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Abstract

Conventional osteosarcoma (OS) is a high- 
grade intraosseous malignancy with 
production of osteoid matrix; however, a 
deeper dive into the underlying genetics 
reveals genomic complexity and instability 
that result in significant tumor heterogeneity. 
While early karyotyping studies demonstrated 
aneuploidy with chromosomal complexity 
and structural rearrangements, further investi-
gations have identified few recurrent genetic 
alterations with the exception of the tumor 
suppressors TP53 and RB1. More recent stud-
ies utilizing next-generation sequencing 
(NGS; whole-exome sequencing, WES; and 
whole-genome sequencing, WGS) reveal a 
genomic landscape predominantly character-
ized by somatic copy number alterations 
rather than point/indel mutations. Despite its 
genomic complexity, OS has shown variable 

immune infiltrate and limited immunogenic-
ity. In the current chapter, we review the hall-
marks of OS genomics across recent NGS 
studies and the immune profile of OS includ-
ing a large institutional cohort of OS patients 
with recurrent and metastatic disease. 
Understanding the genomic and immune land-
scape of OS may provide opportunities for 
translation in both molecularly targeted thera-
pies and novel immuno-oncology approaches.
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 Introduction

Osteosarcoma (OS) is the most common primary 
malignancy of the bone predominantly occurring 
in adolescents with a second peak in incidence as 
secondary OS among older adults [44]. For 
patients presenting with localized disease at diag-
nosis, standard multi-agent chemotherapy com-
bined with surgical resection yields long- term 
survival rates of ~70% [6, 44]. Metastatic disease 
either at diagnosis or at the time of recurrence 
portends a poor prognosis with survival of 
20–30% [28, 42]. Thus, there has been a long-
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standing interest in understanding the underlying 
biology of OS tumorigenesis, evolution, and 
metastasis in order to identify novel treatment 
strategies and improve survival outcomes.

Recent progress made in next-generation 
sequencing (NGS) and molecular genetic stud-
ies of osteosarcoma has broadened our view of 
the genetic hallmarks of the disease and poten-
tial therapeutic approaches for patients. The 
point mutation burden of OS is around 1.1~1.5 
per Mb [13, 49, 71], making it the highest 
mutation burden among pediatric solid tumors 
but intermediate overall and significantly lower 
than melanoma or non-small cell lung cancer 
(Fig. 2.1). The OS genome is characterized by 
genomic complexity and instability, enriched 
with rearrangements, and somatic copy num-
ber alterations. Figure  2.2 shows the MD 
Anderson Cancer Center osteosarcoma 
(MDACC OS) cohort has a higher level of rear-
rangements than most of other tumor types. 
This suggests that rearrangements and copy 
number alterations are major driving forces 
contributing to OS oncogenesis. In addition, it 
has become clear that genome instability has a 
significant impact on the interaction between 
the tumor cells and immune system [47]. In 
this chapter, we review the molecular genetics 

of OS, which are associated with genome 
instability and immune landscape, based on the 
findings of recent whole- genome/whole-exome 
sequencing (WGS/WES) studies (Table 2.1).

 Genomic Landscape 
of Osteosarcoma

 Key Altered Genes and Pathways 
Associated with OS Genome 
Instability and Oncogenesis

OS is characterized by complex genome insta-
bility and high level of genetic heterogeneity 
[4, 13]. The majority of the resultant genetic 
alterations are associated with copy number 
changes and genome rearrangement. Genome 
instability can lead to changes in both the can-
cer genome and the tumor microenvironment. 
Elucidating the mechanisms of genome insta-
bility in OS would thus aid in our understand-
ing of tumorigenesis, evolution, progression, 
and metastasis in order to develop new thera-
peutic approaches [76]. This section reviews 
key altered genes and pathways associated 
with OS genome instability and oncogenesis 
identified in recent WGS/WES studies. The 

Fig. 2.1 Somatic point mutation burden in osteosarcoma as compared to other cancer types within the TCGA [61]
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most frequently altered genes and their associ-
ated cancer signaling pathways of our MDACC 
OS cohort of recurrent and metastatic OS 
patients (MDACC OS) are shown in Fig. 2.3. 
Importantly, the majority of these pathways are 
associated with the underlying genome insta-
bility that is a hallmark of OS.

 TP53
TP53, a tumor suppressor gene, codes for a pro-
tein that can respond to diverse cellular stresses 
and thereby induce cell cycle arrest, apoptosis, 
senescence, and DNA repair. Somatic mutations 
in TP53 are one of the most frequent alterations 
in human cancers, in which the majority of 

Fig. 2.2 Frequency of structural variants in OS (bone osteosarcoma) and other human cancer types within the ICGC 
[37]

Table 2.1 NGS studies in osteosarcoma

Citation
Patient 
population

Sequenced 
specimens Key findings

Chen et al. 
[13]

Pediatric 34 WGS 1. Identified kataegis in 50% of the tumors
2.  Discovered new insights into alterations (rearrangements) in 

TP53 to promote the OS oncogenesis
Perry et al. 
[49]

Pediatric 
and adult

13 WGS/59 
WES

1.  Identified recurrent mutations in the PI3K/mTOR pathway, and 
proposed it as an OS therapeutic target

2. Kataegis were detected in almost all cases
Kovac et al. 
[34]

Pediatric 31 WES/92 SNP 
array

1.  Identified recurrent BRCA1/2 inactivation and showed that 
BRCA alterations may be associated with sensitivity to PARP 
inhibition in OS cells

Bousquet 
et al. [8]

Pediatric 7 WES 1.  Confirmed the presence of genetic alterations of the TP53 and 
RB1 genes

Behjati 
et al. [4]

Pediatric 
and adult

47 
WGS/7RNAseq

1.  Identified recurrent mutations in IGF signaling as a potential 
therapeutic target in OS treatments.

2. Identified the chromothripsis pattern in 30% of the cases
Wu et al. 
[71]

Pediatric 
and adult

36 WGS/54 
RNAseq

1.  Genomic complexity of OS may be associated with cooperative 
alterations of TP53, alternative telomere lengthening (ALT), and 
whole-genome doubling (WGD)

2.  Younger patients showed enrichment in rearrangements 
associated with chromothripsis

3.  Several observed immunogenomic features may contribute to the 
limited immunotherapy response in OS including transcript 
suppression of neoantigens by nonsense-mediated decay (NMD), 
significant negative correlation between copy number loss and 
immune infiltration, and significant negative correlation between 
the gene expression/copy number of PARP2 and the immune 
infiltration

2 Genomics and the Immune Landscape of Osteosarcoma



24

Fig. 2.3 The mutation landscape of the MDACC OS cohort. Genomic alteration identified by WGS for selected genes 
and key pathways
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genetic alterations across cancer types are mis-
sense substitutions [50]. With WES and targeted 
sequencing, it had previously been estimated 
that only 20%~50% of osteosarcomas carry 
mutations in the p53 pathway, and other portion 
of the tumors were identified as so-called TP53 
wild type [33, 79]). However, in a WGS study of 
34 pediatric OS samples, Chen et  al. [13] dis-
covered new insights into alterations in TP53 to 
promote the OS oncogenesis. In their cohort, 
they identified 55% of TP53 mutations were 
caused by structural variations, whose break-
points were mostly confined to the first intron of 
the gene [13], thereby inactivating TP53. In the 
36 samples of our MDACC OS cohort, we also 
identified 9 samples (25%) as having TP53 
structural variations. Therefore, it now is sus-
pected that up to 75–90% of OS patients harbor 
various types of TP53 genetic alterations [13, 
49, 71], which is the most prevalent genetic 
alteration in OS.

Loss of the TP53 pathways that disable the 
cell’s ability to respond to DNA damage medi-
ates genome instability and triggers OS oncogen-
esis [40]. Several TP53-deficient cell lines and 
genetically engineered mouse models also have 
been developed to model OS oncogenesis and 
indicated the causal relation between TP53 alter-
ations and OS initiation/genome instability [23, 
66]. Taken together, these mechanistic studies 
and associations observed from sequenced 
patient samples identify TP53 alterations as hav-
ing the strongest association with genome insta-
bility and oncogenesis in OS.

 RB1 and Other DNA Damage Repair 
Pathways
Retinoblastoma transcriptional corepressor 1 
(RB1), a key regulator of cell cycle progression by 
controlling the G1/S phase transition, is another 
prevalent genetic alteration in OS.  Alterations in 
RB pathway can prevent cell cycle arrest in 
response to DNA damage to induce genome insta-
bility and promote oncogenesis [65]. Alterations in 
RB1 have been identified in 50%–78% of OS 
across NGS studies [13, 33, 49, 71]. Unlike TP53, 
the depletion of RB alone was not sufficient to 
induce OS formation in mouse models, and studies 

speculated that RB alterations may synergize with 
TP53 inactivation during OS oncogenesis [52].

Breast cancer susceptibility genes (BRCA1/2) 
encode nuclear phosphoproteins that are involved 
in molecular signaling in transcription, DNA 
repair of double-stranded breaks, and 
recombination, thereby playing a role in 
maintaining genomic stability and acting as a 
tumor suppressor [73]. Alterations in these genes 
are known to be responsible for inherited breast 
and ovarian cancers. In OS, Kovac et  al. [33] 
identified BRCA1/2 inactivation in 112 (91%) 
and 96 (78%) of their 123 samples, primarily 
caused by copy number alterations. They also 
showed that BRCA alterations in OS cell lines 
are associated with sensitivity to PARP inhibition, 
a strategy that was shown to induce cell cycle 
arrest and apoptosis in BRCA1-, BRCA2-, and 
PALB2-deficient breast cancers [62]. We also 
identified alterations (mostly copy number LOH) 
in BRCA in 89% of our 36 MDACC OS samples 
[71]. By analyzing the mutation spectrum of their 
sample cohort, Kovac [33] also identified 
COSMIC signature 3 and signature 5  in their 
WES data. Signature 5 is associated with an age- 
related mutational process, whereas signature 3 is 
characterized by a pattern enriching of C  >  G 
substitutions that is strongly associated with 
BRCA1 and BRCA2 mutations in breast, pancre-
atic, and ovarian cancers [1]. However, the muta-
tion spectrum of the MDACC OS WGS sample 
cohort is dominated by C  >  T substitutions, 
C > A, and T > C substitutions. We identified two 
prevalent mutation signatures: COSMIC signa-
ture 5 and signature 8. Behjati et al. [4] also iden-
tified signature 5 and 8 are the most prevalent 
mutation signatures in their OS WGS cohort. We 
found that signature 8 is significantly associated 
with worse prognosis, but its etiology is still 
unknown. The difference of the mutation signa-
ture analysis results may be related to the lower 
mutation burden observed in OS WES data, com-
pared to OS WGS data. In addition, some studies 
recently proposed that the genetic association of 
mutation signatures would be tissue-specific or 
cancer type-specific [7, 26]. Therefore, the asso-
ciation between signature 3 and BRCA in OS 
warrants further validation in other OS cohorts.

2 Genomics and the Immune Landscape of Osteosarcoma



26

 Telomere Lengthening Pathways
Telomeres can protect chromosomes of a cell 
from DNA damage but become shorter with each 
cell division, eventually leading to senescence or 
apoptosis [40]. During oncogenesis, cancer cells 
frequently activate either telomerase-dependent 
or telomerase-independent elongation 
mechanisms in order to protect against telomere 
shortening in accelerated cell division cycle and 
maintain unlimited growth and clonal evolution 
of genomically unstable cells [40]. Through the 
process of telomere lengthening, cancer cells can 
accumulate large amounts of genome alterations.

Promoter mutations of TERT, an active com-
ponent of telomerase, were previously identified 
in 1 of 23 (4.3%) OS patient samples [31]. No 
TERT mutation was found in current OS NGS 
studies [4, 13, 33, 49] except our MDACC OS 
cohort. We identified TERT promoter mutations 
(chr5: 1295228 C  >  T) in two patient samples, 
but we found the mutations and expression of 
TERT are not significantly associated with longer 
telomeres. Therefore, an association between 
TERT mutations with telomere lengthening in 
OS has not been well-established.

A telomerase-independent mechanism termed 
alternative lengthening of telomeres (ALT) also 
has been frequently identified in several cancer 
types [20]. Cancers utilizing ALT often have lost 
function of ATRX, a chromatin remodeling 
protein, and/or DAXX, a death domain associated 
protein, through DNA mutation or deletion. 
Chen’s study [13] identified five samples with 
point mutations in ATRX and five with focal 
deletions or structural variation affecting the 
coding region of the gene. They also found 
samples with ATRX alterations tend to have a 
greater number of telomeric reads estimated from 
the sequencing data. Our MDACC OS cohort 
also identified seven patients with deleterious 
alterations in ATRX (7/36, 20%) as well as one 
patient with copy number loss in DAXX who all 
had telomere lengths greater than the cohort 
median. Lower expression levels of ATRX were 
also significantly correlated with longer telomere 
lengths. We also found that patient samples with 
the longest telomere length carried alterations in 
both TP53 and ATRX, supporting the permissive 

context in which TP53 alterations can allow for 
activation of ALT in OS. In addition, our MDACC 
dataset also showed that the expression levels of 
known telomere maintenance genes, including 
HNRNPA2B1, WRN, and HUS1, were also 
significantly correlated with telomere length 
[14]. However, the exact mechanisms surround-
ing telomere maintenance in the ALT pathway 
are unclear, and the effects of the telomere-related 
mutations on ALT are still needed to be explored. 
Based upon these findings, there is a growing 
interest in investigating ATR inhibitors or other 
agents that target DNA damage response in OS.

 IGF Signaling/PI3K-mTOR
The insulin-like growth factor (IGF) signaling 
includes three ligands (INS, IGF1, and IGF2), 
three receptors (IR, IGF1R, and IGF2R), as well 
as six IGF-binding proteins (IGFBPs), which 
provide a potent proliferative signaling system 
that can block apoptosis and stimulate growth 
and differentiation in many cell types. Numerous 
studies have demonstrated the role of IGF 
signaling in the development and progression of 
various cancer types as well as its role in resis-
tance to chemotherapeutic agents [38]. Given the 
association between IGF signaling and bone 
growth [72], disorders of IGF signaling are 
thought to be implicated in OS pathogenesis. 
Recently, Behjati et  al. [4] identified recurrent 
alterations in IGF signaling as a potential thera-
peutic target in OS treatments. They found altera-
tions of IGF signaling in 8 of 112 (7%) WES and 
WGS samples and validated the observation with 
IGF1R amplifications observed in 14% of 87 OS 
samples using fluorescence in situ hybridization 
(FISH). We also identified alterations of IGF sig-
naling in 7 of the 36 MDACC OS samples (20%) 
(Fig. 2.3). Interestingly, some studies have shown 
that alteration in TP53 and DNA repair defects in 
tumor cells may activate IGF1R signaling [3, 69]; 
however, additional studies are still needed to 
explore this cause-effect relation. In addition, 
Perry et al. [49] also found recurrent mutations in 
the downstream signaling pathways of IGF sig-
naling, the PI3K/mTOR pathway, in 14 of the 59 
OS samples, a similar rate to the Behjati cohort 
which identified downstream pathway alterations 
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including PI3K or MAPK signaling in 27% of 
tumors. Perry et  al. [49] also demonstrated OS 
cell lines are responsive to pharmacologic and 
genetic inhibition of the PI3K/mTOR pathway 
both in vitro and in vivo and proposed this path-
way as a therapeutic target for the treatment of 
OS.  Our MDACC cohort similarly identified a 
high frequency of alterations in the PI3K/mTOR 
pathway in 28 of the 36 (78%) OS samples 
(Fig. 2.3). Across these cohort studies, these find-
ings support further investigation of IGF1R, 
PI3K, or mTOR inhibition in patients with OS 
which may have greater activity or relevance in a 
biomarker selected patient population.

 Other Genomic Events Associated 
with OS Genome Instability

While several of the aforementioned pathways 
can mediate genomic complexity and instability 
in OS, other genetic or epigenetic alterations and 
events have been implicated in increasing genome 
instability in OS. This section will review several 
genomic events associated with genomic 
complexity and instability of OS which have 
been further elucidated by current WGS/WES 
studies.

 Genome Doubling
During clonal evolution in oncogenesis, genomi-
cally unstable cells continually lose and gain 
whole and/or parts of chromosomes to provide 
potent selective pressure for clonal expansion. 
However, genome instability beyond a certain 
threshold is likely to cause cancer cells with unvi-
able karyotypes [76]. Therefore, OS cells need to 
maintain viability of their TP53/RB1 mutation-
induced unstable genomes through multiple 
mechanisms. Whole- genome doubling (WGD) is 
one mechanism that can increase viability of can-
cer cells with significant chromosomal instability 
[18, 80, 81]). By applying the allele- specific copy 
number profiles inferred from WGS data and the 
algorithm modified from the previously pub-
lished studies [11, 18], we identified WGD in 
58% (22/38) of samples in the MDACC OS 
cohort, a comparable frequency to what has been 

observed in colorectal and breast cancer [11]. In 
addition, we also found that OS samples with 
WGD tend to have a higher number of rearrange-
ments and copy number alterations than those 
without WGD.  Furthermore, 50% (18/36) of 
patients had losses of heterozygosity (LOH) in 
TP53 and/or RB1 along with WGD.  Given the 
inherent lower likelihood of losing two copies 
after WGD, these findings support that TP53 and 
RB1 aberrations likely occurred prior to WGD 
[11].

 Chromothripsis
Chromothripsis is the genomic process by which 
massive genomic rearrangements are acquired in 
a single catastrophic event [21]. Chromothripsis 
may generate genetic drivers in oncogenesis 
through DNA copy number gain and loss as well 
as rearrangements, such as translocations. 
Chromothripsis is associated with both somatic 
and germ line TP53 mutations in pediatric medul-
loblastoma and acute myeloid leukemia [51]. In 
addition, chromothripsis can be associated with 
telomere crisis induced by telomere shortening in 
accelerated cancer cell cycle division [39]. In this 
study, the authors showed that telomere loss pro-
motes end-to-end chromosome fusions and 
dicentric chromosomes during mitosis and under-
goes breakage-fusion- bridge cycles, eventually 
resulting in hundreds of DNA breaks [39]. 
However, these associations warrant further 
investigation and validation, particularly in rela-
tion to OS pathogenesis. Chromothripsis has 
been observed at varying frequencies (20–89%) 
in OS patient samples of all ages across OS stud-
ies [4, 13, 71]. To date, the etiological factors and 
mechanisms underlying OS chromothripsis are 
still unknown, and no specific genomic regions 
and genes were found to be significantly associ-
ated with chromothripsis in OS samples. Our 
MDACC OS studies recently found that there 
was a trend for younger patients to have 
 rearrangements that are clustered and associated 
with chromothripsis as compared with older 
patients. This result was also observed in the 
TARGET OS cohort dataset. This suggests that 
oncogenesis may be more driven by catastrophic 
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 chromothripsis events in young OS patients as 
compared to older adults.

 Kataegis
Kataegis is a pattern of localized hypermutation 
(enriched of C > T and C > G changes at TpC 
dinucleotides) associated with the APOBEC 
deaminases [55]. Chen et al. [13] and Perry et al. 
[49] found approximately 50–85% of their OS 
patient samples showed kataegis patterns. 
Approximately 60% of the MDACC OS samples 
also showed the kataegis patterns. No important 
cancer genes were found to be recurrently 
located in the kataegis regions identified in OS 
samples. However, most of these kataegis pat-
terns occurred in no-coding regions, some of 
which may include cis- and trans-regulatory ele-
ments or may be transcribed into functional non-
coding RNA molecules, such as transfer RNA, 
ribosomal RNA, and regulatory RNAs. More 
investigations on the association of these katae-
gis regions with OS oncogenesis are necessary 
in future studies.

 The Osteosarcoma Immune 
Landscape and Immunogenomic 
Interplay

Interactions between the immune system and 
tumor play an important role in effective tumor 
control. Aberrations in this interaction can lead to 
ineffective tumor surveillance, enhance tumor 
growth, and enable metastatic disease 
progression. For this reason, there has been a 
long-standing interest in targeting this interaction 
and modulating the host’s immune response as a 
strategy to eliminate cancer. Targeting immune 
checkpoints, such as cytotoxic T-lymphocyte- 
associated antigen 4 (CTLA-4) and programmed 
cell death 1 (PD-1)/ligand 1 (PD-L1), has been 
an overwhelmingly successful step forward for 
immunotherapy in the treatment of cancer. 
Immune cells, including CD8+ tumor-infiltrating 
lymphocytes, are initially attracted to tumor cells 
by the presence of tumor-specific antigens which 

are encoded by somatic alterations in cancer 
cells. Tumors can escape immune- surveillance 
by modulating antigen expression and upregulat-
ing inhibitory immune checkpoints to lead to 
immune cell apoptosis, anergy, and tolerance. 
Immune checkpoint inhibitors (ICI) block such 
signals in order to activate an antitumor immune 
response. The success of ICIs in the clinic, yield-
ing durable responses in a subset of patients with 
previously incurable metastatic disease, such as 
melanoma and lung cancer, has revived enthusi-
asm for immunotherapy and established a new 
paradigm for cancer treatment [16]. The Food 
and Drug Administration (FDA) has approved a 
number of ICIs including anti-PD-1, anti-PD-L1, 
and anti-CTLA4 antibodies among others for the 
treatment of a wide range of malignancies. 
Despite their remarkable success, only a subset 
of cancer patients benefit from these therapies, 
and responses are varied across patients and can-
cer types. Therefore, there is a growing need to 
understand mechanisms of the resistance to ICI 
and identify predictive biomarkers for 
personalized immunotherapy approaches.

Osteosarcoma demonstrates significant 
genetic complexity and genome instability with 
resultant high levels of genomic rearrange-
ments and the highest point mutation burden as 
compared to other pediatric cancers, suggesting 
that these genomics factors may yield neoanti-
gens capable of eliciting an immune response. 
However, despite this rationale, recent clinical 
trials using immune checkpoint inhibitors in 
OS have been disappointing. Therefore, this 
section will outline the OS immune landscape 
and genomic features that may contribute to 
resistance to ICI and other immunotherapy 
agents in OS.

 OS Immune Landscape

Transcriptome profiles derived from bulk 
RNAseq and other methods have been used to 
study features of the tumor and the 
microenvironment that are associated with tumor 
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response or resistance to ICI in several cancer 
types including OS.  Most often, these studies 
compare the transcriptome of responders vs. 
nonresponders to identify key differentially 
expressed genes that may account for response or 
resistance. While several studies have explored 
the transcriptional signatures linked to ICI 
responses across various clinical patient cohorts 
[25], the small sample size of most of these stud-
ies limits their generalizability [43]. This is par-
ticularly true for rare cancers such as OS.  One 
particular challenge in OS is the overall lack of 
responders to ICI and the concurrent lack of 
high-quality patient samples to undertake such a 
study. Given the limited number of responses on 
clinical trials to date such as the SARC028 study 
of pembrolizumab in soft tissue and bone sar-
coma [59], such a transcriptome analysis of 
responders vs. nonresponders has not been feasi-
ble. Therefore, we focused on a larger cohort of 
OS patients with poor risk – those with recurrent 
metastatic disease – as this cohort is thought to 
represent OS patients who would be considered 
for treatment with ICI. The MDACC OS cohort 
also includes four pretreatment specimens from 
patients treated with anti-PD-L1 in combination 
with anti-CTLA4 therapy, all of whom did not 
respond to treatment.

In the ongoing search for biomarkers, immune 
infiltration levels (and, in particular, tumor- 
infiltrating CD8+ T cells) and PD-1/PD-L1 
expressions have been shown to be associated 
with response to ICIs. However, expression is 
variable, and the significance across studies and 
across tumor types remains controverted as a 
considerable number of patients with high levels 
of immune infiltration and high PD-1/PD-L1 
expression have poor responses or fail to respond 
to treatment [56]. These points aside, several 
studies have recently been conducted in OS 
evaluating the prevalence and prognostic 
significance of immune infiltrate and PD-1/
PD-L1 expression. Shen et al. [57] first measured 
RNA expression levels for PD-L1 in 38 OS sam-
ples using quantitative real-time RT-PCR and 
found that high levels of PD-L1 are expressed in 
a subset of OS and that PD-L1 expression is 
 positively correlated with tumor-infiltrating 

 lymphocytes. Koirala et  al. [32] and Palmerini 
et  al. [48] also identified the similar results in 
much larger OS cohorts. Further, they identified 
an association between CD8+ infiltrate and supe-
rior overall survival, whereas infiltration with 
dendritic cells and macrophages as well as PD-L1 
expression was associated with a poor prognosis. 
Within the MDACC OS cohort, we did not 
observe an association between immune infil-
trate, CD8+ TIL, or PD-L1 expression, and over-
all survival. This may be due in part to the poor 
risk nature of the patients we included for study. 
Further translational studies are needed to deter-
mine if either immune infiltrate or PD-L1 expres-
sion correlates with clinical benefit from ICIs in 
the treatment of OS.

To understand the immune infiltrate level of 
OS in a broader context, we compared the 
immune infiltration score [74] derived from the 
bulk RNAseq data of our cohort against other 
tumor types profiled in the Cancer Genome Atlas 
(TCGA), the 87 TARET OS samples, the 7 OS 
samples from the Behjati’s study [4], as well as 4 
patients with metastatic OS who were treated 
with ICIs but exhibited no objective responses 
[71]. All four OS cohorts have comparable 
median immune score (Fig.  2.4). We observed 
that these four OS cohorts have intermediate 
median immune scores that are lower than many 
of the cancer types that have shown clinical 
benefit and treatment responses to ICIs with high 
immune infiltrate levels such as melanoma 
(TCGA-SKCM) and lung cancer (TCGA-LUAD 
and TCGA-LUSC) but are higher than those that 
have shown minimal activity with current 
immunotherapy approaches such as uveal 
melanoma (TCGA-UVM) (Fig.  2.4). When 
compared to other sarcoma subtypes, the median 
immune scores of dedifferentiated liposarcoma 
(TCGA-DDLPS) and undifferentiated 
pleomorphic sarcoma (TCGA-UPS)  – two soft 
tissue sarcoma subtypes where ICI are active – 
are higher than OS samples. We also found less 
than 10% of OS samples whose immune infiltra-
tion levels were among the highest quartile across 
tumor types. These results suggest that while 
most OS specimens may have insufficient 
immune infiltrate to elicit meaningful responses 
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to ICI, there is a subset of patients who would be 
predicted to benefit. However, immune infiltrate 
alone is inadequate to predict treatment response.

Bulk RNAseq data were also used to infer pro-
files of different infiltrated immune cells [12, 36, 
63]. We characterized the composition of various 
infiltrated immune cells across our MDACC OS 
samples [71] and identified three clusters of our 
samples: immune-high, intermediate, and low 
(Fig. 2.5). The immune- low and the immune-high 
samples, respectively, have the lowest and highest 
levels of all immune cell types including CD8+ 
lymphocytes. Several known tumor-intrinsic 
immunosuppressive pathways were found to be 
deregulated between the immune-high and low 
cluster samples, such as PD-1 signaling, CTLA4 
pathway, and IFNG signaling, suggesting that the 
immune-high tumors may upregulate immune-
suppressive signals that inhibit T-cell activation.

 OS Genomic Features Associated 
with the Immune Response

Immune modulation in cancer cells is recognized 
as a hallmark of cancer initiation and progression, 

implying that tumor cell-intrinsic factors are 
associated with tumor response/resistance to ICIs 
[56]. Therefore, this section reviews several OS 
genomic features revealed by WES/WGS/RNA- 
seq studies that may be associated with OS 
response/resistance to ICIs. These factors may 
explain in part why the majority of OS patients 
have failed to benefit from treatment with ICIs 
and also present opportunities for novel 
therapeutic approaches.

 Neoantigens
During oncogenesis, tumors accumulate thou-
sands of genetic alterations, including point 
mutations, indels, and rearrangements. Some of 
them alter the amino acid sequence of the 
encoded proteins, called neoantigens, which do 
not present in normal cells [30]. The immune sys-
tem can discriminate self from these non-self- 
antigens expressed by cancer cells and activate 
immune response to kill cancer cells. ICI can 
enhance and strengthen the immune response to 
non-self-antigens and promote antitumor 
activity.

Correlations between tumor-specific antigen 
and tumor response to checkpoint blockade 

Fig. 2.4 Immune scores in TCGA tumor types and the four OS cohorts. ESTIMATE scores derived from RNAseq 
show intermediate immune score for OS across cohorts as compared to the TCGA

C.-C. Wu and J. A. Livingston



31

therapies have largely been focused on tumor 
mutation burden, specifically point mutations. 
Several studies showed that nonsynonymous 
point mutation burden is one of the most reliable 
predictive biomarkers associated with 
responsiveness to ICIs in both melanoma and 
lung cancer [77, 78]. Recently, Turajlic et al. [64] 
investigated whether the frameshift nature of 
indel mutations can create novel open reading 
frames and a large quantity of neoantigens, which 
might contribute to the immunogenic response. 
They found renal cell carcinomas, one of the can-
cer types that have clinical benefit and response 
to immune checkpoint blockade related to high 
immune infiltrate levels, have the highest propor-
tion and number of indel mutations, compared to 
other cancer types in TCGA [64]. Their analysis 

also showed that frameshift indel count is signifi-
cantly associated with response to ICIs.

Although OS has a much lower point mutation 
burden compared to those of melanoma and lung 
cancer (Fig.  2.3), OS demonstrates significant 
genomic complexity with the high levels of 
genomic rearrangements that could potentially 
generate high-level neoantigens. However, we 
found that most of mutations detected by WGS 
(i.e., whole genome DNA-seq) were not detected 
by RNAseq in our MDACC OS cohort samples 
[71]. Unexpressed mutations tended to occur in 
genes that have low expression or whose variant 
allele frequencies were low. The limited overlap of 
point mutations identified in both WGS and 
RNAseq also has been observed in non-small cell 
lung cancer and glioblastoma [15, 45]. In addition, 

Fig. 2.5 Immune cell profiling of the MDACC OS cohort. RNAseq identifies three unique clusters with low (C1), 
intermediate (C2), and high (C3) immune infiltrate
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we observed that very few predicted rearrange-
ments involving coding regions were expressed, 
suggesting that most of the rearrangements are 
truncated or harbor premature termination codons 
[71]. Therefore, the nonsense-mediated mRNA 
decay (NMD) pathway, which selectively degrades 
mRNAs harboring premature termination codons 
[9], may contribute to the low level of neoantigens 
generated from large amount of rearrangements in 
OS.  In the MDACC OS cohort, we observed a 
positive association between NMD factors and the 
number of gene- containing rearrangements as 
well as immune infiltration, indicating that there 
may be substantial transcript suppression in rear-
ranged OS genomes [71]. These indicate that 
highly mutated and rearranged OS genome may 
not generate sufficient neoantigens to elicit an 
immune response. Strategies that enhance neoanti-
gen expression in combination with immune 
checkpoint inhibition warrant further evaluation 
in OS.

 Aneuploidy
In addition to increasing the mutational bur-
den, genome instability in cancer cells also 
leads to chromosome copy number alterations 
that are categorized in two major classes: 
whole or arm level copy number changes 
known as aneuploidy or focal copy number 
changes [5]. While focal copy number changes 
that involve tumor suppressor genes or onco-
genes are often considered actionable targets in 
cancer therapy, the functional relationship 
between aneuploidy and oncogenesis is not 
well understood. Several recent studies have 
shown that aneuploidy is associated with the 
immune suppression across multiple cancer 
types [17, 47, 53, 60]. Of interest, Davoli et al. 
[17] found that chromosome and arm level of 
copy number alterations have a greater contri-
bution to immune suppression than focal level 
of copy number alterations. They hypothesize 
that chromosome and arm level of copy num-
ber alterations can impact gene expression of a 
large number of genes and may thus impair or 
deregulate cellular signaling needs for cyto-
toxic immune cell infiltration. However, their 
studies did not specifically explore the impact 

of copy number gain and/or loss on immune 
infiltration. In melanoma, Roh et al. [53] iden-
tified a higher burden of copy number loss in 
nonresponders to CTLA-4 and PD-1 blockade 
as compared to responders and found that these 
copy number losses were associated with 
decreased expression of genes in immune-
related pathways. However, the same associa-
tion was not identified between copy number 
gain and immune response. Although frequent, 
significantly less is known about aneuploidy 
and copy number changes as they relate to 
immune suppression in OS. In the MDACC OS 
cohort, we similarly found that copy number 
loss has a significant negative correlation with 
the immune scores such that OS samples with 
high levels of copy number loss had signifi-
cantly less immune cell infiltrate. Similarly, 
such a correlation was not observed between 
copy number gains and the immune scores in 
OS.  We hypothesized that copy number loss 
may impact gene expression balance more than 
copy number gain because copy loss may lead 
to permanent loss of many genes and eventu-
ally impact immune response.

 Genetic Alterations and Pathways
A range of genetic/epigenetic aberrations in 
tumor cells can influence various aspects of the 
immune landscape, such as activation of immu-
nosuppressive immune cells, regulation of den-
dritic cell activation and T-cell priming, 
instigation of tumor resistance to T-cell attack, 
and deregulation of immune checkpoint mole-
cule expression [30, 43, 54, 68]. Alterations and 
deregulation of multiple oncogenic pathways 
such as MAPK/PTEN/PI3K, WNT/beta-catenin, 
and JAK/STAT (termed genetic T-cell exclu-
sion) have specifically been shown to be associ-
ated with resistance to ICIs. Aberrations in 
antigen processing/presentation pathway or 
interferon- gamma signaling have also been 
implicated in primary resistance to immuno-
therapy [2, 56, 58, 75].

In our MDACC OS cohort, we also found many 
of these tumor-intrinsic immunosuppressive path-
ways such as IFNG, MAPK/PI3K/mTOR, and 
JAK/STAT and antigen presenting pathways are 
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dysregulated between the immune-high and low 
samples that were identified by RNAseq (sect. 3.1). 
Some of these pathways were also found to be 
deregulated between OS and normal samples 
through the analysis of RNAseq data [81]). These 
pathways are currently being explored as potential 
combination strategies that could extend the bene-
fits of ICIs for OS treatments.

In our MDACC OS cohort, we also integrated 
genomic aberrations and transcriptomic analyses 
to identify genes whose aberrations and gene 
expression are significantly associated with 
immune infiltration, such as TP53 and PARP2. 
Among other findings, we identified a negative 
association between PARP2, a druggable target 
involved in the DNA damage response, amplifi-
cation (35% samples), and gene expression with 
the immune infiltration score (such that OS sam-
ples with high PARP2 expression had signifi-
cantly lower immune infiltrate). While prior 
studies have demonstrated the sensitivity of OS 
cell lines to PARP inhibitors [19, 33], these stud-
ies largely focused on the role of BRCA2 dele-
tion in DNA damage response and its synergy 
with PARP inhibitions. However, PARP2 ampli-
fication was found in the samples of these OS 
studies [4, 33], and the association of PARP2 
amplification with immune response in OS was 
not previously identified. PARP appears to play 
an important role in modulating the immune 
response. PARP inhibition can increase intratu-
moral CD8+ T cells and drive production of IFNg 
and TNFa in murine ovarian tumors [24] and can 
upregulate of PD-L1 expression, providing fur-
ther rationale for its combination of immune 
checkpoint blockade [27]. Several trials are cur-
rently underway evaluating PARP inhibitors in 
combination with immune checkpoint inhibitors 
across a range of solid tumors but have not yet 
been undertaken in OS [10].

 Translational Applications

Across NGS studies, few recurrent potentially 
actionable alterations have been characterized 
including PI3K/AKT/mTOR pathway, IGF sig-
naling, and the potential role of PARP inhibitors 

among a subset of OS with BRCA signatures. 
However, many of these targets also contribute to 
immune modulation and therefore may be rele-
vant in combination with immunotherapy for the 
treatment of OS. For example, mutations in PI3K 
or AKT can lead in constitutive PD-L1 expres-
sion [33], whereas mTOR inhibition can enhance 
the production of CD8+ memory T cells [35]. 
PARP inhibition has been shown to increase 
intratumoral CD8+ T cells, drive production of 
IFNγ and TNFα [24], and upregulate PD-L1 
expression independent of its role in the DNA 
damage response [27] . In the MDACC OS 
cohort, PARP2 was functionally associated with 
the MHC class I antigen presentation pathway 
further supporting the rationale for exploring 
PARP + immunotherapy combinations in osteo-
sarcoma. Data to support combining IGF signal-
ing inhibitors with immunotherapies are limited 
but may warrant further exploration [67]. A prac-
tical challenge facing targeted therapy + immu-
notherapy combinations in the treatment of 
osteosarcoma is the lack of single agent efficacy 
data for either immune checkpoint inhibitors or 
many of the available targeted therapies in 
unselected patient populations. Immunotherapy 
combinations with VEGFR and/or mTOR inhibi-
tors may be an appropriate starting point for clin-
ical trials given their activity in metastatic 
osteosarcoma and early promising combination 
data in selected soft tissue sarcoma subtypes 
[70].

 Conclusion

NGS studies in OS have yielded additional 
insight into its genomic complexity and 
heterogeneity. Predominant genomic features 
such as aneuploidy and pathway alterations as 
well as limited neoantigen expression influence 
the immune landscape of OS and result in a 
similarly diverse and heterogeneous immune 
spectrum of tumors. However, these 
immunosuppressive mechanisms in OS may 
themselves present opportunities for novel 
therapeutic combinations.
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