group box (SOX) family of transcription factors (TFs) was first identified by Gubbay et al., in 1990. These proteins share a defining amino acid sequence homology within an HMG box domain, mirroring that of the mammalian testis-determining factor SRY (Watmough, 2024; Grimm et al., 2020). SOX9, a member of this family, plays an important role in tumor progression, cartilage formation, and stem cell development (Aggarwal et al., 2024; Liu Y. et al., 2022; Yang et al., 2023).
Research has particularly focused on its activating role in tumor biology. SOX9 is frequently overexpressed in various solid malignancies, where its expression levels positively correlate with tumor occurrence and progression (Qian et al., 2024; Borgenvik et al., 2022). Consequently, SOX9 is widely regarded as an oncogene and is significantly implicated in tumor chemoresistance and malignant potential (Panda et al., 2021). Beyond its established roles in chondrogenesis and tumorigenesis, SOX9 is expressed in embryonic liver and pancreatic progenitor cells, serving as a marker for hepatic and pancreatic stem/progenitor cell populations (Kawaguchi, 2013). Furthermore, accumulating evidence highlights significant connections between SOX9 and immune system regulation (Luo et al., 2022).
SOX9 exhibits context-dependent dual functions—acting as both an activator and a repressor—across diverse immune cell types, thereby contributing to the regulation of numerous biological processes (Liu Y. et al., 2023; Chen et al., 2021; Michelatti et al., 2024). Immune responses are broadly categorized as innate or adaptive, distinguished by their specificity and kinetics. Innate immunity provides rapid, non-specific defense mediated by components such as acute-phase proteins, neutrophils, monocytes, macrophages, complement, and cytokines (Demaria et al., 2019). In contrast, adaptive immunity, a hallmark of higher vertebrates, is characterized by its specificity and memory, involving antigen-specific responses orchestrated by T and B lymphocytes; however, these responses require days to weeks to fully develop (Mantovani and Garlanda, 2023; Parkin and Cohen, 2001). Leveraging the exquisite specificity of the adaptive immune system for therapeutic purposes, particularly against cancer, has driven significant advancements since the early 20th century. Key immunotherapeutic strategies include adoptive cell transfer (ACT) (Met et al., 2019), chimeric antigen receptor T-cell (CAR-T) therapy (Sterner and Sterner, 2021). Monoclonal antibodies targeting immune checkpoint pathways, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) (Ribas and Wolchok, 2018; Rowshanravan et al., 2018; Yi et al., 2022; Adusumilli et al., 2021). These approaches have been used successfully against multiple cancers, including both hematological and solid tumors.
2 STRUCTURAL AND IMMUNOLOGICAL CHARACTERISTICS OF SOX9
The High Mobility Group (HMG) box, an evolutionarily conserved DNA-binding motif, is the defining feature of the SOX family. SOX9, a member of this SRY-related HMG box protein family, encodes a 509 amino acid polypeptide crucial for cartilage development, sex determination, and embryogenesis (Underwood et al., 2023). This protein contains several functional domains organized from N- to C-terminus: a dimerization domain (DIM), the HMG box domain, two transcriptional activation domains–one central transcriptional activation domain (TAM) and one at the C-terminus (TAC) – and a proline/glutamine/alanine (PQA)-rich domain (Geraldo et al., 2016) (Figure 1). The HMG and transcriptional activation domains are primarily responsible for SOX9’s core functions. The HMG domain serves dual roles: it directs nuclear localization via embedded (Argentaro et al., 2003) localization (NLS) and export (NES) signals, enabling nucleocytoplasmic shuttling, and facilitates DNA binding (Argentaro et al., 2003; Tsuchiya et al., 2011). The C-terminal transcriptional activation domain (TAC) interacts with diverse cofactors, such as Tip60, to enhance SOX9’s transcriptional activity (Haseeb and Lefebvre, 2019). TAC is also essential for β-catenin inhibition during chondrocyte differentiation (Akiyama et al., 2004). The TAM functions synergistically with TAC to augment the transcriptional potential of SOX9 (Haseeb and Lefebvre, 2019).
[image: Diagram showing a protein structure from NH3+ to COO-. Domains include DIM (positions 63-103) for dimerization, HMG (103-173) for nuclear localization and DNA binding, TAM (224-307) for TAC synergy, PQA (339-379) for transactivation in vitro, and TAC (394-509) for transactivation domains.]FIGURE 1 | An illustration of the human SOX9 protein. Ahead of the HMG box lies the dimerization domain (DIM). There are two transcriptional activation domains at the C-terminus (TAC) and in the middle (TAM). For transcriptional activation, the proline, glutamine, and alanine (PQA)-rich domain is necessary. Each domain’s primary purposes are listed.SOX9 (SRY-box 9) plays a significant role in immune cell development, participating in the differentiation and regulation of diverse immune lineages. Regarding T cell development, a SOX9 can cooperate with c-Maf to activates Rorc and key Tγδ17 effector genes (Il17a and Blk), which modulates the lineage commitment of early thymic progenitors, potentially influencing the balance between αβ T cell and γδ T cell differentiation (Parker and Ciofani, 2020; Huang et al., 2002). Within the B cell lineage, SOX9 does not have a known significant role in normal B cell development. However, SOX9 is overexpressed in certain types of B-cell lymphomas, like Diffused Large B-cell Lymphoma (DLBCL), where it acts as an oncogene by promoting cell proliferation, inhibiting apoptosis, and contributing to the cancer’s progression (Shen et al., 2022). Given its critical role in orchestrating immune cell differentiation, SOX9 holds significant therapeutic potential for diseases caused by immune system dysregulation.
3 SOX9 IN CANCER
Cancer is a complex disease, and dysregulation of transcription factors is common in cancer pathogenesis. The SOX family is an important family of stem cell transcription factors, among which SOX9 is highly expressed in a variety of cancers, such as liver cancer (Ma X. L. et al., 2020), lung cancer (Olsen et al., 2021), breast cancer (Christin et al., 2020), Gastric cancer (Chen et al., 2023), etc. It is a downstream target of several embryonic signaling pathways and has a close relationship with vascularization (Faleeva et al., 2024), drug resistance (Tripathi et al., 2022), tumor proliferation (Liu Z. et al., 2022), metastasis (Qi and Li, 2020), and apoptosis (Shen et al., 2022). Additionally, SOX9 is strongly linked to tumor cells' poor prognosis (Qian et al., 2024). Transcriptional regulation and post-transcriptional regulation are the two primary categories of regulatory mechanisms. Changes in epigenetic alterations like methylation and acetylation are included in transcriptional regulation (Sun et al., 2023; Xie et al., 2021), whereas biological activities mediated by miRNA and lncRNA are primarily included in post-transcriptional regulation (Ashrafizadeh et al., 2021; He et al., 2021).
3.1 Relationship between SOX9 and tumor immune cell infiltration
Extensive bioinformatics analyses indicate a strong association between SOX9 expression and immune cell infiltration within tissues. For instance, by integrating whole exome and RNA sequencing data from The Cancer Genome Atlas, Chong Wang et al. identified SOX9 as a characteristic gene for early and late diagnosis of colorectal cancer (CRC). SOX9 expression negatively correlated with infiltration levels of B cells, resting mast cells, resting T cells, monocytes, plasma cells, and eosinophils, but positively correlated with neutrophils, macrophages, activated mast cells, and naive/activated T cells (Wang et al., 2021). Similarly, Hua Zhong et al. demonstrated that SOX9 overexpression negatively correlates with genes associated with the function of CD8+ T cells, NK cells, and M1 macrophages, while showing a positive correlation with memory CD4+ T cells (Zhong et al., 2023; Du et al., 2023; Zhao Y. et al., 2024) (Figure 2). In single-cell RNA sequencing and spatial transcriptomics analyses of prostate cancer (PCa) patients and healthy controls, effector immune cells were observed a shift in the immune landscape, such as CD8+CXCR6+ T cells and activated neutrophils, are decreased, while immunosuppressive cells, including Tregs, M2 macrophages (TAM Macro-2), and anergic neutrophils, are increased. This imbalance ultimately creates an “immune desert” microenvironment that promotes tumor immune escape. At the same time, long-term androgen deprivation therapy (ADT) may indirectly weaken the anti-tumor immune response by enriching a subpopulation of club cells characterized by high SOX9 and low AR (SOX9high ARlow) (Bian et al., 2024). Chengqian Zhong et al. further classified CRC into three molecular subtypes (CS1, CS2, CS3) based on transcriptomic, DNA methylation, and driver mutation data. Notably, the CS3 subtype exhibited higher immune cell infiltration and significant SOX9 upregulation (Zhong et al., 2022). The above research highlights SOX9’s pivotal role in modulating immune infiltration, providing support for targeting SOX9 to improve patient prognosis. Current research on SOX9’s regulatory mechanisms primarily focuses on its impact on inflammatory diseases (e.g., tumors (Jana et al., 2020), kidney damage (Chen et al., 2022), pneumonia (Zhu et al., 2022)), and the effects on the functions of T cells (Ramakrishnan et al., 2023), NK cells (Zhong et al., 2023) and macrophages (Feng D. et al., 2023), However, its regulatory effects on B cells and mast cells remain less explored.
[image: Illustration of an imbalanced seesaw depicting cellular interactions. The left side, tilted upwards, features cells labeled M1-Mø, SOX9, A-MC, TM, and MDSC. The right side, tilted downwards, displays cells labeled M2-Mø, NK, B, CD4+T, and CD8+T. Two arrows indicate the imbalance direction.]FIGURE 2 | Relationship between different immune cell infiltration and SOX9 overexpression. Memory T cells (TM), polymorphonuclear myeloid-derived suppressor cells (MDSCs), activated mast cells (A-MC), and M1 macrophage (M1-Mø) infiltration are all favorably connected with overexpressed SOX9. It has a negative correlation with M2 macrophages(M2-Mø), B cells, NK cells, and CD4+T and CD8+T infiltration.3.2 Mechanism of SOX9 involvement in tumor immune escape
SOX9 is a master regulator of tumor immune evasion. It is a highly promising therapeutic target. Its ability to suppress anti-tumor immunity through multiple, synergistic pathways, makes it a central node in the network of cancer immune resistance (Table 1). According to the mechanism by which SOX9 regulates various immune components, its mechanism of involvement in tumor immune escape is as follows (Figure 3).
TABLE 1 | Function of SOX9 in immune-related diseases.	Immune-related diseases	SOX9 targets	Immune effect	Refs
	Tumor	Gastric cancer	LIF/LIFR	Promoting the differentiation of M2 macrophages in the tumor microenvironment	Fan et al. (2023)
	Pancreatic cancer	CXCL5/CXCR2	Recruitment of polymorphonuclear myeloid-derived suppressor cells (MDSCs), which will speed up the growth of the tumor and block T lymphocyte function	Chen et al. (2021)
	Breast cancer	B7x/B7-H4	Reduces CD8 + T cells and increases the infiltration of regulatory T cells (Treg cells)	Liu Y. et al. (2023)
	Osteoarthritis(OA)	NF - κB	promotes macrophage polarization from M1 to M2	Tian et al. (2024)
	Pulmonary fibrosis	IL-4Ra	Released by regulatory T cells (Tregs) and interstitial macrophages	Cai et al. (2024)
	Dental pulp	TNF-α	influences the extracellular matrix composition, cytokine production	Luo et al. (2018)


[image: Diagram illustrating the impact of SOX9 on immune cells (T cells, macrophages, NK cells) in tumor environments. SOX9 affects T cell differentiation, CD8+ T cell exhaustion, macrophage roles in CD8+ responses, and NK cell recognition disorders through various pathways and factors.]FIGURE 3 | Mechanism of SOX9 regulating tumor immune escape. SOX9 regulates biological processes such as T cell development, infiltration, and exhaustion through various pathways, promotes macrophage polarization and pyroptosis, and escapes NK cell immune surveillance. LCK, LCK proto-oncogene; RORC: RAR related orphan receptor C; B7X: Immune checkpoint; LAG3: Lymphocyte activating 3; CXCL5: C-X-C motif chemokine ligand 5; LIF: Leukaemia inhibitory factor; NR4A1: Nuclear receptor subfamily 4 group A; ULBPS: UL16-binding proteins; NKG2D: Killer cell lectin like receptor K1 (KLRK1); HLA: Major histocompatibility complex.3.2.1 SOX9 and T cells
T cells, categorized as T helper (Th, CD4+) or cytotoxic T (Tc, CD8+) cells, are central to adaptive immunity. CD4+ Th cells coordinate immune responses by recognizing antigens and secreting cytokines (e.g., interferons) to activate macrophages. CD8+ Tc cells directly kill antigen-bearing target cells by releasing perforin and granzymes, thereby inducing apoptosis (Galli et al., 2023; Gonzalez-Rodriguez et al., 2022).
Elevated SOX9 expression in tumors correlates with reduced T cell infiltration, facilitating tumor immune escape and progression (Bian et al., 2024).
In vivo studies have shown that in thymoma patients with high SOX9 expression, the infiltration of CD4+ T cells and CD8+ T cells were significantly reduced, while macrophage infiltration was increased. Notably, M2 macrophages accounted for 10% of the total infiltrating immune cells in the high SOX9 expression group. High SOX9 expression is negatively correlated with the expression of LCK and RORC (genes involved in the development function, and differentiation of T cells and Th17 cells), suggesting In vitro and animal model studies support that SOX9 significantly inhibits the development, differentiation, and tumor-killing function of T cells and Th17 cells (Yuan et al., 2021). In SOX9-overexpressing lung adenocarcinoma, tumor-infiltrating T cells, particularly CD8+ T cells, exhibited elevated levels of the exhaustion marker LAG3, indicating that SOX9 promotes CD8+ T cell dysfunction and exhaustion (Zhong et al., 2023). In pancreatic ductal adenocarcinoma, the SOX9–CXCL5 axis promotes the recruitment of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), which accelerate tumor progression and suppress T lymphocyte function (Luo et al., 2022). Conversely, SOX9 knockdown enhances immune cell infiltration. Co-culture of SOX9-knockout tumor cells with CD45+ T cells or peripheral blood mononuclear cells (PBMCs) significantly increased CD8+ T cell responses, an effect independent of NK cells (Fan et al., 2023). Additionally, it has been shown that SOX9 knockdown can greatly increase the quantity and cytotoxic capacity of CD8+ T cells. More significantly, it can restore the immune function of exhausted CD8+ T cells. These cells are found in the ascites of patients with gastric cancer peritoneal metastases, highlighting its clinical relevance for treating this condition. These findings collectively position SOX9 as a potent driver of immune evasion. It employs multiple mechanisms, both direct and indirect, to suppress T cell function. This makes SOX9 inhibition a compelling strategy to improve cancer immunotherapy.
3.2.2 SOX9 and NK cells
Natural killer (NK) cells provide frontline defense against cancer and infected cells through immune surveillance, directly recognizing and eliminating abnormal cells without prior sensitization (Terren et al., 2019; Liu et al., 2021). They can directly recognize and kill cancer cells without requiring activation or sensitization by other immune cells. Similar to CD8+ T cells, NK cells secrete perforin onto the surface of target cells, increasing membrane permeability, and release granzymes that induce apoptosis (Shimasaki et al., 2020). Normal host cells express MHC class I molecules, which bind to inhibitory receptors on NK cells and suppress the killing pathway. In contrast, tumor cells and virus-infected cells (especially those from the herpesvirus family) often exhibit reduced levels of MHC class I proteins, making them more susceptible to NK cell-mediated attack (Neo et al., 2022; Saunders et al., 2015).
High expression of SOX9 inhibits the infiltration of NK cells into tumors, and several studies have explored its regulatory mechanisms. For instance, in breast cancer models, NK cells were shown to restrict the growth of latency-competent cancer (LCC) cells when injected into immunocompetent athymic animals. However, SOX9 overexpression enabled these tumor cells to evade immune surveillance, possibly by upregulating inhibitory ligands such as UL16-binding proteins (ULBPs), Which a novel MHC class I-related molecules, bind to CMV glycoprotein UL16 and stimulate NK cytotoxicity through the NKG2D receptor (Malladi et al., 2016), This suggests that SOX9 may play a crucial role in helping tumor cells escape NK cell-mediated killing. In addition, studies on disseminated tumor cells (DTCs) have shown that retinoic acid (RA) signaling can induce tumor dormancy by modulating SOX9 expression, and NK cell receptors (such as NKG2D ligands and HLA class I genes) also significantly decreased (Michelatti et al., 2024). SOX9 emerges as a critical orchestrator of resistance to innate immune surveillance by NK cells. Its ability to simultaneously reduce NK cell recruitment to the tumor and, more importantly, engineer the tumor cell surface to evade recognition—by both suppressing “eat-me” signals (activating ligands) and potentially enhancing “don’t-eat-me” signals (inhibitory ligands)—represents a powerful and multifaceted strategy for immune escape.
3.2.3 SOX9 and macrophages
Macrophages serve as a bridge between innate and adaptive immunity. They can engulf and digest foreign pathogens and dead cells, present antigens to T cells to activate specific immune responses, and release inflammatory factors (such as tumor necrosis factor-α and interleukin-1β) to attract other immune cells to sites of infection or injury. They also release growth factors to promote cell proliferation and tissue regeneration (Wynn and Vannella, 2016; Guilliams and Scott, 2022). The expression of SOX9 is positively correlated with macrophage infiltration. Studies by Yibo Fan et al. have shown that knocking out SOX9 can inhibit the expression of leukemia inhibitory factor (LIF), thereby promoting the polarization of M2 macrophages in the tumor microenvironment. This reduces the production of CCL2 and IL-10 by macrophages and facilitates tumor immune escape and metastasis (Fan et al., 2023). Thus, SOX9 modulates macrophage polarization, pyroptosis, and activity, playing significant roles in tumor immune evasion.
3.2.4 SOX9 and immune checkpoints
Immune checkpoint molecules regulate the activity of immune cells, maintain immune system balance, and prevent excessive immune activation from attacking the body’s own tissues, thereby avoiding the occurrence of autoimmune diseases (Postow et al., 2018; Topalian et al., 2016). SOX9 expression is closely associated with the expression of immune checkpoints across various cancer types. Gene co-expression analysis was performed in hepatocellular carcinoma (HCC). It revealed that SOX9 is significantly positively correlated with 47 known immune checkpoint genes. These include well-established clinical targets such as PD-1, PD-L1, and CTLA4 (Luo et al., 2022). Research by S. Liu et al. also demonstrates that SOX9 expression is closely linked to other tumor immune checkpoints, such as CD27 (Liu S. et al., 2023). SOX9-mediated immune suppression is essential for the progression from in situ tumors to invasive cancer. The specific mechanism, as elucidated in a 2023 study by CC et al., shows that SOX9 is activated via STAT3 and directly regulates the expression of the immune checkpoint molecule B7x/B7-H4. This leads to a reduction in CD8+ T cells and an increase in regulatory T cell (Treg) infiltration, thereby re-establishing an immunosuppressive microenvironment and accelerating tumor development (Liu Y. et al., 2023). B7x not only supports mammary gland regeneration in immunocompetent mice but can also be targeted in advanced tumors to inhibit their growth and overcome resistance to anti-PD-1 immunotherapy (Pulanco et al., 2023; Li et al., 2018). Collectively, studies across mouse models, cell lines, and patient samples define SOX9 as a regulator of immune checkpoints. They also reveal a promising therapeutic strategy: targeting the SOX9-B7-H4 axis. This potential is notably high in basal-like breast cancer.
3.2.5 SOX9 and chemokines
Chemokines constitute a specialized subfamily of cytokines that play a key role in leukocyte migration (Mughees et al., 2022). They promote the recruitment of innate immune cells to sites of infection, regulate adaptive immune responses—including immune activation and memory—and modulate effector cell functions (Vilgelm and Richmond, 2019; Jiang et al., 2020). Several studies have reported SOX9-mediated regulation of chemokines. For example, in SOX9-overexpressing tumors, the levels of the chemokine receptor CXCR3 and its ligands (CXCL9 and CXCL10), as well as CXCR6 and its ligand CXCL16, were significantly reduced. Additionally, expression of Flt3, an important gene for dendritic cell development, was markedly decreased. These changes may contribute to the inhibition of tumor-infiltrating dendritic cells by SOX9, thereby suppressing CD8+ T cells and NK cells (Zhong et al., 2023). Other studies have shown that cancer cells are the main producers of CXCL5, and that its expression is directly regulated by SOX9 (Ren et al., 2022). CXCL5 is a potent chemokine that recruits polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs), which inhibit the function of T and B lymphocytes, and significantly impair lymphocyte homing and the activation of multiple key immune signaling proteins (Chen et al., 2021; Yang et al., 2024). Thus, SOX9 promotes the recruitment of immunosuppressive MDSCs through chemokine regulation—particularly via CXCL5—thereby inhibiting effector lymphocytes and facilitating tumor immune escape.
4 SOX9 IN IMMUNE-RELATED DISEASES
4.1 Role of SOX9 in osteoarthritis (OA)
Osteoarthritis (OA) is a common disease that affects more than 500 million people worldwide and currently lacks an effective cure. Traditional treatments such as physical therapy, painkillers, and joint replacement surgery have certain limitations (Martel-Pelletier et al., 2016). Early studies have shown that SOX9 is a major transcription factor in cartilage development and endochondral ossification (Bell et al., 1997), and is essential for cartilage extracellular matrix (ECM) gene expression and chondrocyte differentiation (Lefebvre et al., 2019). SOX9 can promote gene transcription of cartilage markers type II and type IX collagen and proteoglycan aggrecan, and inhibit the expression of aggrecanase and matrix metalloproteinases, thereby maintaining the phenotype and normal function of articular chondrocytes (Imagawa et al., 2014; Zhang et al., 2006; McKillop et al., 2013; van Beuningen et al., 2014). The latest studies related to immune regulation have shown that in the pathological process of OA. In chondrocytes, NF-κB regulation of SOX9 is promotive. NF-κB, after entering the nucleus, may exert its regulatory effects by binding to the SOX9 promoter to form a SOX9-p65-NF-κB complex. NF-κB have a function of promotes macrophage polarization from M1 (proinflammatory) and M2 (anti-inflammatory) (Fang et al., 2024), thereby affecting the physiological state of cartilage (Tian et al., 2024). However, under stimulation by inflammatory factors (such as IL-1 and TNF-α), SOX9 expression is restricted, which increases the severity of arthritis.
4.2 Role of SOX9 in tissues repair
The involvement of immune cells in tissue repair is intricately associated with the transcription factor SOX9, which has been shown to facilitate tissue repair and functional recovery (Liu J. A. et al., 2023). In the context of immune-mediated repair, SOX9 emerges as a pivotal intrinsic molecular regulator in the renal epithelial regeneration response following acute kidney injury (AKI). Notably, 24 h post-ischemia-reperfusion injury (IRI), zinc finger protein 24 (ZFP24) was found bound to a specific site in both murine and human SOX9 promoters (Kim et al., 2023). Kidney repair after AKI depends on the regeneration of epithelial cells and macrophages. Specifically, activated SOX9+ epithelial cells secrete cytokines (C3) and growth factors (S100A9), which modulate macrophage activity to jointly facilitate renal repair (Kumar, 2018; Guo et al., 2023; Nie et al., 2023). Cai et al. (2023) have demonstrated that microenvironments associated with inflammation and aging can contribute to the persistent activation of pulmonary fibrosis. Regulatory T cells (Tregs) and interstitial macrophages serve as significant sources of interleukin-4 (IL-4). The IL-4 produced by these immune cells can stimulate the expression of the transcription factor SOX9 in type II alveolar epithelial cells (ATIIs), thereby modulates macrophage activity and reprograms lung epithelial cells into a progenitor-like state. This new state holds dual differentiation potential—for both airway and alveolar lineages. Conversely, in a bleomycin-induced model of pulmonary fibrosis, diminished levels of SOX9 expression and the lack of IL-4 signaling through IL-4Ra in macrophages exacerbate the condition. This finding suggests that aberrant SOX9 expression may indirectly impair the functionality of immune cells involved in the differentiation and repair of alveolar cells (Cai et al., 2024).
4.3 Role of SOX9 in other inflammatory diseases
In addition to its involvement in tumor immune evasion and tissue repair mechanisms, SOX9 is implicated in various immune-related disorders. For instance, in the context of dental pulp inflammation and immune response, the expression of SOX9 is significantly suppressed by tumor necrosis factor α (TNF-α), which subsequently influences the extracellular matrix composition, cytokine production, and overall immune response within the dental pulp (Luo et al., 2018). Other studies have indicated that in livers lacking Caspase 6, activation of SOX9 in macrophages exacerbates liver inflammation. The specific mechanism involves SOX9 acting as a transcriptional coactivator of nuclear receptor subfamily 4 group A member 1 (NR4A1), interacting with it to regulate the expression of the downstream gene S100A9. This alleviates macrophage pyroptosis and aggravates liver inflammation (Sheng et al., 2023). Furthermore, alterations in SOX9 expression have been observed in joint synovial cells in the context of rheumatoid arthritis (RA), where abnormal proliferation and inflammatory responses of these cells are characteristic features of the disease. It is posited that SOX9 may contribute to the pathogenesis of RA by modulating the biological behaviors of synovial cells, including their proliferation, extracellular matrix secretion, and interactions with immune cells (Li G. et al., 2024). in the Intestinal tissues of patients with inflammatory bowel disease (IBD), including Crohn’s disease (Kobayashi et al., 2024; Zhuang et al., 2022), and as well as in conditions such as Sjögren’s syndrome abnormalities in SOX9 expression are frequently noted (Xiang et al., 2023). Additionally, analyses at both the single-cell level (using patch-based single-cell transcriptomics) and the tissue level (using spatial transcriptomics) revealed that SOX9 may participate in brain injury repair by regulating synaptic homeostasis and immune responses. SOX9 deficiency results in reduced expression of microglial activation markers, such as Cxcl10 and Serpina3n. This suggests that aberrant SOX9 expression may be linked to neurodegenerative diseases or neuroinflammation, thereby providing a theoretical foundation for astrocyte-targeted therapeutic strategies (Natarajan et al., 2025). These observations suggest that, in contrast to its role in tumor immune escape, SOX9 plays a positive role in the pathophysiology of autoimmune and inflammatory diseases by maintaining macrophage function, which warrants further investigation (Figure 4).
[image: Diagram illustrating the role of SOX9 in inflammatory diseases and tissue repair through macrophages. It is divided into three sections: SOX9 in osteoarthritis (OA) showing healthy and osteoarthritic cartilage; SOX9 in tissue repair, detailing kidney and pulmonary repair processes; and SOX9 in inflammatory diseases, depicting liver inflammation and rheumatoid arthritis (RA). Key elements include interactions with proteins and cells like NF-kB, ZFP24, C3, IL-1, and macrophages, highlighting anti-inflammatory and proinflammatory pathways.]FIGURE 4 | SOX9 in immune-related diseases SOX9 plays a beneficial role in inflammatory diseases and tissue repair. In healthy cartilage, SOX9 interacts with p65 and NF-κB to form a complex, promotes the production of collagen and the proteoglycan aggrecan, and facilitates the switch in macrophage polarity from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype. However, in osteoarthritis (OA), these regulatory processes are disrupted, and M1 macrophages dominate, promoting a pro-inflammatory environment. Zinc finger protein 24 (ZFP24) has been found to bind to the SOX9 promoter. Activated SOX9+ renal epithelial cells (SOX9+ RECs) promote kidney repair by secreting the cytokine C3, which influences macrophage activity and collectively contributes to the renal repair process. Regulatory T cells (Tregs) are a major source of interleukin-4 (IL-4). IL-4 can stimulate the expression of the transcription factor SOX9 in type II alveolar epithelial cells (ATIIs), thereby modulating macrophage activity and promoting the reprogramming of lung epithelial cells. SOX9 acts as a transcriptional coactivator of nuclear receptor subfamily 4 group A member 1 (NR4A1), interacting with it to regulate the expression of the downstream gene S100A9. This interaction alleviates macrophage pyroptosis but exacerbates liver inflammation. In rheumatoid arthritis (RA), IL-1 and TNF-α downregulate SOX9 expression, which impairs macrophage function.5 THERAPEUTIC IMPLICATIONS AND STRATEGIES OF SOX9
For in tumor, numerous studies have demonstrated that SOX9 influences tumor resistance via multiple signaling pathways, including PI3K/AKT (Wang L. et al., 2020), Wnt/β-catenin (Ramakrishnan et al., 2023; Feng Q. et al., 2023), and TGFβ/Smad (Ma et al., 2023). This modulation plays a critical role in the persistence of various cancers, including gastric, liver, and breast cancer, as well as in the efficacy of treatments such as sorafenib and tamoxifen (Wang M. et al., 2020; Xue et al., 2019). Given its critical role in tumor dormancy and NK cell evasion, SOX9 is a key strategic target. Disrupting its signaling pathways may effectively awaken dormant tumors and enhance immune attack. Furthermore, in the context of resistance to immunotherapy, the expression of PD-L1 has been linked to immune evasion. Given that SOX9 indirectly influences PD-L1 expression through its impact on cell phenotype, it has the potential to reduce the resistance of melanoma cells to immunotherapeutic strategies, including immune checkpoint inhibitor therapy (Subhadarshini et al., 2023). This strategy offers a theoretical foundation for the advancement of innovative tumor immunotherapy approaches.
SOX9 provides a therapeutic benefit in inflammatory diseases and tissue repair, notably by mitigating osteoarthritis and alleviating acute kidney injury. One key mechanism is the maintenance of macrophage activity. This strategy can be implemented by leveraging stem cell secretions or nanomaterial-based delivery systems. Moreover, its potential in treating immune-related diseases warrants further attention, as elaborated in the following sections (Table 2).
TABLE 2 | Treatment technologies construction based on SOX9.	Treatment technologies	SOX9 up or down	System construction method	Diseases	Ref
	siRNA or shRNA	Down	Depleted by small interfering RNA	Colorectal cancer, Hepatocellular carcinoma, Non-small cell lung cancer, Gastric adenocarcinoma, Triple-Negative Breast Cancer	Ma X. L. et al. (2020), Fan et al. (2023), Zhou et al. (2020), Yan et al. (2024), Ye et al. (2024)
	Down	Depleted by small interfering RNA	Thyroid Eye Disease	Zhou et al. (2024)
	CRISPR	Down	SOX9-CRISPR/Cas9	lung adenocarcinoma (LUAD), Hepatocellular Carcinoma-Cholangiocarcinoma	Zhong et al. (2023), Park et al. (2024)
	Up	SOX9-CRISPR-dCas9 technology	Osteonecrosis of the femoral head (ONFH)	Meng and Zhu (2023)
	Up	SOX9-CRISPR-dCas9 technology	Osteoarthritis (OA)	Zhao L. et al. (2024)
	Up	SOX9-CRISPR-dCas9 technology	Acampomelic campomelic dysplasia (ACD)	Mochizuki et al. (2018)
	Nanoparticle	Down	cRGDfK peptide-modificed LNPs (R-LNPs) composed of DLin-MC3-DMA, DMG-PEG, DSPC, DSPE-PEG-cRGDfK, and cholesterol for the targeted delivery of SOX9 siRNA (siSOX9)	Colorectal Cancer	Zhang et al. (2025)
	Up	Poly-lactic-co-glycolic acid (PLGA) nanoparticle plasmid delivery system	Ischemic brain damage	Shin et al. (2024)
	Up	Dexamethasone-conjugated polyethylenimine (DEXPEI) complexed with minicircle plasmid (MC) harboring SOX duo (SOX-9, -6)	Osteoarthritis (OA)	Jeong et al. (2020)
	Extracellular vesicle	Up	EVs derived from human placenta-derived MSCs (hP-MSCs) to a Sox9-CreERT2	Acute kidney injury (AKI)	Zhang et al. (2020)
	Peptide vaccine	None	The immunodominant regions from the SOX9 protein were fused using appropriate linkers (EAAAK, KK, AAY and GPGPG) and adjuvant (50S ribosomal protein L7/L12) to enhance the vaccine’s immunogenicity	Triple-negative breast cancer	Rajendran Krishnamoorthy and Karuppasamy (2023)
	Cells injection	Up	CuO@MSN/Sox9/Bmp7 (CSB NPs) -engineered MSCs	Osteoarthritis (OA)	Wu et al. (2025)
	Targeted protein degradation	Up	Fatty acid oxidation (FAO) promotes SOX9 ubiquitination-mediated degradation	Osteoarthritis (OA)	Mei et al. (2025)


5.1 Directly targeting SOX9 by CRISPR
CRISPR is a gene-editing system derived from a bacterial immune mechanism. It utilizes a guide RNA and the Cas9 protein to make precise cuts in DNA, allowing scientists to modify genomes for various applications. A SOX9 CRISPR/Cas9 system employs this technology to edit the SOX9 gene. This process involves designing a single-guide RNA (sgRNA) that recognizes a specific sequence within the SOX9 gene, directing the Cas9 enzyme to cleave the DNA at that site.
As noted previously, SOX9 can influence immune checkpoints such as LIF, PD-1, and B7x. Using CRISPR/Cas9 to target these checkpoints, along with M2 macrophages, has been shown to enhance innate immunity and T cell responses. This leads to a significant reduction in tumor metastasis and changes in the tumor microenvironment (Liu Y. et al., 2023; Fan et al., 2023). Recent advances have expanded the CRISPR toolkit to include SOX9 CRISPR activation (CRISPRa) with a catalytically deactivated Cas9 (dCas9). This approach uses a modified CRISPR system to upregulate the expression of SOX9, a master regulator of chondrogenesis (cartilage formation). By activating SOX9, CRISPRa improves the capacity of cells—such as mesenchymal stem cells (MSCs)—to differentiate into cartilage-producing cells. Engineered MSCs with enhanced chondrogenic potential exhibit reduced macrophage infiltration and decreased IL-1β production. This strategy has shown promising results in preclinical mouse models of osteoarthritis (OA), promoting cartilage repair, mitigating cartilage destruction, and reducing pain (Zhao L. et al., 2024). Currently, SOX9-targeting CRISPR systems are widely utilized in scientific research, though clinical trials have not yet been initiated.
5.2 Nanoparticle delivery SOX9 system construction
A nanoparticle refers to an intentionally engineered material with a size below 100 nanometers, which exhibits unique chemical and physical properties not observed in larger materials. These distinctive characteristics enable diverse applications in medicine, engineering, and environmental remediation. Jae-Hwan Kim et al. designed poly (lactic-co-glycolic acid) (PLGA) nanoparticles to specifically enhance SOX9 gene expression in glial fibrillary acidic protein (GFAP)-immunoreactive astrocytes. Their observations demonstrated that PLGA nanoparticles encapsulating GFAP: SOX9: tdTOM reduce ischemia-induced neurological deficits and infarct volume via the prostaglandin D2 pathway (Kim et al., 2011). Additionally, lipid nanoparticles (LNPs) can deliver SOX9 siRNA to silence the SOX9 gene in cancer cells, thereby suppressing the anti-tumor immune response—particularly by impairing CD8+ T cell function—and ultimately inhibiting tumor growth (Zhang et al., 2025).
Nanoparticles themselves can interact with the immune system, sometimes eliciting beneficial responses such as enhanced vaccine efficacy or improved cancer immunotherapy. However, they may also cause adverse effects like harmful immunostimulation or immunosuppression, which could contribute to inflammation, autoimmune disorders, or increased susceptibility to infections. Key factors influencing these interactions include nanoparticle size, surface chemistry, and coating, with both innate and adaptive immune systems playing important roles (Sun et al., 2024).
5.3 Extracellular vesicle delivery SOX9 system construction
An extracellular vesicle (EV) delivery system employs natural, cell-derived nanocarriers to transport therapeutic agents—such as drugs, proteins, and genetic material—to specific cells and tissues. For instance, IL-10-positive EVs and SOX9-positive EVs have been used to promote M2 macrophage polarization and enhance cartilage matrix synthesis, respectively. Following the subsidence of inflammation, the expression of aggrecan and SOX9 in cartilage tissue was significantly elevated, suggesting potential strategies based on logic gates for the treatment of osteoarthritis (OA) (Li S. et al., 2024).
EVs offer several advantages, including high biocompatibility, low immunogenicity, and innate targeting capabilities. They can encapsulate a variety of biopharmaceuticals—such as synthetic RNA, enzymes, and monoclonal antibodies—protecting them from degradation and enabling efficient delivery to hard-to-reach tissues, including across the blood-brain barrier. However, EV-based therapies also face several challenges: production is difficult to standardize and scale, off-target delivery remains a concern, and therapeutic efficacy can be inconsistent. Maintaining EV stability during storage and transport is another obstacle, as conventional freezing methods are costly and may compromise their physical and biological integrity. Additionally, tumor-derived EVs carry potential risks such as tumorigenesis, metastasis, and promotion of angiogenesis (Mohak and Fabian, 2025).
5.4 As a peptide vaccine based on SOX9
Vaccination in the early stages of cancer is expected to effectively control the occurrence and development of tumors (Sellars et al., 2022). SOX9 has recently been considered a key regulator of triple-negative breast cancer (TNBC) metastasis (Ma Y. et al., 2020). HemaNandini et al. developed a new TNBC vaccine based on multi-epitope peptides based on SOX9, calculated and evaluated the immunodominant region of SOX9 protein, and used the antigenic epitopes obtained by fusion with suitable linkers (EAAAK, KK, AAY and GPGPG) and adjuvants (50S ribosomal protein L7/L12) to enhance the immunogenicity of the vaccine. The physicochemical properties and population coverage of the constructed vaccine were also predicted. At the same time, molecular docking and kinetic simulations were performed to study the interaction between the vaccine and Toll-like receptor 4 (TLR-4) to gain a deeper understanding of its stability. Finally, the designed vaccine was cloned into the pET28(+) vector for immunological simulation studies. Three CTL epitopes (GQVTYTGSY, NLPHYSPSY and AAGQGTGLY) and three HTL epitopes (NIETFDVNEFDQYLP, GLYSTFTYMNPAQRP and GISSTAATPASAGHV) were predicted and screened (Rajendran Krishnamoorthy and Karuppasamy, 2023). These results show that the vaccine designed based on SOX9 has the efficacy of triggering humoral and cellular immune responses.
5.5 Targeted SOX9 protein degradation
Currently, there is no mention of targeted protein degradation strategies for SOX9, but there have been related studies on SOX2, such as PS-NPs activated autophagy and promoted the autophagy degradation of SOX2 or ubiquitination and degradation via ChlA-F (Wan et al., 2024; Hua et al., 2020), Therefore, protein degradation targeting SOX9 is just around the corner.
6 CONCLUSION
In this article we focused on the central role of SOX9 in the immune microenvironment, systematically elaborating its regulatory mechanisms and functions in tumor immune escape, inflammatory diseases and tissue damage repair. Elevated SOX9 expression in tumor tissue promotes the transition of macrophages from the M1 to the M2 phenotype. This suppresses immune cells such as T and NK cells, facilitates tumor immune escape, and ultimately increases tumor malignancy. In contrast, in inflammatory diseases—including bone and joint disorders, hepatitis, and pulmonary fibrosis—SOX9 activation exerts beneficial effects by enhancing macrophage activity, inhibiting it pyroptosis, and promoting tissue repair, making it a promising therapeutic target. Consequently, both inhibiting SOX9 in tumors and increasing its expression in inflammatory diseases hold significant clinical potential.
6.1 SOX9 inhibits immune cell activity and facility tumor immune escape
Within tumor cells, SOX9 suppresses the activity, proliferation, and killing function of T cells and NK cells directly or indirectly through various mechanisms. SOX9 directly impairs T cell function by suppressing genes critical for their development and differentiation (e.g., LCK, RORC), promoting exhaustion markers (e.g., LAG3), and recruiting PMN-MDSCs via the SOX9–CXCL5 axis to inhibit lymphocyte activity. Similarly, it enables tumors to evade NK cell surveillance by modulating the expression of activating and inhibitory ligands, thereby reducing NK cell recognition and cytotoxicity. Furthermore, SOX9 influences macrophage polarization towards a pro-tumor M2 phenotype, fostering an immunosuppressive microenvironment. SOX9 strong positive correlation with key inhibitory molecules, including PD-1, PD-L1, CTLA-4, and B7-H4, highlights its role in establishing an immune-resistant niche. By directly upregulating B7-H4 via STAT3 signaling, SOX9 reduces CD8+ T cell infiltration while increasing Tregs, effectively shutting down anti-tumor immunity. Finally, SOX9-mediated dysregulation of chemokine signaling (e.g., reducing CXCL9/10 and CXCL16, while upregulating CXCL5) further reshapes the immune landscape by hindering the recruitment of dendritic cells and effector lymphocytes while promoting the influx of immunosuppressive MDSCs.
In conclusion, SOX9 operates as a central node in a network of immune resistance pathways. Its ability to simultaneously suppress effector immune responses and bolster immunosuppressive mechanisms makes it a highly promising therapeutic target. Future research should focus on elucidating its effects on less-studied immune cells like B cells and mast cells, and exploring the translational potential of targeting SOX9 or its downstream effectors (e.g., the SOX9–B7-H4 or SOX9–CXCL5 axes) to overcome resistance to current immunotherapies.
6.2 SOX9 supports macrophage function and promotes the repair of damaged tissues.
The transcription factor SOX9 emerges as a critical player across multiple disease states, with its clinical relevance particularly evident in osteoarthritis (OA), tissue repair, and chronic inflammatory conditions. The inflammatory features of OA are reflected in increased synovial levels of IL-1β, IL-6 and VEGF, Chondrocytes in OA undergo hypertrophic and senescent transition; in these states, the expression of SOX9, Acan and Col2a1 is suppressed (Horvath et al., 2023; Yousif et al., 2021). SOX9 is fundamental to cartilage integrity by stimulating the production of key extracellular matrix components like type II collagen and aggrecan, while inhibiting cartilage-degrading enzymes. During tissue repair, SOX9 acts as a regenerative mediator. Following kidney injury, SOX9 enables renal epithelial cells to produce reparative factors that influence macrophage behavior and facilitate recovery. In lung injury models, IL-4-induced SOX9 activation promotes alveolar regeneration, suggesting that augmenting SOX9 function could improve recovery in acute organ injury. Therapeutics designed to modulate SOX9—especially in coordination with immune signals—may enhance repair processes in damaged tissues. SOX9 is also implicated in chronic inflammatory and autoimmune disorders such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), and Sjögren’s syndrome.
Notably, SOX9’s role in inflammatory and degenerative diseases contrasts with its pro-tumor function in cancers. In non-malignant contexts, it often promotes tissue maintenance and repair, highlighting its therapeutic potential. Future efforts might include small molecule agents, monoclonal antibodies, or gene-based strategies to either activate or inhibit SOX9, depending on the clinical context. In summary, SOX9 represents a multifunctional regulator with significant clinical implications. Targeting its activity offers a promising approach for treating OA, enhancing tissue regeneration, and modulating immune-related diseases, paving the way for novel therapeutic strategies in precision medicine.
6.3 The therapeutic potential of SOX9 in immune diseases
SOX9 is a central transcriptional regulator with dualistic roles in disease, functioning as an oncogene in numerous cancers and a pro-regenerative factor in inflammatory and degenerative conditions, making it a compelling yet complex therapeutic target. In oncology, SOX9 promotes tumor persistence, drug resistance, and immune evasion through key pathways such as PI3K/AKT, Wnt/β-catenin, and TGFβ/Smad, particularly in gastric, liver, and breast cancers, where it supports cell dormancy and helps evade NK cell surveillance. It also indirectly modulates immune checkpoint molecules like PD-L1, influencing responses to immunotherapy. Conversely, in conditions like osteoarthritis and acute kidney injury, SOX9 enhances cartilage matrix synthesis, mitigates inflammation, and supports tissue repair, often by modulating macrophage activity toward an M2-polarized state. To leverage these diverse functions, multiple targeting strategies have been developed. CRISPR/Cas9 systems enable precise genetic manipulation. One strategy is to knock out SOX9, which disrupts tumor immunity and dormancy. Alternatively, SOX9 can be activated using dCas9-based systems to promote chondrogenesis and cartilage repair. These applications have been demonstrated in preclinical osteoarthritis models. Nanoparticle platforms offer versatile delivery options: PLGA nanoparticles encapsulating SOX9 plasmids enhance astrocytic SOX9 expression and reduce ischemic brain damage via the prostaglandin D2 pathway, while lipid nanoparticles (LNPs) delivering SOX9 siRNA silence its expression in tumors, countering immune evasion and inhibiting growth, though nanoparticles themselves may elicit unpredictable immune effects. While EVs face challenges in production scalability and consistency, they offer a biocompatible delivery platform for SOX9 or biologics such as IL-10. Their inherent targeting capabilities enable them to promote cartilage regeneration and macrophage polarization. For triple-negative breast cancer, multi-epitope vaccines targeting SOX9 have been designed to induce potent cellular and humoral immunity. Computationally validated to have strong TLR4 interactions, these vaccines show promise for early cancer vaccination. While targeted protein degradation of SOX9 remains unexplored, lessons from SOX2 degradation via autophagy or ubiquitination suggest a promising future for chemical degraders. Therapeutic strategies for SOX9 are entirely context-dependent. In malignancies, the goal is inhibition, whereas regeneration requires its activation. Both approaches depend on integration with advanced delivery technologies. Future efforts must prioritize cell-specific targeting, combination approaches, and translational validation to fully exploit SOX9’s clinical potential.
6.4 Research deficiencies and prospects
Unfortunately, there is still limited research on SOX9 in the field of immunology, and many detailed mechanisms of immune regulation remain unclear. Our understanding of the SOX9 regulatory network is deepening, and drug development technologies are advancing. On one hand, these enable therapeutic strategies that target SOX9. These include inhibitors for cancer immunotherapy and agonists for regenerative medicine, both demonstrating broad clinical prospects. On the other hand, their ultimate success depends on overcoming key challenges. Specifically, we must resolve issues of tissue-specific delivery and ensure treatment safety.
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GLOSSARY
SOX9 Sex-determining region Y-related high-mobility group box 9
TFs Transcription factors
ACT Adoptive cell transfer
CAR-T Chimeric antigen receptor T-cell
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
PD-1 Programmed cell death protein 1
HMG High Mobility Group
TAC C-terminal transcriptional activation domain
DIM Dimerization domain
TAM Transcriptional activation domain
DCs Dendritic cells
DTCs Disseminated tumor cells
LCC latency-competent cancer
MDSCs Myeloid-derived suppressor cell
CRC Colorectal cancer
HCC hepatocellular carcinoma
GAC Gastric adenocarcinoma
PMN-MDSCs Polymorphonuclear myeloid-derived suppressor cells
PBMCs Peripheral blood mononuclear cells
NK Natural killer
RA Retinoic acid
LIF Leukaemia inhibitory factor
PLGA Poly lactic-co-glycolic acid
GFAP Glial fibrillary acidic protein
sgRNA Single-guide RNA
ATIIs Alveolar epithelial cells
ZFP24 zinc finger protein 24
NR4A1 Nuclear receptor subfamily 4 group A
OA Osteoarthritis
ECM Extracellular matrix
AKI Acute kidney injury
IRI Ischemia-reperfusion injury
TNF-α Tumor necrosis factor α
SLE Systemic lupus erythematosus
IBD Inflammatory bowel disease
TNBC Triple-negative breast cancer
TLR-4 Toll-like receptor 4
ULBPs UL16-binding proteins
LNPs Lipid nanoparticles
EVs Extracellular vesicles.
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