Cancer Immunology, Immunotherapy (2021) 70:1811-1820
https://doi.org/10.1007/500262-020-02801-7

REVIEW q

Check for
updates

Toward precision immunotherapy using multiplex
immunohistochemistry and in silico methods to define the tumor
immune microenvironment

Samuel S. Widodo' - Ryan A. Hutchinson?3 - Yitong Fang" - Stefano Mangiola® - Paul J. Neeson>*® - Phillip K. Darcy>® -
Alexander D. Barrow’ - Christopher M. Hovens’ - Marija Dinevska’ - Stanley S. Stylli’® . Theo Mantamadiotis'’

Received: 3 September 2020 / Accepted: 12 November 2020 / Published online: 3 January 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Recent developments in cancer immunotherapy promise better outcomes for cancer patients, although clinical trials for dif-
ficult to treat cancers such as malignant brain cancer present special challenges, showing little response to first generation
immunotherapies. Reasons for differences in immunotherapy response in some cancer types are likely due to the nature of
tumor microenvironment, which harbors multiple cell types which interact with tumor cells to establish immunosuppression.
The cell types which appear to hold the key in regulating tumor immunosuppression are the tumor-infiltrating immune cells.
The current standard treatment for difficult to treat cancer, including the most malignant brain cancer, glioblastoma, continues
to offer a bleak outlook for patients. Immune-profiling and correlation with pathological and clinical data will lead to a deeper
understanding of the tumor immune microenvironment and contribute toward the selection, optimization and development
of novel precision immunotherapies. Here, we review the current understanding of the tumor microenvironmental landscape
in glioblastoma with a focus on next-generation technologies including multiplex immunofluorescence and computational
approaches to map the brain tumor microenvironment to decipher the role of the immune system in this lethal malignancy.
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Inhibition of immune checkpoints has revolutionized the
field of cancer immunotherapy, rejuvenated interest in the
dynamics between malignant cells and the immune system
and are now considered as first-line therapy in stage III and
IV non-small lung cancer [10]. However, akin to targeted
therapies, only a specific subset of patients are eligible, and
indeed, about 20% of eligible patients derive benefit from
these relatively expensive therapies. In those patients who
are eligible, a subset exhibit de novo resistance, while oth-
ers develop resistance over the course of treatment [11-13].
De novo resistance at the onset of treatment cannot be pre-
dicted based on PD-L1 expression status alone, highlighting
the unmet clinical need for the identification and validation
of new biomarkers to enhance precision immuno-oncology
[14].

Tumor immunoscore

Traditional tumor staging by pathologists report a patient’s
tumor burden based on many histopathological hallmarks,
including the presence of cancer cells in draining and
regional lymph nodes, evidence for metastases, mitotic
index, the extent of invasion of primary tumor cells into
surrounding healthy tissue and the level of tumor-specific
biomarker expression. However, the recognition that clinical
outcomes varied significantly among patients with the same
diagnosis led to the notion that non-tumor cell components
of the tumor should be considered. Given the abundance
of intra-tumor immune cells in many cancer types, inclu-
sion of immunological biomarkers has been examined as a
tool for the prediction of prognosis and response to therapy.
Accumulating data, collected from large cohorts of cancer
patients, have demonstrated the importance of immune
classification in prognosis and increasingly, prediction of
response to specific immunotherapies. Measurement of
immune cell number and type has been termed the ‘immu-
noscore’ and is increasingly being used for some cancer
types, including colon cancer, in combination with tradi-
tional pathological classification [1, 15]. Immunoscore typi-
cally measures the extent of T-cell infiltration but research
suggests that the measurement of multiple immune cell types
will improve the understanding of tumor biology to enhance
prognostic and predictive pathology. By focusing on glio-
blastoma (GBM) as an example of a highly heterogeneous
and treatment resistant cancer, we review the properties of
the tumor microenvironment and discuss the mechanisms
which contribute to the establishment of immunosuppres-
sion and how immunotherapies are evolving to tackle these
incurable diseases. We also describe key technologies
being used to decipher the complex cellular and molecular
interactions which play a role in tumor development and
immunosuppression.
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Cancer immunotherapy

Recent developments in novel immunotherapy approaches,
including immune-checkpoint inhibitors, targeting the
T-cell receptor, programmed cell death 1 (PD-1) [16],
and cognate transmembrane ligands expressed in cancer
cells, PD-1 ligand, programmed death ligand-1 (PD-L1)
[16] and -2 (PD-L2) [17], have shown efficacy in GBM
preclinical animal models [18, 19] but limited efficacy in
human clinical trials [20, 21]. For example, a phase III ran-
domized clinical trial using a PD-1 monoclonal antibody,
Nivolumab, showed a non-significant effect compared
to the anti-angiogenic drug, bevacizumab [22]. Another
immunotherapy which has shown promising results in sev-
eral cancers, uses genetically engineered T cells express-
ing antigen-specific chimeric antigen receptors (CAR-
T) which are infused into a patient and is referred to as
CAR-T adoptive transfer. To date, CAR-T therapies show
some efficacy in blood cancers but little or no efficacy
in various solid tumors tested [23, 24]. In GBM, CAR-T
targeting the human epidermal growth factor receptor-2
(HER2) [25], epidermal growth factor receptor variant
III (EGFRVIII) [26, 27] and interleukin-13 receptor a2
(IL-13Ra?2) [28] have shown promise in preclinical animal
models but failed in human clinical trials, where failure
was attributed to the lack of sufficient CAR T-cell expan-
sion and loss of target antigen, in vivo [25-28].

Failure of specific treatments is due to many factors. A
long-standing issue in brain diseases treatment relying on
systemically delivered therapeutics is the presence of the
blood brain barrier (BBB), a unique feature of the central
nervous system (CNS) where the blood vessel endothelial
cells form robust tight junctions with neural cells. Another
likely reason for the limited efficacy of immunotherapy
for GBM is the immunosuppressive tumor microenvi-
ronment, first recognized as immune tolerance in cancer
patients receiving radiation therapy [29]. Moreover, like
most tumor types, the GBM microenvironment is dynamic
which changes during tumor development and undergoes
significant changes in response to therapy [30]. At a cel-
lular level, much of the adaptation can be seen as changes
in intra-tumor immune cell composition. Histopathologi-
cal examination of GBM tissue using immune-specific
antibodies has revealed the presence of diverse immune
cell types. However, an understanding of immune cell
composition and correlation with specific pathological,
patient, and clinical data is only just beginning. As more
sophisticated reagents and tools are developed to examine
the GBM tissue microenvironment, a deeper understand-
ing of the role of the brain tumor immune microenviron-
ment in GBM development and immunosuppression will
ultimately contribute toward the optimization of precision
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immunotherapies. The convergence of the development of
highly specific antibodies targeting immune cell antigens,
new generation multi-spectral microscopes techniques and
machine learning is now being applied to investigating and
understanding the immune cell composition in the GBM
immune microenvironment.

The brain tumor microenvironment

The central nervous system (CNS) is not as immune privi-
leged as previously thought, although difficulties remain
for the integration of immunotherapies into the treatment
paradigm for CNS cancers. Therapeutic interventions such
as vaccines, monoclonal antibodies and targeted therapies
have had little success in treating a range of brain diseases,
including neurodegenerative disease and cancer [31-33].
Primary brain malignancies are characterized by the devel-
opment of highly proliferative, invasive tumors that spread
but are almost universally restricted to the brain and spine.
The deadliest and most prevalent primary brain tumor in
adults is glioblastoma (GBM), classified as a grade IV astro-
cytoma [34], which are both classified as gliomas, a broader
reference to the group of brain cancers enriched in glial
cells. GBM incidence is 3 per 100,000 people, and although
patients of any age are affected, almost 80% of patients are
over 55 years [35]. The current standard treatment for GBM
patients employs maximal safe tumor resection, followed
by radiotherapy and concomitant administration of temo-
zolomide (TMZ), a DNA alkylating agent, resulting in a
mean overall survival of 14.6 months [36]. Despite contin-
ual development of new anti-cancer therapies for non-brain
cancers, including quantum leap advances such as immu-
notherapy, meaningful advances in brain cancer treatment
have been limited, with only incremental improvement in
the overall survival of GBM patients, over many decades.
Significant advances in treating this disease require research
aimed at a deeper understanding of the mechanisms involved
in regulating brain cancer biology, including brain tumor
immunity.

Gliomas are one of the most immunosuppressive solid
tumors due in part to lymphopenia driven by bone marrow
suppression [37]. GBM tumors are immunologically quiet,
and exhibit low tumor mutational burden (TMB) [38, 39],
few tumor-infiltrating T cells (TILS) [33], low expression
of immune-checkpoint inhibitors, PD-1/PD-L1 [33], and a
high density of immunosuppressive tumor-associated mac-
rophages [40]. The standard treatment for GBM, which uses
radiation therapy and alkylating chemotherapy, confounds
this immunosuppression. In addition, the use of potent
immunosuppressive drugs such as corticosteroids, for the
management of peritumoral edema following surgery,
interferes with the efficacy of immunotherapies and needs
to be considered in this context. In addition to the hurdles

for stimulating an effective immune response against GBM,
robust immune activation within the intracranial space poses
clinical safety risks, including complications of cytokine
release syndrome, which can trigger robust systemic inflam-
mation and autoimmune encephalitis. This proposes that
any immunotherapy needs to establish a narrow, highly
controlled response, balancing pro- and anti-inflammatory
activation.

The GBM tumor microenvironment, GBM subtypes
and relevance to diagnosis and therapy

Treatment of these tumors, thus, requires a clear and concise
understanding of the patient’s tumor, which in the context of
fast-developing technologies, pathologists and oncologists
can leverage, to enable accurate diagnoses and selection of
combination therapies tailored towards the specific patient
tumor microenvironment [41]. DNA sequencing and gene
expression analysis of GBM and low-grade glioma (LGG)
via several landmark cancer genome atlas (TCGA) studies
[42] has revealed that GBM can be classified into four dis-
tinct subtypes, proneural (PN), neural (N), classical (CL)
and mesenchymal (MES). Patients with proneural and neural
enriched tumor subtypes have a superior survival compared
to the classical and mesenchymal subtypes [43, 44]. Data
from the cancer genome atlas (TCGA) molecular signatures
were applied to GBM samples only, the N and MES subtype
had a similar survival rate, while the PN subtype remained
the most prognostically significant [43].

A number of studies have identified that mesenchymal
GBM is associated with an increased density of tumor-
associated macrophages, T cells (CD3), cytotoxic T cells
(CDS8), T-helper cells (CD4) and FoxP3* T-regulatory cells
(Tregs) [30, 42, 45]. Paradoxically, the patients with mes-
enchymal GBM subtype tumors show no survival advan-
tage exhibit nor benefit from immunotherapy [46]. With
no apparent prognostic benefit from an increased immune
cell infiltration, it is likely that the tumor cytokine and
chemokine milieu and infiltrating immune cells, especially
macrophages, have immuno-regulatory and immunosuppres-
sive functions to enable the proliferation and invasion of the
tumor cells into adjacent normal tissue [47].

The tumor microenvironment in recurrent GBM

GBM tumors are characterized by complex molecular and
cellular heterogeneity in both tumor cells and the microen-
vironment. GBM cells undergo clonal selection processes
during therapy, followed by treatment-induced mutations,
manifested in recurrent GBM [48] and the resistant surviv-
ing cells ultimately contribute to recurrence. In most GBM
patients, recurrence occurs within 6-8 months of primary
therapy and the prognosis is poor. Surgery for recurrent

@ Springer



1814

Cancer Immunology, Immunotherapy (2021) 70:1811-1820

GBM is challenging, since the recurrent tumor often occurs
in multiple brain regions and while treatment with irradia-
tion is possible, the risk of neuro-toxicity is high [49], high-
lighting the difficulties in managing relapsed GBM patients.
Inhibiting tumor angiogenesis by targeting the vascular
endothelial growth factor-A (VEGF-A) with bevacizumab
has resulted in little improvement in patient overall survival,
but some improvement in progression-free survival [32, 50,
51]. Recent trials have focused on using bevacizumab in
combination with other drugs, including immunomodulatory
drugs, exemplified by a study testing bevacizumab in com-
bination with granulocyte—macrophage colony-stimulating
factor (GM-CSF) and cyclophosphamide which resulted in
survival benefit with minimal toxicity [52].

Comparing the immune cell profile between primary
and recurrent GBM tumors can provide an insight into how
treatment influences various immune cell related parameters
including degree of immune cell infiltration, density and
spatial distribution within the tumor microenvironment. A
higher proportion of activated CD4* T cells were present
in recurrent GBM [53], whereas another study showed that
TIL infiltration is highly variable and that the immune cell
profile correlates with GBM subtype, rather than whether
they are primary or recurrent tumors [54]. These studies
compared primary and recurrent GBM samples from differ-
ent patients. Due to patient to patient differences, the ideal
comparison of tumor microenvironment changes, will be
to compare the primary and recurrent brain cancer tumors
from the same patients. Transcriptomic comparison of both
the primary and recurrent GBM tumor-associated immune
microenvironment [55], using the computational algorithm,
CIBERSORT [56], showed GBM type-specific immune cell
profile changes. By contrast, primary PN GBM exhibited
higher fractions of several immune cell types compared with
recurrent PN GBM, suggesting no net immune infiltration in
PN GBM, upon recurrence [55].

The conclusions drawn from these studies must be con-
sidered with caution, given that the studies compare pri-
mary and recurrent GBM samples from different patients
and the samples are unmatched, therefore not accounting
for patient to patient variability. Further research investigat-
ing the tumor microenvironment in matched primary and
recurrent GBM tumor samples from the same patients will
more accurately determine the evolution of the GBM tumor
microenvironment.

One of the complications in understanding the mecha-
nisms involved in the evolution of the GBM microenviron-
ment is that, typically, all patients with recurrent GBM will
have had surgery, radiotherapy and temozolomide chemo-
therapy; treatment which will have an impact on the tumor
microenvironment, including inflammation and genetic
hypermutation [55, 57, 58]. Thus, investigating the thera-
peutic impact on the GBM microenvironment has begun to
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reveal specific cellular and molecular changes which occur
in response to radiation and anti-cancer drugs.

Therapeuticimpact on the GBM immune
microenvironment

Standard therapy in GBM patients has been reported to
cause lymphopenia, which is characterized by reduced T-
and B-cell numbers, although this is not the case for all
patients. Following surgery, radiation and chemotherapy,
96 patients with high-grade glioma (HGGs) experienced
a drop in CD4+ cells, indicative of immunosuppression
and lymphopenia [59]. However, other studies show that
although lymphopenia was observed at early stages follow-
ing radiotherapy and/or TMZ administration, a gradual nor-
malization of the immune system occurred over time [60,
61]. The current data, therefore, suggest that although lym-
phopenia occurs at early stages following treatment, there is
a gradual increase in TIL infiltration over time, providing the
opportunity for immunotherapy, including T-cell mediated
immunotherapy.

Aside from causing lymphopenia, TMZ contributes to
hypermutation. In GBM, 17% of recurrent cases exhibit
hypermutation after TMZ treatment, compared with no
hypermutation in untreated patient tumor tissue [57]. Hyper-
mutated recurrent GBM tumors exhibit CD8+ T-cell enrich-
ment [55], likely due to mutation-induced immunogenicity.
Radiation also enhances T-cell infiltration in GBM [62].
Treatment with bevacizumab for patients with recurrent
GBM is also associated with increased levels of CD11b*
tumor-associated macrophages and correlates with poor
patient outcome [63]. Tumor-associated macrophage infiltra-
tion may be associated with activation of pro-inflammatory
signals by bevacizumab, which has been reported follow-
ing intraocular bevacizumab injection for the treatment of
ocular choroidal neovascularization and in cancer cell lines
[64, 65].

Mapping the tumor immune microenvironment

Understanding the functional relationship of tumor and
immune cells in the brain tumor immune microenviron-
ment requires analytical methods which can identify tumor
cells and the different immune cell types, and their spatial
relationship. For example, the cell type on which PD-L1 is
expressed is associated with immune-checkpoint inhibitor
response [66, 67]; thus, PD-L1 expression on macrophages
could be used as a biomarker to predict the efficacy of anti-
PD-L1 therapy, thereby emphasizing the clinical need for
assays that can differentiate between tumor cells, immune
cells and the localization of immune-checkpoint expression.

To better understand the cellular and molecular
mechanisms underlying the tissue pathology, contextual
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information through mapping tumor cell composition
can be captured through multiplex labeling of biomark-
ers identifying individual cell types. Use of sophisticated
image analysis software can help decipher complex spatial
relationships and reveal functional mechanisms at play, to
complement genomic information. To accomplish this level
of tumor tissue analysis, the development and validation of
optimized, informative assays, that go beyond “global tissue
biomarker profiles” to “local tissue biomarker patterns” that
will enable the visualization and interpretation of intra- and
inter-heterogeneity is required. Furthermore, the application
of artificial intelligence, convolutional neural networks and
machine learning is also to quantify and spatially resolve the
relationships between multiple cell types in the tumor. These
high-dimensional, data-driven approaches will address the
issue of the limited tissue availability, particularly in brain
cancer, where biopsy collection is typically only possible
during surgery.

In situ evaluation of the tumor immune
microenvironment: immunohistochemistry

Since the introduction of immunohistochemistry (IHC) in
the 1970s, this technique has revolutionized both diagnos-
tic and translational histopathology. Immunohistochemistry
remains a popular methodology for the detection, visualiza-
tion of tissue proteins in a compartmentalized manner and
can be used for patient stratification in diagnostic, therapeu-
tic and/or genetic contexts [68].

Spatial mapping of tumor and tumor-associated cells has
largely relied on immunohistochemistry (IHC). Although
IHC allows localization of cells in tissue, the number of
antibodies identifying different cell types on single tumor
tissue sections is limited. With the development of more
fluorophores, primary detection antibodies raised in different
host species and microscopes with the capacity for high-
resolution imaging, it is now possible to routinely perform
multiplex IHC on single tissue sections. High-throughput
automated tissue staining and image scanning and acquisi-
tion, combined with sophisticated image analysis software
is now possible. Several integrated platforms are established
and, here, we will describe our experience using these to
map the brain tumor immune microenvironment.

Multiplex immunohistochemistry

Multiplexing is possible, usually up to three antibodies,
typically requiring iterative/repeated labeling. Recent
advances and use of automated tissue stainers have
allowed faster and higher throughput multiplex immuno-
histochemical analysis of tissue. Multiple iterative labe-
ling, by sequential multiplex labeling increases the number
of antibodies which can be used on a single tissue section.

This type of technique has been used to characterize the
tumor microenvironment in central nervous system lym-
phoma and link specific tumor immune cells with immune-
checkpoint expression [69]. Opal is one of the recently
developed methods allowing robust high-throughput auto-
mated multiplex immunohistochemical analysis of forma-
lin-fixed paraffin-embedded (FFPE) tissue [70] (Fig. 1).
The technique relies on sequential multiplexing technol-
ogy using reactive fluorophores that covalently label the
target epitope coupled with signal amplification and no
cross-reactivity, resulting in minimal or no background
signal. Using a microscope and multispectral camera, up
to seven individual discrete colors can be detected. An
example of the immune and tumor cell types which can
be identified in GBM tumor tissue, using multiplex IHC,
is shown in Fig. 2a. Cell phenotyping, spatial plotting and
proximity analysis of each immune cell subset in relation
to tumor cells can build an immune cell infiltration profile
for specific tumor regions and histopathological markers
in the tumors, including blood vessels, core and peripheral
tumor zones [71-73]. Biomarkers for specific tumor char-
acteristics, including hypoxia and cell signaling activation
can provide further information on the biological relation-
ship between specific cell types and other biomarkers.

While multiplex immunohistochemistry is a signifi-
cant advance in high-resolution tissue biomarker analy-
sis, spatial transcriptomics to identify gene expression at
single-cell level can help identify dynamic interactions
between tumor and immune cells, which can help reveal
functional changes in these cells. The development of
spatial transcriptomic analytical methods highlights the
rapid advances in technology which can be used to exam-
ine tumor tissue at high resolution. Preliminary data using
spatial transcriptomics demonstrates the spatial heteroge-
neity of T-cell exhaustion in GBM, which correlates with
GBM subtype-specific marker expression [74]. One of the
limitations of current spatial transcriptomics is the low
resolution [75]. However, by combining and integrating
spatial transcriptomic data with multiplex immunohisto-
chemistry data, a deeper understanding of the functional
interactions between cells in the GBM microenvironment
can be achieved. An example of integrating spatial gene
expression data and single-cell sequencing has shown a
distinct spatial relationship between tumor cells, mac-
rophages, dendritic cells and inflammatory fibroblasts in
pancreatic ductal adenocarcinoma [76]. Another exam-
ple combining multiple analytical approaches to investi-
gate dynamic changes of the tumor microenvironment in
response to experimental immunotherapies in breast can-
cer mouse models used single-cell mass cytometry, single-
cell sequencing and computational scaffold mapping to
construct an interaction map of cells [77].
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Fig.1 Mapping of the tumor immune microenvironment. a Multi-
plex Immunohistochemistry (mIHC). The process flow for multiplex
immunohistochemical staining and analysis of tumor tissue using
Opal™ technology. Formalin-fixed paraffin-embedded (FFPE) tissue
is stained in an automated tissue processor and stainer, where multi-
ple predetermined primary antibodies are used in a series of incuba-
tion and washing steps, followed by signal amplification. The slides
are scanned on a multispectral microscope and images are acquired.
The images are then analyzed using morphometric software to enu-
merate specific cell types and spatial proximity analysis to determine
the physical location in two dimensions and the location of any cell
type with any other cell type or histopathological biomarker. b Com-

Computational deconvolution of gene expression data

In contrast to in situ tissue analysis such as IHC, gene
expression profiling of large tumor sample numbers is pos-
sible using RNA-sequencing (RNA-seq) data. The Can-
cer Genome Atlas (TCGA) glioma and GBM cohort have
genomic data from about 1100 patient tumors, with associ-
ated clinical information for each sample, including treat-
ment, tumor grade and patient survival. How can the cellular
composition from bulk tumor sample mRNA mixtures be
interrogated? Computational tools have been developed to
deconvolute mRNA sequence data, using gene signatures,
where each gene signature, of between 10 and 20 genes,
identifies specific cell types. Combined with statistical anal-
yses, the cellular composition of the tissue from which the
mRNA was derived can be inferred (Fig. 1b).
Computational tools have been developed to estimate
cell-type composition using bulk gene expression data. The
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putational deconvolution applied to gene expression data. Illustration
of the deconvolution of heterogeneous mRNAs derived from tumor
tissue expression analysis, typically RNA-sequencing. From the
left, gene expression of genes A, B, C and D represents all mRNAs
expressed in the tumor bulk, including all cell types 1, 2, 3, 4. Fol-
lowing computational deconvolution, the cell types present in the
tumor sample can be inferred and the proportion of each cell type in
the tissue can be estimated, based on the input of cell gene expression
matrices from previous experiments (e.g., single-cell mRNA sequenc-
ing). Data from mIHC analysis and computational deconvolution can
be combined to map the cellular content and physical distribution of
cells in the tumor microenvironment

ability to perform computational deconvolution of complex
mRNA mixtures is possible due to advances in cell predic-
tion accuracy, achieved by combining pre-existing com-
putational frameworks with machine learning algorithms.
Machine learning, which is a form of artificial intelligence,
allows analysis of specific tasks without explicit instructions,
relying on patterns and inference to predict for example, cell
identity. One of the most widely used computational decon-
volution tools currently being used is CIBERSORT [56].
CIBERSORT uses an input matrix of reference gene expres-
sion signatures to deconvolve mRNA mixtures to calculate
the relative proportions of specific cell types, combined with
a machine learning approach. CIBERSORT is considered
to be one of the most robust methods for resolving closely
related cell subsets in tissues with complex mixtures of
unknown cell types [56], a feature especially important in
solid cancers, including brain tumors, where analysis is per-
formed on a highly heterogeneous tissue.
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Fig.2 a Multiplex IHC using opal immunohistochemistry. GBM
(WHO grade IV astrocytoma) tissue was stained with antibodies
against CD44 labels tumor cells; CD31 labels endothelial cells (blood
vessels); CDG68, labels macrophages; HIF-lalpha, labels hypoxic
cells; MMP-9 labels matrix metalloproteinase-9-producing cells;
DAPI labels cell nuclei. Software-aided image analysis allows all sin-
gle- and multiplex-labeled cells to be identified and counted, and the

To investigate the tumor immune microenvironment,
the CIBERSORT algorithm uses pre-defined immune cell-
specific gene expression signature matrices, derived from
22 different immune cell types, including B-cell, T-cell,
dendritic cell and monocyte cell subtypes, as well as vari-
ous stromal cell types. The analytical capacity of computa-
tional interrogation of gene expression data is exemplified
in a landmark study investigating more than 10,000 tumors,
across 33 different cancer types, where CIBERSORT was
one of the key tools used to investigate the cancer immune
landscape [78]. Other studies have defined activation-spe-
cific gene signatures in immune cells to investigate the role
of immune cell subtype-specific antitumor mechanisms,
including research focusing on growth factor-induced natu-
ral killer (NK) cell activation in GBM [79]. An example
analysis of TCGA GBM RNAseq data using CIBERSORT
(Fig. 2b), shows that 22 cell types can be identified and
the proportions of each can be predicted revealing that M2
macrophages and resting CD4 memory T cells are the most
abundant cell types.

Since computational approaches rely on pre-determined
gene expression matrices to predict cellular identity, they
are sensitive to experimental noise due to unknown cell
mixture content and closely related cell types, limiting their
utility for tumor immune microenvironment assessment.
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relative distances between cell types and histopathological hallmarks
to be measured. Scale bar is 200 pm. b Immune cell composition in
GBM inferred by computational deconvolution using CIBERSORT.
GBM RNAseq data from the 168 GBM patient samples (The Cancer
Genome Atlas (TCGA) [35]), was analyzed using the CIBERSORT
algorithm to estimate the number of immune cells in GBM. Each data
point represents an individual patient tumor sample

Using multiple computational tools and combining analysis
with direct cell measurement using multiplex immunohisto-
chemistry can provide a deeper characterization of the brain
tumor immune microenvironment. For example, compu-
tational deconvolution analysis used in combination with
single-cell genomic analysis examined the glioma immune
microenvironment to show that NF1 gene deficiency corre-
lates with increased tumor-associated macrophage number
and that tumor-promoting M2 macrophages correlate with
short-term relapse [30]. This study also demonstrated that
recurrent GBM tumors exhibit a decrease in monocytes and
a subtype-dependent increase in macrophages/microglia
cells. The complexity of the tumor microenvironment can be
further deciphered by integrating immunohistological evalu-
ation, which has demonstrated the diversity of brain tumor
immune microenvironment, particularly between primary
and secondary GBMs, and brain metastases from different
non-CNS primaries [80].

Another popular cell phenotyping computational tool devel-
oped recently is xCell [81], which performs cell-type enrich-
ment analysis from gene expression data for 64 immune and
stromal cell types, and has the ability to distinguish closely
related cell types. The ability to identify more cell types
comes with the trade-off of more noise and reduced certainty
with respect to cell identification, although xCell has similar
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power to CIBERSORT, in defining immune cells based on
gene expression profile (unpublished data); noting that CIB-
ERSORT does not identify basophils, whereas xCell does, so
algorithm selection should consider such differences. Both
CIBERSORT and xCell have been used to investigate the
tumor immune landscape from RNAseq data from 671 GBM
patients, showing comparable results with respect to immune
cell composition and that pro-tumorigenic M2 macrophages
and resting CD4+ memory T cells are the most abundant
cell types [82]. These computational tools are robust, as the
same cell types were shown to be the most abundant in GBM
from an independent analysis our laboratory has conducted
(Fig. 2b).

Perspectives and future directions

Combining direct tissue analysis with computational analysis
offers a powerful approach toward a better understanding of
the nature of the brain tumor immune microenvironment and
the clinical criteria associated with specific immune cell sub-
types at diagnosis, during the disease progression, and during
treatment. Ultimately, a deeper understanding of the tumor
microenvironment and mechanisms regulating immunosup-
pression will provide opportunities for both optimal selection
of existing immunotherapies and the development of novel
brain cancer immunotherapies. Finally, if multidimensional
analyses and technologies enabling these are not adopted,
precision cancer immunotherapy, especially for difficult-to-
treat cancers, will not be realized and attempts at re-purposing
immunotherapies will continue to “bring owls to Athens”, in
other words, be an exercise in futility.
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