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The prognosis of pediatric central nervous system (CNS) malignancies remains dismal due
to limited treatment options, resulting in high mortality rates and long-term morbidities.
Immunotherapies, including checkpoint inhibition, cancer vaccines, engineered T cell
therapies, and oncolytic viruses, have promising results in some hematological and
solid malignancies, and are being investigated in clinical trials for various high-grade
CNS malignancies. However, the role of the tumor immune microenvironment (TIME)
in CNS malignancies is mostly unknown for pediatric cases. In order to successfully
implement immunotherapies and to eventually predict which patients would benefit from
such treatments, in-depth characterization of the TIME at diagnosis and throughout
treatment is essential. In this review, we provide an overview of techniques for immune
profiling of CNS malignancies, and detail how they can be utilized for different tissue types
and studies. These techniques include immunohistochemistry and flow cytometry for
quantifying and phenotyping the infiltrating immune cells, bulk and single-cell
transcriptomics for describing the implicated immunological pathways, as well as
functional assays. Finally, we aim to describe the potential benefits of evaluating other
compartments of the immune system implicated by cancer therapies, such as
cerebrospinal fluid and blood, and how such liquid biopsies are informative when
designing immune monitoring studies. Understanding and uniformly evaluating the
TIME and immune landscape of pediatric CNS malignancies will be essential to
eventually integrate immunotherapy into clinical practice.

Keywords: tumor immune microenvironment, immunotherapy, immune monitoring, central nervous system
malignancy, immunohistochemistry, flow cytometry, transcriptomics
INTRODUCTION

Central nervous system (CNS) malignancies are the leading cause of cancer-related death in
children. Extensive molecular profiling has resulted in a better understanding and further
subclassification of many pediatric CNS tumors (1). So far, these significant advances are not
reflected in clinical benefit for the patients, and the prognosis remains dismal for most of the
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subtypes. Five-year survival rates for children range from 2% for
diffuse midline glioma, 20% for glioblastoma, to 75% for
medulloblastoma and ependymoma (2, 3).

Current treatment of children with CNS malignancies is
facing a lot of challenges. The diffuse infiltration of some high-
grade malignancies into critical neural circuits only permits
partial resection or biopsy (4, 5). Depending on diagnosis and
age of the patient, either craniospinal or local radiotherapy is
added to optimize survival and reduce the risk of (local)
recurrence (6). However, radiation can predispose patients to
hearing, endocrine, and neuro-cognitive dysfunction (7). Despite
the fact that the blood–brain barrier restricts the bioavailability
of most of the currently available anti-neoplastic medication,
chemotherapy can improve survival. This holds true for the
embryonal tumors in particular, though tumors from glial origin
tend to be more intrinsically resistant (8). Alternative therapeutic
approaches such as molecular-targeted therapies, in particular
MEK, BRAF, and tyrosine kinase inhibitors, have manifested
improved outcomes in pediatric low-grade and infantile
hemispheric gliomas (9). In summary, these highly aggressive
and heterogeneous malignancies require an arsenal of agents to
achieve meaningful clinical improvement albeit at the cost of
significant long-term morbidity. It is clear that conventional
treatments fall short, stressing the urge to explore alternative
therapeutic modalities.

The field of immunotherapy is a promising area to investigate in
the field of pediatric CNS malignancies given its previous success in
other solid tumors and superior safety-profile (10–14).
Immunomodulating approaches that are currently under
investigation comprise vaccination therapy, oncolytic viruses,
immune checkpoint inhibition, and CAR T cell therapy. However,
there are many hurdles to overcome when applying immunotherapy.

Pediatric CNS malignancies generally exhibit an
immunologically “cold” phenotype, lacking infiltrating T and
natural killer (NK) cells (15–17). The pathophysiology behind
the absence of T cell infiltration has not been fully elucidated.
However, the low tumor mutational burden, deficiencies in
antigen presentation on cells, and T cell homing to the tumor
bed potentially play an important role (18). Additionally, tumor-
associated microglia and macrophages (TAMs), cells of the
innate immune system, are the most abundant immune cell
type in the tumor immune microenvironment (TIME). In
healthy control brain tissue biopsies, microglia are the
dominant myeloid-derived cell type in the brain. During
disease, microglia are activated, and bone marrow-derived
macrophages are recruited to the tumor site, where they
polarize towards different activation states ranging from
classically activated (M1) to alternatively activated (M2)
phenotypes (19–21). They can secrete inhibitory cytokines
(such as TGF-B and IL-10) promoting immunosuppression
and malignant proliferation (22, 23). Macrophages can also
secrete endothelial growth factors that stimulate angiogenesis,
thus advancing tumor growth and metastatic invasion into
surrounding tissues (24).

Cells of the TIME interact with the tumor through paracrine
signaling, which can stimulate tumor progression and enable
Frontiers in Immunology | www.frontiersin.org 2
immune escape. Moreover, in other solid tumor types, different
components of the TIME may function as a predictive marker of
response to immunotherapy (25); therefore, characterizing the
TIME, as well as other immune compartments [e.g., blood,
cerebral spinal fluid (CSF), and bone marrow], is necessary for
evaluating current immunotherapies and clinical implementation.
Comprehensive immune monitoring programs are needed for a
better understanding of the TIME, but also to find surrogate
markers in blood that can be helpful in designing future
immunotherapies. Currently, literature about this association
is lacking.

In this review, we provide an overview of different cellular
and molecular profiling techniques for a multidimensional
characterization of the immunophenotypes in pediatric CNS
malignancies. We focus on immunohistochemistry (IHC), flow hen
implemented simultaneously, these techniques characterize and
quantify the immune cells in the microenvironment and provide
detailed information into immune-status and function (Figure 1).
We aim to discuss the advantages and pitfalls of these technologies to
study the immune landscape at time of diagnosis and throughout
therapy. Understanding the subtype-specific inflammatory milieu of
pediatric CNS malignancies will advance our knowledge when
evaluating current immunotherapies, designing new treatments,
and predicting the clinical responses of patients, ultimately laying
groundwork for a more personalized and safe treatment design.
IMMUNOHISTOCHEMISTRY

Introduction to Immunohistochemistry
IHC is an essential method for detecting, quantifying, and
localizing a specified protein in tissue with antibody–antigen
interactions. Since its introduction in the 1970s, the clinical
diagnostics field rapidly advanced wherein pathologists can
better classify tumors based on their expression of lineage-
specific markers (glial tumors selectively expressing GFAP),
oncogenic somatic mutations (oligodendrogliomas express
IDH1 R132H mutation), and epigenetic modifications (diffuse
midline gliomas show H3K27me3 loss) (26, 27).

IHC is performed on formalin-fixed paraffin-embedded (FFPE)
tumor slides, which allows for a retrospective analysis of preserved
tissue. Antibodies are used in conjunction with a coloring dye to
visualize and detect the antigen of interest on the tissue section. In
the clinical diagnostics setting, automated IHC machines have
standardized this process, which improved reproducibility and
reduced experimental biases. Both intensity and location of the
stained marker can be interpreted, which is usually done by manual
scoring; however, sophisticated programs and algorithms for
automatic quantification are available nowadays, which reduce
interpretation biases. We refer to Kim et al. who provided a
detailed overview of IHC for pathologists (28).

Characterizing the TIME of Pediatric CNS
Malignancies Using IHC
In addition to the valuable applications for cancer diagnostics,
IHC can provide details into the composition of the TIME.
April 2022 | Volume 13 | Article 864423
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Antibodies that target antigens found on infiltrating
lymphocytes, macrophages, and stromal cells are especially
useful for immunophenotyping pediatric CNS malignancies
(28). As IHC is an in situ technique, it can also describe the
spatial distribution of infiltrating immune cells in the TIME. An
overview of commonly used cell markers to dissect the TIME can
be found in Figure 2.

Multiple studies used IHC to characterize the TIME of
pediatric CNS malignancies, which shed unprecedented light
on the composition of the TIME and revealed tumor type-
specific immunophenotypes (17, 29, 30). The results
demonstrated that myeloid cells are major components of the
TIME of pediatric gliomas, encompassing infiltrating
macrophages, myeloid-derived suppressor cells (MDSCs), and
microglia, whereas there are few infiltrating lymphocytes (17, 29,
31). Analysis of the immune cell infiltration in pediatric gliomas
shows an enrichment of CD8+ T cells and CD45+ leukocytes in
low-grade compared to high-grade gliomas (17). In a similar
way, Lieberman et al. use IHC to study immune cell infiltration
in pediatric low-grade gliomas, high-grade gliomas, and diffuse
midline glioma tumor samples. While the percentage of tumor-
associated CD68+ macrophages is comparable across indications,
diffuse midline gliomas have the lowest number of infiltrating
CD8+ T cells and CD163+ macrophages, which contributes to its
immunosuppressive phenotype (29). Moreover, multiple studies
have described the subgroup-specific TIME composition of
medulloblastomas. The SHH subgroup are the most enriched
in CD163+ macrophages, suggesting different roles of tumor-
associated macrophages in medulloblastoma subgroups (32).
Comparing immune cell infiltration in the peritumoral area
Frontiers in Immunology | www.frontiersin.org 3
and tumor core of glioblastomas showed that CD163+ cells
were more abundant in the tumor core. Similarly, the
expression of the immunosuppressive markers PD-L1, IDO,
and TIGIT was higher in the tumor core (31).

Immune profiling using IHC can be predictive of prognoses
and help inform treatment strategy by detecting targets of
immune checkpoint therapies, such as PD-L1. Pediatric
ependymomas with higher infiltration of CD3+ and CD8+ T
cells in the microenvironment at diagnosis have a longer
progression-free survival (PFS), while elevated FOXP3
regulatory T cells and CD68+ macrophages correlate with a
shorter PFS. Patients in this cohort were treated according to
standard of care consisting of surgery only (59.5%), adjuvant
radiotherapy (32.8%), and chemotherapy (14.6%) (33). For
medulloblastoma, an increased infiltration of CD8+ T cells and
decreased PD-L1 expression are correlated to PFS (34); however,
the prognostic relevance between lymphocyte infiltration and
medulloblastoma survival has been disputed (35). Other studies
have quantified the presence of other checkpoint proteins, such
as B7-H3 and CD155, and found that they vary largely based on
cancer type (36–38). In summary, IHC is integral for
characterizing the TIME in a spatial context and patient-
specific manner.

Advances in Immunohistochemistry and
Spatial Proteomics
One of the major drawbacks of using IHC to characterize the
TIME is the limited number of antibodies that can be used on a
single tumor slide, which hampers evaluation of numerous
immune cell subsets on a single slide. This is even more relevant
FIGURE 1 | Multi-dimensional immunophenotyping of TIME from tumor tissue using IHC, flow cytometry, bulk- and scRNA-seq, and functional assays.
April 2022 | Volume 13 | Article 864423
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when describing functionally active subsets of immune cells, or co-
localization of antigens on tumor or immune cells. Over the last
few years, more advanced techniques—such as multiplex IHC,
multiplex immunofluorescence, and spatial proteomics—have
been developed to study the complex spatial architecture of
tissues. These methods allow for simultaneous visualization of
multiple proteins, allowing to study the spatial distribution and co-
localization of immune cells in the TIME in much greater detail
(39, 40). Conceptually, multiplexed immunofluorescence is similar
to IHC, though each antibody is labeled with a fluorophore with a
unique excitation wavelength, which allows for multiple targets to
be visualized on one tumor slide. Interestingly, one study designed
Frontiers in Immunology | www.frontiersin.org 4
a panel of 18 antibodies to study the effect of oncolytic virus
therapy on the distribution and functional states of immune cells
in a pediatric patient with glioblastoma (41). They noticed a
significant increase of CD8+ T cells, macrophages and microglia
in post-treatment tissue compared to pre-treatment tissue.
Moreover, T cells expressed higher levels of CTLA-4 and PD-1
after treatment, suggesting a potential role of checkpoint
inhibition. However, multiplex immunofluorescence uses frozen
tissue slides that often have poorer morphology, making spatial
interpretation more difficult.

Therefore, current spatial profiling approaches are based on
antibodies linked to photocleavable oligonucleotide tags (such as
A

B

C

FIGURE 2 | (A) Cell-type markers for identification of immunological, tumor, and stromal cells in CNS malignancies. (B) Immunohistochemistry detects leukocytes in
tumor tissue, and can be used to stratify patient tumor tissue (as demonstrated in Murata et al.). *Cell surface expression may vary between tumor cells and
indications. (C) Example of flow cytometry gating strategy. More elaborate flow panels can be used for in-depth phenotyping of immune cells, providing information
on specific cell subsets and status (activation/anergic/suppressive).
April 2022 | Volume 13 | Article 864423
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GeoMx® Protein Assays of NanoString), or use an agonistic
approach by detection of isotope-labeled antibodies with mass
spectrometry (42, 43). Other methods use a combination of
DNA-conjugated antibodies and multicyclic addition of
complementary fluorescently labeled DNA probes (44). A
significant advantage of spatial proteomics over other protein-
detection methods is the ability to spatially profile and quantify
the high-dimensional composition of the TIME with high
resolution; for example, CODEX can visualize up to 60
antigens on a single slide (44, 45). Using multiplex IHC and
spatial proteomics to study the TIME of pediatric CNS
malignancies could greatly enhance our understanding of the
spatial composition and interactions between cells in a high-
throughput manner using only a single tissue slide. To
summarize, IHC is considered a highly reliable and robust
method to detect protein expression and is often used to study
the TIME composition.
FLOW CYTOMETRY

Introduction to Flow Cytometry
Since its invention in the 1960s, flow cytometry has been widely
applied to characterize and quantify immune cells (46). Whereas
IHC provides information on in situ protein expression, flow
cytometry measures the expression of surface and intra-cellular
proteins at the single-cell resolution. Using panels of
fluorophore-conjugated antibodies directed against specific
proteins, distinct (sub)populations of cells can be characterized
and quantified based on their unique protein expression profiles.

Flow cytometry is used to profile various types of patient
materials, such as blood, bone marrow, cerebral spinal fluid, and
tissue samples once processed in a single-cell suspension. A
viable single-cell suspension can be obtained from solid tissue by
enzymatic digestion and/or mechanical dissociation (47–49). It is
important to select a tissue-dissociation method that retains cell
viability, as dead cells interfere with analysis due to their increased
autofluorescence and non-specific binding of antibodies (50). Dead
cells can be excluded from analysis by incorporating a specific live/
dead marker in the antibody panel (50–52).

Cell handling with either freeze–thawing cycles or a Ficoll
gradient to select mononuclear cells results in a loss of specific
cells, and therefore, it is essential to standardize methods when
initiating an immune monitoring program. Granulocytic cells
are generally lost upon a freeze–thaw cycle, whereas
mononuclear cells are more stable. Red blood cells are often
lysed as they may interfere with the fluorescence readout (53, 54).
With recent technical advances in flow cytometry, spectral flow
cytometers can now analyze over 40 different extra- and
intracellularly markers simultaneously.

Characterization of Immune Cells Using
Flow Cytometry
Based on the size and granularity, immune cells can be
distinguished from the generally larger non-immune cells and
tumor cells that are present in tumor material. Subsequently,
Frontiers in Immunology | www.frontiersin.org 5
cells can be further profiled based on the light emitted by the
different cell-bound fluorophores, showing a unique phenotype
for each single cell detected. An overview of the most relevant
cell-specific lineage markers to discriminate subsets of leukocytes
and tumor cells is given in Figure 2. CD45 is a general marker to
identify hematopoietic cells (except erythrocytes and plasma
cells). Cell-type-specific surface markers can be used for
further subtyping; for example, CD3 is a lineage marker for T
cells that can be further divided into CD4+ and CD8+ T cells,
while CD19 is a part of the B-cell receptor complex and thus
identifies B cells. The extensive multi-color options of flow
cytometry allow analyses of surface-expressed markers for
differentiation [naïve (effector), memory, etc.], activation [i.e.,
CD69 and CD137 (4-1BB)] and terminal differentiation/
exhaustion (e.g., CTLA-4 and PD-1), and intracellular markers
for proliferation (Ki67), production of effector molecules
(cytokines/granzymes), or transcription factors (e.g., FoxP3 to
define regulatory T cells). Intracellular staining requires fixation
to retain cell structure and prevent intracellular proteins from
diffusing out of the cells, followed by permeabilization to allow
antibodies to enter the cells (55). To analyze intracellular
cytokine production, cells require ex vivo stimulation with, for
instance, phorbol myristate acetate (PMA; a NF-kB activator)
and ionomycin for several hours, coinciding with Golgistop to
prevent cytokine secretion, prior to performing antibody staining
procedure. Detecting pro- or anti-inflammatory cytokines in the
cells then provides insight into the activity of individual cells in
the TIME. In conclusion, different combinations of both extra-
and intracellular stains are useful for in-depth characterization of
different subpopulations of cells present in TIME and periphery.

Applications of Flow Cytometry to
Pediatric CNS Malignancy Research
Though flow cytometry is not generally used for diagnosing CNS
malignancies, studies have used this technique to characterize the
abundance of immune cell infiltration across multiple pediatric
CNS malignancies. Griesinger et al. showed differences in
immune infiltration and the degree of immune suppression on
biopsy material, in patients diagnosed with pilocytic
astrocytoma, ependymoma, glioblastoma, and medulloblastoma
(56). Compared with glioblastoma and medulloblastoma,
pilocytic astrocytomas and ependymomas had significant
myeloid (characterized as CD45+CD11b+) and lymphocyte
infiltration. Infiltrating immune cells were shown to express
low levels of PD-1, which was suggested to represent a more
permissive TIME for immunotherapy. However, the authors did
not investigate any additional activation markers such as CD69
or CD137. Remarkably, PD-1 expression was significantly
decreased on CD4+ and CD8+ T cells in the TIME of all
indications, except glioblastoma. These data were later
confirmed by Plant et al. Additional flow cytometric analysis of
low- and high-grade glioma, atypical teratoid rhabdoid tumor,
and medulloblastoma demonstrated a trend towards increased
(activated) B-cell infiltration in high- versus low-grade gliomas.
Interestingly, flow analysis of peripheral blood showed low
absolute lymphocyte counts in both low- and high-grade
April 2022 | Volume 13 | Article 864423
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tumors, regardless of steroid treatment, which could indicate an
immunosuppressive effect induced by the tumor (17).

Importantly, we are beginning to appreciate how the
immunophenotype of pediatric CNS malignancies differs
significantly from that of adults. Flow cytometric analysis of
adult gliomas and brain metastases revealed that IDH mutation
status and tumor origin are important in shaping the TIME.
Compared to brain metastases, gliomas exhibited lower
lymphocyte counts, and higher composition of microglia- and
monocyte-derived infiltrating macrophages. Moreover,
glioblastomas with IDH-wt status exhibited more lymphocyte
and less macrophage infiltration compared to lower-grade IDH-
mut gliomas (57). This correlation between tumor grading and
lymphocyte infiltration has not been found in pediatric subtypes.
Moreover, flow cytometric analysis demonstrated that tumor
immune infiltrate in pediatric CNS malignancies does not
correlate with tumor grade, as seen in adults. Low-grade
gliomas have more lymphocyte and myeloid infiltration than
higher-grade brain tumors (17, 56). These findings highlight that
simply deducing results obtained from adult brain tumor
research may not necessarily lead to the design of effective
immunotherapies for children.

In addition to characterizing the TIME upon diagnosis, flow
cytometry is readily used in clinical care for monitoring health
and disease in various hematological indications. In hemato-
oncology, immune monitoring with flow cytometry is performed
on blood, CSF, or bone marrow to detect disease progression,
recurrence, and to survey systemic effects of therapeutics (58,
59). However, in the context of CNS malignancies, repetitive
tumor biopsies are uncommon. Studying more accessible
immune compartments of solid tumors (such as blood, CSF or
bone marrow) could provide valuable information on changes in
the immune landscape and functional dynamics in a patient,
which would otherwise be overlooked and may correlate to the
TIME. To this note, a study using a glioblastoma mouse model
showed evidence of glioblastoma-induced homing and
accumulation of T cells (both CD4+ and CD8+) in the bone
marrow. This T cell sequestration resulted in mice suffering from
peripheral blood lymphopenia, a symptom that is also observed
in patients diagnosed with glioblastoma (60). They also showed
that T cell sequestration is a result of location rather than tumor
origin, by introducing tumors of different histology in either
brain or flank of the mice. Interestingly, all intracranial tumors
induced T cell accumulation in the bone marrow regardless of
tumor type, which was not found for subcutaneous xenografts
(60). A flow cytometric and CyTOF study of adult glioblastoma
patients found that MDSCs, but not regulatory T cells, are
increased in the blood of glioblastoma patients compared to
other CNS tumor indications. Additionally, they showed that the
immune composition of blood changes during course of
treatment, with reduced B cells and increased CD8+ T cells,
dendritic cells, and MDSCs in the blood at 2 months after
surgery. Finally, they showed that MDSC levels correlate with
overall survival, indicating MDSCs as a possible target for
immunotherapy (61). These studies provide strong evidence
why investigation of other less invasive immune compartments
Frontiers in Immunology | www.frontiersin.org 6
is essential. Longitudinal flow cytometric analysis of these
compartments will not only provide information on disease
progression but could also be used as a tool in predicting
immune treatment responsiveness.
BULK TRANSCRIPTOMICS

Introduction to Bulk Transcriptomics
Gene expression profiling has become an indispensable tool in
translational cancer research. In oncology, expression of genes
provides valuable insights into the biological processes and
pathways that are regulated in a tumor. For CNS malignancies,
the transcriptome enables tumor subgrouping and is gaining
interest as a standard tool for detection of driver mutations (62–64).

Procedures for quantifying specific RNA transcripts were first
introduced with quantitative reverse transcription polymerase
chain reaction (qRT-PCR), which is a robust and highly
reproducible method to measure RNA expression (65). The
subsequent development of microarrays allowed for the
quantification of thousands of gene transcripts at the same time
(66). Microarrays are based on hybridization of fluorescently
labeled cDNA transcripts (obtained by reverse transcription of
RNA from tissue) to complementary DNA probes (67).
Nowadays, multiplex, fluorescence-based hybridization methods,
such as the NanoString nCounter® platform, are also frequently
used to study gene expression. These techniques are based on
direct detection of mRNA or miRNA from tissue and permit the
use of lower-quality RNA (68, 69). A particularly interesting panel
for studying the TIME is the nCounter® Pancancer Immune
Profiling Panel, which contains 770 genes associated with
immune functions and tumor-specific antigens, spanning 24
immune cell types (70). However, these platforms only permit
the quantification of a pre-defined panel of genes, and therefore
the discovery of novel biomarkers is limited.

High-throughput whole transcriptome RNA-seq (from here
on, referred to as “RNA-seq”) has largely replaced microarrays
for gene expression profiling in onco-immunology (71). The vast
amount of data that can be generated with RNA-seq from a
single tumor sample has revolutionized the oncology and clinical
research field (66, 72). This technique uses next-generation
sequenc ing technolog ies and al lows for unbiased
characterization of the complete transcriptome. Briefly, RNA is
isolated from fresh, frozen, or FFPE tumor tissue using
preparation kits, followed by ribosomal RNA depletion. Total
RNA (including mRNA, lncRNA, and miRNA) undergoes
reverse transcription to convert it to cDNA libraries, which are
subsequently fragmented, amplified by PCR, and sequenced (73).
The sequence reads are then aligned to a reference genome and
expression counts can be determined or other analyses can be
performed. In contrast to hybridization-based approaches, RNA-
seq can detect isoform and splice variants, and identify clinically
relevant gene fusions, which are common oncogenic drivers in
pediatric CNS malignancies, such as KIAA1549::BRAF in pilocytic
astrocytomas and C11orf95::RELA, primarily in supratentorial
ependymomas (64, 74, 75). Additionally, as prospective selection
April 2022 | Volume 13 | Article 864423
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of genes is not required, the resulting expression profile is unbiased,
and discovery of novel biomarkers and transcripts is possible.

Applications of Bulk Transcriptomics to
CNS Malignancy and Immune-Oncology
Research
The most straightforward analysis of transcriptomic data is
comparing the expression of individual genes between samples
or diagnoses. For example, Lieberman et al. measured RNA
expression of chemokines, pro-inflammatory cytokines, and
immunosuppressive factors across pediatric gliomas and
normal brain tissue. Low-grade gliomas highly express CCL2-4,
high-grade gliomas express CCL5, while diffuse midline gliomas
have basal expression of all chemokines (29). These results are
consistent with previous studies that used IHC and flow
cytometry, which described the increased lymphocyte and
myeloid chemoattraction in pediatric low-grade gliomas (17,
56). Similarly, a signature, or panel of genes, can be created to
study the presence and activation state of specific immune cells.
These gene expression panels can incorporate functional
exhaustion markers or immune checkpoints (e.g., PD-L1,
CTLA-4, and LAG-3), to explore the possibility of targeting
those with immunotherapy in pediatric brain cancers. Several
tools have been developed [e.g., MCP-counter (76)] to compare
the abundance of immune cell populations, based on the
expression of immune-cell specific genes, between samples.

More sophisticated computational methods can be used to
robustly analyze RNA-seq datasets and derive biologically
meaningful results, such as targetable genes or pathways implicated
in cancers. Unsupervised clustering and dimensionality reduction are
useful for observing the inter-sample variability in the transcriptome.
Hierarchical and k-means clustering are popular methods for
identifying groups of samples with similar global gene expression
patterns (77). Dimensionality reduction, such as principal component
analysis or uniform manifold approximation, reduces the number of
features by transforming gene expression variables into a lower-
dimensional space. This retains meaningful properties of the original
high-dimensional dataset and can detect heterogeneity or
confounding variables among samples (78). Groups of samples
identified through these approaches can be clinically relevant, as
transcriptomes have been shown to correspond to anatomical
location [for pilocytic astrocytomas (79, 80)], diagnosis subgroups
[for medulloblastoma (81)], oncogenic drivers [H3K27 mutation
status for pediatric high-grade gliomas (82)], and survival [adult
and pediatric high-grade gliomas (83)].

Methods such as differential gene expression and gene-set
enrichment analysis provide a deeper perspective on the
implicated genes and biological pathways, respectively
(Figure 3). Differential gene expression analysis identifies
quantitative differences in gene expression between two or
more predefined groups; frequently used algorithms are
DESeq2 (84) and edgeR (85). Differentially expressed genes can
serve as diagnostic or prognostic biomarkers (83, 86). The next
step is usually to translate the findings from differential gene
expression analysis into pathways or gene sets to further
denominate the biological processes involved. Functional
Frontiers in Immunology | www.frontiersin.org 7
enrichment analysis is useful for quantifying the expression of
gene sets within groups of samples (87). There are multiple
databases of gene sets, including Kyoto Encyclopedia of Genes
and Genomes (88) and Molecular Signatures Database (89). In
the context of immune-oncology, enrichment analysis has the
potential to quantify the expression of inflammatory,
cytotoxicity, or angiogenesis-related pathways. High-grade
gliomas driven by alterations in MAPK pathway showed
enrichment of immune-response pathways, including elevated
M2-macrophage and CD8+ T cell signatures, compared to non-
MAPK altered gliomas (90). Furthermore, gene-set analysis
resolved medulloblastoma subgroup-specific TIME differences.
Bockmayr et al. found that tumors of the SHH subgroup highly
expressed genes related in fibroblasts, macrophages, and T cells
compared with other subgroups (91).

While RNA-seq on whole tumor samples can give a broad
overview of immune cell status, it is impossible to quantify
changes in the individual components and cell populations of
the TIME. Studies have integrated the isolation and sorting of
immune cells by FACS with RNA-seq, to study transcriptional
programs in cell populations. In this way, Lin et al. compared
expression profiles of tumor-associated macrophages, by selecting
CD11b+/CD45+ cells, of adult glioblastomas and pediatric diffuse
midline gliomas. They observed a notably different gene
expression profile, in which diffuse midline glioma-associated
macrophages expressed lower levels of inflammatory genes (e.g.,
IL6 and CCL4) compared to glioblastoma-associated macrophages
(92). In another study, macrophages and microglia from adult
IDH-wt and IDH-mut glioma showed a disease-specific
enrichment of inflammatory pathways: IDH-wt macrophages
were enriched in gene sets associated with antigen presentation,
and MHC I and II presentation (57). Mononuclear immune cells
can also be isolated from the blood or CSF for transcriptomic
profiling to define genes and gene sets implicated in various
immune cells (93).

Furthermore, miRNA and lncRNA levels can also be measured
with RNA-seq. The importance of non-coding RNA types in
development and progression of cancer is gaining attention, both
as biomarkers and as potential therapeutic targets (94). By
integrating RNA-seq and miRNA expression profiling on
glioblastoma tissue, Yeh et al. found that miR-138 is
downregulated in glioblastomas. Subsequent in vitro experiments
demonstrated that miR-138 downregulates CD44 expression (95).
Other studies have also shown the differential expression of
miRNAs or lncRNAs in brain cancers (96). While measuring
miRNA and lncRNA levels with RNA-seq is still in its infancy,
further studies should delineate the critical roles these RNAs play in
oncogenesis and how they could be optimally targeted.

Finally, RNA-seq can further be integrated with whole-exome
DNA sequencing to discover tumor-specific neoantigens. These
neoantigens can be targets for tumor vaccines (97, 98). Although
pediatric CNS malignancies are believed to have a low mutational
burden, and therefore, a lack of targetable neoantigen expression,
deep exome and transcriptome sequencing can still predict the
presence of neoantigens (99, 100). For example, Rivero-Hinojosa
et al. employed a multi-omics approach to detect immunogenic
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tumor-specific neoantigens in pediatric medulloblastomas (101).
Another study detected neo-antigens in paired primary and
recurrent adult glioma samples. While there was no significant
difference in the amount of neoantigens between primary and
recurrent samples, the expression of neoantigens was reduced at
recurrence, which indicates that gliomas downregulate expression
of neoantigens to evade immune recognition (102). Two phase I
trials of adult glioblastoma patients have already demonstrated
that personalized neo-antigen vaccines can elicit neoantigen-
specific CD4+ and CD8+ T cell responses (103, 104). These
findings highlight the potential of neo-antigen discovery and
monitoring, which paves the way towards personalized immune
cell therapy.
SINGLE-CELL TRANSCRIPTOMICS

Introduction to Single-Cell RNA Sequencing
Whereas bulk RNA-seq averages the expression of all cells in a
sample, the unique advantage of scRNA-seq is the ability to
profile the transcriptome of thousands of individual cells. This
technique has proven advantageous to characterize the
Frontiers in Immunology | www.frontiersin.org 8
expression programs and cell states of neoplastic and
microenvironmental cells in primary and recurrent CNS
malignancies (105, 106). Moreover, scRNA-seq profiling has been
performed on CSF and blood to monitor the dynamic changes of
leukocytes and myeloid cells during treatment (107, 108).

It is important to consider the technical and methodological
challenges when designing scRNA-seq studies. First, during
sample preparation, single cells must be isolated and lysed
separately before sequencing, similar to flow cytometry. Tissue
dissociation by enzymatic digestion can result in the loss of rare
and vulnerable cell types, which would introduce experimental
bias. Moreover, rare populations may not be detected as 10,000
cells are profiled in one scRNA-seq experiment. Single-nucleus
RNA-seq (snRNA-seq) was developed to sequence tissues that
cannot be easily dissociated into viable single-cells, including
frozen tissue. snRNA-seq seems especially useful for research
institutions with an extensive biobank, thus enabling a
retrospective snRNA-seq on samples that were cryopreserved.
Slyper et al. published a toolkit for sequencing fresh and frozen
tumor samples using sc- and snRNA-seq, respectively, with
recommendations for pediatric high-grade gliomas: CHAPS
detergent with salts and Tris for nuclei dissociation; sequencing
FIGURE 3 | Bulk and single-cell transcriptomics reveals differentially expressed genes and pathways between tumor sub-types or cell sub-populations, respectively.
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with the Chromium platform (109). For the purposes of simplicity
in this review, we will refer to both single cell and single nucleus as
“scRNA-seq”.

Additionally, researchers must decide upon sequencing
technology. Full-length transcripts [produced by plate-based
platforms such as Smart-Seq2 (110), RamDA-seq (111), and
MATQ-seq (112)] are useful for detecting lowly expressed
mRNA, splice variants, and isoforms. Droplet-based platforms
[such as Chromium, DROP-seq (113), and inDrop (114)] mark
the 3’ end of mRNA with a 10 base-pair unique molecular
identifier (UMI); this allows for higher throughput of cells at
the cost of lower resolution, which is more suitable for complex
tissues with rare cell types. Batch effect from tissue type, sample
preparation protocols, or research facility can be a source of
confounding variation. Computational workflows may be able to
correct for these uncontrolled variations (Table 1).

Applications of scRNA-seq to CNS
Malignancy and Immuno-Oncology Research
With advances in sequencing technologies and computational
biology, dimensionality reduction and clustering can
characterize the diversity of cell populations (115, 116). Prior
knowledge of marker genes and cell types is needed to annotate
clusters within these datasets, though published packages have
been developed to annotate cell types automatically. ScRNA-seq
has been utilized for describing the malignant programs and
developmental origins of pediatric CNS malignancies (105, 117–120).

Detailed scRNA-seq studies have also been useful for
appreciating the heterogeneity and functional differences in
brain residing macrophages, as some subtypes play an
immunosuppressive role in high-grade gliomas (121).
Compared to control brains, diseased brains with epilepsy or
tumors have a greater diversity in TAM phenotypes. This
suggests that TAMs functionally specialize or differentiate in
brain pathologies, which was confirmed in mouse models of
adult CNS malignancies (122–124). Pro-tumor and anti-
inflammatory macrophages are more abundant in IDH-wt
gliomas than IDH-mut, which is consistent with the poorer
survival associated with IDH-wt glioblastoma (121). Chen et al.
identified that the MARCO gene (macrophage receptor with
collagenous structure) is selectively expressed in TAMs of IDH-
wt glioblastomas; interestingly, MARCO was not expressed in
TAMs of low-grade gliomas or IDH-mut glioma (125).

Additionally, the infiltration of TAMs and T cells has been
described across various brain regions. Reitman et al. profiled the
Frontiers in Immunology | www.frontiersin.org 9
TAMs in childhood pilocytic astrocytomas using scRNA-seq
(126). They found that compared to infra-tentorial pilocytic
astrocytomas, supra-tentorial tumors are enriched in microglia.
This provided strong evidence for differences in the glioma
TIME based on anatomical location. Altogether, future studies
should comprehensively characterize the contribution of
macrophages and microglia to the TIME, to understand how
the tumor location and genomic aberrations affect
the immunophenotype.

Further characterization of the expression profiles and surface
receptors of T cells have shed light into how these infiltrating
lymphocytes are activated in brain cancers. As the T cell
receptors (TCRs) mediate T cells’ response to cancer,
computational methods have been developed to sequence the
TCRs to understand how these cells proliferate and specialize
(127). ScRNA-seq reads can be used to computationally
reconstruct the TCR chains. These powerful methods allow for
simultaneous measurements of the transcriptional profile and
TCR of T cells from scRNA-seq data (128–130). A recent study
by Mathewson et al. extensively profiled the transcriptomes and
TCRs of infiltrating T cells in IDH-wt glioblastomas and IDH-
mut high-grade gliomas (131). CD8+ and CD4+ T cells in
IDH-wt glioblastoma had higher expression of cytotoxicity,
interferon, and cellular stress pathways than IDH-mut gliomas.
Additionally, they used TraCeR, a computational method to
reconstruct the TCRs, to describe the clonal expansion of T cells
upon infiltration. On average, each tumor contains 13 distinct T
cell clonotypes, which provides evidence for T cell activation and
expansion in high-grade gliomas. Of note, more clonal CD8+ T
cells have higher expression of reactivity and cytotoxicity
signatures, which was confirmed by Rubio-Perez et al. (108).
Overall, these analyses highlight the utility of scRNA-seq to
investigate transcriptional programs and expansion of T cells in
adult brain cancers. However, it may be challenging to profile
TCRs in pediatric CNS malignancies as they typically exhibit low
levels of T cell infiltration. Therefore, it would be necessary to
first sort for CD3+ T cells, thereby excluding the neoplastic,
TAMs, and other infiltrating immune cells present in tumor
tissue (131).

Overall, scRNA-seq has the potential to identify transcriptional
changes in the neoplastic and microenvironmental cells throughout
treatment, which is reliant on longitudinal sampling. Ruiz-Moreno
et al. monitored the expression profiles of microglia, macrophages,
and T cells in a patient with a diffuse midline glioma at diagnosis
and metastasis (132). Upon biopsy, the immune component made
TABLE 1 | Comparison of single-cell RNA-seq technologies.

Sequencing
type

Procedure Tissue compatibility Platforms Advantages

Full-length
transcripts

Plate based: single cells are flow sorted into
individual wells before library preparation

Single-cell (fresh) and
single-nuclei (fresh and
frozen)

Smart-Seq2 (most popular);
also MATQ-seq, RamDA-seq

Captures more genes per cell; can
detect splice variants and isoforms

Unique
molecular
identifier (UMI)

Droplet based: cells are encapsulated into a gel
bead and 3’ or 5’ end of mRNA is marked with UMI

Single-cell (fresh) and
single-nuclei (fresh and
frozen)

Chromium (most popular);
also DROP-seq, inDrop

Captures more cells per sample;
can detect rarer cell types
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up half of the primary tumor, mostly consisting of microglia and a
few macrophages. These tumor-associated macrophages expressed
an anti-inflammatory/pro-tumor phenotype, which supported their
finding of few infiltrative T cells. Three serial samples of the
abdominal tumor metastasis were obtained; interestingly, they
found that, over time, macrophages obtained a more pro-tumor
phenotype with few infiltrating pro-inflammatory macrophages or
T cells. Finally, the researchers also used scRNA-seq to describe
changes in the TIME after the patient started treatment with
hydroxychloroquine, an immunomodulator that increases the
anti-tumor activity of macrophages (132). Their analysis revealed
a dramatic increase in naïve and pro-inflammatory macrophages,
and antigen-presenting dendritic cells. Their results highlight the
utility of longitudinal sampling and scRNA-seq to understand the
evolution of the TIME throughout disease course
and immunotherapies.

Due to difficulties with re-sampling primary tumor tissues,
researchers have used scRNA-seq to characterize other
compartments of the immune system, including CSF and
peripheral blood (108, 133). However, the question remains if
the immune cells in the CSF or blood are informative for the
brain TIME and should be further elucidated in future studies. In
a study of adults with brain metastasis, Rubio-Perez et al.
obtained simultaneous scRNA-seq datasets of brain
metastasized tumor and CSF (108). The TIME and CSF had
consistent proportions of CD8+ T, CD4+ T, and NK cells,
highlighting how scRNA-seq data of lymphocytes in liquid
biopsies recapitulate the TIME of primary tumors (108). As
the TIME is correlated to patient’s response to immunotherapies,
future studies need to explore if liquid biopsies do reflect the
TIME in pediatric brain malignancies, with the ultimate goal to
have a surrogate for response to (immune) therapy (25).
However, not all compartments of the immune system behave
similarly. Prakadan et al. also obtained scRNA-seq datasets of
peripheral blood and CSF of patients enrolled in clinical trials for
immune checkpoint inhibitors for leptomeningeal disease (133).
Lymphocytes and myeloid cells expressed gene signatures for
antigen presentation and IFN-gamma response higher in the
CSF compared to the blood. They also found that myeloid cells in
the CSF showed an increase in the pro-inflammatory phenotype,
while the opposite was seen in myeloid cells in the blood.

Longitudinal samples of liquid biopsies are useful when
relating immune system dynamics with clinical outcomes.
Soon after treatment with checkpoint inhibitors, Prakadan
et al. identified an increased inflammatory gene signature in
the CSF, which was not identified at later time points (133).
Additionally, compared with pre-treatment samples, CD8+ T
cells significantly expressed genes associated with antigen
presentation and IFN-gamma signaling. These results could
explain the clinical benefits of the immune checkpoint
inhibitors in leptomeningeal disease. Furthermore, Rubio-Perez
et al. mapped the abundance of immune cells in the CSF for two
patients that underwent re-surgery; their serial samples of CSF
showed an increase in naïve T cells and decrease in macrophages
(108). Together, these papers provide evidence that scRNA-seq
should be further investigated for children with a CNS
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malignancy; preferably including longitudinal sampling to
understand, and hopefully improve, (immuno)therapies in
pediatric high-grade brain tumors (Figure 4).

Advances in Transcriptomic Profiling
With advancements in transcriptomics technologies and
computational methods, we have seen a surge in creative
applications using scRNA-seq to investigate the tumor ecosystem.
Computational methods referred to as “deconvolution” integrate
bulk and scRNA-seq, and have been developed to predict the cell-
type composition from homogenized bulk RNA-seq data.
Algorithms for cell-type deconvolution include CIBERSORTx,
MuSiC, and DWLS (134–136). Though they differ in their
mathematical methods, the results are highly robust and
correlated (137). Results from deconvolution should be
benchmarked with representative IHC staining or flow cytometry,
to ensure that differences in RNA expression correspond to cell-type
quantification from the protein and microscopy level. Additionally,
cell–cell interactions have been predicted from scRNA-seq datasets
of heterogeneous tissues, which is especially useful for characterizing
the TIME. Simply, these algorithms utilize literature-derived
datasets of ligand–receptor interactions, and predict which cells
communicate based on the cell-type expression of these proteins
(138). Physical location information from spatial transcriptomics or
proteomics would increase the power of these data-driven
predictions, as interacting cells are located near one another. Both
deconvolution and cell–cell interaction algorithms will advance
research studies aiming to quantify the immune cell composition
and interactions within the TIME.

scRNA-seq has been adapted to profile transcriptomics in
parallel with additional biomolecules. CITE-seq was developed
to allow for simultaneous profiling of multiplexed protein
markers and transcriptomes of single cells from fresh tissue
(139). In this procedure, single cells are incubated with DNA-
barcoded antibodies. Upon sequencing, a quantitative read out is
obtained for the expression and immunophenotyping of single
cells. CITE-seq has been used to profile the immune cells in the
glioblastoma microenvironment (123). TAMs and dendritic cell
clusters were identified in CITE-seq and scRNA-seq analyses,
proving the robustness of the protocols. One unique benefit of
CITE-seq is identifying novel cell surface protein markers; for
example, markers were identified that captured monocyte-to-
macrophage differentiation and characterized blood-derived
macrophages from microglia (139).

Finally, as bulk- and scRNA-seq sample preparation requires
tissue dissociation, spatial transcriptomics methods have been
developed to retain spatial information of mRNA transcripts that
is lost with other sequencing platforms (140–142). Fresh-frozen
or FFPE tissues are transferred onto a slide with millions of
oligonucleotide probes containing a “spatial barcode”. The RNA
binds with the oligonucleotides on the slide; upon sequencing,
the tissue’s RNA can be spatially resolved and mapped to
histology images of the tissue. Commonly used scRNA-seq
analysis tools [such as Seurat (115)] are compatible with
spatial transcriptomics and allow for similar clustering analysis
of distinct tumor regions. It is important to note that the
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resolution of spatial transcriptomics is less than that of scRNA-
seq; each spatial barcode can contain between 3 and 30 cells on
the Visium platform, and profiles the expression of far fewer
genes. It may be more challenging to detect intra-patient
heterogeneity for embryonal tumors that have malignant cells
that are densely packed together.

Spatial transcriptomics seems especially useful for resolving
the biology at the tumor–microenvironment interface in solid
tumors. A recent study from Ravi et al. identified a subset of
myeloid cells that are co-localized with mesenchymal-like
glioblastoma cells that drive T cell exhaustion, thus
contributing to the anti-inflammatory TIME (143). Another
study characterized a unique cell state localized at the tumor–
microenvironment boundary, which had upregulation of cilia
gene sets (144). For heterogeneous and infiltrative pediatric CNS
malignancies such as high-grade gliomas, spatial transcriptomics
can radically advance our understanding of how cancer cells
interact with neurons, astrocytes, and immune cells, and
eventually, how the microenvironment architecture changes
due to therapeutic interventions.
FUNCTIONAL ASSAYS

IHC, flow cytometry, and transcriptomics are important for
describing the composition of immune cells in the TIME. The
presence of proliferation markers or enrichment of inflammatory
gene sets is suggestive of a cell’s potential to mediate humoral or
Frontiers in Immunology | www.frontiersin.org 11
cellular immunity. However, the true capacity of these immune
cells to proliferate or kill target cells (referred to as “cytotoxicity”)
can only be confirmed using functional cellular assays. To this
end, tumor-infiltrating lymphocytes (TILs) can be isolated from
tumor material or liquid biopsies using cell sorting selective for
CD45 markers and evaluated ex vivo. As an alternative to single-
cell preparation and sorting, TILs can also be expanded directly
from tumor materials by culturing the material for several weeks
in the presence of stimulatory agents (IL-2, with or without anti-
CD3 stimulus) (104, 145). This method for TIL expansion has
been used successfully in adoptive cell therapy in multiple cancer
indications (146–148); however, it has the disadvantage that
cellular diversity is lost, as these culture conditions only
promote clonal expansion of a select subset of TILs (mainly
T cells).

The proliferative capacity of lymphocytes, indicative for an
active immune response, can be investigated by fluorescently
labeling the cells with a cell tracer dye [such as cell tracer violet or
carboxyfluorescein diacetate succinimidyl ester (CFSE)] and
culturing in the presence of an activating agent (149).
Polyclonal activation of TILs can be induced with either a
lectin mitogen (i.e., phytohemagglutinin) or with anti-CD3 or
CD3/CD28 beads in the presence or absence of stimulatory
cytokines [i.e., IL-2 (149)]. Upon proliferation, the cell tracer
dye will get divided among daughter cells and, therefore, multiple
peaks will be visible with a decreased fluorescence.

Clonal activation and expansion of TILs is performed by
coculturing the cells for several weeks with irradiated and
FIGURE 4 | Characterization of immune cells from longitudinal liquid biopsies (as shown, blood and CSF) using scRNA-seq and flow cytometry.
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peptide loaded feeder cells, in the presence of IL-2 (150). Feeder
cells can be either autologous or allogeneic antigen-presenting cells
(APCs) or tumor cells expressing the peptide(s) of interest (e.g.,
pp65 or H3K27M) on their MHC (151). The use of these feeder
cells dates back to the 1980s and has shown to promote T cell
culture (152). A clinical study using a similar procedure to clonally
expand TILs frommelanoma patients showed the presence of neo-
antigen-specific T cells. Adoptive cell transfer of these TILs,
supplemented with IL-2 dosing, resulted in a clinical response in
5 out of 10 patients of which 2 were complete responders (153).
Additionally, brain metastases from melanoma have been shown
to be susceptible to TIL therapy. In a retrospective study, 7 of 17
(41%) melanoma patients with brain metastases receiving
adoptive TIL therapy achieved complete response (154). These
results are promising and provide hope that TIL therapies could
also be of benefit for the treatment of primary CNS malignancies,
although more hurdles will need to be overcome, such as an
immune-suppressive environment and the blood–brain barrier.
Liu et al. demonstrated that TILs from glioma can be efficiently
expanded using a combination of IL-2, IL-15, and IL-21,
enhancing CD8 T cell reactivity to autologous tumor cells (155).
More recently, a clinical phase I trial has started, investigating the
safety and efficacy of TIL therapy in malignant glioma
patients (NCT04943913).

Finally, cytokine secretion and cytotoxicity assays are
essential for determining the capability of immune cells to
induce direct cytotoxicity. The cytokine secretome can be
measured directly from patient samples (including tumor
tissue, CSF, or plasma), or from conditioned mediums of
tumor cell cultures. Measuring both pro-inflammatory (e.g.,
IFNg, TNFa, and IL-2) and anti-inflammatory cytokines (e.g.,
IL-4, IL-6, and IL-10) provides an indication of immune activity
in the tumor. Several multiplex techniques such as Olink and
Luminex were developed to measure over 25 different cytokines
in a limited amount of material. Findings from these assays
highlight the anti-inflammatory nature of pediatric CNS
malignancies. The secretome of diffuse midline gliomas and
Frontiers in Immunology | www.frontiersin.org 12
pediatric glioblastomas are remarkably different to that of adult
glioblastomas. Pediatric high-grade gliomas do not secrete
substantial levels of inflammatory cytokines that recruit
lymphocytes to the TIME, which contributes to their
immunosuppressive phenotype (92). Moreover, assays wherein
pediatric glioma cells were co-cultured with T and NK cells
suggest therapeutic strategies for immunotherapies. T cells could
not effectively lyse diffuse midline glioma cell lines, while NK
cells exhibited cytotoxic effects (29). Altogether, cytotoxicity
assays are essential in immune monitoring programs to
validate hypotheses regarding the anti-inflammatory TIME of
pediatric CNS malignancies.
DISCUSSION

Towards an Immunological Atlas of
Pediatric CNS Malignancies
Current neuro-oncological practice is increasingly dependent on
molecular and cellular profiling of CNS tumor tissue. These histo-
molecular findings contribute to a more accurate diagnosis and
have the potential to direct personalized and targeted treatment,
especially in the context of immunotherapies. A comprehensive
evaluation of the pediatric CNS tumor microenvironment and
immune system at diagnosis, across treatment and at relapse will
be necessary to not only understand how the immune system
responds to radio- and systemic therapies, but also to evaluate how
novel immunotherapies modulate the immune system. Without
aiming to discuss all available methods, we selected various
techniques that provide a comprehensive atlas of multiple
compartments of the immune system at diagnosis and
throughout treatment. We analyzed the clinical utility and
feasibility of IHC, flow cytometry, bulk and single-cell
transcriptomics, and functional assays for monitoring the immune
system and TIME of pediatric CNS malignancies (Table 2).

Studies of IHC are useful to determine the quantity and
location of a specific cell type in the TIME. In summary, IHC is
TABLE 2 | Utility and feasibility of selected techniques for immune profiling of tumor tissue.

Technique Tissue type Utility Advantages Disadvantages

Immuno-histochemistry FFPE Quantification and phenotyping • Routine use in diagnostics
• Validation for other techniques
• Retains spatial information

• Low throughput

Flow Cytometry Fresh Quantification and phenotyping • Millions of cells profiled
• Fast data acquisition and analysis

• Panel of antigens or cell types
(biased)

• Loss of spatial information

Bulk Transcriptomics Fresh, frozen,
FFPE

Biomarkers, functional
pathways

• Routine use in diagnostics
• Identify pathways for targeted treatment

• Loss of spatial and cell-type
information

• Computationally intensive

Single-cell
Transcriptomics

Fresh, frozen Quantification, functional
pathways

• Thousands of cells profiled
• Retains cell-type information
• Identify rare or novel cell types

• Expensive ($2,000/sample)
• Time-consuming analysis
• Computationally intensive
• Loss of spatial information

Functional assays Fresh Immune-cell function • Cytotoxicity or proliferation potential of
TILs

• Ex vivo and in vitro activity

• Low throughput
• Reproducibility of assays
A
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performed on formalin-fixed paraffin embedded tissue, thus
retains spatial information, and enables retrospective analyses.
With developments in multiplex IHC and flow cytometry,
multiple cell types can be quantified to provide a more detailed
atlas. Flow cytometry is beneficial as it profiles up to millions of
cells in a short period of time (approximately 3 h). However, flow
cytometry requires a viable suspension of millions of live single
cells; therefore, the sample must be substantially larger than
required for IHC or sequencing (where scRNA-seq requires a
few thousand cells) and should be either viably cryopreserved or
processed directly after surgery (where the latter is preferred to
better characterize the myeloid components of the TIME).
Additionally, antibody-based technologies require the
development and assessment of a panel, which pre-selects the
proteins (and therefore, cells) that can be interrogated. Another
limitation is that certain cell types may have similar surface
proteins compared to other cells, complicating the identification
of the cells of interest (i.e., distinguishing MDSCs from myeloid
cells). However, as both IHC and flow cytometry are cost-effective
and readily available at almost all academic research hospitals,
their utility should not be overlooked. Overall, they are useful for
quantifying and phenotyping the immune cells present in the
TIME; however, the analysis is hypothesis driven, and this
introduces a selection bias when using a panel of antibodies. As
we described, there is already much prognostic value in
quantification metrics alone: for example, T cell infiltration is
related to tumor grade in pediatric gliomas and progression-free
survival in ependymomas (29, 33).

High-throughput genomic techniques, such as bulk and single-
cell transcriptomics, quantify thousands of genes by sequencing. As
these methods are unbiased (i.e., not relying on a panel of pre-
selected RNA transcripts), they can be useful for identifying gene
expression patterns with prognostic value. With bulk RNA-seq,
evaluating the expression of immune-related genes and enrichment
of immune-related pathways can reveal the inflammatory state of
the TIME (29, 90). A possible, and promising, solution is to perform
RNA-seq on immune cells found in blood or CSF, which could be
correlated to the TIME (93, 156). Although, to our knowledge, no
such experiments have been performed to monitor pediatric CNS
malignancies yet, studies on other cancers have shown the potential
of using these more readily accessible biomaterials to monitor the
anti-tumor immune response during therapy. For example,
circulating miRNA levels were found to be correlated to the
absolute neutrophil count in pancreatic cancer (93). Moreover,
comparing immune signatures of patients who respond to those
who do not respond to a particular type of therapy can eventually
guide therapy decision (157). However, the low number of tumor-
infiltrating immune cells compared to the high density of tumor
cells can limit the sensitivity of this technique. Furthermore, scRNA-
seq can uniquely distinguish rare cell types and cell states; for
example, scRNA-seq datasets of T cells in adult gliomas revealed
differences in the expression of cytotoxicity and stress pathways
between IDH-mut and IDH-wt tumors that could not be identified
via IHC or flow cytometry alone (131). Though they are incredibly
useful for investigating biological pathways implicated in diseases,
transcriptomic methods are costly and computationally intensive.
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Spatial transcriptomics has been developed to retain the spatial
information lost due to tissue dissociation protocols.

These cellular and molecular techniques are essential for
immunophenotyping CNS malignancies. Additional functional
experiments that assess the TIME cells’ cytokine secretion profile
or cytotoxicity capacity of immune cells are necessary to evaluate
hypotheses generated from the prior methods. Such assays
helped us realize that diffuse midline gliomas have a non-
inflammatory TIME by secreting much fewer cytokines than
adult high-grade gliomas (92). Additionally, they revealed that
NK cells can lyse diffuse midline glioma cells, while T cells and
macrophages cannot (29). Results from functional assays suggest
that immunotherapies that recruit and activate NK cells could be
plausible strategies for new treatment designs. In summary,
integrating IHC, flow cytometry, transcriptomic methods, and
functional assays allow for a detailed atlas of the quantity,
location, and functionality of immune cells in both TIME and
periphery, which cannot be achieved by one methodology alone.

Clinical Perspective
We recognize that there are significant challenges with designing
studies that monitor the immune system during cancer
treatment. Pediatric normal brain tissue is a necessary control
for characterizing the infiltration and activation of immune cells
in CNS malignancies but is scarce and difficult to obtain. Fresh
CNS material can be obtained from epilepsy surgeries and
tumor-free autopsy material (56); however, there are still
confounding factors to consider, such as cause of mortality and
time since death. Additionally, “brain banks” dedicated to
storing and distributing postmortem brain tissues for the
research community have been established worldwide, though
these typically consist of adult specimens (158). The National
Institute of Child Health and Human Development and the
Harvard Brain Tissue Resource Center are two brain banks
specific for collecting and distributing brain tissue from
children and fetuses (159).

Furthermore, obtaining high-quality CNS tumor samples
remains the biggest hurdle, especially for cases when the tumor
is in a vulnerable location (i.e., the brain stem for diffuse midline
gliomas). CUSA material (tissue obtained using a Cavitron
Ultrasonic Surgical aspirator during brain surgery), which
contains buffered solution, brain tumor and non-tumor
fragments, and blood, can also be used for cellular and
molecular analyses. CUSA material has been used for
diagnostic purposes, and in studies of cellular heterogeneity of
malignant cells and immune microenvironment (160–163). To
what extent the CUSA material reflects the microenvironment of
the tumor in children is subject to further research.

Longitudinal sampling to evaluate treatment effects is also
particularly challenging. In a recent pre-print, Spitzer et al.
obtained scRNA-seq datasets of two matched pre- and post-
treatment glioma samples that responded well to a targeted
treatment and identified changes in the malignant cell states
that explained the observed clinical response. To increase the
power and confidence of their analysis, they included pre-
treatment scRNA-seq data of non-responders, and noticed a
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distinct differentiation pattern that could explain their lack of
clinical response (164). Additionally, we suggest utilizing liquid
biopsies to characterize the immunological system response to
treatment. Liquid biopsies are currently a hot topic for assessing
progression of pediatric CNS malignancies, with a recent paper
demonstrating that serial analysis of circulating DNA in the CSF
can predict tumor burden and disease progression in
medulloblastomas (165). As we described, flow cytometry and
scRNA-seq datasets of immune cells in blood, bone marrow, and
CSF can also be informative for advancing our understanding of
the immune system’s response to current treatment regimens
and designing future immunotherapies (108, 133). Ideally, we
can use liquid biopsies as surrogate markers for the TIME,
avoiding invasive surgical procedures.

Looking forward, we predict that a detailed description of the
microenvironment and immune system of pediatric CNS
malignancies throughout the disease course will be paramount
to implementing and evaluating the efficacy of immunotherapies
(Figure 5). In our field, we are beginning to recognize substantial
biological differences between pediatric and adult CNS
malignancies, which could also be attributed to the role of the
immune system in childhood neurodevelopment. Studies of pre-
and post-natal mice have been essential in describing the unique
role that microglia take as modulators in the formation of neural
circuits: they clear excess neurons, assist with vascularization,
and regulate neural-stem cell commitment to astrocyte and
neuron lineages (166). During adulthood, microglia become
ramified and survey the brain parenchyma for tissue injury or
disease (166). Interestingly, in the setting of brain cancers,
microglia do not phagocytize the glioma cells, and can be
reprogrammed to promote tumor growth (167). Detailed
scRNA-seq studies of adult and mouse gliomas could resolve
the heterogeneity of microglia states (121–125); however, similar
studies in children are lacking but will be necessary to unravel the
complex activity of microglia in malignancy and development.

In the field of pediatric neuro-oncology, trials of vaccine
approaches, oncolytic viruses, checkpoint blockade, and
Frontiers in Immunology | www.frontiersin.org 14
adoptive cellular therapy are currently under investigation in
preclinical and clinical settings. Small trials thus far show
noteworthy clinical outcomes but raise a broad spectrum of
unique challenges that need to be evaluated (168). Specific
challenges while developing immunotherapies for children with
CNS malignancies include a cold immunophenotype with
minimal T cell infiltration, a relatively low mutational burden,
intra-tumoral heterogeneity, and blood–brain barrier
penetration. The potency of immunotherapy needs to be
evaluated for optimal application of immunotherapy targeting
this highly specific neoplasm and challenging environment.
Clinical outcomes targeting a single tumor-associated antigen
failed to show adequate, durable anti-tumor responses,
suggesting that selective targeting of one antigen may be
insufficient (168, 169). Combination therapy might help
overcome tumor heterogeneity and penetrate the highly
immunosuppressive TIME, and clinical trials are underway
(i.e., NCT03130959, NCT00634231, and NCT03396575).
Furthermore, clinical research studies should focus on
elucidating the long-term side effects of immune modulators in
children, especially when addressing effects to their developing
immune system, and neurodevelopment and cognition.

To move forward, we need a multifaceted and comprehensive
description of the microenvironment of pediatric CNS
mal ignanc ies . Unders tanding the subtype-spec ific
immunological phenotype and how the treatment protocol,
anatomical location, and grade of each tumor influences the
TIME is essential to efficiently redirect the immune system
towards cancer eradication. Within the Princess Maxima Center,
Utrecht, Netherlands, a prospective observational longitudinal
study is initiated including 60 newly diagnosed and relapsed
children with various CNS malignancies (Trial NL8967). At
diagnosis, biopsy tumor tissue will be profiled by IHC, bulk, and
single-cell transcriptomics. CSF, bone marrow, and peripheral
blood will be collected during surgery and subsequent follow-up
visits; these liquid biopsies are profiled by flow cytometry and
scRNA-seq (depending on sample size and tissue availability).
FIGURE 5 | Integrating methodologies allows for multi-dimensional characterization of TIME and will enable personalized immunotherapeutic strategies.
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Accurate immune profiling could help pave the way for future
immunotherapeutic interventions in pediatric neuro-oncology.
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et al. Actively Personalized Vaccination Trial for Newly Diagnosed
Glioblastoma.Nature (2019) 565(7738):240–5. doi: 10.1038/s41586-018-0810-y

105. Filbin MG, Tirosh I, Hovestadt V, Shaw ML, Escalante LE, Mathewson ND,
et al. Developmental and Oncogenic Programs in H3K27M Gliomas
April 2022 | Volume 13 | Article 864423

https://doi.org/10.1016/j.trsl.2017.06.013
https://doi.org/10.12659/MSMBR.892101
https://doi.org/10.1007/978-1-4939-3801-8_21
https://doi.org/10.1158/0008-5472.CAN-15-0262
https://doi.org/10.1158/0008-5472.CAN-15-0262
https://doi.org/10.1186/s40425-015-0088-7
https://doi.org/10.1186/s40425-015-0088-7
https://doi.org/10.1186/s13045-020-01005-x
https://doi.org/10.1016/j.ejca.2021.03.005
https://doi.org/10.1016/j.ejca.2021.03.005
https://doi.org/10.1007/978-1-4939-9773-2_12
https://doi.org/10.1158/0008-5472.CAN-08-2097
https://doi.org/10.1038/nature13109
https://doi.org/10.1186/s13059-016-1070-5
https://doi.org/10.1165/rcmb.2017-0430TR
https://doi.org/10.1016/j.celrep.2021.109442
https://doi.org/10.1016/j.celrep.2021.109442
https://doi.org/10.1093/neuonc/nov045
https://doi.org/10.1186/s12885-015-1810-z
https://doi.org/10.1038/nature22973
https://doi.org/10.1016/j.ccell.2021.01.006
https://doi.org/10.4049/jimmunol.1103373
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.3389/fgene.2019.00419
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1016/j.ccell.2018.04.004
https://doi.org/10.1080/2162402X.2018.1462430
https://doi.org/10.1080/2162402X.2018.1462430
https://doi.org/10.1186/s40478-018-0553-x
https://doi.org/10.1186/s40478-018-0553-x
https://doi.org/10.1371/journal.pone.0235413
https://doi.org/10.1371/journal.pone.0235413
https://doi.org/10.3171/2009.10.FOCUS09207
https://doi.org/10.1038/s41598-021-88615-8
https://doi.org/10.1016/j.toxrep.2020.11.001
https://doi.org/10.1016/j.toxrep.2020.11.001
https://doi.org/10.1038/s41571-020-00460-2
https://doi.org/10.3389/fimmu.2021.672356
https://doi.org/10.1126/science.1235122
https://doi.org/10.1016/j.jcyt.2019.06.009
https://doi.org/10.1038/s41467-021-26936-y
https://doi.org/10.1158/2326-6066.CIR-18-0599
https://doi.org/10.1038/s41586-018-0792-9
https://doi.org/10.1038/s41586-018-0792-9
https://doi.org/10.1038/s41586-018-0810-y
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rozowsky et al. Immune Monitoring Pediatric CNS Malignancies
Dissected by Single-Cell RNA-Seq. Sci (80- ) (2018) 360(6386):331–5.
doi: 10.1126/science.aao4750

106. Neftel C, Laffy J, Filbin MG, Hara T, ShoreME, Rahme GJ, et al. An Integrative
Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell (2019)
178(4):835–849.e21. doi: 10.1016/j.cell.2019.06.024

107. Schafflick D, Xu CA, Hartlehnert M, Cole M, Schulte-Mecklenbeck A,
Lautwein T, et al. Integrated Single Cell Analysis of Blood and
Cerebrospinal Fluid Leukocytes in Multiple Sclerosis. Nat Commun (2020)
11(1):247. doi: 10.1038/s41467-019-14118-w

108. Rubio-Perez C, Planas-Rigol E, Trincado JL, Bonfill-Teixidor E, Arias A,
Marchese D, et al. Immune Cell Profiling of the Cerebrospinal Fluid Enables
the Characterization of the Brain Metastasis Microenvironment. Nat
Commun (2021) 12:1503. doi: 10.1038/s41467-021-21789-x

109. Slyper M, Porter CBM, Ashenberg O, Waldman J, Drokhlyansky E, Wakiro
I, et al. A Single-Cell and Single-Nucleus RNA-Seq Toolbox for Fresh and
Frozen Human Tumors. Nat Med (2020) 26(5):792–802. doi: 10.1038/
s41591-020-0844-1

110. Picelli S, Björklund ÅK, Faridani OR, Sagasser S, Winberg G, Sandberg R.
Smart-Seq2 for Sensitive Full-Length Transcriptome Profiling in Single Cells.
Nat Methods (2013) 10(11):1096–8. doi: 10.1038/nmeth.2639

111. Hayashi T, Ozaki H, Sasagawa Y, Umeda M, Danno H, Nikaido I. Single-Cell
Full-Length Total RNA Sequencing Uncovers Dynamics of Recursive
Splicing and Enhancer RNAs. Nat Commun (2018) 9(1):619. doi: 10.1038/
s41467-018-02866-0

112. Sheng K, Cao W, Niu Y, Deng Q, Zong C. Effective Detection of Variation in
Single-Cell Transcriptomes Using MATQ-Seq. Nat Methods (2017) 14
(3):267–70. doi: 10.1038/nmeth.4145

113. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al.
Highly Parallel Genome-Wide Expression Profiling of Individual Cells Using
Nanoliter Droplets. Cell (2015) 161(5):1202–14. doi: 10.1016/
j.cell.2015.05.002

114. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, et al.
Droplet Barcoding for Single Cell Transcriptomics Applied to Embryonic
Stem Cells. Cell (2015) 161(5):1187–201. doi: 10.1016/j.cell.2015.04.044

115. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial Reconstruction of
Single-Cell Gene Expression Data. Nat Biotechnol (2015) 33(5):495–502. doi:
10.1038/nbt.3192

116. Wolf FA, Angerer P, Theis FJ. SCANPY: Large-Scale Single-Cell Gene
Expression Data Analysis. Genome Biol (2018) 19(1):15. doi: 10.1186/
s13059-017-1382-0

117. Gojo J, Englinger B, Jiang L, Hübner JM, Shaw ML, Hack OA, et al. Single-
Cell RNA-Seq Reveals Cellular Hierarchies and Impaired Developmental
Trajectories in Pediatric Ependymoma. Cancer Cell (2020) 38(1):44–59.e9.
doi: 10.1016/j.ccell.2020.06.004

118. Hovestadt V, Smith KS, Bihannic L, Filbin MG, Shaw ML, Baumgartner A,
et al. Resolving Medulloblastoma Cellular Architecture by Single-Cell
Genomics. Nature (2019) 572(7767):74–9. doi: 10.1038/s41586-019-1434-6

119. Jessa S, Blanchet-Cohen A, Krug B, Vladoiu M, Coutelier M, Faury D, et al.
Stalled Developmental Programs at the Root of Pediatric Brain Tumors. Nat
Genet (2019) 51(12):1702–13. doi: 10.1038/s41588-019-0531-7

120. Vladoiu MC, El-Hamamy I, Donovan LK, Farooq H, Holgado BL,
Sundaravadanam Y, et al. Childhood Cerebellar Tumours Mirror
Conserved Fetal Transcriptional Programs. Nature (2019) 572(7767):67–
73. doi: 10.1038/s41586-019-1158-7

121. Alghamri MS, McClellan BL, Avvari RP, Thalla R, Carney S, Hartlage MS,
et al. G-CSF Secreted by Mutant IDH1 Glioma Stem Cells Abolishes Myeloid
Cell Immunosuppression and Enhances the Efficacy of Immunotherapy. Sci
Adv (2021) 7(40):eabh3243. doi: 10.1126/sciadv.abh3243

122. Sankowski R, Böttcher C, Masuda T, Geirsdottir L, Sagar, Sindram E, et al.
Mapping Microglia States in the Human Brain Through the Integration of
High-Dimensional Techniques. Nat Neurosci (2019) 22(12):2098–110. doi:
10.1038/s41593-019-0532-y

123. Pombo Antunes AR, Scheyltjens I, Lodi F, Messiaen J, Antoranz A, Duerinck
J, et al. Single-Cell Profiling of Myeloid Cells in Glioblastoma Across Species
and Disease Stage Reveals Macrophage Competition and Specialization. Nat
Neurosci (2021) 24(4):595–610. doi: 10.1038/s41593-020-00789-y

124. Ochocka N, Segit P, Walentynowicz KA, Wojnicki K, Cyranowski S, Swatler
J, et al. Single-Cell RNA Sequencing Reveals Functional Heterogeneity of
Frontiers in Immunology | www.frontiersin.org 18
Glioma-Associated Brain Macrophages. Nat Commun (2021) 12(1):1151.
doi: 10.1038/s41467-021-21407-w

125. Chen AX, Gartrell RD, Zhao J, Upadhyayula PS, Zhao W, Yuan J, et al.
Single-Cell Characterization of Macrophages in Glioblastoma Reveals
MARCO as a Mesenchymal Pro-Tumor Marker. Genome Med (2021) 13
(1):88. doi: 10.1186/s13073-021-00906-x

126. Reitman ZJ, Paolella BR, Bergthold G, Pelton K, Becker S, Jones R, et al.
Mitogenic and Progenitor Gene Programmes in Single Pilocytic Astrocytoma
Cells. Nat Commun (2019) 10:3731. doi: 10.1038/s41467-019-11493-2

127. Pai JA, Satpathy AT. High-Throughput and Single-Cell T Cell Receptor
Sequencing Technologies. Nat Methods (2021) 18(8):881–92. doi: 10.1038/
s41592-021-01201-8

128. RedmondD, PoranA, ElementoO. Single-Cell TCRseq: PairedRecovery of Entire
T-Cell Alpha and Beta Chain Transcripts in T-Cell Receptors From Single-Cell
RNAseq. Genome Med (2016) 8(1):80. doi: 10.1186/s13073-016-0335-7

129. Stubbington MJT, Lönnberg T, Proserpio V, Clare S, Speak AO, Dougan G,
et al. T Cell Fate and Clonality Inference From Single-Cell Transcriptomes.
Nat Methods (2016) 13(4):329–32. doi: 10.1038/nmeth.3800

130. Rizzetto S, Koppstein DNP, Samir J, Singh M, Reed JH, Cai CH, et al. B-Cell
Receptor Reconstruction From Single-Cell RNA-Seq With VDJPuzzle.
Bioinformatics (2018) 34(16):2846–7. doi: 10.1093/bioinformatics/bty203

131. Mathewson ND, Ashenberg O, Tirosh I, Gritsch S, Perez EM, Marx S, et al.
Inhibitory CD161 Receptor Identified in Glioma-Infiltrating T Cells by
Single-Cell Analysis. Cell Anal (2021) 184(5):1281–98. doi: 10.1016/
j.cell.2021.01.022

132. Ruiz-Moreno C, Keramati F, Brazda P,MegchelenbrinkW, te PB, Boshuisen K,
et al. Reprogramming of Pro-Tumor Macrophages by Hydroxychloroquine in
an Abdominally Metastasized Diffuse Midline Glioma. Oncology (2021)
2021:2021.07.19.21259735. doi: 10.1101/2021.07.19.21259735

133. Prakadan SM, Alvarez-Breckenridge CA, Markson SC, Kim AE, Klein RH,
Nayyar N, et al. Genomic and Transcriptomic Correlates of Immunotherapy
ResponseWithin the TumorMicroenvironment of LeptomeningealMetastases.
Nat Commun (2021) 12(1):5955. doi: 10.1038/s41467-021-25860-5

134. Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F, et al.
Determining Cell Type Abundance and Expression From Bulk Tissues With
Digital Cytometry.Nat Biotechnol (2019) 37(7):773–82. doi: 10.1038/s41587-
019-0114-2

135. Wang X, Park J, Susztak K, Zhang NR, Li M. Bulk Tissue Cell Type
Deconvolution With Multi-Subject Single-Cell Expression Reference. Nat
Commun (2019) 10(1):380. doi: 10.1038/s41467-018-08023-x

136. Tsoucas D, Dong R, Chen H, Zhu Q, Guo G, Yuan G-C. Accurate Estimation
of Cell-Type Composition From Gene Expression Data.Nat Commun (2019)
10(1):2975. doi: 10.1038/s41467-019-10802-z

137. Qi Z, Liu Y, Mints M, Mullins R, Sample R, Law T, et al. Single-Cell
Deconvolution of Head and Neck Squamous Cell Carcinoma. Cancers
(Basel) (2021) 13(6):1230. doi: 10.3390/cancers13061230

138. Armingol E, Officer A, Harismendy O, Lewis NE. Deciphering Cell–Cell
Interactions and Communication From Gene Expression. Nat Rev Genet
(2021) 22(2):71–88. doi: 10.1038/s41576-020-00292-x

139. Stoeckius M, Hafemeister C, Stephenson W, Houck-Loomis B,
Chattopadhyay PK, Swerdlow H, et al. Simultaneous Epitope and
Transcriptome Measurement in Single Cells. Nat Methods (2017) 14
(9):865–8. doi: 10.1038/nmeth.4380

140. Ståhl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al.
Visualization and Analysis of Gene Expression in Tissue Sections by Spatial
Transcriptomics. Science (2016) 353(6294):78–82. doi: 10.1126/
science.aaf2403

141. Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, Vanderburg CR,
et al. Slide-Seq: A Scalable Technology for Measuring Genome-Wide
Expression at High Spatial Resolution. Sci (80- ). (2019) 363(6434):1463–7.
doi: 10.1126/science.aaw1219

142. Stickels RR, Murray E, Kumar P, Li J, Marshall JL, Di Bella DJ, et al. Highly
Sensitive Spatial Transcriptomics at Near-Cellular Resolution With Slide-
Seqv2. Nat Biotechnol (2021) 39(3):313–9. doi: 10.1038/s41587-020-0739-1

143. Ravi VM, Neidert N, Will P, Joseph K, Maier JP, Kückelhaus J, et al. T-Cell
Dysfunction in the Glioblastoma Microenvironment is Mediated by Myeloid
Cells Releasing Interleukin-10. Nat Commun (2022) 13(1):925. doi: 10.1038/
s41467-022-28523-1
April 2022 | Volume 13 | Article 864423

https://doi.org/10.1126/science.aao4750
https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1038/s41467-019-14118-w
https://doi.org/10.1038/s41467-021-21789-x
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1038/s41591-020-0844-1
https://doi.org/10.1038/nmeth.2639
https://doi.org/10.1038/s41467-018-02866-0
https://doi.org/10.1038/s41467-018-02866-0
https://doi.org/10.1038/nmeth.4145
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1038/nbt.3192
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1186/s13059-017-1382-0
https://doi.org/10.1016/j.ccell.2020.06.004
https://doi.org/10.1038/s41586-019-1434-6
https://doi.org/10.1038/s41588-019-0531-7
https://doi.org/10.1038/s41586-019-1158-7
https://doi.org/10.1126/sciadv.abh3243
https://doi.org/10.1038/s41593-019-0532-y
https://doi.org/10.1038/s41593-020-00789-y
https://doi.org/10.1038/s41467-021-21407-w
https://doi.org/10.1186/s13073-021-00906-x
https://doi.org/10.1038/s41467-019-11493-2
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1186/s13073-016-0335-7
https://doi.org/10.1038/nmeth.3800
https://doi.org/10.1093/bioinformatics/bty203
https://doi.org/10.1016/j.cell.2021.01.022
https://doi.org/10.1016/j.cell.2021.01.022
https://doi.org/10.1101/2021.07.19.21259735
https://doi.org/10.1038/s41467-021-25860-5
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1038/s41467-018-08023-x
https://doi.org/10.1038/s41467-019-10802-z
https://doi.org/10.3390/cancers13061230
https://doi.org/10.1038/s41576-020-00292-x
https://doi.org/10.1038/nmeth.4380
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1126/science.aaf2403
https://doi.org/10.1126/science.aaw1219
https://doi.org/10.1038/s41587-020-0739-1
https://doi.org/10.1038/s41467-022-28523-1
https://doi.org/10.1038/s41467-022-28523-1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Rozowsky et al. Immune Monitoring Pediatric CNS Malignancies
144. Hunter MV, Moncada R, Weiss JM, Yanai I, White RM. Spatially Resolved
Transcriptomics Reveals the Architecture of the Tumor-Microenvironment
Interface. Nat Commun (2021) 12(1):6278. doi: 10.1038/s41467-021-26614-z

145. Poch M, Hall M, Joerger A, Kodumudi K, Beatty M, Innamarato PP, et al.
Expansion of Tumor Infiltrating Lymphocytes (TIL) From Bladder Cancer.
Oncoimmunology (2018) 7(9):1–7. doi: 10.1080/2162402X.2018.1476816

146. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O, Hershkovitz
L, et al. Clinical Responses in a Phase II Study Using Adoptive Transfer of
Short-Term Cultured Tumor Infiltration Lymphocytes in Metastatic
Melanoma Patients. Clin Cancer Res (2010) 16(9):2646–55. doi: 10.1158/
1078-0432.CCR-10-0041
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