
Figure 4. Tumor-specific gene expression

(A–C) Tumor-specific gene expression including (A) cell-surface proteins, (B) transcription factors, and (C) tumor germline antigens. Fill indicates that the gene is

overexpressed in the corresponding cancer type relative to normal tissues and has minimal expression in vital organs.

(D) mRNA expression of top genes for each category in each cancer type, vital organs, testes, ovary, and other normal tissues. Dots represent the median

expression for each cancer type.

(E) Representative PRAME immunohistochemistry in Ewing sarcoma and osteosarcoma demonstrates a robust expression of PRAME protein in tumor cells. H&E,

hematoxylin and eosin stain.
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tumors, with data derived from 788 malignant samples including

657 solid tumor samples across 14 diagnoses from 623 pediatric

and young adult patients and 131 commonly used cancer cell

lines. Success with checkpoint inhibitor therapy in many cancer

types has led to an increased desire to understand the tumor-im-

mune microenvironment interactions. Toward this end, we

describe the immunogenomic landscape of our cohort of pediat-

ric solid malignancies including tumor-infiltrating lymphocyte

composition, cancer germline antigen and cell-surface protein

expression, immune checkpoint expression, and T cell receptor

repertoire. Notably, we observed a substantial degree of intra-

histologic variance in all immunogenomic features evaluated,

suggesting that histology alone may be insufficient for immuno-

therapeutic selection or trial design in these diseases. Broadly,

we note a generally lower level of immune cell infiltration in

most pediatric solid tumors compared to common adult tumors,

with a notable exception of ASPS.

A high tumor mutation burden (TMB) has been associated with

clinical response to checkpoint inhibition (Chan et al., 2019). Pe-

diatric cancers typically have a low somatic mutation burden

relative to common adult cancers (Gröbner et al., 2018; Ma

et al., 2018); however, we have previously reported that the

TMB in relapsed samples can increase two to three times

compared to their primary tumors (Chang et al., 2016; Eleveld

et al., 2015). Nonetheless, some cancers with low TMB such

as clear cell renal cell carcinoma show a strong intratumor im-

mune-related cytolytic activity and prominent immune infiltrate,

findings that may be related to their clinical responsiveness to

immune checkpoint inhibitors (Miao et al., 2018). These results

emphasize that TMBmay not be the only source of immunogenic

triggers. Notably, ASPS, a disease recently found to be highly

responsive to immune checkpoint inhibition (Wilky et al., 2019),

was observed in our study to be among the highest degree of

baseline TIL infiltrate despite being a low-TMB fusion-drivenma-

lignancy. Intra-tumoral T cell receptor clonality has been associ-

ated with clinical outcomes in metastatic cancers (Tumeh et al.,

2014) and in the setting of immunotherapies (Zhang et al., 2020).

Utilizing TCR prediction methodology to assess intra-tumoral

clonotypes, wewere able to demonstrate cases of robust expan-

sion of TCR clones in 5.8% of patients, occurring at the highest

frequency in ASPS and OS tumors, which suggests that a subset

of pediatric solid tumors aremore primed for immunotherapeutic

interventions.

A striking finding from this study is the identification of high

median T cell infiltration in OS relative to other pediatric solid tu-

mors and a significant correlation between immune cell infiltrate

and patient survival. We further show that CD8+ T cell infiltration

is independent of metastasis, a known predictor of poor out-

comes. Prior reports have also demonstrated robust immune

cell infiltrate and PD-L1 expression in a subset of OS, though

studies have conflicted results regarding the correlation between

these immunologic features and patient outcomes (Thanindra-

tarn et al., 2019; Wunder et al., 2020). In contrast to these

immunologically favorable observations, we also observed pro-

nounced expression of many additional immune inhibitory

signaling molecules in osteosarcoma tumors, including TGFB1

and CSF1R. Our findings are congruent with a previous analysis

in osteosarcoma that utilizes a partially overlapping osteosar-

coma cohort in the Therapeutically Applicable Research to

Generate Effective Treatments (TARGET) dataset (Wu et al.,

Table 2. Summary table of OS and EWS MHC class I peptides

Gene Peptide

HLA allele

specificity

Percentile

rank

Predicted

affinity

(IC50 nM) Other cancers presenting same peptide

PRAME ALLPSLSHC HLA-A*02:01 2.72 467.3 melanoma (Gloger et al., 2016)

SLLQHLIGL HLA-A*02:01 0.12 9.9 melanoma (Gloger et al., 2016; Bassani-Sternberg et al., 2016)

MAGEA1 KVLEYVIKV HLA-A*02:01 0.05 5.9 Melanoma (Bassani-Sternberg et al., 2016; Pritchard et al., 2015)

MAGEA1/A4/A8 AETSYVKVL HLA-B*44:02 0.09 72.4 melanoma (Pritchard et al., 2015), breast cancer (Ternette

et al., 2018)

MAGEB2 GVYDGEEHSV HLA-A*02:01 2.44 386.5 chronic myeloid leukemia (Hassan et al., 2013)

MAGED2 NADPQAVTM HLA-C*05:01 0.08 172.1 breast cancer (Ternette et al., 2018; Rozanov et al., 2018), chronic

lymphocytic leukemia (Nelde et al., 2018)

PBK SYQKVIELF HLA-C*07:04 0.65 7398.1 breast cancer (Ternette et al., 2018; Rozanov et al., 2018),

glioblastoma (Shraibman et al., 2019), melanoma (Pritchard et al.,

2015; Bassani-Sternberg et al., 2017)

KREMEN2 ALGPPGAAL HLA-A*02:01 2.80 494.5 none reported

ULBP3 LLFDWSGTGRA HLA-A*02:01 2.74 473.5 colon cancer (Bassani-Sternberg et al., 2015)

LLFDWSGTGRADA HLA-A*02:01 2.81 498.4 colon cancer (Bassani-Sternberg et al., 2015)

IGF2BP3 KIQEILTQV HLA-A*02:01 0.23 17.7 melanoma (Gloger et al., 2016; Jensen et al., 2018), chronic

myeloid leukemia (Jensen et al., 2018), colon cancer (Murphy

et al., 2019), breast cancer (Ternette et al., 2018)

KIF20b AEIEDIRVL HLA-B*44:02 0.12 94.8 melanoma (Koumantou et al., 2019), chronic lymphocytic

leukemia (Nelde et al., 2018)

A summary table of high-affinity peptides in OS and EWS cells. Peptide percentage ranks and predicted HLA affinities were calculated using NetMHC

(Jurtz et al., 2017) with sequencing-identified HLA allele variants present in the corresponding cell line.
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2020), which reported OS to be near the 50th percentile

compared to adult TCGA tumor types based on the rank order

of tumors by median immune score, and multiple immune inhib-

itory pathways were also noted to be active. Given the limited ef-

ficacy of immune checkpoint inhibitor monotherapy for OS in

clinical trials to date (D’Angelo et al., 2018a; Merchant et al.,

2016; Tawbi et al., 2017), these results suggest potential co-

inhibitory pathways in this disease that would make rationale tar-

gets for combination immunotherapies. (Song et al., 2021; Wu

et al., 2020).

In addition to checkpoint blockade, directed immune targeting

of tumor expressed antigens is another broad strategy for cancer

immunotherapy. Toward this goal, we provide an overview of the

expressed antigens in our cohort that are predicted to be the

most translationally relevant due to differential expression from

normal tissues. Our results confirm many of the tumor germline

antigens that are in current clinical development, as well as a

broad landscape of additional targets. As proof of concept of uti-

lizing transcriptomics and immunopeptidomic approaches, we

identified PRAME as an immune target, a highly differentially ex-

pressed protein with its peptide presented on the cell surface in

the context of HLA-A2, the most frequent HLA allele in humans.

Despite minor nonspecific cytotoxicity, which is commonly

observed with infusion of UTD, our modified PRAME TCR-trans-

duced T cells showed significantly higher in vitro activity in both

OS and EWS cell line models, as well as significant potency

in vivo in a metastatic EWS mouse model. Importantly, our

data suggest that PRAME may be a broad, multi-cancer immu-

notherapy target in pediatric extracranial solid malignancies,

similar to efforts in hematologic malignancies where clinical trials

are underway (e.g., NCT02494167 and NCT02203903).

In summary, we describe here, one of the largest to date, tran-

scriptomics-derived immunogenomics surveys of extracranial

pediatric solid malignancies. We find significant correlations

Figure 5. Specific anti-tumor activity of engineered T cells targeting a PRAME MHC class 1 peptide

(A) Structure of engineered PRAME TCR and schema for testing the specificity and efficacy of murPRAME-TCR T cells.

(B) In vitro co-culture of T cells with reporter cell lines at different effector:tumor (E:T) ratios. Luminescence wasmeasured after 24 h of co-culture and reported as

mean ± SEM (n = 3); **p < 0.01, ***p < 0.001.

(C) Schema for treating metastatic EWS xenograft model with murPRAME-TCR T cells.

(D) Bioluminescence images of TC32-Luc:PRAME cells after IV injection and treatment with vehicle or T cells.

(E) Quantification of bioluminescence imagining reported asmean ± SEM (n = 8 per group). p values of UTD versus murPRAME-TCRmice displayed as *p < 0.05,

**p < 0.01.

(F) Kaplan-Meier analysis of mouse survival using log-rank test (n = 8 per group).
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between immunogenomic features, such as immune cell infiltra-

tion, especially intra-tumoral clonal T cell infiltration, with patient

survival. We provide a landscape of expressed tumor antigens

that aremost likely to be amenable to immunotherapeutic target-

ing. We further provide orthogonal confirmation of transcrip-

tomic findings by evaluating the immunopeptidome of osteosar-

coma and demonstrate proof of concept in vitro cytotoxicity

using a transcriptomics-informed ACT approach. This work pro-

vides a critical framework for immune targeting of lowmutational

burden extracranial solid tumors using transcriptome

profiling data. Furthermore, a companion gene-expression data-

base (https://omics-oncogenomics.ccr.cancer.gov/cgi-bin/JK)

derived from this study with outcome data including overall

and event-free survival for osteosarcoma and neuroblastoma al-

lows further exploration of this rich dataset. Finally, we report on

an engineered TCR against PRAME can be developed for ACT

immunotherapy for patients with pediatric solid tumors with

HLA-A*02.

Limitations of the study
A limitation of our study is the availability of clinical outcomes

data in only two (NB and OS) tumor types studied. Despite

this, we have reported a consistent association between high im-

mune infiltrate and immune signatures score and favorable prog-

nosis in both osteosarcoma and neuroblastoma (Wei et al.,

2018), a result that remains significant even when accounting

for metastatic disease status. Despite the consistency observed

in these two tumor types, we cannot evaluate whether this is a

universal finding among pediatric solid tumor types or specific

to these two diseases.
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