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 Osteosarcoma: The State of Affairs Dictates a Change 
in Clinical Practice and Clinical Trial Design

We have made many new discoveries with regard to osteosarcoma biology 
and uncovered potential new targets for therapy. The challenge for us moving 
forward is: Can we apply these discoveries and alter clinical research prac-
tices to achieve success?

Osteosarcoma continues to claim the lives of too many children, adoles-
cents, and young adults. Being both a rare and a pediatric cancer, the resources 
allocated to finding a cure and improving outcomes have been and will con-
tinue to be sparse. This is why, as we move forward, we must be judicious and 
strategic in the selection of which new agents we incorporate into our clinical 
treatment regimens and the clinical trial design constructed to assess the 
activity of these new agents. Experience and multiple clinical trials have 
defined an accepted three-drug chemotherapy regimen that results in a 
65–70% overall survival at 5 years. However, clinical trial after clinical trial 
adding additional chemotherapeutic agents to this three-drug backbone failed 
to have an impact with no improvement in outcome since 1987. This is an 
unacceptable statistic. We need to recognize that we have achieved what we 
can with combination chemotherapy and move on.

The era of “targeted therapy” based on genomics and proteomics of the 
tumor cells has emerged. Genomic analysis of tumor tissue has identified 
potential targets for other solid tumors. However, the genetic signatures from 
individual osteosarcoma patient samples and even different metastatic tumor 
nodules in the same patient are not consistent, showing diverse genetic muta-
tions and alterations. Furthermore, tumor cells do not grow in isolation. In my 
opinion, this approach will fail therapeutically unless we also understand (a) 
the interactions between the osteosarcoma cells and the lung microenvironment 
(the most common site of metastases), (b) which molecular pathways are 
altered epigenetically that permit bone cells to grow in the lung, and (c) how the 
osteosarcoma cells circumvent the immune response. We also need to under-
stand how the osteosarcoma cells adapt to the lung microenvironment.

Recognizing the success of using chemotherapy to treat newly diagnosed 
osteosarcoma patients but also admitting that we have reached a plateau using 
this approach dictates that we must incorporate non-chemotherapy agents 
into our current three-drug regimen to improve patient outcomes. Such new 
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agents can include those that target the dysregulated pathways that have been 
identified in the tumor cells, the tumor microenvironment, and the immune 
response.

How best to combine the new agent with chemotherapy and how to inter-
digitate it into the treatment schema based on our knowledge of the agent’s 
target and whether chemotherapy can help or interfere must be a primary 
focus. These two books (the first focused on clinical practice and novel thera-
peutic discoveries and the second on laboratory research that will hopefully 
inspire new therapeutic ideas) have been compiled to bring the latest findings 
in regard to these three areas. National and international authorities have 
summarized the historical perspectives and their own clinical, translational, 
and laboratory research in an effort to provide a single resource to serve as the 
starting point for discussions as we move forward in designing novel thera-
peutic strategies. We cannot continue to merely add one new agent and meas-
ure success by evaluating response in the setting of bulky, visible relapsed 
disease. This has been our approach for the last 40 years. While it was suc-
cessful in identifying the active chemotherapy agents, it is not appropriate for 
assessing the activity of immunotherapies, agents that target the tumor micro-
environment or even agents that target specific pathways. In addition, we can-
not continue to assess therapy activity by tumor shrinkage. Agents that 
activate an immune response resulting in immune cell infiltration into the 
tumor may be interpreted as tumor progression if response is judged by radio-
graphic measurements. Without histologic evaluation, we cannot decipher 
whether an enlarged mass is a growing tumor or the result of immune cell 
infiltration, dead amorphous tissue, and edema. We must incorporate histo-
logic evaluation and biologic measures that confirm that the target of the cho-
sen agent is being affected. Proper resources must be devoted, and carefully 
designed clinical trials must be implemented. It is imperative that we use the 
discoveries made by the authors in this book to design our clinical trials, 
keeping in mind the biology of both the tumor and the organ microenviron-
ment. If we do not implement such changes in our clinical research practice, 
we will continue to struggle and fail.

In this spirit, I express my gratitude to all of my distinguished colleagues 
for their willingness to contribute to this book. Without their assistance and 
their expertise, this project would not have been possible. It is my hope that 
the information in this book will provide inspiration, data, and the rationale 
needed to change the way we practice clinical research and design our clini-
cal trials for patients with newly diagnosed and relapsed osteosarcoma.

Houston, TX, USA  Eugenie S. Kleinerman
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Abstract

Osteosarcoma is a genomically complex dis-
ease characterized by few recurrent single- 
nucleotide mutations or in-frame fusions. In 
contrast, structural alterations, including copy 
number changes, chromothripsis, kataegis, 
loss of heterozygosity (LOH), and other large-
scale genomic alterations, are frequent and 
widespread across the osteosarcoma genome. 
These observed structural alterations lead to 
activation of oncogenes and loss of tumor sup-
pressors which together contribute to oncogen-
esis. To date, few targeted therapies for 
osteosarcoma have been identified. It is likely 
that effectiveness of targeted therapies will 
vary greatly in subsets of tumors with distinct 
key driver events. Model systems which can 
recapitulate the genetic heterogeneity of this 
disease are needed to test this hypothesis. One 
possible approach is to use patient-derived 
xenograft (PDX) models characterized with 
regards to their similarity to the human tumor 
samples from which they were derived. Here 
we review evidence pointing to the genomic 

complexity of osteosarcoma and how this is 
reflected in available model systems. We also 
review the current state of preclinical testing 
for targeted therapies using these models.

Keywords

Patient-derived xenografts · Targeted therapy 
· Combination therapy · MYC · CCNE1 · 
AKT · PTEN · VEGFR · CDK4

 General Introduction

The genome of osteosarcoma is highly complex, 
and tumors are extraordinarily heterogeneous 
between patients. This heterogeneity may be one 
reason why it has been difficult to successfully 
identify targeted therapies for this disease. 
Osteosarcomas are characterized primarily by 
structural rearrangements, aneuploidy, and copy 
number alterations, whereas recurrent point 
mutations are few. Whether the observed struc-
tural alterations are truly targetable vulnerabili-
ties remains to be fully explored, and it is almost 
certain that combination approaches need to be 
developed, since single agents are unlikely to 
lead to significant tumor regression. Given that 
osteosarcoma is a rare disease, the development 
of new therapies will depend heavily on preclini-
cal testing in appropriate models. In this chapter, 
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we review the current understanding of the com-
plex genome of osteosarcoma and discuss how 
this complexity is reflected in available cell lines 
and patient- derived xenografts (PDXs). We also 
review efforts to evaluate possible targeted thera-
pies in these models and briefly discuss the 
impact of this testing on clinical trial develop-
ment. We focus here only on human model sys-
tems and defer discussion of mouse models and 
the canine patient to other chapters.

 Genomics of Human Osteosarcoma

Osteosarcoma has long been known to be charac-
terized by a complex karyotype. An early cytoge-
netic analysis of 73 samples from 53 patients 
identified widespread aneuploidy, recurrent 
numerical abnormalities, and recurrent chromo-
somal breakpoints [1]. The authors concluded 
that the majority of osteosarcomas were charac-
terized by complex chromosomal abnormalities 
with marked cell-to-cell heterogeneity. This 
study was one of the first to determine that chro-
mosomal breakpoints were nonrandom, with 
increased frequency occurring in defined regions 
of chromosomes 1, 2, 3, 4, 11, 12, 14, 16, 17, 19, 
and 22. Loss of whole chromosomes was also 
noted to be more common than whole chromo-
some gains, highlighting the importance of loss 
of heterozygosity (LOH) in this disease. In par-
ticular, frequent LOH of chromosome 17 was 
observed, a region which contains the tumor sup-
pressor TP53. This early pioneering work noted a 
distinct cytogenetic profile in parosteal osteosar-
coma, which they observed to be characterized 
by the presence of ring chromosomes. This pro-
vided an early indication that there may be 
molecular subtypes of osteosarcoma with unique 
features. Applying spectral karyotyping (SKY) to 
refine these prior cytogenetic studies, Bayani and 
colleagues analyzed 14 primary tumors and 4 
established osteosarcoma cell lines [2]. They 
quantified a high rate of structural rearrange-
ments, with an average of 38.5 breakpoints per 
tumor with those involving chromosomes 8 and 
20 being disproportionately prevalent. Gains in 
8q23–24 and 17p11–13 were also frequently 

observed. In addition to these and other studies 
evaluating the landscape of alterations in osteo-
sarcoma [3, 4], a large body of literature has 
highlighted specific alterations in tumor suppres-
sors and oncogenes including CDK4 [5], p53 and 
MDM2 [6], MYC [7, 8], Rb [9], and others. 
Other comprehensive molecular profiling studies 
of osteosarcoma have demonstrated that copy 
number amplification and overexpression of 
genes in chromosome 8 and chromosome 17 
strongly correlate with osteosarcoma progression 
and relapse [10, 11]. Summarizing the work of 
several laboratories, Martin et al. concluded that 
conventional osteosarcoma is characterized by 
losses of portions of chromosomes 3q, 6q, 9, 10, 
13, 17p, and 18q and gains of portions of chro-
mosomes 1p, 1q, 6p, 8q, and 17p [9]. 6p gains 
commonly involve RUNX2, VEGFA, E2F3, 
PIM1, and CCND3, all of which could poten-
tially play oncogenic roles in this disease. 8q 
contains MYC, which has been reported to be 
frequently amplified in osteosarcoma by many 
groups [12, 13]. 8q also contains RECQL4. 
While germ line loss of RECQL4 causes 
Rothmund-Thomson syndrome and predisposes 
patients to osteosarcoma development, in spo-
radic osteosarcoma tumors, RECQL4 has been 
reported to be upregulated at the level of protein 
expression or amplified at the gene level [14].

Cheng et al. evaluated copy number changes 
in a large panel of 117 osteosarcomas using 
Affymetrix SNP arrays [15]. They noted frequent 
gains in chromosomes 8, 12, 21, and X and 
frequent deletions in chromosomes 2, 10, and 13. 
These authors also correlated copy number 
alterations with therapy response in sarcoma cell 
lines. For example, they noted a correlation 
between IGFIR copy number gain and sensitivity 
to clofarabine. Similarly, Smida et al. profiled 45 
osteosarcomas using Affymetrix SNP arrays and 
identified frequent alterations in 6p21 (including 
VEGFA, CCND2, and RUNX2), 8q24 (including 
MYC), and 12q14 (including CDK4) as well as 
loss of 10q21.1. They noted that a high LOH 
score (greater than 1500 loci with LOH) was 
predictive of a poor response to chemotherapy 
and a higher risk of recurrence. This was one of 
the first papers to correlate specific alterations 
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with poor event-free survival [16]. In a more 
recent study, Smida et  al. evaluated a larger 
cohort of 160 pretreatment osteosarcoma samples 
using high-density arrays. They described 
frequent loss of tumor suppressors WWOX 
(31%), DLG2 (27%), and LSAMP (8%), in 
addition to Rb and Trp53. They also described 
the frequency of “chromothripsis-like pattern” 
(CTLP) and noted that the presence of CTLP in 
osteosarcoma was associated with a worse 
outcome [17]. Overall, it should be emphasized 
that loss of the tumor suppressors Trp53 (17p13.1) 
and Rb (13q14.2) is very common in sporadic 
osteosarcoma and germ line deletions are strongly 
associated with increased incidence [18, 19]. In 
addition to loss of function of Rb itself, 
osteosarcomas often exhibit deregulation of this 
pathway through other means, such as loss of the 
tumor suppressor CDKN2A/p16/INK4A or 
amplification of cyclin-dependent kinase 4 
(CDK4).

The widespread availability of next-genera-
tion sequencing (NGS) has allowed further 
refinement of our understanding of the genomics 
of osteosarcoma. Two initial studies using NGS 
confirmed the prediction that these tumors are 
characterized by recurrent structural 
rearrangements. A very interesting observation 
was that Trp53 is more commonly altered by 
structural rearrangements in intron 1, rather than 
by deep deletion or mutation [20]. DLG2, ATRX, 
and RB alterations were also frequently noted. 
Another study identified frequent alterations in 
the PI3K pathway and suggested that this may 
represent a targetable opportunity for a subset of 
patients [21]. More recently, Sayles and Breese 
et  al. also identified a number of subsets of 
osteosarcoma patients with potentially targetable 
alterations using whole-genome sequencing [22]. 
Alterations in MYC, CDK4, VEGFA, AKT or 
PTEN, and CCNE1 were frequently observed 
across a cohort of 63 tumors profiled using 
whole-genome sequencing. These and other 
studies suggest that some subsets of osteosarcoma 
may contain gains or losses in genes that represent 
potential therapeutic vulnerabilities. However, 
further identification and validation of such 

therapy biomarkers will likely require a combina-
tion of preclinical and clinical studies.

A critical issue that remains to be fully 
explored is the prognostic and therapeutic value 
of specific genomic alterations in osteosarcoma. 
To address this, Suehara et  al. evaluated 66 
patients with osteosarcoma using a clinical grade 
panel sequencing assay and found a fraction of 
patients with targetable or potentially targetable 
alterations [23]. Twenty-one percent of patients 
had a genomic alteration suggestive of an 
actionable alteration including CDK3, MDM2, 
BRCA2, PDGFRA, and VEGFR. In another 
study, Kovac et al. sequenced the exomes of 31 
tumors and identified 14 genes as the main drivers 
in osteosarcoma. They also suggested that a large 
percentage of osteosarcomas have genome 
instability signatures characteristic of BRCA1/2- 
deficient tumors [24]. Whether this will translate 
into a therapeutic opportunity as it has for 
BRAC1/2-deficient breast and ovarian cancers 
remains to be explored.

To date, relatively few studies have systemati-
cally evaluated the evolution of osteosarcoma 
using matched samples; thus, we know little 
regarding how this disease progresses over time 
in individual patients, which is a significant gap 
in knowledge with regard to the development of 
targeted therapies. Negri and colleagues used 
whole-genome and whole- exome sequencing to 
deeply characterize a set of 13 primary and meta-
static matched pairs [25]. High conservation of 
copy number in the matched pairs was seen, sug-
gesting that perhaps the concept of osteosarcoma 
as a “genomically unstable” cancer needs to be 
further refined. Alternatively, it is possible that 
many of the genomic events seen in osteosar-
coma are early events that remain stable over 
time. These authors also identified a recurrent 
amplification in the gene KDR in metastatic 
osteosarcoma. In another recent study, Brady and 
colleagues performed a deep analysis of tumor 
evolution in four osteosarcoma patients. They 
described a pattern of “branching evolution” 
shaped by treatment with cisplatin [26]. In gen-
eral, these studies point to the need for analysis of 
more longitudinal samples, so we can begin to 
understand the evolutionary dynamics of osteo-
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sarcoma and how they may define therapeutic 
vulnerabilities at relapse.

Overall, a great deal of knowledge has been 
gained regarding the genomic alterations present 
in osteosarcoma. Here we have emphasized 
studies evaluating structural alterations in the 
genome of osteosarcoma. However, many studies 
have also pointed to an important role for 
epigenetic mechanisms including DNA 
methylation. For example, promoter methylation 
may be an important mechanism of silencing the 
p16INK4A locus in osteosarcoma [27]. Studies 
using osteosarcoma models for preclinical thera-
peutic development will need to take the above 
summarized complexity of this disease into 
account. It is our belief that because of this com-
plexity, osteosarcoma should be considered to 
include subsets of tumors with different drivers 
and thus will require an evaluation of specific 
genomic and epigenomic alterations to define 
appropriate subgroups for targeted therapy. 
Below we discuss the current understanding of 
the genomics of available preclinical models 
followed by a summary of some therapeutic stud-
ies with an emphasis on those that have addressed 
genomics while evaluating response.

 Cell Line Genomics

Cell lines are the most widely utilized model sys-
tem to study osteosarcoma due to their ease of 
use and wide availability. Several authors have 
attempted to evaluate the genomic characteristics 
of available cell lines to correlate the observed 
alterations with those found in patient samples. 
Ottaviano et al. used multiplex ligation-dependent 
probe amplification (MLPA) to screen for loss of 
38 tumor suppressors across 19 osteosarcoma 
cell lines, including HOS, Saos2, U2OS, and 
other commonly used cell lines [28]. Loss of 
CDKN2A (42%) and TP53 (47%) was the most 
frequently observed alteration. Notably, these 
percentages are higher than what has been 
reported when evaluating tumors in  vivo [22]. 
Lorenz et al. performed whole-genome sequenc-
ing of osteosarcoma cell lines including IOR/
OS15, IOR/ OS18, MG63, and ZK-58. They 

found that inactivating genomic rearrangements, 
most commonly involving TP53, were frequent 
in both osteosarcoma patient samples (10/25) and 
cell lines (7/11). Interestingly, they also reported 
that osteosarcoma cell lines had numerous dele-
tions, tandem duplications, inversions, and inter-
chromosomal translocations at frequencies 
similar to human tumor samples [29]. They sug-
gest that involvement of nonhomologous end- 
joining (NHEJ) and microhomology-mediated 
end-joining (MMEJ) DNA repair contribute to 
the generation of structural alterations in osteo-
sarcoma. Additionally, RB1 rearrangements were 
similarly common between cell lines (3/11) and 
patient samples (5/25). Lastly, the presence of 
multiple fusion transcripts in osteosarcoma was 
also reported, including a previously undescribed 
fusion of PMP22-ELOVL5.

 Cell Line Models of Metastatic 
Disease

Most osteosarcoma patients who do not survive 
die from metastatic disease; therefore, there has 
been a strong emphasis on developing metastatic 
cell line models. Several studies have evaluated 
the tumorigenicity and metastatic capacity of 
established osteosarcoma cell lines [30–33]. 
Some, but not all, commerical cell lines are capa-
ble of forming tumors after subcutaneous implan-
tation [31]. Formation of spontaneous metastasis 
from those subcutaneous xenografts is less com-
mon [31, 34, 35]; however, formation of meta-
static nodules after intravenous injection does 
occur with many cell lines [30, 35–39] (Table 1.1). 
Notably, there is discordance with respect to the 
metastatic capacity of certain cell lines between 
published studies, perhaps reflective of genetic 
drift in sublines expanded in different laborato-
ries (Table 1.1).

To help overcome the variation in metastatic 
capacity observed in commercially available cell 
lines, in  vivo passaging or transformation of 
established cell lines has been used to create 
metastatic derivatives (e.g., MG63.2 [71], 
MG63.3 [30], 143B, SaOS2-LM2 to LM7 [37, 38], 
KRIB [67] etc.). These metastatic derivatives can 
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Table 1.1 Genomic characteristics of cell line models for osteosarcoma

Cell line model (derivation) Genomic characteristics Tumorigenicity
Metastatic 
capacity

MG63 
[40, 
41]

MTAP-BCN2 fusion transcript 
(inversion ch9) [42]; fusion 
transcript with TP53 [42]; P53 
arrangement intron 1 [43]; 
homozygous deletion 
CDKN2A [42, 44]; p53 
wildtype [44]

Yes: SQ [45]; OT 
[46, 47]
No: SQ [48]

No: IV [47, 
49]; SQ/IM 
[48]; OT 
[47, 50];
Yes: OT [46]

MG63.2 [46] Yes: OT [46, 47] Yes: IV [47]; 
OT [46, 47]

MG63.3 [47] Yes: OT [47] Yes: IV [47]; 
OT [47]

U20S 
[51]

PMP22-ELOVL5 fusion [42]; 
P53 [44, 52]; single gene 
deletion P53 [43]; hemizygous 
deletion CDKN2A MLPA 
normal aCGH [44]

Yes: SQ [45, 48, 
53]; OT [47]

Yes: IV [53]
No: IV [49]; 
SQ [48, 
53];IM [48]

Saos2 Fusion transcript involving 
TP53, RB1 transcript truncated 
after exon 20 [42]; P53 
deletion [43, 44, 54–56]; 
normal CDKN2A [44]

Yes: SQ [45, 57]; 
OT [47, 50, 
57–60]
No: SQ [48]

Yes: OT [47, 
58–60]
No: IV [37, 
47, 49]; SQ/
IM [48]; OT 
[50]

SaOS-LM2 
[37]

No: IV [37, 
61]

SaOS-LM3–6 
[37]

Yes: IV [37, 
61]

SaOS-LM7 
[61]

Yes: OT [47, 50] Yes: IV [47, 
61];OT [47, 
50]

TE85 Yes: OT [47]
No: OT [50]

No: IV [47]; 
OT [47]

HOS [62] TP53 mutant, Rb wildtype 
[63]; homozygous CDKN2A 
deletion, TP53 p.Arg156Pro 
(c.467G > C) [44]

Yes: SQ [45]; OT 
[47]
No: SQ [48]

No: IV [47, 
49]; SQ/IM 
[48]; OT 
[47]

MNNG/
HOS 
[64]

KRAS [64] Yes: OT [47, 65]; 
SQ [45, 48]; IM 
[48]

Yes: IV [47]; 
OT [47, 65]
No: SQ/IM 
[48]

KHOS
143B Yes: SQ [45, 48]; 

IM [48]; OT [47, 
50, 65, 66]

Yes: IV [47, 
66]; SQ/IM 
[48]; OT 
[47, 50, 65, 
66]

KRIB 
[67]

Yes: OT [47, 68] Yes: IV [47]; 
OT [47, 68]

G292 Yes: SQ [45]
No: OT [50]

No: IV [49]; 
SQ/IM [48]

SJSA 
(OSA)

MDM2 amplification [42]; 
hemizygous deletion 
CDKN2A, P53 wildtype [44]

Yes: SQ [45, 48] No: SQ/IM 
[48]

OHS 
[69]

Gain CKN2A aCGH, P53 
mutant p.Glu286Lys [44]

Yes: SQ [45, 48, 
70]; OT [70]

No: SQ/IM 
[48]
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then be compared to their cell line of origin to 
investigate possible mechanisms of metastatic 
progression [30, 72, 73]. For example, Muff et al. 
showed that metastatic derivatives of established 
osteosarcoma cell lines have increased Hedgehog 
and WNT signaling pathways compared to their 
cell line of origin [73].

Orthotopic implantation is becoming increas-
ingly common, despite the increased technical 
challenges [30, 33, 39, 71, 72, 74–85]. In general, 
osteosarcoma cell line xenografts more consis-
tently form tumors at orthotopic sites than at sub-
cutaneous or intramuscular sites (Table 1.1). To 
facilitate metastatic progression in orthotopic 
models, limb amputation is frequently performed 
as it allows for more time for metastasis develop-
ment before the mice need to be sacrificed [30, 
33, 39, 76]. Amputations are typically performed 
when the orthotopic tumor reaches 1–2  cm in 
diameter, and the mice are sacrificed 2–8 weeks 
later or when metastasis- associated morbidity is 
observed [30, 33, 39, 76]. A thorough investiga-
tion by Berlin et  al. using KRIB cells demon-
strated that a minimum of 2 weeks post orthotopic 
implantation is required for formation of pulmo-
nary nodules [84]. Amputation models are argu-
ably the ones that most accurately recapitulate 
the natural disease.

The phenotypic and genomic stability of con-
tinuously passaged cells has been evaluated. One 
commercial osteosarcoma cell line, SaOS2, 
exhibited increased proliferation and matrix 
mineralization with passage number, although 
many other phenotypic properties were stable 
over at least 100 passages and no significant 
changes in the expression of various growth 
factors were observed [86]. The use of cell lines 
to model osteosarcoma has certain pitfalls and 
limitations. Cross contamination with other cell 
lines and mycoplasma infection are frequent 
problems and must be considered [87, 88]. 
Additionally, when comparing cell line gene 
expression profiles to primary tumor samples of 
the same cancer type, not all cell lines have gene 
expression profiles that correlate with samples 
from their presumed tumor of origin [89]. Finally, 
cancer cell line xenografts lack complexity in 
both cellular heterogeneity and with regard to 

their tumor microenvironment [90]. The need for 
a more representative and reliable model to study 
osteosarcoma has led to increased utilization of 
the PDXs, which may more faithfully recapitu-
late features of the primary disease, and their 
derivative cell lines.

An increasingly utilized approach to model 
metastasis is the use of the ex  vivo pulmonary 
metastasis assay (PuMA) [91]. Recently, this 
assay was used to carry out a screen for over 100 
potential therapies for metastatic osteosarcoma, 
with CDK12 inhibition emerging as a strong 
candidate [92]. In another powerful approach, 
Morrow et al. recently mapped putative enhancer 
elements in matched human osteosarcoma tumors 
and in metastatic/nonmetastatic cell line pairs 
and identified metastasis-associated variant 
enhancer loci. This led them to identify a potential 
role for individual genes as key metastatic drivers 
[93].

 PDX Models

To produce a PDX model, tumor tissue, as a 
fragment or after digestion into a single-cell sus-
pension, is transplanted directly into an immuno-
deficient mouse [90]. PDX establishment was 
initially made possible by the introduction of 
nude mice and, more recently, the more 
immunodeficient NSG mouse [94]. In 1982, Ishii 
et  al. reported that 24 of 30 patient-derived 
osteosarcoma samples established subcutaneous 
tumors in mice and they were able to continu-
ously passage and maintain 2 of these PDXs in 
nude mice for 3 years [95]. Bauer et al. described 
establishment of six models in nude mice and 
noted that one line became polyploid after 
extended passage [34]. Meyer et  al. described 
establishing eight transplantable osteosarcoma 
lines in mice made immunodeficient by whole-
body irradiation [96].

Reported success rates vary widely for the ini-
tial establishment of osteosarcoma PDXs in mice 
(20–100%) [34, 95, 97–101]. Success rates can 
vary with tumor type, tumor stage (biopsy of a 
primary tumor vs. metastatic tumor), mouse 
strain, and implantation site [90]. PDX 
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maintenance requires continuous passaging 
through immunodeficient mice. Published 
osteosarcoma PDX models report widely vari-
able implantation sites, including bone (femur 
[98], intratibial [102]), lung [103], muscle [104], 
subrenal capsule [22], and subcutis [34, 79, 101, 
105–109]. Overall osteosarcoma PDXs maintain 
similar gross and histologic features to their pri-
mary tumor of origin [22, 96, 97, 102, 109–111], 
with preservation of the patient’s tumor tran-
scriptome [112] and tumor microenvironment 
[113]; however, some reports have described 
divergence [114]. Using microarray-based com-
parative genomic hybridization, Kresse et al. ana-
lyzed nine matched osteosarcoma patient/
xenograft pairs over multiple xenograft passages. 
They concluded that most alterations were main-
tained, although some drift was identified [108]. 
Other authors have also found close similarity of 
their PDX models to the primary tumor and sta-
ble characteristics of PDX models in serial pas-
sage [109].

Several authors have reported the develop-
ment of orthotopic osteosarcoma models 
(PDOX). This model is ideal because the trans-
planted tissue grows at a site that is most similar 
to its natural environment [90]. The orthotopic 
location could, in theory, more closely recapitu-
late the biology of osteosarcoma, including the 
metastatic phenotype [115]. Many researchers 
have developed osteosarcoma PDOX models [98, 
102, 104, 110, 111, 115–120], including some 
with amputation protocols that facilitate the 
development of metastasis [84, 104, 116]. 
Goldstein et  al. showed that metastatic spread 
was not observed after subcutaneous implantation 
of two osteosarcoma PDXs, whereas after 
orthotopic implantation, pulmonary metastases 
developed with both PDXs [104].

Cell lines can also be derived from PDXs, and 
several groups have used this approach [22, 101, 
121, 122]. An important consideration is whether 
the PDX-derived cell lines are obtained from 
pretreatment biopsies, localized recurrence, or 
distant metastasis. For example, some lines 
obtained from pretreated tumor type have been 
reported to be cisplatin-resistant and can therefore 
be useful in the evaluation of combination 

therapies for relapsed disease such as trabectedin 
and temozolomide [115].

In perhaps the most comprehensive analysis to 
date, Stewart et  al. evaluated 31 osteosarcoma 
patient-derived orthotopic models, compared 
them to their tumor of origin, and characterized 
the alterations that occur over time. This work 
also evaluated a large number of models for other 
pediatric solid tumors. Extensive evaluation 
determined there was preservation of clonal com-
plexity between the primary tumors and the cor-
responding PDX. Furthermore, evolution of the 
PDX over subsequent passages was also evalu-
ated. Notably, among all the tumors examined, 
osteosarcomas had the best preservation of the 
primary tumor’s clonal complexity [98]. These 
results suggest that the use of osteosarcoma PDX 
models matched to the primary tumor may be a 
particularly fruitful strategy for identification of 
biomarker-driven therapeutic opportunities.

 Preclinical Models for Drug Testing

Many authors have tested individual targeted 
therapies using cell lines. We will not make a 
comprehensive effort to evaluate all of these due 
to space limitations. Importantly, very few stud-
ies have systematically evaluated a large number 
of drugs in screens using cell lines. A recent nota-
ble effort utilized short-term cultures from PDX 
models, representing one possible approach 
[110]. Perhaps the most comprehensive effort to 
utilize osteosarcoma PDX models for preclinical 
evaluation of targeted agents has been done 
through the Pediatric Preclinical Testing 
Consortium (PPTC), formerly known as the 
Pediatric Preclinical Testing Program (PPTP). 
The PPTC is a National Cancer Institute (NCI)-
sponsored initiative for the investigation, consid-
eration, and prioritization of drugs for early-phase 
pediatric clinical trials. This multi-institutional 
consortium uses cell line and xenograft tumor 
panels to evaluate the antitumor activity of agents 
in osteosarcoma, as well as other sarcomas, renal 
tumors, neuroblastoma, CNS tumors, and hema-
tologic malignancies [123].
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The PPTC has evaluated a significant number 
of potential therapeutics for osteosarcoma. Here 
we highlight a few of these rather than attempting 
a comprehensive review. Glycoprotein NMB 
(GPNMB), also known as osteoactivin, is a 
transmembrane glycoprotein that is expressed in 
many nonmalignant cells, including osteoblasts, 
and is overexpressed in many malignancies, 
including osteosarcoma, making it a good 
candidate for targeting [124]. Glembatumumab 
vedotin is an antibody-drug conjugate that 
combines an anti-GPNMB antibody with the 
antimitotic agent vedotin [125]. Upon binding of 
the antibody to GPNMB, the drug is internalized 
and active glembatumumab vedotin is released, 
causing cell-cycle arrest and death. Because 
transmembrane expression of GPNMB is 
required for binding and downstream cytotoxic-
ity of glembatumumab vedotin, the PPTC tested 
it in a subset of osteosarcoma xenografts that 
were known to express GPNMB. It yielded high 
activity in some xenografts and response seemed 
to be related to GPNMB expression [126].

The insulin-like growth factor-1 receptor 
(IGF1R) is a transmembrane receptor tyrosine 
kinase. Upon binding of insulin-like growth fac-
tor-1 or -2, IGF1R becomes autophosphorylated 
and activates multiple downstream signaling 
pathways that regulate cell growth and 
development, including the PI3K/Akt pathway 
[127]. The IGF1R pathway has been implicated 
in the pathogenesis of both pediatric and adult 
sarcomas [128, 129]. The PPTC evaluated anti- 
IGF1R monotherapies, including the monoclonal 
antibodies robatumumab and cixutumumab, and 
the small molecule inhibitor BMS-754807. 
Robatumumab demonstrated in vitro and in vivo 
activity [130]. These results were reproduced by 
other investigators, who also showed that 
combining robatumumab with cisplatin or 
cyclophosphamide further enhanced its activity 
[131]. Cixutumumab only demonstrated in vivo 
activity in osteosarcoma [132]. Furthermore, 
cixutumumab in combination with rapamycin 
resulted in increased antitumor activity, compared 
to either agent alone [133]. BMS-754807 also 
demonstrated in vitro and in vivo activity [134]; 
however, this drug is no longer in development 

for pediatric use. All three anti-IGF1R agents 
demonstrated varying degrees of antitumor 
activity; however, IGF1R copy number (assessed 
by PCR, FISH, and dot blot analysis), IGF1R 
mRNA expression (determined by RT-PCR), and 
IGF1R surface antibody expression (measured 
by flow cytometry) were not correlated with 
response to therapy [135].

The vascular endothelial growth factor 
(VEGF) pathway plays a critical role in 
angiogenesis, and activation of this pathway has 
been described in a variety of inflammatory 
disease as well as cancer [136]. Several tyrosine 
kinase inhibitors with activity against the VEGF 
receptor (VEGFR) family have been investigated 
by the PPTC.  For example, cediranib, a highly 
potent VEGFR inhibitor, demonstrated promising 
antitumor activity [137]. Subsequently, phase I 
clinical studies with this receptor tyrosine kinase 
(RTK) inhibitor have been performed in a variety 
of advanced pediatric solid tumors, including 
osteosarcoma [138]. Sunitinib and sorafenib, 
which are multi-RTK inhibitors with high activ-
ity for VEGFRs, also demonstrated tumor growth 
inhibition [139, 140]. In a phase I trial of suni-
tinib, one osteosarcoma patient demonstrated 
stable disease, but no objective responses were 
observed in any tumor type [141]. Although a 
phase II Children’s Oncology Group (COG) trial 
of sorafenib in refractory pediatric solid tumors 
did not demonstrate objective responses [142], a 
phase II trial by the Italian Sarcoma Group did 
demonstrate activity, when administered as a 
combination therapy, in relapsed and unresectable 
high-grade osteosarcoma [143]. Another multi- 
RTK, regorafenib, which targets VEGFR1–3, as 
well as BRAF, FGFR1, KIT, PDGFR-β, RAF-1, 
and RET, demonstrated modest tumor inhibition 
in osteosarcoma xenograft models [144]. The 
SARC024 phase II trial of regorafenib 
demonstrated improved progression-free survival 
in progressive, metastatic osteosarcoma patients 
[145].

SRC is overexpressed in osteosarcoma and 
results in increased cell proliferation and 
decreased apoptosis [146]. Dasatinib, a multi- 
RTK inhibitor that also has activity against the 
Src family of kinases, demonstrated intermedi-
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ate tumor growth inhibition in osteosarcoma 
models when tested by the PPTC [147]. 
Interestingly, in another study, dasatinib altered 
metastatic potential of osteosarcoma in vitro, but 
not in  vivo [148]. Phase I testing of dasatinib 
monotherapy in pediatric solid tumor patients 
demonstrated poor activity [149]; however, 
investigations of dasatinib combination thera-
pies in both pediatric and adult advanced solid 
tumors are ongoing (NCT00788125, 
NCT03041701, NCT02389309).

mTOR activation has also been implicated in 
osteosarcoma tumorigenesis. The mTOR inhibi-
tor rapamycin demonstrated intermediate to high 
activity in osteosarcoma xenografts as a single 
agent [150] and in combination with cytotoxic 
chemotherapy [151]. However, a phase I trial of 
temsirolimus, another mTOR inhibitor, did not 
result in significant antitumor activity in osteo-
sarcoma [152]. Furthermore, phase II testing of 
rapamycin in combination with cyclophospha-
mide failed to meet its primary endpoint [153]. In 
contrast, phase II and III studies of ridaforolimus, 
another mTOR inhibitor, have had more promis-
ing results [154, 155]. Treatment with dual 
mTORC1 and mTORC2 inhibitors may help cir-
cumvent some of the resistance that develops 
after mTOR inhibition; however, the dual inhibi-
tor AZD8055 demonstrated poor activity in vivo 
[156].

PI3K and Akt activation are thought to con-
tribute to tumorigenesis in osteosarcoma [157]. 
MK-2206, a highly selective, non-ATP- 
competitive, pan-Akt inhibitor, and GSK690693, 
an ATP-competitive, pan-Akt inhibitor, both 
demonstrated prolonged event-free survival, but 
did not result in any objective responses in 
osteosarcoma xenografts [158, 159]. As tumor 
cells often respond to inhibition of this pathway 
by activating feedback loops, a large challenge to 
therapeutic targeting of the PI3K/Akt pathway is 
the development of resistance. Several other 
groups have investigated targeting of the PI3K 
and Akt pathways with other agents, and these 
results will be discussed below.

The MAPK/ERK pathway is activated by 
many different growth factor receptors, including 
IGF1R, VEGFR, and PDGFR, which are often 

overexpressed in osteosarcoma, and thus it has 
been considered a promising candidate for 
inhibition [160]. Unfortunately, selumetinib, a 
potent MEK1/2 (a.k.a MAP2K1/2) inhibitor, had 
poor in vitro and in vivo antitumor activity, as a 
single-agent therapy, despite demonstrating sig-
nificant pathway inhibition [161]. Though MEK 
inhibitors hold much potential, clinical applica-
tion of these inhibitors can prove challenging due 
to the complex signaling cascades and cross talk 
between pathways. To this end, clinical trials 
have investigated combination therapies incorpo-
rating MEK inhibitors for refractory sarcoma 
patients, but did not demonstrate significant anti-
tumor activity [162, 163].

As mentioned above, cell-cycle aberrations 
occur frequently in osteosarcoma, with ampli-
fications in CDK4, CDK6, CCND, and CCNE 
and deletions in CDKN2A/B.  Dinaciclib, a 
potent inhibitor of CDK1, CDK2, CDK5, and 
CDK9, was tested by the PPTC, and stable dis-
ease was the best response that was seen [164]. 
In contrast, when tested in PDXs harboring 
copy number changes in cell-cycle checkpoint 
genes [22], dinaciclib and palbociclib, a 
CDK4/6 inhibitor, demonstrated significant 
inhibition of tumor growth. This suggests that 
CDK inhibition may be efficacious in a subset 
of osteosarcoma patients who harbor genomic 
aberrations in cell- cycle genes. Several cell-
cycle inhibitors are available, and these results 
support further preclinical testing in a genomi-
cally informed manner.

The Aurora kinase family members are key 
regulators of mitosis and cell-cycle progression, 
and amplifications in Aurora kinase A and B have 
been described in osteosarcoma [2]. Testing of 
the Aurora kinase A inhibitor alisertib by the 
PPTC resulted in high antitumor activity in one 
osteosarcoma xenograft and intermediate activity 
in the remaining five xenografts [165]. However, 
phase II testing of alisertib in relapsed and refrac-
tory solid tumors demonstrated very poor 
response rates (<5%) [166]. The serine/threonine 
kinase Chk1 directs the DNA damage response 
(DDR) and cell-cycle checkpoint response. 
Prexasertib, a CHK1 inhibitor, demonstrated 
poor single-agent activity when tested by the 
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PPTC; however, when combined with irinotecan, 
a topoisomerase I inhibitor, it showed prolonged 
event-free survival in osteosarcoma xenograft  
studies [167].

As described above, inactivating structural 
alterations in TP53 occur in the majority of 
osteosarcoma tumors. In a subset of osteosarcoma, 
inactivation can occur through amplification of 
MDM2. Serdemetan is an MDM2 antagonist that 
reactivates p53 and results in apoptosis. It resulted 
in tumor growth inhibition when tested by the 
PPTC.  Unfortunately, a phase I trial in adults 
with advanced solid tumors did not demonstrate 
significant clinical activity [168].

Finally, several other targeted agents have 
been tested by the PPTC that failed to demonstrate 
significant antitumor activity. These include 
navitoclax [169], a potent Bcl-2 inhibitor; 
lapatinib [170], an EGFR inhibitor; RG7112 
[171], an MDM2 inhibitor; pevonedistat [172], a 
NEDD8 inhibitor; RO4929097 [173], a gamma- 
secretase inhibitor that targets the NOTCH 
pathway; and seclidemstat, an LSD1 inhibitor 
[174].

 Other PDX Studies

Several other investigators have evaluated tar-
geted agents in in vivo osteosarcoma models. The 
Italian Sarcoma Group investigated inhibition of 
the mTOR pathway and showed that sorafenib 
monotherapy resulted in decreased mTORC1 
signaling but resulted in mTORC2 activation as 
an escape mechanism. However, when sorafenib 
was combined with everolimus, another mTOR 
inhibitor, it caused increased antitumor activity 
and complete inhibition of the mTOR pathway in 
osteosarcoma xenograft models [175]. As men-
tioned above, a nonrandomized phase II trial 
investigating the utility of this combination in 
patients with unresectable, progressive, high- 
grade osteosarcoma was subsequently activated 
and showed promise. Although the combination 
therapy demonstrated activity, it failed to achieve 
the prespecified outcome of a 6-month progres-
sion-free survival of >50% [176].

One group investigated PI3K inhibition in 
osteosarcoma using two different agents, NVP- 
BEZ235, a dual PI3K/mTOR inhibitor, and 
BYL719, a PI3K inhibitor that specifically tar-
gets the alpha isoform. Both agents slowed osteo-
sarcoma tumor growth in allograft and xenograft 
mouse models; however, neither drug induced 
in vivo tumor shrinkage [177, 178]. Interestingly, 
administration of ifosfamide in combination with 
BYL719 resulted in a synergistic effect [178]. 
Combining NVP- BEZ235 with cisplatin also 
enhances its antitumor effects in osteosarcoma 
xenografts [179]. Furthermore, in other in  vivo 
sarcoma models, vincristine and NVP-BEZ235 
combination therapy decreased metastasis and 
slowed tumor growth [180]. These studies high-
light the importance of considering combination 
therapy to help potentiate an agent’s efficacy. 
There are several ongoing phase I/II clinical trials 
investigating these two agents in adult cancers as 
monotherapies or in combination with other 
agents.

Multi-RTKs have also been an avenue of 
investigation for groups outside of the PPTC. 
Gobin et al. showed that imatinib, which targets 
PDGFRα, PDGFR-β, EGFR, IGF1R, and several 
other receptors, inhibits tumor growth in mouse 
models of osteosarcoma [181]. Sampson et  al. 
demonstrated that crizotinib, which is FDA- 
approved for ROS1-positive non-small cell lung 
cancer and ALK-positive solid tumors, had 
significant antitumor effects in vitro and in vivo, 
at least in part, through inhibition of Met [182].

Other investigators have also studied MDM2 
inhibition. Treatment with Nutlin-3 caused 
disruption of p53-MDM2 binding, resulting in 
decreased degradation of p53. Of note, efficacy 
of the agent is dependent on wild-type p53, which 
is seen in only a small subset of osteosarcoma. 
Osteosarcoma xenografts with wild-type p53 
were treated with Nutlin-3 and experienced 
significant tumor growth inhibition [183].

Beyond the therapeutic targets already men-
tioned, several groups have identified targets of 
interest that have not been investigated by the 
PPTC.  One such target is ezrin, a cytoskeletal 
linker protein that connects  actin cytoskeleton to 
plasma membrane proteins [184]. High ezrin 
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expression in an osteosarcoma mouse model 
resulted in pulmonary metastasis and has been 
associated with poor survival in dogs with natu-
rally occurring osteosarcoma, as well as pediatric 
patients [185]. When an ezrin-dependent meta-
static mouse model was treated with NSC305787 
and NSC66839, both small molecule inhibitors 
of ezrin, overall survival was increased with both 
drugs, though it was only statistically significant 
for NSC305787 [186]. Additionally, targeting of 
the ezrin-regulated mTOR/S6K1/4E-BP1 path-
way with rapamycin and CCI- 779 resulted in pul-
monary metastasis inhibition and prolonged 
survival in  vivo [187]. Another group demon-
strated that sorafenib treatment in vivo resulted in 
decreased tumor volume and metastasis, in part 
through downregulation of the ezrin pathway 
[188].

Another approach to inhibit osteosarcoma 
metastasis is to target chemokines and their 
receptors. CXCR3 expression has been described 
in a variety of malignancies, including 
osteosarcoma [189], and is thought to play a role 
in metastasis [190, 191]. Treatment with 
AMG487, a small molecule inhibitor of CXCR3, 
resulted in a significant reduction in metastatic 
burden in a metastatic model utilizing the 
SaO2-LM7 cell line [192].

Heat shock protein 90 (HSP90) stabilizes and 
activates a multitude of proteins. Many of these 
proteins are involved in constitutive signaling 
and responses to stress [193, 194]. Cancer cells 
use this complex to protect mutated and 
overexpressed oncoproteins from misfolding and 
degradation. When osteosarcoma xenograft 
models were treated with single-agent 
alvespimycin, an HSP90 inhibitor, or in 
combination with imetelstat, a telomerase 
inhibitor, there was significant reduction in tumor 
volume [195]. Similarly, Ory et al. demonstrated 
that treatment with the HSP90 inhibitor 
PF4942847, alone, or in combination with 
zoledronic acid, resulted in significant tumor 
growth inhibition and decreased metastases 
[196].

Although recurrent Wnt/β-catenin mutations 
have not been described in osteosarcoma, the role 
of this pathway in osteosarcoma biology is an 

area of investigation. Tegavivint, a small molecule 
inhibitor of β-catenin, had strong antitumor 
effects in both primary and metastatic tumors in a 
osteosarcoma xenografts [197]. Interestingly, 
treatment with BHQ880, a monoclonal antibody 
against dickkopf-1 (DKK-1), which is an 
inhibitor of Wnt signaling, resulted in decreased 
tumor growth and metastases [116].

A subset of osteosarcoma is characterized by 
MYC overexpression. Historically, MYC has 
been considered undruggable; however, recent 
studies have demonstrated various strategies for 
indirect inhibition. In osteosarcoma PDXs, 
treatment with AT7519 resulted in significant 
tumor growth inhibition in MYC-amplified 
tumors, likely through inhibition of CDK9 [22]. 
Another strategy is to target the transcriptional 
activity of MYC through bromodomain and 
extra-terminal domain (BET) inhibition; 
however, in osteosarcoma models, Baker et  al. 
showed that treatment with the BET inhibitor 
JQ1 induced apoptosis independent of MYC 
[198].

STAT3 activation is thought to play a role in 
tumor cell survival and proliferation in human 
and canine osteosarcoma [199]. Toosendanin, a 
STAT3 inhibitor, suppressed osteosarcoma cell 
growth, invasion, and angiogenesis in  vitro. 
Furthermore, toosendanin treatment resulted in 
decreased tumor growth, reduction of metastasis, 
and prolonged survival of osteosarcoma 
xenografts [200]. In another study, administration 
of pectolinarigenin to osteosarcoma xenografts 
blocked STAT3 activation and impaired tumor 
growth and metastasis [79].

Wee1 is a mediator of the G2/M cell-cycle 
checkpoint, and inhibition of Wee1 by adavosertib 
has been reported to enhance the effects of 
cytotoxic chemotherapy [201, 202]. Kreahling 
et  al. demonstrated that adavosertib had 
significant antitumor activity in osteosarcoma 
xenografts, both as a single agent and in 
combination with gemcitabine [105]. Most of the 
studies done to date in preclinical models have 
not specifically matched targeted therapies to the 
subsets of osteosarcomas that have specific 
alterations. Given the heterogeneity of osteosar-
coma described previously, it is possible that 
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stratification for targeted therapy based on 
genomic characteristics of a tumor could increase 
the rate of response. Such a “genome-informed” 
approach was tested recently [22]. Whole- 
genome sequencing was used to identify recur-
rent copy number alterations in subsets of 
osteosarcoma PDX models. Based on this analy-
sis, six candidate pathways were identified for 
targeting: MYC amplification, with the CDK9 
inhibitor AT7519; CCNE amplification with the 
CDK2 inhibitor dinaciclib; VEGFA amplifica-
tion with the VEGFR inhibitor sorafenib; CDK4 
amplification or FOXM1 amplification with the 
CDK4/6 inhibitor palbociclib; AURKB amplifi-
cation with the AURKB inhibitor AZD1152; and 
AKT gain or PTEN loss with the AKT inhibitor 
MK2206. PDX models treated with the matched 
drug based on copy number analysis demon-
strated significantly higher tumor growth inhibi-
tion compared to a “nonmatched” approach. 
Translation of this approach to clinical trials has 
still not been done but may represent a promising 
new approach to treatment of this disease. 
Another potentially highly effective strategy is to 
leverage the availability of mouse and canine 
models together with human osteosarcoma. Such 
an approach has recently been described [203]. 
Lastly, it should be noted that the high mutational 
burden of osteosarcomas could potentially make 
them susceptible to immunotherapies. To date, 
such approaches have not been successful, but it 
is possible that future studies could find ways to 
reactivate the immune system for therapeutic 
benefit in osteosarcoma.
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Genomics and the Immune 
Landscape of Osteosarcoma

Chia-Chin Wu and J. Andrew Livingston

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.

Keywords
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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
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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.
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 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 

2 Genomics and the Immune Landscape of Osteosarcoma



28

 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 

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



29

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
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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.

2 Genomics and the Immune Landscape of Osteosarcoma
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RECQ DNA Helicases 
and Osteosarcoma
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Abstract

The RECQ family of DNA helicases is a con-
served group of enzymes that plays an impor-
tant role in maintaining genomic stability. 
Humans possess five RECQ helicase genes, 
and mutations in three of them – BLM, WRN, 
and RECQL4 – are associated with the genetic 
disorders Bloom syndrome, Werner syn-
drome, and Rothmund-Thomson syndrome 
(RTS), respectively. These syndromes share 
overlapping clinical features, and importantly 
they are all associated with an increased risk 
of cancer. Patients with RTS have the highest 
specific risk of developing osteosarcoma com-
pared to all other cancer predisposition syn-
dromes; therefore, RTS serves as a relevant 
model to study the pathogenesis and molecu-
lar genetics of osteosarcoma. The “tumor sup-
pressor” function of the RECQ helicases 
continues to be an area of active investigation. 
This chapter will focus primarily on the known 
cellular functions of RECQL4 and how these 
may relate to tumorigenesis, as well as ongo-
ing efforts to understand RECQL4’s functions 

in  vivo using animal models. Understanding 
the RECQ pathways will provide insight into 
avenues for novel cancer therapies in the 
future.
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 Introduction

The roles of the RECQ helicases in cancer and 
specifically the role of RECQL4 in osteosarcoma 
(OS) are areas of active investigation. While it is 
known that constitutional mutations in the RECQ 
genes predispose patients to developing cancer, 
the exact mechanisms of tumorigenesis remain to 
be fully explored. As basic science research con-
tinues to reveal the normal cellular functions of 
the RECQ helicases, application of this knowl-
edge to OS pathogenesis will provide avenues for 
future investigation into targeted therapies for 
this disease. This chapter will primarily focus on 
what is currently known about the RECQL4 DNA 
helicase gene, which is mutated in the OS predis-
position disorder Rothmund-Thomson syndrome 
(RTS).
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 RECQ Family of DNA Helicases 
and Cancer Predisposition

The RECQ DNA helicases are a family of pro-
teins that are important in maintaining genomic 
integrity. DNA helicases are ubiquitous molecular 
motor proteins that harness the chemical free 
energy of ATP hydrolysis to catalyze the unwind-
ing of duplex DNA and as such play important 
roles in nearly all aspects of nucleic acid metabo-
lism, including replication, repair, recombination, 
and transcription [115]. The RECQ helicases 
belong to the SF2 superfamily of DNA helicases 
that unwind DNA in a 3′ ↑ 5′ direction in an ATP- 
and Mg2+-dependent fashion [5, 8]. As such, they 
contain a conserved region that includes the seven 
characteristic helicase motifs (I, Ia, II, III, IV, V, 

and VI) that define this family of helicases and 
that are important for coupling ATP hydrolysis to 
the separation of DNA strands. The first RECQ 
helicase was discovered in Escherichia coli (E. 
coli) in a screen for resistance to thymineless 
death [81]. Subsequently, RECQ proteins have 
been identified in multiple species. These evolu-
tionarily conserved proteins are defined by their 
common central helicase motif, a highly con-
served region of approximately 400 amino acids 
(Fig. 3.1) [8, 55]. The number of RECQ helicases 
increases from lower to higher organisms. 
Bacteria such as E. coli have one (RecQ), as do 
yeast (Sgs1 in Saccharomyces cerevisiae and 
Rqh1 in Schizosaccharomyces pombe), while 
Caenorhabditis elegans has two and Arabidopsis 
thalianas has seven RECQ helicases [58].

Fig. 3.1 Structural features of RecQ helicases. The RecQ 
proteins have several structural domains that are con-
served from bacteria through humans. All RecQ proteins 
have a core helicase domain. Most RecQ proteins also 
contain conserved helicase and RNAse D C-terminal 
(HRDC) and RecQ C-terminal (RQC) domains that are 
thought to mediate interactions with nucleic acid and 
other proteins, respectively. Many RecQ proteins have 
acidic regions that enable protein-protein interactions, and 

some of the RecQ proteins have nuclear localization 
sequences. WRN and FFA-1 protein are unique in that 
they also contain an exonuclease domain. Sgs1 and Blm 
are the first characterized members of this family of pro-
teins containing a functional strand exchange domain in 
their N-terminus. The number of amino acids in each pro-
tein is indicated on the right. (Reprinted with permission 
from Bernstein et al. [8])

L. Lu et al.



39

In humans, there are five RECQ helicases 
(Fig.  3.1). Three of these, WRN, BLM, and 
RECQL4, are associated with human diseases 
[79]. Mutations in the WRN gene [137] cause 
Werner syndrome [73], and mutations in the BLM 
gene [30] are responsible for Bloom syndrome 
[36]. Mutations in RECQL4 are associated with 
three overlapping disorders: RTS, RAPADILINO 
syndrome, and Baller-Gerold syndrome (BGS) 
[56, 101, 117]. Although RECQL and RECQL5 
have not thus far been associated with any human 
genetic disorders, both have been linked to 
human tumorigenesis [23, 28, 127]. In one study, 
rare germ line truncating mutations in the RECQL 
gene were shown to be associated with an 
increased risk of breast cancer in two populations 
of high-risk patients [23]. A few small studies 
have demonstrated that specific single-nucleotide 
polymorphisms in RECQL5 are more common in 
OS patients [28, 139], and decreased expression 
of RECQL5 in OS tumors may be associated with 
disease progression [127].

All of the human RECQ disorders are cancer 
predisposition syndromes, but they have varying 
cancer profiles (Table 3.1). Patients with Werner 
syndrome display features of premature aging, 
such as diabetes, coronary artery disease, cata-
racts, and osteoporosis. They are susceptible pri-
marily to thyroid cancer, melanoma, meningioma, 
soft tissue sarcomas, and OS.  In a study of the 

spectrum of cancers in Werner syndrome patients, 
OS was found to comprise 8% of all neoplasms 
[62]. In contrast, patients with Bloom syndrome 
are susceptible to all types of cancers seen in the 
general population, but at a much higher fre-
quency and at an earlier age. These include leu-
kemia and lymphomas and epithelial cancers of 
the colon, breast, head and neck, and cervix, as 
well as OS, which accounted for 2% of the first 
100 cases of cancers reported in the Bloom 
Registry [22, 37]. Among the RECQL4-associated 
disorders, patients with RTS have a very high and 
specific risk for OS, in addition to nonmelanoma 
skin cancers (squamous and basal cell carcino-
mas). In one clinical cohort study of 41 RTS 
patients, 30% had a diagnosis of OS [122]. 
Patients with RAPADILINO syndrome and 
RECQL4 mutations are also at risk for cancer, 
most commonly lymphomas as well as OS [102]. 
These patients share many of the same pheno-
types as RTS patients, including small stature, 
limb deformities, radial ray defects, and absent 
patellae. Interestingly, these patients do not dis-
play poikiloderma, which is a defining feature of 
RTS. BGS is the least well-characterized of the 
RECQL4 disorders. These patients are character-
ized by craniosynostosis and radial ray defects, 
as well as poikiloderma in some patients. So far 
only a few cases have been described to have 
RECQL4 mutations, and cancer has only been 

Table 3.1 Human RECQ helicase syndromes

Disease Main clinical features Cancer predisposition Gene location
Bloom syndrome Small stature, photosensitive 

rash, immunodeficiency
Multiple tumor types, including 
leukemia, lymphoma, solid 
tumors

BLM 15q26.1

Werner syndrome Premature aging, cataracts, 
diabetes, atherosclerosis

Soft tissue sarcomas, skin 
(melanoma), thyroid cancer, 
osteosarcoma

WRN 8p11

Rothmund-Thomson 
syndrome

Poikiloderma, radial ray and 
other skeletal defects, 
alopecia

Osteosarcoma, skin cancer 
(squamous and basal cell 
carcinomas)

RECQL4 8q24.3

RAPADILINO syndrome Small stature, radial ray and 
limb deformities, palatal 
defects, absent patella

Lymphoma and osteosarcoma RECQL4 8q24.3

Baller-Gerold Ssyndrome Craniosynostosis, radial ray 
defects, poikiloderma

Possibly lymphoma RECQL4 8q24.3
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described in one patient who developed a midline 
NK cell lymphoma [26]. Overall there have been 
over 60 RECQL4 mutations identified among 
these three disorders [116]. Exact genotype- 
phenotype correlations with respect to specific 
mutations and resultant phenotypes, including 
cancer, remain to be elucidated.

As a group, the RECQ helicases are consid-
ered “caretakers” of the genome and as such do 
not necessarily directly drive tumorigenesis but 
prevent genomic instability that results in accu-
mulation of structural changes in oncogenes or 
tumor suppressors that could then lead to cancer 
[17]. This protection of genome stability is 
achieved through their various roles in DNA rep-
lication, repair, and telomere maintenance. It is 
also possible that the RECQ helicases could play 
a more direct role in affecting tumorigenesis. 
While the exact molecular mechanisms of tumor 
suppression have yet to be worked out fully, defi-
ciency of the WRN, BLM, and RECQL4 proteins 
in humans clearly predisposes to the develop-
ment of cancer.

 Structure and Functions 
of the RECQL4 DNA Helicase

The role of RECQL4  in DNA replication has 
been extensively studied, and it appears that 
while RECQL4 may participate in many cellular 
functions, its primary role is in the initiation of 
DNA replication [46, 74, 94, 113, 126, 132, 
133]. This is achieved primarily through its 
N-terminal domain (amino acids 1–370) which 
shares homology to the yeast replication factor 
Sld2 in S. cerevisiae and Drc1 in S. pombe [72, 
74, 94], both of which are important for estab-
lishing replication forks during the initiation of 
DNA replication. After phosphorylation by 
cyclin-dependent kinases, Sld2 binds Dpb11, a 
key mediator of the formation of the active repli-
cative helicase complex on replication origins 
and a crucial factor in the initiation of DNA rep-
lication [51, 108, 119]. In Xenopus, it has been 
shown that xRECQL4 belongs to the replication 
initiation complex and helps to promote loading 
of replication factors at the origins, after pre-

replication complex formation [94]. The 
N-terminal amino acid region 1–596 of RECQL4 
interacts directly with xCut5 (frog orthologue of 
Dpb11), which is responsible for recruiting DNA 
polymerases to the sites of replication [74]. 
RECQL4 has also been shown to interact with 
multiple DNA replication factors, such as 
MCM10, MCM2-7, CTF4, CDC45, GINS, and 
SLD5 which are essential for initiation of DNA 
replication [46, 47, 57, 132], as well as TopBP1, 
the vertebrate orthologue of Dpb11 [87]. The 
C-terminus of RECQL4 including the helicase 
domain also appears to play a role in replication 
under stressed conditions. Human pre-B lym-
phocyte cells with mutant RECQL4 lacking the 
C-terminus were shown to have replication 
defects only after ionizing radiation, perhaps by 
allowing replication forks to negotiate the radia-
tion-damaged DNA templates [59]. Because 
RECQL4 is overexpressed in many types of spo-
radic cancers (see below), the effect of overex-
pression of RECQL4 on replication has also 
been studied. Although overexpression of 
RECQL4 alone did not affect replication, when 
RECQL4 was fused to a subunit of the origin 
recognition complex-ORC4 protein, overexpres-
sion of this fusion protein induced increased 
binding of RECQL4 to late replication origins in 
early S phase and recruitment of replication ini-
tiation factors [99]. As a result, early activation 
of replication was observed in genes with late 
replication origins, leading to elevated replica-
tion stress caused by replication-transcription 
conflicts [99]. Therefore, the binding of RECQL4 
to replication origins needs to be tightly regu-
lated to ensure a normal replication process. In 
addition to initiation of DNA replication, 
RECQL4 may also play a role in replication fork 
restart given its high affinity to Holliday junction 
substrates demonstrated by in  vitro binding 
assays via N-terminal amino acid residues 320–
400 [96].

RECQL4 has been shown to bind additional 
nucleic acid substrates in vitro, including guanine 
quadruplex (G4) structures [54]. G4 is a type of 
secondary structure formed in guanine-rich 
sequences and is found in replication origins, 
gene promoter regions, and telomeric DNA 
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sequences [41]. BLM, WRN, and RECQL4 have 
all been shown to be important for telomere main-
tenance [20]. Both BLM and WRN helicases bind 
and unwind G4 DNA substrates [77], while 
RECQL4 only binds but has no detectable 
unwinding activity [54]. Gene expression analy-
ses using fibroblasts from both Bloom and Werner 
syndrome patients showed that BLM and WRN 
regulate transcription through G4 DNA sequences 
[85, 109]. The biological function of RECQL4 at 
G4 sites needs further investigation given the 
importance of G4 sequences in normal physiolog-
ical processes as well as in tumorigenesis. In addi-
tion to the abovementioned functional domains, 
the N-terminus of RECQL4 also contains several 
localization regions, including two nuclear local-
ization domains [9], a region of acetylation by 
p300 which regulates nuclear to cytoplasmic 
localization [27], and a predicted mitochondrial 
localization signal in amino acids 1–84 [25].

Initially, researchers were unable to demon-
strate actual DNA unwinding activity by 
RECQL4 using a variety of DNA substrates [69, 
134]. Helicase activity was finally demonstrated 
for RECQL4 by several groups [11, 91, 107, 
131], which was likely masked in previous assays 
by the strong annealing activity of the enzyme. In 
vitro biochemical data suggested that RECQL4 
possesses another N-terminal region contributing 
to DNA unwinding besides the well-known con-
served helicase domain [131], although known 
helicase motifs and nucleotide binding sites were 
not found to be present in this region. The in vivo 
function of this extra helicase domain requires 
further investigation. In addition to the helicase 
domain, other protein domains in RecQ heli-
cases, including the helicase-and-RNase D 
C-terminal (HRDC) and RecQ-C-terminal 
(RQC) domains, are also important for helicase 
unwinding activity. However, RECQL4 lacks the 
structurally conserved HRDC domain which is 
felt to be important for interactions with nucleic 
acids (Fig.  3.1) [8, 80]. Human RECQL4 also 
appears to lack the structurally conserved RQC 
domain that is important for zinc and DNA bind-
ing and for helicase activity. However, through 
bioinformatic and biochemical analyses, 
Mojumdar et  al. identified a functional RQC 

domain in human RECQL4 that is essential for 
these activities [72, 78]. In addition, the crystal 
structure of a human RECQL4 fragment (resi-
dues 449–1111), including the helicase domain 
and the majority of the C-terminus, revealed that 
a RECQL4 zinc binding domain (R4ZBD, resi-
dues 836–1045) resides downstream of the heli-
case domain and is important for DNA unwinding 
activity in a biochemical DNA helicase activity 
assay [50]. Interestingly, the last 92 residues of 
human RECQL4 have also been shown to play an 
important role in helicase activity by increasing 
DNA binding [50].

In addition to its role in DNA replication, 
RECQL4 has also been implicated to function in 
various aspects of DNA repair, including double- 
strand break (DSB) repair [61, 66, 67, 90, 97, 
103], nucleotide excision repair (NER) [19, 31], 
and base excision repair (BER) [95]. RECQL4 
plays important roles in both homologous recom-
bination (HR)-dependent and nonhomologous 
end-joining (NHEJ)-mediated repair of DSBs. 
RECQL4 has been shown to interact physically 
with the Ku70/Ku80 heterodimer [97], which 
forms a complex with DNA-PKcs to play a cen-
tral role in NHEJ-mediated DSB repair. During 
HR-dependent DSB repair, RECQL4 has been 
shown to interact physically by co- 
immunoprecipitation with RAD51, a key protein 
involved in the HR pathway of DSB repair, and to 
associate with RAD51 by immunofluorescence in 
DNA damage foci [61, 90, 103]. Lu et al. reported 
that RECQL4 participates in 5′ end resection of 
DSBs, the first step in HR-mediated DSB repair 
[67]. RECQL4 interacts with the MRE11-
RAD50-NBS1 (MRN) complex and increases the 
recruitment of CtIP which stimulates end resec-
tion by the MRN complex [67]. Interestingly, the 
participation of RECQL4  in both pathways was 
shown to be cell cycle dependent and was regu-
lated by the phosphorylation of RECQL4 by 
cyclin-dependent kinases CDK1/CDK2. 
RECQL4 stimulates NHEJ in G1 phase and pro-
motes HR-mediated DSB repair in S and G2 
phases when CDK1/CDK2 activity is high [66]. 
RECQL4 has also been shown to interact with 
BLM helicase, which like RECQL4 probably has 
many functions in the cell, the most important of 

3 RECQ DNA Helicases and Osteosarcoma



42

which is its role in HR.  This interaction was 
strengthened in S-phase and after ionizing radia-
tion treatment in human cells, indicating that 
RECQL4 coordinates with BLM to function in 
DNA replication and DNA damage repair [104]. 
Ribosomal protein S3 (RPS3), a component of 
40S small subunit of the ribosome contributing to 
protein translation, has also been shown to inter-
act with the N-terminus of RECQL4 and modu-
lates its activity during DNA damage repair [89]. 
RECQL4 helicase activity appears to be essential 
for the end resection and HR-dependent repair of 
DSBs [67]. However, a knock-in mouse model 
(Recql4K525A), mimicking human RECQL4K508M, 
displayed normal development and normal life 
span compared to wild-type littermates [12]. Cells 
derived from these mice had no significant differ-
ence in growth rate after treatment with genotoxic 
agents [12]. This discrepancy between human 
cells and mouse models requires more detailed 
investigation. Nevertheless, taken together, the 
data suggest that lack of RECQL4 functional 
activity in DNA repair can lead to increased 
DSBs, DNA replication stress, genomic instabil-
ity, and cancer development.

The NER pathway is a major mediator of 
repair of UV damage, and RECQL4 has been 
shown to colocalize with XPA, a key protein 
involved in NER, and to interact with XPA 
directly by GST pull-down assay [31]. The BER 
pathway is the main mechanism for repair of oxi-
dative DNA lesions, and RECQL4 was also 
found to colocalize and functionally interact with 
key proteins involved in BER, including APE1, 
FEN1, and DNA polymerase β, after treatment 
with H2O2 [95]. Werner et al. showed that after 
H2O2 treatment, RECQL4 translocates from the 
cytoplasm to the nucleus and forms nuclear foci 
in normal human fibroblasts. After recovery from 
oxidant damage, viable RTS patient fibroblasts 
underwent irreversible growth arrest and had sig-
nificantly decreased DNA synthesis [124]. Woo 
et  al. also showed that in response to oxidative 
stress, RECQL4 had altered cellular localization 
to the nucleolus and using a T7 phage display 
screen showed that RECQL4 C-terminus inter-
acts with the single-strand break repair protein, 
poly(ADP-ribose) polymerase-1 (PARP-1) [125]. 

PARP-1 is activated in response to a wide variety 
of DNA-damaging agents and modulates the cel-
lular sensitivity to γ-irradiation [68].

The response of RECQL4 mutant cells to dif-
ferent genotoxic agents has been investigated by 
several groups; these have included UV and ion-
izing radiation (IR), hydrogen peroxide, topoi-
somerases inhibitors, and chemotherapy agents 
such as doxorubicin and cisplatin [10, 19, 31, 49, 
59, 103, 124]. However, the results have been 
somewhat inconsistent between studies, likely 
reflecting the use of different primary cells or cell 
lines (transformed cells vs. untransformed cells, 
RTS patient cells vs. RECQL4 knockdown cells), 
different assays to determine sensitivity, and dif-
ferent RECQL4 mutations present in the cells. 
For example, some studies have demonstrated 
significant increased sensitivity to UV radiation 
[88, 100, 105], while others have shown moder-
ate or no increase in sensitivity [49, 59]. Using 
CRISPR-Cas9, Kohzaki et  al. deleted the 
C-terminus of RECQL4 after the NLS domain, 
including the conserved helicase domain, in sev-
eral human cancer cell lines [60]. These cells dis-
played hypersensitivity to IR and cisplatin, which 
primarily introduce DNA DSB and interstrand 
cross-links, respectively. In vitro cell-based DSB 
repair reporter assays showed that these cells dis-
played increased single-strand annealing activity 
and reduced alternative end-joining mediated 
pathway. They showed that RAD52 inhibition 
suppressed the growth of cancer cell lines in vitro 
and in xenograft mouse models. In addition, cis-
platin treatment had an additive inhibitory effect 
with RAD52 inhibition on tumor cell growth, 
providing a potential treatment avenue for cancer 
patients with RECQL4 mutations and increased 
RAD52 expression [60].

As mentioned earlier, RECQ proteins bind to 
G4 structures such as those found in telomeric 
DNA, and RECQL4 has been shown to play a 
role in telomere maintenance [38]. RTS patient 
cells and human cells with RECQL4 knockdown 
exhibit increased fragile telomeric ends. In addi-
tion, human RECQL4 localizes to telomeres and 
interacts with shelterin protein telomeric repeat- 
binding factor 2 (TRF2) which maintains telo-
mere integrity [38]. RECQL4 also interacts with 
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the WRN protein and stimulates WRN’s activity 
on telomeric D-loops. Similar to WRN and BLM, 
RECQL4 also appears to be able to resolve these 
D-loops, which is necessary for replication to 
take place at the telomeres, and this resolving 
activity is stimulated by TRF1 and TRF2 as well 
as the shelterin protein POT1 [38]. Also similar 
to WRN and BLM, RECQL4 seems to be more 
active on telomeric D-loops that contain 
8- oxoguanine base lesions, indicative of oxida-
tive damage. Unlike WRN, however, RECQL4 
also has a clear preference for unwinding D-loops 
that contain thymine glycol (Tg) lesions, which 
are the most common oxidation product of the 
thymine base, and this activity is stimulated by 
TRF2 [34]. Thus, mutations in RECQL4 could 
result in dysfunctional telomeres, which are well 
known to play a role in both tumor suppression 
and tumor progression, depending on the cellular 
milieu, particularly with respect to the check-
point status of the cells [130].

In addition to these nuclear functions, 
RECQL4 has also been shown to localize in the 
cytosol [27, 134] as well as in the mitochondria 
[16, 21, 25, 120]. Yin et al. showed that RECQL4 
interacts with cytosolic ubiquitin ligases UBR1 
and UBR2 which function in the N-end rule path-
way by ubiquitination and degradation of pro-
teins [134]. Dietschy et  al. demonstrated that 
RECQL4 can be acetylated by histone acetyl-
transferase p300 resulting in the cytosolic trans-
location of RECQL4 from the nucleus [27], 
providing a mechanism to modulate RECQL4 
nuclear activities. In the mitochondria, loss of 
RECQL4 led to abnormalities in mitochondrial 
DNA (mtDNA) as well as mitochondrial function 
caused by reduced replication of mtDNA [16, 25] 
or caused by reduced proofreading and polymer-
ization functions of mitochondrial DNA 
polymerase-γ (PolγA) [40]. Interestingly, a 
RECQL4 mutation frequently reported in 
RAPADILINO patients who are predisposed to 
lymphoma and osteosarcoma disrupts the inter-
action between RECQL4 and mitochondrial p32 
protein [120] while also enhancing the interac-
tion between RECQL4 and mitochondrial heli-
case PEO1, leading to increased replication of 
mtDNA.  Both increased or decreased mtDNA 

content could cause abnormal mitochondrial 
function demonstrated by abnormal mitochon-
drial metabolism and glycolysis [40, 120].

In addition to the abovementioned cellular 
functions, RECQL4 was also recently demon-
strated to play a role in mitosis. RECQL4 was 
shown to be a microtubule-associated protein and 
to participate in the maintenance of chromosome 
alignment during mitosis [135]. It was identified 
among the proteins with a nuclear localization 
sequence (NLS) that can be pulled down by 
Taxol-stabilized microtubules in mitotic Xenopus 
egg extracts. RECQL4-depleted HeLa cells as 
well as RTS fibroblasts exhibited spindle abnor-
malities, including misaligned chromosomes and 
increased micronuclei. Interestingly, using 
immunoprecipitation with tagged proteins and 
GST pull-down assays in human cells, RECQL4 
was shown to interact with aurora kinase B 
(AURKB) and to modulate its protein stability by 
reducing ubiquitination of AURKB [33], an 
essential protein that modulates mitosis by regu-
lating chromosome alignment and segregation.

 Rothmund-Thomson Syndrome 
(RTS): Nature’s Model 
of Osteosarcoma

RTS was first described in 1868 by Dr. Auguste 
Rothmund, who was a German ophthalmologist. 
He described poikiloderma, the classic skin find-
ing in RTS, along with rapidly developing bilat-
eral juvenile cataracts in several families in an 
isolated region in the Bavarian Alps [92]. In 
1921, Dr. Sydney Thomson, a British dermatolo-
gist, described a similar rash in two sisters, but 
instead of juvenile cataracts, they had bone 
abnormalities (radial ray defects) [114]. Later, 
Dr. William Taylor in the United States proposed 
that the two disorders described by Rothmund 
and Thomson were the same, and he proposed the 
eponym Rothmund-Thomson syndrome [112]. 
Mutations in the RECQL4 gene in RTS were not 
discovered until 1999 [55, 56], 131  years after 
the original description by Rothmund. It is now 
known that approximately two-thirds of patients 
with RTS have mutations in the RECQL4 gene 
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(designated Type 2 RTS). The other one-third of 
patients who lack RECQL4 mutations are desig-
nated as Type 1 RTS. Mutations in the ANAPC1 
gene, which encodes the APC1 protein, a compo-
nent of the anaphase-promoting complex/cyclo-
some (APC/C), have recently been identified as 
causative in a subset of Type 1 RTS patients [3]. 
Previous studies have shown that the presence of 
pathogenic mutations in RECQL4 correlates sig-
nificantly with risk of developing OS (Fig. 3.2) 
[121]. None of the patients with Type 1 RTS 
developed OS, while every RTS patient with OS 
had RECQL4 mutations. These pathogenic muta-
tions included nonsense, frameshift, splice site, 
and intronic deletions. Unlike other hereditary 
cancer syndromes known to predispose patients 
to OS, such as Li-Fraumeni syndrome and hered-
itary retinoblastoma, where the causative genes, 
p53 and RB, respectively, are commonly mutated 
in sporadic OS [14], mutations in RECQL4 have 
not been detected in sporadic OS tumors [86]. 
Thus, RECQL4 does not appear to be a direct tar-
get for somatic mutations in sporadic 
OS.  However, the extremely high and specific 
risk for OS in Type 2 RTS patients suggests that 

the RECQL4 helicase plays a clear role in OS 
tumor suppression, making RTS a relevant model 
for the study of human OS pathogenesis.

In addition to cancer of the bone, patients with 
RTS also have prominent developmental defects 
of the bone. In a study of 28 RTS patients who 
underwent skeletal surveys, 75% were found to 
have major skeletal abnormalities, including 
radial, ulnar, or thumb agenesis/hypoplasia, 
radioulnar and radiohumeral synostoses, abnor-
mal metaphyseal trabeculation, brachymesopha-
langy, and osteopenia [75]. This risk correlated 
with presence of RECQL4 mutations. 
Understanding the role that RECQL4 plays in 
normal skeletal development will provide addi-
tional insight into the specific risk for OS, since 
many developmental pathways, such as the Wnt, 
Hedgehog, and Notch signaling pathways, not 
only are critical for normal skeletal development 
[39, 44, 110] but also play important roles in 
tumorigenesis [7, 18, 52, 111, 118].

Early case reports suggested that OS arising in 
RTS patients may be different from sporadic OS, 
i.e., arising in unusual or multiple (multifocal) 
sites [29]. In addition, because of the implicated 

Fig. 3.2 Estimated probability of osteosarcoma onset in 
Rothmund-Thomson syndrome, classified by RECQL4 
mutation status. The time to OS onset was defined from 
the date of birth to the first diagnosis of OS. Event-time 

data were analyzed by Kaplan-Meier method, and the dif-
ference between the RECQL4 mutation-positive and 
RECQL4 mutation-negative patients was compared by the 
log-rank method
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role of RECQL4 in DNA damage repair,  clinicians 
may consider decreasing chemotherapy doses 
up-front for RTS patients diagnosed with 
OS. However, a study of 12 RTS patients with OS 
showed that their tumors had features that mir-
rored OS in the general population with regard to 
location of primary tumor (distal long bones), 
histology (conventional OS), histologic response 
to neoadjuvant chemotherapy, and overall out-
comes [42]. The major difference was that the 
age of onset was younger in the RTS cohort com-
pared to sporadic OS, which is not surprising 
given the genetic predisposition of RTS patients 
to OS. Some patients developed mucositis requir-
ing dose modifications, particularly to doxorubi-
cin (no more than 25% decrease), but there is no 
current method to determine a priori who will 
experience increased toxicities. Therefore, cur-
rent recommendations are to treat with standard 
doses of chemotherapy and to adjust according to 
the patient’s individual course. The similarities 
between OS in RTS and sporadic OS support the 
further study of the contribution of the RECQL4 
pathways in the pathogenesis of OS.

 Understanding the Role of RECQL4 
in Osteosarcoma Development 
Using Mouse Models

 Recql4 Global Knockout Mouse 
Models

In order to understand the function of RECQL4 in 
OS tumorigenesis in vivo, three mouse models of 
global Recql4 disruption have been generated. In 
the first model, exons 5–8 of Recql4 upstream of 
the conserved helicase domain (exons 9–15) 
were replaced with PGKneo and LacZ cassettes 
[45]. Homozygous mutants died during early 
embryonic stage E3.5–6.5. Although there was 
no information about transcripts and protein lev-
els of Recql4 in the paper, presumably this target-
ing strategy generated a null mutation as a result 
of nonsense mediated decay. The second mouse 
model by Hoki et al. targeted exon 13 of the heli-
case domain of Recql4 with a neomycin cassette 
[43]. These homozygous mutants were viable at 

birth, but 95% of them died within 2 weeks. The 
remaining 5% exhibited growth retardation, skin 
atrophy, hair abnormalities, and tissue hypopla-
sia, such as severely reduced bone trabeculae and 
fewer and smaller villi of the small intestine. The 
MEFs from these mutants showed reduced pro-
liferation. However, there was no malignancy 
reported in these mice. The third global mouse 
model was generated by replacing exons 9–13 in 
the conserved helicase domain of Recql4 with a 
PGK-HPRT cassette [71]. Homozygous mutants 
were born alive with normal Mendelian ratio, but 
16% of them died within 24 hours of birth. The 
remaining mutants exhibited tail pigmentation 
defects by 12  months, and palatal patterning 
defects were seen in all examined animals. 
Furthermore, 6% of these mutants developed 
limb defects at birth, ranging from preaxial poly-
dactyly of hindlimbs to forelimb aplasia. 
Interestingly, 5% of these mutants developed OS 
or lymphoma by 20 months, while heterozygous 
and wild-type mice had no tumor formation, 
although this difference was not found to be sta-
tistically significant.

 Recql4 Conditional (Bone-Specific) 
Mouse Models

Because the previous global Recql4 knockout 
mouse models failed to recapitulate the high risk 
of OS seen in RTS patients with RECQL4 muta-
tions, skeletal-specific conditional knockout 
mouse models have been developed to assess the 
effect of Recql4 deficiency in the bone. Lu et al. 
developed a conditional knockout model of 
Recql4 in early skeletal progenitor cell system by 
crossing these Recql4 mice with Prx1-Cre trans-
genic mice. Resultant mutants developed fore-
shortened limbs, digit defects, abnormal growth 
plates and joints, and craniosynostosis, recapitu-
lating the major skeletal defects seen in RTS 
patients. Mouse tissues lacking Recql4 displayed 
increased DNA damage and elevated p53 activa-
tion, leading to increased cell death, reduced cell 
proliferation, and increased senescence. These 
defects were partially rescued by concurrent 
inactivation of p53, indicating that p53 activation 
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may contribute to the skeletal phenotypes seen in 
RTS patients. RTS human fibroblasts were also 
shown to have increased p53 phosphorylation 
and expression of downstream target genes of 
p53 [24, 25]. Similarly, depletion of RECQL4 in 
primary human fibroblasts causes increased DNA 
damage and cellular senescence as well as p53 
activation and increased expression of target 
genes [65].

Ng et al. developed another conditional knock-
out model using Osx-Cre to inactivate Recql4 in 
osteoblast progenitor cells at a later stage of skel-
etal development, and they observed reduced 
body weight and decrease in trabecular and corti-
cal bone [83]. Mice lacking Recql4 in the osteo-
cytes and a subset of osteoblasts showed no 
striking developmental skeletal abnormalities 
[83], indicating that RECQL4 plays a more 
important developmental role in the early stages 
of osteoblast differentiation. Unlike human RTS 
patients, however, these homozygous Recql4 
conditional knockout mice did not develop 
OS. Interestingly, mice with homozygous loss of 
both Recql4 and p53 in the osteoblast progenitor 
cells showed delayed osteosarcoma development 
and significantly longer survival compared to p53 
homozygous loss alone, indicating that Recql4 
may actually be necessary for OS development in 
mice [83]. The mouse models developed to date 
have not been able to recapitulate the high inci-
dence of OS seen in RTS patients, and further 
work is in progress to understand these differ-
ences and to dissect the molecular mechanisms 
underlying OS development in RTS patients.

In order to more closely mirror the human dis-
ease, induced pluripotent stem cell (iPSC) tech-
niques have been used to model RECQ syndromes 
using patient-derived somatic cells including 
peripheral blood mononuclear cells and dermal 
fibroblasts. Werner syndrome iPSCs have been 
generated by several groups [15, 35, 98, 123], 
and they exhibit normal karyotypes and stable 
chromosomes after long-term culture [98]. In 
addition, human embryonic stem cells were also 
used to generate WRN-deficient cells which were 
further differentiated into human mesenchymal 
stem cells (MSCs), demonstrating that WRN is 
essential for maintaining heterochromatin stabil-

ity and that loss of WRN in human MSCs leads to 
disorganization of heterochromatin and increased 
senescence [138]. Thus far, an iPSC line has been 
generated from dermal fibroblasts derived from a 
RECQL4 heterozygous carrier [48], and work is 
ongoing to establish iPSC lines differentiated 
into osteoblasts from RTS patient fibroblasts with 
biallelic RECQL4 mutations in order to identify 
the molecular mechanisms underlying the high 
risk of OS in RTS patients.

 Clinical Implications 
for Understanding RECQ Gene 
Defects and Potentially Targeting 
RECQ-Related Pathways for Cancer 
Therapy

Based on the roles of the RECQ proteins in nor-
mal cellular proliferation, DNA damage 
response, DNA repair, and telomere mainte-
nance, there is growing interest in exploring 
inhibition of these functions in susceptible can-
cer cell types. Small molecule inhibitors of the 
WRN [1] and BLM [84] proteins have been 
identified as potential antiproliferative cancer 
therapies. Both of these molecules were identi-
fied through in  vitro helicase activity screens. 
The WRN inhibitor, a small molecule inhibitor 
identified from the National Cancer Institute 
Diversity Set, designated NSC 19630 [2], was 
shown to inhibit cell proliferation and to induce 
apoptosis in a WRN-dependent manner. It also 
caused increase in DSBs and accumulation of 
blocked replication forks in human tumor cells 
grown in culture. NSC 19630 also had a syner-
gistic effect on inhibiting cell proliferation when 
cells were co-treated along with telomestatin, a 
small molecule that binds G4 structures and 
causes disruption of telomere- associated pro-
teins, as well as a PARP inhibitor KU0058948. It 
also acted synergistically with the topoisomerase 
inhibitor topotecan in inducing DSBs. 
Investigators later characterized a structurally 
related compound, NSC 617145, which they 
demonstrated was able to sensitize cancer cells 
to mitomycin C, resulting in decreased cell pro-
liferation, increased DNA damage, and chromo-
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somal abnormalities [1]. More recently, through 
high-throughput  CRISPR-Cas9- mediated 
knockout and/or RNA interference screening, 
the WRN helicase has been shown by several 
groups to be a promising synthetically lethal tar-
get in cancers with high levels of microsatellite 
instability (MSI), including colorectal, endome-
trial, ovarian, and gastric cancers [6, 13, 53, 63]. 
MSI is caused by an impaired DNA mismatch 
repair pathway leading to small insertions and/or 
deletions in genomic nucleotide repeats. The 
helicase function of WRN is essential for this 
synthetic lethality [13, 63], which was not 
observed with other RecQ helicases [13, 63]. 
Similarly, inactivation of WRN leads to increased 
DNA damage and cell death in MSI high cancer 
cells, but not in microsatellite stable cancer cells 
[6, 13, 53, 63]. Therefore, these small molecule 
inhibitors to the WRN protein may be useful to 
target cancers with high levels of MSI.

The small molecule inhibitor of BLM, ML216 
[84], was found to exert its action by preventing 
BLM from binding to DNA.  Cells treated with 
ML216 showed decreased proliferation as well as 
an increase in sister chromatid exchanges, a hall-
mark of Bloom syndrome. One of the proposed 
future uses of this BLM-specific inhibitor would 
be to test its efficacy in treating tumor cells that 
depend on the ALT (alternative lengthening of 
telomeres) mechanism for maintenance of telo-
meres, since previous work showed that the BLM 
orthologue Sgs1 is required for telomere mainte-
nance in the absence of telomerase[140]. 
Approximately 5–10% of tumors depend on the 
ALT pathway for continued proliferation, includ-
ing OS; therefore, further exploration of this 
BLM-specific inhibitor could reveal a new thera-
peutic strategy for targeting susceptible tumors.

Expression of RECQL4 has been found to be 
upregulated in a variety of cancer types in addi-
tion to sporadic OS [70, 93], including soft tissue 
sarcomas [64], prostate cancer [106], cervical 
cancer [82], breast cancer [4, 32], gastric cancer 
[76], and oral cancer [136], suggesting that inac-
tivation of RECQL4, and thus inhibition of its 
functions in cellular replication/viability, genome 
stability, DNA repair, and telomere maintenance, 
may be attractive as a potential adjunct to cancer 

therapy in susceptible tumor cells. RECQL4 may 
also work in coordination with other Holliday 
junction processing proteins, including BLM, to 
prevent replication fork stalling and reversal in 
order to maintain cancer cell fitness by resolving 
increased Holliday junctions in cancer cells with 
overexpression of RAD51 [128, 129]. 
Additionally, in gastric cancer cells, overexpres-
sion of RECQL4 has been linked to increased 
resistance to cisplatin by physically interacting 
with YB1 and AKT, as well as by increasing 
AKT-dependent YB1 phosphorylation and 
expression of the downstream drug resistance 
gene MDR1 [76]. These data suggest that 
RECQL4 may be required for rapid tumor cell 
proliferation and chemoresistance, providing a 
potential therapeutic target for cancer cells with 
overexpression of RECQL4.

Although sporadic OS tumors have not been 
found to have somatic RECQL4 mutations, a 
recent study which examined germ line sequence 
data from over 5000 sporadic pediatric cancer 
patients revealed an increase in heterozygous 
RECQL4 loss-of-function variants in OS patients 
compared to non-cancer database controls[141]. 
While presence of a RECQL4 heterozygous 
mutation does not cause RTS with its associated 
high risk of OS, it may still confer an elevated OS 
risk in carriers compared to the general popula-
tion. This has implications for genetic counseling 
of these patients and may also offer potential 
avenues for novel targeted therapies for their spe-
cific tumors. Ongoing basic science and clinical 
research is needed to fully understand the cellular 
context and molecular mechanisms by which 
RECQL4 exerts its actions on osteosarcomagen-
esis, and this will provide useful information on 
the basic biology of OS and open avenues for 
potential new therapies for OS.
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Targeting the Cancer Epigenome 
with Histone Deacetylase 
Inhibitors in Osteosarcoma
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Abstract

Epigenetic deregulation is an emerging hall-
mark of cancer that enables tumor cells to 
escape surveillance by tumor suppressors and 
ultimately progress. The structure of the epig-
enome consists of covalent modifications of 
chromatin components, including acetylation 
by histone acetyltransferases (HATs) and 
deacetylation by histone deacetylases 
(HDACs). Targeting these enzymes with 
inhibitors to restore epigenetic homeostasis 
has been explored for many cancers. 
Osteosarcoma, an aggressive bone malig-
nancy that primarily affects children and 
young adults, is notable for widespread 
genetic and epigenetic instability. This may 

explain why therapy directed at unique molec-
ular pathways has failed to substantially 
improve outcomes in osteosarcoma over the 
past four decades. In this review, we discuss 
the potential of targeting the cancer epig-
enome, with a focus on histone deacetylase 
inhibitors (HDACi) for osteosarcoma. We 
additionally highlight the safety and tolerance 
of HDACi, combination chemotherapy with 
HDACi, and the ongoing challenges in the 
development of these agents.
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 Introduction

Classic definitions of cancer describe a disease 
arising from genetic mutation, yet genetic muta-
tion alone does not account for the behavioral 
variation observed in the vast majority of human 
cancers. Epigenetics, an emerging molecular 
explanation to bridge this gap, is the study of 
heritable changes in gene expression without 
alteration of the underlying DNA sequence. The 
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epigenome consists of specific modifications of 
chromatin components that include DNA meth-
ylation, histone modification, nucleosome 
remodeling, and RNA-mediated events [25]. 
These modifications affect the regulation of all 
DNA-based processes, such as transcription, 
DNA repair, and replication. Consequently, 
abnormal epigenetic patterns or genomic altera-
tions in chromatin regulators can make profound 
contributions to the pathogenesis of cancer.

The past decade has seen a growing apprecia-
tion for epigenetic complexity following the 
development of next-generation sequencing, 
international genome mapping projects [110], 
and improved techniques for chromatin immuno-
precipitation [101]. For example, recent whole- 
genome sequencing suggests that childhood 
tumors are driven by a relatively small number of 
mutations compared to adult tumors – frequently 
in genes encoding epigenetic regulators – while 
copy number alterations and structural variants 
predominate [76]. This is particularly true for 
osteosarcoma, an aggressive bone malignancy 
that primarily affects children and young adults, 
where almost half of patient samples have 
somatic alterations in epigenetic pathways [76]. 
Moreover, epigenetics may be critical in osteo-
sarcoma metastases, which are accompanied by a 
shift in the cancer epigenome despite minor 
changes in the mutational landscape [84].

To improve patient outcomes in osteosarcoma, 
new treatment paradigms need to be established 
as chemotherapy protocols have not significantly 
changed for over 40 years [39]. While the precise 
role of epigenetics in osteosarcoma remains to be 
defined, existing evidence suggests that epigene-
tic pathways are frequently disrupted and can be 
targeted. This was discussed in a recent report on 
osteosarcoma from the Children’s Oncology 
Group, which encouraged continued research 
into epigenetic dysregulation [111]. In this 
review, we will therefore discuss the potential of 
targeting the cancer epigenome, with a focus on 
histone deacetylase inhibitors (HDACi) for 
osteosarcoma. We additionally highlight the 
safety and tolerance of HDACi, combination che-
motherapy with HDACi, and the ongoing chal-
lenges in the development of these agents.

 Targeting the Cancer Epigenome

Transcription is often described as the first step 
of gene expression and requires RNA poly-
merase  – assisted by transcription factors and 
enhancers – to bind to a DNA promoter sequence 
and initiate RNA synthesis. A prerequisite to this 
process is access to the genetic information 
stored in chromatin, which is under epigenetic 
control. Chromatin is composed of nucleosomes 
consisting of negatively charged DNA wrapped 
around positively charged histone proteins. It can 
exist as loosely packed and transcriptionally 
active euchromatin, or as tightly packed and tran-
scriptionally inactive heterochromatin [25]. The 
structure and function of chromatin defines the 
epigenome and is controlled by covalent modifi-
cations to the nucleosome complex, including 
methylation (DNA and histones) and acetylation 
(histones) [47]. DNA methyltransferases 
(DNMTs) and histone acetyltransferases (HATs) 
are examples of “writers” in this system and 
establish covalent marks, which are then inter-
preted by “readers” to remodel particular 
genomic regions and alter gene expression. These 
marks can be removed by “erasers,” such as his-
tone deacetylases (HDACs), and by the ten- 
eleven translocation (TET) family of 
5-methylcytosine oxidases (Fig. 4.1).

Cancer cells use epigenetic pathways to their 
advantage by direct mutation in genes encoding 
chromatin-modifying enzymes or through modu-
lated expression of epigenetic regulators [47]. For 
example, childhood ependymomas are defined by 
profoundly altered DNA methylation patterns 
without corresponding genetic mutation [77]. 
Similarly, many driver mutations in adult tumors 
can be traced to epigenetic genes, including muta-
tions in histone H3 lysine 36  in sarcomas [74]. 
The overall effect is to shift the regulatory balance 
toward oncogenesis and minimize tumor suppres-
sor activity through epigenetic suppression. To 
target the cancer epigenome and thereby restore 
cellular homeostasis, two classes of drugs are 
described: broad reprogrammers (so-called 
genomic medicines) and more classic targeted 
therapies designed to affect cancer- specific muta-
tions in epigenetic genes [47].
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 Broad Reprogrammers

Broad reprogrammers include HDAC inhibitors 
(HDACi), DNMT inhibitors (DNMTi), and inhibi-
tors of the bromodomain and extra- terminal motif 
proteins (BETi). These drugs induce genome-wide 
changes in gene expression and generally reverse 
cancer-specific patterns of gene expression [6]. 
HDACi and supporting evidence in osteosarcoma 
will be reviewed in later sections.

DNMTi act in cancer to remove hypermethyl-
ation of tumor suppressor genes, which represent 
the most well-described mechanism of epigenetic 
dysregulation in cancer. The DNMTi azacitidine 
and its derivative decitabine are currently 

approved by the US Food and Drug Administration 
(FDA) for treatment of myelodysplastic syn-
drome and acute myeloid leukemia. In osteosar-
coma, Rb and p53 pathway genes are 
hypermethylated, and increased expression 
occurs in response to DNMTi treatment [85]. 
Accordingly, proliferation of osteosarcoma cell 
lines is inhibited by several DNMTi, which may 
also induce osteoblastic differentiation [78]. 
Though DNMTi demonstrate limited clinical 
activity in solid tumors to date, both azacitidine 
and decitabine are in early-phase clinical trials 
for osteosarcoma [93, 96].

BETi, which reversibly bind to the bromodo-
mains of the “reader” BET proteins, comprise a 

Fig. 4.1 Targeting the cancer epigenome. Negatively 
charged DNA is wrapped around a core of eight positively 
charged histone proteins to condense the genome into 
chromatin. The epigenome consists of specific covalent 
modifications of chromatin components, including DNA 
and histone proteins, and modulates transcriptional activ-
ity. Histone acetyltransferases (HATs) and DNA methyl-
transferases (DNMTs) are examples of “writers” in this 
system and establish covalent marks, which are then inter-
preted by “readers” to remodel particular genomic regions 
and modulate gene expression. These marks can be 

removed by “erasers,” such as histone deacetylases 
(HDACs), and by the ten-eleven translocation (TET) fam-
ily of 5-methylcytosine oxidases. In the appropriate set-
ting, normal cells can be transformed into cancer cells 
through genetic and epigenetic deregulation. Further 
genetic and epigenetic changes can result in chemoresis-
tance. The goal of epigenetic therapies like histone 
deacetylase inhibitors (HDACi) and DNA methyltransfer-
ase inhibitors (DNMTi) is to restore the normal epigenetic 
balance between oncogenes and tumor suppressor genes
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third class of broad reprogrammers [47]. This 
group has generated considerable interest and has 
recently entered early-phase clinical trials for a 
number of hematologic malignancies and solid 
tumors [33]. The efficacy of BETi in osteosar-
coma preclinical models is promising. For exam-
ple, the BETi JQ1 reduces cell viability of 
osteosarcoma cell lines and xenografts through 
both direct inhibition of tumor cells and disrup-
tion of the osteoblastic and osteoclastic signaling 
required for local osteolysis and tumor progres-
sion [61]. BETi are also effective in combination 
with the standard-of-care agent doxorubicin and 
can target the metastatic phenotype in osteosar-
coma [2, 84]. Similarly, the BETi JQ1 can over-
come resistance to CDK12 inhibition in an 
osteosarcoma ex  vivo model [3]. These studies 
support future clinical investigation, as no clini-
cal trials are currently evaluating BETi in 
osteosarcoma.

 Targeted Reprogrammers

The emergence of inhibitors to target specific acti-
vating mutations, such as imatinib for the Bcr-Abl 
tyrosine kinase in the treatment of chronic 
myelogenous leukemia, changed the way cancer 
therapeutics are developed [13]. A considerable 
emphasis is now placed on identifying activating 
mutations in cancer, which are more amendable to 
targeted therapy than deactivating mutations. This 
has led to the development of drugs inhibiting 
specific genetic defects in epigenetic writers, eras-
ers, and readers [47]. The H3K27 histone 
N-methyltransferase (EZH2) is activated by muta-
tions in lymphomas, and upregulation in osteosar-
coma is associated with a poor prognosis [83, 
120]. EZH2 inhibitors show promise in preclini-
cal studies and are in early-phase clinical trials for 
lymphomas and sarcomas with positive genetic 
testing [94]. Further examples of targeted epigen-
etic therapy exist and include inhibitors of the 
H3K79 N-methyltransferase (DOT1L) and lysine-
specific histone demethylase 1 (LSD1), which are 
both in early-phase clinical trials for hematologic 
malignancies [47]. LSD1 is overexpressed in pri-
mary osteosarcoma samples and treatment with 

the LSD1 inhibitor tranylcypromine reduced 
osteosarcoma cell growth in vitro [4]. The LDS1 
inhibitor seclidemstat is currently in clinical trials 
for Ewing sarcoma [95].

 Histone Acetylation in Cancer

In 1964, shortly after histone acetylation was first 
described, Allfrey and Mirsky proposed that post-
translational histone acetylation was a “dynamic 
and reversible mechanism for activation as well 
as repression of RNA synthesis” [1, 129]. Over 
half a century later, the field of histone modifica-
tions has expanded, and there is growing recogni-
tion for the great diversity in structure and 
function of these added groups. The classic his-
tone modification is acetylation of the ε-amine 
group on the amino acid Lys, which neutralizes 
the positive charge of Lys residues and interferes 
with the electrostatic interaction between his-
tones and negatively charged DNA. This gener-
ally permits a chromatin state that is open and 
available for transcription. Similarly, histones can 
be modified by short- chain Lys acylations that are 
distinct from Lys acetylation in hydrocarbon 
chain length, hydrophobicity, or charge [113]. 
Other described histone modifications include 
methylation, phosphorylation, ubiquitylation, 
and hydroxylation, as reviewed previously [25].

 Histone Acetyltransferases

Histone acetylation is mediated by three major 
families of HATs: GNAT (Gcn5-related 
N-acetyltransferase), MYST (Moz, Ybf2, Sas2, 
and Tip60), and p300/CREB-binding protein 
(p300/CBP) [113]. The role of HATs in cancer is 
controversial and is likely both HAT and cancer 
specific [26]. Germ line, somatic, and 
translocation- driven mutations in HAT genes are 
present in a number of malignancies, and consid-
erable preclinical data suggests a tumor suppres-
sive role for HATs overall [45]. However, several 
studies demonstrate an oncogenic role for spe-
cific HATs in some cancers, including the recent 
description of a novel HAT inhibitor with antitu-
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mor activity in both hematologic malignancies 
and prostate cancer [63]. Research considering 
the direct effects of HATs in osteosarcoma is 
limited.

 Histone Deacetylases

The human genome encodes 18 HDACs, which 
can be grouped into two major families: the clas-
sical Zn2+-dependent HDACs and NAD+-
dependent sirtuin HDACs (Table 4.1). Classical 
HDACs are further divided into four classes: 
class I, class IIa, class IIb, and class IV. Class I, 
class IIa, and class IV HDACs are primarily 
localized to the nucleus, while class IIb HDACs 
are predominately cytoplasmic [38, 89, 147]. 
Sirtuin deacetylases are class III HDACs and 
localize to different cellular compartments, 
including mitochondria [42]. Most, if not all, 
HDACs participate in shuttling between the 
nucleus and cytosol. The cytoplasmic class IIb 
HDACs, HDAC6 and HDAC10, shuttle to the 
nucleus to modulate histone acetylation and gene 

expression [72, 148]. Similarly, the nuclear class 
IIa and many sirtuin HDACs shuttle to the cyto-
plasm to deacetylate nonhistone targets [42, 
147]. HDACs can therefore regulate many criti-
cal cellular processes, including survival, aging, 
stress response, metabolism, cell cycle, apopto-
sis, DNA-damage response, metastasis, autoph-
agy, and angiogenesis, as reviewed previously 
[69].

Considering the importance of these pathways 
to oncogenesis, the role of HDACs in cancer is 
not surprising. This is supported by high HDAC 
expression in both solid and hematologic malig-
nancies and the association of high HDAC 
expression with poor survival [69]. Knockdown 
of specific HDACs can result in decreased tumor 
activity in  vitro and in  vivo [31, 48, 108]. For 
example, in colorectal tumorigenesis, mice 
expressing inactive HDAC2 have reduced tumor 
rates, compared to wild-type HDAC2 mice, when 
crossed with mice expressing mutant adenoma-
tous polyposis coli (Apc) [157]. These findings 
are probably secondary to more than epigenetic 
changes alone. For example, both HATs and 

Table 4.1 Classification of histone deacetylases (HDACs) and their cellular function in cancer

Class Members Localization Cellular function in cancer References
I HDAC1 Nucleus Cell cycle, apoptosis, DNA-damage response, 

metastasis, angiogenesis, autophagy
[81, 82, 109, 130, 142, 150]

I HDAC2 Nucleus Cell cycle, apoptosis, DNA-damage response, 
metastasis, angiogenesis, autophagy

[81, 82, 107, 109, 130, 142]

I HDAC3 Nucleus Cell cycle, apoptosis, DNA-damage response, 
angiogenesis

[67, 81, 107, 109]

I HDAC8 Nucleus Apoptosis [50]
IIA HDAC4 Nucleus DNA-damage response, angiogenesis [32, 51, 115]
IIA HDAC5 Nucleus Cell cycle, angiogenesis [31, 115]
IIA HDAC7 Nucleus Angiogenesis [52, 128]
IIA HDAC9 Nucleus DNA-damage response, angiogenesis [49, 51]
IIB HDAC6 Cytoplasm Cell cycle, DNA-damage response, 

angiogenesis, autophagy
[16, 51, 64, 75, 153]

IIB HDAC10 Cytoplasm Cell cycle, DNA-damage response, autophagy [51, 68, 97, 105]
III SIRT1 Nucleus DNA-damage response, metastasis, 

angiogenesis, autophagy
[11, 43, 71, 103]

III SIRT2 Cytoplasm –
III SIRT3 Mitochondria Autophagy [127]
III SIRT4 Mitochondria –
III SIRT5 Mitochondria Autophagy [100]
III SIRT6 Nucleus DNA-damage response, autophagy [122, 125]
III SIRT7 Nucleolus –
IV HDAC11 Nucleus –
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HDACs are responsible for nonhistone protein 
acetylation in many well-described cancer path-
ways, as discussed later [89]. Additionally, 
HDACs can be recruited by mutant multiprotein 
complexes in leukemia to suppress specific genes 
and drive cancer progression [70].

Much like HATs, evidence does exist to sug-
gest a tumor suppressive role for HDACs in the 
appropriate setting. For example, low expression 
of HDAC10 is associated with poor survival in 
lung and gastric cancer patients [46, 99]. 
Similarly, liver-specific knockout of HDAC3 
resulted in hepatocellular carcinoma, and knock-
out of HDAC1 and HDAC2 resulted in hemato-
logic malignancies [7, 28]. This suggests a dual 
role for HATs and HDACs in the development of 
cancer, one that is dependent on the distinct HAT 
or HDAC class member, its interactions with 
multiprotein complexes, acetylation of nonhis-
tone proteins, and the unique genomics of the cell 
type involved.

 Nonhistone Protein Acetylation 
in Cancer

Advances in mass spectroscopy over the past two 
decades led to recognition of the vast number of 
acetylated nonhistone proteins. As a result, his-
torically designated HATs and HDACs are 

increasingly referred to as lysine acetyltransfer-
ases (KATs) and lysine deacetylases (KDACs) in 
appreciation of the extent of nonhistone acetyla-
tion by these enzymes [30]. In this review, the 
terms HAT and HDACs are continued to main-
tain consistency while discussing the more per-
sistently named HDACi. However, the importance 
of nonhistone protein acetylation – which occurs 
on tens of thousands of nonhistone proteins  – 
cannot be understated [22].

A recent review on nonhistone protein acety-
lation detailed functional acetylation networks 
generated from an exhaustive literature search 
and made several key observations: (1) over 40% 
of identified acetylated nonhistone proteins are 
involved in transcriptional regulation; (2) only 
five HATs (CBP, p300, GCN5, PCAF, and Tip60) 
are responsible for 90% of acetylated nonhistone 
proteins; and (3) more than two-thirds of nonhis-
tone acetylation sites are targets of sirtuin deacet-
ylases [89]. Still, most cellular processes, 
including those critical in cancer, are influenced 
by acetylation through its effect on regulation of 
protein enzymatic activity, degradation, DNA 
binding, subcellular location, and interaction 
with other proteins. The acetylation of p53 – the 
first recognized nonhistone target of HATs – for 
example, improves its DNA binding activity and 
results in increased expression of p53 target 
genes [34]. p53 acetylation also directly com-
petes with MDM2-mediated ubiquitination and 
prevents p53 degradation in proteasomes [66]. 
Another example is acetylation of Rb, which hin-
ders cyclin-dependent phosphorylation and cell 
cycle progression [18]. Considering the impor-
tance of p53 and Rb pathways, the promotion of 
nonhistone acetylation by HDACi offers another 
pathway to target cancer.

 Histone Deacetylase Inhibitors 
in Cancer

Many HDACi have been identified and character-
ized that target one or more of the classic Zn2+-
dependent class I, II, and IV enzymes. Inhibitors 
of the class III NAD+-dependent sirtuins are less 
developed. The structure of classic HDACi 

Table 4.2 Histone deacetylase inhibitors (HDACis) cur-
rently FDA (US Food and Drug Administration)-approved 
for treatment of cancer (as of August 2019; https://www.
accessdata.fda.gov/scripts/cder/daf)

FDA-approved 
HDACis

FDA 
approval

Approved 
indications

Vorinostat
  (Zolinza, SAHA)

2006 Cutaneous T-cell 
lymphoma

Romidepsin
  (Istodax, 

Depsipeptide, 
FK228)

2009 Cutaneous T-cell 
lymphoma
Peripheral T-cell 
lymphoma

Belinostat
  (Beleodaq, 

PDX101)

2014 Peripheral T-cell 
lymphoma

Panobinostat
  (Farydak, 

LBH-589)

2015 Multiple 
myeloma

https://www.accessdata.fda.gov/scripts/cder/daf
https://www.accessdata.fda.gov/scripts/cder/daf
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requires a “surface recognition domain” linked to 
a “zinc-binding group” to block the active 
 enzymatic site of HDACs [30]. The first HDACi 
identified, vorinostat, was derived from hydroxa-
mate and is a nonspecific inhibitor of HDAC 
activity. Efforts since have focused on increasing 
specificity and selectivity of HDACi by incorpo-
rating other zinc-binding groups, including deriv-
atives of benzamides, thiols, sulphamides, 
ketones, and trithiocarbonates [37]. As a result, 
class- and isoform- selective HDACi are emerg-
ing with great interest in their potential [69, 80]. 
Still, the most commonly used HDACi target 
multiple HDACs, which make it challenging to 
identify isoform-specific effects and tailor these 
agents to maximize antitumor efficacy while 
minimizing systemic toxicity.

Considering the broad reprogramming that 
occurs during HDACi therapy, it is interesting 
that HDACi have tumor-selective effects at all. 
Dawson and Kouzarides suggested that this was 
due to “epigenetic vulnerability” in transformed 
cells, resembling the well-described paradigm of 
“oncogene addiction” [25, 133]. In this way, 
tumor cells are reliant on specific epigenetic 
pathways for survival, while normal cells main-
tain redundant epigenetic regulation that allows 
for adaptation in the setting of epigenetic insult 
by HDACi [30]. Alternatively, certain cancers 
may co-opt HDACs to drive the expression of 
critical oncogenic proteins through multiprotein 
complexes and/or nonhistone deacetylation. 
HDACi therapy can therefore lead to hyperacety-
lation and increased activity of key proteins such 
as p53 and Rb, as discussed previously. Similarly, 
hyperacetylation of HSP90 through HDAC6 
inhibition results in the degradation of oncogenic 
proteins, including ERBB2, BRAF, CRAF, AKT, 
BCR-ABL, and KIT [30]. These examples high-
light the possible ways in which HDACi therapy 
works, but the detailed mechanisms underlying 
these effects remain elusive, are likely tumor- 
specific, and require continued investigation to 
develop a more complete understanding.

As of August 2019, four HDACi were FDA- 
approved for use in the United States (Table 4.2). 
Vorinostat was approved first in 2006 for cutaneous 

T-cell lymphoma. Romidepsin, belinostat, and pan-
obinostat were approved since for lymphoma and 
multiple myeloma. Many additional agents are 
under development and currently in clinical trials 
for a variety of cancers, including sarcoma 
(Table 4.3). Despite promising results in hemato-
logic malignancies, the efficacy of HDACi in clini-
cal trials for solid tumors has been limited to date. 
This is probably secondary to poor tissue penetra-
tion of these agents, which is further compounded 
in the setting of early-phase clinical trials com-
posed of heavily pretreated patients with refractory 
metastatic disease [30, 80]. Ongoing efforts have 
therefore focused on identifying HDACi with 
greater tissue penetration and selectivity, in combi-
nation with other chemotherapies, to translate 
promising preclinical results to the clinical setting.

Table 4.3 Histone deacetylase inhibitors (HDACis) 
evaluated in clinical trials for treatment of sarcoma (as of 
August 2019; https://www.clinicaltrials.gov)

HDACis studied for 
sarcoma

Clinical 
trial

Sarcomas included in 
design

Vorinostat
  (Zolinza, SAHA)

Phase 
I/IIa

Leiomyosarcoma, soft 
tissue sarcoma, 
osteosarcoma

Romidepsin
  (Istodax, 

Depsipeptide, 
FK228, 
FR901228)

Phase 
I/IIa

Soft tissue sarcoma

Belinostat
  (Beleodaq, 

PDX101)

Phase 
I

Soft tissue sarcoma, 
osteosarcoma, 
chondrosarcoma

Panobinostat
  (Farydak, 

LBH-589)

Phase 
IIa

Soft tissue sarcoma

Mocetinostat
  (MGCD0103)

Phase 
II

Leiomyosarcoma

Chidamide Phase 
IIa

Soft tissue sarcoma

Abexinostat
  (PCI-24781)

Phase 
I/IIa

Soft tissue sarcoma

Valproic acid
  (VPA)

Phase 
I

Soft tissue sarcoma

AR-42
  (OSU-HDAC42)

Phase 
I

Soft tissue sarcoma

Etinostat
  (MS-275, 

SNDX-275)

Phase 
I

Soft tissue sarcoma, 
osteosarcoma, Ewing 
sarcoma

aActive clinical trial

https://www.clinicaltrials.gov
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 Safety and Tolerance of Histone 
Deacetylase Inhibitors

Of the four FDA-approved HDACi, romidepsin 
and belinostat are administered intravenously, 
while vorinostat and panobinostat are adminis-
tered orally. The half maximal inhibitory concen-
tration (IC50) of these agents is in the nanomolar 
range, and half-life varies from 1 to 37  hours. 
HDACi are generally metabolized by the liver 
and are used with caution in patients with hepatic 
impairment or in combination with hepatically 
cleared drugs. Renal excretion does not play a 
significant role in HDACi elimination. Further 
details concerning the pharmacodynamics and 
pharmacokinetics of HDACi were recently 
reviewed [116].

The most serious or life-threatening adverse 
events associated with HDACi therapy are car-
diac related, including QT interval prolongation 
and arrhythmias. The FDA label for romidepsin 
and panobinostat advises baseline and periodic 
electrocardiogram (ECG) monitoring in patients 
at risk. Vorinostat had a similar warning until 
2009, after additional clinical trials reported 
lower rates of cardiotoxicity. A review of 62 stud-
ies, with a total patient population of 3268, 
reported the global incidence of cardiac events 
for all HDACi was 28.6%, with significant varia-
tions between drugs [114]. Cardiac events were 
most common for romidepsin and panobinostat, 
but the vast majority were asymptomatic or 
caused mild symptoms. Overall, 90.2% of car-
diac events were asymptomatic or mild, 5.4% 
resulted in reduction of the drug dosing, and 
4.4% required interrupting treatment due to a car-
diac side effect. For the 3268 patients treated in 
this study, there were four cardiovascular deaths 
(0.1%) equally distributed among the four FDA- 
approved HDACi. Other significant adverse 
events reported include myelosuppression, nau-
sea, vomiting, diarrhea, and hepatic dysfunction 
[116]. With respect to osteosarcoma, it is also 
notable that children and adolescents should be 
treated with caution when using epigenetic modi-
fiers since their epigenome may be important for 
development.

Newer HDACi will hopefully reduce toxicity 
despite early evidence suggesting that these 
agents share cardiac risks [116]. This may be sec-
ondary to a high degree of pharmacophore 
homology between the human ether-a-go-go 
(hERG) channel, responsible for maintaining a 
normal QT interval, and HDAC inhibition [117]. 
However, there is also evidence that HDACi 
more specific for class I and HDAC6 may be less 
cardiotoxic because of fewer transcriptional 
changes in cardiac-specific genes, compared to 
other HDACi [57]. Newer agents are therefore 
needed, alongside biomarkers that predict treat-
ment response, to improve the balance between 
efficacy and the toxicity associated with HDACi 
therapy.

 Preclinical Evidence for Histone 
Deacetylase Inhibitors 
in Osteosarcoma

 Emergence of HDACi in Drug 
Screening Studies for Osteosarcoma

As a relatively rare cancer, osteosarcoma pres-
ents a unique challenge to disease-specific 
drug discovery because of prohibitive develop-
ment cost and the scarcity of clinical trials. 
Attention has therefore focused on robust pre-
clinical screening of existing drug libraries to 
identify promising leads ahead of clinical tri-
als. In one such example, 54 agents were 
screened at clinically achievable concentra-
tions in five osteosarcoma cell lines. The ten 
most effective drugs, which included HDACi 
romidepsin and panobinostat, were tested in 
two-drug combinations. For both in vitro cell 
line and primary cell culture experiments, 
combinations of HDACi and proteasome inhib-
itors had the greatest effect [151]. We reported 
similar findings in a screen of 114 FDA- 
approved drugs using a three-dimensional sar-
cosphere model of micrometastatic disease. 
The HDACi romidepsin and the proteasome 
inhibitors bortezomib and carfilzomib were 
among the most effective agents studied [23]. 



634 Targeting the Cancer Epigenome with Histone Deacetylase Inhibitors in Osteosarcoma

More recently, orthotopic patient-derived 
osteosarcoma  xenografts were developed and 
screened against 373 drugs using expanded 
short-term cultures alongside commercial 
osteosarcoma cell lines. Osteosarcoma cells 
were most sensitive to HDACi, which also 
demonstrated additive effects when combined 
with gemcitabine and doxorubicin [73]. Similar 
efficacy for HDACi were reported in screening 
studies for Ewing sarcoma and synovial sar-
coma [62, 102].

Using an alternative approach to drug 
screening, the pediatric preclinical testing con-
sortium (PPTC) screens individual agents 
across multiple tumor cell lines in  vitro fol-
lowed by in  vivo screening in subcutaneous 
xenograft murine models of pediatric cancers. 
This program routinely includes osteosarcoma 
xenografts and has screened more than 80 
agents over the past decade, including the 
HDACi vorinostat and quisinostat. Vorinostat 
demonstrated modest inhibitory activity 
in vitro with no objective responses for any of 
the solid tumor or leukemia xenografts, includ-
ing four osteosarcoma xenografts [54]. 
Quisinostat demonstrated potent cytotoxic 
activity in vitro but similarly had no objective 
responses in six osteosarcoma xenografts and 
poor activity in solid tumor xenografts overall 
[15]. To date, the PPTC has not evaluated the 
most effective HDACi identified in the before-
mentioned multi-agent screening studies, 
romidepsin and panobinostat, or considered 
combination therapy with HDACi. This may 
reconcile the conflicting results observed in 
PPTC and other studies. Another possibility is 
that the osteosarcoma samples included in the 
PPTC are resistant to HDACi or that tissue 
penetration into their in  vivo model of osteo-
sarcoma is inadequate. Still, efficacy for 
HDACi in osteosarcoma has been described in 
a number of in vitro and in vivo studies, with 
mechanistic insights, as detailed in the follow-
ing sections [8–10, 12, 14, 19–21, 27, 29, 44, 
53, 56, 58, 59, 65, 86, 87, 104, 106, 112, 119, 
124, 126, 131, 132, 134, 136–141, 143, 144, 
146, 149, 152, 155, 156].

 Mechanisms of HDACi Efficacy 
in Osteosarcoma

Consistent with other cancers, many cellular pro-
cesses critical to oncogenesis are impaired by 
HDACi therapy in osteosarcoma, including cell 
cycle regulation, apoptosis, invasion and migra-
tion, angiogenesis, and immunomodulation. 
Treatment of osteosarcoma cell lines with the 
HDACi trichostatin A upregulates p53 expression 
and promotes apoptosis in a dose-dependent 
manner [27]. Similarly, the HDACi sodium 
butyrate enhances p53 expression and decreases 
MDM2 expression, resulting in apoptosis in 
osteosarcoma cell lines and murine xenografts 
[141]. Direct pathways to apoptosis after HDACi 
therapy are also described for osteosarcoma. The 
extrinsic apoptotic pathway, for example, requires 
activation through the transmembrane Fas recep-
tor in response to extracellular Fas ligand (FasL). 
Treatment of osteosarcoma cell lines with the 
HDACi entinostat increases signaling through 
the Fas receptor and inhibits growth in both cell 
culture and after intranasal administration of eti-
nostat in mice with lung metastases [58]. These 
effects are not related to increased expression of 
the transmembrane Fas receptor but are the result 
of HDACi-induced downregulation of cellular 
FLIP, an inhibitor of Fas-mediated activation of 
caspase-8. The HDACi romidepsin and etinostat 
inhibit generation of FLIP mRNA and thereby 
sensitize osteosarcoma cells to FasL-induced cell 
death [106, 132]. Another HDACi, valproic acid, 
may further suppress growth in osteosarcoma 
cell lines by decreasing the expression of soluble 
extracellular Fas and increasing the FasL avail-
able for activation of the transmembrane Fas 
receptor and apoptosis [144]. Overall, these find-
ings demonstrate the ability of HDACi to sensi-
tize osteosarcoma tumors to apoptotic cell death.

Epigenetic modifications are implicated in the 
interaction of osteosarcoma cells with the sur-
rounding microenvironment, including the meta-
static phenotype [84]. Specific to HDACi, 
treatment of osteosarcoma cell lines with the 
HDACi vorinostat diminishes their ability to pro-
duce invadopodia and migrate in invasion assays, 
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which may be mediated by downregulation of 
mTOR and ALDH1 genes [86]. Similarly, direct 
inhibition of HDAC2 by small-interfering RNAs 
decreased migration in osteosarcoma cell lines 
through an IL-6-mediated pathway [65]. 
Expression of IL-8, a potent promoter of cell 
migration and angiogenesis, is decreased by 
HDAC6 inhibition in osteosarcoma cells [21]. 
Angiogenesis is also inhibited by the HDACi val-
proic acid and trichostatin A by increasing the 
level of vascular endothelial growth factor inhibi-
tor (VEGI) [143]. Valproic acid, when combined 
with the DNA methylation inhibitor hydralazine 
hydrochloride, further enhanced the inhibitory 
effect on vascular tube formation by VEGI auto-
crine and paracrine pathways [59].

Immunomodulatory effects of HDACi are 
also increasingly recognized in osteosarcoma. 
Administration of valproic acid to osteosarcoma 
cell lines induces acetylation of histones bound 
to MHC class I promoters and increases cell- 
surface expression of MHC class I-related pro-
teins, resulting in greater NK cell-mediated 
cytotoxicity [146]. The HDACi etinostat acts 
similarly, through histone acetylation, to 
enhance MHC class I expression on tumor cells 
and also increases expression of NKG2D on NK 
cells, a major recognition receptor for the detec-
tion and elimination of transformed cells. The 
result is enhanced NK cell killing of osteosar-
coma cell lines and xenografts after etinostat 
therapy [156]. T cell-mediated tumor cytotoxic-
ity may also rely on HDAC expression. Selective 
inhibition of HDAC6 in osteosarcoma cell lines 
treated with HDACi tubastatin A and nextur-
astat A downregulates the expression of pro-
gram death receptor ligand-1 (PD-L1), which 
activates the PD-1 pathway to prevent T cell-
mediated cytotoxicity [53].

Indirect evidence highlighting the importance 
of HDAC function and the potential of HDACi 
therapy also exists, considering the targets of 
tumor suppressive microRNAs (miR) in osteosar-
coma. Lower expression of miR-140 is observed 
in osteosarcoma tissues, and restoring miR-140 
expression induces apoptosis in  vitro and sup-
presses tumor growth in vivo. Bioinformatic anal-
ysis predicted the miR-140 target HDAC4, which 

has expression closely linked to miR-140 levels 
[140]. Similar effects on HDAC4 were seen with 
miR-145-3p expression [138]. Finally, miR-133b 
attenuates osteosarcoma cell proliferation and, 
when overexpressed, suppresses Sirt1 levels. 
Forced expression of Sirt1 can partly rescue the 
inhibitory effect of miR-133b in osteosarcoma 
cells [149]. Taken together, these examples repre-
sent the number of ways in which HDACi can 
influence cellular behavior in osteosarcoma. As 
demonstrated in other cancers, the implied mech-
anisms are far reaching and consistent with the 
broad activity of HDACi.

 Clinical Evidence for Histone 
Deacetylase Inhibitors 
in Osteosarcoma

 HDACs as Biomarkers 
in Osteosarcoma

Epigenetic biomarkers are increasingly commer-
cially available and translatable in many cancers 
to inform the risk of disease, diagnosis, progno-
sis, or response to treatment [5, 123]. Available 
evidence in primary human osteosarcoma tissues 
suggests that HDAC expression is increased and 
can be prognostic. In one study, patient osteosar-
coma samples expressed HDAC1 and HDAC2 at 
high levels, but low HDAC3 compared to osteo-
blasts. Interestingly, while HDAC expression was 
increased overall, low levels were associated 
with advanced disease and poor survival [17]. In 
a related genomic database analysis, HDAC2 lev-
els were also noted to be high in osteosarcoma, 
but increased expression was associated with 
poor survival [65]. Other studies have also noted 
overexpression of HDACs in patient tissues, 
including class I HDACs and SIRT1, but did not 
correlate levels with clinical outcomes [27, 154]. 
This evidence, though limited to small patient 
cohorts and specific HDACs, is largely consistent 
with the emerging role of epigenetics in osteosar-
coma. Future research could identify HDAC- 
related biomarkers that could aid in 
prognostication and personalize the prescription 
of HDACi to minimize toxicity.
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 HDACi in Clinical Trials 
for Osteosarcoma

No clinical trials to date have evaluated HDACi 
in an osteosarcoma-specific study. Two com-
pleted phase I clinical trials treated patients with 
the HDACi belinostat for primary or metastatic 
solid tumors refractory to standard therapy, 
including osteosarcoma [91, 92]. However, both 
trials were industry-run and have no posted or 
published results at the time of this publication. A 
phase I study of the HDACi etinostat in patients 
with refractory solid tumors and lymphoid malig-
nancies did include osteosarcoma in the inclusion 
criteria, though only two “sarcoma” patients 
were recruited without further histologic specifi-
cation [60, 90]. Etinostat was well tolerated in 
this study but had poor efficacy, as no patients 
had a partial or complete response to therapy. 
Another phase I study of the HDACi vorinostat in 
combination with bortezomib for children with 
refractory or recurrent solid tumors showed good 
tolerability but no response in the one osteosar-
coma patient included [88]. Considering the lack 
of clinical experience using HDACi in osteosar-
coma, its efficacy in osteosarcoma patients is 
uncertain.

 Combination Therapy with Histone 
Deacetylase Inhibitors 
in Osteosarcoma

The combination of HDACi with other antican-
cer agents has led to promising preclinical results 
and provides opportunities to mitigate drug resis-
tance and minimize toxicity [121]. For osteosar-
coma, the most likely clinical application for 
HDACi is in combination with standard of care 
therapy, consisting of methotrexate, doxorubicin, 
and cisplatin (MAP). This longstanding regimen 
causes cellular stress by reducing nucleoside 
pools and inducing DNA damage, resulting in 
apoptosis. HDACi may enhance tumor suppres-
sor activity in the setting of cellular stress and 
further cell death. Not surprisingly, HDAC inhib-
itors show additive effects when combined with 
the antimetabolite gemcitabine and the topoisom-

erase inhibitor doxorubicin in patient-derived 
osteosarcoma cultures [73]. Similarly, pretreat-
ment of osteosarcoma cell lines with the HDACi 
valproic acid followed by doxorubicin is superior 
to either agent alone [135]. The HDACi AR-42 
synergizes with doxorubicin in osteosarcoma cell 
lines [87]. However, synergy for vorinostat and 
doxorubicin was cell line dependent in one study, 
while cisplatin was uniformly synergistic with 
vorinostat [104].

DNA damage can also be generated by radia-
tion. Though infrequently used in osteosarcoma, 
a series of preclinical studies demonstrates that 
radiation combined with HDACi can improve 
efficacy, compared to radiation alone. In osteo-
sarcoma cell lines, pretreatment with either vori-
nostat or valproic acid increases radiosensitization 
by attenuating radiation-induced DNA repair 
protein expression, including Rad51 and Ku80 
[8]. These findings were confirmed in a murine 
osteosarcoma model where radiation and HDACi 
combination therapy reduces osteosarcoma pro-
liferation, angiogenesis, and increases apoptosis 
with elevated expression of p53 and p21 [9, 10].

Perhaps the most rational and successful com-
bination therapy involving HDACi includes pro-
teasome inhibitors. The degradation of 
ubiquitinated proteins in the proteasome is essen-
tial in tumor cells, and impairment can lead to 
cellular stress and apoptosis [121]. HDACi are 
thought to inhibit the proteasome pathway in 
osteosarcoma, and proteasome inhibition 
decreases HDAC levels in multiple myeloma [55, 
137]. Indeed, biologic synergy has been proposed 
in multiple myeloma where clinical trials demon-
strate efficacy with romidepsin and bortezomib 
[40, 41]. In osteosarcoma, HDACi and protea-
some inhibitors demonstrated excellent activity 
together in a preclinical screen [151]. As already 
discussed, a pediatric phase I clinical trial 
reported that vorinostat and bortezomib were 
well tolerated in combination, though the one 
osteosarcoma patient included did not have a 
response [88].

Dual epigenetic therapy with HDACi and 
DNMTi has been successful in hematologic malig-
nancies [35]. Treatment of osteosarcoma cell lines 
with the HDACi 4-phenylbutyrate and the DNMTi 
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5-azacytidine is associated with genome-wide 
gene expression changes, including induction of 
proapoptotic genes and pronounced cytotoxicity 
[124]. Similar results are seen with valproic acid 
and the DNMTi hydralazine, acting through the 
extrinsic apoptotic pathway and by reducing 
angiogenesis [59, 145]. Combination of tricho-
statin A and 5-azacytidine results in more efficient 
reexpression of key apoptotic and differentiation 
pathways and can overcome multidrug resistance 
in osteosarcoma cell lines [14].

Many additional agents have been studied in 
combination with HDACi for other cancers with 
limited or no evidence in osteosarcoma, includ-
ing drugs that target DNA repair pathways, hor-
monal therapy, immunotherapy, and tyrosine 
kinase inhibitors [121]. Future preclinical 
research on HDACi for the treatment of osteosar-
coma should consider the effects of HDACi in 
combination with other agents. Not only is com-
bination therapy with MAP the most likely clini-
cal scenario, but this approach also provides the 
greatest potential to address the challenges asso-
ciated with HDACi therapy discussed next.

 Challenges in the Development 
of Histone Deacetylase Inhibitor 
Therapy for Osteosarcoma

Lack of efficacy to date for HDACi as monother-
apies against solid tumors is well documented, 
despite promising results in many hematologic 
malignancies [36, 69]. Although it is not clear 
why this discrepancy exists, it may be due to inef-
fectively low drug concentrations since HDACi 
appear potent in many preclinical studies, where 
there are fewer barriers to drug delivery. Ongoing 
efforts to improve HDACi delivery are therefore 
focused on local administration and targeted drug 
design. Local delivery of HDACi may be 
enhanced by topical application in the setting of 
cutaneous malignancies, intratumoral injection, 
and surgically placed biodegradable polymers 
[36]. None of these techniques have been applied 
in osteosarcoma. Targeted drug design can incor-
porate ligands known to selectively accumulate 
within tumors, such as conjugating HDACi to 

folic acid derivatives to engage folate receptors 
overexpressed on the cell surface of solid tumors 
[118]. Alternatively, combination therapy may 
bypass limitations in drug delivery by decreasing 
the effective concentration required for HDACi 
through synergistic interactions with other 
agents.

Approaches to improve tissue-specific deliv-
ery may mitigate the dose-limiting adverse events 
associated with HDACi therapy, including car-
diotoxicity, myelosuppression, nausea, vomiting, 
and hepatic dysfunction. This can also be accom-
plished by developing greater isoform selectivity 
with newer HDACi to minimize off-target effects. 
Another described strategy is to weaken HDACi 
binding to hERG, the critical pathway thought to 
be involved in HDACi-mediated cardiotoxicity 
[36]. Finally, with the emergence of HDAC levels 
as biomarkers, patient selection for HDAC ther-
apy can be improved and the risk-benefit ratio 
optimized.

Despite the broad effects of HDACi, mecha-
nisms of tumor cell resistance are described for 
many cancers, including osteosarcoma. Drug 
efflux, overexpression of pro-survival BCL-2 
family proteins, JAK-STAT signaling, and anti-
oxidants have all been implicated in HDACi 
resistance [30]. In osteosarcoma, doxorubicin- 
resistant osteosarcoma cell lines are resistant to 
romidepsin through upregulation of the multi-
drug resistance transporters P-glycoprotein 
(P-gp) and multidrug resistance-associated pro-
tein 1 (MRP1) [79, 98]. Inhibition of P-gp and 
MRP1 reverses romidepsin resistance. These 
findings underscore the importance of combina-
tion therapy to combat drug resistance and the 
utility of biomarkers and personalized approaches 
to assess HDACi sensitivity prior to administra-
tion. Three-dimensional osteosarcoma models, 
for example, including osteosarcoma spheroids 
(sarcospheres), offer a potential pathway to effec-
tively screen patient biopsy samples and tailor 
chemotherapy accordingly [23, 24].

The final and perhaps most significant barrier 
to the development of HDACi therapies in osteo-
sarcoma is the scarcity of disease-specific clini-
cal trials, particularly those that contain patients 
with early or localized disease that is not refrac-
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tory to standard therapies. To overcome this bar-
rier, improvements in HDACi will have to be 
coupled with substantial preclinical evidence and 
early-phase clinical trials demonstrating both 
safety and efficacy in osteosarcoma.

 Conclusions

The emergence of genomic therapies has been 
met with great enthusiasm by those studying 
osteosarcoma, owing to the relatively limited 
activity of other newer agents and the significant 
epigenetic dysregulation observed in osteosar-
coma tumors. The resulting research to date is 
largely limited to preclinical studies, which 
deliver a positive outlook for HDACi in osteosar-
coma. However, these results must be considered 
in the context of high attrition rates in the drug 
discovery pipeline. Future research should aim to 
address the challenges facing HDACi for osteo-
sarcoma, including drug delivery, toxicity, resis-
tance, and the availability of clinical trials. Critical 
to these efforts will be the development of more 
selective HDACi and combination therapy.
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Oncolytic Viruses and Their 
Potential as a Therapeutic 
Opportunity in Osteosarcoma

Mary Frances Wedekind and Timothy P. Cripe

Abstract

Osteosarcoma remains an unmet medical 
need. Oncolytic viruses are gaining traction as 
novel cancer therapeutics. These viruses are 
either naturally nonpathogenic or engineered 
to be safe by specific genetic deletions yet 
retain the ability to infect and kill human can-
cer cells and elicit anticancer immunity. Some 
versions are being specifically designed and 
tested in patients with osteosarcoma, though 
due to their generalized mechanism of action 
most are being tested in patients across a broad 
range of cancer types. The activity of these 
viruses is impacted not only by the suscepti-
bility of tumor cells to infection but also by 
the tumor microenvironment (TME) and by 
tumor immunogenicity. Here we review the 
field of oncolytic viruses with a particular 
emphasis on highlighting any available data in 
preclinical osteosarcoma models or in patients 
with osteosarcoma. While in general the 
viruses have been shown safe to administer to 
patients by a variety of routes, their therapeu-

tic efficacy to date has been limited. Given the 
low rate of adverse events and the likely 
absence of long-term side effects, the utility of 
oncolytic viruses will most likely be realized 
when used in combination with other agents.
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 Introduction

Oncolytic viroimmunotherapy represents a novel 
class of biologic “drugs” wherein modified 
viruses are utilized for the treatment of many 
types of cancers. More specifically, oncolytic 
viruses are live viruses that are used to (i) infect 
and lyse tumor cells, (ii) induce an antitumor 
immune response, and (iii) express foreign trans-
genes, with the ability to self-propagate through 
tumors. In 1904, George Dock reported complete 
remission for a patient with leukemia after an 
influenza infection [27]. This report and other 
similar clinical observations lead to several clini-
cal trials utilizing virotherapy in the treatment of 
cancer in the 1950s [48]. Several patients experi-
enced tumor reduction or clinical improvements; 
however, due to side effects (infections) and the 
emergence of chemotherapy, oncolytic virother-
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apy did not flourish in that era [44, 48, 94]. It was 
not until 1991, after successful treatment with 
genetically attenuated and altered herpes simplex 
virus (HSV) in a murine glioma model, did onco-
lytic virotherapy intrigue begin a resurgence [68]. 
Since that time, with continued advances in 
genetic manipulation, oncolytic virotherapy has 
gained significant traction with numerous RNA 
and DNA virus options being developed and 
tested via intravenous or intratumoral injection. 
Talimogene laherparepvec (T-VEC, also known 
as Imlygic), a genetically modified herpes sim-
plex virus (HSV) type 1 with expression of a 
human GM-CSF transgene, was FDA approved 
in 2015 for the treatment of metastatic melanoma 
after observations of durable primary and absco-
pal tumor site regressions [4]. With continued 
adequate safety profiles of administration of 
genetically altered oncolytic virotherapy in adults 
and the pediatric population, the future of viro-
therapy for the treatment of numerous kinds of 
cancers is promising [4, 76, 92, 95].

Osteosarcoma is the most common bone 
tumor in the pediatric, adolescent, and young 
adult populations. Current standard of care 
includes chemotherapy and surgery, with overall 
5-year survival of 70% in localized disease [65]. 
However, for patients with metastatic osteosar-
coma, overall 5-year survival is <20% with no 
improvements in therapy options in the last 
50 years despite numerous attempts. Novel thera-
peutic approaches are much needed to help 
improve the outcomes for these patients. In this 
chapter, we will review the novel therapy of 
oncolytic viroimmunotherapy for the treatment 
of osteosarcoma as well the tumor microenviron-
ment and its influences on oncolytic 
viroimmunotherapy.

 Tumor Microenvironment

The immune system’s interaction with a tumor is 
a complex and sophisticated network of connec-
tions. It is the communication of stimulation or 
exhaustion that tips the balance of tumor suppres-
sion and growth in the body.

 Immunologic Landscape 
and Immunoediting

The innate immune system consisting of den-
dritic cells, macrophages, natural killer cells, 
neutrophils, basophils, and eosinophils is the 
frontline defense against foreign antigens. The 
adoptive immune system consisting of B lym-
phocytes, CD4+ helper T lymphocytes, and 
CD8+ cytotoxic T lymphocytes is directly acti-
vated by the antigen presenting cells of the innate 
immune system [69]. So-called inflamed tumors 
are generally composed of high levels of tumor- 
infiltrating lymphocytes (TIL), including CD8+ 
cytotoxic T cells, high expression of PD-1 on 
tumor-infiltrating immune cells, genomic insta-
bility generating numerous tumor antigens, and 
the  presence of preexisting antitumor immune 
response. In contrast, a “noninflamed” tumor 
exhibits a low mutational burden, low expression 
of major histocompatibility complex I (MHC-I), 
and high expression of immunosuppressive cyto-
kines, such as TGFβ [40] (Fig. 5.1).

Cancer immunoediting is the theory  that 
described the interplay of the immune system 
and the tumor in three different phases [90]. 
“Elimination” occurs when the immune system 
recognizes tumor-specific antigens, whether 
from the products of mutated genes or overex-
pressed normal genes or genes encoding viral 
proteins, which activate the innate and adap-
tive immune systems to eradicate the tumor. 
Tumor mutational burden (TMB) has been 
shown to increase tumor- specific antigens 
leading to a more “inflamed” TME. Numerous 
adult solid tumors, melanoma, renal cell carci-
noma, and non-small-cell lung cancer have 
shown an association with increased TMB and 
improved survival leading to its consideration 
as a predictive biomarker for some immuno-
therapeutic agents [16, 82, 87]. If all the cancer 
cells are not destroyed, some may have the 
ability to lay quiescent, leading to the “equilib-
rium” phase. During this phase, the tumor is 
neither growing nor being completely elimi-
nated. Finally, some tumor cells have the abil-
ity to evade the immune system and “escape” 
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the immune system to proliferate [83, 98]. 
Numerous mechanisms exist for tumor evasion 
including recruitment of T-regulatory cells, 
myeloid- derived stem cells, or macrophages, 
downregulation of MHC-I, and upregulation of 
inhibitor ligands on tumor cells including 
TIM-3, PD-L1, and LAG-3 [42, 69]. Over the 
recent years, the TME of many different can-
cers has been found to be an important aspect 
of prognosis and possible indications for thera-
peutic options. In numerous adult solid tumors, 
the higher the immunoscore and immunoedit-
ing, or the percentage of tumor- infiltrating 
lymphocytes, the lower the metastatic rate and 
the longer the survival [6, 71].

 Osteosarcoma TME

 Tumor Mutational Burden

Within the pediatric population, it has been 
found that the majority of the tumors have a 
low tumor mutational burden [15, 55, 93]. 
Osteosarcoma is a genetically chaotic tumor 
with numerous deletions, somatic copy-num-
ber alterations, chromothripsis, and a few 
point mutations leading it to have a relatively 
high mutational burden among pediatric can-
cers [42, 89, 91]. However, when comparing 
to melanoma with a median frequency of 
somatic mutations per megabase pair of 

Fig. 5.1 Tumor microenvironment and immunomodula-
tory therapies. The tumor microenvironment in general, 
and there is much evidence for osteosarcoma in particular, 
is replete with immune cells that act to either promote or 
repress anti-cancer immune responses. The relative 
importance of each molecule or cell likely varies from 
patient to patient, and possibly even from region to region 
within the same tumor. Thus, in the future it may be 
important to personalize immunotherapy for each patient 
based on detailed analyses of the microenvironment on 
biopsy. A variety of small molecule, antibody, cellular and 

viral therapies have been established or are under investi-
gation to promote innate and adaptive anticancer immu-
nity and/or reverse immune suppression, as described in 
the text. Green arrows represent immunologic stimula-
tion; red stops represent immunologic suppression; red Y 
represent antibody therapy. NK cell, natural killer cell; 
Treg, T-regulatory cell; MHC, major histocompatibility 
complex; PD-1, programmed cell death-1; PD-L1, pro-
grammed cell death ligand-1; CAR-T, chimeric antigen 
receptor T cell; MDSC, myeloid-derived suppressor cells; 
MΦ, macrophage
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approximately 13, osteosarcoma still only has 
approximately 1.2 [16, 19]. Thus, it is unlikely 
that the mutational burden will play a big role 
in the predictive value of response to 
immunotherapies.

 Immunoevasion

Despite the fact that osteosarcoma does have a 
higher mutational burden than other pediatric 
tumors and thus has some potential for 
increased recognition by the immune system, 
osteosarcoma is still utilizing other mecha-
nisms to evade the immune system. A require-
ment for the adaptive immune system is 
utilization of the MHC class I. Osteosarcoma 
has been shown to downregulate MHC class I 
which would hide it from the  cytotoxic T cells 
and thus promote growth [38]. Osteosarcoma 
has also been found to have a varying degree 
of T cell exhaustion. Numerous studies have 
found an increased PD-L1 expression, while 
others have not confirmed these findings [36, 
52, 64, 70, 75]. A consistent finding, however, 
is that expression of PD-L1 has an association 
with lower survival [52, 75]. In regard to the 
immune cell infiltrates of osteosarcoma, it has 
been found that a higher CD8+ cytotoxic T 
cell infiltration is associated with a superior 
survival, and more specifically, a low CD8/
Foxp3 ratio has been identified as a poor prog-
nostic feature that is independent from meta-
static status or response to chemotherapy [70, 
75] [31]. Finally, osteosarcoma has been found 
to have dysregulation with the TME innate 
immune system. Macrophages, specifically 
M-2 polarized, have been correlated with 
higher TIM-3 and PD-1 expression [36]. 
TAMs have been shown to inhibit the T cell 
response, recruit immunosuppressive cell pop-
ulations, inhibit dendritic cells, and lead to 
vascular dysfunction with limited T cell 
migration [25]. Interestingly, inhibition of 
M-2-polarized macrophages has been found to 
enhance proliferation of T cells within the 
osteosarcoma TME and also prevent metasta-
sis in a murine model [36, 104].

 Oncolytic Virotherapy 
in Osteosarcoma

The main goal of oncolytic viroimmunotherapy 
is to utilize naturally occurring or genetically 
modified viruses which replicate selectively 
within a tumor cell without damage to healthy 
tissues. The first step includes direct lysis of the 
cancer cells causing immunogenic cell death 
which leads to release of damage-associated 
molecular patterns (DAMPs) and pathogen- 
associated molecular patterns (PAMPs). DAMPs 
and PAMPs lead to the release of pro- 
inflammatory cytokines and activation of innate 
immune cells [1]. Lastly, antigen stimulation 
from the interaction of the innate and adaptive 
immune cells leads to T cell priming and TIL 
recruitment.

 Oncolytic DNA Viruses

 Adenovirus

Adenovirus (AdV) is a non-enveloped, dsDNA 
virus that results most commonly as a mild upper 
respiratory tract infection. Over 40 serotypes 
have been identified in AdV, but the most com-
mon strains utilized in oncolytic viroimmuno-
therapy are serotypes 2 and 5. During infection, 
adenovirus binds to cellular receptors such as 
coxsackie-adenovirus receptor (for attachment) 
and integrins (for entry). The virus will then be 
endocytosed and brought to the nucleus while 
disassembling its viral capsid. Viral transcription 
occurs in three phases. In the early phase, the 
viral genome early-region 1A (E1A) or early- 
region 1B (E1B) is transcribed. E1A protein acti-
vates the cellular repair or apoptotic pathway 
mediated by p53, while E1B protein prevents 
early death by binding to p53 and inducing deg-
radation or binding the antiapoptotic factor 
BCL2. The first oncolytic adenovirus called 
dl1520 (also known as ONYX-015 and Cl-1042) 
contained a deletion of the E1B gene and thus no 
formation of the E1B-55kD protein leading to 
growth arrest [20]. Initial preclinical studies 
showed that dl1520 was effective in decreasing 
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tumor size and thus was the first AdV to go to 
clinical trial [12, 84]. In the clinical trial, AdV 
was combined with systemic chemotherapy in 
patients with advanced sarcoma. Only one partial 
response was seen in a patient with malignant 
peripheral nerve sheath tumor [73]. Concerns for 
dl1520 arose when its specificity was found to be 
independent of p53 status [20]. Another site for 
gene inactivation within osteosarcoma is the Rb 
mutation. The AdV, Ad5-Δ24, removes the bind-
ing site for the Rb protein with a 24-base pair 
deletion in the E1A region [32]. This deletion 
results in virus replication that is selective for 
cells that have a defective Rb mutation. A study 
utilizing AdΔ24 alone in human osteosarcoma 
cell line in vitro and in vivo demonstrated antitu-
mor efficacy and persistence of viral particles 
within the tumors. Unfortunately, no complete 
cures were observed in vivo [102]. Therefore, in 
another in  vitro and in  vivo study, standard 
 chemotherapy agents to treat osteosarcoma were 
used in combination with virus. AdΔ24 alone 
again showed some efficacy; however, when cis-
platin was added, the antitumor efficacy was 
enhanced [66]. AdΔ24, renamed DNX-2401, 
was utilized in a Phase I clinical trial with recur-
rent malignant glioma with 12% demonstrating a 
≥95% reduction in tumor size and 20% of 
patients survived >3  years after treatment. No 
current clinical trials are open for osteosarcoma.

Another approach to adenovirotherapy 
includes placing genes essential for replication 
under the control of a tumor-specific promotor. 
Osteocalcin is a protein hormone found in the 
bone, limited to osteoblasts in healthy humans, 
but has high activity in osteosarcoma [51]. 
Ad-OC-E1A is a constructed AdV with the 
osteocalcin promoter. It has been tested in 
canine osteosarcoma cells with enhanced kill-
ing in  vitro and a therapeutic benefit in  vivo 
[41]. Ad-OC- E1A also showed efficacy in 
human osteosarcoma cells in vivo and in vitro 
with significant tumor reduction in a pulmo-
nary metastatic model [58]. A Phase I/II trial 
was planned for AD-OC- E1A in osteosar-
coma patients, but the study has yet to be 
published [9].

Telomerase activity is another target for regu-
lated expression as 44–81% of bone and soft- 
tissue sarcomas have been detected to have 
activity [37]. Human telomerase reverse tran-
scriptase (hTERT) gene expression stabilizes 
telomere lengths and is highly expressed on can-
cer cells but not normal tissues [50]. OB-301, 
telomelysin, is an AdV that utilizes the hTERT 
promoter to restrict replication to cells with high 
telomerase activity [37]. OBP-301 was tested on 
osteosarcoma cell lines and demonstrated insen-
sitivity to the antitumor effects unlike other bone 
and soft-tissue sarcomas [57, 88]. Thus, 
enhanced OBP-301, with added expression of 
wild-type p53 (OBP-702), or combination with a 
p53-expressing replication-deficient adenovirus 
was utilized in  vitro and in  vivo osteosarcoma 
cell lines. OBP-702 was found to induce more 
profound tumor delays and cell killing. Through 
a Phase I clinical trial, OBP-301 was well toler-
ated in patients with advanced solid tumors; 
however, no patients with osteosarcoma were 
enrolled [72].

Finally, AdV has been manipulated to alter 
the TME. IL-24 has exhibited antitumor activity 
in numerous types of cancer like osteosarcoma 
(58). In one study, an hTERT promoter AdV 
was equipped with IL-24 (OA-IL-24), thus 
resulting in high levels of IL-24  in the 
TME.  Utilizing osteosarcoma cells, OA-IL-24 
demonstrated higher killing in  vitro and sup-
pressed tumor growth in vivo. More importantly, 
OA-IL-24 increased sensitivity to doxorubicin 
[61]. Lastly, an oncolytic AdV named VCN-01 
utilized the defective pRB restrictive pathway 
with an addition of an expression cassette of 
human PH20 gene, which expressed hyaluroni-
dase leading to degradation of extracellular 
matrix hyaluronic acid [67]. An association 
between high hyaluronic acid levels and low 
survival rates and development of chemoresis-
tance is seen in some tumors [67]. VCN-01 
demonstrated potent antitumor effect in  vivo 
and in  vitro including in a metastatic model. 
VCN-01 is currently being utilized in two clini-
cal trials (NCT02045602 and NCT2045589) in 
adults with refractory solid tumors.
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 Herpes Simplex Virus

Herpes simplex virus (HSV) is an enveloped, 
double-stranded linear DNA virus with a 152 kb 
genome. Due to its large genome and nonessen-
tial joint regions, a large portion can be removed 
without affecting viral potency, resulting in space 
for the insertion of transgenes [34]. HSV is part 
of the Herpesviridae family with characteristic 
oral or genital ulcerations manifesting with infec-
tion. HSV attaches to host cell membrane through 
binding of surface glycoproteins to several differ-
ent cellular receptors as well as heparan sulfate 
proteoglycans followed by a conformational 
change that triggers the fusion of the viral enve-
lope to the host cellular membrane. The virion is 
then released into the cytosol to be degraded and 
delivered to the nucleus where replication will 
occur followed by death of the host cell [22]. 
Most oncolytic HSV-1 have been engineered to 
have a mutation of the gene encoding  ICP34.5, 
which is the neurovirulence gene which results in 
marked attenuation in normal cells but not most 
tumor cells. Oncolytic HSV continues to have an 
intact thymidine kinase (tk) to allow for treat-
ment with antiherpetic agents in the event of a 
viral outbreak [22]. Some oncolytic HSVs have 
inactivated UL39 that encodes ICP6 protein, 
which is required for viral DNA replication and 
highly expressed in rapidly dividing cells [59].

Several oncolytic HSVs (talimogene laher-
parepvec (T-VEC), HSV1716, NV1020, G207, 
M032, rRp450, etc.) are being utilized in preclin-
ical and clinical studies and have been efficacious 
in numerous tumor types including sarcomas, 
melanomas, and colon, breast, lung, and hepatic 
tumors [11]. NV1020 and G207 have been uti-
lized preclinically in osteosarcoma with only 
modest sensitivity [11]. HSV1716 has been uti-
lized in preclinical and clinical studies. Preclinical 
data suggest the favorable responses observed in 
various solid tumor types are based on not only a 
direct lytic effect but also an antitumor immune 
response [56].

HSV1716 was also utilized in a Phase I clini-
cal trial evaluating intratumoral injection in chil-
dren and young adults with non-central nervous 
system tumors including osteosarcoma. Despite 

no durable responses, a patient with osteosar-
coma experienced an immunologic flare-up as a 
result of viral injection [95]. T-VEC is similar to 
HSV1716 except with the deletion of ICP47, 
which normally  blocks antigen presentation to 
MHC classes I and II, and contains the coding 
sequence for human granulocyte-macrophage 
colony-stimulating factor in place of ICP34.5 
[21]. A Phase I trial of T-VEC in children with 
non-central nervous system solid  tumors is 
underway (NCT02756845).

 Vaccinia Virus

Vaccinia virus is an enveloped, double-stranded 
linear DNA virus with a genome of 190 kb and is 
a member of the poxvirus family. The original 
use of vaccinia virus eradicated smallpox in 
1979. With its large genome, as with HSV, the 
ability to delete nonessential genes makes vac-
cinia virus attractive as an oncolytic virotherapy 
option. After utilizing numerous proteins for 
viral entry into cells, vaccinia virus is unique 
among the other DNA viruses as viral replication 
occurs independently in the cytoplasm [24]. The 
utilization of vaccinia growth factor (VGF) via 
epidermal growth factor receptor allows for viral 
spread to uninfected tissues [24].

To engineer  vaccinia virus toward oncolytic 
properties, deletion of VGF restricts viral infec-
tion to cells with epidermal growth factor recep-
tors, which is often observed in cancer cells [14]. 
For further attenuation, deletion of the J2R gene 
encoding for viral thymidine kinase (tk) leads 
vaccinia virus to be dependent on cells with over-
expression of cellular tk, which is also often 
observed in cancer cells [78]. With both gene 
deletions, the resulting oncolytic virus was 
named double-deleted vaccinia virus and is very 
specific for cancer cells and thus increasing the 
safety profile [96].

 In addition to a double-deleted vaccinia virus, 
a  single-deleted vaccinia virus with additional 
gene insertions has also been developed. JX-594, 
also called Pexa-Vec, includes thymidine kinase 
gene deletions, granulocyte-macrophage colony- 
stimulating factor insertion to induce a systemic 
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antitumor immune response, and lac-Z gene 
insertion under control of the p7.5 promoter [23]. 
JX-963 is a  double-deleted vaccinia virus with 
the insertion of granulocyte-macrophage colony- 
stimulating factor.

Preclinical studies have shown high cytotoxic-
ity of Pexa-Vec in  vitro against osteosarcoma 
[39, 63]. In a metastatic osteosarcoma model, 
double-deleted vaccinia vaccine demonstrated 
reduced lung metastatic lesions with significantly 
prolonged survival [63]. Numerous other solid 
tumors in the pediatric and adult population have 
shown antitumor activity with numerous vaccinia 
virus including rhabdomyosarcoma, fibrosar-
coma, and fibrohistiocytoma [39]. Several clini-
cal trials in adult patients have proven the safety 
of oncolytic vaccinia virus with one Phase II trial 
demonstrating improvement in survival in 
patients with advanced liver cancer [23]. A Phase 
I clinical trial utilizing Pexa-Vec including 
 pediatric patients with unresectable refractory 
solid tumors demonstrated that Pexa-Vec was 
safe in this population [23]. As far as we are 
aware, no clinical trials to date have included 
osteosarcoma patients.

 Protoparvovirus

Protoparvovirus H-1 (H-1PV) is a wild-type 
virus occurring naturally in rats and is a single- 
stranded, non-enveloped DNA virus with a 
genome of 5.1 kb. The genome contains only two 
main transcription units, nonstructural proteins 
(essential in the replication and cytotoxicity of 
the virus) and viral capsid proteins [99]. There 
have been numerous preclinical data suggesting 
H-1PV oncolytic properties and preference 
toward tumor cells; however, no one mechanism 
has been found likely due to numerous mecha-
nisms combined [5]. Wild-type H-1PV or a 
mutant and deletion of 114 in-frame nucleotides 
called Del H-1PV have been studied with osteo-
sarcoma. In the pioneering clinical trial utilizing 
H-1PV in the 1960s, two adolescent patients with 
osteosarcoma were injected with wild-type 
H-1PV with no adverse side effects noted. 
However, both succumbed to their disease shortly 

thereafter [97]. We found only one other report of 
utilizing H-1PV in osteosarcoma cells. A preclin-
ical in vitro study utilizing wild-type H-1PV and 
Del H-1PV demonstrated more effective cytotox-
icity of osteosarcoma cells with wild-type versus 
Del. This result is in contrast to all other preclini-
cal studies reported that suggest Del H-1PV is 
more effective [33]. More preclinical in vitro and 
in  vivo studies need to be performed utilizing 
H-1PV.

 Oncolytic RNA Viruses

 Reovirus

Reovirus is a member of the Reoviridae family 
and is a non-enveloped double-stranded RNA 
virus that has low pathogenicity in adults with no 
exhibited clinical symptoms [45]. Reovirus 
shows selectivity toward infection of malignant 
cells with an activated Ras-signaling pathway, 
which is typically present in osteosarcoma cells 
[47]. In a preclinical study of canine solid tumors, 
osteosarcoma was susceptible to reovirus but not 
to the degree as other solid canine solid tumors 
[45]. Reolysin is a formulation of reovirus type 3 
Dearing strain developed by Oncolytics Biotech 
and is the only clinically utilized reovirus. This 
formulation was utilized in vitro and in vivo with 
significant results in sarcoma cell lines, including 
osteosarcoma. Stable disease was seen in the 
osteosarcoma murine models with partial 
responses when combined with cisplatin [43]. 
Numerous clinical trials utilizing Reolysin have 
been performed for many different solid tumors 
in the adult population with a very tolerable tox-
icity profile and minimal side effects. A Phase I 
trial in pediatric patients of Reolysin alone or in 
combination with cyclophosphamide included 
three osteosarcoma patients. Both Reolysin alone 
and in combination were well tolerated; however, 
no objective responses were seen [53]. A Phase II 
trial with Reolysin given intravenously to patients 
with bone and soft-tissue sarcomas metastatic to 
the lungs has been completed, but no completed 
published results have been reported  to our 
knowledge.
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 Semliki Forest Virus

Semliki Forest virus is an enveloped positive- 
stranded RNA virus of the Togaviridae family 
[49]. Wild-type Semliki Forest Virus is patho-
genic to small rodents and mice but is nonpatho-
genic in humans [8]. A mutated version of 
Semliki Forest Virus, SFVA7, has been mutated 
at its opal codon and amino acids in the nonstruc-
tural genome, and rodents, mice, or humans 
remain asymptomatic with injection. SFVA7 was 
further altered to express green fluorescent pro-
tein, VA7-EGFP, and compared against adenovi-
rus, Ad5Δ24, in osteosarcoma xenografts. In 
vitro, VA7-EGFP was superior to Ad5Δ24 with 
more extensive cell death in a shorter period of 
time with a lower multiplicity of infection. In 
vivo, VA7-EGFP demonstrated significantly 
improved survival compared to Ad5Δ24 [49].

 Vesicular Stomatitis Virus

Vesicular stomatitis virus (VSV) is a negative- 
sense RNA virus of the rhabdovirus family. 
Infection with vesicular stomatitis virus is typi-
cally seen in cattle, horses, and swine, with rare, 
insignificant disease in humans. Oncolytic prop-
erties of VSV are due to the sensitivity to inter-
feron with replication only in cells with defective 
interferon responses, mostly malignant cells [46]. 
In vitro study of VSV compared to reovirus dem-
onstrated that osteosarcoma was highly suscepti-
ble to VSV infection and had more effective 
cytotoxicity at similar multiplicity of infection 
[74]. Another study utilized isolated limb perfu-
sion to reduce the viral amount dispersed to the 
rest of the body. This technique leads to viral 
gene expression largely limited to osteosarcoma 
cells without infection of other tissues local or 
distant, while the primary tumor site demon-
strated significant tumor growth delays [54]. A 
recombinant VSV with near-infrared fluorescent 
protein, Katushka (rVSV-K), inserted into the 
genome has been studied in two in vitro studies. 
First, rVSV-K was utilized in a metastatic osteo-
sarcoma model where it was determined that 
metastatic lesions had slower growth and 

 prolonged survival compared to control mice, but 
also the metastatic cells were easily visualized in 
whole blood samples [46]. Following this study, 
the same group demonstrated that rVSV-K was 
also useful in surgical resections with margins 
significantly larger in the rVSV-K group than in 
the nonfluorescent group [86].

 Measles Virus

Measles virus is a negative single-stranded RNA 
virus belonging to the Paramyxoviridae family. 
Measles virus is highly contagious with high 
morbidity and mortality without a prior exposure 
via vaccination. Measles virus enters a cell 
through interactions of its H protein, CD46, and 
signaling lymphocyte-activating molecule. 
Oncolytic selectivity is achieved via overexpres-
sion of CD46 on most tumor cells. In one in vitro 
study, an osteosarcoma cell line was resistant to 
measles virus due to inhibition of viral replica-
tion and entry [10]. However, in another in vitro 
and in vivo study, there were numerous osteosar-
coma cell lines sensitive  in vitro and antitumor 
activity with one highly metastatic model in vivo. 
They found that all six osteosarcoma cell lines 
were susceptible to measles virus and it was 
highly cytotoxic. In one metastatic xenograft 
model, they found reduction of metastatic lesions, 
prolonged tumor growth at the primary site, and 
prolonged survival with utilization of measles 
virus [28].

 Poliovirus

Poliovirus is a non-enveloped, positive-stranded 
RNA virus belonging to the Picornaviridae fam-
ily which causes paralytic poliomyelitis in 
humans. Poliovirus attachment and entry are 
mediated by a single molecule, CD155, which is 
upregulated in most solid tumors [13]. After con-
firmation that several osteosarcoma cell lines 
expressed CD155, poliovirus was shown to 
induce apoptosis in  vitro [7]. As far as we are 
aware, no in vivo or clinical trials have been per-
formed utilizing osteosarcoma and poliovirus.
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 Newcastle Disease Virus

Newcastle disease virus is a negative, single- 
stranded RNA virus belonging to the 
Paramyxoviridae family and results in a conta-
gious viral bird disease with humans unaffected. 
PV701 is an attenuated strain with oncoselectiv-
ity based on defective interferon signaling. In 
vitro, PV701 shows a cytotoxic effect on 
 osteosarcoma cells [80]. Newcastle disease virus 
has been utilized in clinical trials for patients 
with solid tumors and well tolerated [62]. No 
clinical trials to our knowledge  have included 
osteosarcoma patients.

 Maraba Virus

Maraba virus is a negative single-stranded RNA 
virus belonging to the Rhabdoviridae family and 
is found in sand flies with no detection outside of 
South America currently [77]. The most likely 
mechanism for malignancy precedence is the uti-
lization of the ubiquitous low-density lipoprotein 
receptor, which is expressed on a wide range of 
malignancies [77]. In a comparative in vitro anal-
ysis of Maraba virus compared against HSV-1, 
adenovirus, reovirus, and VSV, Maraba virus 
exhibited more cytotoxicity. Currently, as far as 
we are aware,  there are no active clinical trials 
utilizing Maraba virus for osteosarcoma patients.

 Combination Therapy

Oncolytic virotherapy has shown numerous 
promising results in preclinical and clinical stud-
ies; however, it has become apparent that single- 
agent therapy will unlikely eradicate disease. 
Combination therapy is attractive as a way to 
overlap immunogenic cell death and enhance 
responses to therapy. These combination thera-
pies with oncolytic viruses are currently under-
way. Investigators have begun to study T-VEC in 
combination with checkpoint inhibition into the 
clinical trials with good results in melanoma and 
greater efficacy and also tolerability [29]. 
Numerous other oncolytic viruses are being com-

bined with checkpoint inhibition preclinically 
and clinically [17, 60, 81]. In one preclinical 
study utilizing osteosarcoma murine models, 
combination of HSV-1 and anti-programmed 
death ligand-1 demonstrated prolonged survival 
in an “inflamed” TME murine model compared 
to a “noninflamed” TME model (Wedekind and 
Cripe, unpublished results). To our knowl-
edge, no other checkpoint inhibition with onco-
lytic virus therapy combinations is currently 
published for osteosarcoma.

Another intriguing combination is two viruses 
in combination. Newcastle disease virus in com-
bination with adenovirus demonstrated enhanced 
cytotoxicity in vitro and superior antitumor effi-
cacy in vivo compared to either virus alone in an 
osteosarcoma model [18]. Another group utilized 
combination of fowl pox viruses, an enveloped 
linear double-stranded DNA virus, and Newcastle 
disease virus. They determined the combination 
of these two viruses had increased cytotoxicity to 
osteosarcoma cell line in  vitro with prolonged 
survival and tumor growth in vivo [103]. Despite 
a limited number of current combination thera-
pies for osteosarcoma, there are numerous poten-
tials that warranted exploration in the future and 
will be discussed in the future directions section.

 Challenges to Oncolytic Virotherapy

Despite much preclinical and clinical data sup-
porting the utilization of oncolytic virotherapy, 
there are challenges to overcome. One of the 
main limitations to oncolytic virotherapy is the 
mode of delivery. The ideal situation would be 
for intravenous administration to reach metastatic 
sites; however, there are concerns about the 
amount of viral particles that reach tumor sites as 
the liver can sequester much of the particles [3]. 
To avoid this limitation, virus may be adminis-
tered via intratumoral injection. For tumors that 
are very superficial and accessible, intratumoral 
injection would not be a limitation; however, 
numerous patients have inaccessible tumors or 
tumors that are very large. For osteosarcoma in 
particular, with pulmonary metastatic lesions, 
intratumoral injections raise more complications 
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such as the risk of pneumothorax. More data 
need to be collected to determine the extent of an 
abscopal effect, as melanoma treated with T-VEC 
demonstrated abscopal effects that may render 
injection of distant sites unnecessary [30].

Another complicating factor is that neutralizing 
antibodies can dampen the efficacy of oncolytic 
viruses [35]. It has been demonstrated that 50–80% 
of humans have antibodies against HSV-1 and 90% 
against reovirus [101]. In a Phase I clinical trial uti-
lizing oncolytic measles virus, the dose level was 
very high before any efficacy was seen due to neu-
tralizing antibodies [85]. In another Phase I trial, 
maximum neutralizing antibodies were reached by 
one-third of patients in 1 week and by almost two-
thirds by 2 weeks. Thus, the recommendation for 
the systemic treatment of reovirus is to administer 
numerous high doses in the first week of treatment 
before the neutralizing antibodies can diminish its 
effect. This limitation reconfirms the need for com-
bination therapy [35, 100].

 Future Directions

The future of oncolytic virotherapy for osteosar-
coma has numerous possibilities. As there has 
been limited data in regard to the use of oncolytic 
virotherapy for osteosarcoma, there is much that 
needs be learned. The use of combination therapy 
needs to be explored preclinically with osteosar-
coma to determine the best applications for clini-
cal trials. In a preclinical in  vivo and in  vitro 
study, trabectedin was observed to inhibit osteo-
sarcoma tumor growth and metastatic growth 
[79]. Trabectedin in combination with HSV-1 
oncolytic virus has shown complete regression of 
tumors in a Ewing sarcoma mouse model [26]. 
There is potential that this combination may 
show benefit in osteosarcoma. Another future 
combination therapy that has great potential but 
will require thoughtfulness with its execution is 
CAR-T cell therapy and oncolytic virotherapy 
[2]. There are numerous options and pitfalls for 
combining these two therapies, but through this 
combination, there may be the potential to coun-
teract immunosuppression within the TME, 
reverse tumor immunosuppression, or improve 

the CAR-T homing and activation [2]. Continuing 
to gain knowledge of the effects of  oncolytic 
virotherapy within the TME and the utilization of 
combination therapies to enhance the body’s 
immune response are necessary to propel onco-
lytic virotherapy as a future treatment option for 
patients with osteosarcoma.
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Abstract

Osteosarcoma, the most common  malignant 
bone tumor in children and adolescents, 
remains a complicated disease to treat; no new 
treatments have been developed in more than 
three decades. Due to the importance of the 
immune system in osteosarcoma disease pro-
gression, immunotherapeutic strategies have 
been explored to potentially improve long- term 
survival. However, most immunotherapeutics 
have not reached the level of success hoped 
would occur in this disease. Understanding 
the immune system in osteosarcoma will be 
key to optimizing treatments and improving 
patient outcomes. Therefore, immunopheno-
typing can be used as a very powerful tool to 
help better understand the complexity of the 
immune response seen in osteosarcoma and in 
the use of immunotherapy in this malignancy. 
This book chapter will provide an overview of 
the known immune responses seen in this dis-
ease and potential developments for the future 
of immunophenotyping. Indeed, it appears that 
being able to track the immune system through-
out the disease and treatment of patients with 
osteosarcoma could allow for a personalized 
approach to immunotherapy.
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 Introduction

Despite being the most common malignant bone 
tumor in children and adolescents, osteosarcoma 
remains a difficult tumor to treat. Over the past 
three decades, no new treatments for osteosar-
coma have been developed; thus, improvements 
in long-term survival have remained stagnant 
since the first addition of chemotherapy for the 
disease. Nonetheless, although osteosarcoma has 
been deemed a highly pleomorphic, immunologi-
cally cold tumor historically speaking, more 
recent data has suggested immunotherapy may 
be successful [1]. Recent studies have shown 
osteosarcoma to be an immunologically “hot” 
cancer as both the innate and adaptive immune 
systems are affected not only in the local tumor 
microenvironment but also systemically. In order 
to overcome nonresponse and immunoresistance, 
both of which have been problematic in immuno-
therapy, it logically follows that we should also 
attempt to understand the impact of osteosarcoma 
on the immune system. One mechanism by which 
these alterations can be assessed involves 
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 immunophenotyping various tissue samples from 
the patient, including tumor biopsies, metastatic 
tumor biopsies, splenic biopsies, and serum sam-
ples. Immunophenotyping, commonly performed 
by immunohistochemistry (IHC) or flow cytom-
etry, allows us to quantify particular subsets of 
white blood cells using highly specific fluores-
cent antibodies. Furthermore, the cell surface 
epitopes marked by these antibodies can also be 
quantified to assess the status of the immune cell 
in question. Thus, this chapter outlines the known 
immunological alterations that occur with osteo-
sarcoma disease progression and subsequently 
discusses the immunotherapies that have been 
explored to combat this malignancy.

 Assessing Osteosarcoma Disease 
Progression

 Osteosarcoma Immunology: Innate 
Immune System

 Myeloid Lineage

Granulocytes
The most prominent granulocyte in osteosar-
coma immunopathology is the neutrophil, which 
is one of the main players in the acute inflamma-
tory response. Following injury or infection, the 
affected tissue releases interleukin (IL)-8, which 
is a neutrophil chemoattractant and degranula-
tion agent. Upon arrival to the site of the insult, 
they release inflammatory mediators and phago-
cytose cellular debris. As neutrophils are one of 
the first immune cells to arrive in infected tis-
sues, it is likely that they contribute to the tumor 
microenvironment although the details of this 
are not well defined. Indeed, little work has 
been done to examine neutrophils in the context 
of osteosarcoma disease progression; however, 
there are a few studies with some indirect evi-
dence to support a role for neutrophils in tumor 
progression. Postoperative infections have been 
associated with significantly increased event-
free survival and 5-year overall survival (100% 
and 100% with infection versus 54% and 43% 
without, respectively; P = 0.01 [2]), while high 

 neutrophil-lymphocyte ratios (NLR) are associ-
ated with poor prognoses (P  <  0.05); further-
more, multivariate Cox regression has shown that 
NLR is a top risk factor associated with death 
in osteosarcoma patients [3]. Osteosarcoma 
patients have also been found to have high serum 
levels of IL-8, as well as polymorphisms in its 
coding gene that are linked to increased likeli-
hood of metastasis [4, 5]. High expression levels 
of another neutrophil chemoattractant, CXCL5, 
have also been linked to advanced clinical stage 
and metastasis [6]. Interestingly, both IL-8 and 
CXCL5 have been found to have direct effects 
on osteosarcoma tumor cells themselves by 
inducing migration and invasion. Anther cell 
type, related to neutrophils, polymorphonu-
clear myeloid-derived suppressor cells (PMN-
MDSCs) will be discussed further in the MDSC 
section below.

Mononuclear Phagocytic System: 
Monocytes, Macrophages, and Dendritic 
Cells

Monocytes
Monocytes are antigen-presenting cells (APCs) 
that are one of the main means of communication 
between the innate and adaptive arms of the 
immune system. They are produced in the bone 
marrow and migrate to areas of inflammation 
where they differentiate into macrophages or 
dendritic cells. Early in vitro studies found that 
monocytes were cytotoxic to osteosarcoma tumor 
cells leading to the belief that they contributed to 
tumor immunosurveillance [7, 8]; however, mul-
tiple in  vivo studies have suggested a more 
immunosuppressive role for monocytes in the 
context of a developing malignancy. Notably, it 
was discovered that in osteosarcoma patients, cir-
culating T cell immunoglobulin and mucin- 
domain containing-3 (Tim-3)-positive monocytes 
suppress antitumor T-helper type 1 (TH1) 
responses by interacting with Tim-3+ T cells, 
naïve CD4+ T cells, and galectin-9 (Gal-9)-
expressing T regulatory cells (Treg). Additionally, 
a group in 2017 found clinical relevance in the 
ratio of absolute peripheral monocyte count after 
initial treatment divided by absolute monocyte 
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count before initial treatment (monocyte ratio); 
when a patient’s monocyte ratio was greater than 
1, he or she was over five times more likely to 
develop metastases compared to patients with 
ratios less than or equal to 1 (OR 5.367; 95% CI, 
3.083–9.343) [9]. Osteosarcoma cells release the 
cytokine IL-34 which recruits inflammatory 
monocytes to areas of tumorigenesis; upon 
arrival, they mature into tumor-associated macro-
phages (TAM) discussed in the subsequent 
section.

Macrophages
Macrophages, derived from circulating mono-
cytes, reside in many tissues throughout the body 
and phagocytose cellular debris, tumor cells, and 
pathogens. Tissue-resident macrophages can pro-
duce a diverse response to inflammation, infec-
tion, healing, and cancer based on the cytokines 
in the local microenvironment. Furthermore, 
macrophages can be delineated into a number of 
subsets based on their cell surface expression, 
including classically activated (M1) macro-
phages, alternatively activated (M2) macro-
phages, TAMs, and myeloid-derived suppressor 
cells (MDSCs). Specifically, in tumorigenesis, 
TAMs of the M1 subtype have a protective effect, 
while the M2 subtype and MDSCs suppress anti-
tumor immune responses [10]. The M1/M2 TAM 
subpopulations will be discussed here, while 
MDSCs will be discussed in a subsequent 
section.

In osteosarcoma, immunohistochemical stains 
of resected primary tumors have shown macro-
phages to be the predominant infiltrating cell 
type [11]. A number of studies have shown a cor-
relation between TAMs and metastases in osteo-
sarcoma [10–12]. Similar to their activity in other 
solid tumors, M1 macrophages have been shown 
to suppress tumorigenesis in osteosarcoma. One 
in vitro study demonstrated that IFNγ-activated 
CD86+HLA-DR+ M1 macrophages can inhibit 
osteosarcoma cell growth [13]. In patients, the 
quantity of M1 macrophages, defined by iNOS 
positivity, in the primary tumor was negatively 
correlated with metastatic disease (p  =  0.001) 
[11]. This observation may be related to the abil-
ity of the M1 macrophage to promote a TH1 

 antitumor response [10]. Although M1 macro-
phages may be the first to invade the primary 
tumor, in  vivo studies have shown that early 
F4/80+CD163− M1 macrophages are replaced by 
F4/80+CD163+ M2 macrophages between the 
first and third weeks of tumor establishment [14]. 
According to one group’s in  vivo study, M2 
TAMs are likely recruited to the primary tumor 
due to IL-34 overexpression by osteosarcoma 
cells [15]. In contrast to M1 macrophages, 
CD163+M2 macrophages generate a TH2 response 
[16]. Furthermore, in vitro studies of M2 macro-
phages have shown these cells enhance the 
migratory capacity of osteosarcoma cells [17]. 
M2 TAMs likely promote tumorigenesis via 
immunosuppression, production of matrix- 
degrading enzymes, and stimulation of angiogen-
esis. Notably, CD163+ M2 macrophages have 
been shown to correlate with increased density of 
CD31+ blood vessels and CD146+ vascular cells 
in vivo [11]. Furthermore, patients with a higher 
proportion of CD163+ M2 macrophages present 
with metastases [18]. In addition to stimulating 
neoangiogenesis, M2 macrophages overexpress 
epidermal growth factor (EGF), which can bind 
epidermal growth factor receptor (EGFR) on 
osteosarcoma cells to promote growth [14].

Although many studies attempt to stratify M1 
and M2 populations, cancer is a complex disease 
process that may stimulate a more intermediate 
TAM phenotype. For example, Buddingh et  al. 
found that a higher percentage of TAMs, irre-
spective of M1 or M2 phenotype, was correlated 
with a higher overall survival rate in patients 
[12]. Similarly, a phase III clinical trial found a 
higher overall survival rate and higher rate of 
metastasis-free survival in patients whose pri-
mary tumor samples showed >50% CD163+ 
M2-like macrophages with a trend toward signifi-
cance for CD68+ M2 macrophages [16]. 
Furthermore, one group’s in vivo study mimicked 
these observations; both M1 markers, Cxcl9 and 
iNOS, and M2 marker, Tgm2, were significantly 
elevated in splenic biopsies of all tumor-bearing 
mice. Taken together, these findings suggest that 
macrophage polarization in malignancy is com-
plex and requires more than one cell marker to 
accurately capture polarization [19].
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Dendritic Cells
Like macrophages, conventional dendritic cells 
(cDCs) are derived from circulating monocytes 
and serve to prime and activate a T cell response 
against neoantigens produced by tumor cells [20, 
21]. CDCs can be divided into cDC1 cells and 
cDC2 cells with the CD103+ cDC1s performing 
the roles of antigen presentation and cytotoxic T 
cell (Tc) activation. In early in  vitro studies, 
CD14+ DCs, isolated cDC1s, and isolated cDC2s 
respectively cultured with osteosarcoma cell 
lines showed significantly decreased expression 
of maturation markers, including CD80, CD83, 
CD86, CD40, HLA-DR, and CCR7 [20, 22]. 
Furthermore, in contrast to control cDC1 cells, 
which express IL-12, cDC1s cultured with osteo-
sarcoma cells increased expression of IL-10 but 
did not express IL-12. Isolated cDC2s cultured 
with osteosarcoma cells also significantly 
increased IL-10 production. Elevated levels of 
IL-10 prime the TH2 response and suppress the 
TH1 response, which may inhibit an adequate 
immune response to the primary tumor [20]. 
Although in vitro studies of cDCs have shown a 
possible role for DCs in osteosarcoma pathogen-
esis, it should be noted that a lower level of DCs 
has been found to infiltrate pediatric tumors, 
including osteosarcoma, when compared to adult 
onset tumors. The relative lack of infiltrating 
DCs, taken with the observation that osteosar-
coma can suppress a cDC-induced TH1 antitu-
mor response, may suggest a role for vaccination 
with tumor-antigen-loaded dendritic cells in 
treatment of osteosarcoma, which will be dis-
cussed later [23].

Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) 
constitute a population of myeloid cells that 
have failed to achieve maturation to dendritic 
cells, monocytes, or granulocytes. Associated 
with pathology, especially chronic inflamma-
tion and cancer, MDSCs can be categorized as 
CD11b+HLA-DR−CD14+CD15− monocytic 
MDSCs (M-MDSCs) or CD66b+CD15+CD14-/

dimCD33dimHLA-DR− polymorphonuclear MDSCs 
(PMN-MDSCs) in humans [24]. While M-MDSCs 

suppress T cell activity via both antigen- 
dependent and antigen-independent mechanisms, 
including production of reactive oxygen species 
through arginase (Arg) and nitric oxide synthase 
(iNOS), the PMN-MDSCs suppress T cell activ-
ity mainly by an antigen- dependent pathway [25]. 
For patients with solid tumors, increased lev-
els of MDSCs have been correlated with lower 
overall survival [26]. In vivo studies of MDSCs 
in murine osteosarcoma models show elevated 
levels of both PMN- MDSCs and M-MDSCs in 
peripheral blood and spleen (Unpublished data) 
[27]. Although elevated early in the disease pro-
cess, the M-MDSC cell levels trended downward 
as the disease progressed, while the PMN-MDSC 
population remained stable as shown in Fig. 6.1 
(Unpublished data). Similarly, in pediatric sar-
coma patients, CD14+HLA-DRlo/− M-MDSCs 
were found to be increased compared to healthy 
controls [28]. Regarding HLA-DR, a marker for 
antigen- presenting cells of the myeloid lineage, 
a decrease has been shown on monocytes of 
patients with aggressive sarcoma, which is postu-
lated to be one of the initial steps in development 
of M-MDSCs from monocytes [28, 29]. Studies 
done in vivo have shown that HLA-DR expression 
decreases on myeloid-type cells as PD-L1 expres-
sion increases. Specifically, the ratio of PD-L1 
to HLA-DR (P [1]/M[II]) in peripheral blood 
increased with osteosarcoma and trended upward 
in both peripheral blood and spleen as the disease 
progressed. Moreover, the systemic M-MDSC 
P [1]/M[II], including blood, bone marrow, and 
spleen tissues, showed a positive correlation with 
the lung M-MDSC ratio that was significant in 
blood (Fig. 6.2: R = 0.972; p < 0.01) and the spleen 
(Fig. 6.2: R = 0.998; p < 0.01) and trending toward 
significance in bone marrow (Unpublished data).

IL-18 expression has also been shown to be 
elevated in  vivo on MDSCs with osteosarcoma 
disease progression. As inhibition of IL-18 
decreased levels of MDSCs in both periph-
eral blood and the primary tumor, this cytokine 
may play a role in the development and recruit-
ment of MDSCs [27]. A more immature popu-
lation of MDSCs has also been identified as 
Lin (including CD3, CD14, CD15, CD19, and 
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Fig. 6.1 Systemic PMN-MDSCs remain relatively constant, while M-MDSCs decrease during disease progression 
in vivo. ∗∗∗p = 0.001, ∗∗p = 0.01, ∗p = 0.05

Fig. 6.2 Ratio of PD-L1 to HLA-DR (P [1]/M[II]) on M-MDSCs correlated with ratio of M-MDSCs in the lung in vivo
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 CD56)-HLA- DR- CD33+ but was not found to be 
elevated in pediatric sarcoma and has not been 
studied further [25, 28]. Certainly, due to the 
apparent role of MDSCs in malignancy, these 
cell populations may be targeted to improve 
treatment strategies, as will be discussed with 
treatment strategies.

 Osteosarcoma Immunology: 
Adaptive Immune System

 Lymphoid Lineage

T Lymphocytes

Helper T Cells
Helper T (TH) cells, commonly defined as being 
CD4+, can generate several different types of 
immune response: TH1 or TH2 being the most 
common. TH1 cells primarily secrete IFNγ and 
TNFα cytokines enhancing both the effector and 
memory functions of CD8+ cytotoxic T cells 
(CTLs) [30–31]. CD4+ TH cells can also enhance 
the antitumor response by optimizing the cDC 
response, which in turn stimulates the CTLs [32]. 
Regarding tumor rejection in particular, TH1 cells 
can recruit NK cells and macrophages to form an 
antitumor response. Often considered to be in 
opposition of TH1 cells, TH2 response involves 
IL-4, IL-5, and IL-13, which together activate a 
humoral response [30]. Although IL-4 recruits 

macrophages and eosinophils in murine models, 
both IL-4 and IL-13 have been shown to activate 
macrophages toward an M2-like immunosup-
pressive phenotype [30, 33, 34]. The role of 
another distinct CD4+ TH cell type, TH17, has 
been debated for its potential antitumor function 
[35]. One in vitro study found that IL-22, com-
monly produced by TH17 cells in vivo, stimulated 
the proliferation and invasion of two different 
osteosarcoma cell lines [36]. Thus, an abundance 
of CD4+ TH17 cells in the primary tumor might 
suggest a poor prognosis.

While numerous studies have shown that 
CD4+ TH can improve the antitumor response, 
one group has shown that CD8+ CTLs can have 
an antitumor effect in osteosarcoma without 
CD4+ TH aid [31]. Nonetheless, for adult osteo-
sarcoma, CD4+ TH cells likely play a role in the 
immune process as this cell type represented the 
predominant TIL and demonstrated lytic activ-
ity against several osteosarcoma cell lines [37]. 
Furthermore, an in  vivo study of the immuno-
logic changes during osteosarcoma pathogenesis 
showed that percentages of CD45+CD4+CD8− TH 
trended downward in the peripheral blood and 
spleen as the disease progressed, which is shown 
in Fig.  6.3 (Unpublished data). Similarly, for 
peripheral blood samples of patients with osteo-
sarcoma, there were decreased overall numbers 
of CD4+ T cells [28]. In addition to the overall 
decrease in CD4+ T cells, patients with osteo-
sarcoma exhibited increased expression of PD-1 

Fig. 6.3 Helper T cells decrease systemically during disease progression in vivo. ∗p = 0.05
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and Tim-3, markers of T cell dysfunction and 
exhaustion, respectively, in CD4+ TH cells com-
pared to patients without osteosarcoma [38–40]. 
Furthermore, elevated levels of Tim-3+CD4+ T 
cells in the peripheral blood were shown to be cor-
related with later stage of disease and increased 
expression of IFNγ and IL-2, which stimulate a T 
cell response. Elevated levels of peripheral Tim-
3+CD4+ T cells also correlated with decreased 
overall survival in osteosarcoma patients [41].

In addition to traditional TH cells, 
CD4+CXCR5+ follicular T-helper (TFH) cells, 
which promote a B cell response and maintain 
germinal centers in secondary lymphoid organs, 
have been found to be of importance in osteosar-
coma [42–43]. Indeed, levels of CXCR3−CCR6− 
TH2-type cells and CXCR3+CCR6+ TH17-type 
cells were found to be nearly two times greater in 
osteosarcoma patients, while levels of 
CXCR3+CCR6− TH1-type cells were lower. 
Furthermore, TFH levels were found to be elevated 
peripherally in patients with both metastatic and 
high-grade osteosarcoma, specifically the TH1 
and TH17 types but not the TH2 subtypes [42]. 
Although CD4+ TH and TFH have been shown to 
play a role in the disease process of osteosar-
coma, these cells have received less attention 
than CTLs.

Cytotoxic T Cells
Data accumulated from a number of human can-
cers have shown that the number, type, and 
 location of tumor-infiltrating lymphocytes (TILs) 
in the primary tumor can be prognostic for over-
all survival. In particular, an increased number of 
CD8+ TILs has been shown to correlate with 
increased survival rates and decreased rates of 
recurrence [44]. CD8+ TILs are also prominent in 
osteosarcoma as they represent the major infil-
trating cell type in pediatric osteosarcoma and 
make up 15.5% of infiltrating cells in adult osteo-
sarcoma [45, 37]. An early study of primary 
tumor samples from patients with high-grade 
osteosarcoma found CD3+CD8+ TILs to be pre-
dominate infiltrating inflammatory cells. As the 
pattern of CD3+CD8+ CTL infiltration did not dif-
fer significantly from benign bone tumor sam-
ples, CD8+ TILs in osteosarcoma were not 

thought to have any prognostic significance [46]. 
Later, in a retrospective study, it was found that 
higher CD8+ TIL density correlated with 
improved survival in osteosarcoma. Additionally, 
in this study, a positive relationship between the 
CD8/Foxp3 TIL ratio and overall survival was 
observed [47]. This relationship between CD8+ 
cells and Foxp3+ cells has been mirrored in other 
cancer types as CTLs have been shown to upreg-
ulate Treg cells [47, 48]. In addition to demonstrat-
ing a relationship with overall survival, levels of 
CD8+ TILs have also been found to correlate with 
pretreatment metastases; patients presenting with 
metastases had lower levels of CD8+ TILs [16]. 
Further studies of primary tumors in patients 
with poor disease outcome showed that higher 
density of CD3+CD8+ TILs correlated with 
increased expression of PD-L1 on tumor cells 
and immune cells, which may be a mechanism by 
which the tumor evades the immune system and 
causes T cell exhaustion [19, 49, 50]. Furthermore, 
patients with high expression of PD-L1 had a 
median overall survival of 28  months, while 
median survival for patients with low PD-L1 
expression was 89  months [50]. PD-1 has also 
been shown to be upregulated on CD8+ T cells in 
patients with osteosarcoma [37]. Thus, the PD-1/
PD-L1 axis has become an attractive therapeutic 
target in osteosarcoma. Overall, CD8+ TILs have 
been shown to improve outcomes in osteosar-
coma, as they have cytolytic activity, but can be 
subject to T cell exhaustion in patients with 
severe disease [37].

Peripheral CD8+ CTLs have also been shown 
to have significant role in the pathogenesis of 
osteosarcoma. One in  vivo study demonstrated 
that the percentages of CD45+CD4−CD8+ CTLs 
decreased in the peripheral blood and spleen as 
the disease progressed as demonstrated in Fig. 6.4 
(Unpublished data). Nevertheless, the amount of 
circulating CD8+ CTLs was found to be higher 
than levels of CD8+ T cells within the primary 
tumor in patients [37]. Some of these cells were 
found to express Tim-3, a marker of T cell 
exhaustion, and were particularly prevalent in 
patients at later stages of disease. Furthermore, 
increased levels of Tim-3+CD8+ T cells in the 
periphery negatively correlated with serum levels 
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of IFNγ and TNFα. Since these cytokines acti-
vate the TH1 response, as discussed previously, it 
follows that overall survival was decreased in 
patients with high levels of circulating Tim- 
3+CD8+ T cells [39, 41]. For pediatric patients 
with osteosarcoma, cytotoxic T lymphocyte- 
associated protein 4 (CTLA-4), a T cell inhibi-
tory receptor, was found to be upregulated on 
CD8+ cells circulating in the peripheral blood 
[28]. This receptor has been theorized to be 
another immunosuppressive immune escape 
mechanism that can create resistance in response 
to solitary immune checkpoint blockade. 
Therefore, since CTLA-4 has been shown to play 
a role in osteosarcoma progression, this receptor 
has become a target for immune blockade, which 
will be discussed in a subsequent section.

Regulatory T Cells
Regulatory T cells (Tregs) play a role in periph-
eral self-tolerance. While these CD4+CD25+ T 
cells have been shown to prevent autoimmunity, 
particularly in vivo, an abundance of these cells 
can also suppress antitumor immunity to tumors 
overexpressing self-antigens. The Treg popula-
tion has been identified as expressing CD25 
(IL-2αR), glucocorticoid-induced TNF recep-
tor (GITR), CTLA-4, and Foxp3 transcription 
factor. In vivo studies have shown that the pres-
ence of Treg cells promotes tumor growth and 
inhibits CD8+ CTL immunogenic response to 
the tumor [51]. For example, when CD4+CD25+ 

Treg cells are  cocultured with CD8+ T cells, the 
CD8+ T cells show significant suppression of 
proliferation and production of IFNγ, IL-2, 
and CD25 [52]. Interestingly, splenic Treg cells 
in  vivo are increased later in disease progres-
sion (Fig.  6.5) [19]. Similarly, a retrospective 
study of human osteosarcoma samples demon-
strated that increased Foxp3+ Tregs infiltrating 
the tumor indicated a worse prognosis. In fact, 
as Foxp3+ Tregs increased relative to CD8+ CTLs, 
survival decreased independent of primary 
metastasis and chemotherapy response. This 
relationship is likely due to Treg-mediated inhibi-
tion of CTLs [47]. Furthermore, an increase in 
CD3+CD8−Foxp3+ T cells has been found in local 
relapses of osteosarcoma, potentially suggesting 

Fig. 6.4 In vivo osteosarcoma progression induces a decrease in percent population of systemic cytotoxic T cells. 
∗∗p = 0.0.1, ∗p = 0.05

Fig. 6.5 Regulatory T cell populations (CD45 + D4 + 
Foxp3+) are increased in the spleens of tumor-bearing 
mice
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a tumor escape mechanism [49]. Importantly, 
while Foxp3+ cells have classically been classi-
fied as Treg cells, it should be noted that recent 
evidence suggests that Foxp3 can be upregulated 
in conventional TILs, which suggests that Foxp3 
alone cannot be utilized to delineate Treg popula-
tions [47]. Also, despite the apparent role of Tregs 
in the local tumor microenvironment, these cells 
have not been shown to be elevated systemically 
in pediatric osteosarcoma [28].

Lymphocytes
In addition to tumor-infiltrating T lymphocytes, 
B lymphocytes can also be found in the tumor 
microenvironment; these cells, however, have 
been studied less than their T cell counterparts 
[53]. Activated B cells can generate autoantibod-
ies that promote an antitumor response in malig-
nancy [53, 54]. Furthermore, B cells may enhance 
the T cell response via antigen presentation and 
costimulation [53–55]. For several malignancies, 
the presence of CD20+ TILs in addition to CD4+ 
and CD8+ TILs has been correlated with better 
overall outcomes when compared to independent 
CD20+ B cell or CD8+ T cell tumor infiltration, 
respectively [53, 56, 57]. In particular, for soft tis-
sue non-gastrointestinal stromal tumor sarcomas, 
increased CD20+ TILs correlated with improved 
disease-specific survival [58]. Additionally, a 
study of pediatric patients with soft tissue sar-
comas found increased memory class switched 
B cells [28]. Despite these findings, utilizing 
CD20+ TILs as a prognostic indicator of disease 
outcome and survival may be difficult as some, 
including immature and those producing IL-10 
and TGF-β, CD20+ B cells may suppress the 
antitumor response [53]. Further study into the 
effects of CD20+ B cells should be done to eluci-
date the role of these cells in osteosarcoma.

Natural Killer Cells
As lymphocyte members of the innate immune 
system, natural killer (NK) cells play a role in 
immunosurveillance and are defined by CD3 neg-
ativity as well as CD56 or CD16 positivity [59]. 
In cancer specifically, these granulocytic NK cells 
can release their cytotoxic granules to directly 
kill malignantly transformed cells. Released 

tumor cell antigens are then presented to B and 
T lymphocytes via APCs to generate an adap-
tive immune response [60]. NK cell- mediated 
killing is negatively correlated to expression of 
HLA class I molecules, which serves to maintain 
self-tolerance. This mechanism, however, can be 
exploited by malignant cells in order to evade 
immunosurveillance [60, 61]. In osteosarcoma, 
analysis of HLA class I expression in primary 
and metastatic tumors showed downregulation 
in 52% and 88% of samples, respectively [62]. 
To inhibit NK cells, HLA class I molecules on 
tumor cells interact with killer immunoglobulin-
like receptor (KIR), which is expressed on the 
NK cell surface and commonly upregulated in 
malignancy [60, 63]. For patients with osteo-
sarcoma, NK cells can express combinations of 
all three KIR molecules, including KIR2DL1, 
KIR2DL2/2DL3, and KIR3DL1, and thus dis-
play decreased activity [63].

Early in osteosarcoma disease pathogenesis, 
peripheral blood NKG2D+ NK cells do not differ 
in number, phenotype, or functionality [64]. In 
general, however, circulating NK cells is com-
monly lower in osteosarcoma patients compared 
to healthy patients [65, 66]. These findings may 
be explained by in  vivo studies which suggest 
that CD45+NKp46+ NK cells are significantly 
increased systemically with osteosarcoma [19]. 
As the disease progresses, though, NK cell popu-
lations in the peripheral blood decrease. These 
in vivo findings may be explained by the relative 
increase in M-MDSCs and PMN-MDSCs in 
osteosarcoma, which inhibit NK cells 
(Unpublished data). Due to the potent antitumor 
activity of NK cells but dysregulation in osteo-
sarcoma, these cells have become an important 
focus for future clinical trials [66].

 Assessing Immunotherapeutic 
Response in Osteosarcoma

 Checkpoint Blockade

Immune checkpoints serve to preserve self- 
tolerance and prevent autoimmunity and excess 
immune stimulation; however, these pathways 
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can also be used by tumor cells as a means of 
escaping immune system detection. Due to their 
role in tumor immune tolerance, these T cell 
checkpoint molecules, programmed death recep-
tor 1 (PD-1) and CTLA-4, are therapeutic targets 
for advanced cancers [67]. Since the PD-1/PD-L1 
axis has been shown to negatively impact overall 
survival in patients with osteosarcoma, these 
molecules are of particular interest [49, 50, 68]. 
In vivo anti-PD-1 treatment facilitated 
macrophage- mediated decrease in both micro- 
and macrometastases but not primary tumor 
growth [68, 69]. Specifically, Ki-67, a marker of 
tumor cell proliferation, expression decreased, 
while TUNEL, a marker of cell apoptosis, expres-
sion increased in tumor tissue [69]. Anti-PD-1 
also increased CD4+ T cell, CD8+ T cell, NKp46+ 
NK cell, and F4/80+CD11b+ macrophage infiltra-
tion into lung metastases [68, 69]. Furthermore, 
anti-PD-1 shifted the macrophage polarization 
from CD163+ M2 to CD86+ M1 macrophages in 
lung metastases, which facilitates an antitumor 
response [69]. Importantly, treatment with anti- 
PD- 1 downregulated tumor cell expression of 
PD-L1, which suggests utilization of another 
mechanism for immune suppression [68].

Therapeutic strategies have also targeted PD- 
L1 in an attempt to interrupt the PD-1/PD-L1 
axis. Similar to anti-PD-1 treatment, anti-PD-L1 
treatment downregulated expression of PD-L1 by 
primary tumor and metastatic osteosarcoma cells. 
Increased length of treatment in  vivo did not 
enhance response to anti-PD-L1, which further 
suggests another pathway for immune suppres-
sion. Interestingly, following treatment with anti- 
PD- L1, CD8+ TILs showed decreased PD-1 
expression and increased CTLA-4 expression 
[19, 70]. CTLA-4 is a membrane glycoprotein 
expressed by activated effector T cells and tumor 
cells which represses T cell proliferation, cell 
cycle progression, and cytokine production [71]. 
Furthermore, in response to anti-PD-L1, the 
tumor cells upregulated CD80 and CD86, which 
bind to CTLA-4 to inhibit T cell activation [71, 
72]. Thus, blockade of both PD-L1 and CTLA-4 
in  vivo completely controlled metastases and 
increased long-term survival to 60% from 0% 
shown with anti-PD-L1 treatment alone. 

Combination of anti-PD-L1 treatment with doxo-
rubicin did not similarly enhance long-term sur-
vival [70]. In addition to stimulating changes in 
tumor cells, in  vivo anti-PD-L1 treatment also 
has an effect on systemic immune cells. 
Specifically, total percentage of monocytes/mac-
rophages increased in response to anti-PD-L1. 
Additionally, the expression of M1 markers, 
Nos2 and Cxcl9, and M2 marker, Tgm2, 
decreased resulting in a near normal M1/M2 
macrophage ratio and returned the immune phe-
notype to that of sham status (Fig. 6.6) [19].

Regarding the efficacy of immune blockade in 
humans, anti-PD-L1 has shown a durable 
response and prolonged disease stabilization 
across a variety of tumor types [72]. A phase II 
trial for pembrolizumab monotherapy, an anti- 
PD- 1 antibody, showed a confirmed partial 
response to treatment in 5% of patients with 
osteosarcoma. This response, however, resulted 
in greater than 50% tumor shrinkage for 6 months. 
Use of muramyl tripeptide phosphatidylethanol-
amine (mifamurtide), which will be discussed 
later, has been suggested to enhance immune cell 
infiltration into metastases, thereby potentially 
improving the efficacy of pembrolizumab in 
osteosarcoma [73]. Efficacy of anti-PD-1 treat-
ment may also be enhanced by combination ther-
apy. For example, trabectedin, an antitumor 
medication approved in Europe for treatment of 
soft tissue sarcomas, decreases osteosarcoma 
tumor cell proliferation and lung metastases 
in  vivo. Following this treatment, CD8+ TILs 
exhibited upregulation of PD-1 suggesting a 
potential role for trabectedin in immune block-
ade. Indeed, treatment with both trabectedin and 
anti-PD-1 inhibited tumor growth and enhanced 
T cell activation to a greater degree than either 
treatment alone [74].

 Other Immunotherapeutics

 Cytokine Stimulation
Cytokines play an important role in the coordi-
nation of immune response against tumor anti-
gens. Due to their unique ability to modulate 
the immune system, these molecules have been 
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of interest for immunotherapy and have been 
implemented as treatment in a number of malig-
nancies. One such cytokine, interferon alpha 
(IFNα), has demonstrated the ability to inhibit 
proliferation and induce apoptosis in tumor cells 
as well as inhibit angiogenesis [67]. Early stud-
ies of IFNα showed the ability to inhibit growth 
of osteosarcoma cell lines in vitro and xenograft 
osteosarcoma tumor growth in vivo [67, 75–76]. 
Relatively little clinical data is available regard-
ing IFNα treatment in osteosarcoma. Two early 
clinical studies showed 5-year recurrence-free 
survival as well as a 10-year metastases-free 
survival rate and a disease-specific survival 
rate of 39% and 43%, respectively [77–80]. 
Furthermore, with elevated dose, the disease-free 
survival rate increased to 63% with higher treat-
ment dose, indicating a possible dose-response 
relationship that mirrors in vivo studies [77, 78, 
80]. Combination therapy including methotrex-
ate, doxorubicin, and cisplatin with pegylated 

IFNα-2b demonstrated improved event-free sur-
vival and overall survival; however, these differ-
ences were not significant [81].

IL-2 is another cytokine that has been imple-
mented as immunotherapy for malignancy, spe-
cifically osteosarcoma. Produced mostly by 
antigen-stimulated CD4+ T cells with some pro-
duction by NK cells, CD8+ T cell, and activated 
DCs, IL-2 stimulates growth and differentiation 
in CD8+ T cells, maintains CD4+ Treg populations, 
and drives differentiation of CD4+ T cells into 
effector cells [82]. Early in vitro studies of IL-2 
suggest it indirectly stimulates NK cell activity 
by increasing IFNγ [83]. Furthermore, IL-2 has 
been shown to stimulate lymphokine-activated 
killer cells (LAK), which can be primed to form 
an antitumor response; thus, IL-2 has received 
attention as a potential therapeutic agent [67, 82, 
84–86]. IL-2 combined with autologous LAK 
cells first demonstrated the ability to mediate 

Fig. 6.6 In vivo treatment with anti-PD-L1 reduces macrophage markers to near normal
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tumor regression in a study of 25 metastatic 
patients that had failed standard chemotherapy 
[82, 84]. In patients with metastatic osteosar-
coma at diagnosis, the 3-year event-free survival 
rate and overall survival rate were 34.4% and 
45.0%, respectively, with IL-2 treatment [67, 85]. 
Despite the positive tumor response in patients, 
IL-2 may simultaneously stimulate high levels of 
Treg cells, thereby stimulating an environment tol-
erant of tumorigenesis rather than stimulating an 
antitumor response [51].

 Dendritic Cell Vaccines
Dendritic cells have the ability to prime the adap-
tive immune system, specifically a T cell 
response, in response to tumor antigens; how-
ever, in osteosarcoma and other malignancies, 
these DCs fail to mature and adequately stimulate 
a T cell response [20, 21, 23, 87]. Thus, priming 
a patient’s own dendritic cells ex  vivo against 
tumor antigens has become a potential immuno-
therapy for patients with advanced disease [87]. 
In vivo studies of tumor-lysate-pulsed DCs 
showed significantly increased CTL response 
and IFNγ levels, while levels of IL-4 were 
decreased. Increased expression of costimulatory 
CD86, CD83, CD205, and CD209  in the DCs 
correlated with the allogenic T cell response [88]. 
Furthermore, combining the tumor-lysate DC 
treatment with anti-CTLA-4 antibody treatment 
increased the number CD8+ TILs, decreased the 
amount of Foxp3+ Treg cells in metastatic tumor 
and the spleen, and increased serum levels of 
IFNγ. This combined treatment reduced the met-
astatic tumor burden and prolonged overall sur-
vival [79]. Similarly, in vivo studies combining 
tumor-lysate-pulsed DCs with agonist anti-GITR 
increased the number of CD8+ TILs, increased 
serum IFNγ, decreased serum IL-10, and 
decreased numbers of CD4+Foxp3+ Treg cells in 
the spleen [90].

In response to treatment with tumor-lysate- 
pulsed DCs, patients with metastatic pedi-
atric malignancy generated a specific T cell 
response allowing for tumor regression. Levels 
of IFNγ were increased ten-fold in response 
to tumor antigen in these patients [91]. In 
patients with pediatric sarcoma treated with 

tumor-lysate- pulsed DCs, patients having an 
immune response had a 73% 5-year overall 
survival rate, while those without a response 
had a 37% 5-year overall survival rate [92]. 
In contrast, patients with advanced soft tissue 
sarcoma treated with DCs pulsed with autolo-
gous tumor lysate had increased levels of IFNγ 
and IL-12, which stimulate a TH1 response; 
nonetheless, only 1 of 35 patients achieved a 
partial response. These findings suggest that 
immune stimulation is not enough to overcome 
advanced malignancy [93].

 Genetically Modified T Cells
Chimeric antigen receptor T cells consist of a 
specific antibody-derived single-chain variable 
fragment (scFv) with a T cell signaling domain 
such that the effector function is released when 
the target cell is bound. One challenge with this 
therapy, particularly for osteosarcoma, is iden-
tifying a tumor antigen that is highly expressed 
on tumor cells with low expression in healthy 
tissues [94]. As HER2 gene amplification has 
been reported in osteosarcoma and is particu-
larly linked with poor outcome, administration 
of HER2-CAR T cells in patients with osteo-
sarcoma resulted in stable disease for 24% of 
patients [94–95]. Three of these patients had 
the tumor removed with one having more than 
90% necrosis. IL-8 was found to be significantly 
elevated 1 week after infusion and remained 
elevated for 4  weeks, while levels of HER2-
CAR-T cells lasted for approximately 6  weeks 
without toxicity [95]. Pediatric sarcoma has also 
been shown to strongly express GD2, a glyco-
sphingolipid [94]. Although GD2-CAR T cells 
demonstrated lytic activity against GD2+ tumor 
cells in  vitro, the in  vivo efficacy of treatment 
was poor. Poor in  vivo efficacy was attributed 
to the presence of MDSCs. However, addi-
tion of all- trans retinoic acid (ATRA) improved 
efficacy, likely by depleting of M-MDSCs and 
 diminishing the suppressive capacity of PMN-
MDSCs [96]. Additionally, CD166, a protein that 
mediates communication between adjacent cells 
and has been implicated in tumorigenesis, has 
been found to be exclusively expressed in four 
human osteosarcoma cell lines. CD166-CAR-T 
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cells  efficiently suppressed tumor growth in 
tumor xenografts without significant toxicity to 
healthy organs [97].

Similar to CAR-T cells, T cells can be geneti-
cally engineered to express T cell receptors 
against particular tumor antigens; however, 
unlike CAR-T cells, the response is dependent 
upon HLA haplotype [98]. Genetically engi-
neered lymphocytes reactive with NY-ESO-1, a 
cancer/testis antigen expressed in 80% of syno-
vial cell sarcomas, have been shown to facilitate 
an objective partial response in four of six 
patients with metastatic synovial cell sarcoma 
without significant toxicity [99]. The NY-ESO-1 
antigen has been shown to be specific to a variety 
of tumors including osteosarcoma; however, the 
level of expression can vary between tumors. 
Interestingly, NY-ESO-1 expression can be 
upregulated in vitro in response to demethylating 
agent 5-aza-2′-deoxycytidine (decitabine), thus 
suggesting that the CAR-T cell therapy utilized 
against synovial cell sarcoma may be successful 
in osteosarcoma. Indeed, further in vivo studies 
showed that pretreatment with decitabine allowed 
for localization of the NY-ESO-1 CAR-T cells to 
the tumor site. The combination treatment of 
decitabine and CAR-T cells decreased tumor vol-
ume when compared to controls [100]. Due to its 
success with B cell malignancies, genetically 
modified T cell therapies represent a promising 
alternative for treatment of similarly complex 
malignancies such as osteosarcoma.

 Macrophage Activation
Mifamurtide, a nonspecific immune modula-
tor, is a synthetic Bacille Calmette-Guerin cell 
wall component that can be delivered to mac-
rophages, particularly in the lung, in the lipo-
somal form to stimulate an antitumor response 
[101–105]. Liposomal muramyl tripeptide 
phosphatidylethanolamine (L-MTP-PE) given 
to osteosarcoma patients increased circulating 
levels of TNFα and IL-6. Additionally, treat-
ment with L-MTP-PE also increased circulat-
ing levels of neopterin, a marker of macrophage 
activation, independent of IFNγ secretion [103]. 
L-MTP-PE used in combination with a three 
or four drug chemotherapy regimen including 

doxorubicin, cisplatin, and high-dose metho-
trexate with or without ifosfamide (phase III 
trial INT-0133) showed improved overall 6-year 
survival and a trend toward improved event-free 
survival for patients with nonmetastatic osteo-
sarcoma; no significant difference was noted 
between chemotherapy regimens [105]. While 
it was originally determined that there was no 
survival benefit to the addition of L-MTP-PE 
for patients with metastases, a long-term follow-
up of those patients indicated a trend toward 
increased event-free survival and overall survival 
[106]. The toxicities associated with L-MTP-PE 
are limited to chills and fever, which are likely 
facilitated by the release of TNFα and IL-6 [93]. 
Due to the survival benefits and limited toxicity, 
MTP has been approved for treatment of patients 
with osteosarcoma by the European Medicine 
Agency [67, 102].

 Peptide Vaccines
Peptide vaccines had previously gained popular-
ity due to the potential for stimulating T cell 
response against tumor-associated antigens 
[107]. Vaccines involving tumor lysates, pep-
tides, and proteins have been employed in sar-
coma [67, 108–111]. The SART3 protein was 
found in osteosarcoma cell lines and thus may be 
a useful peptide vaccine to stimulate CTLs 
against osteosarcoma tumors [108]. Furthermore, 
papillomavirus binding factor protein was also 
found in osteosarcoma and may similarly serve 
as an antigenic peptide to stimulate an immuno-
logic response against tumor tissue [109]. Indeed, 
in a small phase II trial in which patients with soft 
tissue sarcoma were treated with personalized 
peptide vaccines, 64.7% of patients developed an 
IgG response with 12 patients demonstrating epi-
tope spreading. Furthermore, 70.6% of patients 
developed a CTL response following treatment. 
These patients with refractory sarcoma had a 
mean survival time of 9 months, while palliative 
care in similar instances facilitates an 8-month 
survival time [110]. Due to their positive antitu-
mor effects, peptide vaccines potentially repre-
sent feasible alternative for treatment of 
osteosarcoma; however, additional studies are 
required to optimize outcomes [107].
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 Future Perspectives

As the field of flow cytometry evolves and we 
improve our ability to analyze single tissue 
samples with more and more antibodies and 
fluorochromes, the field of immunology and 
subsequently personalized medicine is also 
improving. However, these enhancements come 
with added responsibility as the proteins stud-
ied are highly labile ex  vivo, which can result 
in poor data generation and thus false assump-
tions from the data. Therefore, a standardized 
process of tissue handling and preparation will 
become crucial to the process of data acquisition 
for this potential therapeutic tool. If done cor-
rectly, though, this tool has the potential to open 
many doors for the treatment of osteosarcoma 
using immunotherapeutics. Furthermore, previ-
ously popular treatments could be used much 
more efficiently and appropriately in dosing 
regiments as we can follow the patients’ disease 
progression and recovery in real time as sug-
gested in Fig. 6.7.
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Targetable Intercellular Signaling 
Pathways Facilitate Lung 
Colonization in Osteosarcoma

James Brandon Reinecke and Ryan David Roberts

Abstract

Outcomes for young people diagnosed with 
osteosarcoma hinge almost exclusively on 
whether they develop lung metastasis. The 
striking predilection that osteosarcoma shows 
for metastatic spread to lung suggests prop-
erties and/or lung interactions that gener-
ate tissue- specific survival and proliferation 
advantages. While these mechanisms remain 
overall poorly defined, studies have begun 
to describe biological elements important to 
metastasis. Mechanisms described to date 
include both cell-autonomous adaptations 
that allow disseminated tumor cells to sur-
vive the stressors imposed by metastasis and 
intercellular signaling networks that tumor 
cells exploit to pirate needed signals from 
surrounding tissues or to recruit other cells 
that create a more favorable niche. Evidence 

 suggests that cell-autonomous changes are 
largely driven by epigenetic reprogramming 
of disseminated tumor cells that facilitates 
resistance to late apoptosis, manages endo-
plasmic reticulum (ER) stressors, promotes 
translation of complex transcripts, and acti-
vates clotting pathways. Tumor-host signal-
ing pathways important for lung colonization 
drive interactions with lung epithelium, mes-
enchymal stem cells, and mediators of innate 
and adaptive immunity. In this chapter, we 
highlight one particular pathway that inte-
grates cell- autonomous adaptations with 
lung-specific tumor-host interactions. In 
this mechanism, aberrant ΔNp63 expres-
sion primes tumor cells to produce IL6 and 
CXCL8 upon interaction with lung epithelial 
cells. This tumor- derived IL6 and CXCL8 
then initiates autocrine, osteosarcoma-lung 
paracrine, and osteosarcoma-immune para-
crine interactions that facilitate metastasis. 
Importantly, many of these pathways appear 
targetable with clinically feasible thera-
peutics. Ongoing work to better understand 
metastasis is driving efforts to improve out-
comes by targeting the most devastating com-
plication of this disease.
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 Introduction

Mortality in osteosarcoma, the most common 
malignant bone tumor in children and adoles-
cents, tracks strikingly well with metastasis, 
which exhibits an overwhelming tropism for lung 
tissues. Prior to the routine use of chemotherapy 
for the systemic treatment of osteosarcoma, 
80–90% of patients would develop lung metasta-
sis despite undergoing adequate surgical resec-
tion and having no signs of disseminated disease 
at diagnosis [1]. While the introduction of che-
motherapy in the 1980s improved outcomes, 
30–40% of osteosarcoma patients still experience 
relapse, with the vast majority experiencing met-
astatic relapse within the lung [2]. Overall sur-
vival after metastatic relapse is less than 20% 
[3–6]. The lack of improvement in outcomes for 
these patients underscores the desperate need for 
novel therapeutic approaches to combat this 
deadly disease [7–9].

One can clearly infer from the clinical data 
that, in most patients, disseminated osteosarcoma 
cells find refuge within the lung and evade che-
motherapy. Furthermore, the strong proclivity 
that disseminated osteosarcoma has for lung tis-
sue suggests that resident lung cells, those 
recruited to the metastatic niche, and the signal-
ing milieu that they generate create an environ-
ment particularly favorable to metastatic 
colonization. If true, attempting to disrupt critical 
interactions between osteosarcoma cells and the 
cells that compose the metastatic niche within the 
lung could create novel therapeutic strategies for 
preventing metastatic disease or even for treating 
established metastatic lesions. However, a mech-
anistic understanding of the cellular and molecu-
lar features of the metastatic osteosarcoma niche 

that can facilitate such rational targeting is cur-
rently lacking but crucial to developing new 
approaches for patients with disseminated 
osteosarcoma.

In this chapter, we will outline the steps of the 
metastatic cascade that culminate in the forma-
tion of macro-metastatic disease in patients with 
osteosarcoma, as suggested by our best current 
knowledge. We will start by highlighting the 
stresses imposed on disseminated tumor cells, 
which must be overcome to colonize secondary 
organs. These stresses create profound inefficien-
cies that drive massive cellular attrition known as 
the metastatic bottleneck. We will provide several 
brief examples of cell-autonomous mechanisms 
that osteosarcoma cells utilize to overcome these 
stressors and traverse the metastatic bottleneck, 
then describe a series of recent observations that 
illustrate how reciprocal interactions between 
lung epithelial cells and osteosarcoma cells gen-
erate non-cell-autonomous pathways crucial for 
successful lung colonization.

While separated for the purpose of discussion, 
the thoughtful reader will recognize that cell- 
autonomous and non-cell-autonomous mecha-
nisms of metastasis are not mutually exclusive, 
but inter-related and inter-dependent. We will 
conclude by illustrating how one particular 
mechanism links cell-autonomous and non-cell- 
autonomous pathways to effect osteosarcoma 
lung metastasis.

 The Metastatic Bottleneck

Evidence from both clinical and preclinical mod-
els suggests that primary tumors release millions 
of cells into circulation [10]. Clinical specimens 
taken from patients with active disease show dis-
semination of cells from the primary tumor in the 
blood and bone marrow in most patients at time 
of diagnosis [11]. In orthotopic mouse models of 
osteosarcoma, cells can be found in circulation 
long before the primary tumor is detectable [12]. 
However, only 20–30% of patients with osteosar-
coma initially present with overt evidence of 
metastasis [2, 7]. This discrepancy between the 
efficient hematogenous dissemination of cancer 
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cells and the profoundly inefficient process of 
colonizing distant tissues illustrates a phenome-
non known as the metastatic bottleneck [13].

Quantitative methods using mouse models 
have demonstrated that, while a large percentage 
of circulating cells will arrest in metastatic paren-
chyma, nearly all of these will perish. Classic 
experiments performed by Isaiah Fidler in the 
1970s show that only 1.5% of highly selected, 
highly metastatic B16 melanoma cells injected 
intravenously will survive more than 24 hours in 
the lung [14]. By 2 weeks, less than 0.2% of the 
cells remain.

The stressors imposed by the transition from 
the favorable environment of the primary tumor 
to the relatively hostile environment of circula-
tion and distant tissues prove insurmountable for 
most tumor cells, which undergo apoptosis within 
the first 48  hours post injection, regardless of 
their underlying metastatic potential [15, 16]. 
Indeed, simply overexpressing the anti-apoptosis 
gene Bcl-2 permitted survival of otherwise non-
malignant rat embryonic fibroblasts in the lung, 
while all of these cells died in the absence of 
Bcl-2 overexpression [15].

In contrast, early metastatic events appear to 
be much more efficient. As noted above, large 
numbers of tumor cells acquire the ability to enter 
the bloodstream through intravasation, often 
facilitated by interactions with the surrounding 
stromal cells [17–19]. Transition back out of the 
bloodstream appears to be likewise a less intense 
barrier. Indeed, intravital microscopy of B16 mel-
anoma cells injected into the portal vein found 
that 80% of cells can indeed extravasate [15].

Where such questions have been asked, osteo-
sarcoma cells exhibit similar properties with 
respect to metastasis. Ex vivo monitoring of lung 
colonization by osteosarcoma cells strongly sup-
ports a model wherein cells with high and low 
metastatic capacity arrest in lung capillaries and 
extravasate efficiently [20]. Similar to findings in 
other tumor types, both high and low metastatic 
cells exhibit widespread early apoptosis. 
However, by 4–7 days, low metastatic cells cease 
to proliferate, while high metastatic cells poten-
tially grow in number [21]. Similar findings with 
slightly longer kinetics were observed in vivo.

Currently, it remains unclear whether poorly 
metastatic osteosarcoma cells eventually undergo 
apoptosis in the lung or whether they remain dor-
mant as solitary, non-proliferating cells. The 
molecular mechanisms that support growth 
through this tight metastatic bottleneck have been 
a topic of more intense investigation over the last 
decade, especially in osteosarcoma. It appears 
that diverse mechanisms contribute to this pro-
cess. Several notable findings (Fig. 7.1) are high-
lighted below.

 Cell-Autonomous Mechanisms that 
Facilitate Metastatic Lung 
Colonization in Osteosarcoma

The ability to survive the metastatic bottleneck 
depends on the tumor cell’s response to stressors 
imposed upon arrival within a foreign tissue. 
That response can involve diverse molecular and 
cellular pathways. Studies identifying differences 
in the response of low and high metastatic cells as 
they arrive in metastatic target tissues have been 
a mainstay in the discovery of these mechanisms. 
Most studies published to date describe mecha-
nisms that lie entirely within the tumor cells 
themselves—mechanisms that are cell- 
autonomous. In this section, we will discuss data 
from several studies that underscore the impor-
tance of these cell-autonomous mechanisms 
exhibited by highly metastatic osteosarcoma 
cells that allow them to survive the metastatic 
bottleneck.

 Mechanisms that Resist Late 
Apoptosis Drive the Persistence 
of Disseminated Osteosarcoma Cells

Early insights into pathways required for osteo-
sarcoma metastasis to the lung were obtained 
through differential gene expression analysis in 
mouse allograft models composed of the clonally 
related osteosarcoma cell lines K12 (low meta-
static) and K7M2 (high metastatic) [22]. 
Expression arrays found that, while there was no 
difference in the proliferation and survival of the 
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two cell lines in vitro, genes involved in cell sur-
vival, proliferation, adhesion/cytoskeleton, and 
angiogenesis were expressed at higher levels in 
the highly metastatic derivative cell line (K7M2) 
than in the poorly metastatic parent cells (K12).

Ultimately, these pioneering studies identified 
the cytoskeletal-associated protein ezrin as a key 
mediator of mechanisms important for osteosar-
coma lung metastasis [23]. Studies showed that, 
when present, phosphorylation of ezrin could 
facilitate persistence of disseminated cells that 
survived the initial period of early attrition by 
preventing late apoptosis. Extensive work by 
Khanna and colleagues later elucidated mecha-
nisms that linked phosphorylation of ezrin’s 
c-terminus to activation of protein kinase C 
(PKC), which mediates ezrin’s metastasis- 
promoting effector mechanisms [24]. Preclinical 
therapeutic studies performed by Khanna’s group 
showed that inhibition of PKC, but not other cell 
survival signaling pathways (Akt, Src, mTOR, 
MAPK), decreased survival of highly metastatic 
cells within the metastatic bottleneck but did not 
affect cell survival or proliferation in vitro [25].

 Increased Expression of HSAP5 
Facilitates Management of ER Stress 
During Metastatic Progression

Several of the stressors encountered by dissemi-
nated tumor cells converge on the endoplasmic 
reticulum (ER) stress pathway, including 
hypoxia, nutrient deprivation, acidosis, and gen-
eration of reactive oxygen species—all of which 
disrupt protein folding within the ER [26]. When 
chaperone proteins such as the HSP70 protein 
glucose-response protein 78 (grp78/HSPA5) 
become overwhelmed by the amount of unfolded 
proteins, cells activate the unfolded response 
pathway (URP). This URP can trigger both pro- 
and anti-tumorigenic activities like angiogenesis 
and apoptosis, respectively [27]. In osteosar-
coma, upregulation of HSPA5 and activation of 
the mTOR pathway in highly metastatic cells 
suggest that these cells actively inhibit URP dur-
ing metastatic progression.

Khanna’s group has demonstrated that 
MG63.3 cells (a highly metastatic subline derived 
from MG63 cells) exhibit marked upregulation of 

Motility and Invasion:
- WNT signaling

Tumor-Immune:
- Macrophage
     activation
- TGFβ

Tumor-MSC:
- FGF
- IL6
- Fibronectin

Tumor-Epithelial:
- IL6
- CXCL8
- F

Tumor-Autonomous:
- Ezrin
- PKC
- grp78
- ATF6α
- ΔNp63
- eIF4E/DDX3

Tumor-Blood:
- Factor 3
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Fig. 7.1 Both cell-autonomous pathways and intercellular signaling networks have been implicated as mechanisms 
that drive osteosarcoma lung metastasis. Several pathways discussed are identified in the diagram
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HSPA5 upon arrest within lung tissues, a 
 phenomenon not observed in the poorly meta-
static parent cells [28]. This upregulation 
occurred after the early wave of cell attrition, 
suggesting a response that occurs to stressors 
encountered during lung colonization.

Investigation by other researchers has con-
verged on this same mechanism. Work done by 
Sertil’s group demonstrating a role for ATF6α in 
osteosarcoma metastasis supports the importance 
of suppressing the URP through upregulation of 
HSPA5, as HSPA5 is a direct transcriptional tar-
get of ATF6α and a key downstream effector of 
ATF6α activity [29]. The pro-metastatic activity 
of this transcription factor and chaperone protein 
appear to be closely linked.

 Efficient Translation of Complex 
Transcripts Is Required 
for Osteosarcoma Metastatic 
Progression

While responses to ER stresses that ensure 
proper protein folding constitute important 
tumor cell reactions to stressors encountered 
during metastatic progression, increased and 
efficient translation of key mRNA transcripts 
is likewise important. Translation of complex 
5’UTR- containing transcripts appears to be 
important for osteosarcoma cell survival and 
proliferation within the lung [30]. The increased 
expression of ezrin and activation of the mTOR 
pathway appear to converge on pathways that 
enhance the energetically costly translation 
of this important group of transcripts, which 
appears to be necessary for productive coloniza-
tion of lung tissues [31, 32]. Evidence suggests 
that these mechanisms involve both the upregu-
lation and modulation of DDX3 activity and 
the activation of eIF4E [32]. While it remains 
somewhat unclear how improved translation of 
this particular class of transcripts drives metas-
tasis, panels of genes whose expression clearly 
benefits from this mechanism exist. Some of 
these, particularly DDIT4, have been used in 
high-throughput screens for inhibitors of ezrin 
activity.

 Epigenetic Changes Influence Gene 
Expression Programs to Promote 
Metastasis

While investigators have uncovered several cell- 
autonomous mechanisms that facilitate osteosar-
coma metastasis, almost none of these appear to 
result from existing or acquired metastasis- driving 
mutations. Indeed, apart from very frequent muta-
tions in p53 and Rb, there are few recurrent 
mutations or structural rearrangements found in 
osteosarcoma tumor samples taken from patients 
[33, 34]. Indeed, osteosarcoma has become 
defined by frequent profound aneuploidy and 
large-scale disruption of chromosome structure 
[34, 35]. While it has become increasingly clear 
that specific patterns of copy number variation 
play an important role in osteosarcomagenesis 
[36], it remains unclear how these metastasis-
driving genes become dysregulated. Many have 
suspected that the dysregulation of gene expres-
sion networks through epigenetic mechanisms 
might drive pro-metastatic gene programs.

Several studies have demonstrated changes that 
occur in histone occupancy on enhancers during 
tumorigenesis. These variant enhancer loci (VEL) 
invoke widespread changes in gene expression 
during osteosarcoma metastasis [37]. In one of 
the first studies of epigenetic dysregulation during 
malignant progression in osteosarcoma, Morrow 
et al. identified metastatic-VELs (Met-VELs) by 
comparing the histone landscape of patient tumor 
pairs (primary tumor and lung metastasis biopsies) 
as well as low metastatic potential cell lines with 
their highly metastatic clonal derivatives [37].

Beyond simply elucidating enhancer loci that 
become hyperactivated in the metastases, these 
analyses identified a small set of genes whose 
expression was recurrently increased by activa-
tion of these Met-VELs. These genes included, 
among others, Factor 3, a gene essential to effec-
tive blood clotting. Disruption of histone acetyla-
tion through bromodomain and extraterminal 4 
(BRD4) inhibition, shRNA-knockdown of key 
met-VEL genes such as Factor 3, and genome- 
editing disruption of the F3 enhancer all 
 significantly decreased osteosarcoma metastasis 
to lung without affecting primary tumor growth.
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Illustrating another tumor-cell-autonomous 
epigenetic mechanism that promotes malignant 
progression, Hakan Cam’s group has shown that 
a majority of osteosarcoma xenografts, cell lines, 
and human clinical samples aberrantly overex-
press an alternate isoform of p63, called ΔNp63 
[38]. While previous studies suggested that these 
ΔN isoforms of p53 family members (which 
retain DNA-binding structures but lack domains 
associated with transactivation) function primar-
ily to counteract cell cycle arrest and apoptosis 
[39], these studies in osteosarcoma cells sug-
gested distinct gain-of-function activity that 
drives features associated with malignant pro-
gression and metastasis. Similar findings in other 
tumor types now also support these findings, sug-
gesting a key role for ΔN isoform expression in 
epithelial-to-mesenchymal transformations.

Among the roles described for ΔNp63 in 
osteosarcoma, Bid and colleagues showed that 
aberrant expression in these cells drives expres-
sion of several cytokines/chemokines directly and 
produces a gene expression pattern that promotes 
angiogenesis both in vitro and in vivo [38]. Two 
important mediators of this biology described in 
that work were IL6 and CXCL8, whose expres-
sion appears to result directly from binding of 
ΔNp63 to their respective promoters, driving 
transcriptional activation. Expression of these 
genes showed strong co-variability in human 
tumor samples and demonstrated intense upregu-
lation in lung metastases relative to primary 
tumors collected from the same patients [38].

Interestingly, these same mechanisms appear 
to be recapitulated in canine osteosarcoma 
tumors, where aberrant ΔNp63 expression is 
observed in over 90% of primary tumors [40]. 
(Canine osteosarcoma has long been appreciated 
as an excellent model of spontaneous osteosar-
coma with extremely strong clinical, histologic, 
and genetic similarity to the human disease [41, 
42].) In addition to validating a role for ΔNp63 in 
cytokine/chemokine expression, these studies 
also showed how aberrant expression of ΔN can 
drive survival by blocking the p73-dependent 
expression of proapoptotic proteins PUMA and 
NOXA independent of p53 [40], which is almost 
universally lost in osteosarcoma [34].

 Tumor-Host Interactions that 
Mediate Osteosarcoma Lung 
Metastasis

Considerable work by a few small groups of 
investigators has begun to reveal non-cell- 
autonomous mechanisms that drive osteosarcoma 
metastasis. The unusual predilection of osteosar-
coma for colonizing lung tissue and bone (but not 
other organ systems) suggests that tumor-host 
interactions unique to those environments gener-
ate especially favorable growth conditions. 
Understanding the cell types and the mechanisms 
at play within the metastatic niche has potential 
to identify pathways critical to metastatic spread 
that may be vulnerable to therapeutic 
intervention.

When disseminated tumor cells arrest and 
establish within a metastatic niche, they become 
surrounded by the support cells and extracellular 
matrix that define the microenvironment of the 
metastatic target organ. These tissues supply cues 
that regulate survival, proliferation, migration, 
and angiogenesis as well as those that dictate 
immune reactivity and that identify abnormal 
cells for elimination [43]. Some elements unique 
to the lung metastatic niche have received atten-
tion from those studying other tumor types. These 
have identified cell-cell signaling pathways that 
mediate quiescence/dormancy [44], susceptibil-
ity to chemotherapy [45–48], metastatic out-
growth [49, 50], maintenance of stemness 
[50–52], and other metastasis-associated behav-
iors. In many of these cases, the cancer cells 
themselves manipulate the surrounding cells to 
elicit behaviors that promote survival and prolif-
eration within the metastatic niche.

 Elements of Both Host- and Tumor- 
Derived Extracellular Matrix Promote 
Osteosarcoma Survival and Stemness 
During Metastasis

Disseminated tumor cells maintain intimate asso-
ciation with the foreign extracellular matrix that 
surrounds them. Elements of that stroma may 
have importance for maintaining the survival of 
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the stemlike metastasis initiating cells during the 
early stages of colonization within the micromet-
astatic niche. The Zhu group has shown that host- 
derived FGF signaling initiates a fibrogenic 
program in osteosarcoma cells that reprograms 
those cells in a way that maintains stemness and 
survival [53]. This signaling initially requires 
mTORC1 activation [52], but data suggests that 
the subsequent production of fibronectin by the 
tumor cells alters the surrounding matrix in a way 
that maintains this programming independent of 
those host signals [53]. This work provides an 
excellent illustration of how initially “normal” 
behaviors of the lung stromal cells can drive pro-
cesses that, due to abnormalities in both the cel-
lular context (osteoid-producing mesenchymal 
cells don’t normally interact directly with pulmo-
nary cells in a postnatal human) and in the dys-
regulated genetic programming of the tumor cell, 
drive a restructuring of the micrometastatic envi-
ronment into something very abnormal that sup-
ports malignant progression.

 Interactions with Resident Immune 
Surveillance Mechanisms 
and Infiltrating Cells Facilitate 
Immune Evasion

On establishing residence within the micrometa-
static niche, tumor cells will interact with cells of 
the immune system, both those that reside within 
the lung and those that infiltrate the niche in 
response to signals from both host and malignant 
cells. Indeed, a key impediment to maintaining 
colonization is avoiding immune detection and/
or suppressing the antitumor immune response. 
Extensive work led primarily by Eugenie 
Kleinerman’s group has elucidated mechanisms 
important to this immune evasion, including 
some novel mechanisms that invoke barrier prop-
erties specific to the privileged sites of the lung 
[54–56]. Work in this area has led to several 
translational opportunities, including a large 
multinational trial investigating the effects of an 
immunomodulating drug—one of the few thera-
pies that have demonstrated a positive effect on 
osteosarcoma metastasis since the advent of 

MAP (methotrexate, doxorubicin, cisplatin) ther-
apy in the late 1970s [57–59]. These concepts are 
discussed in detail in Chapter ∗∗∗.

 Tumor-Educated Mesenchymal Stem 
Cells Facilitate Growth 
of Disseminated Osteosarcoma Cells 
Through IL6 Production

Nonimmune mesenchymal cells also infiltrate the 
metastatic niche and may play an important role 
in establishing a tumorigenic microenvironment. 
Such infiltration may recapitulate early embry-
onic developmental effects [60] in an inappropri-
ate developmental context. Baglio et al. recently 
demonstrated that membrane-bound TGFβ on 
extracellular vesicles produced by osteosarcoma 
cells stimulates massive IL6 production by mes-
enchymal stem cells [61]. Activation of this mul-
tistep pathway, including the IL6-dependent 
activation of STAT3 within the tumor cells, 
directly promoted growth of disseminated osteo-
sarcoma cells into metastatic lesions. Importantly, 
these pathways demonstrated targetability, as 
administration of anti-IL6 antibodies reversed 
the effect and reduced metastatic lesions in the 
mice [61].

 Bidirectional Cytokine Signaling 
Between Osteosarcoma Cells 
and Lung Parenchyma Regulates 
Metastatic Progression

While significant attention has been given to cells 
that infiltrate the micrometastatic niche and the 
ways that these influence malignant progression, 
much less attention has gone to the ways that 
tumor cells might interact with the resident lung 
tissues that make up this niche. Defining and 
characterizing the signaling between lung cells 
and osteosarcoma may provide insight into 
potentially novel therapeutic approaches. It is 
likely that highly metastatic osteosarcoma cells 
elicit paracrine signaling pathways with lung 
parenchymal cells that promote metastatic colo-
nization and progression. Identifying these 
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mechanisms could not only point directly to tar-
getable intercellular signaling pathways but may 
lead to identification of specific tumor-cell- 
intrinsic vulnerabilities. For instance, if a cyto-
kine promotes survival within the metastatic 
niche, then the pathways activated within the 
tumor cell when that cytokine engages its recep-
tor may be critical for survival of those cells 
elsewhere.

Work by the Roberts’ group identified IL6 and 
CXCL8 as genes associated with osteosarcoma 
metastasis in a group of primary-metastatic 
tumor pairs from pediatric patients [62]. This 
work independently corroborated the findings of 
Bid et  al. (who had identified both genes as 
important targets of ΔNp63 in osteosarcoma 
[38]), of Baglio et  al. (who identified IL6 as a 
mediator of MSC-driven osteosarcoma cell sur-
vival within the metastatic niche [61]), and of 
Paoloni et al. (who identified CXCL8 as a poor 
prognostic marker in both canine and human 
osteosarcomas [42]).

These previous studies, however, presented 
important discrepancies, particularly with respect 
to the source of IL6 and CXCL8 and their effec-
tor mechanisms. Some studies suggested mesen-
chymal stem cells as the relevant source of IL6 
[61], others that tumor cells produced their own 
IL6 [38, 40], while most evaluated only whole 
tumor extracts, leaving the source ambiguous. 
Using tumor-specific inducible knockdowns, 
Gross et al. showed that cytokine knockdown in 
the tumor cells was far more effective than recep-
tor knockdown in the same cells, suggesting a 
critical role for tumor-derived IL6 and CXCL8 in 
metastatic lung colonization [62].

Further evidence for this hypothesis came 
from efforts to integrate the work previously 
done by Hakan Cam’s group. Interestingly, while 
those previous studies demonstrated ΔNp63- 
dependent expression of IL6 and CXCL8 in 
osteosarcoma cells [38], Gross et al. showed that 
cells deprived of serum did not express these 
genes—that doing so required some second sig-
nal. ΔN-expressing cells responded nicely to 
serum stimulation, producing high levels of IL6 
and CXCL8, and even higher levels were pro-
duced when the same osteosarcoma cells were 

exposed to supernatants from primary lung epi-
thelial cells [62]. These results suggest that aber-
rant ΔNp63 expression primes osteosarcoma 
cells to produce IL6 and CXCL8 upon interac-
tion with epithelial cells within the lung, an effect 
mediated by soluble lung-derived factors.

Mechanistic support for the importance of this 
ΔNp63/IL6/CXCL8 axis in osteosarcoma lung 
colonization comes from genetic manipulation 
experiments. Poorly metastatic OS-25 osteosar-
coma cells, which do not express ΔNp63 at base-
line, were endowed with IL6/CXCL8 expression 
and metastatic capacity when transduced with a 
virus that drove ΔNp63. Conversely, highly met-
astatic, ΔNp63-expressing OS-17 cells lost both 
IL6 and CXCL8 expression upon RNAi-mediated 
ΔNp63 knockdown, which abrogated their abil-
ity to colonize murine lungs. Virus-mediated IL6 
and CXCL8 expression in the ΔN-knockdown 
cells restored metastatic capacity, suggesting that 
IL6 and CXCL8 function directly as mediators 
and effectors of ΔNp63-mediated metastatic lung 
colonization [62]. These studies provide a cogent 
illustration of pathways that can link cell- 
autonomous phenomena (like aberrant ΔNp63 
expression) with non-cell-autonomous mecha-
nisms (such as lung cell-derived factors that trig-
ger IL6 and CXCL8 production in these cells). 
Fig. 7.2 illustrates how the end results of ΔNp63/
IL6/CXCL8 pathway activation may link a num-
ber of the mechanisms previously described.

Importantly, these pathways have proved tar-
getable. In the same work published by Gross 
et al., exploration of the therapeutic potential for 
IL6 and CXCL8 blockade yielded interesting 
results [62]. While inhibition of the receptors for 
IL6 or CXCL8 alone had very modest effects in 
their murine models, simultaneous targeting of 
both pathways demonstrated profoundly syner-
gistic effects. Eighty-five percent of mice treated 
with simultaneous IL6 and CXCL8 pathway 
inhibition became long-term survivors, while 
100% of mice receiving vehicle succumbed to 
metastatic disease. These treatments had no 
effect on proliferating cells in culture or on ortho-
topically growing tumors in mice, suggesting that 
the mechanism dealt with mechanisms derived 
from tumor-host interactions encountered in the 
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lung microenvironment [62]. Similar reductions 
in tumor burden were seen in mice bearing osteo-
sarcoma tumors representing several different 
cell lines, though it is unclear whether these 
results translate into the same profound effects 
seen with the OS-17 cells used in the long-term 
survival studies. Ongoing studies are evaluating 
similar therapeutic approaches in canine patients 
affected with osteosarcoma.

Unfortunately, the specific mechanism by 
which IL6 and CXCL8 affect metastasis remains 
elusive. While multiple investigators have inde-
pendently identified these genes as important for 
the process by which osteosarcoma cells colonize 
lung tissues, none have demonstrated how they 
do so or why they are necessary. This remains an 
active area of research in multiple laboratories. 
Further investigation into the granular details of 
these mechanisms will enhance our understand-
ing and may identify additional targetable 
vulnerabilities.

 Conclusions

Mechanisms that allow disseminated osteosar-
coma cells to persist and proliferate within the 
otherwise hostile microenvironment of the lung 
remain poorly understood. However, work com-
pleted to date would suggest the utility of such 
study. Genetic or epigenetic specialization of 
small subpopulations endow those cells with 
mechanisms for survival that allow this extremely 
small number of cells to persist when the vast 
majority of their counterparts cannot. Targeting 
osteosarcoma cells during this vulnerable transi-
tion may prove to be a unique therapeutic oppor-
tunity for preventing relapse and a unique 
scientific opportunity for discovering pathways 
most critical to the survival of all osteosarcoma 
cells. The integration of multiple emerging lines 
of research that results from rapidly improving 
technical capacity, from steadily increasing 
knowledge about the behavior of osteosarcoma 

Fig. 7.2 The ΔNp63/IL6/CXCL8 axis drives lung colo-
nization in some models of osteosarcoma metastasis. (a) 
A subset of tumor cells aberrantly expresses high levels of 
ΔNp63. This primes them to produce very high levels of 
IL6 and CXCL8 on interaction with pulmonary epithe-
lium upon dissemination. IL6 and CXCL8 facilitate colo-

nization of the lung by: (b) providing autocrine survival 
signals to a subset of metastasis initiating cells, allowing 
them to avoid apoptosis, and (c) recruiting circulating 
tumor cells and immune cells into the metastatic niche, 
activating them in ways that promote the formation of 
clinically relevant, mostly oligoclonal metastases (d)
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cells within the lung environment, and from a 
recently precipitous improvement in our under-
standing of the mechanisms of osteosarcomagen-
esis promise to accelerate our understanding of 
these processes in the coming years. Translation 
of these findings into rational, effective, and tol-
erable treatments will be increasingly important. 
While the process of discovery can often sur-
prise, optimism is warranted.
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Abstract

Wnt molecules are a class of cysteine-rich 
secreted glycoproteins that participate in 
various developmental events during 
embryogenesis and adult tissue homeostasis. 
Since its discovery in 1982, the roles of Wnt 
signaling have been established in various key 
regulatory systems in biology. Wnt signals 
exert pleiotropic effects, including mitogenic 
stimulation, cell fate specification, and 
differentiation. The Wnt signaling pathway in 
humans has been shown to be involved in a 
wide variety of disorders including colon 
cancer, sarcoma, coronary artery disease, 

tetra-amelia, Mullerian duct regression, eye 
vascular defects, and abnormal bone mass. 
The canonical Wnt pathway functions by reg-
ulating the function of the transcriptional 
coactivator β-catenin, whereas noncanonical 
pathways function independent of β-catenin. 
Although the role of Wnt signaling is well 
established in epithelial malignancies, its role 
in mesenchymal tumors is more controversial. 
Some studies have suggested that Wnt signal-
ing plays a pro-oncogenic role in various sar-
comas by driving cell proliferation and 
motility; however, others have reported that 
Wnt signaling acts as a tumor suppressor by 
committing tumor cells to differentiate into a 
mature lineage. Wnt signaling pathway also 
plays an important role in regulating cancer 
stem cell function. In this review, we will dis-
cuss Wnt signaling pathway and its role in 
osteosarcoma.

Keywords

Osteosarcoma · Wnt · β-Catenin · Dickkopf · 
Cancer stem cell · Wnt inhibitory protein · 
Frizzled- related protein

A. Singla · R. Yang · D. S. Geller · B. H. Hoang (*) 
Department of Orthopedic Surgery, Montefiore 
Medical Center, Albert Einstein College of Medicine, 
Bronx, NY, USA
e-mail: bahoang@montefiore.org 

J. Wang 
Department of Orthopedic Surgery, Montefiore 
Medical Center, Albert Einstein College of Medicine, 
Bronx, NY, USA 

Musculoskeletal Tumor Center, Beijing Key 
Laboratory for Musculoskeletal Tumors, Peking 
University People’s Hospital, Beijing, China 

D. M. Loeb 
Departments of Pediatrics and Developmental and 
Molecular Biology, Children’s Hospital at 
Montefiore, Albert Einstein College of Medicine, 
Bronx, NY, USA

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43085-6_8&domain=pdf
https://doi.org/10.1007/978-3-030-43085-6_8#DOI
mailto:bahoang@montefiore.org


126

 Introduction

Wnt molecules are a class of cysteine-rich 
secreted glycoproteins that participate in 
various developmental events during 
embryogenesis and adult tissue homeostasis. 
Since its discovery in 1982, the roles of Wnt 
signaling have been established in various key 
regulatory systems in biology. The term Wnt 
combines the Drosophila segment polarity gene 
Wingless and the mouse proto-oncogene Int-1. 
Currently, 19 different Wnt proteins have been 
identified in the human genome [1, 2]. Wnt 
signals exert pleiotropic effects, including 
mitogenic stimulation, cell fate specification, 
and differentiation. It is a complex, tightly 
regulated pathway with many functions, whose 
involvement in cancer reinforces the notion that 
oncogenesis is a form of development gone 
awry. The Wnt signaling pathway in humans 
has been shown to be involved in a wide variety 
of disorders including colon cancer, coronary 
artery disease, tetra-amelia, Mullerian duct 
regression, eye vascular defects, and abnormal 
bone mass [2, 3].

The canonical Wnt pathway functions by reg-
ulating the function of the transcriptional coacti-
vator β-catenin, whereas noncanonical pathways 
function independent of β-catenin. In the devel-
opment of the bone, the canonical Wnt/β-catenin 
pathway is required for osteoblast differentiation, 
enhanced ossification, and suppression of chon-
drocyte formation. Recent reports of conditional 
inactivation of β-catenin in skeletal progenitors 
using Cre lines have revealed that β-catenin is 
essential for differentiation of mature osteoblasts 
and consequently for bone formation. Lack of 
β-catenin leads to a failure of perichondral and 
periosteal cells to express the osteoblast commit-
ment factor Osterix, resulting in a chondrogenic 
fate [4, 5]. Loss-of-function and gain-of-function 
mutations in low-density lipoprotein receptor-
related protein 5 (LRP5), a Wnt receptor, are 
associated with osteoporosis- pseudoglioma syn-
drome and high bone mass phenotypes, respec-
tively [6, 7]. LRP5 expression has also been 
shown to be a marker for disease progression in 

high-grade osteosarcoma (OS), and its suppres-
sion may lead to reduction in  local or systemic 
disease burden [8, 9].

The association between Wnt/β-catenin signal-
ing and colon cancer is well recognized. Blocking 
β-catenin signaling has generated a significant 
interest in colon cancer treatment [10]. Although 
the role of Wnt signaling is well established in epi-
thelial malignancies, its role in mesenchymal 
tumors is more controversial. Some studies have 
suggested that Wnt signaling plays a pro-onco-
genic role in various sarcomas by driving cell pro-
liferation and motility [11–14]; however, others 
have reported that Wnt signaling acts as a tumor 
suppressor by committing tumor cells to differen-
tiate into a mature lineage [15–18]. In addition, 
the Wnt signaling pathway plays an important role 
in regulating cancer stem cell (CSC) function 
[19]. In osteosarcoma, stem cells have activated 
Wnt/β-catenin signaling, and Wnt inhibition can 
thus reduce drug resistance [20, 21].

Osteosarcoma (OS) is the most common pri-
mary bone malignancy in children and young 
adults. With the current multidisciplinary 
treatments, 60–70% of patients with localized 
disease survive [22]. Unfortunately, the long- 
term survival of patients with relapsed disease is 
only about 20% [23]. Despite aggressive efforts 
to strengthen and modify chemotherapy, the 
outcome of patients with OS has not significantly 
improved over the past few decades [24]. In this 
review, we will discuss Wnt signaling pathway 
and its role in osteosarcoma.

 Overview of Wnt/β-Catenin 
Signaling Pathway

 The Canonical Wnt Pathway

In the inactive state, there is an absence or inhibi-
tion of Wnt, which enables cytoplasmic β-catenin 
to form a complex with multiple proteins, includ-
ing Axin, adenomatous polyposis coli gene prod-
uct (APC), casein kinase 1 (CK1), and glycogen 
synthase kinase 3β (GSK3β) [2, 25–27] (see 
Fig. 8.1). Within this complex, CK1 and GSK3β 
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act in concert to phosphorylate β-catenin, which 
is then targeted by the E3 ubiquitin ligase β-Trcp 
for proteasomal degradation. When Wnt ligands 
bind to their target membrane receptors frizzled 
and LRP5/6, cytoplasmic disheveled (Dvl) causes 
phosphorylation of the complex, leading to an 
inhibition of GSK3β. The resulting cytoplasmic 
accumulation of non-phosphorylated β-catenin 
promotes its translocation into the nucleus. 

Within the nucleus, β-catenin forms a complex 
with T-cell transcription factor (TCF), lymphoid 
enhancer-binding factor (LEF), and other 
transcriptional coactivators to induce the 
transcription of multiple downstream target genes 
(e.g., c-Myc, cyclin D1) that promote cellular 
proliferation [2, 28].

In addition to Wnt ligands and receptors, five 
families of Wnt antagonists have been identified: 

Fig. 8.1 Overview of Wnt/β-catenin signaling
In the absence or inhibition of Wnt, the cytoplasmic 
β-catenin forms a complex with Axin, adenomatous 
polyposis coli (APC), casein kinase 1 (CK1), and 
glycogen synthase kinase 3β (GSK3β). CK1 and GSK3β 
phosphorylate β-catenin. β-Trcp (E3 ubiquitin ligase 
subunit) recognizes this complex and targets β-catenin for 
proteasomal degradation. The Wnt antagonists WIF1, 
sFRP, and cerberus bind directly to Wnt ligands. The 
DKK family proteins competitively bind to Wnt receptor 
LRP5/6. The DKK proteins have two cysteine-rich 
domains, cysteine-rich domain 1 (CRD1) and CRD2. 
DKK-1 binds to LRP5/6 through the CRD1 domain, and 
DKK-1 binds to cytoskeleton- associated protein (CKAP) 

4 through CRD2 to induce proliferation in normal and 
tumor cells in a β-catenin- independent manner via the 
PI3K/AKT pathway
In the presence of Wnt binding to targeted receptors 
frizzleds, low- density lipoprotein receptor-related protein 
5 and 6 (LPR 5/6), and disheveled (Dvl), the complex 
becomes phosphorylated, leading to the inhibition of 
GSK3β. Cytoplasmic non- phosphorylated β-catenin 
accumulates, inhibiting its degradation and promoting 
translocation to the nucleus. A complex with transcription 
factors, including T-cell transcription factor (TCF), 
lymphoid enhancer-binding factor (LEF), and 
transcriptional coactivators, leads to transcriptional 
activity of multiple downstream target oncogenes
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Wnt inhibitory factor 1 (WIF1), secreted 
frizzled- related proteins (sFRP1–5), Dickkopf 
(DKK) proteins, cerberus, and the Wise/SOST 
family. Among these, WIF1, sFRP, and cerberus 
bind directly to Wnt ligands. The DKK family 
proteins and SOST competitively bind to Wnt 
receptor LRP5/6. The DKK proteins have two 
cysteine- rich domains, cysteine-rich domain 1 
(CRD1) and CRD2. DKK-1 binds to LRP5/6 
through the CRD1 domain, and more recently, it 
has been recognized that DKK-1 binds to 
cytoskeleton- associated protein (CKAP) 4 
through CRD2 to induce proliferation in normal 
and tumor cells in a β-catenin-independent 
manner via the PI3K/AKT pathway [29].

 The Noncanonical Wnt Pathways

Noncanonical Wnt pathways play important roles 
in embryonic and tissue development, 
homeostasis, and bone formation. Wnt5a is one 
of the major ligands for noncanonical Wnt 
signaling. Planar cell polarity (PCP) and Wnt/
calcium are the major noncanonical Wnt 
pathways (Fig. 8.2). These pathways are initiated 
by Wnt/frizzled signaling rather than β-catenin 
transcriptional function. Disheveled (Dvl) is 
downstream of both canonical and noncanonical 
signaling pathways and has three different 
domains, i.e., DIX, PDZ, and DEP. DIX and PDZ 
domains function in canonical pathway to 
stabilize β-catenin. In noncanonical planar cell 
polarity (PCP) pathway, activation of small 

Fig. 8.2 Noncanonical Wnt signaling. The activation of 
frizzled by Wnt is mediated by disheveled or heterotrimeric 
G-proteins. The planar cell polarity pathway is mediated 
by small GTPase (Rho and Rac), JNK, and Cdc42, which 

is activated by PKC. Ca2+-calcineurin pathway activates 
NFAT to regulate the gene expression. Ca2+-induced 
CaMKII-TAK1-NLK pathway suppresses canonical Wnt 
signaling by inhibiting β-catenin-dependent transcription
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GTPases, Rho and Rac, occurs downstream of 
DEP domain. The PCP pathway regulates the 
cytoskeletal architecture to affect cell migration 
via the activation of c-Jun NH2-terminal kinase 
(JNK).

In the Wnt/Ca2+ pathway, frizzled activation 
by Wnt leads to activation of heterotrimeric 
G-proteins. Activated G-protein regulates 
phospholipase C (PLC), phosphodiesterase 
(PDE), and p38, which on activation release 
intracellular Ca2+ to activate calcium-sensitive 
enzymes such as protein kinase C (PKC), 
calcineurin (CaCN), and Ca2+/calmodulin- 
dependent kinase II (CaMKII). PKC activates the 
small GTPase Cdc42, which is a key regulator of 
PCP to remodel the actin cytoskeleton and control 
the polarity of cells. Nuclear factor of activated 
T-cells (NFAT) is the downstream target of 
CaCN. NFAT enters the nucleus to regulate target 
gene expression and regulates cell proliferation 
and differentiation. TGF-β-activated kinase-1 
(TAK1)/Nemo-like kinase (NLK) are downstream 
targets of CaMKII that antagonize β-catenin- 
mediated canonical signaling [30, 31].

 Wnt Signaling in Osteosarcoma

The role of Wnt signaling in osteosarcoma is 
controversial. The majority of studies report that 
Wnt signaling is pro-tumorigenic (Table  8.1); 
however, other studies also suggest that Wnt is 
tumor suppressive (Table  8.2). Tissue samples 
from osteosarcoma patients have been used to 
correlate various components of the Wnt pathway 
with clinical outcomes. In our study, RNA 
isolated from fresh-frozen osteosarcoma tissue 
was used to examine the expression of the Wnt 
receptor LRP5 by RT-PCR.  LRP5 RNA 
expression statistically correlated with worse 
event-free survival in patients [8], and a dominant- 
negative LRP5 decreased tumorigenicity and 
metastasis of OS in  vivo in nude mouse 
experiments [9]. Furthermore, it appears that 
blocking Wnt/LRP5 signaling can reduce tumor 
invasiveness by reversing the epithelial-to- 
mesenchymal transition [32]. Some recent 

studies also report Wnt/β-catenin signaling 
activation in osteosarcoma [13, 33]; however, 
others have shown that the Wnt/β-catenin 
signaling activation occurs only in the cancer 
stem cell (CSC) subpopulation of osteosarcoma 
cells and not in parental cells. It is the CSCs that 
are thought to be responsible for relapse, 
metastasis, and resistance to chemotherapy, so if 
targeting Wnt signaling can eliminate these cells, 
this may offer a new therapeutic approach that 
may improve patient outcomes [20, 21, 34]. 
There are some reports of DKK-1, a Wnt 
inhibitor, possibly playing a pro-tumorigenic role 
[15–17, 35, 36].

By using siRNA to suppress Wnt5a, Enomoto 
et  al. demonstrated reduced invasiveness and 

Table 8.1 Recent studies suggesting Wnt is 
pro-tumorigenic

Author/
year

Protein of 
interest Clinical relevance

Fang 
et al. 
2018 
[11]

Small 
molecular 
inhibitor of 
Wnt, 
PRI-724

Treatment with it leads to 
decreased cell proliferation, 
migration, invasion, colony 
formation

Neves 
et al. 
2018 
[21]

IWR-1 
tankyrase 
inhibitor

IWR-1 inhibits translocation 
of β-catenin to the nucleus. It 
impairs self-renewal capacity 
of stem cells and hampers 
the activity and expression of 
stemness-related markers

Zhao 
et al. 
2015 
[113]

Naked 
cuticle 
homolog 2 
(NKD2) 
gene, a down 
regulator of 
Wnt 
signaling

Downregulation of NKD2 
expression found in 
metastatic and recurrent 
OS. Overexpression of 
NKD2 decreases cell 
proliferation and metastasis 
ability in vivo and in vitro by 
inhibiting Wnt signaling

Neves 
et al. 
2015 
[34]

Nuclear 
β-catenin

Exposure to conventional 
chemotherapy induces 
transition to stem-like 
phenotype associated with 
activation of Wnt/β-catenin 
signaling

Neves 
et al. 
2015 
[20]

Nuclear 
β-catenin

Cancer stem cells show 
activation of Wnt/β-catenin 
signaling as evident by 
increased nuclear β-catenin, 
TCF/LEF activity, and Axin2 
expression
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invadopodia formation in OS cells. These results 
suggest the role of noncanonical Wnt in conferring 
the invasive properties of osteosarcoma [37].

 Wnt Antagonists in Osteosarcoma

 WIF1

The antagonist Wnt inhibitor factor 1 (WIF1) is 
frequently downregulated in cancer cells, includ-
ing prostate, breast, lung, and bladder cancer 
and  in osteosarcoma [38, 39]. In these cancers, 
silencing of the WIF1 promoter by hypermethyl-
ation is associated with Wnt signaling activation 
[40–43]. In human osteosarcoma, silencing of 
WIF1 by promotor hypermethylation was shown 
to be associated with loss of differentiation, 
increased β-catenin levels, and increased prolif-
eration, and in mice experiments, disruption of 
WIF1 accelerated osteosarcomagenesis [44]. 
Recently, we demonstrated that re-expressing 
WIF1  in OS cell lines inhibits anchorage-inde-
pendent growth and cellular motility and 
decreases proteolytic enzyme matrix metallopro-
teinases (MMP-9 and MMP-14). In vivo, inject-
ing WIF1-transfected OS cells into nude mice 
showed reduced tumorigenesis and pulmonary 
metastasis [39].

 sFRP

Frzb, a member of the secreted frizzled-related 
protein (sFRP) family, is another Wnt antagonist 
that has been associated with cancer. It has an 
amino-terminal cysteine-rich domain (CRD) that 
is homologous to the ligand-binding domain of 
frizzled [45]. Frzb prevents receptor signaling 
primarily by binding to extracellular Wnt ligands, 
preventing the ligand-receptor interaction [46]. 
Frzb re-expression has been shown to inhibit 
tumorigenesis and invasiveness in both prostate 
and fibrosarcoma cancer cells. Recently, systemic 
and local levels of sFRP3 were found to be 
decreased in osteosarcoma [47].

Table 8.2 Recent studies suggesting Wnt is anti- 
tumorigenic in osteosarcoma

Author/year
Protein of 
interest Clinical relevance

Goldstein 
et al. 2016 
[16]

Wnt 
signaling 
inhibitor 
DKK-1

Anti-DKK-1 antibody 
slowed the growth of tumor 
and inhibits metastasis. 
This effect was correlated 
with increased nuclear 
beta-catenin and increased 
expression of bone 
differentiation marker 
osteopontin

Cai et al. 
2010 [18]

GIN 
(GSK3β 
inhibitor)

Absence of nuclear staining 
of β-catenin is found in 
90% of OS cell lines, 
whereas all osteoblastomas 
demonstrated strong 
nuclear β-catenin staining. 
GIN activates Wnt/β- -
catenin pathway as shown 
by translocation of 
β-catenin into the nucleus. 
GIN significantly reduces 
cell proliferation and 
enhances differentiation in 
OS cell lines

Lee et al. 
2007 [35]

DKK-1 DKK-1 is highly expressed 
by OS tumors, and the level 
in blood is proportional to 
number of surviving OS 
cells in the tumor. DKK-1 
is maximally expressed by 
OS in tumor periphery 
suggesting that it may have 
a role to prevent the repair 
of surrounding osteoid as 
the tumor expands

Krause 
et al. 2014 
[36]

DKK-1 DKK-1 decreases cell 
differentiation potential, 
increases proliferation, and 
enhances osteolytic 
capacity. DKK-1 acts by 
shifting the balance of Wnt 
signaling in favor of 
Jun-mediated noncanonical 
Wnt pathways. This results 
in activation of RhoA and 
JNK and transcriptional 
activation of ALDH1 
through Jun-responsive 
promoter elements

Gregory 
et al. 2003 
[17]

Antibody 
to DKK-1

Anti-DKK-1 antibody 
increases the lag phase of 
OS cells
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 DKK-1: Tumor Suppressor or Pro- 
tumorigenic Factor?

The role of DKK-1 in Wnt signaling pathways is 
complex (Fig. 8.3). Human DKK-1 inhibits the 
canonical Wnt signaling pathway by binding to 
the transmembrane receptor LRP5/6, preventing 
interaction with Wnt ligands [48]. More recently, 
it has been recognized that DKK-1 also binds to 
cytoskeleton-associated protein (CKAP) 4 to 
induce cell proliferation in normal cells and in 
tumor cells in a β-catenin-independent manner 
by activating the PI3K/AKT pathway [29]. 
DKK-1 has immunomodulatory role by 
attenuating the canonical Wnt signaling pathway, 
thereby facilitating cell-mediated immune 
evasion by natural killer cells [49].

Inhibition of Wnt by recombinant DKK-1 
decreases both nuclear β-catenin and cytoplasmic 
β-catenin. Cytoplasmic β-catenin helps in 
formation of adherens junctions. DKK-1 decreases 
cell-cell adherence which is required for 
differentiation of the cells. Inhibiting Wnt signaling 
by DKK-1 in human mesenchymal stem cells can 
transform them to form high-grade undifferentiated 
sarcoma-like tumors in mice, and conversely, 
re-establishing Wnt signaling in these tumors can 
differentiate them along mature connective tissue 
lineage [15]. DKK-1 has contrasting effects on 
tumors and surrounding stroma. They may not 
only slow down tumor cell proliferation but also 
exert potent osteo-inhibitory effects on the stroma 
and maintain the tumor niche. DKK-1 was shown 
to inhibit osteogenesis in osteosarcoma cells and 
the surrounding tissue when implanted in  vivo. 
DKK-1 also had the unexpected effect of 
increasing proliferation and resistance to metabolic 
stress in  vitro. This effect was attributed to the 

upregulation of the stress response enzyme and 
cancer stem cell marker aldehyde dehydrogenase-1 
(ALDH-1) via noncanonical planar cell polarity 
Wnt signaling [36].

Inhibiting DKK-1 leads to positive signaling 
through canonical Wnt/β-catenin/LEF pathway 
which drove cells out of cell cycle toward 
differentiation and postmitotic state. The link 
between DKK-1 and noncanonical Wnt pathway 
was also suggested as DKK-1 downregulates 
Ap-1/JNK pathway and thereby decreases the 
expression of cell adhesion protein VCAM-1 [17].

Whether DKK-1 is pro- or anti-tumorigenic 
may depend on cellular context also. A tumor- 
suppressive role has been demonstrated in renal 
cell carcinoma and in colon cancer [50–53], but 
there are reports suggesting that DKK-1 is pro- 
tumorigenic in esophageal, pancreatic, 
hepatocellular, gastric, and prostate cancers and 
in multiple myeloma [54–63].

In prostate cancer, DKK-1 is expressed at high 
levels in early-stage disease and decreases once 
the primary tumor progresses to metastasize, 
which can unmask the Wnt-mediated osteoblastic 
activity and promote the development of 
osteoblastic osseous metastases [56]. DKK-1 has 
a complex role in organotropic metastasis in 
breast cancer, suppressing lung metastasis by 
suppressing noncanonical Wnt-JNK and  Wnt/
Ca2+ signaling and promoting bone metastasis 
through canonical Wnt signaling [64].

In osteosarcoma, DKK-1 has been shown to 
have an unexpected role in cancer survival and 
resistance to stress via tipping the balance of Wnt 
signaling in favor of the noncanonical planar cell 
polarity pathway [36]. Another recent report has 
shown increased nuclear β-catenin and expression 
of the bone differentiation marker osteopontin on 

Fig. 8.3 Functions of DKK-1
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treating the osteosarcoma with a neutralizing anti-
body against -DKK-1, resulting in decreased 
tumor growth and metastasis, suggesting that 
DKK-1 also regulates the canonical pathway [16].

Taken together, these studies have called into 
question the role of DKK-1 as a tumor suppressor 
and suggest that DKK-1 may be pro-tumorigenic 
in certain contexts [15–17, 35, 36].

 DKK-3

Dickkopf-3 (DKK-3), also known as reduced 
expression in immortalized cells (REIC), is 
downregulated in multiple cancer cell lines, 
although its exact oncogenic suppressive 
mechanism is still unknown [65].

In osteosarcoma cells, DKK-3 has been 
shown to block β-catenin nuclear translocation, 
leading to inhibition of downstream LEF/TCF 
activation. The ectopic expression of DKK-3 and 
dominant- negative LRP5 mutant in osteosarcoma 
cell lines substantially decreases cell invasion 
and motility [66]. Furthermore, DKK-3 
suppresses tumorigenesis and pulmonary 
metastasis in nude mice when transfected into 
osteosarcoma cells [67].

 SOST

Sclerostin is another glycoprotein known to 
antagonize Wnt/β-catenin signaling in osteoblasts 
by binding to LRP5/6 and inhibiting osteoblast 
differentiation, activity, and survival [68, 69]. 
The SOST gene encodes for sclerostin, and its 
inhibition has been an area of interest for the 
treatment of osteoporosis [70, 71]. The FDA 
recently approved romosozumab, a monoclonal 
antibody against sclerostin, in postmenopausal 
women with osteoporosis at high risk of fracture. 
This agent has shown promising results in recent 
clinical trials for fracture prevention in osteopo-
rosis [72, 73]. A recent study has shown that after 
SOST gene silencing, mRNA and protein expres-
sion of Wnt-1, β-catenin, c-Myc, cyclin D1, 
MMP-7 and more, which promotes proliferation, 
invasion, and migration, inhibits apoptosis of 
osteosarcoma cells [74].

 Naturally Occurring Small Molecules

The small-molecule compound curcumin is a 
natural ingredient in turmeric, which shows an 
inhibitory effect against β-catenin/TCF signaling 
among several cancer cell lines [75]. Hallett et al. 
found that PKIF118-310, a natural compound of 
microbial origin and a small-molecule inhibitor 
of Wnt signaling (β-catenin/TCF inhibitor II), 
given to breast-tumor-bearing syngeneic mice 
arrested tumor growth in  vivo [76]. In 
osteosarcoma, Leow et al. demonstrated that both 
curcumin and PKIF118-310 suppressed both 
intrinsic and activated β-catenin/TCF 
transcriptional activities using luciferase reporter 
assays. These compounds also reduce nuclear 
β-catenin and inhibit osteosarcoma cell migration 
and invasion in a dose-dependent manner. These 
anticancer effects are associated with decreased 
expression of several oncogenes, such as cyclin 
D1, c-Myc, and survivin [77]. Resveratrol, a 
natural grape product, has shown to inhibit 
proliferation of osteosarcoma cells by 
downregulating the expression of β-catenin [78].

 Other Small Molecules

Besides naturally occurring antagonists, two new 
classes of small molecules that perturb the Wnt 
pathway have been reported. The first class of 
compound inhibits the membrane-bound 
acyltransferase Porcupine, which is involved in 
Wnt protein posttranslational modification. The 
second class nullifies the destruction of Axin, 
which is known to suppress the Wnt/β-catenin 
signaling [79]. Huang et al. [80] have described 
tankyrase inhibition by stabilizing Axin. 
Tankyrase interacts with Axin and stimulates its 
degradation through the ubiquitin-proteasome 
pathway. Tankyrase inhibitors, by attenuating 
Wnt/β-catenin signaling, have shown potential 
therapeutic effects in hepatocellular and 
colorectal cancers [81, 82]. Stratford et  al. [83] 
demonstrated the efficacy of tankyrase inhibitor 
in three osteosarcoma cell lines. They reported 
stabilization of Axin2 and reduced cell growth 
due to delay in cell cycle progression and 
induction of caspase-3-mediated apoptosis. They 
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also noticed that the miRNA of let-7 family was 
upregulated following treatment. Small-molecule 
inhibition of Wnt signaling by inhibiting 
tankyrase 1/2 enzymes was found to be cytotoxic 
to multiple osteosarcoma cell lines [84]. IWR-1, 
another tankyrase inhibitor, was shown to be 
specifically cytotoxic to osteosarcoma cancer 
stem cells [21] (Fig. 8.4).

A study by Grandy et  al. identified another 
small-molecule inhibitor of Wnt which interacts 
with the PDZ domain of dishevelled [85]. 
Dishevelled (Dvl) is an essential component of 
the Wnt signaling pathway, which transduces 
Wnt signals from the frizzled receptor to 

downstream targeted components. Through 
structure-based ligand screening and NMR 
spectroscopy, these investigators were able to 
discover a small-molecule inhibitor (3289-8625) 
with an affinity to the PDZ domain of Dvl. It was 
shown to suppress the tumorigenesis of prostate 
cancer PC-3 cells and decrease Wnt signaling in 
the hyaloid vessel system and may prove to have 
similar affects in osteosarcoma cells.

Fig. 8.4 Primary tumor contains few cancer stem cells 
which have the ability to self-renew. These stem cells have 
sphere-forming capability and have upregulated stem cell 
markers such as SOX-2, KLF4, Oct 3/4, Nanog, ALDH, 
and CD133

IWR-1, tankyrase inhibitor, inhibits the translocation of 
β-catenin from cytoplasm to nucleus, and salinomycin is a 
small-molecule inhibitor of LRP6 and it activates GSK3β 
to degrade the β-catenin in cytoplasm

8 Wnt Signaling in Osteosarcoma



134

 Other Drugs Recently Shown 
to Inhibit OS

Tegavivint, a novel β-catenin/transducing β-like 
protein 1 (TBL1) inhibitor, has been shown to 
have antitumor activity in acute myeloid leukemia 
and multiple myeloma in preclinical trials and in 
a clinical trial for desmoid tumor. In osteosarcoma, 
this agent exhibits antiproliferative activity 
in vitro and reduces micro- and macrometastatic 
disease development in  vivo. Metastatic 
osteosarcoma cell lines exhibited increased 
ALDH1 and β-catenin expression which was 
suppressed by tegavivint [86].

Niclosamide is a drug that inhibits Wnt/β- -
catenin signaling by suppressing LRP6 
expression. This compound has been shown to 
inhibit the proliferation of human osteosarcoma 
cell lines by targeting multiple pathways and 
inducing apoptosis [87, 88]. Its role is also being 
studied in triple-negative breast cancer [89].

 Therapy Against Wnt Target Genes 
in Osteosarcoma

Given the abundance of data suggesting Wnt/β- -
catenin involvement in tumorigenesis, there is a 
need to discover ways to mitigate Wnt 
transcriptional activation [27, 90]. Several 
strategies have been proposed to exploit the Wnt 
pathway for cancer therapy by targeting it at the 
extracellular, cytoplasmic, or nuclear level [91, 
92]. The challenge to some of these strategies is 
that the Wnt pathway is a vast network that also 
regulates normal cell functions, tissue 
regeneration, and stem cell differentiation. 
Depending on how this pathway is targeted 
(extracellular, cytoplasmic, nuclear), detrimental 
side effects may be incurred. Targeting Wnt/β-
catenin signaling at the extracellular level is a 
strategy that focuses on secreted Wnt antagonists, 
including WIF1, DKK-1, and sFRPs. Restoring 
the expression of these antagonists in antagonist- 
deficient tumors may prove to be helpful in 
reducing the proliferation of OS cells. Another 
strategy that simulates the mechanisms of Wnt 
antagonists is to create anti-Wnt monoclonal 

antibodies that can induce apoptosis of OS cells 
by blocking the Wnt-frizzled interaction. 
Therapeutic monoclonal antibodies against 
Wnt-1 and Wnt-2 have demonstrated inhibition 
of Wnt signaling and suppression of tumor 
growth in hepatocellular carcinoma and 
melanoma, respectively [93, 94]. This model can 
also be explored and potentially replicated for 
OS. Besides the extracellular level, we can aim to 
target the cytoplasmic components, such as 
β-catenin-binding domain of APC, for tumor 
suppression. Shih et  al. showed that in colon 
cancer cells, re-expression of a recombinant 
adenovirus with APC (with known β-catenin- 
binding repeats) can inhibit nuclear translocation 
of β-catenin as well as β-catenin/TCF-mediated 
transactivation [95]. At the nuclear level, targeting 
the β-catenin/TCF transcriptional activity is 
widely regarded as impossible because the 
interacting surface between the transcription 
factor and DNA is huge and subject to significant 
changes during DNA binding. Targeting the 
downstream mediators, such as c-Myc, cyclin 
D1, and survivin, is being explored. In OS, the 
hepatocyte growth factor receptor c-Met is 
another Wnt target gene that is frequently 
overexpressed. Recent evidence suggests that 
c-Met can transform normal human osteoblasts 
into OS cells [96]. Therefore, c-Met is a candidate 
Wnt-related gene that can be explored for OS 
therapeutics. Nonsteroidal anti-inflammatory 
drugs (NSAIDS) are thought to impact the Wnt 
pathway by inhibiting the accumulation of 
prostaglandin E2, which ultimately decreases 
degradation of β-catenin. NSAIDs have mainly 
shown chemo-preventative effects against colon 
cancer [97]. Xia et al. demonstrated the effects of 
celecoxib (cyclo-oxygenase-2 inhibitor) on 
inhibiting β-catenin-dependent survival of a 
human OS cell line (MG-63). Not only did 
β-catenin protein decrease in the cytosol and 
nucleus following celecoxib treatment, but also 
there was a significant reduction of the Wnt target 
gene c-Myc and CCND1 [98]. As mentioned 
previously, using small-molecule inhibitors 
identified by high-throughput screens can be 
helpful to make an impact on OS therapy. These 
inhibitors are known to target β-catenin/TCF 
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antagonists and transcriptional coactivator 
modulators along with the PDZ domain of Dvl 
[85]. Juan et al. have shown antitumor effect of 
blockade of Porcupine, an acyl-transferase 
essential for Wnt ligand secretion and activity, 
that diminished WNT  →  β-catenin → c-MYC 
signaling [99].

 Wnt/B-catenin Signaling and Stem 
Cells

The Wnt/β-catenin pathway not only has a role in 
tumorigenesis but also has been suggested to 
exert diverse regulatory effects on cancer stem 
cells (CSC) [100]. Stem cells in general are 
defined as having the ability to self-renew along 
with creating specialized cells. Several groups of 
investigators have examined the Wnt pathway 
and its effects on specific stem cell functions 
[101]. As early as the 1990s, Korinek et  al. 
demonstrated the association between mutated 
TCF4 and subsequent depletion of intestinal stem 
cells. Studies on the role of stem cells in hair 
follicle formation have suggested that Wnt 
inhibitors play a prominent role in regulating the 
stem cell microenvironments [102]. Gibbs et al. 
were first to identify a subpopulation of cells in 
osteosarcoma which were able to grow in spheres 
in serum-free conditions [103, 104]. In OS cell 
lines, Tirino et  al. identified a subpopulation of 
CD133+ cells with self-renewal properties, higher 
proliferation, spherical formation, and expression 
of the stem cell-associated gene OCT3/4 [105]. In 
addition, elevated aldehyde dehydrogenase 
(ALDH) activity in normal stem cells and solid 
tumor CSC has led to the use of ALDH as a means 
of identifying CSC in sarcomas. Wang et al. found 
that OS cell lines containing a subpopulation of 
cells with high ALDH activity possess increased 
tumorigenic capacity, proliferative capacities, 
self-renewal, and expression of stem cell markers 
[106]. Neves et al. isolated the cancer stem cells 
from MNNG/HOS cell lines using the sphere 
formation assay. These cells possessed self-
renewal and multipotential differentiation 
capabilities [107]. They expressed several 
markers of pluripotent embryonic stem cells such 

as Oct4, Nanog, ABC transporter P-glycoprotein, 
and BRCP.  Compared to parental cells, CSC 
exhibits low metabolic activity and is more 
resistant to chemotherapy and irradiation. In 
subsequent studies, these investigators found that 
CSC has active Wnt/β- catenin signaling and 
overexpress SOX2 and KLF4, which are 
stemness-related genes. In osteosarcoma, 
chemotherapeutic drugs promote a stem-like 
phenotype through Wnt/β-catenin pathway, and 
hence targeting this pathway might be effective in 
overcoming the stemness that non- stem cells 
might acquire after treatment [20, 21, 34].

IWR-1, tankyrase inhibitor, was shown to be 
specifically cytotoxic to osteosarcoma cancer 
stem cells by inhibiting the translocation of 
β-catenin from cytoplasm to nucleus [21]. 
Salinomycin is a novel small-molecule inhibitor 
of LRP6, and it activates GSK3β in cancer cells 
[108]. Salinomycin can also block β-catenin/
TCF4 complex formation and has demonstrated 
to selectively inhibit stem cells in breast cancer, 
colorectal cancer, and leukemia [109]. Tang et al. 
found that salinomycin selectively targets 
osteosarcoma stem cells both in vitro and in vivo, 
potentially through Wnt/β-catenin signaling 
pathway. They demonstrated that tumor samples 
treated with salinomycin have decreased 
expression of both β-catenin and cyclin D1 by 
immunohistochemistry confirmed with western 
blotting [110]. To overcome the poor solubility of 
salinomycin, Ni et  al. developed salinomycin- 
entrapped nanoparticles labeled with CD133 
aptamers which could target and kill CD133+ 
osteosarcoma CSCs [111]. Chen et  al. recently 
constructed salinomycin-entrapped nanoparticles 
labeled with EGFR and CD133+ aptamers to 
simultaneously target both osteosarcoma cells 
and CSCs [112].

 Summary

Wnt signaling plays an important role in osteo-
sarcoma proliferation, metastasis, and cancer 
stem cells. The Wnt ligands can play their role 
through canonical and noncanonical signaling 
pathways which are tightly regulated and demon-
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strate cross talk with each other. Wnt signaling 
also plays a role in the tumor microenvironment 
and immunomodulation. Most of the studies 
which suggest that Wnt signaling is tumor sup-
pressive studied the Wnt antagonist DKK-1, 
which affects both canonical and noncanonical 
Wnt signaling. There is probably a fine balance 
between these different pathways, and it is tip-
ping the balance in one way or the other that can 
affect the response. This is a promising area for 
the development of targeted therapies, though 
with concern for toxicities given the key role Wnt 
signaling plays in normal stem cell function. 
Future studies are needed to study this balance 
more closely and create therapeutic interventions 
to help patients with osteosarcoma and other can-
cers related to this important signaling pathway.
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Abstract

The primary conclusions of our 2014 contri-
bution to this series were as follows:

• Multiple receptor tyrosine kinases (RTKs) 
likely contribute to aggressive phenotypes in 
osteosarcoma and, therefore, inhibition of 
multiple RTKs is likely necessary for success-
ful clinical outcomes.

• Inhibition of multiple RTKs may also be use-
ful to overcome resistance to inhibitors of 
individual RTKs as well as resistance to con-
ventional chemotherapies.

• Different combinations of RTKs are likely 
important in individual patients.

• AXL, EPHB2, FGFR2, IGF1R, and RET were 
identified as promising therapeutic targets by 
our in vitro phosphoproteomic/siRNA screen 
of 42 RTKs in the highly metastatic LM7 and 
143B human osteosarcoma cell lines.

This chapter is intended to provide an 
update on these topics as well as the large 
number of osteosarcoma clinical studies of 
inhibitors of multiple tyrosine kinases (multi- 
TKIs) that were recently published.
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 AXL

AXL, from anexelekto, the Greek word for uncon-
trolled, was originally identified as a transform-
ing gene in chronic myelogenous leukemia. It is 
the primary member in the mesenchymal lineage 
of the TAM family of RTKs that also includes 
TYRO3 and MER. GAS6 is the primary ligand 
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for the TAM RTKs. The initial evidence suggest-
ing that AXL might be important in osteosarcoma 
was that AXL is the most highly upregulated 
(~40-fold) of the 637 measured cancer-related 
mRNAs in highly metastatic subclones of the 
HuO9 human osteosarcoma cell line [5]. 
Osteosarcoma cell lines also had the second high-
est level of AXL mRNA of the 37 types of cancer 
cell lines included in the Broad Institute Cancer 
Cell Line Encyclopedia [1]. A phosphopro-
teomics study found abundant AXL phosphoryla-
tion in all four human osteosarcoma cell lines 
that were studied [6]. AXL expression may be 
higher in tumors than in those cell lines as its 
transcription is induced by hypoxia, at least in 
epithelial cancers [7]. In that regard, AXL was 
detected by immunohistochemistry in 30 out of 
40 human osteosarcomas but in only 8 out of the 
40 adjacent noncancerous tissues [8]. Most 
importantly, high levels of AXL mRNA corre-
lated with poor clinical outcomes in a study of 68 
osteosarcoma patients [9]. Osteosarcoma cell 
lines also had the seventh highest level of GAS6 
mRNA of the human cancer cell lines included in 
the Broad Institute Cancer Cell Line Encyclopedia 
[1]. In contrast, GAS6 mRNA is downregulated 
in primary osteosarcoma biopsies and human 
osteosarcoma cell lines compared with both bone 
marrow-derived stromal cells and osteoblasts 
[10]. Moreover, low levels correlated with poor 
clinical outcomes in that study of 83 osteosar-
coma patients [10]. A high level of immunostain-
ing for active phosphorylated AXL was also 
reported to correlate with poor clinical outcomes 
in osteosarcoma patients [11]. However, we 
(unpublished data) found that the anti-phospho- 
AXL antibody used in that study is not specific 
when used for immunohistochemistry.

Our in vitro phosphoproteomic/siRNA screen 
identified AXL as contributing to migration, 
invasion, and non-adherent colony formation, 
but not to cell growth, by the highly metastatic 
143B human osteosarcoma cell line [4]. More 
recently, we found that AXL shRNA also inhib-
its migration, non-adherent colony formation, 
and growth of sarcospheres generated from 
highly metastatic human osteosarcoma cell lines 

[12]. Other investigators reported that AXL 
shRNA inhibits proliferation and induces apop-
tosis of the MG63 human osteosarcoma cell line 
[8] and GAS6 inhibits apoptosis and increases 
migration by the MG63 and U2OS human 
osteosarcoma cell lines [11]. All of those in vitro 
results are consistent with our finding that stable 
transfection of two different AXL shRNA con-
structs reduced tumor growth by ~70% and the 
number of metastases by ~90% by the 143B cell 
line in orthotopic murine xenografts [12]. A 
miR-199a-3p mimic downregulates AXL mRNA 
and inhibits in vitro migration by the MG63 and 
U2OS human osteosarcoma cell lines [13]. 
Moreover, high levels of that miR correlated 
with better clinical outcomes in a study of 30 
osteosarcoma patients [13]. The same group of 
investigators went on to show that overexpres-
sion of the lncRNA DANCR upregulates AXL; 
increases proliferation, migration, invasion, and 
expression of stemness genes by the HOS and 
143B human osteosarcoma cell lines in  vitro; 
and increases tumor growth and the number of 
metastases formed by the 143B cell line in sub-
cutaneous murine xenografts [9]. Moreover, 
high levels of DANCR correlated with poor clin-
ical outcomes in osteosarcoma patients [9].

Multiple small-molecule inhibitors that tar-
get the ATP-binding domain of AXL are in 
development [14, 15]. Most, if not all, of them 
target multiple RTKs [14, 15]. More specific 
inhibition can be achieved by targeting the 
extracellular domain of AXL and the other TAM 
family RTKs with small molecules [16], neu-
tralizing antibodies [17], decoy receptors [18], 
or nucleic acid aptamers [19]. However, the 
polypharmacology of the more common inhibi-
tors that target the intracellular ATP-binding 
domain may contribute to their potential clinical 
efficacy [2, 3]. For example, BGB324 (previ-
ously known as R428), which is often consid-
ered to be specific for AXL, also potently 
inhibits a number of other RTKs, including RET 
[16, 20]. Indeed, BGB324 inhibits growth in our 
in  vitro 3D sarcosphere platform [21] by both 
AXL-dependent and AXL- independent mecha-
nisms [12].

E. M. Greenfield et al.



143

AXL and the other TAM RTKs can cause 
resistance to conventional chemotherapeutics 
and kinase inhibitors in many other cancers [15, 
22, 23]. Molecular mechanisms responsible for 
that resistance include feedback loops that 
increase expression of the TAM RTKs or their 
ligand, GAS6, cross talk with other kinases or 
other oncogenes, and induction of dormancy [15, 
22–28]. AXL and the other TAM RTKs also 
repress innate immunity [29], and targeting their 
activity might therefore be especially useful in 
combination therapy with liposomal muramyl tri-
peptide, a macrophage activator approved for 
osteosarcoma therapy in Europe [30]. Activation 
of innate immunity by targeting AXL or the other 
TAM RTKs may also increase the efficacy of T 
cell-mediated immune checkpoint therapy [31, 
32]. The discovery of T cell-mediated cancer 
immunotherapy received the 2018 Nobel Prize in 
Physiology or Medicine [33] and has also 
received considerable attention as a potential 
therapy for osteosarcoma [34, 35].

 EPHB2

EPHs were originally discovered in an 
erythropoietin- producing hepatocellular carci-
noma cell line as a homologue of the viral onco-
gene v-fps. The 14 mammalian EPHs comprise 
the largest RTK family [36]. EPHA3, EPHB2, 
and EPHB3 mRNAs were highly expressed in 
human osteosarcoma tissue samples when com-
pared to primary human osteoblasts [37]. 
Proteomic studies showed that cell surface levels 
of EPHA2, EPHB2, and EPHB4 are, respec-
tively, 12-, 43-, and 20-fold more abundant on 
five human osteosarcoma cell lines than on pri-
mary human osteoblasts [38] and found abundant 
EPHB2 phosphorylation in one of the four tested 
human osteosarcoma cell lines [6]. Our in vitro 
phosphoproteomic/siRNA screen detected higher 
levels of EPHA2, EPHA4, and EPHB2  in the 
highly metastatic LM7 human osteosarcoma cell 
line than in its nonmetastatic parental SAOS-2 
cell line and identified EPHB2 as contributing to 
migration and non-adherent colony formation, 
but not to cell growth or invasion, by the LM7 

cell line [4]. We confirmed the siRNA results 
with EPHB2 antisense experiments [4]. Other 
investigators showed that mRNAs encoding 
EFNA5 and EFNB1, two of the ligands that acti-
vate EPHB2 as well as a number of other EPH 
RTKs, are upregulated in human osteosarcomas 
and EFNB1 mRNA level was prominent in sam-
ples from patients with poor clinical outcomes 
[39]. EPHB2 is also highly expressed in SYT- 
SSX2- positive synovial sarcoma tissues, and 
SYT-SSX2-induced stabilization of the microtu-
bule network is blocked by soluble forms of the 
extracellular domain of EPHB2 that bind and 
inactivate its ligands [40]. Given that osteosarco-
mas arise from relatively immature members of 
the osteoblast lineage [41], it is intriguing that 
EPHB2 and the other EPH RTKs modulate dif-
ferentiation at multiple steps in that lineage [36, 
42, 43].

 FGFR2

FGFRs were originally identified biochemically 
on fibroblasts and muscle cells as membrane 
receptors that bind fibroblast growth factors. All 
four of the FGFRs are amplified in human osteo-
sarcomas [44–47]. Those amplifications can pre-
dict responsiveness to NVP-BGJ398, a fairly 
specific inhibitor of FGFR1-3, and are associated 
with a poor response to conventional osteosar-
coma chemotherapy [45, 46]. A phosphopro-
teomics study found abundant FGFR1 
phosphorylation in all four human osteosarcoma 
cell lines that were studied and abundant phos-
phorylation of FGFR2 and FGFR4  in two of 
them [6]. A separate study found abundant 
FGFR1 phosphorylation in ~70% of human 
osteosarcomas but did not examine the other 
FGFRs [48]. Moreover, the intensity of total 
FGFR immunostaining in primary osteosarco-
mas correlated with metastasis and reduced sur-
vival [49]. Both FGFR1 and FGFR2 were 
identified as contributing to viability of human 
osteosarcoma cell lines in a kinome-wide siRNA 
screen [50]. Our in  vitro phosphoproteomic/
siRNA screen detected higher levels of FGFR2 
and FGFR3 in the highly metastatic LM7 human 
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osteosarcoma cell line than in its nonmetastatic 
parental SAOS-2 cell line and identified FGFR2 
as contributing to migration and non-adherent 
colony formation, but not to cell growth or inva-
sion, by the LM7 cell line [4]. We confirmed the 
siRNA results with FGFR2 antisense experi-
ments [4].

Signalling by FGFR2 can support stemness in 
many cancers, including osteosarcoma [51, 52]. 
An elegant study recently showed that FGFR2 
signalling induces fibrogenic reprogramming in 
human osteosarcoma cell line-derived stem cells, 
which, in turn, induces growth of metastases in 
the lung microenvironment without affecting 
growth of the primary tumor [49]. Those results 
led to experiments in which nintedanib, an inhib-
itor of FGFR1–3, reduced stemness and the fibro-
genic reprogramming and increased apoptosis in 
the stem cells derived from human osteosarcoma 
cell lines as well as in stem cells derived from all 
six of the primary human osteosarcomas that 
were studied [49]. Moreover, a preventive regi-
men of nintedanib blocked lung metastasis fol-
lowing tibial or tail vein injection of the Well5 
human osteosarcoma cell line, and even more 
impressively, a therapeutic regimen of nintedanib 
caused regression of lung metastases [49]. A pre-
ventive regimen of another FGFR inhibitor, 
AZD4547, reduced metastasis from an ortho-
topic human osteosarcoma xenograft model [53]. 
PD173074, in combination with doxorubicin, 
inhibited growth and stemness of the primary 
tumors in a murine syngeneic subcutaneous 
model, while neither agent had detectable effects 
as monotherapies [52]. It should however be 
noted that nintedanib, AZD4547, and PD173074 
inhibit multiple tyrosine kinases with similar or 
greater potency than the FGFRs [54, 55].

 IGF1R

IGF1R was originally identified biochemically 
as the type 1 membrane receptor that binds 
insulin- like growth factors Ι and ΙΙ. 
Amplification of IGF1R occurs in 14–31% of 
osteosarcomas, depending on the threshold 
used to define amplification [56, 57]. Those 

studies also found other genetic events pre-
dicted to activate IGF1R (amplifications of 
IGF1 or IGF2 and deletions of either IGF2R, 
IGFBP3, or IGFBP5) in an additional 4.5–19% 
of the osteosarcomas. IGF1R mRNA and 
IGF1R protein levels are substantially increased 
in human osteosarcomas compared with adja-
cent noncancerous tissues [58], and a phospho-
proteomics study found abundant IGF1R 
phosphorylation in three of the four human 
osteosarcoma cell lines that were studied [6]. 
IGF1R mRNA and IGF1R protein levels are 
substantially increased in human osteosarco-
mas compared with adjacent noncancerous tis-
sues [58]. Moreover, higher IGFIR protein 
levels in the tumors are associated with poor 
clinical outcomes in both human [58, 59] and 
canine osteosarcomas [60]. At least eight miRs 
have been reported to inhibit proliferation and 
other in vitro measures of osteosarcoma aggres-
siveness in part by targeting IGF1R [61–68]. 
IGF2 siRNA substantially reduced growth of 
the MG63 human osteosarcoma cell line in 
low-serum cultures [69], and exogenous IGF2 
can induce dormancy in both human and murine 
osteosarcoma cell lines and thereby induce 
resistance to methotrexate, doxorubicin, and 
cisplatin [70]. Consistent with those in  vitro 
findings, elevated IGF2 serum levels are associ-
ated with decreased event-free survival in 
osteosarcoma patients [69], and IGF2 mRNA 
tumor levels were reduced post- chemotherapy 
in the five osteosarcoma patients who responded 
well to chemotherapy but were either unchanged 
or increased 13-fold in the two osteosarcoma 
patients who did not respond [70].

IGF1R is one of the most studied RTKs in 
osteosarcoma [71]. We therefore consider the 
identification of IGF1R as contributing to cell 
growth, migration, invasion, and non-adherent 
colony formation by the highly metastatic LM7 
human osteosarcoma cell line as validation of our 
in vitro phosphoproteomic/siRNA screen [4]. We 
confirmed the siRNA results with an IGF1R- 
neutralizing antibody [4]. Other investigators 
found that stable transfection of IGF1R shRNA 
reduced adhesion, migration, and invasion 
in vitro as well as the number of metastases and 
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increased survival of mice following tail vein 
injection of the U2OS human osteosarcoma cell 
line [58]. A recent study showed that IGF1R 
upregulation is responsible for the increased 
in  vitro measures of osteosarcoma aggressive-
ness that are induced by overexpression of 
CYR61/CCN1 [72]. We [73] and other investiga-
tors [74] found that picropodophyllin, which was 
originally described as an IGF1R inhibitor [75], 
reduced growth, migration, and non-adherent 
colony formation and induced apoptosis by mul-
tiple human osteosarcoma cell lines. However, 
subsequent studies showed that the effects of pic-
ropodophyllin are primarily due to microtubule 
destabilization, rather than inhibition of IGF1R 
[76, 77].

IGF-binding proteins (IGFBPs) can inhibit 
IGF1R activity by sequestering IGFs [78]. In that 
regard, IGFBP3, IGFBP4, IGFBP6, and IGFBP7 
mRNA levels were downregulated in primary 
osteosarcomas and in two osteosarcoma-patient- 
derived xenografts compared with mesenchymal 
stem cells before and after osteogenic differentia-
tion [37, 79]. Similarly, IGFBP5 mRNA and 
IGFBP5 protein levels were substantially reduced 
in highly metastatic human osteosarcoma cell 
lines compared with isogenic, but weakly meta-
static, cell lines, and immunostaining for IGFBP5 
was reduced in metastases compared with 
matched primary osteosarcomas from the same 
patients [80]. Low levels of IGFBP4 mRNA cor-
related with poor clinical outcomes in the study 
of 83 osteosarcoma patients described above in 
the section on AXL [10]. Moreover, IGFBP5 
overexpression induced apoptosis and inhibited 
primary tumor growth and metastasis by the 
highly metastatic cell lines in orthotopic murine 
xenografts, and IGFBP5 siRNA had the opposite 
effects [80].

An IGF1R-neutralizing antibody inhibited 
primary tumor growth in subcutaneous xeno-
grafts of multiple human osteosarcoma cell 
lines [81, 82]. In a similar xenograft model, the 
combination of two neutralizing antibodies that 
bind to different epitopes on IGF1R inhibited 
primary tumor growth more effectively than 
either agent as monotherapy [83]. Three differ-
ent IGF1R- neutralizing antibodies in combina-

tion with an mTOR inhibitor reduced primary 
tumor growth more effectively than either agent 
as monotherapy in multiple subcutaneous xeno-
graft osteosarcoma models [84–86]. 
Nonetheless, multiple IGF1R-neutralizing anti-
bodies showed little clinical efficacy against 
osteosarcoma in Phase II studies, either alone 
[87, 88] or in combination with an mTOR inhib-
itor [89, 90]. Targeting IGF1R along with other 
RTKs might be more effective as dual IGF1R/IR 
inhibitors resensitized doxorubicin-resistant 
and cisplatin-resistant subclones of human 
osteosarcoma cell lines in  vitro [91, 92]. 
Moreover, the combinations of IGF1R siRNA 
and insulin receptor siRNA or neutralizing anti-
bodies against IGF1R and HER2 were more 
effective in combination than alone at reducing 
in  vitro growth of human osteosarcoma cell 
lines [69, 93]. A bispecific IGF1R/EGFR- 
neutralizing antibody inhibited both tumor 
growth and the number of metastases from the 
143B human osteosarcoma cell line in an ortho-
topic murine xenograft model [94]. Antibodies 
against either of those RTKs had less effect, 
either alone or in combination, and the authors 
suggest that the recruitment of natural killer 
(NK) cells by the bispecific antibody may 
account for its increased efficacy [94]. The 
EGFR- neutralizing antibody used in that study 
stimulates NK cell-mediated cytotoxicity 
against the SJSA-1 human osteosarcoma cell 
line in vitro [95], but we are unaware of similar 
studies with the bispecific IGF1R/EGFR-
neutralizing antibody.

Identification of biomarkers that predict which 
osteosarcoma patients will respond robustly is 
another approach that could increase the clinical 
efficacy of IGF1R inhibitors [56, 96]. In the osteo-
sarcoma clinical studies, however, responses to 
IGF1R-neutralizing antibodies, either alone or in 
combination with the mTOR inhibitor, did not cor-
relate with IGF1R mutations or amplifications or 
with levels of IGF1R mRNA or IGF1R protein [89, 
97, 98]. However, nuclear immunostaining for 
IGF1R in the absence of cytoplasmic staining is 
associated with sixfold longer progression-free 
survival and fourfold higher overall survival in a 
study of soft tissue sarcoma (n  =  9), Ewing sar-
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coma (n = 3), and osteosarcoma (n = 4) patients 
treated with IGF1R-neutralizing antibodies [97]. In 
that regard, a number of recent studies found that 
nuclear IGF1R can contribute to in vitro measures 
of aggressiveness in epithelial cancers [99–101].

 RET

RET (rearranged during transfection) was origi-
nally identified as a transforming gene in lym-
phoma. Translocation-induced RET fusion 
genes are well-known oncogenes in epithelial 
cancers such as thyroid and non-small-cell lung 
cancer [102, 103]. Although RET fusion pro-
teins have not been identified in osteosarcoma 
[56], RET point mutations or overexpression 
can also be oncogenic in the absence of translo-
cations [103, 104]. Our in  vitro phosphopro-
teomic/siRNA screen detected higher levels of 
RET in the highly metastatic LM7 and 143B 
human osteosarcoma cell lines than in their non-
metastatic parental SAOS-2 and HOS-TE85 cell 
lines and identified RET as contributing to 
migration and, to a lesser extent, non-adherent 
colony formation, but not to cell growth or inva-
sion, by the LM7 cell line [4]. We confirmed the 
siRNA results with RET antisense experiments 
[4]. Chen and colleagues reported that RET 
siRNA can also decrease migration, invasion, 
and colony formation by other human osteosar-
coma cell lines [105]. Most importantly, high 
levels of RET mRNA are associated with poor 
clinical outcomes in studies of 68 and 19 osteo-
sarcoma patients [105, 106].

Overexpression of the lncRNA MALAT1 
upregulates RET in human osteosarcoma cell 
lines in vitro, at least in part, by inhibiting miR- 
129- 5p [105]. MALAT1 overexpression increases 
and MALAT1 knockdown decreases prolifera-
tion, invasion, and colony formation by multiple 
human osteosarcoma cell lines in vitro as well as 
tumor growth in subcutaneous or peritoneal 
murine xenografts [105, 106]. Moreover, 
MALAT1 expression correlated with RET expres-
sion and negatively correlated with expression of 
miR-129-5p and survival in the study of 68 osteo-
sarcoma patients [105].

 Multi-TKIs

This section will focus on the multi-TKIs evalu-
ated in clinical studies that included patients with 
osteosarcoma (Table  9.1). All eleven of those 
multi-TKIs can inhibit at least one of the RTKs 
identified in our original phosphoproteomic/
siRNA screen [4]. For example, AXL and IGF1R 
were among the eight RTKs inhibited by imatinib 
in the HOS human osteosarcoma cell line, as 
assessed by phospho-RTK arrays [107]. 
Moreover, live cell, biochemical, and proteomic 
profiling as well as X-ray crystallography 
revealed that, among many other RTK targets, 
sunitinib can potently inhibit AXL, EPHB2, 
FGFR2, IGF1R, and RET; dasatinib can potently 
inhibit AXL, EPHB2, FGFR2, and RET; cabo-
zantinib can potently inhibit AXL, EPHB2, and 
RET; sorafenib can potently inhibit AXL, 
FGFR2, and RET; pazopanib can potently inhibit 
FGFR2, IGF1R, and RET; cediranib can potently 
inhibit AXL and RET; axitinib and regorafenib 
can potently inhibit FGFR2 and RET; crizotinib 
can potently inhibit AXL; and apatinib can 
potently inhibit RET [2, 54, 103, 108–112]. The 
polypharmacology of the multi-TKIs likely con-
tributes to their potential clinical efficacy [2, 3] 
but also can contribute to serious “off-target” tox-
icities [103, 113].

Cediranib, dasatinib, and sunitinib were 
among the most effective drugs in a screen that 
measured viability of monolayer cultures 
obtained from four primary canine osteosarco-
mas [114]. Sorafenib, the only other multi-TKI 
in Table  9.1 included in that screen, had no 
detectable effects on viability of cultures from 
any of the canine osteosarcomas. Those results 
led to dasatinib treatment of four canines with 
osteosarcoma following limb amputation and 
carboplatin chemotherapy, which is a standard-
of-care chemotherapy for canine osteosarcoma 
[115]. In two of the four canines, initial results 
suggest that dasatinib led to stable disease or 
partial remission [115]. Many multi-TKIs are 
more effective against epithelial cancers in 
hypoxic conditions [116]. Similarly, gefitinib is 
substantially more potent against human osteo-
sarcoma cell lines in low-serum cultures and in 
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Table 9.1 Clinical studies of multi-TKIs in osteosarcoma

Multi-TKI Study type
No. of evaluable osteosarcoma 
patients/disease status

Outcomes
(no. of patients, %) References

Apatinib Case report 1/Metastatic Partial response (1, 
100%)

[145]

Retrospective 2/Metastatic or recurrent No objective response [146]
Retrospective 4/Refractory and progressive Partial response (2, 

50%)
Stable disease (2, 50%)

[147]

Observational 10/Refractory and metastatic Partial response (2, 
20%)
Stable disease (5, 50%)

[148]

Retrospective 22/Refractory and either local 
unresectable or metastatic

Partial response (9, 
41%)

[149]

Retrospective 27/Refractory and metastatic Partial response (7, 
26%)
Stable disease (11, 41%)

[150]

Phase II 11/Refractory and metastatic Stable disease (10, 91%) [134]
Phase II 37/Refractory and either locally 

advanced, unresectable, or 
metastatic

Partial response (16, 
43%)
Stable disease (8, 22%)

[135]

Axitinib Phase I 2/Refractory Stable disease (2, 100%) [151]
Cabozantinib Phase I 2/Relapsed or refractory No objective response [152]
Cediranib Phase I 4/Refractory 34% reduction in size of 

lung metastases (1, 25%)
[153]

Crizotinib Phase I 7/Elapsed or refractory Stable disease (3, 43%) [154]
Dasatinib Phase I 5/Refractory No objective response [155]

Phase II 46/Unresectable, recurrent, or 
metastatic

Clinical benefit response 
(CBR)a (6, 13%)

[156]

Imatinib Phase II 10/Refractory or recurrent No objective response [157]
Phase II 27/Metastatic or locally 

advanced
Clinical benefit response 
(CBR)b (5, 19%)

[158]

Pazopanib Case report 1/Refractory and relapsed No objective response [159]
Case report 2/Recurrent and metastatic Partial response (1, 

50%)
Stable disease (1, 50%)

[160]

Case report 3/Second recurrence Stabilization of serum 
alkaline phosphatase 
level (1, 33%)

[161]

Case report 3/Refractory and metastatic Stable disease (2, 67%) [162]
Retrospective 6/Advanced, after 1–4 lines of 

therapy
Stable disease (2, 33%) [163]

Case report 15/Refractory and metastatic Partial response (1, 7%)
Stable disease (8, 53%)

[164]

Phase I 4/Recurrent or refractory Stable disease (1, 25%) [165]
Regorafenib Phase I Not stated/refractory Partial response (1) [166]

Randomized Phase II 22 + 10 in placebo group who 
crossed over after progression/
progressive and either advanced 
or metastatic, after ≥1 lines of 
therapy

Improved mean 
progression-free survival 
(3.6 months vs 
1.7 months with placebo 
group)

[136]

Randomized phase II 26/Progressive and metastatic, 
after 1–2 lines of therapy

Increased stable disease
(7, 27% vs 0% with 
placebo)

[137]

(continued)
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the presence of  doxorubicin or methotrexate 
(but not cisplatin), compared with cultures con-
taining 10% serum without chemotherapeutics 
[117]. Since 3D cultures mimic the oxygen, 
nutrient, and drug gradients found in sarcomas 
and other solid tumors [41], it is therefore not 
surprising that multi-TKIs were one of the most 
effective drug classes in our screen of FDA-
approved oncology drugs that measured effects 
on the in  vitro growth of 3D sarcospheres in 
both the absence and presence of MAP (metho-
trexate, doxorubicin, and cisplatin) standard-of-
care chemotherapeutics [118]. Moreover, six 
(cabozantinib, crizotinib, dasatinib, pazopanib, 
regorafenib, and sunitinib) of the nine multi-
TKIs in Table  9.1 that were included in our 
screen were among the top hits in at least one of 
the three tested highly metastatic human osteo-
sarcoma cell lines [118]. The three other multi-
TKIs in Table  9.1 that were included in our 
screen (axitinib, imatinib, sorafenib) had mod-
est effects. Regorafenib was also the fourth most 
effective drug in a screen that measured viabil-
ity of monolayer cultures of five human osteo-
sarcoma cell lines [119].

To evaluate the potential clinical relevance of 
the in vitro screening results described in the pre-
vious paragraph, it is important to determine 
whether the drugs are effective in vivo. Imatinib 
reduced growth of primary osteosarcomas in a 
syngeneic murine model [107]. Moreover, pre-
ventive regimens of cediranib, dasatinib, 
sorafenib, and sunitinib each had intermediate to 
high activity in multiple subcutaneous xenograft 
primary osteosarcoma models evaluated by the 
Pediatric Preclinical Testing Program [120], and 
crizotinib, pazopanib, and regorafenib reduced 
tumor growth in similar xenograft models [121–
123]. However, none of those studies [107, 120–
123] determined whether the multi-TKIs also 
block growth of osteosarcoma metastases  – the 
life-threatening process in osteosarcoma. In con-
trast, a therapeutic regimen of sorafenib caused 
regression in a subcutaneous xenograft primary 
tumor model and reduced the number and size of 
lung metastases in mice after tail vein injections 
of the SJSA-1 and MMNG human osteosarcoma 
cell lines [124, 125], and a therapeutic regimen of 
pazopanib reduced the number of lung metasta-
ses in mice after subcutaneous injection of the 

Table 9.1 (continued)

Multi-TKI Study type
No. of evaluable osteosarcoma 
patients/disease status

Outcomes
(no. of patients, %) References

Sorafenib Case report 1/Refractory, progressive, and 
metastatic

Partial response (1, 
100%)

[167]

Case report 4/Refractory and relapsed Stable disease (3, 75%) [159]
Case report 8/Metastatic (six patients) or 

local (two patients)
Partial response (6, 
75%)

[168]

Case report, combo with 
denosumab

1/Relapsed and unresectable Stable disease (1, 100%) [169]

Phase I 10/Refractory No objective response [170]
Phase I, combo with 
bevacizumab and 
cyclophosphamide

2/Recurrent or refractory Stable disease (2, 100%) [171]

Phase II 35/Metastatic, relapsed, 
unresectable, and progressive

Progression-free survival 
at 6 months (10, 29%)

[138]

Phase II, combo with 
everolimus

38/Progressive and either locally 
advanced, unresectable, or 
metastatic

Progression-free survival 
at 6 months (17, 45%)

[139]

Sunitinib Case report 5/Refractory and relapsed Partial response (1, 
20%)
Stable disease (1, 20%)

[159]

Phase I 2/Refractory Stable disease (1, 50%) [172]
aCBR: Dasatinib – Objective response within 6 months or stable disease for ≥6 months
bCBR: Imatinib – Complete or partial response at 2 or 4 months or stable disease at 2 and 4 months
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LM8 murine osteosarcoma cell line and resection 
of the resultant primary tumor [126]. Similarly, a 
therapeutic regimen of sunitinib reduced primary 
tumor growth and the number of detectable 
metastases derived from intratibial injection of 
the 143B human osteosarcoma cell line in mice 
[127], but no effect was seen in response to dasat-
inib [128], imatinib [129], or sorafenib [130] as 
monotherapies in similar models. In the later 
studies, however, combinations of doxorubicin 
with either sorafenib or imatinib were more 
effective than the monotherapies [129, 130]. 
Given the potential translational relevance [131], 
it is surprising that none of the multi-TKIs have 
been tested in animal models in combination 
with all three components of MAP chemother-
apy. In other combinations, sorafenib either with 
the mTOR inhibitor everolimus or with the CDK 
inhibitor palbociclib blocked growth in an 
MNNG human osteosarcoma cell line subcutane-
ous xenograft primary tumor model and in a 
patient-derived osteosarcoma orthotopic xeno-
graft model [125, 132, 133]. More importantly, 
the therapeutic regimen of sorafenib with everoli-
mus inhibited the number and size of lung metas-
tases more effectively than either agent as 
monotherapy following tail vein injection of the 
MNNG human osteosarcoma cell line [125]. To 
maximize clinical relevance, it will be important 
for future murine studies to focus on therapeutic 
rather than preventive regimens.

Although the available clinical trials are lim-
ited in size, some of multi-TKIs appear promis-
ing as monotherapies (Table  9.1). The most 
encouraging are the Phase II studies of apatinib 
[134, 135], regorafenib [136, 137], and sorafenib, 
both alone [138] and in combination with evero-
limus [139]. Those studies recently led to desig-
nation of regorafenib as a category 1 
recommendation by the National Comprehensive 
Cancer Network for second-line therapy of osteo-
sarcoma patients with relapsed/refractory or met-
astatic disease (NCCN Guidelines Version 
1.2020, Bone Cancer). Sorafenib alone and in 
combination with everolimus are included, 
respectively, as category 2A and 2B recommen-
dations. Multi-TKIs in ongoing clinical trials 
listed in ClinicalTrials.gov for osteosarcoma 

patients include apatinib plus gemcitabine and 
docetaxel (Phase II, NCT03742193); apatinib 
plus anti-PD1 (Phase II, NCT03359018); cabo-
zantinib (Phase II, NCT02243605 and 
NCT02867592); dasatinib plus ifosfamide, car-
boplatin, and etoposide (Phase II, NCT00788125); 
famitinib plus anti-PD1 (Phase I/II, 
NCT04044378); lenvatinib plus ifosfamide and 
etoposide (Phase I/II, NCT02432274); pazopanib 
plus topotecan (Phase II, NCT02357810); rego-
rafenib (Phase II, NCT02048371 and 
NCT03277924); sunitinib plus anti-PD1 (Phase 
I/II, NCT03277924); and sunitinib plus losartan 
(Phase I, NCT03900793). In addition, the 
Pediatric Molecular Analysis for Therapy Choice 
(MATCH) screening trial (NCT03155620) 
includes osteosarcoma patients in sub-studies of 
ensartinib, erdafitinib, larotrectinib, ulixertinib, 
and vemurafenib. Future studies will be needed 
to determine whether the multi-TKIs are more 
effective in combination with other agents and 
whether a subset of osteosarcoma patients can be 
identified that will respond to individual multi- 
TKIs. For example, levels of RTKs or their 
ligands might serve as biomarkers to predict 
responsiveness to appropriate multi-TKIs [45–
47, 56, 96].

Systemic toxicities are a major limitation 
regarding multi-TKI therapies. Strategies are 
therefore being developed to target multi-TKIs 
and other drugs to the involved tissue. For exam-
ple, intranasal administration can directly target 
multi-TKIs to osteosarcoma metastases in the 
lung [140, 141]. Another potential approach is to 
target the multi-TKIs to the tumor and/or metas-
tases following systemic administration. For 
example, a liposomal formulation of ponatinib 
inhibited primary tumor growth by the K7M2 
murine osteosarcoma cell line in a subcutaneous 
syngeneic model more effectively than a tenfold 
higher dose of free ponatinib without inducing 
the systemic toxicity caused by the free drug 
[142]. A high dose but pulsatile (once every 2 
weeks) regimen has also shown promise to 
increase efficacy and decrease toxicity of multi- 
TKIs in epithelial cancers [143, 144].

Much work, both preclinical and clinical, 
remains to be done to identify optimal  multi- TKIs, 
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optimal regimens, and the most responsive 
patients for each multi-TKI. We are nonetheless 
cautiously optimistic that multi-TKIs will ulti-
mately improve survival for osteosarcoma 
patients and/or will allow use of lower doses of 
conventional chemotherapeutics and thereby 
reduce their systemic toxicity.
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Abstract

Aldehyde dehydrogenases are a family of 
enzymes that oxidize aldehydes to carboxylic 
acids. These enzymes are important in cellular 
homeostasis during oxidative stress by the 
elimination of toxic aldehyde by-products 
from various cellular processes. In osteosar-
coma, aldehyde dehydrogenase 1A1has been 
described as a cancer stem cell marker. Its 
activity has been found to correlate with meta-
static potential and the metastatic phenotype. 
As such, a more complete understanding of 
aldehyde dehydrogenase in osteosarcoma will 
give us a deeper knowledge of its impact on 
osteosarcoma metastatic potential. Our hope 
is that this knowledge can be translated into 
novel antimetastatic therapeutic strategies and 
thus improve osteosarcoma prognoses.
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 Introduction

Osteosarcoma (OS) is the most common primary 
malignancy of bone and usually occurs in the 
long bones of youths in the first and second 
decades of life [1]. This cancer’s main diagnostic 
characteristic is the production of malignant oste-
oid by the tumor cells. Despite treatment with 
pre- and postoperative chemotherapy and wide 
surgical resection of the tumor, the overall sur-
vival of patients with OS without detectable 
metastasis is approximately 65–70% [2–6]. OS 
has a high propensity for metastasis, with the 
most common site of metastatic spread (>90%) 
being the lungs [7]. The prognosis for patients 
with detectable metastasis at the time of diagno-
sis is particularly poor, ranging from 15% to 
30%. In turn, survival is ultimately dependent 
upon the presence or absence of pulmonary met-
astatic disease [2, 6, 8, 9].

The prognosis of patients with OS has not 
improved in the past several decades secondary 
to the lack of treatments that specifically targets 
OS metastatic biology. This problem remains 
unsolved due to our limited understanding of 
the mechanisms that are critical for the progres-
sion of metastatic disease. There is an unmet 
need to develop better understanding of OS 
metastasis in order to optimize current treat-
ment strategies and develop novel approaches 
for treatment.
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Aldehyde dehydrogenase 1A1 has been stud-
ied by our group and others for its role in OS 
metastasis. It is a tetrameric enzyme that oxidizes 
aldehydes to carboxylic acids in the human body 
and enables cells to resist oxidative stress. There 
are 19 isozymes in the human ALDH family, and 
each possesses overlapping but unique functions. 
For example, ALDH1A1 mediates retinoic acid 
signaling, whereas ALDH2 is key in oxidizing 
acetaldehydes and has a role in alcohol metabo-
lism. Many other isozymes of ALDH are impor-
tant in oxidizing reactive aldehydes derived from 
lipid peroxidation and, in turn, help maintain cel-
lular homeostasis [10].

Increased expression and activity of ALDH 
isozymes have been reported in many human 
cancers and have been associated with metastatic 
potential, regenerative capacity, drug resistance, 
and poor prognosis [10–14]. Clinical studies 
show that high ALDH1A1 (hereafter abbreviated 
simply as ALDH) activity is a predictor of poor 
survival in breast and ovarian cancer [15, 16]. On 
a cellular level, ALDH has been implicated as a 
cancer stem cell marker due to its high level of 
activity in cancer stem cells [16–21]. Cells with 
high levels of ALDH activity demonstrate 
enhanced tumorigenicity and invasion capacity 
[22]. ALDH activity has been found to correlate 
with clinical OS metastasis, and its inhibition 
in vitro diminishes the metastatic potential of OS 
cells. These findings suggest that ALDH is 
important to OS metastatic biology and may be a 
therapeutic target specific to OS cells with highly 
metastatic potential [23, 24].

ALDH’s importance in murine OS cells and 
experimental metastasis has been established in 
previous studies [22–26]. K7M2 murine OS cells 
are highly metastatic to the lungs compared with 
the much less metastatic K12 OS cells, which 
were both derived from the same parental tumor 
[27]. Highly metastatic K7M2 cells demonstrated 
greater ALDH gene expression and activity than 
the less metastatic K12 cells. When sorted with 
fluorescence-activated cell sorting 
(FACS)according to ALDH activity, K7M2 cells 
demonstrated greater ALDH activity compared 
with less-metastatic K12 cells as demonstrated in 
Fig.  10.1 [22]. As demonstrated in Fig.  10.2, 

highly metastatic K7M2 cells express signifi-
cantly more ALDH when compared to K12 cells. 
K7M2 cells were found to have a much stronger 
invasion capacity compared with K12 cells when 
tested through a semisolid Matrigel three- 
dimensional matrix, as demonstrated in Fig. 10.3 
[22, 24]. ALDH may therefore represent a thera-
peutic target specific to OS cells with high meta-
static potential.

 ALDH in Other Molecular Pathways

 Notch

The Notch signaling pathway is associated with 
ALDH activity and increased metastatic behavior 
in OS cells. Both ALDH and Notch are putative 
molecular targets for the treatment and preven-
tion of OS metastasis. In investigating Notch sig-
naling in OS metastasis, it was found that Notch 
signaling is upregulated in the highly metastatic 
murine K7M2 cells. Expression of Notch path-
way genes was investigated in K7M2 and K12 
cells, which demonstrated that Notch1, Hes1, and 
ALDH gene expressions were all upregulated in 
K7M2 cells. Notch signaling was inhibited with a 
gamma-secretase inhibitor, DAPT, to evaluate its 
effect on ALDH expression and activity. 
Expressions of ALDH, ALDH activity, and Notch 
signaling were significantly diminished after 
treatment with the gamma-secretase inhibitor 
DAPT as demonstrated in Fig. 10.4, suggesting 
crosstalk between the ALDH and Notch path-
ways as a function of OS metastatic potential.

 mTOR

The mammalian target of rapamycin (mTOR) 
pathway has also been implicated in promoting 
metastatic potential in OS cells. It may also affect 
ALDH expression and activity. Rapamycin is an 
antimicrobial agent produced by Streptomyces 
hygroscopius that also exhibits potent immunosup-
pressive and antitumor properties, likely due to its 
ability to arrest the cell cycle in G1 [28]. Rapamycin 
inhibits ALDH gene expression and enzymatic 
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activity in K7M2 cells, reduces BMP2 and VEGF, 
and inhibits K7M2 proliferation, migration, and 
invasion in vitro. After treatment with rapamycin, 
the percentage of K7M2 cells with high ALDH 
activity diminished significantly compared with 
untreated cells and approached a level of activity 
more comparable to the less metastatic K12 cells. 
The population doubling time of both K7M2 and 
K12 cells was increased by rapamycin treatment 
with the effect being more profound on KM2 cells 
[24]. Previous studies have demonstrated that 
ALDH may function to neutralize oxidative stress 
and provide chemoresistance in cancer [29, 30]. By 
reducing ALDH expression and activity with 
rapamycin, K7M2 cells became more susceptible 
to apoptotic death when exposed to oxidative stress 
via hydrogen peroxide (Fig. 10.5) [24].

 ALDH Inhibition with Disulfiram

Disulfiram is an ALDH inhibitor that has been 
used for many decades as a treatment for alco-
holism [31]. It has also been shown to inhibit 
OS cell proliferation and metastasis in  vitro. 
K7M2 cells treated with disulfiram, an irre-
versible ALDH inhibitor, demonstrated 
reduced ALDH activity and altered morphol-
ogy [22, 24]. Disulfiram decreases the mTOR 
expression and activity of K7M2 cells. 
Inhibition of ALDH with disulfiram correlated 
with decreased mTOR expression and activity. 
This provides evidence for the interaction 
between ALDH, mTOR activity, and meta-
static potential in murine OS cells [24, 25] 
(Fig. 10.6).

Fig. 10.1 ALDH activity was detected in K7M2 and K12 cells using FACS analysis and the relative amount of cells 
positive for ALDH is shown for each cell population. (Source: Mu et al. [24])

Fig. 10.2 RT-PCR was performed on K7M2 and K12 
cells in order to quantitate the relative expression of 
BMP2, BMP4, VEGF, and ALDH-1A1. GAPDH serves 
as a loading control. It can be seen that the expression of 

ALDH-1A1 is significantly higher in the highly metastatic 
K7M2 cells as compared to the much less metastatic K12 
cells. (Source: Mu et al. [24])
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 In Vivo Studies

The therapeutic efficacy of disulfiram has been 
evaluated in an immune-competent mouse 
model of metastatic OS.  Therapeutic equiva-
lence with doxorubicin in terms of the ability to 
reduce the burden of OS lung metastases was 
observed. Both disulfiram and doxorubicin 
were statistically superior to saline-treated ani-
mals. Interestingly, disulfiram and doxorubicin 

imparted different gene inductions within the 
primary tumor. As in the in  vitro data men-
tioned above, disulfiram significantly reduced 
mTOR gene expression in experimental tumors 
compared with doxorubicin-treated animals. 
There were also decreases in C-Myc and Akt 
expressions with a concomitant increase in Bad 
 expression. These data suggest that disulfiram 
and doxorubicin might be used in combination 
as they appear to work through different mech-
anisms [32].

Fig. 10.3 Cell sorting of K7M2 cells via ALDH activity 
and differential features of ALDH-high cells and ALDH- 
low cells. (a) Highly metastatic K7M2 cells were sus-
pended in Aldefluor buffer and sorted according to their 
enzymatic activity. Cells were treated with DEAB to 
block ALDH activity, and cells were deemed ALDH-high 
if their fluorescence was higher than that of the DEAB- 
treated controls. Cells were deemed ALDH-low if their 
fluorescence was lower than that of the DEAB-treated 
controls. (b) ALDH-high and ALDH-low K7M2 cell inva-
sion was tracked over a period of 24 hours with live-cell 

imaging. The ALDH-high cells displayed much greater 
invasiveness with more cells invading through the 
Matrigel (2.5%). (c) Under bright field microscopy and 
under fluorescent microscopy (after staining for actin 
(green) and nuclei (blue) ALDH-high K7M2 cells dis-
played more filopodia than ALDH-low cells. Also the 
ALDH-high cells were more irregularly shaped and were 
more pleomorphic than ALDH-low K7M2 cells, which 
were more polygonal and reminiscent of less metastatic 
K12 cells. (Source: Mu et al. [24])
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Fig. 10.4 Notch inhibition with DAPT reduces Notch 
signaling and ALDH expression. (a) RT-PCR was per-
formed on cellular RNA extracted from K7M2 cells 
treated with DAPT or vehicle only (control) in order to 
quantitate the relative expression of Notch genes. In addi-
tion, ALDH expression was compared between DAPT- 
treated and DAPT-untreated K7M2 cells. GAPDH serves 
as a loading control for both lanes. Gene expression was 

normalized using GAPDH. (b) ALDH activity was 
detected in DAPT-treated and DAPT-untreated K7M2 
cells using flow cytometry analysis, and the relative 
amount of cells positive for ALDH is shown for each cell 
population. ∗ indicates the difference is significant com-
paring DAPT-treated with nontreated samples. (Source: 
Mu et al. [22])

Fig. 10.5 Rapamycin treatment reduces ALDH activity 
and sensitizes K7M2 cells to oxidative stress. (a) ALDH 
activity was detected in K7M2 and K12 cells using FACS 
analysis and the relative amount of cells positive for 
ALDH is shown for each cell population. (b) K7M2 cells 
were treated with rapamycin or DMSO only (control) and 
analyzed by FACS as in (a). (c) K7M2 and K12 cells were 
treated with or without H2O2 (250 μM), and apoptosis was 
detected using PI staining. (d) A quantitative analysis of 

(c) illustrating the percentage of apoptotic cells after H2O2 
treatment compared to untreated controls. (e) K7M2 cells 
were treated with or without H2O2, in the presence or 
absence (DMSO only control) of rapamycin, and apop-
totic cells were detected as in (c). (f) A quantitative analy-
sis of (e) illustrating the percentage of apoptotic cells after 
H2O2 compared to untreated controls. ∗ indicates statisti-
cally significant differences (P < 0.05). (Source: Mu et al. 
[24])
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 Copper

Copper (Cu) is an essential micronutrient for 
physiologic redox reactions. It also plays an 
important role in oncogenic processes of invasion 
and metastasis [33, 34]. Many authors have 
observed that Cu potentiates the cytotoxic effects 

of disulfiram, a potent copper chelator, through 
incompletely understood mechanisms [24]. This 
combination is already being evaluated in several 
clinical trials. Based on these observations, the 
effect of Cu and disulfiram combination therapy 
was evaluated on OS cells in vitro. Commensurate 
with other observations, Cu was found to have a 

Fig. 10.6 Inhibition of ALDH with disulfiram inhibits 
the metastatic phenotype of K7M2 cells. (a) Disulfiram 
(250 μM) was added to ALDH-high K7M2 cells, and the 
cells were cultured for at least 24  hours in 10% FBS 
growth medium. RT-PCR was used to determine gene 
expression differences as a result of this treatment. Both 
mTOR and c-Myc expression were reduced as a result of 
the treatment with disulfiram. (b) Immunostaining with 

4E-BP1 confirmed that treatment with disulfiram affected 
downstream targets in the mTOR pathway. As the concen-
tration of disulfiram was increased (0 nm, 100 nm, and 
500 nm), cells displayed progressively less mTOR expres-
sion. (c) Morphologic differences after treatment with 
disulfiram were also present, with disulfiram-treated cells 
(stained for actin) appearing less pleomorphic and with 
fewer invadopodia. (Source: Mu et al. [24])
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Fig. 10.7 Combination treatment of doxorubicin, disulfi-
ram, and copper chloride effectively reduces viability of 
K7M2 cells and eliminates recovery in vitro. (a) K7M2 OS 
cells were treated with copper chloride (0.12–2 μM), disul-
firam (0.5–4  μM), and disulfiram and copper chloride 
(0.12 and 0.25 μM) for 72 hours. After treatment, trypan 
blue exclusion staining was performed to obtain viable cell 
counts. Cells were cultured again in fresh media without 
drugs present and monitored for cellular growth. Disulfiram 

potentiated with copper chloride clearly killed most cells 
over 72 hours, but all could subsequently recover in cul-
ture. (b) Doxorubicin and disulfiram combination treat-
ment also allowed for cellular recovery in vitro, but triple 
treatment with doxirubicin, disulfiram, and copper chlo-
ride resulted in over 90% killing over treatment duration 
and treatced cells did not recover after drug removal. 
Experiments were performed using three independent cell 
cultures (n = 3). (Source: Mandell et al. [35])
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Fig. 10.8 Retinal 
treatment of K7M2 cells 
decreased cell 
proliferation and 
viability. (a, b) The cell 
proliferation and 
survival capacity of 
K7M2 cells was more 
dramatic with retinal 
treatment (5 μg/mL, 
2 days), compared with 
K12 cells. (Source: Mu 
et al. [26])
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dramatic effect on disulfiram cytotoxicity in 
K7M2 and K12 cells. The combination of disulfi-
ram, Cu, and low-dose doxorubicin was also 
evaluated in vitro. This so-called triple treatment 
was the only experimental regimen from which 
K7M2 cells were fully eradicated and did not 
recover. These data suggest that combination 
therapy with these three agents should be evalu-
ated in vivo as well [35] (Fig. 10.7).

 Retinal

Retinal is another method by which ALDH can 
be targeted. Retinoic acid, a derivative of retinal, 
has antitumor properties including the induction 
of apoptosis as well as the inhibition of prolifera-
tion and differentiation of various cancer cells 
[36]. It has been shown to exert a tumor- 
suppressive effect on cells based on their interac-
tions with cyclins and cyclin-dependent kinases 
(CDKs) to prevent cell cycle progression [37]. 
Many cancer cells have been shown to have 
abnormally low levels of various retinoids. 
Retinal, a precursor of retinoic acid, can be oxi-
dized to retinoic acid by dehydrogenases, includ-
ing ALDH [38]. Previous literature demonstrated 
that retinal targets ALDH-positive cancer stem 
cells and alters the phenotype of highly meta-
static OS cells. Retinal preferentially affected the 
phenotypes of ALDH-high K7M2 cells in con-
trast with ALDH-low K12 cells, which could be 
mediated by the more efficient transformation of 
retinal to retinoic acid by ALDH in K7M2 cells. 
Retinal treatment of highly metastatic K7M2 
cells decreased their proliferation, invasion 
capacity, and resistance to oxidative stress. 
Retinal also altered the expression of metastasis- 
related genes. These results indicate that retinal 
may be used to specifically target metastatic can-
cer stem cells [26] (Fig. 10.8).

 Conclusions

These studies and examples support the concept 
that ALDH plays a key role in the metastatic biol-
ogy of OS cells. ALDH inhibition thus represents 
a viable therapeutic strategy for the targeting of 

OS metastatic potential. OS is a disease that has 
not enjoyed any improvements in prognosis for 
several decades, and it is likely that current cyto-
toxic chemotherapy treatments have reached 
their zenith. The development of ALDH inhibi-
tion and other biologically intelligent treatments 
that specifically target OS metastases are essen-
tial to the improvement of OS prognosis.
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Autophagy in Osteosarcoma

Grace Nehme and Nancy Gordon

Abstract

Osteosarcoma (OS) remains a difficult disease 
to treat. The standard chemotherapy regimen 
has not improved survival for the past three 
decades. Resistance to chemotherapy remains 
a challenge and constitutes a major concern to 
clinical investigators. Autophagy has been 
recognized as a survival mechanism impli-
cated in resistance to chemotherapy. We previ-
ously demonstrated chemotherapy to induce 
autophagy in OS. However, whether induction 
of autophagy will lead to survival or death has 
been the focus of many laboratories. 
Autophagy is a very context-dependent pro-
cess, and no specific biomarker has been iden-
tified to define whether the process will lead to 
survival or death. In the present chapter, we 
present some of the mechanisms involved in 
the process of autophagy and summarize some 
of the most recent work related to autophagy 
in OS and the challenges encountered with the 
use of old and new autophagy inhibitors.
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 Introduction

The term autophagy derives from the Greek 
meaning “eating of self.” It is a catabolic process 
by which cells self-degrade their own constitu-
ents to maintain homeostasis and allow regular 
turnover of cell components [1]. In mammals, 
three types of autophagy have been described: 
macroautophagy, microautophagy, and 
chaperone- mediated autophagy. Macroautophagy 
involves bulk degradation of cytosol and organ-
elles, microautophagy engulfs only parts of the 
cytosol or organelles, and chaperone-mediated 
autophagy involves the degradation of specific 
cytosolic proteins [2]. In this chapter, we focus 
on macroautophagy (hereafter referred as autoph-
agy), the most studied autophagy type.

Under stressful conditions such as hypoxia, 
starvation, and cytotoxicity, autophagy allows the 
recycling of cellular components to be used as a 
source of energy. Autophagy is implicated in var-
ious different biological functions. Not only it 
plays a role in cell survival but it is also impli-
cated in metabolism and development.

Autophagy has been shown to play an impor-
tant role in many diseases such as neurodegener-
ative diseases where defects in autophagy can 
result in neurodegeneration [3]. It is also associ-
ated with aging [4] and the development of auto-
immune diseases [5, 6], metabolic disorders [7], 
and cancer. Deregulation of autophagy has been 
described in many cancers such as glioblastoma, 
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melanoma, lymphoma, and other solid tumors [1, 
8]. In cancer, autophagy plays a role at different 
levels of cancer progression [1]and it is not asso-
ciated with a specific trigger.

Autophagy could promote cell survival by 
protecting malignant cells from unfavorable con-
ditions but could also serve as a tumor suppressor 
by impairing malignant transformation and pro-
moting malignant cell death through programmed 
cell death (PCD) type II [1, 9]. This dual role of 
autophagy has been demonstrated in many can-
cers including osteosarcoma (OS). Therefore, 
targeting autophagy has been the focus of many 
studies [3, 10–12].

The process of autophagy involves more than 
30 autophagy-related genes (Atg) and includes 
several steps. As shown in Fig. 11.1, the autoph-
agy process starts when a stressful signal (1) acti-
vates the Atg1 complex, comprised of Atg1, 
Atg13, Atg17, Atg29, and Atg31, which leads to 
the formation of a flat membrane cistern, the 
phagophore, via activation of the vesicle traffick-
ing complex formed by vesicle-mediated vacuo-
lar protein sorting 34 (Vps34), a phosphatidyl 
inositol 3 kinase (PI3K), and one of the first char-
acterized autophagy proteins, Beclin1. Interaction 
of these complexes and other factors help to 
recluse proteins and lipids necessary for the 
autophagosome formation (2). Completion of the 

autophagosome formation happens during elon-
gation, the next step in the autophagy process (3). 
This step is regulated by two ubiquitin-like sys-
tems: the first system involves the formation of 
the Atg12, Atg5, and Atg16 complex, which is 
mediated by the E1-like enzyme Atg7. The sec-
ond system regulates the conjugation of the 
microtubule-associated protein 1 light chain 3 
(LC3-I/Atg8) with phosphatidylethanolamine 
(PE). LC3 is first synthesized as an unprocessed 
form, proLC3, and subsequently converted to a 
proteolytically processed form, LC3-I. LC3-I is 
cleaved by the protease Atg4, modified into the 
PE-conjugated form, LC3-II, and translocated 
from the cytoplasm to the autophagosome mem-
brane. LC3 is the only known marker of the 
autophagosome (4). It also acts in cargo recogni-
tion by directly interacting with sequestosome 1 
(SQSTM1/p62) via a complex formed between 
the cargo and SQSTM1 also bound to the 
autophagosome membrane. At this stage, the lys-
osome fuses to the autophagosome, forming the 
autolysosome (5). As a final step, proteins are 
degraded in the autolysosome and amino acids 
are released into the cytoplasm. These final prod-
ucts can be used for protein synthesis or can be 
oxidized by the mitochondria electron transport 
chain to produce adenosine triphosphate (ATP) to 
use as source of energy for cell survival. All 
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 proteins involved in the phagophore and autopha-
gosome formation are released into the cytosol 
for reuse [13].

 Regulation of Autophagy 
in Osteosarcoma

Autophagy is regulated through different mecha-
nisms. The most studied mechanism involves the 
phosphoinositide 3 kinase (PI3K)/Akt/mamma-
lian target of rapamycin (mTOR) pathway. In 
fact, the nutrient sensor PI3K is upstream of the 
mammalian target of rapamycin (mTOR) kinase, 
which negatively regulates autophagy. During 
normal nutrient conditions, the PI3K/AKT/
mTOR pathway is activated, leading to inhibition 
of autophagy [14, 15]. However, during periods 
of nutrient deprivation, the PI3K/AKT/mTOR 
pathway is inhibited leading to autophagy induc-
tion [16].

Another important mechanism that regulates 
autophagy and tumorigenesis involves Beclin-1. 
Beclin-1 is part of a multiprotein complex formed 
by Vps34/class III PI3K. This complex initiates 
the formation of the phagophore. The interaction 
of Beclin-1 with Vps34 is modulated by anti-
apoptotic molecules such as Bcl-2 and 
Bcl-xL.  Under normal nutrient conditions, 
Beclin-1 is bound to Bcl-2 or Bcl-xL inhibiting 
autophagy. During starvation or stressful condi-
tions, Beclin-1 is disrupted from Bcl-2/Bcl-xL 
through phosphorylation of the binding domain. 
The Beclin-1 complex can also be disrupted by 
other mechanisms that involve binding of the 
complex to the DAMP molecule or high-mobility 
group box 1 (HMGB1). The end result is induc-
tion of autophagy [17, 18].

In OS, these and other mechanisms are 
involved in autophagy regulation. Activation of 
the PI3K/AKT/mTOR signaling pathway has 
been demonstrated to inhibit autophagy in 
OS. The use of rapamycin, an mTOR inhibitor, 
induced autophagy and increased cell death in 
MG63 human osteosarcoma cells. Combination 
therapy rapamycin and cisplatin further enhanced 
cisplatin-induced cytotoxicity and stimulated 
autophagy [19]. Using a similar approach, arse-

nic trioxide in combination with radiation ther-
apy induced autophagy and increased cytotoxicity 
in the HOS human OS cells through a mechanism 
that involves inhibition of the PI3K/AKT/mTOR 
signaling pathway [20]. Tumor-suppressing STF 
cDNA 3 (TSSC3) inhibition of the Src-mediated 
PI3K/AKT/mTOR signaling pathway induces 
autophagy and increases cytotoxicity of mineral-
ized tissue-forming (MTF) osteoblasts and 
SaOS2 human OS cells [21]. Similarly, treatment 
of LM7, CCH-OS-D, and K7M3 metastatic OS 
cell lines with gemcitabine induces autophagy 
through a decrease in AKT and mTOR phosphor-
ylation [12]. Furthermore, induction of Beclin-1 
has also been shown to induce autophagy in 
OS. Panobinostat, a histone deacetylase inhibitor, 
suppresses Bcl-2  in SaOS2, U2-OS, and MG63 
human OS cells and increases Beclin-1 expres-
sion leading to induction of autophagy and 
increased cytotoxicity [22]. Targeting MiR-100 
inhibited mTOR, increased Beclin-1, and induced 
both autophagy and apoptosis in OS [23]. 
HMGB1-mediated autophagy induction leads to 
chemotherapy resistance in MG63, U2-OS, and 
SaOS2 human OS cells. Inhibition of both 
HMGB1 and autophagy led to increased drug 
sensitivity [24, 25]. A more recent study linked 
COP9 signalosome subunit 3 (COPS3), a protein- 
coding gene, to autophagy regulation and metas-
tasis formation in OS [26].

Further, epigenetic alterations have been 
shown to play an important role in regulating the 
process of autophagy [13, 27–29]. Epigenetics 
involves the various mechanisms that allow for 
certain genes to be turned on and off under spe-
cific circumstances. Stable alterations in gene 
expression are essential for the development and 
differentiation of cells. Any abnormality in the 
regulatory process could lead to tumorigenesis. 
Several epigenetic mechanisms have been 
described that modulate gene expression such as 
DNA methylation, histone modifications, and 
nucleosome remodeling [29]. These mechanisms 
play important roles in gene transcription and 
regulation of gene expression. Several transcrip-
tion factors that influence the process of autoph-
agy have been identified. P53 and forkhead box 
O3 (FOXO3) were the first two transcription 
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 factors shown to induce autophagy [27]. 
Transcription factor EB (TFEB) is considered a 
key transcriptional regulator of autophagy as it 
activates the whole autophagy-lysosome path-
way [30]. Under normal nutrient conditions, Zink 
Finger With KRAB and SCAN Domain 3 
(ZKSCAN3) and Fork head transcription factor 
long isoform (FOXK) act as transcriptional 
repressors by inhibiting autophagy gene expres-
sion. The previous deleted reference should go as 
a number reference. Further, certain histone mod-
ifications can alter autophagy regulation [31] by 
having a direct effect on certain autophagy genes 
or by interacting with intermediates of the signal 
transduction pathway for autophagy. H4K16 
acetylation and H3K9 dimethylation regulate 
core autophagy genes, whereas H3K27 trimeth-
ylation activates mTORC1 signaling leading to 
autophagy inhibition [27]. Bromodomain protein 
4 (BRD4), a histone reader, links histone modifi-
cations to autophagy gene expression. BRD4 
functions to inhibit autophagic activity under 
nutrient repletion status and knocking down 
BRD4 sustains autophagy during starvation sta-
tus [27]. In pancreatic ductal adenocarcinoma, 
where autophagy has been described as a major 
resistance mechanisms to standard therapy, 
BRD4 was shown to be increased after gem-
citabine treatment and contributed to drug resis-
tance. Silencing BRD4 impaired cell viability 
and proliferation [32]. There is so far very limited 
knowledge on how epigenetic modifications can 
regulate autophagy in OS. Previous studies dem-
onstrated that histone deacetylase inhibitors 
(HDACI) such as Trichostatin A inhibits the 
mTOR signaling pathway, enhances FOXO1 
transcriptional activity, induces autophagy, and 
decreases cell death in human U2OS OS cells. 
Further inhibition of autophagy caused a marked 
enhancement of Trichostatin A-induced cell 
death in U2OS cells, suggesting potential effi-
cacy of this combination for the treatment of OS 
[33].

Lastly, noncoding RNAs such as the small 
nucleolar RNA Host Gene 6 (SNHG6) can act as 
an oncogene in OS and induce autophagy through 
the regulation of Unc51-like autophagy activat-
ing kinase 1 (ULK1), a member of the preinitia-

tion autophagy complex. Induction of autophagy 
through this mechanism decreases OS cell viabil-
ity. Further silencing of the noncoding RNA 
SNHG6 inhibits OS cell growth and invasion 
[34].

In summary, various mechanisms are involved 
in the regulation of autophagy. None of them are 
specific to OS or any other disease process. 
Autophagy is a very context-dependent process, 
and its outcome might potentially be determined 
by the status and regulatory mechanisms trig-
gered at the time the autophagy process is 
induced.

 Autophagy and Tumorigenesis

 Cell Survival Versus Cell Death

Autophagy exerts a dual role in tumorigenesis. It 
can either promote cell survival or cell death 
[35–37].

Autophagic cell death or programmed cell 
death (PCD) type II is described as a cell death 
mechanism that occurs in the presence of lyso-
somes. It differs from apoptosis (PCD type I) and 
necrosis (PCD type III) in that it lacks the chro-
matin condensation seen in apoptosis and swell-
ing of the organelles seen in necrosis [38]. 
Autophagic cell death is caspase independent and 
can occur in the absence of proapoptotic proteins 
such as Bcl-2-associated X (Bax) and Bcl-2 
homologous antagonist killer (Bak). In addition, 
during autophagic cell death, there is an increase 
in C-Jun N-terminal kinase (JNK), an essential 
cell death signaling molecule. However, insuffi-
cient JNK causes uncontrolled cell growth [39]. 
Certain chemotherapeutic agents can induce 
autophagy and lead to autophagic cell death. An 
example is obatoclax, a Bcl2 inhibitor, in acute 
lymphoblastic leukemia and Quinacrine in ovar-
ian cancer [40, 41].

Alternatively, inability of cells to undergo 
autophagic cell death has been associated with 
tumorigenesis [42]. To this end, autophagy induc-
tion in cancer cells can also support tumor growth 
through various different mechanisms. It can 
induce cell survival during nutrient and oxygen 
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shortage, promote chemotherapy resistance, and 
prevent apoptosis [43]. For example, in pancre-
atic cancer, under specific conditions, inhibition 
of autophagy causes tumor regression suggesting 
a potential contribution of autophagy in pancre-
atic tumor growth [44]. Indeed, induction of 
autophagy in pancreatic stellate cells within the 
tumor microenvironment was found to promote 
tumor growth [45]. Similarly, the role of autoph-
agy in tumor growth has also been attributed to 
the tumor host autophagy status. In the face of an 
autophagy-competent host, autophagy leads to 
tumor growth. This is highlighted in a recent 
paper by Katheder et  al. where dormant tumor 
cells from autophagy-deficient Drosophila reac-
tivated tumor growth when implanted in an 
autophagy-competent host, emphasizing the 
potential role of host autophagy in tumorigenesis 
[46]. This duality has been described in various 
tumors including OS.

 Dual Role of Autophagy 
in Osteosarcoma

As previously stated, autophagy has been 
described as a mechanism that is context depen-
dent. Previous studies developed in our labora-
tory demonstrated autophagy to have a dual role 
in OS.  Different OS cell lines and treatments 
were used. In the murine OS cell lines K7M3 and 
DLM8, we demonstrated that treatment of these 
cells with camptothecin(CPT) induced autoph-
agy. However, inhibition of autophagy led to 
decrease CPT-induced cell death in DLM8 and 
increase in CPT-induced cell death in K7M3 OS 
cells [47]. Treatment of the two human OS cell 
lines, LM7 and CCH-OS-D, with the nucleoside 
analog, gemcitabine(GCB), also led to induction 
of autophagy. However, inhibition of autophagy 
in the LM7 cells caused increased cell death, 
whereas inhibition of autophagy in the CCH- 
OS- D cells led to an increase in cell survival con-
firming the dual effect of chemotherapy-induced 
autophagy in OS [12]. This duality is not species 
specific as the effect was seen in mouse (K7M3 
and DLM8) and human (LM7 and CCH-OS-D) 
cells. It is not specific to any particular chemo-

therapy agent as different chemotherapeutic 
agents (CPT,GCB) with different mechanism of 
actions led to the same dual effect. There is still 
very limited understanding of the underlying 
mechanisms that define these responses. Many 
factors and pathways have been described as 
responsible for either increase in cell survival or 
death. However, this effect has so far been attrib-
uted to the specific context where autophagy 
takes place. Santiago O’Farril et al. are the first 
ones to describe the potential for a small heat 
shock protein to define autophagy outcome in 
OS. We describe this effect in the next section of 
the chapter.

 Heat Shock Proteins and Autophagy

Heat shock proteins (HSPs) are a class of func-
tionally related proteins whose expression is 
increased when cells are exposed to elevated tem-
peratures and other types of stress. HSPs protect 
cells from stress-associated injury, are overex-
pressed in many malignancies, and are impli-
cated in tumor cell proliferation, differentiation, 
invasion, and metastases. Santiago O’Farril et al. 
identified phosphorylated Hsp27(pHSP27) as a 
potential biomarker to determine whether autoph-
agy induction will lead to survival or death in 
OS. Induction of pHSP27 following drug expo-
sure with GCB correlated with the role of autoph-
agy in drug sensitivity. Blocking autophagy in 
OS cells whose pHsp27 was increased following 
drug exposure with GCB resulted in enhanced 
drug sensitivity. However, blocking autophagy in 
OS cells where pHsp27 was decreased resulted in 
reduced cell sensitivity. These findings are the 
first to identify the potential of this heat shock 
protein to act as a biomarker to define the specific 
conditions where inhibition of autophagy will 
provide benefit [12]. Additionally, further studies 
demonstrated that positive expression of HSP27 
and negative expression of LC3B in OS corre-
lated with the worst 10-year overall survival, 
whereas negative HSP27 expression and positive 
LC3B expression had the best 10-year overall 
survival which suggested HSP27 as a negative 
prognostic marker in OS [48]. Other HSPs have 
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also been described to play a role in autophagy 
induction. HSP90AA1 which belongs to the 
HSP90 family of HSP is upregulated in OS.  It 
promotes autophagy and inhibits apoptosis lead-
ing to chemotherapy resistance [10]. The specific 
link between autophagy and heat shock proteins 
in OS is yet to be identified. However, these find-
ings warrant future investigations on the potential 
role of HSPs in the modulation of autophagy in 
OS.

 Autophagy Inhibition: From Drug 
Development to Challenges into 
Clinical Translation

Autophagy is a universal process present in every 
cell. Under physiologic conditions, autophagy is 
required to maintain tissue homeostasis. 
However, it can also contribute to the develop-
ment and progression of certain diseases such as 
cancer. The development of autophagy inhibitors 
has become a challenge. Several drugs targeting 
autophagy have been described in the literature. 
Some compounds target the initial steps of the 
autophagy process, whereas others target autoph-
agy at a later stage altering lysosomal functions 
[49]. Table 11.1 describes the different drugs that 
serve as autophagy inhibitors.

Early-stage inhibitors include pan-PI3K 
inhibitors such as 3-methyladenine (3-MA), 
which was first described in 1982 as a drug that 
acts to inhibit autophagy [50]. It was not until 
later when 3-MA was found to target both, class 
I PI3K and Vps34. 3-MA is nonspecific and 

poorly soluble which limits its potency [49]. 
More novel pan-PI3K inhibitors have been devel-
oped, but to date, none of those compounds have 
been shown to potently inhibit autophagy [49]. 
Another family of early stage inhibitors targets 
the Vps34 complex, a key structure in the autoph-
agy process. Spautin-1 promotes the degradation 
of Vps34 complexes and causes cancer cell death 
under nutrient-deprived conditions. A preclinical 
study has shown synergistic effect of spautin-1 in 
combination with imatinib in the treatment of 
chronic myeloid leukemia [51]. SAR405, a 
pyrimidinone compound, was recently identified 
as a potent and selective catalytic inhibitor of 
Vps34, and it was shown to trigger an antiprolif-
erative effect in renal cell carcinoma when com-
bined with everolimus, an mTOR inhibitor, [49].

Late-stage autophagy inhibitors block the 
degradation of the autophagosome contents by 
the lysosomes. Bafilomycin A1 is a vacuolar-type 
H+ ATPase inhibitor which blocks lysosomal pro-
ton transport thus inhibiting autophagic flux [49]. 
Inhibition of autophagy using bafilomycin A1 
helped overcome chemotherapy resistance in 
gastric cancer cells [52].

There are also the so-called lysosomotropic 
agents used for the treatment of malaria. These 
include chloroquine (CQ) and hydroxychloro-
quine (HCQ). These agents disrupt lysosomal 
acidification and inhibit autolysosome formation. 
The major side effect of CQ is retinal toxicity. 
The addition of a hydroxyl group in HCQ ame-
liorates this effect by decreasing its ability to 
cross the blood-retinal barrier. CQ and HCQ are 
well tolerated. Efficacy of these agents in various 

Table 11.1 Autophagy inhibitors

Compound Target Characteristics
3-Methyladenine pan-PI3K inhibitors Nonspecific, poorly soluble
Spautin-1 Vps34 inhibitors Degrades VPS34 complexes and causes cancer cell 

death
SAR405 Vps34 inhibitors Potent and selective catalytic inhibitor of Vps34
Bafilomycin A1 Blocks degradation of autophagosome 

contents
Inhibits autophagy flux to overcome chemotherapy 
resistance

Chloroquine Inhibits autolysosome formation Major side effect: retinal toxicity
Hydroxychloroquine Inhibits autolysosome formation Less retinal toxicity than CQ
Lys05 Inhibits autolysosome formation More potent than CQ and HCQ
S130 ATG4 inhibitor Potent inhibitor, causes cancer cells death in vitro
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preclinical studies warranted their use in clinical 
trials. There are currently 31 active clinical trials 
using HCQ in combination with other drugs for 
the treatment of various malignancies. 
Temozolamide in combination with HCQ for the 
treatment of solid tumors and melanomas was 
tested in a Phase I clinical trial and demonstrated 
to be well tolerated with no associated toxicities 
[53]. However, an additional phase I/II trial that 
tested the same combination but with the addition 
of radiotherapy was used in patients with glio-
blastoma multiforme. The results demonstrated 
no improvement in survival at the chosen dose 
and severe myelosuppression at higher doses 
[54]. In vitro preclinical studies demonstrated 
effectiveness of the combination therapy 
HCQ + GCB in OS. A more recent Phase I study 
to explore the safety and tolerability of HCQ in 
combination with GCB and docetaxel 
(NCT03598595) in patients with recurrent or 
refractory OS was initiated and is ongoing.

Uncertainties remain with the use of chloro-
quine derivatives. A recent meta-analysis com-
bined data from seven clinical trials using CQ 
and HCQ in combination with chemotherapy or 
radiation therapy and demonstrated that autoph-
agy inhibitor-based therapy had a better treat-
ment response than chemotherapy or radiation 
alone [55]. However, whether CQ/HCQ effec-
tively inhibits autophagy in human tumors 
remains controversial. Potency at the tolerable 
doses remains suboptimal. Other derivatives are 
under development. Lys05, a bivalent analog of 
HCQ, has a tenfold greater potency than HCQ 
and demonstrated a better antitumor activity in 
preclinical models of glioblastoma, colon cancer, 
and melanoma [56, 57].

Additional autophagy inhibitors are under 
development. S130 targets the inhibition of 
ATG4. S130 tested in vitro demonstrated arrested 
growth of colorectal cancer cells and induced cell 
death [58].

In summary, here we describe the various 
autophagy inhibitors available and address their 
mechanism of action. Identification of an effec-
tive autophagy inhibitor remains a challenge. 
Further studies are needed to elucidate the best 
and more suitable autophagy inhibitor to use and 

in addition identify specific biomarkers of 
response.

 Summary

The role of autophagy in OS remains unclear. 
Here, we describe autophagy as a mechanism 
that can either lead to survival or death in OS. We 
also point to some of the mechanisms implicated 
in the regulation of autophagy as it relates to 
OS. No one mechanism defines the outcome of 
autophagy in this disease. Furthermore, there 
isn’t a well-identified biomarker to define the 
autophagy fate in OS whether it is induced by 
chemotherapy or other kinds of stress. We 
describe the potential for HSP27 to determine 
whether induction of autophagy will lead to sur-
vival or death, summarized the different autoph-
agy inhibitors available, and point to the 
remaining challenges on the selection of one spe-
cific inhibitor. Better understanding of the mech-
anisms involved in the induction of autophagy in 
OS is necessary to define its role and select the 
most appropriate and effective agent to specifi-
cally target the process.
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Abstract

Understanding how the tumor microenviron-
ment participates in inhibiting or supporting 
tumor growth is critical for the development 
of novel therapies. Osteosarcoma (OS) metas-
tasizes almost exclusively to the lung, an 
organ where Fas ligand (FasL) is constitu-
tively expressed. This chapter focuses on our 
studies dedicated to the interaction of OS cells 
with the lung microenvironment. We will 
summarize our studies conducted over the 
past 20 years showing the importance of the 
Fas/FasL signaling pathway to the establish-
ment and progression of OS metastases in the 
lung. We demonstrated that the FasL+ lung 
microenvironment eliminates Fas- positive 
(Fas+) OS cells that metastasize to the lungs, 
through apoptosis induced by Fas signaling 
following interaction of Fas on the tumor cell 
surface with FasL on the lung epithelial cells. 
Expression of the Fas receptor on OS cells 
inversely correlated with the ability of OS 
cells to form lung metastases. Blocking this 
pathway interferes with this process, allowing 
Fas+ cells to grow in the lung. By contrast, 
upregulation of Fas on Fas− OS cells inhibited 
their ability to metastasize to the lung. We 

demonstrated how the FasL+ lung microenvi-
ronment can be leveraged for therapeutic 
intent through the upregulation of Fas expres-
sion. To this end, we demonstrated that the 
histone deacetylase inhibitor entinostat upreg-
ulated Fas expression on OS cells, reduced 
their ability to form lung metastases, and 
induced regression of established micrometas-
tases. Fas expression in OS cells is regulated 
epigenetically by the microRNA miR-20a. We 
showed that expressions of Fas and miR-20a 
are inversely correlated, and that delivery of 
anti-miR-20a in vivo to mice with established 
osteosarcoma lung metastases resulted in 
upregulation of Fas and tumor regression. 
Therefore, targeting the Fas signaling path-
way may present therapeutic opportunities, 
which target the lung microenvironment for 
elimination of OS lung metastases. We have 
also shown that in addition to being critically 
involved in the metastatic potential, the Fas 
signaling pathway may also contribute to the 
efficacy of chemotherapy. We demonstrated 
that the chemotherapeutic agent gemcitabine 
(GCB) increased Fas expression in both 
human and mouse OS cells in vitro. In vivo, 
aerosol GCB therapy induced upregulation of 
Fas expression and the regression of estab-
lished osteosarcoma lung metastases. The 
therapeutic efficacy of GCB was contingent 
upon a FasL+ lung microenvironment as aero-
sol GCB had no effect in FasL-deficient mice. 

N. Koshkina (*) · Y. Yang · E. S. Kleinerman 
Department of Pediatrics-Research, The University of 
Texas MD Anderson Cancer Center, Children’s 
Cancer Hospital, Houston, TX, USA

12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-43085-6_12&domain=pdf
https://doi.org/10.1007/978-3-030-43085-6_12#DOI


178

Manipulation of Fas expression and the Fas 
pathway should be considered, as this concept 
may provide additional novel therapeutic 
approaches for treating patients with OS lung 
metastases.

Keywords

Osteosarcoma (OS) · Pulmonary metastasis · 
Fas · FasL · FADD (Fas-associated death 
domain) · FDN (Fas-associated death domain 
e negative) · C-FLIP · miR-20a · Methylation 
· Histone deacetylase inhibitors · Entinostat · 
Gemcitabine (GCB)

 Introduction

The lungs remain the most common site of 
metastasis for osteosarcoma (OS) and the most 
common cause of death for patients with relapsed/
refractory OS.  Understanding of molecular 
mechanisms that allow OS cells to grow in the 
lung and become insensitive to chemotherapy 
and immunotherapy will allow the development 
of novel therapeutic approaches for the treatment 
of OS lung metastases. We have identified Fas 
expression and the Fas signaling pathway as one 
mechanism involved in the metastatic process to 
the lung [1]. In this chapter, we will summarize 
these findings and highlight possible approaches 
that can target Fas-regulated signaling to increase 
the vulnerability of OS cells to elimination by the 
FasL+ lung microenvironment.

 Fas Pathway Is Involved 
in Development of OS Metastases 
in the Lungs

Normal homeostasis in mammals is regulated by 
a programmed cell death mechanism called 
apoptosis. This mechanism involves several sig-
naling molecules, which become overexpressed 
on the cell surface of deteriorating eukaryotic 
cells. This class of molecules, called death recep-
tors, contains a cytoplasmic death domain (DD) 

and includes TNF, FAS/CD95, and TRAL pro-
teins. All of these are activated upon binding with 
their ligands and trigger a similar cascade of 
downstream events leading to apoptosis [2]. 
Corruption of death receptor-mediated apoptosis 
pathway  in cancer cells is mediated by several 
different mechanisms including overexpression 
of anti-apoptotic proteins and decreased expres-
sion of proapoptotic proteins [3, 4].

Ligands to the death receptor molecules, such 
as FasL, are commonly expressed or secreted by 
immune cells. Only a few types of epithelial cells 
express FasL, lung epithelial cells being one type 
[3]. Since pulmonary epithelial cells express 
FasL [5, 6], we hypothesized that malfunction of 
Fas-mediated apoptosis may play an important 
role in development of OS lung metastases. Our 
studies of Fas expression in human OS cells 
showed that the rate of growth of OS cells in the 
lungs of immunodeficient mice inversely corre-
lated with the levels of Fas expression on their 
cell surface [7]. Supporting this concept, Nambu 
et al. reported that Fas protein was reduced or not 
expressed on the cell surface in primary lung 
adenocarcinoma [8]. Finally, interaction between 
Fas and FasL was found to be important for sup-
pression of both melanoma and OS lung metasta-
sis [7, 9, 10]. These findings led us to focus on the 
significance of Fas signaling in OS lung 
metastases.

 Expression of Fas Receptor Correlates 
with OS Metastatic Potential 
in Animal Models and in Patient 
Specimens

Human SAOS-2 OS cells do not form lung 
metastases after intravenous injection into immu-
nodeficient nude mice and have high levels of Fas 
receptor on their cell surface. In contrast, LM-6 
and LM-7 cells derived from SAOS-2 cells by 
cycling through the mouse lung form lung metas-
tases after intravenous (i.v.)  administration and 
have significantly lower levels of Fas [5, 10]. 
Similarly, murine K7 OS cells form primary bone 
tumors when injected into the tibia of syngeneic 
immunocompetent mice but do not metastasize 
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to the lungs. By contrast when the K7M3 subline 
(created by cycling K7 cells through the lung) 
was injected into the tibia, both primary tumor 
and lung metastases are induced [6]. Expression 
of Fas in the K7M3 cells was significantly 
decreased compared to the K7 cells, and all 
K7M3 lung metastases were Fas-negative (Fas−). 
This suggested to us that only Fas− cells were 
able to grow in the lung. We confirmed this by 
quantifying the percent of cells retained in the 
lung following i.v. injection using fluorescently 
labeled K7M3 cells. We demonstrated that reten-
tion of cells in the lung over time was increased 
when the Fas pathway was blocked through FAS- 
associated death domain (FADD) dominant- 
negative transfected cells [11].

We examined the pattern of Fas expression in 
OS lung metastases from patients in two different 
studies [10, 12]. Approximately 60% of samples 
were negative for Fas, while 40% were weakly 
positive for Fas. We were able to analyze a few 
samples of both the primary OS tumor in the 
bone and the corresponding lung metastases from 
the same patient. These specimens showed that 
the primary OS tumors were highly positive for 
Fas, whereas the corresponding lung metastases 
in the lungs showed negligible levels of Fas [5]. 
Similarly, in the K7 and K7M3 mouse models 
described above, staining of primary OS tumors 
from the bone revealed high levels of Fas with 
negligible Fas expression in the corresponding 
lung metastasis [6]. Taken together, we interpret 
these findings to mean that there are heterogene-
ities in terms of Fas expression in cells forming 
the primary bone tumor. However, the only cells 
that are able to form lung metastases are Fas−. 
This also supports the concept that the FasL+ lung 
microenvironment filters out the Fas+ OS cells.

In another set of experiments, we demon-
strated that conversion of highly metastatic LM7 
Fas−OS tumor cells to Fas+ cells by transfection 
with the Fas gene or by stimulating Fas expres-
sion using IL-12 gene therapy dramatically 
reduced their metastatic potential in vivo [10, 13, 
14].

These data support the concept that Fas+Fas- 
positive OS tumor cells are eliminated from the 
FasL+ lung microenvironment via induction of 

apoptosis induced by binding of the Fas+ cells 
with the FasL expressed by pulmonary epithelial 
cells. In contrast, Fas− OS tumor cells can evade 
this host defense mechanism and proliferate in 
the pulmonary environment.

 Functional Fas, FasL, 
and Downstream Fas Signaling Are 
Important for OS Lung Metastasis 
Progression

In our studies, we reported that approximately 
40% of pulmonary metastases specimens from 
patients with OS showed low expression of Fas 
receptor but appeared to be able to survive in the 
pulmonary microenvironment [12]. This phe-
nomenon can have several explanations: (1) the 
Fas receptors in these cells could be mutated and 
therefore not functional; (2) the levels of Fas 
receptor may be not sufficient for induction of 
apoptosis; (3) there could be a dysfunction of 
FasL activity in the host defense mechanism; and 
finally (4) there could be inhibition of Fas signal-
ing downstream of the Fas receptor.

We investigated the rates of Fas gene mutation 
in patients with OS.  We intentionally did not 
study mutations of this gene in the tumor speci-
mens, because OS tumors are heterogeneous. 
High chromosomal instability has been shown in 
OS tumors from patients with numerous struc-
tural variations and single-nucleotide variants 
with little consistency between the primary and 
metastatic lesions from the same patient. 
Genomic sequencing in primary and metastatic 
tumors also showed no consistent mutations [15, 
16]. We examined mutations of the Fas gene in 
patient blood specimens to determine if there are 
stable or inherited mutations associated with OS 
risk and progression. In collaboration with 
E. Sturgis, who discovered two single-nucleotide 
polymorphism (SNP) mutations in the Fas pro-
moter region as tumor risk and progression factor 
in patients with squamous cell carcinoma [17], 
we analyzed 123 pediatric patients with OS for 
Fas single-nucleotide polymorphisms: 2 of the 
promoter regions (−1377 G  >  A and −670 A 
> G) and 2 of the coding regions (exon 318,272 A 
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> G and exon 722,628 C > T). As a comparison 
group, we used blood specimens from 510 adults 
with no history of cancer due to the lack of blood 
bank specimens from healthy children. We found 
an increased risk of OS associated with the het-
erozygous genotype Fas exon 3 A > G, and this 
association was more pronounced in non- 
Hispanic whites. Additionally, the frequency of 
the variant allele (exon 3  G) was significantly 
higher in OS cases than in controls. We found no 
significant association between OS risk and the 
other Fas polymorphisms [18]. These studies 
included analysis of only a few SNP mutations in 
the Fas gene. Extended studies of other muta-
tions in the Fas gene are required before this can 
serve as a specific risk and progression factors.

We still do not know what level of Fas expres-
sion is sufficient to trigger apoptosis in OS cells. 
At the minimum, there should be at least three 
Fas molecules, because FasL triggers trimeriza-
tion of Fas receptors before the induction of 
downstream death-inducing events [19, 20]. 
However, we are skeptical that 3 Fas receptors 
will be sufficient. In addition, even abundant lev-
els of Fas will not lead to tumor cell death with-
out functional FasL expression in the pulmonary 
microenvironment. We demonstrated this by 
using FasL-deficient gld mice. When we injected 
these mice with highly Fas-positive K7 OS cells, 
which do not form lung metastases in mice with 
a functional FasL system, we found that the gld 
mice had visible and microscopic metastatic 
lesions in the lungs and that these tumors were 
Fas-positive [6]. Therefore, any changes leading 
to FasL inactivation in pulmonary microenviron-
ment, such as genetic mutations or cleavage of 
the FasL molecule from the cell surface of pneu-
mocytes or the formation of the inactive FasL- 
soluble form by external matrix metalloproteinase 
MMP-7, can facilitate OS lung metastases devel-
opment [21].

Finally, many downstream reactions are trig-
gered after Fas receptor activation and their inhi-
bition can prevent apoptosis even after successful 
Fas-FasL binding. In our studies, we transfected 
Fas-positive nonmetastatic cells K7 OS cells with 
the Fas-associated death domain-negative (FDN) 
plasmid. Fas-associated death domain (FADD) is 

an essential adaptor molecule that binds the cyto-
plasmic part of the Fas-FasL complex with pro-
caspases 8 and 10 to form the death-inducing 
signaling complex (DISC), as shown in Fig. 12.1. 
FDN molecule lacks the important part of FADD 
that binds with procaspases and, therefore, blocks 
the Fas signaling at the very beginning of cascade 
reactions. Transfection of Fas-positive nonmeta-
static K7 OS cells made them insensitive to Fas- 
mediated apoptosis and when injected i.v. into 
mice led to the formation of Fas-positive metas-
tases in the lungs [6, 11].

We also studied the role of the natural Fas 
inhibitor c-FLIP. C-FLIP prevents binding of the 
FADD molecule with procaspases [22]. Elevated 
in c-FLIP expression has been reported in numer-
ous different tumors [23]. Overexpression of 
C-FLIP blocks Fas-mediated apoptosis, therefore 
protecting cells from FasL-induced cell death. 
Analysis of OS patient samples showed elevated 
levels of c-FLIP in some lung metastases [24]. 
Also, c-FLIP levels were found to be high in 
human Fas+OS KRIB and CCH-OS-D lung 
metastases when compared with their primary 
bone tumor [24]. Thus, cell surface Fas expres-
sion, a functional Fas signaling pathway, and a 
FasL+ microenviroment are all critical in the 
elimination of OS cells in the lung. 
Downregulation of cell surface Fas on OS cells, 
high expression of C-FLIP, or absence or altera-
tion of FasL in the lung epithelium can individu-
ally prevent clearance of OS cells, thereby 
facilitating and contributing to the successful 
metastatic process in the lung. Taken together, 
these findings show the important role of Fas- 
mediated apoptosis in the metastatic potential of 
OS, suggesting that this pathway may represent a 
novel target for development of new therapeutic 
approaches to treat patients with lung 
metastases.

 Fas Signaling Plays an Important 
Role in Response of OS to Therapy

In our early studies, when we investigated the 
efficacy of IL-12 gene therapy for the treatment 
of OS [13, 14, 25], we discovered that the  efficacy 
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of IL-12 therapy was accompanied by upregula-
tion of the Fas receptor on OS cells and tumors 
[13]. Transfection of the LM6 metastatic OS cell 
line with the IL-12 gene resulted in the upregula-
tion of Fas receptor on the cell surface more than 
two-fold without affecting FasL expression [14]. 
Analysis of different therapeutic agents used as a 
standard therapy for OS treatment in patients, 
such as 4- hydroperoxycyclophosphamide, cispl-
atin, adriamycin, and methotrexate, showed that 
only one of them, 4-hydroperoxycyclophospha-
mide, was able to upregulate FasL gene expres-
sion. The upregulation of Fas by IL-12 
gene  transfection together with the increased 
FasL by  treated with  4-hydroperoxycyclophos-
phamide, led to increased cell death when com-
pared with single agent exposure [26]. These 
studies showed that activation of Fas signaling by 
elevation of both Fas and FasL in OS cells can 
lead to enhanced cell death. Therefore, in all our 
following studies of anticancer agents, we inves-
tigated their ability to stimulate Fas and/or FasL 
expression. Numerous studies by other investiga-
tors also validated the role of Fas and FasL as 
mediators of anticancer therapy [8, 27, 28].

In the late 1990s to early 2000s, gemcitabine 
(GCB) was first successfully used for the first- 
line treatment of patients with pancreatic cancer, 
NSCL lung cancer, metastatic breast cancer, and 
in combination with other chemotherapeutic 

agents for treatment of different types of carcino-
mas. In our preclinical studies, GCB upregulated 
Fas expression in OS cells in vitro and enhanced 
FasL-mediated cell death [29, 30]. In mice and 
dogs with OS lung metastases, efficacy was dem-
onstrated by administering GCB to the lungs via 
aerosol therapy [29–31]. Immunohistochemical 
analysis showed that treatment of OS lung metas-
tases resulted in increased levels of Fas expres-
sion. It is important to note that the therapeutic 
effect of aerosol gemcitabine was dependent 
upon a FasL+ lung microenvironment as thera-
peutic activity was not seen in transgenic gld 
mice that do not express functional FasL [11]. 
These findings further confirmed our hypotheses 
that an intact Fas signaling pathway and FasL 
expression in the tumor microenvironment are 
critical for response of OS lung metastases to 
chemotherapeutic agents.

 Regulation of the Fas Signaling 
Pathway

Having demonstrated that downregulation of Fas 
expression plays an important role in OS cell sur-
vival in the lung and that re-expression of Fas 
induces the regression of established OS lung 
metastases, we investigated how Fas expression 
is regulated in OS cells. The goal was to restore 
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FADD
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Active caspase-8/10
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and/or increase the expression of Fas in order for 
the FasL+ lung microenvironment to assist with 
tumor regression.

 Epigenetic Regulation of Fas 
Expression

Gene expression may be modulated by several 
different mechanisms from the DNA-RNA tran-
scription, to posttranscriptional modification of 
protein. In eukaryotic cells, the accessibility of 
large regions of DNA depends on its chromatin 
structure, which can be altered epigenetically as a 
result of histone alteration directed by two major 
mechanisms, DNA methylation and acetylation/
deacetylation.

Methylation of DNA is a common method of 
gene silencing. DNA is typically methylated by 
methyltransferase enzymes on cytosine nucleo-
tides in a CpG islands. Analysis of the pattern of 
methylation in the region of interest on DNA can 
be performed by bisulfite mapping method. It 
was shown that Fas expression was regulated by 
its gene promoter methylation in some cancer 
cells and that this may contribute to the develop-
ment of drug resistance [32–36]. However, PCR- 
based methylation and bisulfine-modified DNA 
sequencing analysis of various OS cell lines 
showed that 99.8% of CpG islands in the Fas pro-
moter and first intron regions were unmethylated 
[36]. Moreover, the levels of methylation in these 
regions of the Fas gene were similar in the non-
metastatic SAOS-2 cells that express high levels 
of Fas receptor protein and the metastatic subline 
LM-7 that express low levels of Fas [37]. 
Treatment of these cells with the methylation 
agent 5-azadeoxycitidine did not change Fas pro-
tein expression on their cell surface. These find-
ings indicate that suppression of Fas gene 
expression in OS cells is not mediated by DNA 
methylation.

Histone acetylation, regulated by the histone 
acetyl transferase enzyme, and its reverse process 
deacetylation, mediated by histone deacetylase 
(HDAC), are essential epigenetic regulatory 
mechanisms. Acetylated histones, octameric pro-
teins that organize chromatin into nucleosomes 

and ultimately higher-order structures, represent 
a type of epigenetic marker within chromatin. 
Acetylation removes the positive charge on the 
histones, thereby decreasing the interaction of the 
N-termini of histones with the negatively charged 
phosphate groups of DNA.  Consequently, the 
condensed chromatin is transformed into a more 
relaxed structure that is associated with greater 
levels of gene transcription. The use of agents 
that inhibit the deacetylation process and pro-
mote the acetylation status of the gene, so-called 
HDAC inhibitors, are widely used to promote 
expression of numerous genes, including Fas in 
various cancer cells [38–40]. Imai and colleagues 
were the first to describe the ability of the pan- 
HDAC inhibitor FR901228 to induce OS tumor 
regression via Fas signaling by inducing expres-
sion of FasL in  vitro [41]. Watanabe et  al. 
described the ability of FR901228 to sensitize 
OS tumor cells to death receptor–mediated apop-
tosis by suppression of cFLIP expression [42]. In 
our studies with DLM8 mouse OS cell that 
express low levels of Fas protein, we showed that 
treatment with entinostat, which inhibits only 
class type I HDACs, increased the acetylation 
status of the promoter region in the Fas gene and 
increased Fas mRNA and protein expression at 
subtoxic doses [43]. These results indicate that 
inhibiting HDAC type I is a mechanism for 
upregulating or restoring of the Fas gene expres-
sion in DLM8 cells. Our findings were supported 
by other investigators showing that HDAC inhib-
itors can stimulate Fas expression in U2OS cells 
[44, 45]. Interestingly, in LM7 cells, which also 
have low levels of Fas receptor expression, treat-
ment with entinostat was followed by increased 
levels of Fas mRNA and protein. However, we 
were unable to detect increased Fas on the cell 
surface using flow cytometry [46]. Despite the 
fact that the Fas receptor expression on the tumor 
cell surface was not increased, entinostat-treated 
LM7 cells were more sensitive to FasL [43, 46]. 
In addition, there was a significant increase in 
soluble FasL(sFasL) binding, indicating that the 
increased Fas protein levels induced by entinostat 
were in the membrane compartments, which is 
not detectable using flow cytometry [46]. 
Membrane lipid raft platforms have been shown 
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to be critical in Fas receptor signaling. Indeed, 
we demonstrated that treating OS cells with enti-
nostat resulted in increased localization of the 
Fas receptor to the lipid raft microdomains, mak-
ing it more accessible to FasL binding, thereby 
increasing FasL-mediated cell death [46]. 
Entinostat also decreased c-FLIP and FADD 
expression, proteins downstream of the Fas 
receptor, which inhibit Fas-mediated cytotoxicity 
[22, 43, 46]. Taken together these finding further 
substantiate the concept of identifying agents that 
increase cell surface Fas or its localization to the 
lipid rafts, or those that decrease c-FLIP and 
other proteins that block the Fas-signaling path-
way, for the treatment of patients with OS lung 
metastases. This approach will sensitize OS cells 
to Fas-induced apoptosis, thereby harnessing the 
lung microenvironment in the therapeutic 
process.

 Regulation of Fas Expression in OS 
Cells by miRNA

Several mechanisms can be involved in the 
regulation of Fas. We investigated the role of 
microRNA (miRNA) as one of the mechanisms 
controlling Fas expression. miRNAs are small 
(21–25 nucleotides) noncoding RNAs that neg-
atively regulate gene expression [47, 48]. They 
are frequently dysregulated in a variety of can-
cers, including breast cancer, colon cancer, 
lung cancer, hepatocellular carcinoma, and OS 
[49–53]. miRNAs have been shown to regulate 
gene expression posttranscriptionally by tar-
geting the 3′-untranslated region (3′-UTR) of 
specific mRNAs through binding to compli-
mentary sequences in the 3′ untranslated 
regions (3′-UTR) or coding regions of the 
mRNA [47, 54] or by suppressing translation 
initiation through binding to complementary 
sequences in the 5′ untranslated regions (5′-
UTR) of the mRNA [54]. Death receptor sig-
naling proteins, such as TNFa, FADD, 
ribosome-inactivating protein (RIP), cas-
pase-3, Bcl-2 interacting mediator of cell death 
protein (Bim), and p21 (CDKN1A), were 
found to be regulated by miRNAs [55–59].

Several miRNAs, including miR-21, miR- 
200c, let-7, miR-34, and miR-146a, have been 
reported to regulate Fas or FasL expression in 
different tumor cells [60–64]. We showed that a 
specific miRNA cluster, miR-17-92, is upregu-
lated in Fas− OS cells that metastasize to the lung 
[65]. Expression levels of several members of the 
miR-17-92 cluster including miR-20a and miR- 
19a were found to be higher in metastatic low 
Fas-expressing  LM7 cells than in the parental 
SAOS-2 nonmetastatic high Fas-expressing cells. 
We demonstrated that miR-20a downregulated 
Fas expression and increased the metastatic 
potential of OS cells to the lung [65]. 
Overexpression of miR-20a in nonmetastatic 
Fas-positive SAOS-2 OS cells downregulated Fas 
expression and decreased their sensitivity to 
FasL.  In contrast, inhibiting miR-20a in Fas- 
negative LM7 OS cells increased Fas expression 
and sensitivity to FasL. An inverse correlation 
between Fas and miR-20a expression in 8 cell 
lines derived from patient samples was also dem-
onstrated. Furthermore, mice injected with LM7 
cells stably transfected with an anti-miR-20a 
vector had fewer metastases than those trans-
fected with control plasmid [65].

We showed that the regulation of Fas by miR- 
20a was not mediated by its binding to the 
3’-UTR of Fas mRNA, which induces the degra-
dation of Fas mRNA or the suppression of pro-
tein translation, but rather by an indirect effect on 
the Fas promoter activity [66]. Reporter assays 
using Fas promoter-driven luciferase expression 
showed that the activity of the Fas promoter was 
affected by miR-20a. Serial deletions of the Fas 
promoter region showed that a 90-bp region 
(−240 bp to −150 bp) on the Fas promoter was 
critical for Fas regulation by miR-20a. Targeting 
miR-20a by administering nanoparticle- 
formulated anti-miR-20a oligonucleotides sig-
nificantly inhibited the growth of established OS 
lung metastases in mice, which correlated with 
the upregulation of Fas expression in the tumors.

We conclude that miR-20a encoded by the 
miRNA-17-92 cluster regulates Fas expression in 
OS cells and plays a critical role in the metastatic 
process of OS to the lung. These findings indicate 
that targeting miR-20a may be another novel 
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therapeutic approach focusing on the Fas/FasL 
signaling pathway for patients with relapsed OS 
in the lung.

 Summary

In this chapter, we have summarized our studies 
illustrating the importance of the organ microen-
vironment in the successful metastatic process 
for OS. The success or failure to form metastases 
in the lung depends on the ability of the metasta-
sized OS cells to survive in the lung microenvi-
ronment, which is different than the bone 
microenvironment. Therefore, interactions 
between the tumor cells and the normal bone or 
lung cells can be different and therefore can influ-
ence the balance between tumor cell proliferation 
and tumor cell death in that particular organ 
microenvironment. OS cells with biologic char-
acteristics that support adaptation to the lung 
microenvironment will be the ones that success-
fully grow and expand. While the ability to sur-
vive in the new microenvironment is not the only 
biologic criteria, it is the first step and arguably 
the most critical. Inducing vascular expansion to 
support the proliferating cells is another critical 
biologic characteristic, but without survival, this 
characteristic is secondary. OS cells that do not 
have the phenotype that is compatible with the 
lung microenvironment will be eliminated. We 
have focused on how the lung microenvironment 
supports or interferes with OS cell survival, as we 
are of the opinion that this presents a unique 
opportunity for developing new therapies partic-
ularly directed to treat patients with OS lung 
metastases who have not responded to chemo-
therapy. In short, we wish to change the therapeu-
tic focus and target the lung microenvironment, 
thereby allowing the lung to contribute to killing 
and eradicating the established metastatic 
disease.

The studies detailed in this chapter show that 
the lung microenvironment, with its constitutive 
expression of FasL, can control the fate of OS 
cells that migrate to the lung, and determine 
whether these OS cells survive or are eliminated, 
and whether they can go on to form lung metas-

tases. Expression of cell surface Fas or Fas pro-
tein in the lipid membranes, (where it is 
accessible to interaction with FasL on the lung 
epithelial cells), is one of the critical factors. OS 
cells that have downregulated their cell surface 
Fas or those with a blocked Fas signaling path-
way (i.e., overexpression of c-FLIP) will be able 
to survive in the FasL+ lung microenvironment. 
We showed that Fas expression on OS cells is 
epigenetically regulated, a process that is con-
trolled by histone acetylation and a specific 
microRNA from the MiR 17-92 cluster, and not 
by Fas gene mutation or methylation. We dem-
onstrated that interventions that induce re-
expression of Fas using various therapies 
(including aerosol IL-2 and gemcitabine) 
resulted in regression of established lung metas-
tases. This was independent of the agent’s ability 
to directly induce tumor cell apoptosis and 
required a FasL+ lung microenvironment. These 
compelling data underscore how incorporating 
and harnessing the lung microenvironment into 
the therapeutic strategy for patients with OS 
lung metastases can add to the successful eradi-
cation of the disease, particularly against tumor 
cells that show resistance to chemotherapy and 
other forms of salvage therapy. Since 90% of 
newly diagnosed patients have undetectable 
microscopic metastases, incorporating such an 
approach into the neoadjuvant treatment schema 
may also prove beneficial in increasing the 
disease- free and long-term survival rates.
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Exosomes: Dynamic Mediators 
of Extracellular Communication 
in the Tumor Microenvironment

Kerri Wolf-Dennen and Eugenie S. Kleinerman

Abstract

It is becoming increasingly recognized that 
the tumor microenvironment significantly 
contributes to the development, progression, 
and metastasis of cancer and also plays a role 
in response to treatment. The tumor microen-
vironment is a complex and heterogeneous 
niche comprised of stromal cells, cancer cells, 
blood vessels, areas of hypoxia and necrotic 
tissue, fibrosis, and extracellular matrix. 
Cellular communication takes place within 
the tumor microenvironment, both via cell to 
cell contact, and through extracellular mecha-
nisms such as exosomal signaling. Exosomes 
are very small membrane-bound vesicles that 
have been shown to play key roles in the pro-
gression of cancer including modulation of 
the tumor microenvironment through the 
induction of angiogenesis, the transfer of 
genetic information that confers drug resis-
tance, and increased cell migration, invasion, 
proliferation, and survival, as well as the 
modulation of immune cell interactions. The 
role of exosomes in several different cancers 
has been investigated. In the context of osteo-
sarcoma, understanding how exosomes may 
modulate the tumor microenvironment to sup-

port metastatic growth particularly in the 
lung, the most common site of metastases, 
may identify novel therapeutic targets for 
relapsed patients.
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 Introduction

Cell-to-cell communication within complex tis-
sue microenvironments such as cancer is crucial 
to the sustained growth, invasion, and metastasis 
of cancer cells [1]. It is also becoming increas-
ingly recognized that the tumor microenviron-
ment is dynamic, heterogeneous, and composed 
of a wide variety of cells including tumor cells, 
innate and adaptive immune cells, fibroblasts, 
pericytes, endothelial cells, and mesenchymal 
stem cells [1, 2]. The tumor microenvironment is 
also comprised of extracellular matrix, collagen, 
fibrotic tissue, necrotic tissues, areas of hypoxia, 
and a diverse array of growth factors. 
Communication within the tumor microenviron-
ment is complex as it can occur either intercellu-
larly or extracellularly, which can be mediated by 
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direct contact between cells or by the transfer of 
secreted molecules or extracellular vesicles such 
as exosomes [3–5].

Exosomes are very small, 30–150-nm vesicles 
that have been shown to be an integral part of 
intercellular communication [4]. Furthermore, 
they have been shown to be released by a wide 
variety of cells, including both normal cells and 
cancer cells in vitro and in vivo [4]. Exosomes 
can also be found in many body fluids, including 
blood, urine, semen, breast milk, saliva, amniotic 
fluid as well as ascites fluid [6]. Exosomes arise 
at the lipid raft domain of the plasma membrane, 
where endocytosis leads to the intracellular for-
mation of an early endosome. These endosomes 
undergo a maturation process and become late 
endosomes, which then invaginate and give rise 
to multivesicular bodies. Then, these multivesic-
ular bodies are either degraded within lysosomes 
or are released into the extracellular space as exo-
somes [4, 7]. In addition, exosomes have also 
been shown to be secreted by pathogens such as 
fungi, archaea, mycobacteria, and bacteria, as 
well as plant and animal cells, which suggests 
that the biogenesis and subsequent exosomal 
communication between cells is an important 
evolutionary conserved signaling mechanism [6].

Exosomes have been shown to contain a wide 
variety of constituents, such as proteins, mRNAs, 
miRNAs, as well as both single-stranded and 
double-stranded DNAs [8]. In addition, the gen-
eration of exosomes by inward budding ensures 
that the membrane proteins on the surface of an 
exosome preserve the same orientation and fold-
ing as those on the plasma membrane [7]. 
Exosomes have been shown to be a rich source of 
biomarkers and have also been shown to play a 
role in a wide variety of normal physiological 
processes such as tissue regeneration, angiogen-
esis, autophagy, blood coagulation, immunomod-
ulation, stem cell differentiation, wound healing, 
pregnancy, as well as cancer progression [6, 8–
11]. Exosomes have also been proposed to medi-
ate cellular communication during the normal 
development of the nervous system and regenera-
tion of normal neurons [8, 10]. Importantly, the 
discovery that the contents of an exosomes can be 
transferred to recipient cells and can mediate 
both cellular signaling and phenotypic changes 

within cells supports the idea that exosomes are 
dynamic mediators of intercellular communica-
tion, both locally and distantly [6].

 The Role of Exosomes in Cancer

Exosomes have been detected within the tumor 
microenvironment, and emerging evidence sug-
gests that exosomes play a role in regulating 
tumor proliferation, survival, angiogenesis, resis-
tance, migration, invasion, lymphogenesis, can-
cer development, progression, and metastasis [9]. 
An increase in the rate of exosome secretion as 
well as differential cargo expression has been 
shown to be favorable in the development of can-
cer [12]. Within the tumor microenvironment, 
exosomes can mediate interactions between the 
following cell types: cancer cell to cancer cell, 
cancer cell to stromal cell, or stromal cell to can-
cer cell. For example, exosomes derived from a 
glioblastoma-astrocytoma cell line, which con-
tain mutant EGFR variant III (EGFRvIII) expres-
sion can transform glioblastoma cells lacking 
EGFRvIII expression [13]. Breast cancer–
derived exosomes can also transform nonmalig-
nant mouse fibroblast cells, which will form 
tumors [14]. It has also been shown that exo-
somes can transfer oncogenic proteins or fusion 
gene mRNA, as well as oncogenic lncRNAs from 
cancer cells to other cells within the tumor micro-
environment [6]. In addition, nonmalignant 
breast cells form tumors when exposed to exo-
somes from breast cancer cells or exosomes iso-
lated from the serum of breast cancer patients 
[15]. Exosomes play many roles in the tumor 
microenvironment, and it is becoming increas-
ingly recognized that they may play a much big-
ger role in tumor growth and metastasis than 
originally thought.

 The Role of Exosomes in Drug 
Resistance

The ability of cancer cells to adapt and become 
resistant to radiotherapy, chemotherapy, or even 
immunotherapy is an unsolved problem to date. 
It is becoming increasingly understood that exo-
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somes may contribute to resistance, specifically 
because of their ability to confer the resistant 
phenotype to nonresistant cancer cells in the 
tumor microenvironment using several different 
mechanisms [16]. Exosomes have been shown to 
package chemotherapeutic agents such as cispla-
tin from the cytosol in order to protect the sur-
rounding cells from the cytotoxic effects of the 
drug [17]. Additionally, exosomes have also been 
shown to mediate resistance from a drug- resistant 
cell to a drug-sensitive cell simply by the transfer 
of exosomal contents [16]. For example, 
Adriamycin- and docetaxel-resistant breast can-
cer cells transferred miRNAs mediating resis-
tance via exosomes to sensitive cell lines, 
resulting in the conference of resistance to both 
drugs [18]. Additionally, breast cancer cell exo-
somes have been found to carry HER2 and have 
also been shown to scavenge trastuzumab, 
thereby reducing its availability in circulation 
[19, 20]. In prostate cancer, exosomes have been 
shown to both carry and induce production of 
multidrug resistance protein (MDR-1/P-gp), 
which interferes with drug uptake, increasing cel-
lular resistance to drugs such as docetaxel and 
anthracyclines [21]. Many studies have identified 
the exosomal transfer of miRNAs that mediate 
drug resistance, but more comprehensive genetic 
and proteomic investigations are needed to better 
understand the complex mechanisms responsible 
for exosome-mediated induction of resistance, 
how this is transferred between sensitive and 
resistant cells, and which signaling pathways are 
involved.

 The Role of Exosomes 
in Angiogenesis 
and Lymphogenesis

Exosomes have also been shown to modulate the 
tumor microenvironment, which includes their 
ability to stimulate angiogenesis and lymphogen-
esis. Cancer cell–derived exosomes can carry 
TSPAN8 and integrin subunit α4 and have been 
shown to upregulate angiogenesis-related genes 
[22]. Additionally, exosomes have also been 
shown to carry soluble E-cadherin, which is a 
potent inducer of angiogenesis and were also 

shown to activate β-catenin and NF-kβ signaling 
[23]. It has been suggested that tumor-derived 
exosomes containing EGFR can activate endo-
thelial cells to produce VEGF and upregulate 
VEGFR2 signaling [24]. Cancer cell–derived 
exosomes have also been shown to carry NOTCH 
ligand Delta-like 4 (DLL4), which resulted in 
increased vessel density and branching in  vivo 
[25]. Within a hypoxic tumor microenvironment, 
exosomes have been shown to be especially 
important in the promotion of angiogenesis. For 
example, under hypoxic conditions, lung cancer 
cells produced more exosomes enriched in mir- 
23a, which resulted in accumulation of hypoxia- 
inducible factor-1-alpha (HIF1A) in endothelial 
cells and also targeted tight junction protein 
ZO1, thereby increasing vascular permeability 
[26]. Exosomes have also been shown to modu-
late the lymphatic system. As an example, exo-
somes released from melanoma cells have been 
shown to prepare the sentinel lymph node for 
tumor metastasis [27]. An exosome’s ability to 
influence endothelial cells, modify both local and 
distant microenvironments, and promote angio-
genesis can facilitate cancer progression and 
metastasis.

 The Role of Exosomes in Cancer Cell 
Proliferation and Survival

Exosomes have also been shown to contain factors 
that modulate cancer cell proliferation and sur-
vival within the tumor microenvironment. 
Exosomes derived from chronic myeloid leuke-
mia cells have been shown to contain the cytokine 
TGFβ-1, which promoted tumor growth through 
the activation of antiapoptotic pathways, as well 
as ERK and AKT [28]. Exosomes from cancer-
associated fibroblasts have been shown to carry a 
signal recognition particle RNA that stimulated 
DDX58 signaling in breast cancer cells, which 
lead to increased chemoresistance as well as 
increased proliferation [29]. Gastric cancer–
derived exosomes have been shown to increase 
proliferation in part due to PI3K/AKT activation 
[30]. In bladder cancer, exosomes have been sug-
gested to activate AKT and ERK, thereby promot-
ing proliferation and inhibiting apoptosis in 
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recipient bladder cancer cells [31]. Colon cancer–
derived exosomes containing mutant KRASG12D 
were shown to induce anchorage- independent 
growth in colon cancer cells expressing the wild-
type KRAS allele [32]. Exosomes have been asso-
ciated with increased proliferation and decreased 
apoptosis in many cancer types, including but not 
limited to hepatocellular carcinoma, breast cancer, 
lung cancer, and osteosarcoma [6, 9, 11, 12]. 
Additionally, exosomes have also been associated 
with replicative immortality, a phenomenon that is 
associated with telomerase activation [33]. With 
each cell replication, cell telomeres are shortened 
until the cell reaches a nondividing stage or repli-
cative senescence. Telomere length is controlled 
by the enzyme telomerase [33]. High expression 
of telomerase is often associated with cancer [33]. 
TERT, the catalytic subunit of telomerase, has 
been found to be contained within serum-derived 
exosomes from cancer patients [34]. Additionally, 
TERT mRNA (hTERT) has been found in cancer 
cell–derived exosomes, including pancreatic can-
cer and lung cancer [35]. When cancer cell–
derived exosomes were added to fibroblasts, these 
contents were taken up and telomerase was acti-
vated, proliferation was increased, and cellular 
senescence was delayed, thereby extending the 
cell’s lifespan [35]. These findings demonstrate 
that exosomes play a significant role in cancer cell 
proliferation and survival. Future studies must 
now focus on understanding the mechanisms by 
which cancer exosomes affect these functional 
changes.

 The Role of Exosomes in Cancer 
Migration, Invasion, and Metastasis

Exosomes have also been shown to play a sig-
nificant role in cancer cell migration, invasion, 
and metastasis. Exosomes can also control cell 
polarity and directional cell movement [11]. 
Fibrosarcoma cell–secreted exosomes that bound 
to cell surface integrin receptors facilitated the 
clustering of integrins, as well as the formation 
of a strong adhesion at the leading edge of the 
cell that promoted cellular migration [36]. 
Cancer- associated exosomes specifically loaded 
with WNT1 promoted the protrusion of breast 

cancer cells, as well as invasion and metastasis 
via autocrine activation of the WNT-planar cell 
polarity signaling pathway [37]. Exosomes have 
also been shown to modify the extracellular 
matrix (ECM) of the tumor microenvironment. 
Metastatic breast cancer–derived exosomes con-
tained activated MMP2, which is a protease that 
degrades ECM and promotes invasion [38]. 
Additionally, exosomes have also been shown to 
unlock tight junctions of endothelial cells in 
breast cancer, which allows for extravasation 
into the surrounding vasculature and the promo-
tion of metastasis [39]. Breast cancer–derived 
exosomes containing miR-181c were shown to 
compromise the blood–brain barrier by down-
regulating PDPK1  in endothelial cells, which 
resulted in the abnormal localization of actin and 
increasing metastasis to the brain [40]. Exosomes 
have also been shown to promote the develop-
ment of a recipient cell’s epithelial–mesenchy-
mal transition (EMT) [16]. Factors associated 
with EMT such as TGFβ-1, β-catenin, and matrix 
metalloproteinases have been found to be con-
tained within cancer cell exosomes [41–44]. In 
the exosomes of a highly metastatic lung cancer 
cell line, levels of vimentin were higher and con-
ferred increased levels of migration, invasion, 
and proliferation when compared to the exo-
somes of its parental counterpart [45]. In another 
study, cancer- derived exosomes contained mir-
21, which markedly increased the levels of 
vimentin and snail as well as decreased levels of 
E-cadherin, which are all markers associated 
with EMT [46, 47]. It is known that primary 
tumors release specific growth factors or cyto-
kines, which promotes the development of 
metastasis. It has also been recently shown that 
exosomes can play a role in the development of 
the premetastatic niche. Cancer cell exosomes 
can condition lymph nodes or lungs tissues to 
become favorable to the metastatic colonization 
and subsequent outgrowth of melanoma cells 
[27, 48]. In prostate cancer, exosomes promoted 
osteoblast activity, which regulated the microen-
vironment of bone metastases [49, 50]. 
Additionally, exosomes from pancreatic cancer 
cells were shown to contain miR-494 and miR-
542-3p, which resulted in the downregulation of 
cadherin-17 [48]. This led to increased levels of 
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proteases, adhesion molecules, and other proteins 
in the lung and lymph node, which modulated the 
local microenvironment and made it more ame-
nable to tumor metastasis [48]. Melanoma-
derived exosomes have been shown to deliver the 
tyrosine kinase receptor MET to bone marrow 
progenitor cells, which in turn activates HGF-
MET signaling, which subsequently promotes 
tumor metastasis to the bone [51]. The develop-
ment of the metastatic niche has been observed 
in many cancers, such as pancreatic cancer, 
breast cancer, melanoma, lung cancer, and gas-
tric cancer [11].

 The Role of Exosomes in Cancer 
and Immune Cell Interactions

In recent years, it has been increasingly clear 
that cancer cell exosomes play a major role in 
the modulation of immune cell signaling and 
function within the tumor microenvironment. 
The first evidence that suggested that exosomes 
could modulate the immune system was the dis-
covery that exosomes derived from B-cells that 
were transformed by Epstein–Bar virus contain 
MHCI and MHCII on their surface. It was later 
found that these exosomes were capable of anti-
gen presentation and can activate CD4+ T cells, 
which showed that they can modulate immune 
cell function independently of direct cell-to-cell 
contact [52, 53]. Since that first discovery, exo-
somes have been shown to modulate multiple 
different types of immune cells, activate or sup-
press an immune-mediated tumor response, 
assist in tumor escape from immune surveil-
lance, and activate various immunosuppressive 
pathways that support the continual growth of 
the tumor [54].

Exosomes have been shown to modulate 
innate immune cells that may be found in the 
tumor microenvironment, which include den-
dritic cells, natural killer cells, neutrophils, 
monocytes, and macrophages [54]. Additionally, 
they’ve also been shown to modulate the adaptive 
cells of the immune system, T cell and B cells 
[54]. Exosomes from tumors have been shown to 
transfer HSP70-80 as well as MHCI to dendritic 
cells, which in turn stimulates potent CD8+ anti-

tumor effects [55, 56]. HSP70 on the exosomal 
surface has also been shown to stimulate natural 
killer cell migration and cytolytic activity, induce 
a stronger T helper cell response, and activate 
macrophages [57–59]. Although exosomes are 
capable of activating an antitumor response, they 
also have a very strong protumor effect. Tumor- 
derived exosomes have been shown to promote 
T-regulatory cells and have also been shown to 
inhibit both natural killer and T cell functions 
[54]. FAS ligand is a potent activator of cellular 
apoptosis and has been shown to be presented by 
tumor-derived exosomes, resulting in the apopto-
sis of activated T cells [60–62]. Melanoma cell 
exosomes stimulate high levels of reactive oxy-
gen species, which in turn inhibits the activity of 
surrounding T cells [63]. Tumor-derived exo-
somes have also been shown to express PDL1, 
which supports tumor growth by inhibiting the 
activity of activated T cell function [64]. 
Pancreatic cancer exosomes have been shown to 
inhibit dendritic cell activity by downregulating 
TLR4 via miR-203 [65]. Exosomes derived from 
breast cancer cells were shown to be taken up by 
bone marrow myeloid progenitor cells, which 
impaired dendritic cell differentiation by the 
phosphorylation of STAT3 and the overexpres-
sion of IL6 [66]. Lung cancer exosomes have 
been shown to block the differentiation of den-
dritic cells by downregulating the expression of 
MHCII, CD86, and CD80 while also upregulat-
ing the expression of PD-L1 and CD11B [67]. 
Tumor-derived exosomes have also been shown 
to make adenosine from ATP by carrying the 
enzymatically active CD39 and CD73 and have 
been implicated in the suppression of activated B 
cells [68].

Tumor cell exosomes have been shown to 
modulate macrophage polarization. M1 macro-
phages are associated with antitumor functions as 
well as the stimulation of the local immune envi-
ronment [69]. M2 macrophages are typically 
immunosuppressive and have been shown to be 
tumor promoting. Tumor cell exosomes have 
been shown to modulate this phenotype, resulting 
in an M2-like immunosuppressive phenotype 
[69]. Exosomes derived from glioblastoma stem 
cells not only induced an M2 phenotype, but also 
induced expression of PD-L1 on macrophages 
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[70]. Breast cancer–derived exosomes were able 
to modify macrophage polarization through 
gp130/STAT3 signaling [71]. Exosomes shed 
from colon cancer cells were shown to contain 
miR-1246, which induced the M2 macrophage 
phenotype with high levels of TGFβ expression 
[72]. Gastric cancer exosomes induced the 
expression of PD-L1 on the surface of macro-
phages, and impaired CD8+ T cell function via 
IL10 secretion [73]. Melanoma-, breast cancer-, 
and oral squamous cell carcinoma–derived exo-
somes have been shown to not only activate mac-
rophages to an M1 phenotype but also facilitate 
the migration of cancer cells, metastasis, and 
immune escape, thus still playing a role in the 
progression of the tumor [74–76]. The role of 
exosomes in the tumor microenvironment can 
therefore be both tumor suppressive and tumor 
promoting. It will be important to investigate the 
mechanisms involved in this complex modifica-
tion of cellular signaling, especially in the con-
text of improving the efficiency of immunotherapy 
in cancer patients.

 The Emerging Role of Exosomes 
in Osteosarcoma

The role of exosomes in osteosarcoma is still 
being elucidated and is not yet well understood. 
The first exosomes to be reported in the context 
of osteosarcoma found that extracellular vesi-
cle–bound urokinase plasminogen activator 
(uPA) contributed to the progression of nonmet-
astatic osteosarcoma to a metastatic phenotype 
[77]. In a subsequent study, it was shown that 
human osteosarcoma cell exosomes can transfer 
resistance to doxorubicin by a mechanism 
involving the upregulation of MDR-1 and 
P-glycoprotein [78]. Proteomic analysis of 
osteosarcoma cell line–derived exosomes has 
suggested contents associated with tumor growth 
and metastasis [79]. Notch-activating factors 
have been observed inside osteosarcoma-derived 
exosomes and have been shown to mediate skel-
etal muscle atrophy in cancer cachexia [80]. 
Osteosarcoma cell–derived exosomes have also 
been shown to reduce the rate of T cell prolifera-
tion and activity, as well as promote a T regula-

tory phenotype [81]. Additionally, exosomes 
derived from bone marrow mesenchymal stem 
cells promoted cancer progression and tumor 
growth of human osteosarcoma cells, and 
increased proliferation, migration, invasion, and 
apoptotic resistance of osteosarcoma cells [82–
85]. Metastatic osteosarcoma cell–derived exo-
somes have also been shown to contain miR-675, 
which promotes cell invasion and migration 
through CALN1 [86]. miR-1228 has also been 
shown to be contained in osteosarcoma-derived 
exosomes, which increased cell migration and 
invasion through SCA1 [87]. Extracellular vesi-
cle–bound miR-25-3p promotes the capillary 
formation and invasion of vascular endothelial 
cells, thereby mediating angiogenesis and pro-
moting tumor progression [88]. Osteosarcoma 
cell–derived exosomes have also been shown to 
promote osteoclast differentiation, bone resorp-
tion activity, tube formation of endothelial cells, 
and increase angiogenic markers [89]. 
Osteosarcoma- derived extracellular vesicles 
have been shown to induce a tumor-like pheno-
type in normal recipient fibroblasts [90]. 
Additionally, osteosarcoma exosomes that 
express a membrane associated form of TGFβ 
have been shown to educate mesenchymal stem 
cells to an inflammatory phenotype, which then 
leads to osteosarcoma progression [85]. Finally, 
extracellular vesicles secreted by highly meta-
static clonal variants of osteosarcoma preferen-
tially localize to the lungs. These vesicles are 
capable of inducing a metastatic phenotype in 
poorly metastatic clones [91]. The role of exo-
somes in osteosarcoma growth and metastasis, 
how exosomes from metastatic cells differ from 
the ones produced by nonmetastatic cells, and 
how metastatic-derived exosomes alter the organ 
microenvironment specifically in the lung to 
make it supportive of tumor growth needs to be 
elucidated.

 Conclusions

The tumor microenvironment is a complex eco-
system composed of many different cells and 
components. The organ microenvironment for the 
primary tumor in the bone is not the same as the 

K. Wolf-Dennen and E. S. Kleinerman



195

metastatic site, that is, the lungs. Exosomes play a 
key role in extracellular communication between 
cells. Therefore, future studies need to include a 
focus on exosomes from metastatic osteosarcoma 
cells and the role that exosomes play in the pro-
cess of primary tumor development, progression, 
and metastasis and how exosomes modify the 
organ microenvironment to make it support 
growth at the distant site. A broader understand-
ing of the role that exosomes play in extracellular 
communication of cancer cells may reveal novel 
therapeutic targets and opportunities and improve 
the efficiency of current therapies.
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Abstract

Approximately 800 people are diagnosed with 
osteosarcoma (OSA) per year in the 
USA.  Although 70% of patients with local-
ized OSA are cured with multiagent chemo-
therapy and surgical resection, the prognosis 
for patients with metastatic or relapsed disease 
is guarded. The small number of patients diag-
nosed annually contributes to an incomplete 
understanding of disease pathogenesis, and 
challenges in performing appropriately pow-
ered clinical trials and detecting correlative 
biomarkers of response. While mouse models 
of OSA are becoming increasingly sophisti-
cated, they generally fail to accurately reca-
pitulate tumor heterogeneity, tumor 
microenvironment (TME), systemic immune 
dysfunction, and the clinical features of tumor 
recurrence, metastases, and chemoresistance, 
which influence outcome. Pet dogs spontane-
ously develop OSA with an incidence that is 

30–50 times higher than humans. Canine OSA 
parallels the human disease in its clinical pre-
sentation, biological behavior, genetic com-
plexity, and therapeutic management. 
However, despite therapy, most dogs die from 
metastatic disease within 1 year of diagnosis. 
Since OSA occurs in immune-competent 
dogs, immune factors that sculpt tumor immu-
nogenicity and influence responses to immune 
modulation are in effect. In both species, 
immune modulation has shown beneficial 
effects on patient outcome and work is now 
underway to identify the most effective immu-
notherapies, combination of immunothera-
pies, and correlative biomarkers that will 
further improve clinical response. In this 
chapter, the immune landscape of canine OSA 
and the immunotherapeutic strategies used to 
modulate antitumor immunity in dogs with the 
disease will be reviewed. From this immuno-
logical viewpoint, the value of employing 
dogs with spontaneous OSA to accelerate and 
inform the translation of immunotherapies 
into the human clinic will be underscored.
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 Introduction

OSA affects approximately 800 people per year 
in the USA, and, as such, it is subject to the chal-
lenges that orphan diseases present for therapeu-
tic advances. The relatively small number of 
patients contributes to an incomplete understand-
ing of the disease pathogenesis, challenges to 
performing appropriately powered, randomized, 
controlled clinical trials, and identifying correla-
tive biomarkers of response that might direct 
patient stratification and improve outcomes. 
Furthermore, in comparison to more common 
cancers, funding opportunities and dollars for 
basic and clinical research are limited. These fac-
tors have contributed to the lack of significant 
advances in the treatment of OSA for more than 
30 years [1]. While mouse models of OSA are 
becoming increasingly sophisticated, they often 
fail to recapitulate tumor heterogeneity and the 
immunosuppressive microenvironment and sys-
temic immune dysfunction that are frequently 
encountered in cancer patients [2–4]. These 
shortcomings are emphasized when using murine 
models to evaluate the safety and efficacy of 
immunotherapeutic agents, that act on the 
immune system to augment antitumor immunity 
and prevent metastatic disease. Metastasis to the 
lung, bone, and soft tissues is the principal cause 
of death in OSA patients, and this natural pro-
gression of the disease is also poorly modeled in 
murine systems.

Pet dogs spontaneously develop OSA with an 
incidence that is 30–50 times higher than humans 
(~45,000 cases/year in the USA) and has a life-
time risk of up to 10% in predisposed breeds [5]. 
OSA arising spontaneously in large breed dogs 
parallels the human disease in its clinical presen-
tation, biological behavior, genetic complexity, 
and therapeutic management [6, 7]. However, 
despite therapy, most dogs will develop meta-
static disease, which is ultimately responsible for 
the death of the canine patient within 1 year of 
diagnosis [6]. As such, dogs with spontaneous 
OSA have been recognized as a valuable com-
parative model of pediatric OSA in which to 
investigate disease pathogenesis and evaluate 
therapies to prevent and treat metastatic disease 

[8]. Over 75% of canine OSA occurs in the long 
bones with the metaphyseal region of the distal 
radius, proximal humerus and distal femur being 
the most common sites affected [9]. Commonly 
affected sites in humans are the distal femur and 
proximal tibia, with the proximal humerus and 
distal radius, both non-weight-bearing bones in 
humans compared to dogs, being less frequently 
affected [10, 11]. In contrast to OSA in humans, 
middle- to older-aged adult, skeletally mature 
dogs are most commonly affected although there 
is a second, smaller peak incidence at 
12–24  months of age [12]. Similar to pediatric 
OSA, the majority of canine OSAs are high 
grade, and elevated serum levels of alkaline phos-
phatase and metastatic disease are poor prognos-
tic indicators in both species [13, 14]. In both 
species, metastatic disease occurs in the lungs, 
bone, and soft tissue. Unlike pediatric patients, 
standard of care in dogs consists of surgical 
resection followed by four to six cycles of adju-
vant carboplatin and/or doxorubicin chemother-
apy [15, 16]. However, although improved 
survival is seen with the addition of chemother-
apy after primary tumor removal [15, 17], up to 
90% of dogs develop metastatic disease despite 
standard of care with overall survival times rang-
ing from 8–12 months [18]. Indeed, as many as 
25% of dogs receiving chemotherapy will 
develop gross metastatic disease within 14 weeks 
of amputation, underscoring the aggressive 
nature of the disease in dogs and suggesting that 
neoadjuvant therapies might be worthy of inves-
tigation [19]. Multiple chemotherapeutic strate-
gies have been investigated in dogs with OSA 
over the last 30 years; however, none have sig-
nificantly improved disease-free intervals or 
median survival times [16, 19–22].

Given the similarities identified between OSA 
in dogs and humans, researchers from diverse 
scientific disciplines have taken advantage of the 
canine translational “model” to inform diagnos-
tics, prognostics, and therapeutics for both spe-
cies. For example, taking advantage of the 
reduced genetic heterogeneity that occurs within 
specific dog breeds, molecular biologists have 
utilized genome-wide gene-expression profiling, 
exomic profiling, comparative genomic 
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 hybridization, and comparative transcriptomics 
to identify molecular subtypes, recurrent driver/
suppressor gene mutations, and signatures that 
are predictive of outcome in dogs with OSA [23–
27]. These signatures have been successfully 
applied to tumor samples from a more geneti-
cally diverse human patient population where 
they are also predictive of outcome [23, 24]. 
Surgeons and bioengineers have taken advantage 
of the canine OSA patient to develop limb- 
sparing techniques that have been applied to 
human patients [28]. The similar body size, 
genetic make-up, metabolism, and drug distribu-
tion kinetics between species have resulted in the 
canine OSA patient being a valuable asset for 
medical oncologists in evaluating safety and 
determining optimal dosing schedules of novel 
cytotoxic agents, small molecule inhibitors, and 
immune modulating agents to prevent metastatic 
disease. Finally, radiation oncologists have 
explored different radiation types and dosing 
schedules to optimize management of nonresect-
able lesions in the dog and to induce immuno-
genic cell death (ICD), which may augment 
immunotherapeutic strategies aimed at prevent-
ing metastatic disease [29].

While the canine OSA patient has already 
contributed much to our understanding of disease 
biology and the development of surgical and che-
motherapeutic strategies to manage human OSA 
patients, perhaps, its greatest contribution will be 
realized in the development of safe and effective 
immunotherapies or combination immunothera-
pies to prevent metastatic disease. OSA is an 
immune-responsive tumor, and William Coley’s 
observations in the late 1800s that concurrent 
bacterial infections increased patient survival 
provided some of the first evidence of this con-
cept [30, 31]. Similar observations have been 
made more recently in canine OSA patients that 
experience surgical site infections following 
limb-sparing surgeries [32–34]. Although rare, 
spontaneous regression of primary OSA has also 
been reported in both species and is considered to 
be immunologically mediated [35–37]. 
Conversely, tumor-mediated suppression of 
innate and adaptive immunity occurs with many 
different types of neoplasia including OSA and 

this contributes to disease progression, metasta-
ses, and therapeutic resistance [38, 39]. Given the 
recent unprecedented success of immunothera-
pies including chimeric antigen receptor (CAR), 
T cells, and checkpoint inhibitors for the treat-
ment of hematological and solid tumors with 
high mutational load, and the known immune 
responsiveness of OSA, there is increasing inter-
est in evaluating immunotherapeutic strategies to 
treat OSA [40, 41]. Unlike immune- compromised 
rodent models of OSA that employ subcutaneous 
or orthotopic implantation of human tumor tissue 
or cell lines for research purposes, dogs that 
spontaneously develop OSA are immune compe-
tent, making them much better suited to evaluate 
therapies that act on the immune system to pro-
mote antitumor immunity. Furthermore, the 
spontaneity of tumor development means that 
tumor heterogeneity is preserved in dogs [42, 43] 
and the complex interplay that exists between the 
developing tumor and the immune system that 
sculpts tumor immunogenicity and directs the 
development of an immunosuppressive microen-
vironment is expected to be intact. Similar to 
pediatric OSA patients, dogs with OSA also 
exhibit systemic immune dysfunction that may 
serve as a significant barrier that needs to be 
overcome to improve response toimmunothera-
pies [38]. Since standard of care for dogs with 
OSA is surgical resection followed by cytotoxic 
chemotherapy, most canine OSA tissues are from 
chemotherapy-naïve primary samples, which 
may provide a more accurate assessment of 
tumor, tumor microenvironment (TME), and 
immune infiltrates than pediatric OSA samples 
taken at resection after multiagent chemotherapy. 
Finally, since owners of canine cancer patients 
may choose not to pursue standard of care, due to 
cost, patient size, or concerns surrounding 
quality- of-life issues, novel immunotherapies 
can be used at an earlier stage of disease com-
pared to pediatric patients, increasing the likeli-
hood of a favorable response that is not adversely 
affected by prolonged chemotherapy or advanced 
disease status.

Many questions now face immunotherapists 
aiming to improve the outcome of patients with 
OSA [44]. These include what is the immune 
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 status of the patient and of the tumor microenvi-
ronment (TME); how will these factors influence 
the clinical and immunological responses to 
immunotherapy; which tumor targets are relevant 
and safe; how can immunotherapies be rationally 
combined to broaden and augment antitumor 
immunity and provide a permissive TME to opti-
mize antitumor effect; what are accurate bio-
markers of response; and can they be employed 
to improve outcome via patient stratification? 
These clinically relevant questions can only be 
answered in patients with spontaneous tumors 
that exhibit tumor heterogeneity, recapitulate the 
tumor microenvironment, have intact and func-
tional innate and adaptive immune responses, 
and either are known to develop metastatic dis-
ease with high frequency or already have meta-
static disease.

Canine OSA patients present a spontaneous, 
immune competent “model” system that may be 
used to address a number of these questions and 
accelerate our understanding of OSA pathogen-
esis. Furthermore, they provide a valuable paral-
lel patient population in which to evaluate the 
safety and efficacy of combination immunother-
apeutic strategies and identify correlative bio-
markers of clinical responses [45]. In this 
chapter, the immune landscape of canine OSA 
will be reviewed and compared with human 
OSA. Furthermore, the immunotherapeutic strat-
egies that have been employed to modulate anti-
tumor immunity in dogs with OSA will be 
presented. The review will examine the evidence 
that supports the use of canine patients to evalu-
ate immunotherapeutic strategies, accelerate 
their translation into the human clinic, and iden-
tify correlative biomarkers that will assist in 
patient stratification for human clinical trials.

 The Immunology of Canine OSA

 Mutational Burden

The genetics of canine OSA have been well stud-
ied and are reviewed in detail elsewhere in this 
book. However, given that a tumor’s somatic 
mutational load is the best predictor of neoepit-

ope burden and, in turn, neoepitope burden is the 
most predictive measure of immune therapeutic 
response, it is worth mentioning here what is 
known about the mutational status of canine OSA 
[46]. Similar to humans, canine OSA exhibits 
considerable genomic instability from a karyo-
typic standpoint and shares microaberrations in 
commonly mutated genes such as p53 and Rb 
[47, 48]. However, OSA arising in humans and 
dogs generally exhibits a low point-mutation bur-
den (median 1.98 mutations per Mb canine DNA) 
with a trend toward higher mutational loads in 
metastatic lesions [49–51]. Although the muta-
tional burden of OSA is comparably low across 
the spectrum of evaluated human cancers, it is 
high in relation to other pediatric cancers, and 
nonsynonymous mutations may serve as poten-
tial neoantigens for tumor-specific T cells that 
may be augmented by immunotherapeutic strate-
gies in both species [51, 52].

 Immune Landscape

Understanding the factors that influence the 
immune responsiveness of OSA and identifying 
correlative biomarkers that predict this response 
are key to improving the outcome of human and 
canine patients with this disease. Here we pro-
vide a comparative overview of what is known 
about the immunological landscape of canine 
OSA, identifying key players that may be manip-
ulated by immunotherapeutic strategies to 
enhance patient response.

One of the most comprehensive studies that 
investigated the comparative immunological 
landscape of OSA utilized RNAseq to evaluate 
transcriptional profiles from primary appendicu-
lar OSA of humans, dogs, and genetically engi-
neered mouse models to identify shared 
transcriptional profiles that influenced tumor 
development and progression [24]. Three highly 
conserved gene clusters were identified across 
species that were enriched in cell cycle tran-
scripts, immune transcripts associated with 
monocytes, and transcripts associated with T 
cells. In humans and dogs, increased expression 
of transcripts associated with cell cycle  correlated 
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with poor patient outcome. In humans, patients 
whose tumors showed loss of immune cell tran-
scripts had the shortest survival time, suggesting 
this may serve as a prognostic biomarker for 
metastatic disease. However, the lack of immune 
transcripts was not significantly correlated with 
survival times in the dog. The authors postulate 
that this may be due to the aggressive nature of 
canine OSA, with dogs not surviving long 
enough for the role of immune activation to be 
recognized. Taking advantage of the reduced 
genetic heterogeneity seen within dog breeds, 
the same investigators performed genome-wide 
gene-expression profiling, which separated OSA 
tumor samples into two different molecular sub-
groups distinguished by expression of G2/M 
transition, DNA damage checkpoints, and 
microenvironment- interaction signatures. These 
different subtypes had different metastatic 
potentials that correlated with the presence or 
absence of immune cell infiltrates within the 
stroma [23].

 Monocytes/Macrophages
During tumor development, circulating mono-
cytes/macrophages traffic into tumors where they 
are co-opted by the tumor microenvironment, 
shifting from a classical proinflammatory type 1 
(M1) phenotype to an anti-inflammatory, protu-
morigenic type 2 (M2) phenotype [53]. 
Accumulations of M2 macrophages in tumors 
such as breast and cervical cancer have been 
associated with a poor clinical outcome [53, 54]. 
Buddingh et  al. used gene-expression analysis 
and IHC to show that high-grade human OSA 
samples contained both type 1 (CD14/HLA- 
DRα+) and type 2 (CD14/CD163+) TAMs and 
that the presence of TAMs was associated with 
reduced metastases and improved survival [55, 
56]. Similar findings were reported by Gomez- 
Bruchet who analyzed pretreatment biopsy sam-
ples from patients enrolled on the French phase 3 
trial (OS 2006) and demonstrated that patients 
with core biopsies showing >50% of cells as 
CD163+ TAM experienced improved overall sur-
vival [56]. Finally, recent evidence in a murine 
xenograft model of metastatic OSA showed that 
the beneficial effects of PD-1 antagonism on  

pulmonary metastases were associated with 
increased infiltration by M1 macrophages and a 
reduction in M2 macrophages and depletion of 
macrophages in this model system negated the 
therapeutic effect of the checkpoint inhibitor 
[57]. Indeed, it is thought that the balance 
between M1 and M2 macrophages, which is con-
trolled by the tumor cells themselves, plays a key 
role in determining the outcome of T cell 
responses within the tumor, with recent evidence 
suggesting that this outcome is dictated by PD-1/
PD-L1 interactions. These findings underscore 
the complexity of immune interactions with the 
tumor and suggest that therapeutic strategies that 
influence the M1/M2 balance and promote a pre-
dominantly proinflammatory milieu may enhance 
antitumor T cell responses to control metastases 
and promote a more favorable outcome.

Using quantitative IHC to determine the pres-
ence of CD204+ macrophages, CD3+ T cells, and 
FOXP3+ (forkhead box P3) cells in primary 
tumors of 24 dogs with appendicular OSA, 
Withers et  al. reported that the only prognostic 
subset was CD204+ cells, with dogs with high 
levels of CD204+ infiltrate experiencing pro-
longed disease-free intervals (DFI) [58]. Dogs 
with proximal humeral OSA, a location that is 
generally associated with a poor prognosis, 
tended to have lower CD204+ infiltrates com-
pared to all other tumor locations and experi-
enced shorter median survival times (MST) [58, 
59]. In the same study, the authors demonstrated 
that tumors that contained high numbers of 
CD204+ TAMs also had greater lymphocytic 
infiltrates and patients with lymphocytic infil-
trates above the top quartile showed a statistically 
significant prolongation of survival [58]. It is 
worth noting that CD204 expression is com-
monly associated with an M2 phenotype; how-
ever, the presence of lymphocytic infiltrates that 
correlate with improved survival might suggest 
that functionally, these TAMs are more consistent 
with a proinflammatory subset. As the canine 
reagent toolbox expands, further investigation 
into the phenotype and functional properties of 
these TAMs will ensue. These studies suggest 
that at a basic level, canine and pediatric OSAs 
share comparable immune infiltrate features and 
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suggest dogs with OSA are relevant to further 
investigations into agents that manipulate the 
TME to promote effective antitumor immunity.

Several studies have demonstrated that high- 
circulating monocyte counts (>400 cells/μl in 
dogs, but still within the normal range) are asso-
ciated with shorter DFI in dogs and in pediatric 
patients with appendicular and axial OSA [60–
63]. Recently, the mechanistic basis for this has 
been investigated in dogs. Researchers found that 
circulating monocytes from dogs with OSA had 
reduced expression of cell adhesion molecules 
and chemokine receptors including CD62L, 
CCR7, CCR2, and CXCR2 [64]. They also 
exhibited decreased chemotactic function. These 
findings are consistent with the idea of tumor- 
mediated monocyte dysfunction in which mono-
cytes from OSA patients have a reduced ability 
to traffic into tumor sites and initiate an antitu-
mor immune response. This idea is further sup-
ported by the finding that canine OSA patients 
that express higher levels of CCR2 on circulating 
monocytes, enabling them to migrate into areas 
of inflammation in response to chemoattractant 
proteins, have improved survival [64]. 
Interestingly, when monocyte counts were high 
in these dogs, the cells tended to express higher 
levels of CD14 and lower levels of CD16 com-
pared with patients with lower monocyte counts. 
In humans, this macrophage subset (CD14hi, 
CD16int) denotes a proinflammatory macro-
phage phenotype, that is MHCII high, produces 
TNF-α, IL-1β, and IL-6, and is a potent T cell 
stimulator [65]; however, the functional attri-
butes of a CD14hi, CD16int/lo subset have not 
been explored in canines. Consistent with sys-
temic monocyte dysfunction, stimulation of cir-
culating monocytes from canine OSA patients 
with LPS led to the production of significantly 
more TNF-α and PGE2 than monocytes from 
healthy dogs. TNF-α is classically proinflamma-
tory; however, it also promotes PGE2 production 
and can exhibit protumorigenic effects in part via 
IL-34 production in the TME [66, 67]. PGE2 
plays an important direct role in immune dys-
function through multiple mechanisms in patients 
with cancer [68]. It inhibits the function of neu-
trophils, monocytes, and macrophages; disrupts 

cross-talk between DCs and T cells; skews T 
cells to a type 2 protumorigenic phenotype; and 
promotes the accumulation of regulatory T cells 
(Tregs) and myeloid-derived suppressor cell 
(MDSCs) [68]. Canine OSA cell lines and tumor 
tissues have also been shown to produce PGE2 
[69, 70]. Millanta et al. confirmed these findings 
by IHC showing that 93% of canine OSA tissues 
expressed COX-2, 85% expressed microsomal 
PGE2 synthase-1, and 89% of tumors expressed 
the PGE2 receptor [71]. In similar studies, 
Wasserman et  al. showed that myeloid cells 
exposed to tumor-derived soluble factors from 
OSA cell lines had reduced phagocytic activity, 
downregulated MHCII and CD80 expression 
reducing their capacity to activate antigen- 
specific CD4+ T cells, and suppressed responding 
effector cell proliferation [72]. Although not con-
firmed, it is possible that tumor-derived exo-
somes exert this immunosuppressive influence 
and contribute to the broad, tumor-mediated 
immune dysfunction seen in OSA patients. 
Similar immunosuppressive leukocyte profiles 
have been identified in pediatric sarcoma patients 
[61]. Together these data suggest that as in human 
patients, canine OSA avoids the immune 
response by adversely affecting the function and 
chemotactic capabilities of monocytes/macro-
phages [73]. Further investigations into the phe-
notype and function of different macrophage 
subsets are required in healthy and tumor-bear-
ing dogs, but the current data suggests that 
canines with OSA can serve as a clinically rele-
vant, patient population in which to investigate 
the biological and therapeutic effects of agents 
that modulate monocyte/macrophage subsets in 
the oncology clinic such as L-MTP-PE [74] and 
All-trans retinoic acid (ATRA) [75].

 Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are 
immature myeloid cells that are produced in the 
bone marrow and traffic to tumor microenviron-
ments under the influence of certain chemokines 
[76]. They are potent suppressors of T cell 
responses through a variety of different mecha-
nisms and have the capacity to differentiate into 
TAMs within the tumor microenvironment [76, 
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77]. MDSCs play an important role in tumor  
progression and metastases, and their presence 
has been shown to predict response to immuno-
therapy and correlate with poor clinical outcome 
in a number of different solid tumor types [76]. 
Recently, MDSCs that resemble fibroblasts and 
have T cell suppressor capabilities have been 
described in pediatric sarcoma patients, although 
no OSA patients were included in the dataset 
[78]. Canine MDSCs have recently been charac-
terized into monocytic and granulocytic subsets 
both phenotypically and functionally, and both 
subsets were shown to be increased in the periph-
eral blood of dogs with hematological and solid 
tumors compared to healthy controls [79]. 
Several earlier studies evaluated the presence 
and function of circulating MDSC in dogs with 
cancer [80, 81]. Sherger et al. identified a func-
tionally immunosuppressive subset of MDSCs 
(CD11blo CADO48lo) that were increased in the 
peripheral blood of dogs with different cancer 
types including OSA [81]. Similarly, Goulart 
et al. found a significantly higher percentage of 
CD11b+CD14−MHCII− granulocytic MDSCs in 
the peripheral blood of dogs with advanced or 
metastatic cancers, including OSA.  This group 
further showed that these cells expressed hall-
mark features of human MDSC including ARG1, 
iNOS2, TGF-β, and IL-10, which mediate sup-
pressor activity against T cells [80]. Although 
our understanding of the role that MDSCs play 
either directly or indirectly in OSA remains rudi-
mentary, these results suggest that they contrib-
ute to the systemic and local immune dysfunctions 
in both species that must be overcome to improve 
the clinical response to immunotherapies.

 Regulatory T Cells
Regulatory T cells are thought to play a central 
role in suppressing antitumor immunity and con-
tributing to poor outcomes in human cancer 
patients. As such, their presence has been evalu-
ated in dogs with various cancers including OSA 
[82, 83]. Utilizing a combination of an anti-
canine CD4 antibody and a cross-reactive anti-
mouse FOXP3 antibody [82], Biller et al. showed 
that prior to amputation, dogs with OSA had sig-
nificantly higher numbers of circulating Tregs 

and reduced numbers of CD8+ T cells compared 
to their healthy counterparts, resulting in a low 
CD8:Treg ratio that was predictive of shorter 
overall survival [38]. These aberrations in cell 
numbers and CD8:Treg ratio remained unchanged 
for at least 24 hours after amputation. Percentages 
of Tregs in the draining and distant lymph nodes 
of dogs with OSA and healthy controls were 
comparable [38]. Recently, proteins such as 
TGF-β [84], alpha fetoprotein, and heat shock 
proteins (HSP) within exosomes released from 
cultured canine OSA cell lines have been shown 
to suppress T cell proliferation, decrease CD25 
expression on T cells, and direct a regulatory T 
cell phenotype, providing a potential mechanism 
for tumor-associated immune suppression in 
canine OSA patients [39]. However, in a follow-
up study, Rissetto et al. used CD4, FOXP3, and 
CD25 to identify canine Tregs and found no dif-
ference in the percentage of Tregs in the periph-
eral blood or the draining lymph node of dogs 
with appendicular OSA when compared to 
healthy control dogs [83, 85]. Both studies evalu-
ated samples from a small number of canine OSA 
patients, and evaluation of a larger cohort of dogs 
will be required to confirm the presence and pre-
dictive value of circulating Tregs in canine OSA.

 T Cells
Tumor-infiltrating lymphocytes are identified in 
the majority of OSA biopsy samples, and multi-
ple studies suggest that the presence of cytotoxic 
T cells controls the development of metastatic 
disease. Recently, Scott et  al. reported that the 
presence of T cell infiltrates in human primary 
appendicular OSA predicted increased survival 
[24]. This supported previous findings from a 
multi-institutional European study that revealed 
a high ratio of intratumoral CD8+:FOXP3+ cells 
(>3.08) was predictive of improved survival [86]. 
Furthermore, Lussier et  al. demonstrated that 
tumor-infiltrating cytotoxic T cells express PD-1 
and that PD-1/PD-L1 blockade increases CTL 
activity, leading to a decrease in tumor burden 
and improved survival in a mouse model of OSA 
[87]. In dogs with OSA, RNAseq [24], IHC [58], 
flow cytometry [38], and histomorphometry [88] 
have been used to evaluate the presence of tumor- 
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infiltrating lymphocytes. Histomorphometric 
and IHC studies on treatment of naïve, primary 
appendicular canine tumors showed that seven 
out of ten dogs had mild inflammation with a 
median of 8% of nucleated cells in the tumor 
being CD3+ T cells [88]. These cells were found 
in areas of necrosis and fibrosis as well as in via-
ble tumor. Withers et al. used IHC and showed 
accumulations of B and T lymphocytes that 
resembled tertiary lymphoid structures (TLSs) in 
some canine patients [59]. Interestingly, neither 
RNAseq nor IHC data showed a correlation 
between T cells in canine primary appendicular 
tumors and overall survival [24, 58]. This is in 
contrast to the data obtained from human pri-
mary appendicular OSA tumors [24]. This dis-
crepancy between species may arise due to the 
more rapid progression of OSA in the dog and 
the lack of time available to mount an immune 
response and/or the fact that overall survival time 
in dogs is highly influenced by the owners’ per-
ception of quality of life and their capability of 
paying for treatment, leading to earlier euthana-
sia of the canine patient and highly variable over-
all survival times. In dogs, the comparative lack 
of reagents that enable T cell subset identifica-
tion by IHC and flow cytometry makes it chal-
lenging to define the T cell subsets within TILs 
that might influence outcome. Furthermore, no 
studies have yet addressed whether TILs present 
in canine OSA are tumor specific.

 Checkpoint Molecule Expression
The expression of immune checkpoint molecules 
such as PD-L1 on OSA cell lines and tumor tis-
sues has been investigated as another mechanism 
by which OSA can inhibit immune function 
within the TME. Shen et al. reported that using 
IHC, 23.7% and 50% of human OSA tissue sam-
ples expressed high and intermediate levels of 
PD-L1, respectively, and that PD-L1 expression 
levels correlated with metastatic disease and poor 
overall prognosis [89, 90]. These findings sug-
gest that OSA cells actively participate in antitu-
mor immunity and that checkpoint blockade in 
the form of anti-PD-L1 and anti-PD-1 therapies 
may have therapeutic benefit in pediatric 
OSA. However, clinical trial results with PD-1/

PD-L1 and CTLA4 inhibitors used as monother-
apies have been disappointing in pediatric OSA, 
and combination therapies aimed at inducing 
antitumor immunity together with checkpoint 
blockade may represent important areas of 
research moving forward [91–93]. With the 
advent of canine-specific or cross-reactive anti-
bodies that recognize key checkpoint molecules, 
the role that they play in restricting antitumor 
immune responses and the benefit of checkpoint 
inhibition in dogs with different cancers includ-
ing OSA is beginning to be explored. A recent 
study using a murine anti-canine PD-L1 antibody 
demonstrated expression of PD-L1 on the surface 
of three different canine OSA cell lines, and 
expression was increased following treatment 
with recombinant canine (rc) IFN-γ or superna-
tants from mitogen-stimulated T cells [94]. Using 
IHC, Maekawa et  al. demonstrated that PD-L1 
was also expressed in primary canine OSA, sug-
gesting that as in pediatric OSA, strategies to 
inhibit PD-1:PD-L1 interaction might have a 
beneficial effect [95]. However, unlike pediatric 
OSA, no studies have yet been performed in 
canine primary or metastatic OSA lesions to 
determine whether PD-L1 is positively correlated 
with the amount of TILs or whether it serves as a 
prognostic indicator [87, 96, 97]. Circulating 
canine monocytes did not express PD-L1 but did 
upregulate its expression following treatment 
with rcIFN-γ [98]. Similar results were obtained 
using canine monocyte-derived macrophages 
[94], suggesting that these mononuclear cells 
may contribute to systemic and tumor-associated 
T cell suppression. Functional studies using 
checkpoint inhibitors have shown that blockade 
of the PD-1/PD-L1 axis promotes CTL responses 
and enhances IFN-γ production in  vitro and 
in vivo, leading to reduced metastatic tumor bur-
den in murine models [87]. These findings sup-
port the notion that this key checkpoint axis is 
intact and open to manipulation to enhance anti-
tumor immunity in dogs with OSA and other 
tumors [95, 99]. With the development of canine 
anti-PD-1 and PD-L1-blocking antibodies, it is 
likely that pet dogs with spontaneous OSA will 
serve as valuable subjects in which to evaluate 
the effectiveness of combination vaccine or cel-
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lular therapies with checkpoint inhibition and to 
identifycorrelative biomarkers that predict 
response.

 Metastatic Lesions
While several studies have been performed that 
compare the genetic makeup of paired primary 
appendicular OSA with metastatic lesions, stud-
ies evaluating the immunological landscape of 
metastatic lesions are rare [49, 100]. In human 
patients, immune infiltrates have been identified 
in primary and metastatic OSA lesions although 
lymphocytic infiltrate in metastatic lesions was 
shown to be higher than in the paired primary 
samples [101]. Withers et al. used IHC to evalu-
ate CD3+ T cells, FOXP3+ cells, B cells, and 
CD204+ macrophages in 21 paired primary and 
metastatic canine OSA samples [59]. They 
showed positive correlations of CD3+ T cells and 
FOXP3+ cells between primary and metastatic 
samples and that metastatic lesions had signifi-
cantly more CD3+, PAX-5+, and CD204+ cells 
compared with the primary tumor. In human 
patients, CD3+ T cells were also higher in meta-
static lesions compared with the primary tumor, 
but T cell subsets in the primary and metastatic 
lesions were the same [101]. Although B cells 
were the least prevalent immune cells in OSA 
lesions, they were observed to form clusters at the 
edge of half of the primary and 1/3 of the meta-
static lesions, a feature that is reminiscent of ter-
tiary lymphoid structures (TLSs) and has rarely 
been reported in human OSA.Unfortunately, the 
lack of canine-specific reagents to identify FDCs, 
follicular helper T cells, and chemokines makes 
further interrogation of these structures challeng-
ing. Indeed, additional geospatial molecular stud-
ies will be required to further define the immune 
cell types and their function within primary and 
metastatic lesions, to determine whether they 
have tumor-promoting or antitumor activity and 
perhaps to provide additional biomarkers of 
response to immunotherapies.

In summary, to the extent to which the immune 
status of canine patients and the immune land-
scape of their primary and metastatic OSA 
lesions have been explored, remarkable similari-
ties have been identified with the human disease. 

These findings suggest that dogs with OSA will 
be valuable in investigating the benefit of micro-
environment modulators such as macrophage 
activators, inhibitors of Tregs and MDSCs and 
their suppressive factors, and checkpoint inhibi-
tors. More work is required to better understand 
the TME in both human and canine OSA patients 
particularly to identify biomarkers that may pre-
dict the patient’s ability to favorably respond to 
immunomodulatory agents and immunothera-
pies. As the diagnostic reagent toolbox continues 
to develop for canine tissues and new technolo-
gies including geospatial gene-expression analy-
sis are adopted, it is anticipated that our 
understanding of the immune microenvironment 
will improve, and this will guide the rational 
selection of immune therapies and combination 
immune therapies that aim to improve outcome 
for human and canine patients with OSA.

 Immunotherapy of Canine OSA

The evidence outlined above indicates that the 
innate and adaptive arms of the immune system 
play a role in controlling OSA progression and 
that tumor-associated local and systemic 
immune dysfunction enables tumor progression. 
Therefore, therapeutic strategies aimed at aug-
menting antitumor activity and reversing 
immune dysfunction have the potential to 
improve patient outcome. The studies that have 
been performed to evaluate the safety and effi-
cacy of immunotherapies aimed at improving 
the prognosis of humans and pet dogs with OSA 
are outlined below.

 Immune Modulatory Agents

 Coley’s Toxins
In the late 1800s, William Coley made the semi-
nal observation that patients with bone sarcoma 
suffering from concurrent streptococcal infec-
tions had prolonged durable remission times, 
suggesting that nonspecific immune activation 
was able to delay metastatic disease. Coley’s 
efforts to recapitulate the favorable effects of 
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natural streptococcal infection on patient 
 outcome resulted in the development of Coley’s 
toxins. This Streptococcus/Serratia concoction 
of either live or heat-killed bacteria was adminis-
tered repeatedly to patients with sarcoma or fol-
lowing surgical resection of their sarcoma with 
favorable outcomes documented in a number of 
cases [30, 31]. Although the mechanism of 
improved overall response was unknown at the 
time, the adjuvant effects of bacterial compo-
nents particularly on macrophages, promoting a 
permissive milieu that supports effective antitu-
mor immunity, appear central to the effect [102].

 BCG
Similar to Coley’s toxins, Bacillus Calmette- 
Guerin (BCG), a live, attenuated strain of 
Mycobacterium bovis, promotes antitumor 
immunity and is FDA approved for first-line use 
in patients with high-risk nonmuscle invasive 
bladder cancer. Its therapeutic effect is thought to 
be mediated by T cells, NK cells, granulocytes, 
macrophages, and dendritic cells, plus a potential 
direct effect on the bladder cancer cells them-
selves [103]. Bech-Nielsen and colleagues treated 
dogs with spontaneous OSA after amputation 
with q2 weekly flank injections of BCG and 
noted a significant increase in survival extending 
from 13 weeks (control group n = 5) to 40 weeks 
in the vaccinated group (n  =  6) [104]. The 
Kaplan-Meier survival curve reflected those of 
many medical immunotherapy trials performed 
today, with an elevation of the tail of the curve 
representing a greater proportion of vaccinated 
patients experiencing prolonged, durable remis-
sions. A similar study by Owen and Bostock 
reported prolonged survival in dogs (n = 6) with 
appendicular OSA who underwent amputation 
followed by intravenous injections of 107–108 
BCG organisms 1, 2, 4, and 8 weeks postopera-
tively [105]. Observations of a transient, low- 
grade fever within hours of administration 
suggested innate immune activation. Follow-up 
studies in healthy dogs showed that intravenous 
BCG mediated an increase in NK cell cytotoxic-
ity and enhanced pulmonary macrophage activa-
tion, which likely played a role in controlling 
micrometastatic disease [106, 107]. These stud-

ies were performed in the absence of adjuvant 
chemotherapy. Almost 100  years after Coley 
made his seminal observation that bacterial infec-
tions improve patient outcome, similar observa-
tions were reported for dogs that had undergone 
limb salvage surgery for the treatment of appen-
dicular OSA [32–34, 108]. Bacterial infections of 
Staphylococcus spp., Pseudomonas spp., and/or 
Streptococcus spp. were reported [33]. Similar to 
the studies using BCG, the mechanisms resulting 
in decreased pulmonary metastases and pro-
longed survival associated with bacterial infec-
tions are thought to be mediated by macrophages 
and NK cells, a concept supported in part by the 
finding that the survival benefit associated with 
osteomyelitis in murine OSA models is lost if 
monocytes/macrophages are depleted [102, 109].

 Muramyl Tripeptides
The role of monocyte and macrophage activation 
in delaying or preventing metastatic disease in 
humans and dogs with OSA has been further 
underscored by favorable clinical responses in 
both species to liposome-encapsulated muramyl 
t r i p e p t i d e - p h o s p h a t i d y l e t h a n o l a m i n e 
(L-MTP-PE) – a mycobacterial wall extract. In a 
randomized, double-blinded, clinical trial, 
L-MTP-PE was administered intravenously twice 
a week for 8 weeks to 14 dogs with appendicular 
OSA after amputation [110]. Thirteen amputated 
dogs received empty liposomes as placebo con-
trols. L-MTP-PE produced a transient, low-grade 
fever but was otherwise well tolerated. Median 
metastasis-free interval and median survival time 
for dogs receiving L-MTP-PE was 168 and 
222 days, respectively, and 58 and 77 days for the 
placebo group. Follow-up studies demonstrated a 
similar beneficial effect of L-MTP-PE when 
administered after adjuvant cisplatin chemother-
apy [111]. Here the MST of placebo dogs (n = 14) 
was 9.8 months compared with 14.4 months for 
dogs receiving L-MTP-PE. Interestingly, the sur-
vival benefit of L-MTP-PE was lost when treat-
ment was administered concurrently with 
cisplatin [111], suggesting that concurrent cispla-
tin may either obviate the effects of L-MTP-PE 
or pre-treatment with cisplatin is required for the 
effects of L-MTP-PE to be realized. In vitro stud-
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ies have revealed that L-MTP-PE is a potent 
 activator of canine monocytes and macrophages, 
increasing their production of TNF-α and IL-6 
and enhancing their cytostatic capabilities against 
tumor cells [112, 113]. Furthermore, pulmonary 
alveolar macrophages taken from canine patients 
treated with L-MTP-PE plus doxorubicin showed 
greater cytotoxic activity against OSA cells when 
compared to dogs treated with either agent alone 
[112]. In contrast to the in vivo results suggesting 
that cisplatin suppresses the beneficial effects of 
L-MTP-PE, monocyte cytotoxicity and TNF-α 
production were increased in dogs with splenic 
hemangiosarcoma treated with doxorubicin (a 
known inducer of ICD) plus L-MTP-PE [114]. 
Thus, it appears that different chemotherapies 
differentially influence the immunomodulatory 
and antitumor activities of L-MTP-PE. Additional 
work is required to identify the optimal combina-
tion and order of chemotherapy and immuno-
modulatory agents to achieve the most beneficial 
outcome. Understanding this order, which may 
depend upon the specific agents involved, 
remains an important challenge in the field of 
cancer immunotherapy today.

 Cytokines
Given the pivotal role that innate and adaptive 
immune responses play in controlling tumor pro-
gression, several groups have investigated whether 
administration of IL-2, a potent T and NK cell 
growth factor, can augment antitumor immunity 
and delay progression or induce regression of pul-
monary metastases [115]. Since high- dose sys-
temic administration of IL-2 has a narrow 
therapeutic index, Khanna et  al. explored the 
effects of aerosolized IL-2 liposomes on local and 
systemic immune effectors of normal healthy dogs 
[116]. The study showed that inhalation of human 
IL-2 liposomes significantly increased the number 
and activation status of leucocytes in bronchoal-
veolar lavage (BAL) fluid and skewed their com-
position toward lymphocytes and eosinophils 
rather than monocytes and macrophages, demon-
strating biological activity of the administeredIL- 2 
[116]. Significant activation of systemic immune 
effectors was not observed and the aerosolized 
IL-2 was well tolerated, providing much needed 

safety data. To determine the clinical effects of 
aerosolized IL-2 in canine patients with metastatic 
OSA, four dogs with metastatic disease received 
aerosolized IL-2 liposomes two and three times a 
day for 30 days [117]. Two out of four dogs had 
complete and durable regression of metastases. 
Similar effects were observed on the composition 
of BAL cells with a statistically significant 
increase in lymphocytes, eosinophils, and macro-
phages after treatment. Cytolytic activity of BAL 
cells was also increased after 2  weeks of treat-
ment, an effect that was attributed to NK cell activ-
ity and also possibly eosinophilic cytotoxicity 
[118]. However, cytotoxic activity declined there-
after, which may have been caused in part by the 
recorded development of antibodies against 
human IL-2. To circumvent formation of antidrug 
antibodies, cationic liposome–DNA complexes 
encoding canine IL-2 were delivered via intrave-
nous infusion to 20 dogs with metastatic pulmo-
nary OSA [119]. IL-2 expression was identified in 
the lung tissue and systemic immune activation in 
the form of transient fever, lymphopenia and 
thrombocytopenia, upregulation of costimulatory 
molecules and MHCII on monocytes, and 
increased NK cell cytotoxicity occurred. Overall 
survival of treated dogs was significantly increased 
compared with historical controls matched for dis-
ease stage. Furthermore, three dogs showed partial 
or complete regression of pulmonary metastases. 
These effects are most likely to be associated with 
a combination of local IL-2 production and innate 
immune responses induced by liposomes. In this 
study, the effects of IL-2 production on the local 
environment including leukocyte composition 
within BAL fluid were not evaluated.

 Losartan
Losartan is a type I angiotensin II receptor antag-
onist. It has immunomodulatory effects on mono-
cytes and macrophages and reduces pulmonary 
metastatic tumor burden in several mouse models 
of metastatic cancer (CT26 and 4T1) in part 
through inhibition of monocyte recruitment to 
the TME and a reduction in granulocytic MDSCs 
[120]. Losartan acts similarly to block CCL2- 
mediated migration in canine monocytes [121]. A 
clinical trial in dogs with metastatic OSA showed 
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that a combination of high-dose losartan and the 
tyrosine kinase inhibitor toceranib was well tol-
erated in dogs and showed reduced monocyte 
trafficking to the metastatic lesions and exhibited 
antitumor activity (Steve Dow, personal commu-
nication). The results of these canine studies have 
supported the initiation of a pediatric trial 
(NCT03900793) for patients with relapsed/
refractory OSA investigating the value of losar-
tan in combination with sunitinib. The results of 
this trial are eagerly awaited.

 Bisphosphonates
Bisphosphonates have been employed in the pal-
liative setting to alleviate pain and reduce bone 
resorption by inhibiting osteoclast function. In 
addition to their effects on osteoclast apoptosis 
and inhibition of osteoclastogenesis, recent stud-
ies have indicated that bisphosphonates such as 
zoledronate and pamidronate have immunomod-
ulatory functions through effects on innate and 
adaptive immune responses [122, 123]. In vitro, 
zoledronate inhibits regulatory T cell expansion, 
migration, and immunosuppressive activity 
[122]. In an HER2/neu (ErbB-2) transgenic 
mouse model, zoledronate switched tumor- 
associated macrophages from an M2 to M1 phe-
notype, reduced infiltration of macrophages into 
mammary tumors, and reduced VEGF concentra-
tions and vascularization of the tumor [124]. 
However, in a murine model of OSA, where 
canine OSA cells were implanted orthotopically, 
zoledronate administered alone or following 
amputation did not reduce the incidence of pul-
monary metastases [125]. The immunomodula-
tory effects of bisphosphonates have not yet been 
evaluated in vivo in the dog; however, given the 
common clinical use of these agents in canines 
with OSA, their effects on enabling antitumor 
immunity that is induced or augmented by other 
immunomodulatory agents, vaccines, or adoptive 
cellular therapies could be readily evaluated.

 Active Vaccination

As nonspecific immune activation has shown 
moderate clinical benefit in delaying or prevent-

ing metastatic disease, attempts have been made 
to further improve outcomes by combining innate 
immune activation with tumor-specific adaptive 
immune responses using bacterial or viral vectors 
that supply TAA in the context of immune activa-
tion or provide additional cytokine support for T 
cell responses. Antigens identified and specifi-
cally targeted for therapeutic gain in human OSA 
patients include the epidermal growth cell factor 
receptor HER2/neu [126], GD2 and GD3 anti-
gens [127, 128], TP-3-PAP [129, 130], and 
IGF-1R [84].

 Bacterial Vaccines

Listeria monocytogenes
Listeria monocytogenes is a facultative, aerobic, 
intracellular bacteria that is a potent stimulator of 
innate and adaptive immunity. Through its ability 
to secrete the pore-forming lysin listeriolysin O 
(LLO), the bacteria can escape the phagosome 
and access the class I processing machinery of 
antigen-presenting cells [131]. As such, attenu-
ated strains of recombinant Listeria, modified to 
express TAA fused to a truncated LLO, have 
been used in mouse models and in human patients 
to deliver antigens to APCs and generate tumor- 
specific CD4+ and CD8+ T cell responses [132]. 
The potent tumor-specific T cell responses gener-
ated break peripheral tolerance and lead to tumor 
regression [132, 133]. The epidermal growth fac-
tor receptor HER2/neu is expressed by 40–60% 
of primary OSA samples and serves as a relevant 
target for T cell therapies in humans and dogs 
with OSA [126, 134–136]. As such, active vac-
cination strategies to prime and expand HER2/
neu specific T cells may be employed effectively 
to prevent or treat metastatic OSA. The ability of 
a recombinant chimeric huHER2/neu-expressing 
Listeria to prevent metastatic disease when 
administered in the setting of minimal residual 
disease after amputation and chemotherapy was 
evaluated in an 18-dog prospective clinical trial 
[137]. Vaccinated dogs experienced a median 
DFI of 650 days and OS of 956 days compared 
with an OS of 423 days for a historical, HER2/
neu positive control group that received the same 
standard of care treatment without vaccination. 

N. J. Mason



211

This promising result has led to a larger prospec-
tive, controlled, national clinical trial conducted 
through the Comparative Oncology Trials 
Consortium. Tumor tissue and serial plasma, 
serum, and PBMC samples are being prospec-
tively collected during this trial to evaluate 
immune responses and identify correlative pre-
dictive biomarkers.

Salmonella Typhimurium
Anaerobic bacteria that preferentially home to 
and accumulate in the hypoxic microenviron-
ment of tumors have been used to promote antitu-
mor immunity [138]. A highly attenuated 
Salmonella typhimurium (VNP20009) that only 
induces low levels of TNF-α and is dependent 
upon external purines for growth was adminis-
tered intravenously every week or every 2 weeks 
to dogs with different tumor types in a phase I 
basket clinical trial to evaluate toxicity and early 
antitumor efficacy [139]. The majority of patients 
had soft tissue sarcomas or carcinomas, while 4 
out of 41 treated dogs had OSA. CRs were seen 
in 10% of patients and 10% of patients experi-
enced stable disease. One dog with metastatic 
OSA showed a partial response for 68  days. 
Fever, nausea, vomiting, and diarrhea were com-
mon side effects. Although immunological end-
points were not addressed in this study, the 
antitumor responses may have been associated 
with the organism’s direct tumoricidal activity, 
innate and adaptive immune activation, depletion 
of nutrients, and/or alteration of the TME. A sec-
ond phase I study evaluated the safety of orally 
administered, attenuated Salmonella typhimurium 
as a vector to deliver IL-2 to 19 dogs with appen-
dicular OSA.  Dogs received oral dosing once 
10 days prior to amputation and then after sur-
gery concurrently with each of five doses of adju-
vant doxorubicin for a total of six doses [140]. 
Salmonella was safe and well tolerated, and 
treated dogs experienced longer DFI but not OS 
when compared to two comparable historical 
control groups. An inflammatory leucogram 
(lymphocytosis and monocytosis) was seen in 18 
out of 19 dogs 10 days after the first Salmonella 
administration, suggesting it was biologically 
active. Salmonella was not detected in any tumor 

tissue cultured after amputation, suggesting that 
any observed beneficial effects were more likely 
associated with antitumor immunity rather than a 
direct tumoricidal activity of the vector. 
Randomized, placebo-controlled, prospective tri-
als are warranted to determine the true value of 
this approach.

 DNA Vaccines
Alternative approaches to induce HER2/neu- 
specific T cell responses have been explored in 
dogs using DNA encoding the extracellular and 
transmembrane domains of human HER2/neu 
and electroporation as a priming strategy fol-
lowed by a boost with an adenovirus 6 vector 
expressing the same HER2/neu construct [141]. 
This regime induced HER2/neu-specific IFN-γ 
responses and HER2/neu-specific IgG responses, 
although the adenoviral vector was found to be 
highly immunogenic, limiting the efficacy of any 
subsequent attempts to boost immunity using this 
serovar. Although no studies have yet been pub-
lished using this approach in dogs with OSA to 
assess therapeutic effectiveness, the approach has 
been shown to be safe and induces durable HER2/
neu-specific T cell responses in healthy dogs. 
Overcoming vector immunogenicity to enable 
effective booster treatments will be important to 
take this approach further clinically.

 Oncolytic Viruses
Defects in antiviral defense mechanisms in tumor 
cells provide an ideal opportunity for oncolytic 
viruses (OVs) to be used therapeutically to selec-
tively infect and destroy tumor cells. Tumor lysis 
and ICD results in induction of systemic poly-
clonal T cell responses that aim to control both 
primary and metastatic diseases. Many OVs also 
exert immunomodulatory effects on the microen-
vironment through their ability to induce the 
release of pathogen-associated molecular pat-
terns (PAMPs) from tumor cells and promote the 
production of type I interferons [142]. Le Boeuf 
and colleagues demonstrated the ability of the 
oncolytic rhabdovirus, Maraba (MG1), to infect 
and kill both canine sarcoma cell lines and human 
sarcoma explants and confirmed these cytotoxic 
effects in a murine sarcoma model [143]. 

14 Immunotherapy for Canine Osteosarcoma



212

Similarly, Naik et al. evaluated VSV expressing 
IFNβ in dogs with different tumor types, includ-
ing one dog with axial OSA and metastatic dis-
ease. All dogs tolerated intravenous oncolytic 
viral therapy well and the one dog with OSA 
showed stabilization of primary and metastatic 
disease for 6 months [144]. Laborda et al. utilized 
a locally delivered, hyaluronidase-armed, onco-
lytic adenovirus in a total of six dogs, including 
two dogs with OSA [145]. No adverse side effects 
occurred that could be directly attributed to the 
adenoviral therapy and partial responses were 
seen in two dogs, although neither had 
OSA.  Although experience with oncolytic viral 
therapy in dogs with OSA is limited, these stud-
ies lay the groundwork for further evaluation of 
this approach either as a monotherapy or in com-
bination with immunomodulatory agents or 
immune checkpoint inhibition to augment clini-
cal effect.

 FasL-Mediated Inflammation
The death receptor Fas (CD95) is expressed by 
many different tumor types and its engagement 
by FasL (CD95L) triggers apoptosis, leading to 
the hypothesis that FasL may represent a promis-
ing cancer therapeutic [146]. Both innate and 
adaptive immune responses are induced by intra-
tumoral delivery of FasL, effects that are medi-
ated via apoptosis of Fas+ macrophages and the 
resulting influx of neutrophils that are ultimately 
responsible for tumor cell death. Subsequent 
recruitment and activation of APCs promotes a 
systemic antitumor immune response that aims to 
control metastatic spread. However, controversy 
surrounds its use in part, because Fas-signaling 
has also been shown to be required for tumor cell 
survival [147]. Furthermore, systemic adminis-
tration of FasL results in lethal hepatotoxicity in 
mouse models [148]. To mitigate these risks 
while evaluating the effects of neoadjuvant FasL 
in dogs with OSA, Modiano et  al. delivered a 
single intratumoral dose of adenovirus express-
ing canine FasL (Ad-FasL) to 56 dogs [88]. Ten 
days later, dogs underwent standard amputation 
and adjuvant carboplatin chemotherapy. Ad-FasL 
was generally well tolerated, with adverse effects 
associated with transient increases in transami-

nases and creatine phosphokinase. Adenoviral 
delivery of FasL induced a potent inflammatory 
response with increased lymphocytic infiltration 
within the tumor compared to dogs who did not 
receive Ad-FasL.  Furthermore, dogs with high 
inflammation scores within the treated tumor 
experienced improved overall survival [88]. Dogs 
with reduced Fas expression on their tumors had 
greater inflammation scores supporting the 
notion that the improved survival effects of FasL 
are primarily associated with its induction of 
inflammation rather than direct Fas-mediated 
tumor apoptosis.

 Cell-Based Therapies

 Tall 104 Cells
The earliest recorded use of adoptive T cell ther-
apy for dogs with OSA was in 1999, when 
Daniela Santoli’s group at the Wistar Institute 
evaluated the safety and efficacy of the human 
cytotoxic T cell line, TALL104 cells, to prevent 
metastatic disease. Dogs that had undergone 
amputation and adjuvant cisplatin chemotherapy 
received 1  ×  108 γ-irradiated cells/kg systemi-
cally daily for 5 days and then every month for up 
to 9 months. Only mild and transient grade 1 and 
2 related GI toxicities were reported. Although 
the overall median survival was 11.5 months and 
the median DFI was 9.8  months, the Kaplan- 
Meier survival curve demonstrated uncharacter-
istic long-term survival of some patients. These 
effects were speculated to be in part mediated 
through enhanced endogenous NK cell activity 
that occurred as a direct result of TALL104 
administration. Perhaps unsurprisingly, the 
unmodified, xenogenic, adoptively transferred 
cells did not persist and antibody responses 
against them were detected in all treated dogs and 
cellular immune responses against them were 
detected in 80% of treated dogs. Although per-
formed 20 years ago, these studies have set the 
stage for evaluating genetic modifications of 
human T cells that will enable them to cross 
xenogenic barriers and persist to mediate antitu-
mor immunity in canine patients. Employment of 
a comparative approach in these endeavors aims 
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to provide greater clarity surrounding the modifi-
cations that will be required for successful allo-
geneic adoptive T cell therapy in human patients 
(N. Mason, personal communication).

 Polyclonal Activated T Cells
Isolation, ex  vivo expansion, and reinfusion of 
autologous tumor-infiltrating lymphocytes have 
proven effective in the treatment of immuno-
genic tumors such as melanoma; however, this 
strategy is underexplored in OSA patients [149]. 
Instead, veterinary researchers are currently 
evaluating active vaccination of canine patients 
with appendicular OSA using an autologous 
tumor lysate vaccine to prime circulating T cells. 
Primed, tumor-specific T cells are harvested by 
apheresis and polyclonally expanded ex  vivo 
using a proprietary cocktail, before being adop-
tively transferred back into the patient after 
amputation. Adjuvant cytotoxic chemotherapy is 
not employed in the protocol (J. Bryan, personal 
communication). Early results suggest the pro-
cedure is safe, but outcome data is yet to be 
published.

 NK Cell Therapies
NK cells play a fundamental role in tumor sur-
veillance and elimination, and, as such, efforts 
have been made to employ autologous or alloge-
neic NK cells in adoptive transfer strategies to 
treat or prevent metastatic disease in human can-
cer patients. Activation of NK cells is MHC 
independent and mediated via receptors that rec-
ognize cell surface proteins that are upregulated 
on stressed target cells or are non-self proteins 
[150]. In addition to direct killing, NK cell activ-
ity is augmented in response to antibodies, cyto-
kines, and immunomodulatory agents including 
chemotherapy and radiation therapy. As such, 
strategic combinations of adoptive NK cell trans-
fer with immunomodulatory agents, sensitizing 
chemotherapy, or radiation therapy are being put 
forward for clinical evaluation. Advances in the 
use of adoptive immunotherapy (AI) with NK 
cells in dogs have previously been hampered by 
the lack of specific, validated antibodies to iden-
tify canine NK cells. A CD5 low, CD8+, CD3+/− 
subset has been described that cytologically 

displays features consistent with NK cell mor-
phology, expresses high levels of message for 
NK cell receptors, and displays cytotoxic activ-
ity against MHC null, thyroid adenocarcinoma 
cells [151]. More recently, an anticanine NKp46 
mAb was generated, and NKp46+CD3− canine 
cells showed cytolytic activity against canine 
OSA cell lines. Furthermore, these cells were 
effectively expanded ~20,000-fold over 3 weeks 
in coculture with irradiated K562 feeder cells 
that express hu4-1BBL and membrane-bound 
huIL-21 and huIL-2 [152]. Cytolytic activity of 
expanded CD5dimCD3−NKp46+ cells was sig-
nificantly increased in  vitro against allogeneic 
OSA cell lines after their treatment with 
γ-radiation [153]. Furthermore, radiation of 
canine OSA xenografts in NSG mice signifi-
cantly increased homing of ex  vivo expanded 
adoptively transferred canine NK cells and tumor 
killing. In contrast to human OSA treatments, 
radiation therapy is commonly employed in 
canine patients that do not undergo amputation 
to alleviate pain [154–156]. Canter et  al. com-
bined palliative radiation with intratumoral 
delivery of ex  vivo expanded autologous NK 
cells once a week for 2  weeks after palliative 
radiation [153]. Limited toxicity was observed 
with this approach and posttreatment biopsies 
demonstrated persistence of labeled NK cells 
within the tumor for at least 1 week. Five out of 
ten dogs remained metastases-free at 6 months, 
and one dog showed resolution of a suspicious 
pulmonary nodule following treatment. Overall 
survival times were favorable compared with 
historical controls. Follow-up studies are now 
planned to evaluate the effects of the NK cell 
activating cytokine IL-15 as monotherapy and 
then in combination with autologous NK cell 
transfer in patients with metastatic OSA 
(R.  Rebhun, personal communication). Taken 
together, this work described the successful iso-
lation, activation, expansion, and transfer of 
canine NK cells and illustrates the enhancing 
effects of RT on NK cell cytotoxicity. 
Furthermore, it sets the stage for future studies 
evaluating AI with NK cells alone or in combina-
tion with the sensitizing effects of RT and sup-
portive cytokines (IL-2/IL-15).
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 CAR T Cell Technology
Several groups have described protocols for gen-
erating canine CAR T cells either via RNA 
transfection with a first-generation CD20-
targeting CAR or a second-generation IL-13Rα2-
targeting CAR construct [157, 158] or 
transduction with an RD114 pseudotyped retro-
viral vector containing a second-generation 
HER2-targeting CAR construct [136]. Second-
generation canine CAR T cells expressing the 
humanized, cross-reactive anti-IL-13Rα2 scFv 
(Hu08) produced IFN-γ when cocultured with 
three different canine OSA cell lines expressing 
IL-13Rα2 [158]. Furthermore, lentiviral trans-
duced human CAR T cells expressing the same 
scFv effectively inhibited tumor growth when 
administered intravenously to NOD/SCID mice 
bearing established canine MC-KOSA xeno-
grafts [158]. Similarly, Mata et al. demonstrated 
that second-generation canine CAR T cells 
expressing the cross-reactive antiHER2/neu 
(FRP5) scFv and canine intracellular signaling 
domains secrete IFN-γ and effectively kill 
HER2-positive canine OSA cell lines in an anti-
gen-specific manner. Furthermore, adoptive 
transfer of HER2-redirected T cells into SCID 
mice with established intraperitoneal OSA xeno-
grafts leads to tumor regression [159]. Similar 
tumor regression occurred following adoptive 
transfer of HER2-specific CART cells into mice 
with established OSA pulmonary metastases 
[159]. The same group of investigators showed 
low levels of HER2 expression on the surface of 
CD133+ OSA tumor-initiating cells (TICs) and 
that HER2-specific CAR T cells specifically 
killed TICs in established orthotopic OSA 
tumors [160]. These data suggest that HER2-
targeted CAR T cells may be valuable in target-
ing micrometastases to prevent metastatic 
disease. Given that up to 95% of canine patients 
will have micrometastatic disease at the time of 
initial presentation, they again represent a valu-
able patient population in which to evaluate 
CAR T cell strategies to prevent or treat meta-
static disease.

Together this work sets the stage for evaluat-
ing both IL-13Rα2- and HER2-targeting CARs 
in pet dogs with OSA either alone or in combi-

nation with other immunotherapies such as 
checkpoint inhibitors or immunomodulatory 
agents for the treatment of both primary and 
metastatic disease. Furthermore, the identifica-
tion of anticanine or cross-reactive antibodies 
against GD2 (e.g., 14G2a), IL-11Rα, and FAP 
will enable additional canine CARs to be con-
structed against these OSA-associated cell sur-
face targets and then evaluated in dogs for their 
safety and ability to improve outcome [161].

In all cases, it remains to be seen whether 
adoptive cell transfer alone will be sufficient to 
control or prevent metastatic disease or whether 
combination with immunomodulatory agents 
that influence the TME will be required to 
achieve optimal clinical results. Indeed, as our 
understanding of the immune landscape of OSA 
increases and validated biomarkers emerge that 
predict immune responsiveness, it is anticipated 
that rational combinations of agents that aug-
ment tumor-specific T cells with agents that 
reverse systemic immune dysfunction and 
immune suppression within the TME will lead to 
improved patient outcome for both species.

 Additional Strategies for Induction 
of ICD
It is now apparent that standard-of-care cancer 
therapeutic modalities such as certain chemo-
therapeutic agents and radiation therapy can 
induce ICD of the tumor, which is valuable in 
broadening antitumor immune responses initi-
ated or augmented by immunotherapeutic strat-
egies [29, 162]. In the last decade in particular, 
radiation has been shown to promote antitumor 
immune responses via increasing expression of 
target antigens, activating dendritic cells and 
inducing tumor-specific CD8+ T cell responses, 
promoting CD4+ and CD8+ T cell infiltration 
into tumors, upregulating MHCI, and downreg-
ulating immunosuppressive molecules within 
the TME including arginase-I, CTLA4, PD-1, 
PD-L1, IDO, FOXP3, TGF-β, and IL-10 [163, 
164]. These local effects translate into systemic 
antitumor immunity and are responsible for 
abscopal effects that have been reported fol-
lowing RT therapy. Although radiation therapy 
is infrequently employed in the treatment of 
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pediatric OSA, its combined use with hyper-
thermia therapy,  checkpoint inhibitors, locally 
delivered cytokines, vaccination, and adoptive 
cellular therapies is being actively pursued in 
other cancer types [165–168]. Conversely, both 
coarse fraction external beam radiation and 
megadose stereotactic radiosurgery are com-
monly used in canine patients with OSA that do 
not undergo primary tumor removal [169]. 
Palliative radiation is employed often as mono-
therapy, providing pain relief in up to 74% of 
dogs for 2–3 months [154, 155, 170]. Thus, 
dogs with OSA provide a readily available 
model system in which to explore the immuno-
genic effects of RT on the primary tumor immu-
nome and to evaluate the safety and therapeutic 
effectiveness of its combination with vaccines, 
cellular therapies, and immunomodulatory 
agents to control primary disease and prevent 
metastatic disease [29, 171].

In summary, compelling evidence exists to 
indicate that OSA is an immune responsive 
tumor and that therapies aimed at initiating, 
enabling, and broadening antitumor immunity 
hold great promise for preventing and treating 
metastatic disease and improving patient out-
come. A number of challenges lie ahead, not 
least of which is the design and implementation 
of rational combinations of immunotherapies 
and immunomodulatory agents that will pro-
mote tumor-specific adaptive T cell responses 
and enable them to function effectively within 
the TME.  It is likely that not all patients will 
require the same immune modulation regime, 
and identifying biomarkers that can predict 
each patient’s requirement enabling therapy to 
be tailored to their needs, may lead to the 
improvement in patient survival that the field 
has been searching for over the last Four 
decades. Given the remarkable similarity 
between canine and pediatric OSA, particularly 
as it relates to the local and systemic immune 
landscape, and the large number of pet dogs 
diagnosed with OSA per year, it seems that we 
have a remarkable opportunity to address some 
of these key challenges in the veterinary set-
ting, leading to improved outcome for both 
patient populations.
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