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ABSTRACT
Osteosarcomas are aggressive bone tumors for which therapeutic advances have not improved over
several decades. Unlike most pediatric tumors, the osteosarcoma genome is remarkably unstable, char-
acterized by numerous copy number alterations and chromosomal structural aberrations. In this study, we
asked if the targetable immune checkpoints CD274 (PD-L1), PDCD1LG2 (PD-L2), CD276 (B7-H3) and IDO1 are
impacted by copy number alterations in osteosarcoma. Of the 215 osteosarcoma samples investigated,
PD-L1/PD-L2, B7-H3 and IDO1 were independently gained at frequencies of approximately 8–9%, with a
cumulative frequency of approximately 24%. RNA sequencing data from two independent cohorts
revealed that B7-H3 is the most highly expressed immune checkpoint gene among the four investigated.
We also show that IDO1 is preferentially expressed in pediatric solid tumors and that increased protein
expression of B7-H3 and IDO1 are significantly associated with inferior survival in patient samples. Using
human osteosarcoma cell lines, we demonstrate that IDO1 is gained in MG63 and G292 cells and that the
IDO1 inhibitor, epacadostat, inhibits the enzymatic activity of IDO1 in a dose-dependent manner in these
cells. Together, these data reveal the genomic and transcriptomic profiles of PD-L1, PD-L2, B7-H3 and IDO1
in osteosarcoma and identifies a potential context for targeted immunotherapeutic intervention in a
subset of patients.
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Introduction

Osteosarcoma is an aggressive bone tumor commonly observed
in pediatric, adolescent, and young adult (AYA) patients.
Unlike other solid tumors prominently seen in this age range,
osteosarcomas exhibit a profoundly complex karyotype
littered with chromosomal structural events, due, in part, to
chromothripsis.1–4 In the age of precision medicine, true mole-
cularly targeted therapeutic options do not exist for patients
with osteosarcoma. As a result, patients with osteosarcoma are
treated using highly toxic chemotherapy regimens that have not
changed in over 30 years.5,6 Likewise, survival rates for patients
with osteosarcoma have also remained stagnant over the last
three decades with overall 5-year survival at roughly 65%.5 For
patients with metastatic disease, this rate drops to approxi-
mately 25%.

Recently, the field of immuno-oncology has gained
incredible momentum in elucidating novel therapeutic
approaches for patients suffering from a variety of malig-
nancies, including immune checkpoint inhibitors, adoptive
cell-based therapies, and numerous variations of bi-specific
antibodies.7–16 Several immune checkpoint inhibitors target-
ing the PD-1/PD-L1 axis and CTLA4 have demonstrated
clinical efficacy in various malignancies and have thus
gained FDA approval.17 While the impact of these molecules
in diseases such as melanoma, non-small cell lung cancer,
and squamous cell head and neck cancer has been profound,

the same cannot be said for osteosarcoma or pediatric solid
tumors as a whole.18–22

Recent reports suggest that increased somatic copy num-
ber alterations positively correlate with immune escape and
poor response to immunotherapy.23 Furthermore, increased
aneuploidy is predictive of poor outcome in patients with
osteosarcoma.4 Together, these reports prompted our inves-
tigation to determine if the immune checkpoint genes
encoding PD-L1, PD-L2, B7-H3 and IDO1 are amplified in
osteosarcoma. We intentionally limited our investigation to
include only tumor cell-derived immune checkpoint genes
for which inhibitors are already FDA approved or are in late
stage clinical development. Here, we describe the DNA copy
number and gene expression profiles of PD-L1, PD-L2,
B7-H3, and IDO1 in osteosarcoma.

Results

Copy number gains of PD-L1, PD-L2, B7-H3 and IDO1 in
osteosarcoma specimens

To investigate if the targetable immune checkpoint genes PD-
L1, PD-L2, B7-H3 and IDO1 are affected by the copy number
alterations that typify osteosarcoma, genome-wide copy num-
ber analysis was performed on DNA from 195 pediatric
osteosarcoma tumor specimens using SNP 6.0 arrays. This
copy number data was combined with whole genome
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sequencing data from the TARGET osteosarcoma project (19
specimens) and internal whole genome data (1 specimen),
totaling 215 specimens. Our meta-analysis revealed recurrent
independent copy number gains at genomic loci encompass-
ing PD-L1/PD-L2 (9p24.1), B7-H3 (15q24) and IDO1
(8p11.21) at frequencies of 8%-9% (Figure 1(a)). The nature
of the PD-L1, PD-L2, and IDO1 copy number alterations
ranged from low-level gains to high-level amplifications
(Figures 1(b-e) and 2(a-c)). Although B7-H3 was gained in
8% of the specimens, we did not observe high level amplifica-
tions at this locus (Figures 1(d) and 2(b)). Furthermore, our
data demonstrates a very strong correlation between samples
with copy number gains of PD-L1 and PD-L2 (Figure 1(f)).
With the exception of PD-L1 and PD-L2, simultaneous gains
of more than one checkpoint gene in an individual specimen
were rarely observed, suggesting that these are mutually exclu-
sive and independent events (Figure 1(a)).

Gene expression of PD-L1, PD-L2, B7-H3, and IDO1 in
osteosarcoma and other pediatric malignancies

Using two different publically available RNA-sequencing
datasets from the TARGET osteosarcoma project and the
St. Jude Children’s Research Hospital PeCan Data Portal,
we compared the gene expression levels of PD-L1, PD-L2,
B7-H3 and IDO1 in osteosarcoma specimens (TARGET,
n = 81; St. Jude, n = 23). This analysis revealed that, in both
datasets, B7-H3 is robustly expressed while the expression
of PD-L1, PD-L2, and IDO1 are more modest (Figure 3;
Table 1). We next sought to determine if the expression of
these checkpoint genes varies between metastatic and non-
metastatic osteosarcoma tissues. We did not observe statis-
tically significant differences in the expression of PD-L1,
PD-L2, or B7-H3 in metastatic versus diagnostic samples in
either the St. Jude or TARGET RNA sequencing datasets

Figure 1. Copy number gains of PD-L1, PD-L2, B7-H3, and IDO1 in osteosarcoma specimens. (A) Graphical depiction of PD-L1, PD-L2, B7-H3, and IDO1 copy number gains
in 215 osteosarcoma specimens. Red bars = copy number detected by SNP6.0 arrays; blue bars = copy number determined by whole genome sequencing. (B-E) DNA
copy number distribution of (B) PD-L1, (C) PD-L2, (D) B7-H3, and (E) IDO1 in osteosarcoma specimens where black dots indicate individual specimens with copy number
values above threshold (2.7 copies; dotted red line). (F) DNA copy number scatter plot for PD-L1 and PD-L2. Statistical significance (p ≤ 0.05) determined using both
Spearman and Pearson correlation tests.

Figure 2. Copy number alterations at PD-L1/PD-L2, B7-H3, and IDO1 loci revealed by whole genome sequencing. Representative circos plots of whole genome sequencing
data from three individual patients indicating copy number gains at loci encoding (A) PD-L1/PD-L2, (B) B7-H3, and (C) IDO1. Red arrows point to locus of interest.
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(Figures 4(a-c), (e-g)). While not quite statistically signifi-
cant (p = 0.0507), the St. Jude RNA sequencing data sug-
gested that the mean expression IDO1 is higher in
metastatic osteosarcoma samples versus diagnostic samples
(Figure 4(d)). This trend was not observed in the RNA
sequencing data obtained from the larger TARGET osteo-
sarcoma dataset (Figure 4(h)).

We then compared the expression levels of PD-L1, PD-L2,
B7-H3, and IDO1 in osteosarcoma to that of multiple pediatric
hematologic, central nervous system (CNS), and non-CNS solid
tumor types (Figure 5(a-d)). This analysis revealed that themean
expression of PD-L1 in acute myeloid leukemia is significantly
higher than that of osteosarcoma whereas the inverse is true for
medulloblastoma (Figure 5(a)). Our data also demonstrates that,
with few exceptions, the average expression of PD-L2, B7-H3,
and IDO1 is higher in osteosarcoma than in any of the tumor
types analyzed (Figure 5(b-d)). Notably, we also observed that, as
a group, non-CNS solid tumors expressed higher levels of IDO1
when compared to either hematologic malignancies or CNS
tumors (Figure 5(d)).

Correlation analysis of immune checkpoint gene
expression

We used the RNA sequencing dataset from the TARGET osteo-
sarcoma project (n = 81 specimens) to investigate the concordance
in the expression of PD-L1, PD-L2, B7-H3, IDO1, and CTLA4
(Figure 6). CTLA4 was included in this analysis as this targetable
immune checkpoint is expressed in infiltrating immune effector
cells. While the expression of B7-H3 did not correlate with the
expression of any of the other immune checkpoints investigated,
we did observe significant correlations in the expression of PD-L1,
PD-L2, IDO1, and CTLA4 (Figure 6). Of these data, the correla-
tions between IDO1 and CTLA4 expression (r = 0.59; p < 0.0001)
and between PD-L1 and PD-L2 expression (r = 0.64; p < 0.0001)
were the strongest.

Prognostic significance of B7-H3 and IDO1 protein
expression in osteosarcoma tissues

Both descriptive and mechanistic studies have demonstrated
that the PD-1/PD-L1 axis is associated with decreased survival
in osteosarcoma.24–28 As such, we decided to further investi-
gate the prognostic value of B7-H3 and IDO1 expression.
Immunohistochemical staining of an osteosarcoma tissue
microarray (described in Table 2), representing 53% (B7-
H3) and 55% (IDO1) of independent cases, revealed that
increased expression of B7-H3 significantly correlates with
decreased survival (Figure 7(a)). B7-H3 was consistently
observed in tumor cells and in tumor associated blood-vessels

Figure 3. Osteosarcomas express high levels of B7-H3. Respective expression levels of PD-L1, PD-L2, B7-H3, and IDO1 using RNA-sequencing data from the (A) St. Jude
osteosarcoma and the (B) NCI TARGET osteosarcoma datasets. Statistical significance (p < 0.05) was determined using ANOVA and corrected for multiple
comparisons. P values for each comparison are listed in Table 1. FPKM, fragments per kilobase of transcript mapped; TPM, transcripts per million.

Table 1. P values from multiple comparison ANOVA.

Comparison
St. Jude
P Value

TARGET
P Value

PD-L1 vs. PD-L2 0.0214 <0.0001
PD-L1 vs. B7-H3 <0.0001 <0.0001
PD-L1 vs. IDO1 0.9083 <0.0001
PD-L2 vs. B7-H3 <0.0001 <0.0001
PD-L2 vs. IDO1 0.1095 0.6955
B7-H3 vs. IDO1 <0.0001 <0.0001
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(Figures 7(b-c), 8(a-b)). Likewise, immunohistochemical ana-
lysis of IDO1 also revealed that increased expression signifi-
cantly correlates with decreased survival (Figure 7(d)). IDO1
staining was heterogeneous with variable immunoreactivity in
both the tumor cells and subsets of non-malignant stromal
cells, including the tumor-associated vasculature (Figures 7(e-
f), 8(c-d)). Careful examination of a tissue core primarily
composed of immune cells demonstrated variable B7-H3
and IDO1 positivity in different subsets of immune effector
cells (Figure 8(b, d)). Consistent with the RNA sequencing
data, we did not observe correlations between the expression
of B7-H3 and IDO1 proteins (Supplemental Figure 1).

Inhibition of IDO1 activity in human osteosarcoma cell
lines in vitro.

Unlike PD-L1, PD-L2, B7-H3, and CTLA4, IDO1 is an immu-
nosuppressive enzyme with both autocrine and paracrine
functions.29,30 Because of these unique properties and its
intriguing gene expression pattern (Figure 5(d)), we further

investigated IDO1 in vitro. To validate the IDO1 copy number
data generated by the SNP6.0 arrays and whole genome
sequencing, we performed copy number qPCR on genomic
DNA from HOS, MG63, and G292 human osteosarcoma cell
lines. HOS cells were diploid for IDO1, whereas both MG63
and G292 cells demonstrated IDO1 copy number gains
(Figure 9(a)). We also confirmed the protein expression of
IDO1 in the three osteosarcoma cell lines. Treatment with
IFNγ for 24-hours resulted in the expression of IDO1 in all
three cell lines (Figure 9(b)). HOS cells exhibited minimal
levels of IDO1 and both MG63 and G292 cells demonstrated
high level IDO1 induction. The IDO1 protein expression data
from each cell line is consistent with the copy number qPCR
data (Figure 9(a)).

Epacadostat is a selective inhibitor of IDO1 enzymatic
activity. We investigated the in vitro efficacy of epacadostat
in MG63 and G292 cells by assaying the enzymatic activity of
IDO1 in the presence of increasing concentrations of the
drug. While we were unable to reliably quantify kynurenine
levels in the conditioned media from the cell lines by ELISA

Figure 4. Disease status does not significantly influence the expression of immune checkpoint genes. Comparative analysis of (A, E) PD-L1, (B, F) PD-L2, (C, G) B7-H3,
and (D, H) IDO1 gene expression in diagnostic versus metastatic osteosarcoma samples using RNA-sequencing data from the (A-D) St. Jude osteosarcoma (n = 23)
and the (E-H) NCI TARGET osteosarcoma (n = 81) datasets. Statistical significance (p ≤ 0.05) determined using unpaired two-tailed t-tests with Welch’s correction.
FPKM, fragments per kilobase of transcript mapped; TPM, transcripts per million.
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Figure 6. B7-H3 expression does not correlate with the expression of PD-L1, PD-L2, IDO1, or CTLA4. Spearman correlation matrix illustrating gene expression
correlations between PD-L1, PD-L2, B7-H3, IDO1 and CTLA4 using the TARGET osteosarcoma RNA sequencing dataset. Respective correlation X-Y scatter plots are
shown within each square where each black dot represents an individual sample. Spearman correlation (r) is indicated by the color bar where r values increase from
blue (r = 0) to red (r = 1). Statistical significance (p ≤ 0.05) for each correlation is indicated in each square.

Figure 5. Expression of immune checkpoint genes across multiple pediatric tumor types. Gene expression of (A) PD-L1, (B) PD-L2, (C) B7-H3, and (D) IDO1 across
various pediatric hematologic malignancies (white bars), central nervous system tumors (light gray bars), solid tumors (gray bars), and osteosarcoma (dark gray bar).
Statistical significance (p ≤ 0.05) was determined using one-way ANOVA with Holm-Sidak’s multiple comparison test. P values are indicated for each pairwise
comparison (vs. osteosarcoma). B-ALL, B-acute lymphoblastic leukemia; T-ALL, T-acute lymphoblastic leukemia; MLL, mixed lineage leukemia; AML, acute myeloid
leukemia; LGG, low-grade glioma; EPD, ependymoma; HGG, high-grade glioma; MB, medulloblastoma; CPC, choroid plexus carcinoma; RMS, rhabdomyosarcoma; MEL,
melanoma; RB, retinoblastoma; ACT, adrenocortical tumor; OS, osteosarcoma.
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(data not shown), we successfully measured tryptophan con-
centrations in the conditioned media of treated and untreated
MG63 and G292 cell lines using a tryptophan repressor pro-
tein DNA binding assay. IDO1 activity and tryptophan con-
centration are inversely correlated. Epacadostat induced a
dose-dependent increase in tryptophan levels, indicating a
dose-dependent decrease in IDO1 enzymatic activity
(Figure 9(c, e)). Consistent with its mechanism of action,

epacadostat did not alter the protein expression of IDO1 in
the treated cell lines (Figure 9(d, f)).

Discussion

Osteosarcomas are genomically unstable tumors exhibiting a
high degree of aneuploidy and such aneuploidy has been
implicated in immune escape.1–4,23 Thus, we sought to deter-
mine if the targetable immune checkpoints PD-L1, PD-L2,
B7H3, or IDO1 are subject to copy number alterations in
osteosarcoma. To our knowledge, this is the first report of
somatic gains of immune checkpoints in osteosarcoma.
Concordant copy number gains of both PD-L1 and PD-L2
was expected given that these two genes are within approxi-
mately 40kb of each other at the chromosome 9p24.1 locus.
Moreover, this co-amplification has been observed in other
malignancies including non-small cell lung cancer and triple
negative breast cancer.31–33

In mining osteosarcoma RNA sequencing datasets from St.
Jude Children’s Research Hospital (n = 23) and the TARGET
osteosarcoma project (n = 81) we observed a concordance in
the gene expression patterns of PD-L1, PD-L2, B7-H3, and
IDO1 between the two studies, thus confirming the validity of
each dataset. The relatively high expression of B7-H3 in
osteosarcoma was both striking and intriguing, as was the
expression pattern of B7-H3 across the various pediatric
tumor types. According to the RNA expression overview in
the Human Protein Atlas, B7-H3 is expressed at low levels in
the bone marrow, lymph nodes, and tonsils whereas addi-
tional studies report increased expression in a wide variety
non-hematological tumor types.34,35 Together, these data sug-
gest that the expression of B7-H3 is restricted in lymphoid
cells. This may explain the relatively low B7-H3 expression
observed in pediatric hematologic malignancies.

B7-H3 protein expression has been reported in a variety of
different cancers including non-small cell lung cancer, breast
cancer, prostate cancer, renal cell carcinoma, high-grade glio-
mas, and giant cell tumor of the bone.34–36 B7-H3 also serves
as a marker for tumor-associated endothelial cells.35,37 Of
particular relevance to osteosarcoma, B7-H3 also has non-
immunological functions in promoting osteoblast differentia-
tion and bone development.38,39 The relatively high level of
expression of B7-H3 in pediatric osteosarcoma and its role in
normal bone development may circumvent the necessity for
high-level gene amplifications.

B7-H3 has been shown to exhibit both immunostimulatory
and immunosuppressive effects and the exact mechanisms
that underlie the immunosuppressive function of B7-H3 are
still under investigation.40–42 Despite the seemingly contra-
dictory roles of B7-H3, it potential as a therapeutic target is
under active investigation. A recent report shows that block-
ade of B7-H3 decreases tumor size and increases the number
of CD8+ tumor infiltrating lymphocytes in syngeneic models
of pancreatic cancer and lung cancer.43 Another report indi-
cates that antibody-mediated inhibition of B7-H3 reduces
tumor growth as well as the number of tumor associated
macrophages and myeloid derived suppressor cells in genetic

Table 2. Description of osteosarcoma TMA.

Age Sex Site Diagnosis
IDO1

Analysis
B7-H3
Analysis

18 M Femur Osteosarcoma Excluded Excluded
44 F Hip Osteosarcoma Excluded Excluded
19 M Femur Osteosarcoma Excluded Excluded
44 F Femur Osteosarcoma Excluded Excluded
10 M Femur Osteosarcoma Excluded Excluded
10 M Femur Osteosarcoma Excluded Excluded
10 M Femur Osteosarcoma Excluded Excluded
10 M Femur Osteosarcoma Excluded Excluded
14 M Femur Osteosarcoma Excluded Excluded
14 M Femur Osteosarcoma Excluded Excluded
9 M Femur Osteosarcoma Excluded Excluded
12 F Tibia Osteosarcoma Excluded Excluded
9 F Tibia Osteosarcoma Excluded Excluded
11 M Fibula Osteosarcoma Excluded Excluded
18 M Femur Osteosarcoma Excluded Excluded
22 M Humerus Osteosarcoma Excluded Excluded
24 M Popliteal

Fossa
Synovial Sarcoma Excluded Excluded

23 M Humerus Osteosarcoma Excluded Excluded
27 M Femur Osteosarcoma Excluded Excluded
59 M Mandible Extraskeletal

Osteosarcoma
Excluded Excluded

29 M Soft Tissue Granulation Tissue Excluded Excluded
39 M Femur Osteosarcoma Excluded Excluded
61 F Ilium Radiation-Induced

Sarcoma
Excluded Excluded

11 M Fibula Osteosarcoma Included Excluded
11 M Tibia Osteosarcoma Included Excluded
26 M Calcaneus Osteosarcoma Included Excluded
11 M Femur Osteosarcoma Excluded Included
5 M Femur Osteosarcoma Excluded Included
24 M Feumr Osteosarcoma Included Included
17 F Femur Osteosarcoma Included Included
16 M Femur Osteosarcoma Included Included
23 M Bone Osteosarcoma Included Included
14 F Femur Osteosarcoma Included Included
37 M Pelvis Osteosarcoma Included Included
17 M Pelvis Osteosarcoma Included Included
20 M Femur Osteosarcoma Included Included
20 M Ilium Osteosarcoma Included Included
17 M Tibia Osteosarcoma Included Included
20 M Knee Osteosarcoma Included Included
35 F Humerus Osteosarcoma Included Included
19 M Femur Osteosarcoma Included Included
16 M Leg Osteosarcoma Included Included
18 M Femur Osteosarcoma Included Included
11 F Femur Osteosarcoma Included Included
10 M Femur Osteosarcoma Included Included
18 M Mandible Osteosarcoma Included Included
13 M Femur Osteosarcoma Included Included
11 M Tibia Osteosarcoma Included Included
38 M Mediastinum Extraskeletal

Osteosarcoma
Included Included

34 F Lung Metastatic
Osteosarcoma

Included Included

24 F Tibia/Fibula Osteosarcoma Included Included
22 M Humerus Osteosarcoma Included Included
22 M Tibia/Fibula Osteosarcoma Included Included
20 F Tibia Osteosarcoma Included Included
17 F Tibia Osteosarcoma Included Included
16 F Femur Osteosarcoma Included Included
20 F Femur Osteosarcoma Included Included
31 F Tibia Osteosarcoma Included Included
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models of head and neck squamous cell carcinoma.44 The
utility of B7-H3 as a therapeutic target is further supported
by a recent report using xenograft and allograft models of
various carcinomas to demonstrate the efficacy of B7-H3
antibody-drug conjugates (ADCs) to successfully target both
tumor cells and tumor associated vasculature, prolong survi-
val, and reduce metastasis.35

As it pertains to osteosarcoma, our data showing that
increased B7-H3 expression correlates with poor survival is
consistent with that of Wang et al., collectively indicating that
this molecule may be an attractive immunotherapeutic target in
this disease.45 Clinical approaches to selectively target B7-H3
include the use of enoblituzumab (anti-B7-H3 antibody),

MGD009 (B7-H3 x CD3 DART), and the generation of CAR
T-cells against B7-H3.46 The expression and function of B7-H3
during normal bone development would argue against it being
a therapeutic target for CAR T-cells.38,39 However, it has been
shown that antigen density rather than antigen expression
dictates the anti-tumor efficacy of CAR T-cells.47 Therefore,
investigating the efficacy and specificity of B7-H3 CAR T-cell
therapy in osteosarcoma is warranted.

IDO1 expression is induced by inflammatory stimuli such as
IFNγ, interleukin-6 (IL-6), IL-12, and IL-18.48,49We hypothesize
that this inflammatory microenvironment may underlie the
increased IDO1 expression observed in non-CNS solid tumors
in comparison to both CNS and hematological malignancies.

Figure 7. B7H3 and IDO1 protein expression independently correlate with decreased survival. Kaplan-Meier curves of (A) B7-H3 and (D) IDO1 expression in
osteosarcoma TMAs. Representative images of osteosarcoma tissue cores expressing (B) low levels of B7-H3, (C) high levels of B7-H3, (E) low levels of IDO1, and
(F) high levels of IDO1. Low expression (red) is defined as IHC score below the mean and high expression (blue) is defined as IHC score above the mean. Statistical
significance (p ≤ 0.05) was determined using both log-rank and Wilcoxon tests. Black arrows denote tumor vasculature. Scale bar = 50µm.

Figure 8. Heterogeneous expression of B7-H3 and IDO1 in osteosarcoma tissue. (A, C) Representative images of (A) B7-H3 and (C) IDO1 immunohistochemistry
demonstrating immunoreactivity in malignant cells and tumor-associated vasculature. (B, D) Variable expression of (B) B7-H3 and (D) IDO1 in lymphoid aggregates.
Black boxes indicate enlarged regions of interest (to the right of each panel). Black arrows denote tumor vasculature. Scale bar = 50µm.
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While we did not quantify IFNγ expression in the available
osteosarcoma samples, reports indicate that increased concen-
trations of circulating IFNγ correlates with inferior outcome in
patients with this disease.50 This supports our finding and the
work by Urakawa et al. indicating that IDO1 protein expression
predicts poor outcome in osteosarcoma.51 Taken together, these
data suggest that the increased IDO1 expression observed in
osteosarcoma is a reflection of the inflammatory tumor micro-
environment. Modulating the tumor microenvironment via tar-
geted IDO1 inhibition is currently an active field of investigation
with several drugs currently in various stages of clinical devel-
opment, including epacadostat, indoximod, BMS-986,205,
navoximod, and PF-06840003.29 Since the initial submission of
this manuscript, Bristol Myers-Squibb and Incyte
Pharmaceuticals have halted phase 3 studies of their respective
IDO1 inhibitors after the failure of epacadostat to meet its
primary endpoint in melanoma.52,53 Investigations into which
patients are most likely to benefit from IDO1 inhibition will
ensue as other early phase IDO1 trials are currently still active.-
52,53 The data presented here identifies a subset of patients with
osteosarcoma who may potentially benefit from targeted inhibi-
tion of IDO1 and highlights the utility of genome-informed
approaches in immuno-oncology.

Consistent with our immunohistochemistry data, IDO1
expression and activity is not limited to tumor cells. Multiple
cell types within the tumor microenvironment express IDO1,
including tumor-associated fibroblasts, tumor-associated
macrophages, and vascular endothelial cells.54–58 Moreover, the
resultant effect of IDO1 enzymatic activity traffics myeloid
derived suppressor cells and regulatory T-cells into the tumor
stroma.59,60 Thus, while standard RNA sequencing is capable of
detecting IDO1 expression in a heterogeneous tissue sample, this
approach is incapable of determining its cellular source. Such
resolution would require single-cell RNA sequencing or multi-
plexed imaging.61,62 Nevertheless, due to its paracrine effects,
whether IDO1 is expressed in tumor cells, infiltrating host cells,

or both may not be nearly as important as its activity and ability
to promote an immunosuppressive microenvironment.29,30,63

Further investigation is needed to understand the autocrine
effects of IDO1 in osteosarcoma and how gains of IDO1 impact
the aryl-hydrocarbon signaling pathway.

To date, results from clinical studies investigating the use of
immune checkpoint inhibitors in patients with bone sarcomas
have been largely underwhelming.18–20,64,65 In the Alliance
A091401 trial, single agent PD-1 blockade using nivolumab
failed to meet the primary endpoint of overall response in an
unselected cohort of pre-treated sarcoma patients with
advanced disease, including bone sarcomas.18 Similar results
were observed in the SARC028 trial where single agent pem-
brolizumab demonstrated activity in select soft tissue sarcomas
but proved to be insufficient for patients with osteosarcoma.20

The precise mechanism(s) by which single agent PD-1 blockade
is rendered ineffective in osteosarcoma is not yet known.
However, in a trial demonstrating limited efficacy of pembro-
lizumab in patients with advanced soft tissue sarcomas,
increased kynurenine levels (indicative of IDO1 activity) was
observed during treatment, suggesting that IDO1 may contri-
bute to the failure of PD-1 inhibition in this specific context.66

Moreover, Holmgaard et al. used the B16 murine melanoma
model to show that genetic ablation of murine IDO1 increased
the therapeutic efficacy of PD-1/PD-L1 inhibition.67 This
report also showed that inhibition of CTLA4 synergized with
IDO1 inhibition in both melanoma and breast cancer models.67

These data, combined with our findings that there are signifi-
cant correlations between the expression of PD-L1, PD-L2,
IDO1, and CTLA4, provides rationale that combination immu-
notherapy may provide a therapeutic benefit for patients suffer-
ing from osteosarcoma.

The data presented here represents the first report of the
genomic and transcriptomic profiles of targetable immune
checkpoints in osteosarcoma. A comprehensive and inte-
grated genomic, transcriptomic, and proteomic profiling in

Figure 9. Epadacostat inhibits IDO1 function in G292 and MG63 human osteosarcoma cell lines in vitro. (A) DNA copy number profile of IDO1 in HOS, MG63, and
G292 cells. Ref, diploid reference DNA. (B) IDO1 western blot on whole cell lysates from osteosarcoma cell lines stimulated with serum free media (-) or IFNγ (+) for
24-hours. GAPDH serves as the loading control. (C, E) Epacadostat decreases tryptophan metabolism in conditioned media from (C) MG63 and (E) G292 cell lines. Cells
were pre-treated for 1-hour with the indicated doses of epacadostat then stimulated with serum free media (-) or IFNγ (+) for 24-hours. Decreased tryptophan
concentrations are indicative of increased IDO1 enzymatic activity. IDO1 protein expression in (D) MG63 and (F) G292 cell lines treated with epacadotstat and IFNγ as
indicated below. Western blot images are representative of three independent experiments. Statistical significance (p ≤ 0.05) was determined using ANOVA and
corrected for multiple comparisons (control vs. treated).
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a larger cohort of clinically annotated osteosarcoma samples
will need to be performed to elucidate the full spectrum of
immune checkpoints and molecularly dissect the osteosar-
coma microenvironment. Our data indicates that there is
marked heterogeneity in the expression of immune check-
points in osteosarcoma. As demonstrated by Dix Junqueira
Pinto et al. the information obtained from any given core on
a TMA may not be representative of the entire tissue
section.68 Therefore, the use of whole tumor sections versus
TMAs will be essential to faithfully examine the expression
of immune checkpoints and assess the tumor microenviron-
ment in heterogeneous solid tumor specimens. In addition,
in vivo studies using immunocompetent osteosarcoma mod-
els will help clarify the functional significance of PD-L1,
PD-L2, B7-H3, and/or IDO1 copy number gains as they
pertain to the osteosarcoma microenvironment and immune
evasion mechanisms.

Materials and methods

Cell culture

HOS and MG63 cell lines were a gift from Dr. Alan Epstein
(USC). G292 cells were obtained from ATCC (CRL-1423).
Cell lines were grown in RPMI1640 (Invitrogen) supplemen-
ted with GlutaMax (Invitrogen) and 10% fetal bovine serum
(Omega Scientific). Cells were checked for mycoplasma
(Lonza) and their identities confirmed with short tandem
repeat profiling (Cell Line Genetics). Recombinant IFNγ was
purchased from R&D Systems. Prior to treatment, cells were
grown to near-confluence and serum starved for 6-hours in
RPMI1640. One hour prior to IFNγ stimulation, cells were
treated with epacadostat (Selleck Chemicals) or dimethyl sulf-
oxide (Sigma). IFNγ was added to the respective wells at a
final concentration of 50ng/mL. Cell lysates and conditioned
media were harvested 24-hours post-treatment.

DNA copy number assays

Copy number data was obtained using the Affymetrix
Genome-Wide Human SNP Array 6.0 platform. The array
data was analyzed with Partek Genomics Suite (Partek). Raw
.CEL files were normalized for probe length and GC content.
Diploid copy number baseline files for the SNP6.0 arrays were
generated using 794 HapMap samples and subsequently used
for comparative copy number analysis. Copy number values
greater than 2.7 were interpreted as a copy number gain.
Matched tumor-normal whole genome sequencing data from
19 pediatric osteosarcoma specimens was obtained from the
TARGET Osteosarcoma database (https://ocg.cancer.gov/pro
grams/target/projects/osteosarcoma). TaqMan copy number
assays for CD276/B7H3 (assay ID: Hs05355907_cn), IDO1
(assay ID: Hs00636720_cn), and the TaqMan copy number
RNaseP reference assay (cat #: 4403326) were purchased from
ThermoFisher and performed according to the manufacturers
protocol. Pooled human genomic DNA (Promega) was used
as the diploid reference DNA for the TaqMan copy number
assay. PCR was performed on duplicate samples using the
CFX96 Touch Real-Time PCR Detection System (BioRad).

RNA sequencing data

Osteosarcoma RNA sequencing data was downloaded from
the NCI TARGET Osteosarcoma database. B-acute lympho-
blastic leukemia, T-acute lymphoblastic leukemia, mixed line-
age leukemia, acute myeloid leukemia, low-grade glioma,
ependymoma, high-grade glioma, medulloblastoma, choroid
plexus carcinoma, rhabdomyosarcoma, melanoma, retinoblas-
toma, adrenocortical tumor, and osteosarcoma RNA sequen-
cing data are part of the Pediatric Cancer Genome Project and
was downloaded from the St. Jude Cloud PeCan Data Portal
(https://pecan.stjude.cloud/home).69

Immunohistochemistry

Osteosarcoma TMA slides were purchased from Novus
Biologicals, the content of which are described in (Table 2).
The TMAs were deparaffinized, rehydrated through graded
ethanols, and subjected to heat induced epitope retrieval in
citrate buffer pH 6 (Vector Laboratories). TMA slides were
quenched of endogenous peroxidases, blocked in 2% normal
horse serum, and incubated with anti-B7-H3 (14058 Cell
Signaling) or anti-IDO1 (MAB5412; Millipore) antibodies over-
night. Signal amplification was achieved using the VectaStain
Elite ABC kit (Vector Laboratories). Color development was
achieved with 3,3ʹ-diaminobenzidine and counter stained with
hematoxylin (Vector Laboratories). Immunoreactivity was
scored by two board certified pediatric pathologists with exten-
sive expertise in bone and soft tissue sarcomas (DWP and TJT).
Cores were excluded from analysis if the patient age exceeded
40 years old, if the tissue was overly decalcified, if there was less
than 25% of the core remaining on the slide, and/or if there
was less than 25% tumor present in the core. Tissue cores were
scored on the basis of percentage of positively stained tumor
cells where a score of 0 = no tumor cells stained, 1 = up to 25%
of tumor cells stained, 2 = 26–50% of tumor cells stained, 3 =
51–75% of tumor cells stained, and 4 = 76–100% of tumor cells
stained. Tissue cores were also scored according to stain inten-
sity where a score of 0 = negative/background, 1 = slightly
above background, 2 = definitive light staining, 3 = medium
staining, and 4 = intense staining. Both scores were multiplied
to arrive at the final score that was used for downstream
analysis. Images were captured using a Leica DMI6000B
inverted microscope with a 10X objective. Positive controls
and secondary antibody only controls are shown in
Supplemental (Figure 2).

Tryptophan assay

Conditioned media was collected after 24-hours of IFNγ stimula-
tion and cleared of cellular debris by centrifugation. Tryptophan
levels in the conditioned media were assayed using the Bridge-It
L-Tryptophan Fluorescence Assay (Mediomics) according to the
manufacturers protocol.

Western blotting

Cells were lysed in radioimmunoprecipitation buffer supple-
mented with protease/phosphatase inhibitors (ThermoFisher).
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Protein concentrations were determined using the Pierce BCA
assay (ThermoFisher). Samples were mixed with NuPAGE
LDS sample buffer and Sample Reducing Agent
(ThermoFisher), heated, separated on a Novex 4–12% Bis-
Tris gradient gel (Thermo Fisher). Proteins were transferred
to polyvinylidene fluoride membranes, blocked, and probed
with antibodies against IDO1 (86630 Cell Signaling), B7-H3
(14058 Cell Signaling), or GAPDH-AlexaFlour 488 (#3906;
Cell Signaling). Secondary anti-rabbit antibodies were pur-
chased from Cell Signaling Technologies. Blots were sequen-
tially probed with antibodies without stripping between
primary antibody incubations. Chemiluminescent and fluor-
escent images were captured using the ChemiDoc MP ima-
ging system (Bio-Rad).

Statistical Analysis

All histograms, scatter plots, Kaplan-Meier curves, and asso-
ciated statistical values were generated using Prism7
(GraphPad). P-values ≤ 0.05 are considered to be statistically
significant. Correlation matrix was generated using Morpheus
visualization and analysis software (https://software.broadinsti
tute.org/morpheus/). OncoPrints were generated using
OncoPrinter (www.cbioportal.org/oncoprinter.jsp).
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