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Introduction to immune profiling

The immune system is critical for detection and elimination of
transformed cells. However, it can promote tumor development
through selection of less immunogenic, unstable variants and sup-
pression of antitumor responses (1, 2). The tumor microenviron-
ment is a complex and dynamic network of tumor cells, fibroblasts,
endothelial cells, and immune cells, the last of which include T and
B lymphocytes, monocytes and macrophages, myeloid-derived
suppressor cells (MDSCs), dendritic cells (DCs), and natural kill-
er (NK) cells (3). These tumor-infiltrating leukocytes (TILs) play
diverse roles in tumorigenesis. Different subsets support or sup-
press growth and metastasis, through direct interactions and pro-
duction of soluble factors including cytokines, chemokines, and
growth factors (4, 5).

Quantification of type, number, and location of TILs within the
tumor has considerable prognostic value (6). Infiltration of CD8*
T cells or NK cells is associated with improved outcomes in many
adult cancers, while myeloid cells such as MDSCs have a negative
correlation with survival (7, 8). These analyses form the basis of
immune profiling, i.e., the identification of profiles or signatures
that predict patient outcomes (9, 10). With recent developments in
technology, immunoprofiling has evolved from interrogating one
marker by immunohistochemistry (IHC) to investigating many
subsets and phenotypes by multiplex IHC and flow cytometry, and
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Pediatric cancers, particularly high-risk solid tumors, urgently need effective and specific therapies. Their outlook has not
appreciably improved in decades. Immunotherapies such as immune checkpoint inhibitors offer much promise, but most are
only approved for use in adults. Though several hundred clinical trials have tested immune-based approaches in childhood
cancers, few have been guided by biomarkers or clinical-grade assays developed to predict patient response and, ultimately, to
help select those most likely to benefit. There is extensive evidence in adults to show that immune profiling has substantial
predictive value, but few studies focus on childhood tumors, because of the relatively small disease population and restricted
use of immune-based therapies. For instance, only one published study has retrospectively examined the immune profiles of
pediatric brain tumors afterimmunotherapy. Furthermore, application and integration of advanced multiplex techniques has
been extremely limited. Here, we review the current status of immune profiling of pediatric solid tumors, with emphasis on
tumor types that represent enormous unmet clinical need, primarily in the context of immune checkpoint inhibitor therapy.
Translating optimized and informative immune profiling into standard practice and access to personalized combination
therapy will be critical if childhood cancers are to be treated effectively and affordably.

hundreds of immune-related genes by sequencing (11-13). Novel
techniques that interrogate gene and protein expression at the
single-cell level, including single-cell RNA sequencing (14-16), T
cell receptor (TCR) sequencing (17, 18), and mass cytometry (19-
22), have revealed important insights into the diversity, specificity,
and complexity of, and spatial relationships between, TILs in adult
cancers, which could be applied to children (Figure 1).

Adult tumors can be classified into three basic immune profiles
(23). Immune-inflamed, or “hot,” tumors have considerable infiltra-
tion of cytotoxic T cells and other TILs into the tumor parenchyma
and express proinflammatory cytokines, chemokines, and immune
checkpoints. Immune-altered “intermediate” tumors are charac-
terized by restriction of T cells to the surrounding stroma and pro-
duction of chemokines and vascular and tumor-derived inhibitory
factors (ref. 24 and Figure 2). For example, TGF-B is a key mediator
of immune suppression and is associated with the immune-altered/
excluded phenotype (25). Another immunosuppressive mediator,
indoleamine 2,3-dioxygenase (IDO), is expressed by DCs and has
arole in controlling inflammation (26); increased IDO expression is
associated with poor prognosis in multiple cancer types (27).

Immune-desert “cold” tumors lack substantial CD8* T cell
infiltration altogether and are populated by antiinflammatory
myeloid cells and regulatory T cells, which express cytokines asso-
ciated with immune suppression, tolerance, and homeostasis (23).
Even this basic level of tumor analysis can help predict which adult
patients are most likely to respond to immunotherapies (24). A hot
tumor is more likely to respond to immune checkpoint inhibitors
than a cold tumor (23).

Immune checkpoint inhibitors are one of the most important
therapeutic breakthroughs for cancer treatment. By blocking inhib-
itory receptor/ligand interactions, these can restore innate or adap-
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Figure 1. Techniques used for immunoprofiling. IHC, immunohistochemistry; mIHC, multiplex IHC; RNA-Seq, RNA sequencing; TCR-Seq, T cell receptor sequencing.

tive immune responses against tumor cells. Here, we focus primari-
ly on checkpoint inhibitors that restore the adaptive T cell response.
Several antibodies are currently in the clinic, including those specif-
ic for programmed death-1 (PD-1) and its ligand (PD-L1) and cyto-
toxic T lymphocyte-associated protein-4 (CTLA-4); or in devel-
opment, including lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin- and mucin domain-containing-3 (TIM-3), and
B7-H3 and T cell immunoreceptor with Ig and ITIM domains (TIG-
IT) (28). Anti-PD-1 has shown the greatest clinical efficacy across a
range of adult cancer types, and response data are now available for
large cohorts (29). Retrospective analyses suggest it may be possi-
ble to prospectively use immune profiling to identify patients who
are likely to respond to anti-PD-1. For example, in melanoma, anti-
PD-1is more effective in tumors with high CD8* T cell infiltration,
a T cell-inflamed gene expression profile (GEP), and PD-L1 expres-
sion (30, 31). This suggests that a preexisting immune response in
the tumor is required for anti-PD-1 therapy to work (32). In addition
to the PD-1/PD-L1 axis, B7-H3 is an immune checkpoint that inhib-
its cytotoxic T cell function (33). B7-H3 is expressed at higher levels
in adult cancers and is associated with a worse prognosis (34, 35).
Although immune profiling can predict adult patient respons-
es to immunotherapy, application to the clinic is limited. The
Immunoscore is a clinical IHC assay that enumerates CD8* and
CD45RO" T cells in the tumor. It is highly prognostic in colon
cancer; however, its applicability to other cancers and utility as a
predictive biomarker remain unclear (36, 37). Several IHC assays
have been developed to quantify PD-L1 expression, to provide
rationale for anti-PD-1/PD-L1 treatment (38). However, PD-L1
as a single biomarker is not optimal in certain tumor subtypes. In
the CheckMate 067 study (ClinicalTrials.gov NCT01844505), the
level of PD-L1 expression alone was a poor predictive biomarker
of response to PD-1/PD-L1 inhibition in patients with melanoma
(39). In contrast, in the KEYNOTE-042 trial (NCT02220894), in
which patients with non-small cell lung cancer were treated with
anti-PD-1 or anti-CTLA-4 alone or in combination, the PD-L1
tumor proportion score was considered a reliable predictive bio-
marker of response (40). However, in the KEYNOTE-051 trial,
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in which PD-L1 expression was a criterion for pediatric patient
selection, only 5.9% of patients with solid tumors or lymphomas
achieved an objective response (41).

The approval of multiple PD-L1 diagnostic assays presents a
substantial challenge. Although PD-L1 testing is now established
as routine clinical practice, there is still considerable variability
in the techniques used and the staining cutoffs used to stratify
patients in different clinical trials. There are four available com-
mercial assays, each of which uses a different antibody clone
(SP142, SP263, 22C3, and 28-8) and either of two IHC platforms
(Dako and Ventana) to estimate PD-L1 expression in forma-
lin-fixed, paraffin-embedded specimens. Each of these assays
has a different scoring system and different thresholds to eval-
uate PD-L1 expression. Therefore, interpretation of PD-L1 IHC
assays remains a clinical challenge. The various assays may pro-
duce conflicting results on the same tissue specimen, and their
performance is heavily dependent on tumor type. To address this
issue, several multicenter studies are under way to directly com-
pare performance (42, 43).

Microsatellite instability (MSI) status and DNA mismatch
repair deficiencies ({MMRs) are used as biomarkers to predict
response to anti-PD-1 (44); however, only 30%-60% of adult
patients with high MSI and/or dMMR benefit from therapy (39,
45, 46). High tumor mutation burden (TMB), a common fea-
ture of dAMMR, also predicts response, but in only 20%-60% of
patients (47-50). Although high TMB, MSI, and/or dAMMR are
currently used to select for patients in some clinical trials, these
are not ideal stand-alone biomarkers. Other biomarkers that pre-
dict response to checkpoint inhibitors, such as high neoantigen
load and high TCR diversity, are emerging in the literature, but
as yet have not been translated into the clinic (51-54). Several
assays based on analysis of gene expression are being developed
to identify immune-inflamed and noninflamed tumors from RNA
sequencing data and to define predictive signatures (11). The T
cell-inflamed GEP is an 18-gene signature that predicts response
to anti-PD-1 in melanoma (30). It has been validated in several
pan-cancer adult cohorts (55).
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Figure 2. Multiplex IHC in melanoma using two different antibody panels to immunoclassify solid
tumors. (A and B) Immuno-infiltrated tumors. (C and D) Immuno-altered tumors. A and C include CD4*,
CD8*, FoxP3+CD4* Treg, SOX10*, PD-L1, and DAPI. B and D include CD3*, CD20*, CD11c*, PD-L1*, SOX10*,

(D68, and DAPI. Original magnification of OPAL images, x200.

The T cell-inflamed GEP has been combined with other
biomarkers to enrich for responders. Patients with high GEP or
high TMB benefited from anti-PD-1, but those with both were
the best responders (56). In another large pan-cancer study,
patients with high TMB in combination with high T cell-inflamed
GEP or expression of PD-L1 showed the best responses (57).
These studies highlight the benefit of applying a multibiomark-
er immune profiling platform, using complementary technolo-
gies that examine different aspects of the immune response, to
enrich for responders. In 2017, OmniSeq released a comprehen-
sive pan-cancer Immune Report Card that measures multiple
immune and molecular biomarkers, using IHC and sequencing
analysis. This test is available for use in children; however, as it
is a relatively new platform, its utility for making immunotherapy
recommendations is yet to be determined.

Predictive immune profile assays will be critical to achieve
maximum clinical benefit from immunotherapy (58-60). Most
clinical trials for immunotherapy in pediatric cancers to date
have not enriched for potential responders. Entry criteria often
simply require a specified cancer type and resistance to stan-
dard therapies. This means that many enrolled children are
unlikely to benefit, and this will contribute to the low overall
response rates reported so far. It is also important to remember
that cancers arising in children are biologically and molecular-
ly distinct from those in adults (56, 61). Hypermutated cancers
are uncommon in childhood, and are most commonly cancers of
the central nervous system associated with germline mutations
in mismatch repair genes, with or without somatic mutations in
replication/repair-associated DNA polymerases (61). On aver-
age, the single-nucleotide mutation burden is an order of mag-
nitude lower than in adult tumors, as childhood cancers are far

Immune-altered (“intermediate”) tumors
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more frequently driven by structural gene
variants and copy number aberrations.
The rate of germline alterations in cancer
predisposition genes is higher (62, 63).
Thus, while some clinical trials include
pediatric patients with highly mutated
tumors (NCT02992964, NCT03668119),
there are further patients, for example
those with highly inflamed tumors but a
low mutational burden, who could poten-
tially respond. The impact of genomic
features such as copy number aberrations,
structural variants such as fusion genes,
and RNA-splicing variants on the genera-
tion of neoantigens and the possibility of
immune-mediated tumor clearance may
be more important in pediatric cancer than
absolute mutation burden.

Another important consideration is
that the immune system of a child is still
developing. It is naive and relatively
impaired, with weak Thl inflammatory
and antibody responses compared with
those of older children and adults (64).
However, as the thymus is highly active
in childhood and continually produces
new T cells (65), it could potentially generate new tumor-spe-
cific clones. A few studies have shown that pediatric cancers
are generally infiltrated by macrophages, have few DCs (66),
and express low levels of immune checkpoints compared with
adult tumors (67, 68). Thus, immunoprofiling assays developed
for adult cancers may need modification to better predict out-
comes in children. There are a limited number of studies to
inform the development of pediatric cancer-specific assays.
Here, we summarize the current literature that utilizes single
or multiple immune biomarkers for stratification, prognosis, or
prediction of responses to immunotherapy in specific classes of
pediatric solid tumors.

Immune profiling of pediatric solid tumors
Brain tumors. Brain tumors are the most common solid tumor of
children, accounting for about 25% of cancers and the leading
cause of cancer-related death (69). Glioma and medulloblastoma
are the most common subtypes (70). Gliomas can arise in any part
of the brain and spinal cord (71), and account for approximately
50% of pediatric brain tumors (70, 72). Most are slow-growing,
low-grade gliomas that respond well to treatment. However, a
large proportion are high-grade gliomas (HGGs), such as dif-
fuse intrinsic pontine glioma (DIPG) (73, 74). Despite treatment,
these tumors invariably progress rapidly, with a median survival
of less than 1 year (75). Medulloblastomas are aggressive embry-
onal tumors that account for approximately 10%-15% of pediat-
ric brain tumors (70, 72). Although survival rates have increased
in recent years, the prognosis remains very poor for patients who
relapse (76, 77).

Immune profiling studies in pediatric brain cancers are sum-
marized in Table 1. Low-grade glioma trends toward a more
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Table 1. Immune profiling studies in brain tumors

Tumor types
LGG, HGG, DIPG

DIPG

DIPG

Non-brain stem
HGG

HGG

Ependymoma

MB

MB

MB

MB

Pilocytic
astrocytoma,
ependymoma,
GBM, and MB

LGG, HGG, ET,
ATRT, and MB

Lieberman et al.

Mackay et al.

Engler et al.

Murata et al.

Vermeulen et al.

Margol et al.

Griesinger et al.

Findings

LGG and HGE: High accumulation of (D163 macrophages and CD8" T cells
HGCG: Higher expression of PD-L1

DIPG: Fewer (D163 macrophages and (D8 T cells

GBM: Higher CD163" expression associated with better 0S; no expression
of PD-L1and TGF-[31

Increased CD11b* macrophages and very few CD3* T cells
Macrophages expressed fewer inflammatory factors
Glioma cells:

* Secreted fewer cytokines and chemokines

* Low inflammatory signature
The immune checkpoint B7-H3 was overexpressed in DIPG

Hypermutated HGG and PXA-like tumors:

* More CD8" TILs

* Significant increase of CD8" effector T cell gene expression signature
Histone 3 subgroups were immune cold and had worsened outcome
Expression of immune response-related genes was enriched in pediatric HGG

Expression of immune genes associated with M1and M2 macrophages,
microglia, and monocytes was increased in mesenchymal subtypes

ST-RELA tumors had significantly higher levels of PD-L1

PD-L1was expressed by bath tumor cells and myeloid cells

Both CD4* and CD8" T cells expressed PD-1in ST-RELA tumors

High expression of PD-L1was associated with low infiltration of CD3* or CD8* T cells

Patients with PD-L1 high, CD8" T cells low, had 5-year 0S at 15%,
vs. PD-L1 low, CD8* T cells high, at 90%

No PD-L1 expression

TILs were not associated with survival

High number of granzyme B* (TLs was associated with worst outcome
High expression of serpinB1was associated with improved survival

The different molecular subtypes had distinct immune microenvironments
Tumors in the SHH subgroup had:

* Increased expression of inflammatory genes corresponding to monocytes
and macrophages

* Significantly increased numbers of CD163* TAMs

* Association between location of CD163* macrophages and proliferating
tumor cells

(D1d expression in a subset of infantile MB
SHH molecular subgroup: Higher number of CD163* macrophages
Pilocytic astrocytoma and ependymoma:
* Significantly higher numbers of TILs
* Activated/M1-skewed myeloid functional phenotype
* Higher HLA-DR and CD64 expression
GBM and medulloblastoma:
* Fewer TILs
* More muted functional phenotype
LGC:
« Trend toward increased numbers of CD45°, CD8", and PD-1" cells
« Trend toward increased T cell infiltrate and clonality
HGG:

« Trend toward increased numbers of CD19* B cells and increased
B cell activation

LGG and HGG:
« Immune infiltrate did not correlate with survival or mutational load

Control tissues
Normal brain tissue

Adult GBM; normal pediatric
brain tissue

Normal brain tissue; juvenile
pilocytic astrocytoma tissue

Compared hypermutator
group with non-hypermutator
group

Adult GBM; independent
cohort of pediatric
astrocytoma

Other subtypes of adult
and pediatric brain tumors;
normal brain tissues

NA

NA

NA

NA

Normal brain tissue

NA

Techniques

IHC, RNA sequencing,
flow cytometry, cytotoxicity
and cytokine release assays

RNA sequencing (bulk and
single), Luminex assay, IHC

IHC, RNA sequencing

IHC, RNA sequencing,
methylation profiling, NGS, WES

RNA sequencing, IHC

RNA sequencing, WB, IHC,
flow cytometry, T cell exhaustion
assays, methylation

IHC

IHC

RNA sequencing, IHC

RNA sequencing, IHC

Flow cytometry, RNA sequencing

Flow cytometry, IHC, TCR
sequencing

ATRT, atypical teratoid rhabdoid tumor; DIPG, diffuse intrinsic pontine glioma; ET, embryonal tumor; GBM, glioblastoma; HGG, high-grade glioma; IHC,
immunohistochemistry; LGG, low-grade glioma; MB, medulloblastoma; NA, not applicable; NGS, next-generation DNA sequencing; OS, overall survival;
PD-1, programmed death-1; PD-L1, programmed death ligand-1; SHH, sonic hedgehog; ST-RELA, supratentorial RELA fusion tumor; TAM, tumor-associated
macrophage; TCR, T cell receptor; TIL, tumor-infiltrating lymphocyte; WB, Western blot; WES, whole exome sequencing.
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inflamed microenvironment than HGG (78). Pilocytic astrocyto-
ma and ependymoma tend to be more inflamed when compared
with medulloblastoma and glioblastoma (79). There are differ-
ences between different molecular subtypes of the same tumor.
The sonic hedgehog (SHH) subgroup of medulloblastoma had
increased numbers of macrophages compared with other sub-
types (80, 81). Expression of immune response-related genes and
myeloid cell genes was enriched in the mesenchymal subtype of
pediatric HGG (82). In a recent trial, hypermutated HGGs and
those resembling pleomorphic xanthoastrocytoma were typically
characterized as immune hot and responded better to anti-VEGF
(bevacizumab) in conjunction with chemotherapy, while histone
H3 subgroups were immune cold and had poorer outcomes (83).

Expression of PD-L1 is generally low in brain cancers, with
some exceptions. The supratentorial RELA fusion (ST-RELA)
subtype of ependymoma expressed higher PD-L1 levels than oth-
er ependymoma subtypes (84), as did HGG in comparison with
DIPG (85). Conflicting results were reported for PD-L1 expression
in medulloblastoma (86, 87), possibly as a result of the PD-L1IHC
assays used. There were also conflicting data regarding whether
CD8* T cell infiltration correlated with improved or poorer out-
comes in medulloblastoma (86, 87). Several studies have identi-
fied potential targets for immunotherapy in brain tumors. DIPG
expressed high levels of B7-H3, while HGG expressed high levels
of PD-L1, B7-H3, and TGF-B (85, 88). CD1d is a nonclassical anti-
gen presentation molecule that presents phospholipid-derived
antigen to invariant natural killer T (iNKT) cells (89). The expres-
sion of CD1d was high in medulloblastoma, particularly in infants,
which suggests that iNKT cell-based therapy could be effective in
these tumors (81).

Overall, most brain tumors are immune cold, with high
myeloid signatures and low T cell infiltration, particularly aggres-
sive subtypes such as DIPG and medulloblastoma (83, 85). How-
ever, there is evidence that some subtypes are more inflamed
than others and may respond to immune checkpoint inhibitors.
Advanced multiplex technologies such as multiplex IHC and RNA
sequencing analyses are yet to be broadly applied to pediatric
brain cancers to examine their immune profiles. The resolution
that can be achieved by comprehensive analyses is clear in studies
that combine extensive sequencing with IHC (83). Further studies
in brain tumors will be key to providing a deeper understanding
of the complexities of the immune microenvironment to inform
therapeutic decisions and improve outcomes.

Neuroblastoma. Neuroblastomas arise from neural crest pro-
genitors and are the most commonly diagnosed extracranial solid
tumor in children, accounting for approximately 10% of child-
hood cancers (90). Neuroblastoma is heterogeneous in biology
and behavior. Spontaneous regression can be seen in neonates
with either local or systemic disease, while metastatic disease in
patients older than 18 months is usually fatal despite intensive
treatment (91). It is plausible that spontaneous regression may be
due to a host-mediated immune response. Interestingly, the para-
neoplastic opsoclonus-myoclonus syndrome is associated with
antineuronal antibodies and a more favorable outcome (92). If
this hypothesis is valid, a better understanding of the immunolo-
gy of tumor regression could potentially result in new strategies to
induce regression in a greater proportion of cases.

REVIEW

Distinct immune profiles have been used to stratify high-
and low-risk neuroblastomas, as summarized in Table 2. How-
ever, there are many conflicting reports. In some studies, low-
risk tumors are reported as being more inflamed and having an
improved outcome compared with high-risk tumors (93, 94),
whereas other studies suggest that high-risk disease is associat-
ed with increased T cell infiltration and activation (95, 96). Some
inconsistencies have also been reported in the correlation between
amplification of the MYCN oncogene and immune infiltration.
One study has shown that TIL density is independent of MYCN
amplification (93), while another found that MYCN is associated
with reduced infiltration (94).

In a recent comprehensive study, high-risk neuroblastomas
could be stratified into three groups based on their immune pro-
files (97). High-risk, non-MYCN-amplified tumors (clusters 3
and 4) had higher T cell signatures and TCR heterogeneity and
increased expression of immune checkpoints compared with
high-risk, MYCN-amplified tumors (cluster 1). This study high-
lights the complexity of the different microenvironments that can
exist for high-risk neuroblastomas and may explain why different
phenotypes have been reported in other studies. Further applica-
tion and integration of advanced multiplex techniques is critical
to resolve the immune context of neuroblastomas and to identify
subsets that are most likely to respond to immunotherapy.

There are also conflicting data for PD-L1 expression in neu-
roblastomas. PD-L1 was expressed by all low/intermediate-risk
samples, most high-risk samples, and about 50% of metastatic
neuroblastomas in one study (95). In another study, only 14% of
neuroblastomas were PD-L1*, which was associated with inferi-
or overall survival (OS) (98). A separate study found that PD-L1
expression was associated with better OS, but increased risk of
relapse (99). These differences may be explained by the substan-
tial variation seen in PD-L1 staining using different assays. Fur-
ther studies in larger cohorts of neuroblastoma are clearly needed
to clarify these discrepancies.

Overall, the immune microenvironment of neuroblastoma has
been studied more than that of any other pediatric tumor. While
some tumors clearly can have an immune-inflamed phenotype,
express PD-L1, and thus may appear likelier to respond to check-
point blockade, a consistent association with a particular neuro-
blastoma subtype or subtypes has not emerged. Recent studies
have described multiple cell-type states of neuroblastoma cells
within the same tumor, termed undifferentiated mesenchymal
and committed adrenergic. These cells display a divergent GEP
(100). Other studies have also highlighted the genetic intratumor
heterogeneity of neuroblastoma (101, 102). Giving consideration
to the potential interplay between intratumor and microenviron-
mental heterogeneity will be of utmost importance to developing
new immunotherapy strategies. So far, only a few studies have
integrated genomic, transcriptomic, and protein-based analyses
to provide a comprehensive insight into the complex immune
microenvironments of neuroblastomas; such studies are critical
for the identification of patients for whom checkpoint blockade
will provide therapeutic benefit.

Sarcoma. Sarcomas are a heterogeneous group of tumors that
can arise in bone or soft tissues anywhere in the body. Togeth-
er, they account for about 10% of pediatric cancers (90). Only
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Table 2. Immune profiling studies in neuroblastoma

Tumor types
Neuroblastoma

Neuroblastoma

Neuroblastoma

Neuroblastoma

Neuroblastoma

Neuroblastoma

Neuroblastoma

Neuroblastoma

Studies

Mina et al.
(93)

Rahbar et al.
(94)

Chowdhury et al.
(95)

Majzner et al.
(98)

Saletta et al.
(99)

Gowda et al.
(96)

Gowda et al.
(129)

Wei et al.
(97)

Findings
Low-risk tumors:
* Higher number of proliferating T cells

* More structured organization: Increased (D3, CD4*, CD8", and CD25" T cells in
nest and septa region; increased FoxP3* T cells in septa region

Immunoscore based on CD3*, CD4*, and CD8" TILs
« High CD3* or low CD3* with high CD4*/CD8" ratio = good prognosis
* Low CD3* with low CD4*/CD8" ratio = poor prognosis
No correlation between MYC amplification, age at diagnosis, and density of TILs
Increased CD8* T cells in septa or nest region correlated with:
« Favorable histology
* Lower staging
* Absence of metastasis
* Improved outcomes
MYCN-amplified tumors had reduced CD8* T cells in tumor nest
High-risk neuroblastoma:
* More (D8 T cells and CD8*PD-1* T cells in parenchyma
* 83% of high-risk and 46% of metastatic neurablastoma samples expressed PD-L1
100% of low/intermediate-risk neuroblastomas expressed PD-L1
PD-L1:
« Expressed in 14% of neurablastoma
* Associated with inferior survival
PD-L1:
* Expressed in 18.9% of neuroblastoma
« Associated with better survival
* High levels of PD-L1 expression were correlated with an increased risk of relapse

* Expression more frequent in low/intermediate-risk patients and more likely present

in non-MYCN-amplified tumors

* No difference of expression before and after radiotherapy, but expression different

before and after chemotherapy
High-risk:
* CCR3, CCR5, and IL-12 signaling and Fcy-mediated antigen uptake were upregulated

* Higher frequency of CD4*CD25° T cells, CD4*CXCR4* T cells, CD8*CXCR4* T cells,
and CD8*NKG2D* T cells in the blood

« Higher frequencies of CD56*NKG2D* NK cells
Low-risk: IL-10, IL-1, and CCL2 were upregulated in sera
High-risk patients with better response had:
« Significantly higher levels of CD33*CD11b"HLA-DR~ MDSCs in the blood
« Significantly lower levels of HLA-DR* DCs in the blood
« Significantly lower ratio of MDSCs to DCs
Clustered into 4 groups:
« Cluster 1: high-risk, MYCN-amplified tumors with poor outcome
« Cluster 2: younger patients with the best outcomes

* Clusters 3 and 4: high-risk, non-MYCN-amplified tumors with poor patient outcomes
Clusters 3 and 4 had significant higher cytotoxic TIL signatures, increased CD8" T cells and

NK cells, increased TCR heterogeneity, and increased expression of immune checkpoints
No correlation between TMB and immune infiltration

Control tissues Techniques
Comparison within low/ IHC
intermediate- and high-risk

NA IHC
Low/intermediate-risk IHC

neuroblastoma samples;
other tumor types analyzed
(ES, osteosarcoma, ERMS, ARMS)

Burkitt lymphomas, GBM, ES,  HC
sarcomas, brain tumors,
Wilms tumors

Brain tumors; sarcomas IHC

High-risk vs. low-risk Flow cytometry,

neuroblastoma RNA sequencing,
multiplex cytokine
array

High-risk neuroblastoma
patients resistant to therapy;
healthy donors

Flow cytometry

Compared high-risk, RNA sequencing,

intermediate-risk, and TCR sequencing,

low-risk WES and WS,
GSA, IHC

ARMS, alveolar rhabdomyosarcoma; DC, dendritic cell; ERMS, embryonal rhabdomyosarcoma; ES, Ewing sarcoma; GBM, glioblastoma; GSA, gene set analysis;
IHC, immunohistochemistry; MDSC, myeloid-derived suppressor cell; NA, not applicable; PD-1, programmed death-1; PD-L1, programmed death ligand-1; TCR,
T cell receptor; TIL, tumor-infiltrating lymphocyte; TMB, tumor mutation burden; WES, whole exome sequencing; WGS, whole genome sequencing.

20%-30% of children with recurrent or metastatic disease sur-
vive, despite aggressive chemoradiotherapy (103). Osteosarcomas
are the most prevalent primary malignancy of bone that occurs in
children and young adults (104). Alveolar rhabdomyosarcomas
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(ARMS) and embryonal rhabdomyosarcomas (ERMS) are the most
common soft tissue sarcomas, accounting for about 5% of child-
hood cancers (105). Malignant peripheral nerve sheath tumors
(MPNSTs), synovial sarcomas, and desmoplastic small round cell
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tumors (DSRCTs) are other soft tissue sarcomas that occur in chil-
dren. Although these subtypes are rare, they are associated with
high recurrence and poor outcomes (106-108). Immune profiling
studies conducted in pediatric sarcomas are overviewed in Table
3. Osteosarcomas are more frequently immune inflamed than
other subtypes, with high CD8* T cell infiltrate (109) and higher
levels of PD-L2, B7-H3, and the immune suppressive molecule
indoleamine 2,3 dioxygenase-1 (IDO1) than many other cancers
(110). Approximately 25% of osteosarcomas expressed PD-L1 and
were more likely to be infiltrated by PD-1* TILs (111). ERMS had
higher numbers of T cells compared with ARMS (112). Further-
more, low-risk ERMS had increased T cell infiltration compared
with high-risk. However, T cell numbers were relatively low in
rhabdomyosarcomas (RMS) compared with other cancer types.
There are some conflicting data on PD-L1 expression in RMS. One
study reports that PD-L1 was absent in these tumors (112), while
another found that PD-L1 was primarily expressed in RMS com-
pared with other sarcomas (109). PD-L1 expression correlated
with improved event-free survival, OS, and metastasis-free sur-
vival in ARMS. Coexpression of PD-1 and CD8 (with or without
PD-L1) trended toward a better metastasis-free survival. In anoth-
er study, PD-L1 was highly expressed by ARMS (86 %), followed by
Ewing sarcomas (57%), ERMS (50%), and osteosarcomas (47%)
(95). However, those with the highest proportion of PD-L1 expres-
sion had the worst outcomes. But PD-L1* patients with high num-
bers of CD8* TILs had better survival. In a study in Ewing sarco-
ma, patients with high numbers of CD8* TILs also had better OS
(113). Some sarcoma subtypes have substantial NK cell infiltrate,
which represents a potential immunotherapeutic approach for
these cancers. In a recent study, HLA-A/B/C score, ,-microglob-
ulin protein levels, and CD56* NK cells were highest in MPNSTs
compared with other NF1-associated tumors (114). PD-L1 expres-
sion was highly variable in these tumors. In another study, higher
expression of HLA-A/B/C and pB,-microglobulin was observed in
synovial sarcoma and DSRCT samples compared with those taken
at diagnosis. Increased CD56* NK cells were observed in DSRCT
samples from diagnosis to recurrence. PD-L1 was minimally
expressed in these tumors (58). In summary, the immune profiles
of pediatric sarcomas have not been comprehensively explored,
and there are no profiling studies published for some subtypes.
The expression of PD-L1 is highly variable in sarcomas, with some
conflicting data.

Translating immune profiling to guide pediatric
tumor immunotherapy

Barriers to clinical translation of immune profiling. Considerable
progress in the appreciation of the immune microenvironment
of pediatric cancers is needed before immunoprofiling can be
reliably used to guide clinical decisions in children. There are a
considerable number of studies in some cancers, such as neuro-
blastoma, but few in others, particularly sarcomas. Tissue sam-
ple size often limits multiple analyses. Small biopsies are taken
to minimize the impact of invasive procedures, unless sampling
occurs during scheduled surgery. This limits the application of
techniques such as flow cytometry and mass cytometry. This also
makes it difficult to see the whole picture with respect to immu-
noprofiling, especially in tumors that display high intratumor het-
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erogeneity like neuroblastoma (101). Many current studies rely on
standard IHC to assay individual markers. While these analyses
undoubtedly yield useful information, they do not resolve the
complexities of immune subsets, phenotypes, and activation sta-
tus, nor can they address intricacies in the spatial relationships
between different immune cells and tumor cells. In the future,
multifaceted approaches should provide a deeper understanding
of the immune microenvironments of pediatric cancers, and offer
new insights into combinations of molecular markers that best
predict outcome or point to the most appropriate therapy (83, 97).

Conflicting immunoprofiling data have been reported for
some tumors, which presents another roadblock to translation. In
neuroblastoma, T cells are associated with favorable outcomes in
some studies (93, 94, 97) but with high-risk disease in others (95,
96). In medulloblastoma, CD8* T cells correlate with improved
outcomes in one study (87) but poorer outcomes in another (86).
The lack of resolution achieved using standard techniques may
contribute to these inconsistencies. The relatively small size of
pediatric cohorts may also contribute to this issue. Counterin-
tuitive results described for some pediatric cancers also com-
plicate clinical translation; for example, the presence of CD8*
T cells is associated with worse outcomes in some tumor types
(86, 95, 109). This highlights the need for further interrogation
of the mechanisms driving these observations. Another consid-
eration is that many studies, particularly with brain cancer, use
samples taken after immunosuppressive treatments such as cor-
ticosteroids, or at autopsy. These limitations are for the most part
unavoidable. However, it is critical that, when possible, immuno-
profiling studies report these details to ensure that these factors
are incorporated into the interpretation of the data. Pediatric
tumors are generally characterized by high macrophage infiltrate,
lack DCs, and have low proportions of T cells. Based on adult
data, this would constitute a cold immune profile that is unlike-
ly to respond to checkpoint inhibitor monotherapy. However, it
is not clear whether the same “cutoff” for an immune-inflamed
or noninflamed tumor should be directly applied to children, and
whether these profiles have the same clinical relevance in predict-
ing response to immunotherapies.

This leads to perhaps one of the largest barriers to the applica-
tion of immune profiling to childhood cancers: the near-complete
lack of data from pediatric patients treated with immunotherapies.
Only one study has been reported to date (83). Although immune
checkpoint inhibitors have been tested in children in recent trials
and have shown clinical benefit in some (41, 115, 116), the small
patient numbers do not permit us to predict which cancer types
may show the greatest benefit. Furthermore, no attempts have
been made to understand which characteristics of each patient
may be predictive of response or resistance. It is critical that
these data be retrospectively analyzed in future trials to deter-
mine whether the immune-inflamed phenotype in pediatric can-
cers predicts response to immunotherapies, in combination with
other biomarkers such as PD-L1 expression, high TMB, MSI, and
dMMR. It is unclear whether these biomarkers, derived from adult
cancers, translate directly to pediatric malignancies. Owing to pro-
found differences in the biological, molecular, and immunological
profiles of pediatric and adult cancers, it is likely that immune pro-
filing would need to be optimized specifically for pediatric tumors.

jci.org  Volume130  Number7  July 2020

3397


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

REVIEW

The Journal of Clinical Investigation

Table 3. Immune profiling studies in sarcomas

Tumor types Studies

Osteosarcomas Koirala et al.
(m)

Musculoskeletal tumors ~ Zhang et al.

(osteosarcoma/ (17)
chondrosarcoma/synavial
sarcoma/giant-cell tumors)

Osteosarcomas McEachron et al.
(10)

Rhabdomyosarcoma Kather et al.
(112)

Ewing sarcoma Berghuis et al.
(13)

MPNST Haworth et al.
(14)

Synovial sarcoma Wedekind et al.

and DSRCT (58)

Osteosarcoma, Ewing van Erpetal.

sarcoma, ARMS, ERMS,  (109)

synovial sarcoma,

and DSRCT

Rhabdomyosarcomas, Chowdhury et al.

Ewing sarcomas, ERMS,  (95)

osteosarcomas

Findings
Approximately 25% of primary osteosarcoma samples expressed PD-L1
PD-L1 expression was associated with presence of T cells, DCs, and NK cells
PD-L1* osteosarcoma samples were more likely to be infiltrated by PD-1* TILs
DCs, CD68* TAMs, and PD-L1 expression associated with worsened 5-year EFS
Levels of PD-L1, PD-L2, and PD-1 different between histological subtypes
Osteosarcoma:

« PD-L1and PD-1 expression was negatively correlated with prognosis

* PD-L2 expression had a positive correlation trend with 0S
Increased expression of B7-H3 and ID01was associated with worsened 0S
Expression of immune checkpoints was independent of disease status
Higher expression levels of PD-L2, B7-H3, and IDO1 than many other cancer types
ERMS:

« Had higher numbers of CD3* and CD8" T cells compared with ARMS

* Low-risk ERMS: increased T cell infiltration compared with high-risk ERMS

* Better 0S associated with increased CD163* numbers or CD54* microvessels
Both ARMS and ERMS:

« T cell numbers were relatively low in comparison with other cancer types

* Substantial CD68"* and (D163 macrophage infiltration but numbers

were significantly increased in ERMS

* No PD-L1 expression
Expression of proinflammatory chemokines (CXCL9, CXCL10, CCL5) correlated
with increased infiltrating CD8" T cells
High infiltration of CD8" T cells into the tumor was associated with improved 05
HLA-A/B/C score and 3,-microglobulin protein were highest in MPNST
PD-L1 expression highly variable among tumor subtypes
Higher numbers of CD56* NK cells in comparison with benign neurofibromas
Recurrent samples:

* Lower expression of HLA-A/B/C and {3,-microglubulin

* Increase in (D56 NK cells
PD-L1 minimally expressed
Alveolar and embryonal rhabdomyosarcomas:

* PD-L1 expression detected in 15% and 10% of cases, respectively

* In the alveolar subtype, expression of PD-L1 alone correlated

with improved EFS, 05, and metastasis-free survival

DSRCT:

* PD-L1"CD8" correlated with better 0S
QOsteosarcomas:

* Highest numbers of CD8" infiltrating T cells

* Coexpression of PD-1and (D8 or PD-1, PD-L1, and (D8 showed
a trend toward better metastasis-free survival

Synovial sarcomas:

* PD-1'CD8" T cells were the highest (18% of tumors)

* (D8"T cells were assaciated with worsened outcomes
PD-L1was expressed in:

* ARMS (86%)

* Ewing sarcomas (57%)

* ERMS (50%)

» Osteosarcomas (47%)

Higher PD-L1 expression had the worst outcomes when grouped by cancer subtype

PD-L1* with high frequency of CD8" TILs associated with better 0S
Increased proportions of (D8 T cells correlated with increased PD-1 expression

Control tissues
Osteosarcoma cell lines

NA

Hematological and other
solid cancer types;
osteosarcoma cell lines

Comparisan between ARMS
and ERMS; comparison with
other adult solid tumors

Ewing sarcoma cell lines

Other NF1- associated
tumors and benign
neurofibromas

Comparison of tumors at
diagnosis and relapse

Comparison between
subtypes of sarcomas

Low/intermediate-risk

neuroblastoma; comparison

between subtypes of
sarcomas

Techniques

IHC, WB, RNA
sequencing

WB, flow cytometry, IHC,
immunofluorescence,
RNA sequencing

DNA copy number
assays, RNA sequencing,
IHC, WB

IHC

Multicolor IHC, real-time
PCR, flow cytometry

IHC, flow cytometry

IHC

IHC, flow cytometry

IHC

ARMS, alveolar rhabdomyosarcoma; DC, dendritic cell; DSRCT, desmoplastic small round cell tumor; EFS, event-free survival; ERMS, embryonal
rhabdomyosarcoma; IDO1, indoleamine 2,3-dioxygenase-1; IHC, immunohistochemistry; MPNST, malignant peripheral nerve sheath tumor; NA, not
applicable; NF1, neurofibromatosis type 1; 0S, overall survival; PD-1, programmed death-1; PD-L1, programmed death ligand-1; PD-L2, programmed death
ligand-2; TAM, tumor-associated macrophage; TIL, tumor-infiltrating lymphocyte; WB, Western blot.
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Figure 3. New approach using immune context classification of tumors
to guide anticancer therapy and increase the response to immune check-
point inhibitors. ADORA2A, A, adenosine receptor; CSFIR, colony-stim-
ulating factor 1 receptor; DDR, DNA damage response; HDAC, histone
deacetylase; IDO, indoleamine 2,3-dioxygenase; LIGHT, tumor necrosis
factor superfamily member 14; STING, stimulator of IFN genes.

Although hundreds of clinical trials are testing immunother-
apies in children across the globe, it is important to remain cau-
tious of the potential side effects of these approaches. Recent trials
have reported similar pharmacokinetics and short-term toxicity
of checkpoint inhibitors in children and adults (117). In the KEY-
NOTE-051 trial, in which pediatric patients with advanced mel-
anoma or a PD-L1* advanced/relapsed or refractory tumor were
treated with pembrolizumab, treatment did not appear to have
any major effect on the developing immune system (41). In con-
trast, addition of bevacizumab to chemotherapy and radiotherapy
in pediatric patients with HGG was associated with more seri-
ous adverse events (118). Within the next decade, we should see
reports of retrospective studies in pediatric malignancies, which
will provide the long-term safety data and inform the translation
of immunoprofiling into the clinic.

Approaches to treating immune-hot and -cold tumors. It would
seem intuitive that immune-hot tumors, particularly those that
also have a high TMB, would be most likely to benefit from immu-

REVIEW

notherapy and could be treated with one or multiple immune
checkpoint inhibitors. However, this does not mean that cold
tumors should be excluded. Combination strategies that activate
the intrinsic antitumor response may be the key to unlocking the
therapeutic potential of immunotherapy for all pediatric tumors
(Figure 3). Several drugs with immunomodulatory properties are
being tested in clinical trials with checkpoint inhibitors in adults,
including antibodies directed against immunosuppressive mole-
cules, histone deacetylase inhibitors, and tyrosine kinase inhib-
itors; but few trials are open to pediatric patients (Supplemental
Table 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI137181DS1). There is also substantial
evidence to show that low-dose pulses of cytotoxic chemotherapy
can promote an antitumor response, eliminate suppressive cells
from the tumor microenvironment, and potentiate immunothera-
py (119). The same applies to radiotherapy, in which low doses can
promote immune infiltration and enhance immunotherapy (120).
Several trials in pediatric patients that combine checkpoint inhib-
itors with low-dose radiotherapy or chemotherapy are currently
recruiting (e.g., NCT02961101, NCT03585465, NCT03690869,
NCT02989636). There are also several trials combining check-
point inhibitors with other types of immunotherapy in children,
such as chimeric antigen receptor T cells and cancer vaccines,
to improve responses (e.g., NCT02775292, NCT04239040).
These combination therapy approaches are not only relevant in
the context of treatment with immune checkpoint inhibitors, but
could be applied more broadly to improve the efficacy of other
immunotherapy and immunomodulatory drugs in immune-cold
pediatric tumors that have not been discussed within the scope
of this Review.

A personalized medicine approach will likely yield the best
results in children, by identifying the optimal immune check-
point to target and the best immunomodulatory agent to combine
it with. As an example, the checkpoint B7-H3 is highly expressed
in DIPG (85, 88). Anti-B7-H3 has recently been tested in clini-
cal trials in children with solid tumors (NCT02982941). Unfor-
tunately, this study did not include brain tumors. Nevertheless,
B7-H3 could be a good target in DIPG. For an appropriate cother-
apy, DIPG is reported to express VEGF (85), and there is evidence
to suggest that anti-VEGF has some clinical activity in adult and
pediatric brainstem gliomas (121). Although anti-VEGF is not
optimal as a single agent, it is currently being tested in combina-
tion with anti-PD-1 in several clinical trials (Supplemental Table
1). However, as PD-L1 expression is reported to be very low in
DIPG, and anti-PD-1 has not shown efficacy as a single agent
in DIPG, B7-H3 may represent a better checkpoint than PD-1/
PD-L1 to use in combination with anti-VEGF. A second example,
anti-RANKL, could be used in osteosarcoma to enhance T cell
responses to anti-PD-1. Osteosarcomas express PD-L1, and anti-
PD-1is currently being tested in pediatric trials (NCT03359018,
NCT02301039, NCT02304458, NCT03628209). In separate
trials, anti-RANKL is also being tested in children with osteo-
sarcomas (NCT02470091). Anti-RANKL is used to limit tumor
growth in osteosarcoma, through inhibition of osteoclastogen-
esis (122). However, recent studies have shown that the RANK/
RANKL pathway is critical for maintaining central tolerance in
the thymus, by eliminating self-reactive T cells (123). In the con-
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text of cancer, this may mean that tumor-specific T cell clones are
sequestered. This has been shown in preclinical studies in mela-
noma, in which anti-RANKL rescued melanoma-specific T cells
and enhanced anti-PD-1 (124). There are several clinical trials
testing anti-RANKL plus anti-PD-1 in melanoma and non-small
cell lung carcinoma (Supplemental Table 1), but no pediatric tri-
als. This combination could potentially be very effective in pedi-
atric osteosarcoma.

Overall, many clinical trials are combining immune check-
point inhibitors with immunomodulatory agents to improve
response in adult cancers, but few trials in children. Once the safe-
ty and efficacy of these combinations are established, they will
likely be extended to pediatric malignancies. This will result in
new treatment combinations for childhood cancers that otherwise
would be nonresponsive to immunotherapies, and will meaning-
fully improve patient outcomes.

Summary

Recent developments in immunotherapy give new hope for chil-
dren with high-risk cancers (59, 125). However, because of the
lack of reliable biomarkers and clinical assays to inform treatment
decisions (126), many children who receive immunotherapies do
not respond. There is ample evidence to show that immunopro-
filing can predict which adult patients are more likely to respond
to immune checkpoint inhibitors (127), but these data do not yet
exist for children (7, 8). However, there are hundreds of clinical
trials under way that are testing immunotherapies in childhood
cancers. These studies will generate data and samples that can be

The Journal of Clinical Investigation

retrospectively analyzed to identify immune signatures predictive
of responses. The development of comprehensive clinical-grade
assays, specific for pediatric cancers, will be key to improved treat-
ment. Furthermore, immunoprofiling may identify new immune-
based treatment opportunities for these cancers. Finally, the
opportunity for children to access personalized combination treat-
ments tailored to their specific tumor type, molecular character-
istics, and immune profile will be critical to improving long-term
survival and quality of life.
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