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Osteosarcoma is the most common primary malignant bone tumor in adolescents and young adults, marked by genomic instability and a high rate of lung metastasis. While surgery and intensive chemotherapy have improved survival for localized disease, outcomes for recurrent or metastatic cases remain poor, with limited progress in recent decades. In response, targeted therapies have emerged, focusing on key oncogenic pathways and tumor microenvironmental factors. Recent clinical studies have explored tyrosine kinase inhibitors (e.g., sorafenib, regorafenib), PI3K/Akt/mTOR inhibitors, angiogenesis modulators (e.g., apatinib), and immune checkpoint inhibitors. Although some agents achieve transient disease stabilization or partial responses, their overall efficacy is constrained by tumor heterogeneity, rapid resistance, and the lack of predictive biomarkers. Notably, combination regimens—such as VEGF and mTOR inhibition or TKI with immunotherapy—have shown promise in preclinical and early clinical trials. Future directions emphasize precision medicine approaches, including liquid biopsies and molecular profiling to guide therapy selection. Nanotechnology-based delivery systems are also under development to enhance tumor targeting and reduce systemic toxicity. However, the rarity of osteosarcoma, trial design limitations, and treatment-related toxicities remain critical barriers. This review synthesizes current evidence and underscores the need for biomarker-driven, multimodal strategies to overcome resistance and improve long-term outcomes in osteosarcoma management.

Keywords
 osteosarcoma; tumor microenvironment; targeted therapy; mTOR pathway; tyrosine kinase inhibitors; precision oncology


1 Introduction

Osteosarcoma constitutes the most prevalent form of malignant bone tumor and predominantly affects children, adolescents, and young adults. This neoplasm accounts for approximately 20% of all primary bone malignancies (1, 2). It is characterized by aggressive growth, significant genomic instability, and a high propensity for pulmonary metastasis, which remains the leading cause of mortality (3, 4). Clinically, osteosarcoma exhibits considerable heterogeneity at both genetic and histopathological levels, complicating diagnosis, risk stratification, and response prediction (5). Emerging evidence associates this heterogeneity with the tumor microenvironment (TME), where variable immune infiltration and stromal interactions are central drivers of resistance (3, 5–7). The standard treatment for osteosarcoma typically involves surgical resection in conjunction with multi-agent chemotherapy regimens, including methotrexate, doxorubicin, cisplatin, and ifosfamide, which have been employed since the 1980s. These interventions have increased survival rates for patients with localized disease to 60%–70%. However, individuals with recurrent, chemoresistant, or metastatic osteosarcoma continue to face poor long-term survival rates, which remain below 20% (8). Despite extensive research endeavors, overall survival rates have not markedly improved, highlighting the pressing need for innovative therapeutic strategies beyond traditional chemotherapy (9). Recent advancements in genetic and molecular research have elucidated critical pathways involved in osteosarcoma pathogenesis, such as the PI3K/Akt/mTOR axis, VEGF-mediated angiogenesis, and PD-1/PD-L1 signaling. Furthermore, elements of the TME, including immune suppression and stromal support, significantly affect therapeutic response (10). These insights have propelled the development of targeted agents aimed at inhibiting tumor proliferation, disrupting angiogenesis, or enhancing antitumor immunity. Various classes of targeted therapies are currently under investigation for osteosarcoma. Tyrosine kinase inhibitors disrupt signaling pathways that promote tumor growth and angiogenesis. mTOR inhibitors impede intracellular growth and survival mechanisms. Antiangiogenic agents inhibit the tumor vasculature, while immune checkpoint inhibitors aim to enhance antitumor immune responses (11). Clinical studies have demonstrated that these agents can occasionally induce disease stabilization or partial responses; however, their efficacy is generally limited and transient, primarily due to the emergence of resistance and the absence of reliable predictive biomarkers (12). Ongoing research is focused on elucidating the impact of intratumoral and microenvironmental heterogeneity on therapeutic outcomes. Contemporary strategies include combination regimens, biomarker-driven patient selection, and the development of advanced drug delivery platforms to achieve more durable clinical benefits (13, 14). This review synthesizes recent clinical evidence on targeted therapies for osteosarcoma. It encompasses the main results from clinical trials, elucidates the rationale behind different treatment strategies, and discusses current challenges, particularly how genetic and environmental factors in tumors affect treatment response (15).



2 Current targeted therapeutic approaches in osteosarcoma

Over the past decade, a variety of targeted therapeutic strategies have been investigated in osteosarcoma, aiming to disrupt tumor signaling, angiogenesis, and immune evasion. The most extensively studied pharmacological agents include tyrosine kinase inhibitors (TKIs), inhibitors of the PI3K/Akt/mTOR pathway, and angiogenesis modulators.


2.1 Tyrosine kinase inhibitors (TKIs)

TKIs inhibit multiple receptor tyrosine kinases involved in the growth, survival, and angiogenesis of osteosarcoma. Sorafenib, which targets VEGFR, PDGFR, and RAF, has demonstrated modest antitumor activity in heavily pretreated patients, primarily stabilizing the disease in a subset of individuals (16). When administered in combination with everolimus, it enhanced progression-free survival compared to sorafenib alone, indicating the potential of dual pathway inhibition (17). Regorafenib has demonstrated more consistent outcomes. In the SARC024 phase II trial, it significantly prolonged progression-free survival compared to placebo in patients with metastatic osteosarcoma (18), thereby establishing regorafenib as one of the most clinically validated tyrosine kinase inhibitors (TKIs). Cabozantinib, which targets MET and VEGFR2, has also shown efficacy in patients with refractory disease, including those with pulmonary metastases (19). Other TKIs, such as pazopanib and cediranib, have been investigated, resulting in partial responses and disease stabilization; however, durable results remain limited (20). Collectively, these trials suggest that TKIs can provide temporary disease control but are inhibited by tumor heterogeneity and the development of resistance (21).



2.2 PI3K/Akt/mTOR pathway inhibitors

The PI3K/Akt/mTOR signaling pathway is often dysregulated in osteosarcoma, facilitating cellular proliferation, survival, and resistance to therapeutic agents (22). Everolimus, an mTOR inhibitor, has been assessed both as a monotherapy and in combination with sorafenib. While monotherapy offers limited advantages, combination therapies have shown improved disease control. Preclinical investigations indicate that dual inhibition of PI3K and mTOR may circumvent adaptive resistance, especially in tumors characterized by PTEN loss or PI3K mutations (23). However, the clinical application of these findings is hindered by challenges related to toxicity and efficacy. Current research endeavors are directed toward identifying predictive biomarkers, such as activation profiles and genetic alterations, to enhance patient selection (24). This reflects a shift toward precision oncology in osteosarcoma.



2.3 Anti-Angiogenic agents

Angiogenesis is a key driver of osteosarcoma progression and metastasis, rendering it a significant therapeutic target. Apatinib, a VEGFR2 inhibitor, has demonstrated promising activity in advanced osteosarcoma, including partial responses and prolonged disease stabilization, in phase II studies (25). Similar, albeit modest, benefits have been observed with pazopanib and cediranib (26). Resistance to VEGFR inhibition develops rapidly as tumors activate alternative pro-angiogenic pathways or adopt invasive growth strategies (27). To address this issue, angiogenesis inhibitors have been combined with other therapeutic modalities, including checkpoint inhibitors. The normalization of tumor vasculature through VEGFR blockade may enhance immune cell infiltration, thereby potentially increasing the efficacy of immunotherapy (28).



2.4 Immune checkpoint inhibitors

Osteosarcoma is renowned for its immunogenic characteristics; however, clinical trials involving immune checkpoint inhibitors have predominantly yielded unsatisfactory results. Pembrolizumab, an anti–PD–1 antibody, was evaluated in patients with relapsed and refractory osteosarcoma, yet exhibited limited efficacy, with most patients experiencing disease progression (29). The obstacles to achieving success include an immunosuppressive TME, a low tumor mutational burden, and the absence of biomarkers to identify potential responders (11). Current research is investigating combination strategies, such as the integration of tyrosine kinase inhibitors (TKIs) with checkpoint inhibitors, chemotherapy, or radiotherapy, to enhance immune activation. Preclinical studies suggest that TKIs, such as regorafenib, may facilitate vascular remodeling to improve T-cell infiltration (30). Furthermore, insights into the TME, including immune suppression and microbial heterogeneity, propose novel strategies for sensitizing tumors to checkpoint blockade (31, 32). Furthermore, anti-angiogenic drugs may contribute to the therapeutic management of osteosarcoma by targeting additional molecular pathways (Figure 1). Table 1 summarizes a comprehensive overview of targeted therapies and immune checkpoint inhibitors in cases of relapsed or advanced osteosarcoma, detailing drug targets, trial phases, patient populations, clinical outcomes, and key references.
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FIGURE 1
 Mechanistic insights into the osteosarcoma targeted anti-angiogenesis therapy. Reproduced from “Mechanistic insights into the OS targeted anti-angiogenesis therapy” by Liu et al. (33), licensed under CC BY 4.0.



TABLE 1 Selected clinical trials of targeted agents and immune checkpoint inhibitors in relapsed or advanced osteosarcoma.


	Drug
	Targets
	Phase
	Setting/patient population
	Outcome/findings
	References

 

 	Sorafenib 	VEGFR, PDGFR, RAF 	II 	Relapsed/metastatic osteosarcoma 	Stable disease in subset; modest activity 	Liu et al. (33)


 	Sorafenib 	VEGFR 	II 	Relapsed/metastatic osteosarcoma 	Improved PFS vs. monotherapy 	Flaherty et al.(34)


 	Regorafenib 	VEGFR, FGFR, RET, KIT 	II (SARC024) 	Advanced/metastatic osteosarcoma 	Significant PFS benefit vs. placebo 	Davis et al. (18)


 	Cabozantinib 	MET, VEGFR2 	II 	Refractory osteosarcoma (lung) 	Promising activity; manageable safety 	Ruiz-Morales and Heng (19)


 	Apatinib 	VEGFR2 	II 	Advanced osteosarcoma 	Partial responses; disease control 	Tian et al. (35)


 	Pembrolizumab 	PD-1 	II 	Relapsed/refractory osteosarcoma 	Minimal efficacy; immune evasion 	Al Hadidi and Lee (36)




 




3 Emerging strategies and future directions

Targeted therapies offer certain advantages in the management of osteosarcoma; however, sustained responses remain infrequent due to intratumoral heterogeneity, redundant signaling pathways, and mechanisms of immune evasion. To enhance clinical outcomes, emerging strategies focus on combination therapies, biomarker-guided treatment selection, and the development of novel drug delivery systems.


3.1 Rational combination therapies

Monotherapies utilizing TKIs, angiogenesis inhibitors, or immune checkpoint inhibitors typically result in transient responses. Rational combinations aim to target multiple pathways. For example, the combination of sorafenib with everolimus has demonstrated superior progression-free survival compared to sorafenib alone, underscoring the value of dual blockade (37). Similarly, the combination of regorafenib with PD-1 inhibitors is under investigation to enhance immune activation by remodeling the tumor vasculature and facilitating T-cell infiltration (30). Preclinical evidence also supports the combination of mTOR inhibitors with chemotherapy, as the suppression of survival pathways enhances chemosensitivity (38). Radiotherapy combined with checkpoint blockade has been proposed to induce immunogenic cell death, thereby potentiating immune responses (39). These examples collectively demonstrate that effective treatment may necessitate the coordinated targeting of both oncogenic signaling and immune evasion pathways (40).



3.2 Biomarker-guided and precision oncology approaches

The lack of predictive biomarkers constitutes a notable limitation of this study. Potential candidates, including PTEN loss, PI3K mutations, VEGF expression, and PD-L1 status, have yet to be validated for routine application (41). New methodologies are emerging in this field. Liquid biopsy and ctDNA profiling offer real-time monitoring of clonal evolution and therapeutic resistance (42, 43). Systems-level approaches, such as dynamic network biomarkers applied in thyroid and breast cancers, may capture early molecular shifts predictive of response and could be adapted for osteosarcoma (44). Additionally, heterogeneity in the TME, including immune and microbial diversity, represents a rich source of biomarkers linking stromal biology to therapeutic outcomes (45). These strategies align osteosarcoma research with broader precision-oncology initiatives (46, 47).



3.3 Novel drug delivery platforms

The systemic delivery of targeted drugs is impeded by poor bioavailability, toxicity, and limited tumor penetration. Nanotechnology-based carriers have been developed to address these challenges. Liposomal formulations, polymeric nanoparticles, and bone-targeted delivery systems can enhance drug accumulation in tumors while reducing systemic side effects (48, 49). For instance, encapsulating TKIs, such as sorafenib, in nanoparticles improves pharmacokinetics and safety, whereas nanocarrier delivery of checkpoint inhibitors enhances immune cell infiltration and activity. Multifunctional platforms that co-deliver cytotoxic and immunomodulatory agents are also being tested, offering a route to address tumor growth and immune suppression simultaneously (50, 51).



3.4 Future clinical directions

The convergence of molecular oncology, immunotherapy, and nanotechnology suggests that osteosarcoma therapy will increasingly rely on multimodal approaches. Adaptive trial designs, such as basket and umbrella trials, have the potential to incorporate real-time molecular profiling to enhance the allocation of therapies (52). Additionally, the integration of biomarkers derived from the TME, including immune signatures, exosomal profiles, and microbial heterogeneity, may improve patient selection (53). To overcome the current survival plateau, it is imperative to foster collaboration among oncologists, molecular biologists, bioengineers, and computational scientists to translate laboratory advancements into sustainable clinical outcomes effectively. Emerging therapeutic approaches, such as gene therapy and oncolytic virotherapy, are currently under investigation. Despite significant advancements, the prognosis for osteosarcoma, particularly in cases involving metastasis, remains poor. This underscores the urgent need for continued research and the development of innovative therapeutic strategies to enhance patient outcomes (54) (Figure 2).
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FIGURE 2
 Roadmap of emerging targeted therapeutic strategies for osteosarcoma. Reproduced from “Current advancement in therapies for the treatment of osteosarcoma” by Morya et al. (54), licensed under CC BY-NC-ND 4.0.





4 Challenges and limitations

Despite notable progress in the clinical exploration of targeted therapies, their effectiveness in the treatment of osteosarcoma remains limited by several fundamental challenges. These challenges stem not only from the biological complexities inherent to the disease but also from issues related to trial design, biomarker availability, and safety considerations.


4.1 Tumor heterogeneity and genomic complexity

Osteosarcoma is characterized by significant genomic instability, including chromothripsis, structural rearrangements, and extensive copy-number alterations (55). This instability contributes to considerable intratumoral heterogeneity, with subclones possessing distinct oncogenic drivers co-existing within the same tumor. Such diversity results in highly variable therapeutic responses, thereby complicating the development of standardized treatment protocols (56). Unlike tumors driven by recurrent “trunk” mutations (e.g., EGFR in lung cancer), osteosarcoma lacks consistent and targetable mutations. A network of signaling redundancies that enable tumor cells to circumvent the inhibition of a single pathway characterizes the disease. This complexity poses a challenge to the application of a “one-size-fits-all” therapeutic model and underscores the necessity for biomarker-guided precision strategies (57).



4.2 Development of drug resistance

Resistance to targeted therapies continues to pose a significant clinical challenge. Both intrinsic resistance, which exists before treatment, and acquired resistance, which develops during therapy, have been documented. These resistance mechanisms encompass compensatory activation of parallel signaling pathways, epigenetic reprogramming, and alterations in the TME (58). For instance, while VEGFR inhibition with agents such as apatinib or sorafenib may initially suppress angiogenesis, tumors can rapidly adapt by upregulating alternative pro-angiogenic factors or adopting invasive growth patterns (59). Drug efflux transporters and metabolic reprogramming contribute to this resistance. Additionally, the immunosuppressive microenvironment, characterized by regulatory T cells, myeloid-derived suppressor cells, and tumor-associated macrophages, can undermine the effectiveness of checkpoint inhibitors (60). The elucidation of these resistance mechanisms highlights the imperative for employing combination regimens and interventions that specifically target the microenvironment.



4.3 Lack of predictive biomarkers

A significant limitation in the field of osteosarcoma research is the absence of validated predictive biomarkers. Although various markers, including PTEN loss, PI3K mutations, VEGF overexpression, and PD-L1 status, have been investigated, none have been standardized for clinical decision-making (61). This gap impedes the ability to identify patients who are most likely to benefit from specific therapies, resulting in inconsistent and often unsatisfactory outcomes. Recent investigations into dynamic network biomarkers have demonstrated potential in detecting early molecular changes predictive of therapeutic response. Furthermore, the application of liquid biopsies and circulating tumor DNA (ctDNA) as real-time monitoring tools presents an opportunity to observe clonal evolution and emerging resistance during treatment (44). Nevertheless, these methodologies remain predominantly experimental and necessitate validation in larger, multicenter cohorts.



4.4 Limitations of clinical trials

The rarity of osteosarcoma poses considerable challenges in the design and implementation of rigorous clinical trials for its treatment. Most studies are single-arm phase II trials with limited patient enrollment, which restricts their statistical power and generalizability (62). Cross-trial comparisons are further complicated by variations in eligibility criteria, treatment protocols, and endpoints (63). Additionally, traditional trial endpoints, such as progression-free survival, may not adequately reflect the benefits of targeted or immunotherapeutic agents, especially when stable disease, rather than tumor reduction, is the primary outcome (64). Adaptive trial designs and international collaborative consortia are urgently needed to address these limitations and accelerate the translation of promising therapies into clinical practice.



4.5 Safety and toxicity concerns

While targeted therapies are generally perceived as more selective than cytotoxic chemotherapy, they are not without associated toxicities. Tyrosine kinase inhibitors (TKIs), such as regorafenib and cabozantinib, are linked to hypertension, hand–foot syndrome, gastrointestinal disturbances, and fatigue, often necessitating dose reduction or treatment discontinuation (65). Similarly, angiogenesis inhibitors can induce vascular complications, including bleeding and thrombosis. Although immune checkpoint inhibitors are typically well tolerated, they may result in immune-related adverse events, such as colitis, pneumonitis, endocrinopathies, and hepatitis. The toxicities associated with treatment are particularly concerning in pediatric and adolescent patients, who constitute the majority of osteosarcoma cases (66). Effective management of these adverse events necessitates multidisciplinary expertise and meticulous monitoring, which may restrict their widespread implementation in resource-limited settings. The challenges highlighted emphasize the complexity of advancing targeted therapies for osteosarcoma. Addressing these challenges requires a deeper understanding of the disease’s biology, the identification of reliable biomarkers, the development of innovative clinical trial designs, and the enhancement of strategies to manage treatment-related toxicities. Collaborative efforts across these domains are essential to improving the efficacy of targeted interventions for this rare and aggressive malignancy (67).




5 Conclusion

Osteosarcoma remains one of the most challenging malignancies to manage in pediatric and adolescent populations. Although surgery and chemotherapy constitute the standard treatments, survival rates for relapsed or metastatic cases have not significantly improved in recent decades. The introduction of targeted agents, such as tyrosine kinase inhibitors, mTOR inhibitors, angiogenesis modulators, and immune checkpoint inhibitors, has expanded therapeutic options and demonstrated disease stabilization in certain patients. However, these benefits are constrained by tumor heterogeneity, the rapid emergence of resistance, a lack of predictive biomarkers, and complexities in clinical trial design. Furthermore, treatment-related toxicities present substantial challenges, particularly for younger patients. Current evidence underscores both the potential and the limitations of targeted therapies for osteosarcoma, highlighting the need for innovative strategies that incorporate tumor biology and microenvironmental factors.



Author contributions

DH: Writing – review & editing. XY: Writing – review & editing. JX: Writing – review & editing. BL: Writing – review & editing. XO: Writing – review & editing. SS: Writing – original draft, Formal analysis, Writing – review & editing, Resources.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Corre,I, Verrecchia,F, Crenn,V, Redini,F, and Trichet,V. The osteosarcoma microenvironment: a complex but targetable ecosystem. Cells. (2020) 9:976. doi: 10.3390/cells9040976 
	 2. Rathore,R, and Tine,BA. Pathogenesis and current treatment of osteosarcoma: perspectives for future therapies. J Clin Med. (2021) 10:1182. doi: 10.3390/jcm10061182
	 3. Moukengue,B, Lallier,M, Marchandet,L, Baud'Huin,M, Verrecchia,F, Ory,B , et al. Origin and therapies of osteosarcoma. Cancers (Basel). (2022) 14:3503. doi: 10.3390/cancers14143503 
	 4. Fang,Y, Kong,Y, Zeng,D, Luo,Q, Liao,W, and Rong,G. Systematic investigation of tumor microenvironment and antitumor immunity with IOBR. Med Res. (2025) 1:136–40. doi: 10.1002/mdr2.70001
	 5. Ghosh,D, and Dawson,MR. Microenvironment influences cancer cell mechanics from tumor growth to metastasis. London: Springer (2018).
	 6. Gao,Z, Li,Z, Tang,B, Zhu,L, Mou,W, Zhang,J , et al. Heterogeneity of intratumoral microbiota within the tumor microenvironment and relationship to tumor development. Med Res. (2025) 1:32–61. doi: 10.1002/mdr2.70006
	 7. Maacha,S, Bhat,AA, Jimenez,L, Raza,A, Haris,M, Uddin,S , et al. Extracellular vesicles-mediated intercellular communication: roles in the tumor microenvironment and anti-cancer drug resistance. Mol Cancer. (2019) 18:55. doi: 10.1186/s12943-019-0965-7 
	 8. Harrison,DJ, and Schwartz,CL. Osteogenic sarcoma: systemic chemotherapy options for localized disease. Curr Treat Options in Oncol. (2017) 18:24. doi: 10.1007/s11864-017-0464-2 
	 9. Janku,F, Stewart,DJ, and Kurzrock,R. Targeted therapy in non-small-cell lung cancer—is it becoming a reality? Nat Rev Clin Oncol. (2010) 7:401–14. doi: 10.1038/nrclinonc.2010.64 
	 10. Chimento,A, D'Amico,M, Pezzi,V, and Amicis,F. Notch signaling in breast tumor microenvironment as mediator of drug resistance. Int J Mol Sci. (2022) 23:6296. doi: 10.3390/ijms23116296 
	 11. Saeed,A, Park,R, and Sun,W. The integration of immune checkpoint inhibitors with VEGF targeted agents in advanced gastric and gastroesophageal adenocarcinoma: a review on the rationale and results of early phase trials. J Hematol Oncol. (2021) 14:13. doi: 10.1186/s13045-021-01034-0 
	 12. Brest,P, Hofman,P, Milano,G, Mograbi,B, and Pagès,G. Checkpoint inhibitors and anti-angiogenic agents: a winning combination. Br J Cancer. (2023) 129:1367–72. doi: 10.1038/s41416-023-02437-1 
	 13. Berrell,N, Blick,T, Bidgood,C, Sadeghirad,H, Kulasinghe,A, O'Byrne,K , et al. Metabolomics at the tumor microenvironment interface: decoding cellular conversations. Med Res Rev. (2023) 44:1121–46. doi: 10.1002/med.22010 
	 14. Zhang,H, Qiu,X, Li,L, Kadier,K, Zhu,S, Gu,T , et al. Optimized dynamic network biomarker deciphers a high-resolution heterogeneity within thyroid cancer molecular subtypes. Med Res. (2025) 1:10–31. doi: 10.1002/mdr2.70004
	 15. Luo,Y, Tan,L, Li,T, Sun,M, and Min,L. Nano-based drug delivery systems: potential developments in the therapy of metastatic osteosarcoma-a. narrative review pharmaceutics. Pharmaceutics. (2023) 15:2717. doi: 10.3390/pharmaceutics15122717
	 16. Flaherty,KT, Rosen,A, Maryann,FH, Brian,LG, Mitchell,DS, Peter,DS , et al. Pilot study of DCE-MRI to predict progression-free survival with sorafenib therapy in renal cell carcinoma. Cancer Biol Ther. (2008) 7:496–501. doi: 10.4161/cbt.7.4.5624
	 17. Heeckeren,WJ, Ortiz,J, Remick,SC, and Cooney,MM. Hypertension, proteinuria, and antagonism of vascular endothelial growth factor signaling: clinical toxicity, therapeutic target. Or novel biomarker? J Clin Oncol. (2007) 25:2993–5. doi: 10.1200/JCO.2007.11.5113 
	 18. Davis,LE, Rushing,D, Attia,S, Bolejack,V, Riedel,RF, Reed,D , et al. Randomized double-blind phase II study of regorafenib in patients with metastatic osteosarcoma. J Clin Oncol. (2019) 37:1424–31. doi: 10.1200/JCO.18.02374 
	 19. Ruiz-Morales,JM, and Heng,DYC. Cabozantinib in the treatment of advanced renal cell carcinoma: clinical trial evidence and experience. Ther Adv Urol. (2016) 8:338–47. doi: 10.1177/1756287216663073 
	 20. Du,YX, Li,X, Ji,SW, and Niu,N. Hypertension toxicity of VEGFR-TKIs in cancer treatment: incidence, mechanisms, and management strategies. Arch Toxicol. (2024) 99:67–81. doi: 10.1007/s00204-024-03874-4 
	 21. Chen,C, Shi,Q, Xu,J, Ren,T, Huang,Y, and Guo,W. Current progress and open challenges for applying tyrosine kinase inhibitors in osteosarcoma. Cell Death Discov. (2022) 8:488. doi: 10.1038/s41420-022-01252-6 
	 22. Alves,CL, and Ditzel,HJ. Drugging the PI3K/AKT/mTOR pathway in ER+ breast Cancer. Int J Mol Sci. (2023) 24:4522. doi: 10.3390/ijms24054522 
	 23. Morrow,PK, Xiong,Y, Kindelberger,DW, Coviello,J, Zhang,S, Nuñez,R , et al. Phase I/II study of trastuzumab in combination with everolimus (RAD001) in patients with HER2-overexpressing metastatic breast cancer who progressed on trastuzumab-based therapy. J Clin Oncol. (2011) 29:3126–32. doi: 10.1200/JCO.2010.32.2321 
	 24. Pircher,A, Hilbe,W, Heidegger,I, Tichelli,A, Drevs,J, and Medinger,M. Biomarkers in tumor angiogenesis and anti-angiogenic therapy. Int J Mol Sci. (2011) 12:7077–99. doi: 10.3390/ijms12107077 
	 25. Xie,L, Tang,X, Yang,R, Sun,X, Guo,W, Yan,T , et al. Apatinib for advanced osteosarcoma after failure of standard multimodal therapy: an open label phase II clinical trial. Oncologist. (2018) 24:542–50. doi: 10.1634/theoncologist.2018-0542
	 26. Hamberg,P, Verweij,J, and Sleijfer,S. Pre-clinical pharmacology and activity of pazopanib, a novel multikinase angiogenesis inhibitor. Oncologist. (2010) 15:539–47. doi: 10.1634/theoncologist.2009-0274 
	 27. Grobbelaar,C, Steenkamp,V, and Mabeta,P. Vascular endothelial growth factor receptors in the vascularization of pancreatic tumors: implications for prognosis and therapy. Curr Issues Mol Biol. (2025) 47:179. doi: 10.3390/cimb47030179 
	 28. Ren,S, Xiong,X, Shen,J, Zhou,P, and You,H. The combination of immune checkpoint blockade and angiogenesis inhibitors in the treatment of advanced non-small cell lung cancer. Front Immunol. (2021) 12:689132. doi: 10.3389/fimmu.2021.689132 
	 29. Hirsch,L, Flippot,R, Escudier,B, and Albiges,L. Immunomodulatory roles of VEGF pathway inhibitors in renal cell carcinoma. Drugs. (2020) 80:1169–81. doi: 10.1007/s40265-020-01327-7 
	 30. Okpalanwaka,IF, Daugherity,EA, McCormick,AL, Anderson,TS, Smith,SL, Lawrence,C , et al. A PD-L1/CD3 bispecific antibody enhances the antitumor effects of regorafenib against colon cancer. Mol Cancer Ther. (2025) 24:1240–51. doi: 10.1158/1535-7163.MCT-24-1015 
	 31. Chryplewicz,A, Hanahan,D, Shchors,K, Tichet,M, Homicsko,K, Scotton,J , et al. Cancer cell autophagy, reprogrammed macrophages, and remodeled vasculature in glioblastoma triggers tumor immunity. Cancer Cell. (2022) 40:1111–27. doi: 10.1016/j.ccell.2022.08.014
	 32. Lu,Y, Wang,Y, Su,H, and Li,H. PD L1 is associated with the prognosis of penile cancer: a systematic review and meta analysis. Front Oncol. (2022) 12:1013806. doi: 10.3389/fonc.2022.1013806 
	 33. Liu,Y, Huang,N, Liao,S, Rothzerg,E, Yao,F, Li,Y , et al. Current research progress in targeted anti-angiogenesis therapy for osteosarcoma. Cell Prolif. (2021) 54:e13102. doi: 10.1111/cpr.13102 
	 34. Flaherty,KT, George,DJ, Manola,JB, Dutcher,JJ, Pins,M, McDermott,DF , et al. BEST: a randomized phase II study of vascular endothelial growth factor, RAF kinase, and mammalian target of rapamycin combination targeted therapy with bevacizumab, sorafenib, and temsirolimus in advanced renal cell carcinoma--a trial of the ECOG-ACRIN cancer research group (E2804). J Clin Oncol. (2015) 33:2384–91. doi: 10.1200/JCO.2015.60.9727 
	 35. Tian,Z, Zhang,P, Ge,H, Yao,W, Liu,Z, Wang,X , et al. Efficacy and safety of apatinib in treatment of osteosarcoma after failed standard multimodal therapy: an observational study. Medicine (Baltimore). (2019) 98:15650. doi: 10.1097/MD.0000000000015650 
	 36. Al Hadidi,SA, and Lee,HJ. Pembrolizumab for the treatment of Hodgkin lymphoma. Expert Opin Biol Ther. (2020) 20:1275–82. doi: 10.1080/14712598.2020.1830056 
	 37. Chanda,M, and Cohen,MS. Advances in the discovery and development of melanoma drug therapies. Expert Opin Drug Discov. (2021) 16:1319–47. doi: 10.1080/17460441.2021.1942834 
	 38. Lévesque,S, Le Naour,J, Pietrocola,F, Paillet,J, Kremer,M, Castoldi,F , et al. A synergistic triad of chemotherapy, immune checkpoint inhibitors, and caloric restriction mimetics eradicates tumors in mice. Onco Targets Ther. (2019) 8:1657375. doi: 10.1080/2162402X.2019.1657375 
	 39. Zhou,H, Tu,C, Yang,P, Li,J, Kepp,O, Li,H , et al. Carbon ion radiotherapy triggers immunogenic cell death and sensitizes melanoma to anti-PD-1 therapy in mice. Onco Targets Ther. (2022) 11:2057892. doi: 10.1080/2162402X.2022.2057892 
	 40. Arya,KR, Soumya,SJ, Nadh,AG, Aswathy,TR, Vijayalakshmi,B, Nair,AS , et al. Multitarget-directed multiple ligands in anti-VEGF-resistant glioblastoma therapeutics: an in silico approach to identify potential phytochemicals. Medinfo. (2025). doi: 10.47852/bonviewMEDIN52023816
	 41. Cabrita,R, Jönsson,G, Ingvar,C, Isaksson,K, Ekedahl,H, Lövgren,K , et al. The role of PTEN loss in immune escape, melanoma prognosis and therapy response. Cancers (Basel). (2020) 12:742. doi: 10.3390/cancers12030742 
	 42. Wang,L. In silico development and experimental validation of a novel 7 gene signature based on PI3K pathway related genes in bladder cancer. BMC Urol. (2022) 22:797–811. doi: 10.1007/s10142-022-00884-2 
	 43. Oellerich,M, Beck,J, Walson,PD, and Schütz,E. Circulating cell-free DNA-diagnostic and prognostic applications in personalized cancer therapy. Ther Drug Monit. (2018) 41:115–20. doi: 10.1097/FTD.0000000000000566
	 44. Addanki,S, Meas,S, Sarli,VN, Singh,B, and Lucci,A. Applications of circulating tumor cells and circulating tumor DNA in precision oncology for breast cancers. Int J Mol Sci. (2022) 23:7843. doi: 10.3390/ijms23147843 
	 45. Sarkar,M, Nguyen,T, Gundre,E, Ogunlusi,O, El-Sobky,M, Giri,B , et al. Cancer-associated fibroblasts: the chief architect in the tumor microenvironment. Front Cell Dev Biol. (2023) 11:1089068:11. doi: 10.3389/fcell.2023.1089068 
	 46. Ning,J. The complex role of immune cells in antigen presentation and regulation of T cell responses in hepatocellular carcinoma: progress, challenges, and future directions. Front Immunol. (2024) 15:1483834. doi: 10.3389/fimmu.2024.1483834 
	 47. Lin,H. Artificial intelligence with great potential in medical informatics: a brief review. Medinfo. (2024) 1:2–9. doi: 10.47852/bonviewMEDIN42022204
	 48. Mohammad-Jafari,K, Naghib,SM, and Mozafari,MR. Cisplatin-based liposomal Nanocarriers for drug delivery in lung Cancer therapy: recent progress and future outlooks. Curr Pharm Des. (2024) 30:2850–81. doi: 10.2174/0113816128304923240704113319 
	 49. Zhu,T. The application of dendritic cells vaccines in tumor therapy and their combination with biomimetic nanoparticles. Vaccine. (2025) 13:337. doi: 10.3390/vaccines13040337 
	 50. Sun,Y, Sun,Y, Xu,H, Zeng,Y, Zhang,C, Zeng,R , et al. Multifunctional biomimetic nanocarriers for dual-targeted immuno-gene therapy against hepatocellular carcinoma. Adv Sci. (2024) 11:951. doi: 10.1002/advs.202400951 
	 51. Zhao,G, Wang,Y, Fan,Z, Xiong,J, Ertas,YN, Ashammakhi,N , et al. Nanomaterials in crossroad of autophagy control in human cancers: amplification of cell death mechanisms. Cancer Lett. (2024) 591:216860. doi: 10.1016/j.canlet.2024.216860 
	 52. Rawojć,K, Ahmed,MM, Mukhtiar,A, Łukowiak,M, and Kisielewicz,K. Nanomedicine-enhanced radiotherapy for glioblastoma: advances in targeted therapy and adaptive treatment strategies. Pharmaceutics. (2025) 17:508. doi: 10.3390/pharmaceutics17040508 
	 53. Narsinh,KH, Perez,E, Haddad,AF, Young,JS, Savastano,L, Villanueva-Meyer,JE , et al. Strategies to improve drug delivery across the blood–brain barrier for glioblastoma. Curr Neurol Neurosci Rep. (2024) 24:123–39. doi: 10.1007/s11910-024-01338-x 
	 54. Morya,VK, Magar,AG, and Park,SH. Systemic strategies for osteosarcoma: advances and future directions. Discover Oncol. (2025) 16:1367. doi: 10.1007/s12672-025-02208-9
	 55. Rajan,S, Zaccaria,S, Cannon,MV, Cam,M, Gross,AC, Raphael,BJ , et al. Structurally complex osteosarcoma genomes exhibit limited heterogeneity within individual tumors and across evolutionary time. Cancer Res Commun. (2023) 3:564–75. doi: 10.1158/2767-9764.CRC-22-0348 
	 56. Schmelz,K, Henssen,AG, Boral,S, Chen,CY, Kruetzfeldt,LM, Hertwig,F , et al. Spatial and temporal intratumour heterogeneity has potential consequences for single biopsy-based neuroblastoma treatment decisions. Nat Commun. (2021) 12:6804. doi: 10.1038/s41467-021-26870-z 
	 57. Han,Z, Chen,G, and Wang,D. Emerging immunotherapies in osteosarcoma: from checkpoint blockade to cellular therapies. Front Immunol. (2025) 16:1579822. doi: 10.3389/fimmu.2025.1579822 
	 58. Kuczynski,EA, Yin,M, Bar-Zion,A, Lee,CR, Butz,H, Man,S , et al. Co-option of liver vessels and not sprouting angiogenesis drives acquired Sorafenib resistance in hepatocellular carcinoma. J Natl Cancer Inst. (2016) 108:030. doi: 10.1093/jnci/djw030 
	 59. Haibe,Y, Mukherji,D, El Hajj,H, Kreidieh,M, Temraz,S, Khalifeh,I , et al. Resistance mechanisms to anti-angiogenic therapies in cancer. Front Oncol. (2020) 10:221. doi: 10.3389/fonc.2020.00221
	 60. Wu,Y, Yi,M, Niu,M, Mei,Q, and Wu,K. Myeloid-derived suppressor cells: an emerging target for anticancer immunotherapy. Mol Cancer. (2022) 21:184. doi: 10.1186/s12943-022-01657-y 
	 61. Yin,X, Song,Y, Deng,W, Blake,N, Luo,X, and Meng,J. Potential predictive biomarkers in antitumor immunotherapy: navigating the future of antitumor treatment and immune checkpoint inhibitor efficacy. Front Oncol. (2024) 14:854. doi: 10.3389/fonc.2024.1483454 
	 62. Couwenberg,AM, Burbach,JPM, May,AM, Berbee,M, Intven,MPW, and Verkooijen,HM. The trials within cohorts design facilitated efficient patient enrollment and generalizability in oncology setting. J Clin Epidemiol. (2019) 120:33–9. doi: 10.1016/j.jclinepi.2019.12.015 
	 63. Betensky,RA, Gregory Cairncross,J, and Louis,DN. Influence of unrecognized molecular heterogeneity on randomized clinical trials. J Clin Oncol. (2002) 20:2495–9. doi: 10.1200/JCO.2002.06.140
	 64. Chon,HJ. Current perspectives and future strategies of chemotherapy for pancreatic cancer: a narrative review. J Korean Med Assoc. (2025) 68:383–92. doi: 10.5124/jkma.25.0061
	 65. Alemán,JO, Farooki,A, and Girotra,M. Effects of tyrosine kinase inhibition on bone metabolism: untargeted consequences of targeted therapies. Endocr Relat Cancer. (2014) 21:247–59. doi: 10.1530/ERC-12-0400
	 66. Scott,ES, Menzies,AM, Clifton-Bligh,RJ, Guminski,A, Tsang,VH, and Long,GV. The spectrum, incidence, kinetics and management of endocrinopathies ffiwith immune checkpoint inhibitors for metastatic melanoma. Eur J Endocrinol. (2017) 178:173–80. doi: 10.1530/EJE-17-0810
	 67. He,S, Ye,X, and Sakurai,T. CLOP-hERG: the contrastive learning optimized pre-trained model for representation learning in predicting drug-induced hERG channel blockers. Medinfo. (2024) 1, 103–111. doi: 10.47852/bonviewMEDIN42022049


Copyright
 © 2025 Hu, Yu, Xu, Li, Ou and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Innovative gene targeted treatments for osteosarcoma: a mini review of current clinical evidence and future prospects



		1 Introduction



		2 Current targeted therapeutic approaches in osteosarcoma



		2.1 Tyrosine kinase inhibitors (TKIs)



		2.2 PI3K/Akt/mTOR pathway inhibitors



		2.3 Anti-Angiogenic agents



		2.4 Immune checkpoint inhibitors









		3 Emerging strategies and future directions



		3.1 Rational combination therapies



		3.2 Biomarker-guided and precision oncology approaches



		3.3 Novel drug delivery platforms



		3.4 Future clinical directions









		4 Challenges and limitations



		4.1 Tumor heterogeneity and genomic complexity



		4.2 Development of drug resistance



		4.3 Lack of predictive biomarkers



		4.4 Limitations of clinical trials



		4.5 Safety and toxicity concerns









		5 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fmed-12-1699287-g001.jpg
——— Inhibit

—— Activate

—— Upgnde

¢ »  Metastasis
% Interstitial fluid
%@ o R,
i s " Osteosarcoma cell

~
MCL-1

/\pf 5
900 Oo/\‘\\ Smfe\nib\nmi/%

7, OCBndostar “aVEGE

11001






OPS/images/fmed-12-1699287-g002.jpg
nonniterry | [ d

Pembrolizumab, Nivolumab,
GD2 CAR-T cells

IGFR Inhibitors
Figitumumab, Cixutumumab,
‘Temsirolimus, OSI-906, Linsitinib.

Tyrosine Kinase Inhibitors
Pazopanib, Sorafenib,
Everolimus, RG7112,

Tariquidar

i RRRARTE DL

Viral Therapy

G207, DNX-2401, ———————>

Revovirus. Epigenetic Therapy
e 5-azacyidine, Decitabine,

Vorinostat, Valprolc acid






OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Innovative gene targeted
treatments for osteosarcoma: a
mini review of current clinical
evidence and future prospects












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






