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Abstract 

Osteosarcoma is an aggressive primary bone malignancy primarily affecting children and adolescents during peak 
growth periods. Historically, management was limited to surgical resection or amputation, which resulted in a dismal 
20% long-term survival rate because of the presence of subclinical micrometastases. The introduction of systemic 
chemotherapy in the 1970s, particularly doxorubicin, cisplatin, and high-dose methotrexate, revolutionized outcomes 
by significantly increasing survival rates. The landmark “Multi-Institutional Osteosarcoma Study” definitively 
established combination chemotherapy as a necessity alongside surgery. Currently, the standard of care is a multimodal 
strategy comprising neoadjuvant chemotherapy, definitive surgery, and adjuvant chemotherapy. The MAP regimen 
remains the therapeutic backbone, achieving 60-70% survival for localised disease, though prognosis for metastatic or 
relapsed cases remains poor. While neoadjuvant chemotherapy does not offer a proven survival advantage over 
immediate surgery, it facilitates limb-salvage procedures and provides critical prognostic data through histological 
response assessment. Despite these historical successes, survival rates have plateaued over the last thirty years, and 
conventional agents cause severe permanent toxicities. Future directions focus on precision medicine to overcome 
chemoresistance and toxicity. Emerging strategies include targeted molecular therapies such as tyrosine kinase and 
IGF-1R inhibitors, alongside immunotherapy involving checkpoint inhibitors and CAR T-cells. Other innovations under 
investigation include antibody-drug conjugates, epigenetic modification therapy, and oncolytic viral therapy. 
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1. Introduction

Osteosarcoma is the most common primary malignant bone tumour, predominantly affecting children and adolescents 
during the pubertal growth spurt [1,2]. Characterised by malignant mesenchymal cells producing immature bone or 
osteoid, it typically arises in the metaphyseal region of long bones such as the femur, tibia, and humerus [3,4]. While 
rare, with an incidence of 0.2-3 per 100,000 yearly, its aggressive nature and high likelihood of early metastasis make 
it a significant clinical challenge [5-7]. Historically, the management of osteosarcoma was exclusively surgical, typically 
involving the amputation of the affected limb. Prior to the 1970s, surgery alone achieved local control, but nearly 90% 
of patients developed pulmonary metastases and died within months, resulting in a dismal 5-year survival rate of 
approximately 20% [8-10]. This clinical failure led to the understanding that the vast majority of patients have 
subclinical micrometastases disseminated at the time of diagnosis. 

The "revolutionary era" began in the 1970s and 80s with the discovery of effective systemic agents, including 
doxorubicin, cisplatin, and high-dose methotrexate. Landmark trials, such as the “Multi-Institutional Osteosarcoma 
Study” (MIOS), definitively proved that combination chemotherapy following surgery increased survival rates from 
roughly 11% to over 60% [11]. Today, the standard of care is a multimodal approach combining neoadjuvant 
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chemotherapy (NACT), definitive surgery, and adjuvant chemotherapy [12,13]. The mainstay treatment is the MAP 
regimen, consisting of high-dose methotrexate (HD-MTX), adriamycin (doxorubicin), and cisplatin [14]. For certain 
histological variants, such as the intermediate-grade periosteal osteosarcoma, the role of systemic therapy remains 
debatable, though it is often suggested for high-risk features like medullary involvement [15,16]. 

NACT has become the preferred standard because it facilitates limb-salvage surgery (LSS) over amputation by shrinking 
the primary tumour and provides crucial prognostic data through the assessment of histological response [13,17]. A 
response of ≥90% tumour necrosis in the resected specimen is a robust indicator of improved event-free survival (EFS) 
and overall survival (OS) [18-20]. However, despite these advancements, survival rates for localised disease have 
stagnated at 60-70% for the last three decades [2,12]. Outcomes for patients with metastatic or relapsed disease remain 
poor, with survival dropping below 20-30% [21]. Furthermore, standard chemotherapeutic agents carry a high burden 
of severe toxicities, including cardiotoxicity, nephrotoxicity, and hearing loss [22,23]. 

To break this survival plateau and reduce treatment morbidity, research is shifting toward precision medicine. 
Emerging research investigates targeted molecular therapies, such as insulin-like growth factor-1 receptor (IGF-1R) and 
tyrosine kinase inhibitors (TKIs), and immunotherapy approaches like immune checkpoint inhibitors and CAR T-cell 
therapy [24-26]. Other innovative strategies under development include antibody-drug conjugates (ADCs), epigenetic 
modification therapy, and oncolytic viral therapy [27,28]. This review provides an extensive analysis of the role of 
systemic therapy, moving from the surgical past to the multidisciplinary present, and explores the biological innovations 
poised to define the future of osteosarcoma management. 

2. Historical Perspective: The Revolutionary Shift from Surgery Alone 

Prior to the 1970s, the management of osteosarcoma was a clinical exercise in futility, characterized by a nearly uniform 
mortality rate that transformed the diagnosis into a virtual death sentence for children and adolescents. In this "surgical 
era", the standard of care was radical local intervention, typically involving the amputation of the affected limb [12,29]. 
However, despite achieving excellent local control, the long-term survival rate remained a dismal 20%. This failure was 
eventually understood to be the result of subclinical micrometastases, which were disseminated through the 
bloodstream and already present in the lungs at the time of initial diagnosis in roughly 80-90% of patients [30,31]. The 
revolutionary shift began in the early 1970s when phase II trials identified systemic agents with significant activity 
against these disseminated cells, most notably doxorubicin (adriamycin), which showed a 43% response rate, and HD-
MTX with leucovorin rescue to mitigate its life-threatening toxicity [32,33]. The subsequent introduction of cisplatin 
and ifosfamide further expanded the therapeutic arsenal, leading to the development of the multi-agent MAP regimen 
[10,26,34]. The necessity and efficacy of these drugs were definitively proven by the landmark MIOS trial in the early 
1980s, which demonstrated that combination chemotherapy following surgery increased the 6-year EFS from a mere 
11% in the observation group to 61% in the treated group [11]. This breakthrough not only improved OS to the current 
60-70% range but also facilitated a profound shift in surgical philosophy. The use of NACT allowed for the shrinkage 
and encapsulation of primary tumours, making LSS a safe and viable alternative to amputation. Consequently, the limb 
preservation rate in specialised centres skyrocketed from approximately 10% in the 1970s to over 80-90% in the 
modern era [35,36]. This transition from an exclusively surgical approach to a multimodal standard of care represents 
one of the greatest triumphs in paediatric oncology, even as survival rates for localised disease have largely stagnated 
for the last three decades, underscoring the urgent need for the next generation of systemic innovations. 

3. Current Standards: The Multimodal Approach 

The contemporary management of osteosarcoma, the most common primary bone malignancy in children and 
adolescents, is defined by a multidisciplinary, multimodal approach [37,38]. This strategy, which combines radical 
surgery with intensive systemic chemotherapy and occasionally radiotherapy, has transformed the disease from a 
nearly uniform death sentence to a curable condition for approximately 60-70% of patients with localised disease 
[26,33]. 

The successful treatment of osteosarcoma requires a highly coordinated effort among pediatric or medical oncologists, 
orthopedic surgeons, pathologists, and radiologists [39,40]. Given the rarity and complexity of these tumours, it is 
strongly recommended that therapy be performed in specialised centres capable of providing the full spectrum of care 
[41]. In most countries, standard practice involves treating patients within the framework of prospective multi-
institutional clinical trials, which aim to optimise outcomes and identify new prognostic factors [2,33]. 
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4. Systemic Polychemotherapy: The MAP Regimen 

Systemic therapy is the primary tool for eradicating subclinical micrometastases, which are present in the majority of 
patients at the time of diagnosis. Without chemotherapy, roughly 80-90% of patients develop pulmonary metastases 
and die, highlighting the insufficiency of surgery alone [30,31]. 

The current standard backbone for systemic treatment is the MAP regimen, which includes three essential drugs - HD-
MTX, doxorubicin (adriamycin) and cisplatin [14]. HD-MTX is administered with leucovorin rescue to mitigate life-
threatening toxicity, it inhibits DNA synthesis and cell replication [42]. Doxorubicin is an anthracycline antibiotic that 
prevents DNA replication, though its use is limited by potential permanent cardiotoxicity [43]. Cisplatin is a platinum 
compound that induces cancer cell death through DNA crosslinking [44]. The total duration of these multi-agent 
regimens typically spans 6 to 12 months [45]. 

While some protocols add ifosfamide (MAPI regimen), particularly for high-risk or metastatic cases, clinical trials like 
INT-0133 have shown that the routine addition of ifosfamide to standard MAP does not always provide a survival 
advantage for all patients [46].  

Table 1 Evidence for Core Chemotherapeutic Agents (MAP Regimen) 

Category / Study Regimen / Intervention Key Findings / Outcomes Significance 

Standardization of 
Therapy (MIOS, 1991) 
[11] 

MAP + BCD (Bleomycin, 
Cyclophosphamide, and 
Dactinomycin) vs. Surgery 
Alone 

6-year EFS increased from 
11% to 61%.  

OS increased from 51% to 
71%. 

Definitively proved the 
necessity of adjuvant 
chemotherapy for high-
grade localized disease. 

Addition of Ifosfamide 
(INT-0133, 2007) [46] 

MAP vs. MAP + Ifosfamide 
(MAPI) 

The addition of Ifosfamide to 
standard MAP did not 
enhance EFS or OS for all 
patients. 

Suggested that a 4th drug 
(Ifosfamide) is not 
routinely necessary for all 
localized cases. 

Regimen Optimization 
(Meta-analysis by 
Anninga et al., 2011) 
[47] 

2-drug vs. 3-drug vs. 4-drug 
combinations 

Better progression-free 
survival (PFS) and OS were 
seen with 3-drug 
combinations (MAP) than 2-
drug combinations. 

Confirmed MAP as the 
optimal baseline regimen 
over simpler pairings. 

Good Responders 
(EURAMOS-1, 2015) 
[48] 

MAP vs. MAP + Interferon-
alpha 

No survival benefit was 
found from adding 
Interferon-alpha to the MAP 
regimen. 

Validated that MAP alone is 
sufficient for patients 
achieving ≥90% tumour 
necrosis. 

Histological Response 
(EURAMOS-1, 2016) 
[49] 

MAP (Adjuvant) vs. MAP + IE 
(for poor responders) 

Adding Ifosfamide and 
Etoposide (IE) to MAP for 
poor responders failed to 
improve EFS or OS. 

Reinforced that MAP 
remains the standard even 
for those with a poor 
histological response to 
induction. 

5. Neoadjuvant vs. Adjuvant Therapy 

The choice between NACT and adjuvant chemotherapy has been extensively studied. While NACT has become the 
clinical standard of care, multiple prospective and retrospective trials have demonstrated that it does not offer a 
statistically significant survival advantage over immediate surgery followed by adjuvant chemotherapy. 
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Table 2 Comparison of Evidence: Neoadjuvant vs. Adjuvant Therapy 

Study Study Design Neoadjuvant 
Outcomes  

Adjuvant 
Outcomes  

Key Findings / Significance 

MSKCC 
(1992) [50] 

Retrospective 
(279 pts) 

No survival 
difference 
detected. 

No survival 
difference 
detected. 

Reinforced that immediate vs. delayed 
definitive surgery does not 
compromise outcomes. 

COSS Group 
(1999) [51] 

Retrospective 
(1608 pts) 

No survival 
difference 
detected. 

No survival 
difference 
detected. 

Large-scale analysis confirmed that 
survival is equivalent regardless of 
timing. 

POG-8651 
(2003) [52] 

Randomised 
Trial 

5-y PFS: 61%.  

OS: 76%. 

Limb Salvage: 50%. 

5-y PFS: 69%.  

OS: 79%.  

Limb Salvage: 
55%. 

Found no significant difference in 
survival or limb-salvage rates 
between the two arms. 

Bacci et al. 
(2005) [53] 

Retrospective 
(1148 pts) 

5-y EFS: 61%. 5-y EFS: 43%. No significant difference in 5-y EFS; 
relapses in the NACT group generally 
occurred later. 

Despite the lack of survival superiority, NACT is the preferred standard for several crucial reasons. It allows time for the 
manufacture of complex custom megaprostheses or biological reconstruction planning. Chemotherapy helps demarcate 
the tumour from surrounding tissue by inducing an avascular capsule, facilitating LSS over amputation. It also provides 
immediate treatment for subclinical micrometastases disseminated at diagnosis. NACT allows for the assessment of 
histological response (tumour necrosis) in the resected specimen, which remains the most robust prognostic indicator 
available to clinicians. 

6. Surgical Standards: Margins and Reconstruction 

Complete surgical removal of all detectable tumour sites is mandatory for a cure. The primary goal of surgery is to safely 
remove the tumour while preserving as much extremity function as possible. Modern surgical techniques have shifted 
the standard from amputation to LSS, which is now achievable in 80-90% of cases [17,29]. 

Surgical success is heavily dependent on achieving adequate margins. According to Enneking’s criteria, margins must 
be at least "wide," meaning the lesion is removed as a single block surrounded by an unviolated cuff of healthy tissue 
[54]. Inadequate margins significantly increase the risk of local failure, which is a major factor in reduced overall 
survival. Options for reconstruction include endoprosthetic devices, biological reconstruction, or complex procedures 
like rotationplasty [55]. 

7. The Role of Histological Response 

The evaluation of tumour necrosis in the resected specimen is one of the most reliable prognostic indicators in 
osteosarcoma. Response is typically graded using the Huvos or Salzer-Kuntschik systems - good and poor responders 
[56,57]. Good responders are defined as patients with ≥90% tumour necrosis. These patients have a significantly better 
5-year event-free survival (roughly 70-80%) compared to poor responders [18-20]. Poor responders are patients with 
<90% necrosis have a much lower survival rate, often between 35-45% [58]. 

Attempts to modify postoperative chemotherapy for poor responders (salvage therapy) have been a major focus of 
research. However, large trials like EURAMOS-1 failed to prove that adding ifosfamide and etoposide to postoperative 
regimens improved survival for those with a poor histological response [48]. 

8. Management of Metastatic Disease and Variants 

The prognosis for primary metastatic osteosarcoma, found in roughly 15% of patients at presentation, remains poor, 
with survival dropping to 20-30% [21,59]. The current standard for these patients is identical to localised disease but 
requires the mandatory surgical removal of all metastatic foci, usually via video-assisted thoracoscopic surgery (VATS) 
or bilateral exploratory thoracotomy for pulmonary lesions [60]. 
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Table 3 Management Options for Osteosarcoma Variants 

Variant Grade Management Options 

High-Grade Central 
(Conventional) 

High-grade Multimodal approach: NACT (typically the MAP regimen), followed by 
definitive surgery (ideally LSS) and adjuvant chemotherapy. 

Periosteal 
Osteosarcoma 

Intermediate 
grade 

Complete surgical excision with clear margins is the mainstay. The role of 
systemic chemotherapy is debatable; it is generally suggested only for high-
risk features like medullary involvement, high-grade histopathology, or for 
preoperative tumour downsizing. 

Parosteal 
Osteosarcoma 

Low-grade Wide surgical excision alone is the standard. Chemotherapy is restricted to 
cases that transform into high-grade malignancies or present with metastatic 
spread. 

Low-Grade Central 
Osteosarcoma 

Low-grade Managed identically to parosteal osteosarcoma: wide surgical excision alone. 

High-Grade Surface 
Osteosarcoma 

High-grade Behave like and are treated similarly to high-grade central tumours: a 
combination of surgery and intensive multi-agent chemotherapy. 

Small Cell 
Osteosarcoma 

High-grade Resembles Ewing’s sarcoma but produces osteoid; managed using standard 
high-grade osteosarcoma protocols. 

Secondary 
Osteosarcoma 

High-grade 
(usually) 

Often arises from radiation or Paget's disease; managed with aggressive 
surgery and polychemotherapy that accounts for any previous treatment 
exposures. 

Extraskeletal 
Osteosarcoma 

High-grade Originates in soft tissues; management follows a multidisciplinary approach 
analogous to conventional high-grade bone-based disease (surgery plus 
polychemotherapy). 

Craniofacial 
Osteosarcoma 

Variable Complete surgical resection is the primary treatment; the benefit of adjuvant 
chemotherapy is discussed in the literature but remains under debate due to 
lower metastatic rates in non-skull sites. 

Telangiectatic 
Osteosarcoma 

High-grade Classified as a high-malignancy tumour; generally, follows the standard 
multimodal protocols for high-grade central disease. 

The management of osteosarcoma variants and special populations requires a nuanced deviation from standard high-
grade protocols to balance oncological efficacy with specific histological behaviors and patient comorbidities. Periosteal 
osteosarcoma (PO), an intermediate grade chondroblastic variant representing roughly 1% of cases, is primarily 
managed through complete surgical resection. While the role of systemic therapy for PO remains controversial and is 
not routinely recommended by ESMO, experts often suggest its use for high-risk features such as medullary 
involvement, high-grade histopathology, or to facilitate tumour downsizing before surgery [16]. In contrast, parosteal 
osteosarcoma and its medullary counterpart, low-grade central osteosarcoma, are typically treated with wide surgical 
excision alone. Systemic chemotherapy for these low-grade variants is generally reserved only for rare cases that 
transform into high-grade malignancies or present with distant metastatic spread [61]. 

Rarer variants like small cell osteosarcoma, which histologically resembles Ewing’s sarcoma but produces an osteoid 
matrix, are generally managed using standard high-grade osteosarcoma protocols [62]. Secondary osteosarcoma, which 
often arises from prior radiation exposure or Paget’s disease, presents a significant clinical challenge due to its frequent 
occurrence in unfavorable axial sites and its historically grave prognosis. Treatment for these patients involves 
aggressive surgery and polychemotherapy that must carefully account for any previous cytotoxic exposures [63]. 
Similarly, extraskeletal osteosarcoma, a high-grade malignancy originating in soft tissues - is managed with a 
multidisciplinary approach analogous to conventional bone-based disease [64]. For craniofacial osteosarcoma, 
complete surgical resection remains the mainstay of treatment, although the use of adjuvant chemotherapy is discussed 
as a potentially beneficial supplement despite the lower metastatic rate for non-skull sites [65]. 

Among special populations, older patients (typically aged 41 to 65) represent a distinct group that often presents with 
more unfavorable axial lesions and faces a higher risk of treatment-related morbidity [66,67]. Conversely, while 
osteosarcoma is the most common bone malignancy in adolescents, it remains extremely rare in children under the age 
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of five. Ultimately, because these variants and populations are rare, the medical community emphasizes the necessity 
of treatment within specialised centres and participation in international collaborative trials to optimize survival 
outcomes while minimizing the high burden of permanent toxicities. 

9. Challenges and Complications 

Table 4 Complications of Chemotherapy 

Complication Causative Agent(s) Related Supportive Management 

Cardiotoxicity / 
Cardiomyopathy 

Doxorubicin (Adriamycin), 
Anthracyclines 

Use of continuous-infusion doxorubicin; administration 
of cardioprotective agents; baseline and regular 
echocardiography and electrocardiograms. 

Nephrotoxicity / Renal 
Dysfunction 

Cisplatin, Ifosfamide, High-
dose Methotrexate 

Rigorous hydration protocols and alkalinisation; 
meticulous monitoring of serum creatinine and 
clearance; use of Carboxypeptidase G2 (glucarpidase) 
for extreme MTX levels; high-flux renal dialysis. 

Hemorrhagic Cystitis Ifosfamide Mandatory administration of Mesna (uroprotection) 
and aggressive hydration protocols. 

Myelosuppression / 
Hematologic Toxicity 

Most standard agents (e.g., 
Ifosfamide, Cisplatin, 
Methotrexate) 

Administration of hematopoietic growth factors (e.g., G-
CSF) to reduce the duration of severe granulocytopenia; 
blood and platelet transfusions as required. 

Ototoxicity / Hearing Loss Cisplatin Baseline and serial audiograms to monitor high-
frequency hearing loss. 

Nausea and Vomiting 
(Emesis) 

Highly emetogenic agents 
(especially Cisplatin) 

Standard use of serotonin antagonists (e.g., 
ondansetron) either alone or in combination with 
dexamethasone. 

Methotrexate Toxicity 
(Mucositis, Hepatorenal 
Failure) 

High-dose Methotrexate  Leucovorin (Citrovorum factor) rescue; close 
pharmacokinetic monitoring of plasma MTX levels until 
they fall below safe thresholds (typically <0.1–0.3 
µmol/L). 

Neurotoxicity / 
Encephalopathy 

Ifosfamide Close clinical monitoring; temporary or permanent 
interruption of the causative agent if symptoms occur. 

Infections / Septic Shock Resulting from 
myelosuppression and 
persistent leukopenia 

Use of G-CSF; early intervention with broad-spectrum 
antibiotics; hospitalization for management of febrile 
neutropenia. 

Gonadal Dysfunction / 
Infertility 

Intensive 
polychemotherapy 

Fertility testing (e.g., seminal analysis) and offering 
cryopreservation (sperm banking) prior to starting 
therapy. 

Secondary Malignancies 
(e.g., Leukemia, CNS 
tumours) 

Late effect of various agents 
(e.g., alkylating agents) 

Lifelong follow-up including regular history, physical 
examinations, and investigations to detect late sequelae 
as early as possible. 

Electrolyte Abnormalities 
(e.g., Hypomagnesaemia) 

Cisplatin, Ifosfamide Frequent laboratory monitoring and appropriate 
intravenous or oral supplementation. 

The management of osteosarcoma is fraught with significant challenges, primarily characterized by a persistent 
stagnation in survival rates, which have remained fixed at approximately 60-70% for localized disease for over three 
decades [2,12]. A major contributing factor to this therapeutic plateau is the extreme genetic heterogeneity of these 
tumours and the complex tumour microenvironment, which frequently lead to the development of multi-drug 
chemoresistance. Current standard-of-care regimens, such as the MAP protocol, rely on intensive systemic agents that 
carry a high burden of acute and permanent toxicities. For instance, doxorubicin is associated with dose-limiting, 
irreversible cardiotoxicity and cardiomyopathy, while cisplatin often results in permanent high-frequency hearing loss 
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and renal impairment. Furthermore, ifosfamide can induce life-threatening neurotoxicity, encephalopathy, and 
hemorrhagic cystitis, and HD-MTX requires meticulous pharmacokinetic monitoring to prevent hepatorenal failure and 
severe mucosal damage [22,23]. 

The clinical dilemma of poor histological responders, patients achieving <90% tumour necrosis after induction therapy, 
remains an unsolved challenge, as attempts to improve their prognosis through "salvage" chemotherapy have not yet 
yielded convincingly better survival outcomes [48,49]. For those presenting with metastatic or recurrent disease, the 
outlook is even more dismal, with survival rates often dropping below 20-30% [21,59]. Diagnostic limitations further 
complicate care. For example, standard CT imaging frequently underestimates the total burden of pulmonary 
metastases, potentially missing contralateral lesions and necessitating bilateral open thoracotomy for comprehensive 
control [68]. Additionally, while NACT is widely practiced facilitating LSS, there is a noted lack of scientific evidence 
proving its survival superiority over immediate surgery followed by adjuvant chemotherapy. 

Long-term survivors face a spectrum of late complications, including secondary malignancies like acute leukemia, 
permanent reproductive dysfunction such as azoospermia or amenorrhea, and chronic orthopedic issues related to 
megaprosthetic reconstructions [22,23]. Finally, because osteosarcoma is a rare malignancy, the medical community 
faces extreme difficulty in conducting the large-scale, randomized controlled trials necessary to validate new therapies. 
The logistical and financial hurdles of international collaborative research mean that innovation often moves slowly, 
reinforcing the urgent need for translational breakthroughs in targeted and biological strategies to move beyond the 
limitations of conventional chemotherapy. 

10. Future Directions: The Era of Precision and Biological Therapy 

Table 5 Biological Options 

Category Mechanism Specific Agents 

Targeted Molecular 
Therapies 

IGF-1R Inhibitors Figitumumab, Cixutumumab, Linsitinib 

Tyrosine Kinase Inhibitors  Regorafenib, Sorafenib, Apatinib, Pazopanib, 
Cabozantinib 

Signaling Pathways (mTOR, 
JAK/STAT, Wnt/β-catenin) 

Temsirolimus. Everolimus, Ruxolitinib, 
Tofacitinib, Niclosamide 

Immunotherapy Immune Checkpoint Inhibitors Pembrolizumab, Nivolumab 

Adoptive Cell Transfer CAR T-cells (targeting GD2, B7-H3, FOLR1); TCR-
engineered T-cells 

Immunomodulators Mifamurtide, Interferon-α 

Biological Innovations Antibody-Drug Conjugates ABBV-085 (targets LRRC15), Ifinatamab 
deruxtecan (targets B7-H3) 

Oncolytic Viral Therapy Delta-24-ACT, OBP-702, HSV1716 

Epigenetic Therapy DNMT inhibitors (Decitabine, MC3343), HDAC 
inhibitors (Vorinostat, Romidepsin) 

Advanced Delivery and 
Radiation 

Targeted Radiation Radium-223, Samarium-153, Actinium-225 

Novel Delivery Systems Nanoparticles (Rexin-G), Inhalation 
Chemotherapy (Liposomal cisplatin) 

The future of osteosarcoma management lies in breaking the three-decade stagnation in survival rates through the 
integration of precision medicine and biological innovations. Central to this shift is the development of targeted 
molecular therapies that exploit specific pathways like the IGF-1R, which is mutated or amplified in a subset of cases. 
While monoclonal antibodies such as figitumumab and cixutumumab have shown modest results as monotherapies, 
research is pivoting toward co-targeting strategies, such as combining IGF-1R inhibitors with mTOR inhibitors to 
overcome compensatory signaling and resistance [24-26]. TKIs, including regorafenib, sorafenib, and apatinib, have 
demonstrated significant clinical promise, particularly in relapsed or metastatic settings where regorafenib has been 
shown to significantly improve progression-free survival [69]. Immunotherapy represents another critical frontier, 
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utilising agents like mifamurtide to activate pulmonary macrophages or immune checkpoint inhibitors targeting the 
PD-1/PD-L1 pathway to restore the immune system's ability to attack tumour cells. Although PD-1 inhibitors like 
pembrolizumab and nivolumab have yielded mixed results as single agents, their potential in combination with 
chemotherapy or TKIs is being actively explored in early-phase trials [27]. Furthermore, adoptive T-cell therapies, such 
as CAR T-cells targeting antigens like GD2, B7-H3, or FOLR1, offer a way to engineer the patient’s own immune system 
to attack malignant cells, though hurdles like poor T-cell infiltration and an immunosuppressive tumour 
microenvironment (TME) must still be overcome [26]. ADCs are emerging as "guided missiles" to deliver cytotoxic 
payloads directly to tumour surface proteins like LRRC15 or B7-H3, potentially increasing efficacy while reducing 
systemic toxicity [70]. Innovative research is also focusing on epigenetic modification therapy, where combinations of 
DNA methyltransferase (DNMT) and histone deacetylase (HDAC) inhibitors (e.g., vorinostat) aim to reactivate silenced 
tumour suppressor genes and promote the differentiation of malignant cells back into mature osteoblasts [71]. 
Additionally, oncolytic viral therapy using engineered adenoviruses like Delta-24-ACT is being investigated for its ability 
to selectively lyse cancer cells while stimulating a robust systemic immune response [72]. The delivery of these novel 
therapies is being further refined through the use of nanoparticles and inhalation chemotherapy specifically designed 
to target resistant pulmonary metastases [73]. The identification of predictive biomarkers, such as VEGF expression or 
specific PET-CT parameters, is also a priority to allow clinicians to tailor systemic therapy to the unique biological profile 
of each patient [74]. Ultimately, given the rarity of this malignancy, the successful translation of these biological 
breakthroughs into standard clinical practice will necessitate continued, robust international collaborative trials. 

11. Conclusion 

The management of osteosarcoma has undergone a radical transformation, evolving from a purely surgical discipline 
into a sophisticated multimodal standard that has increased long-term survival to approximately 60-70% for patients 
with localised disease. The revolutionary introduction of combination chemotherapy, particularly the MAP regimen 
consisting of HD-MTX, doxorubicin, and cisplatin, remains the fundamental pillar of current systemic treatment. NACT 
has become the established standard of care, facilitating LSS and providing invaluable prognostic data through the 
evaluation of histological tumour necrosis. Despite these significant historical achievements, survival rates have largely 
stagnated over the past three decades, and the prognosis for patients with metastatic or recurrent disease remains 
persistently poor. Furthermore, the severe and often permanent toxicities associated with conventional agents, such as 
cardiotoxicity and nephrotoxicity, highlight an urgent need for more refined therapeutic options. The future of 
osteosarcoma management is increasingly focused on precision medicine and the development of biologically driven 
strategies. Promising research into targeted molecular therapies (such as TKIs and IGF-1R inhibitors), immunotherapy 
(including GD2-targeted CAR T-cells and immune checkpoint inhibitors), and ADCs offers hope for improved specificity 
and reduced morbidity. Additionally, novel approaches like epigenetic modification therapy and oncolytic viral therapy 
are being investigated to counteract chemoresistance. Ultimately, achieving the next major breakthrough in survival 
will depend on robust international collaborative trials and the successful translation of these biological innovations 
into routine clinical practice.  
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