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Osteosarcoma (OS) is a highly aggressive primary bone cancer with a particularly poor prognosis in metastatic cases, and treatment continues to face significant challenges due to tumor heterogeneity, immune resistance, and an unfavorable tumor microenvironment (TME) (Sabit et al., 2025). Despite important advancements in molecular biology, immunotherapy, and metabolic interventions, the treatment of OS remains difficult, requiring further research to optimize targeted therapies and improve immunotherapy and metabolic strategies. This review aims to explore the latest advancements in OS research, focusing on molecular targets, immunotherapy, metabolic reprogramming, and clinical trial strategies. Studies have shown that key signaling pathways, such as Wnt/β-catenin and mesenchymal-epithelial transition (MET), play crucial roles in OS progression, particularly in the activation at the tumor-stroma interface and the overexpression of the MET receptor. Emerging biomarkers like apo-transcobalamin-II (APO-TCN2) and death receptor 5 (DR5) have been identified, offering potential prognostic value. Additionally, chimeric antigen receptor T-cell (CAR-T) therapy and combination immunotherapies show promise in overcoming immune evasion mechanisms. Metabolic reprogramming, particularly through long non-coding RNA regulation (lncRNA) of glycolysis, provides new therapeutic targets for OS. Clinical research also highlights the importance of global participation in clinical trials, with the EuroSarcoma Network’s RECOGNIZE study demonstrating the feasibility and necessity of global participation to improve accessibility to new treatments. Despite these advancements, the treatment of OS remains challenging, and future research should continue to focus on optimizing targeted therapies, refining immunotherapeutic and metabolic interventions, improving early detection methods, integrating precision medicine, and innovating clinical trial designs to effectively translate research findings into better outcomes, ultimately improving the prognosis and quality of life for OS patients.
A recent focus of research has been on the Wnt/β-catenin signaling pathway, which plays a significant role in OS progression. Its activation at the tumor-stroma interface has been shown to facilitate tumor development (Ding and Chen). Additionally, MET, a receptor for hepatocyte growth factor (HGF), is overexpressed in OS and associated with poor prognosis (Zeng et al.). Targeting MET has shown therapeutic potential, and ongoing studies aim to explore combination therapies targeting both MET and other key pathways. Furthermore, novel biomarkers such as APO-TCN2 (Lacinski et al.) and DR5 (Gamie et al.) have been identified, with proteomic and transcriptomic studies indicating their correlation with improved overall survival in OS and other sarcomas. Research should focus on further exploring the interactions between Wnt/β-catenin and other signaling pathways, validating APO-TCN2 and DR5 as biomarkers for early detection, developing more specific MET inhibitors, and investigating combination therapies that could improve treatment outcomes in OS. Moreover, understanding the crosstalk between these pathways and their influence on immune cell recruitment presents new opportunities for therapeutic interventions. Recent advances in single-cell RNA sequencing (scRNA-seq) have enabled a more detailed exploration of TME, providing insights into how immune cells interact with tumor cells and surrounding stromal components, which can help identify novel therapeutic targets (Zou et al., 2022). Additionally, combining CRISPR-Cas9 gene editing technology with nanoparticle drug delivery systems allows for precise manipulation of immune responses and targeted gene editing of immune evasion mechanisms, presenting new avenues for treatment. By modulating immune cell recruitment and activation within the TME, these strategies aim to enhance the efficacy of immunotherapies and offer potential improvements in the treatment of OS and other cancers (Xu et al., 2021). These approaches hold promise for personalized therapy tailored to the unique immune landscape of each patient.
In recent years, immunotherapy has shown promise in treating various cancers, but its efficacy in OS remains limited due to the complexity of the TME. Immune evasion mechanisms, such as the inactivation of phosphatase and tensin homolog deleted on chromosome 10 (PTEN), lead to hyperactivation of the PI3K-AKT pathway, which significantly reduces the effectiveness of immunotherapies (Piro et al., 2019). The tumor cells in OS employ multiple mechanisms to evade immune detection, making single-agent therapies ineffective. Therefore, combination therapies aimed at overcoming tumor heterogeneity and immune evasion mechanisms are being actively researched. Fourth-generation CAR-T cell therapies, which utilize co-expression of CXC chemokine receptor 5 (CXCR5) and interleukin (IL)-7, have demonstrated preclinical efficacy (Xu et al., 2021). One study showed that the co-expression of CXCR5 and IL-7 significantly enhanced CAR-T cell effectiveness by improving tumor penetration, persistence, and cytotoxicity (Hui et al.). Additionally, a bibliometric analysis of immunotherapy research for OS highlights China’s role as a leader in this field, with significant trends pointing toward increasing interest in the TME, immune checkpoint inhibitors, and CAR-T cell therapy (Hui et al.).
The TME plays an integral role in OS metastasis. Recent studies have shown that neutrophil plasticity influences tumor progression, with the N1 subset exhibiting tumoricidal effects and the N2 subset supporting premetastatic niche formation (Yu and Yao, 2024). Targeting these neutrophil subsets could offer a novel strategy to prevent metastasis (Xia et al.). Moreover, metabolic reprogramming, particularly the enhancement of the Warburg effect in OS tumor cells, presents new therapeutic opportunities. Modulating metabolic pathways to inhibit OS cell growth and migration has become an area of intense research (Zeng et al.). lncRNAC1QTNF1-AS1 has been shown to regulate glycolysis through miR-34a-5p, promoting tumor growth and metastasis (Zhang et al.). Targeting these metabolic pathways, especially glycolysis, may provide new therapeutic strategies to treat OS.
One of the major challenges in OS research is the limited representation of pediatric populations in clinical trials. Efforts to establish decentralized clinical trial networks, such as the EuroSarcoma Network’s RECOGNIZE study, have proven that global participation is not only feasible but also critical for ensuring equitable access to new therapies. These efforts can serve as a model for future trials aiming to enhance diversity and ensure that all patient populations benefit from treatment advancements (Hu et al.). In addition, a clinical case report describes a rare occurrence of costal chondrosarcoma secondary to multiple hereditary exostoses (HME), which compressed the right ventricle. The patient underwent intralesional resection followed by adjuvant radiotherapy, with no recurrence observed during the one-year follow-up. This case highlights the importance of early imaging screening and multidisciplinary management in patients with HME to improve diagnostic accuracy, optimize treatment strategies, and reduce the risk of recurrence (Yang et al.).
As research in molecular biology and immunology progresses,OS treatment is entering an innovative phase. Future studies should prioritize precision medicine and individualized treatment plans, with a particular focus on integrating immunotherapy and metabolic interventions. Further exploration of lncRNA-miRNA interactions in OS is essential to identify new therapeutic targets, particularly those involving glycolytic enzymes (Zhang et al.). A review of competing endogenous RNA (ceRNA) mechanisms in cancer underscores the importance of ceRNA interactions in cancer biology, which could open new avenues for targeted therapy (Cont et al., 2021). Additionally, addressing immune resistance mechanisms and tumor resistance will be crucial in advancing OS treatment. Enhancing early screening methods for detecting malignant transformations in HME and refining treatment protocols for rare conditions such as costal chondrosarcoma will also be essential. The focus should be on translating these innovations into clinical practice to improve patient outcomes and inform personalized therapeutic approaches. By fostering interdisciplinary collaboration and embracing novel strategies, OS treatment outcomes can be significantly improved, ultimately offering patients better prognoses and quality of life. Integrating multi-omics data—such as genomics, proteomics, and metabolomics—provides a deeper understanding of tumor heterogeneity and the molecular basis of osteosarcoma, facilitating the development of precision medicine strategies tailored to individual patients (Zou et al., 2022). These omics-guided approaches can reveal actionable mutations, dysregulated signaling pathways, and metabolic vulnerabilities, enabling clinicians to select therapies that are more likely to be effective while minimizing unnecessary toxicity. This systems-level approach holds transformative potential for OS management (Sabit et al., 2025; Chadha and Huang, 2022).
This Research Topic underscores the importance of innovative, interdisciplinary approaches in overcoming the current limitations of OS treatment. The integration of novel therapeutic strategies, including targeted metabolic interventions, advances in immunotherapy, and TME modulation, offers new hope for improving patient outcomes. Moreover, addressing structural barriers to clinical trial design—particularly by enhancing global participation and equity—is crucial for ensuring these innovations benefit all affected populations.
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Osteosarcoma, the most prevalent primary bone tumor in children and young adults, can often be successfully treated with standard chemotherapy and surgery when diagnosed at an early stage. However, patients presenting with metastases face significant challenges in achieving a cure. Despite advancements in classical therapies over the past few decades, clinical outcomes for osteosarcoma have not substantially improved. Recently, there has been increased understanding of the biology of osteosarcoma, leading to the identification of new therapeutic targets. One such target is MET, a tyrosine kinase receptor for Hepatocyte Growth Factor (HGF) encoded by the MET gene. In vitro and in vivo studies have demonstrated that the HGF/MET pathway plays a crucial role in cancer growth, invasion, metastasis, and drug resistance across various cancers. Clinical trials targeting this pathway are already underway for lung cancer and hepatocellular carcinoma. Moreover, MET has also been implicated in promoting osteosarcoma progression. This review summarizes 3 decades’ worth of research on MET’s involvement in osteosarcoma and further explores its potential as a therapeutic target for patients with this disease.
Keywords: osteosarcoma, tyrosine-protein kinase, met, targeted therapy, therapeutic potential
INTRODUCTION
Osteosarcoma (OS) mainly affects children and is characterized by abnormal formation of bone tissue and spindle cells. It originates from primitive bone-forming cells in the mesenchyme. Typically, the tumor forms near the growth plate in the long bones of the limbs, such as the shinbone, upper arm bone, and thigh bone. Occasionally, it may occur in the pelvis, jaw, or skull. Histologically, OS comprises malignant osteoblasts that produce immature bone and osteoid tissue. It can be classified into different subtypes including conventional, low-grade central periosteal, chondroblastic, parosteal, telangiectatic, and small cell varieties. Osteosarcomas are highly aggressive, often leading to symptoms such as severe pain, noticeable swelling, and frequent fractures (Rossi and Del Fattore, 2023). The current treatment involves a combination of surgery, chemotherapy before surgery, and chemotherapy after surgery (Yang et al., 2022). The introduction of chemotherapy has improved the 5-year survival rate of OS patients to 60%–75%. However, more than a third of patients experience relapse and/or metastasis to the lungs, resulting in a significantly worse prognosis, with a 5-year survival rate dropping to 20% (Wu et al., 2009; Allison et al., 2012).
As there has been no significant increase in the survival rate of patients with metastatic disease over recent decades (Ning et al., 2023), numerous studies have focused on understanding the molecular mechanisms underlying tumorigenesis and drug resistance in osteosarcoma. Targeted therapy, which includes immune system targets, drug delivery systems, as well as intercellular and extracellular signaling pathways of metabolism, has advanced rapidly in recent years (Shaikh et al., 2016). The discovery of MET has opened a new avenue for research and treatment of osteosarcoma. The receptor-tyrosine kinase (RTK) MET, encoded by the MET proto-oncogene, is activated solely by its high-affinity ligand HGF (also known as scatter factor). Initially identified as a product of chromosomal rearrangement induced by carcinogens in the human osteosarcoma cell line HOS, MET was formed through fusion between the translocated promoter region (TPR) locus on chromosome one and the MET sequence on chromosome 7. Consequently, this encodes a constitutively active TPR-MET protein with a molecular weight of 65 kDa.
Abnormal HGF/MET signaling is implicated in the development and metastasis of various malignant tumors, including sarcomas. While MET mutations are rare in sarcomas, overexpression of MET is common and associated with poor clinical outcomes in patients with this disease. Both wild-type and persistently activated MET overexpression have been shown to induce human primary osteoblasts into osteosarcoma (Patane et al., 2006). Molecular pathology and cancer biology data suggest that HGF/MET signaling plays a crucial role in the survival, growth, proliferation, metastasis, and drug resistance of osteosarcoma (Coltella et al., 2003; Wang et al., 2012; Kunii et al., 2015).
These findings highlight the significance of dysregulated MET signaling in sarcomas. Various strategies, including tyrosine kinase inhibitors and monoclonal antibodies targeting MET activation, are currently being developed, with some already in advanced stages of clinical trials. In this review, we explore the current biological evidence regarding MET in osteosarcoma and discuss its potential as a therapeutic target for osteosarcoma patients.
HGF/MET SIGNALING
HGF/MET signaling begins with the MET proto-oncogene, located on human chromosome 7q31, encoding a single 1,390 amino-acid precursor protein (Giordano et al., 1989). This precursor protein undergoes cleavage to form a mature receptor consisting of disulfide-bound α- and β-subunits (see Figure 1). The α-subunit, located extracellularly, shares homology with proteins from the semaphorin superfamily. The β-subunit comprises an extracellular domain responsible for ligand binding and an intracellular domain accountable for kinase activity and signal transduction (Gherardi et al., 2003). HGF, the sole known ligand of MET, is primarily secreted by stromal cells and activates MET on neighboring epithelial cells (Chan et al., 1991; Lokker et al., 1992; Goetsch et al., 2013). HGF binds to MET through two distinct affinity sites: the high-affinity site located in the N-terminal and first kringle regions, interacting with IPT3 and IPT4 domains in MET; and the low-affinity site situated in the serine protease homology domain, interacting with the semaphorin domain in MET (Gherardi et al., 2006; Holmes et al., 2007). Upon binding to MET, HGF induces dimerization of MET and phosphorylation of tyrosine residues Y1003, Y1234, and Y1235. It further phosphorylates tyrosine residues Y1349 and Y1356 within the multi-docking site at the C-terminus tail of the receptor (Giordano et al., 1989; Birchmeier et al., 2003). Phosphorylation of Y1349/1,356 is critical for activating downstream signaling pathways by recruiting intracellular adaptor proteins and signaling molecules that rely on src homology two domain-mediated interactions. These include SRC, phospholipase C γ (PLCγ), Shc protein (Shc), CRK adapter protein (CRK), growth-factor receptor-bound protein 2 (GRB2), GRB2-associated binding protein 1 (GAB1), as well as the p85 subunit of phosphatidylinositol three kinase (PI3K) and signal transducer activator transcription factor 3 (STAT3) (see Figure 2) (Pelicci et al., 1995; Fixman et al., 1996; Zhang et al., 2002). This interaction with the mentioned factors activates the STAT3, PI3K/Akt pathway, along with extracellular signal-regulated kinase 1/2 (JNKs)/p38 MAPK cascades, leading to nuclear factor κB(NF κB) pathway activation associated with survival, migration, and invasion processes (Rahimi et al., 1998; Maroun et al., 1999; Sipeki et al., 1999; Royal et al., 2000; Saxton et al., 2000; Kumari et al., 2005).
[image: Figure 1]FIGURE 1 | The multidomain structure of MET and its ligand, HGF. The extracellular domain comprises a SEMA domain, a plexin, semaphorin, and integrin (PSI) domain and four immunoglobulin-like IPT (IPT1–4). The intracellular domain constitutes a juxtamembrane domain (JM), containing Ser975 and Y1003 and a tyrosine kinase (TK) domain, containing Y1234 and Y1235. The C-terminal multifunctional docking site (MFDS) facilitates the recruitment of cytoplasmic signaling molecules and adaptor proteins through Y1349 and Y1356.
[image: Figure 2]FIGURE 2 | MET-induced signaling pathways and its primary biological effects. Upon binding of HGF to MET, the tyrosine kinase domain of MET initiates a cascade of phosphorylation events that lead to the activation of multiple key cell signaling pathways. This activation promotes cell survival and proliferation, while also enhancing cellular motility and invasive capacity.
MOLECULAR ALTERATIONS OF HGF/MET IN HUMAN OS
Several investigations have aimed to understand the genetic and functional changes of the HGF/MET pathway in human osteosarcoma, considering its crucial role in regulating cell proliferation and apoptosis in the liver (Table 1). As mentioned earlier, MET activation in human tumors can result from gene-activating mutations, amplification, or overexpression.
TABLE 1 | MET alterations in osteosarcoma.
[image: Table 1]In recent years, several studies have assessed the expression of MET and HGF in osteosarcoma. One study examined frozen samples from 87 primary bone and soft tissue tumors and found that osteosarcoma exhibited the highest levels of MET/HGF expression. Among 46 human osteosarcoma cases analyzed, p145MET was overexpressed in all primary tumors, local recurrences, and the majority of metastases.
Moreover, remarkably high levels of MET/HGF receptor expression were observed in primary tumors and recurrences. However, no evidence of amplification was found when measuring the intensity of DNA bands obtained from osteosarcomas that overexpressed the MET/HGF receptor. The consistent detection of MET proto-oncogene overexpression in both primary and recurrent lesions, as well as in the majority of metastases, is significant for understanding the pathogenesis of osteosarcoma. Immunohistochemical analysis revealed MET overexpression in primary (95%), local recurrences (100%), and metastases (82%) of osteosarcomas (Scotlandi et al., 1996). Sing Rong et al. conducted a study using confocal laser scan microscopy to examine paraffin-embedded human osteosarcoma sections stained for MET and HGF/SF. The results demonstrated significant staining of MET and HGF/SF in osteosarcomas (Rong et al., 1993). Ferracini R et al. investigated MET overexpression in up to 60% of the examined osteosarcomas (Ferracini et al., 1995). In 12 osteosarcoma cell lines, the MET/HGF receptor exhibited overexpression, phosphorylation upon HGF stimulation, and full functionality. HGF was detected in two out of seven clinical specimens of osteosarcomas. Co-expression of the ligand and the receptor was observed in two clonal osteosarcoma cell lines. Constitutive phosphorylation of the MET/HGF receptor occurred in these cell lines; however, this phosphorylation could be suppressed by suramin treatment, a well-known blocker of autocrine loops. These findings suggest that activation of the MET/HGF receptor through either paracrine or autocrine mechanisms may contribute to the particularly aggressive behavior observed in osteosarcoma. The role of the MET oncogene product between primary and metastatic sites in osteosarcoma has remained controversial. Another study showed that all osteosarcoma cell lines had elevated MET expression in the cDNA array. The findings of this study confirm that the heat shock protein inhibitor 17-DMAG effectively inhibits the proliferation of osteosarcoma cells and induces apoptosis by targeting MET (Kawano et al., 2023).
In small groups comprising 25 patients, seven cases (28%) that showed negative MET reaction at the primary site exhibited immunoreactivity for MET at the metastatic site, indicating a higher incidence of MET expression compared to the primary site. Among all tumors, those positive for MET displayed significantly elevated MIB-1 LI compared to those negative for MET (negative: 20.99; positive: 27.65; p = .0292). The positive correlation between MET expression and proliferative activity also suggests a potential significant role played by MET expression in tumor progression (Oda et al., 2000). Another immunohistochemical study found that plasma membrane and cytoplasmic staining for MET/HGF receptor were positive in 71% of osteosarcoma cases (Arihiro and Inai, 2001).
A distinct approach was taken by Natacha Entz-Werle and colleagues (Entz-Werle et al., 2007) to investigate the role of MET activation in osteosarcoma. Since osteosarcomas are histologically characterized by malignant osteoblasts producing an osteoid component, this research team examined the genomic status of MET, TWIST, and APC genes involved in ossification processes in pediatric osteosarcomas treated with the OS94 protocol. The analysis included allelotyping, real-time quantitative polymerase chain reaction (qPCR), gene sequencing, and protein polymorphism study for MET in 91 osteosarcoma cases. No microsatellite instability was observed, but allelic imbalance was found in 52% of cases at locus 7q31 containing MET. By qPCR analysis alone, it was determined that the MET gene was normal in 50% (44 out of 88) of cases, amplified in 9% (8 out of 88), and deleted in 41% (36 out of 88). Notably, significant statistical associations were identified between relapsed tumors and abnormalities involving MET (70%, predominantly deleted; p = .004) as well as TWIST abnormalities (69%, predominantly deleted; p = .03). When comparing molecular profiles between deceased children and surviving patients, statistically significant trends indicated a higher frequency of deletions for both MET (p = .03) and TWIST genes (p = .01), along with a more frequent rearrangement involving APC gene (p = .03). Furthermore, aberrations related to MET serve as significant indicators for poor event-free survival, particularly when amplification is present (p = .015), suggesting that tumors with amplified levels perform worse than those with deletions.
THE INVOLVEMENT OF THE MET/HGF RECEPTOR IN OS PROLIFERATION AND INVASIVE BEHAVIOR
The involvement of the MET/HGF receptor in OS proliferation and invasive behavior has been extensively studied. Activation of the HGF/MET axis in OS cell lines has been shown to trigger downstream signaling pathways contributing to motility, mitogenesis, and morphogenesis in a cell type-specific manner. Nadia Coltella et al. investigated the impact of MET receptor activation on human OS cell lines by assessing HGF-dependent MAPK and PKB/AKT activation levels as biochemical indicators of mitogenic and invasive responses, respectively. Stimulation with HGF led to ERK1/2 phosphorylation in U-2OS, Saos-2, IOR/OS9, and IOR/OS10 OS cell lines. Phosphorylation of specific residues on ERK1/2 facilitated its translocation to the nucleus and increased enzymatic activity, evidenced by phosphorylation of its physiological substrate, the Elk-1 transcription factor at Ser 383 (Coltella et al., 2003). In U-2OS and Saos-2 cells, HGF consistently induced PKB/AKT phosphorylation, leading to subsequent enzymatic activation of its physiological substrate GSK-3α/β. A modest AKT response to HGF was also observed in MG-63 and IOR/OS10 cells. Cell cultures treated with 100 ng/mL HGF demonstrated a proliferative response dependent on HGF stimulation for all cell lines except MG-63, where the MAPK cascade was not activated.
The cell lines U-2OS and Saos-2, which exhibited HGF-induced activation of PKB/AKT, displayed migratory capability through the micropore filter of a Transwell chamber in response to recombinant HGF. Both HGF-dependent responses were reversed by the specific MET inhibitor K252a. The activation of the MET receptor by HGF is implicated in OS progression, as it confers functions facilitating metastatic diffusion and invasion of both local and peripheral tissues. Metastasis is a complex process involving multiple steps, with motility and invasion through the basement membrane being crucial stages. This study has demonstrated that HGF stimulates motility in OS cell lines where MET activation also triggers AKT activation. Furthermore, OS cells can invade collagen matrix in an HGF-dependent manner if they exhibit an AKT response to HGF.
Another study investigated the signal transduction and downregulation of MET in HGF-stimulated low and highly metastatic human OS cells (Husmann et al., 2015). The mRNA and protein expression levels of these molecules, as well as HGF-stimulated signaling and downregulation of MET, were compared between the parental low metastatic HOS and MG63 cell lines, their respective highly metastatic MNNG-HOS and 143B cell lines, along with the MG63-M6 and MG63-M8 sublines. TPR-MET expression resulting from a chromosomal rearrangement induced by treatment with the carcinogen N-methyl-N′-nitronitrosoguanidine was only observed in MNNG-HOS cells (Dean et al., 1987). Akt and Erk1/2 phosphorylation were stimulated by HGF in all examined cell lines; however, phospho-Stat3 levels remained basal. Downregulation of HGF-stimulated Akt and Erk1/2 phosphorylation occurred more rapidly in the HGF-expressing MG63-M8 cells compared to HOS cells. Degradation of activated MET primarily occurred through the proteasomal pathway, with a lesser contribution from the lysosomal pathway in these cell lines. Therefore, targeting HGF-stimulated Akt and Erk1/2 signaling pathways as well as proteasomal degradation of activated MET could be potential therapeutic strategies for OS. In both normal and tumor cells, Akt, Erk1/2, and Stat3 are known targets of MET signaling (Goetsch et al., 2013). However, only Akt and Erk1/2 were found to be phosphorylated upon HGF treatment in the examined OS cell lines. The absence of HGF-induced Stat3 phosphorylation suggests that Stat3 is not activated by MET specifically in these cell lines (Yan et al., 2015). This observation further supports the notion that the activation of signaling pathways by MET is contingent upon the specific cellular context.
The MET inhibitor effectively suppressed colony formation in all tested cell lines and specifically attenuated the motility of the MNNG cell line (Messerschmitt et al., 2008), which is consistent with the known expression of the TPR-MET oncogene. Furthermore, it was observed that the MET inhibitor not only impacted the MNNG cell line expressing TPR-MET but also inhibited colony formation in TE85 and 143B cell lines lacking TPR-MET expression (Peschard and Park, 2007). Therefore, incorporating a MET inhibitor into a chemotherapeutic regimen could potentially offer benefits for OS patients, irrespective of TPR-MET expression.
MET AS A PROGNOSTIC MARKER IN OS
Abnormal activation of MET has emerged as a crucial factor in the advancement and growth of OS. Traditionally, the tissue response to chemotherapy before surgery has been seen as the primary factor predicting the outcome of primary OS. Yet, recent studies have explored the link between MET activation and treatment effectiveness in OS. N Entz Werle et al. carried out research involving 54 patients under 20 years old with primary OS who underwent treatment as per the French Society of Pediatric Oncology OS 94 plan (Entz-Werle et al., 2003). They collected paired normal and biopsy samples, and surgical specimens were obtained from 13 cases post preoperative chemotherapy. Genomic DNA was extracted, followed by an analysis targeting microsatellites linked to chromosome 7q31 regions. The findings at the 7q31 locus and the region involving APC show a significant involvement of these areas in OS cancer development, despite the relatively low occurrence of changes at this locus (34%). However, among patients with partial remissions, relapses, or fatalities, the frequency of this allelic imbalance rose to 80%, indicating a strong link with this unfavorable prognosis subgroup (p = 0.04). Thus, these results have pinpointed a new area implicated in OS prognosis. The noteworthy connection between changes in chromosome 7q31 and worse prognosis underscores its prognostic importance.
These findings are consistent with prior research on MET and suggest its potential involvement in aggressive osteosarcoma forms (Ferracini et al., 1995; Oda et al., 2000). Understanding allelic imbalances at this locus could be crucial for predicting relapse in patients achieving partial or complete remission and may spur future use of kinase inhibitors in osteosarcoma therapy.
As previously mentioned, Natacha Entz-Werle et al. (Entz-Werle et al., 2007) conducted a study on the genomic status of various genes implicated in the ossification process in 91 pediatric osteosarcoma patients using the OS94 protocol. MET abnormalities, particularly MET amplification, are significant markers of poor event-free survival (EFS) and are often linked with inferior overall survival (OS). Tumors with MET amplification have a worse prognosis compared to those with deletions. Specifically, patients with MET-amplified tumors exhibit a 5-year EFS rate of only 28% and a 5-year OS rate of 53%. Additionally, the identification of MET abnormalities can further stratify the overall poor outcome group and pinpoint the subset of patients with the most adverse prognosis.
The activation patterns of receptor tyrosine kinases (RTKs) were also investigated in chemonaive fresh frozen tissues from osteosarcoma patients using a multiplex immunoassay (Chaiyawat et al., 2017). This analysis unveiled distinct RTK tyrosine phosphorylation patterns in osteosarcoma cases. Unsupervised hierarchical clustering, utilizing the Pearson uncentered correlation coefficient, classified RTKs into two groups: Group A (MET, c-Kit, VEGFR2, and HER2) and Group B (FGFR1 and PDGFRα), based on their tyrosine phosphorylation profiles. The study found that patients with inactive Group A-RTKs tended to have shorter overall survival compared to those with at least one active Group A-RTK. Additionally, the percentage of tumor necrosis emerged as a significant adverse prognostic factor in this investigation.
In summary, a notable correlation was observed between rearrangements at 7q31 and a poorer prognosis. MET has demonstrated its efficacy as a diagnostic marker in osteosarcoma.
THE RELATIONSHIP BETWEEN MET ACTIVATION AND CHEMOSENSITIVITY
An analysis of survival indicated that OS patients with inactive MET tended to have a worse prognosis. Consequently, a further investigation delved into the link between MET activation status and both resistance to chemotherapy and metastasis (Chaiyawat et al., 2017). Among patients who underwent the same chemotherapy regimen consisting of doxorubicin and cisplatin (n = 10), a skilled pathologist assessed their tumor necrosis levels post-treatment. The results revealed that OS patients with active MET displayed higher sensitivity to chemotherapy compared to those in the inactive group, as evidenced by significantly reduced levels of tumor necrosis in the latter. However, no association was observed between MET activation status and metastasis.
Furthermore, primary osteosarcoma cells were exposed to varying concentrations of doxorubicin or cisplatin, followed by evaluation of cell viability using the MTT assay. The findings indicated that most primary OS cells expressing active MET exhibited heightened sensitivity to both doxorubicin and cisplatin treatments compared to those lacking MET activation. Additionally, a positive correlation was noted between the number of activated MET and increased sensitivity to doxorubicin and cisplatin in primary OS cells.
THE HGF/MET AXIS AS A THERAPEUTIC TARGET IN OS
The occurrence and progression of malignant osteosarcoma are influenced by genetic factors and pathological changes. Angiogenesis plays a crucial role in the proliferation, migration, invasion, and metastasis of OS. Mounting evidence suggests that inhibiting angiogenesis could be a viable approach for OS treatment (Peng et al., 2016; Wang et al., 2017). Various angiogenesis inhibitors, such as sorafenib, sunitinib, and cediranib, have been employed to manage advanced OS (Coventon, 2017). However, recent studies indicate that these inhibitors may induce tumor adaptation and disease progression, fostering the development of highly invasive and metastatic tumors (Ebos et al., 2009; Paez-Ribes et al., 2009). Consequently, novel agents capable of concurrently inhibiting the VEGF signaling pathway along with other pathways involved in tumor invasion and metastasis hold promise as effective therapies for OS patients.
Anlotinib is an orally available, highly potent, multi-targeted tyrosine kinase inhibitor (TKI) that effectively impedes the phosphorylation of VEGFR2 and demonstrates activity against MET, platelet-derived growth factor receptors α/β (PDGFR α/β), c-Kit, Aurora-B, Ret, c-FMS, and discoidin domain receptor 1 (DDR1) (Sun et al., 2016; Wang et al., 2016). The results from phase II and III clinical trials have showcased the promising clinical efficacy of anlotinib in various solid tumors, including non-small cell lung cancer, hepatocellular carcinoma, renal carcinoma, gastric cancer, and soft tissue sarcoma. Anlotinib garnered approval from the CFDA for treating NSCLC in 2018.
Moreover, ongoing phase II trials have revealed significant activity of anlotinib against a broad spectrum of soft tissue sarcomas. The anti-tumor activity and underlying mechanism of anlotinib in osteosarcoma were explored (Wang et al., 2019). Various in vitro and in vivo models were employed to evaluate the effectiveness of anlotinib in terms of anti-proliferative, anti-angiogenic, and anti-metastatic properties. Anlotinib effectively suppresses tumor growth, enhances chemo-sensitivity, and inhibits migration and invasion in OS cells. Additionally, the molecular mechanism underlying its anti-tumor effects was elucidated using phospho-RTK antibody arrays, confirming its ability to inhibit the phosphorylation of MET and VEGFR2 along with activation of downstream signaling pathways. Furthermore, it was observed that anlotinib blocks HGF-induced cell migration and invasion, as well as VEGF-induced angiogenesis (Sun et al., 2016). Notably, in the 143B-Luc orthotopic OS model, treatment with anlotinib exhibited significant inhibition of tumor growth and lung metastasis. These preclinical findings collectively underscore the potential clinical utility of anlotinib as a novel inhibitor targeting MET and VEGFR2 to suppress tumorigenesis in OS.
The compound PHA-665752 is a powerful, selective, and ATP-competitive inhibitor of MET. In 2003, Christensen et al. found that PHA-665752 effectively stops the MET-dependent behavior in lab settings and shows anti-cancer activity in live subjects (Christensen et al., 2003). Later, Ma et al. showed that PHA-665752 works together with rapamycin to stop the growth of non-small cell lung cancer cells (Ma et al., 2005). Additionally, Puri et al. noted that PHA-665752 significantly reduces the growth of lung cancer tumors in mice and the formation of new blood vessels by more than 85% (Puri et al., 2007). This compound has demonstrated its ability to hinder the progression of OS, encourage cell death, and slow down the multiplication of human OS cells (Chen et al., 2021). Furthermore, the ERK1/2 pathway plays a critical role in mediating the anti-cancer effects of PHA-665752 in OS. This was reinforced by the discovery that LY3214996, a highly selective inhibitor of the ERK1/2 pathway, counteracted the effects of PHA-665752 in OS. Moreover, PHA-665752 effectively reduced tumor growth in a mouse model with transplanted tumors (Chen et al., 2021). Overall, MET presents a target for OS treatment, and PHA-665752 emerges as a promising option for fighting OS.
Cabozantinib (XL184) is a special inhibitor of VEGFR2 tyrosine kinase, which also effectively inhibits the MET receptor (Uitdehaag et al., 2014). It has shown anti-tumor effectiveness both in laboratory settings and in live subjects in different models of osteosarcoma and Ewing sarcoma (Houghton et al., 2015).
In collaboration with the Cancer Therapy Evaluation Program of the National Cancer Institute, the French Sarcoma Group conducted a clinical study (CABONE) comprising two phase II trials to explore the potential of cabozantinib in patients with advanced Ewing sarcomas and advanced OSs respectively. One of the trials focused on evaluating the efficacy and safety of cabozantinib in patients with advanced OS (Italiano et al., 2020). The primary eligibility criteria included age ≥12 years, ECOG Performance status ≤1, metastatic or unresectable locally advanced disease, and documented disease progression (according to RECIST v1.1) prior to study enrollment. There were no restrictions on the number of previous lines of treatment. Patients received daily oral doses of cabozantinib (60 mg for adults and 40 mg/m2 for children) until disease progression or unacceptable toxicity occurred. The primary endpoint was a combined objective response and non-progression at 6 months for overall survival (OS). A total of 90 patients were enrolled in the study (Ewing sarcoma: 45; OS: 45). The median follow-up duration for OSs was determined to be 31.1 months (95%CI: [24.4–31.7]). Among the evaluated OS cases after histological and radiological review, 42 patients (93.3%) demonstrated efficacy response, with seven patients (16.7%) showing partial response and fourteen patients (33.3%) exhibiting stable disease status. Additionally, fourteen patients with osteosarcoma (33.3%) remained free from disease progression 6 months after initiating treatment. The treatment was generally well tolerated; however, mild to moderate fatigue, diarrhea, mucositis, and liver transaminitis were commonly observed adverse events graded as grade 1 or grade 2 in severity among the participants. Among the more severe adverse events graded as grade 3 or grade 4 in severity were hypophosphatemia experienced by eight individuals (8.9%), an increase in aspartate aminotransferase levels reported by five individuals (5.6%), palmo-plantar syndrome observed in five individuals (5.6%), pneumothorax encountered by five individuals (=5), and neutropenia recorded among five individuals as well (5%). Furthermore, it is worth noting that at least one serious adverse event was reported among sixty-one participants accounting for approximately 67.8% of the total patient population. The efficacy of cabozantinib in patients with advanced osteosarcoma was significantly demonstrated, suggesting its potential as a novel therapeutic option in this clinical context.
Abnormal activation of MET is commonly observed in osteosarcoma patients, and MET inhibitors are acknowledged for their potential to suppress tumors. However, OS often becomes resistant to MET inhibitors, which poses a significant challenge that needs addressing.
The small-molecule inhibitor crizotinib, also known as PF02341066, has shown strong selectivity as an ATP-competitive inhibitor of MET kinase in various human tumors. It has undergone phase II/III clinical trials for treating non-small-cell lung cancer (De Mello et al., 2020). In vitro studies have demonstrated that specific inhibition of highly phosphorylated MET-expressing OS cells by PF02341066 effectively triggers cell death. However, the inhibitory effectiveness of PF02341066 is compromised in vivo due to interference from the vascular niche. A study revealed that crizotinib displayed concentration-dependent inhibition of OS cell line proliferation. Additionally, it significantly induced apoptosis. Furthermore, crizotinib caused an increase in G0/G1 phase cells and a decrease in S phase cells compared to the control group. Moreover, crizotinib effectively suppressed migration and invasion of osteosarcoma cells while decreasing the expression of MET/Gab1/STAT5 (Jia et al., 2023). OS cells located near microvessels or exhibiting vascular mimicry suppress both MET expression and phosphorylation.
Furthermore, acquired drug resistance in OS cells is linked to the activation of VEGFR2 (vascular endothelial growth factor receptor 2). Dual targeting of both MET and VEGFR2 has proven effective in reducing tumor size in a xenograft model. Combining targeted therapy against MET with VEGFR2 inhibition may offer significant benefits towards achieving an optimal therapeutic outcome for patients with OS (Tang et al., 2022). Together, these findings underscore the critical role played by tumor heterogeneity and the microenvironment in determining drug response while uncovering the molecular mechanisms behind acquired drug resistance to targeted therapy against MET.
CONCLUSION
In conclusion, MET is commonly overexpressed in OS tissue and is often linked with a poor prognosis. Current in vitro experiments have verified that MET activation can boost the proliferation and invasion abilities of OS cells. Numerous MET inhibitors have shown notable efficacy in inhibiting tumor growth in both preclinical and clinical settings. Interestingly, patients with elevated MET expression levels tend to display heightened sensitivity to chemotherapy drugs. Histological and genomic investigations have identified MET as a promising target for assessing the prognosis and treatment of OS. However, further characterization is necessary to delve into the therapeutic implications of inhibiting MET in OS, utilizing more pertinent preclinical models and specifically tailored clinical trials.
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Background: Death Receptor 5 (DR5) is expressed on the surface of primary bone and soft tissue sarcoma cells, and its activation induces cell death primarily through apoptosis. The combination of DR5 agonists and commonly used chemotherapeutic agents, such as doxorubicin, can promote cell death. Currently, clinical trials are investigating the effectiveness of DR5 activation using new biological agents, such as bi-specific or tetravalent antibodies, in improving the survival of patients with relapsed or refractory cancers. Furthermore, investigations continue into the use of novel combination therapies to enhance DR5 response, for example, with inhibitor of apoptosis protein (IAP) antagonist agents [such as the second mitochondria-derived activator of caspase (SMAC) mimetics] and with immune checkpoint inhibitor anti-programmed death-ligand 1 (anti-PD-L1) or anti-programmed cell death-1 (anti-PD-1) antibodies. Other therapies include nanoparticle-mediated delivery of TRAIL plasmid DNA or TRAIL mRNA and stem cells as a vehicle for the targeted delivery of anti-cancer agents, such as TRAIL, to the tumor.Methods: Scoping review of the literature from November 2017 to March 2024, utilizing PubMed and Google Scholar.Results: New agents under investigation include nanoTRAIL, anti-Kv10.1, multimeric IgM, and humanized tetravalent antibodies. Developments have been made to test novel agents, and imaging has been used to detect DR5 in preclinical models and patients. The models include 3D spheroids, genetically modified mouse models, a novel jaw osteosarcoma model, and patient-derived xenograft (PDX) animal models. There are currently two ongoing clinical trials focusing on the activation of DR5, namely, IGM-8444 and INBRX-109, which have progressed to phase 2. Further modifications of TRAIL delivery with fusion to single-chain variable fragments (scFv-TRAIL), directed against tumor-associated antigens (TAAs), and in the use of stem cells focus on targeted TRAIL delivery to cancer cells using bi-functional strategies.Conclusion: In vitro, in vivo, and clinical trials, as well as advances in imaging and theranostics, indicate that targeting DR5 remains a valid strategy in the treatment of some relapsed and refractory cancers.Keywords: death, receptor, TRAIL, agonist, imaging, apoptosis, bone, sarcoma
INTRODUCTION
Connective tissue malignancies such as sarcoma are rare but can affect patients of all ages, have a variable but often poor prognosis, and have limited chemotherapeutic options (Bacon et al., 2023; Ducimetiere et al., 2011). They typically occur in the extremities but can also occur in a wide range of other anatomical locations, including the head and neck (e.g., maxillary and mandibular osteosarcoma). Patients, therefore, face esthetic and functional challenges that can significantly reduce their quality of life (Baumhoer et al., 2014; Cirstoiu et al., 2019). Bone and soft tissue sarcomas, in addition to some hematopoietic malignancies, such as multiple myeloma, are susceptible to TRAIL-induced apoptosis and therapy in combination with or without other chemotherapeutic options (Snajdauf et al., 2021; Subbiah et al., 2023; van der Horst et al., 2021; Trivedi and Mishra, 2015). The current understanding is that TRAIL binds to DR5/TRAILR2 more efficiently than it does to DR4/TRAILR1 through a stepwise binding mechanism (Kelley et al., 2005). However, many cancer cells are sensitive to apoptosis through both DR4 and DR5 activation (Pimentel et al., 2023a). Despite the lack of progression from phase 2 to phase 3 clinical trials of the early DR5 agonistic antibodies, TRAIL therapy remains a promising therapeutic approach, particularly as part of combination therapy (Montinaro and Walczak, 2023; Di Cristofano et al., 2023).
The mechanism of TRAIL-induced apoptosis, the transcriptional regulation, and modulation of the localization of the receptors (Min et al., 2019), and also TRAIL-mediated non-apoptotic signaling have been reviewed extensively (Gamie et al., 2017). There are promising TRAIL derivatives, such as the fusion of single-chain variable fragments (scFv-TRAIL), directed against a tumor-associated antigen (TAA) (Hutt et al., 2018). This allows for better target specificity and can be combined with other biological entities, such as immune checkpoint blockade, which is itself a potential treatment for bone and soft tissue sarcomas (Thanindratarn et al., 2019; Fazel et al., 2023). In mixed T-cell and cancer-cell culture experiments, the scFv-PD-L1:TRAIL derivative enhanced the cytotoxicity of TRAIL by exhibiting a multi-fold therapeutic effect, which includes reactivating T-cells and stimulating IFNγ production, thereby upregulating programmed death-ligand 1 (PD-L1) and sensitizing cancer cells to apoptosis by TRAIL (Hendriks et al., 2016). However, more recent experiments have shown that the knockdown or knockout of PD-L1 may sensitize certain cancer cells to TRAIL via a non-canonical mechanism (Pimentel et al., 2023b).
Improving the effectiveness of novel TRAIL agonists and derivatives and combining TRAIL with current chemotherapeutics require evidence of the protein expression of death receptors (DRs) and target antigens, immune-based stratification, and clinical trials to assess efficacy. The purpose of the current scoping review of the literature is, therefore, to provide a general overview and update on the effectiveness of therapies developed to activate DR5 for connective tissue malignancies such as sarcoma, modes of action, and models developed to test them, ongoing clinical trials, and effectiveness. A scoping review search strategy was used to assess a body of literature, clarify concepts, and identify areas for further investigation. This was performed using the following article subheadings, keywords, and index terms: Death; Receptor; TRAIL; Target; Imaging; Apoptosis; Bone; Sarcoma; Malignancy; Stem; Cell; In vitro; In vivo; Clinical; and Trial. One database (PubMed and Google Scholar) and one concept at a time were searched. Inclusion criteria were studies from 2017 to 2024; any in vitro, in vivo, or clinical studies in the English language investigating DR5 as a target for imaging or as an agonist to induce apoptosis in primary bone and soft tissue tumors; and published and unpublished work (gray literature), supplements, proceedings of meetings, or conference abstracts. There was an initial screening of titles and abstracts, followed by full manuscript reviews.
DR5 STRUCTURAL FEATURES AND SIGNAL TRANSDUCTION
DR5 receptors are expressed on the cell surface, and like other members of the TNF receptor superfamily, TRAIL receptors pre-oligomerize in the absence of a ligand via their pre-ligand-binding domain (PLAD) (Chan et al., 2000). The stoichiometry of TRAIL receptor homotypic oligomerization is not fully clarified yet; however, homodimers, homotrimers, and even heterodimers of the tumor necrosis factor receptor (TNFR), including DR4 and DR5, have been described (Chan et al., 2000; Neumann et al., 2014; Richter et al., 2012). The natural ligands of DR5 are homotrimeric membrane-bound TRAIL and soluble TRAIL, the shed form of membrane-bound TRAIL (Wang Y. et al., 2021). Receptor clustering is a precisely controlled process, and its triggering has been described to involve the formation of hexagonal patterns (Scott et al., 2009). The dimerization of DR5 trimers resulting in the hexagonal structure has been previously hypothesized by studies investigating DR5 clusters on the surface of apoptotic cells (Scott et al., 2009; Martin et al., 2005; Pan et al., 2019). More recently, it has been shown that the ligand-induced dimerization/trimerization of the transmembrane domain of DR5 and other members of the TNFR superfamily, such as OX40 and TNFR2, drive higher-order ligand/receptor oligomerization and downstream signaling (Pan et al., 2019).
Unique to DRs, including TNFR1, DR3, DR4, DR5, DR6, and ectodysplasin A receptor (EDAR) and a nerve growth factor receptor (NGFR), are the names given to the intra-cellular death domain (DD) (Green, 2022; Horiuchi et al., 2010). DDs bind to different DD-containing adapter proteins in the next step of the signaling pathway, such as the Fas-associated death domain (FADD), forming the death-inducing signaling complex (DISC), which binds to and dimerizes caspase 8, thereby activating it and cleaving BID, giving rise to mitochondrial outer-membrane permeabilization (MOMP), resulting in apoptosis (Green, 2022). Non-apoptotic pathways can also be activated, resulting in the formation of secondary complexes and activation of necroptosis via the ripoptosome and protumoral, survival, motility, and inflammatory effects via NF-kB activation (Guerrache and Micheau, 2024) (Figure 1).
[image: Figure 1]FIGURE 1 | DR5 structure, clustering, and signal transduction. DR signaling leads to caspase-8 activation and cleavage of BID, resulting in mitochondrial outer-membrane permeabilization (MOMP). Transmembrane helix (THM) clustering induced by the targeted agents is required for DR5 signaling. Non-apoptotic pathways may also be activated, which result in the formation of secondary complexes and activation of necroptosis via the ripoptosome [core components are receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and receptor-interacting serine/threonine-protein kinase 3 (RIPK3)]. DDs, death domains; FADD, Fas-associated death domain; DISC, death-inducing signaling complex; PLAD, pre-ligand association domain; BID, BH3-interacting-domain death agonist; XIAP, X-linked inhibitor of apoptosis protein; MLKL, mixed lineage kinase domain-like pseudokinase. The figure was created with BioRender (https://biorender.com/).
DR5 EXPRESSION AND CANCER-ASSOCIATED MUTATIONS OF DR5
For a cell to be susceptible to apoptosis, at least one type of the two DD-containing TRAIL receptors must be expressed on the cell surface. DR4 and DR5 have been found in bone sarcomas (Ewing’s sarcoma, osteosarcoma, and chondrosarcoma) and hematopoietic tumors such as myeloma, with the DR5 receptor being the most frequently expressed (Subbiah et al., 2023; Picarda et al., 2010; Surget et al., 2012; Chen et al., 2013). Further investigations are needed to better understand the expression levels and somatic mutations found in DRs and investigate how they influence signaling. In non-small-cell lung and breast cancer, most of the mutations identified to date affect the intracellular domain of DR5 (Bin et al., 2007) or heterodimerization (Neumann et al., 2014). Allelic loss has been found on chromosomes 8p21–22, where DR5 is located, in head and neck squamous cell cancer (Fisher et al., 2001) and non-Hodgkin’s lymphoma (Lee et al., 2001). There may also be a dominant-negative effect where mutant DR5 can inhibit the activation of DR4 via competition for ligand binding (Bin et al., 2007). Other important mutations occur in the extracellular PLAD, which can prevent ligand binding by interfering with homotypic pre-ligand receptor oligomerization (Bin et al., 2007). Uncertainties exist in the knowledge of the prevalence and effects of these mutations in different cancer types, including bone and soft tissue tumors such as sarcomas; however, common similar mutations have been found repeatedly, resulting in an inability to properly recruit the FADD (Bin et al., 2007). A study investigating osteosarcoma tumor samples and cell lines revealed mutations mainly in the DR4 gene that affect both the ligand binding and death domain regions and may be implicated in osteosarcoma pathogenesis (Dechant et al., 2004).
NEW BIOLOGICS THAT TARGET DR5
New drugs have been developed that target and achieve better activation of DR5 signaling in the last few years, following our previous review (Gamie et al., 2017). A challenge for TRAIL-based therapies is the ability to distribute and deliver TRAIL to the tumor, and combinations with nanoparticles (NPs) have also been developed to help enable this (Sadeghnezhad et al., 2019). The therapeutics are summarized in Table 1 and discussed in more detail below. Previous studies have utilized TRAIL agonists or recombinant TRAIL with mixed results in terms of progression-free survival and overall survival, which may be due to the inclusion of unselected patients (Gampa et al., 2023). Table 2 summarizes current ongoing clinical trials targeting DR4 and DR5 in orthopedic-related tumors.
TABLE 1 | Novel DR5-targeting therapeutics developed.
[image: Table 1]TABLE 2 | Clinical trials investigating DR-targeting therapeutics for primary bone tumors.
[image: Table 2]Novel anti-Kv10.1 nanobody
Kv10.1 is a voltage-gated potassium channel overexpressed in cancer cells. It is considered to be a TAA, and, therefore, an anti-Kv10.1 nanobody has been produced and fused to a single-chain TRAIL (scTRAIL), named VHH-D9-scTRAIL, a development in the concept of scTNF and scTRAIL (Krippner-Heidenreich et al., 2008; Schneider et al., 2010). VHH-D9-scTRAIL has demonstrated enhanced apoptosis in vitro in human prostate cancer cells (DU-145), using live cell imaging and caspase assays (Hartung et al., 2020). VHH-D9-scTRAIL is based on the single-chain variant of TRAIL first described by Krippner-Heidenreich et al. (2008), with the advantage of including nanobodies to induce a strong and rapid apoptotic response in different tumor models, such as 2D culture and spheroids, involving a human prostate cancer cell line (DU-145) and a pancreatic cancer cell line (Caplan-1) and is more potent than the ScFv version. In the 3D culture model, the spheroids were monitored in the Incucyte system, and the change in size was determined by the degree of the surface occupied by green fluorescence, which was monitored as a measure of growth (Hartung et al., 2020).
DR5 agonist, DS-8273a
DS-8273a is a new generation of DR5 super-agonists capable of receptor-enhanced multimerization. Four of these multivalent targeting agents are being investigated in clinical trials studying malignant solid tumors, including sarcomas, i.e., ABBV-621, GEN 1029, INBX-109, and BI 905711. A number of these are undergoing first-in-human studies (Wang B. T. et al., 2021). The first-in-human study of the monoclonal antibody DR5 agonist DS-8273a is ongoing in patients with advanced solid tumors. DS-8273a can induce apoptosis in myeloid-derived suppressor cells (MDSCs) ex vivo and reduce peripheral blood numbers to levels found in healthy volunteers. Treatment is inversely correlated with the length of progression-free survival (Dominguez et al., 2017). This agent has also been investigated in combination with nivolumab (an anti-PD-1 antibody) for treating unresectable stage 3 or 4 melanoma in phase 1 clinical trials, completed in March 2024 (ClinicalTrials.gov Identifier: NCT02983006).
Zapadcine-1
Following on from the significant in vitro and in vivo efficacy of a humanized monoclonal antibody zaptuzumab in lung carcinoma, the same group demonstrated that a novel anti-DR5 antibody-drug conjugate, Zapadcine-1, possesses a high-potential therapeutic efficacy against leukemia and solid tumors (Zhang et al., 2019; Zheng et al., 2023). It is a fully-humanized agonist of DR5 (zaptuzumab) linked to a toxic inhibitor of tubulin, monomethyl auristatin D (MMAD). Zapadcine-1 was able to eliminate cancer cells in cell-derived xenografts and patient-derived xenograft (PDX) models of human lymphocytic leukemia in a dose-dependent manner and in a mouse model of lung cancer. Zapadcine-1 has an acceptable safety profile in rat and cynomolgus monkey models (Zhang et al., 2019; Zheng et al., 2023).
INBRX-109
Another agent known as INBRX-109, a humanized tetravalent antibody targeting DR5, is being studied in a randomized, placebo-controlled phase 2 study in patients with unresectable and/or metastatic conventional chondrosarcoma (ClinicalTrials.gov Identifier: NCT04950075). Participants with radiological evidence of progression in the trial can be unblinded and offered crossover to the INBRX-109 agent if they have been receiving a placebo. The drug has been granted orphan drug designation. Trials were initially paused due to concerns about liver toxicity but were resumed to exclude high-risk patients. The primary endpoint is progression-free survival for over 3 years (Newton, 2023).
ABBV-621 (eftozanermin)
ABBV-621 (eftozanermin) is an engineered second-generation TRAIL agonist containing IgG1-Fc linked to a single-chain trimer of TRAIL subunits that was tested in phase 1 clinical trials (ClinicalTrials.gov Identifier: NCT03082209) in patients with previously treated solid tumors or hematological malignancies. This hexavalent TRAIL-Fc fusion protein activates both DR4 and DR5 with nanomolar affinity, inducing cell death in the COLO-205 cell line at concentrations ranging from 1 to 10 nmol/L (Phillips et al., 2021). It has been well tolerated in the first-in-human study, achieving tumor regression in colorectal cancer (LoRusso et al., 2022). However, there was a requirement for the evaluation of the expression of DR4/DR5 in fresh biopsies and the clinical response to this agent. Regarding bone tumors, it has been investigated in cell line models that have included multiple myeloma, and in combination with bortezomib, it has resulted in greater anti-tumor activity (Smith, 2020). A clinical trial on relapsed/refractory multiple myeloma patients is planned (Smith, 2020). Investigations have also demonstrated effectiveness in solid tumor colorectal cancer PDX models (Phillips et al., 2021).
IGM-8444 (aplitabart)
IGM-8444 (aplitabart) is an IgM antibody agent targeting DR5 and is a potent inducer of apoptosis, particularly when combined with a Bcl-2 inhibitor. This has been demonstrated in colorectal and lung cancer xenograft models and a gastric GXF251 PDX model without concern for hepatotoxicity (Wang B. T. et al., 2021). This agent has 10 binding sites to DR5, inducing effective multimerization (Wang B. T. et al., 2021). It can be administered i.v. and is being studied alone or in combination with relapsed, refractory, and newly diagnosed cancer patients in a randomized trial of 430 participants (ClinicalTrials.gov identifier: NCT04553692), which is still recruiting. This includes treatment in combination with birinapant [a second mitochondria-derived activator of caspase (SMAC) mimetic, which is an antagonist of the inhibitor of apoptosis (IAP) proteins] in sarcoma and venetoclax (a Bcl-2 inhibitor) in chondrosarcoma. Multimeric IGM-844 can also synergize with ABT199, a Bcl-2 inhibitor. It exhibited enhanced cytotoxicity and in vivo, efficacy in PDX tumor models, and no concern for increased hepatotoxicity in an investigation was noted using primary human hepatocytes. In addition, in cynomolgus monkeys, repeated IGM-844 dosing did not show a significant increase in liver enzymes compared to control (Wang B. T. et al., 2021).
HexaBody-DR5/DR5
There has been a development in dual-epitope targeting and enhanced hexamerization by DR5 antibodies as a novel approach to induce potent antitumor activity through the DR5 agonist. HexaBody-DR5/DR5 (GEN1029) has demonstrated enhanced hexamerization through the binding of two different DR5 epitopes on the cell surface (van der Horst et al., 2021). These multimeric IgM antibodies have also demonstrated effectiveness through efficient receptor clustering in gastric, skin, and squamous cell carcinomas. It has demonstrated little or no human hepatocyte cytotoxicity (Sinclair, 2021). It has been shown to work synergistically with birinapant in multiple cancer cell lines in vitro, including HT1080, HCT116, and NSCLC cells, and in studies of colorectal, sarcoma, and head and neck cancers (Sinclair, 2021).
HexaBody-DR5/DR5 has undergone clinical trials in solid cancers, which have been open-labeled and multi-centered. HexaBody-DR5/DR5 was developed for relapsed or refractory multiple myeloma and can induce significant cytotoxicity in primary multiple myeloma cells. It has shown potent antitumor activity in a variety of PDX models (gastric, urothelial, and colorectal cancers) in a preclinical proof-of-concept study (Overdijk et al., 2019). Recently, however, the phase 1 and expansion phase 2a studies in solid tumors were terminated due to safety concerns for unspecified reasons (NCT03576131) (Di Cristofano et al., 2023; Carter and Rajpal, 2022).
Circularly permuted TRAIL
Another therapeutic is circularly permuted TRAIL (CPT), a recombinant mutant of human TRAIL, which has a circularly permuted extracellular sequence of native TRAIL (Fang et al., 2005). It has better stability, a longer half-life, and less toxicity toward normal cells than wild-type TRAIL, and when combined with thalidomide and dexamethasone, it can prolong survival in relapsed/refractory multiple myeloma patients. It has progressed from phase 2 (Leng et al., 2017) to phase 3 clinical trials (Chen et al., 2021).
NANOPARTICLE-MEDIATED DELIVERY OF TRAIL
Nanoparticle-mediated delivery of TRAIL genetic material has been utilized as a form of TRAIL gene therapy, e.g., using PEG-grafted chitosan to deliver TRAIL plasmid DNA to glioblastoma tumor cells (Wang et al., 2015). The uptake of the TRAIL plasmid-loaded nanoparticles enables the expression and liberation of TRAIL in the tumor microenvironment, thereby inducing apoptosis (Wang et al., 2015). A publication this year also detailed how TRAIL mRNA can be delivered using lipid NPs. It consists of intratumoral injection in an in vivo COLO-205 tumor cell study, resulting in enhanced apoptosis and necrosis (da Silva et al., 2024). However, dosing and long-term effects require further investigation and studies in other cancer types, such as bone and soft tissue tumors.
MEASURES TO AVOID HEPATOTOXICITY
Hepatotoxicity has been an ongoing concern regarding the use of TRAIL-related therapeutics (Gores and Kaufmann, 2001; Papadopoulos et al., 2015). There have been certain measures implemented to help reduce hepatotoxicity; for example, when using TRAIL in combination with the proteasome inhibitor bortezomib, the use of a lower concentration of bortezomib-induced apoptosis in treatment-resistant cancer cell lines (hepatoma, pancreatic, and colon) but not in primary hepatocytes by working within a specific therapeutic window (Koschny et al., 2007; Yuan et al., 2018; Diaz and Haisma, 2021). Developments have also been made to DR5 agonists using IgM antibodies, such as the multivalent agonistic antibody IGM-8444, which has demonstrated reduced cytotoxicity in primary human hepatocytes in vitro (Carter and Rajpal, 2022) and in cynomolgus monkeys (Wang B. T. et al., 2021). HexaBody DR5/DR5 has also demonstrated reduced human hepatocyte cytotoxicity compared to COLO-205 cells in 24-h in vitro cytotoxicity assays. INBRX-109 was engineered to limit hepatotoxicity by limiting its valency from 6 (hexavalent) to 4 (tetravalent) (Di Cristofano et al., 2023). It has also demonstrated reduced hepatotoxicity in preclinical studies in vitro and xenograft models and demonstrated favorable safety profiles in patients with unresectable/metastatic chondrosarcoma (Subbiah et al., 2023).
ANIMAL MODEL DEVELOPMENT
There has been a need to develop animal models to more accurately understand the progression of sarcoma and test new therapeutics. There have been cell line xenograft models, PDX models, and genetically modified mouse models produced (Yagolovich et al., 2020; Guijarro et al., 2014) with new developments, such as a dedifferentiated chondrosarcoma orthotopic mouse model (Pringle et al., 2022). In particular, for DR5 activation, a colon cancer xenograft model has been developed to assess the efficacy and pharmacokinetic profile of a DR5 ligand, a genetically modified DR5-B variant selective for DR5 (Gasparian et al., 2009), revealing dual pro-tumoral and antitumoral effects related to the concentration and mode of administration (Yagolovich et al., 2020).
For personalized therapy in sarcoma, a number of publications detailed the production of PDX models using surgical orthotopic implantation (biopsy or surgical specimen, which is frequently implanted subcutaneously) to mimic the clinical disease and be used to assess agents for treating drug-resistant osteosarcoma as monotherapy or combination therapy (Higuchi et al., 2021; Meohas et al., 2018). There have been developments in the creation of models for use in studying new therapeutics, mainly for the treatment of osteosarcoma. PDX models can be used to reproduce recurrent or recalcitrant disease and can help in studying experimental agents and drug combinations. More investigations are required using chondrosarcoma tissue to produce patient-derived chondrosarcoma models. Subcutaneous engraftment of patient tissue can fail, as reported. This is potentially due to the low aggressiveness of the tumor or a small sample size from the core biopsy (Meohas et al., 2018). This is in contrast to osteosarcoma and Ewing’s sarcoma, which appear to be faithful and stable preclinical models (Guijarro et al., 2014; Nanni et al., 2019).
Osteosarcoma of the mandible has a reported 5-year survival rate of 84% with adjuvant chemotherapy (Nissanka et al., 2007). Treatment methods include wide radical resection, adjuvant chemotherapy, and radiotherapy (Bertin et al., 2020). An animal model has been developed, which can, in the future, help investigate the effectiveness of novel agents for jaw osteosarcoma (Bertin et al., 2019). It, however, requires comparative studies with models using long bones to study differences in the bone microenvironment and behavior. The cell lines engrafted were K7M2, POS-1, and MOS-J from mouse osteosarcoma, primary patient, and C57BL/6J mouse osteosarcoma origins, respectively (Bertin et al., 2019). Osteolytic lesions can be induced using these cell lines similar to those in previous paratibial models (Bertin et al., 2019). PDX models can be challenging due to the requirement of a sufficient amount of fresh tissue, and it can be challenging to achieve successful engraftment. However, they may be valuable for personalized therapies and for the small number of patients with rare cancers who are eligible for experimental therapies (Fujii et al., 2020). The benefit of genetically engineered models of osteosarcoma is the appearance of the tumor in easily accessible sites, such as long bones, compared to other models of cancer, such as abdominal tumors. A challenge has been developing models of tumor heterogeneity, spontaneous osteosarcoma, and micrometastases and monitoring their development in these models (Fujii et al., 2020). Therefore, there has been growing interest in the development of in vivo imaging of tumor cells, which includes bioluminescence, micro-CT, and positron emission tomography (PET) scanning (de Jong et al., 2014).
IN VITRO MODEL SYSTEM DEVELOPMENT
Disadvantages of animal models include cost, labor required, and prediction of drug safety (Van Norman, 2019). There has been increasing use of spheroids, organoids, and 3D cell cultures, terms used interchangeably, to try to replicate malignant tissues and microtumors (Bialkowska et al., 2020; Gunti et al., 2021). A number of methods have been described to generate them, such as the hanging drop method, which can exist as co-cultures with or without stromal cells and an extracellular matrix and better mimic tumor structure than 2D cell culture (Bialkowska et al., 2020; Gunti et al., 2021; Jensen and Teng, 2020). They have played a role in studying the chondrosarcoma microenvironment and factors such as hypoxia and pH, resistance to drug therapy, and the question of what the effect of 3D microenvironments is on susceptibility to apoptosis (Bialkowska et al., 2020). Stohr et al. (2020) found that there can be TRAIL-resistant subpopulations in spheroids generated by using HCT116 and NCI-H460 cells seeded in Terasaki multi-well plates and placed in humid chambers in the incubator (Stohr et al., 2020). They lacked DR4 and DR5 at the interface of proliferating and quiescent cells, which protect the TRAIL-sensitive cells residing in the inner spheroid layers. This highlights the importance of studying and comparing the results from 3D as well as 2D models. This study also found that the COX-2 inhibitor, celecoxib, could upregulate DR4 and DR5 through increased ER stress (Stohr et al., 2020).
IMAGING TO DETECT DR5 CELL SURFACE LEVELS AND APOPTOSIS INDUCTION
Imaging of solid tumors that relies on size-based criteria may be limited in assessing response; furthermore, bone scans for cancer may be limited in their sensitivity and specificity for treatment response (Cook and Goh, 2020). Imaging modalities such as PET and single-photon emission computed tomography (SPECT) can improve the diagnosis and treatment response. There have been tools developed to monitor the response to DR5 therapy, for example, in vivo by using fluorescence-labeled anti-DR5 with the reporter construct C-Luc-DEVD-N-Luc. Light is emitted upon the caspase-mediated cleavage of this construct and subsequent dimerization of C-Luc and N-Luc in the presence of externally supplied luciferin (Weber et al., 2014; Weber et al., 2013). In addition to DR5 being utilized as a potential imaging marker (Wang S. et al., 2021), PET has been used in combination with F18-duramycin to assess the response to DR5 agonists and early apoptosis in humans. Duramycin is a 19-amino acid peptide that can detect apoptosis by targeting and binding to phosphatidylethanolamine (PE) and phosphatidylserine (PS), which are expressed in the early stages of apoptosis (Cook and Goh, 2020; Li et al., 2019; Zhao et al., 2008). In preliminary data, using micro-PET and micro-CT scanning, the colorectal cancer cell line COLO-205 was injected into the shoulder of mice and found to be more drug-sensitive when using bioluminescence imaging (BLI), i.e., it was targeted more efficiently by duramycin, indicating greater apoptosis induction by the DR5 agonist agent AMG655 (Zhang et al., 2019; Kim et al., 2012).
The 177Lu or 89Zr radio-labeled anti-DR5 antibody CTB006 (89Zr-CTB006) PET/CT has been useful for screening cancers with DR5 overexpression, such as gastrointestinal cancer (Wang S. et al., 2021). Similar studies are required for bone and soft tissue tumors. Reduced DR5 expression may explain the poor response to DR5 agonists in clinical trials. Using this technology can help identify patients who may benefit from DR5 agonist therapy in a non-invasive manner. The inability to achieve the endpoint in previous trials may be due to the inability to accurately quantify the degree of DR5 expression in immunohistochemistry (IHC). DR5 expression was lower than that previously reported and requires further investigation. 89Zr-CTB006 PET/CT has also been able to detect DR5 levels in PDX mouse models with RNAscope scores of 3 and 4, which is a method to detect specific gene expression that is more sensitive and specific than IHC methods (Wang S. et al., 2021).
Furthermore, 89Zr-DS-8273a is being investigated as a theranostic agent for anti-DR5 cancer therapy (Burvenich et al., 2016). A theranostic agent is one that is both diagnostic and therapeutic; for example, the agent can bind to DR5-expressing cells in COLO cell line xenografts and is a novel PET imaging reagent in human bioimaging (Burvenich et al., 2016). Therefore, it can monitor both the response to therapies and doses required (Burvenich et al., 2016) (Figure 2).
[image: Figure 2]FIGURE 2 | Methods for imaging DR5 and its cell death-inducing activity: (A) in vivo by using fluorescence-labeled anti-DR5 with the reporter construct C-Luc-DEVD-N-Luc. N-terminal (N-Luc) and C-terminal (C-Luc) (Weber et al., 2013). (B) In humans, duramycin, a 19-amino acid peptide that can detect apoptosis by targeting and binding to phosphatidylethanolamine (PE) (Li et al., 2019). (C) 177Lu or 89Zr radio-labeled anti-DR5 antibody CTB006 (89Zr-CTB006) (Wang S. et al., 2021). (D) 89Zr-DS-8273a is also being investigated as a theranostic for anti-DR5 cancer therapy (Burvenich et al., 2016). The figure was created with BioRender (https://biorender.com/).
COMBINATION THERAPY USING IAP ANTAGONISTS
IAP antagonists can inhibit the caspase-inhibitory function of XIAP and also the cellular IAPs, cIAP1, and cIAP2, thereby enhancing apoptosis (Fulda, 2008). In solid tumor xenograft models using, for example, the breast cancer cell lines MDA-MB-231 and 2LMP TNBC, anti-tumor activity was demonstrated when the DR5 monoclonal antibody, CTB-006, was used together with the IAP antagonist APG-1387 (Li et al., 2021). Phase 1 dose-escalation studies have demonstrated the tolerability of IAP antagonists in the treatment of advanced solid tumors, such as breast cancer and lymphoma, in combination with pembrolizumab (Rasco et al., 2020). Phase I/II clinical trials for head and neck cancers have shown promising results (Kansal et al., 2023). Strong anti-tumor activity has been demonstrated with the combination of anti-DR5 agonist IGM-8444 with the SMAC mimetic, birinapant, in preclinical models using a range of cell lines and PDX models, including sarcoma; for example, 7/9 animals were tumor-free in a model using the HT1080 cell line (Wang et al., 2022), which has also been used to model dedifferentiated chondrosarcoma (Pringle et al., 2022). The same combination of anti-DR5 agonist IGM-8444 with birinapant is taking place for relapsed, refractory, or newly diagnosed cancers, which include soft tissue sarcoma and chondrosarcoma, in a phase 1a/1b study (ClinicalTrials.gov identifier: NCT04553692) and is still recruiting.
STEM CELLS EXPRESSING TRAIL FOR CANCER TREATMENT
The use of stem cells that can migrate to tumors and deliver therapeutic agents has expanded the options available for cancer therapy and skeletal tissue regeneration (Fakiruddin et al., 2018; Gamie et al., 2012; Kamalabadi-Farahani et al., 2018). They can also be genetically engineered to overexpress the TRAIL ligand (Stamatopoulos et al., 2019). The metastatic tumor burden has been found to decrease with the administration of human mesenchymal stem cells (MSCs) expressing TRAIL in a pulmonary metastasis model (Loebinger et al., 2009). Since these early findings, developments have been made in terms of how stem cells can be used to express TRAIL to induce apoptosis in cancer. Human bone marrow-derived MSCs (BMMSCs) have been used previously to deliver membrane-bound TRAIL (either genetically or via TNF-α pre-activation) to breast cancer cells in an animal model and successfully induce apoptosis and reduce the tumor signal. The use of BMMSCs as a mode of delivery for therapeutic agents has been decreasing (Patrick et al., 2020), and other stem cell types have been utilized, such as those easier to obtain, such as umbilical cord-derived stem cells and human placenta-derived MSCs (Aldoghachi et al., 2023). More recently, human placenta-derived MSCs with curcumin-loaded chitosan particles have been utilized as a tumor-tropic therapy (Xu et al., 2019). Curcumin is reported to be a chemopreventive agent for oral squamous cell cancer (Maulina et al., 2019). MSCs expressing TRAIL have been studied in vitro and in mouse models of breast cancer with promising effects (Loebinger et al., 2009). MSCs have the ability to reside or engraft preferentially in tumors and their micrometastases and are an ideal candidate to deliver antineoplastic agents to the tumor site (Loebinger et al., 2009). Another agent investigated that upregulates DR5 is chrysanthemulide A (CA), which has been shown to induce apoptosis in osteosarcoma cells via JNK-mediated autophagosome accumulation (Zhuo et al., 2019).
MSCs can kill cancer cells in vitro and in vivo, and with sensitizing agents such as small-molecule inhibitors, TRAIL alone, or delivered with MSCs, the vehicle sensitizing agent can be enhanced (Fakiruddin et al., 2018). Stem cells engineered to express TRAIL can kill glioblastoma cells or hepatocellular carcinoma cells in vitro. Studies are ongoing utilizing this approach for the treatment of lung cancer (Patrick et al., 2020). The lung delivery of these umbilical cord-derived MSCs can be visualized using PET-CT in a novel study that uses 89Zr-oxine labeling to help evaluate the biodistribution of the MSCs and the amount migrating to the lungs (Patrick et al., 2020).
An ongoing trial known as TACTICAL is a multi-centered, randomized, double-blinded trial assessing the efficacy of MSC-TRAIL for lung adenocarcinoma, which combines the first-line standard-of-care chemotherapeutic agents, including pembrolizumab, with MSC-TRAIL, generated by transducing MSCs with a lentiviral vector to express TRAIL (ClinicalTrials.gov Identifier: NCT03298763) (Davies et al., 2019). It contains a first-in-man 89Zr-oxine cell-labeling arm to help obtain a better understanding of cell-based therapies. It is currently still recruiting patients, with an estimated study completion time of 1 September 2025 (Davies et al., 2019). If the trial is successful, it will add further confidence to the use of allogenic stem cell therapy for cancer.
Further modifications of TRAIL delivery and the use of stem cells to enhance the efficacy of MSC-TRAIL have involved modifications to target TRAIL delivery to cancer cells expressing specific antigens as part of a bi-functional strategy. TRAIL has been combined with a truncated anti-GD2 chimeric antigen receptor (GD2 tCAR) and delivered by MSCs in a novel strategy against metastatic Ewing’s sarcoma, demonstrating affinity and killing of lesions in the lung but not in the liver (Golinelli et al., 2022).
Research also continues into the pre-activation of stem cells using TNF-α to stimulate the expression of TRAIL in a bioactive membrane-bound form on the surface of the cell. Recently, it has been shown that dental tissues such as the periodontal ligament contain stem cells that have the main properties of MSCs, which can be expanded ex vivo (Di et al., 2023) and were found to express TRAIL at the protein and RNA levels when pre-activated using TNF-α. The stem cells migrated toward cancer cells when co-cultured with primary head and neck squamous cell carcinoma cells and induced apoptosis (Di et al., 2023). Further studies will require the comparison of different stem cell sources for TNF-α pre-activation and induction of apoptosis, biodistribution, and appropriate delivery of sufficient amounts to tumor sites (Ohara et al., 2024).
CONCLUSIONS AND FUTURE DIRECTIONS
Targeting DR5 remains a promising approach to help induce cell death by apoptosis or necroptosis (in combination with agents such as the SMAC mimetic birinapant) in the cancer cells of difficult-to-treat malignancies such as sarcoma. TRAIL therapeutics have had limited therapeutic efficacy and progress to phase 2 trials; however, the development of novel drugs and combination therapies allows for progress and advancements to phase 3 trials (Schneider et al., 2010). The remaining challenges include identifying patients with high levels of expression of DR5 and further study in 3D models, such as organoids, where resistant cells may limit the killing capabilities of the agent. Further investigation into the development of PDX mouse models that can help replicate tumor growth, local invasion, and metastatic potential, is needed. Ongoing phase 2 trials will demonstrate whether the strategies used in promising in vivo studies, utilizing antibodies that have superseded the early agonistic antibodies that had a weak ability to induce receptor multimerization, can be replicated in patients. Advancements in nanotechnology and nanoparticle-mediated TRAIL delivery, as well as MSC-mediated TRAIL delivery, have also proved to be successful in vitro and in preclinical animal models (Sadeghnezhad et al., 2019; Gampa et al., 2023; Aldoghachi et al., 2023). The progress in imaging strategies for the detection of DR5 levels and the potential to combine this with enhanced triggering of DR5 activity warrant further investigation as a strategy with standard-of-care chemotherapeutic agents, in particular in the difficult-to-treat malignancies, to enhance cytotoxicity and improve survival.
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Background

Solid tumors are characterized by a low blood supply, complex stromal architecture, and immunosuppressive milieu, which inhibit CAR-T cell entry and survival. CXCR5 has previously been employed to increase CAR-T cell infiltration into CXCL13+ cancers. On the other hand, IL-7 improves the survival and persistence of T cells inside a solid tumor milieu.





Methods

We constructed a novel NKG2D-based CAR (C5/IL7-CAR) that co-expressed CXCR5 and IL-7. The human osteosarcoma cell lines U-2 OS, 143B, and Mg63 highly expressed MICA/B and CXCL13, thus presenting a perfect avenue for the present study.





Results

Novel CAR-T cells are superior in their activation, degranulation, and cytokine release competence, hence lysing more target cells than conventional CAR. Furthermore, CXCR5 and IL-7 co-expression decreased the expression of PD-1, TIM-3, and TIGIT and increased Bcl-2 expression. Novel CAR-T cells show enhanced proliferation and differentiation towards the stem cell memory T cell phenotype. C5/IL7-CAR-T cells outperformed conventional CAR-T in eradicating osteosarcoma in mouse models and displayed better survival. Additionally, CXCR5 and IL-7 co-expression enhanced CAR-T cell numbers, cytokine release, and survival in implanted tumor tissues compared to conventional CAR-T cells. Mechanistically, C5/IL7-CAR-T cells displayed enhanced STAT5 signaling.





Conclusion

These findings highlight the potential of CXCR5 and IL-7 co-expression to improve CAR-T cell therapy efficacy against osteosarcoma.





Keywords: CAR-T therapy, tumor microenvironment, T cell migration, osteosarcoma, CXCR5, IL-7




1 Introduction

Osteosarcoma (OS), while relatively uncommon in the general population, presents a notable surge in incidence during the pubertal growth spurt of young adults. It is, therefore, considered an orphan disease due to the inadequate population size affected by this disease compared to other forms of cancer (1, 2). Hypoxia and acidic microenvironment promote the release of pro-angiogenic factors (HIF and VEGF) by OS tumor cells to form highly vascularized tumors, which is thought to be the main reason for the high rate of metastasis and spread of OS. In addition, the extracellular matrix (ECM) composition of OS is significantly altered, and secretion is significantly increased, resulting in a harder matrix that makes it more difficult to infiltrate for immune cells (2). There is currently a marked stagnation in its treatment progress, while adjuvant chemotherapy has remained the primary therapeutic approach for the past four decades (1). Given the recent limitations of these treatments, innovating and implementing novel treatment options for OS is unequivocally important.

A diverse array of immunotherapies, including chimeric antigen receptor (CAR)-T cell therapy, are actively being employed to identify new treatment options for OS. The efficacy of CAR-T cell therapy in solid tumors still remains a challenge despite excellent remission rates in patients with hematological malignancies (3). For OS treatment, different targets for CAR-T cells are being explored to precisely mark and eradicate target-positive malignant cells (4, 5). One promising avenue is the development of CAR-T cells targeting the natural killer group 2D (NKG2D), which has exhibited significant efficacy in eradicating OS cells both in vitro and in murine models (6, 7). Some studies have shown that NKG2D-based CAR-T cells are quite safe for ligand-negative cells, including normal body tissues (6, 8, 9).

Solid tumors often create an immunosuppressive microenvironment that can impede the infiltration of immune cells, including CAR-T cells. The CXC motif chemokine receptor 5 (CXCR5) receptor, which guides cells to lymphoid tissues, might also assist CAR-T cells in navigating the complex stromal architecture of solid tumors, potentially leading to improved tumor invasion. This is why CAR-T cells co-expressing CXCR5 were superior to conventional CAR-T cells in eradicating ligand-positive tumor cells (10, 11). CXC-motif chemokine ligand 13 (CXCL13), the exclusive ligand for the CXCR5 receptor, is expressed in OS cell lines and is positively correlated with CD8+ T cell recruitment at tumor sites (12). However, reaching tumor sites is only part of the challenge; ensuring survival and long-term persistence at these locations is equally crucial for effective malignant cell eradication. Building on the previous success in utilizing interleukin-7 (IL-7) co-expression to enhance CAR-T cell therapy efficacy in a prostate cancer model (8), the present study presents a significant step forward. With our novel approach, we constructed a unique NKG2D-based CAR with the aim of augmenting CAR-T cell trafficking and persistence against OS. This construct co-expressed CXCR5 and IL-7 (C5/IL7) within the conventional NKG2D-CAR backbone, addressing both challenges, i.e., effective tumor penetration and sustained presence.




2 Materials and methods



2.1 Cell lines

HEK293T, U-2 OS, 143B, and Jurkat cell lines were used in this study. U-2 OS, 143B, and Mg63 are the three common osteosarcoma cell lines, they all express the ligand MICA/B of NKG2D, as well as the ligand CXCL13 of CXCR5, which are suitable for our study. All cells were obtained from the American Tissue Culture Collection (ATCC, USA) and were maintained in our laboratory. HEK293T and 143B cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco Laboratories, Grand Island, NY, USA), U-2 OS cells were maintained in McCoy’s 5A medium (Procell, Wuhan, China), and Jurkat cells were maintained in RPMI 1640 medium (Gibco Laboratories). The culture media were supplemented with 10% fetal bovine serum (FBS; ABW, Uruguay) and 1% penicillin-streptomycin, creating an optimal growth environment referred to as the complete medium. Additionally, 143B cells were genetically modified to express luciferase through firefly-luciferase lentiviral transduction. The passage number of all cell lines was within 15.




2.2 CAR construction and lentivirus production

The second-generation CAR vector utilizing the pLL3.7 plasmid was constructed as described previously (8, 9, 13). The plasmid contained an EF-1α promoter, the human CD8α signal peptide, the NKG2D extracellular domain, the CD8α hinge, and transmembrane domains, and the cytoplasmic domain of 4-1BB fused with the CD3ζ cytoplasmic tail. Additional modifications were introduced to construct novel C5/IL7-CAR plasmid expressing human CXCR5 (aa 1-372) and IL-7 (aa 1-177) with the N-terminal secretion signals P2A or T2A cleavage peptides. For lentivirus packaging, HEK293T cells were seeded and cultured for 24 hours, followed by transfection on day 1 with the lentiviral vector and two helper vectors (psPAX2, pMD2.G) using a polyethyleneimine (PEI) system (Polysciences, Warrington, PA, USA). After a 48-hour incubation period, the supernatant was collected, filtered (0.45µm), and concentrated via ultracentrifugation (27000g, 4°C, 2 hours). The supernatant was removed, and an additional culture medium was added to the concentrated virus mixture. Aliquots were preserved at -80°C.




2.3 T-cell isolation and CAR-T cell preparation

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of healthy donors (Shanghai Blood Center, China) by the Ficoll-Paque PLUS gradient centrifugation method (HyClone, Logan, UT, USA). Primary T cells were positively selected with CD4 and CD8 microbeads, stimulated with Enceed™ (Genscript, Nanjing, China) for 48 hours, and subsequently cultured in X-VIVO 15 mediums (Lonza) supplemented with 5% FBS, 1% penicillin/streptomycin, and 200IU/mL human recombinant interleukin-2 (hIL-2, Seaform Biotech., Beijing, China). To prepare CAR-T cells, 1×106 T cells were transduced with the respective lentiviruses at a multiplicity of infection (MOI) 10. These transduced cells were then expanded for 2 weeks at a density of 1×106/mL.




2.4 Flow cytometry analysis

Flow cytometry analysis was performed according to the experimental needs. Surface staining involved a 30-minute incubation of cells with FACS antibodies, whereas, for intracellular staining, CAR-T cells were fixed and permeabilized using the BD Cytofix/Cytoperm Kit (BD Biosciences, Bergen County, NJ, USA) before staining. The gating strategies were based on forward vs scatter characteristics, followed by single-cell gating of live cells. Antibodies were purchased from Biolegend, BD Biosciences, and eBiosciences™ USA, as detailed in Supplementary Table S1. The data were acquired using a BD LSRfortessa or CantoII flow cytometer, and the acquired samples were analyzed with FlowJo software (version 10.8.1).




2.5 RT-PCR

Total RNA was extracted from CAR-T cells or cancer cells and subjected to reverse transcription for cDNA synthesis as described previously.14 The specific primers used for IL-7, CXCL13 and β-actin were as follows: IL-7 (forward 5’- TACAGTACGCATGTGAAAGTCA-3’, reverse 5’-AGGAAACACAAGTCATTCAGTTTT-3’), CXCR5 (forward 5’-CCTTGCCTTGCCAGAGATTC-3’, reverse 5’-TGTAGAGCATGGGGTTGAGG-3’), CXCL13 (forward 5’-TGGGGCAAACTCAAGCTTCT-3’, reverse 5’-GTCTGGGGATCTTCGAATGCTA-3’), and β-actin (forward 5’- GTACGCCAACACAGTGCTG-3’, and reverse 5’-CGTCATACTCCTGCTTGCTG-3’). The RT-PCR reaction cycles comprised pre-denaturation at 95°C for 5 minutes, followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds. The PCR product was loaded on 2% agarose gel, and electrophoresis was performed.




2.6 Transwell assay

CAR-T cells (3×105) were seeded in the upper chamber of a 24-well transwell plate (3µm pore size, Corning), and the lower chamber was filled with DMEM (500µl) or tumor-cell supernatant. After a 4-hour incubation period, cells were collected from the lower chamber and quantified using a hemocytometer.




2.7 Cytotoxicity assay

3×104 luciferase-transduced target cells (U-2 OS, 143B, and Mg63) were seeded in a low-attachment 96-well plate. Effector cells, including Mock-T, CAR-T, and C5/IL7-CAR-T cells, were cultured at various effectors to target (E: T) ratios (1.25:1, 2.5:1, 5:1). After16-hours of coincubation, the cells were collected, and killing efficiency was quantified using a firefly Luciferase Reporter Gene Assay Kit (Beyotime Biotech, Shanghai, China).




2.8 Cell proliferation assay

A total of 1×106 T cells from each group were labeled with carboxyfluorescein succinimidyl ester (CFSE; 65-0850-84, eBioscience™, Waltham, MA, USA) at a concentration of 10µM. The cells were incubated in the dark at 37°C for 15 minutes, after which the unbound CFSE was removed through FBS quenching by incubating the mixture at 4°C for 10 minutes. After washing, cells were resuspended, and baseline CFSE fluorescence was analyzed on day 0 using flow cytometry. Subsequently, the labeled cells were cultured for 5 days, and post-culture CFSE dilution was assessed via flow cytometry.




2.9 Enzyme-linked immunosorbent assay

In a controlled in vitro setting, CAR-T cells (1.5×105) were cultured either alone or cocultured with 5×104 tumor cells in a complete X-VIVO medium. After 24 hours, the cell-free supernatant was collected, and IL-7 protein secretion was quantified using an ELISA kit following the manufacturer’s instructions (1110702, Dakewe Biotech, Beijing, China). For in vivo assessment, blood samples were aseptically collected from mouse orbits into EDTA-coated EP tubes. After centrifugation at 3000rpm for 10 minutes, the supernatant was collected. Ferritin levels in the supernatant were assessed with a ferritin-ELISA kit according to the manufacturer’s instructions (U96-3528E, YoBiBiotech, Shanghai, China), and the measurements were performed using a microplate spectrophotometer (450nm).




2.10 In vivo study

All animal experiments were performed with the approval of the Animal Ethics Committee of East China Normal University. Eight-week-old female NOD/SCID/γ-chain-/- (NSG) mice were used to establish osteosarcoma xenografts. Mice were anesthesia using isoflurane at 0.41ml/min fresh gas flow (2% concentration). Initially, 2×106 143B luciferase-positive cancer cells were subcutaneously injected into the right flank of mice. After 2 weeks, when the tumor size reached 100-150mm3, the mice were randomly divided into 6 groups (n=6), and IVIS imaging was performed. Prior to each session, the mice were injected with D-luciferin (3mg/mouse) and subsequently sedated. The photons emitted from luciferase-expressing cells were quantified using Living Image software (version 4.4). The photon intensity is represented by red (high) to blue (low), providing insight into tumor progression. Furthermore, each group either received PBS, Mock-T (5×106), CAR-T (5×106), or 3 different dosages of C5/IL7-CAR-T (2×106, 5×106 and 1×107) cells intravenously, followed by IVIS imaging every week. Tumor volume was regularly assessed using calipers with the formula V=1/2(length × width2). Peripheral blood was collected from mouse orbits on days 3, 12, and 23 after CAR-T cell therapy in EDTA tubes. Serum isolation was followed by cytokine (IL-8, IFN-γ) detection using a Cytometric Bead Array (CBA) kit (Dakewe Biotech., Beijing, China), and ferritin was detected through an ELISA kit (U96-3528E, YoBiBiotech, Shanghai, China). On day 27, the mice were sacrificed, and tumor and spleen tissues were collected for single-cell suspension preparation. Various markers were analyzed via flow cytometry, employing the antibodies specified in Supplementary Table 1.




2.11 Statistical analysis

GraphPad Prism (version 9.0) was used to generate the graphs and conduct the statistical analysis. The data are presented as the mean and standard deviation (± SD). The choice of statistical tests, including one-way ANOVA, two-way ANOVA, and two-tailed unpaired T-tests, was determined by the context of the analysis. Statistically significant differences are denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns is non-significant.





3 Results



3.1 Construction and characterization of novel CAR

The second-generation chimeric antigen receptor was used in this study as described in previously published data (8, 9, 13). Briefly, our CAR consisted of an NKG2D-based extracellular domain along with 4-1BB and CD3ζ intracellular domains. The interaction between the extracellular and intracellular domains was facilitated by the presence of the CD8α hinge and transmembrane domains. Additionally, a novel CAR was constructed by incorporating the coding sequences (CDSs) of the CXCR5 and IL-7 genes into the basic CAR framework; this construct was termed C5/IL7-CAR. A schematic representation is shown in Figure 1A. The puromycin lentiviral vector was used as a control and was termed Mock.




Figure 1 | C5/IL7-CAR vector construction and validation. (A) Schematic representation of Mock, CAR, and C5/IL7-CAR constructs. (B) 2×105 HEK293T cells were transduced with different volumes of CAR and C5/IL7-CAR lentiviruses separately. After 48 hours, NKG2D expressions were analyzed by flow cytometry. The percentages of positive cells indicated in the dot plot and the titer (TU/mL) were calculated with the formula: (2×105×percentages of positive cells×1000)/Volume of lentiviruses. (C) 1×106 primary T cells were transduced with Mock, CAR, and C5/IL7-CAR lentiviruses, MOI=10. After 48 hours, cells were analyzed by flow cytometry for NKG2D expression. The percentages of positive cells are indicated in the histogram (left panel) and bar chart (right panel). (D) Mock-T, CAR-T, and C5/IL7-CAR-T were collected 48 hours post-transduction and were subjected to RT-PCR for CXCR5 and IL-7 gene expression analysis. HEK293T cells were used as a negative control. β-actin was used as a reference housekeeping gene. (E) The Chemotaxis index of CAR-T cells was determined using a transwell assay. In each experimental group, 3×105 cells were placed in the upper chamber of a 24-well transwell plate. After a 4-hour co-culture period, their migratory response towards the lower chamber containing either DMEM or supernatant from U-2 OS cells was evaluated. The number of migrated T cells was quantified using a hemocytometer. Data are presented based on three technical repeats with T cells cultured without cancer cell supernatant indicated in blue and those exposed to cancer cell supernatant in red. (F) Mock-T, CAR-T, and C5/IL7-CAR-T cohorts were cultured with or without U-2 OS cells for 24 hours, and the medium was collected and subjected to ELISA for IL-7 protein expression. Experiments were performed independently at least 3 times. For (C), One-way ANOVA was used in Tukey’s multiple comparison test, and for (D–F), Two-way ANOVA was used in Šídák’s multiple comparison test. Data represent Mean ± SD. **P < 0.01, ****P < 0.0001, ns, not significant.



HEK293T cells were co-transfected with either CAR or C5IL7-CAR in the presence of three plasmid packaging systems, as described previously (14, 15). The lentivirus was collected 48 and 72 h post-transfection, and titer was calculated. The lentivirus for both CAR-plasmids gave a high infection rate in HEK293T cells, giving excellent titer (Figure 1B). Activated T cells were transduced with Mock, CAR, or C5/IL7-CAR lentivirus to generate Mock-T, CAR-T, or C5/IL7-CAR-T cells, respectively. Subsequently, cells were stained with an anti-human NKG2D antibody 48 hours post-transduction. Since NKG2D is part of the CAR design, its expression directly reflects the incorporation of the CAR into the T cell population. Monitoring NKG2D expression provides insight into the extent to which engineered cells express the intended chimeric receptor. Both CAR T cells displayed notable transduction efficiency compared to that of Mock-T (Figure 1C).

To validate the efficiency of our novel C5/IL7-CAR construct, the expression levels of CXCR5 and IL-7 were determined in successive experiments. The RT-PCR data indicated that C5/IL7-CAR-T cells demonstrated higher gene expression for CXCR5 and IL-7 genes as compared with the wild-type CAR-T cells (Figure 1D). The insertion of CXCR5 and IL-7 into CAR plasmid was further confirmed by transwell assay and ELISA, respectively. The increase in the chemotaxis index in C5/IL7-CAR-T cells observed by the transwell assay confirmed the successful insertion of the CXCR5 CDS (Figure 1E). Our ELISA data indicated that IL-7 expression was elevated significantly in C5/IL7-CAR-T cells in the absence of target cells. In the presence of U-2 OS cells, IL-7 expression was further amplified (Figure 1F). These data confirmed the successful generation and functioning of the novel C5/IL7-CAR vector.




3.2 C5/IL7 amplified CAR-T cell cytotoxicity in vitro

To determine the suitability of osteosarcoma as a potential target for NKG2D-based CAR-T cell therapy, MICA/B expression in human OS cell lines was determined by flow cytometry. We found that OS cell lines U-2 OS, 143B, and Mg63 had increased expression of NKG2D ligands on their surface, suggesting that these cells could be suitable targets for our novel NKG2D-based CAR construct (Figure 2A). Previous data suggest increased expression of CXCL13, the ligand for CXCR5, in OS (16, 17), which was further confirmed in the present study (Supplementary Figure 1). Given the high expression of MICA/B and CXCL13, human osteosarcoma cell lines constitute the perfect avenue for studying our CAR system expressing NKG2D, CXCR5, and IL-7. To evaluate the cytotoxicity of experimental groups, we performed cytotoxicity assays targeting U-2 OS, 143B, and Mg63 transgenic cell lines as targets (Figure 2B). C5/IL7-CAR-T cells exhibited enhanced killing capacity against OS cell lines compared to that of wild-type CAR-T cells. We conducted a series of flow cytometry experiments to further investigate the effects of C5/IL7 co-expression on CAR-T cell activation, degranulation, and cytokine release. Mock-T, CAR-T, and C5/IL7-CAR-T cells were cocultured with U-2 OS for 16 hours. Subsequently, the cells were stained with C-type lectin domain (CD69) and lysosomal-associated membrane protein 1 (CD107a) flow cytometry antibodies to assess T cell activation and degranulation, respectively. C5/IL7 incorporation improved CAR-T cells’ activation and degranulation capacity (Figures 2C, D). Increased CD69 expression suggested that transduced T cells are more responsive to the presence of cancer cells. Improved degranulation and activation advocate that CAR-T cells are more effective in enhancing the antitumor response (18). Furthermore, cells that exhibit increased CD107a expression are more effective at releasing cytotoxic granular contents (9). Therefore, we further analyzed the levels of intracellular granzyme B (GzmB) and interferon-gamma (IFN-γ) in the experimental cohorts by flow cytometry. As expected, C5/IL7-CAR-T cells expressed more GzmB and IFN-γ than did the wild-type CAR-T cells (Figures 2E, F). The data above was further confirmed in the presence of 143B target cells (Supplementary Figure 2). The results signify that incorporating C5/IL7 enhances the cytotoxic potential of CAR-T cells against osteosarcoma cell lines. This augmentation is likely achieved by increased activation, degranulation, and cytotoxic molecules and cytokines release.




Figure 2 | In vitro effector function of C5/IL7-CAR-T cells. (A) U-2 OS, 143B, and Mg63 cells were analyzed by flow cytometry for NKG2D Ligands (MICA/B) expression. U-2 OS is shown in red, 143B in blue and Mg63 in the yellow color histogram. Data are presented as Mean Fluorescence Intensity (MFI) normalized to unstained cells. (B) Cytotoxic analysis against U-2 OS, 143B, and Mg63 target cells. Experimental cohorts were cocultured with luciferase-transduced U-2 OS, 143B, and Mg63 target cells at varying effector-to-target (E: T) ratios for 16 hours. Percentage lysis was quantified using a luciferase-based cytotoxicity assay. (C–F) Flow cytometry analysis of CD69, CD107a, GzmB, and IFN-γ expression in Mock-T, CAR-T, and C5/IL7-CAR-T cohorts following a 16-hour co-culture with target cells at an E: T ratio of 3:1. Data is presented in a contour plot (left panel), and MFI is indicated by bar graphs (right panel). Experiments were performed independently at least 3 times. One-way ANOVA was used in Tukey’s multiple comparison test, and Data represent Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.






3.3 C5/IL7 enhanced CAR-T cell survival

To explore the potential of co-expressing CXCR5 and IL-7 to reduce the exhaustion and apoptosis of CAR-T cells, we performed flow cytometry-based assays by staining cocultured cells with antibodies related to the respective phenomenon. The experimental groups were cocultured with target cells for 3 days. Subsequently, the cells were washed with PBS to remove traces of culture medium and stained with anti-human programmed cell death protein 1 (PD-1) and anti-human T cell immunoglobulin and mucin domain 3 (TIM-3) flow cytometry antibodies. FACS analysis revealed that C5/IL7-CAR-T cells had significantly lower levels of PD-1 and TIM-3 compared to the CAR-T group (Figures 3A, B). Moreover, the percentage of PD-1/TIM-3 double-positive cells was reduced in the novel-CAR transduced T cells (Supplementary Figure 3A). Similarly, T cell immunoglobulin and ITIM domain (TIGIT) expression was also decreased in CXCR5 and IL-7 expressing CAR-T experimental group (Figure 3C). In the absence of target cells, CXCR5 and IL-7 co-expression prevented CAR-T cells from undergoing IL-2-mediated exhaustion in long-term culture conditions (Supplementary Figures 3B-E). Decreased expression of exhaustion markers in CAR-T cells is beneficial because exhaustion can reduce immune responses against target cells (19). Although exhaustion and apoptosis are distinct processes, they can also be interrelated. Continued exhaustion of T cells may ultimately lead to their apoptosis as they become functionally impaired and unskilled to elicit effective immune responses. The expression of inhibitory receptors can also modulate apoptotic signaling pathways, possibly enhancing the susceptibility of exhausted T cells to cell death (20, 21). In the present study, reduced exhaustion of C5/IL7-CAR-T cells may have contributed to decreased apoptosis (Figure 3D). Flow cytometry data indicated that C5/IL7-CAR-T cells exhibited decreased Annexin V and increased B-cell lymphoma 2 (Bcl-2) expression. Bcl-2 was significantly elevated in CD4+ T cells and CD8+ T cells within the CD3 gate in the C5/IL7-CAR-T cohort (Figures 3D, E). These results collectively demonstrated that novel CAR-T cells are more resistant to exhaustion and apoptosis than their wild-type counterparts are.




Figure 3 | C5/IL7-CAR-T cells displayed reduced exhaustion and apoptosis in vitro. (A–C) Flow cytometry analysis of exhaustion markers PD-1, TIM-3, and TIGIT was performed after co-culturing Mock-T, CAR-T, and C5/IL7-CAR-T cells with U-2 OS for 3 days at an E: T ratio of 3:1. Representative FACS files are shown on the left, and MFI bar graph is presented on the right side. (D) Flow cytometry-based quantification of apoptotic cells in Mock-T, CAR-T, and C5/IL7-CAR-T cohorts. The cells were cultured for 5 days, harvested, and subsequently stained with Annexin V for 15 minutes in the dark at room temperature (RT). Flow cytometry analysis was conducted. The left and right panels displayed representative FACS files and absolute Annexin V+ cell counts, respectively. (E) Following a 5-day culture of Mock-T, CAR-T, and C5/IL7-CAR-T cells were collected, and Bcl-2 expression within CD3+, CD4+, and CD8+ T-cell populations was evaluated using flow cytometry. Representative histogram (left panel) and MFI (right panel) are shown. Experiments were performed independently at least 3 times. For (A–D), One-way ANOVA was used in Tukey’s multiple comparison test; for (E), Two-way ANOVA was used in Tukey’s multiple comparison test. Data represent Mean ± SD. ***P < 0.001, ****P < 0.0001.






3.4 C5/IL7 augments CAR-T proliferation and persistence

Improved CAR-T cell proliferation can lead to a larger population of active cytotoxic T cells, resulting in a more effective response against cancer cells (22). Flow cytometry assays were conducted to evaluate the impact of C5/IL7 on CAR-T cell proliferation. Novel CAR-T cells demonstrated enhanced Ki67 expression than did the wild type CAR-T cells in the absence of target cells (Figure 4A). The proliferation phenomenon was further analyzed in the presence of target cells. The cells in the experimental cohorts were stained with CFSE and cultured with U-2 OS for 5 days. Flow cytometry analysis of CFSE dilution was conducted on days 0 and 5. Notably, compared with Mock-T and CAR-T cells, C5/IL7-CAR-T cells exhibited significantly greater proliferation rates (Figure 4B). Next, we investigated the differentiation of C5/IL7-CAR-T cells based on CD8 and CD4 expression. Mock-T, CAR-T, and C5/IL7-CAR-T cells were cultured in the presence or absence of target cells for 5 days and stained with CD8 and CD4 FACS antibodies. The CD8+/CD4+ T cell ratio is traditionally used to measure immune cell activity, and CD8+ T cells represent the mainstay of CAR-T cell therapy (23). CAR-T cells co-expressing C5/IL7 increased the CD8/CD4 ratio, as demonstrated by flow cytometry (Figures 4C, D). An increased CD8/CD4 ratio indicated that the percentage of cytotoxic T lymphocytes was improved compared to that of helper T lymphocytes. To determine whether C5/IL7 influences the maintenance of stemness and memory properties, Mock-T, CAR-T, and C5/IL7-CAR-T cells were analyzed on the basis of CD45RA and CCR7 expression within CD4+ and CD8+ T cell gates in the presence of U-2 OS target cells. Remarkably, compared with wild-type CAR-T cells, C5/IL7-CAR-T cells preserved a greater percentage of Stem cell memory T cells (Tscm) (Figure 4E). The results were confirmed in the 143B OS cell line (Supplementary Figure 4). We also analyzed on the basis of CD45RO and CD62L expression within CD4+ and CD8+ T cell gates in the absence of target cells (Supplementary Figure 5). The increased proportions of Tscm cells in the C5/IL7-CAR-T cell cohort suggest that these cells may have a longer lifespan and will remain active over an extended period of time. This potential longevity could provide sustained tumor control and reduce the risk of relapse. Overall, the results demonstrated that incorporating C5/IL7 into CAR can enhance transduced T cells’ proliferative potential and lead to the development of phenotypes well-suited for successful cancer immunotherapy.




Figure 4 | C5/IL7-CAR-T cells exhibit enhanced proliferation and differentiation. (A) To assess proliferation in the absence of target cells, Mock-T, CAR-T, and C5/IL7-CAR-T cells were cultured for 5 days, and analysis of Ki67 expression was detected by flow cytometry. A representative histogram is shown on the left, and MFI is presented on the right side. (B) To further assess proliferation in the presence of target cells, 1×106 cells from Mock-T, CAR-T, and C5/IL7-CAR-T groups were initially labeled with 1µl of CFSE, and 2×105 cells underwent flow cytometry analysis for CFSE dilution designated as day 0 in FITC channel. The remaining cells were co-cultured with U-2 OS for 5 days. Subsequently, on the 5th day, the CFSE dilution rate was once again measured using the same template in flow cytometry. (C, D) Mock-T, CAR-T, and C5/IL7-CAR-T cells were cultured with or without U-2 OS for 5 days. Flow cytometry analysis determined T cell subsets, presented in the left panel, while the calculated CD8/CD4 ratio is shown in the right panel. (E) For T cell differentiation, cells from each experimental group, after 5 days of co-cultured with U-2OS, were analyzed by flow cytometry. Tscm: Stem cell memory T cell (CCR7+CD45RA+), Tcm: Central memory T cell (CCR7+CD45RA-), Tem: Effector memory T cell (CCR7-CD45RA-), Teff: Effector T cell (CCR7-CD45RA+). Experiments were performed independently at least 3 times. One-way ANOVA was used in Tukey’s multiple comparison test, and data represent Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.






3.5 C5/IL7 improves CAR-T therapy efficacy in vivo

The outcomes of our in vitro experiments clearly demonstrated the superior performance of the C5/IL7-CAR-T cells compared to conventional CAR-T cells. CAR-T cells that co-expressed C5/IL7 exhibited heightened activation, degranulation, cytokine release, and, ultimately, enhanced cytotoxicity against OS cell lines. Next, to determine the ability of the experimental cohorts to eradicate tumors in vivo, we inoculated 143B cells into NSG mice. After 14 days, the mice were randomly divided into 6 groups. The PBS, Mock, or CAR transduced T cells were injected intravenously (i.v.) through a tail vein into the respective groups of mice. The imaging of the implanted tumors was carried out with an IVIS every few days (Figure 5A). The CAR-T cell-treated mice receiving five million cells/mouse were able to control tumor growth as compared to the Mock-T cell and PBS. The C5/IL7-CAR-T did not provide significant tumor control at a dose of 2 million cells per mouse. C5/IL7-CAR-T cells had better antitumor efficacy than conventional CAR-T cells at the same dose. Furthermore, doubling this dose did not improve tumor control (Figures 5B-D; Supplementary Figures 6, 7), yet the mice survived until the last observation day (Day 50) (Figure 5E). Previously, several safety concerns were raised in NKG2D-based CAR-T cell systems in OS xenograft models (7, 24). The results of ferritin, IFN-γ, and IL-8 analysis in the blood of experimental mice further support the safety of NKG2D-based CAR-T cell therapy in the OS model (Supplementary Figure 8). The results here demonstrated that in human OS mouse xenografts, mice receiving novel CAR-T cells outclassed wild-type CAR-T cells. The enhanced killing capacity of novel CAR-construct in vivo might correspond to the enhanced migration/tumor infiltration as well as survival ability of transduced T cells.




Figure 5 | C5/IL7-CAR-T cells express advanced and enhanced antitumor activity in vivo. (A) Schematic representation of in vivo experimental design. NSG mice were subcutaneously (s.c.) inoculated with 2×106 143B-luciferase cells/mouse; Mice were randomly divided into 6 experimental groups (n=6), receiving treatments of PBS, Mock-T (5×106), CAR-T (5×106), and C5/IL7-CAR-T with varying cell numbers (2×106, 5×106, 1×107) cells/mice. (B) In vivo, bioluminescence imaging was employed to assess the progression of 143B-Luciferase+ tumors in each experimental group on days 3, 10, 17, and 24 (n=5). (C) On day 24, the total bioluminescence flux (photons per second) emitted by tumors was quantified through bioluminescence imaging. (D) Tumor volume was assessed at 3-day intervals using calipers. Each line on the graph represents the dynamic representation of tumor volume for an individual mouse (n=5). (E) Kaplan-Meier survival curve visually depicted the overall survival data for mice in each experimental group (n=6). Statistical significance was assessed using one-way ANOVA Tukey’s test. **p < 0.01 and ns is non-significant.






3.6 C5/IL7 improves CAR-T cell numbers and activities in vivo

Next, we wanted to determine the quantity and quality of the T lymphocytes (TILs) in experimental groups. We sought to assess the impact of co-expressing C5/IL7 in CAR-T cells. After staining with anti-human CD3 FACS antibodies and subsequent flow cytometry analysis, we observed a substantial increase in CD3+ cells within the tumor of the C5/IL7-CAR-T receiving mice group, as shown in Figure 6A. Similar results were obtained for splenic CD3+ T cells (Supplementary Figure 9). The mechanism underlying this effect might be rooted in the homing properties of CXCR5, which facilitate the directed migration of T cells (11, 25, 26). Additionally, functional analysis revealed that the C5/IL7-CAR-T cells exhibited superior cytokine production, particularly IFN-γ release, compared to that of wild-type CAR-T cells (Figure 6B). Moreover, FACS analysis revealed a notable decrease in exhaustion (Figure 6C) and an increase in the proportion of Tscm populations within the CD3 gate (Figure 6D; Supplementary Figure 10). Our novel CAR construct improved the survival of transduced T cells inside the tumor microenvironment (Figure 6E). The data in this figure explicitly demonstrate the superior performance of C5/IL7-CAR-T cells in terms of numbers at the tumor site, cytokine release, and survival in a murine model. The combination of CXCR5 and IL-7 co-expression in CAR-T cells not only augments quantity but also enhances the quality of T cells, thereby contributing to an enhanced antitumor immune response in the OS microenvironment (27).




Figure 6 | C5/IL7-CAR-T cells displayed better migration and survival in vivo. Mice were sacrificed on day 27 post-treatment; tumors were extracted, and single-cell suspensions were prepared for detailed immuno-profiling using flow cytometry analysis (n=3). The assessment encompassing: (A) CD3+ T cells were quantified through staining with BV421 anti-human CD3 antibody, (B) IFN-γ levels were assessed by staining with APC anti-human IFN-γ antibody, (C) TIGIT expression was examined by BV421 anti-human TIGIT antibody, (D) T cell differentiation status was characterized through staining with PE anti-human CD45RO, AF700 anti-human CD62L and BV421 anti-human CD3 antibodies. (E) Bcl-2 expression was analyzed after intracellular staining with PE anti-human Bcl-2 antibody. Each experiment was conducted independently. FACS analysis files are presented in the left panel, while the corresponding column chats on the right. Statistical significance was measured using way one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns is non-significant.






3.7 C5/IL7 regulated CAR-T cell function via pSTAT5 signaling

To better understand the underlying molecular mechanisms, we focused on the STAT5 signaling pathway, which is known for its role in T cell functions. Flow cytometry data revealed that, compared with wild-type CAR transduced cells, C5/IL7-CAR transduced cells exhibited increased expression of phosphorylated STAT5 both in primary T cells and Jurkat cells. (Figure 7A; Supplementary Figure 11). Inhibition of STAT5 signaling in the C5/IL7-CAR cohort by Stafia-1 reversed the observed increase in STAT5 expression to a level equivalent to that of CAR-T cells (Figure 7A). To determine the role of STAT5 signaling in enhancing the functionality of C5/IL7-CAR-T cells, we employed a STAT5 inhibitor and detected different functional markers in the experimental cohorts via flow cytometry. Stafia-1 treatment decreased the levels of GzmB, INF-γ, and Ki67 markers in C5/IL7-CAR-T cells (Figures 7B-D). Moreover, the enhanced cytotoxic ability of C5/IL7-CAR-T cells was also diminished in the presence of the Stafia-1, as determined by cytotoxicity analysis (Figure 7E). These results underscore the critical role of C5/IL7 incorporation in CAR-T cell functionality.




Figure 7 | C5/IL7-CAR-T cells exhibit antitumor activity via pSTAT5 signaling. (A–D), Mock-T, CAR-T, and C5/IL7-CAR-T cells, treated with either DMSO or Stafia-1 (50µM), were co-incubated with 143B cells for 24 hours at an E: T ratio of 3:1. Cells were then stained with FACS antibodies to detect pSTAT5 (A), GzmB (B), IFN-γ (C) and Ki67 (D) expression using flow cytometry. Representative FACS files are indicated on the left, and MFI bar graphs are shown on the right. (E), Mock-T, CAR-T, C5/IL7-CAR-T and Stafia-1 treated C5/IL7-CAR-T cells were co-cultured with 143B-luciferase cells at various E: T ratios (1.25:1, 2.5:1 and 5:1) for 16-hours. Cytotoxicity was quantified using a luciferase assay. Experiments were performed independently at least 3 times. One-way ANOVA was used in Tukey’s multiple comparison test, and data represent Mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, ns, not significant.







4 Discussion

CAR-T cell therapy has achieved significant success in the treatment of blood cancers, yet its effectiveness in solid tumors has been constrained. While several factors contribute to this issue, the limited infiltration and survival of both CAR-T cells and native immune cells within the tumor microenvironment play fundamental roles in suboptimal antitumor immunity (28). In the current study, we utilized pre-synthesized CD3ζ and 4-1BB-based second-generation NKG2D-CAR systems. Additionally, we constructed a C5/IL7-CAR and compared its immunotherapeutic potential with that of conventional CAR. It was reported in some studies (although negated by others) that the second-generation CAR system outperformed the third-generation CAR system by providing a more potent antitumor response under certain circumstances (29, 30). The fact that CXCR5 and IL-7 were supposed to improve CAR-T cell numbers and activities, respectively (8, 11, 31, 32), a novel CAR co-expressing C5/IL7 was constructed. The C5/IL7-CAR transduced T cells demonstrated heightened expression of both CXCR5 and IL-7.

Osteosarcoma is the most common cancer in children and teenagers. The pursuit of novel and effective targets for CAR-T therapy in OS remains ongoing. For example, during this exploration, HER2-directed CAR-T cells achieved excellent results in preclinical studies while others are undergoing clinical trials (10). Here, we report a high expression of MICA/B in human OS cell lines U-2 OS and 143B cells, which is consistent with previously reported data (33). That is why NKG2D-based CAR-T cells demonstrated enhanced killing of OS in vitro compared to Mock-transduced T cells. Interestingly, C5/IL7-CAR-T cells not only displayed superior migration but also outperformed previous approaches involving CXCR5 and EGFR-based CAR-T cells, where no improvement in in vitro cytotoxicity was observed (11). The increased cytotoxic potential of NKG2D-based CAR-T cells in vitro in the current study, together with enhanced activation (CD69), degranulation (CD107a and GzmB), and cytokine release (IFN-γ) induced by C5/IL7 co-expression might owe to IL-7 signaling (34). Importantly, our in vivo observations mirrored the in vitro findings, with consistent patterns of tumor control. The tumor volume in mice receiving C5/IL7-CAR-T cells was significantly smaller than that in mice treated with wild-type CAR-T cells, together with an increased number of CAR-T cells at the tumor sites.

The microenvironment of solid tumors is extremely hypoxic due to inadequate blood supply and overwhelmed oxygen demand (35). Additionally, nutrient deprivation and upregulation of coinhibitory ligands further complicate the picture. As a result, T cells in the tumor microenvironment become exhausted and are prone to apoptosis (3). The exhaustion phenomenon is characterized by the upregulation of checkpoint molecules, loss of ability to secrete effector cytokines, and decreased proliferative ability (36). Our data demonstrated that CAR-T cells coupled with CXCR5 and IL-7 reduced the expression of checkpoint molecules in vitro. Concomitantly, C5/IL7-CAR-T cells in the osteosarcoma microenvironment displayed low TIGIT expression and were able to express more IFN-γ in the NSG mouse model. Furthermore, increased expression of Bcl-2 in C5/IL7-CAR-T cells further suggested that these cells are more resilient and capable of sustaining their antitumor function than their wild-type counterparts are. C5/IL7-CAR-T cells exhibited significantly greater proliferation rates than did the other CAR-T cells, suggesting that C5/IL7-CAR-T cells more rapidly expanded in response to tumor cells. Moreover, these cells displayed an increased CD8/CD4 ratio and Tscm phenotype, indicating a more favorable immune cell composition for CAR-T cell therapy.

STAT5 signaling is important for the survival of T lymphocytes at tumor sites. Previous studies have demonstrated that an increased STAT5 signaling can improve immunotherapeutic outcomes and hence provide better antitumor control (13, 37). In the current study, C5/IL7-CAR-T cells exhibited heightened STAT5 expression than did conventional CAR-T cells. The beneficial effects of C5/IL7 incorporation into CAR-T cells regarding proliferation, cytokine release, and cytotoxicity were diminished in the presence of Stafia-1. This fully demonstrates the importance of the STAT5 signaling pathway for CAR-T function. In the tumor microenvironment, effector T cells are typically in a state of high exhaustion, and rapid proliferation and viability maintenance of CAR-T cells can compensate for the over-exhaustion and depletion of effector T cells, resulting in better tumor clearance (38). IL-7 is a key factor in T function, and when IL-7 binds to its receptor, it can activate the JAK1 and JAK3 proteins in the cell, thereby phosphorylating the STAT3 and STAT5 proteins, forming heterodimers to enter the nucleus, activate the expression of downstream genes, and enhance the function of T cells. We also tested the STAT3 signaling pathway, which was expressed at very low levels, demonstrating that IL-7 is a STAT5 signaling pathway that promotes CAR-T cell proliferation, differentiation, and anti-apoptosis (39).

Overall, the current study suggests that C5/IL7 co-expression improves the efficacy of CAR-T cell therapy for OS. This new strategy provides a dual benefit by increasing the number and viability of transduced T cells. However, some potential limitations of the basic research include tumor immune evasion, as well as tumor heterogeneity and spread. Further improvements are necessary for the full implementation of this innovative CAR-T cell therapy in clinical translations. We will further use the osteosarcoma orthotopic model and PDX model, in combination with immune checkpoint blockade therapy, for further preclinical validation. In addition, our laboratory has also made some progress in overcoming tumor microenvironment-mediated immunosuppression for CAR-T cell therapy (13, 14). Only by combining these we can achieve the clinical translation.




5 Conclusions

In conclusion, the co-expression of CXCR5 and IL-7 in NKG2D-CAR-T cells holds promise for optimizing CAR-T cell therapy for osteosarcoma. The combined evidence from our in vitro and in vivo experiments demonstrated the multifaceted benefits of this approach, including improved cytotoxicity, resilience, and long-term persistence, which are critical for the success of immunotherapy against solid tumors. Further research and clinical investigations are warranted to fully grasp this innovative CAR-T cell therapy’s potential.
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Background

The large-scale proteomic platform known as the SomaScan® assay is capable of simultaneously measuring thousands of proteins in patient specimens through next-generation aptamer-based multiplexed technology. While previous studies have utilized patient peripheral blood to suggest serum biomarkers of prognostic or diagnostic value in osteosarcoma (OSA), the most common primary pediatric bone cancer, they have ultimately been limited in the robustness of their analyses. We propose utilizing this aptamer-based technology to describe the systemic proteomic milieu in patients diagnosed with this disease.





Methods

To determine novel biomarkers associated with overall survival in OSA, we deployed the SomaLogic SomaScan® 7k assay to investigate the plasma proteomic profile of naive primary, recurrent, and metastatic OSA patients. Following identification of differentially expressed proteins (DEPs) between 2-year deceased and survivor cohorts, publicly available databases including Survival Genie, TIGER, and KM Plotter Immunotherapy, among others, were utilized to investigate the significance of our proteomic findings.





Results

Apo-transcobalamin-II (APO-TCN2) was identified as the most DEP between 2-year deceased and survivor cohorts (Log2 fold change = 6.8, P-value = 0.0017). Survival analysis using the Survival Genie web-based platform indicated that increased intratumoral TCN2 expression was associated with better overall survival in both OSA (TARGET-OS) and sarcoma (TCGA-SARC) datasets. Cell-cell communication analysis using the TIGER database suggested that TCN2+ Myeloid cells likely interact with marginal zone and immunoglobin-producing B lymphocytes expressing the TCN2 receptor (CD320) to promote their proliferation and survival in both non-small cell lung cancer and melanoma tumors. Analysis of publicly available OSA scRNA-sequencing datasets identified similar populations in naive primary tumors. Furthermore, circulating APO-TCN2 levels in OSA were then associated with a plasma proteomic profile likely necessary for robust B lymphocyte proliferation, infiltration, and formation of intratumoral tertiary lymphoid structures for improved anti-tumor immunity.





Conclusions

Overall, APO-TCN2, a circulatory protein previously described in various lymphoproliferative disorders, was associated with 2-year survival status in patients diagnosed with OSA. The relevance of this protein and apparent immunological function (anti-tumor B lymphocyte responses) was suggested using publicly available solid tumor RNA-sequencing datasets. Further studies characterizing the biological function of APO-TCN2 and its relevance in these diseases is warranted.





Keywords: osteosarcoma, plasma, proteomics, transcobalamin-II, immunotherapy




1 Introduction

The current mainstay for clinical management of solid tumors, including the determination of cancer type and staging, is predicated on the analysis of tumor specimens collected through invasive biopsy and/or surgical resection (1). Recent characterization of these specimens through next-generation genomic sequencing technologies has not only helped guide the selection of targeted therapeutics in the age of personalized medicine and precision oncology (2–4), but has also been a major driver of cancer biomarker discovery (5, 6). The collection of tumor specimens for these analyses, however, can often pose critical challenges including obtaining sufficient sample quantity (biopsy), adequately characterizing tumors which have metastasized to multiple, often unresectable locations, and repeatedly monitoring therapeutic response over time (1).

Conversely, liquid biopsies, including the collection of patient blood, saliva, or urine, are diagnostic modalities offering inherent advantages over surgically collected tumor specimens. These advantages include their minimal invasiveness in addition to the possibility of serial sampling longitudinally throughout the course of disease (1, 7). The most comprehensively evaluated liquid biopsy to date is patient peripheral blood and its liquid (plasma, serum) and cellular components. Numerous biomarkers isolated from blood specimens including circulating tumor cells (CTCs) (8, 9), tumor exosomes (10, 11), and circulating tumor DNA (ctDNA) (12, 13) have offered invaluable insight into disease processes, prognosis, and therapeutic response for a variety of solid tumors (14, 15), including pediatric malignancies such as sarcoma (16–18).

Large-scale proteomic technologies (19), capable of simultaneously characterizing hundreds to thousands of proteins in these specimens, have also gained significant traction in the field of cancer biomarker research (20). While numerous techniques have been established (21, 22), next-generation aptamer-based multiplexed proteomic technology, first published by Gold et al. in 2010, has shown extraordinary promise. These aptamer-based platforms alleviate some of the inherent limitations of previous proteomic techniques such as mass spectrometry (MS) by offering increased sample throughput, larger dynamic ranges of detection, and lower average coefficients of variation, all while necessitating minimal sample volumes (23). The basis of this technology lies in the development of chemically modified aptamers, which form complex three-dimensional matrices with robust specificity to their target proteins. This new class of aptamers, known as Slow Off-rate Modified Aptamers (SOMAmers), are an evolution of the previously described short single-stranded oligonucleotides identified by Systemic Evolution of Ligands by Exponential (SELEX) enrichment in the early 1990s (23–25).

SOMAmers and the SomaScan® platform (26, 27), developed commercially by SomaLogic, Inc. (Boulder, CO, USA), have now been used to characterize a variety of cancers, including but not limited to hepatocellular carcinoma (28), colorectal cancer (29), pancreatic cancer (30), glioma (31), lung cancer (32), oral squamous cell carcinoma (33), and ovarian cancer (34). The platform has expanded its characterization from approximately 800 proteins in 2010 to well over 7000 proteins today, offering extensive insight into nearly all biological pathways relevant to human disease (35). Due to the SomaScan’s wide ranging assessment of proteins involved in the immune system including cytokine signaling, signaling by interleukins, and immunoregulatory pathways, among others, the platform has even been used to identify circulating proteins associated with immunotherapy response in diseases such as melanoma (36). As immunotherapies begin to dominate the world of oncology, systemic assessments of the immune system, in real time, are likely critical to monitor immunotherapeutic response and better predict clinical success. To our knowledge, no study has yet utilized the SomaScan® platform for proteomic biodiscovery in osteosarcoma (OSA).

OSA is the most common primary pediatric bone malignancy (37, 38). Patients with localized disease, treated with surgical resection and neoadjuvant/adjuvant multi-drug chemotherapy (39), display five-year survival rates greater than 75% (40, 41). Unfortunately, this rate decreases to approximately 25% in those with advanced disease, most commonly in the form of metastases to the lung (42). Numerous studies have been conducted to determine biomarkers of prognostic or diagnostic value in OSA using liquid biopsies (43–47). Of utmost relevance, serum biomarkers (48) including tumor necrosis factor (TNF) (49) and other interleukins (50), vascular endothelial growth factor (VEGF) (51–53) and angiogenin (ANG) (54), macrophage migration inhibitory factor (MIF) and T-Cell Immunoglobulin and Mucin Domain-Containing Protein 3 (TIM-3) (55), as well as various chemokines including C-X-C motif chemokine ligand (CXCL)4, CXCL6, and CXCL12 (56) have shown preliminary promise as diagnostic and/or prognostic biomarkers in this disease. Additionally, analysis of plasma proteomic profiles using surface-enhanced laser desorption/ionization-time of flight (SELDI-TOF) MS identified two proteins (amyloid protein A and transthyretin) involved in the innate immune system associated with positive response to chemotherapy (57). While limited in the robustness of their analyses, these studies ultimately support that characterization of the OSA systemic proteome can offer unique insight into disease progression, therapeutic response, and prognosis in this disease.

To determine novel biomarkers associated with overall survival in OSA, we utilized the SomaScan® 7k assay to investigate the plasma proteomic profile of primary, recurrent, and metastatic OSA patients. Plasma samples, isolated from patients with confirmatory diagnosis of OSA and treated at the University of Pittsburgh, Department of Orthopaedic Surgery, were processed and analyzed for the simultaneous quantification of over 7000 circulatory proteins (Figure 1A). Following the identification of differentially expressed proteins (DEPs) between 2-year deceased and survivor patient cohorts, various analyses were then conducted to suggest their biological relevance in OSA including investigation of publicly available bulk and single cell (sc)RNA-seq datasets, further associations with overall and progression free survival in solid tumors, as well as correlations with previously published biomarkers and gene signatures (Figure 1B).




Figure 1 | Overview of experimental design. (A) Proteomic investigation of OSA patient plasma samples using the SomaLogic SomaScan® 7k assay. Step-by-step process by which the SomaScan platform measures circulatory proteins (provided by SomaLogic Inc.). (B) Downstream analyses including cell identification using scRNA-seq analysis, overall survival analysis in publicly available datasets, and correlation analyses to support identified protein’s role or association in solid tumors. Figure generated using BioRender.com. (C) Tree diagram depicting those OSA patient plasma samples selected for downstream analyses in this study.






2 Materials and methods



2.1 Patients, sample collection, and processing

The human subject research protocol and subject informed consent were reviewed and approved by the University of Pittsburgh Medical Center Institutional Review Board (IRB STUDY 19060152). According to IRB guidelines, informed consent was obtained from all participants (Table 1) before study entry. Peripheral blood specimens were collected from primary, recurrent, and metastatic OSA patients diagnosed from 2014-2021 via venipuncture into Cell-Free DNA BCT tubes (Cat. #218996, Streck, La Vista, NE, USA). Blood components (buffy coat, plasma) were then separated for storage following centrifugation, with time from sample collection to processing averaging 17.4 ± 3.6 hours (ranging 0.04 to 44.06 hours).


Table 1 | Patient information for the 14 naive OSA patients analyzed within our proteomic biodiscovery analysis.






2.2 SomaLogic SomaScan® 7k assay

Profiling of the OSA proteome was performed using the SomaScan® 7k assay, a highly multiplexed aptamer-based proteomic technology capable of determining over 7,000 protein measurements, at SomaLogic headquarters according to a previous publication (58). Briefly, frozen OSA Streck plasma samples were thawed and then buffer exchanged twice into SomaLogic Assay Buffer using Zeba 7kDa MWCO spin desalting columns (Cat. #89882, Thermo Scientific, Waltham, MA, USA) according to manufacturer’s instructions. These buffer-exchanged plasma samples (diluted to 20%, 0.5%, and 0.005%) were then placed in a 96-well plate with a mix of thousands of chemically modified aptamers called SOMAmer® Reagents. These SOMAmers®, consisting of a 5’ fluorophore, photocleavable linker, and biotin on streptavidin-coated beads, form complex three-dimensional shapes which bind to epitopes on their target protein with high affinity and specificity. Following the formation of SOMAmer-protein complexes, unbound proteins are washed away, captured proteins are labeled with biotin, and the SOMAmer-protein complexes are released by photocleavage with ultraviolet light in a buffer containing an unlabeled polyanionic competitor. The biotin-labeled SOMAmer-protein complexes are captured on a second set of streptavidin-coated beads before releasing SOMAmer reagents in a denaturing buffer. The amount of available protein epitope is read by hybridizing the SOMAmer reagents in the SomaScan Assay eluate to complementary sequences on a DNA microarray. Here, fluorescence is measured as relative fluorescence units (RFUs) and reflects overall epitope abundance (Figure 1A). The RFU readout is normalized by three non-consecutive steps including hybridization control normalization, intraplate median signal normalization, and median signal normalization to a reference and then delivered in a tab-delimited text file (.adat extension) for analysis using SomaLogic’s web-based tool known as DataDelve Statistics alongside the DataDelve Stats v1.0 User Guide. A T-test was used to compare the means of two groups (such as 2-year deceased and survivor cohorts). Considering the exploratory nature of our study and limited OSA patient samples analyzed, differentially expressed proteins (DEPs) between comparative groups were identified as having a Log2FC > 0.585 or < -0.585 and P-value < 0.05. Median normal patient plasma RFU measurements (provided by SomaLogic) for both APO- and HOLO-transcobalamin-II (TCN2) are graphed on the associated box plot and are representative of a healthy, control patient population derived from previous publication (58). Considering these median values were determined using normal patient ethylenediaminetetraacetic acid (EDTA)-plasma samples that had been centrifuged and stored 2-10 hours post-blood collection (as opposed to the Streck-collected specimens analyzed here), they should only serve as a general guideline to the major findings from our analyses. A Volcano plot depicting those DEPs between comparative groups was generated using GraphPad Prism 10 (GraphPad Software, Boston, MA, USA).




2.3 Reactome pathway analysis

A pathway analysis of those DEPs between 2-year deceased and survivor cohorts (all OSA and advanced OSA cohorts) was conducted using the Reactome Pathway Analysis Tool (https://reactome.org/PathwayBrowser/, version 87) according to the Reactome User Guide (Docs – Analysis Tools) and previous publications (59–61). Briefly, all proteins with Log2FC > 0.585 or < -0.585 and P-value < 0.05 were inputted into the identifier list alongside their associated Log2FC. For consistency, proteins identified by the same SOMAmer, each with a unique sequencing ID, however, sometimes detecting multiple proteins [example seq.3714-49 quantifying both Creatine kinase M-type and Creatine kinase B-type heterodimer (P12277|P06732 or CKB|CKM)], were inputted in the identifier list multiple times with the same corresponding Log2FC. Following data input and use of default analysis settings (projection to human without interactors), the pathway analysis results (.csv) and analysis report (pdf) were exported. A genome-wide overview plot is used to highlight the Reactome pathways over- (blue) or underrepresented (yellow) in the input dataset, with light grey signifying non-significant pathways. Significant Reactome pathways for the given data input were identified as having an FDR < 0.05.




2.4 Survival Genie overall survival and CIBERSORTx TIL correlation analysis

The Survival Genie web-interface (https://bhasinlab.bmi.emory.edu/SurvivalGenie/) was used for both overall survival and CIBERSORTx tumor-infiltrating lymphocyte (TIL) analyses according to the user guide and a previous publication (62). Briefly, single gene analyses [transcobalamin-II (TCN2), alpha 2-HS glycoprotein (AHSG)] were conducted using the National Cancer Institute (NCI) Therapeutically Applicable Research to Generate Effective Treatments-Osteosarcoma (TARGET-OS) and The Cancer Genome Atlas (TCGA)-Sarcoma (SARC) databases. Here, single gene normalized expression [fragments per kilobase of transcript per million mapped reads (FPKM)] from primary tumors is associated with overall survival through Cutp estimated martingale residuals (63) and patient stratification into low and high expressing groups using the survMisc package (64). Resulting Kaplan-Meier (KM) survival curves with high (red) and low (blue) group stratification are compared using the log-rank test, with log-rank P-value < 0.05 considered statistically significant (64). The provided Forest plot details the association between the high and low groups [stratified by cut point (CP)] based on the Cox Proportional Hazards regression model (survMisc package). Hazard ratio (HR) with 95% confidence interval as well as the associated Wald-test (HR) and log-rank (LR) P-values are reported (64). The relative fraction of TILs was estimated using the tumor-infiltrating immune cell type matrix LM22 gene signature from bulk tumor FPKM gene expression data and the CIBERSORTx deconvolution method (65). A Pearson correlation matrix of deconvoluted immune cell RNA-seq gene expression data and our genes of interest are reported. Shape (square or circle) denotes significance while color denotes positive (red) or negative (blue) correlation with the genes of interest (TCN2, AHSG).




2.5 TIGER scRNA-seq analysis

The Tumor Immunotherapy Gene Expression Resource (TIGER) portal (http://tiger.canceromics.org/#/) was used to investigate the target genes of interest [TCN2, transcobalamin receptor (CD320)] according to the user guide and a previous publication (66). Briefly, after inputting the genes of interest, the “Single-cell Immunity” tab was used to investigate gene expression across various scRNA-seq datasets of the TIGER database. Here, the Cell Type Marker (Log2FC) diagram represents differential expression of various clusters and subclusters in each scRNA-seq dataset of the TIGER database. These cells, organized by cancer type, dataset ID, main lineage, cell type, and Log2FC, were then sorted for highest Log2FC expression of the target genes. The top 20 clusters with increased gene expression were reported. After identifying the various cell types (myeloid, plasma, and B cells) and cancers [non-small cell lung cancer (NSCLC) – dataset NSCLC (67), NSCLC1 (68), NSCLC5 (69), NSCLC6 (70)], skin cutaneous melanoma (SKCM) – dataset SKCM1 (71)] with increased expression of the target gene(s), a subsequent cell-cell communication analysis was performed. Briefly, cell-cell communication in the NSCLC (67) and SKCM1 (71) datasets was investigated due to expression of both genes of interest (TCN2, CD320) across different cell types. Following navigation to the “Single-cell Immunity” tab and selection of the NSCLC dataset, a cell-cell communication analysis was conducted for the Mye_C1_CCL18 cluster (with greatest expression of TCN2) and the B_C10_MZB1 cluster (with greatest expression of CD320). The resulting heatmap displays the expression of all receptor-ligand interactions between any cell type of interest and its location [example – tumor, peritumoral (if applicable)]. The top three cell-cell interactions with the greatest total effect score are reported. Upon toggling the effect score between cell types of interest (example Mye_C1_CCL18 | B_C10_MZB1), the gene expression of the corresponding receptor-ligand interactions between those cells is displayed and sorted from greatest to least expression. For the top three cell-cell interactions, the top 20 receptor-ligand gene interactions (present intratumorally) and their expression were reported. A similar analysis was conducted for both the Mye_C4_C1QA (with greatest expression of TCN2) and the B_C2_IGHG1 (with greatest expression of CD320) of the SKCM1 dataset without responder/non-responder stratification (71).




2.6 scRNA-seq analysis of OSA tumor specimens

Raw OSA scRNA-seq data of GSE162454 (naive primary tumors) and GSE152048 (chemotherapy treated primary, recurrent, and metastatic tumors) were downloaded from the Gene Expression Omnibus (GEO) under their accession number. The FASTQ files were mapped to the GRCh38/hg38 reference genome using Cell Ranger (10X Genomics, Pleasanton, CA, USA, version 6.1.2). Individual cloupe files for each patient sample were then analyzed using the Loupe Browser (10X Genomics, version 7.0.1) according to the 10X Genomics Support guidelines. Briefly, each cloupe file was reanalyzed to filter barcodes through thresholds by Unique Molecular Identifiers (UMIs), threshold by Features, and mitochondrial UMIs. Considering the sheer heterogeneity of the processed samples, this filtering was performed on a sample-to-sample basis. On average, for the GSE162454 dataset, each sample was filtered by UMIs with a min = 666.67 ± 105.41 and max = 74166.67 ± 16654.16, threshold by Features with a min = 500.00 ± 0.00 and max = 9500.00 ± 500.00, and mitochondrial UMIs (%) with a min = 0.00 ± 0.00% and max = 31.33 ± 0.88%. This filtering resulted in approximately 10.3 ± 1.1% of barcodes removed from each sample (range 7.4-14.7%), in accordance with guidelines. On average, for the GSE152048 dataset, each sample was filtered by UMIs with a min = 502.18 ± 1.00 and max = 35000.00 ± 5680.91, threshold by Features with a min = 500.00 ± 0.00 and max = 5681.82 ± 527.74, and mitochondrial UMIs (%) with a min = 0.00 ± 0.00% and max = 20.91 ± 1.63%. This filtering resulted in approximately 13.0 ± 1.5% of barcodes removed from each sample (range 4.6-20.7%), again, in accordance with guidelines. Following barcode filtering, clusters were identified in each sample of both the GSE162454 and GSE152048 datasets according to canonical marker expression of the major cell types identified by Liu et al. in a previous publication including Myeloid cells 1/2 (LYZ, CD68), NK/T cells (CD2, CD3D, CD3E, CD3G, GNLY, NKG7, KLRD1, KLRB1), CAFS (COL1A1, ACTA2, VIM), Plasmocytes (IGHG1, MZB1), Osteoblastic OSA cells (ALPL, RUNX2, IBSP), Osteoclasts (ACP5, CTSK), Endothelial cells (EGFL7, PLVAP), and B cells (MS4A1, CD79A) (72). The expression of TCN2 and CD320 was then assessed across all major cellular clusters via visual inspection of t-distributed Stochastic Neighbor Embedding (t-SNE) plots before further downstream analysis. The expression of TCN2 and CD320 on Myeloid cells and Plasmocytes/B cells clusters, respectively, was then investigated. For quantification of TCN2+ Myeloid cells and CD320+ Plasmocytes and B cells, the “Feature Min” function of the Loupe Browser (displaying the minimum expression value of the features in each cluster’s associated feature set when all features are expressed) was utilized. Here, for consistency across patient samples, only those cells expressing all features within a designated feature set (example: TCN2+ Myeloid cells with feature set LYZ, CD68, and TCN2) were quantified. Representative t-SNE plots with log normalized expression of the gene or feature gene set of interest are presented. In addition to total number of cells, the percent (%) of total cells and percent (%) of TCN2+ Myeloid cells (relative to all Myeloid cells) were calculated by dividing the cell population of interest by total number of filtered cells (barcodes) or by total number of Myeloid cells, respectively. Bar graphs quantifying abundance of various cell types across OSA specimens analyzed were generated using GraphPad Prism 10.




2.7 SomaLogic proteomic correlation analyses

Various correlations between plasma APO-TCN2 and previously described soluble markers of plasma cell maintenance (73) and B cell activation (74) [Interleukin (IL)-6, IL-6 receptor(R)a, IL-6Rb, CXCL12, TNF, IL2RA, TNF Superfamily Member 13b (TNFSF13B) or B-cell activating factor (BAFF), TNF Receptor Superfamily Member 13B (TNFRSF13B) or Transmembrane Activator and CAML Interactor (TACI), TNF Receptor Superfamily Member 17 (TNFRSF17) or B-cell maturation antigen (BCMA)], proteins critical for TLS formation [lymphotoxin alpha 1 beta 2 (LTa1b2), Fc Receptor Like 5 (FCRL5), Selectin L (SELL), TNF Superfamily Member 14(TNFSF14)] (75), circulating immunoglobulin (Ig) levels (IgA, IgD, IgE, IgM, J chain, and IgG), as well as proteins of the 12-chemokine (12-CK) tertiary lymphoid structure (TLS) signature (75) [exception – CCL4 (not measured)] were conducted. Briefly, using GraphPad Prism 10, scatter plots representing all naive OSA patient samples (n = 14) with APO-TCN2 (RFU) on the x-axis and values of various other circulatory proteins (RFU) on the y-axis were constructed. A Spearman correlation analysis was conducted using GraphPad Prism 10 with the correlation coefficient (R) and associated P-value (P) presented on each scatter plot.




2.8 KM Plotter Immunotherapy survival and correlation analysis

Using the Kaplan-Meier (KM) Plotter Immunotherapy online database (https://kmplot.com/analysis/), both TCN2 and CD320 were evaluated for overall and progression free survival in solid tumors (esophageal, gastric, head and neck, melanoma, lung, and urothelial cancer) treated with various immunotherapies (76). Specimens from all solid tumors, collected pre-treatment, irrespective of immunotherapy target [anti-programmed death cell protein 1 (PD-1), anti-programmed death ligand 1 (PD-L1), and anti-cytotoxic t-lymphocyte associated protein 4 (CTLA-4)], were included in both overall and progression free survival analysis using default KM Plotter settings (auto selection of best cutoff based on the calculation of all upper and lower quartiles with selection of the best performing threshold). For each gene of interest, a resulting KM plot was constructed with a reported HR, log-rank P-value, and FDR, with the y-axis representing probability of survival and the x-axis representing time (months). The total number of patients at risk for each time point is also reported. Similarly, an overall survival analysis was conducted for all chemokines of the 12-CK signature (75) using the same analysis parameters. Additionally, Spearman correlations between both TCN2 and CD320 with all chemokines of the 12-CK TLS signature including C-C Motif Chemokine Ligand (CCL)2, CCL3, CCL4, CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, CXCL13 were also conducted. Due to an inherent limitation of the KM Plotter Immunotherapy database, a maximum of three genes of the 12-CK signature (in addition to either TCN2 or CD320) were included within the same correlation analysis. Spearman correlation coefficients and P-values (* = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001) were reported for all four-gene correlation matrices.




2.9 TCGA 12-CK signature correlation analysis

Using the Gene Expression Profiling Interactive Analysis 2 (GEPIA2) web server (http://gepia2.cancer-pku.cn/#index) (77), a multi-gene Spearman correlation analysis between either TCN2 or CD320 and the 12-CK TLS signature (75) was also performed. Two separate analyses using only the TCGA-SARC gene expression dataset or all tumor types of the TCGA were conducted. For each correlation analysis, the log2 of the transcript count per million [log2(TPM)] of the gene of interest (TCN2 or CD320) was plotted on the x-axis while the log2(TPM) of the 12-CK gene signature is plotted on the y-axis. Importantly, while a log scale is used for graphical representation, the Spearman correlation is calculated on a non-log scale. The resulting Spearman correlation coefficients (R) and P-values are reported.





3 Results



3.1 Study design and patient stratification

Using the SomaLogic SomaScan® 7k assay, the plasma proteomic profile of primary, recurrent, and metastatic OSA patients was investigated. In total, 25 OSA patient plasma samples at various stages of disease and treatment status were processed in this analysis. Considering our group’s inherent interest in tumor immunology, two radiation-induced OSA patient samples, five active chemotherapy patient samples, and four post-chemotherapy patient samples were excluded from downstream analysis to mitigate confounding influences to the OSA proteome. The remaining samples, representing 14 naive OSA patients collected at diagnosis (before standard of care chemotherapeutic and/or surgery regimens), were then stratified into 2-year deceased and survivor all comers cohorts (Figure 1C). Patient information including sex, vital status, treatment, disease, and 2-year survival status, in addition to Streck-plasma spin down time (hours) from blood collection to plasma isolation and frozen storage, are reported (Table 1).




3.2 Proteomic assessment of naive OSA patients reveals DEPs associated with 2-year survival status

All experimental patient plasma samples processed at SomaLogic’s Boulder, CO facility passed standardized quality assessment and control (Supplementary File 1 – Supplementary Figure 1). The plasma proteomic profiles of the 2-year deceased (n = 3) and survivor (n = 11) patients from an all comers OSA cohort (n = 14) were then compared (Supplementary File 2). Importantly, a total of 24 human DEPs were identified from this analysis, including 10 significantly upregulated and 14 significantly downregulated in the 2-year survivor cohort (Figure 2A and Table 2). These 24 DEPs were then inputted into the Reactome Pathway Analysis tool. The Reactome genome-wide overview map highlighted overrepresentation of these 24 DEPs in various pathways involved in the Immune System, Signal Transduction, and Metabolism (Supplementary File 1 – Supplementary Figure 2). The most significant pathways (FDR < 0.05) and their enriched entities included those associated with FOXO-mediated transcription [catalase (CAT), resistin (RETN)], MAPK activation (IL-6R), Interleukin-6 signaling (IL-6R), and creatine metabolism [creatine kinase (CK)M, CKB] (Figure 2B).




Figure 2 | Proteomic analysis of naive OSA patients, stratified by 2-year survival status. (A) Volcano plot depicting those differentially expressed proteins (DEPs – blue) with a Log2FC > 0.585 or < -0.585 and P-value < 0.05. (B) Reactome analysis identifies those pathways associated with 2-year survival in OSA. Significant pathways include those with multiple entities and FDR < 0.05. Box plot depicting APO-TCN2 [seq.15560.52] (C) and HOLO-TCN2 [seq.5584.21] (D) levels in all naive OSA patients (n = 14) stratified by 2-year survival status, with n = 3 deceased and n = 11 survivors. Box plot depicting APO-TCN2 [seq.15560.52] (E) and HOLO-TCN2 [seq.5584.21] (F) levels in naive OSA patients with advanced disease (n = 5) stratified by 2-year survival status, with n = 2 deceased and n = 3 survivors. Each dot of the box plot is representative of an individual OSA patient. Y-axis represents the relative fluorescence units (RFUs) in thousands. Significant P-values (t-test) are presented for each comparison. Median values from assessment of plasma samples in a normal, healthy patient population (provided by SomaLogic, Inc.) are indicated by orange bar.




Table 2 | Differentially expressed proteins (DEPs) for the naive all OS 2-year survival comparison.



Of the 24 individual DEPs, APO-TCN2 was the most significantly (P = 0.0017) upregulated protein associated with 2-year survival, reporting a Log2FC = 6.8. For n = 5 of total 11 patients in the 2-year survivor cohort, APO-TCN2 levels vastly exceeded median normal patient plasma RFU measurements (provided by SomaLogic) (58), with an additional two patients reporting well above minimal detectable levels. This finding contrasts with all three deceased patients, which measured near minimal detectable levels (Figure 2C). Interestingly, while the vitamin-B12 unbound form of Transcobalmin-2 (APO-TCN2) differed vastly between 2-year deceased and survivor cohorts, no difference in the vitamin-B12 bound form (HOLO-TCN2) was measured (Figure 2D). Importantly, the lack of measurable differences in HOLO-TCN2 levels suggests that these OSA patients, likely, do not have a genetic TCN2 alteration or abnormality, as previously reported in various case reports (78–81). Of note, a significant (P = 0.0012) decrease in Alpha-2-HS-glycoprotein (AHSG) was also associated with 2-year survival status, reporting a log2FC = -6.1 (Table 2). Furthermore, a secondary analysis comparing the proteome of 2-year deceased (n = 2) and survivors (n = 3) of the Advanced Disease sub-cohort (n = 5) further supported these findings. A significant (P = 0.000034) increase in plasma APO-TCN2 (Figure 2E), the most differentially upregulated protein in 2-year survivors, and no difference in HOLO-TCN2 levels (Figure 2F), was again associated with 2-year survival status. Similarly, AHSG levels were significantly (P = 0.026) reduced in the 2-year survival cohort (Supplementary File 3). Overall, a comparative proteomic analysis of OSA patient peripheral plasma identified 24 DEPs associated with 2-year survival status. Of those proteins, both APO-TCN2 and AHSG measured vastly increased or decreased levels in the survivor cohort, respectively. To further elucidate both proteins’ relevance in OSA and other solid tumors, publicly available bulk and scRNA-seq tumor datasets were then examined.




3.3 Survival Genie analysis reveals association of elevated TCN2 with overall survival in sarcoma

The Survival Genie web-based platform was then used to associate expression of TCN2 and AHSG with overall survival in publicly available OSA (TARGET-OS) and sarcoma (TCGA-SARC) bulk tumor RNA-sequencing datasets (62). To begin, evaluation of TCN2 expression in the TARGET-OS database identified 47 patients with low and 39 patients with high TCN2 expression in OSA primary tumors. Using CIBERSORTx (65), a significant (P ≤ 0.05) positive correlation between TCN2 expression and T.cells.CD8, T.cells.follicular.helper, Macrophages.M1, T.cells.gamma.delta, T.cells.regulatory.Tregs, and Macrophages.M2 gene signatures was revealed. Additionally, a significant (P ≤ 0.05) negative correlation between TCN2 expression and Macrophages.M0, T.cells.CD4.naive, and NK.cells.resting gene signatures was also apparent. Importantly, Kaplan-Meier survival curve analysis associated an increase in intratumoral TCN2 expression with better overall survival (log-rank P= 0.00033), with a reported HR = 0.22 (0.089 – 0.54) (Figure 3A). Considering a shared sarcomatous background, our group expanded the analysis to assess TCN2 gene expression in the larger TCGA-SARC dataset to provide rigor and support to the experimental findings uncovered in TARGET-OS. Analysis of the TCGA-SARC dataset identified 177 patients with low and 82 patients with high expression of TCN2 in sarcoma primary tumors. Using CIBERSORTx (65), a significant (P ≤ 0.05) positive correlation between TCN2 expression and Macrophages.M2, T.cells.CD8, T.cells.CD4.memory.activated, and Macrophages.M1 was identified. Additionally, a significant (P ≤ 0.05) negative correlation between TCN2 expression and Macrophages.M0, T.cells.CD4.memory.resting, Eosinophils, and NK.cells.activated gene signatures was also apparent. Importantly, Kaplan-Meier curve survival analysis again associated an increase in TCN2 expression with better overall survival (log-rank P = 0.0047), with a reported HR = 0.5 (0.31 – 0.82) (Figure 3B). These results suggest that increased intratumoral TCN2 is associated with an activated immune signature and better overall survival. While a similar analysis revealed that low AHSG expression was associated with better overall survival in the TARGET-OS dataset (corroborating our proteomic findings), this trend was not apparent in the TCGA-SARC analysis, and neither finding was statistically significant. Therefore, AHSG was excluded from further downstream analysis (Supplementary File 1 – Supplementary Figure 3). Overall, Kaplan-Meier survival curve analysis associated elevated TCN2 expression with significantly improved outcomes in both the TARGET-OS and TCGA-SARC datasets. Importantly, the association of increased intratumoral TCN2 expression with better overall survival correlated with our previous plasma proteomics findings (Figures 2B, D). These results ultimately support both peripheral blood plasma APO-TCN2 and intratumoral TCN2 gene expression as possible biomarkers of overall survival in this disease.




Figure 3 | TARGET-OS and TCGA-SARC survival analysis supports TCN2 as a marker of better overall survival. Analysis of TCN2 in TARGET-OS (A) and TCGA-SARC (B) databases using Survival Genie web-based platform. Box plots representing TCN2 FPKM normalized expression in primary tumors with stratification into low and high expressing groups. The relative fraction of TILs was estimated using the tumor-infiltrating immune cell type matrix LM22 gene signature and CIBERSORTx deconvolution. Pearson correlation matrix of deconvoluted immune cell RNA-seq gene expression data and TCN2, with shape (square or circle) denoting significance and color denoting positive (red) or negative (blue) correlation with TCN2. Kaplan-Meier (KM) survival curves with high (red) and low (blue) group stratification are compared using the log-rank test, with log-rank P-value < 0.05 considered statistically significant. Forest plot details the association between the high and low groups [stratified by cut point (CP)] based on the Cox Proportional Hazards regression model. nLow and nHigh represent the number of patients in low and high expressing groups, respectively. Hazard ratio (HR) with 95% confidence interval as well as the associated Wald-test (HR) and log-rank (LR) P-values are reported.






3.4 TIGER reveals expression patterns of TCN2 in solid tumors

The TIGER portal was then used to investigate the expression of TCN2 across identified cellular clusters of various solid tumor scRNA-seq datasets (66). While previous analyses of bulk transcriptomic data through CIBERSORTx deconvolution had suggested the likely cellular source for TCN2 gene expression in sarcomatous tumors, our group sought to determine which cells differentially expressed TCN2 (for a variety of tumor types) using a method that provides single cell resolution to the complex and heterogenous tumor microenvironment (TME). Numerous cellular clusters across many solid tumors revealed differential expression of TCN2 including non-small cell lung cancer (NSCLC), intrahepatic cholangiocarcinoma (ICC), breast cancer (BC), nasopharyngeal carcinoma (NPC), and skin cutaneous melanoma (SKCM), among others (Figure 4A). The top 20 cellular clusters with the greatest increase in TCN2 expression were reported, highlighting apparent increases for B cell, Endothelial, and Myeloid cellular clusters, particularly in both NSCLC and SKCM datasets (Table 3). To visualize these expression changes, subsequent analysis of Uniform Manifold Approximation and Projections (UMAPs) and gene expression boxplots for the NSCLC dataset (67) confirmed isolated increases in TCN2 expression on both Myeloid and Endothelial cellular clusters (Figures 4B, C). Subcluster analysis of the Myeloid cells revealed near ubiquitous expression of TCN2 across myeloid populations, with the greatest increases apparent for the Mye_C1_CCL18 and Mye_C6_CCL18 subclusters (Figures 4D, E). Further visualization of the NSCLC6 (70) dataset supported increased TCN2 expression on Endothelial, Plasma, AT2 Epithelial, and Myeloid cell populations (Figures 4F, G). Additional subcluster analysis of B cells revealed increased expression across B_C3_JCHAIN, B_C1_MZB1, and B_C7_MZB1 cellular clusters (Figures 4H, I), in accordance with the findings highlighted in Table 3. Similar results were also apparent for the SKCM1 dataset (71), which revealed increased TCN2 expression on all Myeloid cells, various Myeloid cell subclusters including Mye_C4_C1QA, as well as the B_C2_IGHG1 B cell subcluster (Supplementary File 1 – Supplementary Figure 4). Overall, these data corroborated our Survival Genie CIBERSORTx data and previous literature (82) which suggested that TCN2 is mainly expressed (in immune cells) on Myeloid populations.




Figure 4 | TIGER database confirms TCN2 expression on various myeloid and B cellular clusters of NSCLC datasets. (A) Cell Type Marker (Log2FC) diagram represents differential expression of TCN2 on various clusters and subclusters in each scRNA-seq tumor dataset of the TIGER database, with differential expression represented by circle size and distance from center. (B, C) UMAPs of all cellular clusters of the NSCLC dataset highlight expression of TCN2 on myeloid and endothelial cells. (D, E) UMAPs of the Myeloid subclusters of the NSCLC dataset highlighting expression of TCN2. (F, G) UMAPs of all cellular clusters of the NSCLC6 dataset highlights expression of TCN2 on endothelial and plasma cells. (H, I) UMAPs of the B cell sub-clusters of the NSCLC6 dataset highlighting expression of TCN2. UMAPs generated using the TIGER portal.




Table 3 | Top 20 clusters with increased expression of TCN2 within the TIGER database.






3.5 TIGER reveals expression patterns of CD320 in solid tumors

The TIGER portal was also used to investigate the expression of CD320 (83), the TCN2 receptor, across identified cellular clusters of solid tumor scRNA-seq datasets (66). Numerous cellular clusters across many solid tumors revealed differential expression of CD320 including stomach adenocarcinoma (STAD), colorectal cancer (CRC), Merkel cell carcinoma (MCC), NSCLC, ICC, and SKCM, among others (Figure 5A). The top 20 cellular clusters with the greatest increase in CD320 expression were reported, highlighting apparent increases for Endothelial, Malignant, B cell, CD4, and Myeloid cellular clusters across a variety of solid tumors (Table 4). To visualize these expression changes on immune cells of interest (B and Myeloid cells), subsequent analysis of UMAPs and gene expression boxplots for the NSCLC5 dataset confirmed increases in CD320 expression on Endothelial, Malignant, and Fibroblast cellular clusters (Figures 5B, C). Additional subcluster analysis of B cells supported an increase in CD320 expression on both B_C11_MZB1 and B_C4_IGHG1 (Figure 5D, E). Further visualization of UMAPs and gene expression boxplots for B cell subclusters of both the NSCLC (Figures 5F, G) and NSCLC1 (Figures 5H, I) datasets supported increased CD320 gene expression on various Marginal Zone B and B1 Cell Specific Protein (MZB1)+ and IGJ+ B cell subclusters, in accordance with findings from Table 4. Similar results were also apparent for the SKCM1 dataset, which revealed increased CD320 expression on all Plasma cells, Myeloid cell subclusters including Mye_C1_GZMB, as well as the B_C2_IGHG1 B cell subcluster (Supplementary File 1 – Supplementary Figure 5). Overall, these data corroborated previous publications which suggested that while CD320 is expressed ubiquitously across many cell types (84), its expression is increased on proliferating cells (85), such as malignant cells or B lymphocytes (86), in a variety of solid tumors (87).




Figure 5 | TIGER database confirms CD320 expression on various myeloid and B cellular clusters of NSCLC datasets. (A) Cell Type Marker (Log2FC) diagram represents differential expression of CD320 on various clusters and subclusters in each scRNA-seq tumor dataset of the TIGER database, with differential expression represented by circle size and distance from center. (B, C) UMAPs of all cellular clusters of the NSCLC5 dataset highlights expression of CD320 on endothelial, malignant, and fibroblast cellular clusters. (D, E) UMAPs of the B cell subclusters of the NSCLC5 dataset highlighting expression of CD320. (F, G) UMAPs of B cell subclusters of the NSCLC dataset highlighting expression of CD320. (H, I) UMAPs of B cell subclusters of the NSCLC1 dataset highlighting expression of CD320. UMAPs generated using the TIGER portal.




Table 4 | Top 20 clusters with increased expression of CD320 within the TIGER database.






3.6 TIGER cell-cell communication analysis reveals interaction between TCN2+ myeloid cells and CD320+ B cells in solid tumors

To investigate a possible interaction between TCN2+ Myeloid and CD320+ B cells in these solid tumors, the TIGER portal was then used to perform a cell-cell communication analysis (66). Further investigation of both the NSCLC (67) and SKCM1 (71) datasets was warranted considering the increased expression of both TCN2 (ligand) and CD320 (receptor) on various immune cell populations of these tumors. To begin, a cell-cell communication analysis for the Mye_C1_CCL18 subcluster, with the greatest increase in TCN2 expression of all myeloid cells of the NSCLC dataset (67), was performed. Analysis revealed that Mye_C1_CCL18 had greatest interaction with various other myeloid subclusters including Mye_C2_FBP1 (effect score = 97.684), Mye_C7_PPA1 (effect score = 97.64), and Mye_C6_CCL18 (effect score = 96.877). The top 20 receptor-ligand interactions driving these effect scores were reported (Table 5). Of note, this analysis consistently highlighted likely receptor-ligand interactions between CD74_MIF, CD74_COPA, CD74_APP, and HLA-DPB1_TNFSF13B as well as additional communication through HLA-DRB1_TNFSF9, CCR1_CCL18, and TNFRSF1A_GRN (Table 5). Similar cell-cell communication patterns were evident for the Mye_C4_C1QA subcluster of the SKCM1 dataset (71), which displayed the greatest increase in TCN2 expression of all SKCM1 myeloid subclusters. Here, Mye_C4_C1QA also reported the greatest cell-cell communication effects scores with other myeloid subclusters (Supplementary File 1 – Supplementary Table 1).


Table 5 | Top 3 interactions defined by cell-cell communication analysis for Mye_C1_CCL18 of the NSCLC dataset (TIGER), with effect score presented in parenthesis.



Additionally, a cell-cell communication analysis for the B_C10_MZB1 subcluster, with the greatest increase in CD320 expression of all B cells of the NSCLC dataset (67), was performed. Analysis revealed that B_C10_MZB1 had the greatest interaction with various myeloid subclusters including Mye_C1_CCL18 (effect score = 48.993), Mye_C2_FBP1 (effect score = 47.944), and Mye_C7_PPA1 (effect score = 46.079). The top 20 receptor-ligand interactions driving these elevated effect scores were reported. Of note, this analysis consistently highlighted likely receptor-ligand interactions between CD74_MIF, CD74_COPA, CD74_APP, and HLA-C_FAM3C as well as additional communication through C5AR1_RPS19, HLA-DPB1_TNFSF13B, CD94:NKG2A_HLA-E, SPP1_CD44, and various chemokine axes (Table 6). Similar cell-cell communication patterns were also evident for the B_C2_IGHG1 subcluster of the SKCM1 dataset (71), which displayed the greatest increase in CD320 expression of all SKCM1 B cell subclusters. Importantly, the B_C2_IGHG1 subcluster displayed the greatest cell-cell communication effect score with various myeloid subclusters including Mye_C4_C1QA (Supplementary File 1 – Supplementary Table 2). Overall, cell-cell communication analysis revealed that those B cell subclusters with greatest expression of CD320 [B_C10_MZB1 (NSCLC), B_C2_IGHG1 (SKCM1)] reported the greatest cell-cell communication effect scores with those Myeloid cell subclusters with greatest expression of TCN2 [Mye_C1_CCL18 (NSCLC), Mye_C4_C1QA (SKCM1)]. These results suggest a possible Myeloid (TCN2) to B/Plasma cell (CD320) communication network in the tumor microenvironment of immunogenic solid tumors. Considering TCN2’s previously described biological functions (88–90), it was hypothesized that this interaction in solid tumors would allow for enhanced B lymphocyte infiltration, proliferation, and germinal center/TLS formation (91).


Table 6 | Top 3 interactions defined by cell-cell communication analysis for B_C10_MZB1 of the NSCLC dataset (TIGER), with effect score presented in parenthesis.






3.7 scRNA-seq of OSA tumors supports presence of TCN2+ myeloid and CD320+ plasmacytes/B cells

To investigate whether TCN2+ Myeloid and CD320+ B Lymphocyte clusters existed in OSA tumors, and whether an increase in TCN2+ Myeloid cells supports B lymphocyte infiltration and proliferation, scRNA-seq data from naive primary (GSE162454) and chemotherapy treated primary, recurrent, and metastatic (GSE152048) OSA tumors were analyzed. First, scRNA-seq analysis of six naive OSA primary tumors (GSE162454) was conducted. Each major cellular cluster was identified according to expression of canonical markers previously detailed by Liu et al. (72) (Figure 6A). Visualization of t-SNE plots revealed ubiquitous expression of CD320 in OSA primary tumors, with greatest expression on Osteoblastic OSA cells, Endothelial cells, NK/T cells, and Plasmocytes (Figure 6B). For TCN2, t-SNE plots conveyed concentrated gene expression on Myeloid cells, with additional positivity on both Endothelial cells and Plasmocytes (Figure 6C). The number of Plasmocytes (Figure 6D), B cells (Figure 6E), and Myeloid cells (Figure 6F) expressing CD320 (Plasmocytes/B cells, Figures 6G, H) or TCN2 (Myeloid cells, Figure 6I) was then quantified. Unfortunately, only the OS-6 patient sample contained elevated levels of Plasmocyte or B cell populations (Supplementary File 1 – Supplementary Figure 6). This finding was unsurprising considering Li et al. noted that only one patient sample had identifiable TLSs during sample processing (72). Nevertheless, total CD320+ Plasmocytes, CD320+ B cells, and TCN2+ Myeloid cells, as well as the percent (%) of total cells, were quantified for each patient sample (Figures 6J, K). Importantly, while only OS-6 contained a substantial number of CD320+ Plasmocytes and B cells, this primary tumor also measured the greatest percentage (%) of TCN2+ Myeloid cells (relative to all Myeloid cells) at 38.68% (Figure 6L and Supplementary File 4).




Figure 6 | scRNA-seq analysis of naive primary OSA samples reveals CD320 and TCN2 expression. All clustering representative of patient OS-6 (A) All cellular clusters identified by canonical marker expression. (B) Representative log-normalized CD320 expression across various cellular clusters. (C) Representative log-normalized TCN2 expression across various cellular cluster of patient OS-6. (D) Representative clustering of Plasmocytes with log-normalized expression of IGHG1 and MZB1 using the “Feature Min” function. (E) Representative clustering of B cells with log-normalized expression of MS4A1 and CD79A using the “Feature Min” function. (F) Representative clustering of Myeloid cells with log-normalized expression of LYZ and CD68 using the “Feature Min” function. (G) Representative clustering of CD320+ Plasmocytes with log-normalized expression of CD320, IGHG1, and MZB1 using the “Feature Min” function. (H) Representative clustering of CD320+ B cells with log-normalized expression of CD320, MS4A1, and CD79A using the “Feature Min” function. (I) Representative clustering of TCN2+ Myeloid cells with log-normalized expression of TCN2, LYZ, and CD68 using the “Feature Min” function. (J) Quantification of total cells for the CD320+ Plasmocytes, CD320+ B cells, and TCN2+ Myeloid cells populations in all naive OSA patient tumors (n = 6). (K) Quantification of the percent (%) of total cells for CD320+ Plasmocytes, CD320+ B cells, and TCN2+ Myeloid cells population in all naive OSA patient tumors (n = 6). (L) Quantification of the percent (%) of TCN2+ Myeloid cells, relative to all Myeloid cells in all naive OSA patient tumors (n = 6).



A subsequent scRNA-seq analysis of eleven chemotherapy treated primary, recurrent, and metastatic OSA tumor specimens (GSE152048) was conducted using the same canonical markers and cellular clusters. Again, while CD320 was ubiquitously expressed across numerous cellular populations, TCN2 expression was concentrated on Myeloid cells. Unfortunately, subsequent quantification of Plasmocyte and B cell clusters revealed minimal B lymphocyte infiltration in the chemotherapy treated OSA tumors examined. Interestingly, these OSA samples also had substantially lower overall TCN2+ Myeloid cell populations in comparison to the previously analyzed naive primary tumors (GSE162454). Additionally, the percentage (%) of TCN2+ Myeloid cells (relative to all Myeloid cells) was no greater than 21.26% across all tumors examined (Supplementary File 1 – Supplementary Figure 7, Supplementary File 4). Overall, these analyses supported that TCN2+ Myeloid and CD320+ Plasmocyte and B cell clusters were ultimately present in OSA tumors. Considering the previous publication’s note regarding isolation of these B lymphocytes from confirmed TLSs in one naive primary tumor (72), we also associated the highest % of TCN2+ Myeloid cells (relative to all Myeloid cells) with intratumoral TLS formation. Ultimately, investigation of additional OSA tumor specimens (positive for B lymphocyte and/or Plasmocyte populations) and further cell-cell communication analysis is required to support the hypothesis that TCN2+ Myeloid cells drive infiltration and proliferation of B lymphocyte populations through increased TCN2 (ligand) and CD320 (receptor) interactions.




3.8 Proteomic correlation analysis of APO-TCN2 reveals detectable signatures associated with plasma cell maintenance, B cell activation, TLS formation, and circulating immunoglobulins

B lymphocyte infiltration, proliferation, and formation of TLSs is well regarded as a clinical biomarker of long term survival and response to immunotherapy in many solid tumors (92–115), including soft-tissue sarcoma (116, 117). Previous literature has suggested the necessity of the CD320 receptor for germinal center B cell growth and proliferation (83). Considering the apparent association between myeloid-derived TCN2 and CD320+ B lymphocytes in various solid tumors, a subsequent correlation analysis between plasma APO-TCN2 and previously described soluble markers of plasma cell maintenance (73), B cell activation (74), proteins critical for TLS formation (75), chemokines of the 12-CK signature (75) [exception – CCL4 (not measured)], and circulating immunoglobulin levels was then conducted. To begin, for those markers of plasma cell maintenance (73) (Figures 7A–K), positive correlations between plasma APO-TCN2 and IL-6 (Figures 7A, B), IL-6Ra (Figures 7C–E), IL-6Rb (Figure 7F), and TNF (Figures 7J, K) were observed, with statistical significance apparent for IL-6Ra. Additionally, a negative correlation between APO-TCN2 and CXCL12 (Figures 7G–I) was evident. Furthermore, for the soluble markers of B cell activation (74) (Figures 7L–O), IL-2RA (Figure 7L), TNFSF13B (BAFF) (Figure 7M), and TNFRSF13B (TACI) (Figure 7N) all displayed positive yet nonsignificant correlations with plasma APO-TCN2, while a negative, nonsignificant correlation was reported for TNFRSF17 (BCMA) (Figure 7O). Overall, these data suggest that increases in plasma APO-TCN2 were associated with increases in previously described soluble markers of B lymphocyte activity, albeit nonsignificant for most associations.




Figure 7 | Correlation between APO-TCN2 and markers of plasma cell maintenance, B cell activation, and TLS formation. Spearman correlation analysis between measured APO-TCN2 (x-axis, RFUs) and markers of plasma cell maintenance including IL-6 [seq.2573.20, seq.4673.13] (A, B), IL-6Ra [seq.15602.43, seq.4139.71, seq.8092.29] (C–E), IL-6Rb [seq.2620.4] (F), CXCL12 [seq.2330.2, seq.3516.60, seq.9278.9] (G–I), and TNF [seq.5692.79, seq.5936.53] (J, K), markers of B cell activation including IL2RA [seq.3151.6] (L), TNFSF13B [seq.3059.50] (M), TNFRSF13B [seq.2704.74] (N), and TNFRSF17 [seq.2665.26] (O), as well as markers of TLS formation including LTa1b2 [seq.3505.6] (P), FCRL5 [seq.6103.70] (Q), SELL [seq.4831.4] (R), and TNFSF14 [seq.5355.69, seq.5988.49] (S, T) (y-axis, RFUs). Spearman correlation coefficient (R) and P-value (P) presented on each scatter plot. Each chemokine identified by multiple SOMAmers [example: TNFSF14 (1) and (2), representing seq.5355.69 and seq.5988.49, respectively] is presented with multiple correlation plots.



Furthermore, analysis of various proteins critical for TLS formation (75) (Figures 7P–T) revealed similar trends. Positive yet nonsignificant correlations between APO-TCN2 and LTa1b2 (Figure 7P), FCRL5 (Figure 7Q), SELL (Figure 7R), and TNFSF14 (Figures 7S, T) were observed, suggesting a possible association of APO-TCN2 levels with those proteins necessary for TLS formation. Furthermore, negative, nonsignificant correlations between APO-TCN2 and most chemokines of the 12-CK signature (75) were evident (Figure 8). Overall, these data [much like the findings for CXCL12 (Figures 7G–I)] may suggest that increased plasma APO-TCN2 is associated with the development of exacerbated chemokine axes (lower blood plasma and higher tissue levels) for potent lymphocytic infiltration into patient solid tumor and/or other tissues. Additional tissue/tumor-level analyses are necessary to further support this finding. Of note, additional correlation analyses of circulating immunoglobulin levels suggested negative correlations between plasma APO-TCN2 and IgA, IgD, IgE, IgM, and IgG, with a positive correlation to J chain (Supplementary File 1 – Supplementary Figure 8). Limited research has correlated peripheral blood immunoglobulin levels with intratumoral TLSs, therefore, the significance of these findings is unknown. However, these data may indicate the presence of improved intratumoral humoral immune responses (increased J chain) in those patients with elevated APO-TCN2. Overall, these data suggested that elevated APO-TCN2 levels may be associated with a peripheral blood plasma signature necessary for robust B lymphocyte proliferation and infiltration in OSA tumors.




Figure 8 | Correlation analysis between APO-TCN2 and measured chemokines of the 12-CK signature. Spearman correlation analysis between measured APO-TCN2 (x-axis, RFUs) and CCL2 [seq.2578.67] (A), CCL3 [seq.3040.59] (B), CCL5 [seq.2523.31, seq.5480.49] (C, D), CCL8 [seq.13748.4, seq.2785.15] (E, F), CCL18 [seq.3044.3] (G), CCL19 [seq.4922.13] (H), CCL21 [seq.2516.57] (I), CXCL9 [seq.11593.21, seq.9188.119] (J, K), CXCL10 [seq.4141.79] (L), CXCL11 [seq.18171.25, seq.3038.9] (M, N), CXCL13 [seq.13701.2, seq.3487.32] (O, P) (y-axis, RFUs) in naive OSA patient plasma samples (n = 14). Spearman correlation coefficient (R) and P-value (P) presented on each scatter plot. Each chemokine identified by multiple SOMAmers [example: CCL5 (1) and (2), representing seq.2523.31 and seq.5480.49, respectively] is presented with multiple correlation plots.






3.9 KM Plotter Immunotherapy suggests association of TCN2/CD320 with response to immunotherapy and formation of intratumoral TLSs

Our group then hypothesized that if increases in plasma APO-TCN2 (and as a result, intratumor TCN2) is associated with lymphocytic infiltration and possible formation of TLSs, then increased TCN2/CD320 expression in solid tumors, treated with immunotherapy, should correlate with better overall survival. To investigate this hypothesis, both TCN2 and CD320 were evaluated for overall and progression free survival in solid tumors treated with various immunotherapies (anti-PD-1, anti-PD-L1, anti-CTLA-4) using the KM Plotter Immunotherapy online database (76). Increased intratumoral expression of TCN2 was indeed associated with better overall (log-rank P = 8.6e-05, FDR = 0.03) (Figure 9A) and progression free (log-rank P = 1.6e-11, FDR = 0.01) (Figure 9B) survival. Similar findings were also evident for the TCN2 receptor, as increased CD320 expression was associated with better overall (log-rank P = 9.4e-08, FDR = 0.01) (Figure 9C) and progression free (log-rank P = 1.3e-08, FDR = 0.01) (Figure 9D) survival in the same dataset. These data suggest that increased pre-treatment TCN2 and CD320 expression is associated with better outcomes in a variety of solid tumors treated with immunotherapy.




Figure 9 | KM Plotter Immunotherapy survival analysis supports TCN2 and CD320 as a markers of immunotherapy response. Overall (A) and progression free (B) survival analysis of TCN2. Overall (C) and progression free (D) survival analysis of CD320. Each analysis included specimens from all solid tumors, collected pre-treatment, irrespective of immunotherapy target (anti-PD-1, anti-PD-L1, and anti-CTLA-4). Default KM Plotter settings were utilized with auto selection of best cutoff into high (red) and low (black) gene expression groups based on the calculation of all upper and lower quartiles with selection of the best performing threshold. KM survival curves with reported HR and log-rank P-value were constructed, with y-axis representing probability of survival and the x-axis representing time (months). The total number of patients at risk for each time point is reported. Survival curves generated using KM Plotter Immunotherapy.



To further examine whether intratumoral TCN2 and CD320 expression is associated with TLS formation, a correlation analysis to the 12-CK TLS signature (75) was performed using the KM Plotter Immunotherapy database (76). Unsurprisingly, increased expression of all 12-CK signature chemokines was significantly (FDR < 0.05) associated with better overall survival in the solid tumors examined (exception – CCL18, HR = 0.71, log-rank P = 0.00055, FDR = 0.20) (Supplementary File 1 – Supplementary Figure 9). A Spearman correlation analysis supported significant (P < 0.05) positive correlations between TCN2 and CD320 expression with each chemokine of the 12-CK TLS signature (exception – CD320 and CCL4) (Supplementary File 1 – Supplementary Table 3). A subsequent multi-gene Spearman correlation analysis between TCN2 and CD320 with the 12-CK TLS signature (75) using the GEPIA2 web server and solid tumors of the TCGA database (77) was also performed. Importantly, TCN2 expression displayed a significant positive correlation to the 12-CK gene signature for TCGA-SARC (P-value = 5.1e-13, R = 0.43). Similar results were evident for a combinatory analysis of all TCGA tumors (P-value = 3.4e-123, R = 0.24). In contrast, CD320 expression displayed an opposite trend, with a weak negative correlation in both datasets (Supplementary File 1 – Supplementary Figure 10). Overall, these data highlight a positive correlation between TCN2 and the 12-CK TLS signature in a variety of solid tumors. While preliminary, these data may suggest an association between elevated peripheral plasma APO-TCN2 (alongside probable increases in intratumoral TCN2 expression) with formation of TLSs. Further investigation of sarcoma tumor specimens is ultimately necessary to associate increased plasma APO-TCN2 with intratumoral B lymphocyte aggregation and/or TLS formation.





4 Discussion

This proteomic biodiscovery analysis of OSA patient plasma identified apo-transcobalamin-II (APO-TCN2) as a novel circulatory biomarker of survival in this disease. To our knowledge, the only known publication which previously characterized TCN2 in OSA was published by Rothzerg et al. in 2021. Here, TCN2 was identified as one of four upregulated genes associated with better overall survival in OSA tumors of the TARGET-OS dataset (118). To our knowledge, no further characterization of TCN2 in OSA has since been conducted. Ultimately, the work presented here provides the utmost support for its relevance in this disease, as an over 6-fold increase in circulating APO-TCN2 levels was associated with better overall survival in our patient cohort. The dual association of both increased TCN2 expression (in OSA tumors) and increased circulatory APO-TCN2 levels (in OSA peripheral blood plasma) with improved patient outcome provides credence to our findings and this biomarker’s future clinical utility in this disease. While additional studies to correlate intratumoral TCN2 expression with plasma APO-TCN2 levels are necessary, these data suggest that circulating protein measurements (through liquid biopsy) could act as a surrogate for tumoral assessments in both local and advanced OSA. Future studies to assess changes in peripheral APO-TCN2 throughout the course of disease through serial blood sampling could also further associate plasma protein levels with disease progression, therapeutic response, and/or clinical remission.

TCN2’s biological function of supporting cellular metabolic processes by transporting vitamin B12 (cobalamin, co-factor for various enzymes) through the blood stream, binding to the ubiquitously expressed CD320 surface receptor, and internalization of the receptor-ligand complex for B12’s intracellular release is well known (119–121). Interestingly, numerous reports of TCN2 deficiency due to loss-of-function mutations have been described. In addition to the common presentation of failure to thrive and megaloblastic anemia (due to elevation of homocysteine and methylmalonic acid), a number of these cases reported immunological deficiencies and abnormal immunity including measured pancytopenia, neutropenia, and hypogammaglobulinemia (78–81, 122–138). TCN2 deficiency was also previously associated with abnormal granulocyte function and limited antimicrobial response to Staphylococcus aureus infection (139). Of note, no difference in HOLO-TCN2 levels were measured between our 2-year deceased and survivor cohorts, ruling out the possibility of a genetic abnormality in those deceased patients. These reports, however, highlight TCN2’s integral role in proliferation and maintenance of cells of the immune system.

In this regard, increased TCN2 levels were previously reported in patients with a variety of inflammatory and lymphoproliferative disorders, including those diagnosed with multiple myeloma and Waldenstrom macroglobulinemia experiencing overproduction of immunoglobulins (hyperglobulinemia) (140). McLean et al. later determined that TCN2 could not only drive proliferation of human erythroleukemic and murine lymphoma cell lines in vitro, but antibody blockade of its receptor could also effectively inhibit cellular growth (89, 90). Furthermore, TCN2 levels in peripheral blood monocytes of patients with various inflammatory bowel diseases including shigellosis, ulcerative colitis, and Crohn’s were 3-4 times higher than those measured in healthy normal patients, with levels decreasing in the setting of clinical improvement (141). TCN2 was also elevated in the setting of various infectious diseases including malaria and typhus (142–144), supporting its role as a possible acute phase reactant (145).

Of utmost importance, increases in unsaturated TCN2 (APO-TCN2) have been reported in patients with active autoimmune diseases including systemic lupus erythematous (SLE), autoimmune hemolytic anemia, and dermatomyositis, with levels often correlating with disease activity (146–148). Haynes et al. in 2020 also identified a 93-gene signature for diagnosis of SLE through transcriptomic profiling of patient peripheral blood, of which TCN2 was included (149). Additionally, while total serum cobalamin was no different between patients with active rheumatoid arthritis (RA) and clinical remission, APO-TCN2 was significantly elevated in those with active disease (150). These data suggest that APO-TCN2 is elevated in the setting of pathogenic immune responses in various immune-mediated disorders, often correlating with disease activity. Considering these clinical observations, Liu et al. recently investigated TCN2’s pathogenic role in a murine model of lupus. Increased expression of TCN2 in both B and T lymphocytes of SLE patients and lupus-like mice were observed. Importantly, global genetic knockout of TCN2 in this murine model of lupus resulted in complete amelioration of lupus symptoms, as measured by lower dsDNA levels, reduced IgG deposition in the glomerulus, and decreased infiltration of both B and T follicular helper cells in the kidneys and spleen of these mice. The group suggested that TCN2 activity is associated with the abnormal germinal center responses in the setting of SLE and could act as a novel therapeutic target in this disease (91). Considering these findings, it appears that the elevated APO-TCN2 in our 2-year survival cohort, with no difference in HOLO-TCN2 levels, mirrors the heightened systemic immune activity seen in common autoimmune disorders. These in vivo results suggest the importance of TCN2 for germinal center-mediated immune activity, as seen in the kidneys of patients with lupus nephritis (151). While the majority of previous literature indicated that TCN2 was merely correlative in nature (152), these data ultimately suggest a causative role for this circulating protein in the development and progression of lymphoproliferative autoimmune disease.

To suggest a possible mechanism by which APO-TCN2 improves overall survival in solid tumors, various analyses were then conducted using publicly available scRNA-seq datasets. Analysis of the TIGER database supported previous literature which characterized TCN2 expression and active production from, among others, myeloid lineage (82, 153, 154) and endothelial (155, 156) cells. This analysis also confirmed the expression of CD320 ubiquitously across many cell types (84) including B lymphocytes (86). The cell-cell communication analyses highlighted the interaction between B lymphocytes (positive for CD320) with Myeloid cells (positive for TCN2) in both NSCLC and SKCM. These results suggest the presence of a coordinated communication network between these cellular populations which likely supports intratumoral B lymphocyte proliferation for enhanced anti-tumor immune responses. Considering the significant correlation between TCN2 and CD320 with the 12-CK Score (75) and previous literature’s characterization of the CD320 receptor as necessary for germinal center B cell growth (83), these interactions may help coordinate the formation of intratumoral TLSs in these patients. With macrophages having been previously described as potent lymphoid tissue inducer cells necessary for T and B cell recruitment in these structures (157), and knockout of TCN2 by Liu et al. inhibiting infiltration of B/T lymphocytes in kidneys and spleen in a murine model of lupus (91), further investigation of this intratumoral signaling network is therefore warranted.

Importantly, those B lymphocytes of the TIGER database with the greatest increased expression of CD320 included MZB1+ and immunoglobulin producing B cell clusters, commonly found in the marginal zone of germinal centers and tumor TLSs (158–160). Of the receptor-ligand interactions driving the cell-cell communication effect scores between these TCN2+ Myeloid and CD320+ B cell clusters, many are associated with promoting B cell activity. Of note, interactions between CD74 and MIF have been previously associated with both peripheral B cell survival (161) and chemotaxis (162, 163). Additionally, while interactions between CD74 and COPA (COPI coat complex subunit alpha) of malignant plasma and immune cells have been described in Waldenstrom macroglobulinemia (164), these interactions have also been shown to play a role in the maturation of B cells in the setting of antibody-mediated renal transplant rejection (165). Furthermore, scRNA-seq analysis of peripheral immune cells in patients with primary Sjogren’s syndrome highlighted not only enhanced CD74-COPA interactions between monocytes and naive B cells, but also CD74-amyloid beta precursor protein (APP) interactions between monocytes and memory B cells. Considering their enrichment in those with active disease, these receptor-ligand interactions were thought to be important drivers of autoimmunity (166). Further receptor-ligand interactions between HLA class II histocompatibility antigen, DP beta chain (HLA-DPB1) and TNFSF13B (BAFF) in addition to Major Histocompatibility Complex, Class II, DP Alpha 1 (HLA-DPA1) and TNF Superfamily Member 9 (TNFSF9) suggest myeloid-mediated B lymphocyte survival and maturation (167) in germinal centers of these solid tumors, as previously proposed (168). The association of high TCN2 and CD320 expression with better overall survival in patients treated with immunotherapy could likely reflect the increased propensity for B lymphocyte survival, proliferation, and maturation for TLS formation within the responding patient tumors (107).

While only preliminary, both TCN2+ Myeloid and CD320+ Plasmocytes and B cells were identified by scRNA-seq analyses of OSA tumor specimens. Most B lymphocytes characterized in the original analysis were confirmed to have been isolated from a single primary tumor containing TLSs (72). The identification of intratumoral B cells associated with TLSs in one of six naive tumors reflects the rates previously described in the amended PEMBROSARC trial of STS (approx. 20% of patients on initial screening) (169). These preliminary results, however, suggest the necessity for elevated TCN2+ Myeloid cells for B lymphocyte proliferation in the OSA tumor microenvironment. Additional analyses of known TLS-positive and -negative OSA or sarcoma tumor specimens are necessary to further support this interactive mechanism in sarcomas disease. Importantly, various correlation analyses presented here may indicate that elevated APO-TCN2 was associated with a favorable B lymphocyte (73, 74) proteomic profile likely necessary for potent immune cell recruitment and TLS-formation (75) to drive antibody-mediated anti-tumor immune responses in the OSA patients examined. Ultimately, while the mechanism by which TCN2 is associated with better overall survival in OSA was extensively postulated in these analyses, further confirmatory studies are indeed necessary.

Of note, a distinct biological function of APO-TCN2 has, to our knowledge, not yet been described. The specific elevation of APO-TCN2 (as opposed to HOLO-TCN2) was previously associated with various lymphoproliferative autoimmune disorders but not further investigated. Our group, however, can postulate several mechanisms by which the increased circulatory APO-TCN2, measured here in OSA, is associated with better overall survival. First and foremost, our group hypothesizes that increased circulatory APO-TCN2 likely reflects the development of systemic and local proliferative immune responses, driven by activated myeloid lineage cells (82), as a result of immune system detection of cancer. Previous literature suggests that not only do activated lymphocytes have a preference for TCN2 over other carriers of cobalamin (170), but TCN2 is also preferentially absorbed by normal tissues and organs, even in the setting of proliferative tumorigenesis (171). More than likely, increased APO-TCN2 improves the probability of delivering vitamin B12 (through HOLO-TCN2) to lymphoid organs to drive robust immune proliferation and activated immune responses. The elevated APO-TCN2 levels within the survivor patient cohort would then reflect an increased demand for cobalamin in the setting of enhanced lymphocytic proliferation. We provided evidence that this proliferation is occurring within B lymphocytes and associated with intratumoral germinal center formation for enhanced anti-tumor immune responses.

Secondarily, previous literature suggests that APO-TCN2 can likely act as a competitive inhibitor of the CD320 receptor. In this scenario, APO-TCN2 could block the binding and delivery of vitamin B12 (HOLO-TCN2) on CD320+ cells (172), such as malignant tumor cells, thereby limiting their proliferation. While possible, our group believes APO-TCN2’s anti-tumor effect is more than likely through direct lymphocyte activation and proliferation as opposed to activity on tumor cells as a competitive inhibitor. Additionally, APO-TCN2 could possibly drive an undescribed signaling mechanism in these cells, associated with immune activation or pro-inflammatory signal transduction, through binding the CD320 receptor, binding the previously described megalin [thought to be essential in the accumulation of TCN2 in the kidney cortex and other absorptive epithelia (173)], binding an undefined receptor, or forming an additional receptor-ligand complex. Efforts to characterize the activity (if any) of APO-TCN2 are necessary for better understanding its role in both OSA and autoimmune disease. Nevertheless, these results suggest that surviving OSA patients are mounting a robust, systemic immune response as reflected through elevated levels of a biomarker (APO-TCN2) previously associated with active lymphoproliferative autoimmune disease.

While robust in our analyses, this study has inherent limitations. To begin, our plasma proteomic investigation analyzed only 14 naive OSA patients, with n = 3 in the 2-year deceased and n = 11 in the 2-year survival cohort. Considering the limited number of patient samples and the exploratory nature of the study, DEPs between comparative groups were determined based on having a Log2FC > 0.585 or < -0.585 and P-value < 0.05, leading to the possible discovery of false positive DEPs. Future investigations with larger sample sizes will utilize more stringent statistical measures [false discovery rate (FDR), corrected P-values (Bonferroni)] to determine DEPs. Importantly, however, the major finding from this study was supported by gene expression analysis of the largest known OSA RNA-seq dataset (TARGET-OS) in addition to other solid tumors (i.e. TCGA-SARC). Furthermore, several of the analyses presented here, including APO-TCN2’s relationship to other plasma proteins and scRNA-seq cell-cell communication analysis, are mostly correlative and associative in nature. These findings ultimately require further validation in confirmatory studies. Additionally, as to be expected with clinical specimens, the Streck-collected plasma samples analyzed here were processed and stored over varying periods of time. It is well understood that delays in sample processing can affect the measured proteome of patient samples. Fortunately, a previous analysis by Savage et al. using the O-link proteomic platform reported no change in TCN2 levels (in comparison to fresh samples) even after 18 hours of room temperature storage prior to blood specimen processing (log2FC = -0.0087, P-value = 0.860127) (174). These results suggest that the measured APO-TCN2 levels reported here were likely minimally influenced by differential processing times. Ultimately, future studies which plan to expand our OSA patient cohort will be more cognizant of sample collection and processing time to limit confounding influences during comparative analyses.

In conclusion, this study identified apo-transcobalamin-II (APO-TCN2) as a novel plasma proteomic biomarker of survival in OSA. We provide evidence that increases in APO-TCN2 likely reflect a systemic and local inflammatory myeloid response which drives proliferation and intratumoral infiltration of B lymphocytes for improved anti-tumor immunity in these patients. This finding correlated with the only known documented investigation of TCN2 in this disease, which previously suggested TCN2 as one of four upregulated survival genes in OSA tumors of the TARGET-OS dataset (118). Further expansion of our patient cohort for validation of APO-TCN2’s clinical utility as a biomarker of improved overall survival is warranted. Future studies to investigate the distinct biological function of APO-TCN2 in both OSA and lymphoproliferative autoimmune disorders are necessary. Considering the availability of recombinant forms of this globulin protein, studies which investigate therapeutic injection of APO-TCN2 in murine models of metastatic OSA could ultimately suggest a future therapeutic role for this protein. Exogenous TCN2 may be critical to drive the robust expansion and lymphocytic proliferation necessary for enhanced anti-tumor immune responses in these patients.
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Osteosarcoma, a highly aggressive malignant bone tumor, is significantly influenced by the intricate interactions within its tumor microenvironment (TME), particularly involving neutrophils. This review delineates the multifaceted roles of neutrophils, including tumor-associated neutrophils (TANs) and neutrophil extracellular traps (NETs), in osteosarcoma’s pathogenesis. TANs exhibit both pro- and anti-tumor phenotypes, modulating tumor growth and immune evasion, while NETs facilitate tumor cell adhesion, migration, and immunosuppression. Clinically, neutrophil-related markers such as the neutrophil-to-lymphocyte ratio (NLR) predict patient outcomes, highlighting the potential for neutrophil-targeted therapies. Unraveling these complex interactions is crucial for developing novel treatment strategies that harness the TME to improve osteosarcoma management.
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Introduction

Osteosarcoma is a primary malignant bone tumor characterized by the uncontrolled proliferation of osteoblastic cells, predominantly affecting children and adolescents (1). This aggressive cancer is associated with significant morbidity and mortality, necessitating a deeper understanding of its pathogenesis and progression (2).

The tumor microenvironment (TME) plays a pivotal role in the development and progression of cancer. TME encompassing a complex milieu of cellular and molecular components that interact with tumor cells and influence their behavior (3). In TME, various cell types, including immune cells, fibroblasts, endothelial cells, and extracellular matrix components, dynamically interact with tumor cells to create a supportive niche for tumor growth and dissemination (4). In osteosarcoma, the tumor microenvironment is characterized by an immunosuppressive milieu, driven by the secretion of cytokines, chemokines, growth factors, and extracellular matrix remodeling enzymes (5). These factors not only promote tumor cell proliferation, survival, and invasion but also modulate the immune response, angiogenesis, and metastatic potential of osteosarcoma (6).

Neutrophils are white blood cells that play a key role in the innate immune response to infection and inflammation (7). In recent years, evidence has highlighted the multifaceted roles of neutrophils in the TME of various cancers, including osteosarcoma (8). Neutrophils can be recruited to the TME in response to tumor-derived signals and inflammatory mediators, where they interact with tumor cells and other stromal components (9).

Neutrophils have long been recognized for their role in osteosarcoma. Initially, the prognostic significance of the neutrophil-to-lymphocyte ratio in osteosarcoma was identified (10). Subsequent research has further elucidated the involvement of neutrophils, particularly neutrophil extracellular traps (NETs) and tumor-associated neutrophils (TANs), in the immune microenvironment and progression of osteosarcoma (8).

While neutrophils can promote tumor progression in various cancers, the specific mechanisms and the extent of their influence may vary. In osteosarcoma, neutrophils may contribute more significantly to the immunosuppressive tumor microenvironment and the promotion of metastasis due to the unique interactions between neutrophils and the bone matrix, as well as the high propensity of osteosarcoma cells to metastasize to the lung and the roles of neutrophils in the body after surgery (5). Previous findings underscore the intricate involvement of neutrophils in the complex interplay within TME of osteosarcoma, highlighting their potential as key modulators and therapeutic targets for improving clinical outcomes in this aggressive bone cancer (11). In the context of osteosarcoma, neutrophils have been shown to interact uniquely with the tumor microenvironment (12). The osteosarcoma microenvironment is a complex ecosystem that includes not only the tumor cells but also a variety of immune cells, bone cells, extracellular matrix components, and signaling molecules (1). Neutrophils in this context can be affected by the tumor to promote tumor growth, survival, and metastasis (13).

Understanding the interactions between TANs, NETs, and TME in osteosarcoma is essential for elucidating the mechanisms underlying tumor progression and identifying potential therapeutic targets. Targeting the immune cell components and inflammatory pathways within the tumor microenvironment may offer novel strategies for the treatment of osteosarcoma and improve patient outcomes. This review aims to provide insights into the multifaceted roles of neutrophils in osteosarcoma, spanning from fundamental laboratory research to potential clinical implications. By elucidating the intricate interactions between neutrophils and osteosarcoma, this review seeks to enhance our understanding of the complex tumor microenvironment and identify novel therapeutic strategies for the management of this aggressive bone cancer (Figure 1).




Figure 1 | Overall design of our study. The nuanced interactions between neutrophils, specifically tumor-associated neutrophils (TANs) and neutrophil extracellular traps (NETs), with key osteosarcoma microenvironment (TME) constituents. It emphasizes the reciprocal modulation between TANs and TME cellular components, such as cancer-associated fibroblasts (CAFs) and regulatory T cells (Tregs), and molecular mediators including cytokines and chemokines, which orchestrate a pro-tumorigenic or tumor-suppressive milieu.







TANs in the tumor

Neutrophils are the most abundant immune cells in the human body and constitute 50%-70% of all white blood cells (14). Due to the limited proliferation capacity and lifespan of neutrophils, the understanding of the roles of neutrophils in heterogeneous tumors has been lacking in recent decades (15). In recent years, owing to novel biotechnology, such as single-cell sequencing, there has been increasing attention on neutrophils in tumor-related research (16). Nowadays, the heterogeneity of TANs far exceeds the simple classification of several groups (17). According to their roles and functions in TME, TANs are classified into anti-tumor (N1) and pro-tumor (N2) phenotypes (Figure 2), and these two TANs phenotypes with opposing effects may regulate the initiation, proliferation, metastasis, and immune suppression (18).




Figure 2 | Function and roles of Tumor-Associated Neutrophils (TANs) in Osteosarcoma. N1 TANs, characterized by their anti-tumoral functions, are depicted engaging in ROS-mediated cytotoxicity and antigen presentation, while N2 TANs are portrayed as pro-tumorigenic, secreting factors such as MMP-9 and VEGF that facilitate angiogenesis and immunosuppression.



Usually, neutrophils are continuously produced in the hematopoietic cords of the bone marrow and are regulated by transcription factors and proteins such as CCAAT-enhancer binding protein (CEBP/α) and colony-stimulating factors (19). In the tumor tissues, the function and polarization of neutrophils were mainly regulated by the factors in inflammatory TME. Different transcription factors and proteins may contribute to different neutrophil phenotypes (20). For example, interferon type 1 (IFN-1) may enhance the ability of adhesion and phagocytosis of neutrophils and force neutrophils to polarized towards N1 phenotype, and reversely, transforming growth factor-β (TGF-β) is a driver for N2 phenotype (21, 22). Furthermore, many other factors were also identified as the drivers of the polarization of neutrophils, including adenosine triphosphate, S100A9, adenosine, and so on (23, 24).

In recent years, some downstream pathways related to TANs were identified. N1 cell phenotypes usually perform their anti-tumor effects via reactive oxygen species (ROS) related pathways (25). ROS may up-regulate the superoxide-dependent Ca2+ channel of the tumor cells, contribute to the disorder of the Ca2+ levels, and lastly inhibit the development of the cancer (26). Reversely, tumor development may be upregulated by the factors produced by N2 phenotypes, including neutrophil elastase (NE) and matrix metalloproteinases (15).

In addition to immune regulations, TANs were also regulated by metabolic factors: the factors produced in the glucose metabolism, lipid metabolism, tricarboxylic acid cycle, and amino acid metabolism were able to reprogram the metabolism of TANs (7, 27). The oxygen deprivation TME may contribute to the glycolytic effects of TANs (28), and the factors produced in the glycolysis may inhibit the proliferation of movement of T cells and play their immunosuppressive functions (29). The TANs after metabolism reprogramming may contribute to a higher level of hypoxia-inducible factor 1 alpha (HIF-1α) expression (30). HIF-1α is a key transcription factor that plays a critical role in cellular responses to low oxygen levels, or hypoxia. In the context of tumors, HIF-1α is known to be a master regulator of the adaptive mechanisms that cancer cells employ to survive and proliferate under hypoxic conditions (31). Activation of HIF-1α in tumor cells leads to the upregulation of genes involved in angiogenesis, glycolysis, and cell survival, promoting tumor growth and metastasis (31, 32).





NETs in tumor

In addition to neutrophils, neutrophil-related components have also attracted increasing attention. Neutrophil extracellular traps (NETs) are web-like structures composed of chromatin, histones, and antimicrobial proteins released by activated neutrophils in response to various stimuli, including infection, inflammation, and cancer (33). In the context of tumors, emerging evidence suggests that NETs play an important role in the tumor microenvironment (34). NETs have been implicated in promoting tumor progression by facilitating tumor cell adhesion, migration, and invasion, as well as inducing immunosuppression and angiogenesis (35).

The formation of NETs is not spontaneous but rather occurs abundantly in activated neutrophils (33). The formation of NETs is related to a distinct form of cell death, mediated by ROS and termed neutrophilic inflammatory cell death (NETosis), distinguishing it from traditional apoptosis and necrosis (36). Upon stimulation by extracellular physicochemical factors, the chromatin within the nucleus undergoes abnormal changes, and enzymes within cytoplasmic vesicles are activated, ultimately leading to the rupture of the cell membrane and release of the contents (37). In certain instances, neutrophils do not need to sacrifice themselves to release NETs, as non-lytic NETosis can occur during Staphylococcus aureus infection. In this scenario, neutrophils rapidly release chromatin extracellularly and undergo degranulation to release various enzymes, thereby forming extracellular NETs (33).

Initially, the roles of NETs in cancer metastasis, especially in the premetastatic niche, were recognized. NETs may facilitate tumor cell migration and invasion by releasing pro-inflammatory cytokines and chemokines that attract tumor cells to the site of NETs deposition, including IL-1, IL-6, IL-8, and so on, promoting their movement toward distant sites (38). Additionally, NETs induce an epithelial-mesenchymal transition (EMT) in cancer cells, leading to the acquisition of a mesenchymal phenotype that enhances their migratory and invasive abilities (39). Furthermore, NETs interact with endothelial cells, causing a loss of cell-to-cell junctions and altering the morphology of the endothelium, facilitating tumor cell intravasation and extravasation (40). By capturing circulating tumor cells and creating a permissive environment in pre-metastatic and metastatic niches, NETs promote the establishment and growth of metastatic lesions (41).

Nowadays, studies have proven that NETs also contribute significantly to cancer progression. NETs may induce tumor cell proliferation by releasing factors that enhance the proliferative ability of cancer cells (42). They also contribute to the immunosuppressive tumor microenvironment by hindering the migration of cytotoxic immune cells and shielding tumor cells from immune-mediated killing (43). Furthermore, NETs play a role in awakening dormant cancer cells, promoting their proliferation and metastatic growth (44). By facilitating cell migration and metastatic microenvironment, NETs contribute to the overall progression of cancer (45).

The formation of NETs requires the presence of two essential proteins: integrin αvβ1 and matrix metalloproteinase 9 (MMP-9), which can capture and activate TGF-β (46). The activation of TGF-β triggers EMT in cancer cells and is associated with the progression of tumor cells (46, 47). The DNA component of NETs also plays a crucial role in tumors by interacting with receptors on tumor cells, influencing their behavior and contributing to the complex interplay between the immune system and cancer cells in the tumor microenvironment (48). Additionally, the chemical composition of NETs may also be a key factor, for example, IL-17 found in NETs can interact with cytotoxic CD8 T cells and exclude them from the tumor tissue (49).





Tumor microenvironment in osteosarcoma

The basis of understanding the roles of neutrophils in osteosarcoma is to decode the TME of osteosarcoma (Figure 3). The TME of osteosarcoma comprises a heterogeneous milieu of cellular components, including bone cells, stromal cells, vascular cells, immune cells, and the extracellular matrix (ECM) (5). Within the TME of osteosarcoma, interactions between tumor cells and stromal cells contribute to tumor growth, invasion, and metastasis (50). In this complex microenvironment, the immune system plays a paradoxical role: it may promote or suppress the progression of osteosarcoma, according to different TME and cellular phenotypes (51). Moreover, the ECM components in the TME of osteosarcoma provide structural support and signaling cues that influence tumor cell behavior, including migration, invasion, and drug resistance (52). Recent evidence also suggested that EVs, small membrane-bound vesicles released by cells into the ECM, may serve as a bridge of intercellular communication and metastasis (53).




Figure 3 | Cellular and Acellular Elements of the Osteosarcoma Tumor Microenvironment. Detailed representation of the osteosarcoma TME, delineates the interplay between osteoblasts, osteoclasts, MSCs, and immune cells, including T cells and macrophages.



In osteosarcoma, bone cells, including osteoblasts, osteoclasts, and osteocytes, play a crucial role in the TME (5). Osteoblast, a type of bone-forming cell, is originating from pluripotent mesenchymal stem cells. In the TME of osteosarcoma, osteoblasts may regulate the osteoclasts’ metabolism and communicate with osteosarcoma cells via multiple pathways, such as OPG/RANK/RANKL and Fas/FasL (54). Moreover, a recent study also reported that osteoblast may also regulate the TME by extracellular vesicles (55). Compared to osteoblasts, osteoclasts, cells derived from myeloid precursor cells and playing bone resorption effect, may play a more active area in osteosarcoma (50). From views of the population level, individuals with higher levels of osteoclast activity may have a lower risk of osteosarcoma and more satisfactory chemotherapy efficacy (56). Osteoclasts may activate CD4+ and CD8+ T cells and play an antigen-presenting cells-like role (57). However, in the different stages of osteosarcoma, osteoclasts may have different effects: in the early stage, osteoclasts may establish a niche containing osteosarcoma and suppress the metastasis, while in the later stage, accumulated tumor cells may have a stronger metastatic (58). Osteoclasts may also regulate the TME of osteosarcoma by interacting with CD4+ Tregs (59). Lastly, osteocytes as mature bone cells were also reported to have contributions to TME of osteosarcoma: osteocytes may have communications with osteosarcoma via the CXCL12-CXCR4 axis and by secreting TGF-β and VEGFA (60).

Another crucial cell in the TME of osteosarcoma is the mesenchymal stem cell (MSC), due to their potential roles as the precursors of osteosarcoma cells (61). The communications between MSCs and osteosarcoma cells have been reported in previous studies, and many factors, including CXCL12, IL-6, and VEGF, have been proven to be included (61). Moreover, extracellular vesicles may also mediate the interaction between MSCs and osteosarcoma cells by regulating the MALAT1/Wnt/β-catenin pathway and autophagy (62). Due to the characteristics and the roles of the extracellular vesicles from MSCs in the development of osteosarcoma, engineered extracellular vesicles may become a potential treatment for osteosarcoma by encapsulating drugs (63).

Recently, with the development of single-cell transcription, more understandings of immune TME of osteosarcoma are emerging. T cells play different roles in the TME of osteosarcoma due to the heterogeneity. Usually, CD8+T cells may directly attack tumor cells, and CD4 T cells may orchestrate the immunity, while Tregs act as an immune suppressor role (64). In the single-cell dynasty, the landscapes of T cells in osteosarcoma are more complex and diverse (13). T cells may also be regulated by TME. In TME, many chemokines, such as CXCL12, and many cell phenotypes, such as Tregs and myeloid-derived suppressor cells (MDSCs), may regulate the migration of T cells and contribute to the progression of osteosarcoma (13). Compared to T cells, B cells may mainly play tumor-promotion roles in osteosarcoma by secreting immune suppressive cytokines and activating Tregs (65). Recent studies have reported the potential checkpoint molecules on B cells, and targeting these checkpoints may become a potential strategy for osteosarcoma treatment (66). Another lymphoid cell in TME of osteosarcoma is the NK cell, a type of cell featured by its strong cytotoxic activity on malignant cells (67). NK cells may directly regulate the TME and establish the antitumor microenvironment by releasing IFN-γ (68). However, recent understandings from single-cell levels indicated that TME may also have an effect on NK cells and cause high levels of heterogeneity by regulating NK cell receptor signals and Tregs (13). Many studies have tried to develop potential methods based on NK cells to treat osteosarcoma, and these methods may enhance the anti-tumor effect of NK cells by targeting IL-12, IL-15, and so on (69).

Another immune cell lineage in osteosarcoma TME is monocyte lineage, including monocytes, macrophages, and dendritic cells (DCs). Monocytes play roles of antigen-presenting cells and could further differentiate into macrophages or DCs (70). Monocytes may release chemokine monocyte chemoattractant protein-1 (MCP-1), and MCP-1 may regulate the growth, metastasis, and progression of osteosarcoma cells (71). The recruitment of monocytes in TME is mainly regulated by CCL2, and by inhibiting the CCL2 receptor, the monocyte recruitment in TME may significantly decrease (72).

Monocytes may further differentiate into macrophages, which are the most abundant immune cells in the TME of osteosarcoma (73). Polarizing into M1 or M2 phenotype, macrophages may have contrast effects on tumor progression (74). M1 macrophages release proinflammatory cytokines, including nitric oxide synthase (iNOS), and tumor necrosis factor-alpha (TNF-α), and factors may lead to anti-tumor activity and induce the Th1 cells (75). Compared to M1 macrophages, M2 phenotype cells have contrasting activity: M2 macrophages exert their pro-tumor activities through various mechanisms in TME, including immune suppression, tissue remodeling, tumor progression, and angiogenesis (12). M2 macrophages promote osteosarcoma metastasis by secreting factors such as CCL18, MMP-12, COX-2, and IL-1β, and these factors may contribute to metastasis through the NF-κB/miR-181α-5p/RASSF1A/Wnt pathway (76, 77). M2 macrophages may also contribute to tumor angiogenesis by releasing vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) (78). Recent studies also reported that M2 macrophages may inhibit the activity of T cells due to their expression of PD-1 (79). Repolarization of M2-like macrophages to M1-like macrophages is emerging as an innovative anticancer approach.

Another phenotype differentiated from monocytes is DCs, kinds of professional antigen-presenting cells (APCs) (68). By producing IFN-1α and IFN-1β, DCs may regulate anti-tumor effects (80). High levels of DCs may relate to high levels of heat shock promoter 70 (HSP70) and high activity of T cells (81). In view of results from single-cell RNAseq, DCs may have different phenotypes, and some of them may play immunosuppressive roles (82).





Roles of neutrophils in osteosarcoma

The recruitment of neutrophils from the circulatory system to TME may undergo several stages, including attachment, adhesion, crawling, and transmigration (83). Chemokine of the CXC family is the major system that regulates the attraction of neutrophils, including seven chemokines and two receptors. Usually, the CXC family chemokines secreted by tumor tissues may attract the neutrophils by interacting with CXC receptors CXCR1 and CXCR2 expressed on neutrophils (84). After the receptor binding, the G-protein and β-arrestin signaling pathways were activated, which may further regulate the activation of calcium channels, phospholipase C, MAP, and tyrosine kinase pathways (85). The activation of these pathways may promote neutrophil migration by remodeling dynamic actin (86). Previous studies have reported that many neutrophil-regulating factors, such as CSF and IL-17, may regulate neutrophil attraction by regulating the levels of CXC chemokines and the receptions (87, 88). Many factors that play significant roles in neutrophil migration have been explored in osteosarcoma, including CXCL1, IL-6, CCL2, and so on (89). CXCL1 has higher expression in the tumor tissues compared to normal tissues, and the levels of CXCL1 expression may increase with the tumor progression, many factors were found to relate to this phenomenon, including the extracellular vesicles secreted by osteosarcoma cells, pH levels, and other cytokines released by tumor-relating cells (90, 91).

The recruitment of neutrophils to other organs is also significantly related to the formation of a pre-metastatic niche (92). Previous studies have proven that CXCL1 releasing by human pulmonary artery endothelial cells may significantly increase osteosarcoma cell mobility, and this phenomenon was mediated by VCAM-1 (93). Moreover, it was also reported that ANGPTL2 may contribute to the recruitment of neutrophils to the lung and promote the formation of lung pre-metastatic (92). Moreover, evidence from transcriptomic and histological analysis of premetastatic lungs has identified the characteristics of pro-metastatic events including inflammatory-induced stromal fibroblast activation, neutrophil infiltration, and ECM remodeling (94).

Though the research on TANs in osteosarcoma is still limited, the neutrophils and their related phenotypes have also been proven to have effects on the development and progression of osteosarcoma (95). In osteosarcoma, the N1 subtype of TANs may be more prevalent in the early stages of the disease, correlating with a favorable response to treatment and a better prognosis, while the N2 subtype could foster an immunosuppressive microenvironment that hinders effective immunotherapy (96). The unique behavior of neutrophils in osteosarcoma may be attributed to the bone matrix components and the specific cytokine milieu present in the OS microenvironment, which can influence neutrophil polarization and function (97).

Furthermore, recent multi-omics analyses identified distinct molecular subtypes of osteosarcoma, each with varying prognoses and responses to treatment (98). These subtypes exhibit different patterns of neutrophil infiltration and activation, suggesting that the regulatory mechanisms controlling neutrophil behavior may vary between osteosarcoma subtypes (98). TANs may regulate the development of osteosarcoma via matrix metalloproteinases -9 (MMP-9): the high levels of MMP-9 mediated by TANs are correlated with poorer prognosis (99). MMP-9 secreted from TANs may interact with insulin receptor substrate 1 (IRS-1), and further regulate the PI3K/AKT signaling pathway to contribute to the proliferation of tumor cells (100). From the insights of single-cell sequencing, the expressions of PPP2R5C, PPP2R5E, YWHAG, and CREBBP on TANs were significantly related to the metastatic of osteosarcoma, and these genes may play their roles via HIF-1, PI3K-AKT, and JAK-STAT signaling pathways (101). Similar to MMP-9, the PPP2R5C, a subunit of protein phosphatase 2A, was expressed on TANs, and may also regulate the proliferation of osteosarcoma via PI3K/AKT pathway (101). By comprehensively analyzing the significant genes from osteosarcoma and neutrophils at the single-cell level, hundreds of genes were identified, and C3AR1 and FCER1G as two neutrophil-related genes were validated to play critical roles in the communication between neutrophils and osteosarcoma cells (102). C3AR1 and FCER1G were highly regulated in the osteosarcoma mice induced by K7M2, and these two genes were proven to have significant prognostic value in osteosarcoma (102).

TANs may also act by communicating with other immune cells (103). The most significant cell phenotypes that relate to TANs are myeloid-derived suppressor cells (MDSCs), due to their shared origin (15). MDSCs, the immature myeloid cells, play significant roles in TME. In humans and mice, there are two major classes of myeloid-derived suppressor cells (MDSCs), classified based on their origins from the granulocytic lineage and monocytic lineage, namely polymorphonuclear-MDSCs (PMN-MDSCs) and monocytic-MDSCs (M-MDSCs) (104). The common feature of MDSCs is their appearance in immunologically activated pathological states, due to sustained stimulation of myeloid cells in environments such as cancer, chronic infections or inflammation, and autoimmune diseases, as a result of prolonged presence of myeloid growth factors and inflammatory signals. The main characteristic of MDSCs is their ability to suppress immune responses, including those mediated by T cells, B cells, and natural killer (NK) cells (105). M-MDSCs and PMN-MDSCs possess key biochemical features that contribute to immune response suppression, including upregulation of signal transducer and activator of transcription 3 (STAT3), induction of endoplasmic reticulum stress, expression of arginase 1, and expression of S100A8/A9 (106).

MDSCs may inhibit the migration of T cells and reduce T cell activity to protect osteosarcoma cells (107, 108). This function of MDSCs may be achieved by several pathways and factors, such as the production of nitric oxide (NO) and ROS, and the consumption of L-arginine (109). MDSCs may also contribute to the metastasis of osteosarcoma by forcing T-cell tolerance and releasing TGF-β and hepatocyte growth factor (HGF) (110). Moreover, MDSCs may also regulate tumor angiogenesis by releasing VEGF and MMP-9 (111).

Another remarkable cell interaction with neutrophils is tumor-associated macrophages (15). The neutrophils may attract monocytes by secreting IL-37, CCL2, and CCL3, and these monocytes may differentiate into macrophages via IL-8 and TNF-α (112). It was also reported that in the development of sarcoma, TANs may regulate the IL-12 releasing of macrophages, and IL-12 may contribute to the activation of unconventional T cells due to their high levels of IL-12R expression, which further regulate the secreting of IFN-γ and tumor suppression (113). During the nascent stages of oncogenesis, macrophages exhibit tumoricidal properties due to their activated state, generating reactive oxygen and nitrogen species that can induce DNA damage and genetic instability (114). The cytokines from neutrophils in the tumor microenvironment may significantly impact macrophage functions and phenotypes (115). Furthermore, macrophages may contribute to malignant transformation through the secretion of angiogenic factors, proteases, and growth factors (116). These factors stimulate cancer cell proliferation and support the epithelial-mesenchymal transition in tumor cells, thereby facilitating tumor growth and metastasis (117). Recent studies also reported that these recruited monocytes and macrophages may release CXCL8 to further attract neutrophils, which may become a feedback loop (118).

TANs may also interact with lymphoid cells and have paradoxical effects on the functions of lymphoid cells (119). TANs may release ROS, reactive nitrogen intermediates (RNI), and prostaglandin E2 (PGE2), and these factors may directly inhibit the functions of T cells and NK cells (120, 121). The release function of TANs may relate to their metabolism status. Facing limited glucose supply, neutrophils may have high levels of mitochondrial fatty acid oxidation and high ROS production (120). Moreover, TANs with endoplasmic reticulum stress and altered lipid metabolism may also have higher levels of ROS production (122). In addition to the release of mediate factors, TANs may also interact with lymphocytes by disturbing the immune checkpoints, due to the expression of PD-L1 and VISTA on neutrophils, which may result in the dysfunction of T cells and NK cells by interacting with their ligands (123). It was also reported that some types of neutrophils may directly contact CD4+ T cells physically to inhibit the functions of the cells (124). TANs may regulate the activity of T cells by attracting Tregs and formatting the TME. Interestingly, TANs may also have positive effects on lymphoid cell activation. TANs may activate T cells by showing their APC-like features, and these APC-like features in TANs are activated by TME-derived CSF and IFN-γ (125). Furthermore, the activation of T cells may contribute to the expression of CD54 and CD86 on TANs, which may further strengthen the APC-like features of TNAs and construct a positive feedback loop (126). By secreting IL-1β and IL-18, neutrophils also directly attract and activate NK cells (127).

Within the context of the tumor microenvironment, the intricate interplay between neutrophils and B cells holds substantial implications for cancer progression and therapeutic strategies (124). Neutrophils have been shown to facilitate the migration of B cells through the release of TNF-α, with this effect being notably enhanced by the presence of specific chemokines, including CXCL13 and CXCL12 (128). While the precise nature of the interaction between neutrophils and follicular B cells remains to be fully elucidated, it is observed that neutrophils tend to concentrate in areas rich in B cells and secrete B-cell-activating factor (BAFF) under the influence of G-CSF, which in turn, bolsters the rapid production of plasma cells (129). Furthermore, neutrophils are known to regulate immunoglobulin production by interacting with the BAFF receptor on B cells, a pivotal mechanism in the modulation of the humoral immune response (130). This capability of neutrophils to influence B cell activity is particularly significant when considering the diverse functions of B cells in countering tumorigenesis and their ability to stimulate other immune cells, including T and NK cells (131).

The roles of NETs in osteosarcoma were also reported in previous studies. In the osteosarcoma gene profiles, more than 90 NETs genes were identified, and these genes were related to immune cell infiltration, including NK cells and CD8+ T cells (8). Previous studies tried to establish a prognostic signature based on NETs-related genes to predict the overall prognosis of osteosarcoma and proved the strong performance of this signature (11). Similarly, the TME between groups with different levels of NETs-related signatures may have different types of immune cell infiltration.

Though few functional and experimental studies tried to explore the specific mechanism of NETs in osteosarcoma, the normal function and features of NETs in general tumors may provide us with a potential hypothesis. In the context of tumor development, NETs may serve to limit tumor spread in the early stages by directly entrapping and killing cancer cells (132). Moreover, NETs can enhance the local immune response by promoting the recruitment and activation of immune cells such as T cells and natural killer (NK) cells. This can lead to the secretion of cytokines and chemokines that reinforce the inflammatory response and potentially contribute to the elimination of cancer cells (133). Generally, some NETs-related factors, such as IL-8, G-CSF, and CXC chemokine receptor family, have been also proven to relate to the progression of osteosarcoma (134). Similarly, MMP-9, mentioned many times in this review, as a critical protein of NETs, is also proven as a key factor in osteosarcoma (135). In addition, the roles of NETs in blocking immune cells and protecting cancer cells physically may also exist in the TME of osteosarcoma. The overall roles of neutrophils in osteosarcoma are summarized in Figure 3.





Clinical evidence of neutrophils in osteosarcoma

Previous studies reported the neutrophil count was an independent risk factor for the metastasis of osteosarcoma (136). However, the most widely used predictive parameter related to neutrophils in osteosarcoma is the neutrophil-to-lymphocyte ratio (NLR), which may predict many kinds of prognoses, including overall survival, progression-free survival (PFS), disease-free survival (DFS), metastasis, and so on (137–139). In a cohort enrolling 359 individuals after surgeries for osteosarcoma, pre-treatment NLR may independently predict the overall survival and PFS: the individuals with higher NLR may have lower 5-year overall survival (HR = 1.80, 95% CI = 1.35-2.41, P < 0.001) and PFS (HR = 1.65, 95% CI = 1.26-2.15, P < 0.001) compared with those with low levels of NLR (137). Similar results were also reported in a study that included 100 children with osteosarcoma, rhabdomyosarcoma, and Ewing sarcoma: the NLR > 2 may independently predict the overall survival (HR = 2.27, 95% CI = 1.07-5.30, P = 0.046) for children with osteosarcoma (10). Compared to other hemogram parameters, such as platelet-to-lymphocyte ratio (PLR) (AUC = 0.668 and AUC = 0.600) and lymphocyte-to-monocyte ratio (LMR) (AUC = 0.609 and AUC = 0.407), NLR (AUC = 0.749 and AUC = 0.663) has the highest predictive value for overall survival (140, 141). Pre-treatment NLR may also predict the efficacy of neoadjuvant chemotherapy in osteosarcoma, and the results from multicenter cohorts showed that the patients with lower NLR may be more likely to achieve pathological complete response (OR = 2.82, 95% CI = 1.36-5.17, P = 0.020) compared with patients with high NLR (142). Similarly, a cohort from Iran with 186 individuals also reported that the pre-treatment NLR may effectively predict the response after neoadjuvant chemotherapy and overall survival: the patients with high NLR have significantly low overall survival (20.7 months vs. 34.6 months, P = 0.003) and DFS (20.4 months vs. 32.7 months, P = 0.020) compared with individuals with normal NLR (143). The prognostic abilities of increased NLR for overall survival (HR = 1.30, 95% CI = 1.10-1.50, P = 0.002) were also reported in individuals with osteosarcoma and treated with high-dose methotrexate and etoposide/ifosfamide chemotherapy (144). Beyond the pre-treatment NLR, a recent study also reported the prognostic value of dynamic changes of NLR during the treatment: by combining the baseline NLR and Delta NLR, the NLR staging system (HR = 2.46, 95% CI = 1.63-3.71, P < 0.001) may have better predictive values (145).

In addition to the simple immune inflammation index such as NLR, many immune indices related to neutrophils were also reported to be used to predict the outcome of osteosarcoma. For example, the systemic immune inflammation index (SII), defined as platelet × neutrophil/lymphocyte counts, was reported to relate to tumor size, histological type, Enneking stage, and neoadjuvant chemotherapy, and high SII (HR = 1.22, 95% CI = 1.10-1.45, P = 0.029 and HR = 1.01, 95% CI = 1.00-1.02, P = 0.015) may independently predict the overall survival (146, 147). A multicenter study also reported the prognostic values of pre-operative SII in the overall survival of both young (≤20 years) individuals (HR = 2.38, 95% CI = 1.02-5.56, P = 0.045) and older (60-80 years) individuals (HR = 2.42, 95% CI = 1.03-5.68, P = 0.043) with osteosarcoma (148). In addition to SII, the lung immune prognostic index (LIPI), calculated by serum lactate dehydrogenase (LDH) and neutrophil to lymphocyte ratio (NLR), was also proven to predict the metastasis (HR = 1.864, 95% CI = 1.11-3.13, P = 0.018) of osteosarcoma (149). Moreover, studies included 133 individuals with osteosarcoma reported that the pre-treatment Naples prognostic score (NPS), composed of serum albumin level, serum total cholesterol (TC), lymphocyte-to-monocyte ratio (LMR), and neutrophil-to-lymphocyte ratio (NLR), was able to predict the overall survival (HR = 5.87, 95% CI = 1.03-6.43, P < 0.001; HR = 6.55, 95% CI = 1.15-13.62, P < 0.001) and PFS (HR = 5.27, 95% CI = 1.02-11.49, P < 0.001; HR = 6.78, 95% CI = 1.23-10.58, P < 0.001), and was significantly related to tumor location (P = 0.009), Enneking stage (P < 0.001), pathological fracture (P = 0.005), local recurrence (P < 0.001), and metastasis (P = 0.003) (150). The studies related to the clinical roles of neutrophils are summarized in Table 1.


Table 1 | Studies focusing on the clinical roles of neutrophils in osteosarcoma.







Neutrophils in the surgery of osteosarcoma

In the treatment of osteosarcoma, surgical resection is the most critical treatment strategy. However, even after the surgical procedure, patients with osteosarcoma may also face a high risk of postoperative metastasis (151). Recent studies reported that the postoperative metastasis was partly driven by the immune response caused by infection, tissue damage, and cell injury, and the surgical procedure of osteosarcoma is the major cause, due to the extensive tissue resection and reconstruction (152). Even after surgery, the tissue healing process also activates systemic inflammatory reaction, which establishes a favorable microenvironment for tumor growth and metastasis (153). Neutrophils may play critical roles in this kind of acute inflammatory response (Figure 4).




Figure 4 | Post-surgical Neutrophil Activation and Its Implications in Osteosarcoma Metastasis. The post-operative surge in neutrophil activity following osteosarcoma surgery, showcasing the release of damage-associated molecular patterns (DAMPs) and subsequent neutrophil chemotaxis. It suggests a model where surgical stress-induced NETosis and the formation of pre-metastatic niches in distal organs are potential drivers of tumor cell dissemination.



After the surgical procedures of osteosarcoma, the extensive trauma caused by surgery may result in high levels of release of intracellular factors and cytokines, which may initiate the immune response and naturally increase the circulation neutrophil counts (154). The damaged cells after surgery expressed increased levels of damage-associated molecular patterns (DAMPs), groups of cellular components including ATP, DNA, cytokines, and so on (155). DAMPs in the local tissues may attract the circulation of neutrophils and contribute to the activation of neutrophils (116). A recent study reported that with the cell destruction, mitochondrial DNA (mtDNA) was released into circulation, and attracted neutrophils to format the pre-metastatic niche, which indicated the roles of neutrophils in the surgery-induced osteosarcoma metastasis (156).

Facing the extensive simulation, the NETosis of neutrophils would be activated. Previous studies have proven that after major surgeries, especially the large removal and reconstruction in tumor surgeries, the NETs markers in circulation may significantly increase (157, 158). Additionally, the intraoperative surgical vascular occlusion and hypoxia in the surgery procedures may also contribute to NETosis (159). The extensive release of NETs may finally promote the metastasis of tumors and result in the failure of radical surgery.





Potential treatments based on neutrophils

How to benefit the patients more by targeting neutrophils? Many researchers have begun their explorations in the engineering and targeting of neutrophil strategies. Due to the limited recognition of the neutrophils in the cancer, especially in osteosarcoma, few studies about the neutrophil treatment in osteosarcoma have been reported. Here, we reviewed the progress and explorations in targeting and engineering neutrophils for cancer treatment to provide potential ways to treat osteosarcoma (Figure 5).




Figure 5 | Therapeutic Interventions Targeting Neutrophils in Osteosarcoma. These include neutralizing chemokine gradients that recruit neutrophils to the TME, pharmacological repolarization of TAN phenotypes using TGF-β inhibitors, and the innovative use of engineered neutrophils for precision drug delivery, highlighting the potential of these approaches to disrupt osteosarcoma progression and enhance therapeutic responses.



The recruitment of neutrophils in local tissues plays a significant role in tumor development and metastasis, so many studies tried to inhibit this process to achieve the goals of cancer therapy. Targeting CXCL/CXCR2 signaling has been reported as a potential treatment in cancer: by regulating neutrophil infiltration, CXCR2 inhibition, and interference may significantly suppress the tumor growth and prolong the survival of mice with tumor, as well as improve the quality of chemotherapy (160, 161). In addition to the direct effects on tumor development, anti-CXCR2 may also improve the effectiveness of PD-1 strategies, suppress the inflammatory microenvironment caused by neutrophils, and inhibit the formation of NETs (162). Similarly to CXCR2-related strategies, targeting CXCR4 may also have effects on tumor development by disturbing the recruitment of neutrophils (163). Additionally, many cytokines, proteins, and novel nanomaterial drugs, such as CEMIP (cell migration-inducing protein), IL-17, G-CSF-inhibiting antibodies, and colchicine, were reported to have a potential suppressive effect on neutrophil recruitment and have potential to become a treatment of cancers (164–166).

Due to the different phenotypes of TANs, researchers also tried to develop methods to repolarize pro-tumor TANs to anti-tumor TANs. As the TGF-β/Smad pathway is critical to the polarization of N2 TANs, some studies explored the potential strategies that may inhibit this signal, and usage of TGF-β receptor inhibitor and Smad3 inhibitor, as well as knockdown of Smad3, can effectively contribute to the repolarization to N1 phenotypes and enhance the anti-tumor effect of neutrophils (167). Similarly, enhancing the pathways that contribute to the polarization of TANs to anti-tumor phenotypes may also provide a potential effect on tumor suppression, such as interferon therapy (22). Recently, many new factors that may affect the repolarization of TANs were also reported, including Interleukin-1 receptor-associated kinase M (IRAK-M), nicotinamide phosphoribosyltransferase (NAMPT), novel TGF-β inhibitor, and proteins for inflammation resolution (168–170).

Trying to eliminate the effects caused by pro-tumor TANs may also be a potential intervention in targeting neutrophils for cancer treatments. Studies reported that by using STAT3 inhibitors, the activation of neutrophils was suppressed and turned into an anti-tumor phenotype (171). Targeting the angiogenesis effect of neutrophils may also inhibit the development and metastasis of tumors (172). A recent study also proved that inhibiting the FGF pathway could eliminate the neutrophil-activated effect on tumor cells (173). Moreover, many factors and proteins were found to have a regulatory impact on neutrophil activity by inhibiting specific pathways, such as fatty acid transport protein 2 (FATP2) inhibitor, HDAC inhibitor, leukotriene-generating enzyme arachidonate 5-lipoxygenase (Alox5) inhibitor, and so on (174, 175).

Targeting NETs is also a potential strategy. Targeting the protein structures of NETs, previous studies tried to use DNase I and (protein-arginine deaminase 4) PAD4 inhibitors, as well as laminin antibodies, to inhibit the protective roles of NETs in tumor progress (176). Due to the unstable nature of these inhibitor proteins, some nanomaterials were designed to precisely release the protein inhibitors at the accurate tumor location, which has achieved satisfactory effects (177). Similarly, studies also reported the exploration of targeting NETs-DNA. By designing cationic materials that may inhibit the interaction between NETs-DNA and CCDC25, researchers significantly reduced the infiltration of NETs-DNA and suppressed the metastasis of tumors (178).

Based on the characteristics of neutrophils that neutrophils may release cargo in certain microenvironments, engineering neutrophils were also considered as a potential treatment for tumors. Recent studies have reported that neutrophils may be engineered as cell drug delivery systems to transport chemotherapy drugs, photosensitizers, photothermal agents, and so on to tumor tissues efficiently and safely (179, 180). Neutrophil membranes have also been engineered for novel therapy strategies for tumors. The cell membranes derived from different cells have similar structures and functions to their derived cells, which were considered to have the potential to interact with tumor cells and to deliver drugs accurately (181). Recent studies designed the neutrophil membranes loaded celastrol (CLT), paclitaxel (PTX), and so on to treat cancer and achieved significant anti-tumor efficacy (182, 183). It was also proven that irreversible electroporation may induce the attraction of neutrophils and then improve the drug delivery effectiveness mediated by neutrophils (184). Additionally, neutrophil-derived extracellular vesicles (EVs) were also considered as potential platforms for drug delivery. Due to the inflammatory chemotaxis of neutrophil-derived EVs, EVs may automatically migrate to the inflammatory site, as well as tumor location (185). Engineered neutrophil-derived EVs may directly kill tumor cells and regulate TME by carrying drugs, miRNAs, and cytotoxic factors such as doxorubicin, granzyme, perforin, and so on (186, 187).

In addition to normal engineered neutrophil systems, many other engineered strategies based on neutrophils have also been developed. A recent study developed a two-pronged delivery system to inhibit the effect of neutrophils in TME by both eliminating NETs and reducing mitochondrial biogenesis (188). The design of this strategy was based on the positive feedback loop that hypoxia caused by exceeding mitochondrial activity may promote the formation of NETs and NETs may positively contribute to the mitochondrial metabolism. It was also reported that a drug delivery system based on a platelet-neutrophil hybrid Membrane may achieve efficient drug delivery guided by neutrophil-related inflammatory microenvironment and enhance the anti-tumor effect of macrophage (189).

However, the challenges and potential side effects associated with neutrophil-related therapies should also be noticed. Usually, chemokine inhibitors and chemokine receptor inhibitors were usually employed to achieve the strategies targeting on the recruitment, repolarization, pro-tumor effect, and NETosis (162). The human chemokine system is characterized by its intricate and diverse nature. The inhibition of a pivotal chemokine receptor could potentially result in significant adverse effects (72). Moreover, the redundancy inherent in chemokines and their receptors necessitates the use of appropriate initiating doses and metabolic stabilizers for the antagonists to be effective. This requirement significantly constrains the development of chemokine receptor antagonists and their clinical efficacy (190). Consequently, there is a pressing need to optimize chemokine receptor antagonists in future research and development endeavors. Moreover, we have to further explore the effects of neutrophil subtypes. As neutrophils play a critical role in innate immunity, broad targeting of these cells can increase the risk of infections and other diseases (98). Therefore, therapies must be tailored to minimize off-target effects on normal neutrophil functions. Engineered neutrophil systems may achieve more satisfactory effect due to their ability in precision targeting, immunomodulation, and rapid response (187). They can be designed to deliver drugs directly to the tumor site, increasing the efficacy of chemotherapy and reducing systemic side effects (173). Despite these advantages, their stability within the complex in vivo environment can be a concern, potentially affecting their therapeutic efficacy. Ensuring biocompatibility to avoid adverse immune responses is also a significant hurdle (173).

In summary, while neutrophil-based therapeutic strategies show promise in the fight against cancer, they also present significant scientific and technical challenges. Future research must focus on overcoming these hurdles, refining these therapies to maximize their efficacy and minimize adverse effects, and identifying biomarkers that can predict treatment response. This will be crucial in translating these innovative approaches into clinical practice, offering new hope for cancer patients.





Challenges and perspectives

With the development of single-cell sequencing, the roles of neutrophils in tumor development and metastasis are gradually recognized and understood. However, their involvement in bone cancer, specifically osteosarcoma, remains relatively understudied compared to other types of tumors. Recent research has partly demonstrated the roles of neutrophils in osteosarcoma, but the specific roles of neutrophils in osteosarcoma, including the interaction with bone cells (osteoclasts and osteoblasts), the communication with immune cells, and the effects of NETs, were still not fully understood. Moreover, further engineering and targeting therapies based on neutrophils were still limited.

In the future, further research is needed to elucidate the complex interplay between neutrophils and tumor cells in osteosarcoma, as well as to identify novel therapeutic targets to modulate neutrophil function and improve patient outcomes. Single-cell transcriptomics allows for a detailed analysis of the transcriptomic profiles of neutrophils in different osteosarcoma subtypes (191). By comparing the gene expression profiles of N1 and N2 neutrophils in various osteosarcoma subtypes, we can gain insights into the molecular mechanisms underlying their polarization and function. This can be optimized by using advanced computational methods to analyze the single-cell data and by integrating the data with proteomic and metabolomic profiles. Moreover, given the role of exosomes and other extracellular vesicles in cell-cell communication, future research should focus on their role in neutrophil-bone cell interactions (187). Isolation and characterization of these vesicles from osteosarcoma subtypes can reveal novel biomarkers and therapeutic targets. Additionally, the development of preclinical models that accurately recapitulate the bone tumor microenvironment will be essential for advancing our understanding of neutrophil biology in osteosarcoma and translating these findings into clinical practice. Many models in bone metabolism research may achieve the regulation of different bone cells, such as B-hRANKL mice, B-hSOST mice, B-hRSPO1 mice, and so on (192). Integrating the bone-related diseases models, orthotopic osteosarcoma models and neutrophil models, we may further explore the potential mechanism of the neutrophils in osteosarcoma.





Conclusion

In this review, we tried to summarize the roles of neutrophils in osteosarcoma from various dimensions, including the NETs, TANs in immune TME, interaction between neutrophils and immune cells, clinical evidence of neutrophils in osteosarcoma, the roles of neutrophils in surgery, and the potential therapy based on neutrophils. Though the studies on neutrophils in osteosarcoma were still limited, taking inspiration from studies on neutrophils in other types of cancer can also provide valuable insights for future research on their role in osteosarcoma development.
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Introduction

Osteosarcoma (OS), a prevalent metastatic cancer among young individuals, is associated with a grim prognosis. Long non-coding RNAs (lncRNAs), including C1QTNF1-AS1, are pivotal regulators of cancer cell proliferation and motility. As an oncogene, C1QTNF1-AS1 is implicated in various tumor types, such as colorectal, pancreatic, hepatocellular carcinomas, and OS. The aim of this study was to investigate the functions and underlying mechanisms of C1QTNF1-AS1 in the progression of osteosarcoma.





Methods

This investigation focused on elucidating the functional roles and mechanisms of C1QTNF1-AS1 in OS cells. Bioinformatics tools were utilized to identify the interaction between microRNA miR-34a-5p and C1QTNF1-AS1, as well as the targeting of LDHA and PDK3 by miR-34a-5p. Dual-luciferase reporter assays and RNA immunoprecipitation were employed to validate these interactions. Expression profiles of C1QTNF1-AS1, miR-34a-5p, LDHA, and PDK3 in osteosarcoma cells were analyzed using RT-PCR and western blot analyses, revealing their intricate relationships. The impact of these molecules on OS cell proliferation, invasion, and migration was assessed through CCK-8, Transwell, and Cell scratch assay. Moreover, the effects on aerobic glycolysis in OS cells were examined by quantifying ATP levels, lactate production, glucose uptake capacity, and the extracellular acidification rate.





Results

The findings indicated a significant decrease in C1QTNF1-AS1 expression levels in OS cells compared to normal osteoblasts. A parallel downregulation trend of miR-34a-5p was also observed in OS cells. Silencing C1QTNF1-AS1 led to a marked upregulation of LDHA and PDK3 in OS cells, which was partially attenuated by miR-34a-5p mimics. Functional evaluations demonstrated that suppression of C1QTNF1-AS1 accelerated OS cell growth, motility, invasiveness, and the Warburg effect. Conversely, the overexpression of miR-34a-5p mitigated these stimulatory effects, suggesting a regulatory role in modulating OS progression.





Discussion

Our research emphasizes the critical role of C1QTNF1-AS1 in the pathogenesis of osteosarcoma (OS). We discovered that the downregulation of C1QTNF1-AS1 indirectly upregulates the expression of LDHA and PDK3 by suppressing miR-34a-5p, which functions as a regulator of the Warburg effect. This cascade of events promotes OS progression by enhancing glycolytic metabolism and supplying energy for cancer cell growth, migration, and invasion. These findings suggest a potential therapeutic target and highlight the importance of understanding the regulatory network involving lncRNAs in cancer metabolism and progression.
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1 Introduction

Osteosarcoma, commonly abbreviated as OS, represents a highly aggressive form of connective tissue malignancy characterized by the capability of cancerous cells to produce bone and osteoid tissues (1). It is the leading primary malignancy affecting bone tissues. Posing significant challenges for treatment due to its aggressive nature and propensity for dissemination (2). OS continues to yield poor patient outcomes despite rigorous therapeutic interventions (3). Consequently, there is an urgent need to unravel the intricate molecular mechanisms underpinning OS development, identify novel biomarkers to facilitate early diagnosis, and explore innovative therapeutic strategies to address this formidable disease.

To elucidate the Warburg effect, it implies that cancer cells, under hypoxic conditions, favor lactate fermentation over oxidative phosphorylation for energy generation (4). This metabolic shift is marked by intensified glycolysis, augmented glucose consumption, escalated lactate excretion, and decreased oxygen utilization within tumor cells (5, 6). Extensive research has confirmed the manifestation of the Warburg effect in cancer cells, emphasizing its pivotal contribution to tumor progression and expansion. This phenomenon underscores the metabolic reprogramming of tumor cells, pivotal for their survival and aggressive growth.

PDK3, or pyruvate dehydrogenase kinase isoform 3, serves as a key regulator of intracellular energy metabolism, particularly within tumor cells (7). By inhibiting pyruvate dehydrogenase activity, PDK3 exerts a pronounced influence on the metabolic profile of cancer cells (8). This enzyme plays a central role in perpetuating the Warburg effect, a phenomenon intimately tied to energy metabolism and tumor cell vitality (9). Meanwhile, lactate dehydrogenase A (LDHA), a pivotal player in intracellular lactate dynamics, is intricately linked to both glycolysis and the Warburg effect (10). As a gene and enzyme implicated in glycolysis, LDHA facilitates the generation and accumulation of lactate, thereby bolstering cell survival and proliferation (11). This metabolic pathway is fundamental to cellular energy procurement and, as previous investigations have attested, is a hallmark of OS, underscoring its critical role in the disease.

Long non-coding RNAs (lncRNAs), comprising RNA molecules longer than 200 nucleotides without protein-coding capability, pervade the human genome (12). These transcripts exert substantial influence on the initiation, progression, and development of tumors, either bolstering or retarding these processes (13, 14). For example, FEZF1-AS1, through its interaction with miR-4443, modulates the NUPR1-axis, thereby fostering the development of OS (15). In breast cancer, augmented levels of C1QTNF1-AS1 perturb growth, invasion, and dissemination of cancer cells by regulating various signaling cascades, such as Wnt/β-catenin, PI3K/Akt, and NF-κB (16–19). Likewise, in lung cancer, high expression of C1QTNF1-AS1 orchestrates critical cellular functions, including proliferation, invasion, and angiogenesis, by targeting genes like EGFR, HIF-1α, and VEGF (20–22). However, the precise function of C1QTNF1-AS1 in OS remains an enigma, necessitating further investigation.

MicroRNAs (miRNAs), consisting of approximately 22 nucleotides, are single-stranded, non-coding RNAs that have garnered substantial research attention (23). miR-323a-3p, for instance, amplifies LDHA expression, thereby augmenting lactate generation and fostering metastatic and invasive capabilities in osteosarcoma (24). Conversely, miR-199b-3p retards the expansion of OS by targeting PDK1 (25). Notably, miR-34a-5p exhibits abnormal expression patterns in OS cells, and its levels are intimately tied to cellular responsiveness, tumor stage, lung metastasis potential, and patient prognosis (26, 27).

Competitive endogenous RNA (ceRNA) are RNA molecules that modulate gene expression by interacting with microRNA (miRNA) (28). This class includes various types such as mRNA, lncRNA, pseudogenes, and circRNA (29). The ceRNA mechanism centers on the “sponge effect,” where these molecules bind to miRNA, preventing it from binding to and inhibiting target mRNAs (30, 31). This interaction is based on complementary sequences between ceRNA and miRNA targeting sites (32). The biological significance of ceRNA lies in its role within a gene regulatory network, where ceRNAs compete for miRNAs, creating a complex regulatory system (33). This discovery enhances our comprehension of RNA functions and gene regulation, offering insights into disease mechanisms.

The study unveiled intriguing findings regarding the roles of C1QTNF1-AS1 and miR-34a-5p in OS cells. Specifically, it was observed that both C1QTNF1-AS1 and miR-34a-5p exhibited reduced expression levels in OS cells compared to normal osteoblasts. Furthermore, silencing C1QTNF1-AS1 led to a marked enhancement in OS cell proliferation and the Warburg effect, a phenomenon wherein cancer cells preferentially utilize glycolysis for energy generation even in the presence of oxygen. Bioinformatics analysis illuminated a potential interaction between C1QTNF1-AS1 and miR-34a-5p, suggesting that they partially base pair. Moreover, it was hypothesized that LDHA and PDK3, enzymes implicated in glycolysis and energy metabolism, could be target genes of miR-34a-5p. This interaction was subsequently validated using dual-luciferase reporter assays. The study delved deeper into the underlying mechanisms by exploring whether suppressing C1QTNF1-AS1 indirectly elevated LDHA and PDK3 expression levels through downregulation of miR-34a-5p. This, in turn, was postulated to influence the Warburg effect and accelerate tumor progression.

The research provides valuable insights into the complex interplay between lncRNAs, miRNAs, and their target genes in modulating cancer cell behavior. By shedding light on the regulatory mechanisms governing glycolysis and energy metabolism in OS cells, this study opens new avenues for the development of targeted therapies aimed at disrupting these pathways and ultimately retarding tumor growth and progression.




2 Methods



2.1 Cell culture and reagents

Human osteosarcoma cell lines (including MG63, Saos-2, U2OS and HOS) and normal osteoblasts (HFOB1.19) were obtained from the ATCC Cell Bank located in Manassas, Virginia, USA. These cells were cultivated in Eagle’s medium supplemented with 10% fetal bovine serum sourced from Thermo Fisher Scientific (Manassas, VA, USA), along with 0.1% penicillin and 0.1% streptomycin procured from Invitrogen (Carlsbad, CA, USA). All osteosarcoma cell lines were cultured at 37°C, whereas the HFOB1.19 cells were maintained at 34°C. All cells were incubated in an environment containing 5% carbon dioxide.




2.2 Bioinformatics analysis

The dataset GSE42352 originates from the Gene Expression Omnibus (GEO) database, which is accessible at http://www.ncbi.nlm.nih.gov/geo. The downloaded data comprised 84 disease samples and three healthy controls. The SangerBox platform (http://sangerbox.com) and the limma package (version 3.46.0, Linear Models for Microarray Data, from Bioconductor) were utilized to analyze the two sample groups.




2.3 Database analysis

Data pertaining to potential target genes of miR-34a-5p were acquired utilizing the online software tools TarBase (accessible at https://dianalab.e-ce.uth.gr), miRDB (located at https://mirdb.org), and TargetScan (found at https://www.targetscan.org). Analysis conducted with RNAhybrid and miRanda indicated that C1QTNF1-AS1 targets miR-34a-5p. Furthermore, predictions from TargetScan, miRanda, and miRWalk databases suggested that LDHA and PDK3 are potential targets of miR-34a-5p.




2.4 Real-time quantitative PCR

In accordance with the manufacturer’s protocol, RNA extraction from osteosarcoma cell lines including MG63, Saos-2, U2OS and HOS was accomplished using the TRIzol reagent sourced from Thermo Fisher Scientific. Subsequently, the RNA samples were reverse transcribed into cDNA using the PrimeScript RT Kit provided by Takara. Gene expression levels were then quantified via qRT-PCR on an ABI7500 Quantitative PCR instrument from ABI Corporation, employing the SYBR Prex Ex Taq II Kit also from Takara. GAPDH served as the stable reference gene for normalization during the analysis.




2.5 Western blotting

Total protein extraction was carried out using RIPA buffer (Sigma) supplemented with a protease inhibitor from Roche. The extracted proteins were then resolved on a 12% SDS-PAGE gel. After electrophoresis, the proteins were transferred to membranes which were subsequently blocked with 5% skim milk for an hour. Overnight incubation with the primary antibody at 4°C was followed by rinsing the membranes with TBST. Subsequently, the membranes were incubated with secondary antibodies and washed again with TBST. Luminescence was detected using an ECL detection kit from Share-bio. For quantification, densitometric analysis of the immunoblotted proteins was conducted utilizing ImageJ software.




2.6 Cell count kit-8 test

Following transfection, U2OS and MG63 cells were plated in 96-well plates at a concentration of 3,000 cells per well. Each well received 10μL of CCK-8 solution (Dojindo Molecular Technologies) and was incubated at 37°C with 5% CO2 for 0, 24, and 48 hours. The optical density at 450 nm was then determined using a BioTek microplate reader. The findings reflect three separate trials.




2.7 Cell transfection

Cells with C1QTNF1-AS1 knockdown (si-lnc) and those with a negative control (si-NC) were produced. GenePharma (Shanghai, China) supplied the miR-34a-5p mimic (miR-mim) along with its control (miR-NC). Lipofectamine 3000 reagent (Invitrogen) was utilized for transfection, following the guidelines provided by the manufacturer.




2.8 Measurement of glucose metabolism, lactate production, and intracellular ATP levels

The rate of glucose metabolism was assessed using the colorimetric glucose uptake test kit provided by Sigma-Aldrich. The determination of intracellular ATP concentration was carried out according to the protocol provided by Promega Corporation (Madison, Wisconsin, USA), using their ATP Assay Kit. Fluorescence measurements of bioluminescence were taken using a fluorometer produced by Perkin Elmer located in Waltham, Massachusetts, USA. ATP levels were calculated based on the standard curve method. Furthermore, the extracellular lactate levels were measured utilizing a lactate assay kit sourced from BioVision (Zurich, Switzerland), in accordance with the manufacturer’s protocol. All measurements were normalized to the cellular protein levels. The experiment was independently replicated three times.




2.9 Transwell assay

A matrix-coated 24-well span chamber (8μm aperture) was prepared for cell invasion assays. U2OS and MG63 cells were incubated in a serum-free medium in the upper chamber. The lower chamber received medium with 10% FBS. Following a 48-hour incubation period, the cells that had migrated to the lower chamber were treated with methanol and stained using a 0.1% crystal violet solution. The invading cells were examined using an Olympus inverted microscope.




2.10 Cell scratch assay

Cell scratch tests were utilized to evaluate the movement of OS cell lines. Once the U2OS and MG63 cells achieved 90% confluence in 24-well plates, a sterile plastic tip was used to scrape the monolayer, followed by two washes with phosphate-buffered saline (PBS) to eliminate cell debris. The cells were then incubated in complete growth medium. Ultimately, the cells that moved to the damaged region were gathered at 0 and 24 hours following the initial scratch and examined using an inverted microscope (Olympus) for each injury. The relative distances of the cell scratches were analyzed using ImageJ software.




2.11 Dual-luciferase activity measurement

A dual-luciferase reporter assay was conducted by inserting either wild-type or mutant lncRNA-C1QTNF1-AS1/LDHA/PDK3 into the pmirGLO vector (Universal Biotech, China). MG63 cells were planted in 48-well plates at a concentration of 5×104 cells per well. For 48 hours, the luciferase reporter plasmid along with miR-34a-5p mimic or mimic-NC were introduced using Liposome 3000 (Invitrogen). The activities of firefly and Renilla luciferase were evaluated using a dual-luciferase reporter assay kit from Promega, USA. The activity of Firefly luciferase was adjusted relative to that of Renilla luciferase. Every test was conducted three times.




2.12 Measurement of glycolysis

The extracellular acidification rate (ECAR) of cultured cells was measured using an XF96 metabolic flux analyzer from Seahorse Biosciences, located in Billerica, MA, USA, in accordance with the manufacturer’s instructions. Briefly, 80 µL of a suspension containing 3 × 10^4 target cells were dispensed into each well of an XF96 96-well plate provided by Seahorse Biosciences and incubated overnight at 37°C. The XF sensor box, manufactured by Seahorse Bioscience, was prepared with XF calibration solution and left to incubate overnight at 37°C, without the addition of CO2. On the subsequent day, the standard medium was replaced with XF assay-adapted DMEM (containing 1 g/mL glucose, pH 7.4; sourced from Seahorse Biosciences), and the cells were further incubated for an hour at 37°C in a CO2-free environment. Sequential additions of 10 mM glucose, 1 mM oligomycin (provided by Sigma-Aldrich), and 80 mM 2-deoxyglucose (D8375; Sigma-Aldrich) were made to assess ECAR. The obtained data were analyzed using XFe Wave software, also provided by Seahorse Biosciences.




2.13 RNA immunoprecipitation assay

This study employed the RIP Kit manufactured by Bersinbio Company (Guangzhou, China), adhering strictly to the manufacturer’s operating instructions, to assess the interactions among LDHA, PDK3, miR-34a-5p, and the AGO2 protein. During the experimental procedure, cells subjected to oxidative stress were initially washed with phosphate-buffered saline (PBS). Following this, cell lysis was conducted in RIP buffer supplemented with proteasome inhibitors. The resultant lysate was then co-incubated overnight with antibodies specifically targeting the AGO2 protein or with control IgG antibodies, to facilitate the formation of RNA-protein complexes. Subsequently, these complexes were bound to protein A/G magnetic beads and subjected to proteinase K treatment to eliminate the protein components. Ultimately, the purified RNA was analyzed using qRT-PCR.




2.14 Statistical analysis

Data were analyzed and graphed using GraphPad Prism 9 (version 9.4.0). Data are presented as mean ± standard deviation, and group differences were analyzed using the t-test Or the One-way test. A p-value of less than 0.05 was considered statistically significant.





3 Results



3.1 C1QTNF1-AS1 expression was significantly downregulated in OS cells

The SangerBox platform was utilized to analyze gene expression profiles from the GSE42352 dataset on GEO, aiming to pinpoint genes with differential expression in OS cells. Differentially expressed genes between OS cells and normal osteoblasts were identified using the limma package (log FC > 1 and p < 0.05) and volcano and heatmap plots were prepared in The R Project for Statistical Computing (R version 4.4.0) (Figures 1A, B). Among these differentially expressed genes, C1QTNF1-AS1 was significantly downregulated in OS cells compared to that in normal osteoblasts (Figure 1C). Initially, we assessed the expression levels of C1QTNF1-AS1 in both osteoblasts (HFOB 1.19) and various osteosarcoma cell lines (Saos2, MG63, HOS, and U2OS) through qRT-PCR analysis. The findings indicated that C1QTNF1-AS1 expression was notably reduced in osteosarcoma cell lines relative to normal human osteogenic cell lines, with a marked decrease observed in MG63 and U2OS cell lines (Figure 1D).




Figure 1 | The levels of LncRNA‐C1QTNF1-AS1 are reduced in OS. A volcano plot showcasing the LncRNA with differential expression in GEO datasets (A). A heatmap illustrating the variably expressed LncRNA in GSE42352, sourced from the GEO database (B). Expression of LncRNA C1QTNF1-AS1 in normal cells and OS cells of dataset (C). Quantitative real-time PCR (D) was employed to measure the levels of LncRNA-C1QTNF1-AS1 in U2OS, Saos2, MG63, and HOS cells compared to hFOB1.19 cells. Results are shown as average ± standard deviation. **P<0.01, ***P<0.001.






3.2 Silencing of C1QTNF1-AS1 significantly promoted OS cell development and the Warburg effect in vitro

To investigate the precise role of C1QTNF1-AS1 in osteosarcoma cells, we created a cell line with C1QTNF1-AS1 knocked down (si-lnc) and a corresponding negative control (si-NC). The results of the CCK-8 proliferation assay (Figure 2A), cell scratch tests (Figures 2B, C), along with the Transwell experiment (Figures 2D, E) demonstrated that reducing C1QTNF1-AS1 levels enhanced the growth, movement, and invasive capabilities of MG63 and U2OS cells. The Warburg effect is essential for tumor progression and aids in the proliferation of cancer cells. We investigated the potential correlation between C1QTNF1-AS1 and the Warburg effect in the development of osteosarcoma (OS) by examining glucose levels, ATP production, and lactate production in the supernatants of OS cell cultures. To ascertain whether the silencing of C1QTNF1-AS1 contributes to the regulation of aerobic glycolysis, we utilized a metabolic flux analyzer to measure extracellular acidification rates (ECAR). Our research revealed that the silencing of C1QTNF1-AS1 led to a substantial increase in ATP production (Figure 2F) and lactate production (Figure 2G) in MG63 and U2OS cells. Simultaneously, it notably decreased the glucose levels in the supernatants of these cells (Figure 2H), indicating that the cells consumed more glucose. Furthermore, we found that the knockdown of C1QTNF1-AS1 resulted in enhanced glycolysis levels in U2OS and MG63 cells (Figure 2I). Taken together, these data suggest that the silencing of C1QTNF1-AS1 promotes aerobic glycolysis in OS cells.




Figure 2 | LncRNA-C1QTNF1-AS1 exhibits inhibitory effects on the progression of osteosarcoma (OS) in laboratory conditions. The CCK-8 assay was utilized to evaluate the growth rate of OS cells following the inhibition of C1QTNF1-AS1 (A). The migration capability of cells after C1QTNF1-AS1 knockdown was assessed through a cell scratch assay (B, C). The invasive potential post-inhibition of C1QTNF1-AS1 was further examined using a Transwell assay (D, E). To gain insights into the metabolic alterations, ATP (F) and lactate production levels (G) in C1QTNF1-AS1 knockdown cells were measured using respective assays, while glucose concentrations in cell supernatants were determined via a glucose assay (H). To definitively determine the impact of C1QTNF1-AS1 silencing on glycolysis rates, the extracellular acidification rate (ECAR) was assessed using a metabolic flux analyzer (I). Results are shown as average ± standard deviation. *P<0.05, **P<0.01, ***P<0.001.






3.3 miR-34a-5p was identified as a direct target of C1QTNF1-AS1 and showed consistent expression trends in OS cells

In order to investigate how C1QTNF1-AS1 influences aerobic glycolysis in OS, we employed three gene prediction tools—TarBase, miRDB, and TargetScan—to identify mRNA candidates targeted by C1QTNF1-AS1.Intersection of the three databases revealed that only miR-34a-5p was associated with aerobic glycolysis (Figure 3A). The binding site of C1QTNF1-AS1 to miR-34a-5p was predicted using the RNAhybrid and miRanda algorithms, and a mutated sequence, mut, was designed. The dual-luciferase assay results showed that the miR-34a-5p mimic could bind to C1QTNF1-AS1 wild-type to increase luciferase activity compared to the expression of the NC mimic. Nonetheless, altering the binding site resulted in the miR-34a-5p mimic showing no notable impact on luciferase activity (Figure 3B). This suggested that miR-34a-5p attaches to C1QTNF1-AS1 at this location (Figure 3C). In order to investigate the connection between C1QTNF1-AS1 and miR-34a-5p in osteosarcoma cells, we created a stable cell line (si-lnc) and a negative control (si-NC). The qRT-PCR analysis indicated that miR-34a-5p levels in osteosarcoma cells decreased following the silencing of C1QTNF1-AS1 (Figure 3D).




Figure 3 | miR-34a-5p is an authentic target of LncRNA‐C1QTNF1-AS1.A Venn diagram illustrating the anticipated glycolysis-associated target genes of lncRNA C1QTNF1-AS1, derived from the TarBase miRDB, and TargetScan databases (A). Dual-luciferase reporter experiments were conducted on OS cells transfected with either miR-34a-5p UTR wild-type (WT) or mutant (MUT) forms, alongside lncRNA C1QTNF1-AS1 plasmid or a control plasmid (B). miR-34a-5p 3′‐UTR contains one predicted LncRNA C1QTNF1-AS1 binding site (C). Expression levels of miR-34a-5p in OS cells after transfection with either a negative control or a C1QTNF1-AS1 knockdown plasmid (D). Results are shown as the average ± standard deviation. Results are shown as average ± standard deviation. ***P<0.001.






3.4 miR-34a-5p suppressed the growth and progression of OS cells by modulating the Warburg effect

To explore the function of miR-34a-5p in osteosarcoma, this study constructed stable cell lines overexpressing miR (miR-mim) and negative controls (mim-NC) and performed CCK-8 proliferation assays. The results showed that increased expression levels of miR-34a-5p inhibited the growth of OS cells (Figure 4A). Transwell assay results indicated that elevated miR-34a-5p expression levels suppressed the invasion of OS cells (Figures 4B, C). Scratch assays demonstrated that overexpression of miR-34a-5p inhibited the migration of OS cells (Figures 4D, E). This study found that the overexpression of miR-34a-5p significantly reduced ATP production (Figure 4F) and lactate production (Figure 4G) in MG63 and U2OS cell lines, while significantly increasing the glucose level in the cell supernatant (Figure 4H). This indicated a reduction in glucose consumption by osteosarcoma cells. Metabolic flux analysis revealed that the overexpression of miR-34a-5p significantly decreased the extracellular acidification rate (ECAR) (Figure 4I) in both MG63 and U2OS cell lines, thereby inhibiting the Warburg effect. In summary, miR-34a-5p inhibited the proliferation, migration, and invasion of osteosarcoma cells, as well as aerobic glycolysis.




Figure 4 | Under laboratory conditions, miR-34a-5p has been demonstrated to inhibit the progression of osteosarcoma (OS). To investigate this, the proliferation rate of OS cells was assessed following miR-34a-5p overexpression using CCK-8 assays (A). Furthermore, the invasive potential of these cells with miR-34a-5p overexpression was evaluated through Transwell experiments (B, C). To determine the effect of miR-34a-5p overexpression on cell migration, scratch assays were conducted on the cells (D, E). Additionally, to assess the production of ATP and lactate in cells overexpressing miR-34a-5p, ATP levels (F), lactate levels (G), and glucose content in the cell supernatant (H) were measured using appropriate assays. Moreover, ECAR detection was performed to evaluate the glycolytic rate of the cells after miR-34a-5p overexpression (I). Results are shown as average ± standard deviation. *P<0.05, **P<0.01, ***P<0.001.






3.5 Silencing of C1QTNF1-AS1 promoted OS progression through miR-34-a-5p–mediated glycolysis

To deeply explore whether C1QTNF1-AS1 inhibits the development and progression of osteosarcoma cells by targeting miR-34a-5p, this study selected U2OS and MG63 cell lines for rescue experiments. By comparing the data from CCK-8 assays (Figure 5A), Transwell assays (Figures 5B, C), and cell scratch assays (Figures 5D, E), it was found that knockdown of C1QTNF1-AS1 significantly promoted the proliferation, migration, and invasion abilities of osteosarcoma cells, while the overexpression of miR-34a-5p partially reversed this effect. Similarly, the elevation of miR-34a-5p levels partially alleviated the impact of C1QTNF1-AS1 inhibition on the Warburg effect of osteosarcoma cells. Further confirmation of this effect was provided by measuring ATP production (Figure 5F), lactate production (Figure 5G), glucose consumption (Figure 5H), and ECAR (Figure 5I). Based on these results, this study revealed that inhibiting C1QTNF1-AS1 enhances the proliferation, migration, and invasion abilities of osteosarcoma cells by blocking the glycolysis driven by miR-34a-5p.




Figure 5 | Elevated levels of miR-34a-5p partially restore the oncogenic role suppressed by the downregulation of C1QTNF1-AS1 in osteosarcoma. CCK-8 tests (A), Transwell assays (B, C), and cell scratch tests (D, E) demonstrate that the overexpression of miR-34a-5p somewhat counteracts the enhancement of OS cell proliferation, invasion, and migration induced by the knockdown of C1QTNF1-AS1. Furthermore, assessments of ATP levels (F), lactate production (G), glucose consumption (H), and ECAR (I) indicate that the overexpression of miR-34a-5p also somewhat mitigates the impact of C1QTNF1-AS1 silencing on the Warburg effect in osteosarcoma cells. Results are shown as average ± standard deviation. *P<0.05, **P<0.01, ***P<0.001.






3.6 LDHA and PDK3 were identified as direct targets of miR-34a-5p and showed opposite expression trends in OS cells

The binding sites for LDHA, PDK3, and miR-34a-5p were predicted utilizing the TargetScan, miRanda, and miRWalk algorithms, and a mutated sequence (mut) was subsequently designed. The dual-luciferase assay revealed that the miR-34a-5p mimic attached to both wild-type LDHA and PDK3, resulting in a reduction in luciferase activity compared to the NC mimic expression. However, mutating the binding site rendered the miR-34a-5p mimic ineffective in altering luciferase activity (Figures 6A, B). These findings demonstrated that miR-34a-5p binds to LDHA and PDK3 at the predicted sites (Figures 6C, D). Furthermore, stable cell lines overexpressing miR-34a-5p (miR-mim) and a negative control (mim-NC) were established. The qRT-PCR analysis results indicated that the expression levels of both PDK3 and LDHA were significantly downregulated in osteosarcoma cells following the overexpression of miR-34a-5p (Figure 6E). Western blot analysis further confirmed this observation, demonstrating a significant decrease in the protein expression of PDK3 and LDHA in osteosarcoma cells due to the overexpression of miR-34a-5p (Figures 6F, G). RNA immunoprecipitation (RIP) experiments revealed that the enrichment levels of LDHA and PDK3 were significantly increased in the group overexpressing miR-34a-5p and targeting Argonaute2 (Ago2) (Figures 6H, I). These experimental data collectively demonstrated that miR-34a-5p inhibited the expression of LDHA and PDK3 by directly interacting with their 3′ untranslated regions (3′UTR).




Figure 6 | LDHA and PDK3 are authentic targets of miR-34a-5p. Dual-luciferase reporter experiments were conducted on OS cells transfected with either wild-type or mutant LDHA and PDK3 UTR, alongside miR-34a-5p plasmid or a control plasmid (A, B). The 3′-UTRs of LDHA and PDK3 both have a predicted binding site for miR-34a-5p (C, D). As demonstrated by qRT-PCR (E) and Western blot analyses (F, G), the expression levels of LDHA and PDK3 were assessed in osteosarcoma cells transfected with either a negative control plasmid or a plasmid overexpressing miR-34a-5p. RIP experiments were conducted using MG63 cell lysates with AGO2 or IgG antibodies. qRT-PCR results showed the relative enrichment of LDHA and PDK3 mRNA in cells transfected with miR-34a-5p mimics compared to those transfected with NC mimics (H, I). Results are shown as average ± standard deviation. **P<0.01, ***P<0.001.






3.7 Silencing of C1QTNF1-AS1 upregulates LDHA and PDK3 expression in OS cells through inhibition of miR-34a-5p

To explore the interactions between C1QTNF1-AS1, miR-34a-5p, LDHA, and PDK3 in OS cells, we constructed C1QTNF1-AS1 knockdown stable cell lines (si-lnc) and miR-34a-5p overexpression stable cell lines (miR-mim). As demonstrated by qRT-PCR (Figure 7A) and Western blot analyses (Figures 7B, C), the suppression of C1QTNF1-AS1 in OS cells led to a notable rise in LDHA and PDK3 levels. As demonstrated by qRT-PCR (Figure 7D) and Western blot analyses (Figures 7E, F), our rescue experiments revealed that elevating miR-34a-5p levels partially mitigated the enhancement induced by LDHA and PDK3 following the knockdown of C1QTNF1-AS1.




Figure 7 | Silencing of C1QTNF1-AS1 upregulates the expression of LDHA and PDK3 in osteosarcoma (OS) cells by inhibiting miR-34a-5p. The altered expression levels of LDHA and PDK3 in OS cells subsequent to C1QTNF1-AS1 silencing are demonstrated through qRT-PCR (A) and Western blot analysis (B, C). As illustrated by qRT-PCR (D) and Western blot analysis (E, F), overexpression of miR-34a-5p partially reverses the enhanced expression of LDHA and PDK3 that is observed following the knockdown of C1QTNF1-AS1. Results are shown as average ± standard deviation. *P<0.05, **P<0.01, ***P<0.001.







4 Discussion

OS, a common form of primary bone malignancy encountered in clinical practice, predominantly strikes adolescents and children and boasts the highest incidence rate among its kind. Characterized by rapid progression and a high tendency for metastasis (34). OS is considered a highly aggressive cancer. In the realm of cancer development, long non-coding RNAs (lncRNAs) occupy a pivotal position (35). This particular study delves into the functional roles and underlying mechanisms of the lncRNA, C1QTNF1-AS1, in the context of osteosarcoma. The findings of this investigation reveal that the inhibition or silencing of C1QTNF1-AS1 leads to an upregulation of LDHA and PDK3 expressions, a phenomenon mediated through the sequestration of miR-34a-5p. This observation underscores the intricate interplay between various regulatory elements within the cancer cell landscape.

The provided text discusses the role of C1QTNF1-AS1 in various types of cancer, including OS. It highlights that C1QTNF1-AS1 expression is reduced in certain cancer cells and that it inhibits multiple types of cancer by affecting proliferation, invasion, epithelial-mesenchymal transition, and apoptosis induction (36, 37). Additionally, C1QTNF1-AS1 counteracts the Warburg effect in hepatocellular carcinoma (38). The study confirms the function of C1QTNF1-AS1 in OS cells, showing that silencing C1QTNF1-AS1 promotes proliferation, migration, invasion, and the Warburg effect in OS cells. Overall, the findings indicate that C1QTNF1-AS1 is essential in the advancement of OS.

miR-34a-5p inhibits Thyroid cancer progression by restricting cell growth and spread and also hampers Head and neck squamous cell carcinoma development by targeting Flotillin-2 (39). In this research, miR-34a-5p was identified as a target of C1QTNF1-AS1, confirmed through dual-luciferase reporter tests. Our analysis revealed a significant association between the levels of miR-34a-5p and C1QTNF1-AS1 in OS cells. Functional assays confirmed that miR-34a-5p overexpression suppresses cell growth, movement, invasion, and the Warburg effect in OS cells. Rescue experiments showed that silencing C1QTNF1-AS1 led to increased OS cell growth, invasion, migration, and the Warburg effect by sequestering miR-34a-5p. These data indicate that C1QTNF1-AS1 regulates OS progression by adsorbing miR-34a-5p.

The Warburg effect plays a pivotal role in fostering the growth and progression of malignant tumors (40). This effect reveals a biological phenomenon wherein, despite ample oxygen availability, osteosarcoma cells preferentially obtain energy through glycolysis rather than through the normal oxidative phosphorylation pathway (41). This metabolic pattern not only provides the necessary energy and biosynthetic precursors for rapid tumor cell proliferation but may also promote tumor invasion and metastasis by altering the tumor microenvironment (42). The presence of the Warburg effect offers new avenues for osteosarcoma treatment. Firstly, researchers can target key enzymes in the glycolytic pathway, such as hexokinase and lactate dehydrogenase, to develop specific inhibitors. These inhibitors can effectively suppress the energy metabolism of tumor cells, thereby inhibiting their growth (43). Secondly, by exacerbating mitochondrial dysfunction and promoting mitochondria-mediated apoptosis, the survival capacity of tumor cells can be further compromised (44). Additionally, intervention in the Warburg effect may synergize with existing chemotherapeutic agents, enhancing the sensitivity of tumor cells to drugs and thus intensifying the efficacy of chemotherapy (45). The development of these therapeutic strategies not only promises to improve the survival rates of osteosarcoma patients but may also enhance their quality of life. Through in-depth investigation of the relationship between the Warburg effect and osteosarcoma, scientists are progressively unveiling the mechanisms of aberrant tumor metabolism, laying a solid foundation for future personalized and precision medicine approaches. With ongoing research, there is good reason to believe that further breakthroughs in the field of osteosarcoma treatment will be achieved, offering more hope and possibilities for patients.

Notably, lactate dehydrogenase A (LDHA), a pivotal enzyme in the final phase of this metabolic shift, is prevalent in multiple cancer cells and is intimately linked to tumor dimensions and clinical outcomes (46, 47). Pyruvate dehydrogenase kinase (PDK), with its four isoforms, contributes significantly to the emergence of the Warburg effect and balances glycolysis with oxidative phosphorylation (48, 49). Our study pinpointed LDHA and PDK3 as direct targets of microRNA-34a-5p (miR-34a-5p), validated through dual-luciferase reporter assays and RNA immunoprecipitation. Additionally, analyzing the expression patterns of C1QTNF1-AS1, miR-34a-5p, LDHA, and PDK3 in OS cells, along with rescue experiments, revealed that the silencing of C1QTNF1-AS1 upregulates LDHA and PDK3 levels in OS cells by sequestering miR-34a-5p.

In summary, this study elucidates the potential biomarker value of C1QTNF1-AS1 and miR-34a-5p in the early diagnosis of osteosarcoma. By quantitatively analyzing the expression levels of these two molecules in patients, early identification and diagnosis of osteosarcoma can be achieved, thereby facilitating timely and effective therapeutic interventions aimed at improving patient survival rates. Furthermore, the study reveals the unique metabolic characteristics of osteosarcoma cells, namely the Warburg effect. This research provides a novel perspective for the formulation of treatment strategies: 1. The restoration or enhancement of miR-34a-5p function can effectively inhibit the proliferation and invasiveness of osteosarcoma cells, and by modulating the expression of enzymes such as LDHA and PDK3, the metabolic profile of osteosarcoma cells can be altered. This lays the theoretical groundwork for the development of miR-34a-5p-targeted therapeutic approaches, potentially representing a novel method for treating osteosarcoma. 2. Suppressing the expression of LDHA and PDK3 in vivo can disrupt the metabolic pathways of osteosarcoma cells, thereby inhibiting their proliferation and invasiveness. This provides a basis for the development of targeted drugs against LDHA and PDK3. 3. Combining miR-34a-5p-targeted therapies with current conventional treatments for osteosarcoma may yield superior therapeutic outcomes. By restoring miR-34a-5p function or inhibiting LDHA and PDK3 activity, patient sensitivity to chemotherapy or radiotherapy can be enhanced, thus improving treatment efficacy and reducing side effects. In summary, this study offers new biomarkers for clinical diagnosis through an in-depth exploration of the mechanisms of action of C1QTNF1-AS1 and miR-34a-5p within osteosarcoma cells, reveals the metabolic characteristics of osteosarcoma, and provides new targets for treatment strategies as well as theoretical support for combination therapy. These findings offer novel insights and approaches for the clinical practice and treatment of osteosarcoma, promising better therapeutic outcomes and quality of life for patients with this condition.

The mechanism diagram of this study can be found in Figure 8.




Figure 8 | Silent lncRNA-C1QTNF1-AS1 promotes the expression of LDHA and PDK3 by adsorbing miR-34a-5p, indirectly regulating the Warburg effect and facilitating tumor development.
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Objective

The objective of this study is to conduct a bibliometric analysis on examining the current condition, areas of interest, and rising trends of immunotherapy for osteosarcoma (ITFOS), as well as its importance in associated research domains.





Methods

An extensive collection of academic papers on the use of ITFOS was obtained from the Web of Science between January 1, 2000 and October 20, 2023. Then, using a variety of tools like HisCite, VOSviewer, CiteSpace, and the bibliometrix package, a bibliometric study was carried out. This study included the collection of information on country, institution, author, journal, and keywords.





Results

A comprehensive analysis was undertaken on a total of 616 publications obtained from 247 journals, encompassing the contributions of 3725 authors affiliated with 831 institutes spanning across 43 countries/regions. Notably, China exhibited the highest quantity of published 277 (44.99%) articles on ITFOS. The most productive institution was Zhejiang University, with 26 (4.22%) publications. The author with the highest publication output was Tsukahara, Tomohide from Japan with 15 (2.44%) publications. The article with the most citation was “DOI: 10.1200/JCO.2014.58.0225”. Frontiers in Immunology demonstrated the highest level of productivity, having published a total of 31 (5.03%) articles. The most frequently used were “osteosarcoma,” “immunotherapy,” and “cancer,”. Meanwhile, “sequencing”, “prognostic signature” and “immune microenvironment“ have been identified as the research frontiers for the forthcoming years.





Conclusion

This paper provides a thorough evaluation of current research trends and advancements in ITFOS. It includes relevant research findings and emphasizes collaborative efforts among authors, institutions, and countries.
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Introduction

Osteosarcoma is the most common primary malignant bone tumor characterized by highly aggressive and metastatic behavior, accounting for approximately 56% of primary malignant bone tumors (1). It predominantly affects children and adolescents with a median age of 16 years and occurs most frequently in the metaphysis of long bones, including the distal femur and proximal tibia (2). According to the 5th edition of the World Health Organization (WHO) classification of bone and soft tissue tumors, osteosarcoma is classified into several subtypes, including low-grade central osteosarcoma, conventional osteosarcoma, telangiectatic osteosarcoma, small cell osteosarcoma, parosteal osteosarcoma, periosteal osteosarcoma, high-grade surface osteosarcoma, and secondary osteosarcoma (3). Surgical intervention is an important treatment modality for osteosarcoma. With the introduction of neoadjuvant chemotherapy, the combination of chemotherapy and surgery has improved the 5-year survival rate to 70% for non-metastatic osteosarcoma patients. However, for advanced and recurrent osteosarcoma patients, despite the incorporation of various chemotherapy regimens, the treatment outcomes have remained poor based on decades of research, with a 5-year survival rate of only 20% (4, 5). Consequently, there is an urgent need to explore novel treatment approaches that can fundamentally improve the prognosis of osteosarcoma. In recent years, researchers have made significant progress in the study of tumor immune responses, leading to the development of targeted therapies focusing on T cells or their receptors in the tumor microenvironment. One such example is the use of immune checkpoint inhibitors, such as PD-1/PD-L1 monoclonal antibodies, which have shown promising therapeutic effects in various types of tumors, including melanoma, lung cancer, and breast cancer (6–9). These successes have reignited the enthusiasm for tumor immunotherapy research. In the case of osteosarcoma, researchers have increasingly conducted basic research and clinical trials exploring the potential of immunotherapy due to the challenges faced in achieving standardized treatment for osteosarcoma patients.

In the field of science, bibliometric analyses are frequently used to evaluate published research and predict future trends. The field of bibliometrics examines the relationships between scientific fields, countries, organizations, authors, and publications by using mathematical and statistical approaches (9, 10). In recent years, significant advancements have been made in the study of ITFOS, yet a bibliometric analysis of this research is lacking. This study aims to conduct a bibliometric analysis of ITFOS research. By utilizing knowledge maps, scientists can efficiently analyze large datasets and gain insights into the development and emerging trends in this field. This methodology enhances the ability to identify research hotspots and allows for a comprehensive examination of research patterns. Furthermore, the analysis may offer valuable insights for future research projects and decision-making processes.





Materials and methods




Search strategy

Using the Web of Science Core Collection (WoSCC), a literature search was carried out at Dalian Municipal Central Hospital on October 20th, 2023. Use the following search parameters to find results: (((TS = (Osteosarcoma OR Osteosarcomas OR Osteosarcoma Tumor OR Osteosarcoma Tumors OR Tumor, Osteosarcoma OR Tumors, Osteosarcoma OR Sarcoma, Osteogenic OR Osteogenic Sarcomas OR Sarcomas, Osteogenic OR Osteogenic Sarcoma)) AND TS=(immunotherapy)) AND DT= (Article OR Review)) AND LA=(English). Articles that mentioned ITFOS or its synonyms in their title, abstract, or keywords were found as a result of the search query. Articles and reviews published between January 1, 2000, and October 20, 2023 were the only document kinds included in the search; publications earlier than January 1, 2000, case reports, meeting abstracts, editorial materials, and other document types were not included. Documents written in the English language were the only ones that met the inclusion criterion.





Data collection

On October 20, 2023, a literature search query was performed in order to retrieve data from the WoSCC. The information retrieved covered a wide range of features of the literature, including authorship, title, source, sponsorship, citation count, accession number, abstract, address, document type, and cited references. To aid further analysis, the data was collected in both txt and BibTex formats. Web of Science was used to obtain the H-index of the top 10 authors with the most publication output. Furthermore, the 2022 impact factor and Journal Citation Report category quartile of the ten key journals relevant to ITFOS were obtained from Web of Science.





Statistical analysis

HisCite (version 12.03.17), VOSviewer (version 1.6.18), CiteSpace (version 6.1.R3), and the bibliometrix package (version 3.2.1; https://cran.r-project.org/web/packages/bibliometrix/) based on R language (version 4.1.2) were used to analyze the bibliometric data. HisCite was used to calculate the total number of publications and citations for producing countries, institutions, and authors. In addition, using HisCite, the top ten papers with the highest citation count in ITFOS were discovered. The yearly count of publications was calculated using HisCite and graphically represented in the R programming language using the ggplot2 package (version 3.3.6; https://github.com/tidyverse/ggplot2). VOSviewer was used to identify the top 10 keywords with the highest occurrence, bibliometric coupling within journals, and clustering of the top 54 keywords. CiteSpace was also used to create a dual-map overlay of the journals connected with ITFOS. CiteSpace was used to assess the level of collaborative centrality among countries/regions, institutions, and authors. Following that, trend topic detection within the bibliomatrix program was used as an alternate methodology. This program was also used to build visual representations of publication volume and collaborative relationship networks. When analyzing different subjects, it’s important to choose appropriate tools based on their specific characteristics. For example, in clustering diagrams for keywords, countries, and authorses,sti algorithmic influence is minimalcei focus on the compactness and aesthetics, making VOSviewer a suitable choice. In contrast, Citespace is better for citation bursts, co-citation networks, and timelines. The bibliometrix R package provides intuitive visualizations for trend topics, while the interactive tool biblioshiny has limited interactivity. However, bibliometrix also allows for custom visualizations, such as keyword time heatmaps. These tool differences necessitate careful selection based on research objectives. To mitigate discrepancies from using different tools, we analyze identified trends or clusters with multiple tools and compare the results. If consistent trends are found across tools for the same keyword or topic, we consider these findings robust. In our final reports, we prioritize keywords or topics identified as hotspots across various analyses to ensure the reliability and generalizability of the results.






Results




Overview

A comprehensive search was conducted in the WoSCC database, resulting in the identification of 616 publications pertaining to ITFOS. The search period spanned from January 1, 2000, to October 20, 2023 (Figure 1).




Figure 1 | Hierarchical chart depicting the process of publication selection.



Among these publications, 469 were categorized as original articles, while 147 were classified as review articles. Notably, the frequency of ITFOS-related publications exhibited an irregular pattern, albeit showing an overall upward trend in terms of total citations (Figure 2).




Figure 2 | The yearly quantity and citations of publications pertaining to ITFOS.



It is worth mentioning that the proportion of original articles consistently surpassed that of review articles on an annual basis. The cumulative collection of published articles has garnered a total of 14355 citations, resulting in an average of 23.31 citations per article, which holds significant scholarly value.





Leading countries/regions

From January 1, 2000, to October 20, 2023, scholarly articles on ITFOS were disseminated across 43 countries/regions spanning six continents. Notable collaboration was observed among East Asia, North America, and Western Europe (Figure 3).




Figure 3 | The collaborative map of the country.



This study highlights the top 10 countries in terms of productivity in publishing articles on ITFOS. China emerged as the most prolific country, contributing 277 (44.99%) articles, followed by USA with 192 (31.17%) articles, Japan with 68 (11.04%) articles, Italy with 32 (5.19%) articles, and Germany with 25 (4.06%) articles. It is noteworthy that articles originating from the United States received the highest total number of citations, amounting to 6826, while articles from Germany had the highest average number of citations per article, with 57.16 (Table 1).


Table 1 | The top 10 countries/regions with the highest productivity.







Active institutions and authors

Through an extensive investigation, a total of 616 publications were identified, authored by 3725 individuals affiliated with 831 institutes across 43 countries/regions. Among the identified institutes, Zhejiang University in the China emerged as the most prolific, contributing 26 (4.22%) publications. This was followed by the Central South University, China with 22 (3.57%) publications, University of Texas MD Anderson Cancer Center, USA with 21 (3.41%) publications, Sapporo Medical University in Japan with 20 (3.25%) publications, and Shanghai Jiao Tong University, China with18 (2.92%) publications. Notably, among the top ten institutions, six were located in the China, three in USA, and one in Japan (Table 2).


Table 2 | The top 10 productive institutions.



The study also revealed four distinct clusters of institutional collaboration, with Zhejiang University, University of Texas MD Anderson Cancer Center, Nationwide Children’s Hospital and National Cancer Institute (NCI) exhibiting the highest level of collaboration (Figure 4A). Regarding authors, the most prolific author identified was Tsukahara, Tomohide, Japan with 15 (2.44%) publications, followed by Sato, Noriyuki, Japan with 13 (2.11%) publications, and Torigoe, Toshihiko, Japan, with 13 (2.11%) publications. Among the top ten most productive authors, four were affiliated with institutions in Japan, two with institutions in China, one with an institution in USA, one with an institution in Germany, and one with an institution in Australia. Notably, Gottschalk, Stephen from Germany had the highest H-index of 64 (Table 3).




Figure 4 | Collaborative clustering of institutions and authors. (A) Collaborative clustering of institutions. (B) Collaborative clustering of authors.




Table 3 | Top 10 productive authors.



The authors demonstrated a notable level of cooperation, as evidenced by the presence of five clusters. Torigoe, Toshihiko, Tsukahara, Tomohide, Canter, Robert J., Tao Huimin, and Lee, Dean A. displayed a significant degree of collaborative centrality (Figure 4B).





Core journals and references

A total of 43 journals have published research on ITFOS. Among these journals, Frontiers in Immunology demonstrated the highest productivity, publishing 31 (5.03%) articles related to ITFOS. This was followed by Frontiers in Oncology with 25 (4.07%) articles, Cancers with 20 (3.25%) articles, Journal for Immunotherapy of Cancer with 15 (2.44%) articles, and International Journal of Molecular Sciences with 11 (1.79%) articles. Notably, Clinical Cancer Research achieved the highest average citation rate, with an average of 74.40 citations per article (Table 4).


Table 4 | Top 10 core journals.



The dual-map overlay revealed a single citation pathway among the numerous inter-domain linkages between journals. Interestingly, publications in Molecular/Biology/Immunology were primarily referenced by publications in Molecular/Biology/Genetics (Figure 5A). Bradford’s Law, a bibliometric principle, describes the distribution of scientific literature in a specific field. It suggests that a few core information sources or journals contribute significantly to the published research in that field. In the context of ITFOS research, three clusters were identified, Frontiers in Immunology, Cancers, and Oncoimmunology emerged as the top three influential journals (Figure 5B).




Figure 5 | Analysis of journals. (A) The dual-map overlay of journals publishing studies on ITFOS. Citing journals are on the left, cited journals are on the right, and lines represent the citation relationship. (B) Bibliometric coupling within journals. Three clusters were identified based on journals that had published more than five articles.



Clusters located on the right-hand side, characterized by a higher incidence of red nodes, indicate a greater prevalence of recent references. The clusters labeled “#0” (TME) and “#2” (tumor-infiltrating lymphocytes) were found to be the most temporally proximate (Figure 6A). A list of the top 10 papers with the most citations can be found in (Table 5). The article with the most citation was “DOI: 10.1200/JCO.2014.58.0225”. Ahmed et al. conducted a study that evaluated the safety and efficacy of HER2-CAR T cells in cancer patients. They found that these cells can persist for 6 weeks without significant toxicities, paving the way for future studies that combine HER2-CAR T cells with other immunomodulatory approaches to enhance their expansion and persistence (11).




Figure 6 | Analysis of citations and references. (A) Timeline of co-cited references related to ITFOS. (B) Reference burst detection of the top 25 references with the strongest emergent strength.




Table 5 | Top 10 core literatures.



Moreover, reference burst detection was employed to identify research frontiers and emerging reference. The study examined the top 25 references with the most robust emergent properties. The reference “ doi: 10.3390/cells9040976” (21) “ doi: 10.1038/s41467-020-14646-w” (22) and “ doi: 10.1080/14737140.2018.1413939” (23) were identified as the most emergent reference in 2023 (Figure 6B).





An analysis of keywords

We presented the fifteen most frequently appearing keywords in ITFOS research after consolidating synonymous terms, with “ osteosarcoma “ being the most commonly referenced (Table 6).


Table 6 | Top 15 keywords by frequency.



An analysis of keyword co-occurrence among the top 43 keywords revealed the presence of five distinct clusters. The cluster consisting of “osteosarcoma,” “immunotherapy,” “cancer,” “chemotherapy,” and “blockade” exhibited the highest frequency of occurrence (Figure 7A). Furthermore, an examination of the trend topics from 2000 to 2023 identified “sequencing”, “prognostic signature” and “immune microenvironment “ as the research frontiers for the upcoming years (Figure 7B).




Figure 7 | Analysis of keywords. (A) Clustering of the top 43 keywords with the highest number of occurrences. (B) Trend topics from 2000 to 2023.








Discussion

As early as 1891, the potential of immunotherapy for the treatment of osteosarcoma was recognized (24). In recent years, new immunotherapy approaches have emerged rapidly, and the scope of treatment has been expanding, bringing a hopeful outlook for breakthroughs in osteosarcoma treatment, which has been stagnant for several decades (25, 26). Currently, a substantial body of preclinical experiments supports the significant potential of immunotherapy in the treatment of osteosarcoma. Furthermore, several clinical trials have been initiated, involving various aspects such as T cells and immune checkpoint inhibitors (27, 28). Therefore, we conducted a bibliometric analysis and found that China exhibited the highest quantity of published 277 (44.99%) articles on ITFOS. The most productive institution was Zhejiang University, with 26 (4.22%) publications. China and Zhejiang University lead in publication counts. Possible reasons include: Osteosarcoma is a highly heterogeneous malignant tumor with a complex pathogenesis involving multiple biological processes, prompting researchers to explore it in depth. The study of osteosarcoma involves multiple disciplines, including oncology, molecular biology, immunology, and pharmacology, which fosters interdisciplinary collaboration and innovation. Advances in technology, such as genomics, transcriptomics, and immunotherapy, provide new research tools and platforms that enhance the progress of osteosarcoma research. Furthermore, international collaboration is also significant, with many research institutions and teams engaging in joint efforts in the field, sharing resources and data to facilitate rapid scientific outcomes. Additionally, increased funding support from governments and academic institutions has led to growing attention on osteosarcoma research, enabling the implementation of related projects and boosting research output. Lastly, active academic exchanges through frequent conferences and forums offer researchers opportunities to share and showcase their findings, further promoting scientific development. The study also revealed four distinct clusters of institutional collaboration, with Zhejiang University, University of Texas MD Anderson Cancer Center, Nationwide Children’s Hospital and National Cancer Institute (NCI) exhibiting the highest level of collaboration. The benefits of closer collaboration between research institutions include: Resource sharing: Collaborative institutions can share equipment, data, and funding, which enhances research efficiency and reduces costs. Improved research quality: Through collaboration, research teams can gain broader perspectives and specialized skills, thereby increasing the rigor and credibility of their research. Accelerated translation of results: Close collaboration can shorten the time required to translate research findings into practical applications, facilitating rapid technology dissemination. Enhanced impact: Collaboration enables research institutions to better expand the influence of their findings and enhance their reputation within the academic community and society at large. The author with the highest publication output was Tsukahara, Tomohide from Japan with 15 (2.44%) publications. Frontiers in Immunology demonstrated the highest level of productivity, having published a total of 31 (5.03%) articles. The most frequently used keywords were “osteosarcoma,” “immunotherapy,” and “cancer,”. The trend in keyword frequency is identified by observing its growth or decline over time, thereby marking keywords with increasing frequency (emerging trends) or decreasing frequency (declining trends). “sequencing”, “prognostic signature” and “immune microenvironment” have been identified as the research frontiers for the forthcoming years. As predicted, research on “sequencing” (29, 30), “prognostic signature” and “immune microenvironment” (16, 31–36) in osteosarcoma has gained momentum, with the number of published studies increasing annually. These topics are expected to remain prominent in the near future. Zhong et al. developed a signature (ZNF583, CGNL1, CXCL13) to predict overall survival in osteosarcoma patients, focusing on the anoikis subcluster. This signature showed strong performance in external validation, with stratification revealing significant prognostic differences. It was identified as an independent prognostic factor (29). Wu et al. found that the TMEindex is a promising biomarker for predicting prognosis in osteosarcoma patients, assessing their response to immune checkpoint inhibitor (ICI) therapy, and distinguishing molecular and immune characteristics (34). The application of immunotherapy in osteosarcoma primarily involves two aspects: enhancing the patient’s own immune system response to the tumor and exogenously boosting the immune function of the patient.




Enhancing the patient’s immune function

The human immune system is highly complex, with various immune cells and factors working together to defend against external threats such as infections and tumors. Tumor cells can escape immune surveillance through mechanisms such as antigen concealment, downregulation of human leukocyte antigen (HLA) expression, release of inhibitory cytokines, recruitment of Treg cells, generation of bone marrow-derived suppressor cells, and promotion of tumor-associated M2 macrophages (37, 38). Therefore, enhancing the patient’s own immune function aims to eliminate tumor immune escape and reawaken the recognition of tumor cells by the body’s immune system, ultimately leading to tumor cell clearance.





Tumor vaccines

Tumor vaccines aim to induce an anti-tumor immune response in the human body by exposing tumor antigens. Currently, the most mature technology for tumor vaccines is the cervical cancer vaccine. Cervical cancer is predominantly induced by human papillomavirus (HPV), so cervical cancer vaccines are divided into preventive vaccines (targeting HPV infection) and therapeutic vaccines (exposing tumor antigens) (39, 40). Dendritic cell (DC) vaccines, as the main type of tumor vaccine, have been applied in various types of tumor treatment to eliminate tumor cells in refractory tumors. DC vaccines are commonly used in osteosarcoma treatment (41, 42).





Enhancing innate immunity

Recently, the role of innate immune cells in controlling tumor progression has been established. Innate immunity inhibits tumor progression by directly recognizing and killing tumor cells and triggering a strong adaptive immune response (43, 44). The cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway has gained significant attention due to its ability to activate the production of type I interferon, thereby enhancing anti-tumor immune responses (45). The application of STING (DMXAA, CDN, MSA-2, etc.) agonists in the treatment of osteosarcoma may be an effective strategy (46).





Improving the tumor microenvironment

The occurrence and development of tumors are closely related to changes in the surrounding tumor tissue environment, which occurs simultaneously. Tumor cells functionally shape the tumor microenvironment by secreting various cytokines, chemokines, and other factors. This microenvironment, in turn, influences the occurrence and development of tumors, known as the tumor microenvironment. The tumor microenvironment consists of various cells (such as macrophages, neutrophils, dendritic cells, bone marrow-derived suppressor cells, NK cells, T cells, B cells, tumor-associated fibroblasts) and abundant extracellular matrix (such as collagen, fibronectin, laminin, proteoglycans), as well as various cytokines (such as IL-1β, IL-6, IFN-γ, TGF-β) (47–49). Research on the tumor microenvironment of osteosarcoma has been ongoing, and in recent years, numerous studies have demonstrated that osteosarcoma-derived extracellular vesicle (EV) play a significant role in promoting widespread immune suppression. These EV can inhibit the activity of T cells and NK cells through various pathways, and can even induce T cell apoptosis. Furthermore, they enhance the activity of bone marrow-derived suppressor cells (MDSCs) to support immune evasion by osteosarcoma cells. These research findings highlight the importance of immune suppression mechanisms in the osteosarcoma microenvironment and provide new insights for the development of therapeutic strategies targeting this microenvironment (50).





Immune check point inhibitors

In recent years, researchers have developed targeted antibodies against cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1) or its ligand PD-L1. These immune checkpoint inhibitors have shown promising therapeutic effects in malignant tumors such as melanoma, lung cancer (51–53). PD-1/PD-L1 as immune therapy targets have ushered in a new era of immunotherapy and accelerated research on immune treatment for osteosarcoma. Studies have shown that blocking the interaction between PD-1 and PD-L1 with antibodies significantly improves the responsiveness of osteosarcoma to cytotoxic T lymphocytes (CTLs), leading to reduced tumor burden and increased survival rates in mouse models of metastatic osteosarcoma (54). Koirala et al (15) reported a significant association between PD-L1 expression and the presence of T cells, dendritic cells, and natural killer cells in osteosarcoma. While all examined immune cell types were present in osteosarcoma samples, only infiltration of dendritic cells (28.3% vs. 83.9%, p = 0.001) and macrophages (45.5% vs. 84.4%, p = 0.031) was correlated with worse five-year event-free survival (EFS). Furthermore, PD-L1 expression was significantly associated with poorer five-year EFS (25.0% vs. 69.4%, p = 0.014). In addition, blockade of the PD-1/PD-L1 axis has also been shown to enhance the chemotherapeutic efficacy of cisplatin in osteosarcoma (55). However, there are differing opinions as well. Le et al. conducted a phase II clinical trial in 17 patients with advanced osteosarcoma and found a progression-free survival rate of only 13.3% at 6 months. They concluded that the efficacy of PD-1 inhibition in immunotherapy for osteosarcoma is limited (56). CTLA-4 is expressed on the surface of regulatory T cells (Tregs) and memory T cells. Overexpression of CTLA-4 can competitively inhibit the CD28 co-stimulatory signal required for optimal T cell activation, leading to a loss of anti-cancer activity. Additionally, binding of CTLA-4 to CD80/86 on dendritic cells can result in functional suppression of dendritic cells (57).Ipilimumab, a monoclonal antibody targeting CTLA-4 developed in 2011, was approved by the U.S. Food and Drug Administration (FDA) as the first-line immunotherapy for the treatment of melanoma (58). A phase I clinical trial demonstrated that 25% of osteosarcoma patients achieved disease stabilization following treatment with ipilimumab (59).





Exogenous immune effector cells targeting osteosarcoma tissue

Enhancement of patient immune function through the infusion of immune cells, also known as adoptive cell-transfer therapy (ACT), is a primary approach for augmenting immune function (60). Tumor cells may downregulate the expression of their own HLA and tumor antigens, rendering them unrecognizable by T cells. Engineered T cells with high affinity for tumor-specific antigens, known as chimeric antigen receptor T cells (CAR-T cells) can recognize tumor cells independent of HLA presentation (61, 62). CAR-T cells have undergone extensive clinical trials for the treatment of hematological malignancies, achieving significant breakthroughs. In a clinical trial, CD22 CAR-T cells demonstrated an 80% response rate (24/30 patients) in the treatment of refractory or relapsed B-cell acute lymphoblastic leukemia, providing a valuable window of time for subsequent hematopoietic stem cell transplantation (63). Majzner et al (12) discovered that B7-H3 CAR T cells exhibited significant antitumor activity in vivo, leading to the regression of established solid tumors in xenograft models, including osteosarcoma, medulloblastoma, and Ewing sarcoma. Their findings revealed that the effectiveness of B7-H3 CAR T cells relied heavily on the high density of the target antigen on tumor tissues. Conversely, the activity of these CAR T cells was substantially reduced against target cells expressing low levels of the antigen. This observation suggests the potential for a therapeutic window, despite the low-level expression of B7-H3 in normal tissues. In osteosarcoma, primary bone tumors typically exhibit low mutation burden and are accompanied by rare naturally occurring anti-tumor T cells. Therefore, CAR-T cell therapy may be an effective strategy (64). Other adoptive cell transfer therapy approaches include CAR-NK cells and CAR-tumor infiltrating lymphocytes (TILs). Unlike T cells, NK cells are innate immune cells with cytotoxic and immunoregulatory functions (65, 66).

Since the 1970s, although there has been some improvement in the overall treatment of osteosarcoma, the therapeutic options remain limited, particularly for recurrent and metastatic osteosarcoma. Osteosarcoma cannot be cured with a single treatment. Experts from the SARC028 clinical trial indicate that resistance to immunotherapy may stem from PTEN inactivation, resulting in hyperactivation of the PI3K-AKT pathway. This highlights the necessity of a combination treatment strategy (67). Surgical interventions and conventional chemotherapy often yield unsatisfactory results (68, 69). In recent years, the rapid advancement of immunotherapy techniques, methods, and new drugs has brought new opportunities for the stagnant field of osteosarcoma treatment (70, 71). However, these opportunities come with challenges. Many preclinical studies suggest that immunotherapy may benefit osteosarcoma patients, but clinical trials of single-agent therapies often yield disappointing results, hindering effective treatment. Several promising drugs have faced setbacks, primarily because trials included advanced cases of osteosarcoma that had relapsed or metastasized after conventional chemotherapy. In such cases, patients often have severely compromised immune systems, limiting immunotherapy’s effectiveness. Additionally, the immune microenvironment in tumor patients is complex and dynamic, with tumor cells employing various mechanisms to evade immune therapies, making single-agent approaches often ineffective (36, 72). Meazza et al. confirmed the significance of complete surgical remission and noted a promising (though improvable) survival rate in this patient cohort, highlighting a potential role for immunotherapy using IL-2 and LAK/NK cell activation (73). Boye et al. conducted a phase 2 study of pembrolizumab in advanced osteosarcoma, which was well-tolerated but showed no significant antitumor activity. Future trials should explore combination strategies with immunomodulatory agents in patients selected by molecular response profiles (74). Tang et al. conducted a study showing that amrelizumab combined with adriamycin, cisplatin, methotrexate, and ifosfamide in neoadjuvant treatment for resectable osteosarcoma was safe and tolerable. While this combination may not enhance tumor necrosis rate (TNR), the long-term survival benefits require further investigation (75). Wang et al. found that co-delivering a gel with the αPD-1 checkpoint inhibitor significantly enhances effectiveness in an orthotopic osteosarcoma model. Immunophenotyping data indicate a notable increase in T-cell infiltration and improved anti-tumor immunity at the whole-animal level (76). These findings highlight the necessity for combination therapies that integrate various immunotherapeutic approaches along with surgery, chemotherapy, targeted small molecules, and other novel treatments to create optimal treatment regimens. This strategy is crucial for achieving breakthroughs in the comprehensive treatment of osteosarcoma patients. Numerous clinical trials based on this approach have yielded promising results. Additionally, challenges such as personalized immunotherapy selection, immunotherapy resistance, and drug toxicity should also be addressed (Figure 8).




Figure 8 | Targeted immunotherapy for osteosarcoma. The application of immunotherapy in osteosarcoma primarily involves two aspects: enhancing the patient’s own immune system response to the tumor and exogenously boosting the immune function of the patient. OS, osteosarcoma; MHC-I, major histocompatibility complex; DC cells, dendrite cells; Tcm, central memory T cell.








Strength and limitations

This study presents a comprehensive bibliometric review of the field of immunotherapy for osteosarcoma, encompassing an evaluation of its overall scope, advancements, significant contributions, and emerging trends. Researchers are advised to prioritize recent and highly cited references and topics of interest. However, it is important to acknowledge certain limitations in this bibliometric analysis. Our data source relies solely on Web of Science (WOS), primarily due to the compatibility of bibliometric tools and the feasibility of data processing. We previously considered merging data from multiple databases, such as Scopus, MEDLINE, and Cochrane, to enhance literature coverage. However, we encountered several significant challenges during implementation: differences in citation data formats, the complexity of data deduplication, insufficient tool compatibility, and high resource and time costs. Still, it is worth noting that our analysis was limited to articles exclusively sourced from the WoS Core Collection, potentially limiting the breadth of our findings. Furthermore, the exclusion of recently published articles may be attributed to a temporal delay. Lastly, despite the algorithm’s objective execution of the analysis, we observed an inherent subjective bias in the interpretation of the data.





Conclusion and future perspectives

The field of immunotherapy for osteosarcoma has undergone significant evolution over time, revealing a notable trend. Notably, China emerged as the leading contributor. Among institutions, Zhejiang University exhibited the highest level of productivity. The author with the highest publication output was Tsukahara, Tomohide from Japan. The article with the most citation was “DOI: 10.1200/JCO.2014.58.0225”. Frontiers in Immunology emerged as the most productive journal. The most frequently occurring keywords in ITFOS research include “osteosarcoma,” “immunotherapy,” and “cancer.” Furthermore, “sequencing,” “prognostic signature,”. and “immune microenvironment” have been identified as emerging research frontiers for the future. To drive notable progress in the comprehensive treatment of osteosarcoma patients, the incorporation of multifaceted therapeutic approaches is imperative. This entails the integration of combination therapies that encompass multiple immunotherapeutic modalities, alongside the inclusion of surgical interventions, chemotherapy, targeted small molecule drugs, and novel therapeutic strategies. The strategic amalgamation of these diverse treatment modalities is poised to have a pivotal impact on advancing the field of osteosarcoma treatment.
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Osteosarcoma (OS) is the most common bone malignancy in children and adolescents, and although current neoadjuvant chemotherapy has shown efficacy against OS, the long-term survival rate for patients with OS remains low, highlighting the need to find more effective treatments. In cancer cells, abnormal activation of signaling pathways can widely affect cell activity from growth and proliferation to apoptosis, invasion and metastasis. Wnt/β-catenin is a complex and unique signaling pathway that is considered to be one of the most important carcinogenic pathways in human cancer. Research have confirmed that the Wnt/β-catenin signaling pathway is an important driving factor for the occurrence and development of osteosarcoma, and abnormal activation of this pathway can promote the pathological processes of cell proliferation, invasion, migration, tumor angiogenesis and chemical resistance of osteosarcoma. However, inhibition of Wnt/β-catenin signaling pathway can effectively inhibit or reverse the above pathological processes. Therefore, manipulating the expression or function of the Wnt/β-catenin pathway may be a potential targeted pathway for the treatment of OS. In this review, we describe the characteristics of the Wnt/β-catenin signaling pathway and summarize the role and mechanism of this pathway in OS. This paper discusses the therapeutic significance of inhibiting or targeting Wnt/β-catenin pathway in OS and the shortcomings of current studies on this pathway in OS and the problems to be solved. This review helps us to understand the role of Wnt/β-catenin on OS, and provides a theoretical basis and new ideas for targeting Wnt/β-catenin pathway as a therapeutic target for OS.
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1 Introduction

Osteosarcoma (OS) is the most common aggressive malignant bone tumor in children and adolescents worldwide (1). It originates from the original transformed cells of mesenchymal origin and mainly affects the differentiation of osteoblasts and produces immature bone (2, 3). Although the exact cause of OS is not fully understood, it is clear that the development and pathogenesis of OS is associated with multiple factors, including age, sex, ethnicity, genetics, and familial factors (4). OS is characterized by locally aggressive growth and high metastatic potential (5, 6), characterized by local invasion of bone and soft tissue, loss of function of the affected limbs, and distant metastasis, most often to the lungs (7). At present, the main treatments for OS are surgery, radiotherapy, neoadjuvant chemotherapy and postoperative adjuvant chemotherapy and other multi-scientific and multi-mode treatments, but the therapeutic effect is not satisfactory. Due to the early onset of bone and lung metastasis of OS, the 5-year overall survival rate of OS patients with metastasis at diagnosis is less than 30% (8, 9). More importantly, due to the complexity of the progression mechanism of osteosarcoma, the etiology and molecular mechanism of the pathogenesis are still vague or unknown. Therefore, there is an urgent need to further understand the physiological and pathological mechanism of OS, develop more effective anti-OS agents and new therapeutic strategies to improve the symptoms of OS from the molecular pathological level, so as to improve the prognosis and quality of life of osteosarcoma patients.

Although the cause of OS has not been fully elucidated, there is a large amount of evidence that the disease is related to the dysregulation of various intracellular signaling pathways, especially the Wnt/β-catenin pathway (10). Wnt/β-catenin signaling pathway has been reported to be one of the most important carcinogenic pathways in almost all human cancers (11) and seems to be a good candidate for molecular therapies in malignant tumors (12, 13). The activation of Wnt/β-catenin signaling pathway is also associated with the occurrence, development and pathological mechanism of a variety of diseases, such as cancer, Alzheimer’s disease, schizophrenia, diabetes and Parkinson’s disease (14–17). It has been found that overactivation of Wnt/β-catenin signaling pathway plays a carcinogenic role in various sarcomas by driving cell cycle progression and increasing cell proliferation (18–20). It has been confirmed that Wnt/β-catenin pathway is over-activated in osteosarcoma (21), and abnormal activation of this pathway can promote pathological processes such as cell cycle, migration, invasion, angiogenesis, chemotherapy resistance and accelerate the occurrence and development of OS, while inhibition of Wnt/β-catenin pathway activity can effectively inhibit the above processes (22). Therefore, targeting Wnt/β-catenin could provide a new perspective for designing more effective drugs for the treatment of OS. In this review, we reviewed the biological characteristics of Wnt/β-catenin, the role and mechanism of Wnt/β-catenin in the pathological process of OS. This paper aims to provide evidence for the effect of Wnt/β-catenin signaling pathway activation on OS and the treatment of OS, and to emphasize the role of inhibiting Wnt/β-catenin pathway in delaying OS by clarifying the mechanism, so as to provide theoretical basis and new ideas for targeting Wnt/β-catenin pathway as therapeutic targets for OS.




2 Summary of Wnt/β-catenin signaling pathway

Wnt/β-catenin signaling is an evolutionarily conserved signal that regulates many important embryonic and somatic processes such as cell fate determination, organogenesis, tissue homeostasis, and various pathological states (23, 24). In addition, the abnormal regulation of this signal transduction is often closely related to many aspects of tumor occurrence and development, malignant transformation and recurrence (23, 25–27). Wnt signaling can be classified into classical or non-classical pathways, the classical pathway is involved in cell survival, proliferation, differentiation and migration, while the non-classical pathway regulates cell polarity and migration (28). However, most current studies on the Wnt pathway focus on the Wnt/β-catenin branch of the Wnt pathway, the disorder of which is associated with a variety of diseases (29).



2.1 Classic Wnt pathway

Classic Wnt pathway is a signal cascade mediated by β-catenin. The classical Wnt pathway is marked by the accumulation and translocation of the adherence-linked protein β-catenin in the nucleus. β-catenin is an Integral protein in the Wnt signaling pathway that regulates gene transcription and intercellular adhesion. Mutations in beta-catenin lead to amino acid substitution, resulting in inappropriate phosphorylation of the protein. Subsequently, ubiquitin ligase E3 does not correctly recognize the phosphorylated protein. Thus, dysregulation of the Wnt pathway leads to β-catenin accumulation without degradation and then transfer to the nucleus, thus activating transcription of oncogenes (30). Wnt is a secretory glycoprotein that binds to the cell surface transmembrane frizzled serpentine receptors (FZD) and low-density lipoprotein receptor-associated protein 5/6 (LRP5/6) complex, resulting in the accumulation of β-catenin in the nucleus, which leads to cell cycle activation and transcriptional regulation (31). FZD is the main binding site of Wnt (32), which mainly contains 7 transmembrane and extracellular N-terminal cysteine-rich domains (CRDS) (33, 34). However, in the absence of Wnt signaling, cytoplasmic β-catenin is degraded by β-catenin-destroying complexes such as Axin, adenomatous polyposis (APC), protein phosphatase 2A (PP2A), glycogen synthase kinase 3 (GSK3), and casein kinase 1α (CK1α). This results in the failure of the classical Wnt pathway (35, 36) (Figure 1).




Figure 1 | Classic Wnt/β-catenin pathway cascade diagram. The figure on the left shows the deactivation of the Wnt pathway. In the absence of Wnt signaling, β-catenin in the cytoplasm is recognized, folded, and phosphorylated by a destructive complex composed of scaffold proteins Axin, APC, GSK3β, and CK1, and targeted for degradation by a β-TRCP-mediated proteomic mechanism. The figure on the right shows activation of the Wnt pathway. The signal induces double phosphorylation of LRP6 by CK1 and GSK3-β via the Fizzled receptor and LRP5/6 co-receptor complex, which allows the axon-containing protein complex to transfer from the cytoplasm to the plasma membrane. Dsh is also recruited to the cell membrane and binds to Fizzied, and Axin binds to phosphorylated LRP5/6. The complex forms on the Fizzled/LRP5/6 membrane and induces stabilization of β-catenin by separating and/or degrading axons. β-catenin, which accumulates in the cytoplasm, translocates into the nucleus and, together with the transcription factor TCF, drives the expression of downstream target genes.






2.2 Non-classical Wnt pathways

The non-classical pathway is often referred to as the beta-catenin-independent pathway, which can be further divided into the Wnt/Planar Cell polarity (PCP) pathway and the Wnt/Ca2+ pathway. In the Wnt/PCP pathway, after the Wnt molecule binds to the receptor FZD, it recruits Dvl and further activates the small GTPases Rho and Rac, triggering the recruitment of downstream RHO-associated kinases (ROCK) and c-Jun N-terminal kinase (JNK), thereby allowing cytoskeletal recombination (Figure 2). In the Wnt/Ca2+ pathway, Dvl is activated when Wnt binds to FZD, and the activated Dvl recruits phospholipase C (PLC). PLC converts phosphatidylinositol 4, 5-diphosphate (PIP2) to diacylglycerol (DAG) and inositol 1,4, 5-triphosphate (IP3). IP3 stimulates the release of Ca2+ from the endoplasmic reticulum, and DAG and Ca2+ together activate downstream protein kinase C (PKC), calcineurin (CaN), and Ca2+/calmodulin-dependent protein kinase II (CaMKII), thereby regulating intracellular calcium flux and downstream calcium-dependent cytoskeleton and/or transcriptional responses (Figure 3).




Figure 2 | Illustration of a planar cell polarity transition cascade. Wnt signal transduction via Fizzled independent of LRP5/6 leads to Dsh activation. Dsh mediates the activation of Rho via Daam1, which activates Rho kinase (ROCK). Daam1 also mediates actin polymerization via the actin binding protein Profilin. Dsh also mediates the activation of Rac, which in turn activates JNK. Signals from Rock, JNK, and Profilin are integrated into cytoskeletal changes in cell polarization and movement during gastrum formation.






Figure 3 | Schematic diagram of Wnt/Ca2+ signaling cascade. The Wnt signaling via Fizzled mediates the activation of Dsh through g protein activation. Dishevelled activates phosphodiesterase PDE, which inhibits PKG and in turn inhibits Ca2+ release. Dsh activates IP3 via PLC, resulting in the release of intracellular Ca2+, which activates CamK11 and calcineurin. NF-AT activation by calcineurin regulates the fate of ventral cells. CamK11 activates TAK and NLK, inhibits β-catenin/TCF function and negatively regulates dorsal axis formation. DAG mediates tissue separation and cell motility during gastrulation through PKC activation of CDC42.







3 Expression of Wnt/β-catenin signaling pathway in OS

Research have confirmed that the Wnt/β-catenin signaling pathway is involved in the development of osteosarcoma, and the Wnt signaling pathway is abnormally activated in OS and plays a crucial role in tumorigenic and metastatic transmission (37, 38). Wnt-β-catenin pathway has been reported to be significantly higher in human OS tissues and cell lines than in normal tissues or osteoid osteomas (39, 40). In addition, the analysis of relevant patient samples found that Wnt/β-catenin level in osteosarcoma tissues was significantly higher than that in neighboring healthy tissues, and was associated with poor prognosis and lung metastasis and diffusion (41, 42). Haydon et al. found that 33 out of 47 OS samples had increased Wnt/β-catenin expression level accumulation (43).




4 Role of Wnt/beta - catenin pathway in OS

As an intracellular signaling pathway, Wnt/β-catenin pathway has been found in many types of cancer and plays an important regulatory role in the occurrence and development of tumors. Kinase analysis has identified active Wnt/β-catenin signaling in most OS cell lines (44). Wnt/β-catenin pathway is a complex signaling pathway, and its abnormal activation plays a key role in the pathogenesis of OS (45). A large amount of evidence has shown that dysregulation of this pathway is involved in multiple pathological processes of OS, including tumor cell proliferation, invasion and metastasis, and chemical resistance (46, 47) (Figure 4).




Figure 4 | The role of the Wnt/β-catenin pathway in the development of OS. Activation of this signaling pathway regulates OS by promoting tumor cell proliferation, epithelial-mesenchymal transformation and tumor cell invasion and metastasis, angiogenesis and chemical resistance, and inhibiting apoptosis.





4.1 Promote the proliferation of tumor cells

The autonomous growth of cancer cells is usually controlled by changes in the expression of growth factors or growth factor receptors, resulting in cell proliferation. Many studies have shown that abnormal activation of Wnt/β-catenin signaling pathway plays a crucial role in the occurrence and development of osteosarcoma (38, 48, 49). Cell proliferation is an important feature of tumorigenesis and development, and also an important factor leading to poor prognosis. A large number of studies have shown that abnormal activation of Wnt signaling and high expression of β-catenin in OS are associated with abnormal histological morphology and cell proliferation and differentiation of osteosarcoma, ultimately leading to the occurrence of osteosarcoma (45, 50). When the level of β-catenin in the cytoplasm reaches a certain concentration, it begins to transfer to the nucleus and bind specifically to the nuclear transcription factor TCF/LEF, resulting in the exposure of downstream target gene promoter, activation and expression of promoter, causing abnormal cell proliferation and anti-apoptosis, thus promoting the formation of tumors (51). Huang et al. found that the Wnt/β-catenin pathway was activated in tumor tissues of patients with OS, and the activated Wnt/β-catenin pathway induced cell cycle progression and promoted the proliferation of OS cells. While cinnamaldehyde can inhibit Wnt/β-catenin signaling activity by down-regulating the phosphorylation of β-catenin and GSK-β as well as downstream target proteins c-Myc and MMP7, thereby inhibiting cell proliferation and promoting tumor cell apoptosis (52). In another study, activation of the Wnt/β-catenin pathway accelerated the progression of osteosarcoma, while inhibition of the activity of this pathway significantly inhibited the proliferation, migration, and invasion of osteosarcoma cells (53). In addition, Chen et al. (37) demonstrated abnormal activation of Wnt/β-catenin signaling in osteosarcoma cells, involving the autocrine Wnt signaling cycle and the upregulation of specific Wnt ligands and receptors. Activation of Wnt/β-catenin signaling with Wnt3a or GSK-3β inhibitors drives proliferation of osteosarcoma cells, whereas downregulation of activated Wnt signaling with dnTCF4 or siLEF1 inhibits proliferation and induces cell cycle arrest. From these studies, it was determined that activation of the Wnt/β-catenin pathway can promote cell proliferation in OS, thereby accelerating OS progression. Inhibition of this pathway can be an effective target to inhibit the progression of OS.




4.2 Inhibit apoptosis

Apoptosis is a kind of programmed cell death, which is an important process of normal development and tissue homeostasis. In many cancers, including osteosarcoma, apoptosis is the primary mechanism by which chemotherapy and radiotherapy induce cell death. The balance between cell proliferation and apoptosis in cancer cells is disturbed and leads to excessive proliferation of cancer cells through different molecular mechanisms (e.g. resistance to apoptosis). A large number of studies have shown that Wnt/β-catenin signaling pathway plays an important role in regulating the apoptosis process of tumor cells and is a key gene mediator involved in tumor cell apoptosis (12). Anti-apoptosis is a common feature of cancer cells, which is associated with increased expression of anti-apoptotic factors such as Bcl-2 or Bcl-xL or decreased expression, inactivation or mutation of pro-apoptotic factors such as Foxo3a or p53 (54). Interestingly, Wnt/β-catenin directly regulates an effective anti-apoptotic pathway and can also activate the expression of several anti-apoptotic genes, Bcl-2, Bad and Bcl-xl (55). Activation of the Wnt/β-catenin signaling pathway during cancer progression can promote the viability of osteosarcoma cells and inhibit apoptosis, and inhibition of this signaling can reverse this phenomenon (56). The mechanism may be through inhibiting Bcl-2 and promoting the expression levels of Bad and Bax (57). Studies have shown that miR-1-3p can deactivate Wnt/β-catenin signaling activity, thereby inhibiting the proliferation and cell cycle progression of osteosarcoma cells and promoting cell apoptosis (58). In addition, studies have also found that melittin is an anti-tumor Chinese medicine with few side effects, which can inhibit the activity of Wnt/β-catenin signaling pathway, up-regulate the ratio of Bax/Bcl-2 in osteosarcoma cells and inhibit the expression of proliferative protein, thus inducing apoptosis and inhibiting proliferation of tumor cells (59). These studies indicate that the abnormal expression of Wnt/β-catenin pathway plays an important role in the regulation of OS, and the activation of NF-κB pathway can inhibit the apoptosis of cancer cells. This allows targeting the Wnt/β-catenin pathway to eliminate the inhibition of OS cell apoptosis, so targeting Wnt/β-catenin may be a potential means to treat OS.




4.3 Promoting epithelial mesenchymal transformation and tumor cell invasion and metastasis

Epithelial mesenchymal transformation (EMT) is a process of migration of adherent epithelial cells to mesenchymal cells under certain conditions. It gives epithelial cells the characteristics of mesenchymal cells. In malignant tumors, EMT is closely related to the invasion and metastasis of tumor cells (60, 61). Proliferation and invasion play a crucial role in the progression of malignant tumors, including OS (7). There is growing evidence that the Wnt/β-catenin pathway promotes these aggressive behaviors (62, 63). On the other hand, osteosarcoma is an interstitial tumor, and patients with high malignancy tend to have distant metastases at an early stage and have a poor prognosis, in which EMT plays an important role (64). EMT is an important mechanism of embryogenesis, wound healing, fibrosis and other physiological processes (65–67), as well as an important process of distant metastasis and migration of tumor cells (68). Studies have shown that EMT plays an important role in the metastasis and migration progression of various tumor cells, including OS (69–71). It is well known that there are multiple interactions between molecular pathways and EMT mechanisms that promote cancer cell invasion. Many studies have shown that Wnt signaling pathway increases the invasion and malignancy of tumor cells through EMT induction (72–74). Wnt-induced EMT can enhance the proliferation of cancer cells and trigger their resistance to apoptosis (75, 76). The Wnt/β-catenin pathway is activated in OS, and the activated Wnt/β-catenin pathway promotes the migration and invasion of OS cells by enhancing the epithelial-mesenchymal transformation of OS (77). At the same time, activation of the Wnt/β-catenin pathway was associated with prognosis in patients with OS, and this study found that patients with over-activation of this pathway had significantly lower prognosis than patients with expression (78). Similar findings have been reported in another study of microRNAs on cancer occurrence and malignant progression in various tumors. This study found that inhibition of Wnt/β-catenin pathway activity could not only inhibit the EMT of OS, but also inhibit the progression and prognosis of OS (79). The invasion and metastasis of tumor cells are the main causes of death in patients with malignant tumors, and about 90% of patients with malignant tumors die from tumor metastasis (80). Studies on the prognosis of OS have found that the Wnt-β-catenin pathway can be used as a biological marker of metastasis (5). Lung metastasis is the most common site of osteosarcoma and the most common cause of death (81). Therefore, metastasis prediction is of great significance in the design of treatment strategies. Since the expression of β-catenin in the cytoplasm is significantly associated with the incidence of distant metastasis (82), β-catenin has been used as a biomarker for the potential of OS metastasis to the lung (81). β-catenin is a key component of the Wnt/β-catenin signaling pathway, relocating from the cytoplasm to the nucleus after Wnt ligand stimulation, thereby regulating gene expression (83). Wnt/β-catenin may also promote cancer cell migration and invasion by inducing the expression of transfer-related proteins such as intercellular adhesion molecule-1 (ICAM-1) and matrix metalloproteinases (MMPs) (84–88). It has been reported that inhibiting the Wnt/β-catenin pathway in OS cells MG-63 can inhibit the expression of MMP14, thus inhibiting the invasion and movement of MG-63 cells (89). In addition, Fu et al. (90) also found that the activation of Wnt/β-catenin in OS can promote the activity of MMP-9, and the enhancement of the activity of the latter can promote the invasion and metastasis of OS cells. In addition, KLF5 is a positive regulator of the Wnt/β-catenin signaling pathway, and KLF5 can increase β-catenin expression and interact directly with β-catenin to stabilize it and promote its nuclear transfer (91). ML264 is a small molecule inhibitor of KLF5, and ML264 can inhibit the activity of Wnt/β-catenin signaling pathway, thereby inducing G0/G1 cell cycle arrest and inhibiting the migration and invasion ability of osteosarcoma cells (92). Based on the above studies, it can be determined that the activation of Wnt/β-catenin can promote the invasion and migration of OS, and inhibiting the activation of Wnt/β-catenin signaling pathway may be a potential therapeutic target to prevent the deterioration of osteosarcoma.




4.4 Promote angiogenesis

Angiogenesis is a complex biological process that leads to the development of new blood vessels and plays a key role in the progression and metastasis potential of various malignant tumors (93). In the process of angiogenesis, VEGF is the most important factor of angiogenesis, which can increase capillary permeability and promote the migration of tip cells (94). MMPs accelerated the proliferation and differentiation of endothelial cells cultured on type IV and type I collagen in a dose-dependent manner (95). It has been confirmed that Wnt/β-catenin signaling pathway plays an important role in the regulation of tumor angiogenesis. Studies have shown that activation of Wnt/β-catenin pathway can promote cytoskeletal recombination and new blood vessel formation of endothelial cells, possibly through promoting the expression of VEGF and MMPs (96, 97). In addition, transcriptional regulation of VEGF by β-catenin/TCF complex involves TCF binding sites in VEGF gene promoters. Activation of Wnt/β-catenin can induce VEGF overexpression, thus promoting angiogenesis (98, 99). However, there are relatively few studies on the role of Wnt/β-catenin pathway in the angiogenesis of OS, and its mechanism has not been fully cleared. However, it can be preliminarily confirmed that the abnormal expression of NF-κB pathway can promote the angiogenesis of OS.




4.5 Chemoresistance

Neoadjuvant therapy and adjuvant chemotherapy in addition to radical surgery have been shown to significantly improve the prognosis of patients with osteosarcoma. At present, the treatment of OS patients is mainly based on radical surgical treatment with standard three-drug chemotherapy regimen (including doxorubicin, cisplatin and high-dose methotrexate) to improve the survival rate (100). However, chemotherapy can create chemotherapy resistance and even lead to disease recurrence or metastasis (101). There are several mechanisms of drug resistance in chemotherapy, including reduced intracellular drug accumulation, drug inactivation, increased DNA repair, and signal transduction pathway perturbation (102). Some studies have found that abnormal activation of the Wnt-β-catenin signaling pathway is involved in chemotherapy resistance of OS cells, especially resistance to standard three-drug chemotherapy. Doxorubicin is an anthracycline antibiotic that is widely used to treat a variety of cancers, including OS. Wnt-β-catenin signaling targeting T-cell factor represses syndecan-2, a key modulator of apoptosis and chemosensitivity in OS cells, contributing to the resistance of OS to doxorubicin (103, 104). Methotrexate (MTX) is another common component of chemotherapy regimens for osteosarcoma. MTX resistance is a problem in OS chemotherapy and one of the mechanisms underlying MTX resistance is associated with Wnt/β-catenin signaling. Ma and colleagues (105) found that knocking down β-catenin increased the sensitivity of Saos2 cells to MTX-induced cell death. Thus, Wnt/β-catenin signaling may contribute to MTX resistance. In addition, it has been found that activation of the Wnt/β-catenin pathway in human OS cells can induce cell resistance to cisplatin, and the use of Wnt/β-catenin pathway inhibitors can improve or reverse the resistance of OS cells to cisplatin (106, 107). In summary, the Wnt/β-catenin pathway is often abnormally expressed in OS and regulates the pathophysiological processes of osteosarcoma cell proliferation and apoptosis, invasion, migration, tumor angiogenesis, and chemical drug resistance.





5 The effect of crosstalk between Wnt/β-catenin and other signal pathways on OS

In addition to the abnormal expression of Wnt/β-catenin pathway, abnormal activation of other signaling pathways, such as phosphoinositol 3-kinase/protein kinase B (PI3K/AKT) and NF-κB signaling pathways, also play an important role in the pathogenesis of OS. Signaling pathways may interact, and enhancement of one signaling pathway may enhance or inhibit the other. In the process of tumor formation and development, Wnt/β-catenin signaling pathway can directly or indirectly interact with other signaling pathways to regulate the pathophysiological processes of OS. This section describes crosstalk between Wnt/β-catenin and the PI3K/Akt and NF-κB pathways in OS.



5.1 PI3K/Akt signaling pathway

Phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling pathway is an important signal transduction bridge connecting extracellular signals and cellular responses (108). Phosphatidylinositol 3-kinase (PI3K) is a large class of signaling lipases, a family of enzymes that phosphorylates the 3’-OH of phosphatidylinositol inositol rings (109). Protein kinase B (Akt), an evolutionarily conserved serine protein kinase of the serine/threonine kinase family, is a central mediator in PI3K signaling (110). The PI3K/Akt signaling pathway is a highly conserved signal transduction network in eukaryotic cells and can promote cell survival, cell growth and cell cycle progression (111, 112). It has been reported that the PI3K/Akt signaling pathway is a common activation pathway in human cancer, and it is believed that the dysfunction of this pathway will drive the occurrence and development of cancer and participate in the regulation of cancer pathological process (113–115).

The PI3K/Akt and Wnt/β-catenin signaling pathways are generally not abnormally activated in a variety of tumors, including osteosarcoma (116, 117). These two pathways play an important role in the occurrence and development of osteosarcoma by regulating cell cycle, inhibiting apoptosis, promoting angiogenesis, enhancing metastasis and inducing chemotherapy resistance (118, 119). GSK-3β is a key protein in the downstream PI3K/Akt pathway (120), and activation of PI3K/Akt pathway can significantly inhibit the expression of GSK-3β (121). GSK3-β phosphorylates serine/threonine residues in β-catenin proteins, thereby promoting ubiquitination and subsequent proteasome-mediated β-catenin degradation (41). In addition, it has been found that overexpression of Wnt5a in non-transforming Wnt family members can stimulate the migration of osteosarcoma MG63 cells by promoting the phosphorylation of PI3K and Akt (122). In addition, another transforming member of the Wnt family, Wnt7b, activates mTORC1 via PI3K-AKT signaling, thereby promoting bone formation (123). Therefore, we speculated that PI3K/Akt and Wnt/β-catenin signaling pathways in OS regulate each other, and jointly participate in the regulation of the pathological process of OS.




5.2 NF-κB signaling pathway

As an intracellular signaling pathway, NF-κB signaling pathway plays a key role in a variety of physiological and pathological processes, such as inducing immune and inflammatory responses and regulating apoptosis (124–126). The NF-κB signaling pathway has been reported to be an important carcinogenic pathway in human cancers. Dysregulation of this pathway has been found in many types of cancer, such as prostate cancer, colorectal cancer, bladder cancer, breast cancer, and osteosarcoma (127–131). It has been reported that the NF-κB pathway is over-activated in osteosarcoma, leading to excessive proliferation of tumor cells and accelerated development of OS (132). In addition, abnormal expression of this pathway is widely involved in cell processes such as proliferation, apoptosis, cycle, chemotherapy resistance, and metastasis of tumors, including osteosarcoma (133, 134).

Studies have shown that Wnt/β-catenin pathway components can regulate inflammation and immune responses through interaction with NF-κB (135). NF-κB has been shown to indirectly regulate Wnt/β-catenin by regulating target genes that affect β-catenin activity or stability (136). Several studies have shown that the NF-κB and Wnt signaling pathways collaborate at multiple levels in different physiological and pathological contexts. In breast cancer cells, beta-catenin binds to the p65-p50 complex and inhibits its nuclear translocation (137). β-TrCP1 simultaneously activates NF-κB and inhibits the Wnt pathway in vascular smooth muscle cells (138). IKKα and IKKβ are key activators of the NF-κB pathway, which regulate Wnt/β-catenin signaling activity in different ways (139). IKKα inhibitors block the expression of CCND1, a downstream Wnt gene, in mouse embryonic fibroblasts (136).





6 Targeted Wnt/β- catenin pathway treatment OS

At present, the main treatment strategies for OS are surgery, radiotherapy and chemotherapy. Although current neoadjuvant chemotherapy has shown efficacy against OS, the long-term survival rate for patients with OS remains low, highlighting the need to find new treatments. As an important pathway regulating cell growth, metabolism, survival, and chemotherapy resistance, targeting the Wnt/β-catenin pathway may be a potential therapeutic approach for patients with OS. This section focuses on the therapeutic effects of non-coding RNAs and drugs on OS by regulating the Wnt/β-catenin signaling pathway.



6.1 Non-coding RNA

Non-coding RNA plays an indispensable role in the growth and development of organisms through its influence on transcription and translation. Abnormal expression of NcRNAs has been shown to affect the development and evolution of OS disease. MiRNA s are highly conserved ncRNAs that can affect mRNA expression by binding to the 3′ untranslated region of mRNA (3′UTR) (140). It was found that multiple miRNAs were overexpressed in OS. For example, miR-21-5p (141) and miR-374a (142) are upregulated in OS cells and tissues and promote OS cell migration by activating Wnt/β-catenin signaling, while downregulation of these miRNAs can inhibit the activity of Wnt/β-catenin to inhibit the progression of osteosarcoma. In addition, some miRNAs are underexpressed in OS and participate in the regulation of the pathological process of OS by activating the Wnt/β-catenin signaling pathway. For example, decreased miR-22-3p and increased miR-22-3p in OS tissues and cells inhibit the Wnt/β-catenin pathway by targeting TCF7L2, thereby preventing the progression of osteosarcoma (143). In addition, the expression of miR-1-3p is decreased in osteosarcoma tissues and cells, and upregulation of miR-1-3p inhibits the proliferation and cell cycle process of osteosarcoma cells by targeting CDK14 and inactivating Wnt/β-catenin signaling, while promoting cell apoptosis (58). In addition to the above miRNAs, the overexpression of miR-199b-3p (144) and miR-377-3p (79) can also inhibit the progression of osteosarcoma by inhibiting the Wnt/β-catenin signaling pathway. In addition, overexpression of miR-140 may inhibit the proliferation of human OS cells and may enhance drug sensitivity by directly regulating Wnt/β-catenin signaling (145).

Circular RNAs (circRNAs) are a class of non-coding RNAs characterized by covalently closed loops that have been found in a variety of diseases, including cancer (146). It was found that the expression of various circRNAs in OS was up-regulated and involved in the regulation of its pathological process. For example, Circ_0003732 is up-regulated in osteosarcoma tissues and cells, and activates the Wnt/β-catenin signaling pathway by regulating the miR-377-3p/CPEB1 axis, promoting the proliferation, migration and invasion of osteosarcoma cells, and inhibiting apoptosis. Silencing circ_0003732 can reverse the effect on the progression of osteosarcoma cells (147). The expression of hsa_circ_0087302 is low in osteosarcoma cells, and overexpression of hsa_circ_0087302 can inhibit the proliferation, cell cycle, migration and invasion of osteosarcoma cells by inhibiting the Wnt/β-catenin signaling pathway (148). In addition, circUBAP2 expression is upregulated in osteosarcoma tissues and cells, and knock down circUBAP2 can act as a sponge of miR-506-3p to inhibit Wnt/β-catenin signaling pathway activity, thereby inhibiting cell proliferation, migration and invasion, and promoting apoptosis of cisplatin-resistant osteosarcoma cells (149).

Long non-coding RNAs (LncRNAs) are endogenous ncRNAs with a length > 200 nucleotide transcripts and do not have protein-coding capabilities (150). By acting as a miRNA molecular sponge and competitively binding to miRNA, it is involved in a variety of in vivo pathophysiological processes, including cancer proliferation and invasion (151, 152). UCA1 influences the invasion and migration of osteosarcoma cells by mediating the Wnt/β-catenin pathway through the miR-145/HMGA1 axis (153). lncRNA SNHG10 is overexpressed in OS and acts as a sponge of miR-182-5p to activate the Wnt/β-catenin signaling pathway, promoting the proliferation, migration and invasion of osteosarcoma cells, while downregulation of SNHG10 can inhibit the above results (154). MRPL23-AS1 competitively interacts with miR-30b to activate the Wnt/β-catenin pathway, thus promoting tumorigenesis and metastasis of OS (155). In addition, HOTAIR (156), LncRNA FLVCR1-AS1 (53), CASC15 (157), and LINC00665 (158) are all upregulated in OS cells and affect the cell cycle by activating the Wnt/β-catenin pathway, thereby promoting cell proliferation (Table 1).


Table 1 | Non coding RNAs associated with Wnt/β-catenin signaling pathway in OS.






6.2 Drugs

At present, it has been found that many drugs can participate in the regulation of the pathological process of OS by inhibiting the activity of Wnt/β-catenin signaling pathway. For example, Resveratrol is a natural phenol (159). It has been reported that the treatment of resveratrol can arrest the cell cycle of various malignant tumors, promote cell apoptosis and inhibit the proliferation of cancer cells (160). In addition, resveratrol inhibits cell growth and induces senescence in OS cells by altering DNA metabolism (161). Zou et al. (30) found that resveratrol could inhibit the expression of β-catenin and c-Myc protein and mRNA, thereby inhibiting the proliferation of OS cells. Another study also came to a similar conclusion that resveratrol can inhibit the activity of Wnt/β-catenin signaling pathway and down-regulate the levels of c-myc, cyclin D1, MMP-2 and MMP-9, thus promoting apoptosis and inhibiting the proliferation and invasion of OS cells (162). Curcumin is a natural compound that comes from the roots of turmeric. Its anti-cancer properties have been demonstrated in many types of cancer, including OS (163, 164). Curcumin has been reported to delay the progression of osteosarcoma by regulating the Wnt/β-catenin pathway in osteosarcoma cells (165). Leow et al. found that curcumin analogs could inhibit the activity of Wnt/β-catenin pathway and prevent the invasion of osteosarcoma cells (90). Baicalein, a flavonoid extracted from the root of scutellaria baicalensis, has been proven to play an anti-tumor role by inhibiting the metastasis of various cancers and inducing apoptosis (166, 167). Studies have shown that baicalin can delay the progression of osteosarcoma by inhibiting the Wnt/β-catenin signaling pathway (168). Melatonin is a natural derivative of tryptophan, an amino acid with various biological activities (169), which plays a key inhibitory role in the pathogenesis of various types of tumors (170, 171). Li et al. (172) found that melatonin inhibited the expression of lncRNA JPX by regulating the Wnt/β-catenin pathway, thereby inhibiting the progression of OS. In addition, Oridonin (173), dihydroartemisinin (174), polyfolin I (175) and oleandrin (176) can also inhibit cell proliferation and induce apoptosis by inhibiting the activity of Wnt/β-catenin pathway, thus inhibiting the progression of OS (Table 2). Based on the above study, it is not difficult to find that targeting the Wnt/β-catenin pathway may be an innovative approach to treat osteosarcoma.


Table 2 | Drugs associated with Wnt/β-catenin signaling pathway in OS.






6.3 Combination treatment regimen

Due to the complexity of the tumor microenvironment, it is difficult to control the progression and recurrence of cancer with a single traditional treatment. Therefore, the combination treatment strategy has gradually become an inevitable trend in cancer treatment (177). Through combination therapy, Wnt/β-catenin signaling pathway inhibitors combined with other drugs can promote therapeutic efficacy and improve prognosis. Hattinger CM et al. used lithium carbonate in combination with neoadjuvant chemotherapy and 9-ING-41 in combination with doxorubicin to effectively inhibit GSK3-β, thereby enhancing the inhibitory effect on Wnt/β-catenin signaling pathway activity (178). In addition, preclinical studies by Leow et al. showed that inhibiting the Wnt/β-catenin pathway with curcumin and PKF118-310 reduced nuclear β-catenin levels, which in turn reduced intrinsic and activated β-catenin/TCF transcriptional activity and, consequently, the expression of β-catenin target genes. This resulted in the down-regulation of MMP-9, a reduction in the expression of cyclin-D, c-MYC, and survivin, and inhibition of the potential for migration. This had a suppressive effect on cell proliferation and increased cell mortality (165).





7 Discussion and future outlook

Wnt/β-catenin signaling pathway is an intracellular signaling pathway that is finely regulated, and abnormal expression of this pathway plays a crucial role in the occurrence and development of a variety of malignant tumors, including OS. Structural activation of Wnt/β-catenin is a novel hallmark of various tumor types, and many in vitro and animal models have shown that this pathway is involved in multiple steps of cell proliferation, apoptosis, epithelial-mesenchymal transformation, tumor angiogenesis, invasion, and metastasis through complex molecular mechanisms. At present, under the multi-science and multi-mode therapy, the research work to improve the effect of chemotherapy has led to the improvement of the survival rate of patients, but the prognosis of OS is not satisfactory, so molecular targeted therapy has gradually attracted widespread attention. Combined with the role of the Wnt/β-catenin pathway in the progression of OS, it can be seen that this pathway may be a potential target for OS therapy, and targeting the Wnt/β-catenin pathway may be an innovative approach for the treatment of osteosarcoma and a potential target for cancer drug development.



7.1 Limitations of current research on the Wnt/β-catenin signaling pathway

Most existing preclinical trial reports suggest that the Wnt/β-catenin pathway plays an important role in OS. Since Wnt/β-catenin signal plays a variety of functions in the pathological process of OS, it is generally difficult to verify the specific role of this signaling pathway in OS. Current epidemiological studies on Wnt/β-catenin and OS have some limitations, including lack of depth of study design, incomplete study subjects, and traditional targeted drug delivery. At a macro level, most of the current research designs on the Wnt/β-catenin pathway in the field of OS are still at the stage of cell or rodent research, and different experimental conditions and modeling will inevitably produce different experimental results. At the same time, there is a lack of clinical research in this field. At the micro level, current studies have focused on the protein expression of the Wnt/β-catenin pathway, rather than the gene and single-cell level. The development of OS is a complex process involving multiple molecular signaling pathways, so the interaction of the Wnt/β-catenin signaling pathway with other pathways in OS is also noteworthy. In terms of drug delivery, although some drugs are already in the preclinical research stage, the route of administration largely determines the therapeutic effect, efficacy and safety of drugs (179). Due to the first-pass effect of oral administration, only a small amount of the active ingredient can reach the designated site. Multiple adverse reactions may also be induced, thus limiting clinical application (180).




7.2 Challenges in translating Wnt/β-catenin targeted therapies

Wnt/β-catenin is expressed not only in cancer cells, but also in healthy cells, which may lead to unexpected effects of treatment. Therefore, one of the major challenges facing the use of Wnt/beta-catenin inhibitors in the treatment of osteosarcoma is safety and efficacy. Blocking or disabling Wnt/β-catenin signaling may impair immunity or induce toxic reactions. In addition to the development of cancer, many other factors, such as microbial infections or physical and chemical damage, can cause damage to the body (181). Therefore, systemic administration of Wnt/β-catenin inhibitors may worsen immune function or response. The degree of toxicity depends on the dose, time, and baseline health of the patient. Strategies to mitigate these toxicities and improve safety therefore include dose optimization and the use of modified or alternative Wnt/β-catenin-targeting drugs (182). Tumor heterogeneity is also a challenge for Wnt/β-catenin targeted therapies, as some cancer cells may have different levels of Wnt/β-catenin expression, which can lead to differences in the sensitivity of different cells to Wnt/β-catenin targeted therapies. In addition, due to the presence of immunosuppressive cells such as tumor-associated macrophages and tumor-associated neutrophils, cancer cells can upregulate immune checkpoint molecules to evade immune surveillance and escape immune cell destruction, which interferes with the effectiveness of Wnt/β-catenin targeted therapy (183). At presently, some challenges remain existed in the treatment accurately targeting the Wnt/β-catenin signaling pathway. The biggest obstacle is devoid of reliable predictive biomarkers that can identify patients who will be most likely to benefit from these types of therapy.

To overcome these challenges, a variety of strategies are being developed. One approach is to combine targeted therapies with other immune checkpoint inhibitors to overcome the immune escape mechanism adopted by tumor cells (184). Another approach is to develop bispecic antibodies that can simultaneously target Wnt/β-catenin and another immune checkpoint molecule. Finally, other advanced and efficient techniques and methods should be used to enhance the efficacy of Wnt/β-catenin targeted therapy.




7.3 Current and future research trends of Wnt/β-catenin pathway in OS

The mechanism of action of the Wnt/β-catenin pathway in OS has been widely discussed, but there is still much to be improved. First, due to the lack of large-scale multi-center clinical trials, the specific molecular mechanisms leading to the activation or inhibition of the Wnt/β-catenin signaling pathway during OS have not been cleared. Therefore, future studies should focus on large-scale clinical studies and pharmacological studies to further explore the specific mechanism of action of Wnt/β-catenin signaling pathway in OS, and strive to provide reliable medical evidence for the development of clinical treatment for patients with OS. Second, current studies targeting the Wnt/β-catenin pathway for OS treatment have been too conventional. Future studies are needed to determine how to link targeted Wnt/β-catenin with corresponding front-line therapies for OS with improved drug delivery strategies leading to internalization to achieve in vivo drug delivery, targeted drug release, and biological activity to enhance drug administration efficiency, improve therapeutic effectiveness, and maximize targeting and reduce resistance. It is continuously released to enhance the efficiency of drug use, improve the therapeutic effect and reduce side effects (185). In particular, mesenchymal stem cells, nanoparticles and hydrogels are used. The main limitation of nanoparticles, however, is their toxic profile. Due to the wide variety of nanoparticles, the toxicity characteristics of nanoparticles are not well characterized, and the toxicity assessment of each class of these nanoparticles requires great efforts.





8 Conclusion

As an intracellular signaling pathway, abnormal activation of Wnt/β-catenin signaling pathway can promote the proliferation of osteosarcoma cells, epithelial-mesenchymal transformation, invasion and metastasis, tumor angiogenesis, and chemical resistance of tumor cells, and inhibit the activity of Wnt/β-catenin signaling pathway can delay the progression of osteosarcoma. Based on the role of the Wnt/β-catenin pathway in the development of OS, we suggest that targeting or manipulating the expression or function of the relevant Wnt/β-catenin signaling pathway may be an innovative approach to the treatment of OS and a potential target for cancer drug development.
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In this report, we present a case of a 32-year-old female previously diagnosed with hereditary multiple exostoses(HME) who was incidentally found to have an asymptomatic anterior mediastinal mass during a routine examination. Computed tomography imaging revealed a well-defined mass measuring approximately 2.3 cm x 4.0 cm x 4.7 cm in the anterior mediastinum with multiple nodular areas of high density within. The mass caused compression and narrowing of the right ventricle. The patient subsequently underwent intralesional resection of the tumor, and histopathological examination confirmed a diagnosis of well-differentiated chondrosarcoma. Given the patient’s medical history, the chondrosarcoma was suspected to have originated from malignant transformation of a rib osteochondroma. The patient received adjuvant radiotherapy postoperatively and has been followed up for one year with no evidence of recurrence. This case reports a highly rare costal chondrosarcoma secondary to hereditary multiple exostoses, located in the anterior mediastinum and compressing the right ventricle. To our knowledge, this is the first reported case of costal chondrosarcoma secondary to HME occurring in the anterior mediastinum, which requires differentiation from other common anterior mediastinal tumors.
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Introduction

Chondrosarcoma is a relatively common malignant bone tumor originating from cartilage, accounting for approximately 20-30% of all primary malignant bone tumors in the United States, with an annual incidence of 1 to 4 cases per million population, depending on geographic and population differences (1, 2). A subset of chondrosarcomas arises from pre-existing benign conditions, such as hereditary multiple exostoses (HME), and is referred to as secondary chondrosarcoma. HME, an autosomal dominant genetic disorder, is characterized by the formation of multiple osteochondromas throughout the skeleton. These osteochondromas predominantly affect the metaphyses of long bones, the scapulae, and the pelvis, while rib involvement is comparatively rare (3). The cause of HME is linked to mutations in the EXT1 and EXT2 genes. These mutations disrupt the synthesis and elongation of heparan sulfate (HS), a glycosaminoglycan essential for regulating growth factor signaling pathways such as Indian hedgehog (IHH), fibroblast growth factors (FGFs), and bone morphogenetic proteins (BMPs). The impaired HS biosynthesis affects chondrocyte differentiation and proliferation, leading to the formation of osteochondromas (4–6). The most serious complication of HME is malignant transformation into chondrosarcoma, with previous studies estimating the incidence of malignant transformation to be approximately 1-5% (7, 8). This transformation is more commonly observed in osteochondromas located in the pelvis and proximal femur, and less frequently in the ribs (9). Costal chondrosarcoma caused by HME is very rare, with only a few reports available. For example, Acharya et al. reported a large chondrosarcoma in the anterior chest wall from a rib osteochondroma, and Liu et al. described a similar case in the posterior chest wall (10, 11). To our knowledge, there are no prior reports of costal chondrosarcoma secondary to HME occurring in the anterior mediastinum, which presents significant diagnostic challenges due to its rarity and the need to differentiate it from more common mediastinal tumors. In this study, we present an extremely rare case of costal chondrosarcoma located in the anterior mediastinum secondary to HME.





Case presentation

The case involves a 32-year-old female patient who presented to our hospital in July 2023 after a routine health checkup revealed an anterior mediastinal mass. Despite the presence of the mass, she did not exhibit any symptoms typically associated with such findings, such as chest pain, cough, fever, or shortness of breath. A contrast-enhanced computed tomography (CT) scan of her chest demonstrated a well-defined mass measuring approximately 2.3 cm x 4.0 cm x 4.7 cm in the anterior mediastinum, causing compression of the right ventricle. The mass had multiple nodular high-density areas within it (Figures 1A, B). Bone abnormalities were observed, including a bony prominence on the right scapula, a bony prominence on the proximal left fibula, and localized bone expansion of the right fifth anterior rib, which were all considered to be potential osteochondromas (Figures 1C, D). Cardiac assessments, including electrocardiogram and echocardiogram, showed T-wave changes and mild tricuspid valve regurgitation, respectively. A whole-body bone scan ruled out distant bone metastasis, and laboratory tests including complete blood count, alkaline phosphatase (ALP), and lactate dehydrogenase (LDH) levels were unremarkable. Physical examination and abdominal ultrasound did not reveal any significant abnormalities.




Figure 1 | (A,B) Red arrows indicate the tumor in the anterior mediastinum with visible calcifications and clear edges. The tumor is pressing on the right ventricle, making it smaller. (C) Two red arrows highlight significant findings: one indicates a focal bony expansion on the right fifth anterior rib, suggesting a potential osteochondroma; the other points to a typical osteochondroma located on the right scapula. (D) The red arrow highlights an osteochondroma situated at the proximal end of the left fibula.



The patient had a significant surgical history. Four years prior, she presented to our orthopedic department with bilateral knee pain. X-rays of the knee joints revealed bone protrusions at the distal femur, right proximal tibia, consistent with osteochondromas. The lesions caused significant knee pain, which led to the decision to surgically excise them. Histopathological examination of the excised tissue confirmed the diagnosis of osteochondroma (Figures 2A, B). The patient’s father had hereditary multiple exostoses, suggesting a genetic predisposition. The diagnosis of HME is typically based on clinical, radiological, and histological findings. Although genetic testing was not performed at that time, the patient was diagnosed with HME given her family history, imaging results, and postoperative pathological findings, which provided sufficient evidence for the diagnosis (4, 7).




Figure 2 | Hematoxylin and Eosin (HEx200) staining results. (A) HE Staining reveals the characteristic cartilage cap. (B) HE Staining delineates the cartilaginous cap and the adjacent fibrous layer, highlighting the distinct histological attributes of the tumor.



To remove the tumor and relieve its compression on the heart, the patient underwent resection of the mediastinal tumor after obtaining informed consent: a left subxiphoid incision was made, with a 4 cm incision along the rib arch, assisted by thoracoscopy. The tumor was excised without extensive resection, preserving adjacent ribs and sternum. Intraoperatively, a hard, popcorn-like mass was observed in the left anterior mediastinum, with unclear demarcation from the rib cartilage and anterior chest wall but relatively clear relation to the pericardium and surrounding structures, suggesting that the tumor likely originated from the rib rather than from the mediastinum itself (Figure 3A). Postoperative histopathological examination suggested a diagnosis of well-differentiated chondrosarcoma, this was consistent with the tumor features we observed during surgery. (Figures 3B, C). The patient recovered and was discharged on the third postoperative day. One month after the surgery, the patient consulted the oncology department at our hospital for a follow-up and to determine the next steps for treatment. A PET-CT scan was performed to assess for potential distant metastases, and fortunately, it revealed no evidence of distant metastasis (Figure 3D). There was visible soft tissue swelling and increased glucose metabolism in the surgical area, with a standardized uptake value (SUV) of 8.8, indicative of postoperative changes (Figure 3E). Follow-up echocardiography and electrocardiogram showed no evidence of tricuspid valve regurgitation or T-wave changes, possibly due to relief of right ventricular compression post-surgery (12). CT scans confirmed that the tumor had been successfully removed, with visible improvement in right ventricular compression (Figure 3F). According to the NCCN guidelines, for low-grade chondrosarcomas, either wide resection or intralesional resection followed by adjuvant radiotherapy is recommended (13). Therefore, the patient received adjuvant intensity-modulated radiotherapy at our hospital. Currently, the patient has been regularly followed up for one year without evidence of tumor recurrence.




Figure 3 | (A) Macroscopic Examination: The excised tumor, exhibiting a multinodular surface and a hard consistency, measured 2.3 cm × 4.0 cm × 4.7cm. (B,C) Histopathological Examination (Hematoxylin and Eosin Stain): Micrographs at high magnification revealed chondrocyte hyperplasia within the cartilaginous matrix, indicative of a malignant process. (D) No distant metastatic lesions were identified upon PET-CT examination. (E) Increased glucose metabolism was observed in the surgical site on PET-CT imaging, consistent with postoperative changes. (F) Contrast-enhanced chest CT during postoperative follow-up.







Discussion

Chondrosarcoma is a relatively common malignant bone tumor originating from cartilage and is the second most common primary malignant bone tumor after osteosarcoma (2). Chondrosarcomas can be classified into conventional chondrosarcoma and special subtypes, with the conventional type comprising approximately 85% of all cases. Conventional chondrosarcoma can be further divided into primary chondrosarcoma and secondary chondrosarcoma, which arises from benign conditions such as hereditary multiple exostoses, Ollier disease (multiple enchondromatosis), and Maffucci syndrome.

Hereditary multiple exostoses (HME), also known as hereditary multiple osteochondromas (HMO), is a rare autosomal dominant genetic disorder with an incidence of approximately 1 in 50,000 among Caucasians (14). Current research indicates that mutations in the EXT1 and EXT2 tumor suppressor genes from the EXT gene family are responsible for both sporadic and syndromic osteochondromas, including hereditary multiple exostoses (HME) (5, 15–17). The condition is characterized by multiple benign bone outgrowths covered with cartilage caps, primarily affecting the metaphyses of long bones in the limbs, as well as the scapula and pelvis, with relatively rare involvement of the ribs.

HME can lead to various complications, with the most serious being malignant transformation into chondrosarcoma. Previous studies have estimated the malignant transformation rate of HME to be approximately 1-5%. However, the timing of symptom development can vary depending on the tumor’s location. Early signs of malignant transformation of HME can be detected through imaging techniques such as CT and MRI (18, 19). Fortunately, secondary chondrosarcomas are generally low-grade and have a lower rate of metastasis, which aligns with the condition of the patient we report here (20, 21). The risk of malignant transformation is related to the location of the osteochondromas; those located in the pelvis and proximal femur are more prone to malignant transformation, while malignant transformation of rib osteochondromas into chondrosarcoma is exceedingly rare, with only a few cases reported in the literature. Malignant transformation is often initially detected by clinical symptoms, such as growth and pain occurring after puberty. However, the timing of symptom development can vary depending on the tumor’s location. Metesh Acharya et al. reported a case of a large chondrosarcoma primarily located in the anterior chest wall originating from a rib (10). Similarly, Wenliang Liu et al. reported a case of a large chondrosarcoma primarily located in the posterior chest wall, both believed to have arisen from malignant transformation of HME (11). In contrast, our patient benefited from early detection, with a relatively small tumor size. However, the growth pattern of the tumor in this case extended into the thoracic cavity, directly compressing the heart and significantly narrowing the right ventricle. Additionally, due to the tumor’s location in the anterior mediastinum, the diagnosis was challenging as it needed to be differentiated from other common anterior mediastinal tumors. These include teratomas, lymphomas, and other cartilage-origin tumors such as chondroblastomas (22).

The treatment strategy for chondrosarcoma depends on the tumor’s histological grade and location. Well-differentiated (low-grade) chondrosarcomas typically grow slowly and have a relatively low recurrence rate. Due to the rarity of costal chondrosarcoma, there is no standardized treatment protocol for this condition. According to the NCCN guidelines, the preferred approach for low-grade chondrosarcomas is either wide resection or intralesional resection followed by adjuvant therapy to minimize recurrence risk. However, wide resection often requires extensive removal of adjacent chest wall structures, such as the sternum and rib cartilage, which necessitates complex reconstruction. In this case, intralesional resection was chosen to preserve the structural integrity of the chest wall, as wide resection would have caused substantial disruption to surrounding structures. Recognizing the increased risk of local recurrence with intralesional resection, the patient underwent adjuvant intensity-modulated radiotherapy (IMRT). While chondrosarcomas are traditionally considered radioresistant, recent advancements in radiotherapy, including IMRT, have shown improved potential for local control (23, 24).

In summary, we report a highly rare case of costal chondrosarcoma secondary to HME, located in the anterior mediastinum and causing compression of the right ventricle, which required differentiation from other common anterior mediastinal tumors. This case underscores the importance of routine imaging follow-up for patients with HME to enable early detection of malignant transformation. It also highlights the critical role of a multidisciplinary team, including surgeons, oncologists, radiologists, and pathologists, in improving diagnostic accuracy, surgical planning, and postoperative management (3, 25). To our knowledge, this is the first reported case of costal chondrosarcoma secondary to HME occurring in the anterior mediastinum. Our experience highlights the need to suspect secondary chondrosarcoma in HME patients when a mediastinal mass with calcified foci is detected, especially if the mass is in close proximity to the chest wall.
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miR-140 miR-1407 — Inhibit Wnt/B-catenin pathway — Enhanced drug sensitivity (145)
circRNA
Circ_0003732 Circ_0003732| —Regulation of miR-377-3p/CPEBI axis — Inhibit Wnt/B-catenin pathway — Inhibit the proliferation, migration (147)
- and invasion of osteosarcoma cells, and promote cell apoptosis
Hea_cire_00g7302 | NSA-Cire-00873021 — Inhibit Wnt/B-catenin pathway — Inhibit the proliferation, cell cycle, migration and invasion of (118)
osteosarcoma cells
T circUBAP2| — Sponges acting as miR-506-3p — inhibit Wnt/B-catenin pathway — Inhibit cell proliferation, migration and )
< invasion, and promoted apoptosis of cisplatin-resistant osteosarcoma cells
IncRNA
IncRNA UCA1 IncRNA UCA1] —inhibit Wnt/B-catenin pathway — Inhibits cell invasion and migration (153)
IncRNA SNHGI0 %ncRITIA SNHG10|—Act as a sponge for miR-182-5p — inhibit Wnt/B-catenin pathway — Inhibit proliferation, migration and (154)
invasion of cancer cells
MRPL23-AS1 MR?L23-.A811 — MRPFZS-ASI competitively interacts with miR-30b—Inhibit Wnt/B-catenin pathway — Inhibit cell (155)
proliferation and migration
HOTAIR HOTAIR| — inhibit Wnt/B-catenin pathway— Inhibits cell cycle and cell proliferation (156)
LacRNA LncRNA FLVCRI-AS1|— Inhibit Wnt/B-catenin pathway—» Inhibits cell cycle and cell proliferation 3)
£ — - — 5
FLVCRI-ASI A P !
CASCI15 CASC15] — inhibit Wnt/B-catenin pathway — Inhibits cell cycle and cell proliferation (157)
LINC00665 LINC00665) — inhibit Wnt/B-catenin pathway— Inhibits cell cycle and cell proliferation (158)

1, Expression down; 1, expression up.





OPS/images/fonc.2024.1456959/table2.jpg
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Resveratrol Inhibit W"f[/ 3.vc‘atenin pat_hway'—-» Inhil.)it !h.e expression of c-Myc, Cyclin D1, MMP-2 and MMP-9 — Promote OS cell (162)
apoptosis, inhibit cell proliferation and invasion

Curcumin Inhibit Wnt/B-catenin pathway —» inhibit cell proliferation and invasion (90)

Baicalein Inhibit Wnt/B-catenin pathway — Inhibit metastasis and induce apoptosis (168)
Melatonin Inhibit Wnt/B-catenin pathway—Inhibit the expression of IncRNA JPX — Inhibit OS progression (172)
Oridonin Inhibit Wnt/B-catenin pathway—Inhibit cell proliferation and induce apoptosis (173)
Dihydroartemisinin ~ Inhibit Wnt/B-catenin pathway—Inhibit cell proliferation and induce apoptosis (174)
Polyfolin T Inhibit Wnt/B-catenin pathway—Inhibit cell proliferation and induce apoptosis (175)
Oleandrin Inhibit Wnt/B-catenin pathway—Inhibit cell proliferation and induce apoptosis (176)
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Cancer Type Dataset ID Cell Lineage Cell Typ Log2FC

Non-small-cell lung carcinoma (NSCLC) NSCLC6 B cell B_C3_JCHAIN 0.5526
Non-small-cell lung carcinoma (NSCLC) NSCLCé All Endothelial 0.5362
Intrahepatic cholangiocarcinoma (ICC) (o] All Endothelial 0.5315
Non-small-cell lung carcinoma (NSCLC) NSCLC Myeloid Mye_C1_CCLI8 05022
Non-small-cell lung carcinoma (NSCLC) NSCLC6 B cell B_C1_MZB1 0.4472
Breast cancer (BC) BC Myeloid Mye_C3_C1QC 0.4345
Nasopharyngeal carcinoma (NPC) NPC Myeloid Mye_C2_CTSD 0.4186
Non-small-cell lung carcinoma (NSCLC) NSCLC6 All Plasma 0.4098
Non-small-cell lung carcinoma (NSCLC) NSCLC5 Myeloid Mye_C7_APOE 0.4009
Non-small-cell lung carcinoma (NSCLC) NSCLC All Myeloid 0.3911
Skin cutaneous melanoma (SKCM) SKCM1 B cell B_C2_IGHG1 0.3895
Skin cutaneous melanoma (SKCM) SKCM1 Myeloid Mye_C4_CI1QA 0.3865
Head-Neck Squamous Cell Carcinoma (HNSC) HNSC Myeloid Mye_C7_APOE 0.3681
Non-small-cell lung carcinoma (NSCLC) NSCLC3 Myeloid Mye_C3_CTSB 0.357
Skin cutaneous melanoma (SKCM) SKCM1 All Myeloid 0.3546
Non-small-cell lung carcinoma (NSCLC) NSCLC1 Myeloid Mye_C6_CTSB 0.3541
Colorectal cancer (CRC) CRC1 Myeloid Mye_C3_APOE 0.3505
Non-small-cell lung carcinoma (NSCLC) NSCLCé Myeloid Mye_C2_APOE 0.3453
Skin cutaneous melanoma (SKCM) SKCM1 All Plasma 0.3427

Hepatocellular carcinoma (HCC) HCC All Endothelial 0.3222
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Cancer Type Dataset ID Cell Lineage Cell Typ Log2FC

Stomach adenocarcinoma (STAD) STAD All Endothelial 2.989
Pancreatic ductal adenocarcinoma (PDAC) PDAC All Endothelial 1.6355
Colorectal cancer (CRC) CRC1 All Endothelial 1.1556
Merkel cell carcinoma (MCC) MCC All Malignant 0.8158
Colorectal cancer (CRC) CRC2 All Endothelial 0.6713
Non-small-cell lung carcinoma (NSCLC) NSCLC5 B cell B_C11_MZB1 0.6342
Intrahepatic cholangiocarcinoma (ICC) Icc B cell B_C5_HIST1H4C 0.6209
Non-small-cell lung carcinoma (NSCLC) NSCLC B cell B_C10_MZB1 0.5401
Intrahepatic cholangiocarcinoma (ICC) 1eG: All Endothelial 0.5392
Breast cancer (BC) BC All Endothelial 0.4935
Pancreatic ductal adenocarcinoma (PDAC) PDAC2 CD4 CD4_C10_GNLY 0.4653
Non-small-cell lung carcinoma (NSCLC) NSCLC6 All Endothelial 0.4624
Pancreatic ductal adenocarcinoma (PDAC) PDAC2 All Endothelial 0.4548
Head-Neck Squamous Cell Carcinoma (HNSC) HNSC All Erythrocyte 0.4403
Skin cutaneous melanoma (SKCM) SKCM1 Myeloid Mye_C1_GZMB 04134
Skin cutaneous melanoma (SKCM) SKCM1 B cell B_C2_IGHG1 0.4074
Basal cell carcinoma (BCC) BCC Myeloid Mye_C1_GZMB 0.4006
Non-small-cell lung carcinoma (NSCLC) NSCLC1 B cell B_C6_IG] 0.3837
Non-small-cell lung carcinoma (NSCLC) NSCLC5 All Endothelial 0.3828

Colorectal cancer (CRC) CRC2 Myeloid Mye_C13_GZMB 0.3781
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Mye_C2_FBP1 | Mye_C7_PPA1 | Mye_C6_CCL18 |

Gene | Gene Mye_C1_CCL18 Gene | Gene Mye_C1_CCL18 Gene | Gene Mye_C1_CCL18
(97.684) (97.64) (96.877)
CD74_MIF 2.69 CD74_MIF 3.075 CD74_MIF 2819
CD74_COPA 241 CD74_COPA 2795 HLA-DPBI_TNFSF13B 2607
CD74_APP 2.379 CD74_APP 2.765 CD74_COPA 2539
HLA-DPB1_TNFSF13B 2.186 HLA-DPB1_TNFSF13B 2.495 CD74_APP 2.509
HLA-DRB1_OGN 1.861 HLA-DRBI_OGN 2.111 HLA-DPA1_TNFSF9 2016
C5AR1_RPS19 1.809 HLA-DPA1_TNFSF9 2015 HLA-DRB1_OGN 1.864
CCR1_CCL18 1.775 C5AR1_RPS19 1.695 C5ARI1_RPS19 1.798
HLA-DPAI_TNFSF9 1.605 CCRI_CCLI8 1.689 HLA-C_FAM3C 1725
SPP1_CD44 1529 HLA-C_FAM3C 1594 CCRI_CCL18 1617
HLA-C_FAM3C 1528 TNFRSFIA_GRN 1.489 TNFRSFIA_GRN 143
TNFRSFIA_GRN 146 TNFRSFIB_GRN 1417 ANXAI_FPR3 1324
TNFRSFIB_GRN 1361 1 SPP1_CD44 1278 ANXAI_FPRL 1275
GRN_SORT1 1089 EGFR_GRN 1222 GRN_SORT1 127
LGALS9_CD44 1.059 GRN_SORT1 122 TNFRSFIB_GRN 1.255
ANXAI1_FPR3 1.043 LGALS9_CD44 1.086 LGALS9_CD44 1172
CD52_SIGLEC10 1022 HLA-E_KLRC1 1018 ANXAI_FPR2 1102
SPP1_PTGER4 101 1 PTPRC_MRCL 0978 CD52_SIGLEC10 1.097
ANXAI_FPRI | 0.993 ANXAI_FPR3 0961 ALOX5_ALOX5AP 1089
SPP1_a4bl complex 0.979 CD94:NKG2A_HLA-E 096 LGALS9_CD47 1006
HLA-E_KLRC1 0.963 NRGI_MS4A4A 0931 CD99_PILRA 0.991

“Top 20 receptor-ligand interactions (gene | gene) driving the overall effect score between interacting cellular clusters.
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Mye_C1_CCL18 | Mye_C2_FBP1 | Mye_C7_PPA1 |

Gene | Gene B_C10_MZB1 Gene | Gene B_C10_MZB1 Gene | Gene B_C10_MZB1
(48.993) (47.944) (46.079)
CD74_MIF 2983 CD74_MIF 2906 CD74_MIF 3.291
CD74_COPA 2491 CD74_COPA 2414 CD74_COPA 2799
CD74_APP 2419 CD74_APP 2342 CD74_APP 2727
C5ARI_RPS19 2123 C5AR1_RPS19 2.105 HLA-DPB1_TNFSF13B 2.044
HLA-DPB1_TNFSF13B 1.873 HLA-C_FAM3C 1758 HLA-DPA1_TNFSF9 2.018
HLA-C_FAM3C 1777 HLA-DPB1_TNFSF13B 1735 C5AR1_RPS19 1.991
HLA-DPA1_TNFSF9 1732 HLA-DPA1_TNEFSF9 1.607 HLA-C_FAM3C | 1.824
CD94:NKG2A_HLA-E 0892 SPP1_CD44 1.104 CD94:NKG2A_HLA-E | 0.893
SPP1_CD44 0.757 SPP1_a4b1 complex 1004 SPP1_CD44 0.853
| ANXALFPRS 0.689 SPP1_PTGER4 0.952 LGALS9_CD47 | 0.77
PLD2_ARF1 0.679 CD94:NKG2C_HLA-E 0.889 SPPI_a4b1 complex 0.754
LGALS9_CD47 0.664 PLAUR_a4bl complex 0813 MIF_TNFRSF14 | 0.717
SPP1_adbl complex 0658 MIF_TNFRSF14 0.79 SPP1_PTGER4 | 0.701
LAMP1_FAM3C 0.628 ANXA1_FPR3 0.766 ANXA1_FPR3 0.684
PECAM1_CD38 0.622 LGALS9_CD47 0.744 PLD2_ARF1 0.677
CD44_HBEGF 0.621 CXCL10_CXCR3 0.74 LGALS9_CD44 0.66
EGFR_MIF 0.609 CD44_HBEGF 0.687 LGALS9_SLC1A5 | 0.647
CXCL12_CXCR4 0.606 PLD2_ARF1 0.67 PTPRC_CD22 0.61
SPP1_PTGER4 0.606 LGALS9_CD44 0.634 EGFR_MIF 0.604
PLAUR_a4bl complex 0.588 CCL2_CCR10 0.624 CXCL12_CXCR4 0.587

Top 20 receptor-ligand interactions (gene | gene) driving the overall effect score between interacting cellular clusters.
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Sequence ID Protein Name UniProt ID

15560-52 Apo-Transcobalamin-2 P20062 TCN2 6.8 0.0017
19141-22 Death-associated protein 1 P51397 DAP L6 0.002
3714-49 Creatine kinase M-type:Creatine kinase B-type heterodimer P12277|P06732 CKB|CKM 1 0018
3488-64 Catalase P04040 CAT 0.93 0.03

13534-20 Myomesin-2 P54296 MYOM2 0.73 0.034
11481-25 Hepatitis A virus cellular receptor 2 Q8TDQO HAVCR2 0.63 0.023
13691-10 Sodium-coupled monocarboxylate transporter 1 Q8N695 SLC5A8 0.63 0.018
4139-71 Interleukin-6 receptor subunit alpha P08887 IL6R 0.63 0.001
15427-35 Lysyl oxidase homolog 3 P58215 LOXL3 0.6 0.037
15466-30 Collagen alpha-1(IX) chain P20849 COL9AL 0.59 0.031
3216-2 Polymeric immunoglobulin receptor P01833 PIGR -0.64 0.041
13125-45 Vitronectin P04004 VTN -0.66 0.018
19323-1 Receptor-binding cancer antigen expressed on SiSo cells 000559 EBAGY -0.69 0.025
3199-54 Kallikrein-12 Q9UKRO KLK12 -0.79 0.017
23569-53 START domain-containing protein 10 QIY365 STARD10 -0.82 0.021
12663-1 Thiosulfate sulfurtransferase Q16762 TST -0.86 0.031
3046-31 Resistin QIHD89 RETN -0.87 0.013
17742-2 Ras-related protein R-Ras P10301 RRAS -0.88 0.029
13495-48 Hydroxycarboxylic acid receptor 2 QS8TDS4 HCAR2 -0.89 0.043
23259-23 EEF1A lysine methyltransferase 1 Q8WVE0 EEFIAKMT1 -0.98 0.023
4964-67 Endoplasmic reticulum aminopeptidase 1 QINZ08 ERAP1 -0.99 0.0089
15388-24 Low affinity immunoglobulin gamma Fe region receptor III-A P08637 FCGR3A 12 0.0037
12581-39 Inositol monophosphatase 2 014732 IMPA2 -1.3 0.0069

10966-1 Alpha-2-HS-glycoprotein P02765 AHSG -6.1 0.0012





