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Pediatric osteosarcoma is a highly aggressive type of cancer, affecting children of
all ages. Early diagnosis is key to ensure better outcomes, as pre-metastatic lesions are
easier to manage. For this reason, novel screening techniques, such as miRNA biomarkers,
have been developed to complement the standard radiological approach to diagnosis.
Furthermore, the standard of care in chemotherapeutic treatment is constantly revised,
and new drugs are designed to minimize the toxic effects of the treatment whilst
maintaining, or even improving, its efficacy. Inmunotherapy and radiotherapy are two
more disciplines which have demonstrated great promise in their capacity to exert strong
anti-tumor properties in a clinical setting. Immunotherapeutic drugs like Mifamurtide,
and radiological treatments such as proton beam therapy are starting to form an essential
part of the golden standard of care. Lastly, innovations in orthopedic oncology provide
surgical techniques with the potential to improve surgical outcomes whilst preserving
as much of the patient’s healthy tissue as possible. This review appreciates that there
is a great promise held in the future of osteosarcoma treatment, and highlights where
attention should be paid in the future.

Abbreviations: OS: Pediatric Osteosarcoma; PDGFR: Platelet Derived Growth Factor
Receptor; VEGFR: Vascular Endothelial Growth Factor Receptor; MHC: Multiple
Histocompatibility Complex; LSS: Limb-Salvage Surgery; MSTS: Musculoskeletal Tumor
Society

Introduction

Pediatric Osteosarcoma (OS) is a highly aggressive type of

all research attempts in the field that might yield a useful addition
to the standard of care in the near future.

cancer that represents 2.7% of all pediatric cancers [1]. It usually
manifests in the first two decades of life, and it poses a particular
challenge to treat, due to its highly unstable genetic and epigenetic
nature [2]. Over the years, the management of this disease has
evolved greatly, via an evolution that paralleled the changing
landscape of science and technology during the late twentieth
century. This has come through improvements in; (i) means of early
diagnosis, (ii) medical and immunological treatments, (iii) surgical
technologies and (iv) radiotherapeutic techniques. However, over
the past few years, the field has stagnated and several limitations of
the current approach to treatment have been revealed. Therefore,
it is important to understand the current state of the art regarding
the management of OS, acknowledge its limitations and appreciate

Diagnosis
The Importance of an Early Diagnosis

OS is an aggressive cancer with prognostic outcomes
depending on whether detection occurs prior to metastasis.
Specifically, it is shown that misdiagnosis and consequent delay in
treatment are associated with inferior survival [3], as there is an
approximately 60-70% survival rate in patients without metastasis,
contrasting a survival rate of 20-30% in patients with metastasis
[4]. Furthermore, 80-90% of diagnosed cases of osteosarcoma are
high grade, further supporting the aggressive nature of the disease
[5]. With metastasis changing prognostic outcomes to this extent
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it is important to catch the cancer early to improve survival rates
among the patient cohort. There are several factors that make this
a tough feat to accomplish: (1) the vague clinical presentation of
osteosarcoma, (2) the lack of knowledge of the disease by primary
care and (3) the lack of multidisciplinary action, which can lead to
misdiagnosis [6,7]. Therefore, it is important to understand the
most efficient technique that will permit an accurate diagnosis.

Means of Reaching A Diagnosis

The diagnosis of Osteosarcoma using plain radiograph is the
main method of diagnosis and can easily picture the stereotypical
radiographic characteristics of the disease: dense sclerosis of the
metaphysis (present in nearly all patients with osteosarcoma), soft
tissue extension (75%), Sunburst radiating calcification (50%),
osteosclerotic lesions (45%), lytic lesions (30%) [4,8]. Following
suspicion raised by radiological findings, biopsy is performed to
confirm the diagnosis. However, the use of X-ray is not economically
sustainable, or necessary, for every child presenting with the
most common symptom of osteosarcoma, joint pain, which has
an array of differential diagnoses [9]. Furthermore, there is a
strong association between low SES (Socio-Economic Status) and
subscription to public insurance programs, with delayed times
of diagnosis [10]. This highlights the need for developing more
sustainable approaches to diagnosis that can be more readily
available in a primary care setting. A method that may assist in
early diagnosis of the disease is the upcoming use of microRNA in
diagnosis. This is a type of endogenous nonprotein-encoding RNA
which circulates in the serum. There is a differential expression
of specific miRNA clusters in OS patients. There is a correlation of
these miRNA clusters with stage and grade of the tumor as well
as if the patient has lung metastasis [11]. The use of these miRNA
clusters as a means of diagnosis reports a 79-80% sensitivity
and 77-89% specificity in detecting osteosarcoma patients from
controls [12,13]. This may be an economically friendly, easy and
efficient method for the detection of early osteosarcoma and may
result in better patient outcomes in the future, preventing the risk

that comes with not giving an X-ray.

Medical Treatment

Chemotherapy

Chemotherapy lies at the centre of all strategies implemented
in the medical management of Pediatric Osteosarcoma (0OS). The
idea of using chemotherapeutic agents to treat OS was introduced
by Jaffe in the 1970s [14], who highlighted the potential of
methotrexate in bone-tumor suppression. The idea, however,
remained controversial until a hallmark study by Link, a decade
later, revealing the capacity of multi-agent chemotherapy to
extent 5-year survival rates of OS patients [15]. This introduction
of multi-agent chemotherapy in the management of OS pushed
survival rates from <15% to over 65%, and until now, acts as a
major checkpoint in the advancement of the field. Many of the

agents included in the study by Link et al,, are still used today as
the mainline treatment regimen. Specifically, most treatment
protocols around North America and Europe use the MAP regimen
(Methotrexate, Adriamycin and Cisplatin) as the primary adjuvant
chemotherapeutic cocktail, before and after surgical tumor
resection [16-18]. Since then, little progress has been observed in
the field of chemotherapeutic treatment of 0OS [19]. “EURAMOS”
marks a recent multi-centre international attempt to investigate
the efficacy of novel treatments and explore the introduction of
new agents like Isosfamide and Etoposide in the mainstream
treatment regimen (i.e. MAPIE vs MAP). The study concluded that
the introduction of two more chemotherapeutic agents markedly
increased the level of toxicity inflicted by the treatment regimen,
without any significant improvement in survival outcomes [20].
Gemcitabine is another drug that has recently made its way into
clinical trials for OS, and so far, has shown promising results [21],
but its true impact remains to be appreciated. The reasons why
there has been little advancement in the field primarily relate to
the highly aggressive and genetically unstable nature of OS, as well
as the highly toxic features of chemotherapy. Therefore, it can be
argued that any improvement in the survival rates of OS patients
ought to come from other modes of treatment.

Future Treatments

The potential of traditional chemotherapeutic approaches to
the treatment of OS is limited by their toxic adverse effects and
the resistance to therapy exhibited by cancer cells. Therefore, the
design of novel therapeutic agents takes an alternative approach
and attempts to hijack specific pathways in order to alter the
behaviour of tumor parenchyma and stroma [22]. Specifically, this
can be done by the application of drugs that interfere with cancer
cell metabolism and halt proliferation, by inhibiting the function
of the mammalian target of rapamycin (mTOR). For example, both
sirolimus and everolimus have exhibited a potential of limiting
tumor growth in OS cells during preclinical studies [23-25].
Furthermore, there is potential for therapies that work on the tumor
microenvironment to inhibit angiogenesis and ECM remodeling.
For example, Pazopanib, an inhibitor of Platelet Derived Growth
Factor Receptor (PDGFR), Vascular Endothelial Growth Factor
Receptor (VEGFR) and c-kit, and Sorafenib, an inhibitor of VEGFR-2
and PDGFR-B, have both shown promising results in small, single-
centre clinical trials [26,27]. Moreover, bisphosphonates are a
recently introduced class of drugs that can have a multifocal effect,
by arresting proliferation, promoting apoptosis and inhibiting
angiogenesis in cancer tissue. Zoledronate is an example of a
bisphosphonate drug that has demonstrated promising results,
and is now included in large clinical trials alongside combination
chemotherapy [28]. Lastly, genetic studies trying to understand the
genetic and epigenetic basis of osteosarcoma have yielded great
results that have the potential of being used for the development of
even more sophisticated treatments [2] For example, Caronia et al.
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have identified a group of Single Nucleotide Polymorphisms (SNPs)
that are predominantly expressed in OS and which are theorised
to promote resistance to chemotherapy [29] Appreciating the
importance of the results stemming from genetic studies can pave
the way for designing more effective, personalized treatments.

Immunotherapy

Tumor Vaccines

A treatment that has recently gained traction in the field of
medical oncology is immunotherapy, a form of cancer therapy
that promotes the recruitment of the patient’s own immune
system to fight off the invading cancer. Tumor vaccines are one
of the strategies equipped when fighting off cancers such as
osteosarcoma and involve the introduction of an immunogenic
substance that elicits an inflammatory response and activates the
immune system against a specific Tumor-Associated Antigen (TAA).
Perhaps the most successful attempt towards the development of
a tumor vaccine against OS is MTP (Muramyl Tripeptide) and its
associated molecule, L-MTP-PE (Liposome-encapsulated MTP
phosphatidylethanolamine), currently used under the brand name
“Mifamurtide”. MTP is a molecule that resembles the outer surface
of bacterial walls and its introduction to the patient’s blood is
enough to elicit an immune response defined by the presence of
inflammatory cytokines (TNFa, IL-6) and monocyte activation
[30]. This response exhibits anti-tumor properties, and several
clinical trials highlight its capacity to improve survival rates in OS
patients, alongside its safety to be used in parallel with standard
chemotherapy [31,32]. For these reasons, the European Medicine
agency has approved its use as a mainline treatment. Similar
attempts to create an effective tumor vaccine against OS have been
taken, all centered around creating an agent that will elicit a similar
cytokinetic response. For example, the use of a mixed bacterial
vaccine alongside allogenic tumor tissue has exhibited antitumor
properties in a clinical setting [33], attributed to its capacity to elicit
a strong inflammatory cytokinetic profile of IL-6, TNFa, [FNy and
IL-1f [34]. Furthermore, direct injection of inflammatory cytokines
[FNa and IL-2 were seen to elicit antitumor responses and have
demonstrated promising results in clinical trials [35,36]. However,
few attempts have reached results as significant as the application of
L-MTP-PE in a clinical setting, and which acts as the current golden
standard against which any new immunotherapeutic approach to
OS treatment will be measured.

Cellular Immunotherapy

Cellular immunotherapeutic techniques target the arousal of
an adaptive (T-cell mediated) response against tumor tissue. To
begin with, Adoptive T-cell therapy is a technique that relies on
the artificial construction of a T-Cell Receptor (TCR), which will
recognise and respond to specific TAAs. This was attempted by
the introduction of the genes for TCR a and 8 chains into a T-cell
population, creating a TCR specific for the antigen NY-ESO-1. This

elicited positive outcomes when used against NY-ESO-1+ synovial
sarcomas [37]. An alternative approach is the construction of
a chimeric T-cell receptor (CAR), which permits the Multiple
(MHC-)
dependent T-cell activation. The application of CAR T-cell therapy

Histocompatibility =~ Complex independent Antigen-
in creating a response against a HER2 antigen in patients with
recurrent/refractory sarcoma, demonstrated a capacity for halting
disease progression in 4/17 patients [38]. However, there are
several risks noted with this approach, such as the manifestation of
a cytokine storm or the precipitation of an autoimmune response
[39]. Moreover, an alternative approach to cellular immunotherapy
is checkpoint inhibition, whereby the blockade of certain molecules
that function as “immunological checkpoints” permits the
activation of an immunological response against the cancer tissue.
Namely these molecules are Cytotoxic T-Lymphocyte-Associated
Protein 4 (CTLA4) and Programmed Cell Death Protein 1 (PD1).
This technique is widely established as effective in multiple types
of cancer, including; lung cancer, melanoma, renal cell carcinoma
and ovarian cancer, and is used as part of their mainline treatment

(Nobel prize in physiology or medicine 2018).

However, limited evidence supports the use of either ipilimumab
(inhibitor of CTLA4) or nivolumab (inhibitory of PD-1) in patients
with pediatric osteosarcoma. There is some evidence to suggest
that PD-1 inhibition can promote the prevention or regression of
lung metastases secondary to OS in mouse models, but no effect
is observed on the primary cancer tissue [40]. Furthermore,
combined PD-1 and CTLA-4 inhibition has elicited some positive
effect on the overall survival of OS mouse models when compared
to the use of one form of inhibition alone [41]. However, the true
potential of checkpoint inhibition in primary sarcomas remains to
be appreciated [39].

Surgery & Reconstruction

Tumor Resection

Prior to the 1970s,
osteosarcoma (i.e.notmetastasised to distal sites) almost exclusively

surgical management of localised

involved ablation surgery; i.e. amputations, rotationplasties and
disarticulations [42-44]. By 1990, amputations had become less
frequent as Limb-Salvage Surgery (LSS) was introduced and
displaying was demonstrating more promising results [45]. LSS
is a two-step process that involves the removal of the tumor by
safe margins, followed by surgical reconstruction of the affected
bones. The introduction of LSS coincided with advancements in
chemotherapy and CT imaging, and during that time the 5-year
survival rates of osteosarcoma patients rose rapidly, from 10-15%
in the 1970s [22] to >50% in the 1980s and >90% by the early 21
century [46]. Direct comparison of the two practices (amputation
vs LSS) today, highlights marked improvements in survival rates,
metastasis occurrence rates and functional outcomes of patients
with limb osteosarcomas [47]. Specifically, OS patients that
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undergo amputation surgery are less likely (OR 0.50-0.75) to reach
the 5-year survival than patients undergoing LSS [48,49], and more
likely to exhibit lower Musculoskeletal Tumor Society (MSTS)
scores assessing functional outcomes [49]. For those reasons, LSS is
currently the golden standard of surgical treatments, used in >90%
of cases, and provides a safe approach to treatment in 85-90% of
those cases [50]. However, there is still some evidence suggesting
that amputation might be the most appropriate approach when the
tumor margins are not clear, as it can ensure a much lower risk of
local recurrence [51]. It is therefore important to appreciate how
each patient presentation is unique and the approach to their

treatment should be tailored accordingly.

Reconstruction

Following tumor resection during LSS, there are several
approaches that can be taken to restore the functional integrity of
the affected limb. This largely depends on the functional deficits

inflicted by the tumor excision and non-weight bearing bones,
like the proximal fibula or the clavicle, generally don’t require
reconstruction [52]. In cases where the tumor resection results
in the removal of a joint, the primary approach to reconstruction
is joint replacement by an artificial implant (Figure 1). There are
several advantages to this approach, including the simple surgical
technique, the stability and flexibility (range of motion 60-110°), the
high 5-year survival rates (87%) and the great extent of functional
recovery [53]. However, there are still some major limitations in
joint replacement following LSS in pediatric OS patients. Firstly,
there is a marked risk of infection, as high as 10%, due to the
requirement for osseointegration of the implant [43]. Furthermore,
the exposure of the implant to repetitive impact forces can cause
bushing wear, creating the need for multiple revision surgeries [43].
Lastly, the introduction of an artificial joint in an adolescent patient
can impair the epiphyseal plate, creating the risk of difference in
limb length at the end of puberty [54].

Figure 1: Schematic of strategies for reconstruction following LSS (Limb Salvage Surgery).

1.  Osteosarcoma tumor on the humerus.

2. Free vascularized fibula graft applied in humerus reconstruction.

3.  Joint replacement by mechanical implant (golden standard)

4. Tumor devitalized autograft prepared by either freezing. It should be noted that other devitalization techniques include
bone pasteurization and irradiation, which are not shown in this figure.

5. Custom made implant applied in humerus reconstruction.

6. Parts 2,4,5 are strategies used in JPS (Joint Preservation Surgery), whereby the affected joint is preserved rather than
replaced.

The above limitations highlight the need to explore further
surgical options, including Joint-Preservation Surgery (JPS), which
is introduced as an alternative to joint replacement surgery. The
main concept of reconstruction in JPS is to replace the excised

portion of the affected bone or joint with the patient’s own tissue
(autograft). There are several techniques via which an autograft
can be created, each presenting with a different set of outcomes,
namely; tumour-devitalised autografts, free vascularized fibular
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grafts and custom-made implants (Figure 1). Although variable,
there is strong evidence to support the effectiveness of all four
techniques in terms of survival and recurrence rates in pediatric
osteosarcoma patients [54]. For example, in a trial using freezing-
mediated tumor-devitalization technique (Figures 1la & 1b),
excellent functional outcomes were reported in 15/18 patients
that received frozen autografts, and the ability to walk without a
mobility aid in 16/18 [55]. Furthermore, Kamal & Rubiansyah
reportahigher survival rate in the case of extracorporeal irradiation
(Figure 1c) of the affected joint, at 94.6 months, vs. 90.9 months
for megaprosthetic implants. JPS also has the advantage of being
able to better protect the epiphyseal plate in certain pediatric OS
patients [56], and thereby avoid the risk of causing a limb length
discrepancy. These data, although also showing that extracorporeal
irradiation is associated with lower functional outcomes and
higher recurrence rates, may set the ground for JPS becoming the
mainstream surgery in the future, with the refinement of existing

surgical technologies [54,57].

Outcome

The outcome of LSS surgery is multifactorial and complicated.
Among the factors that have to be considered include sex (male to
female OR = 1.21), age (12-20= vs. <12 OR = 1.37), site (proximal
vs. distal), grading and staging of the tumor, delay until referral
and response to chemotherapy, and patient age [47,48,58]. A factor
that significantly decreases patient survival is previous invasive
surgery on the affected site, including due to fractures, and due
to the increased likelihood of unclear surgical excision margins,
and consequently, higher recurrence rates [48]. In particular,
infections of the proximal tibia and the pelvis, which are more
likely in immunocompromised patients and fractures, act as
contraindications against surgery [43]. These data highlight that
surgical management of OS is only a part of a multidisciplinary
approach to the treatment and that there are several factors that

will determine the outcome of a pediatric patient.
Radiation Therapy

Radiotherapeutic Technologies

Radiotherapy is one of the available options for the management
of osteosarcoma, with both curative and palliative intent, depending
on its use, as well as relatively unclear survival outcomes [59,60].
External beam radiotherapy is the standard form of radiotherapy,
and it is specific to the administration of radiation from an external
radiation source. There are several techniques via which external
beam radiotherapy can be applied, each one using a variable form
of radiation, 3D conformal, Intensity-Modulated Radiation Therapy
(IMRT) and intensity-modulated proton therapy [61,62]. When
applied to the management of OS, external beam radiotherapy
seems to achieve higher survival rates when used to treat primary
tumours (55% 5-year survival rate-SR), when compared to locally
recurrent (15% SR) or metastatic (0% SR) cases and its effects

can potentiated by the addition of radionuclide agents, such as
Samarium-153 [63,64]. Schwarz et al. further showed that there
is a much greater local control rate of 48%, when combining
radiotherapy with surgery, as opposed to 22% in radiotherapy
alone. This illustrates the need for a multidisciplinary approach
to optimize survival rates [63]. Furthermore, Tinkle et al. reported
5-year survival rates of 54.6% vs. 24.3%, respectively, when
comparing the use of radiotherapy at the stage of initial diagnosis
vs. recurring illness [62]. Persistent tumours are reported to show

shorter survival rates in other papers too [59].

With regards to proton-based radiotherapy, there is still limited
evidence regarding its usefulness in the treatment of osteosarcoma.
On the one hand, Ciernik et al. reported five-year disease-free
survival and overall survival rates at 65% and 67%, respectively. On
the other hand, high rates of toxicity were also reported among the
patient group (30.1%), raising concerns regarding the overall cost-
benefit of this method [60]. Furthermore, an important limitation
of radiotherapy is its association with the potential for infection,
the rates of which are still questionable [43,50,65].

Conclusion

The treatment of pediatric osteosarcoma has evolved greatly
throughout the years. Advancements in technology have enabled
the means of rapidly reaching an accurate diagnosis through x-ray
imaging. Then, a combination of chemotherapeutic, immunological,
radiological and surgical approaches to treatment, have allowed a
relatively safe management of the localised disease. However, there
are marked limitations in all forms of treatment available to date,
which is reflected in the poor outcomes of patients with metastatic
disease. Therefore, focus should be turned onto novel areas of
research, as they will hold the key for any future advancements to
come. Currently, there is an endless stream of novel and innovative
research, in labs and clinics alike, trying to advance the field further.
Techniques such as bio-screening for miRNA markers appear able
to complement radiographic investigations when trying to reach
an early diagnosis. Novel pharmacological approaches, using
small molecule-drugs, attempt to combat the progression of the
disease with an unprecedented level of specificity. Specifically,
bisphosphonate drugs appear to be a few steps away from being
introduced in the standard regimen, as they exhibit high efficacy
and low toxicity in late-stage clinical trials. Immunotherapeutic
approaches are also presenting with promising results, highlighting
the potential of utilizing the immune system for tumor suppression,
albeit more so in the context of tumor vaccines than cellular
immunotherapies. Furthermore, radiotherapy offers a wide range
of options for treatment, each one chosen to complement the
treatment regimen of choice for the individual patient. Lastly,
new technologies applied in surgical reconstruction have a strong
potential of improving the quality of life for OS patients following
surgery, as technologies that are used in JPS can preserve affected

joints and permit the retention of physiological function to a great
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extent. All in all, there is a great promise held in the future of
osteosarcoma treatments which is expected to be realized in the
near future.
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